
Supplementary Materials and Methods

Patients

Human synovial tissues were collected from a total of 16 RA patients fulfilling the

criteria of the American College of Rheumatology1 and obtained at the time of

synovectomy or joint replacement surgery at the Shandong Provincial Hospital (Jinan,

China). The mean age of the RA patients (8 males and 8 females) was 60 yr and their

mean disease duration was 62.1 mon (range 16-139 mon). 7 osteoarthritis (OA)

patients2 who underwent total joint replacement serve as control samples. The mean

ages of the OA patients (3 males and 4 females) were 61 yr. The majority of patients

were treated with disease-modifying antirheumatic drugs (DMARDs), including

methotrexate, and none were on biologics. Demographic data are provided in online

Supplementary Table S1. The study was approved by the Institutional Review Board

of Shandong Medicinal Biotechonogy Center (SMBC16LL009) and was conducted

according to the recommendations of the Declaration of Helsinki. All patients

provided informed consent for participation in the study.

Cell isolation, culture and siRNA transfection

FLSs were obtained from the synovial tissues of RA or OA patients and mice as

described previously3 and cells between passages 4 and 7 were used for further study.

They are incubated in DMEM supplemented with 10% FCS (Invitrogen). siRNAs

were purchased from Ruibo Biosciences (Guanzhou, China). For transient RNA

interference, cells were transfected with siRNA (100 nM) using Hiperfect

Transfection Reagent (Qiagen, Germany) per the manufacturer’s instruction. The

sequences of siRNA targeting human CD109 (siCD109) and human ENO1 (siENO1)

were as followings: siCD109#1: GAAGGTAACTCGTGCTGAT; siCD109#2: TCAG

CTCAATGTTGTAT AT; siENO1#1: GCTGCTGAAGACTGCTATT; siENO1#2: GG

AAGTATGACCTGG ACTT.

Hematoxylin-Eosin (H&E) staining, Immunohistochemistry (IHC) and
Immunofluorescence (IF)
After decalcification of mice joints in 10% EDTA, together with human synovial
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tissues, they were embedded in paraffin, and stained with H&E staining for light

microscopy. IHC was described as previously reported4 and the slides were incubated

overnight with antiCD109 antibody (ab203588, abcam). For immunofluorescence,

cells were sequentially probed with primary antibodies and fluorescence- labeled

secondary antibodies (Jackson Immunoresearch). Images were captured under a

confocal microscope (FV3000, Olympus).

Histopathological examination
Histopathological quantification was made by investigators in a blinded manner from

images of three fields representing the distal interphalangeal joint, the proximal

interphalangeal joint, and joints in the carpal region and averaged over all joints in

one limb of each animal. Inflammation was scored 0 to 5 according to the following

criteria: 0, normal; 1, minimal inflammatory infiltration; 2, mild infiltration; 3,

moderate infiltration with moderate edema; 4, marked infiltration with marked edema;

and 5, severe infiltration with edema. Hyperplasia was defined as synovial tissue

intimately invading bone and/or cartilage and was scored 0 to 3 as follows: 0, none; 1,

minimal; 2, moderate; 3, severe. Bone degradation was scored using the following 0

to 3 scale: 0, no bone erosion; 1, mild surface erosion; 2, moderate surface erosion;

and 3, strong surface erosion. Sections were also stained by Safranin O/ Fast green kit

(Solarbio) for detection of cartilage damage (0: no changes; 1: erosion in part of the

cartilage surface; 2: erosion of the cartilage surface and cartilage destruction; 3:

cartilage erosion and destruction, combined with cartilage covered by connective

tissue).

GST pull-down assay and mass spectrometry (MS)

Bacterially expressed GST-conjugated human CD109 (GST-CD109) or control GST

(both 500 μg) bound to Glutathione-Sepharose 4B beads (Amersham Pharmacia,

Piscataway, NJ, USA) was incubated with equal amounts of whole-cell lysates of RA

FLSs at 4 °C for overnight. The washed complexes were then eluted by boiling in

SDS sample buffer, separated by SDS–PAGE, and were incubated with
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anti-GST-conjugated beads for 24 h in a cold room. The immunoprecipitates were

identified by mass spectrometry (BGI, China).

In vitro osteoclastogenesis assay

Osteoclastogenesis was performed as previously reported.5 Briefly, bone marrow

mononuclear cells (BMMCs) were collected from CD109 KO or wild type (WT) mice

and were suspended in prepared culture medium of α-MEM with 10%

FBS/Penicillin/streptomycin. To obtain pure BMMCs, non-adherent cells were then

collected and cultured in complete αMEM containing Macrophage colony-stimulating

factor (M-CSF, 50 ng/mL). After a further 3 days in culture, the attached cells were

used for experimental purposes. Then, BMMCs were plated overnight. The following

day, cells were stimulated with M-CSF and receptor activator of NF-κB

ligand (RANKL, 50 ng/mL). Medium was replaced every 2 days until osteoclasts

formed. To measure the ability of FLSs to support osteoclastogenesis, BMMCs were

cultured with conditioned medium of FLSs from CD109 KO and WT mice in 24-well

plates for 12 days with 10 ng/ml M-CSF. Tartrate-resistant acidic phosphatase

staining (TRAP, Sigma) was used to determine the osteoclast formation in cultured

cells and interphalangeal joint of mice model. Red coloration indicated

TRAP-positive cells. TRAP-positive multinucleated cells with more than three nuclei

visualized by light microscopy were recorded as osteoclasts.

Quantitative real-time polymerase chain reaction (RT-qPCR) analysis

RNA extraction and RT-qPCR analysis were performed as previously described.6 We

used the following primer sets: for human CD109, 5-CTGGAACACTGCCCTTCAC

-3 (forward) and 5-ATCCTGGGTACGTCCGGTTA-3 (reverse); human β-actin,

5-TCATTCCAAATATGAGATGCGTTGT-3 (forward) and 5-GCTATCACCTCCCCT

GTGTG-3 (reverse); mice CD109, 5-TCTCGTTCTTCCGGCACTAC-3 (forward)

and 5-GAGTGTGAGCACCCGAAACTT-3 (reverse); mice IL-6, 5-CTGCAAGAGA

CTTCCATCCAG-3 (forward) and 5-AGTGGTATAGACAGGTCTGTTGG-3

(reverse); mice MMP3, 5-TTAAAGACAGGCACTTTTGGCG-3 (forward) and 5- C
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CCTCGTATAGCCCAGAACT-3 (reverse); mice CXCL9, 5-GGAGTTCGAGGAAC

CCTAGT G-3 (forward) and 5-GGGATTTGTAGTGGATCGTG C-3 (reverse); mice

CXCL10, 5-CCAAGTGCTGCCGTCATTTTC-3 (forward) and 5-TCCCTATGGCC

CTCATTCTCA-3 (reverse); mice β-actin, 5-GGCTGTATTCCCCTCCATCG-3

(forward) and 5-CCAGTTGGTAACAATGCCATGT-3 (reverse); mice OPG, 5-CCTT

GCCCTGACCACTCTTAT-3 (forward) and 5-CACACACTCGGTTGTGGGT-3

(reverse); mice RANKL, 5-AGCCGAGACTACGGCAAGTA-3 (forward) and 5-AA

AGTACAGGA ACAGAGCGATG-3 (reverse). Analysis was performed using the

2-ΔΔCT method.

Western blot and Co-immunoprecipitation (Co-IP) analysis

Western blotting and Co-IP were performed as described previously.7 The protein

concentrations were measured using a BCA protein assay (Pierce, Rockford, IL, USA).

The primary antibodies for CD109, ENO1 Ly6G, CD3, CD45R and CD68 were

purchased from Abcam. Antibodies against Akt, p65, Stat3, p38 MAPK,

phosphor-Akt (Ser473), phospho-p65 (Ser536), phospho-Stat3 (Ser727) and

phospho-p38 MAPK (Thr180/Tyr182b), were purchased from Cell Signaling (diluted

in 1:1000). β-actin was purchased from Santa Cruz. Samples were subjected to

standard SDS-PAGE, and the resulting bands were transferred onto polyvinylidene

difluoride membrane for visualizing specific proteins.

Measurement of pro-inflammatory factors

Cell culture supernatants were collected for the measurement of IL-6, IL-8, MMP-1,

MMP-3, CXCL9, CXCL10, OPG and RANKL by ELISA using a commercial kit,

according to the instructions of the manufacturer (R&D Systems, USA). Hind paws

were removed and homogenized in a tissue grinder (Qiagen) in PBS containing a

mixture of protease inhibitors (Roche). Samples were then sonicated on ice for 2s and

the lysates were cleared by two successive centrifugations at 4000g (5 min at 4˚C).

The supernatants were recovered and protein levels were assessed by Bradford protein

assay. Lysates with equal amounts of protein were then subjected to Western blot and
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ELISA assay.

Measurement of RA FLSs migration and invasion

The cell migration and invasion assay was performed in transwell apparatus with or

without with extracellular matrix (ECM) coating (Corning, Tewksbury, MA, USA).

RA FLSs with the treatment with siCD109/siCtrl or antiCD109/ IgG were grown at a

density of 3×104 cells/well in the upper compartment of the transwell apparatus for 24

h. After starvation, the lower compartment was filled with DMEM with 10 % FBS

and the plates were continually incubated at 37 °C for another 24 h. The upper surface

of the insert was wiped with cotton swabs to remove noninvading cells, and the

bottom surface of the insert was stained with Giemsa (Sigma, St Louis, MO, USA).

The number of cells that invaded through the membrane was quantified in five

random fields at × 100 magnification.

Cell viability and apoptosis

To evaluate the effects of CD109 on cell viability and apoptosis, RA FLSs were

transfected with siCD109 or siCtrl. Next, the cells were trypsinized and collected for

detection of cell viability with MTS and apoptosis with an Annexin V-FITC apoptosis

detection kit according to the manufacturer’s protocol.

Leucocyte migration assays

Leucocytes were isolated from fresh heparinized venous blood obtained from healthy

volunteers. RA FLSs in the well were treated CD109 blockage by its specific siRNA

or antibody for 12 h. Then, cells were stimulated with TNF-α or IL-1β for another 24

h. Leucocytes were allowed to migrate to the RA FLSs supernatant for 6 h.

Leucocytes were then recovered from the lower chamber by gentle pipetting and

counted manually using a hemocytometer.

Lentiviral preparation and transduction

Lentivirus products were constructed in HEK293T cells by co-transfection with
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psPAX2, pMD2.G and lentiviral construct (pLentiCMV/TO Puro DEST) expressing

full length human CD109 using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA),

and marked as Lv-CD109. Empty vector expressing GFP only was used as negative

control, referred to as Lv-Ctrl. Stably transduced cells were selected by puromycin (1

μg/ml) for 48 h and verified by quantitative real-time PCR and western blotting

analysis.

The binding affinity of antiCD109 antibody against CD109 protein

A neutralizing monoclonal antibody against both human and murine CD109

(antiCD109 antibody, clone: 30579-1-5) was designed and prepared from mice by

Abmart Company. ELISA assay was used to investigate the binding capabilities of

antibody against CD109 (antiCD109) or its control (IgG) for CD109 protein. The

plates were coated with CD109 (human, R&D; mouse, ProtTech) diluted in 0.1 M

Na2CO3-NaHCO3 buffer with pH 9.6 and incubated at 4 °C overnight. Then, the wells

were blocked with non-fat milk-PBS for 2 h at 37 °C. Serially dilution of 100 μL

antiCD109 were added into wells and incubated for 1 h at 37 °C. The wells were then

washed with PBS-T (0.05% Tween-20 in PBS) for three times followed by the

addition of 100 μL goat anti-human or mouse IgG-HRP antibody (R&D, diluted in

1:7500) into wells and incubated for 1 h. After washing with PBS-T, a total of 100 μL

reaction buffer solution (100 μL TMB; 10 μL H2O2; 9.9 mL Citric acid-Na2HPO4) was

added into the wells. The reaction was stopped by 2 M H2SO4. After 5 min, the

absorbance was measured at 450 nm by using an ELISA plate reader (BioTek, USA).

CD109 knockout mice

The CD109 knockout (CD109 KO, C57BL/6j backgound) mice were generated by

CRISPR/Cas9 as described previously.8 The mice used in the experiments described

here had been backcrossed with wild-type DBA/1J mice at least 10 times and were

generated by mating heterozygote breeding pairs. All mice were maintained under

specific pathogen-free conditions at the animal facility of Research Center for

Medicinal Biotechnology and genotyped by standard PCR. The litters were genotyped
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by PCR with the primers, 5’ TTAGGGTCCTTGTGCTGCG and 5’ ACTCCTGACCA

TAATTAGAACTCAAGC. For genotyping, a 1699 kb fragment of WT and a 1200

fragment of the CD109 knockout gene were amplified with 30 PCR cycles consisting

of 94℃ for 30 s, 60℃ for 30 s and 72℃ for 45 s.

Safety evaluation

AntiCD109 or IgG was administered intraperitoneally to normal 9-week-old DBA1/J

mice twice a week for 6 consecutive weeks. Physical and behavioral abnormalities

were monitored during the treatment. Peripheral blood cell numbers were evaluated

42 days after the initial treatment.

Induction and assessment of CIA

Six-week-old male DBA/1J mice purchased from Vital River Laboratory Animal

Technology (Beijing, China) were raised in accordance with institutional guidelines

and with the approval of the Institutional Animal Care and Use Committee of

Shandong Academy of Medical Sciences. Bovine type II collagen (2 mg/ml;

Chondrex) was dissolved in 0.05M acetic acid and emulsified with an equal volume

of Freund’s complete adjuvant (Sigma-Aldrich). DBA/1J, CD109 KO and WT mice

were immunized by intradermal injection at the base of the tail with 100 ml (2 mg/ml)

of the emulsion (day 0). Booster injections of 100 ml of emulsion consisting of equal

parts of Freund’s incomplete adjuvant (Sigma-Aldrich) and 2 mg/ml type II collagen

in 0.05M acetic acid were administered at another site at the base of the tail on day 21.

In the prophylactic treatment study, antiCD109 or IgG were intraperitoneally (i.p.)

administered to 6 mice in each group, twice per week from the day of the first

immunization. In the therapeutic treatment study, when arthritis score reached 6, mice

were randomly enrolled into groups. AntiCD109 or IgG (6 mice per group) were

administered i.p. to mice, twice per week from the day of enrollment. Progression of

arthritis was monitored continuously after the first immunization by assessing arthritis

score (the sum of scores on a 0–4 scale for all 4 limbs, based on the swelling of the

limbs, for a total possible score of 16 for each mouse), using methods as described
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before.2 The arthritis score for each mouse was defined as the sum of the scores of all

four paws. In each category, joints were independently evaluated in a blinded manner.

In addition, the thickness of the arthritic hind paws was measured daily with

microcalipers.

Micro-Computed Tomography (Micro-CT)

Micro-CT (QuantumGX, PerkinElmer, United States) was conducted on the hind paw

to scan the microstructure of the joint and parameters were analyzed precisely at the

same region of distal tibia. Specimen scanner settings were designed as follows:

exposure time 14 s at 90 KV and 88 μA with a resolution of 2 μm

and field-of-view12.8 mm× 12.8 mm. The parameters of trabecular bone, including

bone volume to bone volume fraction (BV/TV, %), trabecular thickness (Tb.Th, μm),

bone mineral density (BMD, mg/cm3), trabecular number (Tb.N, mm-1), trabecular

separation (Tb.Sp, mm) were exported for reconstruction using the manufacturer’s

software, Caliper Analyze.

Statistical analysis

The arthritis scores and paw swelling were analyzed with the Mann–Whitney U test

as the requirement of Gaussian distribution and homogeneity of variance weren’t met.

Differences in the levels of inflammatory factors and micro-CT parameters between

the groups were analyzed with one-way ANOVA for Homogeneity test of variance

and we fulfilled nonparametric Mann Whitney U test for the comparison between two

groups due to the heterogeneity of variances. Numbers of peripheral blood cells,

CD109 mRNA levels and histological score were confirmed to Gaussian distribution

and homogeneity of variances and were compared with Student’s unpaired t-test. Data

were expressed as mean ±standard errors (SD) of the means. SPSS software (version

22.0; SPSS Inc., Chicago, IL, USA) were used to accomplish all statistical analysis.

Two-sided P values were considered as statistical significance if less than 0.05.
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