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ARTICLE INFO ABSTRACT

Keywords: Keloids are a type of abnormal fibrous proliferation disease of the skin, characterized by local
Keloid inflammation that lacks clear pathogenesis and satisfactory treatment. The phenomenon of
Inflammation

distinct phenotypes, including M1 and M2 macrophages, is called macrophage polarization.
Recently, macrophage polarization has been suggested to play a role in keloid formation. This
study aimed to evaluate the relation between macrophage polarization and keloids and identify
novel effective treatments for keloids. Differentially expressed genes were identified via RNA
sequencing of the skin tissue of healthy controls and patients with keloids and validated using
quantitative PCR. Multiplex immunofluorescence microscopy was used to detect different phe-
notypes of macrophages in keloid tissues. Finally, quantitative PCR validation of differentially
expressed genes and flow cytometry were used to analyze macrophages in the peripheral blood of
healthy controls and patients with keloids. Total and M2 macrophages were significantly
increased in the local skin tissue and peripheral blood of patients with keloids compared with
healthy controls. In addition, inflammation- and macrophage polarization-related differentially
expressed genes in keloid tissue showed similar expression patterns in the peripheral blood. This
study highlighted an increased frequency of total macrophages and M2 polarization in the local
skin tissue and peripheral blood of patients with keloids. This systematic macrophage polarization
tendency also indicates a potential genetic predisposition to keloids. These findings suggest the
possibility of developing new diagnostic and therapeutic indicators for keloids focusing on
macrophages.

Macrophage
Macrophage polarization

1. Introduction

Keloids are clinically defined as benign skin tumors characterized by chronic inflammation-associated skin fibrosis with over-
growth and aggregation of immune cells and extracellular matrix (ECM) [1]. Keloid formation may occur secondary to minor skin
injuries and wound healing procedures, such as acne or epifolliculitis [2]. Keloids generally manifest as persistent pain and pruritus,
are often accompanied by local inflammation and infection, and lead to movement restriction and psychosocial impairment due to
their scar-like appearance [3-5]. However, the pathogenesis of keloids remains unclear. Current studies and theories generally regard
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heredity, immunity, mechanical microenvironment, local hypoxia, and lifestyle as the key factors of keloids; however, further studies
are needed [1,3,6,7]. Although there are various treatment options for keloids, including surgical resection, drug injection, and
radiotherapy, the results are unsatisfactory, and recurrence rates are high [4,8]. Limited treatments mainly focus on removing or
inhibiting the uplifting keloid rather than preventing keloid formation from the etiology [4,8]. Therefore, clarifying the etiology of
keloids and identifying novel and effective therapies are of great significance.

Macrophages play a key regulatory role in normal skin tissue homeostasis, wound healing, and later scar formation [9,10]. Local
macrophages in the skin tissue are derived from the bone marrow, circulate in the blood as monocytes (CD147CD16™), and are
recruited to tissues under the influence of local chemokines [11]. In addition, macrophages (MO) can differentiate into different
phenotypes under the influence of the microenvironment and produce different local immune effects, which can reflect and regulate
the type 1 T helper/type 2 T helper immune response [12-14]. This phenomenon of distinct phenotypes is called macrophage po-
larization [15].

During the initial phase of tissue injury, local macrophages mainly manifest as classically activated macrophages (M1), also known
as pro-inflammatory macrophages that secrete pro-inflammatory cytokines and chemokines to induce local inflammation and promote
the type 1 T helper immune response [14,16]. Moreover, studies have shown that M1 macrophages can improve antigen presentation
and stimulate the proliferation of fibroblasts and keratinocytes during the early stages of scar formation [17]. Under stimulation by
interleukin (IL)-4, IL-13, or apoptotic neutrophils, monocytes are activated into alternatively activated macrophages (M2), which are
divided into four subgroups: M2a, M2b, M2c, and M2d [14]. M2a macrophages, also called wound healing macrophages, can produce
high levels of arginase-1 (ARG-1), platelet-derived growth factor, insulin-like growth factor 1 (IGF-1), IL-4, IL-13, and other cytokines
and can produce collagen precursors to stimulate fibroblasts during tissue repair [18,19]. M2b macrophages produce high levels of
IL-10 to inhibit inflammation; therefore, they are known as regulatory macrophages [20]. M2c macrophages have matrix remodeling
abilities and are known as pro-decomposing macrophages [21]. M2d macrophages can produce high levels of IL-10, transforming
growth factor beta-1 (TGF-p1), and vascular endothelial growth factor to inhibit inflammation [22]. M2 macrophages mainly appear in
the late stage of scar formation and generally play a significant anti-inflammatory role, promoting wound healing, repairing tissue, and
promoting scar formation [23,24].

Different phenotypes of macrophages show space-time specificity and ultimately decrease to the baseline during the normal wound
healing process [9,25]. Studies have shown the infiltration of macrophages with an M2 polarization tendency in keloid tissue [26,27].
Limandjaja cocultured monocytes from the peripheral blood of patients with keloids with an in vitro culture model of keloids and
found that monocytes differentiated into M2 macrophages [28]. Several studies also have shown increased expression levels of M2
polarization-related cytokines, such as ARG-1 [29], TGF-p1 [30], IGF-1 [30,31], IL-4, and IL-13 [32] in keloid tissue. These studies
showed that macrophage differentiation may play a significant role in the formation of keloids.

Therefore, exploring the distribution of different macrophage phenotypes in patients with keloids helps elucidate their patho-
genesis and inspire novel therapies. This study aimed to examine the conditions of macrophages and relevant gene expression in
keloids to clarify the potential link between macrophage polarization and keloid formation.

2. Methods
2.1. Sample collection

In this study, skin tissues of healthy controls (HCs) and patients with keloids were obtained from the face (three HC samples and
three keloid samples) and chest (three HC samples and three keloid samples) of discarded surgical specimens. Detailed information on
these samples is provided in Table S1. Previous treatment of the surgical area within six months was defined as the exclusion criterion.
The diagnostic and surgical procedures were performed at the Department of Dermatology at the Second Xiangya Hospital of Central
South University. Blood specimens were collected from 15 patients with keloids recruited from the outpatient clinics of the Department
of Dermatology, Second Xiangya Hospital of Central South University, and 15 sex- and age-matched HCs who underwent cosmetic
surgery in the corresponding part. Detailed information on these samples is provided in Table S1.

This study was approved by the Ethics Committee of Second Xiangya Hospital of Central South University and the Chinese Clinical
Trial Registry (ethics approval number ChiCTR2200065222). Written informed consent was obtained from all the participants.

2.2. RNA-sequencing and bioinformatics analysis of skin tissue

The skin tissues of HCs (six samples) and patients with keloids (six samples) were subjected to cutting, grinding, and storage in
TRIzol Reagent (Meridian Life Science, US) for the following experiments. RNA extraction, sample detection, enrichment, amplifi-
cation, library preparation, and RNA sequencing (RNA-seq) were performed by the BGI Company. All RNA-seq data were analyzed
using R Studio. The R package limma was used to identify differentially expressed genes (DEGs), and the package clusterProfiler was
used for Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis and Gene Ontology (GO) enrichment analyses.

2.3. Histology and multiplex immunofluorescence microscopy of skin samples
Skin tissue samples were fixed in 4 % paraformaldehyde solution and subjected to paraffin sectioning at a thickness of 4 mm. These

sections were subjected to hematoxylin and eosin or multiplex immunofluorescence staining. For multiplex immunofluorescence,
sections were deparaffinized and subjected to heat-mediated antigen retrieval buffer and staining cycles. Primary antibodies, including
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anti-hCD68 (rabbit, ab213363, Abcam), anti-hCD40 (rabbit, ab224639, Abcam), and anti-mannose receptor/anti-hCD206 (rabbit,
ab252921, Abcam), were incubated with tissue sections at 4 °C for 18 h, and anti-TGF beta 1 (rabbit, HA721143, HUABIO), anti-TGF
beta 3 (rabbit, ER1917-64, HUABIO), and anti-collagen triple helix repeat containing-1 (CTHRC1; mouse, EM1701-36, HUABIO) were
incubated with tissue sections at room temperature for 1 h. Then, the tissue slides were incubated with secondary antibodies (donkey
anti-rabbit, ab205722, Abcam and goat anti-mouse, ab150113, Abcam) at room temperature for 30 min, followed by opal fluorophores
at 1/300 dilution in tyramide signal amplification reagent (PerkinElmer). All primary and secondary antibody were diluted by 1%BSA.
All multiplex immunofluorescence staining tests were performed by repeating the staining cycles and heat-mediated antigen retrieval
(Servicebio, cat. G1203-250 ML, pH 9.0) between cycles. 4’,6-Diamidino-2-phenylindole (DAPI) (PerkinElmer, EL801001KT) stained
cell nuclei. Multiplex immunofluorescence was conducted in the following order: CD68 (Opal 520), CD40 (Opal 570), CD206 (Opal
650), and DAPI; TGF-p1(Opal 520), CD68 (Opal 650), and DAPI; TGF-$3 (Opal 520), CD68 (Opal 650), and DAPI; CTHRC1(Opal 520),
CD68 (Opal 650), and DAPI. Tissue sections were scanned using a PerkinElmer Vectra multispectral imaging system (PerkinElmer),
and images were analyzed using Form 2.3.1 (PerkinElmer).

2.4. Human peripheral blood mononuclear cell separation

Human peripheral blood mononuclear cells (PBMCs) were separated using Ficoll-Paque Plus (GE Healthcare, cat. 17-1440-03) to
obtain a single-cell suspension using density gradient centrifugation. Human peripheral blood samples were mixed with isovolumetric
phosphate-buffered saline (PBS) and gently added to the Ficoll-Paque Plus density medium. After centrifugation (room temperature,
2000 rpm, 30 min with zero deceleration), the PBMCs were separated in the middle layer of the liquid. The collected PBMCs were
washed twice with PBS and counted under a microscope.

2.5. Flow cytometry analysis of PBMCs

Approximately 2 x 10° cells were suspended in PBS and incubated with surface marker antibodies at 4 °C for 45 min in the dark.
The following flow cytometric antibodies were used: PE-Cy7 anti-hCD80 (BioLegend, 305217), Alexa Fluor 488 anti-hCD68
(BioLegend, 333811), PE anti-hCD206 (BioLegend, 321105), PC5.5 anti-hCD45 (BioLegend, 3600503), APC anti-hCD86

Table 1
Primers for quantitative PCR.

Gene Forward primer Reverse primer

Cthrcl CAATGGCATTCCGGGTACAC GTACACTCCGCAATTTTCCCAA
Collal GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
Col5al GCCCGGATGTCGCTTACAG GCCCGGATGTCGCTTACAG
Col6al ACACCGACTGCGCTATCAAG CGGTCACCACAATCAGGTACTT
Col6a3 ATGAGGAAACATCGGCACTTG GGGCATGAGTTGTAGGAAAGC
Colllal ACCCTCGCATTGACCTTCC TTTGTGCAAAATCCCGTTGTTT
Vean GTAACCCATGCGCTACATAAAGT GGCAAAGTAGGCATCGTTGAAA
Ecml AGCACCCCAATGAACAGAAGG CTGCATTCCAGGACTCAGGTT
Sparc TGAGGTATCTGTGGGAGCTAATC CCTTGCCGTGTTTGCAGTG

Tgfp1 CTAATGGTGGAAACCCACAACG TATCGCCAGGAATTGTTGCTG
Ctsk GCAGAAGAACCGGGGTATTGA GAAGGAGGTCAGGCTTGCAT
Tgfp3 ACTTGCACCACCTTGGACTTC GGTCATCACCGTTGGCTCA

Igf1 GCTCTTCAGTTCGTGTGTGGA GCCTCCTTAGATCACAGCTCC
Igf2 GTGGCATCGTTGAGGAGTG CACGTCCCTCTCGGACTTG

Itga5 GCCTGTGGAGTACAAGTCCTT AATTCGGGTGAAGTTATCTGTGG
Lyn TGCAGAGGGAATGGCATACAT TGACTCGGAGACCAGAACATTAG
Mmpi4 CATCTGTGACGGGAACTTTGA GGCAGTGTTGATGGACGCA
Sema7a CACCAAGACCAGGCTTACGAT ACACGGGACACATTGAGAGGA
Isgl5 CGCAGATCACCCAGAAGATCG TTCGTCGCATTTGTCCACCA

Fstl1 GAGCAATGCAAACCTCACAAG CAGTGTCCATCGTAATCAACCTG
Cftr TGCCCTTCGGCGATGTTTTT GTTATCCGGGTCATAGGAAGCTA
Chrna7 GCTGGTCAAGAACTACAATCCC CTCATCCACGTCCATGATCTG
Aqp5 CGGGCTTTCTTCTACGTGG GCTGGAAGGTCAGAATCAGCTC
P2rx1 ATGGTGCTGGTGCGTAATAAG GGAAGACGTAGTCAGCCACA
Trpcl AGGATAGCCTCCGGCATTC TTCCACCTCCACAAGACTTAGT
Trpc5 CACACCGGACATCACTCCC ACCTCTGAACTAGACACACACT
Slco4cl TGAGCCATTTGCTGGTGTATC GCATTACAAGGGGCTATCAAGTT
Azgpl AACCAAGATGGTCGTTACTCTCT CCTGCTTCCAATCCTCCATTC
Ceacaml TGCTCTGATAGCAGTAGCCCT TGCCGGTCTTCCCGAAATG
Slc2a4 ATCCTTGGACGATTCCTCATTGG CAGGTGAGTGGGAGCAATCT
Slc14al ACTATGGTTAGAGTGGACAGCC ACGGGTTTGTCTTTAAGCTGG
Cd36 AAGCCAGGTATTGCAGTTCTTT GCATTTGCTGATGTCTAGCACA
Col7al TTACGCCGCTGACATTGTGTT ACCAGCCCTTCGAGAAAGC

Nos1 TTCCCTCTCGCCAAAGAGTTT AAGTGCTAGTGGTGTCGATCT
Slc12a2 TAAAGGAGTCGTGAAGTTTGGC CTTGACCCACAATCCATGACA
Gapdh GGAGCGAGATCCCTCCAAAAT GGCTGTTGTCATACTTCTCATGG
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Fig. 1. Increased inflammation- and macrophage polarization-related gene expression in the skin tissue of HCs (n = 6) and patients with keloids (n
= 6) (A) Heatmaps of RNA-seq of global genes. (B) Heatmaps of RNA-seq of curated genes that were relevant to inflammation and macrophages. (C)
Volcano plot of RNA-seq of global genes. (D) Kyoto Encyclopedia of Genes and Genomes enrichment (KEGG) analysis of RNA-seq. (E) Gene Ontology
(‘GO) enrichment analysis of RNA-seq, which was divided into biological process (BP), cell component (CC), and biological function (MF).

(BioLegend, 374207), and ACP-Cy7 anti-hCD40 (BioLegend, 334323). All samples were detected using Flow Cytometry DxP Athena™
(America, Cytek), and data were further analyzed with FlowJo software.

2.6. Quantitative PCR

Total RNA of PBMCs from HCs and patients with keloids was isolated using TRIzol Reagent (Meridian Life Science, US). Total RNA
from skin tissues was extracted by BGI Company. RNA quality and quantity were determined using a NanoDrop ND-2000 spectro-
photometer. Subsequently, total RNA was reverse-transcribed into complementary DNA using an RT-PCR Kit (Monad, MR05101) and
stored at —20 °C. Quantitative PCR (qQPCR) was performed using SYBR Premix Ex TaglIl (TaKaRa Bio). Primers used (TSINGKE) are
listed in Table 1. Gapdh was used as the internal control.

2.7. Statistical analysis

GraphPad Prism 8.0 was used to perform statistical analysis. All data are presented as the mean + SEM. The statistical significance
of groups was assessed using a two-tailed unpaired Student’s t-test for comparisons between the two groups. The two-tailed Mann-
Whitney U test was applied for statistical analysis when the data were not normally distributed. The correlation analysis of two indexes
was performed using Pearson’s r test or Spearman’s r test (for abnormally distributed data).

3. Results

3.1. Differential inflammation- and macrophage polarization-relevant gene expression in keloid tissue using biological information data
analysis

To explore the underlying inflammatory mechanisms in keloid pathogenesis, we performed RNA-seq assays and compared the
transcriptional profiles of the skin tissues of six HCs and six patients with keloids matched in position, sex, and age. We detected 2758
DEGs (1235 highly expressed and 1523 lowly expressed) in keloid tissue compared with HCs using the criteria of logFC >1.2 and p <
0.05 to define high expression genes and logFC < —1.2 and p < 0.05 as low expression genes (Fig. 1A and C).

Various inflammation- and macrophage polarization-related genes were differentially expressed in keloid tissues, as shown in the
curated heatmap (Fig. 1B). These genes with high expression in keloids (including CTHRC1, COL1A1, COL5A1, COL6A1, COL6A3,
COL11A1, VCAN, ECM1, SPARC, TGFB1, CTSK, TGFB3, IGF1, IGF2, ITGA5, LYN, MMP14, SEMA7A, ISG15, and FSTL1) tended to
promote inflammation and macrophage polarization to M2 macrophages, which was reversed by the lowly expressed genes (including
CFTR, CHRNA7, AQP5, P2RX1, TRPC1, TRPC5, SLCO4C1, AZGP1, CEACAM1, SLC2A4, SLC14A1l, CD36, COL7A1, NOS1, and
SLC12A2). The highly expressed genes CTHRC1 [33,34], COL1A1 [35,36], COL5A1 [37], COL6A3 [37], COL11A1 [36], VCAN [38],
TGFB1 [39], TGFB3 [40,41], IGF1 [42,43], MMP14 [44], and ISG15 [45] were demonstrated to promote macrophage affiliation and
M2 polarization in the present study. This study also demonstrated that the poorly expressed genes SLC2A4 [46], CD36 [47,48], and
NOS1 [49] were highly related to M1 polarization. CFTR [50], CHRNA7 [51], AQP5 [52], P2RX1 [53], and AZGP1 [54] also play
important anti-inflammatory roles. Pathway enrichment and GO analyses revealed that the DEGs were highly enriched in pathways
related to ECM formation and inflammation (Fig. 1D and E). The RNA-seq results suggest that the accompanying keloid markers may
contribute to their pathogenesis by upregulating inflammation and active M2 polarization.

3.2. Differential expression level of inflammation-related genes involved in macrophages in keloid tissue of patients

To validate the expression levels of the 35 curated DEGs in skin tissue, the total RNA of skin tissue from HCs and patients with
keloids was subjected to qPCR. The results showed increased expression levels of CTHRC1, COL1A1, COL5A1, COL6A1, COL6A3,
COL11A1, VCAN, ECM1, SPARC, CTSK, TGF-B3, and IGF2 (Fig. 2A) and decreased expression levels of SLC12A2, CHRNA7, P2RX1,
AZGP1, SLC2A4, CD36, NOS1, and AQP5 (Fig. 2B) in keloid tissue, which matched the results of RNA-seq. The expression levels of
TGFB1, IGF1, ITGAS5, LYN, MMP14, SEMA7A, ISG15, FSTL1, CFTR, TRPC1, TRPC5, SLCO4C1, CEACAM1, SLC14A1, and COL7A1
were not significantly different between HCs and patients with keloids (Fig. S1). These validated, highly expressed genes tended to
upregulate local inflammation. CTHRC1, mainly expressed in the ECM, was confirmed making sense in M2 macrophage polarization
via TGF-B pathways [33,34,55]. The expression level of CTHRCI is highly related to TGF-p1 and M2 macrophage populations in
keloids [55]. Multiplex immunofluorescence microscopy was performed on skin tissue sections of HCs and patients with keloids with
the cell surface marker CD68, cell-extracellular matrix, and secreted markers TGFB1, TGFB3, and CTHRC1 (Fig. 2C). CD68 was used as
a pan-marker to determine total macrophages. The expression of TGFB1, TGFB3, and CTHRC1 was upregulated and was accompanied
by macrophage infiltration (Fig. 2C and D).

Based on the results of RNA-seq, qPCR, and multiplex immunofluorescence microscopy validation, it was hypothesized that M2
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Fig. 2. qPCR validation of DEGs in the skin tissue of HCs (n = 6) and patients with keloids (n = 6) (A) qPCR validation of CTHRC1, COL1Al,
COL5A1, COL6A1, COL6A3, COL11A1, VCAN, ECM1, SPARC, CTSK, TGFB3, and IGF2. (B) qPCR validation of SLC12A2, CHRNA7, P2RX1, AZGP1,
SLC2A4, CD36, NOS1, and AQPS5. (C) Multiplex immunofluorescence microscopy of CD68, TGF-f1, TGF-p3, and CTHRCI in the skin tissue sections
of HCs and patients with keloids. (D) Statistical analysis of the percentage of TGF-p1* cells, CD68 " TGF-p1" macrophages, TGF-$3" cells, and
9D68+TGF—63+ macrophages. Bars represent the mean + SEM. *p < 0.05. **p < 0.01,
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Fig. 3. Increased expression of CD68, CD40, and CD206 in HC skin tissues and keloid tissues (A) Hematoxylin and eosin (HE) and multiplex
immunofluorescence microscopy of CD68, CD40, and CD206 in the facial tissue sections of HCs and patients with keloids. (B) HE and multiplex
immunofluorescence microscopy of CD68, CD40, and CD206 in chest tissue sections of HCs and patients with keloids. (C) Statistical analysis of the
percentage of total macrophages, M1 macrophages, M2 macrophages, and M2/M1 in the facial and chest skin tissue sections of HCs (facial n = 3,
chest n = 3) and patients with keloids (facial n = 3, chest n = 3). Bars represent the mean + SEM. *p < 0.05. **p < 0.01, ***p < 0.005, ****p

< 0.0001.
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polarization may play a role in keloid formation.

3.3. Infiltrated macrophages and M2 polarization in keloid tissues of patients compared with HCs

To understand the infiltrative status of total (CD68"), M1 (CD68"CD40™), and M2 macrophages (CD68"CD206") in the skin tissue
of HCs and patients with keloids, multiplex immunofluorescence microscopy was performed on the facial and chest tissue sections of
HCs and patients with keloids using the cell surface markers CD68, CD40, and CD206. CD68 was used as a pan-marker to detect total
macrophages. A routine histopathological review of the corresponding hematoxylin and eosin slides of the mandibular and chest tissue
sections of HCs and patients with keloids was performed before immunofluorescence analysis (Fig. 3A and B).

As shown in Fig. 3A and B, stronger positive immunostaining for CD68, CD40, and CD206 was observed in keloid tissues than in HC
skin tissues in both mandibular and chest tissue sections. Positive immunostaining was mainly observed in dermal sections rather than
in epidermal sections. Compared with HC skin tissue, the percentages of total macrophages, M2 macrophages, and M2/M1 were
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Fig. 4. Frequency of different macrophage phenotypes in human peripheral blood mononuclear cells (PBMCs) (A) Frequency of macrophages with
different phenotypes from PBMCs of healthy controls (HCs) and patients with keloids analyzed using flow cytometry. (B) Statistical analysis of
macrophages with different phenotypes from PBMCs of HCs (n = 15) and patients with keloids (n = 15). Bars represent the mean + SEM. *p < 0.05.
**p < 0.01, ***p < 0.005, ****p < 0.0001.
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increased in keloid tissue. However, no significant difference was observed between the mandibular and chest tissue sections (Fig. 3C).
These results indicate macrophage infiltration in keloids, which presented an M2 macrophage polarization tendency.

3.4. Increased frequency of all M2 macrophage phenotypes in the peripheral blood of patients with keloids

Flow cytometry analysis was performed on the PBMCs of HCs and patients with keloids to investigate the general macrophage
status. Flow cytometry analysis showed that the frequency of total macrophages (CD68™) was higher in the peripheral blood of patients
with keloids than in that of HCs. No statistically significant difference was observed in the ratio of M1 macrophages
(CD68'CD206 CD80TCD86"CD40™) between patients with keloids and HCs. However, the frequencies of all M2 macrophage phe-
notypes, M2a (CD68TCD206TCD80~CD86CD407), M2b (CD681CD206~CD80TCD86TCD407), M2c
(CD68TCD206"CD80~CD86 CD407), and M2d (CD68TCD206 CD80 CD86 CD40 ™), were significantly higher in patients with ke-
loids than in HCs (Fig. 4A and B). These data indicate an increased number of macrophages, especially M2 macrophages, in the pe-
ripheral blood of patients with keloids.
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Fig. 5. qPCR validation of DEGs in the PBMCs of HCs (n = 15) and patients with keloids (n = 15) (A) qPCR validation of ITGA5, CTHRC1, COL1A1,
TGFB1, MMP14, SEMA7A, ISG15, and FSTL1. (B) qPCR validation of SLC12A2, NOS1, COL7A1, CEACAM1 and TRPC1. Bars represent the mean +
SEM. *p < 0.05. **p < 0.01, ***p < 0.005, ****p < 0.0001.
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3.5. Differential expression levels of inflammation-related genes involved in macrophages in the PBMCs of patients with keloids

To explore the relation between gene expression and macrophage polarization, we validated the expression levels of 35 curated
DEGs. As shown in Fig. 5A and B, the expression levels of ITGA5, CTHRC1, COL1A1, TGFB1, MMP14, SEMA7A, ISG15, and FSTL1
increased, and the expression levels of SLC12A2, NOS1, COL7A1, CEACAM1, and TRPC1 decreased in the PBMCs of patients with
keloids than in HCs, which showed the same tendency as in the local skin tissue.

The expression levels of COL5A1, COL6A1, COL6A3, COL11A1, VCAN, ECM1, SPARC, CTSK, TGFB3, IGF1, IGF2, LYN, CFTR,
CHRNA?7, AQP5, P2RX1, TRPC5, SLCO4C1, AZGP1, SLC2A4, SLC14A1, and CD36 in PBMCs were not significantly different between
HCs and patients with keloids (Fig. S2). These results indicate that the expression of these genes may have positive effects on peripheral
blood macrophage polarization in patients with keloids.

4. Discussion

Keloids are a type of abnormal fibrous proliferation in the skin that is characterized by local inflammation and severely restricts the
quality of life and aesthetic appearance of patients [1,56,57]. Unsatisfactory treatment accompanied by a high recurrence rate and
intense inflammation has resulted in limited recognition of the keloid etiology thus far [4,8]. Previous studies have revealed the
infiltration of major immune cells in wound healing, including mast cells, macrophages, and lymphocytes, in keloid tissue [58],
highlighting the significance of local inflammation in the pathogenesis of keloids. M2 polarization is strongly associated with keloid
formation [26,27]. Moreover, the increasing expression levels of M2 polarization-related cytokines, such as ARG-1 [29], TGF-$1 [30],
IGF-1 [30,31], IL-4, and IL-13 [32] in keloid tissue also prompted the correlation of M2 polarization and keloids. The present study
aimed to investigate the immune-relevant etiology of keloids and identify novel effective treatments for keloids.

In the current study, we identified an increased frequency of macrophages in the local skin tissue and peripheral blood of patients
with keloids, which showed a tendency toward M2 polarization. Various inflammation- and macrophage polarization-related genes
were differentially expressed in keloid tissues via RNA-seq, qPCR, and multiplex immunofluorescence microscopy. These curated DEGs
mainly showed positive effects on promoting inflammation and M2 polarization, as confirmed in previous studies. The validated highly
expressed genes CTHRC1 [33,34], COL1Al [35,36], COL5A1 [37], COL6A3 [37], COL11A1 [36], VCAN [38], TGFB1 [39], TGFB3 [40,
41], IGF1 [42,43], MMP14 [44], and ISG15 [45] in keloid tissue and HC skin tissue were demonstrated to promote macrophage
affiliation and M2 polarization in the present study. For example, CTHRC1, mainly expressed in ECM, was demonstrated to promote
M2 polarization in the wound repair process via TGF-p pathways [33,34,55]. The expression level of CTHRC1 was highly related to
TGF-f1 in keloids [55]. Qin found that CTHRC1 increased the M2 macrophage population and the TGF-} expression level as a result of
the activation of the TGF-f pathways and Notch pathways, which eventually contributed to the promotion of wound healing [34].
ITGAS [59] and SEMA7A [60] are also significant inflammatory factors in the skin and endothelium. The present study also dem-
onstrates that the poorly expressed genes SLC2A4 [46], CD36 [47,48], and NOS1 [49] are highly related to M1 polarization. CFTR
[501, CHRNA7 [51], AQP5 [52], P2RX1 [53], and AZGP1 [54] also play important anti-inflammatory roles. Based on these results,
multiplex immunofluorescence microscopy of the skin tissue confirmed macrophage infiltration, especially M2 macrophage infiltra-
tion, in keloid tissue, which was in accordance with existing studies [26,27,61]. In addition, the infiltration of macrophages was less
related to the location of the keloid tissue in the present study and our study [61]. Seoudy found decreased levels of M1 macrophages in
keloid tissue compared to those in normal scar tissue, which differed from our results [61]. In addition to the different detection
methods and surface marker choices, the duration and status of the keloid tissue may also account for this inconsistency. In addition,
different macrophage phenotypes are the extremes of a dynamic process and are interchangeable under the influence of the micro-
environment [62]. The obvious aggregation of total and M2 macrophages and the increased rate of M2/M1 macrophages indicate
macrophage infiltration and an M2 polarization tendency in keloid formation.

Previous studies on keloid macrophage polarization have been limited to immune cell infiltration into the local skin tissue [26-28,
61,63]. For example, Seoudy analyzed the expression level of specific markers of M1 and M2 macrophages via enzyme-linked
immunosorbent assay [63], Limandjaja cocultured monocytes with reconstructed keloid and normal skin in vitro and analyzed
monocyte differentiation [28].

Given the genetic predisposition to keloids, we speculated general inflammation and increased macrophage levels. Based on this
hypothesis, flow cytometry and qPCR validation were performed on PBMCs from HCs and patients with keloids. The increasing fre-
quency of total macrophages and all phenotypes of M2 macrophages and the similar expression tendency of DEGs indicate systematic
inflammation and M2 polarization in the pathogenesis of keloids. For example, the positive regulatory function of the highly expressed
genes in keloid tissue, CTHRC1 [33,34], COL1A1 [35,36], COL5A1 [37], COL6A3 [37], and COL11A1 [36], on M2 polarization was
demonstrated in the present study. These results also suggest a potential link between systemic inflammation and the accompanying
markers in keloids.

Our study has some limitations. First, the relationship between the selected DEGs and keloid pathogenesis requires further
investigation. Second, information on the duration and activity level of the keloids was neglected during skin tissue collection. Due to
the space-time specificity of macrophage phenotypes during the wound healing process [9,25], disease duration and activity level may
influence macrophage infiltration and polarization. Normal scar tissue could also be considered as the control group.

Based on these studies, macrophage aggregation and M2 polarization are of great significance in the pathogenesis of keloids and
provide a new direction for keloid treatment. The differentiation and polarization of macrophages are primarily regulated by cytokines
in the microenvironment, including granulocyte-macrophage colony-stimulating factor (GM-CSF) and macrophage colony-stimulating
factor (M-CSF) [15,64]. Wang summarized the effects of several cytokines and naturally occurring compounds with potential
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regulatory effects on macrophage polarization [65]. Systematic or topical supplementation with these relevant cytokines or com-
pounds may be a new keloid therapy. Nevertheless, M2 macrophages dominate the late stage of normal wound healing, exert
anti-inflammatory effects, and stimulate collagen production [18]. Inhibition of M2 polarization may aggravate local inflammation.
Therefore, the balance between inflammation and macrophage phenotypes is a key factor in treating keloids and warrants further
studies.

5. Conclusion

This study highlighted an increased frequency of total macrophages and M2 polarization in the local skin tissue and peripheral
blood of patients with keloids. This systematic macrophage polarization tendency also suggests a potential genetic predisposition to
keloids. These findings suggest the possibility of developing new diagnostic and therapeutic indicators for keloids focusing on
macrophages.
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