Molecular Diagnosis & Therapy (2022) 26:627-643
https://doi.org/10.1007/540291-022-00613-2

REVIEW ARTICLE q

Check for
updates

Epidermolysis Bullosa: A Review of the Tissue-Engineered Skin
Substitutes Used to Treat Wounds

Alex du Rand'@ - John M.T. Hunt' - Vaughan Feisst?>® - Hilary M. Sheppard’

Accepted: 10 August 2022 / Published online: 17 October 2022
© The Author(s) 2022

Abstract

Skin wound healing is a crucial process for regenerating healthy skin and avoiding the undesired consequences associated
with open skin wounds. For epidermolysis bullosa (EB), a debilitating group of fragile skin disorders currently without a
cure, skin blistering can often be severe and heal poorly, increasing susceptibility to life-threatening complications. To prevent
these, investigational therapies have been exploring the use of tissue-engineered skin substitutes (TESSs) aimed at replacing
damaged skin and promoting long-term wound closure. These products have either been developed in house or commercially
sourced and are composed of allogeneic or autologous human skin cells, often with some form of bioscaffolding. They can be
broadly classified based on their cellular composition: keratinocytes (epidermal substitutes), fibroblasts (dermal substitutes)
or a combination of both (composite substitutes). Encouraging long-term wound healing has been achieved with epidermal
substitutes. However, these substitutes have not demonstrated the same efficacy for all patients, which may be due to the
molecular heterogeneity observed between EB subtypes. Autologous composite TESSs, which more closely resemble native
human skin, are therefore being investigated and may hold promise for treating an extended range of patients. Additionally,
future TESSs for EB are focused on using gene-corrected patient skin cells, which have already demonstrated remarkable
long-term wound healing capabilities. In this review, we provide an overview of the different TESSs that have been inves-
tigated in clinical studies to treat patients with EB, as well as their long-term wound healing results. Where available, we
describe the methods used to develop these products to inform future efforts in this field.

protein, plane of blister formation and molecular aetiology
(Fig. 1) [3]. The unifying diagnostic characteristic of EB
is cutaneous and/or mucosal blistering following minor
mechanical trauma or friction. For severe subtypes includ-

1 Introduction

Epidermolysis bullosa (EB) comprises a group of rare skin
fragility disorders characterised by mutations in basement

membrane zone (BMZ) structural proteins in the skin [1]. To
date, 16 different genes have been implicated across the four
classical EB types, EB simplex (EBS), junctional EB (JEB),
dystrophic EB (DEB) and Kindler EB [2]. These types and
their underlying subtypes are classified based on the affected
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ing recessive dystrophic EB (RDEB) and JEB, which involve
a deeper plane of skin detachment, congenital blistering can
be severe and heal poorly, increasing susceptibility to life-
threatening complications including sepsis, infection and
aggressive squamous cell carcinomas [2]. A curative ther-
apy to treat these cutaneous symptoms is therefore urgently
required to replace the current palliative treatment measures,
which include the prevention of infection, pain management
and protective bandaging [3].

Autologous skin grafts, either full or split thickness, have
long been used to cover a range of skin injuries and are cur-
rently the gold standard for treating thermal injuries and
chronic wounds [5]. However, as the availability of native
skin is limited, treatment with autologous grafts can be dif-
ficult when a large proportion of skin is affected [5]. To
bypass this issue, tissue-engineered skin substitutes (TESSs)
were developed as an alternative to autologous grafts and
have shown tremendous promise for treating a variety of
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Key Points

Epidermolysis bullosa is a debilitating skin blistering
disease currently without a cure. Severe disease subtypes
such as junctional epidermolysis bullosa and recessive
dystrophic epidermolysis bullosa often cause grievous
and poorly healing blisters that increase susceptibility to
life-threatening complications.

Tissue-engineered skin substitutes comprising human skin
cells (dermal fibroblasts and/or epidermal keratinocytes) are
currently being investigated as potential curative therapies
in clinical studies to promote long-term wound healing.

Epidermal tissue-engineered skin substitutes comprising
autologous keratinocytes, especially those using geneti-
cally corrected autologous patient cells, have demon-
strated the most promising long-term wound healing ben-
efits for junctional epidermolysis bullosa. For recessive
dystrophic epidermolysis bullosa, which has a different
molecular pathology, tissue-engineered skin substitutes
comprising both fibroblasts and keratinocytes may prove
more effective for promoting long-term wound closure.

dermatoses [6]. A TESS comprises human skin cells cul-
tured with or without some form of bioscaffolding into a
safe product that can replace damaged skin and restore its
basic functional and structural properties. This includes the
prevention of water loss, high tensile strength and serving
as an immunological barrier against pathogens [6]. Upon
grafting onto damaged skin, these products are designed to

accelerate wound healing and ultimately provide long-term
therapeutic benefit by regenerating mechanically stable skin.
The methods and materials used to develop TESSs capa-
ble of promoting permanent wound closure is a growing
area of research. For EB, TESSs have only been approved
for clinical use in Japan [1]. However, a variety have shown
encouraging long-term wound healing results in clinical
studies, with some rapidly approaching clinical translation.
In this review, we summarise the efficacy of the various
TESSs investigated so far to treat patients with EB. Where
available, we include an overview of the methods used for
manufacture to inform future efforts in this field.

2 EB Wound Healing

The skin is a multilayered organ composed of two major cell
types. The outermost layer, the epidermis, is avascular and
primarily comprises sheets of keratinocytes that continually
regenerate [7]. The epidermis is reinforced by the underlying
vascular dermis that is primarily composed of fibroblasts
embedded within a stromal scaffolding of extracellular
matrix (ECM) structural proteins including elastin fibres,
collagens and glycosaminoglycans. Adhesion between the
dermis and epidermis is achieved by the collection of struc-
tural macromolecules located at the BMZ at the interface
between these layers [7]. In the case of EB, aberrant BMZ
proteins often lead to skin detachment between dermal and
epidermal compartments, resulting in blister formation
(Fig. 2). Following the induction of blistering, a complex
but highly organised wound repair process involving a well-
defined sequence of events (inflammation, cellular prolif-
eration, tissue remodeling) is activated and usually acts to
repair the wound and regenerate healthy skin [6]. During
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Fig.1 A diagrammatic representation of the basement membrane
zone (BMZ) of the skin. The different layers of the BMZ and impor-
tant attachment complexes required for dermal-epidermal skin
adhesion are shown on the left. These complexes, which include
hemidesmosomes, anchoring filaments, and anchoring fibrils, pro-
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vide adhesion between basal keratinocytes, the lamina densa, and the
papillary dermis. The causative EB protein components that make up
these complexes within the different levels of the BMZ and the EB
type they are associated with is depicted on the right. Adapted from
reference [4] with Copyright permission from Elsevier
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Fig.2 Blister formation for junctional epidermolysis bullosa (JEB)
and recessive dystrophic epidermolysis bullosa (RDEB). For RDEB
(top), mutations in type VII collagen (C7), the main constituent of
anchoring fibrils, results in blister formation and skin detachment
within the papillary dermis. These mutations can alter the deposition
of laminin 332 and integrin a6p4 at the BMZ and disrupt downstream
signalling pathways, resulting in defects in keratinocyte migration
and epithelialisation. For JEB (bottom), blister formation, most com-

the inflammatory stage immediately following wounding,
fibrin is activated and forms a clot that serves as a transient
wound matrix to seal the wound and prevent bleeding. This
matrix is subsequently invaded by immune cells that help
control infection and remove necrotic tissue. During the pro-
liferative phase, fibroblasts migrate into the wound matrix
to promote angiogenesis and secrete ECM components to
generate granulation tissue. Epithelialisation begins at the
wound edges as epidermal stem cells (EpiSCs) proliferate
to cover the wound. Lastly, the wound matrix is remodeled
following the secretion of structural ECM components and
matrix metalloproteinases by keratinocytes and fibroblasts
[6]. Imbalances across all phases of this process have been
observed in EB wounds, which can lead to the formation of
chronic wounds and hypertrophic scarring [1, 8-10].
Research into wound healing of EB blisters has been lim-
ited to the most severe subtypes, JEB and RDEB [1]. In both
cases, the lack of functional BMZ proteins can compromise
the epithelialisation of new wounds due to the detachment of
the newly regenerated epidermis from the granulation tissue
underneath (Fig. 2). Additionally for RDEB, a lack of type
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monly caused by mutations in laminin 332, results in skin detachment
at the level of the lamina lucida. In both cases, epithelialisation can
be compromised due to an impaired ability of the regenerated epi-
dermis to attach to the granulation tissue underneath. This can lead
to a protracted wound healing process that can exacerbate inflamma-
tion, and in the long term, lead to the formation of chronic wounding,
fibrosis and scarring. Adapted from Reference [8] with permission
from Elsevier

VII collagen (C7) has been shown to alter the deposition of
the BMZ proteins laminin 332 and integrin a6p4, leading
to changes in downstream signalling pathways that cause
defects in keratinocyte migration [10]. The resulting delay
in wound repair can promote inflammation by (1) favour-
ing colonisation and infection by microbes and (2) continu-
ously activating the skin repair process in skin regions that
are prone to friction and recurrent blistering [1, 8]. The
subsequent increase in pro-inflammatory molecules (e.g.,
interleukin-6, interleukin receptors, defensins, antimicro-
bial peptides) can impair cell migration at the wound site
and promote cellular senescence [8]. Over time, successive
rounds of blistering and impaired wound healing can deplete
skin appendage EpiSC reservoirs that are crucial for skin
repair [9], inducing chronic wounding and fibrosis [1]. In
RDEB blisters, fibrosis is commonly observed and is a result
of low C7 levels that impair maturation of granulation tissue
and migration of fibroblasts [10]. These defects are associ-
ated with a variety of molecular alterations, most notably
an upregulation of transforming growth factor beta-1 (TGF-
1), which promotes the deposition of various ECM proteins
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Table 1 Wound healing outcomes using autologous epidermal TESSs in clinical studies for EB

Patients

™)

Type of TESS

Follow-up

Outcome

Therapy EB References Study type
subtype
Cell therapy  JEB [11] Case report
[41] Case report
RDEB [20] Case report
Revertant cell JEB [47] Case report
therapy
RDEB [42] Case report
[48] Investigator-initi-

ated trial

Gene therapy JEB [35, 49, 50] Phase I/II trial

[34] Case report

Keratinocytes from unblis-
tered skin cultured on type I
collagen sponges

Keratinocytes from unb-
listered skin cultured on
a feeder layer of murine
fibroblasts into keratinocyte
sheets

Keratinocytes from unb-
listered skin cultured on
esterified HA membranes.
Membranes contained pores
to allow the keratinocytes to
colonise the wound bed in
small patches

Keratinocytes from geneti-
cally revertant skin carrying
a COLI7AI gene reversion
cultured on a feeder layer
of murine fibroblasts into
keratinocyte sheets

Keratinocytes from genetically
revertant skin carrying two
COL7A1 gene reversions
cultured on a feeder layer
of murine fibroblasts into
keratinocyte sheets

Keratinocytes from geneti-
cally revertant skin carrying
COL7A1 gene reversions
cultured on a feeder layer
of murine fibroblasts into
keratinocyte sheets

Genetically corrected
keratinocyte sheets gener-
ated on a feeder layer of
murine fibroblasts. For
genetic modification,
LAMB3-deficient keratino-
cytes were grown with an
amphotrophic retroviral
packaging cell line express-
ing wild type full-length
LAMB3 cDNA controlled
under the MLV LTR within
an MFG retroviral backbone

7-10 months

8 years

12 months

4 months

16 years

76 weeks

15 years

2 years

Complete epithelialisation in two patients
and partial epithelialisation in the third
patient

Several of the keratinocyte sheets were
mechanically displaced after 5 days.
However, grafts on the face epithelial-
ised completely and remained closed
for the duration of the 8-year follow-up
period

Complete stabilisation of two wounds and
>50% closure of the third

Lack of functional skin repair due to <3%
of genetically revertant keratinocytes
detected at the graft site, despite the
patch of normal-looking donor skin
containing ~30% revertant cells. It
is possible that resident C7-mutant
keratinocytes from the wound edges or
epidermal stem cell reservoirs colonised
the grafted wound bed and outcompeted
the grafted revertant cells

Mechanical displacement an issue for
some grafts; however, the grafted site
on the right knee remained closed for
16 years [48]

Eight refractory ulcers treated on each
of three patients. 100% of grafts fully
epithelialised for two patients and
52.6% for the third, achieving the trial’s
primary endpoint of >50%

Complete epidermal adhesion in the
absence of blistering, inflammation or
infection. Immunofluorescence of skin
from the graft site revealed laminin
332-p3 expression comparable to a
normal control

Complete wound closure with histological
analysis confirming a healthy BMZ and
a completely normal and differentiated
epidermis. Immunofluorescence of skin
from the graft site revealed laminin
332-p3 expression comparable to a
normal control

A\ Adis



Epidermolysis Bullosa: A Review

631

Table 1 (continued)

Therapy EB References

subtype

Study type

Patients

@)

Type of TESS Follow-up

Outcome

[33,51]

[51]

RDEB [43, 53]

[43, 53],

Compassionate use

Phase II/III trial

Phase I/Ila trial

Phase III trial

1

Genetically corrected 5 years
keratinocyte sheets gener-
ated on a feeder layer of
murine fibroblasts either on
plastic culture surfaces or a
fibrin gel. For genetic modi-
fication, LAMB3-deficient
keratinocytes were grown
with an amphotrophic
retroviral packaging cell
line expressing wild type
full-length LAMB3 cDNA
controlled under the MLV
LTR within an MFG retro-
viral backbone

Genetically corrected 1-15 years
keratinocyte sheets gener-
ated on a feeder layer of
murine fibroblasts on a
fibrin gel. For genetic modi-
fication, LAMB3-deficient
patient keratinocytes will
be transduced with gamma-
retroviral vectors expressing
full-length LAMB3 cDNA

Genetically corrected 2-5 years

keratinocyte sheets gener-

ated on a feeder layer of

murine fibroblasts. For

genetic modification,

COL7AI-deficient patient

keratinocytes will be

transduced with LZRSE

retroviral vectors expressing

full-length COL7A1 con-

trolled under the MLV LTR

1-15 years

Regeneration of approximately 80% of
the patient’s epidermis. The transgenic
epidermis remained stable and resistant
to blistering after 5 years, even after
exposure to mechanical stress

Ongoing

Encouraging wound healing for some
patients after 2 years; however, an
overall decline from 83% of wounds
showing >75% wound closure at 3
months to 46% after 2 years. Mechani-
cal displacement of the keratinocyte
sheets an issue for some grafts

Ongoing

ClinicalTrials.
gov identifier
NCT04227106

¢DNA complementary DNA, COLI7A1 type XVII collagen, COL7A1 type VII collagen, EB epidermolysis bullosa, HA hyaluronic acid, JEB
junctional epidermolysis bullosa, LAMB3 laminin 332 B3 subunit, MLV LTR Moloney leukaemia virus long terminal repeat, RDEB recessive

dystrophic epidermolysis bullosa, TESS tissue-engineered skin substitute

and matrix metalloproteinase inhibitors, ultimately leading
to defects in tissue remodeling, the formation of a fibrotic
microenvironment and scarring [8, 10].

3 TESSs for EB

A variety of TESSs developed in house or commercially
sourced have been tested on patients with EB. For TESSs
developed in house, cell-based investigational therapies have
used human skin cells with wild type BMZ genes, while
gene-based strategies have used genetically corrected autolo-
gous skin cells derived from patients with EB [1]. Clas-
sification of TESSs for EB is broadly based on the cellular
composition: keratinocytes (epidermal substitutes), dermal
fibroblasts (dermal substitutes) or a combination of both
(composite substitutes) (Fig. 3). Depending on the source

of these cells, they can be further classified as autografts
(using autologous skin cells) or allografts (using allogeneic
skin cells). Various natural and synthetic materials have been
used as scaffolding to provide structural or functional sup-
port for the cells (Fig. 3). However, biomaterials derived
from the dermis such as type I collagen [11-19] and hyalu-
ronic acid (HA) [16, 20] have been most prevalent. These
natural polymers provide low toxicity and good biodegrada-
bility, and carry a low chance of immunological rejection.
Additionally, they possess natural epitopes that allow them
to promote normal physiological function of the ECM by
binding to cells via adhesion or cell receptor proteins [21].

3.1 Allografts: A Viable Strategy for EB?

The choice between using allogeneic or autologous cells
to generate TESSs can significantly influence clinical

A\ Adis



632

A.duRandetal.

TESSs developed in
house

Primary human skin
cells &=

Dermal
fibroblasts

I
: W= | 4
/ / [’ Epidermal 1 .
- Enzymatic keratinocytes Epidermal
/| o dlgeir/cnﬁnd | substitutes
AL J skin cel
‘Q\\ff"‘é isolation 1
Skin biopsy =T |
a==> |
I
1

Scaffold materials <

Dermal
substitutes

Collagen Hyaluronic  Fibrinogen Polyglactin substitutes
acid mesh

Dermal-derived

bioscaffolds Synthetic scaffolds

Fig.3 Schematic overview of the different components and types of
tissue-engineered skin substitutes (TESSs) assessed for epidermolysis
bullosa (EB) in clinical studies. To generate TESSs, human skin cells
(fibroblasts and/or keratinocytes) are enzymatically isolated from skin
biopsies, expanded under different cell culture conditions, and used
in conjunction with or without some form of scaffolding material.
TESSs have either been developed in house or commercially sourced
and can be broadly categorised based on their cellular composi-
tion. Epidermal substitutes consist of an epidermal layer of stratified
keratinocyte sheets with or without an underlying acellular dermal
layer containing scaffolding. Dermal substitutes contain fibroblasts

outcomes. Allogeneic cells are (1) more quickly available
as they bypass the downtime required for cell expansion,
(2) avoid the need for skin harvesting operations, which
can be burdensome for patients with EB, and (3) can be
used in cases when autologous cells are unavailable [22,
23]. However, allografts carry a high risk of graft rejec-
tion and infection because of immunogenicity from the host,
and consequently, allograft survival for burns, deep dermal
lesions and venous leg ulcers has been reported to persist
only for several weeks following transplantation [24-28].
Allografts have therefore been used as temporary dressings
in burn patients to prepare wound beds for autologous cells
[29, 30], or in conjunction with autografts to stimulate epi-
thelialisation of EB wounds [31, 32]. When used alone for
EB, however, allografts have generally not permitted the
long-term wound closure that has been achieved with autol-
ogous-based TESSs [33-35]. Theoretically, allografts could
instead be used to transiently cover and prepare wound beds
on severely affected EB patients while they wait for autolo-
gous TESSs to be prepared. Allografts may also be required
in severe circumstances when no viable autologous cells are
available. To increase the chance of graft acceptance and
persistence in these cases, one potential solution is to first
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embedded within a scaffolded dermal matrix. Composite substitutes
are composed of an epidermal layer of stratified keratinocyte sheets
and an underlying scaffolded dermal layer containing fibroblasts.
Three commercially sourced TESSs assessed in clinical studies for
EB are also shown. Kaloderm® is an epidermal substitute composed
of allogeneic keratinocyte sheets. Dermagraft® is a dermal substitute
composed of allogeneic fibroblasts cultured within a polyglactin mesh
scaffold. Apligraf® is a composite substitute composed of an alloge-
neic epidermal layer of keratinocytes and an underlying dermal layer
consisting of allogeneic fibroblasts. Created with BioRender.com

establish immune tolerance via infusions of human leuko-
cyte antigen-matched haematopoietic stem cells. Although
this strategy has not been attempted with TESSs for EB,
it has been successfully demonstrated using split-thickness
allografts to treat JEB [36] and harvested epidermal allo-
grafts to treat RDEB [37]. In the latter case, 100% wound
closure was reported for most of the 35 allografted sites
across eight patients with RDEB after one year, with C7 and
anchoring fibrils detected in the one analysed allograft site
[37]. However, this approach is more cumbersome and can
significantly delay the time to treatment for patients.

3.2 Epidermal Skin Substitutes

The first cell type from the skin to be isolated and investi-
gated was keratinocytes [38], and consequently epidermal
TESSs have been extensively studied for treating a range of
dermatoses including burns [6]. As the stratified sheets of
keratinocytes within the epidermis are sustained by EpiSCs
confined to the basal layer [1], a sufficient population of
EpiSCs should ideally be incorporated into epidermal substi-
tutes to provide a permanent source of grafted keratinocytes
for long-term wound closure.
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For EB, epidermal substitutes have been the most widely
explored as keratinocytes express the majority of BMZ pro-
teins implicated across all subtypes. However, more atten-
tion has been given to JEB as most of the causative proteins
associated with this subtype are predominantly expressed by
keratinocytes [1]. In most cases, these products have been
developed based on a method pioneered by Rheinwald and
Green who discovered a technique for isolating keratinocytes
from 2cm? patches of harvested skin and expanding them
into approximately 200 80cm? keratinocyte sheets [38, 39].
In brief, disaggregated epidermal cell suspensions are plated
on a feeder layer of lethally irradiated 3T3 murine fibroblasts
and cultured over a few weeks to form a stratified epidermis.
Dispase is then used to detach the final keratinocyte sheets
from cell culture surfaces. Upon grafting onto wounds, these
products can promote wound healing via keratinocyte pro-
liferation and migration, as well as through the release of
cytokines and growth factors [40]. However, as the sheets
of keratinocytes are fragile, handling and immobilising the
grafts onto wound beds can be challenging [41-43]. Sup-
portive dressings or delivery systems have therefore been
required to support the vulnerable epithelia during trans-
plantation. Additionally, some groups have generated more
robust final products by culturing keratinocytes on acellular
matrices composed of biomaterials from the dermis [11,
20, 33]. These dermal components can also contribute to
wound healing by stimulating keratinocyte growth, which in
turn can reduce the lead time associated with keratinocyte
culture [44].

3.2.1 Cultured Epidermal Autografts

Epidermal substitutes engineered using autologous
patient skin cells were among the first TESSs assessed
for EB (Table 1) [11, 20, 41]. Initial efforts used autolo-
gous keratinocytes from unblistered areas of skin. While
the causative mutations were not corrected in these cases,
keratinocytes were cultured on acellular dermal matrices to
promote epithelialisation. The first report was by Carter and
colleagues who treated severe facial ulcers in three patients
with JEB [11]. Autologous keratinocytes were plated on
type I collagen sponges and grown for three weeks into
multilayered keratinocyte sheets measuring 7cm in diam-
eter. Following transplantation of the collagen sponge-based
cultured epidermal autografts (CEAs), full epithelialisation
was reported in two patients after 7 and 10 months, respec-
tively, while for the third patient only partial epithelialisa-
tion was achieved [11]. In a second case study, Wollina and
colleagues used CEAs with HA scaffolding to treat chronic
ulcers on the upper trunk and head of a patient with RDEB
[20]. Autologous keratinocytes were seeded onto flexible
20mm thick esterified HA membranes with a perforated
structure and cultured for three weeks. Membranes included

small pores to promote multilayered growth and larger pores
to facilitate wound drainage. The final grafts were trans-
planted onto three skin ulcers, resulting in complete stabili-
sation of the two wounds on the trunk and > 50% closure of
the wound on the head after 12 months [20].

3.2.2 Genetically Revertant CEAs

The primary concern with using autologous patient cells
to generate TESSs is the presence of causative EB muta-
tions. Therefore, more recent CEAs have been generated
using autologous cells isolated from patches of unblistered
skin that are known to contain genetically revertant cells
that have spontaneously corrected their germline mutation
(Table 1) [45]. This phenomenon is known as revertant
mosaicism (RM) and has been reported for several genes
(KRTI14, LAMB3, COL17A1, FERMTI, COL7AI) across
all four classical EB types. Although usually an uncom-
mon occurrence, a remarkably high incidence of 36% and
33% has been reported for JEB patients with COLI7A1 and
LAMB3 mutations, respectively [45, 46].

The first report of RM-based CEAs for EB was by Gos-
tynski and colleagues who cultured autologous keratino-
cytes derived from clinically identified revertant skin for
five weeks into keratinocyte sheets (6cm X 7cm) for grafting
onto a JEB patient’s leg [47]. The wound bed was prepared
using a polyacrylate adhesive plaster to remove the inter-
follicular epidermis covering an 84cm? region, exposing
the lamina densa at the BMZ. Although the graft appeared
healthy and free of scarring four months after transplanta-
tion, the adhesive plaster test induced skin loosening. Ret-
rospective analysis of the keratinocytes from the graft site
revealed that <3% of the cells had revertant type XVII col-
lagen (the causative JEB protein for this patient) despite the
donor skin containing ~30% revertant cells, explaining the
lack of functional repair [47]. Although there is not a clear
explanation for the loss of revertant cells at the graft site, it
is possible that resident C7-mutant EpiSCs from the wound
edges or skin appendage stem cell reservoirs colonised the
grafted wound bed during healing and outcompeted the
revertant stem cells.

For RDEB, Shinkuma and colleagues isolated autologous
keratinocytes from unblistered skin on a patient’s back to
generate keratinocyte sheets to treat ulcers on a patient’s
knee, right shoulder, abdomen and axilla [42]. Mechanical
displacement of the vulnerable keratinocyte sheets was an
issue and resulted in poor wound healing for grafts on the
axilla, abdomen and shoulder. However, the grafted site on
the right knee completely epithelialised after two weeks and
remained closed for over 10 years [42]. In a 16-year follow-
up study, analysis of synthesised C7 complementary DNA
from the preserved graft site revealed genetically revertant
sequences, confirming that RM was an important key to the
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closure of the ulcer [48]. These findings paved the way for
an investigator-initiated clinical trial in Japan using the same
method to assess the therapeutic benefit of CEAs from clini-
cally identified revertant skin [48]. Eight refractory ulcers
on each of three patients with RDEB were grafted with RM-
based CEAs. Rapid epithelialisation was reported for two
patients, with 100% of the treated ulcers completely epitheli-
alised after 76 weeks. For the third patient, re-transplantation
was required because of renewed blistering. However, 52.6%
of ulcerated sites still showed complete epithelialisation at
76 weeks, achieving the study’s primary endpoint (>50%)
[48]. Following this trial in 2019, RM-based CEAs were
approved in Japan as a therapy for DEB and JEB and are
now covered under the public healthcare system [48]. Since
approval, at least 20 patients in Japan have been treated with
this therapy [1].

3.2.3 Genetically Modified CEAs

As highlighted by Gostynski and colleagues [47], success-
fully identifying patches of skin with a sufficient popula-
tion of genetically revertant cells can pose a challenge for
RM-based CEAs. To bypass this issue,ex vivo gene-based
strategies have genetically corrected EB patient keratino-
cytes before use in CEA generation with remarkable results
(Table 1). In each case, keratinocytes have been trans-
duced with retroviral vectors carrying full-length copies of
wild type BMZ genes. Following integration into genomic
DNA, the transgenes can be stably expressed and compen-
sate for the lack of function of the mutant gene [33-35].

The first clinical demonstration of gene-modified CEAs
was described by Mavilio and colleagues in a phase I/I1
clinical trial [35]. Autologous keratinocytes derived from
a JEB patient with mutations in LAMB3 (encoding the
B3 subunit of laminin 332) were transduced with retrovi-
ral vectors containing full-length LAMB3 complementary
DNA and subsequently grown into keratinocyte sheets.
Final CEAs were grafted onto nine sites on the patient’s
legs, which either had a fragile epidermis or poorly heal-
ing and infected ulcers. Epidermal adhesion in the absence
of blistering, inflammation, or infection was reported after
one year, with the clinical benefits persisting for over 16
years as reported at a later follow-up [49, 50]. Another suc-
cessful case was later reported using the same method, this
time to treat a larger (80cm?) refractory ulcer on the leg of
another LAMB3-deficient patient with JEB [34]. The grafted
area remained healed for the duration of the two-year follow-
up, with histological analysis confirming a healthy BMZ and
epidermis [34, 50].

Despite the success achieved in the two JEB clinical stud-
ies, one criticism was the small total area grafted (~0.06m?),
which did not have a significant impact on the patients’
quality of life [34, 35, 50]. To assess the suitability of this
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treatment to treat large skin lesions, a compassionate use
study used gene-modified CEAs to cover widespread blister-
ing on a LAMB3-deficient boy with severe JEB [33]. Most
of the keratinocyte sheets used in this trial were generated
on a fibrin substrate, resulting in more robust final grafts.
This method is routinely used for treating ocular and mas-
sive skin burns and prevents contraction of the keratinocyte
sheets, enabling the same number of EpiSCs to generate
larger CEAs [33]. Remarkably, transplantation of the final
fibrin-based CEAs resulted in the regeneration of approxi-
mately 80% of the patient’s epidermis, which remained sta-
ble even after the application of mechanical force five years
later [S1]. A phase II/III clinical trial using this same method
is currently underway and aims to treat at least six patients
with JEB [50].

Success in all three JEB trials was believed to be a result
of successful EpiSC targeting. In each case, subconfluent
keratinocyte cultures were monitored for holoclone-forming
stem cells [52], providing an indirect estimate of EpiSC-
targeting efficiency, and therefore, graft durability [33-35].
Data from these trials demonstrated that only a small pop-
ulation of holoclone-forming stem cells corresponding to
approximately 5% of the total grafted cells were responsi-
ble for the long-term maintenance of a functioning trans-
genic epidermis [50]. This equated to the transplantation of
approximately 1.8 x 10° EpiSCs per cm? to regenerate and
maintain nearly the entire epidermis of the severely affected
boy [33].

For RDEB, gene-modified CEAs were assessed in a phase
I/II clinical trial to treat seven patients with severe cutane-
ous symptoms [43]. Autologous keratinocytes transduced
with modified Moloney murine leukaemia retroviral vec-
tors (LZRSE) harbouring full-length C7 complementary
DNA were grown into keratinocyte sheets. The keratino-
cyte sheets measuring 35cm? each were transplanted onto
six wounds on each patient. All wound beds were cauter-
ised to reduce the number of resident C7-mutant EpiSCs
that could potentially outcompete the grafted stem cells.
Although encouraging wound healing was reported for some
of the patients after two years, significant variability was
observed. Overall, wound healing generally declined from
83% of wounds showing >75% closure after three months
to 46% of wounds after two years [53]. A phase III clinical
trial is currently underway to further assess the efficacy of
this treatment in 15 patients with RDEB (ClinicalTrials.gov
identifier NCT(04227106).

The differences in wound healing between the JEB and
RDEB trials is not well understood. Difficulty to success-
fully immobilise some of the grafts for a few days after
transplantation was thought to contribute to the overall
wound healing variability in the RDEB trial. In addition,
this trial did not monitor holoclone-forming stem cells,
which may not have been sufficiently targeted to enable
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long-term therapeutic benefit. A third possible explanation
relates to the different plane of skin blistering between the
two subtypes. Blistering in RDEB occurs within the papil-
lary dermis and consequently produces wound beds with-
out a discernible basement membrane. For JEB, the higher
level of skin blistering within the lamina lucida results in
wound beds with an intact basement membrane, which may
help facilitate adhesion of grafted keratinocyte sheets to the
underlying dermis.

A further possible explanation for the variable wound
healing in the RDEB trial was the absence of functional
C7 from dermal fibroblasts. Preclinical research has sug-
gested that anchoring fibril formation and dermal-epidermal
adhesion in composite TESSs is dependent on functional C7
from both major skin cell types [55]. However, in transgenic
murine rescue experiments, it was reported that fibroblast
or keratinocyte-specific re-expression of C7 in an RDEB
mouse model was sufficient to produce anchoring fibrils and
reverse all the cutaneous manifestations of RDEB [54]. In
the murine rescue experiments, it is important to note that
a retroviral expression vector was used to express C7 above
normal physiological levels. Therefore, C7 overexpression
in either skin cell type may have been sufficient to regener-
ate healthy skin by compensating for the lack of functional
C7 from the other cell type. Although this discrepancy is
yet to be resolved, it raises the possibility that composite
TESSs composed of both keratinocytes and fibroblasts may
be more effective for promoting long-term wound closure
in patients with RDEB. This point may be clarified follow-
ing the completion of the ongoing phase I/II clinical trial
assessing composite substitutes for RDEB (ClinicalTrials.
gov identifier NCT04186650). Additionally, the more robust
nature of these products may help to avoid issues related
to mechanical graft displacement that were reported in the
RDEB trial.

3.2.4 Epidermal Allografts

Allogeneic keratinocytes expanded from a healthy donor
have also been used to generate keratinocyte sheets for EB.
However, their success has been limited by the lack of long-
term stable engraftment. This issue has previously been
noted in burn patients where epidermal allograft rejection
has been reported after an average of two weeks due to high
keratinocyte immunogenicity [24]. Epidermal allografts
have consequently been investigated as temporary dressings
in combination with split-thickness autografts to stimulate
the proliferation and migration of resident keratinocytes in
EB wounds via the release of cytokines and growth fac-
tors [31, 32]. In addition, they have also been assessed in
cases when the use of autologous cells has been impractical
(Table 2) [12, 22, 31, 56].

Epidermal allografts have provided some success for JEB;
however, they have generally been limited by short follow-
up times and, in some cases, multiple grafting procedures
have been required for wound closure [23, 31, 56]. In one
study, epidermal allografts were used to treat chronic facial
ulcers on a five-year-old patient with JEB [56]. Allogeneic
keratinocytes derived from the patient’s biological mother
were cultured for up to 10 days to generate keratinocyte
sheets [50]. Following four grafting procedures over a six-
month period, the facial ulcers epithelialised and remained
closed for the duration of the eight-month follow-up [56].
Graft versus host disease was not evident and may have been
reduced owing to the use of keratinocytes from a related
donor [57]. In another study, allogeneic keratinocyte sheets
were used to treat a neonate with JEB [31]. Significant
epithelialisation was observed across all wounds cover-
ing approximately 70% of the patient’s total body surface.
However, graft rejection was evident at multiple sites where
renewed blistering accompanied with infection was observed
[31].

For RDEB, Schofield and colleagues generated alloge-
neic keratinocyte sheets to treat donor sites on six patients
that were being used to harvest split-thickness autografts
for surgical procedures [31, 58]. Although four out of the
six allografted sites healed faster than control wounds after
seven days, no difference in C7 was observed across any
of the grafted sites compared to pre-grafted skin [31]. In a
second study, McGrath and co-workers generated allogeneic
keratinocyte sheets to treat 10 patients with severe RDEB
[22]. Despite some pain alleviation, the treatment provided
little clinical benefit [22]. In both cases, the lack of anchor-
ing fibrils at the grafted sites suggested that the allogeneic
donor cells were not being maintained.

For EBS, one group used the commercially available cul-
tured epidermal substitute Kaloderm® (Tego Science, Seoul,
Korea) engineered using keratinocytes derived from neona-
tal foreskin to cover three large skin lesions on the foot of a
paediatric patient [23]. Twice-weekly grafting of Kaloderm®
for three weeks resulted in a 50% reduction in wound surface
area across the allografted sites [23]. No long-term follow-
up was reported.

3.3 Dermal Skin Substitutes

Dermal fibroblasts play an important role in regenerating
damaged epithelia and accelerating wound healing [59].
They secrete ECM components including collagens, glyco-
proteins and fibrin, which potently activate fibroblast and
keratinocyte proliferation and migration, as well as provide
structural integrity for the dermis [40, 59, 60]. Addition-
ally, fibroblasts also deposit C7 at the BMZ, albeit to a
lesser extent than keratinocytes [55]. Fibroblast cell therapy
has therefore been evaluated for RDEB and has included
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Table 2 Wound healing outcomes using allogeneic epidermal TESSs in clinical studies for EB

EB subtype Refer- Study type Patients  Type of TESS Follow-up Outcome
ences (N)

RDEB [31] Case report 1 Skin explants derived from full- 4 months No sign of rejection, inflammation or any
thickness allografts cultured on significant blistering at the allograft
plastic culture surface into strati- site; however, no further follow-up to
fied epithelia assess long-term wound closure

[31] Case report 1 Keratinocytes cultured on a feeder 4 months All wounds epithelialised at 7 days with
layer of murine fibroblasts into no renewed blistering; however, no
keratinocyte sheets further follow-up to assess long-term

wound closure

[31] Prospective 6 2 weeks 4 out of the 6 allograft sites healed faster

study than the controls over a short 2-week
follow-up. However, no change in
C7 levels were observed, suggesting
that allogeneic keratinocytes were
promoting proliferation and migration
of resident C7-mutant keratinocytes
at the wound edges via the release of
cytokines and growth factors

[22] Prospective 10 2 weeks Slight analgesic effect, but no functional

study repair

[31] Case report 1 Allogeneic keratinocyte sheets in 3 months Near complete healing except for minor
conjunction with meshed split- blisters at edges of the split-thickness
thickness autografts autografts

DDEB [32] Case report 1 Allogeneic keratinocyte sheets in 8-20 months Complete epithelialisation at each of the
conjunction with meshed split- two grafted sites after 8 and 10 months,
thickness autografts respectively

JEB [56] Case report 1 Keratinocytes cultured on a feeder 8 months All wounds remained completely epi-
layer of murine fibroblasts into thelialised for 8 months; however, four
keratinocyte sheets grafting procedures were required. No

further follow-up to assess long-term
wound closure

[31] Case report 1 1 week Significant epithelialisation over approxi-

mately 70% of the patient’s epidermis
but only a 1-week follow-up reported.
Renewed blistering and infections were
observed at multiple graft sites

EBS [23] Case report 1 Commercially available epidermal 3 weeks Twice-weekly grafting resulted in a

allograft Kaloderm® (Tego Sci-
ence, Seoul, Korea) consisting of
allogeneic keratinocyte sheets

wound surface reduction of 50% but
only over a short 3-week follow-up
period

C7 type VII collagen, DDEB dominant dystrophic epidermolysis bullosa, JEB junctional epidermolysis bullosa, RDEB recessive dystrophic epi-
dermolysis bullosa, TESS tissue-engineered skin substitute

intralesional injections of gene-corrected fibroblasts and
cultured dermal allografts (CDAs) [1]. To engineer CDAs,
various scaffolds have been investigated including amniotic
membranes and type I collagen sponges (Table 3) [61-64].
However, besides increasing initial rates of wound healing,
CDA s have not enhanced C7 expression in the long term and
re-application has often been required to enable blister clo-
sure. Instead, these products may be more effective as tem-
porary biological dressings by providing a source of growth
factors for resident skin cells and by helping to regenerate
the dermal bed for later engraftment with CEAs.
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The first cultured dermal allografts (CDAs) used for
RDEB were based on a method developed by Kubo and
Kuroyanagi consisting of fibroblasts grown on a bilayered
spongy matrix of atelo-collagen and HA [16, 64]. In brief,
monolayered HA sponges cross-linked with ethylene glycol
diglycidyl ether are perforated with 1mm? holes. To obtain
the final bilayered sponges, these pores are filled with an
aqueous solution of atelo-collagen. Fibroblasts are then
seeded onto the collagen side of the sponge and cultured
for one week [16]. One group applied this method to cover
intractable skin ulcers on the feet of two patients with RDEB
[17]. New CDAs were applied twice weekly for the first
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Table 3 Wound healing outcomes using allogeneic dermal TESSs in clinical studies for RDEB

References  Study type Patients (N) Type of TESS Follow-up ~ Outcome
[61] Prospective 3 Dermal fibroblasts grown ona 4 weeks Twice weekly grafting for 2-6 weeks increased
study bilayered spongy matrix of wound granulation and epithelialisation at edges
atelo-collagen and HA of the grafted areas. Only a short follow-up
reported
[17] Case report 2 3-4 weeks  Twice weekly grafting for 2 weeks followed by
weekly grafting resulted in full epithelialisation
after 3—4 weeks for both patients. However, no
detectable increase in C7 was observed and only
a short follow-up was conducted
[63] Case report 6 Commercially available 8 weeks 74% average epithelialisation across all graft sites
cultured dermal substitute but no longer follow-up reported
DermaGraft® (Organogenesis,
Canton, MA, USA) consisting
of fibroblasts grown within a
polyglactin scaffold
[62] Pilot study 7 Dermal fibroblasts cultured 12 weeks Reduced wound size of at least 70% for 6 out of

on decellularised amniotic

membrane scaffolding

21 wounds (28%). Only one wound completely
healed. No longer follow-up reported

C7 type VII collagen, HA hyaluronic acid, TESS tissue-engineered skin substitute

fortnight and weekly after that. Complete epithelialisation
after three weeks was reported for one patient, while partial
epithelialisation was reported after four weeks for the other.
However, electron microscopy and immunofluorescence
failed to detect increases in C7 at the grafted sites, suggest-
ing that wound healing was a consequence of cytokines and
growth factors secreted by fibroblasts [17]. A second group
used the same method to treat persistent blisters on the legs
and forearms of three patients with RDEB [61]. Transplanta-
tion of CDAs twice weekly for two to six weeks increased
wound granulation after one week, with epithelialisation
appearing at the wound edges after four weeks [61]. No
long-term follow-up was published for both clinical studies.

Amniotic membranes have also been used for scaf-
folding because of their beneficial anti-inflammatory and
wound healing properties [65]. They have proven safe and
easy to handle and have successfully treated venous ulcers
and massive burns by promoting rapid epithelialisation
[62]. For EB, a pilot study generated CDAs consisting of
dermal fibroblasts cultured on amniotic membrane scaffold-
ing derived from healthy neonates to treat three ulcers on
each of seven patients with RDEB [62]. To prepare acel-
lular scaffolds, the cells from the amniotic membranes were
separated from the underlying basement membrane using
a cell scraper. To construct CDAs, fibroblasts were seeded
onto the acellular membranes where they were cultured on
a non-adhesive plate for five days at the air-liquid interface.
Twelve weeks after transplantation, only 28% of the treated
wounds (six wounds) had reduced in size by at least 70%,
with one wound (5%) healing completely [62].

The commercially available, cultured dermal substitute
Dermagraft® (Organogenesis, Canton, MA, USA) has been
assessed to treat RDEB. Dermagraft® is composed of allo-
geneic neonatal fibroblasts seeded within a bioabsorbable,
three-dimensional polyglactin mesh scaffold [63]. During
manufacture, the fibroblasts proliferate and fill the interstices
within the scaffolding and release ECM proteins including
collagen and glycosaminoglycans, as well as growth factors
and cytokines. Together, these components form a three-
dimensional bioscaffold comprised of metabolically active
fibroblasts capable of regenerating the injured dermal bed
and stimulating the keratinocytes above to epithelialise
[63]. One group used this product to treat 55 persistent skin
blisters across six patients with RDEB. Although 80-100%
epidermal regeneration was noted for each blister two weeks
post-grafting, some grafts broke down in the following
weeks [63].

3.4 Composite Skin Substitutes

Composite TESSs are the most advanced products and con-
sist of an epidermal layer of keratinocytes and an underlying
dermal layer composed of fibroblasts embedded within a
stromal scaffold. In addition to providing dermal-epidermal
adhesion, these substitutes are more robust, more accu-
rately resemble normal skin and combine the wound heal-
ing properties of both skin cell types [21]. They have been
extensively used to treat burns, with type I collagen and
glycosaminoglycans constituting the most common stromal
scaffolding [6]. For EB, composite substitutes with fibrin
stromal scaffolding engineered from genetically modified
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autologous patient cells have been routinely tested pre-
clinically on mouse models with promising results [66—71].
However in clinical studies, experimentation with composite
autografts is limited (Table 4) [72], although an ongoing
phase I/II clinical trial is currently assessing autologous
gene-modified composite substitutes to treat three patients
with RDEB (ClinicalTrials.gov identifier NCT04186650).
Instead, commercially available allogeneic products have
been relied upon (Table 4) [13-15, 18, 19].

3.4.1 Cultured Composite Autografts

To the best of our knowledge, cultured composite autografts
have only been reported in one clinical study for EB [72]. In
this case, Matriderm®, an acellular elastin-hydrolysate der-
mal substitute comprising collagen I, III, and V, was used
to cover skin lesions on the hand of a patient with RDEB
and prepare the wound bed. Upon complete dermal regen-
eration 10 days later, the resulting wound bed was covered
by cultured composite autografts comprising fibroblasts and
keratinocytes that had been co-cultivated for four days. Two
years after grafting, complete wound healing was reported
and the patient was able to use his hand for everyday activi-
ties including writing [72]. Although the patient’s causative
mutations were not actively corrected in this case, the final
grafts may have contained revertant cells to enable long-
term wound closure; however, this was not specified.

3.4.2 Cultured Composite Allografts

The commercially available composite allograft Apligraf®
(Organogenesis) has been assessed for treating a range of
EB subtypes [13-15, 18, 19]. Apligraf® is a culture-derived
TESS comprising a dermal layer of neonatal fibroblasts
embedded within a bovine type I collagen gel and an epi-
dermal layer of neonatal keratinocytes [13]. Its success in
treating diabetic foot ulcers, venous leg ulcers and mild-
to-severe burns has been attributed to the similar morpho-
logic, metabolic, and biochemical characteristics compared
to normal human skin [73]. Apligraf® is thought to stimulate
wound healing by providing cytokines, growth factors and
ECM components [73].

The use of Apligraf® for EB was first reported by Fal-
abella and colleagues who treated a newborn with the
Dowling-Meara variant of EBS [13]. Before transplanta-
tion, grafts with incisions to allow exudate drainage were
placed onto selected deep lesions. Rapid wound healing was
reported after three days at all graft sites despite the develop-
ment of widespread blistering elsewhere. Twenty days after
grafting, approximately 40% of the patient’s body surface
had been covered with Apligraf® and was mostly free of
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blistering apart from several minor blisters on the feet and
left leg after 11 weeks [13]. These promising findings stimu-
lated the launch of an open-label uncontrolled study by the
same group assessing the safety and efficacy of Apligraf®
in 15 patients with a range of EB subtypes (nine RDEB, five
EBS, one JEB) [14]. A total of 78 wounds (69 acute and
nine chronic, i.e., difficult to heal) were treated across all
patients, although not all wounds were monitored as some
patients did not return for clinical evaluations. At the final
evaluation after 18 weeks, 11 out of the 14 (79%) followed-
up acute wounds had healed. For the chronic wounds, four
out of nine (44%) had healed after 12 weeks; however, after
18 weeks, only two of these wounds (22%) remained closed
[14]. Overall, these results suggest that Apligraf® may be
effective in encouraging faster healing of acute EB wounds
and preventing the translation of these wounds into chronic
wounds in the short term.

The longer term wound healing potential of Apligraf®
has yielded variable results, with some research on venous
ulcers [74] and deep dermal wounds [73] reporting only tem-
porary graft persistence for up to eight weeks based on DNA
analysis. Consequently, Apligraf® has been suggested to be
suitable only as a temporary wound dressing to expedite the
healing process [76]. For EB, several studies have provided
longer term follow-ups of up to one year using Apligraf® to
heal full-thickness skin lesions [18] and treat pseudosyndac-
tyly [15, 19]. One group used a meshed form of Apligraf®
to cover full-thickness lesions on the face of a 12-year-old
patient with EB, which remained closed after one year [18].
In another study, 96 graft sites across nine children with
various EB subtypes (five RDEB, three EBS, one JEB) were
treated with Apligraf® that had been fenestrated to enable
exudate drainage [15]. Overall, >90% of the wounds healed
over the course of six months to a year. However, DNA
analysis of biopsy samples showed that some patients con-
tained no Apligraf® donor cells [15]. Therefore, it is unlikely
that Apligraf® can provide a permanent source of allogeneic
cells to enable lifelong wound closure for patients with EB.
Additionally, the relatively high cost and brief five-to-ten-
day shelf-life present further barriers to routine clinical use
[77].

One group used cultured composite allografts involving
a type I collagen matrix for the dermal layer [12]. Fibro-
blasts were seeded onto porous type I collagen sponges.
Two days later, keratinocytes were seeded on a layer of non-
porous collagen gel on the opposite surface of the sponge
and cultured for one to two weeks. The final grafts were
transplanted onto ulcers on the hands of seven patients with
RDEB. Overall, these treatments were well tolerated, and
increased the time to recurrence of pseudosyndactyly and
joint contractures by approximately two-fold [12].
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4 Conclusions and Future Perspectives

TESSs have shown tremendous promise as curative thera-
pies for the acute and unremitting skin wounds character-
istic of severe EB subtypes such as JEB and RDEB. While
a variety of TESSs have been trialled in patients, epider-
mal substitutes have proven the most effective for restor-
ing the expression of keratinocyte-specific BMZ proteins
and enabling long-term wound closure for JEB. For RDEB,
however, epidermal substitutes have not provided the same
clinical benefit. Possible explanations for this discrepancy
include the absence of functional C7 from dermal fibroblasts

and the difference in pathophysiology between the two sub-
types [55]. Therefore, composite substitutes may prove to
be more efficacious alternatives for treating patients with
RDEB. Although the use of composite substitutes for EB has
not produced good clinical results to date, this is most likely
due to the fact that in most cases allogeneic cells have been
used. This point may be clarified following the completion
of the ongoing phase I/II trial assessing autologous gene-
modified composite substitutes for RDEB (ClinicalTrials.
gov identifier NCT04186650).

A primary goal of skin engineering research is the
development of TESSs that better resemble the structure,

Table 4 Wound healing outcomes using composite TESSs in clinical studies for EB

Cell source  EB References  Study type Patients Type of TESS Follow-up Outcome
subtype(s) @)
Autologous RDEB [72] Case report 1 Cultured composite autografts compris- 2 years Complete wound closure at all grafted sites on
ing keratinocytes and fibroblasts. the hand. The patient was able to use his hand
‘Wound beds were first prepared by for everyday activities including writing 2 years
grafting with the dermal substitute after transplantation
Matriderm® (an acellular elastin-
hydrolysate substitute comprising
collagen I, III and V) to regenerate the
dermal compartment
Allogeneic  EBS [13] Case report 1 Apligraf®. A commercially available 11 weeks  Rapid wound healing reported 3 days after grafting
composite allograft comprising an epi- despite the development of widespread blistering
dermal layer of neonatal keratinocytes at non-grafted sites. 40% of the patient’s total
and an underlying dermal layer of body surface was covered with Apligraf® after
neonatal fibroblasts embedded within 20 days and was mostly free from blistering
a bovine type I collagen gel apart from minor renewed blistering on the feet
and left leg. No longer follow-up reported
9 RDEB, 5 [14] Open-label 15 18 weeks 78 wounds (69 acute and 9 chronic i.e., resistant
EBS, 1 uncon- to healing) assessed in total across all patients.
JEB trolled Four out of nine (44%) followed-up chronic
study wounds had healed after 12 weeks; however,
only two (22%) of these remained closed after
18 weeks. For the followed-up acute wounds, 11
out of 14 (79%) had healed after 18 weeks. No
longer follow-up reported
RDEB [19] Case report 1 1 year Complete wound closure after 1 year, with no
visible difference between the patient’s adjacent
native skin and Apligraf® grafted sites
5 RDEB, 3 [15] Prospective 9 6-36 90-100% wound closure was reported after 5-7
EBS, 1 study months days across the total 96 grafted sites. 50-90%
JEB improvements in motion were reported across
graft sites on the fingers and hands. However,
analysis of donor cell persistence revealed that
only some grafts had donor cells after 28 weeks
Subtype [18] Case report 1 1:1.5 meshed form of Apligraf® 1 year Following a series of three Apligraf® applica-
unspeci- tions, lesions on the patient’s face substantially
fied reduced after 1 year. Grafts were used to cover
the axilla region following the release of an axil-
lary contracture, which improved movement of
the upper extremities
RDEB [12] Case report 7 Composite allografts with a dermal 50 Grafts were transplanted onto the hands of seven
layer composed of type I collagen months patients. Overall, the grafts were well tolerated

scaffolding

and increased time to recurrence of pseudosyn-
dactyly and joint contractures by approximately
two-fold. However in some cases, additional
grafting procedures with split-thickness
autografts were required in the following years
because of blister recurrence

EB epidermolysis bullosa, EBS epidermolysis bullosa simplex, JEB junctional epidermolysis bullosa, RDEB recessive dystrophic epidermolysis

bullosa, TESS tissue-engineered skin substitute
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appearance and function of native human skin. For this
reason, emerging types of TESSs incorporating additional
cell types are being explored pre-clinically for a range of
skin pathologies [6]. This includes other resident skin cells
such as pigment-producing melanocytes, dendritic Langer-
hans cells to promote protective immunity following skin
infection, and Merkel cells which play a critical role in the
somatosensory system [6]. Moving beyond skin cells, human
stem cells including mesenchymal stem cells and induced
pluripotent stem cells are also being evaluated for their ther-
apeutic potential to promote faster wound healing. As these
cell types express alternative signalling pathways to skin
cells, their addition may also enable the generation of ana-
tomic skin structures [78]. One group assessed a biological
dressing composed of ~30 million Wharton’s jelly-derived
mesenchymal stem cells seeded onto an acellular human
skin matrix of allogeneic origin to treat an EB wound [79].
An assessment 30 days after transplantation was promising
and revealed that the dressing had been infiltrated by host
cells and neovascularisation had occurred [79]. Finally, as
immune cells such as macrophages and neutrophils play an
important role as inflammatory effectors during wound heal-
ing, their addition could enhance the regeneration potential
of future TESSs [6].

Gene therapy is beginning to revolutionise personalised
medicine. This has been exemplified through the remark-
able wound healing results achieved using epidermal TESSs
generated by combinatorial gene and cell therapies [33—-35].
Other gene-based investigational strategies are also being
assessed for EB and may provide alternative curative thera-
pies. A recent phase I/II clinical trial for RDEB consisting
of topically applied herpes simplex virus type 1 harbouring
wild type C7 demonstrated remarkable wound closure, and
consequently, a phase III trial has been launched [80]. How-
ever, a big limitation of this approach is that it only enables
transient C7 expression, and therefore repeated application
will be required to maintain blister closure. Other strategies
such as suspensions of gene-modified skin cells sprayed onto
skin wounds or injections of gene-modified skin cells may
provide simplified alternatives to TESSs and enable quicker
treatment for patients [81, 82]. As the field of gene therapy
continues to evolve, it is likely that these approaches will
take over the clinical landscape for EB and provide life-
saving treatments for people experiencing this debilitating
group of genodermatoses.
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