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ABSTRACT

New insights into molecular genetics and
pathomechanisms in epidermolysis bullosa
(EB), methodological and technological advan-
ces in molecular biology as well as designated
funding initiatives and facilitated approval
procedures for orphan drugs have boosted
translational research perspectives for this dev-
astating disease. This is echoed by the increas-
ing number of clinical trials assessing
innovative molecular therapies in the field of
EB. Despite remarkable progress, gene-correc-
tive modalities, aimed at sustained or perma-
nent restoration of functional protein
expression, still await broad clinical availability.
This also reflects the methodological and

technological shortcomings of current strate-
gies, including the translatability of certain
methodologies beyond preclinical models as
well as the safe, specific, efficient, feasible, sus-
tained and cost-effective delivery of therapeu-
tic/corrective information to target cells. This
review gives an updated overview on status,
prospects, challenges and limitations of current
gene-targeted therapies.
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Key Summary Points

Several in vivo and ex vivo molecular
therapy approaches targeting the
underlying cause of EB have entered
clinical trials. Most notably, these involve
gene and protein replacement,
modulation of RNA splicing, PTC
readthrough and cell-based therapies

Despite encouraging prospects, potentially
curative options still await broad clinical
availability and need to address
methodological limitations in terms of
efficacy, delivery, feasibility, sustainability
and safety

Disease heterogeneity and inter-patient
differences additionally lead to variable
treatment outcomes so that the choice of
therapy will depend on multiple patient-
centric factors

Long-term effectiveness relies on genetic
(i.e., DNA) correction in epidermal stem
cells. Alternatively, some therapies are
suitable for repeated topical application to
ensure and maintain a therapeutic effect.
In severe subtypes, systemic therapies may
be warranted

Symptom-relieving approaches have
palliative potential to reduce disease
burden and may serve as a
complementary strategy to gene-targeted
therapies to improve QoL of affected
individuals

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.14665125.

BACKGROUND

Epidermolysis bullosa (EB) defines a subset of
rare, inherited skin fragility disorders that fea-
ture characteristic mucocutaneous blistering of
variable severity upon mechanical trauma [1].
To date, mutations in 16 different genes have
been identified as the underlying cause of EB.
These genes predominantly encode proteins
critically involved in maintaining the structural
and functional integrity of the epidermis and
dermo-epidermal basement membrane zone
(BMZ) of the skin and mucous membranes.
Mutations resulting in diminished or loss of
function of these proteins compromise not only
the stability and resilience of the tissue, but in
some cases also key cellular processes that
impact the tissue’s ability to repair itself and
maintain its barrier function [2]. The genetic
heterogeneity of the disease is reflected in the
high phenotypic variability observed, which
can range from mild localized blistering to sev-
ere and generalized erosions that are accompa-
nied by several secondary complications.
Moreover, expression of disease-associated
genes is not limited to the skin but can be
ubiquitous in other epithelialized tissues (gas-
trointestinal, respiratory and urogenital tract) or
mesenchymal organs (smooth and skeletal
muscle). This renders the more severe subtypes
of EB a systemic disease, associated with pri-
mary multi-organ involvement and accompa-
nying secondary extracutaneous complications
and significant morbidity and mortality (Fig. 1)
[3, 4].

Epidermolysis bullosa is classified into four
major types, based on the level of blister for-
mation within the BMZ, which is defined by the
tissue localization of the affected protein. EB
simplex (EBS), characterized by intraepidermal
blistering, is most frequently associated with
mutations in KRT5, KRT14 and PLEC1. Blister-
ing within the lamina lucida defines the junc-
tional subtype (JEB), predominantly caused by
mutations in LAMB3 and COL17A1. Dystrophic
EB (DEB) presents with dermal (i.e., sub-lamina
densa) blistering and is caused by alterations in
COL7A1. Finally, Kindler EB is typified by mixed
levels of tissue cleavage due to mutations in
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KIND1 (a.k.a. FERMT1). Our increased under-
standing of the molecular pathology of EB
allows further diagnostic stratification to
include phenotype (distribution and severity of
tissue involvement), mode of inheritance,
ultrastructural level of cleavage, associated
morphological and clinical findings, involved
proteins and genes as well as specific mutations.
Ultimately, this has led to the identification of
30 distinct subtypes of the disease so far. The
recently updated EB classification further dif-
ferentiates EB and ‘‘EB-related skin fragility

disorders.’’ In the latter, blisters are lacking or
are only a minor part of the phenotypic pre-
sentation due to a very superficial skin cleavage.
This group comprises peeling skin disorders,
erosive disorders, hyperkeratotic disorders,
connective tissue disorders with skin fragility as
well as rare syndromic variants with primary
manifestations in other organ systems [2].

Apart from the considerable genetic hetero-
geneity, other factors at the epigenetic, bio-
chemical and microenvironmental level also
contribute to the phenotypic variability and

Fig. 1 Clinical scope of epidermolysis bullosa (EB)
subtypes. a Partly hemorrhagic blisters predominantly
restricted to mechanically exposed acral sites in localized
EB simplex. b Generalized skin involvement with charac-
teristically grouped (‘‘herpetiform’’, c) blisters in severe EB
simplex. d Widespread erosive skin denudation with
crusting and inflammation in severe junctional EB.
e Generalized blistering and chronic wounding with
crusting and subsequent atrophic scarring in severe
recessive dystrophic EB (RDEB). Oral manifestations in
severe RDEB include (f) microstomia, enamel defects and
excessive caries. g On mechanically exposed skin areas such
as hands and feet, chronic acral scarring commonly leads to

pseudosyndactily, nail loss and mitten deformity in severe
RDEB. h Sites of repetitive tissue damage, chronic
wounding and regeneration predispose to the development
of aggressive cutaneous squamous cell carcinoma in severe
RDEB. i EB naevi are large, eruptive irregularly pigmented
and highly dynamic melanocytic lesions that typically arise
in sites of previous bullae or erosions. Although clinical,
dermatoscopic and histological features may be suggestive
of melanoma, their course is usually benign. j Nail
dystrophy, k milia formation and atrophic scarring are
clinical hallmarks of dominant dystrophic EB
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severity of EB [5–9]. In particular, repeated
trauma-induced skin barrier disruption results
not only in the activation of inflammatory
pathways, but eventually in their chronification
[10]. While in milder EB variants such inflam-
matory responses may be mainly restricted to
the microenvironment of lesional skin, in
patients with severe subtypes and generalized
involvement, inflammatory markers could be
detected in the blood, signifying systemic
involvement [11]. Of note, such injury-driven
inflammatory signatures, including elevated
levels of IL-1b, IL-2, IL-5, IL-6, IL-12, TGF-b, IFN-
c, TNF-a, TNF-b and T-helper 17 cytokines, sig-
nificantly contribute to disease-associated
pathogenic traits, such as impaired wound
healing, tissue remodeling with excessive
fibrosis and scarring, burdensome symptoms of

itch and pain, and the development of life-
threatening skin cancer (Fig. 2) [11–17].

Epidermolysis bullosa is currently incurable.
Current therapies focus primarily on (preven-
tive) skin and wound care, management of
extracutaneous complications and major
symptoms such as itch and pain, avoidance of
wound infection, nutritional and psychosocial
support, and occupational therapy [18–21].
These primarily symptom-oriented and sup-
portive approaches, however, do not suffi-
ciently address the medical needs of a critical
portion of patients, particularly those suffering
from severe EB subtypes.

In light of the promising translational pro-
spects, this review focuses on the feasibility and
challenges of potentially curative gene- and
cell-based therapies that are currently under
clinical investigation. The predominantly

Fig. 2 Pathogenic traits in epidermolysis bullosa. Muta-
tions in genes encoding components essential for the
structural and functional integrity of the epidermis and
dermo-epidermal junction underlie the four main types of
epidermolysis bullosa (EB), featuring skin blistering within
the epidermis (EB simplex), the lamina lucida (junctional

EB), the upper dermis (DEB) or at mixed levels (Kindler
EB). Letters in boxes next to the protein names indicate
which subtype of EB results in case of non-functional or
lacking protein (S EBS, J JEB, D DEB, K Kindler EB)
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monogenic disease etiology renders EB an ideal
candidate for gene therapy approaches. The
goal of these strategies is the sustained or per-
manent restoration of functional protein
expression in EB, through addition, replace-
ment, modification or correction at the DNA,
RNA, protein, or cellular level [22]. While these
molecular approaches are already under evalu-
ation in clinical trials, the methodological
challenges involved, as well as the genotypic
heterogeneity of EB, pose major hurdles that
make case-specific, tailored approaches manda-
tory [21, 23].

This article is based on previously conducted
studies and does not contain any new studies
with human participants or animals performed
by any of the authors.

EX VIVO GENE REPLACEMENT
THERAPY

Briefly, ex vivo autologous gene replacement
therapy involves isolating patient cells, geneti-
cally correcting them in vitro by the introduc-
tion of wild-type cDNA copies of the affected
gene, expanding the corrected cells into epi-
dermal sheets and grafting these back onto
chronic wounds. This form of therapy is mainly
investigated in severe EB types (JEB, RDEB),
which typically display an autosomal recessive
inheritance. In this setting, replacement of a
single copy of the functional gene is sufficient
to rescue the phenotype. This is in contrast to
autosomal dominant traits of inheritance seen
in some EBS types, wherein the mutated protein
exerts a dominant negative effect over the nor-
mal protein. For such variants, different gene
therapy approaches are required [24].

The recent observation that continuous
renewal and repair of the human epidermis rely
on a limited number of epidermal stem cells,
known as holoclones, has greatly boosted con-
fidence in the feasibility of gene replacement
therapy. The holoclone is the only clonal type
that possesses full structural and functional
long-term regenerative potential and generates
both meroclones (in an intermediate state of
differentiation) and differentiated paraclones,

which exhibit properties of keratinocyte-form-
ing transit-amplifying progenitors [25, 26].

Current gene delivery techniques are inca-
pable of specifically targeting holoclones
in vivo. As such, ensuring efficient targeting of
these epidermal stem cells first requires their
isolation prior to introduction of the replace-
ment gene ex vivo [23]. This strategy was first
implemented in 2006, in a JEB patient harbor-
ing mutations in the LAMB3 gene. Autologous
epidermal stem cells isolated from skin biopsies
were transduced with a retroviral vector
expressing full-length, wild-type LAMB3 cDNA.
Epidermal skin grafts generated from the
molecularly corrected cells were subsequently
transplanted onto chronic wounds on the upper
leg [27]. The authors reported that most transit-
amplifying progenitors were lost within the first
few months following grafting. However, long-
term restoration of laminin-332 expression and
regeneration of morphologically normal, fully
differentiated and mechanically stable trans-
genic skin were observed, along with the
preservation of a sustained number of trans-
genic holoclones [26]. Importantly, in the
15-year follow-up period since this first gene
therapy trial in EB, the transgenic skin has been
maintained, with no adverse effects observed
including tumor development, a potential risk
associated with this strategy.

The same approach has been applied twice
more in the context of LAMB3-mediated JEB
[28, 29].

Most recently, it was applied to the success-
ful replacement of 80% of the body surface area
in a 7-year-old boy with intermediate JEB com-
plicated by extensive denudations due to a
severe bacterial skin infection. Successful tar-
geting of epidermal stem cells was accompanied
by progressive expression of LAMB3-transgenic
holoclones and sustained production of func-
tional laminin-332 [29].

Spurred by the favorable outcomes observed
following LAMB3 gene replacement therapy,
similar trials (NCT03490331, NCT02984085)
were launched to evaluate safety and efficacy of
autologous epidermal skin grafts expressing
COL7A1 and COL17A1 transgenes in recessive
DEB (RDEB) and JEB, respectively. Ex vivo gene
replacement therapy for RDEB poses several
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challenges. One is the significantly greater size
of the COL7A1 transcript. However, beyond
that, LAMB3-associated JEB is linked to a stem
cell depletion phenotype due to dysregulated
YAP/TAZ mechano-signaling downstream of
laminin-332. Proper signaling is restored upon
reintroduction of the wild-type LAMB3 cDNA,
thereby imparting a replicative advantage to
corrected clones. But this is not the case in
RDEB, where the YAP/TAZ pathway is unaf-
fected and transduced clones do not gain a
replicative advantage. Consequently, the suc-
cess of this approach has proven far less
prominent in RDEB [30]. In a clinical trial
involving seven patients treated with autolo-
gous epidermal sheets generated from cells
retrovirally transduced to express wild-type full-
length COL7A1 cDNA, improved wound heal-
ing and correct BMZ localization of type VII
collagen were observed in most patients, with
no serious adverse effects reported. However,
transgene expression decreased over time, and
persistent wild-type protein expression was
detected in only two patients after 2 years [31].
A follow-up phase III trial (NCT04227106) with
improvement of wound healing and reduction
of pain as primary endpoints was launched in
2020.

Recent evidence suggests that type VII col-
lagen production from both keratinocytes and
fibroblasts is a prerequisite for optimal assembly
of structurally normal anchoring fibrils, an
observation that potentially reflects the influ-
ence of microenvironment, extracellular matrix
and paracrine signaling on cell engraftment and
tissue maturation [32]. Taking this aspect of
type VII collagen biology into account, the
GENEGRAFT project, including an ongoing
phase I/II study (EBGraft, NCT04186650), is
based on ex vivo transduction of full-length
COL7A1 cDNA in both autologous ker-
atinocytes and fibroblasts, using a self-inacti-
vating (SIN) retroviral vector to circumvent
insertional mutagenesis [33, 34]. Corrected cells
are then applied to wounds of RDEB patients
with residual type VII collagen expression [35].
As of April 2021, one patient has been treated in
this study.

Ex vivo gene replacement strategies have
advanced the furthest in clinical trials and have

enabled insight into patient perspective and
experience. The therapy comes with certain
drawbacks, including the invasiveness of the
approach, which can require multiple biopsies
to ensure successful (stem) cell isolation, and
the harsh debridement needed for wound bed
preparation, which has been shown to increase
engraftment success [22, 23, 36]. This places
significant burden on this vulnerable patient
population. Additionally, several issues, many
also shared with other gene therapy approaches
(see ‘‘Outlook’’) will need to be addressed before
this therapy can be applied routinely.

IN VIVO GENE REPLACEMENT
THERAPY FOR DEB

Given the interventional burden that accom-
panies ex vivo approaches, in vivo cDNA
replacement strategies via topical delivery to
chronic lesional skin has been envisioned, cir-
cumventing the need for hospitalization, anes-
thesia and invasive surgery.

Currently, two approaches are under evalu-
ation. One utilizes a modified, non-integrating,
replication-incompetent human herpes simplex
virus type 1 (HSV-1) vector formulated into a
topical gel to introduce COL7A1 into ker-
atinocytes and fibroblasts in DEB wounds. In a
phase II study (NCT03536143), the safety and
wound healing efficacy of this therapeutic
agent, known as Beremagene Geperpavec gel (B-
VEC, formerly known as KB103), was evaluated
in four DEB patients. The modified virus lever-
ages both the large packaging capacity (ap-
proximately 150 kb) and mucocutaneous
tropism of HSV-1 [37]. Data from the phase I/II
pilot trial showed complete healing of 90% of
wounds within an average time of 17.4 days
with B-VEC treatment compared to placebo.
Lesions remained closed after an average of
113 days. Imaging analyses additionally
revealed production of functional collagen type
VII and anchoring fibrils [38]. Notably, the
episomal non-integrating nature of this vector
increases safety but makes repeated, long-term
application necessary [23, 39]. As such, a phase
III trial (NCT04491604) is underway to assess
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the impact of weekly application of B-VEC to
DEB wounds in 30 patients.

A second in vivo topical gene delivery ther-
apeutic under investigation for DEB, named
AP103, makes use of a highly branched polymer
(b-amino ester)-based vector to deliver full-
length COL7A1 to both keratinocytes and
fibroblasts. In preclinical murine models that
had been grafted with human RDEB skin, AP103
therapy resulted in type VII collagen expression
and assembly of functional anchoring fibrils for
up to 2 weeks following a single application
[40, 41]. Potential advantages of this approach
include a more stable delivery, reduced risk of
inducing immune responses, minimum toxic-
ity, low costs and easy manufacturing. As with
B-VEC, the introduced transgene is not inte-
grated, and reapplication is needed. Clinical
trials with AP103 are currently in preparation
[42, 43].

EX VIVO GENE EDITING

Gene editing, based on programmable nucleases
like the CRISPR/Cas9 system, zinc finger nucle-
ases or transcription activator-like effector
nucleases (TALEN), aims to permanently correct
the genetic defect at the DNA level and is
applicable to both autosomal recessive and
dominant diseases [44]. In EB, these technolo-
gies are evaluated at the preclinical level, where
precise gene correction has been achieved in
primary skin cells as well as in induced
pluripotent stem cells (iPSCs) [45–50]. In
essence, these technologies induce targeted
single- or double-strand breaks in the DNA,
followed by activation of the endogenous repair
machinery. Gene correction can occur either via
non-homologous end joining (NHEJ) or
homology direct repair (HDR) utilizing an
exogenous donor template. Error-prone NHEJ
results in the introduction of small insertions or
deletions at the site of the double-strand break,
which can be leveraged in several ways.
Depending on the context of the mutation,
NHEJ can be used to induce disruption of a
dominant mutant allele, skipping of a mutant-
bearing exon, or reframing of a frameshift
mutation. In contrast, HDR is used to achieve

traceless repair and full restoration of the wild-
type genetic sequence but can suffer from low
efficiencies [51]. Low efficiency of HDR repair in
epidermal stem cells can be circumvented by
performing the editing in differentiated somatic
cells that are subsequently reprogrammed into
iPSCs through expression of a combination of
key transcription factors. These can then be
differentiated into skin cells. Alternatively,
iPSCs are first generated and then corrected by
gene editing [52, 53]. The feasibility of using
such gene-corrected iPSCs that are differenti-
ated into keratinocytes and/or fibroblasts to
generate transplantable skin equivalents has
been demonstrated in preclinical murine mod-
els [54–56].

A major concern with the use of these gene-
editing technologies is their unpredictable off-
target effect. Despite careful guide RNA selec-
tion, CRISPR/Cas9-editing molecules can bind
to genomic sites that are similar but not iden-
tical to the intended target site (off-target loci),
albeit at low frequency, and cause unintended
gene modifications that can potentially drive
tumorigenesis [57]. Why some off-target loci are
cleaved while others not is not fully under-
stood. Strategies to limit off-target cleavage in
the application of CRISPR/Cas9 to EB have
included the use of Cas9 nickases in a double-
nicking approach and employed ribonucleo-
protein (recombinant Cas9-gRNA complexes)
rather than plasmids to restrict the amount of
time the gene-editing molecules are active in
the cells [47, 58].

Despite their great potential, and the con-
tinuing and rapid improvement of CRISPR-
based technologies, their application has been
largely limited to the ex vivo setting. However
in 2020, in vivo CRISPR/Cas9 gene-editing
therapies were initiated against a congenital
retinal degenerative disease (EDIT-101) and
hereditary transthyretin amyloidosis (NTLA-
2001) (http://www.clinicaltrials.gov). The latter
utilizes a two-part genome-editing system
(guide RNA specific to the disease-causing gene
and messenger RNA encoding the Cas9 nucle-
ase) delivered via lipid nanoparticles and is
administered intravenously. This platform pre-
sents exciting prospects for a systemic in vivo
delivery of gene-editing molecules in RDEB,
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which frequently present with multi-organ
involvement.

MODULATION OF MRNA
BIOSYNTHESIS

Targeting the genetic defect at the RNA level
induces only a transient effect, thereby requir-
ing long-term treatment. This limitation, on the
other hand, potentially improves safety by
lowering the risk of mutagenesis. There are
several technologies capable of modulating
mature mRNA biosynthesis that are being
exploited to restore functional protein. Most
promising among these is antisense oligonu-
cleotide (AON)-mediated skipping of the muta-
tion-bearing exon during pre-mRNA splicing. In
this context, AONs are short 18–22-nt single-
stranded DNAs or RNAs that are specifically
designed to bind a complementary sequence in
the target pre-mRNA that contains critical
splicing elements. Thereby, AONs are utilized to
mask the mutated exon from the splicing
machinery, thereby excluding it from the
mature mRNA [59]. This strategy works best on
short, in-frame exons encoding non-essential
domains, whose deletion from the protein is
unlikely to result in major structural or func-
tional changes. In this respect, type VII collagen
encodes several such exons, and AON-mediated
exon skipping has been successfully applied to
exclude mutant-bearing exons 13, 70, 73, 80
and 105, leading to the expression of truncated
but functional protein capable of forming
anchoring fibrils both in vitro and in vivo and
improving dermo-epidermal cohesion [59–62].
Topical administration of QR-313, an AON that
targets exon 73 and is capable of inducing its
exclusion from mature mRNA, is currently
being evaluated in a phase I–II trial
(NCT03605069) in DEB. Preliminary data,
however, indicate rather modest efficacy in
terms of exon skipping rate, enhanced protein
re-expression and reconstitution of anchoring
fibrils, which possibly reflects a low tissue
uptake at the study dosage [63]. Of note, this
highly targeted approach is restricted to a small

subset of patients who bear the affected exon
[64]. Furthermore, AON-mediated exon skip-
ping is better suited to recessive phenotypes
wherein partial protein recovery imparts a
greater clinical benefit compared to dominant
negative phenotypes [65].

Short interfering RNA (siRNA) capable of
specifically inhibiting expression of a mutant
mRNA without silencing the wild-type allele is
an especially promising strategy to target dom-
inant-negative mutations [66, 67]. This
approach relies on the design of highly specific
siRNAs capable of single nucleotide sequence
discrimination, which binds the mutant mRNA,
targeting it for degradation. Application of this
strategy has been shown to increase the ratio of
functional proteins with an in vitro effectivity
of 58% and up to 80% in dominant DEB (DDEB)
and EBS, respectively [68–70]. Like gene-editing
and AON-mediated approaches that are
sequence context-dependent, this represents a
highly individualized treatment modality.

In contrast, spliceosome-mediated RNA
trans-splicing (SMaRT) exploits the endogenous
splicing machinery to replace mutated sequen-
ces of an endogenous pre-mRNA transcript with
wild-type sequences supplied by an exogenous
engineered RNA molecule [71]. As large regions
of the pre-mRNA can be exchanged, SMaRT
aims to be more broadly applicable to many
patients. Preclinical studies have shown suc-
cessful correction of mutations in PLEC1,
KRT14, COL7A1 and COL17A1 in vitro and
in vivo [72–76]. However, to advance the tech-
nology further, it will be pivotal to improve
trans-splicing efficiency, minimize the risk of
off-target effects and develop a feasible delivery
method through the skin barrier [77].

Additionally, recent reports indicate that
modulation of regulatory splicing elements
could be exploited to favorably alter mutation-
based splicing patterns. Manipulation of crucial
interactions of the spliceosome, e.g., by drug
compounds or small molecules, may thus hold
therapeutic potential via augmentation of
(functional) full-length protein variants from
splice mutations [78, 79].
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REPLACEMENT OF THE GENE
PRODUCT/MISSING PROTEIN

Currently, strategies that involve introducing a
wild-type recombinant form of the missing or
faulty structural protein are only being evalu-
ated for RDEB. Early studies demonstrated that
intradermal or intravenous injection of recom-
binant human type VII collagen (rC7) could be
stably incorporated into anchoring fibrils at the
BMZ in mice. Despite its large size of 900 kDa,
when administered intravenously, rC7 homed
to sites of lesional or wounded skin in mice
grafted with RDEB skin, restoring anchoring
fibril formation and epidermal-dermal adher-
ence [80–82]. Notably, rC7 was not detected in
any other organs of treated mice. These obser-
vations form the basis of a multicenter phase
I/II trial (NCT03752905) investigating the safety
and efficacy of intravenous infusions of rC7
(PTR-01) in RDEB patients. Interim results from
nine patients revealed that serial infusions of up
to 1 mg/kg led to a dose-dependent increase of
type VII collagen levels in the skin of all
patients. Treatment was generally well toler-
ated, with no serious adverse reactions reported
[83]. However, protein size may contribute to
the limited skin homing potential as well as
accessibility to other extracutaneous tissues. A
phase II open-label study with doses of 3 mg/kg
of PTR-01 is currently ongoing (NCT04599881).

(GENE MODIFIED) CELL THERAPY

Often referred to as a ‘‘natural gene therapy,’’
revertant mosaicism describes a phenomenon
wherein the inherited mutation is rescued by a
second somatic or postzygotic mutation, yield-
ing a functional protein. Clinically, this mani-
fests as ‘mosaic’ healthy, fairly well-demarcated
skin patches that never blister. They usually
arise during childhood and stop expanding
before adulthood [84]. Various genetic mecha-
nisms (e.g., back mutation, mitotic recombina-
tion, second mutation during cell division)
have been implicated in this phenomenon
[85–87], the occurrence of which has been
reported in all types of EB and particularly in
intermediate JEB [88]. Importantly, such mosaic

skin can be leveraged as a source of naturally
corrected cells to treat lesional skin. In a
LAMB3-mutated JEB patient, treatment of seven
chronic ulcers (total area of 7 cm2) with 73
punch biopsy specimens from an area of rever-
tant skin induced healing of both donor and
acceptor sites with revertant epidermis. The
treated sites exhibited protein expression simi-
lar to wild-type skin up to 18 months after
transplantation [89]. For treatment of larger
areas, however, in vitro expansion of revertant
cells is first required.

Recently, treatment of chronic wounds with
cultured epidermal autografts (CEA) containing
revertant cells displayed an encouraging mean
wound epithelialization rate of 81.6% (95% CI
26.6–100.0%) in two out of three RDEB patients
as measured 4 weeks post-treatment. Clinical
improvement was noted by the authors up to
76 weeks post-treatment. Treatment outcome
appeared to correlate with the proportion of
revertant haplotypes within the grafts, with the
best outcome observed in the subject receiving
the CEA with the highest percentage of revertant
haplotypes as measured before treatment (95%
versus 5.7% in the patient with the worst
response) [90]. Presumably, the sustainability of
the phenotypic reversion depends on the per-
centage of revertant stem cells in the graft [91].
Given the invasive nature of the transplantation
procedure, molecular subtyping to assess the
proportion of revertant stem cells in the CEA can
be performed prior to grafting to predict treat-
ment outcome. Using revertant patient cells for
generation of iPSCs that are then differentiated
into functional (healthy) keratinocytes consti-
tutes a further promising combination of tools, as
the risk of immune rejection of ‘‘naturally’’ cor-
rected cells is low [54].

While revertant mosaicism was initially
reported solely in epidermal keratinocytes, it
was recently observed in dermal fibroblasts in a
patient with RDEB, demonstrating that cor-
rected fibroblasts, which also synthesize and
secrete type VII collagen albeit to a lesser extent
than basal keratinocytes, are fully capable of
sustaining healthy skin architecture [92]. This
implies that these cells, like keratinocytes, are
suitable targets for gene therapy in DEB [93],
particularly as an incremental rise to 30–35% of
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normal wild-type skin levels is believed to be
sufficient to achieve substantial improvement
in skin stability [94]. Notably, technical han-
dling of fibroblasts is advantageous as they are
easier to culture and are more resistant to
growth arrest and differentiation [95].

While local injection of allogeneic fibroblasts
into RDEB wounds or perilesional skin did not
provide solid evidence for improved wound
healing [96–101], the use of gene-modified
autologous fibroblasts demonstrated superior
efficacy compared to control in separate phase I
and I/II studies (NCT02493816, NCT02810951)
[102–104]. In both studies, autologous fibroblasts
were corrected using (SIN) lentiviral vectors to
express functional type VII collagen and injected
intradermally into target wounds and intact skin.
Neither study reported serious adverse reactions
or distinct autoimmune reactions within the
observation period of up to 12 months. According
to preliminary communications, applications
across and in the margins of targeted chronic
wounds revealed positive wound-healing trends,
with signs of type VII collagen expression in at
least 50% of injected sites and restoration of
anchoring fibrils within the BMZ up to a year
post-administration. In previous studies, how-
ever, intradermal injections were described as
painful. Moreover, the limited diffusion radius
may impede extracutaneous effects. Nevertheless,
the preliminary data are encouraging regarding
applicability and efficiency of this treatment
modality as a maintenance therapy. A follow-up
phase III trial (NCT04213261) is currently enrol-
ling patients.

Finally, curative as well as immunomodula-
tory potential of gene-corrected-iPSC-derived
mesenchymal stem cells is currently investi-
gated at a preclinical stage. Regimens allowing
for systemic delivery via infusions may addi-
tionally enable addressing the extracutaneous
manifestations of EB [100, 105].

PREMATURE TERMINATION
CODON (PTC) READTHROUGH
THERAPIES

Nonsense mutations occurring on both alleles
are among the most detrimental, as they tend to

result in near complete loss of full-length pro-
tein expressed from the affected gene. In EB, the
most severe variants of the disease are caused by
such mutations. Aminoglycoside antibiotics
such as gentamicin were shown to induce
readthrough of premature termination codons
(PTCs) in several monogenic diseases, including
EB. PTC readthrough drugs act by inducing a
conformational change at the decoding site,
leading to reduced translational fidelity and
incorporation of near-cognate tRNAs at the stop
site (PTC). Thereby, nonsense-mediated decay
(NMD) is prevented and production of full-
length protein is increased [106–108]. Efficacy
of this approach depends on the stop codon
type, flanking nucleotide sequences and, con-
sequently, the impact of the introduced amino
acid on protein folding, stability and post-
translational processing.

Topical gentamicin, a commercially avail-
able, low-priced drug, led to a molecular cor-
rection and protein re-expression in several
clinical trials involving RDEB and JEB patients
with COL7A1, COL17A1 and LAMB3 PTC
mutations [109–111]. Clinical improvements
lasted up to 3 months post intervention.
Recently, daily application of 0.3% gentamicin-
containing ophthalmic ointment restored
laminin-332 expression in conjunctival cells of
a JEB patient within a week, with symptomatic
improvement of intermittent corneal erosions
lasting up to 5 weeks. The applied concentra-
tion proved to be safe and effective for
improving corneal epithelial integrity in JEB
patients [112].

Systemic application of gentamicin with the
intention to treat extracutaneous symptoms,
however, harbors the risk of considerable side
effects such as ototoxicity and nephrotoxicity.
Nevertheless, previous administration of intra-
venous gentamicin at doses of 7.5 mg/kg/day
for 3 weeks was well tolerated in patients with
severe JEB. Beneficial impact on skin fragility
was noted in four out of five patients, although
the drug failed to prevent premature death.
Early demise due to failure to thrive, airway
obstruction and sepsis within the first 2 years of
life is prototypic for this severe EB subtype
[113]. Prospective studies to assess the safety
and efficacy of intravenous gentamicin are
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ongoing (NCT03526159, NCT03392909,
NCT04140786). Preliminary results of a pilot
study with daily administration of intravenous
gentamicin for 14 days involving four patients
with RDEB and three with JEB revealed synthe-
sis of new full-length, functional collagen fibrils
in the skin for up to 3 months after treatment.
This was associated with improved wound
healing, reduced disease severity and higher
quality of life scores. Two RDEB patients further
received gentamicin infusions twice weekly for
3 months. Safety assessments were inconspicu-
ous in all these patients, and no autoantibodies
to newly introduced type VII collagen or lami-
nin-332 were detected in either skin or blood
[114].

Additionally, molecules that act synergisti-
cally with aminoglycosides on translation, e.g.,
by inhibition of translation termination factors
or nonsense-mediated decay (NMD) of PTC-
bearing mRNAs, may enhance the efficacy of
PTC readthrough. The potential of this
approach was recently demonstrated in JEB-
derived cells with COL17A1 nonsense muta-
tions by combining gentamicin with drugs tar-
geting the translation termination factor eRF3
in vitro [115]. In this context, the anti-inflam-
matory drug amlexanox has been associated
with both NMD inhibition and PTC read-
through [116, 117], and its application in non-
sense mutated RDEB patient cells in vitro led to
the generation of full-length type VII collagen
[116, 117]. Furthermore, its effectiveness at
lower concentrations suggests a more favorable
toxicity profile compared to aminoglycosides.

A novel option in the readthrough arena is
the targeting of the translating ribosome. Pre-
vious studies identified ribosomal protein L35
as a translational modulator of LAMB3 PTC
mRNA. Specifically, variant or specialized ribo-
somes with reduced levels of rpL35 were able to
promote increased production levels of full-
length protein from a LAMB3-PTC-bearing
mRNA in vitro. Importantly, the rpL35-defi-
cient sub-population of specialized ribosomes
left both translation of a reporter luciferase
carrying a different PTC and bulk mRNA trans-
lation largely unaltered [118]. Subsequent
molecular docking studies identified two FDA-
approved drugs, atazanavir and artesunate, as

candidate small-molecule binders of rpL35.
Molecular interaction studies predicted several
binding clusters for both compounds scattered
along the rpL35 structure, while NMR titration
studies and docking calculations identified an
N-terminal domain of rpL35, where the non-
identical binding sites for atazanavir and arte-
sunate overlap. This rpl35 domain is accessible
when rpL35 is integrated in its natural riboso-
mal environment, suggesting that treatment
with artesunate and atazanavir may target the
translating ribosome [119]. In initial studies
using artesunate in a suitable cellular model to
rescue the LAMB3-PTC defect, persistent
increase in production of full-length LAMB3
protein expression could be demonstrated
(Breitenbach-Koller et al., unpublished data).
Given its favorable side effect profile, artesunate
may be well suited for use in newborns with
LAMB3-negative severe JEB, particularly to help
them survive the critical first 2 years of life.

COMPLEMENTARY STRATEGIES
OF SYMPTOM-RELIEVING
AND DISEASE-MODIFYING
THERAPIES

Epidermolysis bullosa patients suffer from a
high clinical, psychological, social and eco-
nomic disease burden [120]. As there are cur-
rently no curative treatments for EB, symptom-
relieving or disease-modifying therapies consti-
tute a promising complementary palliative
approach to improve quality of life (QoL) in
affected individuals. These strategies are aimed
at the modulation of dysregulated pathways
involved in wound healing, inflammation,
fibrosis, tissue remodeling, oncogenesis or tar-
geting of burdensome symptoms such as itch or
pain. They exploit either innovative agents
from the bench or repurposed, thus readily
available and well-characterized drugs approved
or tested, e.g., for other immunologically
mediated diseases with barrier disruption such
as atopic dermatitis (Table 1) [6, 11–14, 43, 121].
While immunomodulatory agents have the
potential to address complications and prevent
or reduce associated symptoms in EB, their
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action is generally less precise compared to
mutation-specific approaches of molecular
therapies. Inflammatory signatures may be
dynamic and are modified by various factors,
including the distinct molecular aberration,
anatomic site/microenvironment, microbial
burden and pre-treatment. Moreover, inter- and
intra-individual variability questions the pro-
spect of a prototypic inflammatory (cytokine)
profile. Therapy approaches based on this may
thus lack reproducibility and be compromised
by pathway redundancies or bypassing effects.
Finally, systemic administration of
immunomodulators may adversely affect host
defense while extensive cutaneous, mucosal,
organ involvement increases infection and
tumor risk. In this respect, the extent to which
individual immune profiling and targeting is
necessary or implementable needs to be deter-
mined to translate these palliative approaches
into an effective, safe, feasible and tolerable
therapeutic rationale.

OUTLOOK

The range of therapeutic strategies to address
the underlying cause of EB has expanded dra-
matically, boosted by methodological and
technological advances as well as our increased
understanding of the molecular pathomecha-
nisms of the disease. This is reflected in the
number of clinical trials underway. The current
challenge is bringing these into standard clini-
cal practice. To various extents, gene-targeted
therapies face common issues of efficacy, safety,
feasibility, tolerability and cost-effectiveness
[36]. One critical safety issue, particularly in
patients who completely lack expression of the
affected protein, is the risk of triggering adverse
immune responses against the introduced
functional protein, at least part of which could
be considered ‘‘foreign’’ in the patient. Hence,
clinical trials to date only include patients with
residual expression of the affected protein or
who demonstrate absence of pre-existing
pathogenic antibodies against the intended
protein product of the therapy. Research into
strategies to modulate immune tolerance

mechanisms are warranted to be able to extend
these therapeutic options to all patients.

With no approved curative options, current
management plans for EB patients comprise
various complementary or synergistic combi-
nations of different therapeutic strategies to
target distinct symptoms such as fibrosis, itch
and skin cancer, including strategies to control
systemic inflammation, as well as measures to
enhance microbial surveillance. While most
strategies discussed here offer an opportunity
for a cure, the genetic and phenotypic hetero-
geneity associated with EB, compounded addi-
tionally by inter-individual differences,
underscores that there will not be one single
strategy that suits all patients. Genetic subtype
and clinical phenotype (disease severity, sys-
temic manifestation) can direct treatment
course, but will also need to be balanced against
therapeutic modality (local, systemic) and fea-
sibility (therapeutic burden, costs) to stratify
patients into options tailored to their specific
needs. Achieving this, however, requires gath-
ering more data, a monumental task in rare
disease populations wherein intrinsically low
patient numbers jeopardize meeting sample size
requirements and compromise statistical power,
while increasing trial duration and costs [122].
The development of new statistical methods for
meaningful measurement of clinical outcomes
in small populations will aid in designing and
conducting clinical trials to prove efficacy and
safety of innovative treatment modalities in EB,
thus helping to bring these life-changing ther-
apies closer to patients.
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