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Chapter 6

Inhibited early immunologic response is associated with
hypertrophic scarring

Early hypertrophic wound healing

Abstract
The aim of this study was to examine changes in the inflammatory response in early
hypertrophic wound healing compared to normal wound healing. Hypertrophic scarring is a
challenging problem causing both functional and esthetic difficulties. The immune system
is thought to be involved in this derailment of wound healing. However, the exact mechanism and time of onset of the derailment remains to be elucidated.
In a prospective observational study, skin biopsies were taken directly after wounding and
three hours later from patients who had elective cardiothoracic surgery. The skin biopsies
were analyzed for genes, proteins and cells involved in the early inflammatory phase of
wound healing. The endpoint was scar outcome (hypertrophic (HTS) or normal (NTS))
at one year after surgery. Significant differences between the NTS- and HTS group were
observed regarding the fold changes of mRNA expression of Pselectin during surgery.
Post-operative skin concentrations of inflammatory proteins IL-6, IL-8 and CCL2 were
significantly lower in hypertrophic compared to normal wound healing. A trend of higher
pre-operative MR positive macrophage (M2) numbers was observed in the HTS group
compared to the NTS group. Neutrophil numbers increased equally during surgery in both
types of wound healing.
The increase of Pselectin mRNA in hypertrophic wound healing could affect leukocyte
migration. However, the observed differences are not (yet) reflected by differences in
neutrophil numbers in this study. The decreased post-operative concentrations of inflammatory proteins in hypertrophic wound healing indicate an inhibited or delayed inflammatory response. This reduced response has consequences for treatment of hypertrophic
scarring during the early inflammatory phase. In conclusion, alterations of wound healing
associated with hypertrophic scarring are visible as early as three hours after wounding and
include a reduced rather than an excessive inflammatory response.
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Introduction
Wound healing is necessary to restore traumatic defects of the skin barrier and is a complex
mechanism, consisting of several consecutive and intertwined processes. Upon injury,
danger signals such as TNF-α, C5 and IL-1α are released1. These mediators activate endothelial cells which then express selectins on their cell surfaces to facilitate extravasation of
neutrophils2. The neutrophils migrate along a gradient of several chemokines, which are
induced in the injured tissue by the danger signals1,3. Neutrophils release cytokines that
attract monocytes approximately 48 hours after wounding1. The late inflammatory reaction
is followed by granulation tissue formation, re-epithelialization and angiogenesis. After
that, contraction and remodeling (maturation) occurs, ultimately resulting in scar tissue1,3.
The maturation phase lasts for up to one year1.
Wound healing can result in a normal scar, but can also lead to hypertrophic scarring
(HTS). Hypertrophic scars are raised, rigid, red and can cause itch and pain. These scars
result from alterations of several phases of the wound healing cascade, including inflammation3. Literature states that excessive and/or prolonged inflammation leads to increased
granulation tissue production, that results in excessive scar formation like hypertrophic
scarring (figure 1)3-5. However, van den Broek and colleagues recently discovered decreased expression of genes and proteins involved in inflammation (innate immunity) in
human HTS from two weeks after wounding up to one year6.
A fair deal of studies have been performed over the lasts decades in order to elucidate
the properties of HTS and the mechanisms of HTS
formation. However, most of these studies investigated
hypertrophic scarring quite late in the wound healing
process or compared HTS formation to normal skin,
but not to normal scars5,7. Until now the earliest time
point investigated in humans lies at two weeks after
wounding6,8. The aim of the present study was to examine whether local immunological changes as early as
three hours post-injury can result in hypertrophic scar
formation. Expression of genes and proteins involved
in early inflammation were examined in skin samples
Figure 1: median sternotomy scars
that were harvested from cardiothoracic surgery paLeft: normal scar, right: hypertrotients. In order to study whether the increase of mRNA
phic scar.
expressions of inflammatory genes was followed by
changes in leukocyte numbers immunohistochemistry was performed. Patients were followed for one year to monitor scar outcome (HTS or normal scar (NTS)).
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Methods
A prospective observational study was conducted at the Department of Cardiothoracic
Surgery in the St. Antonius Hospital in Nieuwegein, the Netherlands. The local medical
ethics committee approved the study protocol (protocol number NL 19953.100.07, 2008).
All subjects signed informed consent forms, stating that they had knowledge of, understood
and agreed with the procedures concerning the study.
Research population and sample collection
The research population consisted of patients who underwent elective cardiothoracic
surgery via median sternotomy incisions. Patients with scars in the anterior thorax area or
connective tissue disorders (like Ehlers-Danlos, scleroderma and other disorders associated
with abnormal scarring) were excluded. In all patients the incisions and wound handling
were performed in a comparable fashion, using the same techniques and suture materials.
Prior to the start of surgery, but after administration of narcosis, venous blood was collected in heparin coated tubes and plasma was stored at -80 degrees Celsius. Skin biopsies
of approximately 3x10 mm were taken from the caudal end of the surgical wound. The first
biopsy was taken immediately after the incision was made (at t = 0h); the second biopsy
was taken from the same location after an average time of 3 hours (t = 3h) at the end of
the surgical procedure, just before wound closure. Subcutaneous fat was removed from the
skin biopsies and the samples were snap frozen in liquid nitrogen and stored at -80 degrees
Celsius. Chest drains were placed before the patient was sutured. Drainage fluid was drawn
immediately after surgery, centrifuged and stored at -80 degrees Celsius.
Scars were assessed a two time intervals during the study: one at four months and one
at one year post-surgery. During these out-patient visits, the predefined biopsy points of the
presternal scars were assessed, namely at 2.5 cm cranially from the caudal end of the scars.
Scar appearance was ranked either non-hypertrophic (normal) or hypertrophic. Hypertrophic scarring was defined as a scar that is raised at least 1 mm above skin level and does
not protrude beyond the margins of the original wound8. In addition, standardized clinical
digital photographs were taken for re-evaluation of the scars by a team of plastic surgeons.
The endpoint was the presence or absence of hypertrophy in the caudal part of the presternal scar at one year after surgery.
mRNA arrays
In order to elucidate differences in early wound healing between NTS and HTS on mRNA
level, mRNA expression of several genes involved in inflammation, angiogenesis and
mitogenesis was examined. A total of 44 genes of interest were studied (see supplement
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1 for a list of genes, reference positions and functions). Skin samples were embedded in
Tissue-Tek® O.C.T. Compound (Sakura Finetek, Torrance, CA) to obtain fresh frozen
tissue sections of 7μm thickness. A portion of the Tissue-Tek® embedded skin sections of
seven patients from the NTS group and six patients of the HTS group were lysed in Trizol®
reagent (Invitrogen, Thermo Fisher Scientific Inc., Waltham, MA) and phase separated
with chloroform. RNA precipitation was performed using isopropanol. cDNA was obtained
with an RT2 first strand kit (Qiagen Inc., Valencia, CA). A PCR components mix was prepared by adding cDNA and RNase-free water to RT2qPCR SYBR Green/ROXTM mastermix (Qiagen). The mix was transferred to a custom RT2 ProfilerTM 96-wells plate (Qiagen)
and processed with an ABI Prism 7900 Sequence Detection System (Applied Biosystems,
Foster City, CA) with the following cycling conditions: 10 min at 95°C to activate the
Taq Polymerase, followed by 40 cycles of 15 sec at 95°C and 1 min at 60°C. Results were
processed according to manufacturer’s instructions. Gene expressions were normalized
against three reference genes (elongation factor 1α, GAPDH and β-actin) by distracting the
mean Ct value of the reference genes from the Ct values of the genes of interest (ΔCt). In
order to facilitate interpretation of the results, data are presented as 2^-ΔCt values, which
are proportional to mRNA expression levels.
Immunoassays
Multiplex immunoassays (MILLIPLEX®, EMD Millipore Corporation, St Charles, MO)
were performed to analyze concentrations of IL-1α, IL-6, IL-8, IL-10, CCL2 (MCP-1) and
TNF-α. These specific proteins were selected, because they play important roles in the initiation of the inflammatory response and leukocyte recruitment9. Due to the limited volume
of the skin samples used for RT-PCR and immunohistochemistry analyses, skin samples
of other patients were used to perform the MILLIPLEX® assay. Whole skin samples of
seven patients of the NTS group and nine patients of the HTS group were used. One ml
MILLIPLEX® MAP Lysis Buffer was added per 50 mg of skin (EMD Millipore). Samples
were lysed with a TissueLyser II machine (7 min at 30 Hz) and centrifuged. Supernatants
were collected for the MILLIPLEX® assay. The same assay was performed on plasma and
drainage fluids. MILLIPLEX® MAP Human Cytokine/Chemokine kit (EMD Millipore)
was run on a Bio-PlexTM 200 system (Bio-Rad, Hercules, CA) according to manufacturer’s
instructions. Results were processed with Bio-Plex Manager software (version 6.0, BioRad). Since the immunoassays were performed on skin lysates, it was not possible to discriminate between extracellular and intracellular protein. Since no cell lysis was performed
on drainage fluids and plasma, only extracellular protein concentrations were measured in
these samples.
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Immunohistochemistry
In order to examine immune cell population and neutrophil infiltration, immunohistochemistry was performed on the 7 μm thick Tissue-Tek® embedded tissue sections that were
also used for the mRNA array. The frozen skin sections were fixed in acetone and stained
with primary anti-human antibodies against tryptase, Langerin, CD3 and CD66b and successively with goat anti-mouse conjugates as secundary antibodies (table 1).
Primary Ab
CD68 (Dakocytomation)
CD40 (AbD Serotec)
CD206-bio (Biolegend)
CD66b (BD Pharmingen)

Clone
Dilution
EBM11
24 µg/ml
LOB7/6
20 µg/ml
15-2
10 µg/ml
G10F5
1.7 µg/ml

Conjugate (4µg/ml)
Alexa Fluor® 488 (Invitrogen)
Alexa Fluor® 647 (Invitrogen)
Streptavidin Alexa Fluor® 555 (Invitrogen)
Bio-9 (0.8µg/ml), Streptavidin Alexa Fluor® 647 conjugate (Invitrogen)
Tryptase (Chemicon)
G3
1 µg/ml Alexa Fluor® 555 (Invitrogen)
Langerin (VUmc)
10E2
0.5 µg/ml Alexa Fluor® 555 (Invitrogen)
CD3 (VUmc)
Leu4
1:100 Alexa Fluor® 555 (Invitrogen)
DAPI (Invitrogen)
n.a.
0.25 µg/ml n.a.
Table 1: primary antibodies and conjugates Ab = antibody, n.a. = not applicable. CD68: pan
macrophage marker, CD40: M1 macrophages, CD206: M2 macrophages, CD66b: neutrophils,
tryptase: mast cells, Langerin: Langerhans cells, CD3: T lymphocytes, DAPI: nuclei.

A triple staining of CD68 (macrophages), CD40 and mannose receptor (MR, CD206) was
performed to distinguish CD40 positive macrophages (M1) from MR positive macrophages
(M2)10,11. Sections were counterstained with DAPI (Invitrogen). Slides were photographed
at 200x magnification using a Leica DM6000 microscope (Leica Microsystems GmbH,
Wetzlar, Germany). ImageJ version 1.47m (http://rsb.info.nih.gov/ij/) software was used to
analyze sections for stained surface area as follows. First, tissue surface area of each slide
was identified manually. Thresholds for staining intensity were set manually for each slide.
Next, ImageJ calculated the proportion (%) of stained surface area (mm2) in relation to the
total tissue surface area (mm2). In order to analyze numbers of macrophages, CellProfiler version 2.0 (r11710) software (http://www.cellprofiler.org/) was used as follows. The
Paramorama plug-in was used to determine the appropriate thresholds for the stainings12.
Subsequently, a pipeline was constructed in which nuclei, CD68 positive objects, CD40
positive objects and MR positive objects were detected. CD68 positive cells (macrophages)
were defined as CD68 positive objects that contained a nucleus. M1 macrophages were defined as CD40 positive objects containing a nucleus associated with a CD68 positive cell.
M2 macrophages were defined as MR positive objects containing a nucleus associated with
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Chapter 6

a CD68 positive cell. Then, the number of macrophages per mm2 was calculated.
Statistics
Statistical analyses were performed with SPSS 20 software (IBM Corporation, Armonk,
NY). The following statistical tests were used: Mann-Whitney test, Wilcoxon Signed
Ranks test and T-test for continuous data and Chi-square test for categorical data. A
Bonferroni correction was performed to correct for multiple testing. Data are displayed as
median and interquartile range, mean and standard deviation or number and percentage.

Results
Of the 120 patients included, a total of 89 patients completed the follow-up. Six patients
deceased and the others discontinued. A total of 25 subjects (28%) developed HTS in the
caudal biopsy area. None of the patients developed keloid scars. Biopsies, drainage fluid
and blood samples from patients with the largest HTS were used for further analysis because these were expected to exhibit the most prominent differences compared to the NTS
group. Samples from one patient were excluded because of unreliable expression of the
reference genes in the mRNA assay. With respect to samples, skin biopsies reflect changes
in the local wound healing milieu during surgery, drainage fluids represent post-operative
locoregional milieu and plasma represents pre-operative systemic milieu.
Baseline characteristics were similar for both groups except for smoking (table 2).
More smoking subjects were present in the NTS group compared to the HTS group (p =
0.038). No significant differences in co-morbidity and use of medication were observed
between groups (data not shown).
Differential increase in inflammatory gene transcripts occurs after three hours following
wounding
The mRNA expressions of 44 genes involved in inflammation, angiogenesis and mitogenesis was examined. Pre- and post-operative expressions of these genes from the NTS- and
HTS group are shown in figure 2. Unnormalized mean Ct values and standard deviations
for each group and time-point are displayed in supplement 2.
Of the 44 genes studied CCL2, CCL4 and Eselectin mRNA were the only transcripts
found to increase in skin biopsies of both the NTS- and HTS group during the three hour
study period, but these results were no longer significantly different after Bonferroni correction. There were no significant differences between the NTS- and HTS group regarding
these genes. Increases of expression (fold change) of up to 13 times were observed (figure
2B). Expression of IL-6, IL-8, CXCL1 and CXCL2 only increased within the NTS group,
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but not in the HTS group (figure 2C). The mRNA expression of these genes increased
between three and ten times during surgery. In contrast to the NTS group, expression of
CXCL4, TNF, VCAM-1, TGF-βR3 and TLR-4 increased during surgery in the HTS group,
but these differences were not significant after Bonferroni correction (figure 2D). CXCL4
displayed the highest increase in mRNA expression during surgery (11 times).
Interestingly, significant differences were detected between the NTS- and HTS group
regarding the fold changes of Pselectin mRNA expression during surgery, where expression increased in the HTS group, but not in the NTS group (p = 0.044; figure 2A).
Variable
NTS (n = 7)
HTS (n = 6)
Non-Caucasian
1 (14%)
2 (29%)
Male gender
6 (86%)
4 (57%)
Smoking
4 (57%)
0 (0%)
Age (yrs)
60 ± 3
61 ± 2
BMI (kg/m2)
28 ± 1
31 ± 2
Table 2A: patient characteristics - mRNA and immunohistochemistry

p value
0.285#
0.435#
0.033#
0.148*
0.640*

Variable
NTS (n = 7)
HTS (n = 9)
p value
Non-Caucasian
0 (0%)
1 (11%)
1.000#
Male gender
7 (100%)
8 (89%)
1.000#
Smoking
1 (14%)
0 (0%)
0.400#
Age (yrs)
68 ± 14
60 ± 9
0.204*
2
BMI (kg/m )
24 ± 4
28 ± 3
0.067*
Table 2B: patient characteristics – immunoassay
Data are presented as number (percentage) or mean ± SD. NTS = normal scar, HTS = hypertrophic scar, BMI = body mass index, * = T-test, # = Chi-square.

Inflammatory protein concentrations are decreased locally in HTS three hours after
wounding
Concentrations of IL-1α, IL-6, IL-8, IL-10, CCL2 and TNF-α in tissue biopsies, wound
drainage fluid and plasma were determined, because these proteins are involved in early
inflammation and leukocyte migration and most of them were upregulated on mRNA level
at three hours following injury1,2.
Notably, in post-operative skin biopsies IL-6, IL-8 and CCL2 were up to three times
lower in the HTS group compared to the NTS group (p < 0.05, figure 3A). Both IL-6 and
IL-8 were undetectable in pre-operative skin, but increased to a greater extent in the NTS
group than the HTS group (p = 0.031, p = 0.003 respectively, figure 3A). CCL2 concentrations increased three fold in NTS skin during surgery, but did not increase in skin of the
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HTS group (p = 0.018, p = 0.214 respectively, figure 3A). Similar results were observed in
drainage fluids (post-operative locoregional milieu).Interleukin-8 concentrations were significantly lower in the HTS group compared to the NTS group (p = 0.016, figure 3B). No
significant differences between the NTS- and HTS group were found regarding IL-6 and
CCL2 concentrations in drainage fluids (figure 3B). In contrast to the skin samples, plasma
(pre-operative systemic milieu) CCL2 concentrations were significantly higher in the HTS
group compared to the NTS group (p = 0.012, figure 3C).
Pre-operative IL-1α concentrations in skin were high compared to the other proteins,
but were below detection limits in post-operative skin, plasma and drainage fluids (data
not shown). No significant differences were observed between the NTS- and HTS group
regarding IL-1α concentrations. Interleukin-10 was undetectable in skin. The concentration
of IL-10 in drainage fluids tended to be lower in the HTS group, but this finding was not
significant (p = 0.071). No differences were observed in concentrations of TNF-α.
Neutrophil influx during surgery in both NTS and HTS and larger pre-operative M2
numbers in HTS
The first immune cells that migrate to the wound are neutrophils1,3. In order to investigate
whether the increase of mRNA expressions of inflammatory genes was followed by neutrophil influx, immunohistochemistry was performed. Indeed, post-operative skin samples
contained larger CD66b (neutrophil) positive areas compared to pre-operative samples in
both the NTS- and HTS group (both p = 0.009). CD66b positive surface areas more than
doubled in both groups during surgery. However, there were no significant differences
between the NTS- and HTS group (figure 4).
A few days after neutrophils have appeared in the wound, macrophages influx occurs1. Interestingly, decreased numbers of MR positive macrophages (M2) were observed
pre-operatively in the HTS group compared to the NTS group, but this difference was just
below the level of significance (p = 0.075). However, post-operative M2 numbers in the
HTS group had decreased to the same level as in the NTS group. See also figure 5.
No significant differences between the NTS- and HTS group were found regarding total
numbers of macrophages (CD68), CD40 positive macrophages (M1), tryptase (mast cells),
Langerin (Langerhans cells) and CD3 stainings (T lymphocytes).

Discussion
The results of this observational study reveal that a reduced early inflammatory response is
associated with hypertrophic scar formation. This finding might be interpreted as being in
conflict with the current conception that HTS is related to excessive inflammation3,4.
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A.

B.

C.

D.

Figure 2: mRNA expressions in skin (A) difference between the NTS- and HTS group regarding per-operative increase of mRNA. (B) per-operative increase of mRNA in both the NTS- and
HTS group. (C) per-operative increase of mRNA in the NTS group, but not in the HTS group. (D)
per-operative increase of mRNA in the HTS group, but not in the NTS group. mRNA expressions
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were quantified by RT-PCR. Expressions were normalized against reference genes EF-1α, GAPDH
and β-actin. Data are presented as 2^-ΔCt values, which are proportional to mRNA expression
levels. The Mann-Whitney test was performed to analyze differences between the NTS- and HTS
group. * = p value <0.05, _______ = NTS, .............. = HTS, per-operative = during surgery.

A.

B.

C.

Figure 3: inflammatory protein concentrations in (A) skin samples (pre- and post-operative),
(B) drainage fluids (post-operative) and (C) plasma (pre-operative). Protein concentrations were
measured by means of the MILLIPLEX® immunoassay and are presented as pg/mg tissue or pg/
ml fluid. The Mann-Whitney test was performed to analyze differences between the NTS- and HTS
group. * = p value <0.05, *** = p value <0.001, _______ = NTS, .............. = HTS, gray bar =
NTS, pink bar = HTS.

However, other members of the VU research group have made similar observations of
decreased inflammation in HTS formation, which fully support the findings of the present
study6,13.
Hypertrophic scarring remains a challenging problem, causing aesthetic as well as
functional difficulties for those affected4. HTS is thought to result from excessive inflammation and increased production of fibrotic tissue3, but the precise mechanism and time of
derailment are still unknown. In normal wound healing, activated endothelium expresses
Pselectin shortly after injury. In the present study, Pselectin mRNA expression increased in
the HTS group during surgery, but not in the NTS group. Protein levels of these transcripts
were not examined. Pselectin is involved in neutrophil recruitment, wich is the first leuko89
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cyte that arrives in the wound1,2. Indeed, a significant increase of neutrophil numbers was
observed during surgery1,3. However, neutrophil influx occurred in both the NTS- and HTS
group and no significant differences in neutrophil numbers were observed in this study
between the groups three hours after wounding. Since extravasation of neutrophils takes up
to 120 minutes, post-operative differences in neutrophil recruiting factors may not yet have
resulted in actual differences in local neutrophil numbers at the time14. Another possible explanation is that receptors involved in chemotaxis are down-regulated in neutrophils of the
HTS group in response to increased concentrations of Pselectin15. In addition, the net effect
of the increased Pselectin, but decreased IL-6 and IL-8 in the HTS group might result in the
same rate of neutrophil migration as in the NTS group. For example, IL-8 has been shown
to result in the same amount of increase in neutrophil adhesion as Pselectin16.

Figure 4: neutrophil influx during surgery Left: immunohistochemistry, right: percentage of
stained area. The Mann-Whitney test was performed to analyze differences between the NTS- and
HTS group. Pre = pre-operative, post = post-operative, CD66b (neutrophils) in yellow, DAPI
(nuclei) in blue, scale bars ≡ 100µm, * = p value <0.05, _______ = NTS, .............. = HTS.

The fact that mRNA expression of most angiogenic and mitogenic genes did not
increase during surgery is consistent with the notion that these factors are induced in later
stages of wound healing1. In line with literature, expression of various inflammatory genes
increased during surgery. Therefore, protein levels of several inflammatory mediators were
examined as well. As expected in early wound healing, in skin, inflammatory proteins (IL6, IL-8 and CCL2) increased within the first three hours in both the NTS- and HTS group1.
Surprisingly, the post-operative concentrations were significantly lower in the HTS group
as compared to the NTS group. The differences in protein concentrations in skin could not
be explained by alterations at transcriptional level, since no significant differences were
observed between the NTS- and HTS group with respect to mRNA expression of the corresponding genes. If only extracellular, but not intracellular protein concentrations would
have been measured, the post-operative differences in protein concentrations could have
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been explained by an increased release of stored protein in the NTS group. However, the
measured skin protein concentrations comprised both extracellular and intracellular (stored) protein. Therefore, the differences in increase of protein concentrations during surgery
are most likely caused by alterations on translational level. This could have been induced
by the pre-operatively increased numbers of M2 macrophages in the HTS group, which
inhibit inflammatory mediators such as IL-6, IL-8 and CCL217. According to
Ricketts and colleagues IL-8 promotes tissue remodeling, preventing HTS formation18.
Regarding CCL2, knockout mice suffered from delayed re-epithelialization, which is associated with HTS formation3,19. This might (partly) explain the relation of reduced concentrations of inflammatory proteins with HTS formation. In contrast to the observations in the
present study, most studies on HTS formation (mostly after burn injury) report increased
local (skin) inflammatory protein concentrations (IL6, IL8, CCL2, C3)5,20-22. However,
most of these studies examined inflammatory mediators at later time points (the earliest
time points investigated range from 2 days post-burn in animals to 19 days post-burn in
humans), some studies used animal models and generally the results were not compared
to normal wound healing, but to normal skin. The same holds true for studies on psoriasis
lesions; lesions that show similarities to HTS with respect to erythema and thickening of
the epidermis23-26. However, other members of the VU wound healing research group have
also discovered decreased inflammatory mediators in HTS as compared to normal scars,
supporting the results of the present study6,13. It is possible that the reduced or delayed early
inflammation is responsible for a prolonged inflammatory phase and delayed re-epithelialization, eventually resulting in HTS formation. This hypothesis can have implications
for clinical interventions for HTS6. While therapy in later stages of HTS formation aims to
suppress inflammation, the opposite should be aspired during the early inflammatory phase
of HTS formation.
Next to the local (skin) inflammatory alterations in the HTS group, a possible predisposing factor for HTS formation was the observation that CCL2 was elevated pre-operatively
in plasma (systemic) of HTS-forming individuals. Ferreira and colleagues showed that
CCL2 may be involved in skin fibrosis. While wild type mice developed excessive skin
fibroses after injection with bleomycin, CCL2 knockout mice did not27. However, by using
knockout mice, the researchers did not discriminate between effects of local and systemic
CCL2 on skin fibrosis. In the present study, the systemic (pre-operative) inflammatory
status did not reflect the local (pre-operative) environment. In other fibrotic skin disorders,
systemic inflammatory protein concentrations did not correlate with the local situation
either28. Consequently, the precise effect of the elevated systemic CCL2 levels in the HTS
group on the local situation in HTS formation requires further investigation.
Another possible predisposing factor for HTS formation may be the resident macrophage population in the skin. The trend of more M2 macrophages observed pre-operatively
in the HTS group compared to the NTS group might alter the local milieu to favor HTS
91
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formation, as was also observed by Glim and colleagues29. M2 macrophages have been associated with fibrosis before30. Moreover, M2 are thought to be the main macrophage type
responsible for HTS formation17. Next to their pro-fibrotic properties, M2 macrophages
suppress the adaptive immune response, which is in line with the decreased concentrations
of inflammatory proteins found in post-operative skin in the HTS group compared to the
NTS group10,17.

Figure 5: pre-operative macrophage numbers in skin Left: M2 (MR+CD68+) macrophages per
mm2, right: total number of macrophages (CD68+) per mm2. Medians (IQR): pre-operative M2
numbers: NTS group 17(17), HTS group 77(519); post-operative M2 numbers: NTS group 17(52),
HTS group 25(15); pre-operative macrophage numbers: NTS group 80(82); HTS group 205(1460),
post-operative macrophage numbers: NTS group 103(89), HTS group 123(210). The Mann-Whitney test was performed to analyze differences between the NTS- and HTS group.
_______ = NTS, .............. = HTS, Mφ = macrophage.

The observation that macrophage-, lymphocyte- and mast cell numbers did not increase
during surgery is not surprising, since influx of these cell types does not occur until two
(macrophages) to six days (lymphocytes) after wounding1. The same holds true for the fact
that epidermal Langerhans cell numbers did not decrease during surgery, since these cells
do not start to migrate into the dermis until five hours post-injury31. In order to explore the
timing and magnitude of migration of immune cells in the wound, immune cell numbers
should be studied at different time points during the early wound healing process. When
studying macrophages, a distinction should be made between M1 and M2 phenotypes.
All in all, the present study opens up a completely new view on the mechanisms
involved in the very early stages of HTS formation. Directions for future research include
assessing immune cell and fibroblast behavior and protein levels of Pselectin during early
wound healing. The proposed hypothesis based on the hard data of this study could be
further explored by following the dynamics of early wound healing in HTS versus NTS
over time.
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Conclusions
This study shows that reduced or delayed production of early inflammatory mediators (at
three hours post-wounding) is associated with HTS formation. These results provide a
completely new perspective on the early process of HTS formation.
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Gene symbol
TNF
SELP (Pselectin)

Reference position (UniGene)
Hs.241570
Hs.73800

Reference
Sequence
NM_000594
NM_003005

VCAM1

Hs.109225

NM_001078

CCL2
CCL3
CCL4
CCL5
CXCL1

Hs.303649
Hs.514107
Hs.75703
Hs.514821
Hs.789

NM_002982
NM_002983
NM_002984
NM_002985
NM_001511

CXCL2
CXCL3
PF4 (CXCL4)
CXCL5
PPBP (CXCL7)

Hs.590921
Hs.89690
Hs.81564
Hs.89714
Hs.2164

NM_002089
NM_002090
NM_002619
NM_002994
NM_002704

KIAA0101 (PAF)
TFGβ1
TGFβ2
TGFβ3
TGFβR1
TGFβR3
IFNγ
PDGFB

Hs.81892
Hs.645227
Hs.133379
Hs.592317
Hs.494622
Hs.482390
Hs.856
Hs.1976

NM_014736
NM_000660
NM_003238
NM_003239
NM_004612
NM_003243
NM_000619
NM_002608

IL-1α
IL-1β
IL-4
SELE (Eselectin)

Hs.1722
Hs.126256
Hs.73917
Hs.89546

NM_000575
NM_000576
NM_000589
NM_000450

IL-6

Hs.654458

NM_000600
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Function
Inflammatory1
Inflammatory/ adhesion molecule2
Inflammatory/ adhesion molecule3
Inflammatory, chemotaxis4
Inflammatory5
Inflammatory, chemotaxis5
Inflammatory, chemotaxis6
Inflammatory, angiogenesis,
mitogenesis7-9
Inflammatory, angiogenic8-10
Inflammatory, angiogenic8,9
Inflammatory11,12
Inflammatory, angiogenic9,13
Inflammatory, angiogenic,
mitogenic9,12,14
Inflammatory, Mitogenic15,16
Inflammatory, mitogenic17
Inflammatory, mitogenic17
Inflammatory, mitogenic18 19
Inflammatory, mitogenic17-19
Inflammatory, mitogenic17-19
Inflammatory, mitogenic20
Inflammatory, angiogenic,
mitogenic21,22
Inflammatory, mitogenic21,23
Inflammatory, mitogenic21,23
Inflammatory, mitogenic1,21,24
Inflammatory/ adhesion molecule2
Inflammatory, mitogenic21,25
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IL-8

Hs.624

NM_000584

IL-10
IL-12α
IL-13
IL-1RN
CASP1
C5
VEGFA
HIF1α
HGF
EGF
CSF3
FGF2
IGF1
TLR4
TP53
MYC
BCL2
EEF1α1
GAPDH
ACTB

Hs.193717
Hs.673
Hs.845
Hs.81134
Hs.2490
Hs.494997
Hs.73793
Hs.597216
Hs.396530
Hs.419815
Hs.2233
Hs.284244
Hs.160562
Hs.174312
Hs.654481
Hs.202453
Hs.150749
Hs.520703
Hs.592355
Hs.520640

NM_000572
NM_000882
NM_002188
NM_000577
NM_033292
NM_001735
NM_003376
NM_001530
NM_000601
NM_001963
NM_00759
NM_002006
NM_000618
NM_138554
NM_000546
NM_002467
NM_000633
NM_001402
NM_002046
NM_001101

Inflammatory, chemotaxis,
angiogenic mitogenic21,26,27
Inflammatory21,24
Inflammatory, angiogenic28
Inflammatory29
Inflammatory30
Inflammatory31
Inflammatory21,32
Angiogenic21,22
Angiogenic33
Mitogenic34
Mitogenic21,35
Inflammatory, mitogenic21,36
Angiogenic21
Mitogenic angiogenic21 37
Inflammatory38
Mitogenic39 40
Mitogenic41
Mitogenic40
Reference gene
Reference gene
Reference gene
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Supplement 1: list of genes examined with RT2 ProfilerTM PCR Array Catalog number
CAPH10388.
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Gene
TNF
SELP (Pselectin)
VCAM1
CCL2
CCL3
CCL4
CCL5
CXCL1
CXCL2
CXCL3
PF4 (CXCL4)
CXCL5
PPBP (CXCL7)
KIAA0101
(PAF)
TFGβ1
TGFβ2
TGFβ3
TGFβR1
TGFβR3
IFNγ
PDGFB
IL-1α
IL-1β
IL-4
SELE (Eselectin)
IL-6
IL-8
IL-10
98

NTS

HTS

Pre-op
33.92 ± 1.25
32.27 ± 1.27

Post-op
32.35 ± 1.08
32.32 ± 0.44

Pre-op
33.76 ± 1.49
32.56 ± 2.03

Post-op
32.53 ± 1.62
31.91 ± 1.27

30.96 ± 1.64
31.52 ± 1.91
35.00 ± 0.00
34.62 ± 0.89
34.78 ± 0.41
34.81 ± 0.35
35.00 ± 0.00
34.98 ± 0.04
34.65 ± 0.78
33.22 ± 0.54
33.86 ± 1.42
35.00 ± 0.00

30.22 ± 0.55
28.87 ± 1.25
33.17 ± 2.56
31.84 ± 1.10
34.07 ± 1.32
32.84 ± 1.35
32.26 ± 2.09
33.18 ± 1.72
33.34 ± 2.08
33.13 ± 0.54
32.96 ± 2.91
35.00 ± 0.00

31.76 ± 2.72
30.93 ± 3.04
34.88 ± 0.29
33.90 ± 1.36
34.31 ± 1.24
33.67 ± 3.05
35.00 ± 0.00
35.00 ± 0.00
35.00 ± 0.00
33.04 ± 0.38
33.97 ± 2.15
34.98 ± 0.06

30.84 ± 1.31
29.60 ± 2.38
34.31 ± 1.07
31.58 ± 1.68
34.76 ± 0.44
33.98 ± 1.27
32.70 ± 2.59
33.14 ± 2.21
33.37 ± 1.73
33.41 ± 0.82
33.34 ± 1.38
35.00 ± 0.00

33.61 ± 1.14
33.03 ± 0.96
33.15 ± 1.01
33.93 ± 0.75
30.40 ± 0.55
35.00 ± 0.00
32.78 ± 0.81
34.75 ± 0.45
34.67 ± 0.83
35.00 ± 0.00
33.33 ± 2.00

33.38 ± 1.43
32.54 ± 1.14
33.01 ± 1.18
33.45 ± 0.77
30.08 ± 0.38
34.62 ± 0.58
32.80 ± 0.52
33.96 ± 1.76
33.09 ± 2.07
35.00 ± 0.00
33.48 ± 1.90

33.07 ± 1.98
32.65 ± 1.73
32.86 ± 1.56
33.55 ± 1.31
30.88 ± 2.56
35.00 ± 0.00
33.26 ± 1.63
34.23 ± 1.13
34.11 ± 1.18
35.00 ± 0.00
32.82 ± 2.02

33.76 ± 1.00
33.21 ± 1.18
33.39 ± 1.09
33.64 ± 0.91
30.75 ± 1.14
34.63 ± 0.81
33.20 ± 0.97
35.00 ± 0.00
33.46 ± 2.04
35.00 ± 0.00
30.92 ± 2.24

35.00 ± 0.00
34.99 ± 0.004
34.84 ± 0.41

31.27 ± 2.09
31.75 ± 2.64
34.58 ± 0.55

34.48 ± 1.27
34.99 ± 0.003
34.55 ± 0.83

32.23 ± 2.6
32.11 ± 2.35
34.45 ± 0.86
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IL-12α
IL-13
IL-1RN
CASP1
C5
VEGFA
HIF1α
HGF
EGF
CSF3
FGF2
IGF1
TLR4
TP53
MYC
BCL2
EEF1α1
GAPDH
ACTB

34.68 ± 0.78
35.00 ± 0.001
30.78 ± 3.06
30.19 ± 1.35
33.78 ± 0.67
33.42 ± 1.55
30.39 ± 1.24
34.58 ± 0.61
34.34 ± 0.77
35.00 ± 0.00
33.24 ± 1.87
33.92 ± 1.47
32.70 ± 0.84
33.00 ± 1.39
34.71 ± 0.48
34.65 ± 0.51
22.51 ± 0.85
27.35 ± 1.27
27.30 ± 1.54

34.75 ± 0.40
35.00 ± 0.00
29.66 ± 1.18
29.91 ± 0.82
33.84 ± 0.85
33.39 ± 1.39
30.26 ± 1.45
34.12 ± 1.26
34.83 ± 0.40
34.22 ± 2.00
33.64 ± 0.86
34.51 ± 0.81
32.31 ± 0.97
33.29 ± 1.32
33.70 ± 1.66
34.67 ± 0.53
22.20 ± 0.49
27.32 ± 1.23
27.48 ± 1.77

34.63 ± 0.57
35.00 ± 0.00
30.05 ± 3.07
30.00 ± 2.96
33.32 ± 1.86
33.02 ± 1.60
30.49 ± 2.05
34.20 ± 0.93
34.60 ± 0.63
35.00 ± 0.00
33.28 ± 1.44
33.82 ± 1.25
33.21 ± 1.57
32.20 ± 2.09
34.12 ± 1.61
34.44 ± 0.90
22.47 ± 2.62
26.85 ± 2.20
26.78 ± 1.58
Supplement 2: unnormalized Ct values Data are presented as mean ± SD.

34.85 ± 0.37
35.00 ± 0.00
30.37 ± 1.81
30.21 ± 1.71
34.05 ± 1.16
34.01 ± 0.83
31.20 ± 2.02
34.76 ± 0.36
34.87 ± 0.32
35.00 ± 0.00
33.49 ± 1.05
34.15 ± 1.60
32.51 ± 1.07
33.91 ± 0.95
33.93 ± 1.34
34.92 ± 0.09
22.97 ± 1.69
28.07 ± 1.71
29.14 ± 2.90
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