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Purpose: Recent studies have confirmed the important role of chronic inflammation in
keloid; however, mechanism of chronic inflammation in keloid tissue remains largely
unclear, especially the dynamic of infiltrated inflammatory cells.

Patients and Methods: Tissue and blood samples collected from keloid patients and
healthy subjects were studied by immunohistochemistry and flow cytometry. Fibroblasts
from keloid scars and normal skin were isolated by enzymic digestion.

Results: We found that CXCL12 expression was elevated which was correlated with
decreased dipeptidyl peptidase-4 (DPP4) expression in keloid scars relative to mature
scars. In vitro studies suggested that autocrine transforming growth factor 1 (TGF-B1) in
keloid-derived fibroblasts negatively regulated DPP4 expression which inhibited the reduc-
tion of extracellular CXCL12 levels by DPP4. Furthermore, immunofluorescence showed
that most fibroblasts in keloid scars were DPP4°“TGFP1"" compared with
DPP4higl"‘TGF[311°W fibroblasts in normal skin tissue, which facilitated extracellular
CXCL12 accumulation in fibroblasts in keloid scars. Furthermore, we found that most
circulating leukocytes in peripheral blood and tissue-infiltrated inflammatory cells in keloid
scars expressed the C-X-C motif chemokine receptor 4 (CXCR4) instead of CXCR7,
indicating that the chemotaxis driven by CXCL12 is likely to be mediated mainly by
CXCRA4.

Conclusion: Our study indicated that the TGF-B/DPP4/CXCL12 axis may contribute to
chronic inflammation in keloid scars by recruiting inflammatory cells through the CXCR4
receptor.
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Introduction

Keloid disease is a fibro-proliferative disease characterized by over-deposition of
extracellular matrix (ECM) in scar tissue with aggressive margins beyond the
original wound boundary.! This disease is characterized by chronic inflammatory
The

inflammatory microenvironment has attracted much research attention, and various

infiltration, especially in lesions in which multiple immunocytes aggregate.’

targeted strategies have been developed to address this issue, and the resulting
findings may provide some insights into the research and treatment of keloid
disease.

Chronic inflammation is believed to play a critical role in the pathogenesis of
keloid disease.” > Chemokines and their receptors are major mediators of
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peripheral blood cell recruitment to modulate immune
surveillance and the inflammatory response by coordinat-
ing leukocyte and progenitor cell homeostasis.®’ Recent
studies have revealed that interleukin 17 (IL17) or thymic
stromal lymphopoietin (TSLP) enhances the expression of
the C-X-C motif chemokine ligand 12 (CXCL12) in
keloid scars.®® CXCL12 and its receptors, C-X-C motif
chemokine receptor 4 (CXCR4) and 7 (CXCR7), have
been reported to be broadly involved in wound healing
and skin disorders, where inflammatory and immune
responses are supported by the homeostasis of monocytes,
granulocytes and lymphocytes.'®'? Although a pattern of
CXCLI12 overexpression has been identified in keloid
scars, its potential role in local tissue inflammation, espe-
cially the expression pattern of its receptors, remains
unclear.

Post-translational modification of chemokines is an
essential regulatory mechanism for enhancing or dam-

6,13

pening the inflammatory response. Dipeptidyl

peptidase-4 (DPP4), also known as CD26, is a type II
that
translationally regulates several chemokines by removing

integral transmembrane  glycoprotein post-
dipeptides from the N-termini of peptide chains.'
N-terminal truncation of CXCL12 by DPP4 decreases
its activity and attenuates the interaction with its receptor
CXCR4.%' Recent studies have reported that DPP4 defi-
ciency increases the accumulation of CXCL12 and pro-
motes Thl inflammation.”'>'® Hence, the question of
whether DPP4 plays a role in the regulation of CXCL12-
mediated cell tracking in keloids has arises.

In this study, we aimed to explore the role and regula-
tion of inflammation in keloid pathogenesis, especially the
factors that induce inflammatory cell infiltration, and we
found that transforming growth factor Bl (TGF-B1)
induces CXCL12 accumulation through inhibition of
DPP4 expression in fibroblasts. We further explored the
expression pattern of CXCR4 and CXCR7 on both circu-

lating and tissue-infiltrated immune cell subsets.
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Materials and Methods

Subjects and Sample Collection

Samples were collected from patients receiving surgery at
the Department of Plastic and Reconstruction Surgery,
Shanghai Ninth People’s Hospital. Written informed con-
sent was obtained according to protocols approved by the
Institutional Review Board of Shanghai Ninth People’s
Hospital. In this study, none of the patients had received
any treatment for at least one year. The diagnosis of
keloids was performed by three clinicians and confirmed
by postsurgical pathological diagnosis. Skin samples from
more than 1 cm outside the keloid scar were used as
a normal skin control (nonlesion). Mature scars collected
from age-matched healthy subjects without history of
keloids or hypertrophic scars undergoing plastic surgery
during the same period were used as a negative control
(control). Atrophic or flat scars with duration of one year
and without hyperplasia or pruritus were considered
mature scars. And this study was conducted in accordance
with the Declaration of Helsinki. Detailed demographic
characteristics of the patients and healthy subjects are
listed in Supplemental Table S1.

Cell Culture

Fibroblasts derived from keloid scars (KF) and normal
human skin (NHDF) were routinely cultured in DMEM
supplemented with 2 uM glutamine, 4.5 g/ D-glucose,
1% penicillin/streptomycin (Lonza, Walkersville, MD), and
10% fetal bovine serum (Life Technologies, Carlsbad, USA)
in a humidified incubator with 5% CO, at 37°C.

RNA Extraction and Real-Time

Quantitative PCR

Total RNA was extracted with TRIzol Reagent (Takara,
Beijing, China) according to the manufacturer’s protocol.
Messenger RNA (mRNA) was reverse-transcribed to
cDNA using RT Master Mix (Takara, Beijing, China).
Target mRNA levels were quantified by real-time PCR
using SYBR Green PCR Master Mix (Takara) and
a ViiIA™ 6 System (Life Technologies). The primers
used in this study are listed in Supplemental Table S2.

Immunohistochemistry and

Immunofluorescence

Sections (4 pum) of formalin-fixed, paraffin-embedded sam-
ples were prepared and stained by applying a conventional
avidin-biotin complex technique.'” The primary antibodies

used are listed in Supplemental Table S3. Sections were

incubated with primary antibodies and appropriate conjugated
secondary antibodies. Immunohistochemistry images were
acquired with an inverted microscope. Immunofluorescence
images were acquired with a confocal laser scanning micro-
scope (Carl Zeiss, Oberkochen, Germany).

Flow Cytometry Analysis

Flow cytometry analysis was conducted as previously
described."® Briefly, cells were first stained with viability
stain (BD Biosciences, San Jose, USA) in DPBS. After three
washes with stain buffer (BioLegend, San Diego, USA.),
cells were stained with conjugated primary antibodies. Data
were acquired with an LSRFortessa flow cytometer (BD
Biosciences) and were analyzed with FlowJo (Tree Star
Inc., Ashland, USA.). The antibodies used in this study are
listed in Supplemental Table S3. In this study, peripheral

blood monocytes were collected from healthy subjects of the
same age and sex as the patients.

Western Blot Analysis

Protein was extracted with 1% SDS lysis buffer at 100°C
for 15 minutes. The protein concentration was measured
using the bicinchoninic acid assay (Life Technologies)
according to the manufacturer’s instructions. Protein sam-
ples were adjusted to the same concentration, separated by
SDS-PAGE, and electrotransferred to polyvinylidene
difluoride (PVDF) membranes. The membranes were incu-
bated with primary antibodies at 4°C overnight

(Supplemental Table S3) and secondary antibodies at

room temperature for 1.5 hours. Immunoreactive bands
were detected using chemiluminescence reagents.

DPP4 Activity Assay

DPP4 activity was assayed using a DPP4 activity assay kit
(Sigma-Aldrich, St. Louis, USA) according to the manufac-
turer’s instructions. Briefly, DPP4 cleaves a nonfluorescent
substrate, H-Gly-Pro-AMC, to release a fluorescent product,
7-amino-4-methyl coumarin (AMC) (ex = 360/em = 460
nm). One unit of DPP4 is the amount of enzyme that will
hydrolyze the DPP4 substrate to yield 1.0 mmol of AMC
per minute at 37°C. The enzyme activity of 100 mg of
tissue sample homogenized in 1 mL of DPP4 Assay
Buffer was measured in duplicate.

Enzyme-Linked Immunosorbent Assay
The concentration of CXCL12 in lysates, plasma and cell
culture supernatant was determined using a specific ELISA
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kit (R&D Systems) according to the manufacturer’s instruc-
tions. Briefly, samples were diluted adequately and then
incubated with antibodies in a precoated 96-well plate.
After a two-hour incubation, the plate was washed and incu-
bated with streptavidin-HRP for 45 minutes at room tempera-
ture. After the washing step, substrate solution was added to
each well, and the plate was incubated for 20 minutes at room
temperature in the dark. Stop solution was added, and the
optical density of each well was measured at 450 nm and then
corrected by subtracting the absorbance at 630 nm. Duplicate
readings for each standard and sample were averaged, and the
resulting differential absorbance values were used to calcu-
late the concentration in each sample.

Statistical Analysis

Statistical significance was determined using GraphPad
Prism 6 software (GraphPad Software, La Jolla, CA,
USA). Student’s #-test was used for paired data, and dif-
ferences were deemed significant at four levels: ns=
P>0.05, *P < 0.05, **P < 0.01, ***P < 0.001. Pearson
correlation analysis was performed, and a P value < 0.05
was considered statistically significant.

Results
Enhanced CXCLI2 Expression and

Decreased DPP4 Expression in Keloid Scars
Immunohistochemistry was performed to compare the expres-
sion profiles of CXCL12 and DPP4 at different sites of keloid
scarring, including the central keloid scar (midlesion), the
periphery of the keloid scar (perilesion), healthy skin tissue
from keloid patients (nonlesion), and normal scar tissue from
healthy subjects (control) (Figure 1A). Our results showed
a high level of CXCL12 accumulation and a decreased level
of DPP4 in the dermis of keloid scars (midlesion and perile-
sion) compared with that in healthy skin tissue from keloid
patients and normal scars (Supplemental Figure Sla).

Quantification analysis of tissue homogenate revealed that
lower DPP4 activity was correlated with a higher level of
CXCL12 in keloids (Figure 1B). Moreover, no difference was
found in the plasma between keloid patients and healthy
subjects (Supplemental Figure S1b).

Inhibition of DPP4 Increased Extracellular
CXCLI12 without Inducing CXCL12
Expression

We found downregulated expression of DPP4, a critical
extracellular enzyme that degrades CXCL12, in keloid-

derived fibroblasts (KFs) compared with that in normal
human dermal fibroblasts (NHDFs) (Figure 2A and
Supplemental Figure S2a). Treatment of NHDFs with

linagliptin, a selective DPP4 activity inhibitor, elevated
extracellular CXCL12 levels without increasing intracellu-
lar CXCL12 expression (Figure 2B, C and Supplemental
Figure S2b). Consistent with previous reports, these results
indicate that DPP4 exerts potent degrading activity against
CXCL12 and that inhibition of DPP4 resulted in the accu-
mulation of CXCL12.%'

TGF-B1 Increased Extracellular CXCLI12
Levels without Inducing CXCLI2

Expression

We next investigated the potential mechanism by which
CXCL12 accumulation and DPP4 deficiency occur in
keloid tissue. Given the knowledge of TGF-B signaling
in fibrosis and a previous report of TGF-f signaling in
tumor fibroblast activation, we speculated that TGF-f sig-
CXCL12
keloids.'®%° First, we confirmed increased TGF-B1 expres-
sion in KFs compared with that in NHDFs (Figure 3A, B,
and Supplemental Figure S2¢). Furthermore, there were no

naling contributes to accumulation in

significant differences in CXCL12 expression (Figure 3A).
In addition, in vitro TGF-B1 treatment increased CXCL12
levels in the cell culture supernatant of NHDFs
(Figure 3C). However, real-time PCR and ELISA analysis
indicated that TGF-B1 treatment did not influence the
expression of CXCL12 in NHDFs (Figure 3D). These
results suggest that TGF-B1 upregulates extracellular
CXCL12 indirectly rather than by directly inducing its
expression.

TGFBI Induced CXCLI2 Accumulation

Through Inhibition of DPP4 Expression

TGF-B1 treatment in NHDFs reduced DPP4 expression
(Figure 4A and Supplemental Figure S2d). Vactosertib,
a highly selective TGF-B (ALK4/ALKS) inhibitor,
reversed TGF-B-induced inhibition of DPP4 through sup-
pression of smad2 phosphorylation (Figure 4B). KFs trea-
ted with an siRNA against TGF-B1 or vactosertib showed
increased DPP4 expression and reduced extracellular

CXCL12 levels (Figure 4C and D). Immunofluorescence
staining revealed a significantly higher number of TGF-
B1"DPP4"°™ fibroblasts in keloid lesions than in mature

scars and nonlesions (Figure 4E).
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Figure | Expression of CXCLI2 and DPP4 in keloids and mature scars. (A) Immunohistochemical staining of CXCL|2 and DPP4 in mature scar tissue (n=11) and various
sites of keloid scarring (n=12). Bars=200pm. (B) Quantification of DPP4 activity (microunit/mL) and CXCLI2 (pg/mL) in tissue homogenates from healthy subjects (n=9) and
keloid patients (n=11). Correlation analysis of DPP4 activity and CXCLI2 was performed for each group. **P < 0.01, ***P < 0.001.

Abbreviations: Mid-lesion, the central site of the keloid scar; Peri-lesion, the periphery of the keloid scar; Non-lesion, healthy skin tissue from keloid patients; Control,

mature scar tissue from healthy subjects.

Infiltrated CXCR4" Inflammatory Cells in

Keloid Scars

To examine the potential role of the chemokine-receptor
axis in tissue inflammation, immunohistochemical analysis
of CXCR4 and CXCR7 was performed on keloid lesions
(Figure 5A). of CXCR4
revealed that the proportion of CXCR4" cells was signifi-
cantly higher in keloid lesions than in adjacent normal skin

Semiquantitative analysis

(nonlesion) and mature scars (control) (Figure 5B).
CXCR7 staining was mostly located in the vascular
endothelium in control samples, nonlesion samples and
keloid scars. There was no apparent expression of
CXCR7 in keloid tissue.

Most Circulating Immune Cells and
Infiltrated Inflammatory Cells in Keloid
Scars Express CXCR4

CXCR4 was expressed in several inflammatory cell types in
the keloid lesions, including CD3" T cells, CD20" B cells,
CD68" macrophages, and CD117" mast cells (Figure 6A).
Analysis of circulating cells revealed that nearly half of the
lymphocytes and 40% of the granulocytes expressed CXCR4
in the healthy subjects and keloid patients, including CD4"
(52.57 £ 5.258 and 53.44 + 6.658) and CD8" T cells (34.45 +
9.006 and 43.14 £ 9.105), CD20" B cells (58.11 + 13.224 and
72.93 £11.726),CD14" monocytes (77.60+8.517 and 83.37 +
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Figure 2 Inhibition of DPP4 increased extracellular CXCLI2 without inducing CXCLI12 expression. (A) Western blot and flow cytometry analyses of DPP4 in normal
human dermal fibroblasts (NHDF) (n=3) and keloid-derived fibroblasts (KFs) (n=3). (B) ELISA analyses of CXCLI2 in the culture supernatant of NHDFs (n=3) after
inhibition of DPP4 activity. (C) ELISA analyses of CXCLI2 in cell lysate of NHDFs (n=3) after linagliptin treatment (10nM). ns= P>0.05, ***P < 0.001.

4.305), neutrophils (37.47 + 8.405 and 35.19 £ 9.868), baso-
phils (29.58 + 11.130 and 29.90 + 9.536) and eosinophils
(25.10 £ 6.794 and 27.13 £ 5.958) (Figure 6B—E). There was
a significantly higher number of CXCR4'CD8" T cells and
a slightly increased number of CXCR4"CD20" B cells in the
peripheral blood of keloid patients compared with that in
healthy subjects (Figure 6B and C). No differences in the

expression of CXCR4 on monocytes and granulocytes were

found between healthy subjects and keloid patients (Figure 6D

and E).
However, no more than 10% of peripheral blood cells

expressed CXCR7 in both healthy subjects and keloid
patients, including CD4" T cells (1.360+0.1809 and
1.640+0.3968), CD8" T cells (4.174 + 0.8113 and 2.639
+ 0.4926), B cells (3.575 £ 0.6961 and 2.323 + 0.4038),
neutrophils (2.049 £ 0.7106 and 0.5340 + 0.08919),
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Figure 3 TGF-B| increased extracellular CXCLI2 without inducing CXCL 2 expression. (A) Detection of TGF-1 and CXCLI2 expression in NHDFs (n=3) and KFs (n=3)
by real-time PCR analyses. (B) Western blot analyses of TGF-B1 in NHDFs (n=3) and KFs (n=3). (C) Expression of CXCLI2 in the cell supernatant of NHDFs (n=3) after
TGF-BI treatment (10ng/mL) was measured by ELISA. (D) Expression of CXCLI2 in the cell lysate of NHDFs (n=3) after TGF-BI treatment (10ng/mL) was measured by

real-time PCR and ELISA; ns= P>0.05, ***P < 0.001. ns= P>0.05, ***P < 0.001.

basophils (2.910 + 0.8173 and 0.8242 + 0.1342), and
eosinophils (2.658 =+ 0.6897 and 1.937 =+ 0.3294)
(Supplemental Figure S3). No significant differences in

the expression of CXCR7 among these subsets were
found between healthy subjects and keloid patients
(Supplemental Figure S3).

Discussion

In this study, to explore potential mechanism of chronic
inflammation in keloid tissue, we identified the role of
fibroblasts in inflammatory cell chemotaxis. Our results
indicated that TGF-Bl inhibited DPP4 expression in
keloid fibroblasts, which increased extracellular
CXCL12 levels. We also found that most circulating
and tissue-infiltrated immunocytes in keloid scars
expressed CXCR4 instead of CXCR7, which indicated
the potential involvement of CXCL12/CXCR4 in med-
iating chemotaxis in chronic inflammation in keloid

scars.

The important role of the CXCL12/CXCR4 axis has
been well documented in keloids and many other fibrotic
diseases.”*' > CXCL12, together with its corresponding
receptors, plays a noteworthy role in inflammatory cell
Although it has
CXCL12 expression is increased in the dermis of keloid

chemotaxis.'? been reported that
scars.” The mechanism by which CXCL12 is regulated
remains unclear. The role of TGF-B1 in keloid formation
has been well documented. Here, we found that exposure
to TGF-B1 increased extracellular CXCL12 levels in nor-
mal skin fibroblasts. However, the extracellular CXCL12
accumulation induced by TGF-B1 was achieved by inhibit-
ing DPP4 expression, which resulted in degradation of
extracellular CXCL12 rather than the direct induction of
CXCL12 expression. Inhibition of TGF-B1 in keloid fibro-
blasts increased DPP4 expression, leading to a decreased
extracellular level of CXCL12. Although this regulation of
the TGF-B/DPP4/CXCL12 axis has been reported in other
studies, this is the first study to report it in keloids.

Examination of clinical samples showed that most
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Figure 4 TGF-f induced CXCLI2 accumulation through inhibition of DPP4 expression. (A) Western blot and flow cytometry analyses of DPP4 in NHDFs (n=3) after TGF-
Bl treatment (10ng/mL). (B) The phosphorylation of smad2 in NHDFs after TGF-$ treatment (10ng/mL) with or without vactosertib (500nM) was detected by Western
blot. (C) ELISA analyses of DPP4 in KFs (n=3) after TGF-B| treatment with or without vactosertib (500nM). (D) Western blot and flow cytometry analyses of DPP4 in KFs
(n=3) after vactosertib (500nM) or siTGF-BI treatment. (E) Immunofluorescence analysis of DPP4 and TGF-f1 expression in keloid tissue (n=12). Immunofluorescence
sections prepared from the keloid tissue specimens. Fibroblasts were stained with anti-S100A4 antibody and are shown in the small window. Bars=50pum. ns= P>0.05, *P <

0.05, *P < 0.0, **P < 0.001.

fibroblasts in keloid scars were DPP4'°“TGF-B1Me"; in
contrast, most fibroblasts in mature scars and normal skin
were DPP4"E"TGE-B1'°. It has been reported that DPP4"
fibroblasts are a major source of collagen in normal skin
and wound healing.?**> However, the role of DPP4 in
abnormal microenvironments may be controversial. In
human breast carcinoma-associated fibroblasts, cross-talk
between autocrine TGF-f1 and CXCL12 signaling med-
iates fibroblast activation.'” A further study has found that
TGF-B and SDF-1 autocrine signaling attenuated DPP4
expression.”’ Hence, in keloid scars, the decreased DPP4
expression may be the result of tissue specific microenvir-
onments, especially in regard to the role of TGF-BI.

Altogether, we found that TGF-B1 increased the extracel-
lular level of CXCL12 through inhibition of DPP4 expres-
sion, which may be responsible for the overexpression of
CXCLI12 in keloid scars.

Consequently, the question of how this CXCLI12
accumulation contributes to keloid pathology arose.
A previous study reported that in keloid disease, TSLP
in keloid scars induces CXCR4" fibrocyte infiltration
through upregulation of CXCL12.° However, in addition
to fibrocytes, CXCR4 has been identified in many other
cells, mostly immunocytes.'? Furthermore, CXCL12 has
two major receptors, CXCR4 and CXCR7. Chemotaxis
of inflammatory cells is dependent on both imbalanced
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Figure 5 Infiltrated CXCR4" inflammatory cells in keloid scars. (A) Immunohistochemical staining of CXCR4 and CXCR7 in mature scar tissue (n=11) and various sites of
keloid scarring (n=12). The areas where inflammatory cells had infiltrated are amplified and shown in the small window. Bars=200um. (B) Statistical analysis of CXCR4 and

CXCR7 expression. ns= P>0.05, ***P < 0.001.

chemokine expression and related receptor expression in
target cells. In our study, early half of lymphocytes or
granulocytes were CXCR4" and less than 10% of cells
expressed CXCR7, indicating that CXCR4 was more
common in leukocytes. Based on our results, we
inferred that circulating CDS8" T cells and CD20"
B cells in keloids are more susceptible to CXCLI12
chemotaxis, given that a larger proportion of these two

cells was CXCR4" in keloid patients than in healthy
subjects. In line with previous studies, distinct inflam-
matory cell aggregates were identified in keloid tissue.”
Consistently, we found that most of these infiltrated
inflammatory cells expressed CXCR4
CXCR7. Altogether, this study provides evidence that
CXCL12-CXCR4-mediated cell chemotaxis plays an
important role in chronic inflammation in keloids.
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Figure 6 Expression of CXCR4 on circulating immune cells and keloid-resident inflammatory cells. (A) Immunofluorescence analysis of CXCR4 expression in different
keloid-resident inflammatory cells (CD3" T cells, CD20" B cells, CD68" macrophages and CDI17" mast cells) (n=12). Bars=50um. (B-E) Flow cytometry analyses of
CXCR4 expression in cycling CD4" and CD8" T lymphocytes (B), CD20* B lymphocytes (C), CD14" monocytes (D), and granulocytes, including CDé6b"Siglec-8-
neutrophils, CD66b Siglec-8" basophils, and CD66b Siglect-8~ eosinophils (E). Peripheral blood samples were collected from healthy subjects (Control) (n=10) and keloid
patients (Keloid) (n=10); ns= P>0.05, *P < 0.05.

4178 e Journal of Inflammation Research 2021:14

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove

Chen et al

However, because of the lack of in vivo experiments, it
is difficult to conclude that CXCR4 play a more impor-
tant than CXCR7 in CXCL12 chemotaxis. The estab-
lishment of an effective keloid animal model may be the

key to solving this outstanding problem.

Conclusion

The present study showed that TGF-B1 increases extracel-
lular CXCL12 levels by inhibiting DPP4 expression in
keloid tissue, and that this mechanism mediates the che-
motaxis of inflammatory cells via CXCR4. Nonetheless,
this study is more about presenting a possibility than
a conclusion, and the involvement of the CXCL12/
CXCR4
Furthermore, because of the lack of suitable in vivo mod-

axis in keloids is not yet conclusive.
els, we only conducted studies on cells and clinical sam-
ples. Further in vivo studies based on reliable animal
models are required to elucidate the mechanism underly-

ing the effects of this axis on keloid formation.
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