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Purpose: The pathophysiology of keloid remains unclear. Ex-
ploring the immune heterogeneity and new biomarkers of ke-
loids can help design new therapeutic targets for keloid
treatments and prevention.
Methods: The authors performed single-cell RNA sequencing
analysis and bulk data differential gene expression analysis of
public datasets(GSE92566 and GSE163973). They used Gene
Ontology (GO), Gene Set Enrichment Analysis (GSEA), and
immune infiltration analysis to identify the function of the
differential expressed genes. Besides, the authors performed
qt-PCR on keloid tissue and adjacent normal tissues from
3 patients for further verification.

Results: M2 macrophage increased in keloid samples than M1
macrophage. The authors identified 2 potential novel bio-
markers of keloid, IGF1 and CXCR4, which could inhibit M1
macrophage polarization. The potential mechanism could be
inhibiting immune responses and anti-inflammatory activities
through INF signaling and E2F targeting. The differential ex-
pression of the 2 genes was verified by clinical samples.
Conclusions: The authors identified 2 immune signaling mole-
cules associated with keloid formation (IGF1 and CXCR4) and
analyzed their potential pathogenic mechanisms.
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Keloids are fibrous, proliferative, prominent skin scar–like
lesions of the skin, characterized by a persistent, gradual

growth beyond the wound margins into the surrounding healthy
skin.1 Due to the characteristics of keloids, they can cause se-
vere pain, chronic pruritus, psychosocial impairment, and mo-
tor striction to the patients, which leaves a heavy burden.2,3

Since keloids are mainly characterized by increased pro-
liferation of fibroblasts and extensive overproduction of exo-
cellular matrix (ECM) components, research on keloids has
primarily focused on the role of fibroblasts in keloid devel-
opment. Although these studies have shined light on some
potentially pathogenic factors, the fundamental driving pa-
thos-mechanistic events remain unclear.1 Recently, several
researchers have noticed that the surrounding immune mi-
croenvironment can play a vital role in the development of
keloids. The increased number of T cells, Langerhans cells,
mast cells, and macrophages in keloid compared to normal
tissues is associated with skin fibrosis.4,5 The keloid fibroblasts
and immune cells can interact with each other and develop
synergically and complex regulation of molecules and path-
ways, which contribute to the development of keloids. Among
these immune cells, macrophages play a key role in cutaneous
wound healing by modulating the microenvironment during
the different healing phases.6–8 In particular, M2 macrophages
are associated with fibrosis and scarring and persist in
keloids.4,9 Martin Direder10 found that macrophages in ke-
loids predominantly display an M2 polarization, and their
crosstalk with Schwann cell contributes to the continuous
expansion of keloids. Chao11 found more macrophages were
activated toward the M2 subtype in the keloid dermis when
compared with the normal dermis, and fibroblast in keloid has
a higher phosphorylated STAT6 (p-STAT6) level, which is a
known inducer of M2 polarization when compared with fi-
broblasts in the normal dermis. Thus, keloid formation might
be associated with M2 macrophage polarization, but little is
known about the cause of this phenomenon.

Single-cell sequencing analysis is a revolutionary research
method12 that allows the clustering of the cells to study the
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differences in gene expression among different groups and the
differences in cell development trajectory.13 In this study, we
delved into the immune cell population in keloids and found
that an abnormal reaction of M2-type macrophage to skin in-
juries contributes to keloid pathogenesis.

METHODS

Data Acquisition
We downloaded 1 keloid RNA microarray data set

(GSE92566) and 1 keloid single-cell RNA sequencing data set
(GSE163973) from the GEO database for differential gene ex-
pression analysis. After normalization, samples without
grouping information were excluded, resulting in 6 samples in
GSE92566 and 6 paired tissue samples in GSE163973. Immune-
related genes were obtained from ImmPort14 (Supplemental
Digital Content 1, Table 1, http://links.lww.com/SCS/G510).
Four RNA microarray data sets (GSE44270, GSE145725,
GSE7890, and GSE92566) are downloaded for immune filtra-
tion analysis. A brief introduction of these data sets and samples
included are listed in Supplemental Digital Content 1, Table 1,
http://links.lww.com/SCS/G510.

Single-Cell Data Processing and Clustering
Single-cell data processing and clustering are done with the

“Seurat” R package (Version: 3.0.1). Cells with genes expressed
between 300 and 5500, and <10% mitochondrial genes are se-
lected. And 1053 immune cells were retained in total. Then the
top 2500 highly variable genes were selected for downstream
analysis, the first 20 principal components (PCs) were chosen to
do cell clustering, and the UMAP plot was adopted to show the
immune cell cluster. For the annotation of each cluster, we used
the “Find All Markers” function in the Seurat package to find
significant markers in each cluster and used the “Single R”
package to annotate the cell type for every cluster.

Pseudotime Analysis
When the cell type of all clusters was annotated, we used

the Monocle (version: 3.0) R package for subsequent pseu-
dotime analysis. The dimensionality of the cells was reduced
by the principal component analysis (PCA) method, and then
the type of cell differentiation status was calculated by the
“Reduce Dimension” function. We used the “Find All
Markers” function to find genes that differed significantly
across states. Finally, we use the “plot_cell_trajectory”
function to display a trajectory map of cell differentiation.

Differential Gene Analysis in Array Data
The original data of GSE92566 were processed with the

“affy” R package (version 1.68.0). Differential gene analyses
between the keloid and normal skin were performed using the
“limma” package (version 2.46.0). We set the threshold of log2|
fold change| > 1 and P <0.05 to obtain the differentially ex-
pressed genes (DEGs). The DEGs were visualized with heatmap
and volcano map by the “pheatmap” package (version 1.0.12)
and the “ggplot2” package (version 3.3.3).

Protein-Protein Interaction (PPI)
The STRING database (version 11.0)15 was used to con-

struct the protein-protein interaction (PPI) network. Moreover,
we used the MCODE plug-in (version 1.32)16 in Cytoscape
(version 3.8.2)17 to identify densely connected networks.

Identification of DEIGs
We took the intersection of the differential genes between

keloid samples and normal scar samples obtained by single-cell
analysis, the differential genes obtained by GSE92566, and the
immune-related genes obtained from ImmPort finally got 6
immune-related DEGs (DEIGs).

Gene Enrichment Analysis
The “clusterProfiler” package (version 3.18.1)18 was used for

gene set enrichment analysis (GSEA),19 disease ontology,20 and
gene ontology21 enrichment analysis to understand the bio-
logical processes involved in the DEGs from each step.

Immune Infiltration Analysis
We conducted an immune infiltration landscape analysis

based on CIBERSORT22 to estimate the abundance of immune
cell types in keloid and normal samples using DEG expression
data in the array data.

Clinical Validation
Each of the 3 Keloid samples and adjacent normal skin

samples are collected during the surgical procedure. These
samples are paired. This study was approved by the ethics
committee of Peking Union Medical College & Plastic Surgical
Hospital (Beijing, China), and the patients provided signed
written informed consent before enrollment.

Statistical Analysis
All the statistical analyses were carried out based on R

software. Comparisons of single gene expression between keloid
and normal groups were performed using the Student t test. The
Student t test was performed to compare the clinical variables.
Unless otherwise specified, P< 0.05 is considered significant.

RESULTS

Single-Cell Data Processing and Clustering
We processed the single-cell RNA-seq data of GSE163973

and the quality control of the data (Fig. 1A), we set the
threshold as nFeature_RNA > 1000 and nFeature_RNA <
6000 and percent.mt < 15 for filtering the cells. After quality
control, we took the 1053 immune cells from the data set for
downstream analysis and picked out the top 2500 highly
variable genes for downstream analysis (Fig. 1B). After
dimension reduction, these cells are divided into 9 clusters
(Fig. 1C) and are roughly annotated as monocytes, dendritic
cells, and macrophages. We used macrophage markers to re-
annotate the 2 macrophage subclusters (Fig. 2A), and we found
that although most markers both expressed in the 2 clusters, M1
macrophage markers like CCR5, IL6, MARCO, and PPARG
are highly expressed in cluster 3 (Fig. 2A), and M2 macrophage
markers like CD36, CD209, FCGR3A, MERTK, SIGLEC1,
and TLR4 are highly expressed in cluster 2, so we re-named the
2 macrophage clusters as M1 macrophage and M2 macrophage.

Enrichment Analysis Showed Lymphocytes
Activation and Immune Response Different
Between Keloid and Normal Scar

Next, we compared differences between keloid immune cells
and normal scar immune cells. Compared with a normal scar,
we set the threshold as p values < 0.05, avg_logFc > 0.5, and
Difference (which represents the difference value of the per-
centage of cells expressing each gene) > 0.1,23 and finally, there
are 109 genes upregulated and 85 genes downregulated in the
keloid immune cells (Fig. 2B). Gene ontology (GO) analysis
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suggested that pathways about immune response, response to
bacterial infection, and wound healing are activated in the
normal scar (Fig. 2C), while leukocyte and lymphocyte
activation and proliferation-associated pathways were
enriched in keloid immune cells (Fig. 2D).

Macrophages Distribute Different Properties
in Keloid and Normal Scar

Based on the clues from the enrichments result of the dif-
ferential expressed genes (DE genes) above, we next compared
the proportions of the cell populations and cell cycle between
keloid and normal scare. After removing the cell cycle bias ef-

fect, we still found differences among different cell types. All cell
types consist of 3 cell circle phases with the G1 phase dominant,
except for the monocytes, which are absent of G1 phase cells
(Fig. 3A, B). The macrophage cells presented the most variance
in cell cycle phase variance between keloids and normal scars
(Fig. 3B). Meanwhile, the immune cells of keloids and normal
scars showed distinct relative cell number ratios, the
macrophage subpopulations also distributed the most variance
(Fig. 3C). Increased proportions were observed for M1 type
macrophage in the normal scar and M2 type macrophage in the
keloid. The M2 proportion increased in the keloid and
decreased in the normal scar tissue, which is consistent with
previous reports.4,9

Next, we explored the differentially expressed genes between
M1 and M2 clusters and found 28 genes highly expressed while
33 genes down expressed in the M2 macrophage compared with
the M1 macrophage (Fig. 3D). The GSEA enrichment analysis
showed 2 pathways enriched in the DE genes (Fig. 3E). The
Hall marker MYC targets V2 pathway was activated (Fig. 3F),
while the IL6/JAK/STAT3 signaling was suppressed in the
keloid (Fig. 3G).

Differential Gene Analysis in Bulk Data
We performed differential expression analysis on the chip data

set GSE92566, which contains 3 keloid samples and 3 paired
normal skin samples. A total of 1526 genes are obtained with the
threshold of log2FC > 1 and P value <0.05. Among them, 850
genes are downregulated, while 676 genes are upregulated in the
keloid samples compared with paired adjacent normal skin
(Fig. 4A, B). We intersected them with the 2483 immune-related
genes we obtained from the ImmPort database, and we got 120
immune-related DG genes (IRDGs). We performed enrichment
analysis with these IRDGs to infer their functions, and the GO
enrichment results and GSEA enrichment results all suggested
mesenchyme-related pathways, like mesenchyme development,
epithelial-mesenchymal transition, and mesenchymal cell
differentiation (Fig. 4C, D). These results suggest the immune
cells in the keloid could stimulate mesenchymal cell proliferation
and transition. Both the results showed that IL6, JAK, and
STAT3 signaling could play a vital role in the development of the
keloids. And also, interestingly we found that neuron-related
pathways like axon extension and neuron projection extension
are involved in the GO enrichment results (Fig. 4C).

Expression Profile of the Key Genes in Keloid
and Normal Tissue

We intersect the 194 differential genes of single-cell macro-
phages and the 120 immune-related differential genes in data set
GSE92566, as shown in the Venn graph (Fig. 5A); finally, we
obtain 6 key genes, which are DCD, CXCR4, CMTM3, IGF1,
AQP9, and PTGER2 (Supplemental Digital Content 2, Table 2,
http://links.lww.com/SCS/G511). Genes of DCD, CXCR4,
CMTM3, and IGF1 are highly expressed in the keloid immune
cells compared with normal scar immune cells in the single-cell
data, while the other 2 are low expressed (Fig. 5D, E,
Supplemental Digital Content 3, Figure 1, http://links.lww.
com/SCS/G512). In the keloid samples in the array data, genes
of CXCR4, CMTM3, and IGF1 are highly expressed compared
with the adjacent normal skin tissue, while the other 3 genes are
low expressed (Fig. 5B, C). We also noticed that, in the single-
cell data, IGF1 was exclusively expressed in cluster 2, which is
the M2 macrophage, and CXCR4 was widely expressed in all
clusters except for cluster 4, which is a small group of
dendritic cells.

FIGURE 1. Single-cell RNA-seq reveals the immune landscape in keloid and
normal scar tissue. (A) Quality control of the single-cell RNA-seq data in
GSE163973. (B) Three thousand highly variable genes labeled in red are
selected for downstream dimension reduction. The top 10 genes are
highlighted with gene names. (C) Unbiased clustering of 1053 cells reveals 9
cellular clusters. The clustering of immune cells is annotated as 6 immune cell
types. Clusters or cell types are distinguished by different colors. The general
identity of each cell cluster is shown on the right. All clusters and cell types are
shown in both samples. DC I indicates dendritic cell group I; DC II, dendritic
cell group II; KS, keloid samples; NS, normal scar.

FIGURE 2. Enrichment analysis showed lymphocyte activation and immune
response difference between keloid and normal scar. (A) Heatmap showing
macrophage markers expressing among Seurat subclusters. Highly different
expressed M1 and M2 macrophage markers are labeled. (B) Volcano plot
shows the percentage difference (Different Percent of Cells) and log-fold
change based on the Wilcoxon rank-sum test results for differential gene
expression comparing between keloid normal scar. Genes in red are genes
highly expressed in keloid, and genes in blue are genes highly expressed in the
normal scar. (C) GO analysis with enriched GO terms for various pathways for
genes highly expressed in normal skin and (D) for genes highly expressed in
keloid.
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Functions of Key Genes in Macrophage
Development

To further explore the functions of these key genes on
macrophage differentiation and polarization, we first analyze
the correlation between these gene expression levels of immune
infiltration. We selected 26 samples of keloid tissues from
4 RNA microarray data sets (GSE44270, GSE145725,
GSE7890, and GSE92566) to perform immune infiltration
analysis (Supplemental Digital Content 1, Table 1, http://links.
lww.com/SCS/G510). T cells, including memory-resting CD4 T
cells and CD8 T cells, are dominant in the infiltrated immune
cells (Fig. 6A, B). For the macrophage lineage, all the M0, M1,
and M2 phenotypes are presented in the keloid samples, and
M2 showed the highest proportion, while M0 and M1
macrophage proportions are relatively low.

Then, according to the expression levels of each key gene, we
divided the 26 samples into the high-expression group and the
low-expression group. We found that M1 macrophage both
increased in the low-expression group of CXCR4 genes and
IGF1 genes (Fig. 6C, D), and the M1 macrophage proportion
was negatively related with the expression level of CXCR4 and
IGF1 respectively (Supplemental Digital Content 4, Figure 2,
http://links.lww.com/SCS/G513), which indicates that the high
expression of these 2 genes would inhibit M1 macrophage po-
larization.

Cell Differentiation Trajectory of All the
Immune Cells

In order to find out when and how these genes initiated their
suppress function, we first simulated the cell differentiation
trajectory of all the immune cells and plotted the expression of
CXCR4 and IGF1 along the pseudotime (Fig. 7A, B).
Considering the macrophage lineage development process and
the cell cycle results, we selected monocytes as the starting node,
and the results showed that the macrophage groups are in a
middle pseudotime phase. The expression of CXCR4 started at
the beginning of this trajectory, then decreased, and increased
again with the appearance of the macrophage groups, and then

FIGURE 3. Macrophages distribute different properties in keloid and normal
scar. (A) UMAP plot of all the immune cell clusters based on cell cycle features.
Cells are colored with respect to their cell cycle phase. (B) Bar plot shows
different cell phase counts in each cell type. Up: in the keloid sample, down: in
the normal scar sample. (C) Bar plot shows the different percentages of each
cell type in keloid samples and normal scar samples. (D) Volcano plot shows the
percentage difference (Different Percent of Cells) and log-fold change based
on the Wilcoxon rank-sum test results for differential gene expression
comparing genes in red are genes highly expressed in keloid and genes in blue
are genes highly expressed in the normal scar. (E) Dot plots for GSEA
enrichment plots for representative signaling pathways enriched in M2
macrophage compared with M1 macrophage. Genes highly expressed in M2
macrophages are in red colors and genes low expressed in M2 macrophages
are in blue colors. (F) GSEA pathway MYC-target-V2 activated. (G) GSEA
pathway IL6-JAK-STAT3 suppressed. KS indicates keloid samples; NS,
normal scar.

FIGURE 4. Differential gene analysis in GSE92566. (A) Heatmaps show the
differential gene analysis results between keloid and adjacent normal skin.
Gene expression levels are correlated with the red and blue color. (B) Volcanic
maps of differential genes. Blue dots represent genes that are low-expressed in
keloid tissue, compared with adjacent normal skin, and red dots represent
genes that are high-expressed. Genes with logFC >3 or logFC < -3 are labeled
in green colors. (C) GO analysis with enriched GO terms for various pathways
for genes differentially expressed. (D) GSEA analysis results for genes
differentially expressed. (E) Protein-protein interaction (PPI) network for 120
immune-related DE genes, each dot represents 1 gene and is colored by
expression. The red dot means upregulated genes, while the blue color means
downregulated genes. MCODE results showed 5 key gene modules.

FIGURE 5. Expression levels of key genes in single-cell data and array data. (A)
The Venn plot shows the intersection of differentially expressed genes in single-
cell data and in array data and the immune-related genes. (B, C) IGF1 and
CXCR4 expression analysis in array data set GSE92566. IGF1 and CXCR4
expression are upregulated in keloid. (D, E) IGF1 and CXCR4 expression in the
single-cell data. The gene expression is presented between Seurat clusters
(left), in the UMAP feature plot (middle), and between different samples
(right).
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decreased at the end of the trajectory (Fig. 7B). And the
expression of IGF1 was only exhibited at the macrophage phase
(Fig. 7B). These results indicate that these 2 genes may be
related to macrophage development during the pathogenic
process in the keloid.

Then, we performed GSEA analysis in the high-expression
and low-expression groups of CXCR4 and IGF1 separately in
the 26 keloids array data. The result showed that in the high-
expression group of both CXCR4 and IGF1, pathways of
IFN-γ response, IFN-α response, and E2F targets are all sup-

pressed while pathways of myogenesis and hypoxia are acti-
vated (Fig. 7C, D).

Clinical Validation for IGF1 and CXCR4
We use qPCR to test the expression of IGF1 and CXCR4 in

keloid samples and normal skin for clinical validation, in
quantities of 3 for each sample. The results (Fig. 8) show that
both IGF1 and CXCR4 were significantly highly expressed in
keloids compared with normal skin.

DISCUSSION
Although keloid disease has been extensively studied, key
mechanisms leading to the development of keloid have still not
been elucidated and understood. In addition, treatments to
prevent or treat keloid are scarce and not effective.

Immune systems are known to regulate atypical fibroblast
proliferation, myofibroblast transformation, and collagen I ac-
cumulation during abnormal scar formation.24 Keloid is known
to be infiltrated with macrophage, but how this macrophage
regulates the process of keloid development remains unclear.
Herein, we analyzed the public single-cell dataset and array
dataset and explored the characteristics and key regulatory
pathways of distinct immune cell types. These findings will help
us understand keloid pathogenesis in-depth and provide po-
tential targets for clinical therapies of keloids.

Evidence showed that the increased number of M2 macro-
phages and decreased/equal number of M1 macrophages play a
vital role in scar susceptibility.25,26 In a prospective study,27 the
authors investigated baseline M2 macrophages in the local
wound-healing environment by performing biopsies immedi-
ately after the incision. During the follow-up, the group of pa-
tients who developed HTS had higher baseline M2
macrophages (CD68+, CD206+) compared with patients pre-
senting with normal scars. Butzelaar et al28 measured the
macrophages of skin samples from both keloid susceptible sites
(eg, earlobes, mandible, neck, and shoulders) and non-
susceptible sites (eg, the upper eyelid, cheek, and abdomen). The
results showed that significantly fewer numbers of M1 macro-
phages (CD40+) were observed at the susceptible sites of keloid
formation, but equal numbers of M2 macrophages (CD163+)
were observed at the susceptible and nonsusceptible sites.28

The increased M2 macrophage and decreased/equal M1
macrophage phenomenon were also observed in our findings.
The single-cell landscape showed higher M2 macrophages and
fewer M1 macrophages in the keloid sample and an inverted
ratio in the normal scar sample. The immune infiltration results
in the 26 keloid samples also showed higher M2 infiltration and
lower M1 infiltration proportion. The relation between the M2/
M1 infiltration and the progress of keloid and HTS is not well
elucidated. A possible explanation for the association between
increased preinjury M2 macrophages and HTS formation could
be that tissue-resident macrophages altered the immune mi-
croenvironment to suppress adaptive immune responses, in-
cluding M1 macrophages, thereby favoring HTS and keloid
formation.29 This could be supported by our enrichment anal-
ysis results. In the GO analysis for DEGs between keloid and
normal scar samples of the single data, pathways of lymphocyte
activation, negative regulation of defense response, and adap-
tive immune response are enriched, and in the keloid groups,
overexpression of IGF-1 or CXCR4, the pathway of interferon-
gamma response and interferon-alpha response is suppressed.
But in DEGs between keloid and adjacent normal skin, the
pathway of interferon-gamma response and interferon-alpha
response is activated in the keloid; we think that is because the

FIGURE 6. Immune infiltration analysis in array data. (A) Box plot showed the
immune landscape of keloids. Different cell types are presented with different
colors. (B) Immune cell type proportion in each sample. Each column
represents each keloid sample, and different cell types are presented with
different colors, as labeled below. (C) The immune cell infiltration proportion
between the CXCR4 high-expression level group and the CXCR4 low-
expression level group. The green color represents the high-expression group,
and the red color represents the low-expression group. (D) The immune cell
infiltration proportion between the CXCR4 high-expression level group and the
IGF1 low-expression level group. P values are labeled above each column.
*P<0.05, **P<0.01, ***P<0.001. ns: not significant. ?: means certain cell
types are not infiltrated in the samples.

FIGURE 7. Function analysis for IGF1 and CXCR4. (A) Pseudotime analysis for
immunes in the single-cell data. Darker blue indicates earlier differentiation,
and light yellow indicates late differentiation. (B) CXCR4 and IGF1 expression
arranged in the trajectory of pseudotime differentiation. The dark line
represents gene expression level, and the dots represent cells queued
according to the pseudotime. The cells are colored with Seurat clusters. (C)
GSEA enrichment analysis results in differentially expressed genes according to
CXCR4 expression groups and (D) IGF1 expression groups.
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keloid shows persistent neoplastic proliferation beyond
the wound margin and invasion of adjacent normal skin, so the
adjacent skin showed a similar micro-environment or severe
immune suppression. The results of keloid and remote normal
skin should show opposite results.

After differential gene analysis and functional analysis, we
found two genes, IGF1 and CXCR4, that could play a role in
regulating the orchestra of macrophage functions during the keloid
development process. The expression of 2 genes in the keloid
sample may suppress the polarizations of the M1
macrophage. Typically, IGF1 is exclusively expressed in the Seurat
2 cluster, which is the M2 macrophage. We hypothesize that the
overexpression of M2 macrophage in the keloid had negative
feedback for the M1 polarization, which would aggravate the
disproportion of M2/M1 macrophage in the keloid formation
process. This hypothesis could be supported by the enrichment
results we obtained. In the GSEA result of the IGF1 and CXCR4
high-expression keloids, we found that the pathways of E2F tar-
gets, IFN-γ response, and IFN- α response are all suppressed.

The activation of M1/M2 macrophage phenotypes depends
on cytokines from adaptive immune cells (such as IFN-γ from
Th1 cells or IL-4 from Th2 cells).30 Interferon-γ (IFN-γ) has
been identified as a key factor for inducing tumoricidal M1
phenotype in macrophages and shown to synergize with TLR
agonists for induction of macrophage tumoricidal activity and
production of both NO and proinflammatory cytokines (TNF-
α, IL-12p40, and IL-12p70). Besides IFN-γ which is type II
INF, less toxic type I IFNs like IFN-α and IFN-β could also
synergize with TLR agonists for induction of M1 macrophage
tumoricidal activity and production of both NO and proin-
flammatory cytokines (TNF-α, IL-12p40, and IL-12p70).31

IFN-γ and IFN-α also showed an antifibrotic effect. In an ex-
perimental renal fibrosis model, selective administration of in-
terferon-γ results in the amelioration of fibrosis with reduced
collagen synthesis and a-SMA production.32 Lee et al33 gave
intra-local keloid lesion injections of IFN-α2b combined with
tretinoin to keloid patients and reported a therapeutic im-
provement rate of more than 80% in most cases. Wang et al34

reported that the number of fibroblasts in the proliferating
scar of HTS patients was significantly reduced by systematic

administration of IFN-α2b and that IFN-α2b dose-dependently
prevented the differentiation of peripheral blood mononuclear
cells into fibroblasts as demonstrated in vitro.

The E2F family can also mediate the macrophage M1/M2
polarization and immune response. E2F transcription factors
play critical roles in the cell cycle. E2F1, as a transcription
factor, can activate the transcription activity of IL-6 promoter,
and modulate macrophage function through a microenviron-
ment manner. E2F1 knockout mouse model showed that M2
polarization could be enhanced through increased PPAR-γ ex-
pression in E2F1 knockout mice.35 E2F2 directly regulates the
STAT1 and NF-kB pathways to exacerbate the inflammatory
phenotype in rheumatoid arthritis.36 Retinoblastoma (RB) tu-
mor suppressor inactivation, which activates the E2F activity,
enhances proinflammatory signaling through stimulation of IL-
6/STAT3 signaling.37

The suppressed E2F signaling and INF signaling helped to
explain the over-activated M2 macrophage and inhibited M1
macrophage in the keloid samples.

The IGFs are members of a family of insulin-related peptides
that include Relaxin and several peptides isolated from lower
invertebrates.38 IGF-1 is a small peptide consisting of 70 amino
acids with a molecular weight of 7649 Da.27 The structural
similarity to insulin explains the ability of IGF-1 to bind to the
insulin receptor. IGF-I and IGF-II have been shown to facili-
tate wound healing by stimulating fibroblast proliferation and
enhancing collagen synthesis.39 And evidence shows that IGF-1
plays a part in the pathogenesis of keloids and hypertrophic scar
(HTS). IGF-I accounted for the invasive growth of fibroblast as
well as the excessive production of ECM proteins induced by
TGF-b.40 Shih et al41 found IGF-1 significantly increased in
keloid tissue when compared with normal fibroblast. Hu et al42

analyzed IGF-1R expression by immunohistochemistry, real-
time PCR, and western blotting on tissues and fibroblasts from
30 patients and found IGF-IR is predominantly expressed on
dermal fibroblasts. Daian et al43 found that IGF-1 only had a
minor effect on fibroblast proliferation; however, the invasive-
ness of keloid fibroblast was significantly enhanced by IGF-1
stimulation, which was shown to be done through the PI3K
pathway.44 However, these studies all focused on the fibroblast,
and little was reported on IGF-1 on immune filtration, espe-
cially on macrophage function in keloids. However, whether
IGF-1 could have a regulatory function in keloid macrophage
cells, has not been explored. But in human T lymphocytes, IGF-
1 could downregulate IFN- γR2 chain surface expression and
desensitize IFN-γ/STAT-1signaling, thus inhibiting the T-cell
apoptosis.45–47 Our results showed that the same mechanisms
may also work in M1 macrophage in the keloid formation
process but require further bench experiment confirmation.

CXCR4/ CXCL12 axis has been found to play a role in a
variety of cellular trafficking events, both in health and
disease conditions and in cancer metastasis and infiltration.
Chris A Campbell et al compared the CXCR4/CXCL12 ex-
pression in the circulating fibrocytes between keloid patients
and normal patients and found CXCR4 expression level was
significantly higher in the former.48 Fibrocytes expressing
CXCR4 are brought into circulation in response to CXCL12,
and within target tissues, local mediators affect differ-
entiation and cellular function.49–51 Both in vitro and in vivo
studies have demonstrated that inhibition of fibrocyte che-
motaxis through the CXCR4/CXCL12 axis has halted col-
lagen deposition in response to noxious stimuli.52,53 Our
results of public data analysis suggest the overexpression of
CXCR4 in keloid may also have macrophage recruiting
functions.

FIGURE 8. Clinical validation for IGF1 and CXCR4. (A) qPCR results for CXCR4
expression in normal skin and keloid samples (n=3). (B) qPCR results for IGF1
expression in normal skin and keloid samples (n=3). *P<0.05.
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During this project, we found it hard to get homogeneous
sample states across different public data sets. Typically, the
keloid is a persistent process and can show different gene ex-
pression features between the formation states and mature
states; moreover, the normal skin of the keloid or HTS patients
may not be that “normal.” The heterogeneity of public data sets
is a deficiency of this study; also, the number of clinical samples
in our study is limited, and more benchworks, both in vivo and
in vitro, are needed in the future.

CONCLUSIONS
We identified 2 potential novel biomarkers of keloid, IGF1 and
CXCR4, through single-cell analysis, array data, and differ-
ential expression analysis. These 2 genes inhibit M1 polarization
in keloid pathogenesis by regulating INF signaling and E2F
targets, thus inhibiting immune responses and anti-in-
flammatory activities. Therefore, it is tempting to speculate that
the M2 polarization is a result of inhibiting M1 polarization,
and this imbalance in polarization could potentially serve
as a promising treatment option. Our study offers a new per-
spective on the pathogenesis of keloids, which has the potential
to greatly enhance the treatment of this skin disease in
the future.
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