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Abstract

Objective: To evaluate the role of immune cells and their effector cytokines from matched 

synovial fluid (SF) and synovium (SV) in the pathogenesis and progression of osteoarthritis (OA).

Methods: SV and matched SF cells acquired from individuals undergoing total knee replacement 

for OA (n=39) were characterized for immune cell-associated surface markers and intracellular 

cytokine expression using polychromatic flow cytometry. Additional individuals with radiographic 

knee OA (Kellgren Lawrence grades ≥1) had available etarfolatide imaging (inflammatory cell 

imaging, n=26) or baseline and 3-year knee radiographic OA progression (n=85) data. SF cytokine 

concentrations of all cohorts were evaluated for associations with SV and SF cell phenotypes and 

radiographic OA severity.

Results: Macrophages (SV predominant, 53% of total cells) and neutrophils (SF predominant, 

26% of total cells) were the major immune cell populations in OA joints, expressing and 

associated with SF transforming growth factor beta-1 (TGF-β1) and elastase, respectively. TGF-β1 

and elastase were significantly associated with radiographic knee OA severity. Baseline SF 

concentrations with radiographic scores predicted knee OA progression with areas under the 

Receiver Operating Characteristic curves of 0.810 (TGF-β1), 0.806 (elastase), and 0.846 

(combination), with greater stability of prediction when both were utilized.

Conclusions: Our findings demonstrate the hitherto under-appreciated role of neutrophils in the 

sterile inflammatory process and progression of OA. The soluble mediators, SF elastase and TGF-

β1, are strong predictors of OA progression reflecting a synergistic role of neutrophil and 
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macrophage populations in the pathogenesis and worsening of OA that could potentially be 

utilized to identify patients with risk for more rapid disease progression.

Introduction

Osteoarthritis (OA) is considered a whole joint organ disease with an important 

inflammatory component involving immune cells, such as macrophages, and their effector 

cytokines1–3. Magnetic resonance imaging (MRI) and ultrasound confirm a high prevalence 

of joint inflammation in OA4, 5. Moreover, the presence of MRI-detected inflammation has 

recently been shown to predict incident radiographic OA (rOA) a year later6. Low-grade 

inflammations induced by the metabolic syndrome, innate immunity, and inflammaging 

have all been suggested to play a role in the initiation and perpetuation of the OA process1. 

Taken together, these studies highlight the critical role of inflammation in the pathogenesis 

of OA.

Our pilot study using etarfolatide imaging to visualize activated but not resting cells 

demonstrated the presence of immune cells with functional folate receptor (FR), 

traditionally considered activated macrophages, in the majority (76%) of OA knees studied7. 

The presence and number (based on the intensity of etarfolatide uptake) of FR positive 

immune cells was strongly correlated with knee joint symptoms (ascertained as the severity 

of knee pain, aching, and stiffness). Strikingly, other sites commonly affected by OA 

(shoulder, hands, ankles) also showed a high frequency of FR positive immune cells whose 

abundance was positively associated with patient-reported joint symptoms7. We 

subsequently determined that FR bearing cells included both activated macrophages, as 

described in the literature8 but also a subset of neutrophils9. Further, we found that the 

synovial fluid concentrations of two macrophage generated soluble proteins, CD14 and 

CD163, were associated with radiographic knee OA progression10. CD14 can be found on 

various cell types, including monocytes and macrophages11. Cell surface CD14, used as part 

of the basis for macrophage identification in this study, is clearly linked to activation of 

innate immune responses, including the production of the inflammatory mediators TNF-α, 

IL-1, IL-6, IL-8, IL-10, and IL-1212–15.

Previous studies have also suggested that macrophages and macrophage-produced mediators 

help drive the inflammatory and destructive responses in the OA synovium16, 17. These 

results suggest that macrophages are involved in the pathogenesis of OA. However, the role 

of other major immune cells in the pathogenesis of OA has not been fully evaluated. 

Although prior evaluation of the role of neutrophils has generally been confined to 

rheumatoid arthritis18, a few studies have provided some indications of their involvement in 

OA. For example, matrix metalloproteinase 9 and neutrophil gelatinase-associated lipocalin 

form a complex in OA synovial fluid that is relevant to cartilage degradation19. In 

experimental arthritis in mice, neutrophils and NK cells interact to promote arthritis 

following intra-articular collagenase injection20. Colchicine, that inhibits neutrophil 

production of superoxide, and neutrophil adhesion, mobilization, recruitment, and 

chemotaxis21, has to date yielded both positive22–25 and negative26 results in clinical trials 

evaluating OA symptoms or progression.
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To advance the understanding of the role of immune cells in the pathogenesis of OA, we 

characterized the major immune cells in synovial tissue and synovial fluid and their effector 

cytokines in a total of 150 individuals with knee OA. Available etarfolatide and radiographic 

imaging data were used to assess for associations of joint inflammation and progression with 

immune cell populations in OA. Our findings in this study provide justification to utilize the 

immune cell effectors, TGF-β1 and elastase, to identify patients with a higher risk of OA 

progression.

Methods

Study Cohorts

Available patient information is summarized in Supplemental Table 1.

Total Knee Replacement Cohort: These biospecimens were collected from patients 

with knee OA undergoing total knee replacement at Duke University Hospital with IRB 

approval. Synovium (SV) and matched synovial fluid (SF) were collected as anonymized 

waste surgical specimens from 39 patients. Cells were isolated from SV and SF for 

polychromatic flow cytometric analysis. Samples from 17 patients were used for immune 

cell profiling and soluble cytokine quantification; samples from 8 patients were used for 

intracellular cytokine profiling and additional samples from 14 patients were used for FR 

specificity testing.

The Etarfolatide Scan Cohort (NCT01237405): Patients with unilateral or bilateral 

radiographic knee OA of Kellgren-Lawrence (KL) grade27 1–4 underwent aspiration of knee 

SF; directly aspirated SF, utilized for analyses of this study, was available from 26 knees of 

18 patients.

The Prediction of Osteoarthritis Progression (POP) Cohort: Patients with 

radiographic knee OA of KL 1–3 of at least one knee as previously described28, underwent 

aspiration of SF at baseline; directly aspirated SF, utilized for analyses of this study, and 3-

year follow-up clinical data were available for 85 knees of 60 patients with rOA from the 

POP cohort.

Radiographic scoring and definition of OA progression

Participants in the POP and Etarfolatide cohorts underwent knee radiography; each knee 

radiograph was scored for KL grade, and radiographic features of joint space narrowing 

(JSN) and osteophyte (OST) severity using the Osteoarthritis Research Society International 

(OARSI) standardized atlas29. Based on change over 3 years in radiographic features (JSN 

and OST scores) and total knee replacement (TKR) occurrence after the baseline evaluation, 

participants from the POP cohort were categorized into four mutually exclusive, 

successively more severe, OA progression outcome categories as follows: non-progression 

(NP); OST progression (OST+/JSN−); OST and JSN progression (OST+/JSN+); and 

progression to TKR.
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Cell isolation from synovial tissue

All biospecimens were collected under Duke Institutional Review Board approval. SV and 

SF, taken at the time of joint replacement surgery for OA, were processed within 2 hours of 

acquisition. After removing adjoining tissue, SV cells were isolated using an enzyme-free 

method with high cell viability, around 95%, and less than 5% fibroblasts (see Supplemental 

Methods and Supplemental Figure 2) that we previously showed preserved FR presence and 

function on macrophages9. Cells from matched SF were isolated by centrifugation; the cell-

free SF supernatants were stored at −80 °C until analysis.

Polychromatic flow cytometry analysis

SV and SF cells were stained for the following surface markers: HLA-DR, CD14, CD19, 

CD16, CD3, CD11c, and CD11b (see Supplemental Methods). To quantify cell type specific 

production of cytokines, cells isolated from SV and SF were cultured with Brefeldin A 

(BFA) for 2 h, then phenotyped with human surface marker antibodies: CD11b, CD11c, 

CD14, CD16 and CD3, and stained with antibodies against human TGF-β1 (Transforming 

growth factor beta-1, eBiocience) and elastase (Novus) according to the manufacturers’ 

protocols.

Synovial fluid cytokine measurements

Cytokines in SF, including IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, 

TNF-α (Human Proinflammatory Panel 1), IL-17A, IL-21, IL-22, IL-23, IL-27, IL-31, and 

MIP-3α (Human TH17 panel 1) were measured by immunoassays (MSD, Rockville, USA) 

according to the manufacturer’s instructions30. Neutrophil elastase, TGF-β1, and monocyte 

chemoattractant protein-1 (MCP-1) were measured using Platinum Enzyme-linked 

Immunosorbent Assays (Thermo Fisher, Waltham, USA). All these SF effectors were 

measured in the TKR cohort; only TGF-β1 and elastase were measured in the Etarfolatide 

and POP cohorts. In addition, archival data for SF IL-6 and IL-8, measured using a Bioplex 

Human Cytokine 17-plex assay (Bio-Rad, Hercules, CA), were available for the POP cohort.

Statistical analyses

Pearson correlations were used to assess associations of immune cell types and cytokines. 

Ordinal logistic regression was used to estimate the association between SF cytokines and 

OA progression based on the above-defined outcome groups. Receiver operating 

characteristic (ROC) curve analysis was employed to evaluate the performance of SF TGF-

β1 and elastase, as well as archival SF IL-6 and IL-8 data, with demographic covariates (age, 

gender, BMI) or radiographic covariates (total JSN and OST score) to discriminate between 

knee OA patients at high or low risk of any knee OA progression31, 32. The analyses were 

performed using JMP® Pro 13 (SAS, Cary, NC).

Results

Patient cohorts

A total of three OA cohorts were used for this research: a total knee replacement cohort 

(n=39); a radiographic knee OA cohort (KL grades ≥1) with available etarfolatide 
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(inflammatory cell) imaging (n=26); and a natural longitudinal radiographic knee OA 

progression cohort (n=85) with baseline and 3-year knee rOA progression data (see 

Supplemental Table 1). These cohorts were majority female, older (mean age >60 years), 

and obese (mean BMI >30 kg/m2). Of note, in the OA progression cohort, a total of 36 and 

49 individuals met criteria for any progression (>1 unit increase in JSN or OST or knee 

replacement) and non-progression, respectively.

Three major immune cell populations in OA joints

Using flow cytometric analyses, we determined that macrophages (CD14+/ CD11c+/

HLADR+/CD11b+ /CD16low), neutrophils (CD14−/CD11c−/HLADR−/CD11b+/CD16high), 

and T cells (CD45+/CD3+) were the three major immune cell populations in OA SV and SF 

(Figure 1A, Supplemental Figure 1&2, n=17 patients). Macrophages were the most 

abundant population in both the SF and SV. Overall, neutrophils were less abundant than 

macrophages and T cells. Although all three cell types were present in all joints, only 35% 

of joints had neutrophils representing more than 5% of total cells. Neutrophils were more 

abundant in SF than SV (a mean 26% vs. 8% of total cells). In contrast, macrophages were 

more abundant in SV than SF (a mean 53% vs. 38% of total cells). The number of T cells 

was not significantly different in SF and SV (a mean 36% vs. 35% of total cells) (Figures 

1A&B). A subset of immune cells (macrophages, neutrophils, and T cells) was identified as 

FR+ in both SF and SV (9% and 8% of the total live cells, respectively) based on their high 

uptake of folic acid (Figure 1A&B). We confirmed the functional specificity of the FR on 

macrophages and neutrophils by a significant reduction of fluorescent folic acid uptake with 

the addition of non-labeled folic acid (Supplemental Figure 3); in contrast, the small amount 

of folic acid uptake by the small number of FR+ T cells was not specific.

Representative SF effectors linked to macrophages and neutrophils in OA

In the TKR cohort (n=17), we identified profiles of soluble SF cytokines that were 

associated with neutrophil, macrophage, and T cell populations in knee OA joints (Figure 2). 

Soluble neutrophil secreted elastase (r=0.728, p=0.001) and neutrophil-attracting MIP-3α 
(r=0.235, p=0.364) were selectively positively associated with SF neutrophils. SF elastase 

was inversely associated with T cells in SF (r=−0.397, p=0.115) and SV (r=−0.241, 

p=0.369). SF neutrophils were also positive but not significantly associated with SF IL-6 

(r=0.451, p=0.069). By flow cytometry, we confirmed the expression of elastase in both SF 

and SV neutrophils (Supplemental Figure 4). In the TKR cohort, the total number of SF 

macrophages was positively associated with SF concentrations of IL-6 (r=0.503, p=0.04). 

The total number of SV macrophages was positively but not significantly associated with SF 

concentrations of any single soluble cytokine: IL-6 (r=0.127, p=0.639), TGF-β1 (r=0.253, 

p=0.344), TNF-α (r=0.304, p=0.291) and IL-27 (r=0.288, p=0.279) (Figure 2). In contrast to 

the positive but weak associations of SV macrophages with TGF-β1/IL-27/TNF-α, the 

associations of SF macrophages with these cytokines were negative (TGF-β1 (r=−0.320, 

p=0.21), TNF-α (r=−0.399, p=0.216) and IL-27 (r=−0.124, p=0.637)). By flow cytometry, 

macrophages expressed but were not a sole source of TGF β1 (Supplemental Figure 4). 

Although macrophages were also a source of IL-6, only a minority of SF and SV 

macrophages expressed this cytokine (Supplemental Figure 4).
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TGF-β1 and elastase identified as immune cell phenotypic markers for macrophages and 
neutrophils

To assess the role of various immune cell types in the pathogenesis and progression of OA, 

we aimed to identify biomarkers characteristic for each cell type. Based on flow cytometric 

analyses (n=8 patients), elastase and TGF-β1 were representative of the neutrophil and 

macrophage populations of the joint, respectively. Macrophages were the predominant 

source of TGF-β1 in SF (72%) and SV (79%); the amount of TGF-β1 produced per cell 

(based on the median fluorescence intensity, MFI) was significantly higher in macrophages 

from SV compared to SF (Figure 3A). In SV, the proportion of TGF-β1+ macrophages was 

significantly higher than the proportion of TGF-β1+ neutrophils; the amount of TGF-β1 per 

cell was also significantly higher in macrophages compared to neutrophils (Figure 3B). By 

flow cytometry, neutrophils, particularly SF neutrophils, appeared to be the predominant 

source of elastase (expressed by an average of 72% SF neutrophils). Elastase+ neutrophils 

were more abundant in SF than SV but the amount per cell was similar in both 

microenvironments (Figure 3C). Although an average of 12% (SF) to 23% (SV) of 

macrophages expressed elastase (Supplemental Figure 4), the MFI of elastase+ SF 

macrophages was significantly lower than the MFI in SF neutrophils (Figure 3D). The 

number of TGF-β1+ T cells was much lower than TGF-β1+ macrophages and no or very few 

elastase+ expressing T cells were detected (Figure 3E). The amount of TGF-β1 produced by 

T cells (based on the MFI) was also lower than that produced by macrophages.

SF TGF-β1 and elastase were positively associated with radiographic knee OA severity.

To determine the role of these two immune cell types in the pathogenesis and progression of 

OA, we measured TGF-β1 and elastase in SF biospecimens from highly phenotyped cohorts 

(Etarfolatide and POP) with a wide range of knee OA severity. After adjustment for age, 

gender, and BMI, SF TGF-β1 and elastase were both significantly associated with baseline 

knee rOA OST severity in both the Etarfolatide cohort (β=10.31, p=0.006 for TGF-β1 and 

β=2.54, p=0.041 for elastase) and POP cohort (β=2.29, p=0.012 for TGF-β1 and β=2.74, 

p=0.001 for elastase). Additionally, SF TGF-β1 and elastase were both significantly 

associated with baseline knee rOA JSN severity in the POP cohort (β=0.66, p=0.068 for 

TGF-β1 and β=0.95, p=0.005 for elastase).

SF TGF-β1 and elastase singly and in combination strongly predicted knee OA progression

Baseline SF elastase was also significantly and positively associated with OST progression 

(β=1.04, p=0.048) in the POP cohort for which 3-year longitudinal follow-up data were 

available. Baseline SF TGF-β1 and elastase were associated with the severity of OA 

progression based on four mutually exclusive, successively more severe, OA outcome 

progression groups. Successively worse outcomes were associated with higher mean 

baseline biomarker concentrations of SF TGF-β1 (Z score β=0.90 [95% confidence interval 

(CI) 0.45 to 1.39], p<0.0001, n=85), SF elastase (Z score β=1.10 [95% CI 0.51 to 1.70], 

p=0.0005, n=85), and their combination (Z score β=1.54 [95% CI 0.89 to 2.27], p<0.0001, 

n=85). Since the β values were standardized, higher β yielded by the combination of SF 

TGF-β1 with SF elastase suggests that patients with high SF TGF-β1 and elastase had the 

highest likelihood of more severe disease/progression.
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Mean baseline concentrations of SF TGF-β1 (3.8 pg/ml [95% CI 3.3 to 4.4 pg/ml], 

P<0.0001), SF elastase (26770 ng/ml [95% CI 20845 to 32695 ng/ml], P<0.01) and their 

combination (Z score 0.4 [95% CI 0.03 to 0.84], P<0.0001) in the any progression group 

(either OST progression, JSN progression or TKR during a 3-year follow-up interval), were 

significantly higher than the non-progression group mean concentrations of TGF-β1 (2.4 

pg/ml [95% CI 1.7 to 3.1 pg/ml]), elastase (11850 ng/ml [95% CI 9852 to 13847 ng/ml]), 

and their combination (Z score −0.88 [95% CI −1.24 to 0.51]) (Figures 4A, B&C).

We used ROC curves to further investigate the prognostic capability of these biomarkers to 

predict any OA progression vs. non-progression. Both TGF-β1 and elastase predicted any 

OA progression (Table 1, Supplemental Table 2a), yielding high area under the curve (AUC) 

values with bootstrapping validations: SF elastase AUC 0.776 (95% BCa [0.662, 0.863]); SF 

TGF-β1 AUC 0.768 (95% BCa [0.639, 0.858]). The combination (z-score) of the two 

cytokines yielded a higher AUC 0.827 (95% BCa [0.729, 0.903]) than either cytokine alone. 

Demographic covariates (age, gender, BMI) yielded AUC 0.596 (95% BCa [0.512, 0.633]); 

added to SF TGF-β1 and elastase they slightly improved the model predictive capability 

(increased AUCs), but not the model stability (decreased AICs) (Table 1). Baseline 

radiographic features (JSN with OST) yielded AUC 0.704 (95% BCa [0.631, 0.769]). The 

combination of radiographic features and cytokines improved the model performance (AUC 

0.806 (95% BCa [0.675, 0.874])) for OA progression. Although the combination of the two 

cytokines (TGF-β1 and elastase), demographics and radiographic severity variables 

performed very well as a predictor of any OA progression, yielding AUC 0.854 (95% BCa 

[0.715, 0.904], the lower order of the model (less than 1) indicated this model was unstable. 

The best predictive model (high AUC, low AICs and adequate lower/upper order) was 

provided by the combination of baseline SF TGF-β1, SF elastase and baseline radiographic 

features (JSN/OST), yielding AUC 0.846 (95% BCa [0.740, 0.907] (Table 1), with a mean 

specificity and sensitivity of all models of 75.9% and 80%, respectively (Table 1). Each of 

these markers yielded higher AUCs for OA progression than SF IL-6 and IL-8 

(Supplemental Table 2b).

Discussion

The inflammatory microenvironment of the OA joint is shown here to be orchestrated by 

macrophages, neutrophils, and multiple inflammatory cytokines. Previous studies have 

demonstrated the importance of macrophages and macrophage-related mediators in driving 

inflammatory and destructive responses in OA16, 17. However, the evaluation of the role of 

neutrophils in chronic arthritis inflammation has generally been confined to rheumatoid 

arthritis18 or indirectly related to OA19, 26. Our findings of the presence of neutrophils in SF 

and SV, their production of SF elastase, and the association of SF elastase with OA 

progression, clearly demonstrate the involvement of neutrophils in the sterile inflammatory 

process and progression of OA. Whereas macrophages were localized to both SV and SF, we 

found that neutrophils were predominantly localized to SF. SF elastase and SF TGF-β1, 

singly or combined, performed very well in discriminating between knee OA patients at high 

vs low risk of any knee OA progression.
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SF TGF-β1 was predominantly produced by SV macrophages. This result is consistent with 

the production of TGF-β1 predominantly within the synovial lining layer as shown 

previously3, 8, and an animal model study in which depletion of synovial macrophages 

resulted in a significant reduction of osteophyte formation33 (a TGF-β1 driven process34). 

Our findings are congruent with a prior study reporting a predominance of macrophage 

proliferation and the absence of neutrophils in OA synovial tissue3. Macrophages express 

the α4β7 integrin35 enabling their tethering in OA synovium via vascular cell adhesion 

molecule-1 (VCAM-1), expressed by SV fibroblasts. These α4 integrins are constitutively 

expressed on all human leukocyte subtypes except neutrophils36. The lack of α4 integrins on 

human neutrophils may, at least in part, account for the general lack of neutrophils in OA 

synovium. Additionally, transmigrating neutrophils secrete localized elastase, a serine 

protease with broad specificity that is protected from plasma inhibitors37. The expression of 

elastase enables neutrophils to transmigrate extracellular matrices and even modulate 

trafficking of other leukocyte subsets, such as T cells, by altering their endothelial-

associated chemotactic activities37. In our study, we observed that the SF concentration of 

elastase was inversely correlated with SF and SV T cell number; elastase-modulated 

leukocyte trafficking may contribute to these inverse associations37.

In this study, the number of SF macrophages was positively associated with SF IL-6. 

Although macrophages were a source of IL-6, only a minority of macrophages expressed 

this cytokine based on flow cytometric analysis. SF IL-6 was also positively associated with 

neutrophils. A recent study demonstrated that IL-6 was produced by a variety of types of OA 

synovial tissue cells, including fibroblasts, macrophages, neutrophils, T cells and B cells38. 

Taken together, these findings show that IL-6 is generally involved in OA inflammatory 

responses but may not be representative of a specific cell type.

We also observed that the associations between SF TGF-β1/ IL-27/ TNF-α were positive 

with SV but negative with SF macrophages. Several prior studies provide potential 

explanations for this finding. TGF-β induces synovial lining cells to produce inflammatory 

factors, including TNF-α39. An in vitro study also found that IL-27 induces higher 

fibroblast-like synoviocyte surface expression of VCAM-1, which is known to tether 

migratory macrophages to SV35, 40. In an arthritic mice model study, TNF-α is significantly 

reduced in IL-27−/− mice compared to IL-27+/+ mice41. These studies provide evidence that 

both TGF-β and IL-27 are linked to TNF-α and interact with macrophages in SV and 

thereby provide evidence to explain the observed differences in their association in this 

study between the macrophages in SV and SF.

Neutrophils contribute to the cytokine and chemokine cascades that accompany 

inflammation and regulate immune responses via cell-cell interactions18. By analogy to 

rheumatoid arthritis18, owing to their ability to release degradative enzymes and reactive 

oxygen species, neutrophils possess the most significant cytotoxic potential of the cells 

implicated in the pathology of OA. The strong association of SF neutrophil number with SF 

elastase concentrations in our study supported a synovial fluid origin, as opposed to a 

synovial tissue origin, of activated neutrophils and this destructive enzyme in OA18, 42. 

Neutrophil elastase has been implicated in both joint inflammation and pain in mouse 

models through its ability to activate proteinase-activated receptor 2 (PAR2), resulting in the 
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activation of transient receptor potential (TRP) ion channels2. Inhibition of neutrophil 

elastase, PAR2 or p44/42 MAPK activity all reduced inflammation and pain2. In the intra-

articular monoiodoacetate (MIA) murine model system, in which neutrophil elastase 

proteolytic activity and transient inflammation were induced, early treatment with PAR2 

antagonist, GB83, reversed the inflammation43. MIA-induced synovitis and joint pain were 

both attenuated in PAR2 knockout mice43. Neutrophil elastase has also been implicated in 

osteophyte formation through PAR244 with a significant reduction of osteophyte formation 

in PAR2 knockout mice44. The re-expression of PAR2 by adenovirus in PAR2−/− mice 

recapitulated osteophyte formation44. Taken together, these data suggest the critical role of 

elastase in the PAR2 pathway related to arthritis pain and inflammation2, which are 

consistent with our findings of an association of neutrophils with OST severity and OA 

progression. Given the role of neutrophils and elastase in human OA, elastase inhibitors may 

be a potential therapeutic strategy for slowing OA progression and reducing symptoms.

We favored evaluating the progression in the POP cohort with JSN and OST separately as 

they represent catabolic and anabolic phenomena, respectively and as stated by Ratzlaff et 

al., separate evaluation of these radiographic manifestations of OA may better distinguish 

pathological processes potentially critical to understanding etiologic pathways of risk factors 

and interventions in knee OA45. As recently computed by Ratzlaff et al., a one-grade 

increase in OARSI-JSN (used in defining OA progression in this study) was associated with 

a mean decrease in minimum joint space width (JSW) of −0.75 to −0.97 mm or fixed JSW 

of −0.76 to −1.03 mm (amount dependent on the baseline level of JSN)45. Importantly, 

based on a study by Bruyere et al.46, a loss of 0.7 mm mJSW after three years provided the 

best numerical overall efficiency for predicting the incidence of future knee surgery; notably, 

a loss of mJSW between 0.5 and 0.8 mm after three years was linked to a four- to five-fold 

increase (p=0.003 to 0.004) in the risk of future knee surgery over the subsequent 8 years. 

Thus, these studies confirmed the clinical relevance of a 1 unit change in categorical JSN, 

underscoring the potential clinical relevance of the biomarker prediction of progression in 

our study.

It is possible that cell types in addition to macrophages may produce TGF-β1 and thereby 

lead to the lower association between SF TGF-β1 concentrations with the number of SV 

macrophages. For example, in peripheral blood, previous studies have shown that TGF-β1 

was detected in human CD4+ T cells47, and also neutrophils48. In the joint, TGF-β1 has 

been detected in synovial tissue8 and chondrocytes49. However, the synovial fluid TGF-β 
level was very low or absent in normal joints and elevated during joint disease development, 

such as OA50. Although cell types other than macrophages in peripheral blood could also be 

contributing to SF TGF-β1, our results suggest that SV macrophages were primarily 

responsible based on the stronger associations of SF TGF-β1 with macrophage cell number 

and MFI compared with associations with other cell types evaluated (T cells and 

neutrophils).

The synovial tissue provided to us was at the discretion of the collaborating surgeons. 

Although not designated a priori from a specific location, the tissues we obtained 

represented synovial tissue still attached to the tibial plateau. However, the anatomical 

location of SV was not standardized across patients. SV cells and SF biomarkers might have 
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correlated even more strongly were we able to more precisely control the synovial tissue 

harvest. Nevertheless, given the results that effector cytokines associated with the SV and SF 

cell types were predictive of OA severity and progression in samples from cohorts with 

follow-up data and the full spectrum of rOA severity, we do not believe SV sample location 

was a major confounder, although it may have accounted for a certain degree of variance of 

inflammatory status between patient samples. Because the SV was collected at the time of 

surgery, fresh blood sometimes covered the tissue surface. The synovial tissue was rinsed 

with 70% ethanol then washed with phosphate-buffered saline (PBS) to remove potential 

peripheral blood contaminants. With these wash steps, we believe that the cells we isolated 

were predominantly resident within synovial tissue instead of from peripheral blood 

contamination. We therefore expect that the cells we analyzed would be minimally 

contaminated by peripheral blood leukocytes.

In summary, we have demonstrated that baseline SF elastase and TGF-β1, singly or 

combined, strongly predict the risk of knee OA progression, reflecting the hitherto under-

appreciated role of neutrophils in the sterile inflammatory process and progression of OA, 

and the synergism of neutrophils with macrophage populations in the pathogenesis and 

worsening of OA. Both SF TGF-β1 and elastase might be utilized to identify patients at risk 

for more rapid and severe disease progression. A separate sample cohort with longitudinal 

follow-up data will be required to validate these findings. These results provide evidence 

that therapies targeting pathogenic immune cell populations might be used to attenuate 

inflammation of OA.
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Figure 1. 
Phenotypic characterization of immune cells determined by flow cytometric analyses. A&B) 

Macrophages (CD14+/CD11c+/HLADR+/CD11b+ /CD16low), neutrophils (CD14−/CD11c−/

HLADR−/CD11b+/CD16high), and T cells (CD45+/CD3+) are major immune cell 

populations in SF and SV (n=17 each group). A higher mean percentage of neutrophils was 

present in SF compared to SV. In contrast, a higher mean percentage of macrophages was 

present in SV compared to SF. Overall, a mean 8–9% of the SV and SF cells were FR+. By 

flow cytometric analysis, macrophages and neutrophils constituted the major FR+ immune 

cell populations in both SV and SF. The FR+ cell subtype was enriched for macrophages and 

neutrophils but had fewer T cells compared to the FR− majority cell population
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Figure 2. 
Heat map representing the associations of synovial fluid (SF) and synovial tissue (SV) 

immune cells and SF cytokines. Elastase, IL-6, IL-8, MCP1 and MIP-3α were positively 

associated with the total number of SF neutrophils. TGF-β1, TNF-α, and IL-27 were 

positively associated with the total number of SV macrophages, and the number of T cells in 

both SF and SV. #= p-value less than 0.1. *= p-value less than 0.05. N=17 patients.
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Figure 3. 
Intracellular cytokine production by macrophages and neutrophils in SF and SV based on 

flow cytometric analyses. Although the percentage of total macrophages (CD3−/CD14+/

CD16low)(A) producing TGF-β1 was similar in SF and SV, the amount of TGF-β1 produced 

on average per cell (based on MFI) was significantly greater for macrophages in SV 

compared to SF. (B) In SV, the percentage of TGF-β1 producing macrophages was 

significantly higher than the percentage of TGF-β1 producing neutrophils; the amount of 

TGF-β1 produced on average per cell was also significantly higher in macrophages 

compared to neutrophils. In contrast, elastase was produced by a greater number of total 

neutrophils (CD3−/CD14−/CD16high) (C) in SF compared to SV although the amount of 

elastase produced on average per cell (based on MFI) was similar for neutrophils in SF 

compared to SV. (D) In SF, elastase+ neutrophils were significantly more abundant 

compared to the basal level of elastase+ macrophages; the amount of elastase produced on 
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average per cell was also significantly higher in neutrophils compared to macrophages. (E) 

The number of TGF-β1+ T cells was much lower than TGF-β1+ macrophages and no or very 

few elastase+ T cells were detected. The amount of TGF-β1 produced per T cell was lower 

than the amount produced by macrophages in SF and SV. Med FI: Median Fluorescent 

Intensity. Mac: macrophages. Neu: neutrophils. N=8 patients per group.
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Figure 4. 
Prediction of osteoarthritis progression by baseline synovial fluid cytokines. Knee OA 

progression was defined as “non-progression” (n=36) or “any progression” (n=49) based on 

either 1 unit increase in OST, 1 unit increase in JSN or total knee replacement (TKR) during 

a 3-year follow-up interval from the POP cohort. Scatter plots by knee OA progression 

status demonstrate: (A) significantly higher mean SF TGF-β1 of 3.8 pg/ml (95% confidence 

interval [95% CI] 3.3 to 4.4 pg/ml) in the any progression group compared to 2.4 pg/ml 

(95% CI 1.7 to 3.1 pg/ml) in the non-progression group; (B) significantly higher mean SF 

elastase of 26770 ng/ml (95% CI 20845 to 32695 ng/ml) compared to 11850 ng/ml (95% CI 

9852 to 13847 ng/ml) in the non-progression group; and (C) significantly higher mean 

concentration of the combination of the two in the any progression group with Z score 0.4 

(95% CI 0.03 to 0.84) compared to Z score −0.88 (95% CI −1.24 to −0.51) in the non-

progression group. (D) The demographic information and radiographic feature score 

separated by progression group and non-progression group.
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Table 1.

Comparison of the ability to predict OA progression

AUC BCa Lower BCa Upper AICs Lower order Upper order Specificity (Sensitivity:80%)

Age/Gender/BMI * 0.596 0.512 0.633 179.56 0.49 1642.58 34.5

JSN/OST 0.704 0.631 0.769 167.70 56.70 2432.45 50.4

Elastase 0.776 0.662 0.863 67.34 48.14 2421.53 55.4

Elastase+J/O 0.810 0.670 0.874 68.32 3.84 2132.20 62.2

TGF-β1 0.768 0.639 0.858 70.37 36.48 2402.03 61.1

TGF-β1+J/O 0.806 0.675 0.874 71.06 6.97 2230.58 74.1

Elastase+TGF-β1 0.827 0.729 0.903 64.88 43.72 2415.91 70.4

J/O+Elastase+TGF-β1 0.846 0.740 0.907 66.03 11.25 2293.65 75.9

All Combination * 0.854 0.715 0.904 70.74 0.64 1852.23 77.8

A: age; G: gender; B: BMI; J:JSN; O: OST; All combination: A/G/B/J/O/Elastase/TGF-β1. Specificity were based on the cut-off value when 
sensitivity was 80%. ACIs was based on likelihood ratio test. BCa Lower/Upper: Bias-corrected and accelerated percentile intervals with 95% 
confidence in Bootstrap (2500 repetitions) confidence limist report.

*:
Lower order and Upper order refer to the order statistic used to obtain the lower and upper 95% confidence interval for the AUC. The model with 

order statistics range less than 1 (lower) or above 2500 (upper) indicates the model was unstable.
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