Histol Histopathol (2015) 30: 1033-1057

http:/www.hh.um.es

Histology and
Histopathology

Cellular and Molecular Biology

Review

Functional histopathology of keloid disease

N. Jumper!, R. Paus?3 and A. Bayat'3

"Plastic and Reconstructive Surgery Research, Manchester Institute of Biotechnology, University of Manchester, Manchester, UK,
2Department of Dermatology, University of Munster, Munster, Germany and 3Centre for Dermatology Research, Institute of

Inflammation and Repair, University of Manchester, Manchester, UK

Summary. Keloid disease is a benign, yet locally
aggressive and recurrent cutaneous fibroproliferative
condition characterised by excessive scarring. Unique to
humans, keloids represent the end-point of a spectrum of
abnormal wound healing, are aesthetically disfiguring
and can cause major functional impairment. Its
heterogeneous phenotype can confound clinical
diagnosis leading to mismanagement. This review
examines the histological morphology of keloid disease
relative to the underlying pathobiology, places it in the
context of other cutaneous fibroses and highlights gaps
within the literature that hinder differential diagnosis.
The pathological similarity to hypertrophic scarring,
dermatofibrosarcoma protuberans, dermatofibroma and
scleroderma emphasise the importance of detailing the
architectural and cellular components of this unique
entity. In the papillary dermis keloid tumours show a
tongue-like advancing edge that resembles invasive
tumour growth. A thickened but flattened epidermis,
hyalinised haphazardly arranged collagen bundles that
dominate the dermis with subsequent obliteration of the
papillary-reticular boundary along with displacement
and eventually destruction of skin appendages,
exemplify additional hallmark findings associated with
keloid disease. Compared to healthy skin, keloid scars
show an increased type I/III collagen ratio, decreased
fibrillin-1 and decorin expression, increased dermal
cellularity and increased expression of fibronectin,
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versican, elastin and tenascin in the reticular dermis and
hyaluronan and osteopontin in the epidermis. We
illustrate these “pathognomonic” features of keloid
disease by representative micrographs and discuss them
in the context of inflammation, hypoxia and tension - as
key elements of keloid disease. Finally, we highlight
deficits within the keloid research literature as well as
discuss important areas for future research in keloid
histology.

Key words: Keloid, Histopathology, ECM, Cutaneous
fibroses

Introduction

Keloid scars invariably arise following skin trauma
that entails damage to both epidermis and dermis. While
the pathogenesis of keloid disease (KD) remains
incompletely elucidated, it does represent an
abnormality of normal wound healing mechanisms
(Butler et al., 2008; Gauglitz et al., 2011). Despite an

Abbreviations. BMZ, Basement membrane zone; DEJ, Dermo-
epidermal junction; DFSP, Dermatofibrosarcoma protuberans; ECM,
Extracellular matrix; EMI, Epithelial-mesenchymal interactions; EMT,
Epithelial-mesenchymal transition; HA, Hyaluronic acid; HTS,
Hypertrophic scar; IHC, Immunohistochemistry; KALT, Keloid
associated lymphoid tissue; KD, Keloid disease; KF, Keloid fibroblasts;
KK, Keloid keratinocytes; MC, Mast cell; NSF, Normal skin fibroblasts;
NSK, Normal skin keratinocytes; PD, Papillary dermis; RD, Reticular
dermis; SLRP, Small leucine rich protein; TGFB, Transforming growth
factor; aSMA, alpha smooth muscle actin
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increased incidence in the third decade (Seifert and
Mrowietz, 2009) and a higher preponderance among
dark-skinned individuals (Sun et al., 2014), there are
case reports describing keloid in different anatomical
locations affecting humans of both genders, all ages
(Tirgan et al., 2013) and ethnicities (Shih and Bayat
2012). KD has been described as an inability to restrain
the wound healing process, resulting in an excess of scar
tissue (Gauglitz et al., 2011). An imbalance between the
phases of inflammation, proliferation and remodelling is
thought to contribute to the distinguishing histologic
features associated with KD and other cutaneous
fibroses, such as hypertrophic scars, dermato-
fibrosarcoma protuberans (DFSP) and dermatofibroma.
Despite significant recent progress in the pathobiology
of KD (see for recent literature: (Suarez et al., 2013;
Ogawa et al., 2014; Spiekman et al., 2014; Chen et al.,
2015)) we have yet to identify the one pivotal pathway
that determines keloid development, the course of KD
and/or its response to therapy. The histological features
associated with KD likely reflect a combination of
distinct pathobiological elements, whose relative
importance is likely to differ between affected
individuals and which may underlie the heterogeneity
that exists not only between and within keloid lesions
but also between patients.

Much of keloid research to date has focussed on
identifying potential biomarkers for KD associated with
the classical four phases of wound healing (haemostasis,
inflammation, proliferation and remodelling). These
integrated phases of wound healing are regulated by
numerous transcription factors, cytokines and growth
factors, which are beyond the scope of this review (see:
(Gurtner et al., 2008; Muller et al., 2012; Ding and
Tredget, 2014; Haertel et al., 2014; Olczyk et al., 2014).
By approaching the histology from a pathobiological
angle that compares KD with normal wound healing one
can attempt to understand the dynamic histological
features of KD and can correlate them with the emerging
advances in molecular keloid research (Arbi et al.,
2015).

Written from a pathobiological perspective, this
review focuses on the histology of KD, emphasising its
cellular and extracellular matrix (ECM) components and
how these allow one to distinguish KD from similar
fibrotic cutaneous conditions. Whilst this review
attempts to facilitate differential diagnosis, we also
highlight gaps within the KD literature and delineate
promising areas for future research in this field.

Haemostasis (Day 1)

As the first phase of wound healing, the initial
formation of a haemostatic clot may not be considered
histologically relevant in KD, where the clinical criteria
for diagnosis require lesions to be present for at least a
year. However, the cytokine release from de-granulated
platelets e.g. platelet-derived growth factor, stimulate
surrounding fibroblasts to lay down early ECM and

through chemotaxis, are responsible for much of the
inflammatory infiltrate seen in histological sections
(Weyrich et al., 2009). Additionally, it has been
hypothesised that inadequate removal of the fibrin clot in
keloid, secondary to PAI-1 excess, may lead to sustained
fibroblastic release of collagen and result in fibrosis
(Simone et al., 2014).

Inflammation

“Appropriate inflammation” is an essential part of
the normal wound healing mechanism (Guo and
Dipietro, 2010) but persistence of this process can lead
to many of the features observed in KD. It has been
hypothesised that the sustained release of cytokines and
growth factors from immune cells results in continued
cell proliferation and ECM deposition (Reinke and Sorg,
2012). The presence, even in mature keloid scars, of an
inflammatory infiltrate (Fig. 1A), keloid-associated
lymphoid tissue (KALT) and excess matrix, supports this
theory. Immunohistochemistry has demonstrated the
persistence of a number of pro-inflammatory immune
cells, primarily macrophages and lymphocytes, known to
be involved in chronic inflammation. Also discussed
here, as well as schematically depicted in Fig. 5, are
cells with an immune role shown to be present in keloid
tissue when compared with normal skin, including mast
cells, Langerhans cells and fibrocytes (antigen
presenting function).

Macrophages

These cells, derived from circulating monocytes, are
a heterogeneous population dependent on their mode of
activation. Macrophages can be classically (M1, CD68+)
or alternatively (M2, CD163+) activated and both of
these are present within the keloid PD and RD. At both
intralesional and perilesional sites, these cells were
increased in comparison with normal skin and normal
skin scars (Bagabir et al., 2012). The classically
activated macrophages are degradative and therefore are
responsible for much of the destruction of the ECM.
Additionally, macrophages can produce collagen
(usually collagen VII) and may also secrete perlecan and
versican (Schnoor et al., 2008). These cells have been
found to lie in close contact with both other immune
cells and fibroblasts suggesting that, through their
release of cytokines, these immune cells may be engaged
in a paracrine loop resulting in the evident histological
changes (Shaker et al., 2011).

Lymphocytes

Immune cell infiltrate in keloid tissue was shown by
Martin and Muir to demonstrate that T-cell lymphocytes
were present in higher numbers over a longer period of
time when compared with normal scar tissue.
Additionally, a more abundant T-cell population,
particularly Th cells, was noted at the margin of the
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Fig. 1. Morphological analysis of keloid and normal skin using haematoxylin and eosin (H&E). The tissue was formalin-fixed and paraffin-embedded
before cutting 5um sections and stained using a standard protocol. A. Thickened flattened epidermis of keloid (black arrow) with inflammation (orange
arrow). Evidence of hyperkeratosis (K). B. Normal skin with thin epidermis and rete ridges. C. Whorls of haphazard hyalinised thickened collagen in
keloid. D. Organised fine collagen of normal skin. E. Increased cellularity in keloid (black arrow). F. Reduced cellularity in normal skin. G and H.
Horizontal fibrous band in upper dermis of keloid (black arrow).
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keloid tissue when compared with the less active centre
(Martin and Muir, 1990). Lymphocytes are
morphologically identified as small round cells with
round nuclei but immunohistochemistry is required to

Keloid disease

reliably differentiate between B and T cells. T-cell
lymphocytes, typically those that are CD3+, are
consistently found to be increased in keloid tissue,
mostly perivascularly, but also dispersed between

Normal skin

Fig. 2. Morphological analysis of keloid and normal skin using Herovici staining. A and B. Larger volume of sub-epidermal area with increased
Collagen llI:I ratio vs normal skin (blue arrows). C and D. Transition from thin sub-epidermal Collagen | to thick coarse Collagen | with intervening
collagen Il vs normal skin. E and F. Thickened haphazard collagen I:lll ratio vs normal skin.
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Fig. 3. H&E staining of keloid tissue demonstrating specified features. A. Obliteration of the papillary-reticular boundary. B. Combination of multiple
features including inflammation (orange arrow) fine to coarse collagen fibres (black arrows), hyper-cellularity and thickened flattened epidermis. C.
Thickened epidermis but not flattened. D. Finer collagen but remains hyper-cellular. E. Nodule within dermis. F. Focal point of collagen explosion. G

and H. Advancing edge within papillary dermis as shown by black arrows.
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collagen bundles (Moshref and Mufti, 2010; Shaker et
al., 2011). There has also been a reported increase in the
CD4+:CD8+ ratio within T lymphocytes in keloid
samples, however the significance of this remains
undetermined (Boyce, 1994; Bagabir et al., 2012). One
study looked at 28 hypertrophic and 26 keloid samples,
determining there was a delayed-type immune reaction
that seemed to be age-dependent in hypertrophic scars,
maintaining the possibility to differentially diagnose
these lesions (Santucci et al., 2001). While T
lymphocytes invariably showed increased numbers in
keloid tissue when compared with normal skin or normal
scar, the distribution of B-cell lymphocytes was more
erratic. Many of the earlier studies reported few B
lymphocytes in either normal or scarred dermis (Martin
and Muir, 1990; Boyce, 1994), however more
contemporary works, using the pan-B cell marker CD20,
have identified a higher number at both central and
marginal sites when compared with controls (Shaker et
al., 2011; Bagabir et al., 2012). Interestingly, a recent

study identified novel patterns of KD-associated
inflammatory infiltrates that resemble tertiary lymphoid
follicles and has coined this “keloid-associated lymphoid
tissue” (KALT). Despite being present in only some of
the KD samples examined, the presence of aggregates
emphasises the importance of an immune role in KD and
supports the need for further investigation (Bagabir et
al., 2012). Perhaps this phenomenon shows some
similarities to the most recently described perivascular
clustering of leukocytes that may be essential for the
elicitation of effective contact hypersensitivity responses
in murine skin (Natsuaki et al., 2014).

Mast cells (MC)

Found in large numbers in a study including 44
keloid samples, MC were evidenced to be in close
contact with fibroblasts, a term referred to as “cell talk”
(Shaker et al., 2011). These cells release histamine when
de-granulated, which may be responsible for the pruritus

Fig. 4. Keloid and normal keratinocytes in monolayer in vitro culture PO. A and C. keloid keratinocytes form looser colonies than their normal skin

counterparts (B and D).
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and erythema associated with keloids, explaining why
these symptoms are attenuated with the application of
corticosteroid and/or compression (Lavker and
Schechter, 1985; Hassel et al., 2007; Schneider et al.,
2013). When normal scar and hypertrophic scar tisssue
were analysed, it was found that the MC numbers
increased with increasing scar age, although it was
highlighted that the activation of these cells and not just
the number of cells was of significance (Niessen et al.,
2004). Several studies have shown that MC are
increased in keloid tissue (Kamath et al., 2002;
Ammendola et al., 2013; Dong et al., 2014). A recent
study showed an increased number of mature and
activated MC, both intralesionally and perilesionally in
keloid tissue when compared with normal skin and
normal scars (Bagabir et al., 2012). Direct cell-cell
contact between MC and KF has recently been shown
using transmission electron microscopy and was
hypothesised to be responsible for KF proliferation
through the MC release of cytokines and growth factors.
This group also postulated that increased collagen may
attract MC, which then reduce collagen bulk through
phagocytosis (Arbi et al., 2015).

Langerhans cells

Despite the finding that the release of IL-1a and
attraction of T lymphocytes by activated Langerhans
cells can influence collagen levels, there is limited
evidence in the literature on their abnormal presence in
keloid tissue (Niessen et al., 2004). One study, using

Papillary dermis
Reticular dermis

CD207 staining, found no difference in numbers
between keloid and normal skin or normal scars
(Bagabir et al., 2012). A separate group using anti-CD1a
showed the presence of these cells in hypertrophic scars
diminished over time finding reduced cells positive in
old hypertrophic scars but did show positive staining
present in approximately 40% of keloid tissue samples
(Santucci et al., 2001).

Fibrocytes

Fibrocytes are mesenchymal precursor cells
expressing myeloid (CD45RO) and haematopoietic
(CD34) antigens, as well as structural proteins including
collagen I, collagen III, fibronectin and vimentin (Abe et
al., 2001; Bucala, 2012). Morphologically distin-
guishable by their spindle shape and mid-length fibre-
like projections, these cells may account for up to 10%
of cells infiltrating wound sites (Bucala et al., 1994).

Fibrocytes have been shown to be a population
distinct from MSC (mesenchymal stem cells), identified
by a double positive CD34/collagen 1 and/or
CD45/collagen I stain (Igbal et al., 2012). Discussed
here because of their their pro-angiogenic and immune
role (Reilkoff et al., 2011), acting as antigen-presenting
cells, fibrocytes also contribute to both the proliferation
and remodelling phases of wound healing through
differentiation into fibroblast and myofibroblast
populations (Bellini and Mattoli, 2007).

Although less dense than normal fibroblasts within
keloid tissue (0.4 versus 4.8 per area (Ueda et al.,

Inflammatory
infiltrate

Fibrocyte
Fibroblast
Mast cell

Plasma cell

Fig. 5. Inflammation
in keloid scar tissue.
Schematic diagram
Lynphocyte  representing the
histological features
of keloid that are
associated with
inflammation including
inflammatory infiltrate,
hypercellularity, KALT
Macrophage (keloid associated
lymphoid tissue) and
an excess of ECM
produced by these

Blood vessel

Collagen |

Collagen IlI

Hypercellularity cells.
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1999)), fibrocytes are thought to contribute to excess
scarring through collagen production, both themselves
and by induction of fibroblasts, as well as by
differentiation into aSMA-expressing myofibroblasts,
which exert contractile forces on the healing wound
(Igbal et al., 2012). Fibrocytes have been shown to affect
keratinocyte proliferation and impact the re-
epithelialisation process (Kao et al., 2011) and are
postulated to be the source of scarring in burn wounds,
where it may be difficult for fibroblasts to migrate from
the healthy wound edge (Mathangi Ramakrishnan et al.,
2012).

This, in addition to their increased prolyl-4-
hydroxylase (Aiba and Tagami, 1997) release, an
enzyme responsible for the stabilisation of the collagen
triple helix, is thought to result in the excess ECM
deposition that is the hallmark of KD (McCoy et al.,
1980; Ala-Kokko et al., 1987). As fibrocytes are derived
from CD14+ cells in the peripheral blood (Curran and
Ghahary 2013), these have been used as an upstream
target for therapeutics. Serum amyloid P (SAP) inhibits
fibrocyte differentiation thereby decreasing the
myofibroblast population in the wound and reducing
scarring (Naik-Mathuria et al., 2008; Blakaj and Bucala,
2012). Although not the primary source of collagen, it
may be that targeting fibrocytes is an important strategy
for targeting the scar tissue volume in KD.

Proliferation

This wound healing phase is marked by the
formation of granulation tissue, re-epithelialisation, neo-
angiogenesis and new ECM deposition (Baum and
Arpey, 2005). While the features associated with these

Thickened flattened
epidermis with
hyperkeratosis

ECM deposition

processes are discussed under proliferation, there is
significant overlap with both the inflammatory and
remodelling phases whereby cells, cytokines and growth
factors from all three stages contribute to the
dysregulation leading to keloid histology (Shih et al.,
2010).

It is postulated that a prolonged proliferation phase
is responsible for the majority of features considered
characteristic of KD (Young et al., 2013) and these are
schematically depicted in Fig. 6. While an
overproduction of collagen is the subject of much focus
in the literature, it is the microscopic changes in the non-
collagenous ECM elements that distinguish keloid from
other cutaneous fibroses and are therefore discussed in
further detail.

Epidermal proliferation

The majority of literature to-date has described the
keloid epidermis as thickened with flattened rete ridges
(Fig. 1A,B), presumably secondary to pressure from the
large collagen bundles occupying the dermis that
impinge upon the epidermis (Lee et al., 2004; Kose and
Waseem, 2008). The normal epidermis, composed
mostly of keratinocytes in distinct stages of
differentiation is also populated by Merkel cells,
Langerhans cells, T lymphocytes (CD4+, CD8+ or y0-T
cell receptor+) and melanocytes, complemented by
intraepidermal nerve fibres arising from distally located,
extracutaneous sensory neurons arising from spinal
dorsal root ganglia (Kanitakis, 2002; Fradette et al.,
2003; Di Meglio et al., 2011).

Although not extensively studied, keloid epidermis
exhibits an increased immune cell infiltrate (discussed

Advancing
edge with
hypercellularity

Versican
Tenascin

Hyaluronic acid . . L .
Fig. 6. Proliferation in keloid

Neo-angiogenesis scar tissue. Schematic
diagram representing the
histological features of keloid

5o

i

S Fibroblast . . .
= disease associated with
- Myobibroblast proliferative stage of wound
healing. Hypercellularity
é Periotstin resulting in both thickened
epidermis and an advancing
S Fibronectin edge in the dermis. Increased
ECM deposition resulting in
@ Elastin blurring of the papillary-
reticular boundary. ECM

molecules known to show
increased staining in keloid
tissue are depicted here.
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below) at both the lesion centre and margin (Bagabir et
al., 2012) as well as positively expressing immune cell
mediators, COX-1 and COX-2 (Abdou et al., 2014). The
keloid epidermis expresses osteopontin, although this
was not compared with normal skin (Miragliotta et al.,
2014), positively stained compared with normal skin for
TGFp-1 (Abdou et al., 2011) and no difference was
shown between KD, HTS and normal skin with regard to
epidermal insulin-like growth factor-1 receptor staining
(Hu et al., 2014). There is however, a noticeable paucity
of information in the literature on melanocytes and
Merkel cells in keloid epidermis and any abnormalities
in these cell types compared to the epidermis of healthy
skin or normal scars.

Keratinocytes

Keratinoctyes change their morphology with
differentiation status, allowing formation of a stratified
epithelium that generates a protective barrier (Eckert,
1989). Under certain pathological conditions, epidermal
keratinocytes express alternate keratins to those found in
normal skin. This is also seen in KD, where hyper-
proliferation marker keratin 16 has been shown to be
expressed as well as keratin 2e, normally found in the
cornified envelope but in keloid, it is expressed in the
basal epidermis (Bloor et al., 2003; Ong et al., 2010).
Histochemically this goes along with epidermal
hypergranulosis and hyperkeratosis (Figs. 1A, 2C)
(Moshref and Mulfti, 2010).

This keloid keratinocyte (KK) hyper-proliferation is
thought to account for the consistently thickened
epidermis observed in keloid histology and may
contribute to BMZ changes. With most of the
histological disorganisation occurring below the DEJ,
the basal cells in keloid tissue appear regular with
minimal disarray, albeit showing some vacuolar changes
(Moshref and Mufti, 2010). Whilst previously thought
only to be a result of aberrations in dermal tissue,
namely fibroblasts, the effect of local paracrine loops

involving keratinocytes and the epidermis has now been
realised in the context of cutaneous wound healing and
scar formation (Garner, 1998; Machesney et al., 1998).

3D models and co-cultures have been employed to
demonstrate dysregulation of EMI in keloid formation
(Lim et al., 2001, 2002) and investigate keloid pathology
(Supp et al., 2012; van den Broek et al., 2014).
Additionally, KF expression was shown to be altered
when in direct cell-cell contact with keratinocytes when
compared with exposure only to keratinocyte medium
(Funayama et al., 2003). As well as their autocrine and
paracrine roles in initiating inflammatory responses
(Pasparakis et al., 2014), keratinocytes participate in
regulation of fibroblast proliferation, apoptosis and
collagen production, thus participating in ECM synthesis
(Kose and Waseem, 2008; Wang et al., 2015).

While KK have been compared to normal skin
keratinocytes (NSK) on a transcriptional level (Xia et al.,
2006) there is limited evidence in the literature
comparing their monolayer cell morphologies. One
study implicates this cell’s role in EMT by showing
immunohistochemical evidence of desmosomal
discontinuity impacting keratinocyte adhesion. They also
describe KK displaying detached, more widely
disbanded colonies when compared with NSK and
showed evidence of faster migration using a scratch
assay (Hahn et al., 2013). We also found that NSK
formed tighter, more compact colonies when compared
with KK in monolayer culture as shown in Fig. 4.

Melanocytes

While there are a few studies that investigated the
expression of melanocytic factors in KF, including
melanocortin-1 receptor (Luo et al., 2013) and
propiomelanocortin (Teofoli et al., 1997), the only
reference to keloid tissue pigmentation was from that of
one grafted into a hamster cheek pouch, where they
hypothesised that grafted keloid tissue must contain
melanoblasts that differentiated into melanocytes in the

Perilesional

Intralesional superficial

Extralesional

Intralesional deep

Fig. 7. Schematic representation of defined sites used
to investigate site-specific keloid disease pathobiology.
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hamster environment, something that does not occur in
the human samples (Hochman et al., 2005). There is
some evidence that melanocytes induce fibroblast
proliferation resulting in increased ECM deposition (Gao
et al., 2013) and that reduction in melanocytes may be
responsible for the relative success of current therapies
(Har-Shai et al., 2006). A recent study investigating the
effect of melanocytes and fibroblasts on the contractile
behaviour of keratinocytes suggested that the balance of
melanocytes rather than the presence or absence is more
significant (Rakar et al., 2014). Given the recent
experimental findings in mice, that wounding or UV
trauma of the epidermis recruits melanocyte stem cells
from the hair follicle epithelium into the epidermis
(Chou et al., 2013) and the concept that melanocytes
may play a more active role in damage response and
tissue remodelling than widely appreciated (Paus, 2013),
there is clearly a lot of scope for further research for
defining the role of the melanocyte in keloid
pathobiology.

Dermal proliferation
Extracellular matrix deposition

The dermis of human skin is composed of two
distinct layers: papillary and reticular. It has been noted
in several histological keloid specimens that, as a result
of matrix overproduction, the distinction between the
papillary and reticular dermis becomes blurred (Fig. 3A)
(Huang et al., 2012).

Collagen

Collagen, an abundant triple helix protein
(Mienaltowski and Birk, 2014), is the main ECM
constituent and is found in abundance in KD. It is
generally accepted that keloids contain surplus amounts
of collagen within the dermis, accounting for most of the
bulk of the scar tissue. Lee et al. in 2004 referred to this
haphazard collagen pattern (Fig. 1C) as “keloidal
collagen”, identifying it as a histological hallmark of
KD, albeit with a low sensitivity (Lee et al., 2004). The
discord regarding the exact quantity, type, morphology
and location of this collagen is due to much of the
literature being based on individual findings, often using
small sample numbers or lacking comparisons to normal
and hypertrophic scars.

These factors, compounded by the inherent
heterogeneity of keloid fibrosis, have led to confusion in
diagnosis and inappropriate management strategies
(Atiyeh et al., 2005). There is little disagreement over
the “keloidal collagen” being thickened, hyalinised and
eosinophilic with a distinct glassy appearance. Whether
confined to a particular zone (Bux and Madaree, 2010)
or diffusely distributed throughout the dermis (Moshref,
2010), the collagen bundles have been described as
organised parallel to the surface (Ehrlich et al., 1994) but
more frequently haphazardly arranged (Knapp et al.,

1977; Da Costa et al., 2008). These bundles occur with
higher frequency and increased thickness in the
perilesional sub-papillary (Bux and Madaree, 2010) or
RD when compared with intralesional and extralesional
sites (Syed et al., 2011).

Furthermore, it has been described that the ratio of
the two primary collagens involved in wound healing,
types I and 111, is altered in keloids (Abergel et al., 1985)
with more recent studies supporting an elevated collagen
I/II ratio (Fig. 2) based on raised collagen I and
unaltered collagen III levels (Uitto et al., 1985; Peltonen
et al., 1991) . This ratio may vary between different sites
within the keloid tissue as demonstrated in a recent study
revealing increased collagen I and III production within
perilesional sites of the keloid, both in vitro and in vivo,
when it is compared with intralesional and extralesional
sites (Syed et al., 2011).

In addition to “keloidal collagen” several other
features allow one to distinguish keloid from
hypertrophic scarring (Lee et al., 2004). These are
summarised in Table 4. The most significant of these
was the presence of a PD tongue-like advancing edge,
which has also been described in relation to keloid
histology previously and may be a point of
differentiation from hypertrophic scars (Fig. 3G,H)
(Cosman and Wolff, 1972; Moshref and Mufti, 2010).

The expression of other collagens in keloid tissue,
such as collagen V, collagen VI and collagen VII,
remains to be systematically analysed. Additionally the
absence of collagen nodules, originally believed to be a
diagnostic marker of KD (Linares and Larson, 1974;
Ehrlich et al., 1994), cannot be safely used to exclude
KD, as several studies have identified their presence in
both keloid (Fig. 3E) and hypertrophic scars (Kischer
and Brody, 1981; Lee et al., 2004).

Non-collagenous matrix

The role of the ECM is both structural and
regulatory, requiring a balanced composition to maintain
optimal structure and function (Mitts et al., 2010).
Composed of varying amounts of glycosaminoglycans,
proteoglycans and elastic fibres, a disturbance in the
proportions of these molecules can result in excess
matrix, consistent with the formation of raised dermal
scarring. Microfibrillar proteins constitute the bulk of the
non-collagenous ECM, along with hyaluronan and
fibronectin. Deposited in early natal life, microfibrillar
proteins, consisting of an elastin core and surrounding
fibrillin microfibrils, extend from the DEJ through the
papillary dermis (PD), where they are thin, to the
reticular dermis (RD), where they form thick bands
(Kielty, 2006; Kadoya et al., 2015). Microfibrillar
proteins also influence cell migration and adhesion
through sequestration and presentation of wound healing
cytokines such as TGFP (Ramirez and Rifkin, 2009;
Massam-Wu et al., 2010).

In KD, immunohistochemistry, stereology and
multiphoton microscopy have shown that elastin and
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fibrillin are disorganised when compared with normal
skin and normal scar tissue. Fibrillin-1 deposition is
decreased throughout the tissue (Amadeu et al., 2004)
whereas elastin is almost absent in the PD yet
significantly increased in the RD, where it forms nodes
(Chen et al., 2011). It has been speculated that this may
result from an initial overproduction of both collagen
and elastin by KF, followed by the continued presence of
collagen without elastin.

Hyaluronan (HA), a glycosaminoglycan thought to
be of central importance to scarless fetal wound healing
(Namazi et al., 2011), is a significant ECM component.
Hyaluronan has structural and regulatory roles as well as
implications in angiogenesis and inflammation (Frenkel,
2014). It has been postulated to be important in effective
epithelialisation and may influence fibroblast
morphology (Tan et al., 2011), thus securing itself and
the molecules involved in its synthesis and degradation
as potential targets in keloid therapeutics (Sidgwick et
al.,2013).

In keloids, HA has been shown to exhibit a different
expression pattern from that of normal and hypertrophic
scarring: using biotinylated hyaluronic acid binding
protein (HABP), normal skin, normal scar tissue and to a
lesser degree hypertrophic scars showed HA to be
principally concentrated in the PD and yet scanty in the
epidermis (Bertheim and Hellstrom, 1994). In contrast,
keloids consistently demonstrated the opposite
phenomenon, with staining reduced in the PD and being
maximal in the intercellular space between keratinocytes
in the suprabasal layers of the epidermis (Meyer et al.,
2000; Tan et al., 2011). On this basis, HA alone has been
used to classify scar types for the purpose of
experimentation (Hellstrom et al., 2014).

Fibronectin, a linking glycoprotein that binds to
integrins and other matrix molecules, forming an early
component of granulation tissue (Martino et al., 2011; To
and Midwood 2011), is more strongly expressed in
keloid than normal tissue (Kischer and Hendrix, 1983;
Ashcroft et al., 2013) and can be further enhanced by
TGFf1 and abrogated by triamcinolone acetonide
treatment (Lee et al., 2013). While some studies describe
diffuse fibronectin staining in both normal skin and
keloid (Knaggs et al., 1994), those that yielded more
intense staining in keloid tissue describe it as increased
at the DEJ and co-localised with fibroblasts between
collagen bundles in the dermis (Sible et al., 1994). KF
also produce more fibronectin in culture than normal
dermal fibroblasts (Babu et al., 1989). During normal
wound healing with respect to the above, keloid
fibronectin is gradually replaced by neo-dermis; notably
however its expression is maintained in abnormal
scarring (Santucci et al., 2001). This continued presence
may result in prolonged interaction with other matrix
proteins or cells forming the bulky growth that is typical
of KD. If the keloid lesion can be confirmed to stain
positive for fibronectin, reducing fibronectin expression
might be therapeutically beneficial (different ways of
reducing fibronectin expression have already been

reported) (Lee et al., 2011; Liang et al., 2013).

Besides these larger and better-investigated
molecules, little is known in the literature on the
histology of ECM in KD, such as dermatopontin,
periostin, small leucine-rich proteoglycans (SLRP) and
tenascin (Sidgwick and Bayat, 2012). The latter, a
hexameric glycoprotein involved in fibrosis, has been
shown to have some homology with fibronectin and
potentially influence its biologic activity, similarly
disappearing from the wound with the replacement of
granulation tissue during normal wound healing
(Shrestha et al., 1996; Halper and Kjaer, 2014). Having
been previously associated with scleroderma (Lacour et
al., 1992), hyper-proliferative skin conditions
(Schalkwijk et al., 1991) and acne-associated KD
(Knaggs et al., 1994), the role of tenascin was
investigated in KD. This protein was diffusely expressed
in keloid tissue, especially the RD, when compared with
normal skin where it formed a linear band at the DEJ but
failed to show any deeper positive staining (Dalkowski
et al., 1999). This was supported in a more recent study
where reduction in the overexpression of tenascin was
seen using cryotherapy (Abdel-Meguid et al., 2014).

The ECM component dermatopontin has been
implicated in wound re-epithelialisation (Krishnaswamy
and Korrapati, 2014), delayed healing (Krishnaswamy et
al., 2014) and fibrosis (Kuroda et al., 1999), although
little is known on its role in KD. Due to the decreased
expression of dermatopontin in KF (Russell et al., 2010),
it was directly compared to leiomyomas, which also
showed reduced dermatopontin mRNA expression in
microarray analysis; the authors further reported that
dermatopontin protein expression is also reduced in
keloid tissue compared to healthy skin (Catherino et al.,
2004).

As the most abundant glycoprotein in normal skin
dermis, the SLRP decorin binds to other matrix proteins
including collagen, fibronectin and thrombospondin,
playing a role in ECM assembly and therefore an
attractive protein to investigate in wound healing (Tracy
et al., 2014). Decorin is thought to interact with
dermatopontin to alter TGFP expression, thereby
affecting collagen fibrillogenesis (Zhang et al., 2006)
and has been implicated in the inflammatory process of
wound healing, involving toll-like receptors 2 and 4
(Merline et al., 2011), which have also been investigated
in pathological scarring (Wang et al., 2011; Chen et al.,
2013). Decorin has been shown to be comparable in
normal skin and mature scars but reduced in early
wound healing and delayed in abnormal wound healing
such as post-burn hypertrophic scars (Scott et al., 1995;
Sayani et al., 2000). Keloid immunohistochemistry
showed no difference when compared with normal skin
(Tan et al., 1993; Hunzelmann et al., 1996), although
proteoglycan composition analysis by a more recent
study reported decreased decorin expression in keloid
versus normal skin (Carrino et al., 2012). This finding is
supported by two recent studies that showed up-
regulation of decorin in treated versus untreated keloid
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samples (Trisliana Perdanasari et al., 2014; Chen et al.,
2015). Interestingly, this molecule has recently been
shown to be reduced in the tumour microenvironment
when compared with normal tissue controls and
therefore of potentially significant importance in a
tumour suppression role (Neill et al., 2012; Bozoky et
al., 2014). Decorin’s postulated role (namely, to control
TGFP1 activity, thus manipulating collagen bundle
formation) (Okamoto et al., 1999) along with the
delayed appearance of decorin in hypertrophic scarring
(Sayani et al., 2000) suggests there is a period in early
keloid formation, where decorin administration or up-
regulation could be therapeutically beneficial.

Analysis of biglycan, another SLRP, has generated
contradictory results in the literature. In normal skin,
biglycan descriptions range from no presence at all

(Scott et al., 1995) to a linear band adjacent to the BMZ.
In comparison, keloid tissue reportedly showed either
indistinguishable staining from normal skin (Tan et al.,
1993) or positive expression in the collagen nodules of
the dermis, encouraging the theory that biglycan is
associated with collagen deposition (Hunzelmann et al.,
1996).

Periostin has been investigated in KD with regard to
it’s role in promoting angiogenesis (Zhang et al., 2015),
a histological feature associated with this scar (Huang et
al., 2012). Keloid tissue shows increased staining in both
epidermis and dermis when compared with normal skin
(Zhou et al., 2010) and significant co-localisation with
CD31, suggesting a correlation with blood vessel density
(Zhang et al., 2015). In hypertrophic scarring, periostin
has been shown to increase dermal fibroblast

Table 1. Summary of the ECM molecules previously investigated in keloid disease tissue.

ECM molecule  Location within keloid tissue

Technique Ref.

Abundant expression throughout dermis

Histochemistry (Masson’s trichome) Kauh et al., 1997

Collagen | 1 thicker bundles at margin, especially reticular dermis Histochemistry (Herovici) Syed et al., 2011

Collagen Ill Thinner vs collagen |, 1 in papillary dermis of keloid margin Herovici Syed et al., 2011
Strongly 71 in keloid vs normal skin IHC Naitoh et al., 2001

Collagen IV Along BMZ and 1 proximal to small blood vessels IHC Naitoh et al., 2001

Collagen VI iggoﬁ,l:;ﬁav:;}z:%ilsprOXImaI to small blood vessels IHC Peltonen et al., 1991
gc?}lgfgﬁ;(;;agﬁrgﬁls]?nnggzg dermis between collagen bundles IHC Sible et al., 1994

Fibronectin Intense localisation with fibroblasts upper reticular IHC Kischer and Hendrix, 1983
Diffuse positivity in keloid tissue IHC g”;?%%g}j‘_'i'é :52?;5;8‘1“3?‘“
Gross HA sltain in_upper layers epidermi_sl HABP Bertheim and Hellstrom,
PD- mesh-like staining, RD- Intense staining 1994

Hyaluronan (HA) 1 Inte_rcellulgr in spi_nous & granular layers HABP Meyer et al., 2000
JYHA in keloid dermis
U intensity stain in papillary dermis HABP Tan et al., 2011
{ superficial dermis IHC

Tdeep dermis, parallel to collagen

Histomorphometric Amadeu et al., 2004

Elastin { elastic fibres all scar types

Verhoeff van Giesson stain Kamath et al., 2002

{ elastic fibres, due to impaired fibrillin-1

IHC lkeda et al., 2009

T elastin deep dermis, node structure

Multiphoton microscopy Chen et al.,, 2011

ici i IHC
#PﬁzF;ﬁ)r::acslélningaizzllaagf:zlasttern Histomorphometric Amadeu et al., 2004
Fibrillin Altered distribution, thick irregular bundles IHC lkeda et al., 2009
Altered fibrillin distribution, related to TGF IHC Nie et al., 2008
Tenascin /Iilsf;l:)f:?gt/eedx\?vri?:STegc;lrl]a(gj;ZrnmtI)indles in reticular dermis IHC Dalkowski et al., 1999
Dermatopontin | stain compared with normal skin IHC Catherino et al., 2004
Decorin _Indist_ingui§hable from normal skin, strong stain in dermis, weakerIHC Tanetal, 1993;lHunzeImann et
in epidermis al., 1996; Catherino et al., 2004
Biglycan 1 in nodular areas of keloid IHC Hunzelmann et al., 1996
Indistinguishable from normal skin IHC Tan et al., 1993
1 especially in acellular node region of deep dermis IHC Zhou et al., 2010
Versican Intense deposition in keloid but not normal skin IHC Yagi et al., 2012
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proliferation and differentiation into myofibroblasts
(Crawford et al., 2015), but this has yet to be
investigated in KD.

Finally, versican is a large proteoglycan capable of
sequestering large amounts of water through its
glycosaminoglycans and therefore, similar to HA, is
theorised to be responsible for some of the volume in
keloid scars (Yagi et al., 2013). Moreover, in the hair
follicle mesenchyme, versican expression is correlated
with inductive properties of specialised fibroblasts that
engage in intimate EMI with the adjacent epithelium
(Kishimoto et al., 1999; Soma et al., 2005; Ohyama et
al., 2010). Versican immunostaining has revealed intense
deposition in keloid tissue when compared with normal
skin (Yagi et al., 2012) and this was confirmed in a
separate protein study using composite gels (Carrino et
al., 2012).

Fibroblasts

Fibroblasts are elongated spindle-shaped cells,
defined by their ability to secrete ECM. They are a
heterogeneous cell type, differing in function and
morphology even within an organ (Sorrell and Caplan,
2009). Although identified morphologically, the varied
fibroblast subtypes or derivatives express specific
proteins that can be used to differentiate them within
tissues. It has been shown that KF differ from NSF in
ECM production, especially collagen, which is produced
in excess in keloid scars (Lim et al., 2002). While there

has been some debate in the past over the degree of
cellularity in keloid tissue, the consensus is in favour of
a high cellularity, with the predominance of those cells
being fibroblasts (Shaker et al., 2011).

It has been noted that in addition to the haphazard
collagen deposition, the fibroblasts themselves also lie in
a disorganised fashion (Lee et al., 2004) and are
frequently degenerate or necrotic (Bux and Madaree,
2010). Further to this, the cell phenotype can be
heterogeneous within the scar itself as well as between
scar types. It has been shown that the superficial
(papillary) and deep (reticular) fibroblasts within keloid
exhibit differential expression and are postulated to
result in alternative keloid phenotypes clinically (Supp et
al., 2012). These altered phenotypic KF respond
differently to the NSF, not only in relation to cytokines
and growth factors but also to immunomodulatory
treatments (Russell et al., 1995). Other than phenotype, a
key factor in the production of excess matrix appears to
be the interaction of fibroblasts with both keratinocytes
and the immune cell infiltrate (Martin and Muir, 1990;
Shaker et al., 2011). Additionally, the fibroblasts of non-
keloid tissue have been shown to respond in a keloid-
like manner to the media taken from KF (Ashcroft et al.,
2013).

Vascularity

Opinion diverges with regard to the vascularity of
keloid scars. Studies have been conducted using

Table 2. Summary of the cells identified in keloid disease, their morphology and stain used to identify them within the tissue.

Cell type Morphology Stain

Present/Absent in KD Sample no. Ref.

Keratinocyte Differentiation status dependent Cytokeratins

n=14
n=10
n=10

Machesney et al., 1996
Bloor et al., 2003
Ong et al., 2010

K2e/K16 Present in epidermis
(K6/K16 also present in HTS)

Langerhans Dendritic suprabasal cells, 2% CD1a, S-100, Langerin - . ) n=26 Santucci et al., 2001
. : Present within epidermis -
cell epidermis (CD207) n=25 Bagabir et al., 2012
Melanocyte Highly dendritic, basal epidermal Fontana-masson, Mel-5 Prt_asent/_mcreased within n=1 into Hochman et al., 2005
epidermis fragments
Fibrocyte Spindled, mid-length fibre-like projections CD34/Coll I; CD45/Coll I; CD86 Present within dermis n=11 Igbal et al., 2012
. . . . . . Increased activity within n=12 Theoret et al., 2013;
Fibroblast Spindle-shaped TE-7, Fibronectin, vimentin dermis n=39 Chong et al., 2015
i i n=40 Lee et al., 2004
Myofibroblast Spindled, fusiform indented nuclei aSMA, transgelin, cytoglobin, Present within dermis -
P4HB n=26 Santucci et al., 2001
Large, mononuclear, Metachromatic =~ CD117, anti-chymase, anti- . . n=5 Dong et al., 2014
Mast cell . Increased in dermis -
granules tryptase, c-kit n=25 Bagabir et al., 2012
Spherical/ovoid, densely packed Giemsa/wright, CD45 Present in epidermis & n=25 Bagabir et al., 2012
Lymphocyte nuclear chromatin dominating T: CD3, CD4&8, TCR dermis '7inc[r)eased in both
cytoplasm B: CD20, CD38, CD79a " n=8 Boyce et al., 2001
i i i n=25 Bagabir et al., 2012
Macrophage Large with granules & vacuoles vs CD68 (M1) CD163 (M2) Incr_eased in rgtlcular & 9
monocytes papillary dermis n=44 Shaker et al., 2011
i i in di i n=15 Zhang et al., 2015
Endothelial  Elongated, flat & aligned in direction CD31, VEGF, vWif Present in epidermis & dermis . 9
cell blood flow n=9 Kischer et al., 1982
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stereological analysis of dermal vessels (Amadeu et al.,
2003), transmission electron microscopy (Ueda et al.,
2004), doppler assessment and quantitative microscopic
examination in combination with CD31, CD34, CD105,
aSMA and VEGF immunostaining. While some of the
literature favours hypervascularity associated with long
and dilated vessels (Amadeu et al., 2003), the bulk of
studies investigating keloid blood supply found limited
microvasculature associated with luminal occlusion
(Beer et al., 1998; Bux and Madaree, 2010; Har-Shai et
al., 2011), most frequently attributed to obstruction by
endothelial cells (Kischer et al., 1982; Kischer, 1992).
The impaired blood supply within the keloid tissue has
encouraged the hypothesis that hypoxia is a key element
in the pathogenesis of KD (Butler et al., 2011). Bux and
Madaree proposed that the impaired vasculature explains
the features of degeneration and necrosis evident in
keloid tissue and that the capillary occlusion results from
chronic inflammation, occurring predominantly at the
level of the subpapillary plexus (Bux and Madaree,
2010).

Due to the site-specific differences observed
clinically (Syed et al., 2011), between keloid centre and
margin, a more recent paper examined the differences in
vascular density between these sites of the keloid lesion.
Whilst there was no significant vascular density
differences, it was noted that the vessels located
centrally were more flattened, based on major and minor
axes (Kurokawa et al., 2010). This correlated with the
histological finding of an advancing edge with increased
cellularity and microvasculature compared with the
occluded vessels of the centre.

Remodelling

This phase of wound healing, in contrast to the
relatively short preceding phases, can last for months to
years and is thought to be delayed in keloid. The
ultimate role of this phase is to increase the tensile
strength within the wound, decrease the thickness of the
newly formed tissue and promote terminal
differentiation of the epidermis, thereby restoring a
functional barrier (Carlson and Longaker, 2004). The
role of the myofibroblast, which begins with contraction

during the phase of proliferation, is instrumental in this
phase and the failure to undergo apoptosis likely to be
causative in keloid scar formation.

Myofibroblasts

Myofibroblasts are mesenchymal cells expressing
characteristics of both fibroblasts and smooth muscle
cells. The origin of this hybrid cell has long been under
debate, with reports of differentiation from pericytes,
fibroblasts, smooth muscle cells and most recently from
fibrocytes (Hinz et al., 2012). Myofibroblasts, like their
predecessors, are spindle-shaped cells but have fusiform
indented nuclei, a fibronectin-rich but laminin-deplete
layer at their surface and, in addition to expressing
fibronectin and vimentin, express o smooth muscle actin
(aSMA) (Eyden et al., 2009). It is these non-muscle
myosin microfilaments in combination with gap
junctions that allow participation in wound closure and
may cause the contracture postulated to be causative in
hypertrophic and keloid scarring (Van De Water et al.,
2013; Tholpady et al., 2014).

There has been much controversy over whether there
are myofibroblasts in KD (Matsuoka et al., 1988) and
whether there is aSMA positive staining (Sarrazy et al.,
2011). It had been suggested that aSMA is used as a
differentiation marker between keloid and hypertrophic
scars (Ehrlich et al., 1994), however it was confirmed
that keloid cells do express aSMA (Lee et al., 2012) and
due to the variability in expression in both forms of
scarring (45% of keloid and 70% hypertrophic), this
cannot be a reliable method of distinction (Lee et al.,
2004).

Other markers have been used to detect
myofibroblasts in keloid including transgelin, cytoglobin
and prolyl-4-hydroxylase f3, interestingly all of which
are controlled by hypoxia, theorised to be one of the
driving forces in keloid pathogenesis (Har-Shai et al.,
2011). In fact, it has been reported that myofibroblasts
are the predominant cell type present in keloid tissue
regardless of the age of the lesion and that the collagen
nodules in particular stain positive for aSMA (Santucci
et al., 2001; Hunasgi et al., 2013). It may be that the
aSMA expression of hypertrophic scars declines over

Table 3. Summary of the features of other skin-related fibrotic disorders in common with and different from keloid disease as well as the stains most

commonly used in the diagnosis.

Condition Histological features in common with KD Histological features different from KD Stain
Hypertrophic Raised scar; Thickened collagen Nodules Non-flattened epidermis; Organised collagen fibres H&E
scar Increased cellularity No recurrence aSMA
DFSP Slow-growing; Raised, pigmented skin Increased nodularity; Honeycomb pattern Vimentin; aSMA
Recurrence Non-polarizing collagen CD34+; XVllla-; S100-
Dermatofibroma Thickened epidermis; Hyperkeratosis Scaly lesions; No recurrence XVII+
Hyalinised collagen Reduced cellularity; Grenz zone CD34-
Scleroderma/ Pigmented Reduced cellularity; Collagen arranged parallel CD34-; CD1a; CDS3; CDS8;
morphea Lack of adnexal appendages Nodules Systemic features CD20+; CD25, CD57+
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time whereas that of keloids remains constant, allowing
for distinction of older lesions (Santucci et al., 2001;
Sarrazy et al., 2011). This failure to quiesce or apoptose
may account for the continued growth observed in
keloids as myofibroblasts in normal wound healing
disappear when re-epithelialisation is complete (Hinz,
2007; Darby et al., 2014; Li-Tsang et al., 2015).

Differential diagnose: KD versus other cutaneous
fibroses

Since there is not one reliable and definitive keloid
biomarker available, one needs to rely on both clinical
appearance and histopathology in order to distinguish
KD from other forms of cutaneous fibrosis (Table 3).

Hypertrophic scarring

The condition most commonly confused with keloid
and a source of much contention is hypertrophic
scarring. For the purposes of diagnosis and indeed
research, several macroscopic criteria are generally
applied to distinguish these two entities. Keloid scars
extend beyond the margins of the original wound to
invade the surrounding normal skin, whereas
hypertrophic scars remain confined to the boundaries of
the initial injury but push them out by expansion. This
invasion is described histologically, by the advancing
edge dominating the papillary dermis (Fong et al., 1999;
Lee et al., 2004) but also as a clinically evident
advancing edge (Cosman and Wolff, 1972). Unlike
keloids, hypertrophic scars tend to regress with time and
do not usually recur after excision but are more
associated with contractures than their counterparts, due

to a higher rate of fibrin matrix gel contraction (Mustoe
et al., 2002). Keloid scars are more likely to be
erythematous and pruritic compared to hypertrophic
scars but both can present with these symptoms and
indeed it happens that there may be a mixture of the two
processes occurring within the one wound. This clinical
pattern led to the description of keloids as having an
inflammatory zone, at the lesion base, a raised pale
central area and a regressing portion where it resembles
normal scarring (Seifert and Mrowietz, 2009).

Dermatofibrosarcoma protuberans

Dermatofibrosarcoma protuberans (DFSP), more
commonly confused with dermatofibroma, can also pose
a diagnostic dilemma when considering keloid,
especially in its early stages. Similar to keloid, this
cutaneous sarcoma is slow-growing, absent from the
hands and feet, has a higher incidence in darker skin
(Criscione and Weinstock, 2007), occurs most frequently
between 20-50 years of age and may recur on excision
(Sabater-Marco et al., 2006). It differs macroscopically
in that it is often larger and more nodular and in some
instances has been shown to metastasize (Liang et al.,
2014). Microscopically DFSP is discernible by a
characteristic storiform pattern of spindle cells
surrounded by fibrous stroma that causes a honeycomb
pattern when it extends into adipose tissue (Sabater-
Marco et al., 2006). Similar to keloid and several other
fibroses, it has been shown to stain positive for both
vimentin (Tsai et al., 2014) and occasionally positive,
although more routinely negative, for aSMA (De
Pasquale et al., 2009; Sundram, 2009; Kim et al., 2012).

Two markers have been used to specifically

Table 4. Summary of the characteristic features of keloid disease and their frequency, including data based on the images shown in Figs. 1-3.

Sample Advancing

Horizontal

Ref no. Epidermis edge Collagen Cellularity fibrous band Inflammation aSMA(+) Vascularity
Moshref and .
Mufti, 2010 15 10/15 rete - 15/15 haphazard 10/15 14/15 - 5/15  Sub-epidermal
Bux and Betng:dtl::s”agen Impaired
Madaree, 58 - - Thick bundles , : Chronic - pairec
2010 Fibroblastic. angiogenesis
Immune
. 25/26 24/26 Persistent
:Ia”;%%ﬁ' %, dnei':gi?fdléce g - Thick; Hyalinised Diffuse, immune cell  21/26
N P : Haphazard myofibroblasts infiltrate
39/40
1414 24/40
Lee et al., . . - Lymphocytes 18/40 .
2004 40 37/40 flattened margmal Thick hyalinised 33/40 10/40 8/40 sinus tract/ (>10% +) Disarray
sections bundles .
ruptured follicle
Ong et al., . Lined with
2010 10 Thickened BM - - - -
. Whorls, thickened .
Thickened & i 10/13 occlusion
Bayat et al., flattened 11/13 Haphazard 1113y o0 13743 10/13 most PD-RD between
) Nodule 1/13 : 5/13 commonly )
2014 13 Thickened not 3/13 ) . Including between . - collagen fibres,
. Fine, organised 1/13 Upper dermis sub- ) .
(unpublished) flattened 2/13 ’ : collagen bundles . Neoangiogenesi
. Obliteration PD-RD epidermally .
Hyperkeratotic 12/13 s deeper dermis

1113




1048

Histopathology of keloid disease

discriminate DFSP from other cutaneous pathologies:
non-polarizable collagen (Barr et al., 1986) and positive
CD34% staining (Aiba et al., 1992). There is a single
reference to the polarization of keloid collagen that
suggests that it is polarizable (Barr and Stegman, 1984),
which may make it a potential point of differential
diagnosis but this requires more studies before being
reliably diagnostic. While the literature suggests
consistent positive staining for CD34 in DFSP, the
consensus in keloid seems to be that the perilesional and
extralesional dermal sites are positive relative to the
inflammatory process (Igbal et al., 2010; Bakry et al.,
2014). The CD34 immuno-staining in KD may show an
inverse correlation with collagen I production (Aiba and
Tagami, 1997).

Dermatofibroma

Like keloid, dermatofibroma often occurs at sites of
previous trauma and microscopically appears ill-defined
and frequently characterised by a hyperkeratotic,
hyperplastic epidermis. Indeed, there is a keloid variant
of this lesion that contains hyalinised collagen at the
periphery leading to dependence on the presence of other
features associated with dermatofibroma to rule out
keloid (Alves et al., 2014). Dermatofibroma can be a
scaly lesion more frequently occurring on the limbs, it
tends not to recur following excision and in combination
with microscopic features of a grenz zone (spared PD),
elongated rete ridges and increased hair follicle
structures, it should be distinguishable from keloid
(Luzar and Calonje, 2010). The differences in PD at the
margin of both lesions may be the diagnostic crux,
where in keloid, it is the active site with increased
cellularity and contrastingly in dermatofibroma, the PD
is spared and the margin RD is the site of collagen
bundles. Unlike DFSP, dermatofibroma (fibrous
histiocytoma) is more easily differentiated by
immunohistochemistry from DFSP than from keloid. A
lesion that is CD34+ and factor XVIIla negative is likely
to be DFSP, however CD34- and X VIIla positive is more
likely to be dermatofibroma (Altman et al., 1993)
although the jury is out with regard to keloid. Similar to
CD34, there is a lack of uniformity within the literature
with respect to factor XVIlIla staining in keloid, with
studies claiming both absence and augmentation
(Kamath et al., 2002; Onodera et al., 2007).

Morphea

Another condition frequently misdiagnosed is
cutaneous scleroderma or morphea, which similar to
dermatofibroma has a keloid variant, making it more
difficult to distinguish from the classic keloid scar.
Macroscopically, sclerosis is characterised by thickened
dermis and occasionally nodules or keloid-like lesions
that are hyper-pigmented and lack appendages.
Microscopically these nodules consist of collagen
bundles lying parallel to the dermis and reduced

fibroblasts (Rencic et al., 2003). The presence of
myofibroblasts has been suggested as a method to
determine the stage of differentiation along a
hypothetical continuum from morpheiform nodule to
hypertrophic scar and finally keloid (Barzilai et al.,
2003). These nodules can resemble keloid with flattened
rete ridges, increased collagen and immune infiltrate
(Buechner et al., 1993), diffuse tenascin staining (Lacour
et al., 1992) and recently identified increased cartilage
oligomeric matrix protein (COMP) staining (Moinzadeh
et al., 2013). Due to the impact of systemic disease, it is
essential to correctly diagnose these nodules and rule out
any other signs of systemic sclerosis.

Perspectives for future, histopathology-based
research into KD pathobiology

Site-specific disease

Based originally on the clinical differences observed
between the margin and centre of keloid scars, site-
specific variations have only recently been exploited as a
way to potentially target the active site of disease.
Macroscopically, the centre (intralesional) is often pale,
soft and involuted when compared with the margin
(perilesional), where there is frequently a raised
erythematous edge considered to be the aggressive site
of activity. It has also been shown that fibroblasts from
the PD and RD behave differently (Supp et al., 2012),
leading to division of the upper and lower centre of the
lesion as two separate sites.

This novel approach has already shown altered
behaviour on a molecular level with regard to apoptosis
(Lu et al., 2007; Seifert et al., 2008), collagen expression
(Syed et al., 2011) and also on a protein level (Javad and
Day, 2012). While there are some histological studies
that analysed these areas separately (Bagabir et al.,
2012) the benefits of site-specific staining to aid
diagnosis and allow targeted therapy has yet to be fully
explored. The standardised dissection of each keloid
lesion into defined sites (see, for example Fig. 7) and the
examination of ECM component histology for each site
would abrogate the risk of incorrect diagnosis based on
sampling site.

Morphological classification

Despite the disparity between different studies in the
literature with regard to keloid histopathology, there is
consistent reference to the heterogeneity that exists
concerning this entity. Macroscopically, the keloid scar
varies from a flat, claw-like invading lesion to a
polypoid pedunculated lesion, both with varying degrees
of central regression and marginal erythema and
firmness. As these details are often not recorded and
correlated with the histological findings, it is difficult to
confidently identify effective treatments or judge
accurate prognoses. Although keloid is usually the end-
point in scar scale classification (Mustoe et al., 2002), it
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would be beneficial to draw up a classification within
keloid disease itself, delineating specific features found
in each category based on morphology, enabling easier
diagnosis and management.

Basement membrane zone

The basement membrane zone (BMZ) at the dermo-
epidermal junction, whilst described as thickened in KD
with random discontinuities when compared to normal
skin (Mogili et al., 2012), has not been comprehensively
examined in the keloid research literature. The BMZ
provides not only structural support but also crucially
contributes to cell signalling, the regulation of cell
trafficking and EMI (LeBleu et al., 2007; Breitkreutz et
al., 2013; Bruckner-Tuderman and Has, 2014). One
recent publication, using hyaluronan (HA) staining to
classify scar types, describes the keloid BMZ as having
shorter more cuboidal desmosomes when compared with
normal skin and theorises that this may represent
impaired epidermal barrier function (Hellstrom et al.,
2014). There is very limited information on the
expression of collagen IV (Ala-Kokko et al., 1987),
collagen VII, perlecan, laminin, integrins and
dystroglycans in relation to KD. With the recognition of
the importance of EMI in wound healing and the likely
demonstration of paracrine loops between keratinocytes
and fibroblasts (Barton et al., 2010; Sobel et al., 2014),
these BMZ components are likely to be altered in KD
and may provide additional immunohistological and
molecular markers for differentiating KD from other
scarring entities.

Tissue microarray (TMA) and Next generation
sequencing (NGS)

Originally referred to as the “sausage block”
method, TMA allows high throughput screening,
experimental uniformity and large sample number
simultaneous analysis (Jawhar, 2009). Primarily used in
tumour research the processing of multiple histological
tissue sections under identical conditions is efficient and
cost-effective (Kononen et al., 1998). Tissue-based
assays including histochemistry, immunohistochemistry
and in situ hybridisation can be performed on up to 1000
re-planted paraffin embedded core biopsies in a single
block visualised on one slide. Application to
heterogeneous tissue is not recommended, as the core
biopsy may not be representative of the lesion as a whole
(Barrette et al., 2014). Although keloid is heterogeneous
it may be possible to use this technique to assess
multiple areas of the same lesion at one time, similar to
including multiple tumour progression stages on the one
block. In this way, site-specific disease can be analysed
and compared between keloid lesions and emerging
patterns applied to differential diagnosis.

The advent of NGS (Hedegaard et al., 2014) may be
of benefit to KD, especially as it has recently been
shown to be applicable to formalin-fixed paraffin-

embedded (FFPE) tissue sections (Corless and Spellman,
2012). While this technology is currently largely applied
to oncology (Dander et al., 2014), the paucity of
available fresh keloid tissue and potential numbers of
archived FFPE samples that could be pooled, means
NGS would be an ideal platform to apply to KD, also
enabling comparison to other similar scarring entities
(Sweeney and van de Rijn, 2012).

Summary and conclusions

KD is characterised clinically by patient and lesion
heterogeneity resulting in inconsistent histological
findings with mixed reports in the literature as well as
varied response to therapy. The majority of recent focus
in keloid has been on identifying genetic biomarkers to
diagnose and target keloid scars, leaving histological
descriptions incomplete.

Based on our literature search, we found the
discerning features of keloid to be the epidermis and
non-collagenous matrix molecules, altered by an
imbalance in the phases of wound healing. The
significant changes in these ECM molecules, attributed
to prolonged proliferation and delayed remodelling
phase, are summarised in Table 1 and the most common
“pathognomonic” changes in Table 4. In some cases, it is
the persistence of staining (decorin) or cellularity
(myofibroblasts) that contributes to the interpretation
rather than its definite presence or absence, highlighting
the necessity of taking the age of the lesion into account.
In addition to diagnostic value, these findings may help
explain the aetiology of certain keloids. The evidence of
reduced or occluded vascularity, particularly in the
lesion centre, supports the hypoxic theory that has been
put forward as a contributor to this disease. Similarly,
the structure of keloid collagen has been described as
tendon-like, suggesting it was thickened to deal with
increased mechanical stress, another postulation for
keloid aetiology (Bux and Madaree, 2012). Normally
populated by a number of adnexae including
pilosebaceous units and sweat glands, the observations
of keloid dermis have demonstrated a scarcity of these
structures (Tan et al., 2011). Indeed, studies have alluded
to some specimens containing draining sinus tracts
and/or inflamed ruptured hair follicles, suggesting a
chronic inflammatory role in keloid pathogenesis (Lee et
al., 2004).

The histology panels in Figs. 1-3, showing keloid
and normal skin histochemistry stained in our own
laboratory, depict many of the characteristic features
associated with keloid disease. The thickened, flattened
epidermis with associated hyperkeratosis (Fig. 1A),
whorls of haphazard hyalinised collagen (Fig. 1C),
hyper-cellularity (Fig. 1D) and horizontal fibrous bands
(Fig. 1G,H) are shown. Fig. 2 compares keloid and
normal skin using Herovici staining (Fitzgerald et al.,
1996; Turner et al., 2013), where immature collagen III
stains blue and mature collagen I stains red. There is a
striking difference in the size of the sub-epidermal and
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PD between keloid and normal skin. This increased
distance in keloid is dominated by purplish staining,
suggesting a mixture of types I and III collagen
compared to the dominance of collagen I in the RD. This
transition occurs much more quickly in the normal skin
where it fades to a fine wavy regular type I collagen
pattern. This difference in ratio of collagen I:III between
the papillary and reticular dermis has been alluded to
previously in reference to keloid (Syed et al., 2011).

Fig. 3 emphasises the significance of using a
combination of features to aid diagnosis. The blurring of
the papillary-reticular boundary (Fig. 3A) and evolution
from fine collagen fibres sub-epidermally to coarser
thickened fibres in the deeper dermis (Fig. 3B) are easily
identified in samples with a complete profile of tissue
present. Frequently the signs are more subtle, in that the
epidermis is thickened but not necessarily flattened (Fig.
3C) or perhaps the collagen may not be the thickened
coarser collagen expected of keloid but the associated
cellularity and hyper-proliferative epidermis still support
the diagnosis. Many of the samples show signs
of inflammation, particularly sub-epidermally.
Occasionally, the microscopic elements less routinely
associated with keloid, including the presence of nodules
(Fig. 3E) and a focal point of eruptive collagen (Fig. 3F),
which depend on the area of the keloid biopsied and can
lead to confusion with other entities. Any residual
overlap with histological features of other cutaneous
fibroses could potentially be laid to rest by closing the
gap in knowledge with regard to BMZ features,
unstudied ECM molecules and cellular confirmation.
Further research into these histological components
forms just part of the future work that should be
undertaken to better understand KD. From the
comparisons of keloid with hypertrophic scar to date, it
is apparent that age-related findings play an important
part in differential diagnosis with many of the similar
findings between these two diverging with increasing
age.
Approaching KD from a pathobiological perspective
enables histological discrimination, improved
differential diagnosis and correlation with molecular
analysis. Amidst the continued search for a target
biomarker, the histomorphology of keloid scars remains
the mainstay of diagnosis. The inherent heterogeneity
within fibrosis and limited availability of keloid samples
has resulted in a widely variable and conflicting
description of the morphology and tissue architecture.
This review clarifies and emphasises the
“pathognomonic” features that allow critical but
undervalued distinction from other conditions and also
highlights the gaps within the literature that may form
the basis of future work. Improved differential diagnosis
serves not only to prevent misdiagnosis of sinister
disease but also allows targeting with appropriate
therapy. While keloid therapeutic options are not the
focus of this review and are discussed in detail
elsewhere in the literature (Viera et al., 2012; Gold et al.,
2014), we have highlighted a number of histological

markers that may be of therapeutic interest. This is
especially important in KD, where despite a plethora of
available therapies, there is no one effective treatment.
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