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ABSTRACT

Background Our understanding of the pathogenesis underlying keloid scar formation 
is still very limited, and the morphological distinction between hypertrophic and keloid 
scars remains difficult.

Objective To test whether hypertrophic and keloid scars may reflect an inability to 
progress from immaturity to the desired mature normotrophic scar phenotype.

Methods Using whole biopsy imaging and an objectively quantifiable way to analyze 
immunoreactivity, we have compared the immunohistopathological profiles of young 
immature scars with mature normotrophic scars, hypertrophic scars, and keloids with 
their surrounding-normal-skin.

Results Abnormal scars (hypertrophic and keloid scars) maintain the immature scar 
phenotype, characterized by a CD34− (tumour biomarker) and α-SMA+ (myofibroblast) 
dermal region. This is in contrast to normal skin, surrounding-normal-skin and mature 
normotrophic scars which were CD34+/α-SMA−. Immature, hypertrophic and keloid 
scars showed abnormal epidermal differentiation (involucrin), but only hypertrophic 
scars and keloids showed increased epidermal thickness. Immature scars did show 
increased epidermal and dermal proliferation (Ki67), which was absent from abnormal 
scars where mesenchymal hypercellularity (vimentin) and senescence (p16) were 
predominant. Keloidal collagen and α-SMA were previously considered to distinguish 
between hypertrophic scars and keloids. However, α-SMA staining was present in 
both abnormal scar types, while keloidal collagen was mostly present in keloids. There 
were no obvious signs of heterogeneity within keloids, and surrounding-normal-skin 
resembled healthy normal skin.

Conclusions Both abnormal scar types showed a unique CD34−/α-SMA+/p16+ scar 
phenotype, but the differences between hypertrophic scars and keloids observed in this 
study were of a gradient rather than absolute nature. This suggests that scar progres-
sion to the mature normal scar phenotype is, for as yet unknown reasons, hindered in 
hypertrophic and keloid scars.
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INTRODUCTION

Although it has been the subject of much debate, there is still no consensus on whether 
hypertrophic scars and keloids are simply two sides of the same coin or in fact separate 
entities. The most important distinguishing feature remains the clinical presentation: 
keloids grow beyond the borders of the original wound and rarely “mature”, while most 
hypertrophic scars remain confined to the boundaries of the original lesion and will 
show some degree of maturation, if not regression, eventually [6, 12]. Histologically, the 
distinction is not quite so clear cut. The presence of α-SMA [8] and dermal nodules [8, 
13] versus thick hyalinized collagen bundles also known as ‘keloidal collagen’ [26, 29], 
have all been put forward as features unique to hypertrophic or keloid scars respec-
tively. However, conflicting results have been reported with regards to these features 
and consequently, there are still no definitive markers for either abnormal scar type.

We have previously reported the presence of abnormal epidermal differentiation as-
sociated with disorganization of the stratum corneum in both hypertrophic and keloid 
scars, but keloid scars in particular [20]. Young scars have been shown to have imma-
ture corneocytes, which were associated with barrier dysfunction [17]. Interestingly, this 
epidermal barrier dysfunction was sustained in hypertrophic and keloid scars, suggest-
ing a certain persistence of the immature scar phenotype [31]. We hypothesized that 
both hypertrophic and keloid scars may reflect an inability to progress from immaturity 
to the desired mature normotrophic scar phenotype. Therefore, the primary goal of this 
study was to test this hypothesis by comparing the (immuno)histopathological profile 
of hypertrophic and keloid scars with that of immature scars. As current research has 
not yet yielded definitive markers to distinguishing hypertrophic scars from keloids, our 
secondary goal was to compare these two abnormal scar types against each other. 
Additionally, the different regions within the keloid scars were examined, including the 
normal skin surrounding the keloid as this was previously shown to possess a partial ke-
loid scar phenotype in vitro [21]. And finally, we were interested in determining whether 
the newly identified abnormal scar parameters also translated to our previous in vitro 
work, in which we developed organotypic abnormal scar models using scar-derived 
keratinocytes and fibroblasts [19, 21]. For the aforementioned purposes, the following 
histological and immunohistochemical parameters were evaluated in the immature scars 
as well as the mature normotrophic, hypertrophic and keloid scars: epidermal thickness, 
rete ridge formation, proliferation (Ki67) and differentiation (involucrin); dermal keloidal 
collagen and nodule formation, CD34 expression, the presence of fibroblasts (vimentin) 
and myofibroblasts (α-SMA), dermal proliferation (Ki67) and senescence (p16).

MATERIALS AND METHODS

Tissue biopsies of mature normotrophic scars (Nscar), mature hypertrophic scars 
(Hscar) and mature keloid scars (Kscar) were obtained from the VUmc Plastic Surgery 
department and the young scars (Yscar) from the VUmc Biobank. Tissue collection was 
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in compliance with the ‘Code for Proper Secondary Use of Human Tissue’ in accordance 
with the declaration of Helsinki. Keloids were diagnosed clinically and distinguished 
from hypertrophic scars by the presence of invasive growth beyond the original wound 
borders [6]. Mature (at least 1 year old) normotrophic, hypertrophic and keloid scars 
were selected by an experienced scar expert (plastic surgeon FBN), young scars (3-5 
weeks old) were selected by an experienced pathologist (pathologist WM). All scars 
were included only if there was no documented objection by the patient to their coded 
use after excision (supplemental table 1). Young scars were melanoma excision scars 
from the back, legs or chest; while all of the mature scars (normotrophic, hypertrophic 
and keloid) developed after trauma, surgery or inflammation, and originated mostly from 
the chest and abdominal area. The gender distribution was skewed towards females for 
the normotrophic scars, but equal for all other groups.

Histological analysis
Haematoxylin and eosin (H&E) stained tissue sections (3-5 μm thickness) were used to 
evaluate i. epidermal thickness and ii. rete ridges score as described previously [20]; iii. 
keloidal collagen: defined as thickened, whorled collagen bundles. The area containing 
keloidal collagen was manually delineated to determine the total affected surface area, 
this was then expressed as a percentage of the total scar dermal surface area, using 
Pannoramic Viewer 1.15.4 (3DHISTECH Ltd., Budapest, Hungary).

Immunohistochemical staining
Immunohistochemical staining was performed on deparaffinized, formalin-fixed tissue 
sections (3-5 μm thickness) with the antibodies listed in supplemental table 2. Staining 
was performed by a BondTM-maX automated slide stainer (Leica Vision BioSystems, 
Eindhoven, the Netherlands) using 3,3’-diaminobenzidine (DAB), except for vimentin 
and involucrin which were manually stained with 3-amino-9-ethylcarbazole (AEC). In-
volucrin tissue sections were scored as follows; −: complete absence; +/− −: one or two 
positive cells; +/−: minimal positive, predominantly negative staining; +: normal staining 
pattern; ++: increased number of immunoreactive cells; +++: strongly increased number 
of immunoreactive cells. The Ki67 proliferation index was determined as described 
previously [20].

Quantitative analysis of immunohistochemical staining
Microscope slides (H&E, CD34, α-SMA, vimentin, Ki67 and p16) were converted to 
digital slides using a digital microscope equipped with a slide scanner system (Mirax, 
3DHISTECH, Budapest, Hungary). Pannoramic Viewer 1.15.4 (3DHISTECH Ltd.) was 
then used for viewing and examination of whole slide images of the entire scar (trans-
verse section). The following regions of interest were selected (manually delineated) 
and exported in TIFF format for further analysis: scar dermis, the entire scar area; scar 
region, the α-SMA+ region within the scar dermis; and the normal skin (Nskin) adjacent 
to the Yscar (biopsies always included a margin of healthy skin conform procedure for 
melanoma re-excision) or the normal skin surrounding Kscar (sNskin). The percentage of 
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positively stained cells was then quantified using a customized, automated algorithm writ-
ten in ImageJ (ImageJ version 1.50i, NIH Bethesda, MD, USA) based on the algorithm as 
published by Hadi et al. [10] This algorithm compared the relative brown [3,3′-Diamino-
benzidine (DAB)] or red [3-amino-9-ethylcarbazole (AEC)] staining with the relative total 
blue staining (hematoxylin counterstain of all nuclei), to calculate the outcome parameter: 
the total positively stained area expressed as a percentage of the total (hematoxylin 
stained) region of interest. For each slide, the algorithm automatically determined the 
optimal color intensity threshold for a pixel to meet the brown/red or blue criterion. To 
avoid analysis of nonspecific background staining, the algorithm only included objects 
with ≥ 25 continuous pixels, consistent with the minimum size of a single cell.

Organotypic skin model culture
As previously described [19, 21], keratinocytes and fibroblasts from native tissue (Nskin, 
Nscar, Hscar, Kscar) were used to construct full thickness organotypic skin models 
comprising a fully differentiated epidermis on top of a fibroblast-populated dermal matrix.

Statistical analysis
Experiments were performed with n = 5 donors per tissue type; except for Yscar stained 
for n = 3 involucrin, n = 4 Ki67 and n = 3 vimentin, due to limited material availability. 
Experimental groups were compared with each other with a one-way ANOVA with post-
hoc Tukey’s honest significant difference tests (epidermal thickness, rete ridge forma-
tion, epidermal and dermal Ki67, CD34, α-SMA, vimentin) or a Kruskal-Wallis test with 
post-hoc Dunn’s multiple comparisons tests (keloidal collagen, p16), depending on the 
outcome of normality testing (Shapiro-Wilk test) of the residuals (errors). Results are 
presented as mean ± standard error of the mean (SEM). Differences were considered 
statistically significant if p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) or p < 0.0001 (****). 
Statistical tests were performed using GraphPad Prism version 6 (GraphPad Software 
Inc., San Diego, CA, USA).

RESULTS

Epidermal abnormalities in young, hypertrophic and keloid scars
Epidermal abnormalities were previously reported for both hypertrophic and keloid scars 
[20], but have not yet been characterized for immature scars. Both hypertrophic and 
keloid scars showed increased epidermal thickness (p < 0.05) compared with sNskin, 
Nskin and mature Nscar (fig. 1A, supplemental fig. 1A). Although young scars did not 
show increased epidermal thickness, the scar area within the entire biopsy was evident 
by significantly reduced rete ridge formation (fig. 1A, supplemental fig. 1B) compared 
with sNskin (p < 0.05) and Nskin (trend).

Next, we examined epidermal differentiation (involucrin) and proliferation (Ki67). 
Similar to hypertrophic and keloid scars, young scars also showed increased involu-
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crin expression. However, unlike both abnormal scar types, young scars also showed 
increased epidermal proliferation (fig. 2, table 1). Mature normotrophic scars resembled 
sNskin and Nskin, showing normal involucrin and epidermal Ki67 expression.

Histologic analysis shows dermal abnormalities in young, hypertrophic and 
keloid scars
The dermal compartment of the mature normotrophic scars most resembled that of nor-
mal skin and surrounding-normal-skin, with wavy, distinct collagen bundles, randomly 
orientated (fig. 1B, F and G). Young scar dermis was clearly distinguished from the 
normal dermis surrounding it by finer collagen bundles closely packed together. Within 

Figure 1. Histological assessment of scars. Representative H&E staining for (A) epidermis; dermis of 
(B) normotrophic scars (Nscar, n = 5), (C) young immature scar (Yscar, n = 5) with (G) adjacent normal skin 
(Nskin, n = 5), (D) hypertrophic scars (Hscar, n = 5), (E) keloid scars (Kscar, n = 5) with (F) surrounding-
normal-skin (sNskin, n = 3). Scale bar = 100 μm, dashed line in (E) indicates border between ‘keloidal col-
lagen’ (left) and normal scar dermis (right). See supplemental fig. 1 for the associated graphs.

Chapter 3

188



this denser dermis, there was increased cellularity compared with the adjacent Nskin 
(fig. 1C and G).

An obvious differentiating feature of the keloid extracellular matrix is the presence 
of keloidal collagen, which was abundantly present in the reticular dermis of all ke-
loid scars (fig. 1E, supplemental fig. 2A). Hypertrophic scars showed no or negligible 
keloidal collagen (1/5 donors with 3.4%) but was significantly present (28%) in one 
donor (fig. 1E, supplemental fig. 2B). Normotrophic scars, young scars, normal skin and 
surrounding-normal-skin were completely devoid of keloidal collagen.

The dermal nodules ascribed to hypertrophic scars as defining features [13], were 
found in the deeper reticular dermis (supplemental fig. 2C). However, smaller nodules 
were also present in 3/5 keloids (supplemental fig. 2D). A dense and hypercellular der-
mis similar to young scar dermis was seen interspersed between the keloidal collagen 
in the keloids (fig. 1E) and throughout the hypertrophic scars (fig. 1D), but particularly 
within nodules if present (supplemental fig. 2C). In the areas with keloidal collagen, 
cellularity was reduced compared with the non-keloidal collagen areas.

Table 1. Summary of results
Table 1. Summary of results 
 

Parameter Nscar Yscar Hscar Kscar 
 

sNskin 
(of Kscar) 

 
Nskin 

(of Yscar) 
 
EPIDERMAL MARKERS 
Epidermal thickness  
(cell layers) 

8.2  
± 0.8 

10.1  
± 0.9 

12.0 
± 1.2 

13.0  
± 0.8 

8.5  
± 0.2 

7.3 
± 0.5 

Rete ridge formation 
(score) 

6.0 
± 0.3 

3.2  
± 0.2 

4.2 
± 1.0 

4.6 
± 0.8 

6.7 
± 0.3 

6.2 
± 0.4 

Involucrin 
(score) 

+ ++/+++ (2/3) 
+++ (1/3) 

+++ (3/5) 
++/+++ (1/5) 

+ (1/5) 

+++ (4/5) 
++/+++ (1/5) 

+ + 

Ki67 epidermis 
(% of positive cells) 

14.0 % 
± 1.3 

35.7 % 
± 3.5 

13.1 % 
± 2.5 

15.1 % 
± 2.2 

8.9 % 
± 0.7 

15.7 % 
± 3.9 

 
DERMAL MARKERS 
Organization wavy, 

randomly 
oriented 
collagen 
bundles 

densely  
packed 

collagen, 
increased 
cellularity  

densely 
packed 

collagen, 
increased 
cellularity 

densely  
packed  

collagen, 
increased 
cellularity 

wavy, 
randomly 
oriented 
collagen 
bundles 

wavy, 
randomly 
oriented 
collagen 
bundles  

‘Keloidal’ collagen 
(% of surface area) 

0 % 
± 0 

0 % 
± 0 

6.7 % 
± 5.4 

33.4 % 
± 4.1 

0 % 
± 0 

0 % 
± 0 

Nodules − − + (3/5) 
− (2/5) 

+/− (3/5)* 
− (2/5)  

− − 

CD34 +++ − − − +++ +++ 
α-SMA − ++ +++ ++ − − 
Vimentin + + ++ ++ + + 
Ki67 dermis +/− ++ +/− +/− +/− +/− 
p16 − − ++ ++/+++ − − 

 
Table 1. Summary of results for mature normotrophic scar (Nscar), young immature (3-5 weeks old) 
scar (Yscar) with non-lesional normal skin (Nskin), hypertrophic scar (Hscar), keloid scar (Kscar) with 
directly adjacent surrounding-normal-skin (sNskin). Results are expressed as the mean ± SEM. 
Immunohistochemical scoring as follows; +: normal expression; ++: increased expression; +++: strongly 
increased expression; +/−: little expression; −: absent; *: very small nodules. Numbers in brackets (x/y) 
denote the number of ‘x’ donors showing the indicated score, out of the total number of ‘y’ donors 
included. 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Summary of results for mature normotrophic scar (Nscar), young immature (3-5 weeks old) scar 
(Yscar) with non-lesional normal skin (Nskin), hypertrophic scar (Hscar), keloid scar (Kscar) with directly ad-
jacent surrounding-normal-skin (sNskin). Results are expressed as the mean ± SEM. Immunohistochemical 
scoring as follows; +: normal expression; ++: increased expression; +++: strongly increased expression; 
+/−: little expression; −: absent; *: very small nodules. Numbers in brackets (x/y) denote the number of ‘x’ 
donors showing the indicated score, out of the total number of ‘y’ donors included.
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Young, hypertrophic and keloid scars are characterized by a CD34−/α-SMA+ region
Next, whole biopsy imaging was used to analyse the dermal cell population in the scars 
(fig. 3). CD34 expression has been used to determine whether surgical margins were 
sufficient by differentiating between dermatofibrosarcoma protuberans (DFSP) and scar 
tissue with CD34 presence and absence respectively [1, 27]. Since the differential diag-
nosis for keloids also includes tumours, such as the malignant DFSP. CD34 expression 
as a tumour biomarker was also included. In normal skin, surrounding-normal-skin and 
normotrophic scars, CD34 stains the mesenchymal stromal cell population throughout 
the dermal compartment, as well as the vascular structures and the various epidermal 
appendages. However, in hypertrophic scars without nodules (2/5) and all of the keloid 
samples, CD34 was absent from the entire scar dermis from the epidermal-dermal 
border downwards. In hypertrophic scars with nodules (3/5), CD34 was absent within 
but present around the nodules. Deep within the tissue at the border of the scar with 
the subcutis (which was removed during processing), CD34 reappeared again. Unlike 
mature normotrophic scars, young scars resembled both hypertrophic and keloid scars 
and showed CD34 absence within the same hypercellular dense scar dermis previously 
identified by H&E staining.

Notably, within the CD34− scar dermis of the young and both abnormal scars, there 
was an obvious α-SMA+ scar region (fig. 3-5). Conversely, mature Nscar, sNskin and 
Nskin were CD34+ but α-SMA−. Hypertrophic scars generally showed more diffuse 
strong α-SMA staining compared with keloids, and α-SMA was concentrated within the 
nodules (3/5) if present (supplemental fig. 2C). The smaller keloid nodules also showed 
α-SMA expression albeit reduced compared with hypertrophic scars (supplemental fig. 
2D). In keloids, the pattern of α-SMA staining was different from hypertrophic scars: the 
strongest immunoreactivity was found around the margins of the CD34− scar dermis 
(supplemental fig. 3), while α-SMA staining was reduced in areas with keloidal collagen. 
In the single hypertrophic scar with substantial keloidal collagen within large nodules, 
these areas with keloidal collagen were strongly α-SMA+.

Figure 2. Epidermal abnormalities of scars. Left: representative involucrin staining. Right: quantification 
of percentage epidermal Ki67 positive cells, results depicted as the mean ± SEM, with p < 0.001 (***) or p < 
0.0001 (****). Immunohistochemistry was performed on normotrophic scars (Nscar, n = 5), immature scars 
(Yscar, n ≥ 3) with adjacent normal skin (Nskin, n = 5), hypertrophic scars (Hscar, n = 5), keloid scars (Kscar, 
n = 5) with surrounding-normal-skin (sNskin, n = 3). For involucrin, 2/5 Yscar were excluded because the 
scar was no longer present in the tissue section; for Ki67, 1/5 Yscar was excluded for the same reason. See 
table 1 for immunohistochemical scores. Scale bar = 100 μm.
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It should be noted that both CD34 and α-SMA also stain endothelial cells and epidermal 
appendages, this served as an internal positive control. Whole biopsy image analysis 
included all visible positive staining and therefore reflects both the mesenchymal cell 
population as well as the internal positive control staining.

Increased dermal proliferation in young scars, but increased mesenchymal 
cellularity and senescence in both hypertrophic and keloid scars
In the following sections, we further examined the CD34−/α-SMA+ scar region. As pre-
liminary histological analysis showed increased cellularity in both abnormal scar types, 
we also examined if these were indeed fibroblasts (vimentin) and if these cells were 
actively proliferating (Ki67) or senescent (p16). p16 is known as a tumour suppressor 
protein which acts by inhibiting cyclin-dependent kinases CDK4 and CDK6 from phos-

Figure 3. Whole biopsy imaging overview. Overview of entire scar biopsies and regions selected for fur-
ther analysis. Green marking: dermal area of entire scar (scar dermis); red marking: α-SMA positive region 
within the scar (scar region); blue marking: non-lesional normal skin (Nskin) adjacent to young immature 
scar (Yscar), or normal skin surrounding (sNskin) keloid scars (Kscar). Hscar: hypertrophic scar. Scale bar 
= 2000 μm.
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Figure 4. Algorithm analysis of immunohisto-
chemical results. Upper panel shows percentage 
of CD34 positive cells in the entire scar dermis 
(green area in fig. 3). Lower panel shows immuno-
reactivity of α-SMA, vimentin, Ki67 and p16 in the 
scar region (red area in fig. 3) within the scar der-
mis. Staining was performed on normotrophic scars 
(Nscar, n = 5), immature scars (Yscar, n = 5) with 
adjacent normal skin (Nskin, n = 5), hypertrophic 
scars (Hscar, n = 5), keloid scars (Kscar, n = 5) with 
surrounding-normal-skin (sNskin, n = 3). Graphs 
show the mean ± SEM, with p < 0.05 (*), p < 0.01 
(**), p < 0.001 (***) or p < 0.0001 (****).

Chapter 3

192



phorylating the Retinoblastoma protein, which then results in G1 cell cycle arrest [28]. 
As such, p16 has been implicated to be involved in cellular senescence [3, 11, 23, 33].

First, mesenchymal cellularity was assessed with the percentage of vimentin+ cells, 
which was significantly increased in the scar region of both hypertrophic and keloid 
scars compared with mature Nscar, sNskin and Nskin (fig. 4 and 5). Although there was 
an obvious increase in dermal cellularity of the young scars (fig. 1C) as well a visible 
increase in vimentin staining in the same region, this was not statistically significant.

Interestingly, dermal proliferation was only increased in young scars (fig. 4 and 5). In 
contrast, both abnormal scar types showed increased expression of senescence marker 
p16 diffusely spread throughout the scar region. Although the increase in hypertrophic 
scar p16 expression did not reach statistical significance due to a single outlier, 4/5 
Hscar showed a clear increase in expression.

Keloidal collagen located within CD34− scar regions
As we had previously observed differences between the peripheral and central keloid 
regions in vitro [21], we next evaluated heterogeneity in native keloid tissue. There were 
no obvious differences between the central and peripheral keloid regions with respect to 
the markers studied. Keloidal collagen was always located in the CD34− scar regions. 
Although this scar region was also α-SMA+, the keloidal collagen was generally found 
in areas where α-SMA staining was weaker (supplemental fig. 3). In one keloid sample 

Figure 5. Overview of representative dermal staining for CD34, α-SMA, vimentin, Ki67 and p16. Stain-
ing was performed on normotrophic scars (Nscar, n = 5), immature scar (Yscar, n = 5) with adjacent normal 
skin (Nskin, n = 5), hypertrophic scars (Hscar, n = 5), keloid scars (Kscar, n = 5) with surrounding-normal-
skin (sNskin, n = 3). Also see table 1 for summary of these results. Scale bar = 100 μm.
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Figure 6. Ex vivo vs. in vitro expression of abnormal scar markers. Comparison of dermal immunohis-
tochemical staining profile between ex vivo biopsies and in vitro tissue engineered skin models. EX VIVO 
biopsies were derived from non-lesional normal skin (Nskin) adjacent to young immature scar (Yscar), 
mature normotrophic scar (Nscar), hypertrophic scar (Hscar), peripheral region of keloid (P-Kscar), central 
superficial region of keloid (Cs-Kscar) and central deep keloid region (Cd-Kscar), normal skin surrounding 
(sNskin) keloid scars. IN VITRO samples were taken from skin models constructed with keratinocytes and 
fibroblasts from non-lesional Nskin, mature Nscar, mature Hscar, mature Kscar regions (P-Kscar, Cs-Kscar, 
Cd-Kscar) and its directly adjacent sNskin. See table 2 for associated immunohistochemical scoring. Scale 
bar = 100 μm.
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that was an almost complete circular spheroid, keloidal collagen was very clearly limited 
to the upper half of the keloid, constituting what we have previously defined [21] as both 
the periphery and the superficial centre, but this was not observed in the other keloids. 
Even in the two hypertrophic scar samples with keloidal collagen (3.4% and 28.0% of 
total surface area), the abnormally thick collagen bundles were located in less strongly 
α-SMA stained regions. Conversely, stronger α-SMA staining in the scar regions cor-
related with vimentin and p16 expression (fig. 4 and 5).

Increased α-SMA and p16 immunoreactivity in tissue engineered in vitro scar 
models
Having now established that both hypertrophic scars and keloids showed a scar phe-
notype comprising dermal CD34−/α-SMA+/p16+ immunoreactivity, we next sought to 
determine whether our in vivo findings could translate into our tissue engineered in vitro 
scar models [19, 21]. CD34 staining was absent in all experimental groups, not just 
the hypertrophic scar and keloid models (fig. 6, table 2). Nevertheless, α-SMA and p16 
were most strongly expressed in the dermis of the reconstructed in vitro hypertrophic 
and keloid scar models compared with their normal skin and normal scar counterparts, 
this was particularly evident in keloid scars.

Table 2. Presence of ex vivo scar parameters in the in vitro models
Table 2. Presence of ex vivo scar parameters in the in vitro models 
 

Marker Nskin Nscar Hscar P-Kscar Cs-Kscar Cd-Kscar sNskin 
 
CD34 expression 
EX VIVO dermis  +++ +++ − − − − +++ 
IN VITRO dermis − − − − − − − 
 
α-SMA expression 
EX VIVO dermis − − +++ ++ ++ + − 
IN VITRO dermis  − (1/8) 

+/− (5/8) 
+ (1/8) 

++ (1/8) 

  
+/− (3/6) 

+ (2/6) 
++ (1/6) 

  
+/− (1/5) 

+ (3/5) 
++ (1/5) 

  
+/− (3/8) 

+ (4/8) 
  

+++ (1/8) 

  
+/− (3/7) 

+ (2/7) 
  

+++ (2/7) 

  
  
  

++ (4/7) 
+++ (3/7) 

  
+/− (3/5) 

+ (2/5) 
  

 
p16 expression 
EX VIVO dermis  − − ++ ++/+++ ++/+++ ++/+++ − 
IN VITRO dermis +/−− (3/3) +/−− (2/4) 

+/− (1/4) 
+ (1/4) 

  
+/− (1/4) 

+ (3/4) 
+/−− (2/3) 

  
+ (1/3) 

+/−− (1/3) 
  

+ (1/3) 
++ (1/3) 

  
  

+ (1/3) 
++ (2/3) 

  
+/− (2/4) 

+ (2/4) 
 
Table 2. Summary of the immunohistochemical abnormal scar parameters CD34, α-SMA and p16 
expression in the ex vivo tissue biopsies compared with expression in the in vitro skin models. Nscar: 
mature normotrophic scar; Yscar: young immature (3-5 weeks old) scar with non-lesional Nskin: normal 
skin; Hscar: hypertrophic scar; P-Kscar: peripheral keloid scar; Cs-Kscar: central superficial keloid scar; 
Cd-Kscar: central deep keloid scar. Scoring was performed as follows; +: normal expression; ++: 
increased expression; +++: strongly increased expression; +/−: little expression; (+/− −) one or two 
positive cells; −: absent. Numbers in brackets (x/y) denote the number of ‘x’ donors showing the 
indicated score, out of the total number of ‘y’ donors included. 
 

Table 2. Summary of the immunohistochemical abnormal scar parameters CD34, α-SMA and p16 expres-
sion in the ex vivo tissue biopsies compared with expression in the in vitro skin models. Nscar: mature 
normotrophic scar; Yscar: young immature (3-5 weeks old) scar with non-lesional Nskin: normal skin; Hs-
car: hypertrophic scar; P-Kscar: peripheral keloid scar; Cs-Kscar: central superficial keloid scar; Cd-Kscar: 
central deep keloid scar. Scoring was performed as follows; +: normal expression; ++: increased expres-
sion; +++: strongly increased expression; +/−: little expression; (+/− −) one or two positive cells; −: absent. 
Numbers in brackets (x/y) denote the number of ‘x’ donors showing the indicated score, out of the total 
number of ‘y’ donors included.
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DISCUSSION

In this study, we have demonstrated that abnormal scars (hypertrophic scars and ke-
loids) retain part of the young scar phenotype (CD34−/α-SMA+ dermis). This suggests 
that scar progression to the mature scar phenotype is somehow hindered in abnormal 
scars. However, young scars do show increased epidermal and dermal proliferation 
(Ki67), which is not seen in abnormal scars where increased mesenchymal cellular-
ity (vimentin) and senescence (p16) were predominant. The differences between 

Figure 7. Summarizing histological and immunohistochemical profile of native scar tissue. The im-
mature scar phenotype (increased epidermal involucrin expression combined with a CD34−/α-SMA+ der-
mis) persists in hypertrophic and keloid scars. Height of the epidermal and dermal compartment reflects 
increasing epidermal and dermal thickness associated with the scar type. Note that this figure is a sche-
matic summary of the (intracellular) immunohistochemistry results (see also table 1). Involucrin gradients 
are indicated within the epidermis, CD34 is indicated generally as present or absent in the dermis. The 
size of the nodule is indicated by the size of the spheroid. The remainder of immunostainings (Ki67, p16, 
α-SMA, vimentin) are represented by symbols (see legend), which were assigned to the epidermal or der-
mal compartment of the figure to reflect the general location of expression. The number of symbols depicted 
indicates a relative increase or decrease in level of expression between the scar types.
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hypertrophic and keloid scars observed in this study were of a gradient rather than 
absolute nature, and there were no obvious signs of keloid heterogeneity. Figure 7 
(and table 1-2) summarize the main results of the study. From a clinical point of view, 
our results lend further support to the view that keloids remain primarily a clinical diag-
nosis. However, the markers presented in this study may aid in distinguishing keloids 
from hypertrophic scars by way of histopathology when there is not a strong clinical 
suspicion for either one. A raised scar with the CD34−/α-SMA+/p16+ phenotype with 
strong immunoreactivity for p16 and significant amounts of keloidal collagen, together 
with a thickened and strongly abnormal involucrin-stained epidermis, would sway the 
diagnosis more confidently towards keloid scars. Conversely, a hypertrophic scar di-
agnosis seems more likely when the CD34−/α-SMA+/p16+ phenotype shows a very 
strong α-SMA+ presence in large dermal nodules, with lesser p16 staining and absent/
negligible keloidal collagen.

Although CD34 is widely regarded as a hematopoietic stem cell marker, its presence 
is also recognized on other cell types, not all of which have been identified [30]. Our 
results are in line with those reporting CD34 as constitutively present throughout normal 
skin [5, 9, 15, 24, 25] and absent from abnormal scars [1, 2, 16]. These CD34+ cells 
have been referred to as dendritic cells [9, 25] or more likely, fibroblast-resembling cells 
lining previously unrecognized interstitial spaces within a reticular pattern of collagen 
bundles [5]. As they were also vimentin+/TE-7+/α-SMA−, it has been suggested they 
may function as uncommitted mesenchymal stromal cells [5, 24]. In line with this, the 
loss of CD34 expression in dermal spindle cells has been correlated with collagen I 
synthesis [2]. Taken together with our findings, this suggests that mesenchymal cell 
differentiation occurs in early wound healing in the immature scars. This phenotype 
persists in abnormal scars, where the ‘uncommitted’ mesenchymal stromal cells have 
shifted to become e.g. collagen-producing cells and α-SMA+ myofibroblasts.

We found that hypertrophic and keloid scars share several histochemical abnormali-
ties, namely: increased epidermal thickness, involucrin expression, and dermal cellular-
ity with a CD34−/α-SMA+/p16+ dermal cell population. Conversely, α-SMA, keloidal col-
lagen and dermal nodules have previously been put forward as distinguishing features. 
α-SMA staining has been reported as unique to hypertrophic scars [8] or even keloids 
[4], but our results are in line with those reporting variable α-SMA expression in both 
hypertrophic and keloid scars [16, 18, 29]. We found that keloids generally showed 
less α-SMA immunoreactivity than hypertrophic scars with the only difference between 
the two abnormal scar types being one of gradation. Keloidal collagen has also been 
reported as exclusively occurring in keloid scars [8, 18, 29], although Lee et al. [18] 
found it was not always expressed in keloids, with complete absence thereof in 45% 
of keloids. In line with our study, keloidal collagen in clinically diagnosed hypertrophic 
scars has been reported [22, 26], thus further complicating its usefulness as a definitive 
keloid marker. Finally, dermal nodules have been described as unique to hypertrophic 
scars [8], but our results are more in line with the majority of studies reporting nodules 
in both abnormal scar types [7, 13, 18, 26, 29]. All things considered, differences were 
of a gradient rather than absolute nature, with hypertrophic scars showing more intense 
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α-SMA immunoreactivity and keloids showing a higher and constitutive presence of 
keloidal collagen (fig. 7).

We have previously subdivided keloid scars into peripheral and central (superficial 
and deep) regions and found that in our in vitro organotypic scar models, the cen-
tral deep keloid regions show the most exaggerated keloid phenotype [21]. In native 
keloid tissue, keloidal collagen was located in the deeper reticular dermis within the 
CD34− scar regions, where α-SMA staining was reduced (but still positive). This area 
formed an inner oval-shaped spheroid in the middle of the keloid scars and therefore 
comprised parts of the periphery, superficial and deep central regions (supplemental fig. 
3). Although comparison with others is often complicated by differently defined regions, 
our results are most in line with those reporting the presence of keloid collagen as 
limited to the middle part of the keloid [12, 13, 29] or deeper in the dermis [32] and are 
in contrast with Jiao et al. [14] who reported keloidal collagen as limited to the bottom 
region. Heterogenous hypercellularity has also been reported, with hypercellularity in 
the peripheral margin compared with the centre [12, 13]. Yet we found increased cel-
lularity mostly in areas devoid of keloidal collagen, which was not necessarily always 
limited to the periphery. Ultimately though, none of the markers we studied showed any 
evident peripheral or central differences in expression within keloid scars (supplemental 
figure 3). And while the surrounding-normal-skin shared some keloid abnormalities in 
vitro, ex vivo surrounding-normal-skin behaved in a similar fashion to normotrophic 
scars and normal skin adjacent to young scars.

Most interestingly, the CD34−/α-SMA+/p16+ profile of abnormal scars was mostly 
maintained in our organotypic cultured scar models [19, 21]. This indicates that the 
cellular phenotype is maintained during an extensive in vitro cell amplification and 
culture period, and not only adds validity to the newly identified biomarker profile but 
also further correlates the in vitro models to the native scars.

This study is also affected by certain limitations. Firstly, the relatively small sample 
size of five biological replicates and the inherent interlesional variability of scars both 
mainly affected the epidermal marker expression, which showed some variability com-
pared to our previous study [20]. Rete ridge scores were significantly reduced in the 
bulging central keloid region compared with normal skin [20], but significance was lost 
when the entire keloid epidermis was included in the analysis. Quantifying the extent 
of rete ridge formation remains a difficult task, our method is clearly not infallible and 
remains a point for further improvement. Secondly, the algorithm used for determining 
immunoreactivity percentages may not be sufficiently sensitive for less intense staining 
as demonstrated by lack of increased vimentin detection in the young scars, while this 
was clearly visible by simple light microscopy. Finally, while our results suggest that 
scar progression to the mature normotrophic phenotype is hindered in both hypertrophic 
and keloid scars, we cannot yet explain the underlying mechanism. Future research 
efforts should include investigation into the immature scar phenotype to identify the 
players involved in switching a scar from immaturity to maturity. Based on our results, 
the CD34− fibroblasts and the abnormally differentiated keratinocytes are promising 
potential key players in this process.
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Supplemental Figure 1. Histological assessment of scars. Graphs show mean ± SEM with p < 0.05 
(*), p < 0.01 (**), p < 0.001 (***); for (A) number of viable epidermal cell layers, (B) cumulative rete ridge 
formation score, (C) percentage of ‘keloidal collagen’ depicted as individual data points with the median.
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Supplemental Figure 2. H&E and α-SMA staining of keloidal collagen and dermal nodules. Abnor-
mally thick collagen bundles, also referred to as keloidal collagen, were located underneath a relatively 
unaffected dermal region directly beneath the epidermis (indicated by double-headed arrow). The area 
containing keloidal collagen is also delineated in the α-SMA staining of the same biopsy of keloid scars 
(A) and hypertrophic scars (B). Dermal nodules are shown in both hypertrophic (C) and keloid scar (D) in 
H&E and α-SMA stainings respectively. Kscar: keloid scar, Hscar: hypertrophic scar. Dashed line delineates 
keloidal collagen. Double-headed arrow shows, where keloidal collagen is absent. Dotted line delineates 
dermal nodules. Scale bar = 500 μm.
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Supplemental Figure 3. Transverse sections of keloid scars with surrounding normal skin left from 
the keloid. Upper row shows H&E staining with ‘keloidal collagen’ regions delineated with dashed lines. 
Dotted lines delineate areas studied for heterogeneity within and around keloid scars; sN: surrounding-
normal-skin (sNskin), P: peripheral region, Cs: central superficial region, Cd: central deep region. Second 
row shows CD34 and α-SMA staining, third row shows p16 and vimentin staining. Scale bar = 2000 μm.
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Supplemental table 1. Donor characteristics 
Supplemental table 1. Donor characteristics  
 

Donor Tissue  Location Etiology  Age Previous treatment Skin colour Pt age Gender 
1 Yscar  

+ Nskin 
back resection after 

melanoma removal 
3 wk none  78 yr male 

2 Yscar  
+ Nskin 

upper leg resection after 
melanoma removal 

4 wk none  52 yr female 

3 Yscar 
+ Nskin 

chest resection after 
melanoma removal 

4 wk none  52 yr male 

4 Yscar 
+ Nskin 

chest resection after 
melanoma removal 

5 wk none  64 yr female 

5 Yscar 
+ Nskin 

thorax resection after 
melanoma removal 

5 wk none  40 yr female 

1 Nscar breast  ≥ 1 yr  white 56 yr female 
2 Nscar 

 
 ≥ 1 yr  white 38 yr male 

3 Nscar abdomen surgery ≥ 1 yr none white 40 yr female 
4 Nscar breast surgery ≥ 1 yr  light brown 67 yr female 
5 Nscar abdomen 

 
≥ 1 yr  brown 30 yr female 

1 Hscar breast surgery 3 yrs none white 32 yr male 
2 Hscar 

  
≥ 1 yr  white 25 yr 

 

3 Hscar abdomen 
 

≥ 1 yr  dark brown 24 yr male 
4 Hscar thorax 

 
≥ 1 yr  white 15 yr female 

5* Hscar elbow trauma 1 yr excision;  
corticosteroids 

dark brown 44 yr female 

1** Kscar  
+ sNskin 

abdomen Caesarean section 0.5 yr none dark brown 23 yr female 

2 Kscar  
+ sNskin 

sternum scratch  
inflammation 

3 yr excision; corticosteroids white 26 yr female 

3 Kscar  
+ sNskin 

presternal acne 5 yr excision dark brown 48 yr female 

4 Kscar  neck 
   

dark brown 14 yr male 
5 Kscar  earlobe piercing 4 yrs none dark brown 20 yrs male 

 
Supplemental table 1. Summary of characteristics of donors and associated tissue samples. 
Abbreviations; Nskin: normal skin in same biopsies of young scars; Nscar: normotrophic scar; Yscar: 
young immature (3-5 weeks old) scar; Hscar: hypertrophic scar; Kscar: keloid scar; sNskin: normal skin 
surrounding keloids; Pt: patient; yrs: years; if information is absent: unknown, information unavailable; 
*: only biopsy which was a longitudinal section of the scar, all other samples were transverse tissue 
sections. All Nscar, Hscar and Kscar were mature and at least one year old (except Kscar donor 1**, 
which was six months old).  
 
 
 
 
 
 
 
 
 
 

Supplemental table 1. Summary of characteristics of donors and associated tissue samples. Abbrevia-
tions; Nskin: normal skin in same biopsies of young scars; Nscar: normotrophic scar; Yscar: young im-
mature (3-5 weeks old) scar; Hscar: hypertrophic scar; Kscar: keloid scar; sNskin: normal skin surrounding 
keloids; Pt: patient; yrs: years; if information is absent: unknown, information unavailable; *: only biopsy 
which was a longitudinal section of the scar, all other samples were transverse tissue sections. All Nscar, 
Hscar and Kscar were mature and at least one year old (except Kscar donor 1**, which was six months old). 
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Supplemental table 2. Immunohistochemistry staining protocols 
Supplemental table 2. Immunohistochemistry staining protocols  
 

Target marker Antibody source 
Dilution of 
antibody 

Supplementary treatments 
prior to antibody addition 

    

Ki67 mouse monoclonal, clone MIB-1 
(DakoCytomation, Glostrup, Denmark) 

1:50 A 
 

Involucrin mouse monoclonal, clone SY5 
(Novocastra, New Castle, UK) 

1:1000 B 
 

Vimentin mouse monoclonal, clone V9 
(DakoCytomation, Glostrup, Denmark) 

1:200 C 
 

α-SMA mouse monoclonal, clone 1A4 
(DakoCytomation, Glostrup, Denmark) 

1:1000 none 
 

CD34 mouse monoclonal, clone QBen10 
(DakoCytomation, Glostrup, Denmark) 

1:50 A 
 

p16 mouse monoclonal, clone INK4a 
(Neomarkers, Freemont, CA, USA) 

1:500 A 
 

 
Supplemental table 2. Summary of the antibodies and immunohistochemical staining protocols for 
Ki67 (proliferation), involucrin (epidermal differentiation), vimentin (mesenchymal cells), α-SMA 
(myofibroblast), and CD34 (hematopoietic cells, endothelial cells), p16 (senescence). All antibodies 
stained intracellular antigens. Additional treatments prior to primary antibody incubation included A: 
heat-induced antigen retrieval with an EDTA based pH 9.0 epitope retrieval solution, B: blocking of 
endogenous peroxidase by 20 min. incubation in a 0.3% H2O2 in methanol solution, C: heat-induced 
antigen retrieval with citrate-based pH 6.0 epitope retrieval solution.    
 

Supplemental table 2. Summary of the antibodies and immunohistochemical staining protocols for Ki67 
(proliferation), involucrin (epidermal differentiation), vimentin (mesenchymal cells), α-SMA (myofibroblast), 
and CD34 (hematopoietic cells, endothelial cells), p16 (senescence). All antibodies stained intracellular an-
tigens. Additional treatments prior to primary antibody incubation included A: heat-induced antigen retrieval 
with an EDTA based pH 9.0 epitope retrieval solution, B: blocking of endogenous peroxidase by 20 min. 
incubation in a 0.3% H2O2 in methanol solution, C: heat-induced antigen retrieval with citrate-based pH 6.0 
epitope retrieval solution.
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