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Abstract 

Background Understanding of pain in osteoarthritis, its genesis, and perception is still in its early stages. Identifica-
tion of precise ligand-receptor pairs that transduce pain and the cells and tissues in which they reside will elucidate 
new therapeutic approaches for pain management. Our recent studies had identified an inflammation-amplifying 
(Inf-A) cell population that is expanded in human OA cartilage and is distinctive in the expression of both IL1R1 
and TNF-R2 receptors and active Jnk signaling cascade.

Methods In this study, we have tested the function of the cartilage-resident  IL1R1+TNF-R2+ Inf-A cells in OA. We 
have identified that the  IL1R1+TNF-R2+ Inf-A cells expand in aged mice as well as after anterior cruciate ligament 
tear upon tibia loading and OA initiation in mice. We targeted and modulated the Jnk signaling cascade in InfA 
through competitive inhibition of Jnk signaling in mice and human OA explants and tested the effects on joint struc-
ture and gait in mice.

Results Modulation of Jnk signaling led to attenuation of inflammatory cytokines CCL2 and CCL7 without showing 
any structural improvements in the joint architecture. Interestingly, Jnk inhibition and lowered CCL2 and 7 are suf-
ficient to significantly improve the gait parameters in treated PTOA mice demonstrating reduced OA-associated pain. 
Consistent with the mice data, treatment with JNK inhibitor did not improve human OA cartilage explants.

Conclusion These studies demonstrate that Inf-A, an articular-cartilage resident cell population, contributes to pain 
in OA via secretion of CCL2 and 7 and can be targeted via inhibition of Jnk signaling.
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Background
Osteoarthritis (OA) is the most common form of age-
associated arthritis that is characterized by progressive 
degeneration of joint tissues including cartilage and bone 
along with synovitis [1, 2]. It is a multifactorial disease 
that can be exacerbated by physical trauma, obesity, and 

systemic inflammation besides aging [3–6]. It is often 
diagnosed only in the later stages of disease with pain 
being the major cause for seeking medical attention; 
hence, the early events in OA initiation and pathogenesis 
are unclear [7]. A further complication is that the sever-
ity of pain and the structural damage in the joint may not 
always be correlated, with different rates being observed 
for the progression in radiographic damage and pain 
in patients [8, 9]. Due to these challenges, it has been 
extremely difficult to design an effective OA therapeutic 
and there are no existing disease-modifying drugs for OA 
(DMOAD) [10].
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While pain in OA and the resulting limitation in 
activity or loss of mobility are the most relevant clini-
cal symptoms that need to be addressed, the source of 
the pain is not well understood [1, 8, 10]. It has been 
observed that inflammatory pain is prevalent in most 
of the cases as compared to nociceptive or neuropathic 
pain associated with OA [11–13]. In the late stages of 
the disease, there is substantial damage to cartilage, 
bone, and meniscus along with synovitis hence the 
joint is a highly inflammatory environment [14]. Recent 
studies indicate that this local inflammation along with 
neuroinflammation and possibly systemic chronic 
inflammation are collectively responsible for the gen-
esis of the complex OA pain [15–17]. An increased 
understanding of the molecular mediators of pain as 
well as the specific cellular populations that secrete 
these factors is required for devising targeted therapies 
for OA pain.

Recent advances in single-cell biology are leading to 
an increased understanding of distinct cell populations 
in joint tissues [18–21]. These studies have identified 
normal and pathogenic single-cell populations includ-
ing rare populations like senescent cells that play a reg-
ulatory role in OA by secreting senescence-associated 
secretory proteins (SASP) to affect neighboring cells 
[22, 23]. Our recent studies have identified rare popu-
lations associated with OA cartilage that can modu-
late inflammation in the end-stage disease [20]. These 
include the inflammation-amplifying (Inf-A) popula-
tion characterized by the expression of both IL1R1 and 
TNF-R2 receptors, and the inflammation-dampening 
(Inf-D) population characterized by CD24 expression. 
Inf-A population is unique in demonstrating active JNK 
signaling in human OA cartilage isolated from the joint 
tissues after total knee replacement of patients. The 
transcriptomic analysis of Inf-A cells from available 
scRNA-seq data sets revealed that innate and adaptive 
immune cell signaling, inflammation, and altered T and 
B cell signaling were highly enriched suggesting that 
Inf-A may play a role in recruiting immune cells to the 
joint space. Selective targeting of Inf-A cells through 
a JNK inhibitor decreased overall inflammation in OA 
chondrocytes, with a significant decrease in the levels 
of cytokines CCL2 and CCL7. While these observa-
tions in end-stage human OA cartilage identified a role 
for this pathogenic population, they did not provide 
information on how the single-cell landscape changes 
from a healthy state during disease progression [20]. In 
this study, we report on the timing of appearance and 
effects of the Inf-A population in OA pathogenesis. 
Furthermore, we elucidate a role for the Inf-A sub-
population in both aged mice and in a well-established 
mouse model of post-traumatic OA.

Materials and methods
Animal procedures
All animal procedures were approved by the Stanford 
University Administrative Panel on Laboratory Animal 
Care (APLAC 27507). Tibia loading was performed on 
3–4-month-old male C57BL/6 mice per published meth-
odology [24–27].

Histology and immunohistochemistry
Lower limbs isolated from tibia-loaded mice were fixed 
in 10% neutral buffered formalin for 24  h and trans-
ferred into 70% ethanol. Further processing and section-
ing were performed at Histoserv (Germantown, MD). 
Tissue sections were cut at 6-μm thickness with 50-μm 
space between consecutive sections. Cartilage tissue sec-
tions were stained for Safranin O and fast green or used. 
Immunohistochemistry for Jnk (CST, 9255S; 1:250) and 
p16 (Thermofisher, MA5-17,142; 1:250) was carried out.

Human cartilage from joint tissues after total knee 
replacement of patients (under Stanford-approved IRB 
protocols) was divided into smaller discs using biopsy 
punches (2-mm diameter). These cartilage discs were 
then cultured with or without JNK inhibitor for a week 
before processing. The tissues were embedded in OCT 
and sectioned in Leica cryotome at 6-μm thickness and 
stained as described above.

Statistical analyses
Animal experiments involved at least three independent 
and randomly chosen mice at comparable developmental 
stages. The statistical differences were determined using 
Student’s t test with Welch’s correction, using Graph-
Pad Prism 8.0 for Windows, unless otherwise stated. All 
values are expressed as means ± s.e.m. along with the 
number of individual mice/samples analyzed (n). p value 
of < 0.05 is accepted as statistically significant.

Please refer to Additional file 1: supplemental methods 
for detailed methodology.

Results
IL1R1+TNF‑R2+ inflammation‑amplifying (InfA) cells expand 
in aged and osteoarthritic cartilage in mice
Our previous studies demonstrated an important role 
for the  IL1R1+TNF-R2+ inflammation-amplifying (InfA) 
cells in regulating the secretome of end-stage human OA 
chondrocytes [20]. In order to further investigate this 
population, we utilized mice to test whether the InfA 
cells expand with age or upon joint injury. Towards this 
goal, we utilized C57BL/6 mice aged 3  months (young 
adult) or 12  months (old). Knee joints from these mice 
were harvested followed by mechanical and enzymatic 
digestion with collagenase to isolate single cells. Cells 
were stained for CD44, a marker for chondrocytes along 
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with TNF-R2 and IL1R1 (Fig.  1A). Only  CD44+ cells in 
the young as well as aged mice showed the presence of 
the  IL1R1+TNF-R2+ double-positive InfA population 
(Fig. 1B). These cells were absent in the  CD44− cells that 
were the non-cartilaginous cells in the joint presumably 
consisting of contaminating bone, synovium, or immune 
cells. Interestingly, there was a significant increase in the 
InfA cells in the old mice as compared to the 3-month-
old mice (Fig. 1C).

To test whether such an age-associated expansion of 
the InfA population is also observed upon injury, we 
utilized a post-traumatic OA (PTOA) mouse model, 
wherein tibia loading leading to ACL rupture is the trig-
ger to initiate OA (Fig.  1D). This PTOA model mimics 
ACL injuries in human patients and is widely utilized [24, 
25, 28]. Lower limbs of the tibia-loaded mice were col-
lected at 8 weeks post-injury when OA characteristics are 
easily observed and analyzed for the InfA population by 
immunohistochemistry. As our previously published data 
has demonstrated that only the InfA cells are character-
ized by active JNK signaling in OA cartilage, we have uti-
lized p-Jnk staining to mark InfA cells. Consistent with 
the cartilage in aged mice, we found a significant increase 
in the number of p-Jnk expressing cells in the cartilage 
of the injured limbs of OA mice compared to the unin-
jured controls (Fig.  1D). We also found an increase in 
p-Jnk-expressing cells in the meniscus and synovium of 
these mice (Additional file 2: Figure S1A, B). These data 
established that similar to the end-stage human cartilage, 
there is an expansion of InfA cells in age- and injury-
associated OA in mice.

Modulation of Inf A through a Jnk inhibitor does not affect 
joint degeneration
To investigate the role of the InfA cells in OA progres-
sion, we tested the effects of its inhibition in the PTOA 
model [24, 25, 28]. Towards this aim, we utilized a 
small molecule inhibitor against p-Jnk (SP600125, 
referred to as JNKi from hereon) to inhibit active JNK 
signaling in InfA in mice similar to our published data 
in human OA cartilage [29, 30]. The small molecule 
p-JNK inhibitor, Jnki (50 mM), or vehicle control was 
administered intra-articularly in mice (n = 7) twice a 

week starting at 1  week post-tibia loading (Fig.  2A). 
Administration of Jnki continued till 8  weeks after 
which mice were either tested for gait analysis or the 
joints were collected and analyzed (Fig.  2A). Pro-
teoglycan staining with Safranin O (SafO) showed no 
protection against proteoglycan loss or articular car-
tilage erosion in the injured joints treated with JNKi 
(Fig.  2B). Grading of the loaded and unloaded joints 
using OARSI scoring [31] showed an increased score 
upon OA induction suggesting increased cartilage 
loss and erosion; however, there was no chondropro-
tective effect of JNKi. There was no statistical differ-
ence in the summit or max OARSI scores between 
vehicle or JNKi-treated joints (Fig.  2D, E), suggesting 
that JNKi has no effect on cartilage or joint structure 
preservation.

Furthermore, upon investigating synovial hyperpla-
sia in the PTOA mice, synovial hyperplasia was signifi-
cantly increased in the injured limbs as compared to the 
uninjured limbs as expected (Fig. 2C). However, synovial 
hyperplasia was unaffected in the injured PTOA limbs 
with the administration of Jnki, again demonstrating that 
JNKi does not protect against overall synovial infiltration 
(Fig. 2C, F).

Modulation of InfA through a Jnk inhibitor attenuates 
inflammatory cytokines and OA‑associated pain
Since InfA inhibition in human OA cartilage dampened 
inflammation, we next wanted to test whether JNK inhi-
bition modulates the low-grade inflammation observed 
in PTOA mice. We isolated serum from the vehicle and 
JNKi-treated mice (n = 3 each) at 8 weeks post-tibia load-
ing and analyzed using a 48-plex LUMINEX cytokine 
panel (Fig. 3A). We found that intra-articular competitive 
inhibition of Jnk in PTOA mouse model led to the damp-
ening of multiple cytokines in the serum. Two cytokines 
that showed considerable reduction were CCL2 and 
CCL7 (Fig. 3B, C). These results are consistent with the 
human OA cartilage where JNK signaling inhibition led 
to decreased levels of CCL2 and CCL7 [20].

CCL2 is a well-known mediator of spinal synaptic 
transmission and pain in osteoarthritis; therefore, we 

(See figure on next page.)
Fig. 1 Inflammation-amplifying (InfA) cells expand in aged and osteoarthritic cartilage in mice. A Schematic showing strategy for isolation 
of cells of InfA cells from mice knee joints. B FACS strategy for isolation of TNF-R2 and IL1R1 double-positive InfA cells. C FACS plots showing InfA 
population in 3-mo and 12-month-old mice; cell numbers were quantified and are represented in the bar graph as a percentage of the total 
number of analyzed cells. D Schematic showing induction of OA using tibia loading model and collection of limbs for analysis at 8 weeks 
post-injury, representative sagittal sections of knee joint cartilage from tibia-loaded and control limbs showing the presence of p-Jnk + cells 
(InfA cells) in the cartilage, quantification in the bar graph on the right. Significance was calculated using Student’s t test with Welch’s correction. 
*p < 0.05, **p < 0.01, ***p < 0.001, scale bar = 200 μm (D)—left panel, scale bar = 100 μm (D)—right panel
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Fig. 1 (See legend on previous page.)



Page 5 of 10Pandey et al. Arthritis Research & Therapy           (2024) 26:53  

wanted to test if inhibition of Jnk signaling in InfA popu-
lations would also affect pain in PTOA mice. To test this, 

we performed gait analysis in PTOA at 10  weeks post-
tibia loading using the CatWalk platform (Fig. 3D).

Fig. 2 Modulation of Inf A through a Jnk inhibitor (Jnki) in the tibia loading model for PTOA. A Schematic showing strategy for Jnk inhibitor 
administration starting 1 week post-tibia loading. B Sagittal sections of knee joint showing cartilage degradation at 10 weeks upon tibia loading. 
C Sagittal sections showing inflamed synovium in the knee cartilage in the tibia-loaded mice. D, E OARSI scores for knee cartilage at 10 weeks 
post-tibia loading (n = 7). F Hyperplasia score for synovium lining in the tibia-loaded mice (Uninjured (n = 5), Vehicle (n = 5), Jnki (n = 6)). Significance 
was calculated using Student’s t test with Welch’s correction. *p < 0.05, **p < 0.01, ***p < 0.001
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JNKi-treated mice showed significant improvement in 
gait parameters compared to vehicle-treated controls, 
including Max contact (Fig. 3E), mean intensity (Fig. 3F), 
and step cycle (Fig.  3G). These data suggest that JNKi 
treatment leads to alleviation of pain and subsequent gait 
improvement in PTOA mice even in the absence of any 
structure preservation of joint.

Intra‑articular JNK inhibition does not lead to an increase 
in senescent cells
Recent studies in JNK knockout mice showed an increase 
in senescence and P16 expressing senescent populations 
in the joints of these mice [32, 33]. We therefore inves-
tigated whether intra-articular administration of Jnki 
has any effect on senescent cells in the treated joints. 
To test this, we performed immunohistochemistry for 
p16, on the sagittal cross sections of tibia-loaded PTOA 
limbs that were treated intra-articularly with vehicle or 

Jnki. We were able to identify P16-expressing senescent 
cells induced by injury, as previously reported, in carti-
lage, synovium, and meniscal tissues (Fig. 4A). There was 
however no difference in the frequency of p16-expressing 
populations in cartilage, synovium, or meniscus between 
vehicle and Jnki treatments (Fig. 4B), indicating that the 
short-term, intra-articular JNKi treatment does not have 
an effect on the P16 expressing senescent populations.

JNKi treatment is not chondroprotective in human OA 
cartilage
Next, we investigated the effect of inhibition of Jnk sign-
aling in human osteoarthritic cartilage. For this, human 
OA cartilage was isolated from surgical discards of mul-
tiple patients undergoing total knee replacement (under 
IRB protocols approved by Stanford University). Dis-
carded cartilage from three different patients (60, 67, and 
87  years old) were utilized. Uniform circular discs were 

Fig. 3 Jnk inhibition attenuates Inflammatory cytokines and improves gait in mice. A Heatmap showing levels of inflammatory cytokines 
in the serum of mice that received vehicle control or Jnki (n = 3, each group). B, C Levels of cytokines CCL2 and CCL7 upon Jnki administration 
in tibia-loaded mice as measured by mean fluorescence intensity (MFI) average; significance calculated using Student’s t test with Welch’s 
correction. D Schematic depicting the strategy for gait analysis of tibia-loaded mice upon Jnki administration. Changes in the gait parameters 
upon tibia loading and Jnki administration in mice. E MaxContactAt (%), F mean intensity (arbitrary units), and G step cycle (s) (S n (sham) = 6, n 
(Veh) = 6, n (Jnki) = 7), significance calculated using one way ANOVA with Tukey’s multiple comparison. *p < 0.05, **p < 0.01 (individual adjusted 
p values: mean intensity (Sham vs. Veh, 0.0024, Sham vs. Jnk2i, 0.9057, Veh vs. Jnk2i, 0.0042), MaxContactAt (Sham vs. Veh, 0.0446, Sham vs. Jnk2i, 
0.9999, Veh vs. Jnk2i, 0.0371), step cycle (Sham vs. Veh, 0.0393, Sham vs. Jnk2i, 0.8104, Veh vs. Jnk2i, 0.0091)
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generated from the patients’ OA cartilage using 4.0-mm 
biopsy punches and were treated with vehicle or JNKi 
for a week (Fig.  5A). The cartilage discs were then sec-
tioned and stained with safranin O that stains proteogly-
can (GAG) content. There was no significant difference 
in the intensity of the GAG content upon vehicle or JNKi 
treatment in OA cartilage isolated from three different 
patients (Fig. 5B, C). These data demonstrated that inhi-
bition of JNK signaling does not improve cartilage struc-
ture or regeneration, similar to the effects observed in 
PTOA mice joints, in the human OA cartilage discs that 
received Jnk inhibitor.

Discussion
Identification of precise subpopulations associated 
with disease pathogenesis in osteoarthritis is impor-
tant for an increased understanding of the cellular 

basis of disease as well as for devising effective targeted 
therapeutics for OA. Multiple studies have identified 
senescent cells in aged tissues to be one such popula-
tion that has deleterious paracrine effects in OA and 
are now being investigated for a beneficial effect in 
clinical trials in OA patients. Our previous single-cell 
studies using mass spectrometry had identified a rare 
 IL1R1+TNF-R2+ inflammation-amplifying (InfA) pop-
ulation in end-stage human OA cartilage. In the pre-
sent study, we have demonstrated the presence of these 
 IL1R1+TNF-R2+ InfA cells with active JNK signaling 
in both aged and PTOA mice. In aged mice, Inf-A sub-
population is only present in the  CD44+ chondrocyte 
compartment while the non-chondrogenic  CD44− cells 
did not show the presence of Inf-A cells, demonstrat-
ing that this is a chondrogenic cartilage-resident pop-
ulation comprising of about 0.1–3% of the total cell 

Fig. 4 Intra-articular JNK inhibition does not lead to any increase in  p16+ senescent cells. A Knee joint sagittal sections stained with p16 antibody 
upon 10 weeks post-tibia loading (vehicle—above, Jnki—below) showing expression of p16 in synovium, cartilage, and meniscus along with a 
higher magnification. B Quantification of p16-positive cells in synovium, cartilage, and meniscus of the tibia-loaded mice. Statistical analysis 
was performed using Student’s t test with Welch’s correction. Scale bar = 300 μm
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population present in the knee joint of mice. This fre-
quency is consistent with the abundance of Inf-A in 
human OA cartilage as reported previously.

To test the effects of inhibiting InfA, we used a known 
JNK inhibitor that had been previously validated. Uti-
lizing this JNKi, we were able to observe a lowering of 
CCL2 and CCL7 levels in the sera of treated mice, which 
was consistent with the observations in human OA carti-
lage where JNKi treatment led to a decrease in these very 
cytokines in the cartilage secretome. The CCL2/7-CCR2 
molecular axis has already been implicated in the initia-
tion and sensitization of pain in the joint CCR2 null mice 
being resistant to CCL2-mediated knee hyperalgesia in 

PTOA mice [34]. CCL2 and CCL7 are therefore inter-
esting targets for OA pain, with CCL2 levels observed to 
be heightened in OA synovial fluid and correlated with 
pain in patient-reported outcomes (PROs) as well. Upon 
performing gait analysis on mice, the JNKi-treated mice 
showed a reduction in pain-associated behavior in mul-
tiple parameters. The maximum intensity and contact of 
the paw as well as the step cycle were restored back to the 
levels of the uninjured mice in the JNKi-treated PTOA 
mice. JNKi treatment therefore attenuates OA-associated 
pain by lowering the CCL2 levels secreted by the InfA 
cells. Our study therefore demonstrates that a cartilage 
resident population that emerges and expands with aging 

Fig. 5 Effect of JNK inhibition on human OA cartilage. A Schematic showing isolation of OA cartilage discs followed by treatment with vehicle 
or Jnki. B Safranin O staining of human OA cartilage sections treated with vehicle or Jnki. C Quantification of Safranin O staining using ImageJ. 
Significance calculated using Student’s t test with Welch’s correction
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and injury is a major source of the pain mediator CCL2 
and can be targeted specifically to modulate OA-associ-
ated pain.

Interestingly, inhibition of the InfA population through 
JNKi has no discernible effect on cartilage or joint home-
ostasis and there is no chondroprotective or joint preser-
vation effect. Neither cartilage degeneration nor synovial 
hyperplasia is affected by the JNKi treatment. Consistent 
with mice data, no changes were observed in human OA 
cartilage homeostasis upon JNKi treatment assessed by 
GAG production and histology. A similar observation 
was provided by the recent report on  Jnk1−/−Jnk2−/− 
double knockout mice wherein no effect was observed 
on disease progression in a PTOA model [32]. The role 
of JNK signaling in OA pathogenesis has been widely 
studied, especially in the context of its activation and 
degradation of cartilage by regulating the expression of 
MMPs and interleukins. Recently, a study concluded that 
 Jnk1−/−Jnk2−/− double knockout mice did not show a dif-
ference in disease progression in a PTOA model; how-
ever, the knockout mice exhibited significantly worse 
cartilage in aged mice. Furthermore, the group showed 
that p16 positive senescent cells were in greater abun-
dance in the  Jnk1−/−Jnk2−/− double knock-out mice 
as compared to the wild-type mice [32]. We therefore 
checked whether a short-term, intra-articular treatment 
with JNK inhibitor would have any effect on p16 express-
ing senescent cell population in the mice joints. The JNKi 
treatment and dosage used did not result in any increase 
in p16 expressing senescent cells in any of the joint tis-
sues tested—cartilage, synovium, or meniscus.

Conclusions
Collectively the data show that InfA cells in OA cartilage 
specifically regulate joint pain through the production of 
CCL2 and CCL7 while these cytokines have little effect 
on cartilage degeneration or synovial inflammation in the 
end-stage OA joint. It will be interesting to understand 
the cell populations in joint tissues that secrete other 
molecular mediators that are known to contribute to 
OA-associated pain like NGF [35, 36]. and damage-asso-
ciated molecular products (DAMPs). Identification of the 
specific cell populations that generate these pain media-
tors can enhance our understanding of and provide new 
routes to attenuate OA-associated pain.
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