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Background: Periprosthetic joint infection (PJI) lacks a universally accepted gold standard for diagnosis, and the immune micro-
environment underlying PJI remains incompletely understood. Calprotectin (SI00A8/A9) emerged as a key molecule of interest in PJI,
yet its expression profile in synovial tissue has not been fully characterized.

Methods: Bulk RNA sequencing was performed on sonication fluid samples from 53 PJI patients and 40 aseptic failure (AF) controls
from the GEO database. Differential gene expression, immune cell infiltration, and pathway enrichment analyses were conducted.
Single-cell RNA sequencing (scRNA-seq) data from synovial tissue were integrated to characterize the cellular distribution of SI00A8
and S100A9 and to investigate immune cell interactions using the CellChat algorithm. Immunohistochemical staining was performed
to validate calprotectin expression in synovial tissue.

Results: By integrating bulk and scRNA-seq, we characterized the cellular expression profile of SI00A8 and S100A9 within the
immune microenvironment of PJI synovial tissue. The results showed that SI00A8 and S100A9 were markedly upregulated in PJI
synovial tissue and predominantly expressed by myeloid-derived suppressor cells (MDSCs). The enrichment of S100A8/A9-
expressing MDSCs in PJI synovial tissue was associated with immune features indicative of an immunosuppressive microenviron-
ment. Cell-cell communication analysis revealed extensive interactions between MDSCs and NK cells as well as macrophages in the
PJI microenvironment. Furthermore, immunohistochemical analysis demonstrated significantly elevated calprotectin expression in PJI
synovial tissue, and receiver operating characteristic (ROC) curve analysis supported the diagnostic value of synovial tissue
calprotectin for PJI.

Conclusion: This study demonstrates that SI00A8 and S100A9 are highly expressed in the synovial tissue of patients with PJI and
provides additional evidence supporting the diagnostic value of calprotectin in synovial tissue. In addition, we comprehensively
characterize the cellular expression profiles of SI00A8 and S100A9 in PJI synovial tissues, revealing a close association with MDSC-
related immunosuppression.
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Introduction

Periprosthetic joint infection (PJI) is one of the most serious complications following total joint arthroplasty (TJA). The
reported infection rate after total hip arthroplasty ranges from 0.3% to 1.7%, while for total knee arthroplasty, it is
between 0.8% and 1.9%.'
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Diagnosing PJI is challenging, as there is no established gold standard. Diagnosis of PJI usually relies on
a combination of patient symptoms, blood tests, joint fluid analysis, and periprosthetic tissue samples.>* In 2011, the
Musculoskeletal Infection Society (MSIS) Working Group proposed major and minor criteria to aid in PJI diagnosis,
addressing the lack of a single recognized diagnostic standard.” According to the 2018 consensus, major diagnostic
criteria comprise (1) a sinus tract connecting to the joint, or (2) identical pathogenic organisms isolated from >2 separate
periprosthetic tissue cultures. Minor criteria include synovial fluid biomarkers such as C-reactive protein (CRP), alpha-
defensin, leukocyte esterase, and synovial fluid hematocrit.*” These criteria indicate that PJI diagnosis cannot rely on
a single biomarker but requires a combination of clinical manifestations, blood tests, and synovial biomarkers.

S100A8 and S100A9, members of the S100 family of calcium-binding proteins (also known as migration repressor-
related proteins 8 and 14), are primarily expressed in neutrophils and monocytes/macrophages.® S100A8 and S100A9
form the heterodimeric calprotectin complex, which exhibits antibacterial properties and has emerged as a promising
diagnostic biomarker for PJI.°~'®> Therefore, calprotectin detection may compensate for the reduced sensitivity of
traditional cultures in diagnosing infections with low bacterial loads. Meanwhile, Zhang et al'® and Lazic et al'’
demonstrated that the diagnostic value of calprotectin assay for PJI is superior to that of CRP, ESR, SF-WBCs, and SF-
PMNs. Additionally, several individual cohort studies have demonstrated excellent diagnostic accuracy of synovial fluid
calprotectin, with high sensitivity and specificity for distinguishing PJI from aseptic failure (AF).'®'® Calprotectin can be
measured using different analytical approaches, including enzyme-linked immunosorbent assays (ELISA) and rapid
lateral flow tests, most commonly in synovial fluid samples. These assays have been reported to provide rapid and
reliable results, making calprotectin a practical biomarker for clinical application in PJI diagnosis. However, previous
studies have primarily focused on calprotectin in synovial fluid as a diagnostic marker for PJI, while the expression
patterns of calprotectin in synovial tissue remain insufficiently characterized. In particular, its cellular sources and
immunological roles within the PJI synovial immune microenvironment have not been systematically investigated.

In addition to being a diagnostic marker, calprotectin also plays an important role in the immune microenvironment of
local tissues. Endogenous calprotectin is known to regulate adaptive immunity by inducing the accumulation of myeloid-
derived suppressor cells (MDSCs), which in turn inhibit T-cell responses.'**® Sinha et al demonstrated that calprotectin
binds to glycoprotein receptors on MDSCs, promoting their recruitment and aggregation in inflamed tissues.*® Together,
these studies provide a biological rationale for investigating the link between calprotectin expression and MDSC-
mediated immunosuppression in PJI.

In this study, we conducted an integrated analysis using bulk RNA sequencing (RNA-seq) of sonicate fluid from PJI
and AF patients and single-cell RNA sequencing (scRNA-seq) of synovial tissue. Our multi-omics approach was
designed to evaluate the diagnostic association between synovial tissue calprotectin and PJI and to explore its potential
role within the PJI immune microenvironment. Using scRNA-seq data, we examined the distribution of calprotectin
(S100A8/A9) across different immune cell populations in synovial tissues, including immunosuppressive subsets such as
MDSCs. Then we used integrated analyses to investigate the association between S100A8/A9 expression and immuno-
suppressive immune cell subsets and to explore its potential involvement in immunosuppressive immune interactions
within the PJI microenvironment. Finally, immunohistochemical (IHC) staining of synovial tissues from patients with PJI
and AF was used to assess calprotectin expression levels, and receiver operating characteristic (ROC) curve analysis was
performed to evaluate its diagnostic performance in synovial tissues. Overall, this study aims to characterize the profile of
calprotectin in PJI and to evaluate its potential utility as a synovial tissue diagnostic biomarker.

Methods

Patients

This study obtained synovial tissues from a total of 100 patients during surgery, which included 45 patients who
underwent revision TJA for PJI, 45 patients who underwent revision TJA for AF, and 10 patients who underwent
primary TJA for OA. These tissues were subsequently used for IHC staining. The diagnosis of PJI was based on the 2018
Musculoskeletal Infection Society (MSIS) criteria.”' Patients with inflammatory arthritis, malignancy, systemic auto-
immune disease, or incomplete clinical data were excluded from the study. OA patients had no prior history of joint
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infection or revision surgery at the time of sample collection. This study was conducted in accordance with the
Declaration of Helsinki. Ethical approval was obtained from the Ethics Committee of the First Affiliated Hospital of
Sun Yat-sen University (IRB No. [2023]740), and written informed consent was obtained from all patients prior to the
commencement of the study.

Samples and Sequencing Methods

We analyzed bulk RNA-sequencing data from implant sonication fluid samples of 93 patients (53 with PJI and 40 with AF;
GSE255786). Following cryopreservation at -80°C, total RNA was extracted using the miRNeasy Serum/Plasma Kit
(QIAGEN) and sequenced on an Illumina HiSeq 4000 platform (100-cycle paired-end reads, 10 samples/lane).’

The osteoarthritis (OA) gene expression dataset (GSE254682) comprised synovial tissues from 8 OA patients
undergoing joint surgery and 7 healthy controls from sports injury procedures. All samples underwent pathological
confirmation prior to whole transcriptome analysis.*>

ScRNA-seq data were obtained from synovial tissues of PJI (GSE241739, n=2) and OA (GSE216651, n=>5) patients.
PJI samples were processed as unsorted single-cell suspensions during revision arthroplasty, with libraries prepared using
10X Genomics Chromium 3’ v3.1 kit and sequenced on NovaSeq 6000 (50,000-100,000 reads/cell). OA samples

followed comparable processing protocols.****

Identification of Differentially Expressed Genes (DEGs) in the Synovium of Patients
with PJI and AF

We used the “Limma” R package, a specialized tool for analyzing differential gene expression, to identify DEGs between the
PJI and AF samples. Raw sequencing reads were aligned to the human reference genome, and gene-level counts were
generated and normalized prior to differential expression analysis using the Limma package. Only genes with a P-value <0.01
and [log2FC| > 1 were selected. The DEGs were visualized through volcano plots and heatmaps generated using the “ggplot2”
and “heatmap” packages.

Functional Enrichment Analysis of DEGs

Gene ontology (GO) analysis was conducted to describe the function of genes and proteins, including biological
processes (BP), molecular functions (MF), and cellular components (CC). Additionally, we employed the Kyoto
encyclopedia of genes and genomes (KEGG) database to explore the biological pathways associated with DEGs.
GO and KEGG analyses were performed using the “clusterProfile” package, with significance criteria set at
P < 0.05.

Immune Cell Infiltration and Correlation with SIO0A8 and SI00A9

Immune cell infiltration and immune functional/pathway activities were quantified using the single-sample gene set
enrichment analysis (ssGSEA) algorithm implemented in the R package GSVA. The analysis was based on predefined
immune-related gene signatures described by Bindea et al,”> which include both immune cell-specific signatures (eg,
B cells, CD8" T cells, macrophages) and functional/pathway signatures (eg, T cell co-stimulation, MHC class I, cytolytic
activity). We analyzed the correlation between S100A8, S100A9, and immune cells, as well as other genes, using the
“corrplot” package. The “Estimate” package was utilized to calculate immune scores for PJI and AF samples. Subgroup
comparisons were performed by stratifying samples into high- and low-expression groups for SI00A8 and S100A9,

based on their respective median expression values.

Analysis of SI00A8 and SI00A9 in OA and PJI Based on Bulk RNA Sequencing

DEGs between OA and normal samples were identified using the “Limma” package. The expression of SI00A8 and
S100A9 in both gene expression matrices was analyzed using the “RobustRankAggreg” package.

Infection and Drug Resistance 2026:19 heeps: 3



Tuo et al

scRNA-Seq Analysis

Single-cell RNA-seq data were processed and quality-controlled using standard procedures, followed by clustering and
visualization of cell populations. Details of filtering thresholds, normalization, and clustering parameters are provided in
Supplementary Methods. Differential gene expression in each cluster was identified using the “FindAllMarkers”

function, and cell types were annotated using the “SingleR” package.
Cell-to-cell communication at the molecular level was analyzed using the “CellChat” R package, with receptor-ligand
pairs counted and visualized.

IHC Staining

IHC staining for calprotectin was performed on synovial tissues, and the positive staining area was quantified using
ImageJ software. Detailed staining protocols and image analysis procedures are provided in Supplementary Methods. 2

Statistical Analysis

Data analysis was conducted using R software (version 4.2.2). Student’s #-test or Wilcoxon tests were used to assess
differences between groups, while Pearson or Spearman correlations were calculated between variables. Statistical
significance was set at P < 0.05. For transcriptomic analyses, P-values were adjusted for multiple testing using the
false discovery rate (FDR) where applicable.

IHC staining data were analyzed using GraphPad Prism (version 8.0). Normality and log-normality tests were
performed to determine data distribution. For nonparametric data, descriptive statistics (mean + SEM) were calculated.
The Kruskal-Wallis and Mann—Whitney tests were used to assess statistical significance. ROC curves were generated in
GraphPad Prism, and Youden’s criteria were applied to calculate biomarker thresholds.

Results

Expression Features of SI00A8 and SI00A9 and Functional Enrichment Analysis

To investigate whether the transcriptomic landscape of PJI highlights calprotectin (SI00A8/S100A9) as a key player, we
identified a total of 1150 DEGs, including 928 upregulated and 222 downregulated genes (Figure 1A—C), which were
visualized as a volcano plot (Figure 1D) using dataset GSE255786 from the GEO database.

Among DEGs in PJI versus AF samples, SI00A8 and S100A9 were among the most highly upregulated, highlighting
the central role of calprotectin in the disease (log2 fold change 1.56 and 1.70, Figure 2A and B). GO and KEGG
enrichment analyses were performed to identify key pathways and functions associated with the upregulated DEGs in PJI
patients. GO analysis showed that DEGs were enriched in BP such as taxis, response to molecules of bacterial origin, and
response to lipopolysaccharides. In terms of CC, they were mainly concentrated in protein complexes involved in cell
adhesion, protein-lipid complexes, and postsynaptic cytoskeleton. For MF, they were primarily involved in scavenger
receptor activity, protein-lipid complex binding, and low-density lipoprotein particle binding (Figure 2C). KEGG
analysis indicated that upregulated DEGs were significantly associated with pathways such as viral protein interactions
with cytokines and cytokine receptors, Legionellosis, and the TNF signaling pathway (Figure 2D). Furthermore, S100A8
and S100A9 were also upregulated in the IL-17 signaling pathway (Figure 2E), which was highlighted in the KEGG
enrichment analysis for PJI-related genes (Figure 2D). The IL-17 pathway is a central regulator of neutrophil recruitment
and activation, promoting the expression of pro-inflammatory mediators including calprotectin (S100A8/A9) in
neutrophils.?’ This suggests that the elevated SI00A8/A9 expression observed in PJI tissues may reflect IL-17—driven
neutrophil responses, linking the pathway to both neutrophil biology and local calprotectin production.

To investigate whether ST00A8/A9 expression varied according to infective pathogens, PJI samples were stratified
into S. aureus PJI, S. epidermidis PJI, Non-S. aureus/S. epidermidis PJI, and AF.® S100A8/A9 expression was
significantly higher across all pathogen-defined PJI subgroups compared with AF group. (Figure S1A-B) Consistent
with this subgroup analysis, pooled PJI samples also showed significantly elevated SI00A8/A9 expression compared
with AF group. (Figure 2A) Overall, both SIO0A8 and S100A9 expression were increased across all PJI subgroups
compared with the AF group, regardless of infective species.
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Figure | Bulk RNA sequencing data analyses. (A) PCA plots showing clustering of samples based on gene expression profiles; total DEGs (B) before and (C) after
normalization; (D) analysis of variance volcano plots, where grey represents genes with adj. P. Val > 0.05.

Immune Cell Infiltration and Correlation with SI00A8 and S100A9 Expression

To explore the immunological context of calprotectin upregulation, we applied ssGSEA to evaluate immune cell
enrichment in PJI synovial tissues compared with AF controls. We observed significantly increased enrichment of five
immune signatures in PJI samples, including neutrophils, MDSCs, T cell co-stimulation, Thl cells, and Tth cells. In
contrast, three signatures—MHC class I, T helper cells, and macrophages—showed significantly decreased enrichment in
PJI samples (Figure 3A—C). Notably, MDSCs enrichment scores were significantly higher in PJI patients compared to AF
controls (Figure 3C; Wilcoxon test, p < 0.001). Moreover, MDSCs enrichment was inversely associated with macrophage
abundance across all samples, showing a moderate negative correlation (Spearman’s p =—0.53, p < 0.001; Figure 3A), as
visualized in the correlation heatmap. These results indicate that increased MDSCs infiltration is associated with reduced
macrophage presence in PJI tissues.

Through integrated analysis of two independent datasets, we consistently observed significantly elevated expression
of SI00AS8 and S100A9 in PJI samples compared to aseptic controls (Figure 3E). Building on this observation, we further
examined the relationship between SIO0A8/S100A9 expression and the enrichment of immune cell subsets. A strong
positive correlation was observed between S100A8/S100A9 expression and the enrichment scores of MDSCs and
neutrophils (Figure 3D), suggesting that SI00A8/S100A9 expression in PJI tissues is closely associated with an MDSC-
enriched immune landscape, a feature commonly linked to immunosuppressive microenvironments.

Notably, although S100A8 and S100A9 expression was not associated with changes in CD8" T cell abundance, their
elevated expression suggested a potential impact on T cell functional states rather than cell numbers. To further explore
the potential immunosuppressive impact of SIO0A8 and S100A9, we examined their correlations with T cell-associated
effector genes. As shown in Figure 3F, both SI00A8 and S100A9 expression levels were negatively correlated with
multiple cytotoxic and T cell activation—related genes, including 1L22, IL2, ICOS, GZMM, CD8A, TBX21, and IFNG.
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These findings suggest that elevated SI00A8/S100A9 expression is associated with impaired CD8" T cell cytotoxic
function and reduced T cell activation in PJI tissues.

Collectively, these results support an association between elevated SI00A8/S100A9 expression and an immunosup-
pressive microenvironment in PJI tissues, characterized by enrichment of MDSCs and reduced expression of T cell
activation—related genes.

Subsequently, we applied the ESTIMATE algorithm to calculate immune scores for the patients. PJI patients exhibited
significantly higher ESTIMATE and immune scores compared to AF patients (P < 0.001) (Figure S2A-C). We further
divided PJI patients into high and low SI00AS8 expression groups. The high-expression group had higher immune scores
(P=0.005) and lower stromal scores (P=0.007) (Figure S2D-F). Similarly, the S100A9 high-expression group also
showed higher immune scores (P=0.004) and lower stromal scores (P=0.02) (Figure S2G-I).
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SI00A8 and SI00A9 Positively Correlate with MDSC-Related Chemokines
Accumulating evidence indicates that MDSCs are primarily recruited by chemokines such as CXCL1, CXCLS5, CXCL6,
CXCLS8, and CXCL12.2*3° In line with these observations, our analysis of PJI patient samples revealed a positive
correlation between SI00A8/S100A9 expression and multiple MDSC-recruiting chemokines (Figure S3A). Specifically,
CXCLI, a ligand for CXCR2, was shown to be upregulated in multiple tumor types and recruits MDSCs to the tumor
microenvironment via the CXCL1-CXCR?2 axis.*! In our study, both SI00A8 and S100A9 were significantly positively
correlated with CXCLI in the local infection microenvironment of PJI (Figure S3B and C). Our data demonstrate that
MDSC-recruiting chemokines and SI00A8/S100A9 are concurrently upregulated in synovial tissues from PJI patients.
However, this observation is purely correlative, and no causal relationship between S100A8/S100A9 and MDSCs
infiltration can be inferred from the current data.

Construction of the Single-Cell Transcriptional Landscape in PJl and OA Patients

To determine the cellular sources of calprotectin within the PJI synovial tissue, we integrated two scRNA-seq datasets,
including synovial tissue samples from two PJI patients and five OA patients. Among them, 34,818 single cells were
derived from OA tissues, and 13,670 cells were from PJI tissues. Unsupervised clustering was performed to visualize
specific cell types and identify clusters based on anchored gene expression. A total of 12 clusters and 8 distinct cell types,
including adipocytes, B cells, endothelial cells, fibroblasts, macrophages, monocytes, pericyte-like cells, and T cells,
were identified (Figure 4A). Representative markers for each cluster are shown in Figure 4B, and the frequency of each
cell type across different samples is shown in Figure 4C. In PJI patients, there was a higher percentage of immune cells
such as monocytes, whereas in OA patients, a higher percentage of non-immune cells, such as fibroblasts, was observed
(Figure 4D). S100A8 and S100A9 are mainly highly expressed in immune cells such as monocytes, macrophages and
T cells (Figure 4E). Our findings suggest that SI00A8 and S100A9 are predominantly expressed in monocytes,
macrophages, and MDSCs, therefore linking synovial tissue calprotectin expression to specific immune cell populations
in PJI synovial tissues.

Single-Cell Subset Analysis and Expression of SI00A8 and S100A9

We further analyzed synovial macrophages and monocytes in PJI and OA patients following dimensionality reduction
and clustering. UMAP dimensionality reduction identified three macrophage clusters: M1, M2, and polymorpho-
nuclear myeloid-derived suppressor cells (PMN-MDSCs) (Figure 5A). Violin plots displayed the expression of
S100A8 and S100A9 in the different macrophage subsets where PMN-MDSCs showed the highest levels of
S100A8 and S100A9 (Figure 5B). Similarly, monocytes were clustered into five groups: classical monocytes,
inflammatory monocytes, intermediate monocytes, monocytic myeloid-derived suppressor cells (M-MDSCs), and
non-classical monocytes (Figure 5C). M-MDSCs had the highest expression levels of S100A8 and S100A9
(Figure 5D).

To better understand immune cell infiltration in PJI synovial tissue, we conducted scRNA-seq on synovial tissue
samples from 2 PJI patients. Eight cell types were identified, including B cells, fibroblasts, M-MDSCs, macrophages,
monocytes, NK cells, PMN-MDSCs, and T cells (Figure 6A). UMAP plots demonstrated the expression patterns of
marker genes for each cell type (Figure 6B). PMN-MDSCs were defined based on the co-expression of CEACAMS and
OLRI1, consistent with previously reported transcriptomic signatures of neutrophil-like MDSCs (Figure 6B).*
M-MDSCs were defined by the co-expression of CD14 and ITGAM (CD11b), consistent with previously reported
transcriptomic signatures of human monocytic myeloid-derived suppressor cells (Figure 6B).>* UMAP and violin plots
further showed the expression patterns of SIO0A8 and S100A9 in PJI (Figure 6C and D). The violin plot also highlighted
the expression of ITGAM (CD11b), a marker for MDSCs, which was highly expressed in both M-MDSCs and PMN-
MDSCs, confirming the presence of MDSCs in the synovial tissue of PJI patients (Figure 6D). In addition, scRNA-seq
analyses of PJI patients similarly showed that MDSCs expressed the highest levels of SI00A8 and S100A9, with
fibroblasts showing the lowest expression (Figure 6D). Our findings suggest that SI00A8, S100A9 and MDSCs are
involved in the occurrence and development of PJI.
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Cell-Cell Communication in the Immune Microenvironment of Pl

We used the CellChat package to simulate ligand-receptor interactions among different cell types, generating a cell-cell
communication network. The analysis revealed extensive interactions between various cell types (Figure 7A and B).
Given the established role of TGF-B signaling in infection-associated immunesuppression and MDSCs expansion and
functional polarization,®* we further examined TGF-B-mediated signaling at the pathway level. Consistent with this,
pathway analysis identified the TGF-p signaling pathway as a key driver of intercellular communication between PMN-
MDSCs and M-MDSCs (Figure 7C and D). Heatmaps and network diagrams highlighted significant interactions between
PMN-MDSCs, M-MDSCs, macrophages, and NK cells within the TGF-B signaling pathway (Figure 7C and D). These
cell-cell communication patterns in synovial tissue are likely involved in the pathogenesis and development of PJI.

IHC Validation of Calprotectin Expression in PJI Synovial Tissue

To validate the expression and diagnostic value of synovial tissue calprotectin in PJI, we performed a retrospective study
of synovial tissues from 100 patients, including 45 patients with PJI, 45 patients with AF, and 10 patients with OA. The
baseline information of patients is shown in Table 1. Among the 45 patients diagnosed with PJI, postoperative microbial
cultures were positive in 28 cases (62.2%) and negative in 17 cases (37.8%). The most commonly isolated pathogens
were Gram-positive bacteria, particularly Staphylococcus aureus (including MRSA) and Staphylococcus epidermidis
(including MRSE). Gram-negative bacteria, such as Pseudomonas aeruginosa, as well as fungal pathogens were
identified in a subset of patients. Polymicrobial infections were observed in several cases (Table 2). We performed
IHC staining for calprotectin in synovial tissues. Calprotectin was significantly increased in PJI tissues compared with
AF and OA tissues (Figure 8A and B). ROC curve analysis was conducted based on the immunostained area of the
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Infection and Drug Resistance 2026:19 htps:/idoi.org/10.2147/IDR.S574816 11



Tuo et al

Interaction weights/strength Number of interactions

A B

NK cells NK cells

PMN-MDSC PMN-MDSC

C D

TGFb signaling network

0.04
°°2] o - - — TGFb signaling pathway network
i M-MDSC
Fibroblasts g gx; [ ]

Fibroblasts

i -

Macrophage

Monocyte

. B cells

Sources (Sender)

Monocyte

NK cells

PMN-MDSC
T cells

NK cells

Tcels

PMN-MDSC

001
002

Beells
Fibroblasts
M-MDSC
Macrophage
Monocyte
NK cells
PMN-MDSC
Tcells

Figure 7 Cell-cell communication analysis. (A) Network diagram illustrating the strength of ligand-receptor interactions between different cell types; (B) Network diagram
illustrating the number of ligand-receptor interactions between different cell types; (C) Heatmap illustrating the interaction patterns of ligand-receptor interactions in the
TGFb signaling pathway across different cell types; (D) Intercellular communication network diagram within the TGFb signaling pathway; (E) Upregulated receptor-ligand
interaction networks between PMN-MDSCs and other cell types; (F) Upregulated receptor-ligand interaction networks between M-MDSCs and other cell types.

S100A8/A9 complex and bulk RNA sequencing data (Figure 8C). Bulk RNA sequencing yielded AUC values of 0.71 for
S100A8 and 0.73 for S100A9, whereas the IHC-based analysis demonstrated a higher diagnostic performance with an
AUC of 0.85. Using Youden’s index criteria (optimal cut-off value: 22.60% positive area), calprotectin staining

demonstrated a sensitivity of 77.78% (95% CI: 63.73-87.46%) and a specificity of 86.67% (95% CI: 73.82-93.74%).

Table | Baseline Information of PJI, AF, and OA Patients

PJI AF OA P value
Sex (F/M) 26/19 23/22 713 >0.05
Age 73.87£8.00 | 72.04+7.76 | 68.22+12.02 >0.05
Joint (Hip/Knee) 30/15 28/17 6/4 >0.05
Time of implantation (months) | 43.04+49.56 | 97.60+45.38 | Not Applicable | <0.001
CRP (mg/L) 53.81+34.14 | 631+13.64 | 3.29+1.49 <0.001
ESR (mm/h) 97.42+13.24 | 27.98+13.77 | 7.70+2.06 <0.001
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Table 2 Microbiological Characteristics of Patients with PJI

Pathogen Category | Isolated Pathogens No. of Cases (n = 45)
Culture-negative No pathogen isolated 17
Gram-positive bacteria | Staphylococcus aureus (including MRSA) 12

Staphylococcus epidermidis (including MRSE) | 6
Other Gram-positive bacteriat
Gram-negative bacteria | Pseudomonas aeruginosa
Escherichia coli

Salmonella typhimurium

Fungal infection Fungal pathogens

N W — — A Ww

Polymicrobial infection | Mixed bacterial/fungal species

Notes: TOther Gram-positive bacteria include Corynebacterium striatum, Staphylococcus kloosii, Propionibacterium
acnes, and Streptococcus species.

Further subgroup analyses were conducted to compare calprotectin IHC staining results between AF cases and PJI
patients stratified by postoperative culture status. In culture-positive PJI cases, the staining demonstrated an AUC of 0.85
with an optimal cut-off value of 22.60% positive area, showing 78.57% sensitivity (95% CI: 60.46—89.79%) and 86.67%
specificity (95% CI: 73.82-93.74%). For culture-negative PJI cases, the diagnostic performance remained robust with an
AUC of 0.84 at a cut-off of 23.29% positive area, achieving 76.47% sensitivity (95% CI: 52.74-90.44%) and 86.67%
specificity (95% CI: 73.82-93.74%) (Figure 8D).

Furthermore, we conducted subgroup analyses based on the timing of PJI onset. Patients who developed PJI within 3
months after TJA were classified as early PJI cases (n=17), while those who developed PJI beyond 3 months post-
operatively were categorized as late PJI cases (n=28). For early PJI, calprotectin IHC staining demonstrated an AUC of
0.83, with an optimal cut-off value of 23.81% positive staining area. At this threshold, the sensitivity was 70.59% (95%
CI: 46.87-86.72%), and the specificity was 86.67% (95% CI: 73.82-93.74%). For late PJI, the optimal cut-off value was
22.60% positive staining areas, and calprotectin IHC staining achieved an AUC of 0.86, with a sensitivity of 82.14%
(95% CI: 64.41-92.12%) and a specificity of 86.67% (95% CI: 73.82-93.74%) (Figure 8E). Taken together, our findings
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Figure 8 Analysis of immunostaining results and diagnostic value of the SI00A8/A9 complex. (A) Representative images of immunohistochemical staining for SI00A8/A9
complex in patients with OA, AF, PJI; (B) Quantitative analysis of immunohistochemical staining for SI00A8/A9 complex in patients with OA, AF, PJI; (C) ROC curve analysis
of SI00A8, SI00A9 and S100A8/A9 complex by integrated bulk RNA sequencing and immunohistochemical staining; (D) ROC curve analysis of culture-positive and culture-
negative PJI patients. (E) ROC curve analysis of early and late PJI patients. *** represents P < 0.001, * represents P < 0.05.
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support synovial tissue calprotectin (S100A8/A9) as a reliable diagnostic biomarker for PJI, with preserved diagnostic
performance in culture-negative and early-onset infections, underscoring its value as a complementary tool to conven-
tional microbiological diagnostics.

Discussion

In this study, we integrated bulk RNA-seq and scRNA-seq data to demonstrate that calprotectin (SI00A8/A9) serves as
a diagnostic biomarker for PJI in synovial tissue. Although calprotectin (S100A8/A9) has been previously reported as
a diagnostic biomarker for PJI, most prior studies focused on its measurement in synovial fluid and did not address its
cellular origin or immunological context within infected tissues.'*'®>> In this study, by integrating bulk RNA sequen-
cing, single-cell transcriptomics, cell-cell communication analysis, and tissue-level validation, we demonstrate that
calprotectin expression within synovial tissue is predominantly driven by MDSCs and is closely linked to a TGF-§
immunosuppressive microenvironment involving macrophages and NK cells. These findings extend the role of synovial
tissue calprotectin from a nonspecific inflammatory marker to an MDSC-dominated immunosuppressive dysregulation in
PJI. Importantly, our IHC-based validation further supports synovial tissue calprotectin as a practical diagnostic marker
for culture-negative and early-stage PJI, complementing existing synovial fluid-based diagnostics. Preoperative aspiration
of cancer sites and THC staining for precise molecular diagnosis of various cancers are well-established techniques.*®*’
Given the high expression of calprotectin in synovial tissue in PJI cases, we recommend preoperative joint aspiration
with calprotectin IHC staining or synovial fluid protein analysis for patients with challenging PJI diagnoses, as these
approaches may significantly improve diagnostic accuracy. Additionally, adjuvant pharmacological therapy based on
calprotectin expression levels before revision surgery could optimize treatment outcomes and minimize PJI recurrence.

PJI is the third most common complication following TJA, accounting for 15.3% of cases after aseptic loosening
(36.5%) and prosthesis dislocation (17.7%).>® Despite its prevalence, little is known about the immune response in the
tissues surrounding infected implants. The primary pathogens responsible for PJI are Staphylococcus aureus and
coagulase-negative staphylococci, which account for 50-60% of cases.”” By recruiting MDSCs to infection sites,
S. aureus induces T-cell suppression, thereby promoting bacterial persistence.***! In our study, we found that MDSCs
aggregated in PJI tissues, which could explain the persistence of the infection.

Given the heterogeneity of causative pathogens in PJI, we further explored whether SI00A8/A9 expression differed
according to infective species. Subgroup analyses demonstrated that SIO0A8/A9 expression was elevated across all
pathogen-defined PJI subgroups compared with AF group, with the highest levels observed in S. aureus PJI, while
S. epidermidis PJI showed a more modest increase. This gradient of expression may reflect differences in pathogen
virulence and the magnitude of the host inflammatory response, as S. aureus infections are typically associated with
stronger neutrophil-dominated inflammatory responses, whereas S. epidermidis PJI often presents as a low-grade,
biofilm-associated inflammatory process.'”** Importantly, when PJI cases were analyzed as a pooled group regardless
of pathogen type, SI00A8/A9 expression remained significantly elevated compared with AF, supporting its consistent
upregulation in PJI synovial tissues independent of the specific infective pathogen.

S100A8 and S100A9 are released from neutrophils and monocytes/macrophages during PJI flare-ups, following Toll-like
receptor 4 activation. These proteins act as damage-associated molecular patterns (DAMPs), driving the upregulation of pro-
inflammatory cytokines and increasing local inflammation.'** Our bulk RNA sequencing analysis revealed correlations
between S100A8/S100A9 and multiple chemokines. Both bulk RNA sequencing and scRNA-seq showed strong correlations
between S100A8/S100A9 expression and MDSCs abundance. Importantly, this correlation likely reflects, at least in part, the
fact that MDSCs themselves are a major source of SI00A8/A9, and that in the PJI immune microenvironment, chemokine-
mediated recruitment may result in an expanded MDSC population with increased SI00A8/A9 expression, rather than solely
indicating S100A8/A9-mediated recruitment of MDSCs.***> While consistent with an expanded MDSCs population in PJI,
these data are observational and do not establish causality. Previous studies support our findings, showing that MDSCs express
high levels of SI00A8 and S100A9,* and these cells can suppress T-cell responses in inflammatory diseases.'® Additionally,
our study demonstrated a negative correlation between S100A8/S100A9 expression and CD8+ T-cell effector molecules.
Consistent with this observation, the negative correlations between SI00A8/S100A9 and key CD8" T cell effector genes
(including IFNG, GZMM, CD8A, and TBX21) further support a link between calprotectin-associated inflammation and T cell
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dysfunction in PJI. Given the known role of SI00A8/S100A9 in promoting MDSCs expansion and immunosuppressive
signaling, these findings suggest that elevated calprotectin may contribute to impaired cytotoxic T cell responses within the
infected joint microenvironment. It should be noted that neutrophils are well-recognized as major sources of calprotectin.
Although neutrophils were prominently represented in the bulk RNA-seq-based immune infiltration analysis, they were not
distinctly identified in the scRNA-seq datasets. This discrepancy is likely due to technical limitations of scRNA-seq, as
neutrophils are particularly susceptible to degradation during tissue dissociation and often exhibit low RNA content.*’*®
Consequently, the single-cell analyses in this study primarily captured monocyte-, macrophage-, and MDSC-related popula-
tions, while neutrophil-associated calprotectin expression is more comprehensively reflected in the bulk transcriptomic data.

Studies in mice have shown that MDSC-mediated NK cell inhibition is primarily driven by TGF-B.** Membrane-bound
TGF-B suppresses NKG2D expression and IFN-y production in NK cells, thereby compromising their cytotoxic activity.
This mechanism has been validated in murine liver cancer models.® MDSCs also promote M2 macrophage polarization
and inhibit antigen presentation by dendritic cells through TGF-p secretion.’'>> Consistent with these findings, our analysis
showed that MDSCs interact with NK cells and macrophages in PJI tissues via the TGF-B signaling pathway.

Despite current preventive and therapeutic strategies for PJI, including antibiotic-loaded bone cement, povidone-iodine
irrigation during total joint arthroplasty, and intraoperative vancomycin powder, reinfection rates remain as high as 14%.%>-*
This ongoing challenge suggests that factors beyond antimicrobial resistance, such as the local immune microenvironment,
may influence bacterial persistence and treatment outcomes. Based on our analysis of calprotectin expression and MDSC
enrichment, an immunosuppressive microenvironment in PJI may represent an additional factor contributing to bacterial
persistence and variable treatment outcomes, beyond antimicrobial resistance. Emerging evidence indicates that immunomo-
dulatory approaches could serve as adjunctive strategies in PJI management. For example, Yamada et al’> demonstrated that
enhancement of pro-inflammatory immune responses improved antibiotic efficacy in experimental PJI models. In addition,
our recent work identified MDSC-mediated recruitment of regulatory T cells via the CXCL16—CXCR®6 axis as a potential
contributor to local immunosuppression, and modulation of this pathway was associated with improved disease features in
preclinical settings.>® While these observations are preliminary, they suggest that future studies may explore immune-targeted
interventions, including selective modulation of suppressive immune pathways or cautious application of immune checkpoint
blockade, in combination with antibiotic therapy. Such approaches warrant careful evaluation to balance antimicrobial efficacy
with safety considerations in PJI management.’’

Diagnosing PJI remains a major challenge for orthopedic surgeons, with a lack of accurate and cost-effective
methods. Although the MSIS criteria assist in diagnosing PJI, bacterial cultures are often negative. Culture-negative
PJI prevalence ranges from 5% to 42%.>® The causes of culture-negative PJI include low-toxicity microbial infections,
early antibiotic administration, and the inability to culture bacteria in enriched media.’® To improve diagnostic accuracy,
new laboratory methods such as molecular diagnostics, antigen and antibody assays, and biomarker detection have been
introduced in recent years.*® Our tissue-level analysis supports calprotectin as a synovial tissue diagnostic biomarker for
PJI, with diagnostic value observed not only in culture-negative PJI but also in early-stage PJI. In our retrospective
analysis of 45 PJI cases, we identified 17 culture-negative instances (37.8%). Notably, calprotectin maintained high
diagnostic accuracy across both culture-positive (AUC = 0.85) and culture-negative subgroups (AUC=0.84). Moreover,
our analysis demonstrated that calprotectin maintained diagnostic reliability regardless of infection timing, with early PJI
cases showing an AUC of 0.83 while late PJI cases achieved an AUC of 0.86.

Accurate diagnosis of early-stage and culture-negative PJI remains clinically challenging, as conventional micro-
biological methods and standard biomarkers often show limited sensitivity in these settings.®’**> From a clinical
perspective, synovial tissue calprotectin IHC may be particularly valuable in cases of suspected PJI with inconclusive
microbiological results, such as culture-negative infections or in patients who received antibiotics prior to sampling. The
assessment of calprotectin based on synovial tissue could serve as an adjunct to current diagnostic criteria, providing
localized immune information that complements synovial fluid and systemic biomarkers, and may improve diagnostic
confidence in early and culture-negative PJI.

63.64 their clinical

Although a wide range of cytokines and biomarkers have been studied from a systemic perspective,
utility remains controversial.>*® SI00A8 and S100A9, subunits of calprotectin, have been investigated for their diagnostic

value in synovial fluid for PJI.'"'® However, it is well known that inflammatory diseases can trigger pathogen responses,
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leading to elevated synovial fluid calprotectin and false-positive results.'® Furthermore, the biological significance of elevated
S100A8/A9 expression in PJI remains underexplored, which limits the credibility of SI00A8/A9 as a biomarker. Examining
cytokine responses at the tissue level may provide a more accurate picture of the local immune environment, offering
clinicians better insights into managing postoperative complications through surgical debridement. Previous studies have
highlighted the importance of analyzing local cytokine concentrations in PJI patients.’” Our study compared S100A8/A9
expression in synovium from OA, AF, and PJI patients, finding it absent in OA patients, present to a small extent in AF
patients, and significantly elevated in PJI patients. These findings support our bulk RNA sequencing and scRNA-seq analyses
and suggest that SI00A8/A9 is a promising tissue biomarker for PJI diagnosis.

There are several limitations to this study. First, the number of publicly available PJI datasets is limited, and the
sample sizes within each dataset are relatively small, which may not represent the entire PJI patient population. Second,
the study was conducted at a single center with a small sample size. Third, the comparatively smaller OA cases (n=10)
relative to the PJI and AF groups may limit the generalizability of our findings regarding calprotectin’s diagnostic
specificity across distinct joint pathologies. Future studies with larger cohorts are needed to validate our findings.

Conclusion

In conclusion, our study shows that ST00A8/S100A9 expression in PJI synovial tissue is predominantly associated with
MDSCs. Moreover, tissue-level calprotectin demonstrates diagnostic utility for PJI, including early-stage and culture-
negative cases. This diagnostic relevance is consistent with the association of calprotectin with an MDSC-enriched
immune microenvironment in PJI synovial tissue.
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