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Abstract

Objective—To evaluate the association of Dipeptidyl-peptidase 4 (DPP4, also known as CD26) 

with cellular senescence of human cartilage and knee osteoarthritis (OA) progression.

Methods—Articular cartilage sections and chondrocytes were acquired from 35 individuals 

undergoing total knee replacement for OA to evaluate: (1) the association between OA 

severity and established senescence markers (SA-β-gal activity and p16) quantified by 

immunohistochemistry and flow cytometry (n=19); (2) the co-expression of DPP4 with established 

senescence markers by flow cytometry, and (3) expression levels of anabolic and catabolic genes, 

senescence related genes and senescence-associated secretory phenotypes (SASPs) in DPP4+ and 

DPP4− cells, isolated by fluorescence-activated cell sorting vs magnetic-activated cell sorting 

(n=16). The concentration of soluble DPP4 was measured in synovial fluid (SF) and plasma of 

the Prediction of Osteoarthritis Progression cohort, and evaluated for its association with knee 

radiographic OA (rOA) severity at baseline (n=65) and structural rOA progression (n=57) over 

three years.

Results—DPP4 expression was associated with higher SA-β-gal, p16 expression, senescence-

related gene and catabolic gene (ADAMTS5, MMP13, IL6, and IL8) expression, higher SASPs 
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secretion, and lower anabolic gene (COL2A1 and ACAN) expression in primary chondrocytes. SF 

DPP4 was associated with rOA progression (Odds ratio=105.32, p=0.015), proteases (SF MMP-1 

and -3), aggrecan degradation (SF sGAG), indicators of activated macrophages (SF CD14 and 

CD163) and inflammation (SF IL-6).

Conclusion—Our study identifies DPP4 as a key surface marker of senescent chondrocytes, and 

a predictor of rOA progression.
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Introduction

Cellular senescence is a state of irreversible cell cycle arrest after various cell stresses 

(1). Cellular senescence has been identified as a major factor in the pathogenesis of 

osteoarthritis (OA) based on elevated senescence-associated-β-galactosidase (SA-β-gal) 

activity, CDKN2A (p16) cartilage chondrocyte gene expression, reduced chondrocyte 

proliferation, and elevated expression of cartilage degrading metalloproteinases (MMPs) −1 

and −13 (2–5), suggesting that senescence targeted therapy could be an effective treatment 

for OA.

The most commonly used senescence markers, including p16, p21 and SA-β-gal activity, 

are intracellular, hampering the ability to specifically select or target senescent chondrocytes 

for senolytic or senomorphic therapies based on these indicators. A cell surface marker 

associated with a senescent cell phenotype may provide the necessary tool for senolytic and 

senomorphic targeting. To date, there is no well-defined cell surface indicator of senescence 

in OA. Therefore, the field has relied on criteria of large cell size and high autofluorescence 

to identify senescent chondrocytes (6); this is useful for the study of senescence in OA but 
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cannot be used to target senescent chondrocytes for elimination or modification. Moreover, 

defining size and autofluorescence is arbitrary, which leads to the challenge of establishing 

standardized and reproducible procedures. The goal of this study was to validate a new 

surface marker indicative of chondrocyte senescence, Dipeptidyl-peptidase 4 (DPP4, also 

known as CD26).

DPP4 is a serine protease that cleaves a variety of substrates, including cytokines, growth 

factors and incretins; it can exist in both membrane and soluble forms (7, 8). Based on 

its recent identification as a senescence marker on the surface of human WI-38 primary 

fibroblasts (9), our goal was to evaluate primary human chondrocyte expression of DPP4 

and its relationship to senescence, severity, and progression of OA. To our knowledge, 

its role in OA-related senescence has not been previously investigated. To fill this 

knowledge gap, we investigated the association of DPP4 surface expression with senescence 

biomarkers, gene expression and secretion of indicators of a senescence associated secretory 

phenotype (SASP) in osteoarthritic human primary chondrocytes. We also measured soluble 

DPP4 in synovial fluid (SF) and plasma from the Prediction of Osteoarthritis Progression 

(POP) cohort (10) to determine the association of soluble DPP4 with knee radiographic OA 

(rOA) severity and progression. We hypothesized that DPP4 is a biomarker of chondrocyte 

senescence in OA that contributes to disease pathogenesis and progression.

Materials and Methods

Tissues and samples

Articular cartilages were collected as anonymized waste surgical specimens from 35 patients 

undergoing total knee replacement (TKR). A total of 19 samples from patients with medial 

compartment dominant OA (MOA) were used to evaluate the association of SA-β-gal 

activity and p16 with OA severity: n=12 for generating 10 μm cartilage cryosections from 

the outer lateral tibial plateau (oLT), inner lateral tibial plateau (iLT) and medial tibial 

plateau (MT), and n=7 for isolating chondrocytes from the medial tibia (MT) and lateral 

tibia (LT, including oLT and iLT). An additional 16 samples (n=12 with MOA and n=4 

with lateral compartment dominant OA) were used to isolate chondrocytes from the whole 

knee joint (articular cartilage from the tibial plateau and femoral condyle) to evaluate 

senescence markers, catabolic, anabolic and senescence-related gene expression, SASPs and 

soluble DPP4 secretion. Collins’ grade and OARSI grade were used for macroscopic and 

microscopic assessment of OA severity, respectively (11, 12).

SF from one knee and plasma of 65 participants with knee rOA from the POP cohort (10) 

were used for determining soluble DPP4 concentrations. Among these participants, samples 

of 57 individuals with three-year follow-up radiographic data were used for DPP4 and rOA 

progression analyses; the analysis of the association of plasma DPP4 and patient-level knee 

rOA progression status used samples from 53 participants, excluding four patients with 

follow-up data but with a replaced contralateral (non-index) knee at baseline.

All samples were obtained with IRB approval from Duke University Hospital. Demographic 

and clinical information related to these samples is described in Table S1.
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Radiographic knee OA burden and progression

Radiographs were scored for Kellgren Lawrence (KL) grade, osteophyte severity (OST, 

0–12 per knee) and joint space narrowing (JSN, 0–6 per knee) using a standardized atlas 

(13); as previously published (14); intraclass correlation coefficients between readers for KL 

grade, OST and JSN were good to excellent, 0.69, 0.84 and 0.86, respectively, indicating 

high reliability of radiographic scoring. Baseline knee rOA burden of severity was defined 

as the sum of KL grades of the left and right knees (range 0–8). A baseline replaced knee 

was assigned a KL=0 score. Individual knee rOA progression status was categorized as 

non-progression (NP) on the basis of neither OST nor JSN progression and no TKR during 

the follow-up interval; or progression, which included three categories, OST progression 

only (OST+/JSN−), OST and JSN progression (OST+JSN+), or TKR performed during 

the follow-up interval (there were no JSN only progressors, see Table S2 depicting the 

trajectories of the 57 patients over the 3 year follow-up by baseline KL grade). Patient-level 

knee rOA progression status was categorized as NP (when neither knee changed OST or 

JSN status nor underwent TKR), unilateral or bilateral knee rOA progression (change of ≥1 

unit of OST or JSN, or TKR).

Primary chondrocyte isolation

Articular cartilage was digested in 0.1% pronase solution for 1 hour and 0.17% type II 

collagenase solution for 16 hours at 37 °C, yielding a mean (± standard error of mean, SEM) 

3.83±0.25 × 106 chondrocytes per gram of human articular cartilage. Isolated chondrocytes 

were cultured or stained for DPP4 expression (Supplementary Methods).

SA-β-gal activity assay

A senescence β-galactosidase staining kit (CST, 9860) was used to assess SA-β-gal activity 

in cartilage cryosections. After fixation, sections were incubated with SA-β-gal staining 

solution overnight at 37°C, followed by 0.1% Safranin-0 counterstain. SA-β-gal activity 

positive cells (stained blue). Sections were scanned under a light microscope with a 10x 

objective, and the percentage of SA-β-gal-positive (blue) cells was determined by a manual 

count of 4 fields (Supplementary Methods).

P16 staining and quantification

After fixation and permeabilization, cartilage cryosections were blocked with 10% donkey 

serum in PBST for 30 minutes, incubated with anti-p16INK4a or a control antibody (Roche, 

CINtec kit 9517) at 4°C overnight, followed by washing and 1-hour incubation with Alexa 

Fluor plus 647-conjugated anti-Mouse IgG secondary antibody (Thermo Fisher, A32787), 

then washed and mounted, with visualization of P16 positive cells using a Zeiss Axio imager 

widefield fluorescence microscope.

Freshly isolated primary chondrocytes were fixed and permeabilized with methanol and 

incubated with anti-p16INK4a or a control antibody (20:100, both from the Roche 

CINtec kit 9517) for 30 mins, followed by washing and 30 minutes incubation with 

AF647-conjugated anti-mouse IgG2a secondary antibody (1:1000, Jackson, 115607186). 

The cells were washed and analyzed using an Attune NxT flow cytometer (Thermo Fisher) 

(Supplementary Methods).
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Co-staining of SA-β-gal activity and p16 with DPP4

To avoid the strong autofluorescence of chondrocytes that interferes with detection of 

green fluorophores by flow cytometry, chondrocytes were cultured for three days before 

quantifying their SA-β-gal activity. Cells were initially incubated with anti-DPP4, PE 

(Thermo Fisher, 12-0269-42) for 30 mins at room temperature, then washed and fixed, 

followed by SA-β-gal activity measurement with the CellEvent Senescence Green Flow 

Cytometry Assay Kit (Thermo Fisher, C10840) as previously described (15). After staining 

for SA-β-gal activity, chondrocytes were permeabilized and stained for p16. The stained 

cells were acquired and analyzed using FlowJo V10.8 software (BD Life Sciences). DPP4, 

SA-β-Gal activity and p16 expression were quantified as the gated percentage of expressing 

cells minus the unstained background (see Supplementary Methods).

Fluorescence-activated cell sorting (FACS)

Chondrocytes stained with PE-conjugated anti-DPP4 antibody were sorted using a MoFlo 

Astrios Cell Sorter (Beckman Coulter Life Science) or a MA900 cell sorter (Sony 

Biotechnology). Dead dye Sytox AAD (1 μM, Thermo Fisher, S10349) was used to exclude 

dead cells. The purity of sorted DPP4+ and DPP4− chondrocytes was confirmed by flow 

cytometry and quantitative real-time polymerase chain reaction (qRT-PCR).

Magnetic activated cell sorting (MACS)

Cells stained with PE-conjugated anti-DPP4 antibodies were incubated with anti-PE 

magnetic beads (MACS, 130090757) for 15 minutes then loaded onto a MS column 

(MACS, 130042201) with the mini magnetic separator apparatus (MiniMACS, 130042102) 

deployed. The flow-through was collected as the DPP4 depleted chondrocyte subset. The 

bead-captured chondrocytes, retained within the column, represented the DPP4 enriched 

population. The purity of DPP4depleted and DPP4enriched chondrocytes was determined by 

flow cytometry and qRT-PCR (see Supplementary Methods).

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

RNA was extracted using an Aurum™ Total RNA Mini Kit (Bio-Rad, 7326820). cDNA 

was synthesized using the iScript™ cDNA Synthesis Kit (Bio-Rad,1708891) for anabolic 

and catabolic gene analysis. YWHAZ was used as an internal reference control gene. 

The primers used are listed in Table S3. qRT-PCR was performed using a SYBR green 

mastermix (Applied Biosystems, 4309155) with QuantStudio 6 Flex Real-Time PCR 

Systems (Applied Biosystems).

A custom RT2 Profiler PCR Array (Qiagen, 330171) was used to profile a total of 42 

genes related to cellular senescence as previously described (15) (Table S4). cDNA was 

synthesized using an RT2 First Strand Kit (Qiagen, 330404) with 20 ng RNA per sample. 

QRT-PCR was performed using a RT2 SYBR Green ROX qPCR mastermix (Qiagen, 

330522) with the PCR System.

Gene expression was calculated from the CT value of each gene subtracting the reference 

gene (YWHAZ) expression yielding ΔCT (CTtarget gene−CTYWHAZ), which was used to 

calculate the Log2 expression ratio (2−ΔCT). The relative gene expression was determined 
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by ΔΔCT (ΔCTDPP4+ −ΔCTDPP4−), which was used to calculate the relative expression ratio 

(2−ΔΔCT).

SASPs measurements

After FACS and MACS, chondrocyte subsets were cultured at 50,000 per well/96 well plate 

in chondrocyte culture media for 2 days, then the media were replaced and collected for 24 

hours. IL-1β, IL-6, IL-8, and TNF-α were measured by a V-PLEX Human Proinflammatory 

Panel II 4-Plex (MSD, K15053D). MMP-1, MMP-3 and MMP-9 were measured by a 

Human MMP 3-Plex Ultra-Sensitive Kit (MSD, K15034C), see Supplementary Methods for 

the coefficients of variation (CV).

Soluble DPP4 measurements

The concentrations of soluble DPP4 in cell culture supernatants, plasma, and SF, were 

measured by the Quantikine human DPPIV/CD26 Immunoassay (R&D, DC260B) according 

to the manufacturer’s protocol (see Supplementary Methods for the CV).

SF biomarker measurements

Sulfated Glycosaminoglycan (sGAG) was measured by a Blyscan Sulfated 

Glycosaminoglycan assay (Biocolor, B3000). Cartilage Oligomeric Matrix Protein (COMP) 

was measured by a Cartilage Oligomeric Matrix Protein Human ELISA kit (BioVender, 

RD194080200). MMP-1, MMP-3, and MMP-9 were measured by a Human MMP 3-Plex 

Ultra-Sensitive Kit (MSD, K15034C). Results of soluble CD163, CD14, and elastase, IL-6, 

IL-8 and IL-10 were previously measured and published (10, 16) (see Supplementary 

Methods).

Statistical Analyses

Analyses were performed using Prism 9 (GraphPad software) and SPSS (IBM SPSS 

Statistics for Macintosh, Version 28.0). Data were presented as mean ± SEM. OARSI 

score and percentage of SA-β-gal+ chondrocytes were normalized by the rank-based inverse 

normal transformation (17); their association was subsequently analyzed using a mixed-

effects analysis (patient as random effect, location as repeated measure) to account for the 

correlation of repeated measures within participants. The percentages of DPP4+ cells in 

FACS and MACS were normalized with log transformation. Repeated measures ANOVA 

and mixed-effects analysis with Tukey’s post-hoc test were performed to compare OARSI 

histologic scores of oLT, iLT and MT regions and to evaluate MACS and FACS sorting 

purity. Wilcoxon tests were performed for comparison of cell size-gated and DPP4-gated 

subsets. Paired t-tests were performed for chondrocytes from MT and LT, and DPP4 sorted 

(FACS and MACS) subsets. Benjamini and Hochberg false discovery rate (FDR) was 

applied for correcting multiple testing of the qRT-PCR array data and FDR <0.05 was 

considered significant. Ordinal regression analysis was used to evaluate the association of 

the difference in Collins’ grade (MT-LT) and the difference in percentage of p16 (MT-LT), 

and SF and plasma DPP4 concentrations with OA baseline severity and progression. The 

Mann-Whitney test was used to compare SF DPP4 between NPs and progressors. Receiver 

operating characteristic (ROC) curve analysis was employed to assess the ability of SF 
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DPP4, without or with KL grade, to discriminate between patients who did versus did not 

undergo TKR. The Spearman test was used to evaluate the correlation of plasma DPP4 and 

SF DPP4 with other SF biomarkers. P <0.05 was considered statistically significant. When 

<40% values were below the detection limit, those missing not at random low values were 

imputed as ½ the lower limit of detection (for soluble biomarkers), or CT=40 for qRT-PCR 

(for gene expression). As this was hypothesis generating discovery research, we did conduct 

it on the basis of a priori determined effect sizes. The number of biological replicates for 

each experiment are provided in the figure legends (see Supplementary Methods).

Results

Cellular senescence was associated with knee OA severity

oLT, iLT and MT represent mild, moderate and severe disease in MOA, respectively (18, 

19). OARSI histologic scores from the oLT, iLT and MT were 5.83±0.46, 11.50±0.96, and 

18.08±0.34, respectively, confirming a gradient of OA severity across the tibial plateau 

(MT>iLT> oLT) as expected for MOA (Figure 1B and C). SA-β-gal activity was higher 

in cartilage sections from MT compared to iLT and oLT (77.69±3.60%, 33.45±4.32% and 

9.51±3.39%, respectively; Figures 1B and 1D), and positively correlated with the OARSI 

score (Figure 1D). In addition, p16 expression by immunofluorescence was qualitatively 

greater in MT than LT (Figure 1E), and confirmed quantitatively with flow cytometric 

analysis; chondrocytes from the MT region had a higher percentage of p16+ chondrocytes 

(33.76±3.51%) than LT (23.24±4.24%, p= 0.036, Figure 1F and 1G). Difference in 

percentage of p16+ chondrocytes (MT-LT) was marginally correlated with difference in 

Collins’ grade (MT-LT)(Figure 1H). Taken together, these results demonstrate that the 

established cellular senescence markers, SA-β-gal activity and p16, are positively associated 

with knee OA severity.

DPP4 was associated with cellular senescence markers in OA chondrocytes

The mean frequency of primary human chondrocyte expression of DPP4 and two well-

established senescence markers, SA-β-gal activity and p16, was 15.16±1.99%, 10.03±3.41% 

and 15.57±2.83%, respectively (Figures 2A, representative figure and 2B). The FITC 

channel used for SA-β-gal activity quantification revealed high autofluorescence of 

unstained cells. Gating on large cell size (relatively higher FSC-A and FSC-H), a measure 

used in the past to identify senescent chondrocytes (6, 20), we found a significantly higher 

mean percentage of DPP4, SA-β-gal activity and p16 expression in the large-sized compared 

to the small-sized subgroup of cells; expression of DPP4, SA-β-gal activity and p16 in 

large cells was 25.88±3.23%, 27.28±6.19% and 49.19±4.58% vs small cells 10.38±1.84%, 

2.63±1.60% and 3.16±0.88%, respectively (Figures 2C representative figure and 2D). 

Higher autofluorescence was detected in the large-sized compared to the small-sized cell 

subgroup (Figure S1).

DPP4 was co-expressed with SA-β-gal activity and p16 (Figure 2E). We observed a higher 

mean percentage of SA-β-gal activity and p16 expression in the DPP4+ (18.51±6.12% 

and 33.67±5.01%) compared to the DPP4− chondrocytes (8.98±2.89% and 11.68±2.93%) 
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(Figure 2F). Our results demonstrate chondrocyte co-expression of traditional senescence 

markers, SA-β-gal activity and p16, with the new putative senescence surface marker, DPP4.

DPP4 expression in OA chondrocytes was associated with higher catabolic and lower 
anabolic gene expression

Using the FACS method, we successfully isolated DPP4+ and DPP4− cells, resulting in 

91.74±2.48% DPP4+ chondrocytes in the DPP4+ sorted cell population compared with the 

pre-sorted (15.93±1.65%), and DPP4− sorted cell (0.90±0.53%) populations (Figures 3A 

and B). Compared to DPP4− chondrocytes, DPP4+ chondrocytes had higher gene expression 

of DPP4, ADAMTS5, MMP13, IL6 and IL8 (n=7, Figure 3C), lower gene expression 

of COL2A1, and ACAN, and higher secretion of SASPs including IL-6, IL-8, TNF-α 
and MMP-1 (Figure 3D). These findings demonstrate that chondrocyte DPP4 expression 

is associated with a lower expression of anabolic genes, higher expression of catabolic 

genes, and higher concentrations of secreted pro-inflammatory mediators. Moreover, DPP4+ 

chondrocytes secrete more soluble DPP4 than the DPP4− chondrocytes (Figure 3E).

We next determined the efficiency of isolating DPP4+chondrocytes by the more accessible 

and cost-efficient MACS method (21). Using MACS, we successfully enriched the DPP4+ 

population resulting in 68.48±5.16% DPP4+ cells in the DPP4enriched cell component, 

compared with the pre-selected (19.19±2.22%) and DPP4depleted (15.55±1.90%) cell 

fractions (Figures 3F and G). Compared to the DPP4depleted chondrocytes, DPP4enriched 

chondrocytes had higher mean gene expression of DPP4 and lower mean gene expression 

of COL2A1, COL10A1, ACAN and MMP3 (Figure 3H). The mean IL6 gene expression 

from DPP4enriched chondrocytes was marginally higher than from DPP4depleted chondrocytes 

with a mean relative expression ratio 2.83±1.59, p=0.067; the mean IL-6 protein secreted 

from DPP4enriched chondrocytes was higher than from DPP4depleted chondrocytes (Figures 

3I). MMP-1 protein secreted from DPP4enriched chondrocytes was marginally higher than 

from DPP4depleted chondrocytes with a mean difference of secretion of 12.07±5.41 ng/ml, 

p=0.067. Moreover, DPP4enriched chondrocytes, isolated by MACS, secreted more soluble 

DPP4 than the DPP4depleted chondrocytes (Figure 3J). We concluded that MACS is 

qualitatively similar but did not achieve the same level of DPP4 enrichment as FACS, so 

the associations of DPP4 with senescence and OA degradation related indices was stronger 

for FACS sorted cells.

Senescence-related genes were elevated in DPP4 enriched OA chondrocytes

A total of 33 out of 42 selected senescence-related genes were detected by the qRT-PCR 

array in OA chondrocytes sorted by FACS (Figure 4A); 9 genes (DAO, TP63, PRODH, 

EPN3, CDK1, E2F7, LY6D, SLC52A1 and SOX2) were under the detection limit. Among 

the 33 detectable genes, 15 genes were differentially expressed (defined by uncorrected 

p<0.05). Compared to DPP4− chondrocytes, DPP4+ chondrocytes had lower expression of 

genes BCL2, and PARP1, and higher expression of DPP4, PVRL4, IL6, CBX4, BAX, 

SIRT1, CSNK2A, E2F3, PCNA, RB1, CDK4, BMI1, and STAT3 (Figure 4B). Using 

FDR<5%, differences in IL6, DPP4, CBX4, BCL2 and BAX gene expression, all higher 

in DPP4+ compared with DPP4− chondrocytes, remained significant (Figure 4B). Taken 
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together, these data demonstrate that DPP4 expression in osteoarthritic chondrocytes is 

related to senescence gene expression.

SF DPP4 was associated with knee OA disease progression

To investigate the role of senescence in knee OA, we evaluated the association of soluble 

DPP4 in SF and plasma with baseline knee rOA severity and progression over three years 

(Figure 5A). Median DPP4 concentrations in plasma and SF were 395.1 ng/μl (range 259.9–

595.6 ng/μl) and 137.2 ng/μl (range 72.3–510.1ng/μl), respectively; concentrations by KL 

grade and knee OA progression status are provided in Table S5. SF DPP4 was modestly 

associated with baseline OA KL grade (Figure 5B, and Table S6). Baseline SF DPP4 was 

also higher in knees with any progression compared with NP during a 3-year follow-up 

interval (Figure 5C). In an ordinal regression model, baseline SF DPP4 was associated 

with OA progression defined by outcome groups (NP, OST+JSN− progressor, OST+JSN+ 

progressor and TKR progressor) (Figure 5D, and Table S6). ROC analysis of SF DPP4 for 

the determination of progression to TKR versus all other outcomes yielded an area under 

the curve (AUC) of 0.743 (CI 0.557, 0.929); combined with baseline KL grade, the AUC 

increased to 0.804 (CI 0.667, 0.942).

To investigate the relationship between soluble DPP4 and knee OA pathology, we analyzed 

the correlation of SF DPP4 with other SF biomarkers. SF DPP4 was associated with SF 

MMP-1, MMP-3, CD14, CD163, sGAG, and IL-6 but not SF elastase, IL-8 or IL-10 (Figure 

5F). Although SF and plasma DPP4 were correlated (Figure 5E), plasma DPP4 was not 

associated with knee OA severity or progression based on the sum of the baseline KL grade 

and the sum of the KL change scores, respectively (Figure S2A and B).

Discussion

In this study, we investigated the relationship of membrane expressed DPP4 with 

chondrocyte senescence and the association of soluble DPP4 with OA severity and 

progression. Chondrocyte expression of DPP4 was associated with cellular senescence 

indicated by well-established senescence biomarkers, including SA-β-gal activity, p16 

protein expression, and SASPs secretion. In addition, DPP4 expression was associated 

with senescence-related genes (higher DPP4, PVRL4, IL6, CBX4, BAX, SIRT1, CSNK2A, 

E2F3, PCNA, RB1, CDK4, BMI1, and STAT3 and lower BCL2 and PARP1), higher 

catabolic gene expression (ADAMTS5, MMP13, IL6, and IL8), and lower anabolic 

gene expression (COL2A1 and ACAN). Soluble DPP4 in SF was associated with rOA 

progression, proteases (SF MMP-1 and −3), aggrecan degradation (sGAG), indicators of 

activated macrophages (SF CD14 and CD163), and inflammation (SF IL-6). Taken together, 

our results show that senescent chondrocytes express and secrete DPP4 and that in turn, 

DPP4 is a strong indicator of a senescent chondrocyte phenotype.

Although senescent chondrocytes have been identified as a major factor in the pathogeneses 

of OA (2), the overall burden of senescent chondrocytes in OA is unclear. Here, based on 

SA-β-gal activity and p16 expression, we identified a higher percentage of senescent cells in 

the medial peri-lesional cartilage, compared with the non-lesioned OA cartilage with around 

78% senescent cell burden by SA-β-gal activity and 34% by p16 protein expression. Surface 
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expression of DPP4, SA-β-gal activity and intracellular expression of p16 yielded a similar 

overall average burden of senescent chondrocytes in the whole joint cartilage (15%, 10% 

and 16%, respectively).

Previous literature is inconsistent with respect to the association of DPP4 expression and 

OA severity. One study reported decreased DPP4 surface expression with progressive 

OA cartilage lesions (22), whereas other studies found a significantly increased gene 

expression of DPP4 in OA compared to normal cartilage (23, 24). Here we found that 

DPP4 expressing chondrocytes were notable for multiple senescence features including 

higher SASPs secretion (IL-6, IL-8, TNF-α and MMP-1), higher catabolic genes (IL6, 

IL8, ADAMTS5 and MMP13) and lower extracellular matrix gene expression (COL2A1 

and ACAN) (25, 26). Our results are consistent with prior studies showing an association 

of DPP4 protein expression with IL6 and MMP13 gene expression in mouse OA models 

(27, 28). We speculate that the higher mean expression of DPP4 protein in senescent OA 

chondrocytes may be transcriptionally regulated, at least in part, since DPP4+ chondrocytes 

had a higher mean level of DPP4 gene expression than DPP4− chondrocytes. STA1α, HNF 

and LncRNA-OIS1 increase DPP4 transcription in cancerous B cells, intestinal epithelial 

cells, and oncogene-induced senescence in the BJ fibroblast model, respectively (29–32). 

Whether the DPP4 increase in OA chondrocytes may be mediated via transcription factors 

HNF, STAT1α and/ or LncRNA-OIS1, needs further investigation.

In this study, DPP4 is identified as a surface marker for senescent chondrocytes but 

additional research is required to determine if DPP4 is a mediator or countermeasure of 

senescence in OA. A wealth of accumulating data support a role of DPP4 as a mediator 

of senescence; much of these data have been gleaned through the use of available DPP4 

inhibitors (DPP4i) (33–35). Although the FDA announced a safety concern regarding the 

potential for DPP4i to cause arthralgia/arthritis (36), related studies showed inconsistent 

findings (37–40). Several in vitro studies demonstrate the ability of DPP4 inhibitors to 

reduce inflammation-induced cartilage degradation and senescence. The DPP4i, gemigliptin, 

protected IL-1β stimulated chondrocytes from type 2 collagen degradation by decreasing 

MMP-1, MMP-3 and MMP-13 through inhibition of the NF-kB pathway (41). The DPP4i, 

vildagliptin, protected chondrocytes from TNF-α-induced senescence by decreasing p21, 

p53, and SA-βgal (34). Moreover, inhibition of DPP4 with siRNA decreased SA-βgal 

and activated Sirt 1 in IL-1β stimulated chondrocytes (27). Taken together, these findings 

suggest that DPP4 could be a target for treatment of OA.

Independent of whether DPP4 is a mediator or countermeasure of arthritis, as shown here, it 

is a biomarker of senescent chondrocytes whose cell surface form could potentially be used 

to target senescent chondrocytes for selective modification with senomorphics or elimination 

with senolytics, for instance, using an anti-DPP4 antibody. The feasibility of this approach 

has been demonstrated by the elimination of anti-DPP4 labelled senescent WI-38 through 

antibody-dependent cell-mediated cytotoxicity (ADCC) by NK cells (9), and by ADCC 

elicited with an anti-DPP4 (CD26) monoclonal antibody (YS110) against cancer cells with 

recent investigation in clinical trials of malignant mesothelioma (42–44). Moreover, as 

demonstrated by our study, SF DPP4 might serve as a companion diagnostic to identify 

Chen et al. Page 10

Arthritis Rheumatol. Author manuscript; available in PMC 2024 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



individuals best suited to DPP4 targeted therapy, particularly for OA resulting from cellular 

senescence etiologies.

Here, we found both MACS and FACS successfully enriched DPP4+ chondrocytes and 

achieved a stable phenotype of DPP4+ chondrocytes that had lower gene expression 

of COL2A1 and ACAN, and higher IL6 gene and protein secretion. There were some 

differences in gene expression and cytokine production between the two DPP4 enrichment 

methods that are likely related to the purity of DPP4+ chondrocytes (greater by FACS).

We found that DPP4+ chondrocytes produced higher amounts of soluble DPP4 compared 

to DPP4− chondrocytes, indicating that chondrocytes are a source of soluble DPP4 in 

synovial fluid. Prior studies showed that soluble DPP4 is generated by MMP-mediated 

cleavage of DPP4 from cell membranes (45). Membrane-bound DPP4 interacts with the 

extracellular matrix and facilitates the secretion of MMPs, which causes further extracellular 

matrix breakdown and release of soluble DPP4 (46, 47). Consistently, we found that DPP4+ 

chondrocytes produced higher amounts of MMP-1. Moreover, SF DPP4 was positively 

associated with SF MMP-1, MMP-3 and sGAG. These findings provide evidence to support 

our observation of the positive association between baseline SF DPP4 and structural rOA 

progression. We also found that SF DPP4 was associated with SF CD14 and SF CD163, 

which are considered markers of macrophage involvement of OA (10). Interestingly, DPP4 

was not associated with SF elastase and SF MMP-9, which are considered markers of 

neutrophil involvement of OA (16). SF DPP4 was positively associated with plasma DPP4. 

The median concentration of DPP4 in plasma was 2.9-fold higher than SF, supporting, 

in addition to chondrocytes, multiple tissue origins (widely in the body, and enriched in 

endocrine organs, the gastrointestinal and genitourinary tract) of DPP4 as documented 

in the human protein atlas (48). The multiple tissue origins of plasma DPP4 provide a 

plausible explanation for the lack of association of plasma DPP4 with knee rOA severity or 

progression.

There were several limitations of this study. To avoid the strong autofluorescence of freshly 

isolated chondrocytes that could interfere with flow cytometric analyses, chondrocytes 

were cultured in vitro for 3 days before evaluating co-expression of DPP4 with SA-β-gal 

activity and p16. While in vitro culture might impact chondrocyte phenotypes, the senescent 

phenotype was similar between gated DPP4+ chondrocytes (cultured for 3 days) and sorted 

DPP4+ chondrocytes (freshly isolated). Due to the limited number of chondrocytes available 

from TKR samples, we were unable to use the same samples for flow-cytometry analysis, 

gene expression, SASPs secretion and qRT-PCR array. Although these limitations existed, 

the consistency of association of DPP4 with senescence and inflammation profiles across 

different patient samples suggests the generalizability of results. Although sex plays a role 

in rheumatoid arthritis and hand, knee, and hip OA (49), we did not find sex related 

differences for any of our markers (data not shown); however, failure to identify sex 

differences could be limited by our sample size. We explored the association of DPP4 

with senescence related genes by qRT-PCR array; while other pathways or genes may 

relate to the inflammation phenotype of DPP4, a non-biased approach, such as RNA seq, 

would be worthy of future study. A recent study showed that mouse joint injury gave rise 

to a DPP4+ mesenchymal progenitor cell from the synovial lining that highly expressed 
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PRG4 (lubricin), but also Rspo2 (R-spondin 2), which promoted pathological crosstalk 

between synovial fibroblasts, macrophages and chondrocytes (50). Moreover, treatment 

of IL-1β stimulated synovial fibroblasts from a healthy donor with the DPP4 inhibitor, 

Alogliptin, decreased production of reactive oxygen species, expression of MMP-3 and 

MMP-13, and secretion of TNF-α, IL-6, and IL-8 (51). In contrast, DPP4 overexpression in 

synovial fibroblasts from rheumatoid arthritis patients decreased IL-1β, IL-6, and IL-13, and 

increased IL-10 synthesis (52). These data suggest that the context of DPP4 expression may 

determine whether it could function as a possible mediator or a countermeasure for arthritis; 

further study of human synovial fibroblasts, healthy and OA, will be necessary to guide the 

therapeutic use of DPP4.

In summary, our study suggests that surface DPP4 expression is associated with the 

senescence phenotype of OA chondrocytes. We validated DPP4 as a senescence marker in 

OA; its expression on the chondrocyte cell surface provides a novel way to identify, isolate 

and target OA senescent chondrocytes, while its expression in SF provides a biomarker of 

OA senescence that predicts OA structural worsening. To our knowledge, this is the first 

demonstration that SF DPP4 is a biomarker of risk of OA progression.
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Figure 1. SA- β-gal activity and p16 in chondrocytes were associated with knee OA severity.
Data from 12 patients with medial compartment dominant OA. A) Human tibial plateau 

demonstrating the gradient of OA severity within an individual: MT>iLT>oLT severity 

of OA. B) Representative microscopic image demonstrating higher OARSI score of OA 

severity and SA-β-gal activity in MT than LT. C) OARSI score demonstrating MT>iLT>oLT 

OA severity (repeated measures ANOVA, n=12). D) Significant positive correlation of 

OARSI histological scores vs % SA-β-gal+ chondrocyte data scores (n=12). Shown are the 

correlation of raw values, however, for purposes of statistical analysis, these scores were 

transformed using a rank-based inverse normal transformation for use in mixed models 

yielding a significant correlation (β=0.916, p<0.001). p16 expression was qualitatively 

greater in MT than LT (representative immunofluorescence image in E); the percentage 

of p16+ chondrocytes by flow cytometry was greater in chondrocytes isolated from MT than 

LT (F, G, n=7). H) Dot plot demonstrating the correlation of difference in percentage of p16+ 

chondrocytes (MT-LT) and difference in Collins’ grade (MT-LT) (n=7).
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Figure 2. DPP4 expressing chondrocytes expressed high levels of traditional senescence markers, 
SA-β-gal and p16.
A) Representative flow-cytometry image of SA-β-gal activity, p16 and DPP4 expression 

in stained vs unstained chondrocytes. B) Bar graph depicting the percentage of DPP4, SA-β-

Gal activity and p16 expression determined by flow cytometry (n=11). C) Representative 

flow-cytometry image of SA-β-gal activity, p16 and DPP4 expression in size-gated 

chondrocytes. D) Bar graphs depicting the higher expression of DPP4, SA-β-gal activity and 

p16 in large compared with small chondrocytes (n=11). E) Representative flow cytometry 

image demonstrating the higher expression of SA-β-gal activity and p16 expression in 

DPP4+ compared with DPP4− gated chondrocytes. F) Bar graph depicting a greater 

percentage of cells expressing DPP4, SA-β-Gal activity and p16 in DPP4+ compared with 

DPP4− chondrocytes (n=11).
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Figure 3. Gene expression and SASPs secretion in osteoarthritic chondrocytes with differential 
DPP4 expression.
Chondrocytes were sorted based on DPP4 expression using fluorescence-activated 

cell sorting (FACS) and magnetic-activated cell sorting (MACS) in 16 patients. A) 

Representative scatterplots display enriched DPP4 expression in FACS-sorted DPP4+ 

compared with pre-selected, and DPP4− chondrocytes. B) Bar graph depicting a greater 

percentage of DPP4+ expressing cells in FACS-sorted DPP4+ compared with pre-selected, 

and DPP4− chondrocytes determined by flow cytometry (n=10). C) Gene expression in 

FACS-sorted DPP4− and DPP4+ chondrocytes relative to expression of the housekeeping 

YWHAZ control gene (n=7). D-E) The concentration of the indicated cytokines (I) and 

DPP4 (J) in the culture supernatants of FACS-sorted DPP4− and DPP4+ chondrocytes (n=7). 

F) Representative scatterplot displays DPP4 expression in pre-selected, and MACS-selected 

DPP4depleted and DPP4enriched chondrocytes. G) The percentage of DPP4+ expressing cells 

in pre-sorted, and MACS-selected DPP4depleted and DPP4enriched chondrocytes determined 

by flow cytometry (n=10). H) Gene expression in MACS-selected DPP4depleted and 

DPP4enriched chondrocytes relative to expression of the housekeeping YWHAZ control gene 

(n=7). I-J) The concentration of the indicated cytokines (I) and DPP4 (J) in the culture 

supernatants of MACS-selected DPP4depleted and DPP4enriched chondrocytes (n=7).
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Figure 4. Senescence related genes in DPP4 expressing osteoarthritic chondrocytes.
Osteoarthritic chondrocytes from 8 patients were sorted by DPP4 surface expression 

using FACS. A) Gene expression was ordered based on the relative differences between 

sorted DPP4+ and DPP4− chondrocytes. The relative mean (± SEM) difference in gene 

expression of DPP4+ minus DPP4− sorted osteoarthritic chondrocytes is shown for 33 

senescence-related genes. B) Volcano plot of relative gene expression of DPP4+ vs DPP4− 

sorted chondrocytes demonstrating in DPP4+ a higher expression of DPP4, PVRL4, IL6, 

CBX4, BAX, SIRT1, CSNK2A, E2F3, PCNA, RB1, CDK4, BMI1, and STAT3 and lower 

expression of BCL2 and PARP1. Green: negative relative gene expression, red: positive 

relative gene expression.
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Figure 5. Soluble DPP4 in knee OA severity and progression.
A) Plasma DPP4 concentration (purple) was higher than median SF DPP4 concentration 

(brown) (dot plot representing the median and interquartile ranges of DPP4 concentration; 

n=65 SF and matched plasma). B) SF DPP4 was modestly associated with baseline 

OA severity represented by KL grade (n=65, Odds ratio=18.47, p=0.098). C) Dot plot 

demonstrating higher SF DPP4 in the progressor group (defined as any progression), which 

included OST progression only (OST+/JSN−), or OST and JSN progression (OST+JSN+), 

or TKR during the follow-up interval (n=29), compared with the non-progressor group who 

had neither OST nor JSN increased scores, nor TKR performed during the follow-up interval 

(n=28), (Mann-Whitney test, p=0.034). D) SF DPP4 was significantly associated with OA 

progression (N=57, OR=105.35, p=0.015) defined by outcome groups (NP, OST+JSN−, 

OST+JSN+ and TKR). E) Dot plot with a spline line demonstrating the positive correlation 

between plasma DPP4 and synovial fluid DPP4 (n=65, rs=0.321 p=0.009). F) SF but not 

plasma DPP4 correlated significantly with several other OA-related biomarkers in SF.
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