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INTRODUCTION

Chronic rhinosinusitis (CRS) is a heterogeneous disease that is 
phenotypically classified as chronic rhinosinusitis with nasal pol-
yps (CRSwNP) and chronic rhinosinusitis without nasal polyps 
(CRSsNP) [1]. Nasal polyps (NPs) are hyperplastic outgrowths 
of the inflamed sinonasal mucosa showing increased infiltration 
of diverse immune cells [2-5]. Its pathogenesis primarily involves 
an impaired epithelial barrier and a dysregulated immune response, 
leading to the failure of tissue homeostasis and inadequate pro-
tection against pathogens, allergens, and irritants [6,7]. This dis-
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Objectives. The role of highly plastic and heterogeneous macrophages in the pathogenesis of nasal polyps (NP) is not well 
understood. We aimed to investigate the distribution and responses of NP-derived macrophages to inflammatory cues 
according to endotypes of chronic rhinosinusitis with nasal polyps (CRSwNP).

Methods. The distribution of macrophage subsets was analyzed using NP bulk RNA sequencing data with CIBERSORTx 
program. The cytokines and chemokines produced by NP-derived macrophages following stimulation with interleu-
kin (IL)-4, staphylococcal enterotoxin B (SEB), and lipopolysaccharide were evaluated using a multiplex cytokine as-
say. Immunofluorescence staining in NP tissues was conducted to validate the findings.

Results. Type 2 CRSwNP exhibited a significantly higher proportion of M2 macrophages, whereas both M1 and M2 macro-
phage populations were elevated in non-type 2 CRSwNP. Baseline cytokine analysis of NP-derived macrophages re-
vealed an increase in thymic stromal lymphopoietin (TSLP) levels in CRSwNP compared to controls. Furthermore, 
TSLP expression was significantly upregulated from baseline levels following IL-4 or SEB stimulation in type 2 
CRSwNP. Notably, IL-4 stimulation led to an increase in oncostatin M (OSM) only in type 2 CRSwNP. Additionally, 
the number and proportion of TSLP- and OSM-expressing cells among CD163-positive cells were significantly higher 
in the NP of type 2 CRSwNP patients.

Conclusion. NP-derived macrophages from type 2 CRSwNP exhibit elevated expression of TSLP and OSM in response to 
IL-4 or SEB, potentially contributing to the pathophysiology of type 2 CRSwNP.
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ruption ultimately results in excessive tissue remodeling [5,6]. 
Tissue macrophages are essential for maintaining epithelial in-
tegrity and mucosal homeostasis, constituting the most abundant 
innate immune cells in NP [8,9]. They play a crucial role in pro-
tective immunity against external invasions and provide a rapid 
response to disruptions in the epithelial barrier [10]. Macro-
phages exhibit high plasticity and heterogeneity [11]. They can 
differentiate into proinflammatory M1 or anti-inflammatory M2 
phenotypes, which contribute to Th1- and Th2-mediated forms of 
immune response [8,10,11]. Previous studies suggest that these 
macrophages may be involved in tissue remodeling [9,11-13]. 
Especially in NP, M2 macrophages are known for enhancing ex-
cessive fibrin deposition by releasing factor XIII-A [12]. Addition-
ally, macrophages are also known as inducing epithelial mesen-
chymal transition (EMT) in fibrosis or cancer diseases [14-19]. 
An increased number of tissue macrophages producing matrix 
metalloproteinases (MMPs) and vascular endothelial growth fac-
tor (VEGF) can contribute to edema, extracellular matrix degra-
dation, and pseudocyst development, all of which exacerbate 
tissue remodeling in CRSwNP [9,11,13].

CRS endotypes are classified into type 2 and non-type 2 based 
on prevalent immune response that is related to etiology [1]. 
CRSwNP is more often associated with a type 2 inflammatory 
profile, which is of particular interest due to its poorer prognosis 
and higher recurrence [20-22]. Although M2 macrophages are 
significantly increased in NP compared to controls, their distri-
bution across different CRS endotypes remains unclear [9]. 

Microenvironmental factors may further influence the inflam-
matory landscape of the sinonasal mucosa. For instance, lipopoly-
saccharide (LPS) contamination or an increased abundance of 
gram-negative bacteria in the airway microbiota exacerbates T 
helper 2 cell-type asthma [23-25]. Moreover, within the sinona-
sal tissue microenvironment of type 2 CRS has been shown to 

induce steroid resistance, which may contribute to reduced ther-
apeutic responsiveness [26]. IL-4 is a prototypical type 2 cyto-
kine widely used to model type 2 inflammation in vitro [9,27]. 
Staphylococcal enterotoxin B (SEB), a key exotoxin secreted by 
Staphylococcus aureus, functions as a superantigen and has 
been implicated in the pathogenesis of type 2 CRS [28,29].

Despite these insights, the functional responses of NP-derived 
macrophages to distinct microenvironmental inflammatory stim-
uli—and their potential roles in CRSwNP pathogenesis—remain 
poorly understood. Therefore, we aimed to investigate the distri-
bution and endotype-specific responses of NP-derived macro-
phages to key inflammatory cues including IL-4, SEB, and LPS, 
to better understand their contribution to the pathophysiology 
of CRSwNP. 

MATERIALS AND METHODS

Study design and subjects 
The study was conducted in accordance with the Helsinki Dec-
laration and obtained approval from the Ethical Committee of 
Boramae Medical Center, Seoul, Korea (No. 20-2024-45 and 
30-2020-160). Written informed consent was obtained from all 
participants prior to sample collection.

Patients with CRSwNP who underwent endoscopic sinus sur-
gery were enrolled for NP collection. Patients were excluded if 
they were under 18 years of age, had unilateral rhinosinusitis, 
antrochoanal polyps, allergic fungal sinusitis, cystic fibrosis, im-
motile ciliary disease, or had received antibiotics, systemic or 
topical corticosteroids, or other immunomodulatory treatments 
within 4 weeks prior to surgery [28]. As controls, uncinate nasal 
mucosa tissues were obtained from individuals without sinona-
sal disease who were undergoing unrelated nasal surgeries, such 
as dacryocystorhinostomy, orbital decompression, or skull base 
surgery. 

Type 2 CRSwNP in the bulk RNA sequencing and the ex 
vivo analysis were defined as absolute blood eosinophil counts 
≥250 cells/µL from preoperative Complete Blood Count data 
[1]. For histological analysis, endotyping was defined by tissue 
eosinophil counts, as previously described [28,29]. The number 
of tissue eosinophils for endotyping was counted in the five 
densest visual fields (×400) by two independent observers (HC 
and DWK), and the mean values were calculated. Type 2 
CRSwNP was defined as ≥55 tissue eosinophils (H&E) per 
high-power field (HPF) [30] in NP, non-type 2 CRSwNP was 
defined as <55 tissue eosinophils/HPF [31]. 

Bulk RNA sequencing
Uncinate process mucosa from four control subjects and NP 
from 4 non-type 2 CRSwNP and 4 type 2 CRSwNP subjects 
were included in this study. Total RNA was isolated using the 
TRIzol reagent (Invitrogen). After the removal of contaminating 

	� The proportion of M2 macrophages was higher in type 2 chron-
ic rhinosinusitis with nasal polyps (CRSwNP), whereas both M1 
and M2 macrophage populations were elevated in non-type 2 
CRSwNP.

	� Baseline cytokine analysis of NP-derived macrophages revealed 
elevated thymic stromal lymphopoietin (TSLP) levels in CRSwNP; 
moreover, TSLP expression was significantly upregulated fol-
lowing interleukin (IL)-4 or staphylococcal enterotoxin B stim-
ulation in type 2 CRSwNP. 

	� The number and proportion of TSLP-expressing cells among 
CD163-positive cells were markedly higher in the NPs of type 
2 CRSwNP patients.

	� IL-4 stimulation induced oncostatin M (OSM) expression ex-
clusively in type 2 CRSwNP; in parallel, the number and pro-
portion of OSM-expressing cells among CD163-positive cells 
were significantly increased in the NPs.
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DNA with DNase, libraries were prepared using the TruSeq 
Stranded Total RNA Library Prep Gold Kit (Illumina). The puri-
fied RNA was randomly fragmented and reverse-transcribed into 
complementary DNA (cDNA). Polymerase chain reaction ampli-
fication was performed, and GRCh38 was used as the reference 
genome. Inserts of 200–400 bp were selected, and paired-end se-
quencing was conducted. Preprocessing steps were undertaken 
to remove low-quality reads and artifacts. The preprocessed reads 
were mapped to the reference genome using HISAT2 (version 
2.1.0), and aligned reads were generated with Bowtie2 (version 
2.3.4.1). Transcript assembly was carried out using StringTie 
(version 2.1.3.b) based on the reference-aligned reads. Expres-
sion profiles were quantified as fragments per kilobase of tran-
script per million mapped reads, reads per kilobase of transcript 
per million mapped reads, and transcripts per kilobase million 
(TPM) values, which account for read count, transcript length, 
and sequencing depth. For immune cell fraction analysis, TPM-
normalized data, with B mode batch correction, were analyzed 
using the CIBERSORTx program, with the LM22 signature ma-
trix as a reference and 1,000 permutations [32].

Isolation of NP macrophages and measurement of released 
proteins 
Nasal tissues from 16 patients were used for IL-4 and SEB stim-
ulation analysis (4 controls, 6 non-type 2 CRSwNP, and 6 type 
2 CRSwNP subjects), For LPS stimulation, samples from 23 pa-
tients were analyzed (2 controls, 8 non-type 2 CRSwNP, and 13 
type 2 CRSwNP subjects). Single-cell isolation from NP tissues 
was performed using the OctoMACS separator kit (130-042-
108, Miltenyi Biotec). NP tissues were placed in serum-free 
RPMI-1640 medium supplemented with collagenase (1 mg/mL) 
and DNase I (30 µg/mL). The NP tissues were washed twice 
with 1X phosphate-buffered saline (PBS), chopped into small 
pieces, and added to the MACS tube along with solution 1. Fol-
lowing the manufacturer’s protocol, the tissue was processed 
twice, then incubated in a 37 °C CO2 incubator for 30 minutes 
to 1 hour. Centrifugation was performed at 1,400 RPM for 5 
minutes, the supernatant was discarded, and 5 mL of 1× red 
blood cell lysis buffer was added. After a 1-minute incubation at 
room temperature (RT), the sample was centrifuged again at 
1,400 RPM for 3 minutes. The supernatant was discarded, and 
the cell pellets were resuspended in 2 mL of 0.5% RPMI-1640. 
CD14 microbeads (20 µL per 1×107 cells) were added, mixed, 
and incubated at 4 °C for 15 minutes. A buffer solution was pre-
pared by mixing 1× PBS, 2 mM ethylenediaminetetraacetic 
acid (EDTA), and 0.5% bovine serum albumin (BSA), followed 
by centrifugation at 4 °C, 300 g, for 10 minutes. After discarding 
the supernatant, 500 µL of buffer was added, and macrophages 
were separated using a magnetic separator. The isolated macro-
phages were divided into two or three groups: an untreated 
group, IL-4 (10 ng/mL) group, and SEB (1 ng/mL) group or un-
treated group and LPS (100 ng/mL) group [33,34]. Cells were 

seeded into 24-well plates and incubated for 6 hours following 
treatment with IL-4 or SEB or LPS. 

We selected four representative categories of cytokines and 
chemokines—type 2-related, neutrophil-associated, proinflam-
matory, and regulatory mediators—which were measured in the 
supernatants using a multiplex cytokine assay. These included 
type 2-related mediators such as thymic stromal lymphopoietin 
(TSLP), C-C motif chemokine ligand 24 (CCL24), bone mor-
phogenetic protein 2 (BMP2) [35], and oncostatin M (OSM) [36]; 
neutrophil-associated mediators such as interleukin (IL)-17A, 
IL-8, granulocyte colony-stimulating factor (G-CSF), chemokine 
(C-X-C motif) ligand 1 (CXCL1), and MMP9; proinflammatory 
mediators including IL-6, tumor necrosis factor (TNF)-α, IL-1β, 
and VEGF; and regulatory cytokines such as IL-10 and trans-
forming growth factor (TGF)-β. Baseline levels of cytokines and 
chemokines were normalized to relative cell counts (2×105 cells), 
and the mean values were calculated and compared. MACS pu-
rity was assessed by FACS using a CD14 antibody (Miltenyi 
Biotec, CD14-PE, #130-110-519), which confirmed a purity of 
greater than 70%. 

Immunofluorescence staining 
Tissue sections were prepared following a previously described 
protocol [28]. NP were fixed in 4% paraformaldehyde, after 
which the tissues were dehydrated in ethyl alcohol, embedded 
in paraffin, and sectioned into 4 µm slices. The sections were de-
paraffinized, and antigen retrieval was performed. Permeabiliza-
tion of the tissues was achieved by treating them with 0.3% Tri-
ton-X100 for 15 minutes at RT, followed by blocking with 5% 
BSA solution (Bovogen Biologicals Pty Ltd.) for 1 hour at RT. 
The slides were then incubated overnight at 4 °C with primary 
antibodies against CD163 (1:200, #ab156769, Abcam Inc.), TSLP 
(1:100, TA306385, OriGene), and OSM (1:50, bs-6295R, Bioss). 
After washing with 1× PBS, the sections were incubated with 
Cy3-conjugated immunoglobulin G (IgG) (1:1,000, #ab97035, 
Abcam; #ab6939, Abcam) and Alexa Fluor 488-conjugated IgG 
(1:1,000, #ab150113, Abcam; A-11008, Invitrogen). Nuclei were 
stained with Hoechst reagent (1:1,000, #H1399, Invitrogen). Each 
slide was analyzed using the CELENA S Digital Cell Imaging 
System (Logos Biosystems). Two independent observers assessed 
the average number of targeted cells in three representative fields 
exhibiting the greatest cellular infiltration. In cases of disagree-
ment, a third independent observer was consulted to reach a 
consensus.

Statistical analysis 
Continuous variables were presented as either the mean with 
standard deviation or the median with interquartile range, de-
pending on the normality of the data. Normality was assessed 
using the Shapiro-Wilk test, as well as skewness and kurtosis. 
Comparisons between two groups were performed using either 
a two-tailed t-test or the Mann-Whitney U-test, while compari-
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sons involving three or more groups were conducted using anal-
ysis of variance or the Kruskal-Wallis test, with the selection of 
tests dependent on the normality. To adjust for age and sex, we 
initially performed multivariate linear regression. When the re-
siduals violated the assumption of normality, a log(x+1) trans-
formation was applied to the dependent variable. If the residuals 
continued to deviate from normality despite the transformation, 
we employed robust rank-based regression to ensure valid infer-
ence. For multiple comparisons, Dunn’s test was employed. Paired 
samples were analyzed using the two-tailed t or Wilcoxon signed-
rank test. Categorical variables were analyzed using the chi-square 
test. All statistical analyses were carried out using R for Windows, 
version 4.0.3 (R Foundation for Statistical Computing). A P-value 
of less than 0.05 was considered statistically significant. 

RESULTS

Tissue macrophage subsets in endotypes of CRSwNP
Demographic data for each study is shown in Table 1 (Supple-
mentary Tables 1-4 for details). We utilized CIBERSORT to as-
sess the fractions of 22 immune cell types in type 2 and non-
type 2 NP. Compared to controls, the fraction of M2 macro-
phages was significantly increased in type 2 CRSwNP. Although 
both M1 and M2 macrophage fractions were elevated in non-
type 2 CRS, these increases did not reach statistical significance 
(Fig. 1). After adjusting for age and sex using a robust rank-
based regression model, the type 2 group demonstrated a signifi-
cant increase in M2 macrophages (estimate=0.08, standard er-
ror=0.02, t=3.40, P=0.011), while the increase in M1 macro-
phages was not statistically significant (robust rank-based regres-
sion, estimate=–0.01, standard error=0.01, t=–0.40, P=0.699). 
In contrast, the non-type 2 group showed statistically significant 
increases in both M1 (robust rank-based regression, esti-
mate=0.03, standard error=0.01, t=2.69, P=0.031) and M2 
macrophages (estimate=0.06, standard error=0.02, t=2.78, 
P=0.027) compared to controls.

Baseline cytokine and chemokine profiles of NP-derived  
macrophages
Baseline cytokine and chemokine levels released from untreated 
NP-derived macrophages were analyzed and compared across 
different endotypes (Fig. 2). Among these, higher levels of TSLP 
were released in CRSwNP regardless of endotype, compared to 
controls. CCL24/Eotaxin-2 was produced more from the mac-
rophage of type 2 CRSwNP than controls. 

After adjusting for age and sex, baseline TSLP levels were in-
creased in both the type 2 (estimate=1.70, standard error=0.82, 
t=2.08, P=0.076) and non-type 2 (estimate=1.22, standard er-
ror=0.86, t=1.41, P=0.199) groups, although these increases 
did not reach statistical significance. CCL24/Eotaxin-2 was sig-
nificantly elevated in the type 2 group (log-transformed; esti-
mate=2.51, standard error=0.88, t=2.86, P=0.024). Addition-
ally, MMP9 levels were significantly increased in both type 2 
(log-transformed; estimate=2.21, standard error=0.91, t=2.42, 
P=0.022) and non-type 2 (log-transformed; estimate=3.01, stan-
dard error=0.91, t=3.30, P=0.003) groups. In the non-type 2 
group, IL-8/CXCL8 levels were significantly elevated (log-trans-
formed; estimate=1.41, standard error=0.52, t=2.71, P=0.011), 
while the type 2 group exhibited a non-significant trend towards 
increased IL-8/CXCL8 secretion (log-transformed; estimate=0.91, 
standard error=0.52, t=1.76, P=0.089). IL-1β showed a trend 
toward elevation in the type 2 group (log-transformed; estimate= 
1.72, standard error=0.93, t=1.86, P=0.073), whereas IL-6 se-
cretion was significantly increased only in the non-type 2 group 
(log-transformed; estimate=1.33, standard error=0.62, t=2.15, 
P=0.039). TNF-α levels were also significantly elevated in the 
non-type 2 group (log-transformed; estimate=1.43, standard er-
ror=0.64, t=2.22, P=0.034) (Table 2).

NP-derived macrophages response to IL-4, SEB, and LPS
Cytokine and chemokine secretion levels were compared in each 
sample by evaluating untreated and treated groups to assess their 
responses to various external stimuli using a paired test (Supple-
mentary Fig. 1). The response of NP-derived macrophages to 
IL-4 challenge resulted in elevated levels of type 2-associated 
(TSLP and BMP2), regulatory cytokines (IL-10), and CXCL1 in 

Table 1. Demographic characteristics

Variable Control Non-type 2 CRSwNP Type 2 CRSwNP

Total no. of subjects 15 28 33
Age (yr) 62.00 (36.00–64.00) 54.00 (41.00–64.00) 52.00 (44.00–59.00)
Sex (male) 6 (40.00) 21 (75.00) 26 (75.79)
Blood eosinophil count (cells/μL) 137.34 (80.01–231.94) 159.84 (98.06–181.83) 421.74 (331.70–566.58)
Methodologies used

Bulk RNA sequencing 4   4   4
Ex vivo and in vitro 6 14 19
Tissue IF 5 10 10

Values are presented as median (interquartile range) or number (%).
CRSwNP, chronic rhinosinusitis with nasal polyps; IF, immunofluorescence.
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Fig. 1. Proportions of M1 and M2 macrophages in nasal polyps. The proportion of M2 macrophages is significantly elevated in type 2 chronic 
rhinosinusitis with nasal polyps compared to controls. Control: n=4; Non-type 2: n=4; Type 2: n=4. Statistical significance is indicated as fol-
lows: NS (not significant) denotes P>0.05, *P<0.05. 
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both endotypes (Fig. 3). OSM levels showed a significant in-
crease in type 2 CRSwNP, whereas T3 cytokine such as IL-17A 
levels decreased (Fig. 3).

NP-derived macrophage responses to SEB challenge resulted 
in elevated levels of BMP2 in both endotypes of CRSwNP and 
TSLP in type 2 CRSwNP (Fig. 3). In non-type 2 CRSwNP, sig-
nificant increases were observed in CXCL1. Additionally, IL-6 
levels were reduced in non-type 2 CRSwNP. The response of 

NP-derived macrophages to LPS challenge showed a consistent 
pattern regardless of endotype (Fig. 3): OSM, type 2 related  
mediator, proinflammatory cytokines such as TNF-α, IL-1β, IL-6, 
and VEGF; neutrophils-associated mediators such as IL-8/
CXCL8 and CXCL1; regulatory cytokines such as IL-10 and 
TGF-β were increased with LPS challenge. Intriguingly, MMP9 
was exclusively produced more in response to LPS in type 2 
NP-derived macrophage. 

Expression of TSLP and OSM in the macrophages of type 2 
CRSwNP
Notably, our findings demonstrated that baseline TSLP secretion 
levels were higher in macrophages derived from NP compared 
to controls (Fig. 2). Furthermore, TSLP secretion increased in 
NP-derived macrophages following IL-4 stimulation; SEB stimu-
lation induced TSLP in type 2 CRSwNP; Moreover, IL-4 stimu-
lation specifically enhanced OSM secretion in type 2 NP-derived 
macrophages (Fig. 3). To validate these findings in NP tissues, 
immunofluorescence (IF) staining was performed on a total of 
25 samples (5 controls, 10 non-type 2 NP, and 10 type 2 NP) 
and the distribution of CD163+ cells expressing TSLP and OSM 
was determined. In our examination of M2 macrophages, CD163 
served as a key marker for this phenotype [37,38]. The number 
of TSLP-expressing CD163+ cells was significantly higher in pa-
tients with type 2 CRSwNP, compared to both controls and non-
type 2 CRSwNP (Fig. 4A and B). This difference remained sta-
tistically significant in type 2 CRSwNP after adjusting for age 
and sex using multivariate linear regression (estimate=12.04, 
standard error=3.82, t=3.15, P=0.005). Additionally, the pro-
portion of TSLP-expressing cells among CD163+ cells was high-
er in type 2 CRSwNP compared to controls (Fig. 4C), and this 
increase also remained statistically significant after adjustment 
for age and sex (estimate=0.28, standard error=0.13, t=2.23, 
P=0.038). The number of OSM-expressing CD163+ cells was also 
elevated in type 2 CRSwNP, both in absolute count and in pro-
portion, compared to controls (P=0.029) (Fig. 5). After adjusting 
for age and sex, the type 2 endotype showed a statistically sig-

Fig. 2. Baseline cytokine levels secreted by macrophages from nasal 
polyp. The cytokine secretion levels, normalized to a relative cell count 
of 2×105 cells, are expressed in units of pg/mL. TSLP, thymic stro-
mal lymphopoietin; CCL24, C-C motif chemokine ligand 24; BMP2, 
bone morphogenetic protein 2; OSM, oncostatin M; IL, interleukin; 
CXCL, chemokine (C-X-C motif) ligand; G-CSF, granulocyte colony-
stimulating factor; MMP9, matrix metalloproteinase 9; TNF, tumor ne-
crosis factor; VEGF, vascular endothelial growth factor; TGF, trans-
forming growth factor. Kruskal-Wallis test, control: n=6; Non-type 2: 
n=14; Type 2: n=19. 
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Table 2. Age- and sex-adjusted levels of representative cytokines estimated by multivariable linear regression (log-transformed)

Cytokine Endotype Estimate Standard error t P-value

TSLP Type 2 1.70 0.82 2.08 0.076
Non-type 2 1.22 0.86 1.41 0.199

CCL24/Eotaxin-2 Type 2 2.51 0.88 2.86 0.024
MMP9 Type 2 2.21 0.91 2.42 0.022

Non-type 2 3.01 0.91 3.30 0.003
IL-8/CXCL8 Type 2 0.91 0.52 1.76 0.089

Non-type 2 1.41 0.52 2.71 0.011
IL-1β Type 2 1.72 0.93 1.86 0.073
IL-6 Non-type 2 1.33 0.62 2.15 0.039
TNF-α Non-type 2 1.43 0.64 2.22 0.034

TSLP, thymic stromal lymphopoietin; CCL24, C-C motif chemokine ligand 24; MMP9, matrix metalloproteinase 9; IL, interleukin; CXCL8, chemokine (C-X-C 
motif) ligand 8; TNF, tumor necrosis factor.
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Fig. 3. Continued

A IL-4 challenge

Type 2-related mediators

Neutrophils-associated mediators

Proinflammatory mediators

TSLP

**NS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L) 4

3

2

1

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

BMP2

**NS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L) 50

45

40

35

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

OSM

*NSNS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L) 1,500

1,000

500

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

CCL24/Eotaxin-2

NS NS NS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L)

60

40

20

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

IL-17A

*NSNS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L)

4

3

2

1

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

IL-6

NS
NS

NS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L)

300

200

100

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

Regulatory mediators

IL-10

* *NS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L)

10

5

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

TNF-α

NS NSNS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L)

60

40

20

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

IL-1β

NS
NS

NS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L)

150

100

50

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

IL-8/CXCL8

NSNSNS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L)

8,000

6,000

4,000

2,000

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

MMP9

NSNSNS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L) 6,000

4,000

2,000

0

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

CXCL1

**NS

E
xp

re
ss

io
n 

le
ve

ls
 (p

g/
m

L)

600

400

200

Condition
	 Un	 IL-4 	 Un	 IL-4 	 Un	 IL-4

Control

Control Control Control

ControlControlControl

Control Control Control Control

Control

Non-type 2

Non-type 2 Non-type 2 Non-type 2

Non-type 2Non-type 2Non-type 2

Non-type 2 Non-type 2 Non-type 2 Non-type 2

Non-type 2

Type 2

Type 2 Type 2 Type 2

Type 2Type 2Type 2

Type 2 Type 2 Type 2 Type 2

Type 2



page 8 of 14    Clinical and Experimental Otorhinolaryngology  

Fig. 3. Continued

B SEB challenge
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Fig. 3. Cytokine levels secreted by macrophages in response to (A) interleukin (IL)-4, (B) staphylococcal enterotoxin B (SEB) (control: n=4; 
Non-type 2: n=6; Type 2: n=6), and (C) lipopolysaccharide (LPS) (control: n=2; Non-type 2: n=8; Type 2: n=13) stimulation. Statistical analy-
sis was performed using a paired test. TSLP, thymic stromal lymphopoietin; CCL24, C-C motif chemokine ligand 24; BMP2, bone morphoge-
netic protein 2; OSM, oncostatin M; CXCL, chemokine (C-X-C motif) ligand; MMP9, matrix metalloproteinase 9; TNF, tumor necrosis factor. NS 
(not significant) denotes P>0.05, *P<0.05, **P<0.01, ***P<0.001.
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Fig. 4. Expression of thymic stromal lymphopoietin (TSLP) on CD163+ cells. The white arrows indicate TSLP-positive CD163+ cells, while the 
yellow arrowheads indicate TSLP-negative CD163+ cells. (A) Immunofluorescence study showing CD163+ cells with TSLP expression across 
different endotypes. (B) Counts of TSLP-positive CD163+ cells by endotype. (C) Proportions of TSLP-positive CD163+ cells by endotype. Con-
trol, n=5; Non-type 2, n=10; Type 2, n=10. NS (not significant) denotes P>0.05, *P<0.05, **P<0.01.
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nificant increase in both OSM-expressing cell count (log trans-
formed, estimate=1.86, standard error=0.63, t=2.98, P=0.007) 
and proportion (estimate=0.34, standard error=0.16, t=2.19, 
P=0.041).

DISCUSSION 

In this study, we investigated the distribution of macrophages and 
their cytokine expression across different endotypes of CRSwNP, 
as well as their responses to external stimuli, including IL-4, SEB, 
and LPS. Regarding the distribution of macrophages across dif-
ferent endotypes of CRSwNP, a previous study has reported an 
elevated proportion of M2 macrophages in NP compared to 
healthy controls, while another study suggested that differentia-
tion of M1 macrophages is related to non-type 2 airway inflam-
mation [9,39]. However, how the distribution of M1 and M2 
macrophages differs according to CRSwNP endotypes remains 
unknown. Notably, our findings revealed a higher proportion of 
M2 macrophages within the immune cell population in type 2 
CRSwNP compared to healthy controls. Furthermore, both M1 
and M2 macrophages were increased in non-type 2 CRS. In 
brief, although the difference was not statistically significant in 
non-type 2, M2 macrophages are higher in both endotypes of 
CRSwNP compared to controls. This finding aligns with a previ-
ous study suggesting a key role of M2 macrophages in the 
pathogenesis of CRSwNP [8,9].

We assessed both the baseline cytokine levels of macrophages 
in CRSwNP and their responses to external stimuli such as IL-4, 
SEB, and LPS. IL-4 is a representative type 2 immune stimulant 
[9,27]. SEB, a key toxin secreted by S. aureus, acts as a superan-
tigen involved in the pathogenesis of type 2 CRS [40,41]. We as-
sessed the expression levels of representative type 2-related me-
diators, including TSLP, CCL24, BMP2, and OSM; neutrophil-
associated mediators, such as IL-17A, IL-8, G-CSF, CXCL1, and 
MMP9; proinflammatory mediators, including IL-6, TNF-α, IL-1β, 
and VEGF; as well as regulatory cytokines, such as IL-10 and 
TGF-β. Interestingly, after stimulation with IL-4, SEB, and LPS, 
the cytokine profiles of the macrophages overlapped and their 
responses were broadly consistent, regardless of the endotype. 
These findings suggest that although tissue macrophages are al-
ready primed and differentiated, they remain similarly respon-
sive to strong external stimuli such as IL-4, SEB, and LPS, high-
lighting the importance of environmental factors in disease con-
trol. However, certain cytokines and chemokines exhibited dis-
tinct differences depending on the endotype, which are of par-
ticular importance in our research. 

In our study, baseline cytokine levels in macrophages isolated 
ex vivo from CRSwNP indicated upregulation of TSLP compared 
to healthy controls. The type 2-related stimuli, IL-4 and SEB 
further increased the secretion of TSLP in macrophages from type 
2 CRSwNP. This response was also confirmed in human NP tis-

sue using IF staining. In the IF study, we identified significant ex-
pression of TSLP in CD163+ cells derived from type 2 CRSwNP 
both in counts and proportions. TSLP is primarily recognized as 
an epithelial cell–derived cytokine that initiates type 2 immune 
responses and promotes tissue eosinophilia [36,42-47]. Under 
chronic inflammatory conditions, TSLP can also induce goblet 
cell hyperplasia and excessive mucus production [48]. It has 
also been implicated in tissue fibrosis, contributing to airway 
thickening and wall remodeling [49,50]. Notably, our findings 
indicate that CD163+ macrophages—likely M2 macrophages—
represent an additional source of TSLP in CRSwNP, suggesting 
that it may not only drive type 2 immune responses but also act 
as a secondary response to ongoing inflammation, potentially 
influencing disease severity and symptom control through mu-
cus hypersecretion and tissue fibrosis. 

Another cytokine that drew our attention was OSM. It is a 
type 2-related cytokine associated with poor outcomes in CRS, 
as it enhances TSLP expression through IL-4 signaling and may 
contribute to airway barrier dysfunction [46,51,52]. Beyond its 
immunological role, OSM is implicated in both ossification and 
EMT [53-55]. It promotes bone formation by inhibiting M1 po-
larization and promoting M2 polarization [53]. Furthermore, 
macrophages isolated from patients with neurogenic heterotopic 
ossification overproduce OSM in response to LPS stimulation 
[54]. Also, macrophage-derived OSM induced by LPS activates 
inflammatory and mucus-producing pathways [56]. In breast 
cancer, OSM promotes EMT, thereby indirectly driving disease 
progression [55]. In our study, LPS stimulation induced a signifi-
cant increase in OSM expression in CRSwNP-derived macro-
phages, irrespective of endotype, while baseline OSM secretion 
remained stable. By contrast, IL-4 stimulation specifically increased 
OSM expression in type 2 CRSwNP macrophages. Collectively, 
these findings suggest that macrophages may contribute to mu-
cus production, ossification, EMT, and disease progression in 
CRSwNP through OSM production.

Although macrophages have been reported to produce TSLP 
and OSM, these data extend prior epithelial-focused reports by 
identifying macrophage-derived TSLP and OSM as endotype-bi-
ased amplifiers of established type-2 cytokine pathways [54,57]. 
While the functional impact of macrophage-derived TSLP and 
OSM on clinical outcomes and disease control has not yet been 
clearly established, these observations suggest a macrophage-
mediated amplification loop that may potentiate type-2 inflam-
mation in type 2 CRSwNP. Our findings therefore warrant fur-
ther investigation into their clinical relevance. Interestingly, while 
baseline cytokine measurements of ex vivo macrophages 
showed a numerical increase in OSM secretion in the type 2 
CRSwNP group, the difference was not statistically significant 
compared to other groups. In contrast, IF revealed a significantly 
higher number and proportion of OSM-expressing macrophages 
in type 2 NPs compared to controls. This discrepancy may be 
due to the limited sample size, or it may reflect methodological 
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differences—whereas immunohistochemistry assesses intracel-
lular protein expression, ex vivo cytokine measurements quan-
tify secreted protein levels. Therefore, these findings should be 
interpreted with caution.

Next, our data showed an increased BMP2 expression in type 
2 CRSwNP macrophages following stimulation with IL-4 and 
SEB. In our previous study, we already demonstrated that BMP2 
concentrations were elevated in patients with neo-osteogenesis 
and more extensive disease, with eosinophils and macrophages 
identified as key sources [35]. M1 macrophages produce pro-in-
flammatory cytokines, while M2 macrophages are recognized for 
promoting anti-inflammatory responses [9,27]. As previously 
mentioned, macrophages are also known to be involved in epi-
thelial mesenchymal transition [14-19]. Additionally, they are 
suggested to be involved in CRSwNP pathogenesis by facilitat-
ing tissue remodeling by increased MMP9, TGF-β, VEGF, and 
PDGF [9,58]. Consistent with previous studies, our study data 
also showed TGF-β and VEGF were increased in CRSwNP after 
LPS stimulation. They play a defensive role against external in-
vaders, but they are also associated with tissue damage. The fact 
that they significantly increase only in CRSwNP under the same 
stimuli, suggesting a link to disease progression, is an interesting 
finding that warrants further investigation.

Our study has several limitations. First, although CIBERSORTx 
enables detailed immune cell profiling based on a broad refer-
ence gene set, its estimations cannot fully substitute for direct 
validation [32,59]. Second, the relatively small sample size re-
duces the robustness of conclusions. Third, while CD163 is a 
well-established marker for M2 macrophages, additional markers 
and functional validation across larger cohorts would provide 
greater accuracy in macrophage characterization [37,38]. Anoth-
er limitation of this study is that different criteria were used to 
define type 2 CRS in the ex vivo analyses (including RNA-seq) 
and in the histological analysis; therefore, direct comparison be-
tween these datasets should be interpreted with caution. Fur-
thermore, given the 70.4% purity of macrophages isolated in 
vitro, the influence of contaminating non-macrophage cells can-
not be completely ruled out. Lastly, our study lacks long-term 
clinical outcome data. While this limits the ability to directly cor-
relate our findings with disease progression or recurrence, type 
2 CRSwNP is already well established as being associated with 
higher recurrence rates and poorer clinical outcomes. Accord-
ingly, we focused our analysis on macrophages derived from 
type 2 CRSwNP tissue. In addition, we did not conduct mecha-
nistic experiments to determine how macrophage-derived OSM 
or TSLP contribute to pathogenesis; therefore, further studies 
are needed to elucidate the underlying pathways.

In conclusion, the proportion of M2 macrophages is elevated 
in type 2 CRSwNP; type 2 NP-derived M2 macrophages show 
higher expression of TSLP and OSM under type 2 microenvi-
ronment—cytokines that are known to play important roles in 
the pathophysiology of type 2 CRSwNP. 
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Supplementary Table 1. Demographic characteristics of subjects who provided bulk RNA sequencing data

Demographic variable Control (n=4) Non-type 2 CRSwNP (n=4) Type 2 CRSwNP (n=4) P-value

Age (yr) 48.50±17.62 47.00±18.06 44.50±13.67 0.943
Sex (male) 1 (25.0) 2 (50.0) 3 (75.0) 0.323
Blood eosinophil (cells/μL) 184.82±54.97 131.85±53.37 451.73±53.09 <0.001

Values are presented as mean±standard deviation or number (%). 
CRSwNP, chronic rhinosinusitis with nasal polyps.
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Supplementary Table 2. Demographic characteristics of subjects who provided the ex vivo and in vitro IL-4 and SEB stimulation study data

Demographic variable Control (n=4) Non-type 2 CRSwNP (n=6) Type 2 CRSwNP (n=6) P-value

Age (yr) 47.50±24.89 51.83±13.32 57.17±8.73 0.628
Sex (male) 2 (50.0) 4 (66.67) 5 (83.3) 0.532
Blood eosinophil count 150.66±132.88 154.92±26.76 337.03±64.65 0.002
Comorbid asthma 0  1 (16.7) 4 (66.7) 0.052

Values are presented as mean±standard deviation or number (%). 
IL, interleukin; SEB, staphylococcal enterotoxin B; CRSwNP, chronic rhinosinusitis with nasal polyps.
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Supplementary Table 3. Demographic characteristics of subjects who provided the ex vivo and in vitro LPS stimulation study data

Demographic variable Control (n=2) Non-type 2 CRSwNP (n=8) Type 2 CRSwNP (n=13) P-value

Age (yr) 66.50±3.54 54.75±15.61 48.15±10.62 0.138
Sex (male) 0 6 (75.0) 10 (76.9) 0.081
Blood eosinophil count 59.89 (47.79–72.00) 98.06 (66.77–199.93) 452.40 (330.96–620.16) <0.001
Comorbid asthma 0 0  6 (46.2) 0.044

Values are presented as mean±standard deviation, number (%), or median (interquartile range). 
LPS, lipopolysaccharide; CRSwNP, chronic rhinosinusitis with nasal polyps.
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Supplementary Table 4. Demographic characteristics of subjects who provided data on TSLP and OSM expression in CD163+ cells

Demographic variable Control (n=5) Non-type 2 CRSwNP (n=10) Type 2 CRSwNP (n=10) P-value

Age (yr) 54.80±18.35 51.70±16.88 51.50±13.10 0.921
Sex (male) 3 (60.0) 9 (90.0) 8 (80.0) 0.392
Tissue eosinophil (/HPF) - 5.85 (1.00–11.30) 138.20 (108.00–195.60) <0.001
Tissue neutrophil (/HPF) - 50.04±24.83 45.70±34.23 0.749
Blood eosinophil count 180.89±105.33 158.94±64.92 595.38±288.61 <0.001
Postoperative 1-yr outcome - 3 (30.0) 10 (100.0) 0.005

Controlled 7 (70.0) 0 0.002
Partly controlled 0 5 (50.0)
Uncontrolled 3 (30.0) 5 (50.0)

Values are presented as mean±standard deviation, number (%), or median (interquartile range). 
TSLP, thymic stromal lymphopoietin; OSM, oncostatin M; CRSwNP, chronic rhinosinusitis with nasal polyps; HPF, high power field.
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Supplementary Fig. 1. Graphical summary. NP, nasal polyp; IL, interleukin; SEB, staphylococcal enterotoxin B; LPS, lipopolysaccharide; TSLP, 
thymic stromal lymphopoietin; CCL24, C-C motif chemokine ligand 24; BMP2, bone morphogenetic protein 2; OSM, oncostatin M; G-CSF, 
granulocyte colony-stimulating factor; MMP9, matrix metalloproteinase 9; CXCL, chemokine (C-X-C motif) ligand; TNF, tumor necrosis factor; 
VEGF, vascular endothelial growth factor.
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