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Abstract

Chronic rhinosinusitis (CRS) is a prevalent inflammatory disease of the upper respiratory tract with a relatively high postoperative recurrence rate. 
Transcriptomic profiling may facilitate the identification of biomarkers associated with disease recurrence. This study aimed to characterize the 
transcriptomic features of postoperative recurrent CRS and identify potential recurrence-associated biomarkers. A total of 25 patients with CRS 
were enrolled, including 13 patients with postoperative recurrence and 12 without recurrence. Nasal mucosal tissues and serum samples were 
analyzed using RNA sequencing, RT-qPCR, Western blotting, and ELISA. KCNJ2 expression was significantly upregulated in the postoperative 
recurrence group. Immune infiltration analysis revealed a positive correlation between tissue KCNJ2 mRNA expression and estimated M1 macro-
phage infiltration. Further validation confirmed that KCNJ2 mRNA and protein levels were significantly increased in the recurrence group and pos-
itively correlated with M1 macrophage markers. In addition, serum cytokine levels were measured using ELISA. The serum levels of TNF-α and 
IL-6 were significantly increased in the postoperative recurrence group, whereas the serum level of TGF-β was significantly decreased compared 
with the non-recurrence group. These cytokine alterations were significantly correlated with tissue KCNJ2 expression. These findings suggest 
that elevated KCNJ2 expression is associated with postoperative recurrence and an M1-skewed inflammatory microenvironment in CRS. KCNJ2 
may therefore represent a candidate recurrence-associated biomarker, although prospective validation is required.
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Introduction

CRS is a common upper respiratory tract disease, mainly 
caused by infections, allergies, or immune system abnormali-
ties, and is characterized by chronic inflammation of the sinus 
mucosa [1-2]. The typical pathological changes of this disease 
include inflammatory cell infiltration, mucosal edema, glandu-
lar hyperplasia, and secretion retention [3-4]. Patients usually 
present with symptoms such as nasal congestion, rhinorrhea, 
hyposmia, and headache, which significantly impair their qual-
ity of life [5-6]. Epidemiological studies have shown that the 
prevalence of chronic sinusitis in China is approximately 8% 
and is increasing year by year [7]. Currently, the main treatment 
methods include nasal irrigation with normal saline and local 
steroid therapy [8-9]. If the therapeutic effect of drugs is poor, 
functional endoscopic sinus surgery (FESS) can be consid-
ered, which can effectively improve clinical symptoms [10]. 
However, studies have demonstrated that the postoperative 
recurrence rate remains relatively high [11], which not only 

increases the disease burden on patients but also imposes 
significant social and economic pressure. Therefore, identify-
ing biomarkers related to postoperative recurrence is of great 
significance for in-depth understanding of the disease mecha-
nism and improvement of prognosis management.
Transcriptomics, as an important tool for exploring disease 
pathogenesis, has been widely applied in the research of 
chronic sinusitis and its related disorders. For instance, Liu et 
al. identified four potential diagnostic biomarkers associated 
with nasal epithelial cell dysfunction by integrating multiple 
transcriptomic datasets of chronic sinusitis with nasal polyps 
(CRSwNP) [12]. Wang et al. combined single-cell sequencing 
with transcriptomic sequencing and found that dendritic cells 
are the key immune cell subset in CRSwNP; they further iden-
tified three hub genes, namely NR4A1, CLEC4G, and CD163, 
suggesting that these genes may serve as disease biomarkers 
and potential therapeutic targets [13]. Additionally, analysis 
based on transcriptomic data indicated that SLC17A4 was 
significantly downregulated in patients with CRS, and this find-
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ing was verified in clinical samples, rendering it a promising 
biomarker and therapeutic intervention target [14]. However, 
current studies focusing on analyzing the postoperative recur-
rence mechanism of CRS based on transcriptomic characteris-
tics remain relatively limited.
The immune microenvironment plays a significant role in 
various inflammatory diseases. As key effector cells of the 
immune system, macrophages are crucial for regulating in-
flammation and maintaining the immune homeostasis of 
the nasal mucosa [15]. Under different microenvironmental 
stimuli, macrophages can differentiate into M1 and M2 mac-
rophages. Upon activation, M1 macrophages secrete large 
amounts of pro-inflammatory factors, thereby promoting the 
inflammatory phenotype, while M2 macrophages are mainly in-
volved in anti-inflammatory responses and tissue repair [16-17]. 
Studies have demonstrated that the infiltration of both M1 and 
M2 macrophages is significantly increased in patients with 
CRS. Hypoxia-inducible factor 1α (HIF1-α) can improve CRS by 
downregulating transferrin receptor (TFRC) expression and in-
hibiting M1 macrophage polarization. In patients with CRSwNP, 
the infiltration of M2 macrophages is more prominent [18-
19], indicating the crucial role of macrophages in driving the 
progression of CRS. However, the mechanism underlying the 
role of macrophage polarization in the pathogenesis of CRS 
remains unclear. Therefore, it is essential to deeply understand 
the differentiation, phenotype, and function of macrophages in 
CRS.
This study aims to screen and identify key molecular markers 
closely associated with postoperative recurrence using tran-
scriptome sequencing technology, followed by verification in 
clinical tissue samples. Based on these findings, it will further 
explore the intrinsic correlation between these markers and 
macrophage polarization in the immune microenvironment, 
thereby providing key scientific evidence for elucidating the 
pathological mechanism of postoperative recurrence, improv-
ing patient prognosis, and enhancing their quality of life.

Materials and Methods

Patient and Sample Collection
All participants provided written informed consent. The diag-
nosis of CRS was based on the criteria outlined in the Europe-
an Position Paper on Rhinosinusitis and Nasal Polyps 2020 
(EPOS 2020). The exclusion criteria are as follows: (1) Fungal 
sinusitis, allergic fungal sinusitis or malignant tumors; (2) Au-
toimmune diseases and other allergic or eosinophilic diseases; 
(3) Received immunotherapy, antibiotics, nasal/systemic ste-
roids or anti-allergy drugs within 4 weeks before recruitment. 
A total of 25 patients with CRS were enrolled, including 12 
patients without postoperative recurrence and 13 patients with 
recurrence. All participants provided written informed consent. 
Five samples from each group were randomly selected for 
RNA-seq. Initial RT-qPCR and Western blotting validation was 
performed using three biological samples per group, whereas 
expanded RT-qPCR, macrophage-marker analysis, and ELISA 
were performed using ten patients per group. The remaining 
samples were not included in specific assays because of insuf-
ficient sample volume or failure to meet assay-specific quality 
requirements. The RNA-seq samples were independent of the 
expanded validation cohort.

RNA-seq
Total RNA was extracted from human nasal mucosal tissue 
samples using TRIzol Reagent (Life Technologies, California, 
USA) according to the manufacturer’s instructions. RNA con-
centration and purity were measured using a NanoDrop 2000 
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, 
USA), and RNA integrity was assessed using the RNA Nano 
6000 Assay Kit on an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, CA, USA). A total amount of 1 μg RNA per sample 
was used as input material for the RNA sample preparations. 
Sequencing libraries were generated using Hieff NGS Ultima 
Dual-mode mRNA Library Prep Kit for Illumina (Yeasen Bio-
technology (Shanghai) Co., Ltd.) following manufacturer’s 
recommendations and index codes were added to attribute se-
quences to each sample. Briefly, mRNA was purified from total 
RNA using poly-T oligo-attached magnetic beads.First strand 
cDNA was synthesized and second strand cDNA synthesis 
was subsequently performed. Remaining overhangs were 
converted into blunt ends via exonuclease/polymerase activi-
ties. After adenylation of 3’ ends of DNA fragments, NEBNext 
Adaptor with hairpin loop structure were ligated to prepare for 
hybridization. The library fragments were purified with AMPure 
XP system (Beckman Coulter, Beverly, USA). Then 3 μl USER 
Enzyme (NEB, USA) was used with size-selected, adaptor-ligat-
ed cDNA at 37°C for 15 min followed by 5 min at 95°C before 
PCR. Then PCR was performed with Phusion High-Fidelity 
DNA polymerase, Universal PCR primers and Index (X) Primer. 
At last, PCR products were purified (AMPure XP system) and 
library quality was assessed on the Agilent Bioanalyzer 2100 
system.The libraries were sequenced on an Illumina NovaSeq 
platform to generate 150 bp paired-end reads, according to the 
manufacturer’s instructions.

Bioinformatics analysis
Differential expression analysis of two conditions/groups 
was performed using the DESeq2. DESeq2 provide statistical 
routines for determining differential expression in digital gene 
expression data using a model based on the negative binomial 
distribution. The resulting P values were adjusted using the 
Benjamini and Hochberg’s approach for controlling the false 
discovery rate. Genes with an adjusted P-value < 0.01 & Fold 
Change ≥ 2 found by DESeq2 were assigned as differentially 
expressed.

Enrichment analysis
To identify candidate genes by crossing DEG and immune-re-
lated gene sets, The VennDiagram was drawn using the "Venn 
diagram "package. Enrichment analysis of these candidate 
genes was conducted using the ClusterProfiler software pack-
age (v3.18.1) in R, including the Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) pathways [20].

Immune infiltration analysis
Based on the transcriptome data, the immune infiltration was 
quantified using the "CIBERSORT" software package according 
to the CIBERSORT algorithm, which yielded the relative abun-
dance of 22 immune cell types. The correlation between the 
target gene and these immune cells was then calculated via 
Spearman correlation analysis, and the lollipop plots was gen-
erated using the "ggplot2" package.
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RT-qPCR
High-quality RNA was isolated from the sample to maintain 
both its integrity and purity. The extracted RNA was then con-
verted into complementary DNA (cDNA) through reversed tran-
scription using reverse transcriptase. Subsequently, targeted 
amplification of the cDNA was performed via PCR technology, 
utilizing appropriate primers and reaction conditions to ac-
quire the desired fragment. The PCR process employed SYBR 
Premix Ex TaqTM (TaKaRa) and was carried out on the ABI 
StepOneTM Real-Time PCR System (Applied Biosystems, CA). 
The results were calculated using the 2-ΔΔCT method. GAPDH 
was used as the internal reference. The specific primers for 
qPCR are shown in Table 1.

Primer Sequences(5′-3′)

KCNJ2 F TTCAGTCACAATGCCGTGATT
KCNJ2 R GCTTTTCCGAAGATTGCCCA

KCNMB2 F GAGGACCGAGCTATTCTCCTG
KCNMB2 R TGTTTCCGTGATGGACGCATT
SLC4A4 F TGATCGGGAGGCTTCTTCTCT
SLC4A4 R GGACCGAAGGTTGGATTTCTTG
GNA15 F CCAGGACCCCTATAAAGTGACC
GNA15 R GCTGAATCGAGCAGGTGGAAT
APLNR F CTCTGGACCGTGTTTCGGAG
APLNR R GGTACGTGTAGGTAGCCCACA
EDN1 F AGAGTGTGTCTACTTCTGCCA
EDN1 R CTTCCAAGTCCATACGGAACAA

Table 1. List of Primer Sequences.A

Western Blotting
Sinus mucosal tissues were lysed in RIPA lysis buffer supple-
mented with 1 mM phenylmethylsulfonyl fluoride (PMSF; Biote-
ke Co., Wuxi, China). Equal amounts of protein were separated 
on 10% SDS-PAGE gels and transferred onto polyvinylidene 
fluoride (PVDF) membranes. The membranes were blocked 
at room temperature for 1 hour in TBST buffer containing 5% 
skimmed milk. Then, the membranes were incubated overnight 
at 4°C with anti-KCNJ2 (DF8117, Affinity, UK), and anti-GAPDH 
(60004-1-Ig, Proteintech, China). The next day, the membranes 
were incubated with horseradish peroxidase-conjugated goat 
anti-rabbit IgG secondary antibody (abs20040, absin, China) or 
goat anti-mouse horseradish peroxidase-conjugated second-
ary antibody (abs20039, absin) at room temperature for 1 hour. 
Then, the membranes were washed 3 times with TBST. The 
enhanced chemiluminescence (ECL) detection kit was used to 
detect protein bands and quantitative analysis was performed 
using ImageJ software.

ELISA
Blood samples were collected and homogenized at room tem-
perature for 30 minutes. The samples were then centrifuged at 
2000×g for 10 minutes at 4°C. The supernatant obtained after 
centrifugation was collected, aliquoted, and stored at tem-
peratures below -20°C for subsequent analysis. Commercial 
ELISA kits were used to measure the serum concentrations of 
TNF‑α (EH111776, BYabscience, China), IL‑6 (EH110377, BYab-
science), and TGF‑β (EH1100532, BYabscience) following the 
manufacturer’s instructions.

Statistical analysis
Data are presented as the mean ± standard deviation. Nor-
mality and homogeneity of variance were assessed using the 
Shapiro–Wilk test and Levene’s test, respectively. Compari-
sons between two groups were performed using an unpaired 
two-tailed Student’s t-test when these assumptions were met. 
Welch’s t-test or the Mann–Whitney U test was used when ap-
propriate. Categorical variables were compared using Fisher’s 
exact test. Correlations were evaluated using Spearman’s rank 
correlation analysis. All data points represent independent 
patients. Exact P values were reported where feasible, and P < 
0.05 was considered statistically significant.

Result

Clinical characteristics of the subjects
A total of 25 patients were enrolled in this study, including 12 
in the CRS non-recurrence group and 13 in the postoperative 
recurrence group. The baseline characteristics of the two 
groups are presented in Table 2. In the non-recurrence group, 
there were 7 males and 5 females, whereas the recurrence 
group consisted of 11 males and 2 females. There was no sig-
nificant difference in sex distribution between the two groups 
(Fisher’s exact test, P = 0.202). Regarding age, the non-recur-
rence group had a mean age of (39 ± 14) years, while the re-
currence group had a mean age of (32 ± 12) years (P = 0.071). 
For body mass index (BMI), the non-recurrence group had an 
average of (25 ± 3) kg/m², compared with (28 ± 5) kg/m² in 
the recurrence group (P = 0.064). Statistical analysis revealed 
no statistically significant differences in age or BMI between 
(P>0.05).

Non-recurrence 
group(n=12)

Recurrence 
group(n=13) P value

Male / female 7/5 11/2 /
Agr (years) 39±14 32±12 0.071
BMI (kg/m2) 25±3 28±5 0.064

Table 2. Overall Patient Demographic Characteristics and Associated 
Clinical Features.

A

Transcriptomic analysis reveals the specific transcriptome 
associated with the recurrence of CRS
To identify the biomarkers for the recurrence of chronic sinus-
itis after surgery, 5 samples were randomly selected from each 
of the two groups for transcriptome sequencing. The tran-
scriptomic characteristics of the two groups of samples were 
shown in Figure 1. PCA revealed that the samples from the 
non-recurrence group and the recurrence group exhibited in-
dependent clustering trends, indicating significant differences 
in transcriptomic expression between the two groups (Figure 
1A). Volcano plot analysis showed that a total of 724 differen-
tially expressed genes (DEGs) were identified, among which 
543 genes exhibited significantly upregulated expression and 
181 genes exhibited significantly downregulated expression 
(Figure 1B-C). Subsequently, we performed GO enrichment 
analysis on the DEGs, and the results showed that these DEGs 

Note: P value for sex distribution was calculated using Fisher’s exact 
test.
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were mainly enriched in processes related to ciliary structural 
integrity, motor function, or ciliogenesis and ciliary structure 
and dysfunction are also one of the pathophysiological char-
acteristics of chronic sinusitis (Figure 1D) [21]. Further KEGG 
pathway enrichment analysis revealed that the DEGs were 
mainly involved in immune inflammation-related pathways and 
the PPAR signaling pathway (Figure 1E), suggesting that they 
might participate in the recurrence process of sinusitis after 
surgery by regulating these pathways.

KCNJ2 was significantly elevated in the recurrence group and 
was associated with M1 macrophages
Given that the immune microenvironment plays an important 
role in CRS, we downloaded immune-related gene sets from 
the database and took the intersection with the DEGs ob-
tained by RNA-seq. As shown in Figure 2A, 9 DEGs were finally 
obtained. The expression heatmap showed that EDN1 and 
APLNR were downregulated in the postoperative recurrence 
group, while GNA15, KCNJ2, CXCL6, CCL20, CSF3, KCNMB2, 
and SLC4A4 were upregulated (Figure 2B). Among these 9 
DEGs, CXCL6, CCL20, and CSF3 have been previously report-
ed in relevant studies [22-23]. Subsequently, GO and KEGG 
enrichment analyses were performed on these 9 genes, and 
the results showed that these 9 genes were mainly enriched 
in biological processes such as neuroelectrophysiological reg-
ulation, immune cell chemotactic response, and ion channel 

Figure 1. RNA-seq identified a distinctive gene profile in CRS patients between the Recurrence and Non-recurrence groups. 
(A) PCA model of the transcriptomics data between the two groups. (B) Volcano plot showing genes upregulated and downregulated by RNA-
seq. (C) Bar chart shows the number of DEGs between the two groups. (D) GO enrichment analysis. (E) KEGG enrichment analysis. Control, 
Non-recurrence; Model, Recurrence. n=5.

A

function, and were involved in the activation and regulation of 
immune inflammatory responses, such as classic inflammato-
ry pathways including IL-17, TNF, and cytokine interaction (Fig-
ure 2C-D). This indicated that these DEGs might play key roles 
in biological processes related to inflammatory diseases or im-
mune disorders. Therefore, we further performed immune in-
filtration analysis of these six previously unreported DEGs, and 
only KCNMB2 and KCNJ2 were significantly positively correlat-
ed with M1 macrophage infiltration (Figure 3). To further vali-
date the results obtained from RNA-seq, we performed qPCR 
verification using clinical samples; the results indicated that 
only the expression level of KCNJ2 was significantly increased 
in the recurrence group (Figure 4E). After expanding the sam-
ple size for detection, the mRNA and protein expression levels 
of KCNJ2 were still significantly elevated, which were consis-
tent with our previous transcriptomic and differential analysis 
results (Figure 4G-H). These findings collectively suggest that 
KCNJ2 may serve as a candidate biomarker associated with 
postoperative recurrence of CRS.

Macrophage M1 polarization associates with KCNJ2 expres-
sion in recurrent CRS
To clarify whether abnormal macrophage polarization occurs 
during the recurrence of chronic sinusitis after surgery and 
whether it is related to KCNJ2 expression, we evaluated the 
expression of M1 and M2 macrophage marker genes between 
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Figure 2. Bioinformatics analysis identified 9 immune-related DEGs. (A) The Venn diagram illustrated the intersection relationship between the 
DEGs in RNA-seq and the immune-related genes. (B) Heatmap of expression levels of candidate DEGs. (C) GO enrichment of the candidate DEGs. 
(D) KEGG enrichment of the candidate DEGs.

A

the recurrence and non-recurrence groups. As shown in Figure 
5, the mRNA levels of CD86 and iNOS were significantly ele-
vated in the recurrence group, whereas the expression levels 
of CD163 and CD206 were markedly reduced. Notably, the 
expression of CD86 and iNOS was positively correlated with 
KCNJ2, while the expression of CD163, CD206, and KCNJ2 
was negatively correlated. ELISA analysis showed that serum 
TNF-α and IL-6 levels were significantly increased in the post-
operative recurrence group, whereas serum TGF-β levels were 
significantly decreased. TNF-α and IL-6 levels were positively 
correlated with tissue KCNJ2 expression, whereas TGF-β 
levels were negatively correlated with KCNJ2 expression. Col-
lectively, these findings indicated that KCNJ2 might promote 
M1 macrophage polarization, stimulate the secretion of pro-in-
flammatory cytokines, and thereby contribute to the postoper-
ative recurrence of chronic sinusitis.

Macrophage M1 polarization is associated with KCNJ2 ex-
pression in recurrent CRS
To determine whether macrophage polarization was altered 
in patients with postoperative recurrence of CRS and whether 
these changes were associated with KCNJ2 expression, we 
examined the expression of representative M1- and M2-as-
sociated macrophage markers. As shown in Figure 5A-D, the 
mRNA expression levels of the M1-associated markers CD86 

and iNOS were significantly increased in the recurrence group, 
whereas the expression levels of the M2-associated markers 
CD163 and CD206 were significantly decreased. Spearman 
correlation analysis further showed that tissue KCNJ2 expres-
sion was positively correlated with CD86 and iNOS expression 
but negatively correlated with CD163 and CD206 expression 
(Figure 5E-H). These findings indicate that elevated KCNJ2 
expression is associated with an M1-skewed macrophage-re-
lated inflammatory profile in recurrent CRS.
We subsequently measured serum inflammatory cytokine 
levels using ELISA. Serum IL-6 and TNF-α levels were signifi-
cantly higher in the recurrence group than in the non-recur-
rence group, whereas serum TGF-β levels were significantly 
lower (Figure 6A-C). Furthermore, tissue KCNJ2 expression 
was positively correlated with serum IL-6 and TNF-α levels 
but negatively correlated with serum TGF-β levels (Figure 6D-
F). Collectively, these results demonstrate that elevated tissue 
KCNJ2 expression is associated with increased systemic 
pro-inflammatory cytokine levels and reduced TGF-β levels in 
patients with postoperative recurrence of CRS.

Discussion

CRS is a highly heterogeneous disease with a high postopera-
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Figure 3. Correlation analysis of DEGs expression and immune infiltration. (A) GNA15; (B) APLNR; (C) KCNMB2; (D) END1; (E) KCNJ2; (F) 
SLC4A4. P < 0.01.

A

tive recurrence rate. Despite extensive research on the patho-
genesis of CRS and its subtypes, no predictive model for CRS 
postoperative recurrence has been established to date. Stud-
ies have demonstrated that persistent inflammatory respons-
es and immune dysregulation may be the core factors driving 
postoperative recurrence. Therefore, from the perspective of 
immune regulation, screening key biomarkers associated with 
CRS postoperative recurrence is of great significance for the 

management of postoperative recurrence in patients, the re-
duction of recurrence rates, and the alleviation of burdens on 
patients and society.
RNA-seq, as one of the commonly used detection techniques, 
was often employed to identify disease markers. In this study, 
we sequenced the nasal sinus mucosal tissues of patients 
with postoperative recurrence and those without recurrence, 
and identified a total of 724 DEGs. These genes were enriched 
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Figure 4. Verify the expression levels of candidate DEGs in clinical samples. (A-E) qPCR was performed to assess the mRNA expression levels 
of DEGs, n=3 per group. (F) RT-qPCR was performed to assess KCNJ2 mRNA expression, n = 10 per group. (G-H) Western blotting was performed 
to assess the protein expression levels of KCNJ2, n=3 per group. Data are presented as mean ± SD, **p < 0.01, ***p < 0.001.

A

in immune inflammation-related pathways, suggesting that 
immune system dysregulation might play an important role 
in disease recurrence. Therefore, we downloaded immune 
inflammation-related gene sets from the database and per-
formed intersection analysis with the sequenced differential 
gene set. A total of 9 DEGs were obtained. To further select the 
key genes, we combined it with immune infiltration analysis, 
and the results showed that only KCNJ2 was highly expressed 
in the disease and significantly positively correlated with M1 
macrophages.
KCNJ2, as one of the members of the inward rectifying potas-
sium ion channel subfamily J, is widely expressed in various 
cells such as neurons, skeletal muscles, cardiomyocytes, and 

immune cells [24-25]. Studies have shown that phosphatidy-
linositol-4,5-bisphosphate, by binding to KCNJ2, can open the 
inward potassium ion channel Kir2.1, thereby regulating the 
membrane potential [26], providing a theoretical basis for the 
participation of KCNJ2 in cell function regulation. In recent 
years, numerous reports have indicated that ion channels are 
closely related to the regulation of the mucosal barrier and 
inflammatory cells [27-28]. As one of the most widespread 
ion channels in the human body, potassium ion channels are 
widely expressed in various cells [24]. Lin et al. discovered 
that knocking down KCa3.1 could reduce the number of goblet 
cells and mast cells in the nasal mucosa of allergic rhinitis 
mice, as well as the levels of inflammatory cytokines IL-4, IL-
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9, and IL-17 in nasal lavage fluid [29]. The lack of KCa3.1 in T 
lymphocytes, B lymphocytes, mast cells, and bronchial smooth 
muscle cells has a protective effect against OVA-induced asth-
ma [30], demonstrating the important role of potassium ion 
channels in regulating respiratory inflammatory diseases. The 
sequencing results of this study showed that the expression 
level of KCNJ2 in the sinus mucosa tissue of the recurrence 
group was significantly higher than that of the non-recurrence 
group. Combined with the regulatory role of potassium ion 
channels in respiratory inflammation, it suggests that KCNJ2 
may be involved in the pathological process of sinusitis recur-
rence after surgery. Subsequently, to eliminate possible errors 
in the sequencing process, we collected 10 clinical samples 
for further verification. The results showed that the expression 
of KCNJ2 was significantly increased, consistent with the se-

Figure 5. The mRNA expressions of macrophage M1- and M2-associated macrophage markers in different groups. (A-D) qPCR was used to de-
tect the expression of M1 and M2 macrophage marker genes. n = 10, per group. Data are presented as mean ± SD, ***P < 0.001. (E-H) Spearman 
correlation analysis of KCNJ2 expression with the marker genes, ***P < 0.001.

A

quencing results.
The association between KCNJ2 and macrophage function 
has been documented previously. KCNJ2 is expressed in 
various macrophage populations, including microglia, bone 
marrow derived macrophages, and THP 1 macrophages [31-
32]. Yu et al. demonstrated that KCNJ2 is essential for main-
taining the electrophysiological properties of macrophages 
and positively regulates macrophage inflammatory activation 
in vitro [33]. Furthermore, Chen et al. reported that knockdown 
of KCNJ2 markedly suppressed LPS induced M1 macrophage 
polarization [34], suggesting that KCNJ2 contributes to M1 
macrophage polarization.
In the present study, we observed that the expression of M1 
macrophage markers iNOS and CD86 was significantly ele-
vated in tissues from patients with postoperative recurrence, 
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Figure 6. Altered serum cytokine levels in patients with postoperative recurrence of CRS. (A-C) ELISA was used to determine serum IL-6, TNF-α, 
and TGF-β levels in the non-recurrence and recurrence groups, with n = 10 independent patients per group. (D-F) Spearman correlation analysis 
between tissue KCNJ2 expression and serum cytokine levels. ***P < 0.001.

A

whereas the expression of M2 markers CD163 and CD206 
was markedly reduced. Meanwhile, the levels of pro inflamma-
tory cytokines TNF-α and IL 6 were increased, while the anti 
inflammatory factor TGF-β was decreased. These findings 
were consistent with previous reports [35], further supporting 
that aberrant M1 macrophage polarization may contribute to 
postoperative recurrence of chronic sinusitis. Notably, studies 
on postoperative recurrence of CRSwNP often reported a pre-
dominant M2 macrophage phenotype, which differs partially 
from our observations [36-37]. We speculate that this discrep-
ancy may arise from distinct pathological processes between 

the two phenotypes. CRSwNP is characterized by nasal polyp 
formation, epithelial mesenchymal transition (EMT), and nasal 
mucosal remodeling [38]. M2 macrophages not only mediate 
anti inflammatory responses but also secrete cytokines that 
promote mucosal fibrosis, tissue remodeling, and EMT [39-41]. 
Thus, a certain level of M2 polarization is required to sustain 
these pathological features in CRSwNP. In contrast, the pheno-
type examined in this study was dominated by persistent local 
inflammatory activation, which favored a shift toward M1 mac-
rophage polarization. Although our study identified concurrent 
upregulation of KCNJ2 and enhanced M1 macrophage polar-
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ization in patients with postoperative recurrence, the function-
al link between these two events remained unclear. We there-
fore performed correlation analysis. The results showed that 
KCNJ2 expression was significantly and positively correlated 
with M1 macrophage markers and pro inflammatory cytokines 
TNFα and IL 6, but negatively correlated with M2 macrophage 
markers.Collectively, based on our findings and previous liter-
ature, we propose that KCNJ2 may promote M1 macrophage 
polarization and the subsequent release of pro inflammatory 
mediators including TNFα and IL 6, thereby exacerbating local 
chronic inflammation in the nasal mucosa and contributing to 
the pathogenesis of postoperative recurrence of CRS.
In summary, our findings indicate that KCNJ2 may be involved 
in the pathogenesis of CRS and contribute to postoperative 
recurrence of CRS. Therefore, tissue KCNJ2 expression may 
serve as a candidate biomarker associated with postoperative 
recurrence of CRS. However, its predictive value requires vali-
dation in prospective cohorts using preoperative samples and 
formal discrimination analyses. 
This study still has some limitations. First, the specific mo-
lecular mechanism by which KCNJ2 regulates macrophages 
remains unclear, and key downstream factors need further 
identification and verification. Second, due to time constraints, 
KCNJ2 as a recurrence marker has not been verified in a large 
number of clinical samples. In addition, CIBERSORT analysis 
and bulk-tissue expression of macrophage-associated markers 
cannot directly demonstrate macrophage polarization or con-
firm that KCNJ2 functions specifically within macrophages. 
Cell-type-specific localization and functional experiments 
using isolated macrophages or macrophage-specific models 
are required in future studies. Therefore, future studies should 
focus on investigating the molecular mechanism by which 
KCNJ2 regulates M1 macrophages. In addition, it is necessary 
to collect a large number of clinical samples and correspond-
ing clinical data to comprehensively evaluate the effectiveness 
of KCNJ2 as a marker for postoperative recurrence.

Conclusion

This study shows that the transcriptional profiles of patients 
with postoperative recurrence are significantly different from 
those of patients without recurrence. Among these potential 
DEGs, KCNJ2 shows potential predictive ability for recurrence. 
The clinical sample validation results indicate that the expres-
sion of KCNJ2 in postoperative recurrence patients is signifi-
cantly higher than that in non-recurrence patients. Moreover, 
KCNJ2 expression was elevated in patients with established 
postoperative recurrence and was associated with M1 macro-
phage polarization. These findings support KCNJ2 as a candi-
date recurrence-associated biomarker rather than a prospec-
tively validated predictive marker.
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