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Objective: Osteomyelitis is a challenging disease in the field of bone infections, with its immune and molecular regulatory
mechanisms still poorly understood. The aim of this study is to explore the value and potential mechanisms of cuproptosis-related
genes (CRGs) in Staphylococcus aureus (S. aureus)-infected osteomyelitis from an immunological perspective.

Methods: Initially, three transcriptomic datasets from public databases were integrated and analyzed, and consistent expression of
CRGs in S. aureus-infected osteomyelitis was identified. Subsequently, immune infiltration analysis was performed, and M2 macro-
phage-related CRGs (M2R-CRGs) were further identified. Their potential molecular mechanisms were evaluated using Gene Set
Variation Analysis (GSVA) and Gene Set Enrichment Analysis (GSEA). Finally, distinct osteomyelitis subtypes and diagnostic models
based on characteristic M2R-CRGs were constructed.

Results: Through correlation analysis with immune cell infiltration, three characteristic M2R-CRGs (SLC31A1, DLD, and MTF1)
were identified. Further analysis using unsupervised clustering and immune microenvironment analysis indicated that cluster 1 might
activate pro-inflammatory responses, while cluster 2 was shown to exhibit anti-inflammatory effects in osteomyelitis. Compared to
Cluster A, Cluster B demonstrated higher levels and a greater diversity of immune cell infiltrations in CRG-related molecular patterns,
suggesting a potential anti-inflammatory role in osteomyelitis. A diagnostic model for S. aureus-infected osteomyelitis, based on the
three M2R-CRGs, was constructed, exhibiting excellent diagnostic performance and validated with an independent dataset. Significant
upregulation in mRNA and protein expression levels of the three M2R-CRGs was observed in rat models of S. aureus-infected
osteomyelitis, aligning with bioinformatic results.

Conclusion: The M2R-CRGs (SLC31A1, DLD, and MTF1) may be considered characteristic genes for early diagnosis and
personalized immune therapy in patients with S. aureus-infected osteomyelitis.
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Introduction
Osteomyelitis is a prevalent infectious disease in orthopedics, primarily caused by Staphylococcus aureus, which is
responsible for 75% of cases.'™ This condition often develops following trauma, open fractures, or implant-related

infections and affects the skin, soft tissues, muscles, and bones.* Challenges in treating osteomyelitis include
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compromised blood supply and biofilm formation, which hinder the effectiveness of antibiotic treatments both locally
and systemically.®” These challenges make clinical management difficult, often resulting in prolonged treatment and
a high risk of recurrence.® Consequently, osteomyelitis is not only a significant clinical issue but also imposes
considerable economic burdens on patients and healthcare systems.

The clinical diagnosis of osteomyelitis typically involves assessing symptoms, laboratory tests, and radiological
exams, but a definitive diagnosis usually requires an invasive bone tissue biopsy.” In the early stages, the disease may not
show symptoms, complicating early detection. During these initial phases, X-ray imaging is often not sensitive enough to
detect osteomyelitis.'® Similarly, common inflammatory markers such as C-reactive protein and erythrocyte sedimenta-
tion rate lack specificity for osteomyelitis.'""'? Although Magnetic Resonance Imaging (MRI) provides better staging and
aids in surgical planning, it mainly achieves higher sensitivity in the later stages of the disease.'> Consequently, the
medical community faces a significant challenge in quickly and accurately diagnosing osteomyelitis due to the absence of
rapid, straightforward, and specific diagnostic tools.

The development and progression of osteomyelitis infected by Staphylococcus aureus (S. aureus) involve intricate
immune responses and inflammatory environments, affecting the balance between osteoblasts and osteoclasts.'
During chronic osteomyelitis, S. aureus can survive within phagocytic cells (macrophages and neutrophils) and non-
professional phagocytic cells (such as osteocytes and osteoblasts). Macrophages that harbor intracellular infections are
termed “Trojan horse” macrophages, facilitating bacterial dissemination within the body.'>'® Moreover, S. aureus
employs microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) and adhesion proteins
to anchor itself within bone tissue, which promotes further bacterial attachment.'” ' S. aureus biofilms can actively
evade recognition by toll-like receptor 2 (TLR2) and TLRY, thereby biasing macrophage responses towards anti-
inflammatory or pro-fibrotic M2 phenotypes.”® The M2 phenotype contributes to a pre-fibrotic response during chronic
implant-associated osteomyelitis, ultimately leading to abscess formation.?'*? The Staphylococcal protein A (SpA)
plays a crucial role in evading the host’s immune defenses. Additionally, SpA interacts directly with osteoblasts and
osteoclasts, altering their function and differentiation, which leads to inflammation.”*2° Kim et al 2015,%° demon-
strated that S. aureus activates toll-like receptor 2 (TLR2) in osteoblasts, increasing the production of pro-
inflammatory cytokines, thereby causing inflammation and bone damage typical of osteomyelitis. This suggests that
targeting the immunological and inflammatory aspects of S. aureus infection could provide valuable therapeutic
opportunities for osteomyelitis.

Previous research has shown that S. aureus-infected osteomyelitis is associated with various types of cell death,
including apoptosis and pyroptosis.>”*® S. aureus can induce cell death in osteoblasts and reduce their activity,
contributing to bone loss through multiple pathways such as pyroptosis, necrosis, apoptosis, and autophagy.>®
A recent study by Tsvetkov et al 2022.°? identified a new cell death pathway, cuproptosis, characterized by
intracellular copper accumulation that triggers lipid peroxidation, mitochondrial enzyme aggregation, and destabiliza-
tion of iron-sulfur (Fe-S) cluster proteins, leading to cell death. Additionally, Mendelsohn et al 2023,** observed
mitochondrial dysfunction in patients with chronic osteomyelitis, linking it to the accumulation of intracellular reactive
oxygen species that induce osteoblast cell death. Interestingly, another study found that using an inhibitor that targets
the Programmed cell death 1/Programmed cell death ligand 1 (PD-1/PD-L1) pathway significantly reduced mitochon-
drial autophagy in F4/80 macrophages in S. aureus-infected osteomyelitis, which in turn decreased bone destruction in
affected mice.** These findings suggest that cuproptosis could have a regulatory role in the pathology of S. aureus-
infected osteomyelitis.

This study represents the first systematic investigation into the differences in cuproptosis-related genes (CRGs) and
the immune microenvironment between patients with S. aureus-infected osteomyelitis and healthy controls (Figure 1).
From an immunological standpoint, the research focused on M2 macrophage-related CRGs (M2R-CRGs), leading to the
development of reliable diagnostic and subclassification models specifically for patients with S. aureus-infected osteo-
myelitis. These models provide insights into potential mechanisms of immune and inflammatory regulation mediated by
the three identified M2R-CRGs in osteomyelitis. Additionally, the study included experimental validation of the
expression levels of three M2R-CRGs, further substantiating the findings.
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Figure | The specific flowchart of this study.

Materials and Methods

Microarray Data Processing

Gene expression data for the three osteomyelitis datasets were sourced from the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/). The GSE6269 dataset included 15 osteomyelitis samples and 6 health
samples, the GSE16129 dataset included 70 osteomyelitis samples and 29 health samples, and GSE30119 included 39
osteomyelitis samples and 44 health samples. The GSE6269 and GSE16129 datasets were sequenced by the GPL96
platform, and the GSE30119 dataset was sequenced by the GPL6947 platform, and all datasets were included only
human species. To verify the consistency of the results, the GSE6269 and GS16129 data sets were combined and used as

the training set, and the ComBat function in the “sva” package®> of R software was used to harmonize 85 osteomyelitis
and 35 healthy samples, and the separate GSE30119 data set was used as the validation set. ComBat®® is a commonly
used method for correcting batch effects in gene expression data. It assumes that most genes do not exhibit differential
expression across batches, but allows for some genes to be differentially expressed. Specifically, it is essential to ensure
that the data is appropriately normalized before implementing ComBat to minimize the impact of technical biases.
Initially, data with higher raw gene expression levels are log-transformed, taking the log2 values. Subsequently,
normalized data obtained from the GSE6269 and GSE16129 datasets are used as inputs for the ComBat function.
Following batch effect estimation, expression data adjustments, and Empirical Bayes Shrinkage, the unwanted technical

variations introduced by batch effects are eliminated.
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Based on previous studies,’’*® 19 CRGs were extracted as pre-prepared gene sets for further identification and
analysis. The details of CRGs were shown in Supplementary Table S1. The gene expression data were output in log2

form for larger values.

|dentification of Differentially Expressed (DE)-CRGs

Based on 19 pre-prepared CRGs, the expression of CRGs in each sample in the training set was extracted using the
“limma” package39 and the results were output in Supplementary Table S2. To explore the CRGs with significant

differences between osteomyelitis samples and healthy control samples, DE-CRGs were screened by differential
expression analysis, and a differential heatmap and a boxplot were created using “pheatmap” and “ggpubr” packages
to visualize the DE-CRGs. This analysis screened for DE-CRGs using specific criteria: an adjusted P-value of less than
0.05 and an absolute log fold change (FC) greater than 0.585.

Functional Enrichment Analysis

The potential biological functions of DE-CRGs were further explored through enrichment analysis. The enrichment
analysis of Gene Ontology (GO) biological process (BP), cellular component (CC), molecular function (MF) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways was performed using the online website (https://hiplot.com.cn),

where the top 5 significantly enriched functions and pathways were identified. These were visualized in the form of
enrichment network diagrams, and a P<0.05 was considered significant enrichment.

Immune Infiltration Analysis in Osteomyelitis

Given the osteomyelitis-mediated inflammation and immune microenvironment characterized by the infiltration of
multiple immune cells such as B cells, T cells, and macrophages, the immune infiltration of each osteomyelitis and
control group was scored using the “CIBERSORT” algorithm.*® This comprehensive assessment of the overall immune
landscape of osteomyelitis included a comparison of the infiltration abundances of 22 immune cells in osteomyelitis and
control samples, which were visualized using histograms and boxplots by the “ggpubr” package. The importance of the
anti-inflammatory phenotype of M2 macrophage polarization in osteomyelitis treatment prompted further correlation
analysis between DE-CRGs and immune cells. M2 macrophages showed significant correlation with DE-CRGs. Finally,
osteomyelitis samples were categorized into high- and low-expression groups based on the median expression of the
target genes, to explore the differences in the proportion of M2 macrophages between these groups.

Single-Gene GSEA (ssGSEA) and Single-Gene ssGSVA (ssGSVA)

GSEA analysis is a gene function annotation and analysis method for determining whether a gene set or representative
gene collection is significantly enriched under a given biological condition.*' GSVA reflects changes in gene function
through the degree of expression variation in a gene set and is a method for assessing changes in pathway enrichment in
a sample population.** To understand the biological functions and metabolic pathways of key DE-CRGs, ssGSEA and
ssGSVA were used to further understand the molecular mechanisms. P<0.05 indicated that the pathway was considered
significantly enriched.

PPl Network Analysis
To explore genes in osteomyelitis with potential functional and physical interactions with DE-CRGs, a protein PPI
network for DE-CRGs was constructed separately using the STRING online website (https:/cn.string-db.org/).** After

obtaining the nodes and lines of the PPI network, Cytoscape software (version 3.9.1)* was used to visualize the hub
genes and sort them by the size of the degree centrality (DC). To construct the PPI networks of DE-CRGs, the low
confidence value was set to 0.15.

Construction of Transcription Factors (TF) and miRNAs Engage with M2R-CRGs
To further explore the potential molecular mechanisms of M2R-CRGs, TF-miRNAs cohesive regulatory networks
associated with hub CRGs were explored and constructed through the NetworkAnalyst online website (https:/www.

3060 e Journal of Inflammation Research 2024:17

Dove!


https://www.dovepress.com/get_supplementary_file.php?f=457414.docx
https://www.dovepress.com/get_supplementary_file.php?f=457414.docx
https://hiplot.com.cn
https://cn.string-db.org/
https://www.networkanalyst.ca/
https://www.dovepress.com
https://www.dovepress.com

Dove Shi et al

networkanalyst.ca/). Specifically, regulatory networks of hub CRGs interlinked with miRNAs were constructed based on

the RegNetwork database (https://regnetworkweb.org/), and the cohesive regulatory networks of hub CRGs and TFs were
constructed by ChIP-seq data from the ENCODE database (https://www.encodeproject.org/). Additionally, the
GeneMANIA database (http://genemania.org/) was used to further explore the interactions between hub CRGs and

construct a gene-gene interaction network based on physical interaction, co-expression, and predication.

Protein-Drug and Gene-Disease Interactions Prediction for M2R-CRGs

Protein and drug target-related information was collected from the DrugBank database (Version 5.0) database (https://go.
drugbank.com/), and information on the association of hub CRGs with human diseases was collected from the
DisGeNET database (https://www.disgenet.org/), and the acquired interaction networks were visualized by Cytoscape.

All the data involved species are human.

Identification of M2R-CRG Patterns

Based on the key M2R-CRG, unsupervised clustering analysis can classify osteomyelitis samples into distinct patterns,
potentially aiding in the stratification of osteomyelitis diagnosis and treatment. ConsensusClusterPlus package* of
R software was utilized to perform consistent clustering analysis on osteomyelitis samples, taking into account different
characteristics. Clustering parameters were set as follows: maxK=9, reps=50, pltem=0.8, pFeature=1. The most appro-
priate number of clusters was determined by integrating the results from the consistency score, consistency heatmap and
cumulative distribution function (CDF). To ascertain significant differences between the patterns of M2R-CRG with
varying characteristics, principal component analysis (PCA) was conducted on the samples both prior to and following
clustering.*® Subsequently, the differences of three M2R-CRGs and immune cell infiltration across various CRG clusters
were further investigated.

Additionally, DEGs were selected based on various CRG clusters, and osteomyelitis samples were subsequently
divided into different gene clusters. The parameter settings mirrored those used for the CRG clusters. The expression
differences of M2R-CRGs among these gene clusters were then explored further. PCA was employed to assess the CRG
score of each sample, and the consistency of CRG scores between the CRG cluster and gene cluster was compared.
Finally, the expression differences in genes from the interleukin family, collagen family, and bone morphogenetic
protein-related genes between the two clusters (CRG cluster and gene cluster) were analyzed.

Diagnostic Signature Based on M2R-CRGs

To predict the incidence of osteomyelitis, a nomogram assessment model was constructed based on M2R-CRGs using the
“rms” package. Calibration curves were plotted to evaluate the agreement between predicted and observed values.
Clinical decision curves (DCA) were also utilized to assess the clinical utility of the nomogram model. Additionally, the
diagnostic capability of M2R-CRGs for distinguishing between osteomyelitis and healthy samples was assessed by
constructing receiver operating characteristic (ROC) curves and calculating the area under the curve (AUC).
Furthermore, a logistic regression model for M2R-CRGs was developed using the “glmnet” package®’ to predict sample
types in the training set and calculate AUC values. The GSE30119 dataset served as a validation set to verify the
diagnostic efficacy of the hub M2R-CRGs.

Validation of M2R-CRGs in Validation Set

To verify significant differences or trends in M2R-CRGs between osteomyelitis and control samples, gene expression
data were extracted from the GSE30119 dataset. The expression levels of each M2R-CRG were validated between 39
osteomyelitis and 44 healthy samples.

Rat Models of S. Aureus-Induced Osteomyelitis

A total of twelve Sprague-Dawley (SD) rats weighing approximately 300—500g were procured from Kunming ChuShang
Technology Co., Ltd. (Kunming, China), with six rats assigned to the experimental group and six rats to the control
group. The rats were anesthetized via intravenous injection of pentobarbital sodium. After skin preparation and
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disinfection, the skin at the proximal third of the right tibia is fully exposed, and a small hole about 2 mm in size is
drilled in the direction of the tibial medullary cavity. In the experimental group, about 1x10° colony-forming units of 6
uL S. aureus were injected into the right tibia of each experimental rat, while the control group received a sterile
physiological saline injection at the same site on the right tibia. After the injection is complete, immediately seal the
small hole with paraffin and suture the skin layer by layer. Detailed procedures for establishing the rat model of
S. aureus-infected osteomyelitis can be found in previous publications by our research team. All experimental procedures
were approved by the Nursing and Use of Experimental Animals Ethics Committee of the Joint Logistics Support Force
920 Hospital (2023-007-01) and conducted in accordance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health, USA).

RT-qPCR Validation

Four weeks after establishing the animal model, TRIzol reagent (Invitrogen, USA) was employed to extract RNA from tibia
tissues of both the experimental and control groups. The SweScript RT I First strand cDNA synthesis kit (Service Bio,
Guangzhou, China) was utilized to reverse transcribe RNA into cDNA. Real-time fluorescence was employed for quantitative
PCR to measure the amount of DNA present in each PCR cycle. PCR amplification was carried out in the CFX96 real-time
quantitative fluorescence PCR instrument over 40 cycles, following the following conditions: pre-denaturation at 95 °C for 1
min; denaturation at 95 °C for 20s; annealing at 55 °C for 20s; and extension at 72 °C for 30s. GAPDH was used as the reference
for expression normalization. Data analysis was performed using the 2-AACT method. The ethnographic primer sets used were
as follows: SLC31A1: forward 5-TATGACCTTCTACTTTGGC-3’ and reverse 5-ACAGTTTTGTGTGTCTCCA-3'; DLD:
forward 5'-GGTGCTGGAGAAATGGTGAA-3' and reverse 5-GCCTCTGATAAGGTCGGATG-3’; MTFI1: forward 5'-
CGGAAAGAAGTAAAGCGGTA-3' and reverse 5-GAGGCTGTAGGAGGTGAGGA-3'.

Immunohistochemistry Analysis

4% paraformaldehyde solution was employed to fix the right tibia tissues from both the experimental and control groups.
The tissues were subsequently paraffin-embedded and deparaffinized for 15 minutes, followed by extensive rinsing in
double-distilled water. Tibia tissues were then incubated overnight at 4°C with monoclonal antibodies against SLC31A1,
DLD, and MTF1. These primary antibodies were diluted 1:500 in sterile phosphate-buffered saline (PBS; ServiceBio,
Guangzhou, China) and visualized using the DAB substrate kit (Vector Laboratories, CA, USA) to observe the immune
reaction. After sectioning the specimens, representative slices were chosen for microscopic examination of their staining
patterns. Immunochemistry positive staining was defined as the presence of brown chromogen. The primary antibodies
used were as follows: SLC31A1 (DF13356; Affinity Biosciences, Suzhou, China, 1:100), DLD (DF7322; Affinity
Biosciences, Suzhou, China, 1:100), MTF1 (Bs-3601R; Bioss Antibodies, Beijing, China, 1:100).

Statistics Analysis

Pearson’s test was used to reveal the relationship between the M2R-CRGs and immune infiltration. Student’s #-test was
used for comparisons between the two groups. Cytoscape was conducted to visualize the PPI, TF-miRNA, and protein-
drug network. P<0.05 was considered significant. All data analyses were performed in R software (version 4.1.3).

Results

|dentification of DE-CRGs in Osteomyelitis

After merging and eliminating batch effects, 6 CRGs were identified based on 19 CRGs in 85 osteomyelitis and 35 healthy
samples, and further differential expression analysis yielded 5 DE-CRGs (Figure 2A and B). The analysis results showed that
SLC31A1, DLD, and MTF1 were highly expressed in the osteomyelitis group, while GLS and DBT were lowly expressed in
the osteomyelitis group. Further correlation analysis suggested a significant positive correlation between SLC31A1 and
MTF1, and negative correlations between SLC31A1 and DLD/GLS, as well as between MTF1 and DLD/DBT (Figure 2C).
A circular plot was used to show the specific locations of the 5 DE-CRGs on chromosomes (Figure 2D). MTF1 and DBT are
located on chromosome 1, and GLS, DLD, and SLC31A1 are located on chromosomes 2, 7, and 9, respectively.
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Figure 2 Identification and expression characteristics of differentially expressed-cuproptosis-related genes (DE-CRGs). (A) Heatmap displaying the differential expression of

DE-CRGs, with red indicating upregulated genes and green indicating downregulated genes. (B) Differential expression of DE-CRGs between osteomyelitis patients and
healthy controls. (C) Correlation analysis of DE-CRGs. (D) Chromosomal localization of DE-CRGs. Significance: **P < 0.01, ***P < 0.001.

Function and KEGG Pathway Enrichment Analyses of DE-CRGs

We further explored the potential biological functions and pathways of 5 DE-CRGs in osteomyelitis through GO and KEGG
enrichment analyses. The results of GO enrichment analysis indicated that cellular amino acid catabolic process, mitochon-
drial matrix, and oxidoreductase activity are significantly enriched modules of BP, CC, and BF, respectively (Figure 3A-C).
In the KEGG pathway analysis, DE-CRGs were mainly involved in the enrichment of the propanoate metabolism, valine,
leucine and isoleucine degradation, and arginine biosynthesis signaling pathways (Figure 3D). In conclusion, DE-CRGs may
play a role in the pathogenesis of osteomyelitis through their involvement in the synthesis and metabolism of amino acids.

Immune Microenvironment Analysis and Identification of M2R-CRGs

In the microenvironment of S. aureus-infected osteomyelitis, there may be an induction of M0 macrophages towards
a pro-inflammatory M1 phenotype, which could inhibit the anti-inflammatory effects of M2 macrophages. To explore
changes in the immune microenvironment of osteomyelitis, we utilized the CIBERSORT algorithm to calculate immune
cell scores for 22 types of immune cells in each osteomyelitis and healthy sample (Figure 4A and B). The results of the
immune landscape analysis in osteomyelitis patients showed significant differences in 12 types of immune cells in the
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immune microenvironment of osteomyelitis patients, with 9 types of immune cells exhibiting increased immune
infiltration in osteomyelitis patients, including M0 and M2 macrophages. Subsequently, further investigation was
conducted into the relationship between 5 DE-CRGs and the infiltration proportions of 22 types of immune cells, and
SLC31A1 (R=0.465, P<0.001), DLD (R=—0.304, P=0.005), and MTF1 (R=0.362, P<0.001) were screened as signifi-
cantly correlated with M2 macrophages (Figure 4C). 3 DE-CRGs associated with M2 macrophages were presented in
a Venn diagram (Figure 4D).

Finally, to explore the specific relationship between the expression of key DE-CRGs and the proportions of 22 types
of immune cells, the samples were divided into high- and low-expression groups based on the median expression level of
key DE-CRGs (Figure 4E-G). The results indicated a significant correlation between SLC31A1 high-expression and high
infiltration proportions of MO, M1, and M2 macrophages. T cells follicular helper and T cells gamma delta were
significantly upregulated in the DLD high-expression group, while NK cells resting were significantly upregulated in
the DLD low-expression group. MO and M2 macrophages had a higher infiltration proportion in the MTF1 high-
expression group, while M1 macrophages had a higher infiltration proportion in the MTF1 low-expression group.

ssGSEA and ssGSVA Enrichment Analyses

We further focused on 3 M2R-CRGs (SLC31A1, MTF1 and DLD) and explored their potential molecular mechanisms
and pathways (Figure 5A-C). Firstly, the results of the ssGSEA-pathway enrichment analysis indicated that SLC31A1
was mainly enriched in pathways related to basal cell carcinoma and ECM receptor interaction. The enrichment of MTF1
was significantly associated with pathways related to endocytosis, hypertrophic cardiomyopathy (HCM), melanogenesis,
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Significance: *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 5 Single-gene GSEA-KEGG pathway analysis in SLC31Al (A), DLD (B), MTFI (C). Single-gene GSVA-KEGG pathway analysis in SLC31Al (D), DLD (E), MTFI (F).

and neuroactive ligand receptor interaction. DLD was mainly enriched in pathways related to glycerophospholipid
metabolism, melanogenesis, and cancer.

Next, based on the median expression values of each key DE-CRGs, osteomyelitis samples were divided into high-
and low-expression groups, and ssGSVA enrichment analysis was used to further explore potential pathways that may be
enriched (Figure 5D-F). The SLC31A1 high-expression group was mainly enriched in circadian rhythm mammal,
autoimmune thyroid disease, and glycosaminoglycan biosynthesis chondroitin sulfate-related pathways, while the low-
expression group was mainly enriched in histidine metabolism, alpha linolenic acid metabolism, and homologous
recombination-related pathways. In the MTF1 high-expression group, pathways related to graft versus host disease,
allograft rejection, and asthma were significantly enriched, while pathways related to histidine metabolism, regulation of
autophagy, and pantothenate and CoA biosynthesis were significantly enriched in the low-expression group. The DLD
high-expression group was mainly enriched in glycerolipid metabolism, folate biosynthesis, and bladder cancer-related
pathways, while the low-expression group was only enriched in beta-alanine metabolism-related pathways. The afore-
mentioned enrichment results suggested that SLC31A1, MTF1, and DLD may be involved in regulating the pathogenesis

of amino acid metabolism and autoimmune diseases.

Construction of PPl, TF-miRNA, and Protein-Disease Networks

Using SLC31A1, MTF1, and DLD as seed genes, we constructed a protein-protein interaction (PPI) network consisting
of 19 nodes and 148 edges, based on the String database, and visualized with the Cytoscape software (Figure 6A and B).
To elucidate the molecular mechanisms of critical DE-CRGs, we constructed gene-TF and gene-miRNA regulatory
networks, identifying a total of 63 TFs and 168 miRNAs that regulate these features (Figure 6C and D). Subsequently,
a gene-gene interaction network was constructed consisting of 23 nodes and 183 edges, based on the GENMINIA
database, using physical interaction, co-expression, and predicted interactions as reference criteria (Figure 6E). Finally,
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we predicted the pathological mechanisms in which SLC31A1 and DLD may be involved in 8 and 24 human diseases,
respectively (Figure 6F).

Identification of Two Distinct CRG Patterns

Based on 3 M2R-CRGs, we identified CRG-related patterns in osteomyelitis patients using unsupervised clustering
analysis. Consensus index, CDF curves, consistency scores, and PCA results suggested that K=2 was the optimal
clustering subtype (cluster 1 and 2), with cluster 1 containing 55 samples and cluster 2 containing 30 samples
(Figure 7A-D and Supplementary Figure S1). Except for DLD, SLC31A1 and MTF1 exhibited significant differences
in expression levels between different clusters (Figure 7E and F). We further analyzed the differences in the proportions
of 22 immune cell infiltrations among different CRG modification patterns. Compared with cluster 2, cluster 1 had
a richer immune cell infiltration, including T cells gamma delta, macrophages M1 and mast cells activated, while the
infiltration abundance of macrophages M2 was higher in cluster 2 (Figure 7G and H). These results suggest that cluster 1
may activate the pro-inflammatory response of osteomyelitis immune microenvironment, while cluster 2 plays an anti-
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inflammatory role in osteomyelitis. Furthermore, we explored the potential pathways in the two CRG patterns
(Figure 71), and the GSVA-pathway analysis results showed that ribosome, primary immunodeficiency, and taste
transduction were significantly upregulated in cluster 2, while lysosome was significantly upregulated in cluster 1.

Generation of Gene Clusters and CRG Scores

To explore the underlying mechanisms of CRG-related subtypes, we identified a total of 134 DEGs between cluster 1 and
cluster 2 based on unsupervised clustering analysis of osteomyelitis patients (Figure 8A). Based on the expression of
these genes, we further clustered the samples into different gene clusters (Figure 8B-E). Consistent with the CRG
patterns, clustering heatmap, clustering index, CDF curve, and PCA results indicated that K=2 was the optimal clustering
subtype (cluster A and B), with 41 samples in cluster A and 44 samples in cluster B. The 134 DEGs could well
distinguish gene clusters A and B. Except for DLD, SLC31A1 and MTF1 showed significant differences in expression
levels between the different gene clusters (Figure 8F and G). In terms of immune infiltration analysis, there were
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significant differences in the proportions of immune cells between the two gene clusters (Figure 8H). Compared with
gene cluster A, gene cluster B had a higher level of infiltration of activated CD8 T cells, eosinophils, immature dendritic
cells, macrophages, mast cells, natural killer cells, neutrophils, and regulatory T cells, while gene cluster A had a higher
proportion of activated B cells, CD56 dim natural killer cells, and immature B cells. Further GSVA-pathway analysis
revealed that ribosome, small cell lung cancer, and oocyte meiosis were significantly upregulated in gene cluster B, while
pentose and glucuronate interconversions, glycine serine and threonine metabolism, and regulation of actin cytoskeleton
were significantly upregulated in gene cluster A (Figure 81).

Based on the expression of DEGs between the two different clusters, PCA was used to score the osteomyelitis samples
(CRG score), and the differences in the scores within the two different clusters were compared (Figure 9A and B). We
observed significant differences in CRG scores in the internal comparisons of different CRG clusters and gene clusters, with
higher CRG scores in CRG cluster 2 and gene cluster B. Sankey diagrams showed that there was consistency in trends
between CRG clusters, gene clusters, and CRG scores in the training set (Figure 9C). Additionally, boxplots showed that
IL7R and IL21R were highly expressed in CRG cluster 1 and gene cluster A, while IL6R and IL17RC were upregulated in
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CRG cluster 2 and gene cluster B (Figure 9D and E). The COL4A4 gene was only highly expressed in CRG cluster 1, with
no significant difference in expression in the gene cluster (Figure 9F and G). BMP2K was significantly highly expressed in
both CRG cluster 2 and gene cluster B (Figure 9H and I). Overall, different CRG clusters and gene clusters were related to
osteomyelitis inflammation and bone-related phenotypes.

Construction of Osteomyelitis Prediction Model Based on M2R-CRGs

To predict the incidence of osteomyelitis, we constructed a nomogram model based on 3 M2R-CRGs and evaluated its
predictive ability (Figure 10A-C). The calibration curve and DCA curve demonstrated that the nomogram model was an
ideal predictor for osteomyelitis, and clinical decision-making may be beneficial for patients. Next, we further assessed
the diagnostic value of the 3 M2R-CRGs for osteomyelitis and plotted ROC curves for each gene, with AUC values all
greater than 0.65, indicating good diagnostic performance. A logistics regression model for the three genes was
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established using the “glmnet” package (Figure 10D and E), and ROC curves confirmed that the model could distinguish
well between osteomyelitis patients and healthy individuals. Additionally, we extracted expression data for M2R-CRGs
from an independent GSE30119 dataset and established ROC curves to validate the ability of the 3 genes to distinguish
between osteomyelitis patients and healthy controls (Figure 10F and G. AUC values were all greater than 0.6, indicating
relatively good diagnostic value of the M2R-CRGs for osteomyelitis in the validation set.

Validation of M2R-CRGs Expression Levels

Given the excellent performance of the 3 M2R-CRGs in osteomyelitis clustering and diagnosis, we validated their
expression levels using the GSE3019 dataset. Consistent with the training set results, the expression levels of SLC31A1,
MTF1, and DLD were significantly upregulated in osteomyelitis samples (Figure 11A-C). RT-qPCR results indicated that
mRNA levels of SLC31A1, MTF1, and DLD were significantly upregulated in an osteomyelitis rat model (Figure 11D-
F). Further evaluation of the protein levels of the 3 M2R-CRGs using immunohistochemical staining revealed that the
positivity rates of SLC31A1, MTF1, and DLD were significantly higher in the osteomyelitis group than in the healthy
control group (Figure 11G-I), consistent with the bioinformatics results.

Discussion

Osteomyelitis is a common infectious disease in orthopedics, characterized by a prolonged and recurrent course that
poses significant health burdens on both patients and society.* The nonspecific clinical manifestations and radiological
examinations, along with the invasive nature of the current “gold standard” diagnostic methods, contribute to the absence
of recognized biomarkers for predicting S. aureus-infected osteomyelitis.'® Cuproptosis primarily relies on mitochondrial
stress to regulate cell death, with a focus on lipidation of mitochondrial enzymes and loss of Fe-S cluster proteins.>**’ As
a novel type of cell death, cuproptosis has been implicated in the development of various diseases.’®>! However, its
regulatory role in infectious bone diseases remains unclear. Previous studies have indicated a slight upregulation of genes
related to mitochondrial fission in animal models of S. aureus-infected osteomyelitis, suggesting mitochondrial dysfunc-
tion. Consequently, this study aimed to elucidate the regulatory role of CRGs in S. aureus-infected osteomyelitis and its
relationship with the immune microenvironment.

In this study, the expression profiles of CRGs and the immune microenvironment were comprehensively analyzed
between S. aureus-infected osteomyelitis patients and healthy controls, leading to the identification of three CRGs
strongly associated with M2 macrophages. M2 macrophages were found to exhibit a positive correlation with SLC31A1
and MTF1, while a significant negative correlation was shown with DLD. Notably, high expression of MTF1 correlated
with a high infiltration abundance of M2 macrophages, whereas low expression of MTF1 was associated with a high
infiltration ratio of M1 macrophages. These findings suggest that MTF1 may modulate the immune microenvironment of
S. aureus-infected osteomyelitis by regulating the states of macrophages (M1 and M2).

To construct a diagnostic model for predicting the incidence of S. aureus-infected osteomyelitis, ROC curves were
built based on three M2R-CRGs. The logistic model yielded an AUC of 0.817, indicating good diagnostic performance
for these biomarkers. In a previous study, a diagnostic model based on ferroptosis-related genes was constructed for
osteomyelitis patients, achieving an AUC of 0.993.>% Additionally, comprehensive clustering analysis was performed on
S. aureus-infected osteomyelitis patients, resulting in the identification of two distinct subclassification patterns (CRG
pattern and gene pattern). Analysis of the immune microenvironment revealed that cluster 1 might activate pro-
inflammatory responses, while cluster 2 exhibited anti-inflammatory effects within the osteomyelitis immune micro-
environment. In the gene pattern, cluster B was associated with macrophage activation. Based on these findings, it is
hypothesized that different CRG and gene patterns may regulate the pathogenesis of S. aureus-infected osteomyelitis by
modulating macrophage states.

Copper ions, essential trace elements in the human body, have been shown to be relevant to bone homeostasis,
mediated by osteoblasts and osteoclasts. The hypoxic bone environment and excessive cellular glycolysis may inhibit
cuproptosis, subsequently promoting proliferation in immune cells (macrophages and effector T cells) as well as in
osteoblasts. Consequently, CRGs are recognized as potential therapeutic targets for treating bone loss associated with
osteomyelitis. The three M2R-CRGs (SLC31A1, MTF1, and DLD) have been identified as characteristic biomarkers in
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Figure 11 Validation for 3 M2R-CRGs through independent dataset (GSE301 19), RT-qPCR, and immunohistochemistry. In the independent dataset, SLC31Al (A), DLD (B),
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P<0.0001.
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S. aureus-infected osteomyelitis. SLC31A1, as a member of the copper transporter family, regulates cellular copper
homeostasis. It has been linked to cisplatin chemoresistance in cancer treatments and may serve as a potential molecular
target for tumor therapy.”> > Feng et al 2023,°° discovered that CRGs promote immune activation and evasion, and these
genes can be used to predict the prognosis and response to immune therapy in glioblastoma patients. Moreover, they
found that SLC31A1 was positively correlated with most immunosuppressive cells, including M2 macrophages. In
alignment with these findings, our study also demonstrated a strong positive correlation between SLC31A1 and M2
macrophages in osteomyelitis patients. This suggests that SLC31A1 may play a role in regulating the immune micro-
environment in S. aureus-infected osteomyelitis by modulating M2 macrophages.

MTEF-1 is essential for regulating metallothionein (MT) related genes in human monocyte-derived macrophages
(MDMs). Lahiri et al 2014,>” identified MTF-1 as a key transcription factor that regulates the expression of MT-related
genes in macrophages. Targeting MTF-1 can increase intracellular zinc and induce autophagy, thus enhancing bacterial
clearance. In line with the positive correlation observed between SLC31A1 and M2 macrophages, high expression of
MTF1 is significantly associated with an increased infiltration of M2 macrophages, suggesting that MTF1 may exert
anti-inflammatory effects in S. aureus-infected osteomyelitis by activating M2 macrophages. DLD, an essential gene
involved in cellular copper death and the decarboxylation of pyruvate,’® is linked to cell apoptosis and the generation
of reactive oxygen species, making it relevant in the production of anticancer agents. As a positive regulator of
cuproptosis, DLD promotes copper-dependent cell death. Interestingly, in this study, high expression of DLD
correlated significantly with low expression of M2 macrophages, indicating that DLD may promote inflammatory
reactions in the osteomyelitis immune microenvironment and accelerate osteoblast cell death by inhibiting M2
macrophage activation. Additionally, the mRNA and protein levels of SLC31A1, MTF1, and DLD were further
validated and found to be significantly upregulated in the osteomyelitis rat model, suggesting a potential role for
CRGs in S. aureus-infected osteomyelitis.

However, this study is subject to several limitations that warrant emphasis. Firstly, the data were sourced from public
databases, which may introduce batch effects from variations in sample collection times and conditions, potentially
impacting the analysis results. Secondly, the dataset lacks detailed clinical data; future studies should include compre-
hensive clinical information, such as osteomyelitis staging, to enhance the diagnostic performance of the model. Thirdly,
the small sample sizes in the osteomyelitis datasets and rat models limit the generalizability of our findings; larger sample
sizes are needed to validate the applicability of these conclusions. Lastly, the expression of the three M2R-CRGs was
identified using RT-qPCR and immunohistochemistry. Further experiments are needed to explore the specific mechan-
isms by which these characteristic genes regulate macrophages in the microenvironment of S. aureus-infected

osteomyelitis.

Conclusion

This study reveals the expression profile of CRGs and the immune infiltration landscape in patients with S. aureus-
infected osteomyelitis. SLC31A1, MTFI1, and DLD have been identified as characteristic biomarkers, Furthermore,
a diagnostic model based on the three M2R-CRGs accurately predicts the risk of S. aureus-infected osteomyelitis in
patients. The clustering patterns suggest significant associations between different CRG clusters and gene clusters with
inflammation and bone-related phenotypes in osteomyelitis. This study is the first to explore the role of cuproptosis from
an immunological perspective in S. aureus-infected osteomyelitis, potentially offering molecular targets for early

diagnosis and personalized immune therapy for patients with osteomyelitis in the future.

Data Sharing Statement
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