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Abstract

Posttraumatic osteoarthritis (PTOA) results in joint pain, loss of joint function, and impaired 

quality of daily life in patients with limited treatment options. We previously demonstrated 

that epidermal growth factor receptor (EGFR) signaling is essential for maintaining chondro-
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progenitors during articular cartilage development and homeostasis. Here, we used a nonsurgical, 

loading-induced PTOA mouse model to investigate the protective action of EGFR signaling. A 

single bout of cyclic tibial loading at a peak force of 6 N injured cartilage at the posterior aspect 

of lateral femoral condyle. Similar loading at a peak force of 9 N ruptured the anterior cruciate 

ligament, causing additional cartilage damage at the medial compartment and ectopic cartilage 

formation in meniscus and synovium. Constitutively overexpression of an EGFR ligand, heparin 

binding EGF-like growth factor (HBEGF), in chondrocytes significantly reduced cartilage injury 

length, synovitis, and pain after 6 N loading and mitigated medial side cartilage damage and 

ectopic cartilage formation after 9 N loading. Mechanistically, overactivation of EGFR signaling 

protected chondrocytes from loading-induced apoptosis and loss of proliferative ability and 

lubricant synthesis. Overexpressing HBEGF in adult cartilage starting right before 6 N loading 

had similar beneficial effects. In contrast, inactivating EGFR in adult cartilage led to accelerated 

PTOA progression with elevated cartilage Mankin score and synovitis score and increased ectopic 

cartilage formation. As a therapeutic approach, we constructed a nanoparticle conjugated with 

the EGFR ligand TGFα. Intra-articular injections of this nanoconstruct once every 3 weeks for 

12 weeks partially mitigated PTOA symptoms in cartilage and synovium after 6 N loading. Our 

findings demonstrate the anabolic actions of EGFR signaling in maintaining articular cartilage 

during PTOA development and shed light on developing a novel nanomedicine for PTOA.
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Introduction

Osteoarthritis (OA) is the most common cause of disability and poses the greatest public 

health threat for over 27 million adults in the United States. Among all OA risk factors, 

joint trauma is an important one that increases the likelihood of developing OA by 3.86 

times.(1) Etiology studies find that approximately 12% of symptomatic OA can be attributed 

to posttraumatic OA (PTOA) of the hip, knee, or ankle.(2) Specifically, joint injuries in 

young adults eventually lead to radiographic OA in half of patients within 12–14 years.(3) 

Most pharmacologic treatments for PTOA are only palliative with adverse side effects. No 

disease-modifying drugs are available for PTOA. Therefore, there is an unmet demand in 

understanding the mechanism of PTOA and developing novel therapies to slow down or 

reverse PTOA progression.

The epidermal growth factor receptor (EGFR) signaling pathway is very important in 

mammalian cells. Upon ligand binding, EGFR, a 170-kDa kinase receptor, activates a 

cascade of downstream signaling pathways, including MEK/MAPK, PI3K/Akt, PLCγ, and 

others, to modulate a variety of cellular functions, such as proliferation, survival, adhesion, 

migration, and differentiation.(4) EGFR is expressed in most human tissues, including 

cartilage. Among its ligands, transforming growth factor α (TGFα) and heparin binding 

EGF-like growth factor (HBEGF) are the two most expressed ones in articular cartilage.(5) 

Gene profiling found that both of them are regulated in OA cartilage.(6,7) Other studies also 
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linked the TGFA gene locus to human OA,(8–10) although the functional relevance of these 

findings remains unclear.

Although EGFR is expressed ubiquitously by articular cartilage chondrocytes, EGFR 

activity, indicated by phosphorylated EGFR (p-EGFR) and phosphorylated ERK (p-ERK), 

is mainly located at the superficial layer of human and mouse articular cartilage.(11) This 

activity is drastically reduced during aging and OA initiation, indicating an essential role 

in OA progression. Previous cell culture studies showed that EGFR had both anabolic 

and catabolic actions.(12) While promoting proliferation and survival, addition of EGFR 

ligands to chondrocytes in culture suppresses their expression of cartilage matrix genes, 

such as Col2a1 and Aggrecan, and stimulates their expression of cartilage degradation 

proteases, such as Mmp13 and Adamts5. However, knocking down EGFR activity in 

vivo using a constitutive chondrocyte-specific Cre driver (Col2a1-Cre) greatly reduces 

the number of superficial chondrocytes in the articular cartilage in adolescent mice and 

leads to spontaneous knee OA in adult mice.(5) Moreover, these conditional knockout mice 

are much more susceptible to the destabilization of the medial meniscus (DMM) surgery 

than wild type (WT) mice.(5) A subsequent study using inducible chondrocyte-specific 

Aggrecan-CreER demonstrated that EGFR activity is also required for the normal structure 

and function of articular cartilage and preventing OA initiation after DMM surgery.(11)

In contrast, EGFR overactivation in mice by overexpressing EGFR ligand, HBEGF, in 

chondrocytes using Col2a1-Cre leads to articular cartilage expansion in young mice and 

resistance to DMM-induced OA progression in adult mice.(13) Interestingly, HBEGF 
overexpression stimulates the proliferation and survival of chondrocytes at the top layer 

of articular cartilage but does not affect the production of cartilage matrix proteins and the 

synthesis of cartilage degradation proteases.(13) Consistent with these data, depletion of a 

negative feedback inhibitor of EGFR, mitogen-inducible gene 6 (Mig6),(14) in chondrocytes 

results in similar articular cartilage thickening in young mice.(15–17) These reports provide 

strong evidence that EGFR is a potential target for OA therapy.

One limitation of the aforementioned studies is that only one model, DMM, was tested to 

examine the action of EGFR signaling in PTOA development. Although DMM is commonly 

used for OA studies, it is an invasive surgical procedure with confounding factors not related 

to clinically relevant joint degeneration. Compared to DMM, a noninvasive loading model 

is more accurate in mimicking mechanically induced human PTOA.(18) Therefore, in this 

study, we subjected the aforementioned EGFR-deficient and overactivating mouse models to 

a previously established tibial loading protocol(19) and examined whether EGFR signaling 

protects articular cartilage from one bout of cyclic loading. As a possible therapeutic 

approach, we further tested whether a newly designed nanoparticle (NP) conjugated with 

an EGFR ligand, TGFα, attenuates PTOA development in WT mice after loading injury.
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Material and Methods

Animals

Animal protocols were approved by the Institutional Animal Care and Use Committees of 

the University of Pennsylvania. These experiments were performed in the animal facilities of 

our institution, which implement strict regimens for animal care and use.

To establish a cartilage-specific HBEGF overexpression mouse model, we crossed Col2a1-
Cre (Jackson Laboratory, Stock No. 003554)(20) and Aggrecan-CreER (Jackson Laboratory, 

Stock No. 019148)(21) mice with Rosa-DTR (diphtheria toxin receptor, Jackson Laboratory, 

Stock No. 007900)(22) mice to generate constitutive (Col2a1-Cre DTR) and inducible 

(Aggrecan-CreER DTR) DTR overexpression mice, respectively. Since DTR is human full-

length HBEGF,(23) these mice are equivalent to HBEGF overexpression (HBEGF OverCol2 

and HBEGF OverAcanER). DTR- or Cre-only siblings were used as WT controls. To 

generate cartilage-specific EGFR-deficient mice, we first crossed Aggrecan-CreER mice 

with EgfrWa5/+(24) to generate Aggrecan-CreER EgfrWa5/+ mice, which was then crossed 

with Egfrflox/flox(25) mice to produce Aggrecan-CreER EgfrWa5/flox (Egfr iCKOAcanER) mice 

and their WT (Aggrecan-CreER Egfrflox/+ and Egfrflox/+) siblings. EgfrWa5/+ and Egfrflox/flox 

mouse lines were originally acquired from Dr. David Threadgill at the University of 

North Carolina at Chapel Hill. To induce Cre activity, HBEGF OverAcanER mice, Egfr 
iCKOAcanER mice, and their respective WT control mice were intraperitoneally injected with 

75 mg/kg/day tamoxifen for 5 days prior to loading injury.

Loading procedure—To induce PTOA, 2-month-old male mice were subjected to 

mechanical loading using a Bose ElectroForce TestBench system (TA Instruments) at 

the right knees, as previously described.(19) Briefly, under anesthesia, the right tibia was 

positioned horizontally with the knee in deep flexion between the left loading cup (attached 

to the actuator) and the right fixed cup (linked to the load cell) (Fig. 1A) and subjected to 

axial compressive loading at a peak force of 6 or 9 Newtons (N). A 0.5-N preload force was 

applied to maintain the limb in position between loading cycles. Cyclic loads were applied 

for 0.34 s with a rise and fall time of 0.17 s each and a baseline hold time of 10 s between 

cycles for 60 cycles (Fig. 1B). The uninjured left knees were used as controls. We used six 

mice per time point per genotype for genetically modified mice and five mice per treatment 

group for NP treatment experiment.

Histology

After euthanasia, mouse knee joints were harvested and fixed in 4% paraformaldehyde 

overnight followed by decalcification in either 10% ethylenediaminetetraacetic acid (EDTA, 

AMRESCO) for 21 days or Formical-2000 decalcifier (StatLab) for 3 days prior to paraffin 

embedding. A series of 6-μm-thick sagittal sections (about 100) were cut across the entire 

lateral compartment of the joint. Two sections within every consecutive six sections in the 

entire section set were stained with safranin-O /Fast green. The section with the longest 

cartilage lesion was used to quantify cartilage injury length and Mankin score. The cartilage 

lesion site is normally located at the posterior aspect of lateral femoral condyle (Fig. 1C). 

Injury length is defined as the longitudinal length of negative safranin-O staining, indicating 
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proteoglycan loss, at the articular cartilage surface.(19) Mankin score is previously defined as 

a combined score assessing cartilage structure (0–5 points), chondrocyte abnormalities (0–3 

points), safranin-O staining (0–5 points), and tidemark integrity (0–1 point).(26) Scoring was 

performed independently by two blinded examiners.

To calculate the synovial inflammation score, another two sections within every consecutive 

six sections in the entire section set were stained with hematoxylin and eosin (H&E) 

and subjected to synovitis scoring based on the following morphological parameters as 

previously described(27): (i) hyperplasia/enlargement of synovial lining cell layer; (ii) 

activation of resident cells/synovial stroma. (iii) inflammatory infiltration. All defined 

histopathological qualities are graded from absent (0), slight (1) and moderate (2) to strong 

(3), with summaries ranging from 0 to 9.0. Although synovitis occurs throughout the joint, 

we selected the same anterior location among all mice for quantification (Fig. 1D). Each 

knee received a single score representing the maximal score of all sections. Scoring was 

performed independently by two blinded examiners.

To examine anterior cruciate ligament (ACL) rupture-induced cartilage damage, we cut the 

entire medial compartment of the joints from WT and HBEGF OverCol2 mice at 3 months 

after loading to determine the Mankin scores. Scoring was performed independently by two 

blinded examiners.

Immunohistochemistry—Paraffin sections were processed for antigen retrieval, followed 

by incubation with primary antibodies against p-EGFR (1:100, Abcam, ab40815), Ki67 

(1:100, Abcam, ab15580), PRG4 (1:100, Abcam, ab28484), MMP13 (1:100, Abcam, 

ab219620), or ADAMTS5 (1:100, Abcam, ab41037) at 4°C overnight. After biotinylated 

secondary antibody (Vector Laboratories, PK-4001) incubation and 3,3′-Diaminobenzidine 

(DAB) color development (Thermo Fisher Scientific, TA-060-QHDX), images were 

captured under a light microscope (Eclipse 90i, Nikon).

A terminal deoxynucleotidyl transferase deoxyuridine triphosphate (dUTP) nick end 

labeling (TUNEL) assay was carried out according to the manufacturer’s instructions 

(ApopTag Fluorescein In Situ Apoptosis Detection Kit, Millipore Sigma, S7110). The 

number of positive cells was counted in the uncalcified articular cartilage by two blinded 

observers using ImageJ.

OA pain analysis

Pain after loading injury was evaluated using von Frey filaments as described previously.
(13,28) Individual mice were placed on a wire-mesh platform (Excellent Technology Co.) 

under a 4 × 3 × 7-cm cage to restrict their movements. The mice were trained to become 

accustomed to this condition every day starting from 7 days before the test. During the test, 

a set of von Frey fibers (Stoelting Touch Test Sensory Evaluator Kit 2–9, ranging from 0.015 

g to 1.3 g force) were applied to the plantar surface of the hind paw until the fibers bowed, 

and then held for 3 s. The threshold force required to elicit withdrawal of the paw (median 

50% withdrawal) was determined five times on each hind paw with sequential measurements 

separated by at least 5 min.
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Chondrocyte culture and immunoblotting

Chondrocytes were harvested from 3-day-old mouse knee joints. Briefly, the distal 

femoral and proximal tibial cartilage tissues were carefully collected under the microscope 

and digested with 0.25% trypsin–EDTA (30 min, Invitrogen) and 600 U/mL type I 

collagenase (2 h, Worthington Biochemical), and cells were maintained in DMEM medium 

supplemented with 10% FBS, 100 μg/mL streptomycin, and 100 U/mL penicillin.

To perform Western blot, cell lysate was solubilized in radioimmunoprecipitation assay 

buffer (50 mM Tris, pH 7.4, 100 mM NaCl, 1% sodium deoxycholate, 1% Triton-X 

100, and 0.1% SDS) with protease inhibitor (P8340–1ML, Sigma-Aldrich). Cell lysate (50 

mg) was separated by SDS-PAGE and transferred onto polyvinylidene fluoride membrane. 

Immunoreactive protein bands were visualized using rabbit anti-ERK (1:1000; CST, 

4695), anti-p-ERK (1:1000; CST, 4370), anti-β-actin (1:3000; CST, 4970) antibodies, and 

secondary antibodies (Vector Laboratories), followed by chemiluminescence (Amersham 

ECLTM Western Blotting Detection Reagents, GE healthcare).

TGFα-NP synthesis

The human TGFA gene sequence (50 amino acids) was ordered from Integrated DNA 

Technologies (IDT) and cloned into the Sortase-Tag Expressed Protein Ligation (STEPL) 

system.(29) In brief, TGFA was fused sequentially with a linker (GGSx2), sortase A (Srt A) 

substrate (LPETG), another linker (GGSx5), Srt A enzyme, and His12-tag (TGFA-GGSx2-

LPETG-GGSx5-SrtA-His12). The sequence-confirmed plasmid construct was heat-shot 

transformed into Escherichia coli T7 express competent cells (New England BioLabs). 

On the next day, colonies were cultured in autoinduction medium (Formedium) containing 

100 μg/ml ampicillin (Corning) plus 0.6% glycerol and shaken at 150 rpm for 2 days at 

25°C. The cultures were pelleted down by centrifugation at 5000 × g for 15 min and lysed 

with 1% (w/v) octylthioglucoside (OTG, GoldBio) in PBS containing protease inhibitor 

and end-over-end rotated at 25°C for 30 min. The lysate was centrifuged again at the 

maximum speed for 20 min to collect supernatant, which was then loaded onto a cobalt resin 

(Thermo Fisher Scientific) to capture the TGFα fusion protein via His12 tag. After washing 

by 10 mM imidazole in PBS, the resin was incubated with 100 μM CaCl2 and 2 mM 

Gly-Gly-Gly (GGG, Santa Cruz Biotechnology) in PBS at 37°C for 1 h or 100 μM CaCl2 

and 600 μM Gly-Gly-Gly-DBCO (GGG-DBCO, LifeTein) in PBS at 37°C for 4 h. During 

the incubation, either GGG or GGG-DBCO was attached to the TGFα protein by sortase 

A enzyme catalytic reaction. The resultant TGFα (TGFα-GGG) or TGFα-DBCO (TGFα-

GGG-DBCO) was collected from the flow through and passed through spin filters (Amicon 

Ultra-4, 3000 MWCO) to remove excess GGG or GGG-DBCO. Protein concentrations were 

quantified by bicinchoninic acid (BCA) assay (Thermo Fisher Scientific).

TGFα-NPs were prepared via a click reaction. In brief, a chloroform solution containing 65 

M% DSPE-PEG2K (1 mg, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy 

(polyethylene glycol)-2000])/10 M% DOTAP (1,2-dioleoyl-3-trimethylammonium-

propane)/25 M% DSPE-PEG5K-N3 (1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-

[azido(polyethylene glycol)-5000] (ammonium salt)) was prepared in a roundbottom flask. 

The solvent was removed using a direct stream of nitrogen followed by vacuum desiccation 
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for a minimum of 4 h. NPs were prepared by adding PBS to the dried film in a 55°C water 

bath for 5 min, followed by vortex and filter through a 0.22 μm cellulose acetate membrane 

Nalgene filter (Thermo Fisher Scientific). NPs were then mixed with TGFα-DBCO (1:1 

TGFα-DBCO to DSPE-PEG5K-N3 molar ratio) overnight to make TGFα-NPs. To test 

the stability of TGFα-NPs, TGFα-NPs were stored in PBS for 7 days or bovine synovial 

fluid for 4 days (Lampire Biological Laboratories, Inc). Dynamic light scattering (DLS) 

(Zetasizer, Nano-ZS, Malvern) was used to determine the diameter and size distribution of 

the TGFα-NPs.

NP administration—The right knee joints of 2-month-old male C57Bl/6 mice (Jackson 

Laboratory) were fixed in a flexed position under anesthesia and subjected to intra-articular 

injection of 10 μl PBS, TGFα-DBCO (10 μM TGFα content), or TGFα-NPs (10 μM TGFα 
content) using a 30G Hamilton needle (five mice/treatment). Injections were repeated once 

every 3 weeks starting right after loading.

Statistics

Results in Fig. 2–6, 8, and Fig. S1, except Fig. 3D, are presented as box plots with median, 

interquartile range, and maximum and minimum values. The results in Fig. 3D and Fig. 

7B–D are presented as mean ± SD. For comparisons between two groups, one-way ANOVA 

was applied, followed by Tukey–Kramer multiple comparison tests. For comparisons among 

multiple groups across two fixed-effect factors (e.g., genotype and age), two-way ANOVA 

was applied, followed by Tukey–Kramer multiple comparison tests using Prism 8 software 

(GraphPad Software). In all tests, the significance level was set at α= 0.05.

Results

Constitutive EGFR overactivation mitigates loading-induced joint damage

To upregulate EGFR activity in chondrocytes, we constructed HBEGF OverCol2 mice. At 2 

months of age, HBEGF OverCol2 mice and their WT controls were subjected to compressive 

joint loading at a peak force of 6 or 9 N for 60 cycles at their right tibiae in a single 

loading period. ACL rupture was observed in all mice within the 9-N group but none 

within the 6-N group. Knee joints were harvested at 2 weeks, 1 month, and 3 months 

after loading for histological analyses (Fig. 2A). Loading caused a lesion at the posterior 

aspect of lateral femoral condyle in WT joints 2 weeks later in both groups (Fig. 2B). This 

cartilage lesion was characterized by a loss of safranin-O staining, indicating proteoglycan 

depletion. Over time, this loss became more and more obvious, but the length of the lesion, 

i.e., injury length, did not significantly increase (Fig. 2C). At 3 months after loading, 

we observed surface fibrillations in both loading groups. Quantification by Mankin score 

indicated moderate OA development (Fig. 2D). Compared to the 6-N group, the 9-N group 

showed a trend of increases in injury length at all three time points and in Mankin score at 3 

months after injury.

Compared to the WT controls, HBEGF OverCol2 joints exhibited less cartilage damage after 

loading. Their injury length was significantly reduced by 20.7%, 22.8%, and 28.5% at 2 

weeks, 1 month, and 3 months, respectively, in the 6-N group. These joints also had higher 
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safranin-O staining intensity and smoother cartilage surface, leading to a 41.4% reduction in 

the Mankin score. Similar protective effects of HBEGF overexpression were also observed 

in the 9-N group. Immunohistochemistry (IHC) confirmed that HBEGF OverCol2 mice 

had higher EGFR activity (p-EGFR staining) at the top layer of articular cartilage in the 

uninjured area than WT siblings (Fig. 2E).

PTOA is associated with synovitis. In both the 6-N and 9-N WT groups, the thickening of 

synovium was prominent at 2 weeks and further increased at 1 month and 3 months after 

loading (Fig. 3A, B). The 9-N group had significantly higher synovitis scores than the 6-N 

group at 1 month and 3 months. Overexpression of HBEGF did not affect the synovium 

morphology in the Sham group but significantly reduced the thickening of synovium in 

the loading groups. At 3 months of age, synovitis scores of HBEGF OverCol2 joints were 

decreased by 31.2% and 31.7% in comparison with WT joints in the 6- and 9-N groups, 

respectively.

Loading at 9 N, but not at 6 N, promoted ectopic cartilage formation, characterized by 

neocartilage tissue in the region of meniscus and synovium, in 66.6% of WT mice (four out 

of six mice) 3 months later (Fig. 3C). Interestingly, no HBEGF OverCol2 mice developed 

ectopic cartilage after loading. We next performed a von Frey assay to evaluate loading-

induced mechanical allodynia, a proxy for PTOA pain (Fig. 3D). After 6 N loading, WT 
mice experienced a 74.8% decrease in 50% paw withdrawal threshold (PWT) 2 weeks 

later. This decrease was maintained throughout the experimental period. However, although 

HBEGF OverCol2 mice showed a similar level of pain initially, their 50% PWT was 

significantly increased at 1 and 3 months later, indicating less pain than WT after loading. 

Taken together, the foregoing data demonstrate that joint damage caused by loading is 

partially attenuated by overactivating EGFR signaling in chondrocytes.

Since ACL transection is an established surgical OA model in mice,The aforementioned 

mouse model(30) we next examined whether 9 N loading caused additional cartilage damage 

due to ACL rupture. As expected, we found that articular cartilage degeneration occurred at 

the medial joint compartment at 3 months after loading, resulting in moderate OA with a 

Mankin score of 5.8 (Fig. S1A, B). Such damage was not found in 6 N–loaded joints (Fig. 

S1C), suggesting that only 6 N loading should be considered as a pure loading-induced OA 

model. Thus, we excluded 9 N in subsequent studies. Nevertheless, it is important to point 

out that the damage on the medial cartilage due to 9 N loading–induced ACL rupture is 

attenuated in HBEGF OverCol2 joints (Fig. S1A, B). These data are in line with our previous 

report that HBEGF OverCol2(5) joints were resistant to DMM-induced OA.

EGFR signaling protects chondrocytes but does not prevent matrix degradation

To investigate the protective mechanism of EGFR signaling after loading injury, we next 

performed IHC on mouse articular cartilage at 2 weeks after 6 N loading. In WT mice, 

loading caused prominent chondrocyte death, as shown by TUNEL staining (Fig. 4A) and 

reduced chondrocyte proliferation and lubricant production, as shown by Ki67 (Fig. 4B) and 

PRG4 staining (Fig. 4C), respectively. Note that most affected cells are in the top layer of 

articular cartilage. Although it did not completely block these adverse loading effects on 

cells, overexpressing HBEGF partially reversed the damage by decreasing the percentage 
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of apoptotic cells (53.8%) and increasing the percentages of cells with proliferation ability 

(55.7%) and lubricant production (56.2%). In sham knees, we also observed increases 

of Ki67+ and PRG4+ chondrocytes in the HBEGF OverCol2 mice. Hence, these data 

suggest that EGFR signaling protects chondrocytes, especially superficial chondrocytes, 

from loading-induced damage.

MMP13 and ADAMTS5 are two major proteases responsible for cartilage degradation 

in OA.(31) We noticed that loading strongly elevated their amounts throughout the entire 

articular cartilage in WT mice (Fig. 4D, E). However, EGFR overactivation did not alter 

the percentage of cells staining positive for these proteases, suggesting that EGFR signaling 

does not affect matrix degradation in loading-induced PTOA.

Inducible EGFR overactivation in adult mice also reduces loading-induced joint damage

The aforementioned mouse model, HBEGF OverCol2 under the control of the Col2a1-Cre 
driver, overexpresses HBEGF in chondrocytes starting from the embryonic stage. To 

eliminate confounding developmental effects, we next examined the joint phenotype of 

an inducible mouse model, HBEGF OverAcanER, after loading (Fig. 5A). At 2 months of 

age, these mice, along with WT controls, received tamoxifen injections immediately before 

6 N loading on the right tibiae. Joints were harvested 2 weeks or 3 months after loading 

for analysis. At 2 weeks, HBEGF OverCol2 mice displayed much higher EGFR activity, as 

shown by p-EGFR staining, in the uninjured articular cartilage region than WT siblings (Fig. 

5B).

Similar to HBEGF OverCol2 mice, the HBEGF OverAcanER mice had significantly reduced 

cartilage injury length compared to WT (30.9% and 27.9% at 2 weeks and 3 months after 

loading, respectively, Fig. 5C, D). At 3 months, we also observed greater retention of 

safranin-O staining at the cartilage injury site in HBEGF OverAcanER joints, leading to a 

41.4% reduction in the Mankin score (Fig. 5E). Moreover, the synovitis score was decreased 

by 26.5% in these mice at 3 months (Fig. 5F, G). Thus, inducible EGFR overactivation 

demonstrated that EGFR signaling in adult cartilage plays a protective role against loading 

injury.

Inactivating EGFR in chondrocytes accelerates PTOA development

To complement our study, we established an inducible chondrocyte-specific EGFR-deficient 

mouse model, Egfr iCKOAcanER (Aggrecan-CreER Egfr flox/Wa5 ). Our previous studies 

indicated that Wa5, a dominant negative allele of Egfr, is required for maximum reduction 

of EGFR activity in vivo.(5,32,33) We subjected these mice as well as their WT controls at 

2 months of age to tamoxifen injections followed by 6 N loading (Fig. 6A). Compared to 

WT, Egfr iCKOAcanER mice had reduced p-EGFR activity in the uninjured articular cartilage 

(Fig. 6B).

After loading, the injury length in Egfr iCKOAcanER cartilage was 20.4% and 38.5% longer 

than WT cartilage at 2 weeks and 1 month, respectively (Fig. 6C, D). Although WT mice 

maintained a relatively smooth cartilage surface at these early time points, Egfr iCKOAcanER 

mice had already developed surface fibrillations at 2 weeks and significant cartilage erosion, 

fissures, and clefts at 1 month (Fig. 6C), leading to a drastic increase in the Mankin score 
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(Egfr iCKOAcanER 6.8 versus WT 3.5, Fig. 6E). Synovitis was also more severe in the Egfr 
iCKOAcanER joint at both time points (Fig. 6F, G). WT joints normally did not develop 

ectopic cartilage formation at 1 month after 6 N loading. However, three out of six Egfr 
iCKOAcanER joints showed neocartilage formation (Fig. 6H), further indicating that joint 

damage is exaggerated in EGFR-deficient mice.

Synthesis and characterization of TGFα-NPs

The aforementioned mouse genetic studies suggested that manipulating chondrogenic EGFR 

activity could protect cartilage against PTOA. To develop a potential therapeutic approach, 

we synthesized a novel NP carrying TGFα, a potent EGFR ligand, as an activator. As a 

small peptide (5.5 kD), intra-articular injected TGFα suffers from rapid clearance from 

the joint space. Conjugating the ligand to a nanocarrier could prolong its joint retention 

and restrict it at the delivery site. TGFα-NPs were prepared by mixing TGFα-DBCO 

with azide-functionalized phospholipid micellar NPs with lipid composition of 65 M% 

DSPE-PEG2K/10 M% DOTAP/25 M% DSPE-PEG5K-N3 (Fig. 7A). DLS measurements 

revealed that TGFα-NPs possessed a mean hydrodynamic diameter of 13.5 nm and a 

relatively narrow size distribution (Fig. 7B). A stability assay showed no observable change 

in the hydrodynamic diameter after being present in PBS for 7 days (Fig. 7C) or in bovine 

joint fluid for 96 h (Fig. 7D). Western blot demonstrated that TGFα-NPs, but not empty 

NPs, activated the EGFR downstream target ERK in mouse primary chondroprogenitors as 

effectively as free TGFα (Fig. 7E).

TGFα-NPs delays OA progression after loading

Next, we evaluate the in vivo effects of TGFα-NPs on PTOA. Two-month-old WT mice 

were subjected to 6 N loading on the right tibia and intra-articular injection of PBS, 

TGFα-DBCO, or TGFα-NPs once every 3 weeks starting right after the injury (Fig. 

8A). At 2 weeks after loading, the cartilage injury length was decreased by 25.9% in 

TGFα-NP-treated joints compared to PBS-treated joints (Fig. 8B, C). At 3 months after 

loading, TGFα-NP-treated joints retained more safranin-O staining and had less surface 

fibrillations, leading to a 40.0% reduction in the Mankin score (Fig. 8B, D). Moreover, 

synovitis was also lessened after TGFα-NP treatment (Fig. 8E, F). TGFα-DBCO alone did 

not have an obvious effect on cartilage injury. Overall, these data provide proof-of-principle 

evidence that targeting EGFR signaling using nanotechnology is effective for reducing 

loading-induced PTOA.

Discussion

In this work, using several genetically modified mouse models with chondrogenic EGFR 

overactivation and deficiency, we demonstrated the chondroprotective action of EGFR in 

loading-induced PTOA progression. These data complement our previous reports showing 

that EGFR signaling attenuates OA development in a surgical DMM model.(5,11,13) A 

single loading episode of mouse tibia induced lesions, indicated by cell death, in articular 

cartilage. Mechanistically, we found that activating EGFR signaling promoted the survival 

and lubrication of chondrocytes at the lesion site, thereby mitigating the loading impact 
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on cartilage. Additionally, we designed a novel NP carrying an EGFR ligand and provided 

proof-of-principle evidence for its therapeutic action on loading-induced PTOA.

The EGFR signaling pathway is essential for cell growth, survival, proliferation, and 

differentiation. The general function of EGFR in mammalian organs, such as skin,(34) 

brain,(35) intestine,(36) and bone,(37) for example, is to maintain tissue-specific stem and 

progenitors by promoting their proliferation and inhibiting their apoptosis. Studies from our 

group and others in the past several years have demonstrated that EGFR plays a similar 

role in articular cartilage by preserving chondroprogenitors in the superficial zone during 

cartilage homeostasis and OA development.(12) However, those studies mainly utilized 

spontaneous and DMM-induced OA models. In this work, we validated our previous 

conclusions by investigating the action of EGFR signaling in a noninvasive mechanical 

tibial compression model. Unlike DMM injury, a single bout of cyclic tibial loading at a 

peak force of 6 N does not injure stabilizing tissues in joints. Instead, the mechanical impact 

rapidly creates a focal lesion at the cartilage surface, which seldom propagates to nearby 

areas 3 months later. The 9 N peak force is more complicated by additionally rupturing 

ACL, a well-established cause of PTOA. The specific joint damage seen in our data could 

be a combination of the immediate impact, overloading, and the joint instability induced 

by ACL rupture, potentially dominated by the latter. Compared to loadi, DMM induced no 

morphological changes in articular cartilage within the first few weeks but caused significant 

cartilage erosion in a much wider region at a later stage.(38) The loading-induced OA model 

captured the features of traumatic joint injury in human patients and recapitulated some 

hallmarks of PTOA, including cartilage degeneration, synovitis, ectopic cartilage formation, 

and pain.(19,39,40) Our data demonstrating the beneficial effects of EGFR signaling in this 

model provide strong support for developing novel OA therapies that target EGFR pathway.

In healthy adult cartilage, chondrocytes are in a mostly quiescent phase characterized 

by a fine balance between anabolic (matrix synthesis) and catabolic (matrix degradation) 

activities. In PTOA cartilage, this balance is tipped toward more catabolic activity and 

less anabolic activity, leading to cell death and matrix degradation.(41) Our data showed 

that activating EGFR signaling by HBEGF overexpression stimulates anabolic activity by 

preserving chondrocytes and their lubrication but does not affect the catabolic activities 

(MMP13 and ADAMTS5) after loading. These results might explain why intra-articular 

injection of TGFα-NP partially mitigates, but does not completely reverse, cartilage lesion 

and synovitis at 3 months after loading. Chronic inflammation at a low level plays a 

critical role in stimulating catabolic activities during PTOA.(42) We previously designed a 

phospholipid micellar nanoparticles conjugated with secreted phospholipase A2 inhibitor 

(sPLA2i).(43) sPLA2 is a heterogeneous group of enzymes that specifically hydrolyzes the 

sn-2 ester bond of membrane phospholipids to release free fatty acids, such as arachidonic 

acid and lysophospholipids, which are upstream mediators of inflammation in many chronic 

inflammatory diseases.(44) We demonstrated that these sPLA2i-NPs are effective in reducing 

the amounts of p-P65 and p-P100, two downstream reporters of the NF-κB inflammatory 

pathway, in mouse joints after loading. Research from another group also showed that 

directly targeting these two NF-κB reporter genes using siRNA strategy partially mitigate 

PTOA development in a mouse loading model.(45) To further restore articular cartilage to a 

healthy state and relieve other PTOA-related joint symptoms, we believe that a two-pronged 
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approach targeting both anabolic and catabolic activities of cartilage is more effective for 

PTOA treatment. For this purpose, in this work, we conjugated TGFα to phospholipid-based 

micellar NPs, the same nanocarriers we previously used for constructing sPLA2i-NPs. In the 

future, we will synthesize phospholipid micellar NPs loaded with both TGFα and sPLA2i 

and test the efficacy of this single reagent in various OA models.

One limitation of our study is that we only study male mice at 2 months of age. In human 

populations, joint injuries can occur before and after skeletal maturity and in both sexes. 

Although the use of 2-month-old male mice for PTOA study was common in previous 

studies,(18,46,47) further investigation should be carried out in female mice as well as 

skeletally mature mice to identify any possible gender and age effects. Another limitation is 

that we only study the efficacy of EGFR overactivation immediately after PTOA initiates. 

Future studies should include a late treatment regimen, for example, injecting tamoxifen 

in HBEGF OverAcanER mice or TGFα-NPs in WT mice 1 month after loading injury, to 

match the clinical scenario in which patients often receive treatment long after an injury 

occurs. Lastly, although we initially intended to adjust PTOA severity using different loading 

forces, we later discovered that the high loading group (9 N) was a complex PTOA model 

combining loading injury and ACL rupture that creates cartilage damage sites at both 

medial and lateral components of joints. However, it is important to point out that HBEGF 
overexpression is able to attenuate cartilage degeneration at both sites. Taken together, our 

data strongly support the critical anabolic actions of EGFR signaling in maintaining articular 

cartilage during PTOA development and shed new light on developing a novel nanomedicine 

to treat millions of PTOA patients.
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Fig. 1. 
A loading-induced posttraumatic osteoarthritis (PTOA) mouse model. (A) Photograph (left 

panel) and cartoon (right panel) of a mouse low hindlimb during loading. (B) Waveform 

of applied hold and peak load magnitudes and rate and time interval of loading. (C) 

Representative safranin-O/Fast green-stained images of Sham or 6 N-loaded WT mouse 

joints at 1 month after loading. The red double-headed arrow indicates the cartilage injury 

length between two red dashed lines. Scale bars, 100 μm. (D) Representative hematoxylin 

and eosin (H&E)–stained images of Sham or 6 N-loaded mouse joints at 1 month after 

loading. Arrows point to thickened synovium area for quantification. Scale bars, 100 μm. A, 

anterior; F, femur; FP, fat pad; M, meniscus; P, posterior; S, synovium; T, tibia. In (C, D), 

bottom high-magnification images are from the outlined areas in the top low-magnification 

images.
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Fig. 2. 
Constitutive epidermal growth factor receptor (EGFR) overactivation attenuates cartilage 

damage caused by loading. (A) The study protocol shows that 2-month-old WT and HBEGF 
OverCol2 mice were subjected to 6 or 9 N loading at their right tibiae, followed by joint 

harvest later. H, harvest. (B) Representative safranin-O/Fast green-stained sections of WT 
and HBEGF OverCol2 cartilage at 2 weeks, 1 month and 3 months after loading. Two black 

dashed lines indicate a cartilage lesion site between them. Scale bars, 100 μm. (C) Cartilage 

injury length was quantified (n = 6/group). (D) OA severity at 3 months after loading 
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was assessed by Mankin score (n = 6/group). (E) Immunostaining of p-EGFR in uninjured 

articular cartilage from WT and HBEGF OverCol2 mice. Scale bars, 50 μm. The comparisons 

were conducted by two-way ANOVA with Tukey–Kramer multiple comparison test.
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Fig. 3. 
Constitutive epidermal growth factor receptor (EGFR) overactivation mitigates synovitis and 

ectopic cartilage formation in joint after loading. (A) Representative H&E-stained sections 

of WT and HBEGF OverCol2 mouse synovium at 2 weeks, 1 month, and 3 months after 6 

or 9 N loading. Scale bars, 100 μm. (B) Synovitis score was quantified (n = 6/group). (C) 

Representative safranin-O/Fast green-stained sections of WT and HBEGF OverCol2 mouse 

joints at 3 months post 9 N loading. An arrow points to the heterotopic ossification area in 

synovium tissue. F, femur; S, synovium; T, tibia. Scale bars, 100 μm. (D) At 2 weeks, 1 
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month, and 3 months after 6 N loading, joint allodynia (50% PWT) was measured by von 

Frey assay. Value at Day 0 was obtained before loading. PWT, paw withdrawal threshold. 

(n = 5/group). P values indicate significant difference of 50% PWT between WT 6 N and 

HBEGF OverCol2 6 N. The comparisons were conducted by two-way ANOVA with Tukey–

Kramer multiple comparison test.
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Fig. 4. 
EGFR signaling promotes the survival, proliferation, and lubrication of chondrocytes in 

articular cartilage. (A) TUNEL staining of WT and HBEGF OverCol2 articular cartilage at 

4 days after 6 N loading. White dashed lines in the images outline uncalcified zone. The 

percentage of TUNEL+ cells in uncalcified cartilage was quantified and is shown at the right 

(n = 5/group). Scale bars, 100 μm. (B–E) Ki67 (B), PRG4 (C), MMP13 (D), and ADAMTS5 

(E) staining of WT and HBEGF OverCol2 articular cartilage at 2 weeks after 6 N loading. In 

each panel, the percentage of positive cells in the articular cartilage is quantified at the right 
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(n = 5/group). Scale bars, 50 μm. The comparisons were conducted by two-way ANOVA 

with Tukey–Kramer multiple comparison test.
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Fig. 5. 
Chondrocyte-specific overactivation of EGFR signaling in adult mice hinders PTOA 

progression. (A) Study design showing WT and HBEGF OverAcanER mice received 

tamoxifen injections right before 6 N loading. Their knee joints were harvested 2 weeks 

and 3 months later. H, harvest; T, tamoxifen injection. (B) Immunostaining of p-EGFR in 

uninjured tibial articular cartilage from WT and HBEGF OverAcanER mice at 2 weeks after 

loading. Scale bars, 50 μm. (C) safranin-O/Fast green-stained sections of WT and HBEGF 
OverAcanER cartilage at indicated time points. Scale bars, 100 μm. (D) Cartilage injury 
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length was quantified (n = 6/group). (E) Mankin score of WT and HBEGF OverAcanER 

mouse joints at 3 months after loading was quantified (n = 6/group). (F) H&E-stained 

sections of WT and HBEGF OverAcanER synovium at indicated time points. Scale bars, 50 

μm. (G) Synovitis score was quantified (n = 6/group). The comparisons were conducted by 

two-way ANOVA with Tukey–Kramer multiple comparison test.
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Fig. 6. 
Chondrogenic EGFR deficiency accelerates PTOA progression in adult mice. (A) WT and 

Egfr iCKOAcanER mice received tamoxifen injections right before 6 N loading at 2 months 

of age. Their knee joints were harvested 2 weeks and 1 month later. H, harvest; T, tamoxifen 

injection. (B) Immunostaining of p-EGFR in uninjured articular cartilage from WT and 

Egfr iCKOAcanER mice at 2 weeks after loading. Scale bars, 50 μm. (C) Safranin-O/Fast 

green-stained sections of WT and Egfr iCKOAcanER cartilage at indicated time points. Scale 

bars, 100 μm. (D) Cartilage injury length was quantified (n = 6/group). (E) Mankin score 
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of WT and Egfr iCKOAcanER mouse joints at 1 month after loading was quantified (n = 

6/group). (F) H&E-stained sections of WT and Egfr iCKOAcanER synovium at indicated 

time points. Scale bars, 50 μm. (G) Synovitis score was quantified (n = 6/group). (H) 

Representative safranin-O/Fast green-stained sections of WT and Egfr iCKOAcanER joints at 

1 month after loading. Arrows point to heterotopic ossification area in synovium. Scale bars, 

100 μm. F, femur; M, meniscus; S, synovium; T, tibia. The comparisons were conducted by 

two-way ANOVA with Tukey–Kramer multiple comparison test.
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Fig. 7. 
Synthesis and characterization of novel nanoparticle conjugated with TGFα. (A) Schematic 

diagram of TGFα-NP. (B) Size distribution of TGFα-NP as evidenced by DLS. (C) The 

diameter of TGFα-NP was measured in PBS for up to 7 days. (D) The diameter of 

TGFα-NP was measured in bovine synovial fluid for up to 96 h. (E) Western blot of 

p-ERK, an EGFR downstream target, in primary chondrocytes at 15 min after TGFα-NP (15 

ng/ml of TGFα content) treatment. Cells treated by vehicle (PBS), free TGFα (15 ng/ml), 
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and empty-NP (i.e., no TGFα conjugation) were used as controls. The comparisons were 

conducted by ordinary one-way ANOVA with Tukey–Kramer multiple comparison test.
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Fig. 8. 
Intra-articular injections of TGFα-NPs delays PTOA development. (A) 2-month-old WT 
mice received 6 N loading, followed by intra-articular injections of PBS, TGFα-DBCO, or 

TGFα-NPs starting right after loading and then once every 3 weeks for 12 weeks. Knee 

joints were harvested at 2 weeks and 3 months after loading for further histology analysis. 

(B) Representative safranin-O/Fast green images of articular cartilage at 2 weeks and 3 

months after loading. Scale bars, 100 μm. (C) Cartilage injury length was quantified (n = 

5/group). (D) OA severity at 3 months after loading was assessed by Mankin score (n = 
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5/group). (E) Representative H&E-stained sections of synovium at 2 weeks and 3 months 

post loading. Scale bars, 50 μm. (F) Synovitis score was quantified (n = 5/group). The 

comparisons were conducted by ordinary one-way ANOVA with Tukey–Kramer multiple 

comparison test.
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