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ABSTRACT Mycoplasma synoviae (MS) is an
important avian pathogen causing considerable eco-
nomic hardship in the poultry industry. A major
inflammation caused by MS is synovitis that occurs in
the synovial tendon sheath and joint synovium. How-
ever, the overall appearance of pathological changes in
the tendon sheath and surrounding tissues caused by
MS infection at the level of pathological tissue sections
was poor. Studies on the role of MS and synovial sheath
cells (SSCs) interaction in the development of synovitis
have not been carried out. Through histopathological
observation, our study found that a major MS-induced
pathological change of the tendon sheath synoviumwas
extensive scattered and focal inflammatory cell infil-
tration of the tendon sheath synovial layer. In vitro
research experiments revealed that the CFU numbers
of MS adherent and invading SSC, the levels of
expression of various pattern recognition receptors,
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inflammatory cytokines, and chemokines coding genes,
such as IL-1b, IL-6, IL-8, CCL-20, RANTES, MIP-1b,
TLR7, and TLR15 in SSCs, and chemotaxis of macro-
phages were significantly increased when the multi-
plicity of infection (MOI) of MS to SSC were increased
tenfold. The expression level of IL-12p40 in SSC was
significantly higher when the MOIs of MS to SSC were
increased by a factor of 100. The interaction between
MS and SSC can activate macrophages, which was
manifested by a significant increase in the expression of
IL-1b, IL-6, IL-8, CCL-20, RANTES, MIP-1b, and
CXCL-13. This study systematically demonstrated
that the interaction of MS with chicken SSC contrib-
utes to the inflammatory response caused by the robust
expression of related cytokines and macrophage
chemotaxis. These findings are helpful in elucidating
the molecular mechanism of MS-induced synovitis in
chickens.
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INTRODUCTION

Mycoplasma synoviae (MS) is a major avian path-
ogen. Its infection can cause subclinical to acute and
chronic respiratory damage, synovitis, osteoarthritis,
and other diseases in chickens, turkeys, and other
poultry worldwide. Although these infections rarely
cause direct death of poultry, they lead to obvious lame-
ness, growth retardation, ketone body degradation,
higher morbidity and mortality to other pathogens,
lower egg production rate, and an increase in the
probability of producing eggs with eggshell apex abnor-
malities, causing a serious harm to poultry farming
(Dufour-Gesbert et al., 2006; Oh et al., 2010; Kursa
et al., 2019). From 2010 to 2015, Sun et al. detected
the prevalence of MS in 9,773 broiler flocks in 16 prov-
inces of China, revealing that the average infection
rate of MS in eggs was 16.29% (Sun et al., 2017). Xue
et al. (2017) used ELISA to detect 44,395 sera from un-
vaccinated chickens from 21 provinces of China from
2010 to 2015, showing the overall positive rate of MS
was 41.19%. However, despite the clinical relevance of
MS, investigations on the pathogenesis leading to syno-
vitis are limited.
Until now, the study of synovitis in chickens caused by

MS has been limited to the observation of clinical symp-
toms and pathological changes (Walker et al., 1978;
Lockaby et al., 1998; Sun et al., 2017). MS-infected
chickens show lesions of the wing joints, intertarsal
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joints, digital flexor tendons, metatarsal extensor ten-
dons, and footpads, manifested as the viscous to caseous
exudation, tissue hyperplasia and hypertrophy, and the
infiltration of inflammatory cells. MS can be isolated or
identified from diseased synovial tissues by medium cul-
ture or PCR testing (Lockaby et al., 1998). Nevertheless,
the overall appearance of the tendon, tendon sheath, and
surrounding tissues at the level of pathological tissue sec-
tions after MS infection was poor. In addition, the molec-
ular mechanisms underlying the development of
synovitis in tendon sheaths are not known.
Tendon sheaths are classified as extrinsic tissues in

contrast to tendon fibers and epitenons, which are
intrinsic structures (Kannus, 2000). The surrounding
structures of the tendons can be divided into 5 categories.
One of them is the synovial sheath, which only covers
tendon fibers in high-friction areas, such as the flexor
and extensor tendons (Greenlee et al., 1975; Kannus,
2000). Similar to the joint, the inner surface of the synovial
tendon sheath is covered with cell-rich layers, which
consist of 2 kinds of cells, macrophage-like cells and
fibroblast-like cells. Macrophage-like cells accumulated
in the mesotendon, but few in other regions. Fibroblast-
like cells, the main cell type that constitutes the tendon
sheath tissue, are distributed in the entire length of the sy-
novial layer in the tendon sheath (Kohama et al., 2002).
The interactions between mycoplasma, such asMyco-

plasma genitalium andMycoplasma gallisepticum (MG),
and corresponding major infected epithelial cells play an
important role in the initial stages of various inflamma-
tion processes, including activation of pattern recogni-
tion receptors, secretion of inflammatory cytokines and
chemokines, and the recruitment and activation of im-
mune cells (McGowin et al., 2009a, 2009b; Majumder
et al., 2014; Majumder and Silbart, 2016). MS or its
membrane protein has been reported to significantly
stimulate macrophages to upregulate the expression of
IL-1b, IL-6, and TLR15, as well as significantly stimu-
late chondrocytes to upregulate the expression of
TLR15 (Lavric et al., 2007; Oven et al., 2013). Whether
the interaction between MS and fibroblast-like synovial
sheath cells (SSCs) plays similar roles remains to be
determined and will be the subject of this present study.
MATERIALS AND METHODS

Ethics Statements

All animal experiments were performed in Jiangsu
Academy of Agricultural Sciences (JAAS) with the
approval of the Committee on the Ethics of Animal Ex-
periments of JAAS (JAAS no. 20141107). All experi-
mental procedures conformed to the guidelines of
Jiangsu Province Animal Regulations (Government De-
cree No. 45) in accordance with international law.
MS Culture Conditions

The MS virulent strain HN01 was isolated by us from
a sick chicken with synovitis in the Henan province,
China, and maintained in our laboratory. MS was
cultured in modified Frey’s broth or solid medium at
37�C with 5% CO2 as described previously (Walker
et al., 1978; Dusanic et al., 2009). The strain used in
this study was passed fewer than 5 times in vitro.

Experimental Infection

Xueshan native chicken eggs were purchased from
Jiangsu Lihua Animal Husbandry Co., Ltd. (Changz-
hou, China) and placed in an automatic incubator
(model ZF528; Zhengda Incubation Equipment Factory,
Dezhou, China) at 37.8�C for 21 d. New-born chicks were
housed and reared until the age of 25 wk in barrier isola-
tion units with high-efficiency particulate air-filtered air
under negative pressure (model QXI-2; Qiangxing
Equipment Technology Co., Ltd., Qingdao, China).
Every 2 wk, chickens in different barrier isolation units
were randomly reassigned. Chickens were tested nega-
tive for the avian influenza virus, Newcastle disease vi-
rus, infectious bronchitis virus, MS, and MG. Then, 20
female chickens were divided randomly into 2 groups,
which were housed and reared in 2 sets of independent
barrier isolation units. Each chicken in one group (n 5
10) was challenged with 0.1 mL of 1.0 ! 108 CFU/mL
phosphate-buffered saline (PBS, pH 7.4) containing
MS by footpad injection. Each chicken in the other
group (n 5 10) was challenged with 0.1 mL of PBS
(pH 7.4) by footpad injection. After 10 d of incubation,
the chickens were euthanized by exsanguination under
deep nembutal anesthesia (45 mg/g of body weight,
intraperitoneal injection; Shanghai Chemical Factory,
Shanghai, China) and for necropsy. The metatarsal
extensor tendons with synovial sheaths were collected,
fixed immediately in 4% paraformaldehyde, decalcified
in 20% EDTA, processed for paraffin embedding,
sectioned at 4-mm thicknesses, and stained with hema-
toxylin and eosin following standard histological proto-
cols. Pathological tissue sections were scanned using
Pannoramic 250 Flash III (3DHISTECH, Budapest,
Hungary). CaseViewer software v2.0.2 (3DHISTECH,
Budapest, Hungary) was used for observation of scanned
parts of pathological tissue sections.

Primary Chicken SSC and HD-11 Cells
Culture

Primary chicken SSCs were harvested as previously
described (Ozturk et al., 2008). Briefly, the synovial
layer sheath of metatarsal extensor tendon was har-
vested under sterile conditions. Tissues were rinsed
with 0.1 mol sterile PBS (pH 7.2), cut into small pieces
of 1 mm3, and digested with 0.1% trypsin in PBS for
30 min. Then the mixture was centrifuged. The pellets
were washed with PBS and digested in 0.1% collagenase
in Dulbecco’s modified Eagle medium (DMEM, 11965-
092; GIBCO, Waltham, MA) containing 10% fetal
bovine serum (FBS, 10099-141; GIBCO, Waltham,
MA), 100 U/mL penicillin, and 100 mg/mL strepto-
mycin for 2 h at 37�C. After the digestion process, cells
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were filtered through a 70-mm nylon sterile filter, washed
twice with DMEM, and cultured in DMEM with 10%
FBS at 37�C with 5% CO2. The third-to-sixth genera-
tion cells were used for experimental research. The
chicken HD-11 macrophage cell line was kindly provided
by Professor Hongjie Fan at the College of Veterinary
Medicine, Nanjing Agricultural University. HD11 cells
were cultured in DMEM with 10% FBS at 37�C with
5% CO2.
Adherence and Invasion Assays

These 2 assays were performed as reported previously
with some modifications (Dusanic et al., 2009; Yu et al.,
2018). The SSCs were cultured to approximately
5.0 ! 105 cells/well in 24-well plates and used in the as-
says. MS in the logarithmic growth phase was harvested
by centrifugation (5,000 ! g, 5 min), washed with
DMEM, and added to SSCs at a multiplicity of infection
(MOI) of 0.1, 1, or 10, respectively. After 6 h of incuba-
tion at 37�C under 5% CO2, the cells were washed with
sterile PBS. For the adherence assays, SSCs were added
to double-distilled water to lyse the cells, and cell-
associated MS were recovered. For the invasion assays,
DMEM containing 500 mg/mL gentamicin (Sigma) was
added to SSC and incubated for an additional hour to
kill extracellular MS. Then, after another 3 washes
with PBS, the cells were lysed with double-distilled wa-
ter to recover intracellular MS. Recovered MS were
calculated using the plate count method. The assays
were performed as 3 independent experiments.
Extraction of Total Cellular RNA, RT-PCR,
and qPCR Assays

The SSCs, cultured to approximately 5.0 ! 105 cells/
well in 24-well plates, were incubated with HN01 at an
MOI of 0.1, 1, or 10 for 12 h or at an MOI of 10 for 6,
12, and 24 h. Then the SSCs were used for total RNA
extraction.

The coculture (Supplementary Table 1) studies of MS,
SSC, and HD11 cells were performed as reported before
with some modifications (Majumder and Silbart, 2016).
HD11 cells were plated at a concentration of approxi-
mately 104 cells/well in 0.4-mm-pore-size Transwells
(3413; Corning, New York) for 18 h before the coculture
assay. The SSCs, cultured to approximately
5.0 ! 105 cells/well in 24-well plates, were incubated
with or without HN01 at an MOI of 10 for 2 h. The
SSCs were washed 5 times with PBS to remove the unat-
tached MS, supplemented with DMEN containing 2%
FBS, and cultured for 6 h. Transwells containing
HD11 cells were plated over each well. The coculture
was maintained for 6 h. The HD11 cells were used for to-
tal RNA extraction. The supernatants were transferred
to the modified Frey’s broth for 7 d to observe the
growth of mycoplasma and were used to detect the anti-
genic components of MS by ELISA using rabbit poly-
clonal antibodies against MS.
The total RNA of SSCs or HD11 cells was extracted
using the RNAiso Plus procedure (9108; TaKaRa,
Kusatsu, Japan) according to the handbook. cDNA Syn-
thesis was performed using the PrimeScript RT reagent
kit (RR037A; TaKaRa, Kusatsu, Japan). mRNA Levels
were measured with the SYBR Premix Ex Taq kit
(RR42LR; TaKaRa, Kusatsu, Japan) according to the
manufacturer’s instructions. The primers used in these
experiments are listed in Table 1. The GAPDH gene
was amplified as a reference (Majumder and Silbart,
2016). Relative changes in gene transcription were calcu-
lated using the comparative CT method (Livak and
Schmittgen, 2001). Each set of qPCR assay was per-
formed 3 times with independent biological replicates.
Surface markers of SSC and HD11 cells were identified

by RT-PCR analysis. The primers used in this experi-
ment are listed in Table 2.
Chemotaxis

The chemotaxis assay was performed as reported
before (Majumder and Silbart, 2016) with some modi-
fications. Briefly, after infecting the SSCs in the cell
plate for 2 h with MS at an MOI of 0.1, 1, or 10, the
MS that had not adhered to the surface of the SSC
were washed away with PBS, and the cells were incu-
bated for 6 h. Then 50 mL of the MS-free supernatants
was transferred into a new cell plate well containing
fresh DMEM. The detection of mycoplasma compo-
nents was the same as that described previously.
DMEM containing 100 ng/mL chicken MIP-1b (ICT-
6396; Kingfisher Biotech, St. Paul, MN) was used as
a positive control. The supernatant from the unin-
fected SSCs served as a negative control. Transwells
of 5.0-mm pore size (3421, Corning, New York) contain-
ing 1.0 ! 106 HD11 cells in the upper chamber were
placed in the wells of the cell plate and cultured for
another 4 h. After incubation, the HD11 cells on the
bottom side of Transwell were stained using a Fisher
HealthCare PROTOCOL Hema 3 Stat Pack (23-
123869; Fisher Scientific, Sunnyvale, CA) according
to the manufacturer’s procedure. The membrane then
was air-dried, and cells were counted under a light mi-
croscope at 10! magnification. The number of macro-
phages that migrate to the bottom of Transwell was
used to determine the strength of chemotaxis to macro-
phages. Three independent experiments were
performed.
Statistical Analysis

Data were analyzed using GraphPad Prism version 7.0
(GraphPad Software, https://www.graphpad.com/).
Data were collected from 3 independent experiments of
assays mentioned previously and presented as the means
with standard errors. Statistical analyses for all pairwise
comparisons were assessed using unpaired t test.
Differences were considered to be significant forP, 0.05.

https://www.graphpad.com/


Table 1. Primers used for qPCR analysis.

Target gene Oligonucleotide sequence (5’/30) GenBank accession no. of target gene Source or reference of primer sequences

TLR1 F: AGCTGTGTCAGCATGAGAGGAACT NM_001007488.4 Oven et al., 2013
R: AGTTGGGTGACAACACAAAGATGG

TLR2 F: AGAACGACTCCAACTGGGTGGAAA NM_001161650.1 Oven et al., 2013
R: AGAGCGTCTTGTGGCTCTTCTCAA

TLR4 F: TTTTGCCAACCTGACCTCT NM_001030693.1 This study
R: CAGCCTGTTTGTTTCCCTC

TLR5 F: ACTCCCTTCCTTCCCACA NM_001024586.1 This study
R: AAGAACATACAGGTCACCCAG

TLR7 F: TTGCTGACCTAAGGGTGTTC NM_001011688.2 This study
R: AGTGCCTGCTGTATTGCTCT

TLR15 F: AACCTGGTGCATTTGAGAACCTGC NM_001037835.1 Oven et al., 2013
R: TTTCAGGTGAGGTGCAAGACCAGA

IL-1b F: GCTGGAACTGGGCAGAT NM_204524.1 Majumder et al., 2014
R: GGTAGAAGATGAAGCGGGTC

IL-6 F: CCTGTTCGCCTTTCAGACCTA NM_204628.1 Majumder et al., 2014
R: AGTCTGGGATGACCACTTC

IL-8 F: GTGCATTAGCACTCATTCTAAGTT NM_205498.1 Majumder et al., 2014
R: GGCCATAAGTGCCTTTACG

CCL-20 F: GCCAGAAGCTCAAGAGGATG NM_204438.2 Majumder et al., 2014
R: TCCAGAAGTTCAACGGTTCC

CXCL-13 F: GGACCTCCCGAAGCTGAA NM_001348656.1 Majumder and Silbart, 2016
R: TCTGCCTTTCCACGGATACAT

RANTES F: TATTTCTACACCAGCAGCAAATG AY037859.1 Majumder and Silbart, 2016
R: GCAGACACCTCAGGTCC

MIP-1b F: CTGCTTCACCTACATCTCCC NM_001030360.2 Majumder and Silbart, 2016
R: GTCCTGTACCCAGTCGTT

IL-12p40 F: TGAAGGAGTTCCCAGATGC AY262752.1 Majumder and Silbart, 2016
R: CGTCTTGCTTGGCTCTTTATA

IFN-g F: TAGCTGACGGTGGACCTA NM_205149.1 Majumder and Silbart, 2016
R: CTCAGATATGTGTTTGATGTGCG

GAPDH F: ATTCTACACACGGACACTTCA NM_204305.1 Majumder and Silbart, 2016
R: CACCAGTGGACTCCACAACATA

Abbreviations: F, forward primer; R, reverse primer.
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RESULTS

Pathological Tissue Section Observation of
the Lesional Tendon Sheath

The skin tissue and tendon sheath that covered the
surface of the metatarsal extensor tendon of normal
chicken were slack. The subcutaneous tissue covering
the tendon sheath of the metatarsal extensor tendon
consisted of dense connective tissue (Figure 1A). The
edge of the dense connective tissue, which faced the
tendon sheath, contained several layers of fibrous cells
with blood vessels that passed through the area
(Figure 1A). The normal tendon sheath synovium con-
sisted of several layers of loose fibrous cell layers (the sy-
novial cell layer) and multilayered closely packed fibrous
sheath, as reported in other articles on synovial sheath
structures (Figures 1C, 1E) (Greenlee et al., 1975;
Kannus, 2000). The epitenon covering the surface of
Table 2. Primers used for RT-PCR analysis.

Target gene Oligonucleotide sequence (5’/30) GenBank a

Cadherin-11 F: GAAGGACAAGTTTTGCATCG N
R: GTTCGGATAATTCCTGTTTGAG

CD45 F: ACTCGGCTGAAGTTACGCT
R: GTTACATTTCTGGCAGTAGGAT

GAPDH F: AAAGTCGGAGTCAACGGAT
R: GACGCTGGGATGATGTTCT

Abbreviations: F, forward primer; R, reverse primer.
the tendon had 2-3 layers of fibrous cells, through which
the blood vessels of a single layer of cells passed
(Figures 1C, 1E). Almost no leukocytes were seen in
these tissues mentioned previously (Figures 1A, 1C, 1E).

After the chickens were infected with MS, the meta-
tarsal extensor tendon position of 80% of the challenged
chickens showed different degrees of skin tightening and
swelling under the skin. Some were bilateral swelling,
and some only showed obvious swelling in one leg. After
incision, there was viscous exudate in the tendon sheath
cavity. Diseased metatarsal extensor tendon sheath from
6 challenged chickens was isolated. MS was isolated from
diseased sheath tissues, which were obtained from 5 chal-
lenged chickens by medium culture. Under pathological
tissue section observation, the dense connective tissue
under the skin and the fibrous cells layer at the edge of
the dense connective tissue showed vascular hyperplasia
and perivascular focal leukocyte infiltration (Figures 1B,
1D). The layer of fibrous cells at the edge of the dense
ccession no. of target gene Source or reference of primer sequences

M_001004371.1 This study

NM_204417.2 This study

NM_204305.1 This study



Figure 1. Pathological tissue section observation. Panels A, C, and E and panels B, D, and H show 8!, 18!, and 36! magnifications of patho-
logical tissue sections of skin, subcutaneous tissue, tendon sheath, epitenon, and metatarsal extensor from the uninfected chickens and the chickens
infected with Mycoplasma synoviae, respectively. The length of the bars in each figure is 200 nm.
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connective tissue, the layer of synovial cells in the syno-
vial sheath, and the epitenon outside the tendon showed
proliferation of fibrous cells (Figures 1B, 1D, 1E). The
layer of synovial cells in the synovial sheath showed
vascular hyperplasia and extensive scattered and focal
infiltration of leukocytes, including macrophages and
lymphocytes (Figures 1B, 1D). The boundary between
the synovial cell layer and fibrous sheath of the tendon
sheath was still clear (Figures 1D, 1F). The fibrous
sheath was relatively normal except the side-faced sub-
cutaneous tissue had slight scattered leukocyte infiltra-
tion (Figure 1D). The epitenon outside the tendon
showed vascular hyperplasia and scattered leukocyte
infiltration around the blood vessels (Figure 1D). The
metatarsal extensor tendon of the infected chicken
remained normal (Figures 1B, 1D).
MS Adherence to and Invasion of SSC

As SSCs were reported to be similar to joint fibroblast-
like synoviocytes, we determined the expression of the
known specific surface molecular markers Cadherin-11
of joint fibroblast-like synoviocytes and CD45 of
macrophage-like synoviocytes by RT-PCR to detect
whether macrophages were involved in the isolated
SSCs (Kohama et al., 2002; Bartok and Firestein,
2010). The HD11 cells were used as the reference for
macrophages. As a result, the isolated SSCs expressed
GAPDH and Cadherin-11 coding genes, but not the
CD45 coding gene, whereas the HD11 cells expressed
GAPDH and CD45 coding genes, but not the
Cadherin-11 coding gene (Figure 2A). These results indi-
cated that the isolated SSCs are substantially free of
macrophages.
It has been reported that MG, another important

avian pathogenic mycoplasma, can be stably stored in
distilled water at 4�C and 22�C for 24 h (Kleven,
1985). To analyze whether it is feasible to use distilled
water to lyse host cells to recover mycoplasma adhering
to or invading cells, just like the method used for bacte-
ria (Vanier et al., 2004; Si et al., 2009), we tested the
viability of MS in distilled water at 25�C for 1 h. Using
the method of plate counting, it was shown that MS
had no significant loss under this condition (data not
shown).
The colony-counting method was used to estimate the

number of mycoplasma adhering to and invading cells.
In adherence assays, with the MOIs increased by an or-
der of magnitude, the numbers in the adhesion
(including invasion) of MS to SSCs were significantly
increased by more than 5 times (Figure 2B, P , 0.01).
In invasion assays, there were significant increases in
the MS invasion of SSCs as a function of MOI, with a
7.92-fold increase from an MOI of 0.1 to 1 and a 2.70 in-
crease from anMOI of 1 to 10 (Figure 2C, P, 0.01). The
average proportions of invasion with respect to the
values of adherence of MS to SSC were 7.00, 10.42,
and 5.35% at the MOIs of 0.1, 1, and 10, respectively.



Figure 2. Identification of synovial sheath cells as well as adhesion and invasion assays. Panel A shows that the synovial sheath cells isolated in this
study are substantially free of macrophages by RT-PCR assays. Lanes 1 to 3 and 4 to 6 show the expression of GAPDH, CD45, and Cadherin-11 coding
genes in HD11 and synovial sheath cells (SSCs), respectively. Lane M is 2,000-bp DNA maker. Panels B and C show the numbers of CFU of Myco-
plasma synoviae recovered from adherence or invasion of every 1! 105 synovial sheath cells. In each group of assays, 3 differentMOIs were used:w0.1,
1, and 10. The statistical significance of the differences between every 2 samples was assessed using unpaired t test (**P , 0.01; ***P , 0.001).
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Relative Gene Expression in SSC With
Incubation of MS

To analyze the effects of MS-infected SSCs on host
inflammation and immunity, we examined kinetic
changes on the transcription levels of all avian Toll-like
receptors (TLRs), major inflammatory cytokines, and
major chemokines encoding genes in SSCs after MS
infection with different MOIs at the same incubation
time, or with different incubation times for the same
MOI.
After 6 h of infection of SSCs withMS at anMOI of 10,

the transcription levels of genes encoding IL-1b, IL-6, IL-
8, CCL-20, RANTES, MIP-1b, IL-12p40, TLR7, and
TLR15 in the cells increased significantly relative to
the uninfected cells (Figures 3A–G and N-O,
P , 0.05). Starting from a 6-h incubation period, the
IL-1b and IL-6 genes transcription levels were constantly
increasing; the RANTES and IL-12p40 gene transcrip-
tion levels remained basically unchanged; the IL-8,
CCl-20, MIP-1b, TLR7, and TLR15 gene transcription
levels were constantly decreasing but still maintained
relatively high levels within the incubation time. All cod-
ing genes mentioned previously maintained significantly
high transcription levels with the 6, 12, and 24 h of incu-
bation time relative to the uninfected cells (Figures 3A–
G and N-O, P , 0.05).
Relative to the untreated SSCs, MS significantly

increased the transcription levels of genes encoding IL-
1b, IL-6, IL-8, CCL-20, RANTES, MIP-1b, TLR7, and
TLR15 in SSCs after infection with SSCs for 12 h at
an MOI of 0.1 (Figures 4A–F and N-O, P , 0.05). In
addition, with both the increase of MOIs from 0.1 to 1
and 1 to 10, the transcription levels of IL-1b, IL-6, IL-
8, CCL-20, RANTES, MIP-1b, TLR7, and TLR15
encoding genes were significantly increased after incuba-
tion of SSCs with MS for 12 h (Figures 4A–F and
Figures 4N, 4O, P , 0.05). At an MOI of 0.1, MS failed
to stimulate SSCs to produce significantly increased
transcription levels of IL-12p40 gene during the 12-h in-
cubation period (Figure 4G). Compared with the un-
treated SSCs, the transcription levels of IL-12p40 in
SSCs incubated withMS atMOIs of 1 and 10 were signif-
icantly increased (Figure 4G, P, 0.05). Compared with
stimulating cells with MS at an MOI of 0.1, stimulating
cells with MS at an MOI of 10 can significantly upregu-
late the transcription level of IL-12p40 gene in SSCs
within 12 h of incubation time (Figure 4G, P , 0.05).

The avian genes encoding TLR1 and TLR2 have 2
gene duplications in the genome, which are genes encod-
ing TLR1A and TLR1B and TLR2A and TLR2B,
respectively (Higuchi et al., 2008; St Paul et al., 2013).
We designed primers in the homologous regions of
TLR1A and TLR1B coding genes to detect the overall
expression of the 2 genes and also designed primers in
the nonhomologous regions of the 2 genes to detect the
expression of these 2 genes. The same strategy was
used to detect the TLR2A and TLR2B genes. Infecting
SSCs with MS at different MOIs or at different incuba-
tion times did not significantly stimulate the cells to in-
crease the transcription level of IFN-g, CXCL-13, TLR1
(including TLR1, TLR1A, and TLR1B), TLR2
(including TLR2, TLR2A, and TLR2B), TLR3, TLR4,
TLR5, and TLR21 encoding genes (Figures 3H–M;
Figures 4H–M; Supplementary Figure 1A–F;
Supplementary Figure 2A–F). Regardless of whether



Figure 3. Relative gene expression in synovial sheath cells during inoculation withMycoplasma synoviae for different times. The graphs show rela-
tive mRNA levels by qPCR of test genes (IL-1b (panel A), IL-6 (panel B), IL-8 (panel C), CCL-20 (panel D), RANTES (panel E), MIP-1b (panel F),
IL-12p40 (panel G), IFN-g (panel H), CXCL-13 (panel I), TLR1 (panel J), TLR2 (panel K), TLR4 (panel L), TLR5 (panel M), TLR7 (panel N), and
TLR15 (panel O) coding genes) in synovial sheath cells incubated withMycoplasma synoviae at anMOI of 10 for 6, 12, and 24 h. Data represent means
and SEs of three independent experiments. The statistical significance of comparisons between synovial sheath cells incubated withMycoplasma syn-
oviae and without Mycoplasma synoviae for 6, 12, or 24 h was determined using unpaired t-test (ns, not significant; *P , 0.05; **P , 0.01; ***P ,
0.001).
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Figure 4. Relative gene expression in synovial sheath cells inoculated with different MOIs ofMycoplasma synoviae for 12 h. The graphs show rela-
tive mRNA levels by qPCR of test genes (IL-1b (panel A), IL-6 (panel B), IL-8 (panel C), CCL-20 (panel D), RANTES (panel E), MIP-1b (panel F),
IL-12p40 (panel G), IFN-g (panel H), CXCL-13 (panel I), TLR1 (panel J), TLR2 (panel K), TLR4 (panel L), TLR5 (panel M), TLR7 (panel N), and
TLR15 (panel O) coding genes) in synovial sheath cells incubated withMycoplasma synoviae at an MOI of 0.1, 1, or 10 for 12 h. Data represent means
and SEs of three independent experiments. The statistical significance of comparisons between two samples was determined using unpaired t-test (ns,
not significant; *P , 0.05; **P , 0.01; ***P , 0.001).
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the SSCs were infected by MS, the corresponding CT

values of the TNF-a and GM-CSF could not be detected
by the qPCR method. Thus, the cells cannot express
these 2 genes, regardless of whether they are infected
by MS.
Stimulating Effects of Secretions From
MS-Infected SSCs on Macrophage
Chemotaxis and Cytokine Production

In the chemotaxis assay, when macrophages were
stimulated with MIP-1b, the number of migrated macro-
phages was significantly higher than the number of
migrated macrophages stimulated with the culture me-
dium from SSCs infected with MS at an MOI of 10
(Figure 5, P , 0.05). With the increase of MOIs from
0.1 to 1 as well as 1 to 10 whenMS infected SSCs, the cul-
ture medium from MS-infected SSCs significantly
increased the number of macrophage migration after
stimulating macrophages (Figure 5, P , 0.05). The
number of migrated macrophages after macrophages
were stimulated with the culture medium from MS-
infected SSCs (at an MOI of 0.1) was significantly
increased relative to the culture medium from uninfected
MS (Figure 5, P, 0.05). In addition, the transcriptional
levels of some cytokine-encoding genes in HD11 cells
incubated with conditioned medium from SSCs infected
with MS at an MOI of 10 were tested. The results
showed, relative to the HD11 cells cocultured with unin-
fected SSCs, that the transcription levels of IL-1b, IL-6,
IL-8, CCL-20, RANTES, MIP-1b, and CXCL-13 encod-
ing genes in HD11 cells after incubation with condi-
tioned medium from MS-infected SSCs were
significantly increased (Figure 6, P , 0.01). In contrast,
there were no significant differences in the transcription
MIP-1β
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Figure 5. Chemotaxis assays. HD11 cells were assayed for chemo-
taxis in response to different kinds of culture supernatants of synovial
sheath cells. Chicken recombinantMIP-1bmixed in the culture superna-
tant of uninfected synovial sheath cells was used as a positive control.
The culture supernatant of uninfected synovial sheath cells served as a
negative control. Data represent means and SEs of 3 independent exper-
iments. The statistical significance of comparisons between 2 samples
was determined using unpaired t test (*P , 0.05; **P , 0.01;
***P , 0.001).
levels of IL-12p40 and IFN-g coding genes between the 2
kinds of treatments on HD11 cells (Figure 6, P . 0.05).
To confirm that there were no viable MS in coculture su-
pernatants, supernatants were cultured in modified Frey
medium for up to 7 d with no evidence of growth. In
addition, ELISA detection of supernatants in the MS an-
tigen was negative (data not shown).
DISCUSSION

One of the typical pathogenic features of MS is that it
can cause synovitis in chickens. However, studying the
pathogenic mechanism of mycoplasma using the host
cells as targets in vitro in previous research, the cells’
species from chickens included macrophages, erythro-
cytes, embryonic fibroblasts, and chondrocytes, but no
synovial cells (Lavric et al., 2008; Dusanic et al., 2009).
Thus, the interaction between mycoplasma and synovio-
cytes in the development of synovitis, especially in the
chemotaxis of immune cells as one of the major causes
of synovial tissue lesion, was the focus of this study.
Synovial tissues cover high-friction areas where they

provide lubrication for the mechanical movement of
their wrapped objects, such as movable joints and ten-
dons (Iwanaga et al., 2000; Wang et al., 2017). A syno-
vial sheathed tendon has 3 distinct components: the
tendon proper, consisting of longitudinally oriented
collagen fibrils and cells, an epitenon on the tendon,
which tends to be circumferentially oriented about the
tendon, and a circumferentially oriented fibrous sheath
associated with a synovial layer (Greenlee et al., 1975).
In the case of the tendon sheath synovium, previous
studies have shown that the lesions of metatarsal
extensor tendons after an MS infection are more severe
and typical relative to other tendons (Lockaby et al.,
1998). However, the observation of the relevant
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Figure 6. Relative gene expression in HD11 cells incubated with cul-
ture supernatants of Mycoplasma synoviae–infected synovial sheath
cells. The graph shows the relative mRNA levels by qPCR of test genes
in HD11 cells incubated with culture supernatant of MS infected or un-
infected synovial sheath cells. Data represent means and SEs of 3 inde-
pendent experiments. The statistical significance of comparisons
between 2 samples was determined using unpaired t test (ns, not signif-
icant; **P , 0.01; ***P , 0.001).
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pathological sections did not reflect well the tissue struc-
ture of the synovial sheath. Therefore, this new study
was conducted. The results revealed that the infiltration
of inflammatory cells is mainly concentrated on the sy-
novial layer of tendon sheath, rather than the tendon
and fibrous sheath (Figures 1B, 1D, 1F). This observa-
tion indicates that synovial cells play a major role in
the process of chemotaxis of inflammatory cells that
leads to the infiltration of inflammatory cells. The
fibroblast-like synoviocytes in the synovial membrane
of the joint are widely present in the surface layer of
the synovial membrane, and the macrophage-like syno-
viocytes of the tendon sheath synovium are only present
in the mesentery (Kohama et al., 2002; Tu et al., 2018).
This indicates that the inflammatory cell infiltration of
the tendon sheath synovium is mainly caused by the re-
action of fibroblast-like synoviocytes in the synovium,
here described as SSCs as others have done (Ozturk
et al., 2008).
Bacteria and mycoplasma usually first establish a spe-

cific and firm attachment to their target cells through a
process known as cytoadhesion to colonize, infect, and
avoid rapid clearance by the innate host defense mecha-
nisms. This is also a prerequisite for the initiation of the
processes that result in host cell alterations and patho-
genesis. For example, compared to the MG virulent
Rlow strain, the avirulent MG Rhigh strain lacks 2
cytoadhesin-relative molecules (GapA and CrmA),
which significantly attenuated the cytoadherence capa-
bilities and the colonization ability in the chicken respi-
ratory tract, as well as the lesions in chicken tracheas
and air sacs, and reduced the number and extent of mul-
tiple cytokine-encoding genes that are upregulated in
stimulated chicken tracheal epithelial cells (Levisohn
et al., 1986; Papazisi et al., 2000; Indikova et al., 2013;
Majumder et al., 2014).
Our study found that with the increase of the MOIs,

the adhesion and invasion of MS increased significantly
(Figure 2), which was accompanied by a significant in-
crease in the stimulation of the expression of various
pattern-recognition receptors, inflammatory cytokines,
and chemokines-coding genes, such as genes encoding
IL-1b, IL-6, IL-8, CCL-20, RANTES, MIP-1b, IL-
12p40, TLR7, and TLR15 in SSCs (Figure 4), and also
an increase in the chemotaxis of macrophages
(Figure 5). These findings indicate that the interaction
of MS with SSCs contributes to macrophage recruitment
and inflammation, as well as suggest that the infection
number of MS to SSCs plays an important role in the
development of synovitis, especially in the synovial
lesion caused by inflammatory cell infiltration. In addi-
tion to the previous reports showing that MS can invade
chicken erythrocytes, chondrocytes, and embryo fibro-
blasts (Dusanic et al., 2009), our study also demon-
strated that MS can get inside SSCs (Figure 2C),
which indicates that MS can invade a wide range of cells,
which helps it escape identification and attack host
innate immunity. As far as we know, the MS lacks
known adhesion factors and homologs of adhesion fac-
tors present in other mycoplasmas, such as GapA and
CrmA in MG, MgpC and P1 in Mycoplasma pneumo-
niae, and MgPa in M. genitalium (Papazisi et al.,
2000; Burgos et al., 2006; Meng et al., 2017). The study
of hemagglutinin of MS, which also exists in MG, is also
limited to the agglutination of erythrocytes (May et al.,
2014). Therefore, screening and identification of cell
adhesion molecules important for MS require further
studies.

So far, 10 kinds of TLR in chickens have been estab-
lished, namely, TLR1A, TLR1B, TLR2A, TLR2B,
TLR3, TLR4, TLR5, TLR7, TLR15, and TLR21 (St
Paul et al., 2013; Velova et al., 2018). We examined
the expression of these TLRs after MS stimulated
SSCs, and the results showed that only TLR7 and
TLR15 were significantly upregulated after MS stimula-
tion of SSCs (Figures 3N, 3O and Figures 4N, 4O).
TLR15 is a specific pattern-recognition receptor for
avian species (Boyd et al., 2012; Oven et al., 2013). It
has been reported that MS was capable of inducing
TLR15 expression in chicken chondrocytes and macro-
phages, which led to NF-kB activation and nitric oxide
production (Oven et al., 2013). We found a significantly
higher expression of TLR15, but not of the other cellular
outer membrane located TLRs (TLR1A, TLR1B,
TLR2A, TLR2B, TLR4, and TLR5) when SSCs were
simulated with MS (Figures 3 and 4, Supplementary
Figures 1 and 2). These results indicate that the major
pattern-recognition receptor that causes inflammatory
responses to stimulation of MS by chicken-derived cells
is TLR15. Besides, the expression level of TLR7 was un-
expectedly found to be significantly increased in the
SSCs that had been infected with MS (Figure 3N and
Figure 4N). As a TLR of the main endosomal compart-
ment localization of cells, TLR7 has been reported to
mainly recognize the uridine-rich or uridine/guanosine-
rich ssRNA of viral and host origins (Diebold et al.,
2004; Heil et al., 2004; Keestra et al., 2013). Besides,
TLR7 in macrophages infected by the intracellular bac-
terium Mycobacterium tuberculosis was significantly
upregulated (Bao et al., 2017). The G 1 C content of
the MS genome is only about 28% (Zhu et al., 2018).
The transcribed RNA of MS is rich in uridine. After
invading host cells, MS often enter endosomal vesicles
(Walker et al., 1978). We also demonstrated that MS
can invade SSCs (Figure 2C). These may be the reasons
for the induction of TLR7 expression by MS-stimulated
SSCs.

It has been reported that the recognition, phagocy-
tosis, and degradation of mycoplasma by macrophages
in innate immunity play a major role in controlling
and eliminating mycoplasma infection (Erb and Bredt,
1979; Davis et al., 1980). IFN-g and GM-CSF are the
major cytokines that activate macrophages into cells
involved in pathogen killing (Chavez-Galan et al.,
2015). IFN-g–activated macrophages significantly
enhanced the killing of pathogens such as Mycoplasma
pulmonis and Mycobacterium leprae (Hickman-Davis
et al., 1999; Bashyam, 2007). IL-12 plays an essential
role in inducing IFN-g production by macrophages
(Darwich et al., 2009), whose upregulated expression
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also serves as a feature of activated microbicidal macro-
phages (Chavez-Galan et al., 2015). This study found
that MS stimulation of SSCs significantly enhanced
the expression of IL-12 (Figure 3G and Figure 4G),
but not IFN-g or GM-CSF. HD11 exposed to a culture
of MS and SSCs coincubation did not significantly
enhance the expression of IL-12 and IFN-g (Figure 6).
These results indicated that the activation of macro-
phages only through secretions produced by MS-
stimulating cells is insufficient. Insufficient activation
of macrophages and adhesion or even invasion of myco-
plasma in SSCs led to ineffective clearance of myco-
plasma, the persistence of inflammation, and leucocyte
infiltration, which may be why inflammation enters the
chronic phase.

By histopathological observation, we found that a ma-
jor cause of MS-induced pathological changes of the
tendon sheath synovium was the inflammatory cell infil-
tration of the synovial layer. The adhesion and invasion
of MS to SSCs, the stimulation of the expression of
various pattern recognition receptors, inflammatory cy-
tokines, and chemokines-coding genes, including IL-1b,
IL-6, IL-8, CCL-20, RANTES, MIP-1b, IL-12p40,
TLR7, and TLR15 in SSCs, and macrophage chemotaxis
positively correlated with the MOIs of MS to SSCs. The
interaction between MS and SSCs can activate macro-
phages to some extent. This study systematically
demonstrated that the interaction of MS to chicken
SSCs contributes to macrophage recruitment and
inflammation, which is helpful to elucidate the molecular
mechanism of MS-induced synovitis in chicken.
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