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Abstract

Introduction: Keloids are pathological scars that are notorious for their chronic and relentless invasion into
adjacent healthy skin, with commonly seen post-therapeutic recurrence after monotherapies.

Methods: An English literature review on keloid pathophysiology was performed by searching the PubMed,
Embase and Web of Science databases, to find out the up-to-date relevant articles. The level of evidence was
evaluated based on the included studies with the highest level of evidence first.

Results: Keloid morphology, signs, symptoms and the histopathological changes that occur in the local cells
and extracellular matrix components are described. The theories on the pathophysiology of keloidogenesis
that have been proposed to date are also covered; these include endocrinological, nutritional, vascular, and
autoimmunological factors. In addition, we describe the local mechanical forces (and the mechanosignalling
pathways by which these forces shape keloid cell activities) that promote keloid formation and determine the
direction of invasion of keloids and the body sites that are prone to them.

Conclusion: A better understanding of this pathological entity, particularly its mechanobiology, will aid the
development of new diagnostic and therapeutic strategies for use in the clinic to prevent, reduce or even
reverse the growth of this pathological scar.
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Lay Summary

Keloids are skin scars that are famous for their chronic invasion into healthy skin, with commonly seen
recurrence after surgeries. Cells such as lymphocytes, macrophages, mast cells and endothelial cells are
involved in keloid growth. Particularly, endocrinological, nutritional, vascular, autoimmunological and
mechanical factors actively take part in keloid progression.
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Scars, Burns & Healing

Figure 1. Typical keloids on different areas of the body. Keloids adopt characteristic shapes on particular body regions.
Specifically, keloids on the earlobe, chest and the upper arm/scapula commonly grow into isotropic balls (a), symmetrical

butterfly/crab’s claw shapes (b) and dumbbell shapes (c, d).

Introduction

Keloids are commonly considered as pathological
scars, and their prevalence ranges from 0.09% in
the United Kingdom to 16% in the Congo.! In
high-income countries, approximately 11 million
patients with keloids were reported in 2000.2 At
present, there are no monotherapies that can
resolve keloids completely. Moreover, post-thera-
peutic recurrence is common. Nevertheless, the
ever-growing research on this chronic and refrac-
tory scar is helping to elucidate new therapeutic
strategies. This review will focus on the clinical
manifestations of keloids, including their signs
and symptoms. The pathophysiological changes
in the local cellular and extracellular matrix
(ECM) components that occur during keloid
growth will be discussed, along with the underly-
ing molecular signalling pathways. Other hypoth-
eses on the pathophysiology of keloid growth that
have been proposed to date will also be described
briefly.

Keloid morphology

Keloids often arise after non-severe trauma, such
as chest hair folliculitis, mandibular border acne,
scapular vaccination, ear piercing and caesarean
section incision. Indeed, the patient often can-
not recall the triggering event. As a result, the
keloid is often ascribed to a ‘mosquito bite’ at the
clinic. A notable feature of these scars is that they
usually occur on specific body sites, namely, the
anterior chest, mandibular border, scapula, ear-
lobe and the suprapubic region. In contrast, they
are rare on the scalp and the anterior lower leg,
even in patients with severe keloids that cover
much of their body.? This predilection for spe-
cific body sites relates closely to the degree of
local mechanical stimuli on the skin in these
regions. These stimuli include the hanging and

stretching of the upper limbs and the friction
that is imposed on the earlobes by jiggling ear-
rings during daily body movements.

The notion that local mechanics promote
keloid growth is supported by the fact that as
keloids grow, they often adopt characteristic
shapes on particular body regions. Specifically,
keloids on the chest acquire symmetrical butter-
fly/crab’s claw shapes, whereas those on the upper
arm/scapula and earlobe grow into dumbbell and
isotropic ball shapes, respectively (Figure 1).
These shapes reflect the predominant local distri-
bution and balance of the mechanical skin ten-
sion on each body region. This tension places
proinflammatory stress on certain areas of the
scar, causing it to grow in the direction of the pre-
dominant stretching force.®> Notably, if the
mechanical balance on the skin is broken, the
keloid shape will change accordingly. For exam-
ple, when the symmetrical butterfly-shaped keloid
on the anterior chest of a patient was accidentally
bisected on the midline, the right-handed patient
exhibited progression of the right half-butterfly
and amelioration of the left half-butterfly over the
next two years. This change reflects the more pow-
erful vectorial stretching on the right side of the
chest of this patient.

Signs and symptoms of keloids

As keloids grow, they form a solid dermal mass
with primary symptoms, such as bulkiness, ery-
thema, itch and/or pain. These symptoms are
particularly severe at the advancing edge of the
keloid. The changes in colour and sensation are
chronic and refractory, and their severity corre-
lates with the speed with which the keloid invades
the neighbouring skin. This growth always moves
horizontally along the dermal plane and reflects
the predominant direction of the mechanical
stimuli on the skin. However, vertical keloid
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growth is confined to the cutaneous layer above
the subcutaneous tissue.??

Keloid itchiness and pain mainly involve the
border and centre of the scar, respectively. Other
symptoms include higher warmth/heat pain
thresholds and cold sensations; these symptoms
probably reflect neuropathic sensory damage.
Indeed, it has been shown that keloid skin exhib-
its abnormal small sensory fibre function, and
the degree of this neuropathy correlates with the
severity of itch.® Moreover, keloids exhibit sub-
stantial neuroinflammation, as shown by the
increased levels of neuropeptides (e.g. substance
P and the calcitonin gene-related peptide).”
Animal models in which pathological scars are
induced by the skin stretching ring also have
high levels of these molecules in their scars.®

The main secondary symptom of keloids is
the presence of cutaneous fissures and infec-
tions. The solid texture of keloids and their une-
ven surface makes them comparatively difficult
to clean. Consequently, they become contami-
nated easily. Moreover, the ever-increasing thick-
ness and concurrent poor elasticity of keloids
potentiate cutaneous fissures. Together with
keloid contamination, this results in local infec-
tion in the form of hair folliculitis, furuncle or
others. Such chronic and recurrent local infec-
tions can spur new keloid formation and/or pro-
mote keloid progression, thereby igniting a
vicious cycle of pathology.

Keloids are not the only abnormally growing
pathological scars; hypertrophic scars (HSs) also
exhibit excessive scar growth. Indeed, both scar
types are characterised by post-traumatic skin
fibrosis and share several histological characteris-
tics, namely, increased fibroblast numbers and
the accumulation of ECM. However, the classical
forms of these scars also differ in several clinical
features, as described below:

(1) Etiological trigger: HSs have a history of
being caused by local trauma, such as
burns or surgical incisions. In contrast,
the trauma that leads to keloids is often
minor or cannot be recalled. Some keloids
are caused by folliculitis, even though the
patients do not realise it.

(2) Predilection sites: HSs usually do not show
site preferences, whereas keloids tend to
occur on body areas that are exposed to
frequent mechanical stimuli (i.e. the ante-
rior chest, scapula, earlobe and suprapu-
bic region).

(3) Progression: HSs undergo temporary ele-
vation within the confines of the original

wound. In contrast, the progression of
keloids is durable and results in continu-
ous invasion into the adjacent normal skin
and therefore beyond the original wound
boundary.

(4) Contracture: HSs often demonstrate local
pathological contracture. If the HS lies
across a joint, such a local pathological
contracture can result in functional disa-
bility. Such contractures are thought to be
rarer in keloids. However, in our experi-
ence, patients with Kkeloids can also
develop joint contractures.

(5) Response to therapy: HSs respond well to
excision and rarely exhibit postsurgical
recurrence. In contrast, the same mono-
therapy in keloids (and even combined
therapies) is frequently dogged by post-
therapeutic recurrence.

Given the different responses to various treat-
ments, keloids and HSs should, if possible, be
differentially diagnosed from each other.
However, despite the clear demarcation between
these scars at the theoretical level, clinicians
(including experienced ones) can find it diffi-
cult to diagnose them. This reflects the fact that
some of these lesions have intermediate clinical
characteristics. Moreover, some keloids bear the
traditional pathognomonic characteristics of
keloids (hyalinised collagen) and HSs (dermal
nodules); importantly, hyalinised collagen has
been observed to initiate from within the dermal
nodules (Figure 2). These findings have led us
to view classical HSs and keloids as being succes-
sive stages of the same fibroproliferative skin dis-
order that are differentiated by the presence of
differing degrees of inflammation.?

Keloid histopathology

Keloids are a good example of dermal fibrosis;
the key cellular event is a massive increase in
fibroblasts that takes place mainly in the reticular
dermis.! However, the changes that contribute
to keloid formation and progression are not con-
fined to the increase in fibroblasts. The epider-
mal and dermal layers participate in keloid
growth, along with other molecular and cellular
players, including various ECM components (col-
lagen, hyaluronan and fibronectin), lympho-
cytes, macrophages, mast cells and endothelial
cells, as will be detailed below.

In terms of fibrosis, the dermis of keloids is
highly expanded by multiple packed collagen
bundles that exhibit a larger distance between
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Figure 2. A H&E-stained keloid sample showing that keloidal collagen can coexist with dermal nodules, that are characteristic
of classical hypertrophic scars. (a) central area (40X); (b) peripheral area (40 X); (c) coexistence of keloidal collagen and dermal
nodules (40X). The area indicated by dashed lines is enlarged (d) (100X). The images are from Huang et al.® with permission.

Scale bar = 0.5 mm. H&E, haematoxylin and eosin.

collagen bundle centres than in normal skin and
normal scars.!! This feature reflects an imbalance
in collagen synthesisand degradation. Additionally,
keloids show expression of upregulated type I pro-
collagen and unaltered type III procollagen.
These changes result in a markedly elevated type
I/II procollagen mRNA ratio (22.1), compared
to that in normal skin (5.2).12 Further, keloids
exhibit less degradation of newly synthesised col-
lagen polypeptides than in normal skin, which
contributes to the extensive accumulation of col-
lagen in keloids.!® Additionally, the collagen fibres
in keloids are often large, hyalinised, strongly
eosinophilic, randomly oriented in swirls and vary
in length."* Such hyalinised collagen can be
detected in 55% of keloid specimens. If such keloi-
dal collagen is not detected, keloids can also be
identified by other features, such as the presence
of non-fibrotic papillary dermis, the horizontal
cellular fibrous bands in the upper reticular der-
mis and the presence of prominent fascia-like

bands in the deeper portion of the scar!®
Furthermore, some keloids have dermal nodules
that are composed of focal aggregates of fibro-
blasts and randomly oriented collagen fibres, and
these have less distinct borders than the nodules
in HSs.!® Compared to normal skin, keloids have
higher levels of other ECM components, such as
fibronectin, which is intensely distributed in the
intercellular matrix,!” and hyaluronan, which is
mainly found in the thickened granular and
spinous layers of the keloid epidermis.!8

Keloids have been observed to exhibit
chronic inflammation that involves the presence
of non-fibroblast cellular players, such as lym-
phocytes, macrophages and mast cells.

Lymphocytes

Keloids have significantly increased numbers
of CD3* T lymphocytes and a significantly
higher T-helper (CD47):T-suppressor (CD8%)
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ratio compared to normal skin.! Moreover, T
lymphocytes are more dominant in keloids than
B lymphocytes, although there may be some dis-
crepancy in reports regarding the frequency of
B cells in keloids. One study reported that the
perivascular region of the blood vessels in the
upper dermis of keloids has CD20*" B lympho-
cytes,? whereas another study did not detect B
lymphocytes in keloids.!?

Macrophages

Keloids associate with both the classical pro-
inflammatory M1 (CD68*) and anti-inflamma-
tory M2 (CD163") types. Compared to normal
skin, keloids have significantly higher numbers
of M1 CD68* macrophages, which are diffusely
distributed within the keloid dermis.!® However,
keloid lesions also exhibit increased infiltration
of M2 CD163" macrophages. M2 cells represent
the majority of the macrophage populations that
infiltrate the intralesional and perilesional keloi-
dal sites,?! suggesting that keloid macrophages
tend to exhibit M2 polarisation. This phenotype
is supported by the greater expression of
M2-associated genes (e.g. interleukin [IL]-10
and transforming growth factor [TGF]-B) in
keloids compared to that of M1-associated genes
(e.g. iNOS and 1L-2).22

Mast cells

Their numbers are significantly increased in
keloids,? along with their activities, as indicated
by the upregulation of the specific activation
marker mast cell B-tryptase.?* Moreover, keloids
harbour mast cells that are rich in basophilic
granules and degranulated mast cells with diffuse
cytoplasmic staining.?’ Mast cells are frequently
in direct cell contact with myofibroblasts in
keloids, as shown by the intimate contact of the
filopodia of the mast cells with the cell mem-
branes of the myofibroblasts.?

Endothelial cells and blood vessels they
generate

At the morphological level, most of the blood
vessels in keloids appear to be partially occluded.
This is due to either hypertrophy of their
endothelial lining or the deposition of a homog-
enous perivascular matrix and fine collagen
fibrils.?’ At the quantitative level, keloid patients
have significantly higher numbers of circulating
endothelial progenitor cells (i.e. CD45CD34*C

D133*VEGFR," cells) than healthy controls.?6 At
the functional level, keloids differ from normal
skin controls in two endothelial function indices,
i.e. keloids have greater baseline brachial artery
diameters and smaller endothelium-dependent
vasodilatory responses. These findings suggest
that endothelial dysfunction may participate in
keloid growth.2” We hypothesise that this
endothelial dysfunction may become pathogenic
in the context of provocative genetic mutations,
systemic conditions and/or local conditions that
promote and thereby aggravate local inflamma-
tion during keloid pathogenesis.?®

Theories on the pathophysiology
underlying keloidogenesis

It is well known that keloid formation is associ-
ated with specific endocrinological, nutritional,
vascular and autoimmunological characteristics.
Some of these are described in detail below.

Endocrinological characteristics

These include excessive sebaceous secretions in
adolescents and at body sites with active seba-
ceous secretions that are particularly prone to
keloid formation.?

Nutritional characteristics

These include an imbalance between omega-6
and omega-3 essential fatty acid intake. Keloid
patients have higher levels of dietary linoleic acid
and arachidonic acid, and lower levels of o-
linolenic acid, eicosapentaenoic acid and doco-
sahexaenoic acid than recommended.*

Vascular characteristics

Keloid patients with hypertension have more
severe keloids than normotensive patients.?! The
ability of antihypertension pharmaceuticals to
improve keloids,* and the histological and clini-
cal vascular abnormalities described above fur-
ther support the notion thatvascular (endothelial)
dysfunction contributes to keloid growth.?

Autoimmunological characteristics

Keloid patients, but not HS patients or healthy
controls, have antinuclear antibodies (in the elu-
ates) that mainly target the fibroblasts in keloids.3*
The possibility that immunological autoreactivity
may promote keloid growth is further supported
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by the fact that keloid patients have higher levels
of circulating IgG complexes than healthy con-
trols.®> As the evidence for some of these hypoth-
eses remains tentative, further investigations are
warranted.

Another theory about the pathophysiology
underlying keloid formation relates to local
mechanics and the mechanosignalling pathways
that transduce these activating forces to culprit
cells in keloids, such as fibroblasts/myofibro-
blasts. Studies have shown a close association
between local skin mechanics and keloid devel-
opment.*® This finding has led to considerable
research in scar mechanobiology, which has
greatly increased our understanding of how
external mechanical stimuli are sensed by cells
and converted to biochemical signals, directing
scarring responses. Several signalling pathways
have been found to participate in keloid growth,
including the TGF-$/Smad, integrin, and
calcium ion, as well as the potential mitogen-
activated protein kinase (MAPK) and G protein,
Wnt/B-catenin, tumour necrosis factor-o. (TNF-
a) /nuclear factor kappa-light-chain enhancer of
activated B cells (NF«xB) and IL signalling path-
ways.?” During keloid progression, these cellular
mechanosignalling pathways interact actively
with the ECM and/or crosstalk extensively with
the hypoxia, inflammation and angiogenesis
pathways.3” Delineating these molecular changes
during keloid invasion is likely to help us to bet-
ter understand the mechanisms that underlie
keloid development. This will aid the identifica-
tion of potential biomarkers for keloid invasion
and the development of pharmaceutical targets
for use in keloid therapy.

Conclusion

In summary, keloids are pathological scars that
show chronic and relentless invasion into the
adjacent healthy skin. They are characterised by
the profound accumulation of fibroblasts and by
changes in various ECM components, other cell
ingredients and molecular signalling pathways. A
better understanding of this pathological entity
will aid the development of new diagnostic and
therapeutic strategies, for use in the clinic, that
can prevent, reduce or even reverse the growth
of this pathological scar.
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