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TRANSLATIONAL SCIENCE

CD109 regulates the inflammatory response and is
required for the pathogenesis of rheumatoid arthritis
Guanhua Song, ' Tingting Feng,” Ru Zhao,” Qiqi Lu,’ Yutao Diao," Qingwei Guo,*

Zhaoxia Wang, ' Yuang Zhang,’ Luna Ge,” Jihong Pan,” Lin Wang

ABSTRACT

Objective The aim of this study was to investigate the
role of CD109 in rheumatoid arthritis (RA) fibroblast-like
synoviocytes (FLSs) and to evaluate its potential as a
therapeutic target.

Methods CD109 expression was examined in
synovial tissues and FLSs from RA patients and
collagen-induced arthritis (CIA) model mice. CD109-
deficient mice were developed to evaluate the severity
of CIA. Small interfering RNAs and a neutralising
antibody against CD109 (anti-CD109) were designed
for functional or treatment studies in RA FLSs and CIA.
Results CD109 was found to be abundantly
expressed in the synovial tissues from RA patients

and CIA mice. CD109 expression in RA FLSs

was upregulated by inflammatory stimuli, such

as interleukin-1B and tumour necrosis factor-a.
Silencing of CD109 or anti-CD109 treatment reduced
proinflammatory factor production, cell migration,
invasion, chemoattractive potential and osteoclast
differentiation, thereby reducing the deleterious
inflammatory response of RA FLSs in vitro. Mice
lacking CD109 were protected against arthritis in the
CIA model. Anti-CD109 treatment prevented the onset
and ameliorated the severity of CIA lesions.
Conclusion Our study uncovers an antiarthritic role
for CD109 and suggests that CD109 inhibition might
serve as a promising novel therapeutic strategy for RA.

INTRODUCTION

Rheumatoid arthritis (RA) is a systemic autoim-
mune disease characterised by chronic inflamma-
tion and hyperplasia of fibroblast-like synoviocytes
(FLSs).! RA FLSs display an aggressive phenotype
and produce excessive amounts of proinflammatory
cytokines and matrix-degrading enzymes, resulting
in joint dysfunction and destruction.” Hence,
identifying key factors that specifically target RA
FLS-mediated inflammation may provide novel
therapeutic targets for RA.

CD109 is a cell-surface antigen that
belongs to the o2-macroglobulin/C3, C4, C§
family of thioester-containing proteins.® As a
glycosylphosphatidylinositol-anchored ~ protein,*
increased expression of CD109 in various tumours
is indicative of a more aggressive phenotype and
poor prognosis.”™ Since RA FLSs exhibit tumour-
like proliferation and invasion behaviours,” it is
possible that CD109 may play a role in the aggres-
sive phenotype of RA FLSs. It has been reported
that CD109 interacts with glucose-regulated
protein 78 (GRP78), a classical endoplasmic
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Key message

What is already known about this subject?

» (D109 regulates diverse pathogenic processes,
including fibrosis, osteoporosis and tumour
metastasis.

» (D109 inhibits transforming growth factor
(TGF)-B signalling by enhancing SMAD7/
Smurf2-dependent degradation of the TGF-3
receptor.

What does this study add?

» CD109 is required to sustain rheumatoid
arthritis (RA) fibroblast-like synoviocyte (FLS)-
induced inflammation.

» (D109 interacts with and stabilises ENO1 to
regulate the RA FLS-mediated inflammatory
response.

» An anti-CD109 antibody shows both
prophylactic and therapeutic effects in collagen-
induced arthritis mice.

How might this impact on clinical practice or

future developments?

» CD109 could be a promising treatment target
for RA.

reticulum (ER) chaperone, to inhibit transforming
growth factor (TGF-B) signalling in response to
ER stress.® Interestingly, GRP78 acts as a patho-
logical factor that contributes to the severity of
RA,” suggesting that CD109 is likely involved in
the pathological progression of RA.

A previous study demonstrated that CD109
inhibits TGF-f signalling by enhancing SMAD7/
Smurf2-dependent degradation of the TGF-B
receptor TGFBRL'® ' More interestingly,
although CD109 inactivates TGF-P signalling and
subsequent fibrosis, fibroblasts with increased
CD109 protein levels still produce excessive
amounts of extracellular matrix (ECM)."? It is thus
believed that CD109 is insufficient to completely
counteract the effect of TGF-f activation on
fibrosis, and the exact role of elevated CD109 in
fibroblasts remains unclear. Recently, CD109 has
been shown to activate Jak-Stat3 signalling, which
consequently leads to a metastatic phenotype in
lung cancer cells.” This evidence indicates that
CD109 functions in a cell-specific manner, and it
would be interesting to characterise the exact role
of CD109 in RA FLSs.
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Figure 1 Expression of CD109 in synovial tissues extracted from

RA patients and CIA model mice. (A) Western blot analysis of CD109
protein in synovial tissues from RA (n=7) and OA (n=7) patients.
B-Actin was used as a loading control. (B) Quantitative real-time (qRT)
PCR analysis of CD109 mRNA levels in FLSs from RA (n=7) and OA
(n=7) patients. ***p<0.001. (C) Immunohistochemical staining of RA
(n=16) and OA (n=7) synovial tissues using antibodies against CD109.
Original magnification is 200x. FLSs were collected from DBA/1)

mice immunised with collagen (CIA mice) or bovine serum albumin
(BSA, referred to as Ctrl mice). qRT-PCR and Western blot assays were
performed to assess the levels of CD109 mRNA (D) and protein (E).
n=3 per group, **p<0.01. (F) Immunohistochemical staining of CD109
from the hind paw in CIA and Ctrl mice. FLSs from RA patients (G and
H) or CIA model mice (I and J) were stimulated with TNF-c. or IL-13
for 24 hours. Total RNA and protein levels were subjected to gRT-PCR
and Western blotting for the analysis of CD109 mRNA (G and I) and
protein (H and J) levels. qRT-PCR data in G and | are expressed as

the mean of six samples (three male and three female) or three mice
from two independent experiments. Western blot data in H and J
represent two independent experiments from six samples (three males
and three females) or three mice with similar results. *p<0.05and
**p<0.01 compared with vehicle. CIA, collagen-induced arthritis; FLSs,
fibroblast-like synoviocytes; IL-1B, interleukin-1(; OA, osteoarthritis; RA,
rheumatoid arthritis; TNF-o, tumour necrosis factor-o..

The present study was conducted to investigate the role of
CD109 in RA FLSs and collagen-induced arthritis (CIA) models
and to assess the potential of CD109 inhibition as a treatment
approach in RA.

MATERIALS AND METHODS
Detailed methods and sequence primers are described in the
online supplementary materials and methods.

Reagent and cell stimulation

RA FLSs were plated in 24-well plates (3—-5x10° cells/well)
in Dulbecco’s Modified Eagle’s Medium and stimulated for
the indicated time points with the following agents: tumour
necrosis factor (TNF)-o (10 ng/mL, Abnova, Taiwan, China),
interleukin (IL)-1B (10 ng/mL, Abnova), cycloheximide (CHX,
10 pg/mL, Calbiochem), galunisertib (10 uM, Selleck), TGF-1
(Ing/mL or 10 ng/mL, R&D), macrophage colony-stimulating

factor (M-CSF; 30ng/mL, R&D) and RANKL (50ng/mL,
R&D). The dilution buffer, phosphate buffer saline, was
applied as vehicle control.

RESULTS

CD109 is abundantly expressed in the synovial tissues of
patients with RA

CD109 was first found to be abundantly expressed in all RA
patient synovial tissues but dramatically reduced in osteoar-
thritis (OA) samples (figure 1A). In vitro, CD109 mRNA expres-
sion in RA FLSs was relatively higher than that in OA FLSs
(figure 1B). Immunohistochemical staining showed that CD109
was expressed at higher levels in RA synovial tissues than in OA
synovial tissues and mainly distributed in the lining layer of the
RA synovial tissues (figure 1C). A similar increase in CD109
expression was also observed in FLSs (figure 1D,E) and synovial
tissues (figure 1F) from CIA mice when compared with those
from wild-type (WT) mice. In addition, CD109 expression was
elevated at the mRNA (figure 1G,I) and protein (figure 1H,])
levels in FLSs from RA patients and CIA mice following TNF-o
and IL-1P stimulation, but not following IL-10, IL-6 and IL-17
stimulation (online supplementary figure 1).'*

Effects of CD109 on the inflammatory phenotype of RA FLSs
RA FLSs can secrete IL-6, IL-8, matrix metalloproteinase
(MMP)-1, MMP-3 and MMP-13 in response to IL-1f and
TNF-o stimulation, and these factors are implicated in the RA
FLS-mediated inflammatory response.">™* We next measured
the levels of these proteins in the supernatant of siCD109-
transfected or siCtrl-transfected RA FLS. The silencing effi-
ciency of small interfering RNAs (siRNAs) against CD109 was
confirmed by Western blot (figure 2A). The data showed that
silencing of CD109 significantly reduced the levels of IL-6,
IL-8, MMP-1 and MMP-3 (figure 2B-E), but not MMP-13 (data
not shown), in the supernatants of RA FLSs with or without
TNF-o. and IL-1B stimulation. Additionally, CD109 knock-
down resulted in an obvious reduction in TNF-o-induced® **
or IL-1B-induced® " phosphorylation of AKT serine/threonine
kinase (Akt), nuclear factor-kappa B (NF-xB), signal transducer
and activator of transcription 3 (Stat3) and p38 MAPK signal-
ling proteins (figure 2F). CXCL9/10 modulates RA immune
responses by activating and recruiting leucocytes.”® ¥ CD109
knockdown significantly reduced the production of CXCL9
and CXCL10 (figure 2G,H) in RA FLSs. The number of
migrating leucocytes cultured with conditioned medium (CM)
from siCD109-transfected RA FLSs also decreased significantly
(figure 2I), suggesting decreased chemoattractive potential of
RA FLSs. Furthermore, RA FLSs with CD109 downregulation
displayed reduced levels of migration (figure 2J) and invasion
(figure 2K). However, proliferation and apoptosis did not differ
between siCD109-transfected RA FLSs and siCtrl-transfected RA
FLSs (online supplementary figure 2A-B). Together, these data
indicate the importance of CD109 inhibition in limiting the RA
FLS-mediated inflammatory response.

CD109 acts as a negative regulator of TGF-B signalling
by promoting the degradation of its receptor TGFBRL'*'?
However, CD109 is insensitive to TGF-B1 in RA FLSs (online
supplementary figure 3A). Blocking TGF-f signalling by treating
cells with the specific inhibitor, galunisertib, did not attenuate the
CD109 overexpression-induced increase in IL-6, IL-8, MMP-1,
MMP-3, CXCL9 and CXCL10 expression in RA FLSs (online
supplementary figure 3B-G). Our data suggest that CD109 regu-
lates the RA FLS-mediated inflammation in a TGF- signalling-
independent manner.
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Figure 2 Effects of CD109 silencing on FLS in RA. (A) Silencing efficiency of siRNA targeting CD109 (siCD109) was detected by Western blot. The
two siRNAs were combined at equal concentrations for the subsequent experiments. The negative control siRNA is referred to as siCtrl. The results
are representative of two independent experiments with three different samples in each. (B—E) Following transfection with siCD109 or siCtrl for
12 hours, RA FLSs were stimulated with TNF-o. and IL-1[3 for another 24 hours. IL-6 (B), IL-8 (C), MMP-1 (D) and MMP-3 (E) levels in the supernatant
were analysed by ELISA. (F) Using similar treatments as B—E, total and phosphorylated levels of Akt, p65, Stat3 and p38 MAPK were analysed by
Western blot. Western blot data are representative of two independent experiments from six different patients (three males and three females) with
similar results. (G and H) RA FLSs were transfected with siCD109/siCtrl for 12 hours, followed by TNF-o; or IL-1 stimulation for another 24 hours.
CXCL9 (G) and CXCL10 (H) levels in the culture supernatant were measured by ELISA. Data in B-E, G and H are expressed as the mean of six
samples (three males and three females)+SD and represent three independent experiments. (I) After treatment as indicated in B-E, cell-free RA FLSs
supernatant was collected and used as a chemotactic source for healthy donor peripheral blood leucocytes (n=3) in a transwell migration system
for 6 hours. The number of migrating leucocytes in the lower compartment was counted. The migration (J) and invasion (K) abilities were assessed in
siCD109-transfected or siCtrl-transfected RA FLS from six different patients (three males and three females). Data represent independent experiments
performed in triplicate, and five different fields were selected for cell counting (graph below). RA FLSs passing through the polycarbonate membrane
with ECM coating show that cell invasion requires the ECM proteolysis step in addition to migration. *p<0.05, **p<0.01and ***p<0.001 compared
with siCtrl. ECM, extracellular matrix; FLSs, fibroblast-like synoviocytes; IL, interleukin; MMP, matrix metalloproteinase; RA, rheumatoid arthritis;
siRNAs, small interfering RNAs; TNF-o, tumor necrosis factor-o.
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Figure 3  Effects of an antibody against CD109 (anti-CD109) on RA FLSs. (A) Western blot analysis of anti-CD109 against human RA FLS (hFLS),
recombinant human CD109 protein (rhCD109), mouse paw (mPaw), recombinant mouse CD109 (rmCD109) and BSA. Data are representative

of three independent experiments. (B) ELISA analysis for the binding affinity of anti-CD109 towards human CD109 (hCD109, 1 g) and mouse

CD109 (mCD109, 1 pg) proteins at the indicated concentration. Anti-CD109 bound to both human and mouse recombinant CD109 protein dose
dependently. The data are expressed as the mean=SD from three independent experiments. (C—J) Following stimulation with TNF-o. and IL-1§3 or
nothing for 12 hours, RA FLSs were subsequently treated with anti-CD109 at the indicated concentration or IgG (10 pg/mL) for another 24 hours. IL-6
(Cand D), IL-8 (E and F), MMP-1 (G and H) and MMP-3 (I and J) levels in the culture supernatant were measured by ELISA. The data are expressed

as the mean=SD of six samples (three male and three female) and are representative of three independent experiments. *p<0.05, **p<0.01and
***p<0.001 compared with IgG in the presence (C, E, G and 1) or absence (D, F, H and J) of inflammatory stimuli. The migration (K) and invasion (L)
of RA FLSs from six different patients (three males and three females) were assessed and quantified (graph below) after the addition of anti-CD109
(10pg/mL) or IgG (10 pug/mL) and incubation for 24 hours. ***p<0.001 compared with IgG. (M) After exposure to TNF-a. or IL-13 for 12 hours, RA FLSs
were treated with anti-CD109 (10 pug/mL) for another 24 hours. Total and phosphorylated levels of Akt, p65, Stat3 and p38 MAPK in RA FLSs from

six samples (three males and three females) were analysed by Western blot. Western blot data are representative of two independent experiments.
RA FLSs were incubated with anti-CD109/IgG (10 ug/mL) for 12 hours and treated with TNF-ot or IL-1{ for another 24 hours. CXCL9 (N) and CXCL10
(0) levels in the culture supernatant were measured by ELISA. Data are expressed as the mean=SD of six samples (three males and three females)
and are representative of three independent experiments. *p<0.05and ***p<0.001 compared with siCtrl or IgG. (P) After pretreatment with anti-
CD109/19G (10 pg/mL) for 12 hours, RA FLSs from six different patients (three males and three females) were treated with inflammatory stimuli for
another 24 hours. Cell-free supernatants were collected and used as a chemoattractant source for healthy donor peripheral blood leucocytes (n=3) in
a transwell migration system for 6 hours. The number of migrating leucocytes in the lower compartment was counted. ***p<0.001 compared with
IgG. BSA, bovine serum albumin; FLSs, fibroblast-like synoviocytes; IL, interleukin; 1gG, immunoglobulin G; MMP, matrix metalloproteinase; NS, not
significant; RA, rheumatoid arthritis; TNF-o., tumour necrosis factor-o.
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Anti-CD109 treatment ameliorates the arthritis phenotype of
RA FLSs

We next produced an anti-CD109 antibody (anti-CD109) and
confirmed its specificity towards human and mouse CD109 by
Western blot (figure 3A) and ELISA (figure 3B). The data showed
that anti-CD109 treatment dose-dependently reduced the levels
of IL-6 (figure 3C,D), IL-8 (figure 3E,F), MMP-1 (figure 3G,H)
and MMP-3 (figure 3L]J) irrespective of TNF-a or IL-1f stimu-
lation. Furthermore, anti-CD109 treatment reduced the migra-
tion (figure 3K) and invasion (figure 3L) of RA FLSs. However,
no obvious differences in the proliferation and apoptosis rates
of RA FLSs were detected between anti-CD109 and IgG treat-
ments (online supplementary figure 2C, D). In addition, the
levels of phosphorylated Akt, NF-xB, Stat3 and p38 MAPK in
TNEF-o-stimulated or IL-1B3-stimulated RA FLSs were all reduced
by anti-CD109 treatment (figure 3M). Similarly, there was a
strong reduction in CXCL9 and CXCL10 levels (figure 3N,0) in
RA FLSs and migrating leucocytes (figure 3P) cultured with CM
from anti-CD109-treated RA FLSs.

In addition, we analysed the effects of anti-CD109 on the
TNF-o or IL-1B response in FLSs from CD109-knockout
(CD109 KO) and WT mice. Anti-CD109 addition did not reduce
the TNF-o-induced or IL-1B-induced increase in IL-6, MMP-3,
CXCL9 and CXCL10 levels in CD109 KO FLSs, as it did in WT
FLSs (online supplementary figure 4A-D). These results indicate
the engagement of CD109 for anti-CD109.

CD109 interacts with and requires ENO1 to regulate the RA
FLS-mediated inflammatory response

To explore the molecular mechanism of CD109 in RA FLSs,
glutathione-S-transferase (GST) pull-down assay and mass spec-
trometry were used. The majority of the identified CD109-
interacting partners are involved in processes such as metabolism,
signalling pathways, protein processing and modification, and
cell cycle and apoptosis (online supplementary table 2). ENO1
was selected for further investigation as it is also localised on
the cell surface and regulates cytokine production and apoptotic
resistance in RA FLSs.**>* Co-immunoprecipitation (figure 4A)
and immunofluorescence (figure 4B) analyses confirmed the
specific association between CD109 and ENO1 on the surface
of RA FLSs; the interaction was enhanced by TNF-o or IL-1B
treatment.

Then, we detected the intrinsic relationship between CD109
and ENOT1 in RA FLSs. The overexpression or silencing effi-
ciency of CD109 and ENO1 was first confirmed, as shown,
respectively, in figure 4C and D. The overexpression of
CD109 increased the level of ENO1 protein (figure 4E) as well
as the proportion of ENO1 on the cell surface (figure 4F), irre-
spective of IL-1B or TNF-a stimulation. In contrast, CD109
silencing or anti-CD109 treatment caused a significant reduc-
tion in ENO1 expression (figure 4G) and surface localisation
(figure 4H,I). CHX chase assay results demonstrated that the
degradation rate of ENO1 protein increased following CD109
inhibition with either siCD109 or anti-CD109 (figure 4],K).
Furthermore, we observed a marked increase in the levels
of inflammatory factors (figure 4L-Q, IL-6, IL-8, MMP-1,
MMP-9, CXCL9 and CXCL10), migration (figure 4R), inva-
sion (figure 4S) and phosphorylation of proteins in the proin-
flammatory pathway (figure 4T) in CD109-overexpressing
FLSs compared with control FLSs. However, ENO1 knock-
down prevented these effects. These results suggest that ENO1
is required for CD109-mediated regulation of the FLS inflam-
matory response.

Reduced arthritis severity in CD109-deficient mice

To further demonstrate the function of CD109 in RA, CIA was
induced in WT and CD109 KO mice. When endogenous CD109
was absent (figure SA), the arthritis score and paw swelling were
significantly ameliorated in CD109 KO mice compared with WT
mice (figure 5B,C). Likewise, CD109 KO mice also developed a
limited degree of inflammatory cell infiltration (granulocytes and T
lymphocytes), synovial hyperplasia, cartilage degradation and bone
destruction (figure SD,E and online supplementary figure SA-D),
accompanied by a decrease in TNF-q,, IL-1f, IL-6 and IL-8 levels
(figure SF) in the paws. Inflammatory bone erosion and destruc-
tion are known features of RA.* Thus, we examined the effects
of global CD109 deletion on bone destruction in CIA models by
microcomputed tomography (micro-CT) analysis (figure 5G).
The distal tibias from CD109 KO CIA mice displayed an obvious
increase in bone volume/tissue volume (BV/TV), total body bone
mineral density (Tb BMD), trabecular thickness (Tb Th) and
trabecular number (Tb N) but a decrease in trabecular spacing (Tb
Sp) compared with those from the WT counterparts (figure SH).
Further evidence showed that bone marrow mononuclear cells
(BMMCs) isolated from CD109 KO mice differentiated into osteo-
clasts in vitro less efficiently than those isolated from WT mice.
Notably, this difference was increased between the CD109 KO
and WT groups with CIA induction (online supplementary figure
6A). The receptor activator of NF-xB ligand (RANKL) promotes
osteoclast differentiation, while osteoprotegerin (OPG) attenu-
ates osteoclastic bone destruction, and the OPG/RANKL ratio is
critical for RA-induced bone destruction.** Serum from CIA mice
was then examined by ELISA, which showed that the serum level
of RANKL decreased while that of OPG remained unchanged.
This imbalance finally led to an increase in the OPG/RANKL ratio
but fewer osteoclasts in CD109 KO mice than WT mice (online
supplementary figure 6B-D).

We also investigated whether CD109 regulates RANKL and OPG
in FLS. CD109 ablation reduced the TNF-o. and IL-1f stimulation-
induced increase in RANKL expression in FLS. As OPG levels
remained unaffected, the OPG/RANKL ratio increased in CD109
KO FLSs compared with WT FLSs (online supplementary figure
6E-H). Subsequently, mouse BMMCs were cultured with CM
from IL-1B-activated or TNF-a-activated FLSs and stimulated with
M-CSE. CD109 KO FLSs were less efficient at inducing tartrate-
resistant acid phosphatase-positive multinucleated cells than WT
cells (online supplementary figure S61). Collectively, these findings
indicate that ablation of the CD109 gene sufficiently blocks the
progression of experimental arthritis.

Effects of prophylactic anti-CD109 treatment

To evaluate the efficacy of anti-CD109 in the amelioration of CIA,
the safety was first analysed. Neither physical and behavioural
manifestations nor peripheral blood cell numbers appeared to be
significantly affected (online supplementary figure 7). To mimic
prophylactic intervention in human RA patients, anti-CD109
was administered on the day of first immunisation with type
IT collagen. Anti-CD109 treatment dose dependently reduced
the arthritis score (figure 6A), hind paw thickness (figure 6B)
and swelling (figure 6C) in CIA models. Histological analysis
revealed reduced inflammatory cell infiltration (granulocytes
and T lymphocytes), synovial hyperplasia, cartilage degradation
and bone destruction in anti-CD109-treated mice (figure 6D,E
and online supplementary figure SE-H). The micro-CT showed
that compared with immunoglobulin (Ig) G treatment, anti-
CD109 treatment greatly reduced bone destruction (figure 6F),
as quantitatively evidenced by the increased degree of Tb BMD,
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Figure 4 CD109 mteracts W|th and stablllses ENO1. (A) RA FLSs were stimulated with TNF-o. (upper) or IL-1B (lower) for 24 hours.
Immunoprecipitation and immunoblotting were performed on total protein with anti-CD109 or anti-ENO1 antibodies. The results are representative

of four samples (two males and two females) from independent experiment. (B) After stimulation with TNF-o or IL-1[3 for 24 hours, ENO1 (green)

and CD109 (red) in RA FLSs were detected by immunofluorescence. (C) Western blot analysis of CD109 protein in RA FLSs following transfection of a
lentiviral vector expressing CD109 (Lv-CD109) or its control (Lv-Ctrl). (D) Silencing efficiency of SiENO1 was detected by Western blot. The two siRNAs

were combined at equal concentrations for the subsequent experiments. Data in C and D are representative of two independent experiments with

three different samples. (E) After Lv-CD109 or Lv-Ctrl transfection, RA FLSs were exposed to TNF-c. or IL-1[3 for 24 hours, and ENO1 protein levels were
measured by Western blot. (F) Surface ENO1 was detected by immunofluorescence in Lv-CD109 or Lv-Ctrl-transfected RA FLSs. (G) After transfection

of siCD109/siCtrl or treatment with anti-CD109/19G for 24 hours, the ENO1 protein in TNF-oi-activated or IL-1(3-activated RA FLSs was measured
by Western blot. (H and I) TNF-c.-stimulated or IL-1B3-stimulated RA FLSs were transfected with siCD109/siCtrl or treated with anti-CD109/IgG for

24hours. ENO1 (green) in RA FLS was detected by immunofluorescence. (J and K) In the presence of TNF-o or IL-1[3, RA FLSs were exposed to CHX
for different time periods, and the total protein was subjected to Western blotting to analyse ENO1 expression. Band intensities were measured using

Image) software and are presented as fold change comparisons as indicated. *p<0.05, **p<0.01 and ***p<0.001 compared with siCtrl. CD109-

overexpressing RA FLSs were transfected with siENO1 or siCtrl for 12 hours and subsequently stimulated with TNF-o. and IL-18 for another 24 hours.
IL-6 (L), IL-8 (M), MMP-1 (N), MMP-3 (0), CXCL9 (P) and CXCL10 (Q) levels in the culture supernatant were measured by ELISA. Data are expressed
as the mean=SD of six samples (three males and three females) and are representative of three independent experiments. *p<0.05, **p<0.01 and

***p<0.001 compared with Lv-Ctrl or Lv-CD109 in the siCtrl-transfected group. CD109-overexpressing RA FLSs were transfected with siENO1 or
siCtrl for 24 hours. The migration (R) and invasion (S) abilities were assessed and counted (graph below) for RA FLSs from six different patients

(three males and three females) and performed in triplicate. Five different fields were selected for cell counting. ***p<0.001 compared with Lv-Ctrl.

(T) CD109-overexpressing RA FLSs were transfected with SiEENO1 or siCtrl for 24 hours. Total and phosphorylated levels of Akt, p65, Stat3 and p38

MAPK were analysed by Western blot. Western blot data in A, E, G, J, K and T, and immunofluorescence data in B, F, H and | are representative of two
independent experiments from six samples (three males and three females) with similar results. CHX, cycloheximide; FLSs, fibroblast-like synoviocytes;
IL, interleukin; NS, not significant; RA, rheumatoid arthritis; siRNAs, small interfering RNAs; TNF-ct, tumor necrosis factor-c.
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Figure 5 CD109 knockout (CD109 KO) prevents joint destruction in CIA mice. (A) The hind paws from CD109 KO and WT CIA mice at the resolution
phase of arthritis were homogenised in cell lysis buffer for Western blot detection of CD109 (n=3 mice per group). (B, C) Arthritis in CD109 KO and
WT mice was induced by bovine type Il collagen injection (n=6 mice per group and per time point). After the second immunisation, the arthritis score
(B) and hind paw thickness (C) were evaluated every 5 days. This experiment is representative of four independent experiments with similar results.
*p<0.05, **p<0.01and ***p<0.001 compared with WT. (D) Representative images of haematoxylin-eosin (H&E, upper) and Safranin O/Fast green
staining (lower) of the interphalangeal joint from CD109 KO and WT CIA mice on the 42nd day after the first immunisation. Pathological changes,
including synovial proliferation (yellow arrowhead) and joint destruction (red arrowhead), are shown. (E) Inflammation, hyperplasia, cartilage
degradation and bone destruction were evaluated using a scoring system (n=12 per group). ***p<0.001 compared with WT. (F) The hind paws

from WT and CD109 KO CIA mice (n=6 mice per group) were homogenised in phosphate-buffered saline (PBS) for ELISA detection of TNF-o, IL-1,
IL-6 and IL-8 on the 42nd day after the first immunisation. The data are representative of two independent experiments from six mice per group.
*p<0.05and ***p<0.001 compared with Ctrl or CIA in the WT group. (G) Representative micro-CT images of hind paws and interphalangeal joints
(red square) on the 42nd day after the first immunisation (n=6 mice per group). (H) Bone volume fraction (BV/TV), trabecular bone mineral density (Th
BMD), trabecular thickness (Tb Th), trabecular number (Tb N) and trabecular separation (Tb Sp) in the distal tibia were assayed by micro-CT and 3D
reconstruction. The data represent four independent experiments with similar results. *p<0.05, **p<0.01and ***p<0.001 compared with WT. BMD,
bone mineral density; CIA, collagen-induced arthritis; KO, knockout; NS, not significant; TNF-or, tumour necrosis factor-o;; WT, wild type.

BV/TV, Tb Th and Tb N but a lower degree of Tb Sp in the distal analysis of affected joints from anti-CD109-treated mice
tibias (figure 6G). Furthermore, anti-CD109 treatment effec- revealed reduced evidence of inflammation (granulocytes and
tively decreased the serum level of RANKL but had a minimal T lymphocytes), synovial hyperplasia, cartilage degradation
effect on the OPG level, thereby increasing the OPG/RANKL and bone destruction (figure 6K,L and online supplemen-

ratio and curtailing osteoclast numbers (online supplementary tary figure 51-L). In addition, anti-CD109-treated CIA mice
figure 8A-C) in CIA models. displayed reduced levels of bone erosion and destruction

(figure 6M,N), as evidenced by the increase in BV/TV, Tb
Effects of therapeutic treatment with anti-CD109 BMD, Tb Th and Tb N but decrease in Tb Sp in the distal
We also analysed the therapeutic effects of anti-CD109. tibia. Additionally, anti-CD109 treatment decreased the
Compared with IgG-treated CIA model mice, anti-CD109- RANKL level, increased the OPG/RANKL ratio and led to a
treated model mice showed dose-dependent amelioration decline in the number of osteoclasts (online supplementary
with a marked decrease in arthritis score (figure 6H), thick- figure 8D-F). Therefore, anti-CD109 treatment alleviates RA
ness (figure 61) and hind paw swelling (figure 6J). Histological progression in vivo.

1638 Song G, et al. Ann Rheum Dis 2019;78:1632—1641. doi:10.1136/annrheumdis-2019-215473


https://dx.doi.org/10.1136/annrheumdis-2019-215473
https://dx.doi.org/10.1136/annrheumdis-2019-215473
https://dx.doi.org/10.1136/annrheumdis-2019-215473
https://dx.doi.org/10.1136/annrheumdis-2019-215473
https://dx.doi.org/10.1136/annrheumdis-2019-215473
https://dx.doi.org/10.1136/annrheumdis-2019-215473

Rheumatoid arthritis

figure 6

»

@
[ P S ]

A

CRp—

10 | ==10mgikg
——50mghkg

100mgkg

8
6
4

Arthritis Score
N

Hind paw thickness (mm)

21 26 31 36 41 46 51

==

3 56 61 66days

S e e s am

Inflammation Score
Hyperplasia Score

vvvvvv

21 26 31 36 41

Cartilage degradation score

46 51 56 61 66days

4

2

vvvvvv

Bone destruction score

i

s

tcD 109

viviv

Tb.BMD (g/cm3)

4

Ns
0 -
Soge® u T v
[ TR
odfae vefor
a
of * TR
o v
M
v

196

Tb. Th (um)

anticD108

0.60

0.45

TSP (mm)

Tb.N (1/mm)

°%§%§

%

1gG anticD109 IgG anticD109
ctrl [

ST

—IgG
[ 10mgikg

Arthritis Score

\ ‘\\
P?}
2f
1

Hind paw thickness (mm)

196 anticD109 IgG anticD109
[T

ctrl

I

——10mglkg

——50mglkg
100mglkg

T
I~

ctrl

0 5 10 15 20 25 30 35 40 45days

4

0 5 10 15

20 25 30 35 40 45days

4

1gG_anticD109 IgG anticD109

1gG_anticD109 1gG anticD109

IgG_anticD109 IgG_anticD109
ctrl ciA ctrl

CIA CIA

4

L
[ 2
2 g I g = ®
4] sevEEEe. 2 g T——
3 §°| = £ o) i 5] soimfeens
g £ e
E %z oor vy g2 o v 82 ooe v
3 - i :
214  vvivrvey 1
€1 vefre g g S vevrey
T &
o
g6 anticp109 196 ticD109 1gG ticD109 196 anticD109
N NS
301 <o NS 150 NS 15 B 06 x
¥ g Jv 501 eo  mam u .o ' . A i
20 s g | A e * . _ xs A
g v ) a 100 _— E = oo
gm o, e o e 2 e E"’ ) E“.:". .A‘§
10 o4 T L KO b = ;% 3 . b
; g N
5 e B e hE oY el W z % z,
£ £ 30 X
0.

1gG_anticD109 1gG_anticD109 19G_anticD109 1gG_anticD109 1gG_antiCD109 19G anticD109
ctrl

1gG_anticD109 1gG anticD109
CclA T om r-re

Figure 6 Antiarthritis effects of anti-CD109 on CIA. Mice immunised with ClI were randomly divided into four groups (n=6 mice for each group
and time point) and administered anti-CD109 or IgG at the indicated doses twice a week after the initial immunisation. The data are representative
of four independent experiments with similar results. (A) Arthritis scores were monitored once per 5 days. (B) Hind paw thickness was calibrated from
the 21st day following the first immunisation. (C) Paw photographs were obtained on day 42 from mice with CIA from the day of first immunisation.
(D) Representative histology images by H&E (upper) and Safranin O/ Fast green staining (lower) were obtained on day 67 from mice with CIA with
the indicated treatment. Pathological changes, including synovial proliferation (yellow arrowhead) and joint destruction (red arrowhead), are shown.
(E) Inflammation, hyperplasia, cartilage degradation and bone destruction were measured through a scoring system (n=12 mice per group). (F)
Representative micro-CT images of hind paws and interphalangeal joints (red square). (G) BV/TV, Tb BMD, Th Th, Tb N and Th Sp in the distal tibia
were assayed by micro-CT and 3D reconstruction. Furthermore, mice immunised with Cll were divided into four groups (n=6 mice per group and time
point) equating to the mean arthritis score of individual groups. The mice were treated with anti-CD109 or IgG at the indicated doses twice a week
from the point after the second immunisation when the arthritis scores reached 6 until day 45. (H) The arthritis severity was evaluated by the arthritis
scores. (I) Paw swelling was measured every 5 days after anti-CD109 addition. (J) Paw photographs from mice with CIA captured on day 21 after
starting anti-CD109 treatment. (K) Representative H&E (upper) and Safranin O/Fast green staining (lower) histology images of hind paws obtained
on day 46 from anti-CD109 treatment. Synovial proliferation (yellow arrowhead) and joint destruction (red arrowhead) are shown. (L) Quantification
of synovitis, hyperplasia, cartilage degradation and bone destruction according to the scoring system (n=12 mice per group). (M) Representative
micro-CT images of hind paws and interphalangeal joints (red square). (N) BV/TV, Tb BMD, Tb Th, Tb N and Th Sp in the distal tibia were assayed by
micro-CT and 3D reconstruction. (A, B, E, H, I and L) *p<0.05, **p<0.01and ***p<0.001 compared with IgG. (G and N) *p<0.05, **p<0.01 and
***n<0.001 compared with IgG in the Ctrl or CIA group. BMD, bone mineral density; BV/TV, bone volume fraction; CIA, collagen-induced arthritis; ClI,
type Il collagen; NS, not significant; To BMD, trabecular bone mineral density; Tb N, trabecular number; Th Sp, trabecular separation; Tb Th, trabecular
thickness.

DISCUSSION

localises to the cell surface and exists mainly in the extracellular

The inhibition of inflammatory reactions is an investigative
focus for treating RA.** In this study, while confirming its roles
in tumour progression and tissue fibrosis,” '**¢ we reveal a novel
role for CD109 in the RA FLS-mediated immune response,
such as in cytokine production, inflammatory signalling acti-
vation, migration, invasion and chemoattraction. As CD109

compartment, its activity can be effectively blocked by specific
antibodies.® 37 Here, we found that anti-CD109 is as effective
as siCD109 in attenuating the arthritis phenotype of RA FLSs.
In addition, the anti-inflammatory effect of blocking CD109 in
RA FLSs is equally efficient in male and female patients. More
importantly, CD109 deficiency ameliorates the severity of
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arthritis in a CIA model. Anti-CD109 addition in vivo demon-
strates both prophylactic and therapeutic effects in a CIA model.
Together, our results suggest that CD109 may represent a novel
therapeutic target for RA.

ENOL1 is a classical component of the glycolytic pathway and
functions in multiple ways.**™** A previous study showed that
surface ENOT1 activation on monocytes and macrophages from
RA patients involves intracellular p38 MAPK and NF-«B path-
ways and excessive levels of proinflammatory mediators.*® >
Furthermore, TNF-a-induced ENO1 contributes to RA FLS IL-6
production, proliferation and survival.’® In addition, ENO1
increases plasminogen levels to enhance ECM degradation and
the subsequent migration or invasion of monocytes and tumour
cells.” Here, we found that CD109 forms a complex with ENO1
and stabilises ENO1 on the cell surface, thereby mediating the
inflammatory response of RA FLSs. These findings further
support the hypothesis that CD109 is a crucial factor in RA
pathogenesis and that ENO1 is required for CD109-mediated
RA FLS activation. Further analysis would be still needed to
clarify the regulatory mechanism toward the expression and
activity of CD109 in RA FLSs.

CD109 deficiency caused an osteoporosis-like phenotype in
vivo, while the osteoclasts seemingly matured. However, there
are contradictory results from in vitro experiments.*' ** Here,
we found that CD109 loss or inhibition increased the OPG/
RANKL ratio but reduced osteoclastogenesis and bone destruc-
tion in CIA model mice, suggesting that the effect of targeting
CD109 on osteoclast differentiation is context-specific and needs
further clarification for the potential treatment of RA. In addi-
tion, chronic inflammation-induced bone destruction is a critical
pathological feature of RA.* ** RA FLSs provide the necessary
signals for osteoclasts and are the main resources of RANKL
that promotes osteoclast differentiation.’* * *¢ In this study,
FLSs from CD109 KO mice were less capable than those from
WT mice of supporting osteoclast differentiation in vitro, indi-
cating that the CD109-mediated RA FLS inflammatory response
towards osteoclasts also contributes to bone destruction in RA.

Based on previous studies showing that CD109 decreases
excessive ECM production in systemic sclerosis fibroblasts,'
we explored whether an anti-CD109 antibody could be applied
in RA patients. Our study provides a vigorous analysis of bone
metabolism and potential adverse effects in organ fibrosis.
CD109 is expressed in activated platelets, T cells, endothelial
cells and a subpopulation of CD34-expressing cells.** ' 3¢ Inter-
estingly, these cells are important for RA progression, indicating
that CD109 may contribute to RA via different routes and that
the antiarthritis role of CD109 inhibition was achieved not only
by RA FLSs but also by peripheral blood mononuclear cells and
endothelial cells. To further benefit from CD109 as a treatment
target in RA, the effects of CD109 inhibition and its underlying
molecular mechanism in immune cells and endothelial cells
require further investigation.

Taken together, our results uncover the proinflammatory
properties of CD109. CD109 inhibition suppresses the inflam-
matory response and disease activity of inflammatory arthritis,
and CD109 may serve as a suitable target for RA treatment.
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