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Abstract 

Osteoarthritis (OA) is a common disease that affects more than 3 million people in the 

United States each year and is characterized by synovium inflammation, cartilage 

degradation, bone remodeling, and osteophyte formation. There is no available disease-

modifying medication for the treatment of osteoarthritis. It has been shown that Wnt5a is 

elevated in human OA synovium. Macrophages, as a source and recipient of Wnt5a, are 

one of the most abundant immune cells in OA synovium. In this study, we investigated 

the effects of Wnt5a on macrophages and the function of Wnt5a-overexpressing 

macrophages on OA. C57BL/6 wild type mice were subjected to anterior cruciate 

ligament transection (ACLT) surgery and whole knee joints were harvested 12-, 42-, or 

70-days post-surgery. Increased numbers of macrophages and Wnt5a positive cells were 

found in ACLT mice compared to sham mice. A positive correlation between 

macrophages and Wnt5a positive cells and the colocalization of these two cell types 

indicated that macrophages are the main source of Wnt5a in OA synovium. After 

adoptive transfer of Wnt5a-overexpressing macrophages into mouse knee joint, the 

osteoarthritis mice injected with Wnt5a-overexpressing macrophages developed severer 

pathological changes compared to the ones injected with control macrophages. In 

addition, from immunostaining, Wnt5a positive cells tend to be maintained in 

osteoarthritis mice compared to control mice, without any differences between the level 

of M1 (iNOS) and M2 (CD206) macrophages, which is consistent with the in vitro results 

that Wnt5a influenced cytokine expression in macrophages but did not change the 

phenotype of macrophages. These findings suggest that Wnt5a-overexpressing 
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macrophages promote osteoarthritis progression without polarization, and this could be a 

potential therapeutic target for the treatment of OA.  
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Chapter 1: Introduction 

1.1. Background  

Osteoarthritis (OA) is the most common type of arthritis, which is characterized by 

synovium inflammation, cartilage degradation, bone remodeling, and osteophyte 

formation.1,2 It occurs most frequently in knee joints, following hips and hand joints.3 The 

risk factors of OA include overuse of the joint, aging, overweight, and injury.4,5 Sex 

differences of OA were also reported, showing that females were more vulnerable to 

develop severe knee OA.3,4,6 Although OA is one of the most common causes for pain 

and disability, there is no cure except for anti-inflammatory or pain-relief medications. 

     Cellular interaction plays a major role in the pathogenesis of OA. Single-cell RNA 

sequencing data showed 12 different cell types in the OA synovium, including different 

synovial fibroblasts, HLA-DRA+ cells, smooth muscle cells, endothelial cells, T cells, 

mast cells and proliferating immune cells.7 Among these cell types, HLA-DRA+ cells, 

including heterogeneous groups of macrophages, dendritic cells, activated pro-

inflammatory fibroblast, and B cells, play an important role in immune responses.7 In 

addition, macrophages are the most abundant immune cells in OA synovium. They are 

the essential component involved in the cellular crosstalk between synoviocytes and 

chondrocytes, by receiving cytokines, growth factors, matrix metalloproteinases (MMPs) 

and other factors from activated fibroblast-like synoviocytes (FLS), and by secreting pro-

inflammatory mediators, such as interleukin-1 beta (IL-1𝛽), tumor necrosis factor (TNF), 

and IL-6, which act on FLS and chondrocytes and contribute to extracellular matrix 

(ECM) degradation.8 
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     Except for secreting pro-inflammatory or anti-inflammatory cytokines, macrophage is 

also a main source of other substances. Wnt proteins, which are highly conserved across 

species, are both the ligands and the secreted proteins by macrophages.9,10 Nineteen Wnt 

proteins have been identified, along with two types of Wnt signaling pathways.11 The 

canonical Wnt pathway, or Wnt/ 𝛽-catenin pathway, involves the binding of Wnt ligands, 

such as Wnt1 and Wnt3A, to Frizzled (Fz) receptors and its co-receptors such as low-

density-lipoprotein-related protein 5/6 (LRP5/6), following the accumulation and 

translocation of 𝛽-catenin into the nucleus.12 In the nucleus, 𝛽-catenin acts as the co-

activator of TCF/LEF transcription factor, which in turn activate the target genes.11,12 

Non-canonical pathway is also known as 𝛽-catenin-independent pathway, including the 

Planer Cell Polarity (PCP) pathway and the Wnt/Ca2+ pathway, activated through 

noncanonical Wnts such as Wnt5A and Wnt11.13 Both 𝛽-catenin-dependent and 

independent pathways play a crucial role in regulating many developmental processes, 

such as embryonic development, cell proliferation, differentiation, polarization, and 

migration.14,15 

     In addition, Wnt signaling plays a critical role in bone homeostasis and joint 

remodeling.16 Many pathological processes of OA are regulated by Wnt signaling, 

including synovitis, cartilage degradation, chondrocyte hypertrophy, and bone sclerosis.17 

Among all the Wnt proteins, it has been studied that the expression level of Wnt5a is 

elevated in human OA cartilage, where it regulates chondrocyte catabolic activity and 

promote matrix metalloproteinase expression.18 Blockade of receptor tyrosine kinase-like 

orphan receptor 2 (ROR2), one of the receptor for Wnt5a, can promote chondrogenic 

differentiation and inhibit the expression of the cartilage-degrading enzymes.19 However, 
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it is not well understood how Wnt5a affects immune cells, especially macrophages, in 

OA. Study on the role of Wnt5a in immune cells could lead to a potential therapeutic 

target for the treatment of OA. 

 
Figure 1.1 Characterizations of arthritic knee joint compared to normal knee joint. 
 

1.2. Hypothesis and Experimental Design 

The main purpose of this study is to investigate if overexpression of Wnt5a has effects on 

the function of macrophages in OA synovium and can promote OA progression.  

     First, a mouse model of OA was established by subjecting 12-week-old mice to 

anterior cruciate ligament transection (ACLT) surgery. Physiological changes in the 

chondrocytes can be induced after surgery, following cartilage degradation and 

osteophyte formation20. After 12, 42, or 70 days of OA development, mouse knee joints 

were harvested. The OA progression was confirmed using safranin O (Saf. O) staining, 
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and the numbers of macrophages and Wnt5a positive cells were assessed using 

immunohistochemistry (IHC) staining. We found a positive correlation between the 

number of Wnt5a positive cells and macrophages, indicating that macrophages are the 

main source of Wnt5a in OA synovium. This is further confirmed in the results of 

immunofluorescence (IF) staining showing the co-localization of macrophages and 

Wnt5a positive cells in OA synovium. 

     Second, to investigate the effects of Wnt5a on the function of macrophages, Wnt5a-

overexpressing macrophages were established by transducing bone marrow derived 

macrophages (BMDMs) with lentivirus. Following lentiviral transduction of BMDMs, 

lipopolysaccharides (LPS) or IL-1𝛽 treatment was performed to mimic inflammatory OA 

environment and activate macrophages. The expression profiles of M1 signature gene 

iNOS, M2 signature gene Arg1, and the genes of pro-inflammatory or anti-inflammatory 

cytokines were tested using real-time polymerase chain reaction (RT-PCR, or qPCR). The 

expression levels of proteins were assessed using Western blotting, ELISA, and cytokine 

array. After lentiviral transduction, Lenti-Wnt5a infected BMDMs expressed significantly 

higher level of Wnt5a RNA compared to Lenti-GFP infected controls. This was also 

observed in Western blotting result showing the elevated level of Wnt5a protein. The 

expression level of iNOS was elevated in Lenti-Wnt5a infected BMDMs only under IL-

1𝛽 treated condition, while significantly higher level of Arg1 was observed in Lenti-

Wnt5a infected BMDMs under all 3 conditions (non-treated control, LPS treatment, and 

IL-1𝛽 treatment). In addition, ELISA and cytokine array showed that although increased 

level of Wnt5a promoted cytokine expression in BMDMs, the macrophages did not 

polarize to M1 or M2. These in vitro results suggest that overexpression of Wnt5a in 
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macrophages affects the cytokine expression but does not promote macrophage 

polarization. 

     Third, Wnt5a-overexpressing BMDMs were adoptively transferred into OA mouse 

knee joint, and IHC and IF staining were performed to assess the effect on the function of 

macrophages and OA progression. Saf. O staining and OA scoring showed elevated 

synovitis and osteophyte formation in mice subjected to ACLT surgery following 

intraarticular (IA) injection of Wnt5a-overexpressing BMDMs (ACLT+M𝜑-Wnt5a). IHC 

staining and counting results showed larger number of Wnt5a positive cells in 

ACLT+M𝜑-Wnt5a mouse synovium compared to other groups, suggesting that Wnt5a-

overexpressing BMDMs tend to be maintained in OA knee joint. Meanwhile, from the 

results of IF staining, there was no significant difference between the number of M1 and 

M2 macrophages, which was consistent with the in vitro result, and indicated that the 

impact of Wnt5a on OA progression was not caused by promoting macrophage 

polarization. 

     These findings suggest that increased level of Wnt5a does not change the phenotype 

of macrophages, but it promotes cytokine expression in macrophages and contributes to 

severer pathological changes in OA. 

 

1.3. Statement of Contributions 

Figure 1.1 is made by Wenhui Li in BioRender. 
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Chapter 2: Materials and Methods 

2.1. Animal models 

All animal care and experimental procedures used in this study were approved by the 

Institutional Animal Care and Use Committees at Tufts University School of Medicine. 

12-week-old C57BL/6 wild type mice were anesthetized by isoflurane and 

subcutaneously injected with sustained release buprenorphine (1mg/kg) before anterior 

cruciate ligament transection (ACLT) or sham surgery. During the surgery, a small 

incision was made in the skin over the knee joint to expose the knee joint capsule. Then 

under dissection microscope, the anterior cruciate ligament (ACL) in the knee joint was 

transected using scalpels. Once the ACL was transected, the incision was closed with 

sutures to promote healing and prevent infection. 12-, 42-, or 70-days post ACLT or sham 

surgery, mice were euthanized using carbon dioxide, and the whole knee joints were 

harvested.  

 

2.2. Tissue processing and sectioning 

Harvested knee joints were fixed in 4% paraformaldehyde (PFA) and incubated in 

decalcification solution at 4℃ for around 6 days. A series of solutions were used to 

dehydrate the tissue gradually: 25% ethanol once for 1 hour, 50% ethanol once for 1 hour, 

75% ethanol once for 1 hour, 100% ethanol twice for 1 hour each time, and xylene once 

for 1 hour. Then, the knee joints were submerged in fresh xylene for overnight. Melted 

paraffin wax was used to completely immerse the tissue for overnight. Knees were 

embedded into blocks of paraffin and solidified under room temperature. After processing 
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and embedding, knee samples were sliced at a thickness of 5 μm using LEICA RM2255 

microtome and collected onto VWR Superfrost Plus Slide (Avantor). 

 

2.3. Safranin O staining and OA scoring 

After being deparaffinized in xylene and rehydrated in a series of ethanol with deceased 

concentration (100%, 75%, 50%, 25%), joint sections were stained with 1% Safranin O 

(National Aniline) and 0.02% Fast Green (Aldrich Chemical Company, Inc), by which 

nuclei were stained by hematoxylin (StatLab), cartilage was stained by Safranin O, and 

connective tissues were stained by Fast Green. 

     The OARSI, Articular Cartilage Structure Score (ACS), Synovitis, and Mankin 

scoring systems have been previously established.23,24  In short, the scoring system can be 

summarized as Table 5.1, Table 5.2, and Table 5.3. 

 

2.4. Immunohistochemistry (IHC) staining 

Knee joint sections were deparaffinized and rehydrated as described above. Sections were 

then subjected to antigen retrieval, incubation with 3% hydrogen peroxidase (CVS 

Health), 10% goat serum (Fisher Scientific), and avidin D and biotin solutions (Vector 

Laboratories). Sections were subsequently incubated with primary antibodies against 

mouse F4/80 (Rat, 1:120, Bio-Rad), Wnt5a (Rabbit, 1:75, Invitrogen), Turbo-GFP 

(Rabbit, 1:200, Fisher Scientific) at 4℃ overnight, followed by incubation with biotin-

labeled goat anti-rat (1:100, Vector Laboratories) or biotin-labeled goat anti-rabbit (1:100, 

Vector Laboratories) antibodies. Avidin-Biotin Complex (Vector Laboratories) - 
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diaminobenzidine (Vector Laboratories) were used to visualize immunoreactions. 0.5% 

methyl green (R&D Systems) was used to stain nucleic acids. 

 

2.5. Immunofluorescence (IF) staining 

Knee joint sections were deparaffinized and rehydrated as described above. Sections were 

then subjected to antigen retrieval, incubation with quenching solution, and 10% goat 

serum (Fisher Scientific). Sections were subsequently incubated with primary antibodies 

against mouse F4/80 (Rat, 1:120, Bio-Rad), Wnt5a (Rabbit, 1:75, Invitrogen), iNOS 

(Rabbit, 1:50, Invitrogen), and CD206 (Mouse, 1:50, Santa Cruz) at 4℃ overnight, 

followed by incubation with Alexa Fluor-conjugated goat anti-rat (AF488, 1:500, 

Invitrogen), goat anti-rat (AF594, 1:500, Invitrogen), goat anti-rabbit (AF488, 1:500, 

Invitrogen), goat anti-rabbit (AF594, 1:500, Invitrogen), and goat anti-mouse (AF594, 

1:500, Invitrogen) antibodies. Diaminophenylindole (DAPI, 1:1000) was used to stain 

nucleus. Mouse on Mouse Elite® Immunodetection Kit (Vector Laboratories) was used 

with mouse raised antibodies. 

 

2.6. Bacterial transformation, proliferation, and plasmids extraction  

Competent cells were transformed with Lenti-GFP or Lenti-Wnt5a plasmids (Horizon 

Discovery) and grown in agar plates. Single colonies were selected and proliferated in 

Lysogeny broth (LB) medium supplied with ampicillin (200µg/mL). Plasmids were 

extracted from proliferated bacteria using HiSpeed Plasmid Midi Kit (QIAGEN) and 

stored in -20℃. 
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2.7. 293FT transfection and lentiviral generation 

293FT cells were seeded in 100 mm dish the day before transfection. 4.5 µg of Lenti-GFP 

or 3 µg of Lenti-Wnt5a plasmids was mixed with 3 µg of VSVG and 6 µg of Delta-8.91 

plasmids. FuGENE 6 (Fugent LLC.) was used as transfection reagent. The mixture was 

added to 293FT cells with 90% confluency. Cells were incubated at 37 ℃ for 48~72 

hours for collecting the first batch of supernatant and then another 48 hours for the 

second batch of supernatant. Lentivirus were then concentrated by ultracentrifuge.  

 

2.8. Isolation, culture, transduction, and treatment of macrophages 

L929 cell supernatant containing M-CSF was prepared by culturing L929 cells with 

Gibco™ Dulbecco's Modified Eagle Medium (DMEM, Fisher Scientific) supplied with 

10% Fetal Bovine Serum (Gibco FBS, Fisher Scientific) and 1% Antibiotic-Antimycotic 

(Anti-Anti, Fisher Scientific). The supernatant was collected at day 7 to day 10 and 

filtered through 0.45 μm membrane filters (Pall Corporation).  

     Bone marrow was isolated from the femur and tibia of wild type mice. Red blood cells 

were lysed with lysis buffer. Cell pellet was resuspended with differentiation medium 

(DMEM supplied with 10% FBS, 1% Anti-Anti, and 20% L929 cell supernatant). M0 

bone marrow-derived macrophages (BMDMs) were differentiated and collected for 

following treatment. 

     For lentiviral transduction of BMDMs, Multiplicity of Infection (MOI) of Lenti-GFP 

was 5~25, MOI of Lenti-Wnt5a was 50~100. Complete medium without L929 

supernatant was changed for BMDMs before transduction. Lentivirus were added to the 

dishes and incubated for 24-48 hours, then change back to differentiation medium. On the 
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third day post transduction, BMDMs were treated with LPS (50ng/ml, Sigma-Aldrich) or 

IL-1𝛽 (5ng/ml, Peprotech) for another 24 hours. Then cells were harvested for mRNA or 

protein analysis. 

 

2.9. Adoptive transfer 

Wnt5a-overexpressing BMDMs were induced as described above. 35 days post ACLT or 

sham surgery, mice were subjected to intraarticular (IA) injection with 5×105 lentiviral-

infected BMDMs under anesthesia. Whole knees joints were harvested 7 days after 

injection and processed as described above. 

 

2.10. RNA extraction and quantitative real-time PCR 

RNA was isolated from BMDMs using PureLink™ RNA Mini Kit (Invitrogen) according 

to the manufacturer’s instructions. M-MLV Reverse Transcriptase (Invitrogen) and 

random primers (Promega) were used for reverse transcription. Gene expression was 

assessed using iTaq Universal SYBR Green Supermix (BioRad) and appropriate primers 

(IDT). The QuantStudio 6 Pro Real-Time PCR Systems (Fisher Scientific) was used for 

detection. Data were evaluated using 2-ΔΔCt method, and gene expression was normalized 

to the internal control GAPDH. The sequences of all primers are listed in Table 5.4.  

 

2.11. Protein extraction and Western blotting 

Protein was extracted from BMDMs using RIPA. A BCA assay kit (Bio-Rad) was used to 

assess the concentrations of proteins. Equal amounts of proteins from each sample were 

separated with 10% sodium dodecyl sulfate – polyacrylamide gel electrophoresis, and 
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transferred onto Nitrocellulose Transfer Membrane (Whatman). Ponceau S was used to 

stain membrane bands. 5% BSA was used to block nonspecific binding for at least 1 hour 

at room temperature. The membranes were incubated with primary antibodies overnight 

at 4 ℃, followed by secondary antibodies for 2 hours at room temperature. The following 

antibodies were used: Wnt5a (Rabbit, 1:500, Invitrogen), GAPDH (Mouse, 1:500, Santa 

Cruz), peroxidase-conjugated goat anti-rabbit antibody (1:5000, Calbiochem) and 

peroxidase-conjugated goat anti-mouse antibody (1:5000, Calbiochem). 

 

2.12. Enzyme-Linked Immunosorbent Assay (ELISA) 

The level of IL-6 and IL-10 was evaluated in BMDM culture medium by Mouse IL-6 

DuoSet ELISA kit and Mouse IL-10 DuoSet ELISA kit (R&D Systems) according to the 

manufacturer’s instructions.  

 

2.13. Cytokine array 

The level of cytokines was evaluated by QuantibodyTM Mouse Cytokine Array 1 kit 

(RayBiotech) according to the manufacturer’s instructions. Fluorescence detection was 

performed by RayBiotech. 

 

2.14. Statistical analysis 

All results were presented as means ± SEM using Prism 10. Student’s t test was used to 

analyze statistical differences between two groups, and analysis of variance (ANOVA) 

model with planned contrasts was used to compare data from multiple groups. Cells in at 

least 6 areas of each tissue were counted by ImageJ. The correlation analysis of cell 
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number was performed using Linear Regression from built-in analysis in Prism. 

Differences were considered statistically significant when p values < 0.05. 

 

2.15. Statement of Contributions 

Experiments were conducted with the help of Dr. Sihan Liu and guided by Dr. Li Zeng.  
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Chapter 3: Results 

3.1. Macrophages are one of the main sources of Wnt5a in OA synovium. 

To investigate OA in mice, we utilized a well-established surgical mouse model, ACLT 

mouse model, which is mechanically instability-induced osteoarthritis.21,22 

 
Figure 3.1 Pathological changes are developed in ACLT OA mouse model.  
a: The scheme for ACLT surgery. 12-week-old mice were subjected to ACLT or sham 
surgery. After 6 or 10 weeks, cartilage loss (yellow arrowhead) and osteophyte (purple 
arrowhead) are developed. b, c: Representative images of Saf. O staining (top) showed 
severer cartilage loss (yellow arrowhead) and synovitis (red arrowhead) in mice 
undergone 42 (b) or 70 (c) days post ACLT surgery. Statistical scores (bottom) showed 
that ACLT mice have higher OARSI, ACS, and synovitis scores. n = 5~6 mice in each 
group. All scores were assessed by 2 individuals independently. Statistical analysis was 
conducted using unpaired t test. Error bars, SEM. ***P < 0.001. ****P < 0.0001. 
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     12-week-old male mice were subjected to ACLT surgery, following 6 or 10 weeks of 

OA development (Figure 3.1 a). Pathological changes are expected to occur, including 

cartilage loss, structure damage, osteophyte, and synovitis. Sham mice underwent the 

identical surgical procedure, with the exception that the anterior cruciate ligaments were 

not transected. The levels of cartilage damage and synovitis were statistically evaluated 

based on histological assessment system for mouse OA.23,24 For mice undergone ACLT 

surgery,  much severer cartilage damage and synovitis have been shown in both 42 days 

post-surgery (dps) and 70 dps groups by Saf. O staining (Figure 3.1 b, c, left). In addition, 

at both time points, the OARSI and ACS scores are significantly higher in ACLT mice 

compared to sham mice, which indicates severer cartilage loss and structure damage. The 

synovitis scores are also elevated in ACLT mice compared to sham mice, suggesting 

enlarged lining layer, increased cellularity, and dense inflammation infiltrate (Figure 3.1 

b, c, right). 

     The numbers of macrophages and cells expressing Wnt5a have been assessed using 

IHC staining on the established ACLT model (Figure 3.2 a), including both early (12 dps) 

and late (42 and 70 dps) stage OA. Compared to sham group, the number of macrophages 

(F4/80 positive) is significantly increased in ACLT mice at 12 days and 42 days post-

surgery, and the level of Wnt5a positive cells is also increased in ACLT OA synovium at 

all 3 time points (Figure 3.2 b, c). Positive correlations have been found between the 

number of macrophages and Wnt5a positive cells in both early and late-stage OA 

synovium, suggesting that Wnt5a may be expressed predominately by macrophages 

(Figure 3.2 b, c). In addition, compared to the early stage, the number of both 

macrophages and Wnt5a positive cells was decreased at late stage, but the proportion of 
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Wnt5a positive macrophages was increased, which implicating a potential that Wnt5a 

promote OA progression in late stage (Figure 3.2 d, e).  

 
Figure 3.2 Macrophages are the main source of Wnt5a in ACLT OA synovium.  
a. Representative images of IHC showing the F4/80 and Wnt5a staining in Sham and 
ACLT knee joints (42 dps). b, c. Quantitative counting results showing the increased 
number of F4/80 positive cells (left) and Wnt5a positive cells (middle) in 12 dps (b), 42 
and 70 dps (c) ACLT OA synovium. Positive correlation (right) has been shown between 
the number of macrophages and Wnt5a positive cells in 12 dps (b), 42 and 70 dps (c) 
groups. d. The number of F4/80+ cells and Wnt5a+ cells in ACLT group. n = 3 in each 
group. Statistical analysis was conducted using unpaired t teat or two-way ANOVA. Error 
bars, SEM. ns, not significant. *P<0.05. **P<0.01. ***P < 0.001. ****P < 0.0001. 
 
     The result of immunofluorescence (IF) staining shows the co-localization of 

macrophages and Wnt5a positive cells in OA synovium (Figure 3.3). Macrophages exist 

in OA synovium and some of them express Wnt5a, which showing the heterogeneity of 
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macrophages in OA. In conclusion, these results suggest that macrophages are the main 

source of Wnt5a in ACLT OA synovium. 

 
Figure 3.3 Representative images of IF staining showing the colocalization of 
macrophages and Wnt5a positive cells.  
F4/80: macrophage marker, red. Wnt5a: green. White arrows: F4/80+Wnt5a+. Orange 
arrow: F4/80+Wnt5a-. Scale bar: 50 µm. 
 

3.2. Wnt5a-overexpressing macrophages are established in vitro by lentiviral 

transduction. 

After confirming the elevated macrophages and Wnt5a in ACLT OA synovium, we 

intended to establish an in vitro overexpression profile of Wnt5a in macrophages. 

Hematopoietic stem cells are isolated from mouse bone marrow and cultured with 

macrophage differentiation medium containing L929 cell supernatant (Figure 3.4 a), 

which contains macrophage colony stimulating factors (M-CSF).25 Then, BMDMs are 
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obtained and transduced with GFP or Wnt5a lentivirus (Lenti-GFP / Lenti-Wnt5a, Figure 

3.4 d), following with or without LPS or IL-1𝛽 treatment.  

 
Figure 3.4 Lenti-Wnt5a infected BMDMs express higher level of Wnt5a compared to 
Lenti-GFP infected BMDMs.  
a. The scheme of procedure isolating, differentiating, and transducing BMDMs. b. qPCR 
data showing that Wnt5a expression is not affected by LPS or IL-1𝛽 treatment. n = 3~4 in 
each group. One-way ANOVA. ns, not significant. c. qPCR data showing the 
significantly increased expression level of Wnt5a in Lenti-Wnt5a infected BMDMs. n = 
3~5 in each group. Two-way ANOVA. ***P = 0.0002. **P = 0.0097 in LPS group, 
P=0.0071 in IL-1b group. d. Representative images showing the positive cells after 
lentiviral infection. e. Western blotting data showing the elevated level Wnt5a protein in 
Lenti-Wnt5a infected BMDMs. Error bars, SEM. 
 
     For the M0 macrophages obtained before lentiviral transduction, the expression level 

of Wnt5a is not affected by the treatment of LPS or IL-1𝛽 (Figure 3.4 b). After lentiviral 

transduction, Lenti-Wnt5a infected BMDMs express higher level of Wnt5a compared to 

Lenti-GFP infected BMDMs, under all non-treated, LPS-treated, and IL-1𝛽 conditions 

(Figure 3.4 c), and elevated level of Wnt5a protein is also observed by Western blotting 

(Figure 3.4 e). 
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3.3. Overexpression of Wnt5a in macrophages in vitro has effects on the cytokine 

production but not macrophages polarization. 

Macrophages can be classified to two phenotypes based on their main functions. M1 

macrophages can produce proinflammatory cytokines such as IL-1𝛽, TNF-𝛼, and IL-6, 

and are mainly involved in inflammation. M2 macrophages are mainly involved in 

wound healing and tissue repair and producing anti-inflammatory cytokines such as IL-

10 and TGF-𝛽.26,27 Known markers of macrophages include CD86, CD40, and inducible 

nitric oxide synthase (iNOS) for M1 macrophages, and CD163, CD206, and Arg1for M2 

macrophages.27,28 

     It has been previously studied that Wnt5a can induce M2 polarization in tumor-

associated macrophages.29,30 To investigate the effects of Wnt5a overexpression on the 

function of BMDMs in vitro, RT-PCR (qPCR) analysis was performed to test the 

expression level of signature genes for M1 and M2 macrophages. The expression level of 

iNOS was elevated in BMDMs only under IL-1𝛽 treatment, whereas Arg1 expression 

was significantly increased in BMDMs under all non-treated, LPS-treated, and IL-1𝛽 

treated conditions (Figure 3.5). 
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Figure 3.5 The expression profile of M1 and M2 signature genes in Lentiviral-infected 
BMDMs.  
a. qPCR results showing the expression of M1 signature gene iNOS. b. qPCR results 
showing the expression of M2 signature gene Arg1. n = 3~5 in each group. Statistical 
analysis was conducted using unpaired t test. Error bars, SEM. ns, not significant. 
*P<0.05. **P<0.0q. ***P < 0.001.  
 
     In addition, the expression level of pro-inflammatory and anti-inflammatory cytokines 

were also tested. The overall levels of gene expression were not significantly changed, 

except for the reduced IL-6 expression in Lenti-Wnt5a infected BMDMs under LPS 

treatment (Figure 3.6). Interestingly, from the results of ELISA and cytokine array, the 

protein expression levels of both IL-6 and IL-10 were elevated under LPS treated 

condition (Figure 3.7). 
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Figure 3.6 Gene expression of pro-inflammatory and anti-inflammatory cytokines tested 
by qPCR.  
a, b. qPCR results showing the relative gene expression of pro-inflammatory cytokines 
IL-6 and TNFa (a), and anti-inflammatory cytokines IL-10 and TGFb (b). n = 3~5 in each 
group. Statistical analysis was conducted using two-way ANOVA. Error bars, SEM. ns, 
not significant. ***P < 0.001. 
 
     Except for pro-inflammatory and anti-inflammatory cytokines, Lenti-Wnt5a infection 

also elevated the expression of RANTES (CCL5), which plays a role in attracting other 

immune cells, and VEGF, which stimulate angiogenesis and is associate with tumor 

formation. 

     These results demonstrate that overexpression of Wnt5a in BMDMs can promote 

cytokine expression but may not alter the phenotype of macrophages. 
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Figure 3.7 Protein expression of pro-inflammatory and anti-inflammatory cytokines 
tested by ELISA and cytokine array.  
a. ELISA data showing the expression of IL-6 and IL-10. b. Cytokine array data showing 
elevated cytokine production in Lenti-Wnt5a infected BMDMs. Red rectangular indicate 
the pro-inflammatory cytokines, blue rectangular indicate the anti-inflammatory 
cytokines. Relative expression level = (Expression level of cytokines in Lenti-GFP or 
Wnt5a group) / (Expression level of cytokines in medium control). Statistical analysis 
was conducted using unpaired t test. Error bars, SEM. ns, not significant. **P<0.01. 
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3.4. After adoptive transfer, Wnt5a-overexpressing macrophages are maintained in OA 

knee joint and contribute to synovitis and osteophyte. 

To further investigate the role of Wnt5a in vivo, adoptive transfer of Wnt5a-

overexpressing BMDMs was performed at 35 days post ACLT surgery. Lentiviral-

infected BMDMs were intraarticularly injected into mouse knee joints, then 7 days post 

injection, mice were sacrificed, and knee joints were harvested for histological staining 

and immunostaining (Figure 3.8 a).  

     After adoptive transfer of lentiviral-infected BMDMs into ACLT knee joints, severer 

synovitis and osteophyte formation were developed in ACLT mice injected with Lenti-

Wnt5a infected BMDMs compared to the ones injected with Lenti-GFP infected BMDMs 

(Figure 3.8 b, c). In comparison, Wnt5a did not affect OA progression in sham mice 

(Figure 3.8 c). Moreover, the number of Wnt5a positive cells was significantly higher in 

ACLT mice injected with Wnt5a-overexpressing BMDMs compared to all other groups, 

even though sham mice were also injected with the same amount of Wnt5a-

overexpressing BMDMs (Figure 3.9). This is an interesting finding which suggests the 

potential that Wnt5a-overexpressing BMDMs tend to be maintained in inflammatory OA 

environment. 
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Figure 3.8 Severer pathological changes were observed in ACLT+M𝜑-Wnt5a OA 
synovium.  
a. The workflow for adoptive transfer after ACLT surgery. b. Representative images of 
Saf. O staining showing severer OA progression in ACLT mice. c. OARSI, ACS, 
Synovitis, and Mankin scores showing elevated cartilage loss, structure damage, 
synovitis, and osteophyte formation in ACLT+ M𝜑-Wnt5a OA synovium. n = 3~5 mice 
in each group. All scores were assessed by 2 individuals independently. Statistical 
analysis was conducted using two-way ANOVA or unpaired t test. Error bars, SEM. ns, 
not significant. *P<0.05. ***P < 0.001.  
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Figure 3.9 GFP and Wnt5a positive cells in mouse synovium after adoptive transfer. 
a, b. Representative images of IHC for GFP (a, blue arrow) and Wnt5a (b, red arrow) 
staining in adoptive transferred synovium. c. Counting results of Wnt5a positive cells 
showing the increased Wnt5a+ cells in ACLT mouse synovium adoptive transferred with 
Wnt5a-overexpressing BMDMs. n = 4 mice in each group. Statistical analysis was 
conducted using two-way ANOVA. Error bars, SEM. ns, not significant. **P<0.01. 
 
     Furthermore, to access if Wnt5a inflected the phenotype of macrophages in vivo, IF 

staining was performed on adoptive transferred tissue. The results showed that within the 

sham groups or ACLT groups, there is no significant differences between the numbers of 

M1 (F4/80+iNOS+) and M2 (F4/80+CD206+) macrophages (Figure 3.10), which further 

confirms that Wnt5a do not induce macrophage polarization in vivo. 
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Figure 3.10 Wnt5a-overexpressing macrophages did not change towards M2-like in vivo. 
a,b. Representative IF images from ACLT+M𝜑-Wnt5a mouse showing F4/80+ cells 
(yellow arrowhead), F4/80+iNOS+ cells (pink arrowhead), and F4/80+CD206+ cells (red 
arrowhead). c. Quantitative counting results showing the number of M1 and M2 
macrophages in Sham or ACLT mice injected with Lenti-GFP infected BMDMs (M𝛗-
GFP) or Lenti-Wnt5a infected BMDMs (M𝛗-Wnt5a). n = 3 tissues in each group. 
Statistical analysis was conducted using two-way ANOVA. Error bars, SEM. ns, not 
significant.  
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3.5. Statement of Contributions 

Figure 3.1b and the osteophyte score in figure 3.8c was reprinted with permission from 

Dr. Sihan Liu, unpublished manuscripts. Figure 3.3 was stained by Wenhui Li, imaged by 

Dr. Sihan Liu. All other figures in this session were made by Wenhui Li.  
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Chapter 4: Discussion 

In this study, we investigated the effects of overexpression of Wnt5a on the function of 

macrophages and OA progression. The colocalization and positive correlation were found 

between Wnt5a positive cells and macrophages from ACLT mouse knee joints, which 

indicate that macrophages are the main source of Wnt5a in OA synovium. In addition, not 

all the macrophages are expressing Wnt5a, which may implicate the heterogeneity of 

macrophages in OA.  

     Lentiviral-induced Wnt5a-overexpressing BMDMs were established to investigate the 

effects of Wnt5a on the function of macrophages in vitro and in vivo. 

     For in vitro study, after lentiviral transduction, the expression level of iNOS, a M1 

marker, was elevated in Lenti-Wnt5a infected BMDMs only under IL-1𝛽-treated 

condition, while the expression level of Arg1, a M2 marker, was significantly increased in 

Lenti-Wnt5a infected BMDMs under all non-treated, LPS-treated, and IL-1𝛽-treated 

conditions. However, it was found by ELISA and cytokine array that the expression level 

of both the IL-6 and IL-10 protein are elevated in Lenti-Wnt5a infected BMDMs under 

LPS condition. In addition to pro- or anti-inflammatory cytokines, the level of CCL5 and 

VEGF, which are important in immune cell attractant and angiogenesis, was also elevated 

in Lenti-Wnt5a infected BMDMs. These results suggest that overexpression of Wnt5a in 

macrophages does not affect the phenotype of macrophages in vitro, but promoting 

cytokine production. 

     For in vivo study, Wnt5a-overexpressing BMDMs were adoptively transferred into 

ACLT OA mouse knee joints. Surprisingly, the ACLT OA mice injected with Wnt5a-

overexpressing macrophages developed severer pathological changes, including synovitis 
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and osteophytes, compared to the ones injected with control macrophages. In addition, 

after adoptive transfer with Wnt5a-overexpressing BMDMs, higher number of Wnt5a 

positive cells was found in ACLT mice compared to sham mice, which implicates that 

Wnt5a-overexpressing macrophages tended to be maintained in osteoarthritis 

environment. Meanwhile, there was no significant difference on the number of M1 or M2 

macrophages between the mice injected with control and Wnt5a-overexpressing 

macrophages.  

     From both the in vitro and in vivo results, we conclude that Wnt5a-overexpressing 

macrophages promote OA progression without changes of the phenotype in vivo, 

although Wnt5a have the potential to promote macrophages towards a more M2-like state 

in vitro. 

     However, whether Wnt5a contributes directly or indirectly to the progression of OA 

remains to be investigated. As previously discussed, the cellular crosstalk plays a critical 

role in the microenvironment of diseases.8 Other immune cells, such as T lymphocytes, 

are also abundant in OA synovium and contribute to the pathogenesis of disease.31,32 

Does macrophage-expressed Wnt5a affect the function of T cells? What downstream 

signals does it activate or inhibit? Further studies are still needed on the mechanisms by 

which Wnt5a affects OA progression. 

     In summary, our studies indicate that overexpression of Wnt5a in BMDMs promotes 

OA progression and may be a potential therapeutic target for the treatment of 

osteoarthritis. 
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Chapter 5: Appendix 

OARSI score: 

Type of loss Depth of loss Length of loss Score 

Partial loss 

≤ 1/2 depth 
≤ 1/3 of surface 1 
≤ 2/3 of surface 2 
> 2/3 of surface 3 

> 1/2 depth 
≤ 1/3 of surface 4 
≤ 2/3 of surface 5 
> 2/3 of surface 6 

Complete loss 

≤ 1/2 depth 
≤ 1/3 of surface 7 
≤ 2/3 of surface 8 
> 2/3 of surface 9 

> 1/2 depth 
≤ 1/3 of surface 10 
≤ 2/3 of surface 11 
> 2/3 of surface 12 

Table 5.1 OARSI scoring system 
 

ACS score: 

Depth* Length* Score 

≤ 1/4 depth 
≤ 1/3 of surface 1 
≤ 2/3 of surface 2 
> 2/3 of surface 3 

≤ 1/2 depth 
≤ 1/3 of surface 4 
≤ 2/3 of surface 5 
> 2/3 of surface 6 

< Full depth 
≤ 1/3 of surface 7 
≤ 2/3 of surface 8 
> 2/3 of surface 9 

Full depth 
≤ 1/3 of surface 10 
≤ 2/3 of surface 11 
> 2/3 of surface 12 

Table 5.2 ACS scoring system. 
Score 0: Articular surface is smooth and intact.  
*Depth/ Length of fibrillation and/or clefts and/or loss of cartilage 
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Synovitis score: 

Enlargement of synovial lining cell layer 
Lining layer Score 
1 layer 0 
2~3 layers 1 
4~5 layers 2 
More than 5 layers 3 

Density of the resident cells 
Cellularity Score 
Normal 0 
Slightly increased 1 
Moderately increased 2 
Greatly increased 3 

Inflammatory infiltrate 
Feature Score 
No infiltrate 0 
Few lymphocytes or plasma cells 1 
Numerous lymphocytes or plasma cells 2 
Dense band-line infiltrate 3 

Table 5.3 Synovitis scoring system. 
The final synovitis score is the summary of scores of three features. 
 
Sequences of primers: 

Name Sequence 
Mouse GAPDH Forward CGT ATT GGG CGC CTG GTC AC 
Mouse GAPDH Reverse ATG ATG ACC CTT TTG GCT CC 
Mouse Wnt5a Forward CTC CTT CGC CCA GGT TGT TAT AG 
Mouse Wnt5a Reverse TGT CTT CGC ACC TTC TCC AAT G 
Mouse iNOS Forward GTT CTC AGC CCA ACA ATA CAA GA 
Mouse iNOS Reverse GTG GAC GGG TCG ATG TCA C 
Mouse Arg1 Forward CTC CAA GCC AAA GTC CTT AGA G 
Mouse Arg1 Reverse AGG AGC TGT CAT TAG GGA CAT C 
Mouse IL-6 Forward GGA AAT TGG GGT AGG AAG GA 
Mouse IL-6 Reverse CCG GAG AGG AGA CTT CAC AG 
Mouse IL-10 Forward TTT GAA TTC CCT GGG TGA GAA G 
Mouse IL-10 Reverse GGG AGA AAT CGA TGA CAG CG 
Mouse TNF-𝛼 Forward CAG CCG ATG GGT TGT ACC TT 
Mouse TNF-𝛼 Reverse GTG TGG GTG AGG AGC ACG TA 
Mouse TGF-𝛽 Forward TGA CGT CAC TGG AGT TGT ACG G 
Mouse TGF-𝛽 Reverse GGT TCA TGT CAT GGA TGG TGC 

Table 5.4 Sequences of primers used in the study. 
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