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Microbiome dysbiosis occurred in
hypertrophic scars is dominated
by S. aureus colonization

Jiarong Yu1†, Zhigang Mao2†, Zengding Zhou1*†, Bo Yuan1*†

and Xiqiao Wang1*†

1The Department of Burn, Ruijin Hospital, Shanghai Jiaotong University School of Medicine,
Shanghai, China, 2The Department of Plastic Surgery, Ninth People's Hospital, Shanghai Jiaotong
University School of Medicine, Shanghai, China
Background: The mechanisms of hypertrophic scar formation and its tissue

inflammation remain unknown.

Methods:We collected 33 hypertrophic scar (HS) and 36 normal skin (NS) tissues,

and detected the tissue inflammation and bacteria using HE staining, Gram

staining, and transmission electronic microscopy (TEM), in situ hybridization and

immunohistochemistry for MCP-1, TNF-a, IL-6 and IL-8. In addition, the samples

were assayed by 16S rRNA sequencing to investigate the microbiota diversity in

HS, and the correlation between the microbiota and the indices of Vancouver

Scar Scale(VSS)score.

Results: HE staining showed that a dramatically increased number of

inflammatory cells accumulated in HS compared with NS, and an enhanced

number of bacteria colonies was found in HS by Gram staining, even individual

bacteria could be clearly observed by TEM. In situ hybridization demonstrated

that the bacteria and inflammation cells co-localized in the HS tissues, and

immunohistochemistry indicated the expression of MCP-1, TNF-a, IL-6, and IL-8

were significantly upregulated in HS than that in NS. In addition, there was a

significantly different microbiota composition between HS and NS. At the phylum

level, Firmicutes was significantly higher in HS than NS. At the genus level, S.

aureus was the dominant species, which was significantly higher in HS than NS,

and was strongly correlated with VSS indices.

Conclusion: Microbiome dysbiosis, dominated by S. aureus, occurred in HS

formation, which is correlated with chronic inflammation and scar formation,

targeting the microbiome dysbiosis is perhaps a supplementary way for future

scar management.
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2023.1227024/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1227024/full
https://www.frontiersin.org/articles/10.3389/fimmu.2023.1227024/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2023.1227024&domain=pdf&date_stamp=2023-08-23
mailto:wxqiao2002@hotmail.com
mailto:hiyuanbo@163.com
mailto:xueshengz@qq.com
https://doi.org/10.3389/fimmu.2023.1227024
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2023.1227024
https://www.frontiersin.org/journals/immunology


Yu et al. 10.3389/fimmu.2023.1227024
Introduction

Human hypertrophic scars (HS), often occurring as a result of

burns, trauma, or surgery, are a major clinical problem affecting

over 80 million people worldwide each year (1). It appears at 1-2

months after wound healing, then develops hyperplasia within 6-24

months, which is accompanied by redness, elevation, itching, and

pain. HS often causes severe cosmetic, functional, and even

psychiatric impairment, greatly reducing the life quality (2). Many

factors that contribute to hypertrophic scars have been reported,

including delayed healing (3, 4), hypoxia microenvironment (5, 6),

mechanical force, aberrant gene expression (7, 8), etc. Our

understanding of HS is improving. However, these mechanisms

cannot fully explain the definitive processes of scar hyperplasia, and

the relevant therapies do not achieve a satisfactory effect on scar

formation. Therefore, exploring the “culprit” of HS formation is of

great importance.

Clinically, human adult HS was also regarded as a chronic

inflammatory disease as persistent inflammation has been detected

during HS formation (9). In contrast, there is no scar formation

after wound healing in the fetus due to the lack of inflammatory

responses in the fetus (10, 11). Thus, chronic inflammation is

perhaps a “marker” that determines scar formation. Based on

these observations, Ogawa and Akaishi hypothesized that HS and

keloid are the same disorder depending on the extent of

inflammation, and they classified keloid and HS as strong and

moderate inflammation-induced scars, respectively (12). However,

the factors that cause chronic inflammation in scar tissue have not

been elucidated.

Currently, it is becoming increasingly evident that tissue

inflammation is correlated with microbiome dysbiosis in many

diseases (13, 14). Microbiota dysbiosis produces diverse metabolites

that alter microbiome metabolism and host metabolism, affect

adaptive immunity, and trigger inflammation (15, 16). Indeed, the

skin microbiome is an ecosystem comprising commensal bacteria

that not only reside in the skin surface (17), but also extend to

subepidermal compartments including the skin dermis and adipose

tissues (18). The pathogen invasion causes microbiota dysbiosis and

inflammation. For example, Hidradenitis suppurativa is a chronic

inflammatory skin disease of the hair follicle. A previous study

revealed that Propionibacterium was the causing pathogen to induce

microbiome dysbiosis (19). Atopic dermatitis (AD) is also a chronic

inflammatory disease, and S. aureus is highly prevalent in AD skin

(20, 21).

Therefore, in this study, we would like to know whether the

microbiota dysbiosis occurred in scar tissues, and which bacteria

dominated in the HS.
Materials and methods

Collection of HS and NS samples

The study was performed at the Burn Department, Ruijin

Hospital, Shanghai Jiao Tong University School of Medicine,

from February to December, 2021, and was approved by the
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Ethics Committee of Ruijin Hospital, Shanghai Jiao Tong

University School of Medicine. All participants provided written

informed consent.

Patients (2–61 years of age, male 19 and female 14) with burn-

related HS, located on the limbs or trunks, which were featured by

elevation, redness, and hardness, and needed scar excision and skin

transplantation, were enrolled in this study. Meanwhile, 36 normal

skin (NS) samples were harvested from these patients or other

patients after skin transplantation, and all the donor sites

were abdomen.
Inclusion and exclusion criteria

The patients with scar duration ranging from 6 to 24 months

were included, none of the participants received any antibiotics

(systemic or oral therapy) within recent 3 months, and patients with

keloids, scar ulcers, diabetes, or cardiovascular disease

were excluded.
Perform Vancouver Scar Scale score
before surgery

Before surgery, the scars were assessed by Vancouver Scar Scale

(VSS) score, and the indices of pigment, thickness, pliability,

itching/pain, and vessel were assessed for each sample.
Part 1: tissue processing for histochemistry
experiment

During the surgery, the process was strictly disinfected to avoid

bacterial contamination.

After surgery, the tissue was quickly put into the sterile

specimen box, which had been irradiated under a UV light for 90

min, then tissue samples were further irradiated with UV light for

30 min, and subsequently washed 3 times with sterile PBS.

The samples were then fixed in 10% buffered formalin,

embedded in paraffin blocks, and cut into 6-mm-thick sections.

The sections were subjected to hematoxylin and eosin (H&E)

staining, Gram staining, electron microscopy, in situ

hybridization, and immunohistochemistry.
H&E staining for inflammation cells

H&E staining was performed according to a standard protocol.

Briefly, after deparaffinization and rehydration, sections were

stained with hematoxylin solution for 5 min followed by 5 dips in

1% acid ethanol (1% HCl in 70% ethanol) and then rinsed in

distilled water. Then the sections were stained with eosin solution

for 3 min and followed by dehydration with graded alcohol and

clearing in xylene. The mounted slides were then examined and

photographed using an Olympus BX53 fluorescence microscope

(Tokyo, Japan). The experiment was repeated three times, the
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number of inflammation cells was calculated per view, and 8

samples were tested.
Gram staining for bacteria detection

Gram staining was performed according to the protocol of the

manufacturer (Beijing Solarbio Science& Technology, Beijing,

China). Briefly, the heat-fixed smears on slides were flooded with

0.2% Victoria blue for 30 seconds and washed with tap water,

smears were decolorized with 2% picric acid ethanol, and cells were

counterstained with 0.004% fuchsin for 30 seconds and then washed

with tap water. The positive staining was blue. The experiment was

repeated three times, the area of gram-positive staining was

calculated by Image J software, and 8 samples were tested.
Transmission Electron microscopy
for bacteria

Transmission Electron microscopy (TEM) was performed as

previously described (22). First, tissue samples were fixed with 2.5%

glutaraldehyde followed by 1% OsO4. Then, the samples underwent

serial dehydration, soaking, embedding in epoxy resin, and

sectioning into ultra-thin 60-nm sections. The sections were

stained with a solution of uranyl acetate and lead citrate, and

then a transmission electron microscope (HITACH 500, Hitachi,

Ltd., Tokyo, Japan) was used at a voltage of 75 kV to observe the

bacteria within the scar tissues. The experiment was repeated three

times, the number of bacteria was calculated per view, and 5

samples were tested.
In situ hybridization for tissue bacteria and
inflammation cells

For fluorescence in situ hybridization, oligonucleotide probes

(EUB338: 5′-GCTGCCTCCCGTAGGAGT-3′) conjugated with

Alexa Flour 488 (Invitrogen, Carlsbad, CA, USA), targeting 16S

rRNA, were used to label bacteria, and CD11b antibody conjugated

with Alexa flour 594 (Invitrogen) was used to label the

inflammatory cells. Briefly, sections were immediately fixed with

RNase-free 4% formaldehyde and permeabilized, followed by

dehydration with ethanol (50%, 75%, 100%). The sections were

hybridized with EUB338 (5 ng/mL) overnight at 37°C, and the

excess and non-specifically bound probe was washed with

phosphate-buffered saline (PBS)×2. Then, sections were and

incubated with rabbit anti-human CD11b primary antibody

overnight at 4°C, washed with PBS×2, and incubated with Alexa

Fluor 594-conjugated donkey anti-rabbit antibody at room

temperature. Then the nuclei were stained with 4′,6-diamidino-2-

phenylindole (DAPI; H-1200; Vector Laboratories, Burlingame,

CA, USA). Images were captured using a con-focal laser scanning

microscope (Carl Zeiss, Oberkochen, Germany). The experiment

was repeated three times, the area of positive staining was calculated

by Image J software, and 8 samples were tested.
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Immunohistochemistry for inflammation
cytokines MCP-1, IL-6, IL-8, and TNF-a

VECTASTAIN Elite Avidin-Biotin Complex Kit (Maixin

Biotech. Co, Fuzhou, China) was used for immunohistochemical

staining of MCP-1, TNF-a, IL-6, and IL-8 according to the

manufacturer’s instruction. The primary and secondary

antibodies used are listed in Table 1. Briefly, sections of the

paraffin-embedded femurs were kept at 60°C for 24 h in the oven

and then followed by deparaffinizing with xylene and hydrating

with an ethanol gradient (100%–70%). After successively incubating

with antigen retrieval solution (Shanghai Shunbai Biotechnology

Company; Shanghai, China) and 3% H2O2 for 30 min, the slides

were rinsed with water and incubated with the primary antibody

MCP-1, IL-6, IL-8, and TNF-a overnight at 4°C(1:100 dilution;

Santa Cruz Biotechnology Inc, Santa Cruz, CA). The next day, the

slides were rinsed and incubated with the corresponding secondary

antibody (1:100 dilution; Santa Cruz Biotechnology Inc)) for 30 min

followed by 3,3′-diaminobenzidine (DAB) and hematoxylin

staining, respectively. The slides were then examined and

photographed using an Olympus BX53 fluorescence microscope

(Tokyo, Japan). The experiment was repeated three times, the area

of positive staining was calculated by Image J software, and 8

samples were tested.
Part 2: tissue preparation for 16S-
rRNA sequencing

As mentioned above, after the wash of the tissues, the epidermis

of HS and NS were removed using a scalpel. Then the samples were

stored at -80°C before genomic RNA extraction.
TABLE 1 Background information of participants.

Items NS HS P
value

Basic
information

Age(years)
18.61 ±
3.01

19.67 ±
3.40

0.82

Sample No. 36 33 -

Male No. 19 19
0.69

Female No. 17 14

Scar duration
(months)

-
10.82 ±
0.96

-

VSS scores

Pigment 0
2.15 ±
0.36

<0.0001

Thickness 0
2.52 ±
0.51

Pliability 0
2.82 ±
0.58

Itching/pain 0
1.03 ±
0.53

Vessel 0
1.48 ±
0.67
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16S-rRNA sequencing

Tissue genomic DNA was extracted from 0.1 g frozen skin and

scar samples using MP Fast DNA SPIN Kit for Soil according to the

manufacturer’s protocol (23). Briefly, the DNA concentration and

purification were measured, and the DNA quality was detected by

electrophoresis. The 16S-rDNA gene were amplified using primers

341F: 5′-ACTCCTACGGGRSGCAGCAG-3′, and 806R: 5′-
GGACTACVV GGGTATCTAATC-3′. PCR was performed. The

reactions were performed on a thermocycler PCR system

(GeneAmp 9700, ABI, USA). All PCR products were purified

using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences,

Union City, CA, USA) and quantified using QuantiFluor™-ST

(Promega, USA). Purified and pooled amplicon libraries were

paired-end sequenced (2×300) on the Illumina MiSeq platform

(Illumina, San Diego, USA) according to the standard protocols by

Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China).

Raw sequence reads were demultiplexed, quality-filtered,

merged, and clustered into OTUs with a 97% similarity cutoff

using UPARSE (version 7.1, http://drive5.com/uparse/), and

chimeric sequences were identified and removed using UCHIME.

The taxonomy of the acquired OTUs was analyzed using the RDP

Classifier Bayesian algorithm (http://rdp.cme.msu.edu/) against the

SILVA database (version128) with a confidence threshold of 70%.
Statistical analysis

Data generated from H&E staining, Gram staining, Masson

staining, TEM, in situ hybridization, and immunohistochemistry

analyzed by Image J software, and the data was expressed as mean ±

SD, and two groups were red by two-tailed Student’s t-test.

For the 16S sequencing data, all statistical analyses were

performed using R packages (V·2·15·3) as follows.

Microbiotaa-diversity, which represents microbial diversity within

an individual group, was computed in QIIME through the whole tree

phylogenetic diversity metric. And Shannon index was used.

Microbiota b-diversity, which indicates inter-variability of

microbial diversity between groups, was examined through

weighted UniFrac distances in QIIME and hierarchical clustering

based on the unweighted pair group Method, and principal

coordinates analysis (PCOA) was used.

To test the difference in microbiome composition between the

two groups, the Kruskal-Wallis test was used, and phylum, genus,

and species levels were selected for this analysis.

To evaluate the correlation between microbiota and clinical

variables, the relationship was calculated through Spearman correlation.

For all statistical analyses, a 2-sided P <.05 was accepted as

statistically significant.

Results

Patient characteristics

In our study, 33 HS (male 22, female 11) and 36 NS (male 24,

female 12) were involved in this study, and average ages were 19.67 ±
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3.50 (HS) and 18.61 ± 3.27 (NS) respectively, mainly located at the

neck, trunk, and upper and lower extremity. There was no significant

difference between the 2 groups in sex (p=0.83), age (p=0.20), and

sample location (p=0.92), but the indices of VSS score were

significantly higher in HS than that in NS (Figure 1A; Table 1).
Higher inflammation and bacteria count
in HS

H&E staining showed almost no inflammatory cells in the NS

with loose collagen arrangement, however, in HS tissue, many

clusters of inflammatory cells with dense collagen fibers were

detected (Figure 1B).

According to Gram staining, few bacteria colonized in the sub-

epidermis of NS tissue, instead, a large number of gram-positive

bacteria colonizing in HS tissue was observed. (Figure 1C).

Using TEM, we confirmed the presence of bacteria in HS

tissues, whereas almost no signs of bacteria were detected in NS

dermis. The individual bacteria in HS tissues appeared round or

elliptical with wave-like membranes. Interestingly, it was found

that a bacterium was swallowed by an inflammatory

cell (Figure 1D).

In addition, 16S-rRNA and CD11b staining were used to label

the bacteria and inflammation cells respectively. According to the

result, the bacteria clusters could be seen in HS with inflammatory

cells distributed around, both were increased significantly in HS

than that in NS (Figure 1E).

Immunohistochemistry revealed that NS tissues showed

extremely low expression of MCP-1, IL-6, IL-8, and TNF-a. In
contrast, their expression level was significantly higher in HS

(Supplement Figure).

These results demonstrated that higher bacteria count and

tissue inflammation were present in HS.
a-diversity and b-diversity between
two groups

The 16S rRNA amplicon sequencing analysis was used to

sequence the microbiome in 36 NS and 33 HS samples. In total,

11,222 OTUs, 1 domain, 1 Kingdom, 56 Phyla, 134 Classes, 370

Orders, 691 Families, 1,652 Genera, and 3,417 Species were

obtained from all samples.

In order to compare the microbiota richness and evenness

between HS and NS, the a-diversity was calculated using the

Chao, Shannon, and Simpson index, however, no significant

difference was found between the two groups (Figure 2A). (Chao

index p=0·103, Shannon index p=0·28, and Simpson index

p=0·176, respectively)

b-diversity reflects the intra-group variability of the

microbiome composition between two groups. When the indices

of PCoA were used, the results showed that there was a clear

separation between HS and NS (R=0·4970, P=0·001, Figure 2B),

indicating a significantly different microbiota composition pattern

between scar and NS.
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Microbiome dysbiosis occurred in HS

The community abundance of each sample was counted at

different taxonomic levels with R package, and the microbiome

compositions of both groups were visualized by pie chart

(Figure 2C). Then the microbiota differences between NS and

HS were compared respectively at phylum, genus, and

species levels.
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At the phylum level, Actinobacteria, Firmicute, Proteobacteria,

and Bacteroidetes were the major microbiota in HS and NS tissues,

but the proportion varied. The Firmicute was significantly higher in

HS than that in NS (53·2% & 5·52%, P=7·18×e-11), whereas

Actinobacteria in HS was significantly lower than NS (9·19% &

38·21%, P=1·735×e-7). And the abundance of Proteobacteria and

Bacteroidetes did not significantly differ between the two groups (data

not shown in figure, P=0·065, P=0·59, respectively) (Figure 3A).
A

B

C

D

E

FIGURE 1

High bacterial content and inflammation in HS tissues. (A) Representative image of NS (left) and HS(right). HS appears red and has elevated shape
compared to the NS. (B) H&E staining of tissue sections from NS and HS. Areas enclosed by the black box are magnified and shown in the top right
corner. Scale bar: 20mm.The images are representative of three experiments with similar results. Data are shown as mean ± SD. ***P<0.001.
(C) Gram staining of tissue sections from NS and HS. Scale bar: 20mm.The images are representative of three experiments with similar results. The
area of gram positive staining was calculated by image J and shown as mean ± SD. ***P<0.001. (D) High-resolution transmission electron
microscopy (HR-TEM) image of NS and HS tissue section. Macrophages (red line and green line) were engulfing bacteria(yellow arrow). A bacterium
enclosed by the black box is magnified and shown in the top right corner. Scale bar: 500 nm. The number of bacteria was calculated by image J and
shown as mean ± SD. ***P<0.001. (E) $ Representative immunofluorent double-staining of NS and HS tissue. Staining: CD11b (green), inflammatory
cell marker; 16s (red), bacteria marker; DAPI (blue). Scale bar: 20mm. The images are representative of three experiments with similar results. The
area of positive staining was calculated by image J and shown as mean ± SD. ***P<0.001.
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At the genus level, NS mainly harbored Cutibacterium

(30·25%), Ralstonia (19·33%), Rhodococcus (4.96%), etc. Of note,

HS tissues exhibited different proportions of the microbiome,

named Staphylococcus (39·42%), Enterobacter (7·44%), Ralstonia

(6·34%), Streptococcus (2·54%), etc. The abundances of

Staphylococcus, Enterobacter, and Streptococcus in HS were

significantly higher than that in the NS (39·42% & 1.22%,

P=9·31×e-8; 7·44% & 0.24%, P=0·000006; 2·54% & 0.11%,

P=0·0007 respectively). However, the prevalence of Cutibacterium

and Ralstonia were significantly lower in HS tissues than that in NS

(0.37% & 30·25%, P=1·14×e-7; 6.34% & 19·33%, P=0·0005

respectively) (Figure 3B).

At the species level, S. aureus had the highest prevalence in scar

tissues, which was significantly greater than that in NS tissues (39·71%

& 1·88%; P=1·13×e-7). Secondly, unidentified Enterobacter and

unclassified Streptococcus species were also significantly more

prevalent in scar tissues than that in NS (7·44% & 0.22%, P=8·3×e-5;

2·54% & 0.09%, P=3·42×e-4, respectively), but the proportion was not

high (data not shown in figure). However, Cutibacterium acnes, which

was dominant in NS tissue, were significantly reduced in HS (28·89%&

0·33%, P=4·41×e-8) (Figure 3C).

Normally, 16s sequencing could not identify species, but in our

study, S.aureus and Cutibacterium acnes were identified. The above

results indicate that microbiome dysbiosis occurred in HS, which

was dominated by S.aureus.
Frontiers in Immunology 06
Genus Staphylococcus, Enterobacter, and
Streptococcus are positively correlated
with scar formation

In order to assess the correlation between the bacteria and the

scar, the VSS indices including pigment, thickness, pliability,

itching/pain, and vessel were used to evaluate HS clinical

severity. For each HS patient, we calculated the Spearman

correlation between the VSS scores and individual bacterial

abundance, represented by a heatmap plot. Red indicates a

positive correlation between bacterial content and clinical

severity, and green represents a negative correlation. The results

revealed that genus Staphylococcus, Enterobacter , and

Streptococcus were positively correlated with clinical indices

(Figure 4). However, genus Cutibacterium, Ralstonia, etc. were

negatively correlated with scar indices. For instance,

g_Staphylococcus had a strong correlation with chroma

(r=0.6230, p<0.001), vessel (r=0.5513, p<0.001), thickness

(r=0.5743, p<0.001), pliability (r=0.5965, p<0.001), itching and

pain (r=0.5940, p<0.001) (Figure 4).

The spearman heatmap showed genus Staphylococcus,

Enterobacter, and Streptococcus were positively correlated with

these indices, and genus Cutibacterium, Ralstonia etc. were

nega t i v e l y co r r e l a t ed w i th s ca r i nd i c e s . ( *P<0 . 01 ,

**P<0.001, ***P<0.0001).
A B

C

FIGURE 2

a-diversity and b-diversity of bacterial community in HS and NS. (A) a-diversity comparison with Shannon index showed there was no difference
between HS and NS (P=0.210) (B) b-diversity comparison with PCoA showed a clear separation between HS and NS (R=0.4970, P=0.001). (C) The
pie chart showed the bacteria community composition at genus level in two groups.
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Discussion

Recent advances have highlighted the crucial role of microbiota

in the maintenance of a healthy immune system. The pathogenic

bacteria invasion or colonization will cause microbiome dysbiosis,

leading to inflammation and diseases. In our study, we first

observed a high count of gram-positive staining in HS, and

inflammation cells co-localized with the bacteria. Meanwhile, the

inflammation cytokines like MCP-1, IL-6 and IL-8, and TNF-a also
Frontiers in Immunology 07
increased in HS. Then using 16S sequencing, we confirmed that

microbiome dysbiosis occurred in HS, which was prevalent

in S.aureus.

Traditionally, scar tissue was regarded as a “clean site” without

pathogen colonization. Where are the pathogens from? A previous

study revealed that most surgical site infections arouse from the

skin surface, due to the microbiome community shifting from the

skin surface to the deep wound (24). A study on 312 wound swab

samples from 213 patients found that the most common bacterial
A

B

C

FIGURE 3

Different levels of microbiota abundance between HS and NS. (A) On Phylum level, the major difference of microbiota abundance between two
groups. ***P<0.001 (B) On Genus level, the major difference of microbiota abundance between two groups. ***P<0.001 (C) On Species level, the
major difference of microbiota abundance between two groups(the unclassified species were not listed). ***P<0.001.
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species was S. aureus (37%), followed by Pseudomonas aeruginosa

(17%), Proteus mirabilis (10%), Enterobacter spp. (6%), etc (25).

Another prospective study on 1,770 wounds infection revealed that

the most common causative organisms were S. aureus (23·7%),

Escherichia coli (16·9%), Staphylococcus epidermidis (13·5%), and

Pseudomonas aeruginosa (13·0%) (26). Similar results were reported

in another study on 131 wounds, where S. aureus, Pseudomonas

aeruginosa, and Streptococci species were the most common

bacteria (27). These reports provide evidence that S. aureus was

the major species during wound healing, which was consistent with

our finding in HS. After wound healing, the tissue environment

failed to remove the excess bacteria, which subsequently

colonized in HS, causing microbiome dysbiosis and inducing

chronic inflammation.

S.aureus is one of the most prevalent bacterial species causing

cutaneous infections and wound inflammation (28). It is reported

that S. aureus biofilm and toxin cause impaired granulation tissue
Frontiers in Immunology 08
collagen, leading to compromised wound healing (29). Moreover,

previous studies have shown that S. aureus colonization was

correlated with tissue fibrosis (30, 31). A study on bovine

mammary fibrosis has found that S. aureus induces TLR2, TLR4,

TGF-b1, and bFGF expression through AP-1 and NF-kB activation,

and specific NF-kB and AP-1 inhibitors could reverse this process

(32, 33). Moreover, in wound healing, Enterobacter could induce

antibiotic resistance (34), which may be a reason for its long-term

colonization and microbiota dysbiosis in scars. Furthermore, the

study of intestinal fibrosis found that the inflammation caused by

microbiota dysbiosis could upregulate TGFb1, SMAD3, and a-
SMA expression, and cause intestinal fibrosis (35). Thus, in our

study, the higher expression of inflammation cytokines MCP-1, IL-

6 and IL-8, and TNF-a may be correlated with S. aureus and

Enterobacter colonization and mediate the scar formation.

It has been reported that the skin resides Actinobacteria,

Firmicutes, Proteobacteria, and Bacteroides at the phylum level,
FIGURE 4

The correlation between microbiota and scar indices. *** indicates P<0.001, ** indicates P<0.01, * indicates P<0.05.
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which are essential flora to maintain skin homeostasis (17). Our

study confirmed the above findings in NS and found that in HS the

abundance of the phylum Actinobacteria decreased significantly,

indicating that the loss of Actinobacteria may have a close

association with scar progression. Studies of Actinobacteria in the

gut have shown its role in maintaining intestinal homeostasis by

secreting beneficial metabolites (36). This suggests that

Actinobacteria may play a protective role in scar formation, being

able to maintain microbial homeostasis.

Additionally, we found that at the genus level, Staphylococcus

and Enterobacter in HS were strongly correlated with VSS score

indices, while Cutibacterium and Ralstonia were negatively

correlated with VSS score indices. Therefore, Cutibacterium and

Ralstonia may be protective communities to maintain homeostasis,

while Staphylococcus and Enterobacter are pathogenic communities

to promote HS formation, which may be a “biomarker” of HS to

predict scar formation.

Currently, there are many modalities to treat hypertrophic scars

like pressure therapy, silicon, radiotherapy, cryotherapy, laser, and

so on (37–41). However, the effectiveness is not satisfied. Steroid

injections show better scar inhibition due to inflammation control,

however, it has a high recurrence (42), because the overload bacteria

were not removed or balanced. Therefore, targeting microbiome

dysbiosis perhaps is a supplementary therapy for scar treatment.

How to improve microbiota dysbiosis? Currently, there are two

pathways to realize it including reducing the pathogen community

and increasing the protective community. In acne research,

antibiotic treatment is beneficial to improve microbiome dysbiosis

and recover skin health (43). In a mouse model of E. coli-induced

prostate fibrosis, enrofloxacin treatment completely eradicated the

bacteria, resolved inflammation, and attenuated collagen content

(44). Another pathway to regulate microbiome dysbiosis is the use

of probiotics, which consists of beneficial organisms. Nakatusji et al.

found that topical application of a protective bacteria in atopic

dermatitis, the colonization of S. aureus decreased and improved

the symptoms (45). Probiotic studies have also been shown to

reduce infection and enhance wound healing in burn patients (46,

47). Therefore, more studies will be performed to test these findings

in HS therapy.

In summary, our study indicates that microbiome dysbiosis

occurred in HS dominated by S. aureus colonization, which may be

the causing factor of chronic inflammation. Targeting the

microbiome dysbiosis is perhaps a supplementary therapy to

manage scar inflammation and its formation.
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