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Purpose: The polarization of macrophages towards the pro-inflammatory M1 phenotype and osteoclast overactivation play
a significant role in the pathogenesis of aseptic loosening of orthopedic implants. This study sought to examine the expression and
activation of macrophages and osteoclasts in implant biopsies with respect to epidermal growth factor receptor (EGFR) signaling and
to assess the potential of EGFR inhibition in mitigating titanium particle-induced bone resorption in a cranial resorption murine model.
Methods: Bone marrow-derived macrophages (BMDMs) were stimulated with Tumor Necrosis Factor-alpha (TNF-a)) and Interferon-
gamma (IFN-v) initially. Subsequently, Osteoclast differentiation was initiated after Gefitinib was added to the treatment groups. Male
C57BL/6 mice were treated with Gefitinib or 0.5% Carboxymethyl Cellulose-Sodium (CMC-Na) by oral gavage daily for two weeks.
A sham group received no further intervention, while the other groups had titanium particles implanted. Tissues were collected and
analyzed by measurements such as micro-computed tomography (micro-CT) analyses, histology, immunofluorescence stainings, cell
viability assays, assays for resorption pit formation, Reverse Transcription-Polymerase Chain Reactions (RT-PCRs), and Western blots
were conducted.

Results: The study demonstrated a significant upregulation of EGFR in response to titanium particle exposure. Inhibition of EGFR
phosphorylation with gefitinib effectively reduced bone degradation at osteolytic sites in a murine model. Gefitinib treatment led to
a notable reduction in M1 macrophage polarization, as indicated by immunofluorescence staining and Western blot analysis of
macrophage markers. Mechanistically, selective EGFR inhibitors mitigate osteoclastogenesis and osteoclast resorption by inhibiting
the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) and nuclear factor-xB (NF-xB) signaling pathways.

Conclusion: Our findings provide compelling evidence of the essential role of EGFR-related pathways in M1 polarization, osteoclast
activation, and ensuing periprosthetic osteolysis. Overall, EGFR presents a novel target for addressing bone resorption-associated
conditions triggered by particles or modulated by macrophages and osteoclasts.
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Introduction
Over the past few years, titanium (Ti) implants have experienced a global increase in usage within orthopedics and
dentistry. Despite their high success rate,'* issues such as orthopedic implant loosening and oral peri-implantitis continue

to pose significant challenges for healthcare providers. Current evidence suggests that implant failure is linked to aseptic

Journal of Inflammation Research 2024:17 9725-9742 9725
Received: 22 August 2024 © 2024 Jia et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 19 November 2024
Published: 26 November 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0003-7395-7663
http://orcid.org/0009-0004-8356-9610
http://orcid.org/0009-0006-8225-9762
http://orcid.org/0009-0005-4954-6498
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Jia et al Dove

inflammation surrounding the implant due to the release of debris, Ti ions, and particles.” Likewise, prior findings have
unveiled that the tissue-prosthesis interface could experience aseptic loosening resulting from interface stress and wear
particles caused by friction following the insertion of artificial hip and knee prostheses in orthopedics, a key factor in
surgical implant failure.®> Pathological examinations have disclosed pronounced inflammatory reactions around failed
orthopedic*” and oral®® implants associated with Ti particles.

As mentioned above, implantation inherently leads to long-term tissue damage, initiating a sustained inflammatory
response known as chronic inflammation. Chronic inflammation, triggered by the generation of inflammatory cytokines
and tissue damage, is a pathological phenomenon observed in various chronic conditions like malignancy, metabolic
syndrome, and vascular disorders.””'" The hallmark of chronic inflammation is the consistent recruitment of leukocytes
to the injury site.'* Unlike acute inflammation, chronic inflammation typically entails a persistent shift of leukocytes,
culminating in inflammation primarily driven by macrophages rather than neutrophils. In this respect, Michal Eger et al'?
demonstrated that Ti particles evoke a pronounced inflammatory response in macrophages and stimulate
osteoclastogenesis.

Macrophage activation constitutes a critical stage in macrophage functioning, with M1 macrophages being activated
in response to pathogens and pro-inflammatory cytokines.'*”'” M1 macrophages express an array of inflammatory
mediators, including interleukin (IL)-1f, IL-6, and tumor necrosis factor-alpha (TNF-a), which can directly or indirectly
activate periprosthetic osteolysis, ultimately leading to prosthetic loosening.'®!'? It has been established that TNF’s
mechanism of action involves expanding the pool of osteoclast precursors, promoting osteoclast formation by differ-
entiating macrophage colony-stimulating factor (M-CSF)-induced M2 into M1 inflammatory macrophages, suggesting
that M1 macrophages can foster osteoclast formation.?

Osteoclastogenesis is a complex process further regulated by epidermal growth factor receptor (EGFR) signaling.
EGFR, a widely expressed member of the ErbB receptor family of tyrosine kinase receptors, has been documented in
numerous malignancies.?! Furthermore, EGFR is critical in regulating cell growth, proliferation, and differentiation.?>
EGFR signaling is widely believed to facilitate the recruitment of osteoclast precursors and osteoclastogenesis during

bone development, involving the downregulation of osteoprotegerin (OPG), > %

acting as a decoy receptor for RANKL
and the upregulation of monocyte chemoattractant protein 1 (MCP1) in stromal osteoblasts.*

Beyond osteoclast regulation, recent findings indicate that tyrosine kinase signaling also influences macrophage
activation.”’ In this respect, studies have linked tyrosine kinase signaling with macrophage function in mouse models of
glaucoma, colitis, and cancer.”® ** However, the potential impact of macrophage EGFR signaling on periprosthetic
osteolysis remains unexplored. Hardbower et al*? explored this aspect in a mouse model of inflammatory bowel disease
and demonstrated EGFR signaling’s crucial involvement in macrophage activation and function. In mouse models,
inhibiting EGFR signaling or genetic knockout reduced M1 and Mreg activation. The above studies overlap in their
assertion that macrophage EGFR targeting holds promise as a therapeutic approach for diseases and cancers linked to
chronic inflammation. Another study proposed that bone marrow-specific EGFR knockout mice experienced altered
tumorigenesis due to reduced macrophage, neutrophil, and T cell infiltration, highlighting EGFR’s significance to
macrophage function.*?

Based on these findings, EGFR signaling emerges as a potential biomarker of chronic inflammation and a target for
chemoprevention in patients with periprosthetic osteolysis. This investigation aimed to examine the expression and
activation of macrophages and osteoclasts in implant biopsies with respect to EGFR signaling and to assess the potential
of EGFR inhibition in mitigating titanium particle-induced bone resorption in a cranial resorption murine model.
Additionally, we examined the role of EGFR in macrophage polarization, osteoclastogenesis, and osteoclast bone
resorption using bone marrow-derived macrophage cultures.

Materials and Methods

Preparation of Titanium Wear Particles
Alfa Aesar (Shanghai, China) provided Ti particles (average diameter 3.0 um, 90% below 15 um) that were mixed in
a 75% ethanol solution, stirred with a magnetic stirrer for 48 h, and then dried in a 100 °C oven to eliminate endotoxins.
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The quantitative levels of endotoxins were checked using the Limulus Amebocyte Lysate Assay (BioWhittaker,
Walkersville, MD).**3

Procedures for Operating and Administering Drugs

The protocols implemented in this study adhered to internationally recognized standards and were approved by our
institution’s Ethics Committee. Titanium particles were implanted into the calvaria of 48 male C57BL/6 mice,*® ensuring
that each group had 6 samples for different analyses. These were divided into four groups: (1) Sham group (mice were
administered a 0.5% solution of carboxymethyl cellulose sodium (CMC-Na) via gavage), (2) Vehicle group (mice
received a subperiosteal implantation of 20 mg Ti particles and were administered a 0.5% CMC-Na solution via gavage),
(3) Low-dose gefitinib group (mice were subjected to 20 mg Ti particles along with a daily dose of 10 mg/kg gefitinib
(AstraZeneca, Macclesfield, UK), and (4) High-dose gefitinib group (mice were exposed to 20 mg Ti particles and a daily
dose of 50 mg/kg gefitinib, a dose selected based on previous studies demonstrating its efficacy in inhibiting EGFR

phosphorylation while maintaining high survival rates®’ >’

). Following the administration of anesthesia, an § mm sagittal
incision was performed at a mid-calvarial point. A 0.5x0.5 cm area of periosteum was carefully exposed via an incision
anterior to the interaural line. While the sham group received no further treatment, the remaining groups underwent
titanium particle implantation. Fifteen microliters of titanium particle suspension were uniformly distributed over the
intact periosteum using pipettes. Gefitinib was dissolved in a solution of 0.5% CMC-Na and given orally through gavage
daily for two weeks. In contrast, the group that did not receive gefitinib was administered a 0.5% CMC-Na solution by

oral gavage.

Micro-CT Analysis

Following euthanasia, cranial bones (n=6/group) were collected and fixed in 4% paraformaldehyde. The extent of
calvarial damage in the murine specimens was assessed using micro-CT (SkyScan 1176; SkyScan, Aartselaar,
Belgium).*’ Calvaria were scanned at an isometric resolution of 9 um, with X-ray energy parameters set to 80 kV and
100 mA. Cone-beam reconstruction software (SkyScan) was employed to reconstruct 3D images, and correlation
analyzer software (SkyScan) was utilized to perform quantitative analysis. To minimize potential bias, a volume of
interest (VOI) of the same size (3 mm diameter) was established in the center of each calvarium.*’ SkyScan software was
utilized to analyze the number of VOI pores, bone mineral density (BMD), and bone volume/tissue volume (BV/TV).

Patient-Derived Implant Biopsies

Synovium samples were obtained from patients who underwent primary arthroplasty or periprosthetic osteolysis. The
specimens were obtained from areas of bone loss during either revision or primary arthroplasty. The First Affiliated
Hospital Ethics Committee of Xinjiang Medical University approved all procedures, and informed consent was obtained
from patients or their relatives. The process strictly followed the Code of Ethics of the World Medical Association
(Declaration of Helsinki).

Histology

Following 48 h of tissue fixation, cranial bones (n=6/group) were decalcified for one month in 10% ethylenediaminete-
traacetic acid (EDTA, Vetec, Germany). The human joint synovium and mouse calvaria specimens were subjected to
fixation, decalcification, and paraffin embedding before being sectioned into 5 pm-thick slices. Subsequently, the slices
were stained with tartrate-resistant acid phosphatase (TRAP), and hematoxylin, eosin (H&E) and examined under
a microscope to obtain images. The bone thickness (mm) and erosion surface (mm?) were measured following the
methodology described by Parfitt et al.*'
purple staining granules.** Image Pro-Plus 6.0 software (Media Cybernetics, Bethesda, Maryland, USA) was used to

TRAP-positive cells were quantified by measuring the pixel area of their dark

determine the ratio of osteoclast surface to bone surface (OcS/BS, %).

The assessment of RANKL, EGFR, and P-EGFR expression was conducted through immunohistochemistry utilizing
primary antibodies that were deemed appropriate (Abcam, ab216484, Cambridge, UK; Abcam, ab52894, Cambridge, UK
and Abcam, ab40815, Cambridge, UK, respectively). After dewaxing, gradient hydration, and antigen recovery, sections
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were incubated with primary antibodies for 12 h at 4 °C in the dark. Following washing, the sections were exposed to
secondary antibodies for 35 minutes at ambient temperature. Positive staining cells were observed and quantified using
a microscope.

Colocalization by Immunofluorescence Staining
Immunofluorescence staining was performed to assess the colocalization of two proteins in a murine skull model. The
samples were incubated in a 2% BSA solution for 1 hour, followed by overnight incubation at 4 °C with primary
antibodies (IgG, 1:500; CD206, 1:1000; CD86, 1:200; CD68, 1:200; Abcam) to target the proteins of interest. Afterward,
the samples were immersed in PBS and treated with antibodies for 60 minutes at ambient temperature. Specifically, goat-
derived rabbit and rat IgG H&L antibodies, labeled with Alexa Fluor 647 and 488, respectively, were used for our
experiments. Finally, the specimens were examined using laser confocal microscopy (Leica, TCS SP8, Wetzlar, Hessian,
Germany) per established academic protocols.

Image analysis was conducted using ImageJ and Wolfram Mathematica software (version 10.0) to determine the pixel
ratios of CD86/nuclei and CD206/nuclei as a function of distance from the surface of individual mesh fibers. Positive
cells were quantified in at least three distinct regions within each sample.

Cell Culture and Differentiation

Bone marrow-derived macrophages (BMDMSs) were isolated from the bone marrow of C57 BL/6 mice and cultured in
Dulbecco’s Modified Eagle Medium (HyClone, Logan, Utah, USA) comprising 30 ng/mL M-CSF (R&D Systems,
Minnesota, USA), 10% fetal bovine serum (Gibco, California, USA) and 100 U/mL penicillin. After four days, the cells
were divided into four groups: control, vehicle (TNF-a, R&D Systems; Interferon-gamma (IFN-y), Sigma) (RANKL,
Abcam), low-dose Gefitinib group (0.1 pmol/L Gefitinib) and high-dose Gefitinib groups (10 pumol/L Gefitinib). The cells
were seeded in a 96-well, 24-well, or 6-well plate at a density of 6x10°, 9x10*, or 5x10° cells per well, respectively. The
cells were exposed to stimulation with 10 ng/mL TNF-a (R&D Systems) and 10 ng/mL IFN-y (Sigma) for 24 hours.
After the initial stimulation with TNF-a and IFN-y, Gefitinib was added to the respective groups, while some groups
were left without Gefitinib treatment. The vehicle group received the same treatment without the addition of Gefitinib to
serve as a control for any effects of the solvent. The process of osteoclast differentiation was initiated by applying
a concentration of 100 ng/mL of RANKL. The determination of the induction time was carried out according to
the experimental specifications.

Macrophages were identified using F4/80 as a surface marker. M1 macrophages were characterized by the presence of
CD86 (1:500) and iNOS (1:200), while M2 macrophages were characterized by CD206 (1:500) and Arg-1(1:200). Cells
were incubated with specific antibodies, washed, and labeled with fluorescent antibodies, such as Alexa Fluor 647 (red)
and 488 (green), for visualization using confocal microscopy (Leica).

To stimulate the differentiation of osteoclasts, BMDMs were cultured in an induction medium supplemented with 100
ng/mL RANKL. Following five days of osteoclast induction, TARP-stained microscopy (Zeiss) revealed the presence of
multinucleated cells. Immunofluorescence staining was used to detect p65 localization in the cytoplasm and nucleus, with
DAPI (blue) as a nuclear counterstain. Positive cells were observed using the Olympus fluorescence microscope and
quantified using Image Pro Plus 6.0 software. Experimental protocols followed the manufacturer’s instructions.

Cell Viability Assay

BMDMs were cultivated in an induction medium in 96-well plates for 24 hours. Subsequently, cells were incubated with
varying concentrations of gefitinib (0-50 uM) for 48 h to assess its potential cytotoxicity against BMDMs. Cell viability
was assessed using the Cell Counting Kit-8 (CCK-8, Dojindo, Kumamoto, Japan) following the manufacturer’s instruc-
tions. The inhibition rate of BMDMs was calculated with GraphPad.

Assay for Resorption Pit Formation
BMDMs were cultured in osteoclast resorption plates (OAP, Corning, NY, USA) supplemented with 100 ng/mL RANKL
and varying concentrations of gefitinib (0.1-10 uM) until the 5™ day, at which point osteoclasts were observed. After
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plate washing and sonication, the resorption pits were examined using a microscope (Zeiss). Consequently, areas of
resorption were evaluated by Image J software (National Institutes of Health, Bethesda, MD, USA).

Analysis of Quantitative Real-Time PCR (RT-PCR)

Total RNA extraction from the cells was conducted using TRIzol reagent (Sigma) according to the recommended
protocols. To ensure robustness and accuracy, each sample was subjected to triplicate analysis. The reverse transcription
process was conducted with Takara reverse transcriptase (Otsu, Japan). Subsequently, the resulting cDNA was amplified
using a SYBR Premix Ex Tag Kit (Takara). Table 1 provides the primer sequences.

Western Blot Analysis

The expression of the target protein was analyzed by Western blotting. The primary antibodies used included iNOS
(1:1000 dilution, Abcam), Arg-1 (1:1000 dilution, Sigma-Aldrich), CD86 (1:1000 dilution, Abcam), CD206 (1:1000
dilution, Sigma-Aldrich), EGFR (1:1000 dilution, Abcam), P-EGFR (1:1000 dilution, Abcam), AKT (1:1000 dilution,
Abcam), P-AKT (1:1000 dilution, Abcam), p65 (1:1000 dilution, Abcam), P-p65 (1:1000 dilution, Abcam), Ixba (1:1000
dilution, Abcam), P-Ixba (1:1000 dilution, Abcam) and B-actin (1:2000 dilution, weiao). After rinsing the membranes
with TBS-Tween, they were exposed to the appropriate secondary antibodies for a reaction. Ultimately, the visualization
of blots was achieved using a Bio-Rad chemiluminescence detection system.

Statistical Analysis

The data were analyzed using mean and standard deviation, and statistical significance was determined using paired
t-tests or one-way ANOVA with Tukey’s post-hoc test for multiple comparisons. A significance level of P < 0.05 was
considered statistically significant. In the figures, significance levels were denoted as *indicating P < 0.05, and
**indicating P < 0.01.

Results
EGFR Signaling Was Significantly Upregulated in Periprosthetic Membranes of Aseptic

Loosening Patients

Immunohistochemical staining was performed on primary and revision periprosthetic osteolysis (PPO) arthroplasty
tissues to reveal EGFR and P-EGFR expression. Multinucleated macrophage-like cells were identified as the primary
sources of EGFR and P-EGFR expression within human coxa osteoarthritic synovium. Moreover, the soft tissues from
the revision arthroplasty joint exhibited higher P-EGFR expression than primary arthroplasty cells (Figure 1A-B).
RANKL expression, predominantly observed in osteocytes, osteoblasts, activated T-cells, and stromal fibroblasts within

43-46

the human coxa synovial membrane, was consistent with P-EGFR expression in soft tissues obtained from primary

and revision PPO arthroplasty (Figure 1C).

Table | Primers Used for RT-PCR

Genes Sequences (5'-3’)

TRAP F: CTGGAGTGCACGATGCCAGCGACA R: TCCGTGCTCGGCGATGGACCAGA
NFATCI | F: CCGTTGCTTCCAGAAAATAACA R: TGTGGGATGTGAACTCGGAA
C-FOS F: CCAGTCAAGAGCATCAGCAA R: AAGTAGTGCAGCCCGGAGTA
CTSK F: CTTCCAATACGTGCAGCAGA R: TCTTCAGGGCTTTCTCGTTC

OSCAR | F: CTGCTGGTAACGGATCAGCTCCCCAGA | R: CACATTGGGGGTAGGAACAC

GAPDH | F: ACCCAGAAGACTGTGGATGG R: CACATTGGGGGTAGGAACAC
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Figure | P-EGFR was overexpressed in aseptic implant-loosening-associated human periprosthetic membranes. Immunostaining was performed for EGFR (A), P-EGFR (B),
and RANKL (C). Scale bars represent 50 and 100 pum.

EGFR Inhibition Reduced Ti Particle-Induced Bone Destruction in vivo

After establishing the upregulation of P-EGFR in human hip synovium after revision surgery, the feasibility of EGFR
inhibition to mitigate particle-induced bone destruction was assessed. The selective EGFR inhibitor gefitinib was utilized
within a titanium particle-induced osteolysis model to assess their impact on pathological osteolysis. 3D reconstructions
of murine calvaria from distinct groups were generated by micro-CT scans. Calvaria from the vehicle group exhibited
multiple bone disruptions, while the sham group showed fewer disruptions.

Administration of gefitinib through daily gavage significantly inhibited bone pitting induced by titanium particles,
exhibiting a dose-dependent effect (Figure 2A). Quantitative analysis revealed significant reductions in BMD by 42.3%,
bone volume fraction (BV/TV) by 14.1%, and a notable increase of 3.5-fold in porosity (%) and 5.0-fold in pore number
in the vehicle group relative to the sham group. Gefitinib-treated mice exhibited improved BMD and BV/TV compared to
the vehicle group (Figures 2B-C). Gefitinib administration also reduced pore number and porosity (%) (Figure 2D-E).

Histological analysis indicated that EGFR inhibition mitigated particle-induced osteolysis, with reduced erosion
surface and increased bone thickness in the gefitinib-treated group compared to the vehicle group (Figure 2F-H).

TRAP staining showed TRAP-positive cells primarily co-localized with bone pitting (Figure 2I). The histomorpho-
metric analysis validated gefitinib’s significant inhibitory effect on bone pitting and the OCs/BS ratio, alongside
enhanced bone density in the presence of titanium particles in a dose-dependent manner (Figure 2J-K).

Reduced P-EGFR Levels in Murine Particle-Induced Osteolysis Model with Gefitinib

Treatment

Immunohistochemical staining for EGFR and P-EGFR revealed a dose-dependent reduction of P-EGFR expression by
gefitinib (Figure 3C and D). Low and high concentrations of gefitinib lowered the abundance of P-EGFR-positive cells
by 21.5% (P < 0.01) and 47.4% (P < 0.01), respectively, compared to the vehicle group. However, EGFR-positive cell
abundance showed no significant disparity among low-dose and high-dose gefitinib treatment groups and the vehicle
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Figure 2 lllustrates the effectiveness of inhibiting P-EGFR with gefitinib in reducing titanium particle-induced bone destruction in a murine PPO model. Micro-CT images
demonstrated the 3D reconstruction of the calvaria (A) with | mm scale bars. Quantitative measurements included BMD (B), BV/TV (C), number of pores (D), and areas of
porosity (E, %). Histological analysis was conducted using H&E and TRAP staining, with scale bars indicating a length of 100 um (F and I). The study measured the eroded

surface (G), bone thickness (H), TRAP-positive cell numbers (J), and OCs/BS (K). #P<0.05, **P<0.01.
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Figure 3 Gefitinib decreased P-EGFR levels in a mouse model of calvarial osteolysis induced by titanium particle exposure. EGFR immunostained images (A) and P-EGFR
immunostained images (C) were shown with a scale bar indicating 100 um. The numbers of EGFR-positive cells (B) and P-EGFR-positive cells (D) were determined. **¥P<0.01.

group (Figure 3A and B). Taken together, these findings corroborate that gefitinib could reduce bone resorption via EGFR
phosphorylation inhibition.

3.4. Gefitinib induced macrophage phenotype shift from M1 to M2 in the murine model of particle-induced
osteolysis.

Macrophage secretion of inflammatory cytokines significantly contributes to peri-implant inflammation and is strongly
associated with aseptic loosening.*” Macrophages exist in two phenotypes: pro-inflammatory M1 and pro-healing M2. To
investigate the effect of gefitinib on macrophage polarization during peri-implant inflammation, dual fluorescence staining using
CD68 (green) and CD86 (or CD206; red) was performed on murine skulls (Figure 4A). Evidence of CD68" macrophages was
found in the tissue surrounding titanium particles in the vehicle group. Most CD68" macrophages expressed the M1 marker
CD86, with a minority expressing the M2 marker CD206, consistent with the literature.*® Low and high-dose gefitinib-treated
groups demonstrated reduced infiltration of M1 macrophages (CD68 CD86") and increased ratios of M2 macrophages
(CD68'CD206") with anti-inflammatory properties (Figure 4B).

Macrophage Polarization in vitro

We next mimicked the inflammatory response induced by wear particles using TNF-a for in vitro M1 polarization. CCK-
8 assay confirmed gefitinib’s low cytotoxicity to BMDMs at doses below 20 pM (Figure 5A). Gefitinib at 50 pM
significantly inhibited BMDM proliferation (Figure 5A). Gefitinib treatment in TNF-a-induced BMDMs led to a dose-
dependent decrease in EGFR phosphorylation levels, verified by Western blotting (Figure 5B and C).

Dual fluorescence staining with F4/80 (green) and CD86 (or CD206; red) revealed a decrease in F4/80"'CD68" M1
macrophages and an increase in F4/80°CD206" M2 macrophages with increased doses of gefitinib (Figure 5D and E).
Western blot analysis demonstrated decreased iNOS and CD86 expression and increased Arg-1 and CD206 expression
with increasing doses of gefitinib, highlighting its ability to prompt macrophage conversion from M1 to M2 phenotype
(Figure 5F and G).

In line with our findings, EGFR inhibition could induce a shift in macrophages from the M1 to the M2 phenotype,
facilitating the transition from a pro-inflammatory to an anti-inflammatory state by inhibiting EGFR under inflammatory

conditions, consistent with the outcomes observed in our in vivo experiments.
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Figure 4 The phenotype of macrophages in vivo. Representative immunofluorescence colocalization was performed using staining images for F4/80 (green) and CD86 (or
CD206; red) (A) with a scale bar of 100 um. The percentage of double-positive macrophages was determined and quantified (B) (n=6 per group). *P<0.05.

Inhibition of EGFR-Suppressed RANKL-Induced Osteoclastogenesis

After establishing reduced osteoclast and M1 macrophage abundance in the titanium particle-induced osteolysis model
following EGFR inhibition, we sought to explore whether inhibiting EGFR could impact osteoclast formation. To
validate this hypothesis, we established an in vitro experimental setup, culturing BMDMs in induction media supple-
mented with 30 ng/mL M-CSF and 100 ng/mL RANKL while introducing different concentrations of gefitinib (0, 0.1,
10 uM). After five days, we observed a reduction in mature osteoclasts with increasing concentrations of gefitinib
(Figure 6A and B).

We also examined the effect of EGFR inhibition on osteoclast function by culturing BMDMs on resorption plates
with varying gefitinib concentrations (Figure 6C). Our analysis revealed a significant decrease in the resorption area
compared to the control group (Figure 6D).

It is widely acknowledged that upon attachment to bone, osteoclasts initiate membrane reorganization, leading to the
formation of specific membrane domains crucial for bone resorption. Consequently, we conducted a study examining the
impact of EGFR on osteoclast function, specifically focusing on the structures of F-actin (cytoskeleton).*’
Immunostaining with Acti stain 488 fluorescent Phalloidin demonstrated that RANKL-treated BMDMs displayed the
characteristic structure and spread of the F-actin ring (Figure 6E). In contrast, the gefitinib-treated group exhibited
a significant disruption of F-actin ring integrity, accompanied by a decrease in ring size (Figure 6E). These findings
suggest that EGFR inhibition hinders the formation of F-actin rings during osteoclastogenesis, disrupting the cytoskeletal
organization, structure, and function of mature osteoclasts.

Furthermore, RT-PCR results demonstrated that EGFR inhibition through gefitinib at a concentration of 10 uM
downregulated the expression of osteoclast-associated genes, including C-FOS, TRAP, NF-ATCI1, CTSK, and OSCAR
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Figure 5 Effect of gefitinib treatment on macrophage polarization. Following treatment of BMDMs with TNF-a (10 ng/mL) + IFN-a (10 ng/mL) for 24 h, and the in vitro
determination of macrophage polarization was performed across different treatment groups. The impact of gefitinib on BMDMs at various stimulation concentrations was
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Western blot analysis was performed to assess the expression of CD86, iINOS, CD206, and Arg-1 (F). Quantitative analysis of Western blot results (G) (n = 3/group).

*P<0.05, **P<0.01.

(Figure ©6F). These findings indicate that EGFR suppression induces the inhibition of RANKL-induced

osteoclastogenesis.

Suppression of PI3K/AKT and NF-kB Signaling Pathways During Osteoclastogenesis
After EGFR Inhibition

To elucidate the precise mechanisms underlying the downregulation of osteoclastogenesis resulting from EGFR inhibi-
tion, we employed Western blotting analysis to examine the key signaling pathways implicated in osteoclast formation
and differentiation. Specifically, BMDMs were stimulated with 100 ng/mL RANKL for various durations (0, 15, 30, 45,
or 60 min), with or without gefitinib at a concentration of 10 uM. Our results indicated a significant increase in AKT,
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Figure 6 EGFR inhibition with gefitinib suppressed RANKL-induced osteoclastogenesis. BMDMs were cultured in an induction medium supplemented with gefitinib at 0, 0.1,
and 10 pM concentrations (A). Following five days of osteoclast induction, TRAP staining was conducted to assess the abundance of multinucleated osteoclasts generated
from BMDMs (B). The BMDMs were cultured in 24-well resorption plates at a density of 1x10° cells per well, using an induction medium supplemented with varying
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F-actin (green) and visualization of nuclei using DAPI (blue) (E). RT-PCR analysis was conducted to assess the expression levels of TRAP, NFATcl, CTSK, Oscar, and C-Fos
(F). Scale bars represent 50 and 200 pum. *#P<0.05, **P<0.01.

p65, and IkBa phosphorylation upon RANKL stimulation (Figure 7A—D). This effect was subsequently countered by the
administration of gefitinib (Figure 7A—D). Moreover, RANKL stimulation led to a notable translocation of p65 from the
cytoplasm to the nucleus, which was dose-dependently inhibited by gefitinib treatment (Figure 7E). These results suggest
that EGFR inhibition interferes with RANKL-induced osteoclastogenesis by suppressing the PI3K/AKT and NF-«B
signaling pathways.

Discussion

EGFR, known for its influence on epithelial cell function and its oncogenic role in various cancers.’®>* has been
established in the context of inflammation and cancer for its impact on macrophages,”®*° However, our study sub-
stantiated the crucial role of EGFR in regulating macrophage polarization and osteoclastogenesis, which holds huge
potential for mitigating implant-induced osteolysis. Our study provided hitherto undocumented evidence of the pre-
dominance of EGFR and P-EGFR in multinucleated macrophage-like cells within human coxarthrosis synovial samples.
Additionally, significant activation of P-EGFR was noted in coxa synovial membrane samples from patients undergoing
revision arthroplasty with periprosthetic osteolysis. The recruitment of macrophages by wear particles and their transition
to M1 macrophages with pro-inflammatory attributes are key contributors to chronic inflammation and osteolysis.”>>°

57-59

Given that macrophage polarization significantly influences inflammatory osteolysis, it is highly conceivable that

EGFR activation could trigger M1 polarization, contributing to particle-induced osteolysis.
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Earlier studies have emphasized the dependence of macrophage activation and function on EGFR signaling, a key
factor in generating pro-inflammatory chemokines in vivo.”**? Prior research has also indicated that EGFR can
reprogram macrophages into the M1 phenotype to regulate inflammatory macrophage responses.®® Building on this
understanding, we postulated that inhibiting EGFR could mitigate the production of M1-type macrophages and mitigate
particle-induced osteolysis. To test this hypothesis, we administered the EGFR inhibitor gefitinib in a murine model of
titanium particle-induced osteolysis, and the observed outcomes were in line with our expectations. Our findings
indicated that gefitinib treatment increased BMD and BV/TV while reducing porosity. Additional histological bone
staining substantiated that inhibiting EGFR effectively countered titanium particle-induced bone degradation.

The intricate link between chronic inflammation and various diseases underscores the pivotal role of macrophages.
These adaptable cells exhibit distinct polarized phenotypes, encompassing the pro-inflammatory M1 phenotype and the
anti-inflammatory M2 phenotype, enabling them to fulfill diverse functions.'> The emergence of excessive M1 macro-
phage polarization is attributed to peri-implant inflammation, contributing to the aseptic loosening of implants. This
polarization potentiates the expression of inflammatory cytokines, subsequently activating osteoclasts.’ To further
elucidate the mechanism by which gefitinib mitigates titanium particle-induced osteolysis, we explored the hypothesis
that EGFR inhibition would reduce M1 macrophage formation. This hypothesis was investigated both in vivo and
in vitro. Herein, gefitinib effectively inhibited M1 polarization and facilitated a shift towards an M2-like phenotype
within an inflammatory environment by blocking EGFR activity. In conclusion, our study underscores the role of EGFR
inhibition in curtailing the generation of macrophages implicated in particle-induced osteolysis, suggesting its potential
as a therapeutic avenue for treating osteolytic disorders.
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Osteoclasts, pivotal for bone homeostasis and density maintenance, are also key players in bone resorption.’>%

Research has emphasized the critical role of activated osteoclasts in the pathophysiology of particle-induced peripros-
thetic osteolysis, leading to escalated bone resorption.>*** RANKL, a central regulator of osteoclastogenesis, is integral
to bone resorption by promoting osteoclast differentiation and formation while regulating wear debris-induced
osteolysis.®*®> Our study revealed higher levels of RANKL expression in tissues from revision arthroplasty patients
with PPO, consistent with elevated P-EGFR expression. This correlation between P-EGFR and RANKL levels in human
coxa osteoarthritic synovium samples highlights P-EGFR’s role in regulating particle-induced osteolysis akin to RANKL.
As RANKL downregulation has been shown to mitigate osteoclast formation and differentiation, suppressing bone
destruction.®” We hypothesized that EGFR inhibition could similarly hinder osteoclastogenesis and mitigate particle-
induced osteolysis. Hence, we employed the EGFR inhibitor gefitinib, which demonstrated efficacy in a murine model of
titanium particle-induced osteolysis, in alignment with our hypothesis. While increasing bone mass and decreasing
osteoclast numbers, gefitinib diminished EGFR expression in a murine particle-induced osteolysis model. These findings
imply that gefitinib’s inhibitory impact could stem from EGFR expression suppression, reducing osteolytic bone
resorption and osteoclastogenesis. Accordingly, we investigated the effect of EGFR inhibitors on RANKL-induced
osteoclastogenesis in vitro. As expected, the EGFR inhibitor gefitinib hindered osteoclast formation and associated
resorption, concurrently suppressing osteoclast-associated gene expression by downregulating EGFR.

Prior research has demonstrated EGFR’s influence over diverse cellular processes such as proliferation, growth,
survival, metabolism, and migration through the activation of the PI3K-AKT pathway, subject to temporal and spatial
control.®® Furthermore, the PI3K/AKT pathway regulates osteoclast activation and survival.®*”’! Studies have indicated
that inhibiting AKT, like with LY2940, considerably diminishes mature osteoclast numbers stimulated by RANKL.”*"
In this context, we investigated whether PI3K/AKT pathway inhibition contributed to the reduced osteoclast activation
due to gefitinib. Western blotting confirmed that RANKL-stimulated cells displayed heightened AKT phosphorylation,
markedly reversed with gefitinib treatment. The decreased AKT phosphorylation after gefitinib administration suggests
its potential to inhibit osteoclast activation through direct or indirect PI3K/AKT pathway modulation.

Previous research has shown that RANKL-induced osteoclastogenesis is mediated by NF-kB signaling,’>’*"® which
can be modulated by PI3K/AKT activation.”’ Furthermore, NF-kB activation and PI3K/AKT signaling involve the
translocation of p65, an NF-kB subunit, from the cytoplasm to the nucleus.”® These pathways collectively drive
osteoclast activation and gene expression.”” In light of PI3K/AKT’s impact on NF-kB, we assessed the effects of
gefitinib on IkB-a and p65 phosphorylation. As expected, gefitinib effectively reversed the RANKL-induced elevation of
P-p65 and P-IkB-o in BMDMs. Additionally, gefitinib indirectly validated IxB-a phosphorylation inhibition by counter-
ing RANKL-induced IkB-a degradation. Moreover, gefitinib mitigated RANKL-induced p65 translocation from the
cytoplasm to the nucleus. These results are consistent with the established role of EGFR inhibitors in synergistically
inhibiting cell proliferation through the targeting of the NF-«kB signaling pathway.*® In summary, EGFR inhibition
suppressed RANKL-induced osteoclastogenesis by blocking the PI3K/AKT and NF-kB pathways.

Furthermore, our study revealed that multinucleated macrophage-like cells in human hip synovium express EGFR and
P-EGFR. Notably, P-EGFR expression was elevated in multinucleated macrophage-like cells within human coxa
synovial membrane samples from patients undergoing revision arthroplasty. This parallel with osteoclasts found in
revised tissue implies that the multinucleated macrophage-like cells could potentially serve as precursor cells for
osteoclasts.*> These findings emphasize EGFR’s role in forming macrophages and osteoclasts, where inhibiting EGFR
activity impedes osteoclast precursor cells and osteoclastogenesis.

Maintaining the delicate balance between osteoclastic bone resorption and osteoblastic bone formation, known as
bone remodeling, is crucial for various physiological functions like bone development, fracture repair, and mineral
metabolism.®' Disruption of this equilibrium, often due to aberrant osteoclast activity, can lead to metabolic bone
disorders such as PPO. Additionally, macrophages play a significant role in prosthesis-related inflammation, exacerbating
PPO progression.®? In osteolytic diseases, wear particle stimulation triggers osteoclast generation and activation,®
heightened M1 macrophage expression, and aggravated local inflammation,** ultimately resulting in PPO. In this context,
inhibiting M1 macrophage polarization and osteoclast generation and activation can mitigate particle-induced peripros-
thetic osteolysis.**® Our study offers a unique perspective on the role of EGFR in macrophage polarization and
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osteoclastogenesis within the context of periprosthetic osteolysis, providing a detailed mechanistic understanding. Our
research demonstrates that inhibiting EGFR with gefitinib can reduce the number of M1 macrophages and osteoclasts,
thereby alleviating bone destruction in a murine model of titanium particle-induced osteolysis. Furthermore, we highlight
that gefitinib’s inhibitory effects on osteoclastogenesis and activation involve the EGFR/PI3K/Akt and NF-kB signaling
pathways. Given the importance of regulating bone regeneration in wear particle-induced osteolytic diseases, these
findings emphasize the potential therapeutic benefits of targeting EGFR to mitigate such conditions.

While our study contributes valuable insights, there are certain limitations to consider. Titanium particles were
utilized to induce osteolysis, although ultrahigh molecular weight polyethylene debris is the primary material used in
medical practice.®® The rationale behind choosing titanium particles was their stability and adhesive properties. It should
be borne in mind that prior studies have reported similar osteolytic effects between the two materials.*®*” However, due
to the differing conditions in our in vitro and in vivo models (TNF-o/IFN-y vs titanium particles), there is room for
further optimization and alignment. We plan to address this in future iterations to enhance experimental rigor.
Additionally, we recognize the importance of distinguishing the role of EGFR in macrophage polarization versus
osteoclast differentiation, which was not specifically isolated in our study. We have now added this aspect to our
considerations. Furthermore, our experiment focused on the relevance of the EGFR pathway to osteoblasts and
macrophages without extensively exploring and targeting downstream genes, which we intend to pursue in future
research.

Conclusions

Overall, our study uncovers the pivotal role of activated EGFR-related pathways in M1 polarization, osteoclast
activation, and subsequent periprosthetic osteolysis. Importantly, we demonstrate that inhibiting EGFR phosphorylation
effectively mitigates titanium-induced osteolysis, reduces bone destruction at affected sites, and suppresses osteoclasto-
genesis and related gene expression by robustly targeting the RANKL-induced PI3K/AKT and NF-kB pathways.
Consequently, EGFR emerges as a promising therapeutic target for addressing periprosthetic osteolysis and other bone
resorption and destruction processes orchestrated by macrophages and osteoclasts.
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