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Purpose: This study investigated the role of copper metabolism MURR1 domain-containing 1 (COMMD1) in Talaromyces marneffei
(TM)-induced osteomyelitis (OM) and its regulation of osteoclast differentiation via the NF-xB pathway.

Methods: A murine TM infection model was used to assess bone destruction and osteoclast activity via micro-CT, histological
analysis, biomechanical testing, qPCR, and Western blot. RNA sequencing was performed to analyze differentially expressed genes.
Functional validation was conducted using COMMDI1 conditional knockout (cKO) mice and bone marrow-derived monocytes
macrophages (BMMs). The NF-«B inhibitor JSH-23 was used to verify pathway dependency.

Results: TM infection significantly upregulated inflammatory cytokines (IL-10, IL-17, TNF-a)) and induced severe bone structural damage,
characterized by trabecular thinning and reduced mechanical strength. These changes were accompanied by increased osteoclast numbers
and elevated expression of osteoclast differentiation-related genes (TRAP, NFATc1, Ctsk, FOS). RNA sequencing revealed downregulation
of COMMDI1 and activation of the NF-kB pathway in TM-infected mice. COMMDI deficiency exacerbated bone destruction and osteoclast
differentiation, while COMMD1 overexpression suppressed these effects. Mechanistic studies showed that COMMDI deletion increased
P65 phosphorylation and decreased IkBa expression, effects that were reversed by JSH-23 treatment.

Conclusion: COMMDI protects against TM-induced OM by inhibiting the NF-xB pathway, suggesting it as a potential therapeutic
target for bone infections.
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Introduction

Osteomyelitis (OM) refers to a bone disease characterized by inflammation due to microbial pathogen invasion, with
Staphylococcus aureus being the most common causative agent.'” Based on the route of infection, OM can be classified
into hematogenous, contiguous, and post-traumatic types, among the various forms of OM, post-traumatic cases dominate,
comprising around 80% of incidences. It is frequently associated with open fractures or postoperative infections.®> The
pathogenesis of OM is complex, involving inflammatory responses, bone destruction, and an imbalance in bone remodeling.*
Early diagnosis combined with appropriate antibiotic therapy can effectively treat acute OM. However, chronic OM is often
accompanied by bone loss, localized ischemic sclerosis, and impaired soft tissue regeneration, rendering systemic antibiotics
alone insufficient for effective treatment.” The appearance of bacteria with resistance to antibiotics, driven by prolonged

overuse in recent years, has further impaired clinical efficacy.®” Moreover, OM is characterized by a prolonged treatment

Infection and Drug Resistance 2025:18 6079-6092 6079
Received: 4 June 2025 © 2025 Ihang 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.
AT php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creati org/licenses/by-nc/4.0/). By accessing the

Accepted: 24 October 2025
Published: 21 November 2025

work 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/0009-0006-4106-3149
http://orcid.org/0009-0002-6846-4189
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zhang et al

course and a high recurrence rate, which severely compromises patients’ well-being and contributes to significant strain on
healthcare services and broader economic systems.®

Talaromyces marneffei (TM) is a dimorphic mushroom primarily indigenous to southern China and Southeast Asia. TM
typically leads infections in the lungs, skin, and lymphatic system.’ """ In recent years, studies have reported that TM can also
involve bone tissue, leading to severe complications such as OM.'? Compared with other pathogenic fungi, such as
Histoplasma or Coccidioides, bone infections have been reported, typically presenting as osteolytic lesions and chronic
granulomatous inflammation in disseminated disease. However, these cases are largely confined to specific endemic regions
and are relatively well recognized clinically.">'® In contrast, bone infections caused by Talaromyces marneffei are rare, often
accompanied by severe bone destruction, and remain poorly understood with limited diagnostic guidance. The challenges of
difficult diagnosis and complex treatment further complicate clinical management.'® In-depth investigation into the patho-
genic mechanisms of TM-induced bone infections is essential for improving the recognition and management of TM-related
bone damage, thereby enhancing patient outcomes and reducing both disability and mortality rates.

COMMDI1 (copper metabolism MURR1 domain-containing 1) is a multifunctional intracellular protein initially identified
for its role in copper homeostasis. Subsequent studies have demonstrated that it also plays important roles in protein
degradation, signal transduction, and inflammatory responses, making it a key regulator of immune homeostasis and
inflammatory signaling pathways.'”'® Studies have shown that downregulation of COMMDI expression increases the
sensitivity of certain tumor cells, such as SAS and H460 cells, to inflammatory stimuli. Additionally, it suppresses the
responsiveness of macrophages and cancer cells to tumor necrosis factor-alpha (TNF-a) and interleukin-1 (IL-1), thereby
exacerbating inflammatory reactions.'® Notably, COMMDI functions as a hypoxia-sensitive negative regulatory factor that
integrates signal transduction and metabolic activities within human macrophages, thereby inhibiting osteoclastogenesis.
Specifically, COMMD1 modulates osteoclast differentiation by suppressing the RANKL- driven NF-«B signaling pathway
and the E2F1-dependent metabolic pathway.?’ In addition, other members of the COMMD protein family have also been
found to be closely involved in immune regulation and bone metabolism. COMMD3 can regulate copper metabolism through
the ATOX1-ATP7A-LOX axis, thereby promoting the progression of multiple myeloma.?' Nevertheless, existing studies
have mainly focused on tumor-related inflammatory mechanisms, the role and underlying mechanisms of COMMDI in
orthopedic infectious diseases remain poorly understood and warrant further investigation.

This study explores the function and underlying mechanism of COMMDI1 in TM-induced OM, particularly its
regularization of NF-kB signaling in the inhibition of osteoclast differentiation. By constructing a TM infection model in
mice, this research explores COMMD1’s regulatory impact on bone metabolism and its value in guiding early diagnostic
and therapeutic strategies for TM-related OM.

Materials and Methods

Murine Osteomyelitis Model

To establish a murine model of OM, 6-8-week-old C57BL/6N mice were used. Under anesthesia with sodium
pentobarbital, a skin incision was made over the right hind limb to expose the tibial surface. A central hole (approxi-
mately 1 mm in diameter) was drilled into the tibia using a high-speed micro-drill. Subsequently, 10 pL of TM bacterial
solution (1x10® CFU/mL) was implanted into the bone marrow chamber. The bone defect was sealed with bone wax, and
the overlying soft tissues, including muscle and skin, were closed in layers. Mice were humanely euthanized 14 days
following surgical intervention, and their tibiae were collected for subsequent analysis. Based on the experimental
treatment, mice were stochasticly assigned to three groups (n = 5 per group): control, TM-infected, and TM infection
with COMMDI conditional knockout (cKO) group. The cKO mice were obtained from Cyagen Biosciences. The Animal
Ethics Committee of Guangxi Medical University approved the experimental protocol for this study (NO. 202210014).

Cell Culture and Treatment

Cells from the bone marrow were obtained by harvesting tibiae from C57BL/6N mice. After removing both ends of the
tibiae, single-cell suspensions were prepared by irrigating the bone marrow chamber with culture medium delivered via
syringe. Cells were filtered using a 70 um mesh, centrifuged, and resuspended in a-MEM medium enriched with 10%
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FBS (C04001-050, VivaCell Biosciences) and 1% penicillin—streptomycin (4014, Servicebio), followed by incubation at
37°C in a humidified 5% CO, incubator. Twenty-four hours post-incubation, unattached cells were removed, and the
remaining adherent population was collected as bone marrow-derived macrophages (BMMs).?**

The BMMs were then infected with TM for 7 days to induce OM. To determine the role played by NF-«xB signaling,

a 24-hour treatment with JSH-23 (10 uM), a selective NF-«xB inhibitor, was applied to the cells.

Cell Transfection

To develop a vector for COMMDI1 overexpression, the COMMDI1 gene sequence was cloned from a COMMDI
expression plasmid (Sangon Biotech, ABX42471-1) and inserted into the pEGFP-N1 vector at the Nhel and Agel
restriction sites. Subsequently, the empty vector or the COMMDI1 overexpression plasmid was transfected into cells
using Lipo8000 transfection reagent (Beyotime, C0533) for subsequent experimental analyses.

Micro-Computed Tomography (Micro-CT)

After removal of muscle and soft tissue, a 48-hour fixation in 4% paraformaldehyde was applied to the tibiac. Mimicro-
CT imaging was then performed using a SkyScan 1276 scanner (Bruker). With parameters set at 70 kV and 200 pA,
scanning was completed, and image datasets were reconstructed via NRecon. Quantification of the acquired scans was
achieved using CTAn.

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

The connective tissue surrounding the tibia was carefully removed, and the bone was immediately placed in RNA preservation
solution (Invitrogen). The tissue was then pulverized into a fine powder under liquid nitrogen. In line with the manufacturer’s
protocol, total RNA was obtained through TRIzol reagent (Invitrogen) and subsequently used for cDNA synthesis. qPCR was
executed with the SYBR Green Master Mix (ZA303-101S, GeneSTAR) on the StepOnePlus system (Applied Biosystems).
qPCR was carried out beginning with an initial denaturation phase of 5 minutes at 95°C, followed by 40 cycles of 95°C for
15 seconds and 60°C for 30 seconds for annealing and extension. To determine relative mRNA levels, the 27" method was
applied. The sequences of the primers are listed below:TRAP, Forward: 5'-ACACAGTGATGCTGTGTGGCAACTC-3';
Reverse: 5'-CCAGAGGCTTCCACATATATGATGG-3'; FOS, Forward: 5'-CCAGTCAAG-AGCATCAGCAA-3'; Reverse:
5'-AAGTAGTGCAGCCCGGAGTA-3"; NFATcl, Forward: 5-GGTGCTGTCTGGCCATAACT-3"; Reverse: 5'-GAAACG
CTGGTACTGGCTTC-3"; Ctsk, Forward: 5-GCTTGGCATCTTTCCAGTTTTA-3"; Reverse: 5-GCTCAGTAA-CAGT
CCGCCTAGA-3".

Western Blotting

RIPA buffer with protease inhibitors was used to lyse tibial tissues and extract total proteins, which were then quantified using
the BCA kit (P0010S, Beyotime). Protein samples were mixed with SDS loading buffer, separated on 10% SDS-PAGE gels,
and subsequently blotted onto PVDF membranes. Membranes underwent a 1-hour blocking step in 5% BSA at ambient
temperature, then were incubated overnight at 4°C with primary antibodies, and finally treated with HRP-conjugated
secondary antibodies for 1 hour the next day. Detection was carried out using the ECL kit (BL520B, Biosharp), and signals
were recorded using a gel imaging system. To ensure consistency, band intensities were normalized using B-actin as the
housekeeping protein. The antibodies used are as follows: NFATc1 (1:1000, ab25916, Abcam); Ctsk (1:500, 57056, CST);
FOS (1:1000, ab222699, Abcam); P-P65 (1:1000, 3033, CST); B-actin (1:4000, 20536-1-AP, Proteintech); P65 (1:1000,
10745-1-AP, Proteintech); COMMDI1 (1:500, 11938-1-AP, Proteintech); IkBa (1:5000, 10268-1-AP, Proteintech).

Enzyme-Linked Immunosorbent Assays (ELISA)

To obtain serum, blood was drawn and kept at room temperature for 2 hours to facilitate clotting, then subjected to
centrifugation at 3000 rpm for 15 minutes at 4°C. The concentrations of IL-10, IL-17, and TNF-a in the serum were
measured using commercial ELISA kits, following the manufacturers’ instructions for all procedures, The optical density
at 450 nm was determined with a microplate reader. (Thermo Fisher Scientific, USA).
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Histological Analysis

Tibiae were harvested from mice and decalcified in a solution containing EDTA and glycerol at 4°C for 5—7 days. After
decalcification, tissues were processed through conventional dehydration steps and embedded in paraffin. A rotary
microtome was employed to prepare 5 um-thick tissue slices.”* Histological specimens were subsequently treated with
hematoxylin and eosin (H&E) and TRAP staining to evaluate bone structure and osteoclast function.

Phalloidin Staining

BMMs obtained from the control group, TM-infected group, Cells from the TM-infected COMMD1 cKO group were
cultured in 96-well plates (5 x 10*/well) and maintained in a medium containing M-CSF (30 ng/mL) and RANKL (50 ng/
mL) for 7 days to urge osteoclastogenesis. After incubation, fixation was done with 4% paraformaldehyde for 30 minutes,
followed by 10-minute permeabilization using PBS plus 0.1% Triton X-100. Samples were incubated with 3% BSA in
PBS for 1 hour at room temperature to minimize non-specific binding. Cells were gestated with Phalloidin in the dark at
37°C for 1 hour, then stained with DAPI to mark nuclei. Following PBS washes, fluorescence imaging was carried out on
an EVOS confocal microscope, and the images were evaluated through the designated analysis software.

TRAP Staining

BMMs (5 x 10° cells/well) were plated in 96-well plates and cultured for 7 days in medium supplemented with M-CSF
(30 ng/mL) and RANKL (50 ng/mL). Cells were defiled for TRAP based on the kit’s instructions to measure TRAP
enzymatic activity. Cells exhibiting positive TRAP staining and harboring no fewer than three nuclei were classified as
osteoclasts.

Biomechanical Analysis

After dissection, mouse tibiae were carefully cleaned of surrounding soft tissues and subjected to three-point bending tests
using the Instron 5685 mechanical testing system. All tests were conducted under constant temperature and humidity
conditions. For testing, the right tibia was placed horizontally on two support points with a span of 15 mm, ensuring that
the long axis of the tibia was perpendicular to the loading axis and the midpoint aligned with the span center. A cylindrical
loading head (1 mm diameter) applied a downward vertical force at a speed of 0.01 mm/s until fracture occurred. Load and
displacement data were recorded every 0.1 second to generate load—displacement curves, from which mechanical parameters
including elastic modulus, maximum load, fracture load, elastic load, and bending energy absorption were calculated.

For compression testing, the distal end of each specimen was secured in the testing device and positioned on the
compression platform. Compression was implemented at a consistent velocity of 5 mm/min until the specimen fracture.
The system recorded parameters including maximum load, stress, displacement, and strain. Calculation of the elastic
modulus was based on the initial linear region of the stress—strain plot.

RNA-Sequencing

RNA sequencing was performed by Novogene, using samples derived from control and TM-infected mice. TopHat was used
to align the raw sequencing reads to the mm9 mouse reference genome. Normalization of library read counts was conducted
using a scaling factor in the edgeR package prior to differential expression analysis. Differentially expressed genes (DEGs)
with the DEGSeq R package (v1.20.0), followed by P-value correction using the Benjamini-Hochberg procedure. Significant
differential expression was defined as [log, fold change| > 1 with a g-value less than 0.005. Enrichment analysis for DEGs was
conducted via the clusterProfiler package in R.

Statistical Analysis

All data are shown as mean values with corresponding standard deviations (SD). The normality of data distribution was
assessed using the Shapiro—Wilk test. For normally distributed data, Two-group comparisons were conducted using the
independent samples #-test, whereas group differences involving three or more sets were assessed via one-way ANOVA.
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All statistical analyses were conducted using SPSS software (version 23.0, IBM, USA), and a p-value < 0.05 was
considered statistically significant.

Results

TM Infection Induces Inflammatory Response and Body Weight Loss

After establishing the OM mouse, serum concentrations of IL-10, IL-17, and TNF-a were quantified by ELISA. Relative
to the control group, these cytokines exhibited a marked elevation in the TM-infected group (p < 0.05) (Figure 1A—C).
During the infection period, mice in the TM group exhibited progressive weight loss, demonstrating a notable decrease
on day 14 (p < 0.05) (Figure 1D). Bone marrow cultures from tibias collected on day 14 confirmed TM positivity
(Figure 1E).

TM Infection Leads to Significant Bone Damage
To evaluate the effect of TM infection on the skeletal structure and mechanical strength in murine models, tibial samples
were collected 14 days post-infection for histological staining, biomechanical testing, and micro-CT analysis. H&E
staining demonstrated that trabecular bone in the TM-infected group exhibited disrupted architecture, with sparsely
arranged and fractured trabeculae accompanied by inflammatory cell infiltration (Figure 2A). TRAP staining indicated
a marked elevation in osteoclast number and activity within the TM group (Figure 2B).

In the three-point bending test, the elastic modulus, maximum bending stress, and fracture-point force of the tibiae showed
a significant reduction in the TM group relative to the control group (p < 0.05) (Figure 2C). Compression testing further
demonstrated a marked reduction in both maximum load and compressive elastic modulus in the TM group (p < 0.05)
(Figure 2D), indicating compromised resistance to mechanical stress.

Micro-CT three-dimensional reconstruction revealed substantial TM-induced bone structural damage (Figure 2E).
Quantitative analysis exhibited no meaningful variation in total tissue volume (TV); however, the TM group exhibited
significantly reduced trabecular thickness (Tb.Th), increased trabecular separation (Tb.Sp), decreased trabecular number
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Figure | Talaromyces marneffei (TM) infection induces elevated inflammatory cytokine levels and body weight loss in mice. (A—C) ELISA results showing significantly increased
serum levels of IL-10, IL-17, and TNF-o in TM-infected mice compared to controls. (D) Continuous monitoring of weight changes over a 14-day period in TM-infected mice
compared to control mice. (E) Fungal culture of tibial bone marrow at day 14 on potato dextrose agar (PDA) medium revealed TM colony growth in the TM-infected group,
whereas no colonies were observed in the control group. n=5. *p < 0.0, ***p < 0.001, ****p < 0.0001 vs Control group.

Infection and Drug Resistance 2025:18 hetps: 6083



Zhang et al

Control ™

Control

100 pm / 100 um

@]
O

*k * ] *okk
25000, Ea 300 H - 8 . 8000
=
£ 20000 2 £ 1 £
= < £ s 6 < 6000
£ 15000 200 £ 2 ]
el e g el
< £ 2 b= bl
H 5 £ z 4 2 4000
£ 10000 z 3 £ £
£ = 100 g H -]
z E S £2 £ 2000
a E E | =
z 8 =
0 = 0 H 0 [}
Control T™M Control TM = Control T™M Control TM Control TM
E Control

. . * kK ok 0.8
* Kk K
*okokk
: X : 0.6
L E
E 008 & .4 z 2 ' 0.4 l§
= ; 2 A 2 40l
0.02 - 1 0.2
0 0.00 0.0 0 0.0 0
Control TM Control TM Control TM Control TM Control TM Control TM

Figure 2 TM infection induces bone destruction, mechanical weakening, and trabecular deterioration in mice. (A) H&E staining shows disrupted trabecular structure and
inflammatory infiltration in TM-infected tibiae. (B) TRAP staining reveals increased osteoclast number and activity in the TM group. (C) Three-point bending and (D)
compression tests demonstrate reduced mechanical strength in TM-infected bones. (E) Micro-CT 3D reconstruction reveals structural damage in TM-infected tibiae; Axes x,
y, and z represent the three-dimensional orientation (x: left—right; y: anterior—posterior; z: superior—inferior) in micro-CT analysis. (F) Quantitative analysis shows decreased
trabecular thickness (Tb.Th), increased separation (Tb.Sp), decreased trabecular number (Tb.N), reduced bone volume (BV) and bone volume fraction (BV/TV), with no
significant change in total volume (TV). n=5. *p < 0.05, *p < 0.01, ¥**p < 0.001, ****p < 0.0001 vs Control group.

(Tb.N) and (BV), as well as a lower bone volume fraction (BV/TV) (p < 0.05) (Figure 2F), indicating severely impaired

trabecular quality and structural integrity.

TM Infection Enhances Osteoclast Differentiation and Activity

RNA extraction was carried out on tibial tissues from TM-infected and control mice for quantitative PCR. TM infection was
associated with a notable upregulation of osteoclast-related gene expression, comprising Ctsk, FOS, NFATc1, and TRAP (p <
0.05) (Figure 3A—D). In addition, BMMs were obtained from the tibial bone marrow chamber and stimulated with RANKL
to promote their differentiation into mature osteoclasts. TRAP staining demonstrated a pronounced rise in osteoclast number
in the TM group relative to controls (Figure 3E). Phalloidin staining further confirmed enhanced formation of large,

multinucleated, F-actin-positive osteoclasts in the TM group, indicating elevated bone-resorptive activity (Figure 3F).
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Figure 3 TM infection enhances osteoclast-related gene expression and promotes osteoclast formation. (A-D) qPCR analysis showing significantly elevated expression
levels of osteoclast markers (A) Ctsk, (B) FOS, (C) NFATcI, and (D) TRAP in tibial tissue of TM-infected mice (normalized to B-actin). *p < 0.05, **p < 0.01, ***p < 0.0001
vs Control group. (E) TRAP staining of BMM-derived osteoclasts indicates increased osteoclast numbers in the TM group. (F) Phalloidin staining shows enhanced F-actin ring
formation and multinucleation in osteoclasts from TM-infected mice.

Transcriptomic Profiling Reveals COMMDI Downregulation and Activation of

Osteoclastogenic Pathways

To investigate transcriptomic changes following TM infection, tibial bone tissue samples from mice were subjected to
RNA sequencing. The volcano plot illustrated a marked downregulation of COMMDI1 expression in the TM-infected
group (Figure 4A). KEGG and GO analyses of DEGs showed significant enrichment in immune and inflammatory
pathways, notably the NF-kB signaling cascade (Figure 4B—E). The heatmap illustrated elevated levels of osteoclast-
related genes, including NFATcl and TRAP, in the TM group relative to controls (Figure 4F).
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differentiation-related pathways. (F) Heatmap showing upregulation of osteoclast-related genes (NFATcl, TRAP, etc.) in the TM group.

COMMDI Deletion Exacerbates TM-Induced Bone Destruction and Mechanical

Weakening

To assess the role of COMMDI in TM-induced bone damage, both wild-type (TM group) and COMMDI1 conditional
knockout mice (TM+cKO group) were infected with TM. Micro-CT imaging revealed more severe bone destruction and
trabecular deterioration in the TM+cKO group relative to the TM group (Figure 5A). Quantitative assessment supported
this finding this observation: TM+cKO mice exhibited significantly reduced bone volume fraction (BV/TV), bone
volume (BV), and trabecular number (Tb.N), along with increased trabecular separation (Tb.Sp) (p < 0.05) (Figure 5B).

Histological examination with H&E and TRAP staining demonstrated enhanced inflammatory infiltration and bone
loss in the TM+cKO group, characterized by markedly reduced or even absent trabeculae and obvious trabecular fusion,
compared to the TM group (Figure 5C and D).

Biomechanical testing showed that the TM+cKO group had significantly lower elastic modulus, fracture-point force,
and maximum bending stress, indicating compromised bone strength (p < 0.05) (Figure 5E). During the compression test,
both stiffness (elastic modulus) and maximum stress were significantly diminished in the TM+cKO group as opposed to
the TM group (p < 0.05) (Figure 5F).

COMMDI Deficiency Enhances Osteoclast Differentiation in TM-Infected Mice

To assess the effect of COMMDI1 deletion on osteoclast differentiation, RNA was extracted from tibial tissues of TM and
TM+cKO mice for gPCR analysis. Compared with the TM group, the TM+cKO group exhibited a marked upregulation
of osteoclast-related genes, including FOS, Ctsk, NFATcl, and TRAP (p < 0.05) (Figure 6A).
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Figure 5 COMMDI deletion exacerbates TM-induced bone destruction and mechanical weakening. (A) Micro-CT imaging shows more severe bone damage in TM+cKO
mice than TM controls (x: left-right; y: anterior—posterior; z: superior—inferior) in micro-CT analysis). (B) Quantitative analysis of bone parameters shows decreased BV/TYV,
BV, Tb.N, and Tb.Th, with increased Tb.Sp in TM+cKO mice. (C) H&E staining indicates aggravated trabecular loss and inflammatory cell infiltration in the TM+cKO group.
(D) TRAP staining shows increased osteoclast activity in TM+cKO tibiae. (E) Three-point bending tests reveal reduced elastic modulus, fracture-point force, and maximum
bending stress. (F) Compression testing demonstrates significantly lower compressive modulus and maximum load in the TM+cKO group. n=5. *p < 0.01, ***p < 0.001 vs
TM-infected group.

Furthermore, BMMs isolated from both groups were subjected to TRAP and phalloidin staining. The TM+cKO group
showed a markedly higher number of large, multinucleated, more F-actin—labeled osteoclasts than observed in the TM
group (Figure 6B and C), indicating that COMMDI1 deficiency promotes osteoclastogenesis during TM infection.

COMMDI Influences Osteoclast Differentiation Through the NF-kB Signaling Pathway
First, the protein manifestation of COMMD1 in BMMs was verified. COMMDI expression in BMMs showed a notable
reduction in cKO mice when compared with controls (p < 0.05) (Figure 7A). Next, BMMs from different groups were
infected with TM for 7 days, and osteoclast-related proteins and NF-«B signaling pathway proteins were analyzed. It was
shown that loss of COMMDI led to a pronounced enhancement in osteoclast-related protein expression (p < 0.05)
(Figure 7B). Notably, a significant elevation in P-P65 and a reduction in IkBa were detected (p < 0.05) (Figure 7C).
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group. (C) Phalloidin staining shows enhanced F-actin ring formation and multinucleation in the TM+cKO group.

To better understand how COMMDI1 regulates osteoclast differentiation, BMMs were transfected with a plasmid to
overexpress COMMDI1 (p < 0.05) (Figure 7D). Under TM stimulation, COMMD-OE significantly suppressed NFATc1,
Ctsk, and FOS, and attenuated NF-kB activation—evidenced by decreased P-P65/P65 and increased IxkBo—compared
with TM alone (all p < 0.05) (Figures 7E-F).

Furthermore, to verify whether the NF-«kB signaling pathway participates in COMMD/-regulated osteoclast differ-
entiation, BMMs were exposed to the specific inhibitor JSH-23. JSH-23 was found to markedly reduce the levels of
osteoclast-associated proteins in BMMs derived from ¢KO mice under TM-infected conditions. (p < 0.05) (Figure 7G),
further supporting the conclusion that COMMD1 modulates NF-kB-dependent osteoclast differentiation.
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Figure 7 COMMDI regulates osteoclastogenesis via the NF-kB signaling pathway. (A) Western blot analysis confirming COMMDI expression in BMMs from the mice. (B)
Increased expression of osteoclast markers (NFATc|, Ctsk, FOS) in cKO-derived BMMs under TM treatment. (C) P-P65 and IkBa expression in COMMD |-cKO BMMs after
TM treatment. (D) Verification of COMMDI overexpression efficiency in BMMs (E) COMMD| overexpression suppresses osteoclast marker expression, (F) COMMDI|
overexpression reduces P-P65 levels and increases IkBa expression following TM infection. (G) NF-«B inhibitor JSH-23 reduces osteoclast-related protein expression in

cKO-derived BMMs under TM infection. *p < 0.05, **p < 0.0, ¥**p < 0.001, ****p < 0.0001.

Discussion
OM refers to a bone condition initiated by the invasion of microbial pathogens, which ultimately causes progressive

degradation of bone tissue.>> The majority of pathological features in OM are linked to skeletal destruction and impairment,
caused by a disturbance in the equilibrium between osteoblasts and osteoclasts throughout bone remodelling.*®
Staphylococcus aureus (S. aureus) is considered the primary contributor to OM.?” However, fungi and viruses can also lead
to OM. TM commonly presents with lung and skin lesions and has recently been associated with OM cases.'®® In this study,
TM was used to simulate the microbial source of infection in OM. Subsequent to TM application, significant osteoclast
activity was noted in the TM-treated group, as indicated by a substantial increase in TRAP-stained osteoclasts, clear fusion of
bone trabeculae in H&E staining, and a marked rise in osteoclast-related markers. In summary, these data suggested that TM

infection significantly enhanced osteoclast differentiation.
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COMMDI is a multifunctional regulatory protein engaged in various biological functions, such as copper home-
ostasis, protein degradation, and inflammatory responses.' >*2° It has also been implicated in immune-related diseases
and tumorigenesis.’'*? According to previous reports, COMMDI is closely attributed to osteoclast function in rheuma-
toid arthritis, and its altered expression may influence bone resorption, suggesting a possible involvement in bone
metabolism.”® In our study, RNA-seq analysis of TM-infected bone tissue in a murine OM model revealed significantly
reduced COMMDI1 expression in infected bone tissue. Subsequent in vitro and in vivo experiments demonstrated that
COMMDI scarcity promoted osteoclast differentiation and exacerbated bone destruction, whereas COMMD1 over-
expression suppressed osteoclast marker expression and alleviated bone damage. These findings indicate that COMMD1
may exert a protective role in TM-induced OM by regulating osteoclast differentiation. The specific molecular mechan-
isms responsible for this regulatory activity are still unclear. NF-kB serves as a pivotal modulator of immune and
inflammatory activities and is essential for sustaining bone metabolic equilibrium, particularly by serving as a key
regulator in osteoclast differentiation and activation.**-** The classical RANK/RANKL signaling axis activates the IKK
complex, causing the breakdown of IkBa followed by the release of NF-«kB subunits, such as P65. This process promotes
the transcriptional activation of downstream target genes, including NFATc1, TRAP, and Ctsk, thereby driving osteoclast
maturation.®>® Recent evidence suggests that RANKL promotes the generation of super-enhancers (SEs) and their
associated eRNAs, which drive the epigenetic reprogramming of human macrophages into osteoclasts. NF-kB acts as an
early signaling mediator in this process, initiating the expression of key transcription factors and priming the chromatin
landscape for subsequent SE-driven transcriptional activation.®’

Although the involvement of NF-«kB in various bone-destructive diseases has been extensively studied, its specific
role in fungal infection-induced osteomyelitis remains unclear, with limited research focusing on TM-associated cases. In
our study, RNA sequencing analysis indicated significant induction of NF-kB signaling in TM-associated osteomyelitis
Further in vitro experiments demonstrated that COMMDI1 deficiency markedly increased the phosphorylation level of
P65, whereas COMMDI overexpression led to a reduction in P-P65 levels, this suggests a potential role for COMMDI1 in
NF-kB-dependent osteoclastogenesis.”’ The observed downregulation of osteoclast-related proteins following JSH-23
treatment provides additional evidence that COMMDI participates in TM-driven osteoclast differentiation by modulating
NF-xB signaling. This research has several limitations. First, although we demonstrated that COMMDI1 modulates
osteoclastogenesis through NF-«kB signaling, its potential crosstalk with other signaling pathways remains to be explored.
Second, the findings are primarily based on a murine model and in vitro experiments; further validation using clinical
samples is needed to assess the relevance of COMMDI in human osteomyelitis.

Conclusion

A systematic investigation was conducted to clarify the role and regulatory function of COMMDI1 in TM-triggered OM.
Using a murine model of TM infection, we displayed that the pathogen causes significant bone structural damage and
mechanical weakening, accompanied by enhanced osteoclast activity and upregulation of osteoclast-related genes.
Further in vitro and in vivo studies demonstrated that COMMDI deficiency aggravated bone destruction and promoted
osteoclast formation, whereas COMMDI1 overexpression effectively suppressed these effects. Mechanistically,
COMMDI deficiency led to triggering of the NF-xB pathway. Overall, our unearthing highlight the protective role of
COMMDI in TM-induced OM, chiefly via downregulation of osteoclast formation and function, mediated by blockade
of the NF-xB pathway. Future studies should further investigate the crosstalk between COMMDI1 and other key signaling
pathways in fungal osteomyelitis and validate these findings in clinical samples to assess their relevance and translational

potential in human disease.

Data Sharing Statement
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