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Purpose: Acne is a kind of hair follicle sebaceous inflammatory disease, which has a high incidence rate among adolescents.
Comparative data on cells which beneficial for precise treatment of acne patients.

Patients and Methods: After integrating and removing the batch effect of single-cell transcriptomics data of acne patients and health
skin, the dimensionality reduction clustering was performed and the change in characteristics of each cell group were analyzed.
Further, cell communication differences between gender were analyzed by use Cellchat software.

Results: 70,189 cells were analyzed, and 11 cell groups were identified. The proportion of basal cells and macrophages in skin of acne
patients are relatively high than that of skin in healthy people. The results of cell communication showed that the communication
intensity of acne patients was significantly higher than that of healthy skin, and the endothelial cells showed a strong ability to receive
signals. From the perspective of gender differences, the proportion of macrophages in male patients were higher than that in female
patients, and there were a large number of basal cells in the lesion area of female patients. There are also have some specific immune
response ligand-receptor regulatory signals in male patients.

Conclusion: There are significant differences in skin cell composition and cell communication patterns between acne patients and
healthy people, especially reflected in gender differences. Basal cells, macrophages and endothelial cells can serve as key targets for
acne treatment. The treatment methods for men and women should be more personalized.
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Introduction

Acne is a chronic inflammatory disease of the hair follicle and sebaceous gland.' It is often found on the face, chest and
back, where sebum secretion is strong.> * According to statistics, acne patients account for about 5% of patients in the
Department of Dermatology. Epidemiological survey shows that acne is more common in young people.>® About 80-90%
of teenagers have acne, 15-30% of them need treatment, and 2—7% have left severe scars. Most patients will naturally
relieve with age, but 10% of patients will continue to be over 25 years old.” '° Because acne often occurs on the face, it
affects the appearance of patients and has a significant impact on the physical and mental health of patients."'

The pathogenesis of acne is complex. Four factors or pathological processes, such as excessive secretion of lipids,
abnormal keratinization of hair follicles and sebaceous ducts, the proliferation of Propionibacterium acne and inflamma-
tion, constitute the main process of acne.'>'® Under the influence of puberty male hormones, sebaceous glands secrete
a large number of lipids, which is one of the preconditions for acne occurrence.'® The occurrence of acne is closely related
to the level of sex hormones, in which androgen is considered to play the most important role.'> In addition, inflammation is
an important pathological process of acne, and its clinical manifestations are papules, pustules and nodules.'® However, the
occurrence and development of acne inflammation, especially the changes in the single cell level of patients, need to be

further clarified.'” In recent years, single cell sequencing technology has developed rapidly, based on the above background

Clinical, Cosmetic and Investigational Dermatology 2023:16 3413-3426 3413
Received: 18 September 2023 © 2023 Thao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
s 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 21 November 2023
Published: 30 November 2023

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0009-0006-4473-4243
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Zhao et al Dove

information, this study uses public databases to download and re-analyzed single cell transcriptomics data of acne and that
of healthy skin, hoping to find the key target of acne regulation from the single-cell transcriptome data.

Materials and Methods

Data Source
The original single cell transcriptomics data of acne patients were download from the GEO (https://www.ncbi.nlm.nih.gov/geo/)

public database, which includes the data of six acne patients’ single-cell transcriptome (GSE175817)."® Each sample contains
single-cell data of acne lesion area and surrounding normal non-lesion area. At the same time, we also collected the single cell
transcriptome data of 7 normal healthy skin cells. Seven samples are from 5 different datasets (GSE130973," GSE181316,%°
GSE156326,%' GSE176415,% Tabib2018%%). It contains skin single-cell sequencing data of 3 healthy male and 4 healthy female
donors (Table 1).

Data Integration, Quality Control and Removal of Batch Effects

We have conducted a strict review of each dataset, including the platform, the specific gender, the age to the integrity of the
sample. For all datasets, the DoubletFinder software package (version 2.0.3) is used to remove double cells, and then each
sample is extracted to create a seurat object separately using seurat package (version 4.1.1). Finally, all seurat objects are
merged into one seurat object, and sample information and other contents are added to the metadata table The data
characteristics of seurat objects were evaluated to measure the number of genes and cells as well as the expression of
mitochondria, erythrocytes and ribosomes. The quality control was carried out according to the standards of the minimum
gene of a single cell is 500, the maximum gene data of 6000, the number of mitochondrial genes less than 15% and the
proportion of red blood cell genes less than 1%. The method of Harmony software package (version 0.1.0) was further used to
remove the batch effect,>* and the sample distribution and lisi score of each cell cluster were used to check the removal of
batch effect.

Dimension Reduction and Cell Clustering

The integrated seurat object which removes the batch effect is analyzed according to the seurat standard analysis process,
including the use functions of NormalizeData, FindVariableFeatures and ScaleData, all of which use the default
parameters of the function. In order to obtain the appropriate number of cell clusters, the clustree function (version
0.4.4) was used to plot the number of cell clusters with a resolution from 0.05 to 0.5, and the appropriate resolution of
cell clusters was selected according to the results. Finally, the method of umap is used for dimensionality reduction

clustering.
Table | Donor Information

Sample Name Sex Age State
Donorl Female 21 Acne
Donor2 Female 29 Acne
Donor3 Male 26 Acne
Donor4 Male 18 Acne
Donor5 Female 21 Acne
Donoré Female 20 Acne
Donor7 Male 25 Health
Donor8 Male 27 Health
Donor9 Male 33 Health
Donorl0 Female 23 Health
Donorl | Female 30 Health
Donorl2 Female 23 Health
Donorl3 Female 28 Health
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Cell Identification

The Findallmarker function of seurat software package is used to calculate the differential genes of each cell cluster. The
threshold value is set to 0.25, the minimum cell ratio is set to 0.25, and other parameters are the default parameters of the
function. Analyze the differential genes of each cluster, especially the top 10 genes with the largest difference in
expression, and identify each population in combination with the Cellmarker website (http://yikedaxue.slwshop.cn/

index.php).

Functional Enrichment Analysis

The bitr function of the clusterProfile software package (version 4.4.4) was used to convert the screened differential gene
symbols into ENTREZID, and then the enrichGO function and enrichKEGG function were used, and the org.Hs.eg.db
software package was loaded for GO and KEGG enrichment.”> The enrichment content includes biological processes,
cell components and molecular functions. The items with statistical significance are grouped by Dotplot function to
display the enrichment results.

Gene Set Scoring

In order to evaluate the difference of immune response of immune cells, the gene set scoring method was used to analyze
the gene set scoring of each immune cell population. A total of 6 gene sets were selected for this study, and the gene data
of the gene set were downloaded on the GSEA official website (http://www.gseamsigdb.org/gsea/msigdb/index.jsp). The

six gene sets are inflammation response gene set (200 genes in total), IL2-STATS5 signal pathway gene set (199 genes in
total), IL6-JAKSTAT3 signal pathway (87 genes in total), NOTCH signal pathway (32 genes in total) and TNFA signal
pathway (200 genes in total). All the original gene sets and the genes detected by the transcriptome were collected and
analyzed. All the data were scored using the AddModuleScore function of the seurat software package, and the results
were plotted using ggplot2 (version 3.4.0).

Cell Communication Analysis

Cell communication analysis uses cellchat software (version 1.5.0) to extract the objects to be analyzed from the seurat
object, establish the cellchat object, and select the CellChatDB.human database according to the standard process of
cellchat to predict the communication of all objects.”® Then, the mergeCellchat function is used to merge all single
objects, and the inter-group differences of the merged objects are analyzed. The content of analysis includes the number
of cell communication signals and the strength of cell communication.

Results

Cell Clusters and General Difference

In this study, 13 samples from 6 data sets were integrated and analyzed (Table 1). After strict quality control and removal
of batch effect, a total of 70,189 cells were included in the analysis. By using Harmony’s method, the batch effect is well
removed, and the LISI scores for evaluating the batch effect are also greater than 2 (close to 1 is the obvious batch effect,
and greater than 2 is the small batch effect) (Figure 1A and Figures S1-10). In addition, according to the elbow chart
(Figure S3), the Principal Component Analysis (PCA) dimension of this study is selected as 30. The dimensionality
reduction cluster diagram shows that there are 11 cell groups in all samples, including 1 cluster of fibroblasts (FIB), 2
clusters of basal cells (Basell and Basel2), 1 cluster of Myofibroblast (SMC), 1 cluster of vascular endothelial cells (EC),
1 cluster of lymphatic endothelial cells (Ly-Ec), 1 cluster of melanocytes (Melan), 1 cluster of T cells (T), 1 cluster of
macrophages (Mac), 1 cluster of megakaryocytes (Mast) and 1 cluster of Schwann cells (Swan) (Figure 1B). The
expression of specific markers of all cell populations is obvious (Figure 1C). In terms of cell distribution ratio, T cells and
macrophages in the lesion area (L) of acne patients are significantly higher than those in healthy skin (H) and normal skin
non-lesion (NL) of acne patients; Interestingly, the proportion of Basel2 cells in normal skin of acne patients is relatively
high (Figure 1D). According to the ratio of skin cells in acne patients and healthy people, macrophages and Basel2 cells
in acne patients increased significantly (Figure 1E). We also further extracted the information of the lesion samples of
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Figure | Clustering and proportion difference of cell dimension reduction after removing batch effect. (A) Umap dimensionality reduction clustering based on sample
information display. (B) Umap dimensionality reduction clustering based on cell type information display. (C) Specific markers for cell type identification. (D) Proportion
change of cells by state. (E) Changes in cell proportion by acne and health. (F) Changes in the proportion of cells differentiated by sex in acne patients.

Abbreviations: H, health; NL, non-lesional skin; L, lesional skin.
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acne patients for separate analysis. From the perspective of gender ratio, the proportion of differences between
macrophages and basal cells is very large (Figure 1F), which shows the significant gender difference in the regulation
of cell proportion of acne patients.

Gender Differences in Basal Cells of Acne Patients

The above results have shown significant differences in basal cells in acne patients’ samples. We further extracted basal
cells (including Basell and Basel2) for detailed analysis. The number of Basel2 cell cluster is small, but the distribution
proportion shows obvious specificity. Basel2 cell cluster is mainly distributed in the lesion area of female patients
(Figure 2A). We have studied the differences between Basel2 cluster and other cell cluster in transcriptome level. From
the volcanic map, it can be seen that this population is quite different from other cell populations, and there are many
different genes (Figure 2B). We have enriched the functions of the genes that are up-regulated by other cell clusters, and
found that the up-regulated genes are mainly functioned in cell adhesion and energy metabolism regulation (Figure 2C).
However, down-regulated genes are mainly functioned in the processes of epithelial differentiation and keratinization
(Figure 2D). We also focused on the detailed study of the difference between Basel2 and Basell. From the perspective of
the difference genes between the two, Basel2 shows more epithelial differentiation and inflammatory factor recruitment
and regulation functions (Figure 2E), and the enrichment of KEGG pathway shows a strong oxidative phosphorylation
characteristic (Figure 2F).

The Proportion of Macrophages and Inflalmmatory Reaction in Male Acne Patients are
Higher Than That in Female Patients

We further extracted all immune cells, including macrophages, T cells and Mast cells. From the change of the proportion of
each state (health, non-lesion and lesion), the proportion of macrophages in the lesion area of acne patients increased
significantly, and the number of Mast cells decreased significantly (Figure 3A). In addition, according to the sex ratio of
acne patients, the number of macrophages in male patients is significantly higher than that in female patients, and the
number of T cells is significantly lower than that in female patients (Figure 3B). From the expression of various typical
marker proteins, IL6 and CD3D show certain gender differences (Figure 3C—H). Six gene sets related to inflammatory
response and energy metabolism were selected to score the expression differences of all inflammatory cells. From the
results, it can be seen that in acne patients, all inflammation has a slight upward trend (Figure 3I). In addition, in terms of
gender characteristics, the scores of inflammation and energy metabolism in male are slightly higher than those in female
(Figure 3J). We further extracted all macrophages for in-depth analysis. After further dimensionality reduction clustering,
macrophages were divided into three groups (Figure 4A), of which cluster 2 was mainly distributed in the lesion area of
acne patients (Figure 4A and B). In addition, from the perspective of gender characteristics, cluster 2 is mainly distributed in
male acne patients (Figure 4C). From the function of the three macrophage clusters, both cluster0 and cluster] are related to
the regulation of inflammation, and the top 10 of the difference genes are mainly inflammation-related genes, which are
presumed to be M1-macrophages. The function of cluster 2 involves extracellular mechanism remodeling. The main
difference genes are collagen-related genes, which are presumed to be M2-macrophages (Figure 4D and E). In male and
female patients, there are also significant differences in the expression of genes related to inflammation and remodeling in
different groups. In female patients, there are significant differences in the expression of genes related to inflammation such
as CXCLS8 and IL1B in cluster] and cluster2, mainly distributed in male. However, COL1A1 and COL3A1 genes related to
tissue remodeling are expressed in all groups and in male patients (Figure 4F).

Cell Communication in Acne Patients are Higher Than That in Healthy Skin

The number of cell communication reflects the active state of cell population. The active degree of cells in healthy skin of
normal people is significantly lower than that of acne patients, and its number and weight show the high active state of
cells in acne patients (Figure SA and B). From the perspective of the regulation between each cell, it is mainly manifested
in the regulation between fibroblasts and macrophages (Figure 5C), which is further confirmed in the weight diagram of
the sending and receiving strength of signals between each cell (Figure 5D). In patients with acne, endothelial cells show
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Figure 2 Changes of basal cells and gender differences in acne patients. (A) Gender difference in the proportion of Basel2 cell population. (B) Volcano map of transcriptome
level difference between Basel2 cell population and other cells. (C) GO function enrichment of up-regulate gene in Basel2 cell population and other cell populations. (D) GO
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strong signal receiving characteristics (Figure 5D). In addition, the proportion weight of the ligand receptor of each

sample was ranked. From the results, it can be seen that the inflammatory regulation in normal healthy skin is dominated

by TNF signal, while in acne patients, PARs regulation is dominated (Figure 5E). From the perspective of the regulation

of PARs in nonlesion and lesion areas, it is mainly the regulation between Basell cells combine fibroblasts and giant

cells. However, the regulation of basal cells and the regulation between basal cells and fibroblasts are also increased in

the tissue of lesion areas (Figure 5F).
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Significant Gender Difference in Cell Communication of Acne Patients

In order to further compare the differences in cell communication between acne tissue cells of different gender, the cells in the
lesion area were extracted for gender-specific cell communication analysis. It can be seen from the results that the cell
communication intensity and proportion of female acne patients were significantly higher than that of male patients
(Figure 6A). The difference of cell communication between male and female patients is mainly manifested in the difference
between endothelial cells and melanocytes, fibroblasts and myofibroblasts, endothelial cells and Schwann cells (Figure 6B-D). In
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Figure 5 Comparison of cell communication between lesion area and non-lesion area of acne patients and healthy skin. (A) Circle diagram of cell communication difference
between normal skin and acne skin. (B) Histogram shows the difference of cell communication number between healthy skin and acne skin. (C) Circle diagram of cell
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Figure 6 Gender difference in cell communication of lesion area cells in acne patients. (A) Histogram shows the gender difference of cell communication number in acne
lesional area. (B) Circle diagram shows the difference of cell communication among different cell groups in the lesional area of female acne patients. (C) Circle diagram
shows the difference of cell communication among different cell groups in the lesional area of male acne patients. (D) The heatmap shows the gender difference in the
number and weight of cell communication of each cell population in the lesional area. (E) Gender difference of cell ligand receptor in lesional area of acne patients. (F)
Representative SPP| signal interaction mode in male acne patients. (G) Representative ILI signaling mode in female acne patients. (H) Ligand-receptor map display of
inflammatory cells interacting with other cells in female acne patients. (l) Ligand-receptor map display of inflammatory cells interacting with other cells in male acne patients.

addition, from the perspective of the proportion of ligand receptor regulation weight, the unique signal ligand receptor for male is
SPP1, and the proportion of other ligand receptors is smaller than that of female (Figure 6E). The analysis of SPP1 signal in male
patients found that signal regulation involves the mutual regulation of multiple cells, especially the mutual regulation of
endothelial cells, macrophages and other cells (Figure 6F). In female patients, the regulation of inflammatory signal is relatively
simple, and the regulation of representative IL-1 signal only involves macrophages (Figure 6G). Further, it can be seen from the
regulation diagram of intercellular ligand receptor that the regulation intensity between macrophages and endothelial cells
through VEGF signal in female patients is significantly greater than that in male patients, while the regulation of macrophages
and other cells in male patients is mainly manifested in the regulation signal of SPP1 and CD44 (Figure 6H and I).
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Discussion

Acne is a chronic inflammatory skin disease that occurs in hair follicles and sebaceous glands, with a global prevalence of
9.38%.'" At present, most studies have pointed out that acne is a multifactorial disease, and the increase of androgen
secretion in adolescence has an important relationship with the onset of acne.® Relevant studies have pointed out that the
sebaceous glands of acne patients are swollen, the secretion of sebaceous glands is increased, the hair follicles and
sebaceous ducts are keratinized and embolized.'? However, there are few reports about the specific regulatory mechanism
at the whole cell level change. In this study, combining the recently published acne single cell transcriptome data and the
normal health skin data, we analyzed the cell composition and changes of the skin in the lesion area and normal non-lesion
area of acne patients and the normal skin of healthy people. At the same time, we analyzed the gender differences from the
single cell transcriptome level in combination with the gender characteristics. The results showed that there were significant
differences in skin cell composition between male and female patients with acne, and some basal cells were specific in
patients with specific gender; The degree of cell communication also showed great differences, especially in the commu-
nication relationship between macrophages and endothelial cells. These results provide a good reference for the follow-up
treatment of acne and the mechanism of pathological changes.

Androgen is the main hormone that regulates the activity of human sebaceous glands. In the traditional concept,
androgen is secreted by the gonads and adrenal glands under the control of the pituitary gland, and acts on the corresponding
receptors on the target organs through blood circulation, exercising biological functions or participating in the occurrence of
related diseases.””*® However, in recent years, an important discovery in the field of androgen research is that androgen
target organs can convert androgen precursors into active androgens under the action of androgen metabolic enzymes, and
carry out their biological functions through autocrine, paracrine or internal secretion pathways, or release them into the
blood circulation as part of androgens in the blood circulation.*” In this way, local tissues can regulate the synthesis and
metabolism of androgens as needed. Human skin is such a male hormone endocrine organ, and human sebaceous gland cells
are the main sites for the synthesis and metabolism of male hormones in the skin. The active male hormone produced by
skin is mainly converted from Dehydroepiandrosterone (DHEA). The level of DHEA in the blood circulation of adult men
is 100-500 times higher than that of testosterone, which shows that the sebaceous glands of men are greatly affected by sex
hormones.*® Our results also show that there are significant differences in cell composition in male acne patients, especially
the basal cells that have important regulatory effects on male hormones.

At the early stage of acne inflammation, neutrophils were found in the complete acne cavity. Since the early stage did not
involve the rupture of the hair follicle wall, it was thought that there might be some water-soluble small molecular weight
pro-inflammatory substances in the acne cavity, which attracted neutrophils, and small molecular weight pro-inflammatory
substances could also diffuse into the dermis from acne, causing inflammation reaction in the dermis.'® Studies have found
that there are pro-inflammatory factors with histamine-like activity, prostaglandin-like activity, IL-1-like activity and TNF-
like activity molecules in acne.®' In addition, there is the expression of vascular endothelial cell adhesion molecules around
the sebaceous duct of hair follicles, which causes the aggregation of lymphocytes and neutrophils in the peripheral blood,
leading to inflammation around hair follicles.**** In our study, we also found that signal pathways and related molecules
such as IL-1, IL-2 and IL-6 are highly expressed in inflammatory cells. In addition, we also found significant differences in
macrophages in patients with acne, as well as gender-specific groups of macrophages. This also shows that macrophages
play a very important role in the inflammatory regulation of acne.

TNF-a is produced by macrophages under the stimulation of viruses, bacteria and parasites. Studies have found that
the expression of TNF-a in sebaceous glands is significantly higher than that in keratinocytes, hair follicles and sweat
gland cells, which indicates that sebaceous glands may have non-specific defense function against invasive
microorganisms.>* In addition, the expression of IL-1 was found in the acne of acne patients, in the unstimulated
human sebaceous gland cells and in the funnels of human hair follicles and sebaceous glands, and this expression was not
affected by the normal human flora, such as Propionibacterium acnes, Staphylococcus epidermidis, Lactobacillus furfur
and non-specific bacterial product - lipopolysaccharide (LSP), suggesting that there might be some endogenous

mechanism that led to the expression of IL-1 in human hair follicles and sebaceous glands, rather than bacterial antigen.
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hair follicles and sebaceous glands, and this expression was not affected by the normal human flora, such as
Propionibacterium acnes, Staphylococcus epidermidis, Lactobacillus furfur and non-specific bacterial product - lipopo-
lysaccharide (LSP), suggesting that there might be some endogenous mechanism that led to the expression of IL-1 in
human hair follicles and sebaceous glands, rather than bacterial antigen.>> " In this study, we noticed that TNF-a was not
enriched in acne skin, but PARs changed significantly. In vivo experimental studies show that activated PARs not only
cause various symptoms related to inflammation such as edema, vasodilation, burning sensation and pain, but also
mediate the contraction of human endothelial cells, the migration of immune cells to tissues, the production of
prostaglandins, and the enhancement of the expression of platelet-derived growth factors.** ** Early studies found that
inflammatory mediators such as TNF-a, IL-1a and endotoxin caused the up-regulation of PARs expression.*' In addition,
TNF-a can also reduce the production of IL-4 induced by trypsin and tryptase, and also increase the PARs induced by
trypsin and tryptase.*' In this study, we found that fibroblasts and basal cells and mast cells play a regulatory role through
PARs. In addition, they also regulate inflammation through PARs through basal cells and fibroblasts themselves.

Conclusion

In conclusion, by analyzing the single-cell transcriptome data in the public database, we found that there was a significant
change in the cell composition of acne skin, especially in the proportion of basal cells and macrophages; In addition,
from the perspective of cell changes, there are significant gender differences. The proportion of macrophages and the
intensity of inflammatory reaction in male patients are significantly higher than that in female patients. Through cell
communication analysis, it was found that this gender difference might have an important relationship with the specific
inflammatory response of PARs in acne patients.
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