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ABSTRACT 

Mesenchymal stem cells (MSCs) are used for the treatment of osteoarthritis (OA), 

and MSC genetic engineering is expected to enhance cartilage repair. Here, I aimed 

to investigate the effect of MSCs overexpressing platelet-derived growth factor 

(PDGF) or heme oxygenase-1 (HO-1) in chondrocytes and synovial cells with an OA 

phenotype and assess the in vivo efficacy of intra-articular injections of these MSCs 

in canine OA models.  



 

 

 Canine adipose-derived MSCs were transfected with canine PDGF (PDGF-MSCs) 

or HO-1 (HO-1-MSCs) using lentiviral vectors. Canine chondrocytes or synovial 

cells were stimulated with lipopolysaccharide (LPS) to mimic the inflammatory OA 

model and then co-cultured with MSCs, PDGF-MSCs, or HO-1-MSCs for 24 h and 

72 h. The mRNA levels of pro-inflammatory, extracellular matrix-

degradative/synthetic, or pain-related factors were measured after co-culture by real-

time PCR. Furthermore, a surgery-induced canine OA model was established and the 

dogs were randomized into four groups: normal saline (n=4), MSCs (n=4), PDGF-

MSCs (n=4), and HO-1-MSCs (n=4). The OA symptoms, radiographic OA severity, 

and serum matrix metallopeptidase (MMP)-13 levels were assessed before and 10 

weeks after treatment, to evaluate the safety and efficacy of the modified MSCs.  

PDGF or HO-1 overexpression significantly reduced the expression of 

proinflammatory factors, MMP-13, and nerve growth factor elicited by LPS and 

increased that of aggrecan and collagen type 2 in chondrocytes (P < 0.05). In addition, 

the expression of aggrecanases was significantly downregulated in synovial cells, 

whereas that of tissue inhibitor of metalloproteinases was upregulated (P < 0.05). 

Furthermore, the co-cultured MSCs highly expressed genes that contributed to the 

maintenance of joint homeostasis (P < 0.05). In vivo studies showed that OA 

symptoms improved after administration of all MSCs. Also, PDGF-MSCs 

significantly improved limb function and reduced pain (P < 0.05). The results of the 

radiographic assessment and serum MMP-13 levels did not vary significantly 

compared to those of the control.   



 

 

Genetically modifying PDGF and HO-1 in MSCs is an effective strategy for 

treating OA, suggesting that PDGF-MSCs can be novel therapeutic agents for 

improving OA symptoms.   

Keywords: Mesenchymal stem cells, Osteoarthritis, Platelet-derived growth factor, 

Heme oxygenase-1 
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INTRODUCTION 

Osteoarthritis (OA) is a multifactorial disease with diverse pathophysiology that 

affects the articular cartilage, subchondral bone, and synovium (Houard et. al 2013). 

OA affects mostly humans, dogs, and cats, in all of which it leads to a significant 

deterioration in the quality of life (Innes 1995, McDevitt et. al 1976). Development 

of OA includes the initiation of inflammation and degradation of the extracellular 

matrix (ECM) of the articular cartilage, which leads to pain and gradual loss of limb 

function (Buckwalter et. al 2004). 

Several risk factors, including aging, obesity, biomechanical stress, and trauma, 

induce a phenotype change in the articular cartilage elicited by pro-inflammatory 

factors. The activated chondrocytes become hypertrophic, form a cluster, and release 

matrix-degrading enzymes, which promote the fragmentation of the extracellular 

matrix (ECM). These catabolic pathways influence the surrounding tissue in the 

affected joint, leading to cartilage destruction, synovial inflammation, and 

subchondral bone sclerosis. The articular cartilage usually has a limited capacity to 

repair itself, which accelerates inflammation (Buckwalter et. al 2004). 

Based on the complex pathophysiology of OA, regenerative therapy using MSCs 

has gained attention owing to their pluripotent and anti-inflammatory properties 

(Maumus et. al 2013, Toh et. al 2017). However, recent studies have shown that 

although these cells disappear rapidly after administration, they can exert a 

chondroprotective effect via paracrine signaling (Mancuso et. al 2019). 
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 To overcome this problem, tissue engineering using gene-edited MSCs has 

become a novel approach for the treatment of OA (Evans et. al 2015, Im et. al 2011). 

Promising results have been reported using this method in equine MSCs with the gene 

encoding interleukin (IL)-1 receptor antagonist (Wisniewski et. al 2004). In addition, 

in a rabbit model of an osteochondral defect, delivery of fibroblast growth factor-2 

(FGF-2), sex-determining region Y-box 9 (SOX-9), or insulin growth factor-1 (IGF-

1) yielded promising results (Im et. al 2011, Maniwa et. al 2001, Zhang et. al 2017). 

The encouraging results of these studies motivated us to identify more factors that 

can improve the therapeutic efficacy of MSCs after gene transfer.  

As platelet-rich plasma (PRP) is a valuable option for OA treatment, I focused on 

platelet-derived growth factor (PDGF), a key factor in PRP believed to support tissue 

regeneration and anti-inflammatory properties (Gato-Calvo et. al 2019). I have 

previously reported that MSCs which were genetically engineered to overexpress 

PDGF improved cutaneous wound healing in canine skin wound healing models 

(Kim et. al 2019). I expect that MSCs will exert strong paracrine effects within the 

OA joint if genetically modified with PDGF.  

Several studies have shown that antioxidant activity was lower in OA human 

cartilage than in its healthy counterpart (Guillen et. al 2008), accompanied by 

downregulation of heme oxygenase-1 (HO-1) by inflammatory cytokines. HO-1 is 

induced by oxidative stress and can inhibit apoptosis due to its antioxidant properties 

(Benallaoua et. al 2007). In human OA synovial cells, transduction with a lentiviral 

vector expressing HO-1 down-regulated degradative and inflammatory cytokines 
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(García-Arnandis et. al 2010). Based on these reports, I hypothesized that the 

administration of HO-1 via MSCs may modulate inflammation in OA.  

Hence, in this study, I aimed to investigate whether canine adipose-derived MSCs 

(AD-MSCs) engineered to overexpress PDGF or HO-1 exhibit biological activity and 

therapeutic efficacy in vitro and in vivo, and analyzed the expression of the 

proinflammatory, ECM-synthetic/degradative, and pain-related factors. I focused on 

these two biofactors because they affect the cross talk of MSCs with OA chondrocytes 

or synovial cells.  
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METHODS 

All experimental protocols regarding animals in this study were approved by the 

Institutional Animal Care and Use Committee (IACUC) of the Seoul National 

University (SNU-180530-3-1 and SNU-200528-3). 

 

Isolation of canine AD-MSCs, chondrocytes, and synovial cells 

Subcutaneous fat, normal articular cartilage, and synovium were harvested from 

the femoral head of dogs undergoing femoral head and neck excision. Tissue 

sampling was performed after obtaining informed consent at the Seoul National 

University Veterinary Medical Teaching Hospital (SNU VMTH). Macroscopically 

normal tissue was obtained. Four skeletally mature dogs of small to medium breed 

aged 1−5 years and weighing 3−12 kg were used in the study. The samples were 

stored in Hartman’s solution. The harvested tissue was washed in Dulbecco’s 

phosphate-buffered saline (DPBS, Sigma). 

The adipose tissue was cut into small pieces and digested with collagenase type I 

(1 mg/mL, Sigma) for 1 h at 37°C. The digested fragments were filtered through a 

40-μm cell strainer and the cells were pelleted via centrifugation at 220 × g for 5 min 

at 4°C. The cells were resuspended in Dulbecco’s modified Eagle’s medium (DMEM; 

Pan Biotech) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% 

penicillin-streptomycin and cultured in a 5% humidified CO2 incubator at 37°C. The 

culture medium was changed every two days. Subculture was performed at 80% cell 
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confluence.  

Canine articular chondrocytes were isolated using an enzymatic dissociation 

procedure described previously (Nowak et. al 2016). Articular cartilage was finely 

minced and digested with collagenase type II for 1 h at 37°C. The minced pieces of 

cartilage were passed through a 70-μm cell strainer. The dispersed chondrocytes were 

resuspended in DMEM and used for experiments at passage 1. Canine synovial cells 

were cultured from the synovium using a modified version of a published protocol 

(Namba et. al 2017). The synovial tissue digested with collagenase type I was filtered 

through a 70-μm cell strainer. The next process was performed as described above, 

and passage 1 of canine synovial cells was used for experiments.   
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Flow cytometry 

To characterize canine AD-MSCs, MSC-specific markers were analyzed using 

flow cytometry with a FACS Calibur (BD Biosciences), and data were evaluated 

using the CellQuest 3.0.1 software (Becton-Dickinson). The cells were incubated 

with primary antibodies, phycoerythrin (PE)-conjugated antibody, and fluorescein-

conjugated antibody. Briefly, the cells were detached with Accutase (Stem Cell 

Technologies), followed by the addition of FITC-labeled anti-rat CD29 (555005, BD 

Pharmingen), anti-human CD105 (ab53318, Abcam), anti-dog CD45 (YKIX716.13, 

BioRad), anti-dog CD34 (1H6, BioRad), anti-human CD9 (hCD9, sc13118, Santa 

Cruz Biotechnology), anti-mouse CD9 (mCD9, sc18869, Santa Cruz), and anti-

human CD91 (550495, BD Pharmigen), and PE-labeled anti-dog CD44 (ab58754, 

Abcam), anti-human CD73 (ab106697, Abcam), and anti-dog CD90 (ab33694, 

Abcam). For the detection of pluripotency markers, OCT-4, SOX-2, and NANOG 

were measured. The cells were fixed and permeabilized using the eBioscienceTM 

Foxp3 staining buffer set (#00-5523-00, Invitrogen), blocked in DPBS containing 5% 

FBS, and then stained with primary unconjugated OCT-4 (ab19857, Abcam), SOX-2 

(ab97959, Abcam), and NANOG (ab21624, Abcam), followed by incubation with a 

FITC-conjugated secondary antibody.  
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Lentiviral transduction of PDGF or HO-1 in AD-MSCs 

Canine AD-MSCs were transduced with lentiviral vectors encoding green 

fluorescent protein (GFP) and canine PDGF or HO-1. Each cell line was obtained 

using a previously published procedure (Khan et. al 2018, Kim et. al 2019). Briefly, 

canine-specific primers for PDGF or HO-1 were inserted into a pCDH-EF1-MCS-

pA-PGK-copGFP-T2A-Puro vector using EcoRI and BamHI (System Biosciences). 

The viral packaging mix (System Biosciences) and vectors encoding PDGF or HO-1 

were transfected into HEK293T cells (Thermo Scientific) for lentivirus production. 

Then, virus particles expressing GFP, PDGF, or HO-1 were transduced into canine 

AD-MSCs using 15 μg/mL polybrene (Sigma), and puromycin (1.5 μg/mL, Thermo 

Scientific) was added for complete selection. Transduction efficiency was analyzed 

3−5 days post-transduction based on GFP fluorescence and using quantitative reverse 

transcription-polymerase chain reaction (real-time PCR). Thus, AD-MSCs 

genetically modified to overexpress PDGF (PDGF-MSCs) or HO-1 (HO-1-MSCs) 

were established. The AD-MSCs used in vitro experiments were divided into the 

following groups: (1) GFP-MSCs, (2) PDGF-MSCs, and (3) HO-1-MSCs    

  



8 

 

LPS-induced inflammatory model of canine chondrocytes or synovial cells  

To determine the optimal concentration of lipopolysaccharide (LPS, Sigma), 

canine chondrocytes or synovial cells (passage 1) were incubated with medium 

containing 0, 0.1, 1, or 10 μg/mL LPS for 6, 24, and 72 h. Cell proliferation, mRNA 

expression of inflammation-related genes, and cell morphology were evaluated using 

the (3-[4,5-dimethylthiazol-2-yl]-5-[3-carboxymethoxyphenyl]-2-[4-sulfophenyl]-

2H-tetrazolium (MTS) assay and real-time PCR.   

As a control, chondrocytes alone were incubated for the entire period. The 

chondrocytes were exposed to LPS for 24 h and then incubated further for 24 h and 

72 h with the replacement of fresh medium as in the LPS group.  
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Co-culture studies 

Canine chondrocytes or synovial cells (passage 1) were seeded at the density of 1 

 105 cells/well in the bottom chamber of a transwell (Corning) and cultured overnight 

at 37°C. Then, the culture medium was replaced with 2 mL medium alone or medium 

containing 1 μg/mL LPS and incubated for 24 h. After stimulation with LPS, the 

medium was removed and refreshed. MSCs, PDGF-MSCs, or HO-1-MSCs (5.0 × 104) 

were seeded on 0.4 µm pore polycarbonate membrane inserts (Corning) with 0.6 mL 

medium. The cells were incubated further for 24 or 72 h. As a control, chondrocytes 

or synovial cells were incubated for the entire period and the expression of the 

following genes was evaluated: genes encoding pro-inflammatory markers such as 

IL-6, IL-1β, and tumor necrosis factor-alpha (TNF-α), chondrogenic markers such as 

aggrecan, collagen type 2 (COL2α1), and SOX-9, collagen degradation markers 

(MMP-1, MMP-3, and MMP-13), fibrotic marker (COL1α1), aggrecan degradation 

factors (a disintegrin and metalloproteinase with thrombospondin motifs 

(ADAMTS)-4 and ADAMTS-5), pain-related gene (nerve growth factor [NGF]), or 

anti-degradation factors (a tissue inhibitor of metalloproteinases (TIMP)-1, TIMP-2, 

and FGF-2).  

Next, each mesenchymal stem cell plated in the upper insert was harvested and 

differential signaling of anti-fibrotic factors (hepatocyte growth factor, HGF), anti-

inflammatory marker (TNF-simulated gene-6, TSG-6), and pro-chondrogenic 

markers (FGF-2 and SOX-9) was analyzed. Each mesenchymal stem cell cultured 

alone (without chondrocytes or synovial cells) and harvested when it reached 90% 
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confluence was used as the control. 
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Cell proliferation assay 

Cell proliferation was determined using the MTS colorimetric assay after 6, 24, 

and 72 h to assess the effect of LPS. Twenty microliters of the MTS solution (Bio-

vision) was added to each of the 96 wells. After incubation for 2 h, the absorbance 

was measured at 490 nm using an Epoch Gen 5.2 type reader (Bio Tek). Cell 

viability was estimated using the trypan blue exclusion assay.  
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Real-time PCR 

Total RNA was extracted using the Qiazol lysis agent (Qiagen) according to the 

manufacturer’s instructions. The cDNA was synthesized using the PrimeScript II 

first-strand cDNA synthesis kit (Takara) and then amplified using the ABI 

StepOnePlus real-time PCR system (Applied Biosystems) after mixing with SYBR 

Premix Ex Taq (Takara) and primers. The primer sequences used are listed in Table 

1. The mRNA level of each gene was normalized to that of glyceraldehyde3-

phosphate dehydrogenase (GAPDH) and quantified using the 2−ΔΔCt method.  
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Table 1 Primers used for real-time PCR analysis 

Target 

genes 
Forward (5′–3′) Reverse (5′–3′) 

GAPDH CATTGCCCTCAATGACCACT TCCTTGGAGGCCATGTAGAC 

IL-6 TTTTCTGCCAGTGCCTCTTT GGCTACTGCTTTCCCTACCC 

IL-1β AGTTGCAAGTCTCCCACCAG TATCCGCATCTGTTTTGCAG 

TNF-α AGCGCTGAGATCAATCTGCC TCCAGCCCTGAGCCCTTAAT 

COX-2 ACCCGCCATTATCCTAATCC TCGGAGTTCTCCTGGCTTTA 

Aggrecan ACTGCTCCAGGCGTGTGATG GACCATGTCGTGCAGGTGAC 

Col1α1 ATCAGCCCTGGAGCATTTACA AACTCTTCAGGGGATTGGTG 

COL2α1 TACGGTGATGACAACCTGGC GTTTCGTGCAGCCATCCTTC 

SOX-9 AGTACCCGCACCTGCACAA AAATGTCGCTCTCGGTGG 

MMP-1 TGGAGCACTTCATAGCCAGC GAAATGGTGACGCCATGCAG 

MMP-3 ACCCCACTTTGTGGTTCGAC ACCGGCTTGTACCTCAGTTC 

MMP-13 CAGCGATGGTGATGATGATCTG AGGGACCCCACATCTTGGT 

TIMP-1 CTCACCAGAGAACCCACCAT CCGGTTTAAGTCGGTCTGGT 

TIMP-2 TCCCTGGACATCGGAGGAAA CATCCAGAGGCACTCATCCG 

ADAMTS-4 CTCGGACCCTGACCACTTTG GAGCATGTTGAAGACGTGGC 

ADAMTS-5 CACCCAGAAACAATGGTCGC ACCACGTAGTAACCAGTGCC 

NGF CTTCGTCCCACCCTGTCTTC AGTTCCAGTGCTTGGAGTCG 

PDGF-B TGTCTCTCTGCTGCTACCTG CCAGAATGGGATCGGGTCAA 

VEGF CTATGGCAGGAGGAGAGCAC GCTGCAGGAAACTCATCTCC 

TGF-β CTCAGTGCCCACTGTTCCTG TCCGTGGAGCTGAAGCAGTA 

FGF-2 TGCCTACCTAGATGCTGGACA GAGCTTTGGCCGTATTTCCATTC 

HGF ATGGGGAATGAGAAATGCAG GACAAAAATGCCAGGACGAT 

TSG-6 AGCCTGCTTGGCTGACTATG ATTTGGAAACCTCCCGCTGT 

HO-1 GCGTCGACTTCTTCACCTTC GGTCCTCAGTGTCCTTGCTC 
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Alcian blue staining 

Primary canine chondrocytes (passage 1) were fixed with 4% paraformaldehyde 

for 30 min. The cells were then stained with 1% alcian blue stain solution (Lifeline 

Cell Technology) and dehydrated with 0.1 N hydrochloric acid. 
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Canine OA model 

Sixteen male Beagle dogs (2 years old, mean body weight = 8.4 ± 2.3 kg) were 

included in this study. The dogs were acclimatized to animal resource facilities for 1 

week before the study. Complete physical examination, orthopedic examination of 

all limbs, blood work, and radiographs revealed that all dogs were physically healthy 

and did not have any musculoskeletal diseases.  

The dogs were orotracheally intubated, and anesthesia was maintained with 

isoflurane in oxygen. The right CrCL was transected via medial parapatellar 

arthrotomy. The skin and subcutaneous tissue were dissected to expose the 

parapatellar medial retinaculum. Then, the joint capsule was incised. To inspect the 

stifle joint, the infrapatellar fat pad was drawn back and CrCL was transected using a 

No. 65 blade (Swann Morton). None of the dogs showed any pathological changes in 

their articular structure. The joint capsule, fascia, subcutaneous tissue, and skin were 

sutured using a routine procedure. During manipulation, cranial drawer motion and 

cranial tibial thrust in flexion and extension of the right stifle joint were confirmed. 

All dogs were orally administered 22 mg/kg cefazolin 5 days after CrCL transection.  
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Preparation of MSCs 

Each cell type (MSCs, PDGF-MSCs, or HO-1-MSCs, passage 3) was washed with 

DPBS and harvested using 0.25% trypsin-EDTA (Sigma) at 90% confluence. The 

cells were centrifuged at 220 × g at 4°C for 5 min. The supernatant was removed and 

the cell pellets were resuspended in 1 mL sterile 0.9% normal saline.   
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Intra-articular administration  

The dogs were randomly assigned into four groups and subjected to one of the four 

treatments (normal saline, MSCs, PDGF-MSCs, or HO-1-MSCs). Synovial fluid was 

aspirated to ensure the needle’s location via arthrocentesis using a 23-gauge needle 

into the lateral portion of the patellar ligament on the stifle joint. Then, each right 

stifle joint was aseptically injected with normal saline or each cell type as follows. 

All dogs were randomly injected 6 weeks after CrCL transection.  

● Control group: 1 mL sterile 0.9% normal saline  

● MSC group: 1 mL canine MSCs at the density of 2 × 107 cells/mL    

● PDGF-MSC group: 1 mL canine PDGF-overexpressing MSCs (PDGF-MSCs) 

at the density of 2 × 107 cells/mL    

● HO-1-MSCs group: 1 mL canine HO-1-overexpressing MSCs (HO-1-MSCs) 

at the density of 2 × 107 cells/mL    
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Post-treatment evaluation   

Evaluation of adverse effects 

The dogs underwent a physical examination and orthopedic evaluation of the 

appendicular and axial skeletons. The orthopedic evaluation consisted of palpation of 

every joint (swelling, heat, redness, or pain response), with each dog being assessed 

by the same orthopedic surgeon. Serum C-reactive protein (CRP) concentration was 

measured using a commercially available kit (V Check Canine CRP 2.0 test kit, 

Bionote) before injection and 3 days and 1, 2, 4, and 6 weeks after injection to monitor 

the adverse effects.  

Orthopedic examination 

Clinical lameness, weight-bearing, and pain response to palpation were assessed 

via orthopedic examination 3 days and 1, 2, 4, 6, and 10 weeks after injection using 

a modified scoring system (Table 2) (ROY et. al 1992).  

Radiographic evaluation 

Radiographs of the right stifle joint were captured before CrCL transection and 4, 

8, 12, 16 weeks. The opacity of the infrapatellar fat pad, the thickness of the patellar 

ligament, and osteoarthritis score were determined by a single trained veterinarian. 

To assess the progression of radiographic change, a quantitative radiographic score 

system was used according to a previous study (Table 3) (De Rooster et. al 2006).  



19 

 

Table 2 The criteria of orthopedic examinations 

Score criteria 

Lameness score 

0. Normal stance and normal lameness 

1. Normal stance, but lameness after exercise 

2. Normal stance, but slight lameness when walking 

3. Normal or abnormal stance, but moderate lameness when walking 

4. Abnormal stance and severe lameness when walking 

5. Reluctant to rise, stand and walk 

Weight bearing score 

0. Full weight-bearing 

1. Partial weight-bearing 

2. Slight weight-bearing 

3. Toe-touch weight bearing 

4. Intermittent weight-bearing 

5. Non weight-bearing 

Pain score on palpation 

0. No response 

1. Tension and spasm of partial thigh muscles 

2. Mild tension and spasm of entire thigh muscles and dog turns head in recognition 

3. Moderate tension and spasm of entire thigh muscles and dog pulls limb away  

4. Severe tension and spasm of entire thigh muscles and dog vocalize or become 

aggressive 
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Table 3 The radiographic OA score of stifle joint 

Score : normal - 0, mild - 1, moderate - 2, severe - 3 

Factor  

1. Osteophyte formation at the proximal / distal edge of the patella 

2. Subchondral sclerosis of the trochlear groove 

3. Osteophyte formation on the fabella 

4. Osteophyte formation in the long digital extensor muscle groove 

5. Subchondral sclerosis of the tibial plateau 

6. Osteophyte formation at the tibial attachment site of the cranial cruciate ligament 

7. Osteophyte formation at the lateral and medial femoral condyle 
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Enzyme-linked immunosorbent assay (ELISA) 

The concentration of serum matrix metallopeptidase-13 (MMP-13) was measured 

using commercial canine MMP-13 ELISA kits (Cusabio) according to the 

manufacturer’s guidelines. The animals were fasted for 12 h before blood sampling. 

Serum MMP-13 levels were measured 3 days and 1, 2, 4, and 6 weeks after injection.  
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Statistical analysis  

Quantitative data are reported as mean ± standard deviation (SD). Statistical 

analysis was performed using GraphPad Prism 8.0.1. The Mann-Whitney test was 

used to analyze statistical differences between two groups, and one-way analysis of 

variance (ANOVA) with Bonferroni’s post hoc analysis was performed to determine 

the statistical difference among groups. Two-way ANOVA analyses with Tukey’s 

multiple comparison tests were performed in vitro. In vivo data were analyzed using 

two-way ANOVA with Dunnett’s multiple comparison tests. The results were 

considered statistically significant at P < 0.05. 
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RESULTS 

Isolation and characterization of canine AD-MSCs 

Following cell expansion, the cells showed spindle-shaped morphology (Fig. 1A) 

and reached 90% confluence approximately after 7 days of culture. Canine AD-MSCs 

showed increased expression of mesenchymal-specific markers and pluripotency 

markers, while the expression of these markers in hematopoietic cells decreased (Fig. 

1B). Flow cytometry analyses revealed that cells at passage 1 primarily expressed the 

mesenchymal markers, CD29, CD44, CD105, mCD9, and hCD9 (99.97 ± 0.02%, 

99.24 ± 0.12%, 79.32 ± 3.20%, 99.71 ± 0.14%, and 99.99 ± 0.00% respectively), as 

shown by the representative histograms (Fig. 1C). The expression of the pluripotency 

markers, OCT-4, SOX-2, and NANOG (99.92 ± 0.11%, 99.67 ± 0.40%, and 41.25 ± 

1.48%), was also high. 
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Fig. 1. Isolation and characterization of canine AD-MSCs. (A) Representative phase-

contrast microscopy image 7 days post isolation (scale bar = 200 µm). (B) Flow 

cytometry analysis of canine AD-MSCs at passage 1 (percentage of cells staining 

positive for each marker). (C) Representative histograms of flow cytometry analysis. 

The red histogram indicates the isotype-matched control antibody and the black one 

represents the specific marker staining. Data are expressed as mean ± SD. 
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Efficient transduction of canine PDGF or HO-1 in AD-MSCs  

For lentiviral transduction, the AD-MSCs were characterized using flow cytometry 

and transduced with commercially available lentivirus vectors expressing GFP, PDGF, 

or HO-1. After transduction, each cell line stably expressing the target gene was 

subjected to antibiotic selection. Efficient transduction of MSCs was confirmed using 

GFP expression (Fig. 2A), and no significant differences in cell viability were 

detected between groups after gene transfer (Fig. 2B). However, PDGF-MSCs 

demonstrated a longer doubling time than MSCs and HO-1-MSCs (Fig. 2C). In 

addition, I confirmed that the mRNA levels of PDGF or HO-1 were upregulated in 

each cell line (Fig. 2D and 2E). Real-time PCR also showed a significant decrease in 

the expression of proinflammatory factors such as TNF-α, IL-6, or cyclooxygenase-

2 (COX-2) in both PDGF-MSCs and HO-1-MSCs. The mRNA levels of HGF and 

IL-10 were also significantly increased in HO-1-MSCs.  
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Fig 2. PDGF or HO-1 lentiviral transduction efficiency in canine AD-MSCs. (A) 

Brightfield and GFP images of canine AD-MSCs transduced with PDGF or HO-1; 

GFP expression indicates the successful transduction of PDGF or HO-1 (scale bar = 

400 µm). (B) Cell viability assay at passage 3. (C) Time course of cell proliferation. 

(D,E) Relative mRNA expression of various genes in PDGF-MSCs and HO-1-MSCs. 

Data are expressed as fold change of gene expression compared to GFP-MSCs 

(dashed line). *P < 0.05 and **P < 0.01 compared with the GFP-MSC group. NS, 

not significant. 
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Isolation and expansion of canine chondrocytes or synovial cells  

On day 3, canine chondrocytes were characterized by a mixture of cells with 

polygonal and spindle shapes (Fig. 3A). After 5 days of culture, a homogenous 

population of fibroblast-like cells formed a dense monolayer. Canine synovial cells 

were characterized by a consistent spindle shape during expansion. Alcian blue 

staining was used to detect proteoglycans in the extracellular matrix of chondrocytes 

at passage 1 (Fig. 3B). Proteoglycan was detected in all chondrocytes in the 

representative image. When each cell line was grown to 80% confluence at passage 

1, cell viability was 92.75 ± 1.7% for chondrocytes and 91.0 ± 2.16% for synovial 

cells in the trypan blue assay (Fig. 3C). 
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Fig 3. Primary culture of canine chondrocytes or synovial cells. (A) Morphology of 

canine chondrocyte or synovial cell cultures (passage 1) 3, 5, and 7 days after seeding 

(scale bar = 200 µm). (B) Alcian blue staining of canine chondrocytes (scale bar = 

200 µm). (C) Cell viability assay of canine chondrocytes and synovial cells at 80% 

confluency (passage 1). 
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LPS induced an inflammatory response in canine chondrocytes and synovial 

cells 

To determine the optimal concentration of LPS, I first investigated the effect of 

LPS on cell proliferation. Chondrocytes or synovial cells were incubated with 0, 0.1, 

1, and 10 μg/mL LPS for 6, 24, and 72 h and then evaluated using the MTS assay. 

After LPS treatment for 72 h, the proliferation rate of chondrocytes incubated with 0 

and 0.1 μg/mL LPS increased significantly (Fig. 4A). However, no significant 

difference was observed when incubated with 1 and 10 μg/mL LPS. This showed that 

1.0 and 10 μg/mL LPS was sufficient for inhibiting chondrocyte proliferation. In 

contrast to chondrocytes, incubation of synovial cells with 0.1−10 μg/mL LPS did 

not inhibit cell proliferation (Fig. 4B). Morphological changes were not observed in 

the LPS-treated groups compared to the control group (Fig. 4C). I next confirmed that 

the mRNA levels of inflammation-related genes in chondrocytes significantly 

increased when incubated with 0.1, 1, and 10 μg/mL LPS for 24 h (Fig. 4D). The 

mRNA levels of inflammatory genes in synovial cells started to increase when 

exposed to 1 μg/mL LPS for 24 h (Fig. 4E). Based on these results, I selected the 

optimal concentration of LPS as 1 μg/mL and incubation time as 24 h to establish in 

vitro inflammatory chondrocytes or synovial cell models. 
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Fig 4. LPS-induced inflammation model of canine chondrocytes or synovial cells. 

(A,B) Cell proliferation rate of chondrocytes or synovial cells when exposed to a 

variable dose of LPS for 6, 24, and 72 h measured by MTS assay. *P < 0.05 and **P 

< 0.01 compared to the 6 h group at specific LPS concentrations. NS, not significant. 

(C) Representative phase-contrast images of chondrocytes or synovial cells incubated 

with LPS for 24 h (100 magnification). (D,E) mRNA expression of inflammation-

related genes after exposure with 0 (control), 0.1, 1, and 10 μg/mL LPS for 24 h. +P 

< 0.05 and ++P < 0.01 compared to the control group. 
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MSC-co-culture decreased inflammation and ECM degradation but increased 

proteoglycan synthesis 

I designed a non-contact co-culture system using a transwell in which the three 

different types of MSCs were seeded on the inserts after LPS exposure. The groups 

included only chondrocytes (Control), none (LPS), MSCs (LPS+MSC), PDGF-

MSCs (LPS+PDGF), or HO-1-MSCs (LPS+HO-1). Canine chondrocytes (bottom) 

and target MSCs (upper part) were incubated together for 24 h (Fig. 5A, 5C, and 5E) 

and 72 h (Fig. 5B, 5D, and 5F) after LPS stimulation.  

At 24 h, I observed that the expression of proinflammatory factors IL-6, IL-1β, and 

TNF-α in LPS-stimulated chondrocytes in all co-culture groups decreased 

significantly (Fig. 5A). In the LPS group, aggrecan, COL2α1, and SOX-9 expressions 

decreased significantly compared to those of the control (Fig. 5C). However, in the 

presence of MSCs, the expression of chondrogenic markers (aggrecan and SOX-9) 

increased significantly in all co-culture groups compared to that in the LPS group. In 

particular, COL2α1 expression did not change in MSCs and PDGF-MSCs, although 

a significant increase in COL2α1 expression was observed in HO-1-MSCs after 24 h 

of incubation. Similarly, the expression of the hypertrophic markers, MMP-13 and 

COL1α1, increased significantly in the LPS group, while MSCs and HO-1-MSCs 

showed significant downregulation of MMP-13 and COL1α1 (Fig. 5E). PDGF-MSCs 

maintained the expression of COL1α1 with no significant difference, although MMP-

13 expression was significantly downregulated compared to that in the LPS group. 

The mRNA level of NGF, a pain-related factor, was significantly upregulated in the 

LPS group compared to that in the control, while all co-culture groups showed 
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significant downregulation compared to the LPS group.  

After further incubation for 72 h, the mRNA levels of IL-6 and IL-1β in all co-

culture groups decreased significantly compared to those in the LPS group, while the 

level of TNF-α did not differ significantly (Fig. 5B). However, unlike that observed 

after 24 h of incubation, PDGF-MSCs and HO-1-MSCs showed a higher IL-6 mRNA 

level than the control group. The expression of chondrogenic markers, including 

aggrecan, COL2α1, and SOX-9, increased significantly in the MSCs and HO-1-

MSCs co-culture compared to that in the LPS group (Fig. 5D). PDGF-MSCs also 

showed a significant increase in the mRNA levels of aggrecan and SOX-9, but not 

that of COL2α1. Regarding the hypertrophic markers, MMP-13 was significantly 

downregulated in PDGF-MSCs and HO-1-MSCs, compared to the LPS group after 

72 h (Fig. 5F). All co-culture groups showed a significant increase in COL1α1 

expression compared to that in the LPS group. The mRNA levels of NGF in MSCs, 

PDGF-MSCs, and HO-1-MSCs were significantly downregulated. These results 

demonstrated that co-culture with MSCs, PDGF-MSCs, or HO-1-MSCs inhibited the 

inflammatory pathway and degradation of the extracellular matrix and pain-related 

factors, and enhanced proteoglycan synthesis via paracrine secretion.  
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Fig. 5. Gene expression of LPS-stimluated chondrocytes when co-cultured with 

MSCs, PDGF-MSCs, or HO-1-MSCs. (A,B) Pro-inflammatory factors at 24 and 72 

h incubation. (C,D)  Chondrogenic marker expression. (E,F) Expression of 

hypertrophic (MMP-13), fibrotic (COL1α1), and pain-related marker (NGF). Data 

are shown as fold change compared to chondrocytes alone. *P < 0.05 and **P < 0.01 

compared to the control. #P < 0.05, ##P < 0.01 compared to the LPS. †P < 0.05, ††P < 

0.01, a significant difference between the indicated groups.  
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MSC-co-culture enhanced the contribution of synovial cells to OA recovery   

I also investigated whether genetically engineered MSCs can modulate the signals 

of synovial cells after LPS exposure and analyzed each co-culture group. The groups 

included only synovial cells (Control), none (LPS), MSCs (LPS+MSC), PDGF-

MSCs (LPS+PDGF), or HO-1-MSCs (LPS+HO-1). At 24 h, proinflammatory factors 

were significantly upregulated in the LPS group compared to the control group (Fig. 

6A). In contrast, the mRNA levels of all proinflammatory factors in the co-culture 

groups decreased significantly compared to those in the LPS group. Among the three 

co-culture groups, HO-1-MSCs showed the lowest expression of IL-1β, which was 

significantly different from that of the MSC and PDGF-MSC groups. Moreover, the 

expression of collagen degradation factors, such as members of the MMP families, in 

the LPS group was significantly higher than that in the control group (Fig. 6C). All 

co-culture groups showed significant downregulation of MMP-1, MMP-3, and MMP-

13 levels. The mRNA levels of genes associated with aggrecan degradation, including 

ADAMTS-4 and ADAMTS-5, increased significantly in the LPS group (Fig. 6E), 

whereas MSCs, PDGF-MSCs, and HO-1-MSCs showed a significant decrease in the 

expression of these degradation markers and NGF. In particular, HO-1-MSCs showed 

the most significant decrease in the expression of ADAMTS-4. Furthermore, 

incubation with LPS alone decreased the expression of anti-degradation markers, 

including TIMP-1 and TIMP-2 (Fig. 6G). On the contrary, the mRNA levels of TIMP-

1 and TIMP-2 were significantly upregulated in all co-culture groups. In particular, 

PDGF-MSCs showed the most significant increase in TIMP-2 expression. TIMP is 

reported to directly stop ECM proteolysis or indirectly assist in ECM synthesis. These 
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results suggested that TIMP expression inhibited all types of MMP and that MMP 

expression is regulated by TIMP via negative feedback, as shown previously. FGF-2, 

known to enhance chondrogenesis in canine cartilages, was upregulated significantly 

in PDGF-MSCs and HO-1-MSCs, but not in MSCs.  

After 72 more hours, a significant decrease in the level of pro-inflammatory factors 

and MMP families was observed in all co-culture groups (Fig. 6B and 6D). PDGF-

MSCs showed a greater reduction in the IL-6 level. Co-culture with HO-1-MSCs 

showed significant downregulation of MMP-3 compared to MSCs and PDGF-MSCs. 

The MSC and HO-MSC groups also showed significant downregulation of 

ADAMTS-4 and ADAMTS-5, elicited by LPS (Fig. 6F). PDGF-MSCs and HO-1-

MSCs showed a higher reduction in NGF levels than the other groups. TIMP-1 and 

FGF-2 expression after 72 h of incubation did not differ significantly among the 

groups (Fig. 6H). However, TIMP-2 mRNA level increased in the MSC and PDGF-

MSC groups compared to that in the LPS group; PDGF-MSCs showed the highest 

upregulation of TIMP-2 among the co-culture groups.  
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Fig. 6. Gene expression of LPS-stimulated synovial cells when co-cultured with 

MSCs, PDGF-MSCs, or HO-1-MSCs. (A,B) Pro-inflammatory factor expression 

after 24 and 72 h of incubation. (C,D) Collagen degradation markers. (E,F) 

Expression of aggrecan degradation markers (ADAMTS-4 and ADAMTS-5), and 

pain-related marker (NGF) (G,H) Expression of anti-degradation factors. Data are 

shown as fold change compared to chondrocytes alone. *P < 0.05 and **P < 0.01 

compared to the control. #P < 0.05, ##P < 0.01 compared to the LPS. †P < 0.05, ††P < 

0.01, a significant difference between the indicated groups.  
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MSCs exerted their anti-fibrotic, anti-inflammatory, and pro-chondrogenic 

capacities using PDGF and HO-1  

I examined whether the properties of MSCs changed when co-cultured with 

inflamed cells or when incubated for 72 h. First, the level of HGF, an anti-fibrotic 

factor, increased significantly after 24 h of incubation in all the co-culture groups (Fig. 

7A). On the other hand, HGF expression after 72 h was significantly lower than after 

24 h in all the co-culture groups but was significantly higher in MSC and PDGF-MSC 

groups than in the control group. HGF expression in HO-1-MSCs did not differ 

significantly between the control and after 72 h of incubation. Results showed that 

MSCs responded to the surrounding chondrocytes in their environment. Moreover, 

all the co-culture groups synthesized significantly higher levels of TSG-6 mRNA 

after 24 h (Fig. 7C). However, this effect was lower at 72 h than at 24 h. Conversely, 

a significant increase in FGF-2 mRNA levels was observed at 72 h in all co-culture 

groups (Fig. 7E). Sox-9, which is responsible for chondrogenic commitment, was 

significantly upregulated at 24 h when MSCs, PDGF-MSCs, or HO-1-MSCs were 

co-cultured with the LPS-induced chondrocytes (Fig. 7G). Compared to that in the 

control, I also observed a significant increase in the SOX-9 level in MSCs after 72 h 

of incubation. However, the SOX-9 level in PDGF-MSCs and HO-1-MSCs decreased 

at 72 h. Overall, these results indicated that the production of cytokines in MSCs 

increased in a new environment in the early phase but was controlled when the cells 

were cultured for longer.  

Next, I analyzed MSCs co-cultured with inflamed synovial cells. The effect of 

synovial cells on the anti-fibrotic activity of MSCs was assessed by measuring HGF 
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levels, which demonstrated an enhanced production of this enzyme in MSCs 

surrounding the inflamed synovial cells. The HGF expression in all-coculture groups 

was also higher than that in the control at 24 h (Fig. 7B). The anti-inflammatory 

capacity of MSCs was also evaluated based on TSG-6 expression. At 24 h, all cell 

populations showed a significant increase in TSG-6 expression compared to that in 

the control group (Fig. 7D). Furthermore, I observed that the FGF-2 level in the MSC 

and PDGF-MSC groups at 24 h was significantly higher than that in the control (Fig. 

7F). However, FGF expression decreased at 72 h. On the other hand, HO-1-MSCs 

did not show any significant changes in the expression of FGF-2 at 24 h and 72 h. 

SOX-9 expression in MSCs and HO-1-MSCs was significantly higher than that in the 

control, while PDGF-MSCs maintained SOX-9 expression irrespective of co-culture 

with synovial cells (Fig. 7H). These results suggest that MSCs, PDGF-MSCs, or HO-

1-MSCs incubated with inflamed synovial cells may regulate OA progression in 

terms of fibrosis, inflammation, and chondrogenesis.  
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Fig. 7. Gene expression of MSCs, PDGF-MSCs, and HO-1-MSCs after co-culture 

for 24 and 72 h. (A,B) Expression of anti-fibrotic markers, HGF, when co-cultured 

with chondrocytes and synovial cells. (C,D) Expression of anti-inflammatory markers, 

TSG-6. (E,F,G,H) Expression of pro-chondrogenic markers, FGF-2 and SOX-9. *P 

< 0.05 and **P < 0.01 compared to the control within the groups. #P < 0.05 and ##P 

< 0.01 compared to the 24 h incubation within groups.
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Intra-articular injection of genetically modified MSCs ameliorated OA 

symptoms in a canine OA model 

The safety of administering MSCs, PDGF-MSCs, and HO-1-MSCs was monitored 

by measuring the level of serum CRP before injection and physical examination. 

Although one dog showed an elevated level of CRP (33.6 mg/L, normal range: < 20 

mg/L) 3 days post-intraarticular injection of HO-1-MSCs, adverse clinical effects 

were not observed. After 4 days, the CRP level returned to the normal range (< 10 

mg/L). 

Pretreatment mean lameness scores did not differ significantly between groups (Fig. 

8A). First, in the group treated with PDGF-MSCs, the lameness scores decreased 

significantly 3 days after treatment (6.5 weeks) compared to those before treatment. 

The MSC-treated group showed a significant decrease in lameness scores at 2 weeks 

after treatment (8 weeks). In contrast, lameness remained unchanged over time in the 

control group (normal saline). Second, 2 weeks after the intra-articular injection of 

PDGF-MSCs (8 weeks), the weight-bearing scores were significantly lower and the 

reduction persisted for 4, 6, and 10 weeks after PDGF-MSC injection (Fig. 8B). In 

dogs treated with MSCs, weight-bearing improved significantly from 4 weeks after 

treatment (10 weeks) and the pain response decreased significantly 2 weeks after the 

intra-articular injection of MSCs (Fig. 8C). The PDGF-MSC-treated group also 

showed a reduction in pain scores at 2, 4, and 6 weeks after treatment.  

Taken together, clinical OA scores indicated that the administration of MSCs 

improved the symptoms from 4 weeks after injection, and that the administration of 
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PDGF-MSCs started to ameliorate the symptoms from 1 week after injection (Fig. 

8D). Regarding functional assessments over time, statistically significant 

improvements in lameness, weight-bearing, pain, and clinical OA scores were noted 

for PDGF-MSC treatment over the study period. HO-1-MSCs tended to improve the 

orthopedic symptoms, including lameness, weight-bearing, and pain response over 

time, although the difference was not statistically significant.  
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Fig. 8. Assessments of OA symptoms, including lameness, weight-bearing, pain 

response, and clinical OA scores. (A) Lameness score in the affected knees of dogs. 

(B) Weight-bearing score. (C) Severity of pain response. (D) Clinical OA scores. 

Arrow is the time point of intra-articular injection (6 weeks) of normal saline (Control) 

or target cells. *P < 0.05 and **P < 0.01 compared to the control in specific time 

point. #P < 0.05 and ##P < 0.01 compared to before treatment within group comparison.   
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Intra-articular injection of MSCs did not affect the radiographic changes or the 

serum MMP-13 concentration 

I did not detect any significant difference in joint effusion. Although swelling of 

the patellar ligament decreased over time after treatment, the radiographic OA 

severity score did not differ significantly (Fig. 9). In addition, a decrease in the serum 

MMP-13 level was observed in all MSC-containing groups to some extent, although 

it did not differ significantly compared to that before treatment (Table 4).    
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Fig. 9. Radiographic evaluation before and after the intra-articular injections. (A) 

Radiographic images of the affected knee of dogs before treatment and post-treatment. 

(B) Joint effusion degree. (C) Thickness of patella ligament. (D) Radiographic OA 

scores. Arrow shows the time point of intra-articular injection (6 weeks) of normal 

saline (Control) or target cells. *P < 0.05 and **P < 0.01 compared to the control at 

specific time point. #P < 0.05 and ##P < 0.01 compared to before treatment within 

group comparison.  
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Table 4 Mean ± SD of the serum MMP-13 concentration before and after 

intra-articular administration.   

Group 
Before 

treat 
3 days 1 week 2 weeks 4 weeks 10 weeks 

Control 2.272±0.81 2.007±0.37 2.043±0.49 1.955±0.31 2.091±0.47 1.886±0.22 

MSCs 3.452±0.91 2.946±0.95 2.703±0.18 2.559±0.47 2.495±0.46 2.654±0.67 

PDGF-MSCs 2.141±0.39 2.065±0.38 2.061±0.41 2.118±0.37 2.003±0.33 2.043±0.35 

HO-1-MSCs 3.386±0.21 3.314±0.11 3.367±0.12 3.284±0.11 3.277±0.07 3.221±0.10 
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DISCUSSION 

  Once the joint fails to maintain homeostasis due to insufficiency of the cartilage 

repair, pro-inflammatory mediators play pivotal roles in disrupting the balance of 

catabolic and anabolic pathways. IL-1b, IL-6, and TNF-α play vital roles in the 

progression of OA. Several cell types in the joint, including chondrocytes, synovial 

cells, osteoblasts, and adipocytes, start to produce pro-inflammatory factors 

spontaneously, which strongly induce the release of proteolytic enzymes, such as 

MMPs and ADAMTSs. These lead to fragmentation and degradation of the ECM and 

work synergistically with pro-inflammatory cytokines. Considering this complexity 

of OA pathogenesis, I aimed to inhibit inflammation using PDGF, while promoting 

chondroprotection using HO-1. 

  Despite extensive investigations over the last decade, a complete cure for OA has 

not been obtained yet for humans or animals. Although many studies have reported 

that naïve MSCs exert positive effects on osteoarthritic cells in vitro owing to their 

pluripotency (Aggarwal et. al 2005, Chen et. al 2018, Kondo et. al 2014, Manferdini 

et. al 2013), in vivo studies have produced ambiguous results. Hence, in this study, I 

established stable cell lines of genetically engineered MSCs expressing PDGF or HO-

1 via gene transfer and demonstrated that they act as sensitive and comprehensive 

bioagents for OA treatment. Interestingly, canine AD-MSCs transduced with PDGF 

or HO-1 via a lentiviral vector showed high transduction efficiency and steadily 

overexpressed target genes in the long term. Furthermore, PDGF overexpression 

decreased the expression of TNF-α and COX-2. HO-1 overexpression also enhanced 
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the expression of HGF and IL-10, while decreasing the expression of TGF-β, TNF-α, 

and IL-6, compared to that in naïve MSCs (Fig. 2D and 2E). This indicated that these 

modified MSCs possibly exerted strong immunomodulatory effects within the 

damaged joint.  

  In vitro results showed that synovial cells exhibited differential signaling of pro-

chondrogenic and ECM-degradative factors when co-cultured with genetically 

modified MSCs. Maumus et al. observed that MSCs exerted anti-inflammatory 

effects on OA chondrocytes and synovial cells (Manferdini et. al 2013). Consistent 

with this report, I observed downregulation of the major anti-inflammatory factors in 

the indirect MSC/synovial cell co-culture. Furthermore, I sought to expand the 

existing molecular knowledge by investigating the factors involved in OA 

pathogenesis. The results showed a downregulation of MMPs and ADAMTSs, but 

upregulation of TIMPs and FGF-2 (Fig. 6), indicating that synovial cells are 

important components for changing the microenvironment and contribute to the 

progression of OA within the inflamed joint. In addition, all MSC groups accelerated 

the expression of HGF, TSG-6, FGF-2, and SOX-9 when they met the damaged 

chondrocytes or synovial cells (Fig. 7), suggesting that genetically engineered MSCs 

empower both chondrocytes and synovial cells to control inflammation and protect 

them from the ECM degradative microenvironment.   

  Next, I investigated whether the duration of co-culture with PDGF-MSCs or HO-

1-MSCs affected the signaling pattern of chondrocytes or synovial cells. The 

alteration in the expression of several markers, including MMPs, aggrecan, and SOX-



48 

 

9, was increased in PDGF-MSCs or HO-1-MSCs after 72 h of incubation. However, 

unexpectedly, the mRNA level of IL-6 was relatively high at 72 h in LPS-stimulated 

chondrocytes. In addition, the mRNA level of COL1α1 decreased significantly in all 

MSC groups at 24 h, although this effect was reversed at 72 h. The possible reason 

for this reversion of results is the decrease in the cell proliferation rate. As shown in 

Fig. 2C, both PDGF-MSCs and HO-1-MSCs require a longer time to duplicate than 

MSCs. Therefore, taking cell numbers into account, the strong downregulation of IL-

6 mRNA at the early phase might be reversed at 72 h.  

  It is well known that MSCs exert strong immunomodulatory effects when primed 

with inflammatory cytokines in humans and mice (English et. al 2007, Hemeda et. al 

2010). However, the immunomodulatory effects of canine MSCs on chondrocytes or 

synovial cells have not been elucidated yet. Indeed, this study showed that the 

expression of soluble factors such as HGF, TSG-6, FGF-2, and SOX-9 increased 

when co-cultured with damaged chondrocytes or synovial cells. Among them, HGF 

has been identified to be crucial for the protective effects of MSCs (Forte et. al 2006). 

Interestingly, I observed that PDGF-MSCs significantly enhanced the expression of 

HGF during co-culture with both damaged chondrocytes and synovial cells. This 

suggested that PDGF-MSCs play a potent cytoprotective role in experimentally 

induced osteoarthritis, preventing chondrocyte apoptosis and ECM degradation, and 

improving impaired cell homeostasis.  

  Using canine OA models, I sought to determine whether genetically engineered 

MSCs could safely improve OA symptoms. No major complications due to the intra-
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articular injection of cells were observed during the entire period of the study. I 

administered intra-articular injections of the suspension of target cells at 6 weeks after 

CrCL transection. Previously, Gouze et al. had demonstrated that the expression of 

the IL-1 receptor antagonist via lentiviral transduction persisted for 20 days in 

immunocompetent animals, but at least 6 weeks in immunocompromised rats (Gouze 

et. al 2002). These results suggested that lentiviral vectors can deliver transgenes to 

the synovium efficiently and provide long-term expression under a less immune-

reactive environment. Furthermore, Kondo et al. showed that an inflammatory 

environment strongly inhibits the differentiation of MSCs into chondrocytes, which 

results in the formation of calcifications (Kondo et. al 2014). Based on these studies, 

I administered intra-articular injections of MSCs at 6 weeks post-surgery. 

  I also observed significant improvements in OA clinical signs after treatment. 

PDGF-MSCs reduced the OA symptoms; however, HO-1-MSCs were not 

significantly different from the control. HO-1 is a stress-responsive enzyme that is 

rapidly induced by free radicals and hypoxia (Benallaoua et. al 2007). Furthermore, 

HO-1 has been reported as a major modulator of acute inflammatory conditions in 

vitro and in vivo models of acute inflammation and organ diseases (Willis et. al 1996). 

Although HO-1-MSCs contributed more to the regulation of cell signals in vitro, the 

canine OA model in this study closely resembled a chronic case rather than an acute 

case, as the HO-1-MSCs were applied 6 weeks post-surgery. Thus, these conditions 

are not optimal for HO-1-MSCs, as the stimulus for HO-1 had already disappeared.  
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Although many previous studies have reported the efficacy of intra-articular 

injections of MSCs for treating OA, the duration of the therapeutic effects of 

genetically modified MSCs in dogs remained unclear. I observed that MSCs 

improved the weight-bearing at 10 weeks following injections (16 weeks), while 

PDGF-MSCs ameliorated both lameness and weight-bearing at the same week. Also, 

MSCs and PDGF-MSCs had shown pain reduction for 6 weeks after injections (12 

weeks), while these effects disappeared at 10 weeks after injections (16 weeks). 

Based on these results, I suggested the genetically modified MSCs may exert their 

therapeutic effects at least 6 weeks following administration.  

  According to radiographic evaluation, no remarkable improvement was observed 

in any of the groups. These results are in agreement with those of previous studies 

that reported that radiographic OA severity did not correlate with limb function 

(Gordon et. al 2003, Tsai et. al 2014). In addition, I did not observe any significant 

differences in serum MMP-13 concentration before and after treatment. Özler et al. 

showed that synovial MMP-13, but not serum MMP-13 levels increased with OA 

progression, with a significant association with pain scores (Özler et. al 2016). Ideally, 

collection of the synovial fluid from canine OA models at each time point is 

preferable, although this method is limited by the lack of repeatability owing to the 

limited synovial fluid volume from a single dog.   

  This study had several limitations. First, this canine surgical OA models could not 

represent all types of OA. Surgery-induction by CrCL transection brought advantages, 

including a rapid onset of OA similar to humans and the control of subject age, sex, 
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and breed (Adams et. al 1983). However, there are significant pathological 

differences between surgery-induced and naturally occurring OA in the affected joint. 

Liu et al. (Liu et. al 2003) found that proteoglycan levels on the articular cartilages 

of a surgery-induced OA model were significantly higher than those of dogs with 

spontaneous OA, which showed that rapid onset by surgery promoted a more active 

repair activity. Furthermore, OA can develop in dogs at an early age depending on 

genetic predisposition, and the progression and symptoms vary widely between dogs. 

In this study, I used only male, 2-year old, beagle dogs, which was the optimal setting 

to evaluate the efficacy of the genetically modified MSCs. Based on these findings, 

it is necessary to conduct a clinical study in client-owned dogs suffering from 

naturally occurring OA for further understanding of MSC-based cell therapies. 

Second, I did not employ an objective numerical rating scale like force plate analysis. 

Recently, force plate analysis has been used to evaluate the weight-bearing/strength 

and range of motion of each joint and gait pattern. Powerful tools as this can assess 

clinical OA symptoms objectively, but a subjective evaluation works well in cases of 

acute and chronic limping involving the knee joint in dogs (Budsberg et. al 1996).  

  In this study, I first investigated whether genetic engineering of canine AD-MSCs 

with the PDGF or HO-1 gene could modulate the catabolic and anabolic activities in 

the inflamed joint. Based on the results of these in vitro and in vivo experiments, I 

concluded that PDGF-MSCs contributed the most to OA treatment modulation. I 

believe that PDGF-MSCs possess the advantages of both MSCs and PRP, thus 

recruiting endogenous stem/progenitor cells to injured tissues and stimulating the 
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chondrogenic potential and anti-inflammatory characteristics of MSCs by 

overexpression of PDGF. Thus, I identified the potential of genetically engineered 

MSCs for clinical use. Gene transfer provides a way of overcoming the problem 

associated with the delivery of bioagents to the interior of the joint. Although gene 

therapy for OA has been discussed for decades, its clinical application has been 

insufficient. Similar to cell-based therapies, genetically engineered MSCs can exert 

synergistic effects in combination with hyaluronic acid, scaffolds, specific exosomes, 

or disease-modifying OA drugs (Grässel et. al 2020). In this study, I have shown the 

efficacy of these processes in dogs; moreover, this method can be easily adapted to 

study target joint inflammation in the future.
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CONCLUSIONS 

  Considering the complexity of OA pathogenesis, I speculated that, compared to 

naïve MSCs, inflammation inhibition by PDGF, along with the promotion of 

chondroprotection using HO-1, might improve joint preservation. Genetically 

engineered MSCs exerted their immunomodulatory effects on OA chondrocytes and 

synovial cells by upregulating antifibrotic and pro-chondrogenic factors. Furthermore, 

intra-articular injection of gene-modified MSCs ameliorated the clinical symptoms 

of OA in canine OA models. In particular, PDGF-MSCs acted as a superior alternative 

to substantially improve patient outcomes. These findings may be potentially 

significant for the application of cell-based therapies in OA treatment.  

 



54 

 

REFERENCES 

Adams, M. E., Billingham, M. E., Muir, H. J. A., et al. (1983) The 

glycosaminoglycans in menisci in experimental and natural osteoarthritis. 

Arthritis & Rheumatism. 26, 69-76 

Aggarwal, S. & Pittenger, M. F. J. B. (2005) Human mesenchymal stem cells 

modulate allogeneic immune cell responses. Transplantation. 105, 1815-

1822 

Benallaoua, M., François, M., Batteux, F., et al. (2007) Pharmacologic induction of 

heme oxygenase 1 reduces acute inflammatory arthritis in mice. Arthritis & 

Rheumatism. 56, 2585-2594 

Buckwalter, J. A., Saltzman, C., Brown, T. J. C. O., et al. (2004) The impact of 

osteoarthritis: implications for research. Clinical Orthopaedics and Related 

Research. 427, S6-S15 

Budsberg, S. C., Chambers, J. N., Lue, S., et al. (1996) Prospective evaluation of 

ground reaction forces in dogs undergoing unilateral total hip replacement. 

American journal of veterinary research. 57, 1781-1785 

Chen, Y.-C., Chang, Y.-W., Tan, K. P., et al. (2018) Can mesenchymal stem cells and 

their conditioned medium assist inflammatory chondrocytes recovery? PloS 

one. 13, e0205563 

De Rooster, H., De Bruin, T. & Van Bree, H. (2006) Invited review—morphologic 

and functional features of the canine cruciate ligaments. Veterinary surgery. 

35, 769-780 



55 

 

English, K., Barry, F. P., Field-Corbett, C. P., et al. (2007) IFN-γ and TNF-α 

differentially regulate immunomodulation by murine mesenchymal stem 

cells. Immunology letters. 110, 91-100 

Evans, C. H. & Huard, J. (2015) Gene therapy approaches to regenerating the 

musculoskeletal system. Nature Reviews Rheumatology. 11, 234-242 

Forte, G., Minieri, M., Cossa, P., et al. (2006) Hepatocyte growth factor effects on 

mesenchymal stem cells: proliferation, migration, and differentiation. Stem 

cells. 24, 23-33 

García-Arnandis, I., Guillén, M. I., Castejón, M. A., et al. (2010) Haem oxygenase-1 

down-regulates high mobility group box 1 and matrix metalloproteinases in 

osteoarthritic synoviocytes. Rheumatology. 49, 854-861 

Gato-Calvo, L., Magalhaes, J., Ruiz-Romero, C., et al. (2019) Platelet-rich plasma in 

osteoarthritis treatment: review of current evidence. Therapeutic advances in 

chronic disease. 10, 2040622319825567 

Gordon, W. J., Conzemius, M. G., Riedesel, E., et al. (2003) The relationship between 

limb function and radiographic osteoarthrosis in dogs with stifle 

osteoarthrosis. Veterinary Surgery. 32, 451-454 

Gouze, E., Pawliuk, R., Pilapil, C., et al. (2002) In vivo gene delivery to synovium 

by lentiviral vectors. Molecular Therapy. 5, 397-404 

Grässel, S. & Muschter, D. (2020) Recent advances in the treatment of osteoarthritis. 

F1000Research. 9 

Guillen, M., Megias, J., Gomar, F., et al. (2008) Haem oxygenase‐1 regulates 

catabolic and anabolic processes in osteoarthritic chondrocytes. The Journal 



56 

 

of Pathology. 214, 515-522 

Hemeda, H., Jakob, M., Ludwig, A.-K., et al. (2010) Interferon-γ and tumor necrosis 

factor-α differentially affect cytokine expression and migration properties of 

mesenchymal stem cells. Stem cells and development. 19, 693-706 

Houard, X., Goldring, M. B. & Berenbaum, F. (2013) Homeostatic mechanisms in 

articular cartilage and role of inflammation in osteoarthritis. Current 

rheumatology reports. 15, 375 

Im, G.-I. & Kim, H.-J. (2011) Electroporation-mediated gene transfer of SOX trio to 

enhance chondrogenesis in adipose stem cells. Osteoarthritis and Cartilage. 

19, 449-457 

Innes, J. J. I. P. (1995) Diagnosis and treatment of osteoarthritis in dogs. In Practice.  

17, 102 

Khan, I. U., Yoon, Y., Kim, A., et al. (2018) Improved healing after the co-

transplantation of HO-1 and BDNF overexpressed mesenchymal stem cells 

in the subacute spinal cord injury of dogs. Cell transplantation. 27, 1140-1153 

Kim, N., Choi, K. U., Lee, E., et al. (2019) Therapeutic effects of platelet derived 

growth factor overexpressed-mesenchymal stromal cells and sheets in canine 

skin wound healing model. Histology and Histopathology. 18196-18196 

Kondo, M., Yamaoka, K. & Tanaka, Y. J. I. j. o. m. s. (2014) Acquiring chondrocyte 

phenotype from human mesenchymal stem cells under inflammatory 

conditions. International Journal of Molecular Sciences. 15, 21270-21285 

Liu, W., Burton‐Wurster, N., Glant, T. T., et al. (2003) Spontaneous and experimental 

osteoarthritis in dog: similarities and differences in proteoglycan levels. 



57 

 

Journal of Orthopaedic Reseach.  21, 730-737 

Mancuso, P., Raman, S., Glynn, A., et al. (2019) Mesenchymal stem cell therapy for 

osteoarthritis: The critical role of the cell secretome. Front Bioeng Biotechnol. 

2019; 7: 9 

Manferdini, C., Maumus, M., Gabusi, E., et al. (2013) Adipose‐derived mesenchymal 

stem cells exert antiinflammatory effects on chondrocytes and synoviocytes 

from osteoarthritis patients through prostaglandin E2. Arthritis & 

Rheumatism. 65, 1271-1281 

Maniwa, S., Ochi, M., Motomura, T., et al. (2001) Effects of hyaluronic acid and 

basic fibroblast growth factor on motility of chondrocytes and synovial cells 

in culture. Acta Orthopaedica Scandinavica. 72, 299-303 

Maumus, M., Manferdini, C., Toupet, K., et al. (2013) Adipose mesenchymal stem 

cells protect chondrocytes from degeneration associated with osteoarthritis. 

Stem Cell Research. 11, 834-844 

McDevitt, C., MuIR, H. J. T. J. o. b. & volume, j. s. B. (1976) Biochemical changes 

in the cartilage of the knee in experimental and natural osteoarthritis in the 

dog. The Bone & Joint Journal. 58, 94-101 

Namba, S., Nakano, R., Kitanaka, T., et al. (2017) ERK2 and JNK1 contribute to 

TNF-α-induced IL-8 expression in synovial fibroblasts. PloS one. 12, 

e0182923 

Nowak, U., Marycz, K., Nicpoń, J., et al. (2016) Chondrogenic potential of canine 

articular cartilage derived cells (cACCs). Open Life Sciences. 11, 151-165 

Özler, K., Aktaş, E., Atay, Ç., et al. (2016) Serum and knee synovial fluid 



58 

 

matrixmetalloproteinase-13 and tumor necrosis factor-alpha levels in patients 

with late stage osteoarthritis. Acta Orthopaedica et Traumatologica Turcica. 

50, 670-673 

ROY, R. G., WALLACE, L. J., JOHNSTON, G. R., et al. (1992) A retrospective 

evaluation of stifle osteoarthritis in dogs with bilateral medial patellar 

luxation and unilateral surgical repair. Veterinary Surgery. 21, 475-479 

Toh, W. S., Lai, R. C., Hui, J. H. P., et al. (2017) MSC exosome as a cell-free MSC 

therapy for cartilage regeneration: implications for osteoarthritis treatment. 

Seminars in cell & developmental biology. Seminars in Cell & 

Developmental Biology. 67. 56-64 

Tsai, S.-Y., Huang, Y.-C., Chueh, L.-L., et al. (2014) Intra-articular transplantation of 

porcine adipose-derived stem cells for the treatment of canine osteoarthritis: 

A pilot study. World Journal of Transplantation. 4, 196 

Willis, D., Moore, A., Frederick, R., et al. (1996) Heme oxygenase: a novel target for 

the modulation of inflammatory response. Nature medicine. 2, 87-90 

Wisniewski, H.-G. & Vilček, J. (2004) Cytokine-induced gene expression at the 

crossroads of innate immunity, inflammation and fertility: TSG-6 and 

PTX3/TSG-14. Cytokine & growth factor reviews. 15, 129-146 

Zhang, Z., Li, L., Yang, W., et al. (2017) The effects of different doses of IGF-1 on 

cartilage and subchondral bone during the repair of full-thickness articular 

cartilage defects in rabbits. Osteoarthritis and Cartilage. 25, 309-320 



59 

 

 

국문 초록 

 

혈소판유래성장인자와 헴 산화효소-

1 과발현 중간엽 줄기세포의 개 

골관절염 모델에서의 치료 효과 

 

지도교수   강 병 재 

 

오 지 원 

서울대학교 대학원 

수의학과 임상수의학 전공 

 

      골 관절염은 노화, 외상, 반복적 스트레스 및 유전적 원인 등 다양

한 원인으로 발생하는 질환으로 한번 발병하면 점차 진행해가는 특성을 

가지고 있다. 본래 정상 연골 조직은 혈관과 신경이 없는 조직이기 때문

에, 어떠한 원인으로 손상을 입어도 자연적으로 재생되기가 힘들며 초기
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에는 통증 등의 이상 증세를 느끼기 어렵다. 하지만 점차 관절을 움직일

수록 더욱 손상이 심화되면서 관절 주변을 감싸는 관절낭, 인대, 뼈 및 

근육에도 염증이 발생하고 신경이 유입되게 되면서 비로소 통증을 느끼

게 되고 환자의 삶의 질은 결국 떨어지게 된다.  

      이에 대한 치료법으로서 과거 중간엽 줄기세포는 특화된 다중 분

화력을 통해 손상된 부위 조직을 재생할 수 있어 골관절염 치료 방법으

로 주목받아왔다. 유전자 변형 기술은 줄기세포의 연골을 포함한 관절 내 

구조물들의 치유 효과를 향상시킬 수 있다. 본 연구에서는 개 혈소판유래

성장인자 (platelet-derived growth factor, PDGF) 혹은 헴 산화효소-1 

(heme oxygenase-1) 유전자를 렌티 바이러스 패키징 기술을 활용하여 

개 지방유래 줄기세포 내에 도입하여 개 골관절염 치료 대안으로서의 가

능성에 대해 연구하였다. 따라서 본 연구의 목적은 1) 개 혈소판유래성

장인자 혹은 헴 산화효소-1 과발현 중간엽 줄기세포가 개 연골세포와 

낭막세포와의 상호작용 양상을 확인하고, 2) 개 골관절염 모델에서 관절 

내 주입을 통해 안정성과 치료 전후 변화를 평가함으로써 그 효능을 평

가하였다.  

      Lipopolysaccharide (LPS) 이용하여 개 연골세포와 낭막세포에 

염증을 유발하였고 이는 세포 증식율, 세포 형태 및 실시간 연쇄 중합반

응으로 확인하였다. 이 후 개 지방유래 중간엽 줄기세포 (MSCs), PDGF 
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과발현 중간엽 줄기세포 (PDGF-MSCs), 혹은 HO-1 과발현 중간엽 줄

기세포 (HO-1-MSCs)와 공배양하였다. 그 결과 PDGF-MSCs와 

HO-1-MSCs에서 LPS에 의해 증가된 염증 인자 (IL-6, IL-1β, 

TNF-α)와 MMP-13, nerve growth factor (NGF)의 발현이 단독 배양

군에 비해 감소하였으며, 개 연골세포에서는 줄기세포와 공배양했을 때 

유의적으로 aggrecan과 collagen type 2의 발현이 증가하였다. 또한 

aggrecanases (ADAMTS-4, and -5)의 발현이 낭막세포에서 줄기세포

와 공배양했을 때 유의적으로 감소하였으며, 그와 반대로 tissue 

inhibitor of metalloproteinases (TIMP)의 발현은 유의적으로 증가하였

다. 이를 통해 염증이 유발된 개 연골세포와 낭막세포에서 개 지방유래 

줄기세포와 공배양 시, 관절의 항상성을 유지하는데 기여하는 인자들의 

발현이 유의적으로 증가시키는 방향으로 상호작용하였다. 공배양을 진행

했던 중간엽 줄기세포 자체의 메신저 리보핵산을 평가 시, 단독 배양에 

비해 HGF, TSG-6, FGF-2와 SOX-9 등 연골세포와 낭막세포의 세포 

사멸을 억제하는 인자들이 유의적으로 증가되는 것을 확인하였다.  

      In vivo 실험에서 전십자인대 단열을 통해 개 골관절염 모델견을 

확립한 뒤 6주 뒤 대조군은 0.9% 생리식염수를, 실험군은 각각 MSCs, 

PDGF-MSCs, 혹은 HO-1-MSCs를 관절내 주사하였다. 주사 직후 및 

10주차 동안 급성 염증 수치(C-reactive protein, CRP)를 측정하고 기

본 신체검사를 진행하였으나 기타 이상반응은 발견되지 않았다. 특히 다



62 

 

리 기능 평가 시, PDGF-MSCs를 주입한 그룹에서 대조군에 비해 유의

적으로 파행, 부중력 및 통증반응이 개선된 임상증상을 보였다. 하지만 

모든 실험군에서 영상학적 평가와 혈청 내 matrix metallopeptidase 

(MMP)-13 농도를 주입 전과 주입 후 10주 뒤 평가하였을 때 유의적

인 차이는 확인되지 않았다.  

      본 연구 결과를 통해서 개 유전자 변형 중간엽 줄기세포는 염증 

환경 내에서 치유에 필요한 조절인자를 분비하고 개 연골세포 뿐만 아니

라 낭막세포와 상호 작용을 하는 것을 확인하였다. 이는 염증을 낮추고, 

연골을 보호하는 세포외 기질의 항상성을 유지하는 방향으로 진행하였다. 

더 나아가 관절내 주입 시 다리 기능이 향상되었고 특히 PDGF-MSCs

에서 유의적인 임상증상 개선을 확인할 수 있었다. 이는 기존 치료법이 

가지고 있는 한계점을 극복하는 개 골관절염의 새로운 세포 치료제로서

의 가능성을 제시한다.  

주요어: 개 지방유래 중간엽 줄기세포, 골관절염, 혈소판유래성장인자, 헴 

산화효소-1  
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