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Abstract  

Objective: This study aimed to determine whether alignment correction by high tibial 

osteotomy (HTO) can change the biological intra-articular microenvironment of osteoarthritic 

(OA) knees.  

Methods: Synovial tissues (STs) and fluids (SFs) were collected from the OA knees of 31 

patients during initial HTO and plate removal surgeries. Changes in gene expression in STs 

were investigated by microarray and real-time polymerase chain reaction (PCR). STs were also 

evaluated histologically using synovitis scores and immunofluorescence staining to determine 

macrophage polarity. Cytokines and chemokines in SFs were analyzed by enzyme-linked 

immunosorbent assays. The mechanism of macrophage polarization was investigated in human 

peripheral blood mononuclear cells derived macrophages and fibroblast like synoviocytes 

(FLSs) stimulated with cartilage fragments. We also evaluated Spearman correlations between 

knee injury and osteoarthritis outcome scores (KOOS) and macrophage-related gene 

expression. 

Results: The microarray results indicated downregulated inflammatory genes and pathways. 

Real-time PCR determined that genes expressing pro-inflammatory IL1B and IL6, and M2 

macrophage-related IL1RA, IL10, CCL18, and CD206 genes were respectively downregulated 

and upregulated. Histological findings revealed attenuated synovitis scores and a shift from 

M1 to M2 macrophages. Interleukin-1β concentrations in SF decreased after HTO. Cartilage 
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fragments were responsible for M1 macrophage polarization and pro-inflammatory genes and 

proteins expression in macrophage, whereas cartilage fragments upregulated only IL-6 protein 

in FLSs. Postoperative KOOS positively correlated with the expression of the M2-related genes 

CCL18 and CD206. 

Conclusion: Correction of lower-limb alignment with HTO attenuated synovial inflammation 

and changed macrophage polarization from M1 to M2, suggesting an improved intra-articular 

environment of knee OA.  
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Introduction  

Osteoarthritis (OA) is the leading cause of disability worldwide. In particular, knee OA causes 

pain and distress in >20% of elderly patients and limits their quality of life (1). Disease-

modifying drugs for knee OA are unknown, and arthroplasty is eventually performed on end-

stage patients to alleviate severe symptoms. Knee OA has long been considered a “wear and 

tear” disease due to mechanical loading that leads to loss of cartilage (2). OA is not presently 

regarded as a wear and tear condition but rather a multifactorial disease that affects whole joint 

tissues and is characterized by progressive degeneration of the articular cartilage, subchondral 

bone remodeling, osteophyte formation, and synovial inflammation (3). Accumulating 

evidence suggests that synovial inflammation is associated with knee symptoms and 

progressive OA (4). 

Malalignment is a major risk factor for knee OA. A large knee adduction moment in varus 

knee alignment increases pressure loading on the cartilage, which causes the breakdown of the 

cartilage matrix and subsequent joint space narrowing (5,6). The mechanism of cartilage 

breakdown is complex and is not simply wear and tear. Micro cartilage fragments enhance the 

production of pro-inflammatory cytokines and matrix degradation enzymes, which further 

accelerate cartilage destruction (7). The progression of OA is thought to be irreversible, but 

correction of malalignment by knee osteotomies, such as high tibial (HTO) and distal femoral 

osteotomy, can relieve symptoms and functions while preserving OA joints (8). Although 
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biomechanical findings have shown that HTO decreases medial compartment loading (9-14), 

whether inflammation and the production of matrix degradation enzymes in the biological 

microenvironment are altered by optimizing knee alignment after correction remains unclear. 

Biological and biomechanical improvements would be ideal for achieving the “remission” of 

progressive knee OA. 

Synovial inflammation has been reported as the precursor of OA onset (15). Several studies 

have reported that synovial macrophages are positively correlated with OA progression and 

disease severity; thus, synovial macrophages play an important role in synovitis of OA (16,17). 

Macrophages can be broadly classified into classically activated M1 macrophages and 

alternatively activated M2 macrophages in response to their microenvironmental stimuli (18). 

In the murine model, synovial macrophage M1 polarization accelerates the experimental 

collagenase-induced OA progression, whereas M2 polarization significantly alleviates OA 

development (19).  

The role of macrophages in knee OA, especially in realignment surgery, is poorly understood. 

Information about biomarkers and micro-RNA (miRNAs) in synovial fluid (SF) and blood is 

also scant (20,21), and the environment of the knee joint after alignment correction has not 

been comprehensively investigated as far as we can ascertain. Therefore, we investigated 

changes in the biological microenvironment of the knee joint after HTO. We postulated that 

correcting the extra-articular alignment by HTO would result in decreased intra-articular 
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inflammatory cytokine expression and catabolic factors, and synovitis.  

 

Materials and Methods  

Study participants 

This study was approved by the Kyoto University Graduate School and Faculty of Medicine, 

Ethics Committee (R1529) and was performed per the principles of the Declaration of Helsinki. 

All patients provided written informed consent to participate. Consecutive patients who 

underwent medial open-wedge HTO between June 2018 and May 2020 for isolated medial 

compartment knee OA with varus malalignment were prospectively included. The exclusion 

criteria comprised patients with inflammatory arthritis, coexisting osteonecrosis, and a history 

of surgery on the ipsilateral knee other than surgery on the meniscus, who underwent a revision 

or an additional surgery after initial HTO before plate removal, and whose plate was not 

removed. 

Clinical and radiological evaluation 

We preoperatively and postoperatively (at the time of plate removal) determined knee injury 

and osteoarthritis outcome scores (KOOS) and evaluated standing full-length anteroposterior 

radiographs of the lower limbs. Knee OA was graded using the Kellgren–Lawrence 

classification (22). Knee alignment was assessed by measuring the hip–knee–ankle (HKA) 

angle and weight-bearing line (WBL) ratio (<50% indicates varus alignment) (23). The HKA 
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angle is determined as the angle between the line connecting the hip and knee center and the 

line connecting the knee and ankle center. The WBL was drawn from the center of the femoral 

head to the center of the superior articular surface of the talus. The WBL ratio was defined as 

the perpendicular distance from the WBL to the medial edge of the tibial plateau divided by 

the width of the tibial plateau. Medial and lateral joint space width was measured to identify 

whether radiological improvement was achieved. 

Surgical procedure 

Patients were treated by HTO as previously described, with a target WBL ratio of 62.5% (24). 

Two Osferion60 β-tricalcium phosphate wedge spacers (Olympus-Terumo Biomaterials, Tokyo, 

Japan) were inserted into the gap, and the osteotomy was fixed with TomoFix™ Medial High 

Tibial Plate (DePuy Synthes, Oberdorf, Switzerland). Full weight-bearing was allowed from 4 

weeks after surgery. Synovial tissue (ST) and SF samples were collected at the initial HTO and 

before removing the plates at about one year after HTO when bone healing was confirmed. SF 

was aspirated without lavage using the superior-lateral suprapatellar approach. Thereafter, 

cartilage status in the medial femoral condyle (MFC) was evaluated by arthroscopy using the 

International Cartilage Repair Society (ICRS) classification (25), and ST samples were 

obtained from the suprapatellar pouch. The weighted kappa coefficient for the ICRS 

classification by two investigators (SY and YK) was 0.85. 

Isolation of RNA 
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Total RNA from STs was extracted from fresh samples using a TRIzol reagent (Thermo Fisher 

Scientific Inc., Waltham, MA, USA) and purified using RNeasy Mini Kits (Qiagen, Hilden, 

Germany) according to the manufacturer’s protocol. 

Microarray analysis 

Total RNA from three pre- and postoperative pairs from the first 5 HTO patients passing 

optimal quality control was analyzed using human Clariom™ S Assay microarrays (Thermo 

Fisher Scientific Inc.), and genes of interest were analyzed using Affymetrix Transcriptome 

Analysis Console v. 4.0.2. We used the DAVID database (https://david.ncifcrf.gov/) for 

annotation visualization and integrated discovery. Expressed genes with P <0.05 and ±2-fold 

changes obtained by performing paired analysis were considered significant. Gene Ontology 

(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were analyzed using 

the adjustment of false discovery rate (FDR) values. Cell proportions were determined by 

deconvolution analysis using MuSiC (26) based on single-cell sequencing data (27).  

Real-time reverse transcription–polymerase chain reaction (qRT-PCR) 

First-strand complementary DNA was reverse-transcribed from purified RNA using ReverTra 

Ace® qPCR RT Master Mix (TOYOBO, Osaka, Japan) as described by the manufacturer, then 

qRT-PCR proceeded using SYBR Green Real-time PCR Master Mix (TOYOBO) on an ABI 

Step One Plus RT-PCR System (Thermo Fisher Scientific Inc.). Based on the leading 

microarray signals, genes of interest were selected, and qRT-PCR was performed on all 31 
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patients, including 3 patients for whom microarray analyses were performed. The relative 

expression of target genes was normalized to the expression of glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) and calculated by the 2ΔΔCT method. All assays were performed in 

duplicate. Supplementary Table 1 shows the PCR primers. 

Histological analysis and immunofluorescence 

Synovium samples were immediately embedded in the Tissue-Tek OCT compound (Sakura 

Finetek Japan, Tokyo, Japan), frozen by liquid nitrogen, and stored at −80 °C until sectioning. 

Frozen sections were cut into 12-μm sections, fixed in 4% paraformaldehyde (PFA) for 15 min, 

and were histologically stained with hematoxylin and eosin stain to evaluate the synovial 

activation using Krenn synovitis scores (28). Three components of synovitis (lining layer 

hyperplasia, activation of stroma cells, and inflammatory infiltrate) were each scored from 0–

3 and summed to a total score ranging from 0–9, with scores of 1–4 indicating low-grade 

synovitis and scores of 5–9 indicating high-grade synovitis. The weighted kappa coefficient 

for this scoring by two investigators (SY and YK) was 0.77. For immunofluorescence, sections 

were fixed in 4% PFA for 15 min and immersed in HistoVT One (Nacalai Tesque, Kyoto, 

Japan) for 20 min at 60 °C to unmask the antigen. Sections were left to cool for 15 min before 

being washed twice in phosphate-buffered saline (PBS). The sections were blocked using 10% 

goat serum at room temperature for 1 h and were stained with primary immunofluorescent 

antibodies to detect the macrophage marker CD68 (ab955) or CD11b (ab34216), the M1-like 
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macrophage marker CD80 diluted at 1:250 (ab134120), the M2-like macrophage marker 

CD206 diluted at 1:500 (ab64693), and the tissue-resident macrophage marker lymphatic 

vessel endothelial hyaluronan receptor 1 (LYVE1) diluted at 1:250 (ab33682; all from Abcam, 

Cambridge, UK) (29), followed by Alexa Fluor 488 goat anti-mouse IgG secondary antibodies 

diluted at 1:250 (A-11029), Alexa Fluor 555 goat anti-rabbit IgG diluted at 1:250 (A-21429) in 

Can Get Signal® immunostain Solution B (TOYOBO) at room temperature for 1 h. After 

incubation, stained sections were washed three times in PBS and mounted with Prolong® Gold 

Antifade Reagent with 4′,6-diamidino-2-phenylindole (all from Thermo Fisher Scientific Inc.). 

Fluorescence images were analyzed using a BZ-X710 microscope (Keyence, Osaka, Japan).  

Synovial fluid analysis 

The SF samples were centrifuged, and the supernatants were stored at –80 °C. The cytokine 

profiles of the interleukin (IL)-1RA, IL-6, IL-10, IL-13, CCL3 (MIP-1α), tumor necrosis factor 

(TNF)-α, and the interferon (IFN)-γ in SF were analyzed using Pro-Human Cytokine Multiplex 

Assays (Bio-Rad Laboratories Inc., Hercules, CA, USA) and Quantikine ELISA Kits (R&D 

Systems, Minneapolis, MN, USA) for IL-1β. All assays were performed in duplicate. The 

number of cartilage fragments in SF was analyzed using Countess (Thermo Fisher Scientific 

Inc.) without centrifugation in additional SF samples collected between July and December 

2021 from seven patients during HTO and seven at the time of plate removal after HTO. 

Primary macrophage and fibroblast-like synoviocytes (FLS) stimulation in vitro 
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Peripheral blood mononuclear cells (PBMCs) from total 6 healthy donors were obtained by 

density gradient centrifugation with Lymphocyte Separation Solution® (Nacalai Tesque) 

(30,31). CD14+ monocytes were isolated using CD14 magnetic microbeads (Miltenyi Biotec, 

Bergisch Gladbach, Germany) according to the manufacturer’s protocol. CD14+ monocytes 

were cultured at a density of 0.5 × 106 cells/mL with 50 ng/mL macrophage colony-stimulating 

factor (M-CSF) (Pepro Tech, Cranbury, NJ, USA) for the generation of macrophages. On day 

3, the M-CSF supplemented medium was refreshed. On day 6, cells were washed and used for 

functional assays. Cells were cultured in the RPMI 1640 medium (Gibco; Thermo Fisher 

Scientific, Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; MP 

Biomedicals, Santa Ana, CA, USA), 2 mM glutamine, 100 U/mL penicillin, and 100 μg/mL 

streptomycin (Gibco; Thermo Fisher Scientific) at 37 °C with 5% CO2. To confirm the presence 

of differentiated macrophages, immunofluorescence staining for CD68 (Abcam) was 

performed as previously described. We evaluated the effects of humoral factors in SF on 

macrophages stimulated using a medium containing 50% SF obtained during HTO or plate 

removal, then RNA was extracted. FLS were cultured using human STs obtained from total 

knee arthroplasty (TKA) in 5 patients with OA as previously reported (32). Briefly, STs were 

minced and digested with 2 mg/mL collagenase (Wako, Osaka, Japan) in Dulbecco’s Modified 

Eagle’s Medium (DMEM; Sigma Aldrich, St. Louis, MO, USA) containing 100 U/mL 

penicillin and 100 μg/mL streptomycin at 37 °C for 2 h, followed by digestion with 0.05% 
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trypsin and 0.02% ethylenediaminetetraacetic acid (EDTA) at 37 °C for 30 min. The cells were 

cultured in DMEM containing 10% FBS (MP Biomedicals) in 100-mm dishes (Iwaki, Tokyo, 

Japan) at 37 °C in a humidified 5% CO2 atmosphere. After 3–5 passages, FLSs were plated on 

60-mm dishes (Corning, NY, USA) in DMEM containing 10% FBS for assays. Cartilage 

fragments were prepared from the cartilage tissues of patients with primary OA who underwent 

TKA. As previously described (33), isolated cartilages were rinsed using ice-cold PBS and then 

crushed twice at 2000 rpm for 10 s using Medical Beads Shocker (Yasui Kikai, Osaka, Japan) 

with chamber and ball precooled with liquid nitrogen, then cartilage fragments were filtered 

by 40 μm porous nylon mesh filters to remove large cartilage fragments. The number and size 

of cartilage fragments were assessed using Countess (Invitrogen). The cartilage fragments were 

confirmed to be comparable in size to the cartilage fragments isolated from OA SF (34,35) 

(Supplementary Figure 1). The cartilage fragments were kept at −80 °C until further use. 

PBMC derived macrophages and FLSs were cultured with or without cartilage fragments at a 

ratio of 1:3 (low density) and 1:10 (high density) for 24 h. The macrophages were harvested, 

and CD80 immunostained with fluorescent antibodies was quantified as fluorescence emission 

using Image Analyser (KEYENCE). Total RNA was extracted to analyze gene expression with 

TATA-binding protein (TBP) as a housekeeping gene for macrophages and GAPDH for FLSs. 

Enzyme-linked immunosorbent assay was performed to measure the concentration of human 

IL-1β, IL-6, and TNF-α in culture supernatants using Quantikine ELISA Kits (R&D Systems).  
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Statistical analysis 

The results are presented as the means ± standard deviation for normally distributed data and 

as medians with interquartile ranges for non-normally distributed data. Clinical data from 

samples obtained during HTO and plate removal were compared by the Wilcoxon matched-

pairs signed-rank tests unless otherwise indicated. The numbers of cartilage fragments were 

compared by Mann–Whitney U tests. The effects of SF and cartilage fragments on primary 

macrophages and FLSs in vitro were analyzed by paired t-tests and one-way analyses of 

variance with Tukey post-hoc tests, respectively. Correlations between KOOS and synovial 

gene expression were determined by Spearman rank correlations. Statistical analyses were 

performed using GraphPad Prism version 9.1.2 (GraphPad Software, San Diego, CA, USA) or 

SPSS version 24.0 (IBM, Armonk, NY, USA). Values with P <0.05 were considered 

statistically significant.  

The sample size was calculated using R 3.3.1 (R foundation, Vienna, Austria) with the EZR 

(Saitama Medical Center, Jichi Medical University, Saitama, Japan) plug-in with power = 0.8 

and alpha error = 0.05 based on changes in synovial gene expressions because of drug treatment 

and changes in protein levels in joint fluid because of surgical intervention (n = 25 and n = 20, 

respectively) (20,36). A post-hoc power analysis using alpha error = 0.05 for M2-related genes 

revealed powers of 0.92 and 0.81 in the 31 patients for CCL18 and CD206, respectively. 
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Results  

Characteristics of the patients 

A total of 40 consecutive patients were initially included, then five patients with osteonecrosis 

and three without plate removal due to unrelated reasons to the postoperative course were 

excluded. One patient with a surgical site infection who needed additional surgery was also 

excluded. Table 1 shows the demographics and clinical features of the 31 patients who were 

included in the study. Plates were removed 13.2 ± 2.2 months after HTO. The ICRS 

classification of MFC improved in 11 (35%) patients after HTO, and deterioration was not 

evident. Medial joint space width was increased after HTO, and lateral joint space width was 

maintained. 

Microarray analysis 

Microarray analysis of the three patients identified 477 differentially expressed genes (DEGs) 

between the samples obtained during HTO and plate removal. Of these, 252 were upregulated, 

and 225 were downregulated after plate removal compared with HTO (Figure 1A). 

Supplementary Table 2 shows each of the top 20 upregulated and downregulated DEGs. The 

GO results of the DEGs showed that the downregulated genes were mainly associated with 

inflammatory processes, such as cellular response to tumor necrosis factor, neutrophil 

chemotaxis, cellular response to IL-1 and chemokine-mediated signaling pathway, 

inflammatory response, and monocyte chemotaxis (Figure 1B). No upregulation-associated 
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GO term was observed. The KEGG pathway results showed that the upregulated genes were 

mainly associated with oxidative phosphorylation (Figure 1C). In contrast, inflammatory-

related pathways such as the toll-like receptor signaling pathway, rheumatoid arthritis, TNF 

signaling pathway, cytokine-cytokine receptor interaction, NF-kappa B signaling pathway, and 

chemokine signaling pathway were downregulated (Figure 1D). The results of analyzing cell 

deconvolution in STs using MuSiC showed that the proportion of inflammatory macrophages 

tended to decrease after plate removal, whereas other cellular components were generally 

similar between HTO and plate removal (Figure 1E). 

Gene expression in synovial tissues 

Gene expression was compared between the STs collected during HTO and plate removal 

(Figure 1F). The gene expression of the catabolic enzymes ADAMTS4, MMP1, MMP3, and 

MMP13 did not significantly differ. The expression of the inflammatory cytokines, IL1B and 

IL6, was downregulated at the time of plate removal, whereas that of TNFA was not. Among 

macrophage-related chemokines and cytokines, the expression of CCL3 (M1-macrophage-

related) was downregulated, and that of CCL18, IL1RA, and IL10 (M2-macrophage-related) 

were upregulated at the time of plate removal. The expression of a surface marker of M2-

macrophages CD206 was upregulated, whereas that of the M1-macrophage markers CD80 was 

not significantly altered.  
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Histological findings 

Many hyperplastic cells lined the synovium, and the inflammatory cell infiltration was 

abundant in HTO (Figure 2A). In contrast, diminished inflammation at the time of plate 

removal was confirmed by reduced synovitis scores (P <0.001) (Figure 2B). The proportions 

of CD80 and CD206 positive macrophages in the synovium were respectively decreased and 

increased one year after HTO (Figure 2C–F). The polarity of macrophages was tested using 

CD11b as an alternative macrophage marker to CD68, and consistent trends were observed 

(Supplementary Figure 2A-D). The proportions or location of LYVE1-positive macrophages 

as tissue-resident macrophages in the synovium were not changed one year after HTO 

(Supplementary Figure 2E and F). 

Synovial fluid findings 

Supplementary Table 3 shows the cytokine profiles of preoperative and postoperative SF. The 

median concentration of IL-1β was reduced from to 0.62 pg/mL (interquartile range: 0.22-1.26 

pg/mL) to 0.22 pg/mL (interquartile range: not detectable -0.87 pg/mL) after HTO (P = 0.03), 

whereas the levels of IL-6, TNF-α, CCL3, IFN-γ, IL-1RA, IL-10, and IL-13 did not change. 

Stimulation of macrophages and FLSs in vitro 

The differentiation of human primary macrophages was confirmed by immunofluorescence 

staining (Supplementary Figure 3). Stimulating macrophages with humoral factors of SF at 
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HTO and plate removal did not affect the transcription of pro-inflammatory cytokines or 

macrophage markers (Supplementary Figure 4). We then investigated the effects of cartilage 

fragments on macrophages and FLSs. Cartilage fragments were less in the SF at plate removal 

than during HTO (Supplementary Figure 5). The stimulation of macrophages with a high 

density of cartilage fragments increased the mean signal intensity of CD80 in the macrophage 

cytoplasm (Figure 3A and B) and upregulated the pro-inflammatory cytokines (IL1B and IL6) 

and CD80 (Figure 3C) and significantly increased concentrations of IL-1β, IL-6, and TNF-α 

(Figure 3D). In contrast, the stimulation of FLSs with cartilage fragments did not affect the 

transcription of pro-inflammatory cytokines (Figure 3E) and increased only IL-6 protein levels 

(Figure 3F). 

Association with clinical findings 

The gene expression of M1-associated CD80 in ST correlated negatively with postoperative 

(plate removal) and delta (postoperative minus preoperative) KOOS scores, whereas that of 

M2-associated CD206 and CCL18 correlated positively with postoperative KOOS scores 

(Figure 4). 

 

Discussion 

We showed that synovial inflammation in the OA joint might be reversed by correcting knee 

alignment. The expression of pro-inflammatory cytokines and synovitis was partially 
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suppressed in STs, and the polarity of synovial macrophages became M2-dominant. Cartilage 

fragments rather play a more critical role than humoral factors in macrophage polarization. 

However, catabolic enzymes were not reduced, which was contrary to our hypothesis. 

Surgical HTO reduces symptoms and prevents disease progression in younger and active 

elderly patients by changing the alignment of the lower limb from varus to valgus (37). 

Biomechanical studies revealed decreased medial compartment loading after HTO (9-14). 

However, little is known about the effects of HTO on the intra-articular microenvironment. The 

miR-30c-5p, which regulates macrophage-mediated inflammation and OA pathogenesis, is 

increased in SF after HTO and correlates with postoperative pain relief (21). Concentrations of 

IL-6, IL-8, MMP-2, MMP-3, MMP-13, VEGF, and COMP are significantly decreased in SF 

after HTO (20). However, we found that only IL-1β significantly decreased in SF. These 

contradictory findings might be due to differences in patient background, disease severity, and 

the timing of plate removal.  

Synovitis is prevalent in patients with OA, and the synovium of OA produces pro-

inflammatory cytokines, resulting in low-grade inflammation, but little is known about whether 

inflammation is reversible (4,38). Our transcriptional and histological findings of improvement 

of synovial inflammation may indicate that inflammation was reversible. Synovial 

macrophages are associated with OA progression (16,17). Macrophages are broadly classified 

as having classically and alternatively activated M1 and M2 phenotypes, respectively (18). Pro-
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inflammatory M1 macrophages activated by IFN-γ, lipopolysaccharide, and TNF-α secrete 

abundant pro-inflammatory cytokines and mediators such as TNF-α, IL -1β, IL-6, and IL-12 

(39). Wound-healing M2 macrophages stimulated by IL-4 or IL-13 produce anti-inflammatory 

cytokines such as IL-10, IL-1RA, and transforming growth factor-β (40). The role of polarized 

macrophages in the pathogenesis and progression of OA has been highlighted. The ratio of M1 

to M2 macrophages is clearly higher in knee OA compared with controls (41). Furthermore, 

M1, but not M2, macrophages accumulate in human and mouse knee OA synovium, and 

synovial M1 macrophages exacerbate experimental collagenase-induced OA, whereas M2 

macrophages attenuate OA development (42). We found that preoperative synovial 

macrophages were polarized to the M1 phenotype, whereas they changed to the M2 phenotype 

upon alignment correction by HTO. The polarization of M2 macrophages might play an anti-

inflammatory role in knee OA, possibly contributing to articular cartilage repair. 

 One explanation for the altered macrophage polarization could be a change in cartilage 

fragment production. Histological findings of human OA tissues have shown that cartilage 

fragments in the synovium elicit an inflammatory response (43,44). Cartilage fragments trigger 

macrophage inflammatory responses in vitro that enhance catabolic factors in chondrocytes 

(33). In the present study, not humoral factors in SF but cartilage fragments affected 

macrophage polarization. Cartilage fragments also acted on FLS to produce IL-6. A possible 

mechanism of the effect of HTO is that load bearing shifts from damaged medial cartilage to 
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less-degenerated lateral cartilage, which decreases the production of cartilage fragments, 

resulting in the decreased gene expression of pro-inflammatory cytokines in synovial cells, 

including fibroblast and macrophage, accompanied with macrophage polarization to the M2 

phenotype (Figure 5).  

This study has several limitations. The sample was relatively small, and our findings depended 

on the timing of sample collection during HTO and plate removal. Unlike a previous study 

with a longer follow-up (20), we did not find attenuated catabolic enzymes. We anticipate that 

the intra-articular biological environment will be further altered by a longer follow-up. 

However, postoperative samples could not be collected from the patients multiple times 

because of ethical restrictions. The sample size for microarray was just three. We planned it for 

the first five patients; however, due to the strict quality control for microarray, three pre- and 

postoperative pairs were finally available for microarray. Due to the limited samples, FDR 

adjustment did not yield significant DEGs; hence, a non-adjusted P value was used. Thus, the 

risk of alpha error existed. However, GO and KEGG pathway analyses were performed with 

FDR adjustment. We postulated the prospect with microarray using a small number of samples, 

and subsequent analyses were performed for all patients to investigate the hypothesis. We 

collected synovial samples only from the suprapatellar pouch, although the knee joint has 

several other synovial sites. A previous magnetic resonance imaging study reported that the 

most common sites for definite synovitis are posterior to the posterior cruciate ligament (PCL) 
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in 71.2% of all knees and the suprapatellar region in 59.5% of all knees (45). Sample collection 

from the posterior of the PCL is challenging, but the suprapatellar pouch can be easily accessed; 

therefore, the suprapatellar pouch is considered a reasonable sampling site. The effects of 

different sampling sites were minimized by standardizing the sampling location to the 

suprapatellar pouch, and the deconvolution results confirmed that the cell distribution was 

similar between the two sampling times. Although we showed changes in the polarization of 

macrophages to the M2 phenotype, this did not provide enough evidence that macrophages 

mainly regulated the synovial inflammatory environment and the tissue responses observed 

post HTO. Further study is needed to elucidate the precise mechanism of cellular response after 

alignment changes in synovial tissues. Finally, to evaluate the healing of the cartilage directly, 

sampling the cartilage at two time points was ideal. However, to protect the cartilage, it was 

clinically and ethically difficult to harvest the cartilage from the patients.  

To conclude, we showed that mechanical realignment alters the biological microenvironment 

of the knee joint. Surgical HTO is a joint preservation procedure that improves mechanical 

loading that changes inflammatory status in the knee joint and alters synovial macrophage 

polarization to a pro-healing phenotype.  

 

Data availability  

The data that support the findings of this study are available from the corresponding author 
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upon reasonable request. Microarray data for this study have been deposited in the NCBI Gene 

Expression Omnibus database (GSE220596). 
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Figure legends 

Figure 1. Comparing gene expression profiles in the synovium at initial HTO and plate removal 

by microarray analysis (n = 3) and real-time reverse transcription–polymerase chain reaction 

(qRT-PCR) (n = 31). The volcano plot (A) shows the differential expression of 477 genes (red: 

upregulated and blue: downregulated genes >2-fold change) compared with the synovium at 

HTO. Representative Gene Ontology (GO) processes of downregulated (B) genes at plate 

removal. Representative Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway of 

upregulated (C) and downregulated (D) genes at plate removal. The proportion of cells in the 

synovium (E) was analyzed by deconvolution analysis with MuSiC using single-cell 

sequencing data (27). (F) Gene expression (relative to GAPDH) of catabolic factors, pro-

inflammatory and anti-inflammatory cytokines, chemokines, and macrophage surface markers 

in synovial tissues at HTO (Pre) and plate removal (Post). qRT-PCR was performed in duplicate 

and repeated twice. The same patients were connected by lines pre- and post-HTO for all 31 

patients, and the three cases used for the microarray were marked in red. Bars indicate medians 

and interquartile ranges. *: P <0.05, **: P <0.01, and ***: P <0.001 (Wilcoxon matched-pairs 

signed-rank tests). HTO, high tibial osteotomy; Pre, initial HTO; Post, plate removal 

 

Figure 2. Synovitis scores and macrophage phenotypes at high tibial osteotomy (HTO) (Pre) 

and plate removal (Post). (A) Representative images of synovial tissue (ST) samples stained 
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with hematoxylin and eosin showing all three features of the synovitis scoring system. Black 

scale bars, 200 μm. (B) Synovitis scores. Representative images of double 

immunofluorescence staining of CD68 and macrophage polarization markers CD80 (C) and 

CD206 (D) on STs. White scale bars, 50 μm. Percentages of CD80 (E) and CD206 (F) positive 

vs. total macrophages. P values were determined by the Wilcoxon matched-pairs signed-rank 

test. Bars in graphs indicate medians and interquartile ranges. 

 

Figure 3. Stimulation of peripheral blood mononuclear cell (PBMC) derived macrophages and 

fibroblast-like synoviocytes (FLSs) by cartilage fragments. Representative images (A) of 

CD80-positive macrophages stimulated with cartilage fragments and stained with 

immunofluorescence. Scale bars, 20 μm. Mean signal intensity (B) of CD80 in macrophage 

cytoplasm (n = 5). Gene expression in PBMC derived macrophages (n = 4) (C) and FLSs (n = 

5) (E) stimulated with cartilage fragments determined by real-time polymerase chain reaction. 

The expression of RNA was normalized to those of TBP for macrophages and GAPDH for 

FLSs. The concentration of inflammatory cytokines in culture supernatants of macrophages (n 

= 4) (D) and FLSs (n = 5) (F) stimulated with cartilage fragments. (−) no cartilage fragments; 

(+) and (++) low- and high-density cartilage fragments, respectively. Bars in graphs indicate 

the mean and standard deviations. The experiments were performed in duplicate and repeated 

twice. *P <0.05, ** P <0.01, *** P <0.001, by one-way analysis of variance and Tukey post-



HTO changes macrophage polarization in knee OA 

30 

 

hoc tests.  

 

Figure 4. Associations between clinical scores and macrophage-related gene expression.  

Spearman correlations between gene expression in synovial tissue (ST) and knee injury and 

osteoarthritis outcome scores (KOOS): total score at plate removal (Post-op) (A) and between 

gene expression in ST and ΔKOOS: total score between before high tibial osteotomy (HTO) 

and at plate removal (B). Δ, delta (difference).  

 

Figure 5. Summarized schema of the study. A possible mechanism underlying the beneficial 

effects of the high tibial osteotomy might be that reducing load-bearing in the damaged medial 

cartilage decreases cartilage fragment production that results in decreased inflammatory 

cytokine expression and polarization to M2 macrophages. 
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Table 

Table 1. Demographics showing characteristics of the study population. 

n = 31 Pre (at HTO) Post (at plate removal) P-value 

Age, years 61.1 ± 7.5 
  

Sex, Female (n, %) 19, 61% 
  

Body mass index, kg/m2 27.0 ± 4.0 
  

KL grade 1/2/3/4, (n, %) 3(10)/10(32)/13(42)/5(16) 1(3)/9(29)/15(48)/6(19) 0.18 

HKA angle, degree 7.8 ± 4.0 varus 0.9 ± 2.8 valgus <0.001* 

WBL ratio, % 14.9 ± 16.7 53.4 ± 11.4 <0.001* 

KOOS, point 60.1 (47.0–69.6) 86.3 (75.6–91.1) <0.001 

ICRS grade 2/3/4, (n, %) 2(6)/15(48)/14(45) 8(26)/14(45)/9(29) 0.001 

Medial JSW, mm 2.3 ± 1.7 2.8 ± 1.2 <0.001* 

Lateral JSW, mm  6.1 ± 1.8 5.8 ± 1.5 0.07* 

HTO, high tibial osteotomy; KL, Kellgren–Lawrence; HKA, hip–knee–ankle; WBL, weight-

bearing line; KOOS, Knee injury and Osteoarthritis Outcome Score; ICRS, International 

Cartilage Repair Society; JSW, joint space width. P values were calculated with the Wilcoxon 

matched-pairs signed-rank test except for * (Paired t-test).  
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Figure 3
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