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Abstract: Dystrophic epidermolysis bullosa (DEB) is one of the major types of EB, a rare hereditary group of trauma-induced
blistering skin disorders. DEB is caused by inherited pathogenic variants in the COL7A1 gene, which encodes type VII collagen, the
major component of anchoring fibrils which maintain adhesion between the outer epidermis and underlying dermis. DEB can be
subclassified into dominant (DDEB) and recessive (RDEB) forms. Generally, DDEB has a milder phenotype, while RDEB patients
often have more extensive blistering, chronic inflammation, skin fibrosis, and a propensity for squamous cell carcinoma development,
collectively impacting on daily activities and life expectancy. At present, best practice treatments are mostly supportive, and thus there
is a considerable burden of disease with unmet therapeutic need. Over the last 20 years, considerable translational research efforts have
focused on either trying to cure DEB by direct correction of the COL7A1 gene pathology, or by modifying secondary inflammation to
lessen phenotypic severity and improve patient symptoms such as poor wound healing, itch, and pain. In this review, we provide an
overview and update on various therapeutic innovations for DEB, including gene therapy, cell-based therapy, protein therapy, and
disease-modifying and symptomatic control agents. We outline the progress and challenges for each treatment modality and identify
likely prospects for future clinical impact.
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Introduction

Epidermolysis bullosa (EB) is a clinically and genetically heterogeneous group of blistering skin disorders, in which
minor trauma to the skin results in skin fragility.' The different types of EB are caused by inherited pathogenic variants
in any one of 16 causative genes, which mostly encode structural proteins at or close to the dermal-epidermal junction
(DEJ)."* EB can be classified into four major types according to the cleavage plane within the skin, comprising EB
simplex (separation in the basal epidermis), junctional EB (separation within the lamina lucida), dystrophic EB (DEB)
(separation within the upper dermis below the lamina densa), and Kindler EB (separation at multiple planes)."* This
review article focuses on the DEB type, which accounts for ~30% of the affected individuals.’

DEB is caused by pathogenic variants in the COL7A41 gene, which encodes type VII collagen (C7), the major
component of anchoring fibrils (AF) that maintains dermal-epidermal cohesion."”> DEB can be sub-classified into
either dominant (DDEB) or recessive (RDEB) forms.” The clinical severity of DEB is highly variable (Figure 1).
Generally, DDEB patients have milder phenotypes with either mild-to-moderate or sometimes localized skin blistering,

often with dystrophic finger and toenails. RDEB can resemble DDEB in its localized or intermediate forms but
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Figure | Clinical manifestations of DEB patients. (A) Generalized blistering and ulceration, (B) microstomia, (C) pseudosyndactyly, and (D) cutaneous squamous cell
carcinoma, in RDEB. (E and F) Scattered, semi-confluent, erythematous or hyperpigmented prurigo-like papules and plaques of varying severity, as well as toenail dystrophy,
in DDEB.

oftentimes the clinical features are more severe, with widespread skin blistering, fibrosis and scarring, joint contrac-
tures, and systemic comorbidities such as anemia, osteoporosis, or malnutrition. All forms of DEB show an increased
risk of developing cutaneous squamous cell carcinoma (SCC) which typically occurs in areas of maximal scarring or
chronic ulcers and is more common in severe forms of RDEB."? DEB, and particularly RDEB, can limit daily
activities and shorten life expectancy.'> The pathobiology underlying DEB is complex and essentially stems from C7
deficiency which leads to a lack of functional AFs causing fragility in skin and some mucosae, with additional
dysfunction of innate immunity as C7 is also normally expressed in lymphoid extracellular matrix.* Skin wounds can
exhibit frustrated wound healing, partially healing and then breaking down again, or sometimes simply not healing at
all. The impaired wound healing initiates chronic inflammation in the subjacent dermis, which drives skin fibrosis and,
in some instances, carcinogenesis.” It is estimated that over half of severe RDEB cases develop squamous cell
carcinoma by the age of 30 years.® Living with RDEB significantly impacts on an individual’s physical and
psychological morbidity, leading to substantial healthcare-related financial burdens and implications for both patients
and their family members.”®

Given the impaired quality of life and substantial health impact of DEB, the development of new and more effective
therapies has been a major focus for several clinical teams and research groups worldwide. In broad terms, approaches to
therapy have either adopted an “intention to cure” strategy, aiming to replace or fix the defective COL7A1 gene, or
focused on reducing the inflammation in DEB tissue, the goal being to lessen disease severity, slow down disease
progression, and improve key symptoms such as itch or pain. In this review, we scope the literature to document the
various modalities that have emerged in pursuing better treatments for DEB. Schematic illustrations of approaches to

therapy are depicted in Figures 2 and 3; a list of current clinical trials is shown in Supplementary Table 1.

Gene Therapy

The molecular pathology of RDEB mostly involves bi-allelic loss-of-function variants in COL7A41, which has led to
a major push to develop gene replacement approaches, mostly involving full-length COL7A41 ¢cDNA. At genomic DNA
level, most of the COL7A1 variants involve single-nucleotide substitutions which have also generated interest in gene
editing applications, as well as other means of allele silencing or skipping of exons containing pathogenic variants, as
well as ribosomal readthrough for nonsense variants. For DDEB, most pathogenic variants involve glycine residue
substitutions within the C7 triple helix; gene therapy approaches have mostly therefore focused on allele silencing, exon
skipping or gene editing.
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Figure 2 Schematic illustration of multimodal treatment options for DEB patients. Various treatment modalities for DEB include gene therapy, cell-based therapy, protein
therapy, disease-modifying and symptomatic control agents. (Blue/Pink: has been tried in RDEB/DDEB; Light blue/Light pink: has not been tried in RDEB/DDEB but has
potential for treatment; Grey: not suitable).

Abbreviations: ABCBS5, ATP-binding cassette subfamily B member 5; ADMSC, adipose tissue-derived mesenchymal stem cell; ASO, antisense oligonucleotide; BMMSC,
bone marrow-derived mesenchymal stem cell; BMT, bone marrow transplant; C7, type VII collagen; DEB, dystrophic epidermolysis bullosa; DDEB, dominant dystrophic
epidermolysis bullosa; DSB, double-strand break; HMGB-1, high mobility group box-I; MSC, mesenchymal stem cell; PTC, premature termination codon; RDEB, recessive
dystrophic epidermolysis bullosa; siRNA, small interfering RNA; SMaRT, spliceosome-mediated RNA trans-splicing; SSB, single-strand break; UCMSC, umbilical cord-derived
mesenchymal stem cell.

Gene Replacement Therapy

Most gene replacement therapy techniques for RDEB transduce exogenous full-length wild-type cDNA displacing the
mutant allele to reverse skin fragility in EB. COL741 cDNA is ~9 kb in size and an important consideration in the
development of RDEB gene therapy was whether this would be too large for conventional viral vector delivery into skin
cells. Thus, initial COL7A41 gene therapy in immunodeficient mice grafted with gene-modified skin equivalents (SEs)
adopted a strategy of creating minigenes (removing cDNA encoding part of the C7 triple helix),” although in subsequent
studies full-length COL741 ¢cDNA was introduced.'®'¢ Reconstituted SEs derived from transduced RDEB keratinocytes
and fibroblasts showed functional correction, including C7 deposition, AF formation, and even established dermal-

epidermal stability for months after engraftment onto immunodeficient mice,'® "¢

14,15

although only a few pre-clinical
experiments advanced to human studies.

In 2016, researchers from Stanford University developed a pioneering gene replacement therapy for patients with
RDEB."” Patient keratinocytes were transduced with a retroviral vector containing full-length COL741 ¢cDNA and were
cultured to create 35cm” epidermal autografts (each about the size of a playing card), later called EB-101. These
keratinocyte sheets, although somewhat fragile as they lacked a dermal equivalent, were transplanted onto six wounds in
four adult subjects. All 24 grafts were well-taken, and nearly all (90%) demonstrated C7 localization at the DEJ and were
still intact (87%) 3 months later. Efficacy generally declined after 1 year with no signs that the grafted skin had any
growth advantage over the surrounding mutant skin.'” However, long-term graft follow-up showed that about 71% of the
treated areas had over 50% wound closure after 2 years, and two patients even had overall durable skin graft coverage for
over 4 years.'® In a recent update of the EB-101 trial (NCT01263379) by So et al,'® at year 5, 70% of the treated sites
demonstrated at least 50% wound healing compared to baseline. Moreover, healing wounds were observed not to be
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Figure 3 Schematic illustration of the clinical status (entering preclinical or clinical stage) of various DEB treatments.

Abbreviations: ABCB5, ATP-binding cassette subfamily B member 5; ADMSC, adipose tissue-derived mesenchymal stem cell; ASO, antisense oligonucleotide; BMMSC,
bone marrow-derived mesenchymal stem cell; BMT, bone marrow transplant; C7, type VIl collagen; HMGB- 1, high mobility group box-1; MSC, mesenchymal stem cell; PTC,
premature termination codon; siRNA, small interfering RNA; SMaRT, spliceosome-mediated RNA trans-splicing; UCMSC, umbilical cord-derived mesenchymal stem cell.

painful or itchy. There were no serious side effects observed, including immunity against C7 or the development of
SCC." The phase III, open-label clinical trial of the EB-101 for RDEB treatment has now been completed
(NCT04227106). EB-101, developed by Abeona Therapeutics, has been granted Fast Track, Regenerative Medicine
Advanced Therapy and Rare Pediatric Disease designations by the FDA (Food and Drug Administration) and Orphan
Drug designation by both the FDA and the EMA (European Medicine Agency).

In addition to being synthesized by keratinocytes, C7 is also generated by dermal fibroblasts. In 2019, Lwin et al
conducted a phase I trial (NCT02493816; Lenticol-F) to inject self-inactivating (SIN) lentiviral-mediated autologous
gene-corrected fibroblasts into normal-appearing skin at a concentration of ~1x10° cells/cm”® and were able to show
variable degrees of C7 restoration. While no AF regeneration was observed, synthesized copies of the COL741 cDNA
were demonstrated in treated skin in one patient at 1 year.”” None of the patient group developed malignancy or
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autoimmune reactions in more than 1 year of follow-up. Similarly, Fibrocell Science Inc., subsequently acquired by
Castle Creek Biosciences, reported a phase I/IT clinical trial (NCT02810951) using similar cells, FCX-007 (later named
dabocemagene autoficel, D-Fi), which showed that intradermal injections of autologous gene-corrected fibroblasts into
RDEB chronic/recurrent wounds were safe and effective, wherein 80% (4/5) of the treated areas showed significant (over
70%) wound closure and linear staining of C7 at the DEJ 3 months after injection.”’ A phase III intra-patient controlled
open-label trial of D-Fi (NCT04213261) is in progress, having received Orphan Drug, Rare Pediatric Disease, Fast Track
and Regenerative Advanced Therapy designations by the FDA. Practically, injecting fibroblasts into RDEB skin can be
challenging given the scarred nature of the skin to be injected, and the transient but intense pain caused by injections into
such sites.

SIN retroviral vectors have also been used to develop gene therapy products for clinical testing. Skin equivalents,
comprising COL7A41-corrected keratinocytes and fibroblasts, have shown impressive grafting results in proof-of-principle
transplantation studies in mice,"> and following development of a protocol for human testing,”® these are now being
evaluated in a phase I/II study, EBGRAFT (NCT04186650) in up to 3 individuals with RDEB; results are awaited.

One of the major challenges with all the above approaches is that the gene therapy product needs to be used ex vivo in
an individual’s cells to create a bespoke cell product for personal use. In contrast, taking a generic approach and moving
closer to clinical application, topical gene therapy using a non-integrative replication-defective herpes simplex virus-1
(HSV-1) carrying two copies of the COL7A1 gene, named beremagene gerperpavec (B-VEC), has been developed by
Stanford University and Krystal Biotech. In early 2022, a randomized, placebo-controlled, phase I/II clinical trial
(NCT03536143) was reported,”® in which primary and secondary objectives of C7 expression, AF assembly, wound
surface area reduction, duration of wound closure, and time to wound closure following B-VEC treatment were met.
A few months later the results of a phase III study of B-VEC in RDEB (NCT04917874) were also published.** Primary
wound pairs were exposed to B-VEC and placebo in 31 patients. At 6 months, complete wound healing occurred in 67%
of the wounds exposed to B-VEC compared with 22% of those exposed to placebo. Moreover, complete wound healing
at 3 months occurred in 71% of the wounds treated with B-VEC compared with 20% of those exposed to placebo. There
was also a reduction in pain severity during wound dressing changes with B-VEC compared to placebo. Over the two
trials, minor side-effects associated with B-VEC included pruritus and chills. Because of the non-integrating nature of
HSYV, this form of gene therapy is not considered a permanent fix but a treatment that will need to be repeated. The half-
life of C7 is at least 6—8 weeks and therefore repeat applications to the same site may only be needed every few months
or so, notwithstanding that B-VEC is not a treatment for intact (unwounded) skin, nor does it currently target mucosal
pathology or systemic disease associated with RDEB. Although nearly all the patients in the trials had RDEB, B-VEC
was also tested in DDEB and shown to improve wound healing.”® Regarding immunogenicity, a history of previous HSV
infection or antibody levels to HSV had no bearing on the trial data or any clinical significance. B-VEC was previously
granted Fast Track and Regenerative Medicine Advanced Therapy designations by the FDA for the treatment of DEB and
received full licensing approval for clinical use in the United States on 19 May 2023. Thus, B-VEC represents the first
gene therapy treatment to be available for individuals with DEB.

Gene Editing

An alternative approach for C7 restoration, without the need for full-length COL7A41 cDNA transduction, is through gene
editing. It is important to note that gene editing has not yet been clinically tested in patients with any form of DEB and
therefore this section of the review focuses on a few landmark developments in the field.

Gene editing for RDEB started in 2013 when Osborn et al reported the use of TALENS to edit RDEB fibroblasts via
homology-directed repair.”* These gene-corrected cells were expanded and reprogrammed into inducible pluripotent stem
cells (iPSCs) and were used to generate C7-expressing SEs.** A variety of gene-editing strategies using different
nucleases (mainly TALEN and CRISPR/Cas9) have since been developed in preclinical studies, which demonstrated
the success of generating gene-edited SEs with C7 expression that could be engrafted onto nude mice and which
improved skin stability.>>=°

To date, gene editing therapy that focuses on DDEB has only one preclinical study. Site-specific endonucleases for
TALENs and CRISPR/Cas9 systems were designed to induce double-strand breaks in iPSCs derived from DDEB
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fibroblasts and achieved 90% gene correction.”” Four gene-edited iPSCs were then differentiated into keratinocytes and
fibroblasts and showed C7 restoration.” Recently, Neumayer et al*® developed a method to reprogram EB patient-
derived fibroblasts into iPSCs and undertake CRISPR-based correction to generate skin composite grafts. Mouse
xenografts showed no tumors and exhibited stable C7 re-expression thus offering promise for future clinical translation.

In addition to traditional nucleases, base editing is a relatively new technique of great treatment potential for DEB
given that point mutations represent the major form (~80%) of genetic abnormality therein.***° Two types of base editors
have been described so far, cytosine base editors (CBEs)*' and adenine base editors (ABEs), which can correct transition
variants, that is, either C-G to A-T or AT to C-G changes. Base editing is led by a synthetic single-guide RNA with
editors consisting of either an adenosine deaminase or cytidine deaminase linked to a Cas9 nickase. The cytosine is
converted to uracil, whereas adenine is converted to inosine, which is regarded as guanine by the DNA polymerase. The
nickase creates a single-strand break, stimulating DNA repair to complete the editing.”” For DEB, base editing was first
applied in 2020 by Osborn et al.**> They electroporated single guide RNA and ABEs in primary RDEB fibroblasts for
COL7A1 gene correction, which significantly increased C7 expression with minimal off-target effects.> Base editing of
RDEB patient-derived fibroblasts using ABES8e, a new ABE developed through phage-assisted non-continuous and
continuous evolution (PANCE/PACE), achieved a high accuracy (94.6%) of COL7A1 variant correction and successfully
restored C7 expression in a generated 3D skin construct.®® Similarly, CBE has been applied to correct COL7A1 variants
in RDEB-derived primary fibroblasts and iPSCs, with restoration of C7 and AFs, highlighting the future translational
potential of this approach.®*

Besides base editing, the advent of search-and-replace genome editing has expanded to encompass correction of
a wider collection of COL7A41 variants using prime editors (PE), which contain a reverse transcriptase domain and
a prime editing guide RNA to attain any site-specific edit.*® In a preclinical study by Hong et al, both BE (ABEmax) and
PE (PE3) were used to edit the COL7A41 gene in primary RDEB fibroblasts.”® The PE3 demonstrated higher editing
efficiency compared to ABEmax, while both approaches successfully generated gene-edited skin grafts with C7 and AF
restoration.*®

The need to demonstrate a lack of deleterious collateral damage to the genome, known as off-target effects, has
created something of a roadblock to clinical translation but one which is likely to be surmountable before too long. It is
also noteworthy that gene editing therapy, unlike gene replacement therapy, is mutation dependent and thus personalized,
with significant cost and marketing implications for any manufacturer. Another matter is one akin to that facing gene
replacement strategies, ie, whether to attempt ex vivo correction of cells with grafting/injection of the modified cell
product, or to opt for in vivo gene editing, perhaps delivering the product directly onto wounds using a viral vector or
a lipid nanoparticle-peptide delivery system. An additional challenge common to gene editing and gene replacement
therapies is how to target unwounded skin (ie, not just open wounds), considering the relatively impermeable nature of
stratified squamous epithelium and the skin barrier. For now, no clinical trials of gene editing, in any form, are listed for
either RDEB or DDEB.

RNA-Based Therapy

RNA modification can bypass or manipulate mutated DNA sequences for gene correction. There are three known
strategies used today: RNA trans-splicing, an antisense oligonucleotide (ASO), and small interfering RNA (siRNA). Of
these, only ASO has so far progressed to clinical trial in DEB.

Spliceosome-mediated RNA trans-splicing (SMaRT) replaces the mutant mRNA with wild-type sequences through
endogenous splicing molecules for gene correction.’” The RNA trans-splicing molecule (RTM) can be tailored for 5°, 3°,
or internal exon replacement.”® Since SMaRT can correct mutated mRNA by replacing only a part of the entire gene, it is
suitable for large genes such as COL7AI. Preclinical studies reported the successful gene correction of RDEB
keratinocytes by either 5’ or 3’ replacement, which led to phenotypic reversion of RDEB keratinocytes with the
restoration of C7 and AF-like structure in SEs.>®*! Despite the preclinical efficacies shown, SMaRT still carries pitfalls
including viral delivery and off-target effects, as for DNA replacement therapy.***> Recently, a non-viral and non-
invasive mode of delivery of 3’-RTMS6m was reported to be capable of replacing exons 65-118 in RDEB-derived
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immortalized keratinocytes and fibroblasts.** Although the trans-splicing efficiency was low, the approach was still able
to partially restore C7 expression in these cells and in SEs.**

Of more immediate clinical impact in DEB therapeutics, ASOs are short synthetic RNA strands complementary to
mutant pre-mRNA which can interfere with the binding sites of splicing enzymes, leading to exon skipping.*> Such
modification allows the generation of shorter, but still functional, proteins by removing the mutation-containing exons.
This approach is especially practical for genes such as COL7A1, being composed mainly of in-frame exons and proteins
with repetitive motifs.***® Indeed, of the 118 exons in COL7A41, 80 of these could be skipped in frame. In 2006, Goto
et al first described the rescue of C7 in SEs generated from RDEB keratinocytes and fibroblasts after the injection of
COL7A1 exon 70-targeted ASO.* Thereafter, ASOs targeting exons 10, 13, 70, 73, 80, and 105 of COL7A41 have been
designed with the resulting shortened C7s still proving to be functional.****>° Of all the exons in COL7A1, exon 73 is
a site for several pathogenic variants (both dominant and recessive), partly because it is the largest of all exons encoding
the C7 triple helix but also because of some recurrent pathogenic variants therein. Developed by Freiburg University and
ProQR, a topical 21-nucleotide ASO carbomer-based hydrogel targeting COL7A1 exon 73 (QR-313), was demonstrated
to be safe and efficacious in preclinical studies, restoring C7 expression and improving epidermal-dermal cohesion.*®
However, preliminary data from a clinical trial started in 2018 (NCT03605069) demonstrated low uptake and limited
efficacy of QR-313 in improving RDEB wounds after topical application every other day for 8 weeks.”' As such, other
attempts to skip exon 73, such as using PTW-002, developed by Phoenicis, are set to be tested in a clinical trial very soon
(NCT05529134). The concept is that one would attempt to skip both mutant and wild-type exon 73, thus making is
a suitable approach for both RDEB and DDEB harboring pathogenic variants in exon 73, with the generation of a slightly
truncated but still functional C7 in both instances. One further expectation is that, with refinements in chemistry, it may
be possible to deliver ASOs for COL7A1 systemically, ie, via intravenous injection, given the high targeting specificity of
ASOs. Such work, however, is still in preclinical development.

As a further option, still at a preclinical stage, is the use of siRNAs, short double-stranded RNA sequences that are
specifically designed to bind to the mRNA of interest, thereby silencing the gene.*® Pendaries et al designed an allele-
specific siRNA targeting COL7A41 exon 87 in DDEB and demonstrated differential inhibition of the mutated allele.>* In
terms of precision, such siRNA therapy can discriminate between two alleles even by a single-point polymorphism, but
this approach infers a need for individual patient-tailored design of the siRNA, thus hindering universal application.>®

Natural Gene Therapy: Revertant Mosaicism

Revertant mosaicism is a serendipitous event in which a pathogenic variant in a somatic cell is corrected or compensated
by various genetic mechanisms, usually at a DNA level.”* Described in several forms of EB and other genetic skin
diseases, revertant mosaicism has been observed in RDEB’> and mainly occurs in keratinocytes, although RDEB
fibroblasts may also show similar natural gene therapy.’® Patches of revertant skin in RDEB usually measure 1-8cm
in diameter and, when biopsied, show C7 at the DEJ and normal AF structures. A key challenge in translational research
has been how to exploit this natural phenomenon for patient benefit.

In 2019, Matsumura et al reported that cultured epidermal autografts produced from clinically normal-appearing skin
of an RDEB patient had long-standing engraftment for over 16 years.”” They were able to prove that the autograft had
been derived from clinically revertant skin. Extending the study to three further patients, they found rapid healing of
grafted sites within 2—4 weeks and long-term persistence of wound healing. One of the three patients had apparent
revertant mosaicism in the donor skin and in the post-transplanted area. They concluded that cultured epidermal
autografts from clinically normal skin are a potentially well-tolerated treatment for RDEB. In Japan, cultured epidermal
autografts are covered by public healthcare insurance and DEB treatment is also included in the license (from 2019
onwards). The subsequent literature includes a report of an RDEB patient undergoing extensive skin grafting (almost
60% of body surface area) following expansion of revertant keratinocytes from a small initial skin biopsy.”®

Premature Termination Codon Readthrough
Around 15-20% of RDEB cases carry nonsense pathogenic variants, which lead to premature termination codons
(PTCs). One approach to therapy in such cases is to generate ribosomal readthrough to produce full-length RNA and
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subsequently generate protein. One group of compounds with the potential to induce such activity is aminoglycosides,
including gentamicin. These drugs induce PTC readthrough through the interference with the decoding center of the
ribosomes and the incorporation of a random amino acid via near-cognate tRNA.>® In vitro studies using gentamicin
showed successful readthrough of nonsense mutations in RDEB keratinocytes, leading to C7 production.®® With
encouraging preclinical results, gentamicin has since been applied topically, injected intradermally or administered
systemically in RDEB patients. Woodley et al reported that 2-weeks of intravenous gentamicin promoted wound healing

6162 without nephrotoxicity or ototoxicity.*** Gentamicin is

and regenerated C7 in four RDEB pediatric patients,
a complex that consists of multiple congeners, and there are data to indicate that a sub-component, gentamicin X2,
might possess even more potent and safe readthrough,® and thus further refinement of such therapy is likely. Besides
gentamicin, another non-aminoglycoside agent, PTC124 (Ataluren), also has readthrough capability although
a preclinical study showed that it was unable to promote readthrough in the COL7A1 gene, and thus it has not been
tested in individuals with RDEB.®® Amlexanox, an FDA-approved drug for recurrent aphthous ulcers, can also enhance
readthrough and attenuate nonsense-mediated mRNA decay. Preclinical evidence has shown that amlexanox rescued
COL7A41 mRNA transcripts and restored functional full-length C7 to a greater extent compared to gentamicin, and thus

clinical testing is awaited.®’

Cell-Based Therapy

Cell-based therapy encompasses a variety of therapies that include primary keratinocytes, fibroblasts, hematopoietic
cells, and mesenchymal stem/stromal cells. Key considerations are whether such cells are autologous or allogeneic,
whether they are truly stem cells or merely stromal cells, and how such cells are to be given to the patient with RDEB, ie,
skin grafts, local injections, or intravenous infusions. Some of these approaches have already been covered in the gene
therapy section above, but additional applications in patients are outlined below.

Fibroblasts

Besides keratinocytes, fibroblasts are the major source of C7 in skin. In animal studies, allogeneic fibroblasts were
injected into the intact skin of RDEB mice, which led to C7 re-expression, but only at a dosage of 5x10° cells/cm?,'® and
not at lower cell dosing of 1x10° cells/cm®.'* Based on the higher dosing, Wong et al reported clinical evidence of
intradermal fibroblast injection in five RDEB patients:®® both allogeneic and haploidentical (from one parent) fibroblasts
increased C7 expression for ~3—9 months. Several other clinical trials then injected allogeneic fibroblasts to either the
base or the margin of RDEB chronic wounds at a dose of 2.5-5x10° cells/cm?, which promoted significant wound
healing and, in some individuals, increased C7 expression, for 3—12 months.®>’" As the injected fibroblasts were not
detectable 2 weeks after injection, the therapeutic effects were primarily attributed to the increased expression of
endogenous mutant COL741 mRNA and C7 (ie, partially functional), likely through a paracrine effect of heparin-
binding epidermal growth factor-like growth factor secreted by keratinocytes close to the injected fibroblasts.®®’? This
observation also implies that RDEB patients with higher baseline C7 expression levels might potentially benefit more
from such treatment. However, the painful process of intradermal injection into scarred skin proved to be intolerable for
many patients.

Bone Marrow Transplantation

In murine models of RDEB, hematopoietic stem cells were shown to differentiate into epidermal cells and produce C7,
and thereby prolong the life expectancy of RDEB mice.”*"’* Based on these data, in 2010 Wagner et al reported a human
case series using unfiltered HLA-matched bone marrow transplantation after immune-myeloablation in six RDEB
patients.” C7 restoration and the presence of donor cells were found in the recipients’ skin,”* and although considerable
clinical improvement was noted in the majority, the procedure was still associated with considerable morbidity and
mortality. Refinements to protocols, including use of reduced intensity conditioning, led to some reduction in mortality
(to ~15%),”%7" but a lack of understanding about precisely how bone marrow transplantation was improving the skin (not
all patients who improved had new C7 or AFs in their skin), as well as ongoing concerns regarding toxicity, led to
a reduced popularity for such treatment.

462 https: Therapeutics and Clinical Risk Management 2023:19

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Hou et al

Nevertheless, one consequence of an RDEB subject receiving a bone marrow transplantation was the development of
immune tolerance in that individual to future cell products from the same donor. Infusion of MSCs from the identical
donor following bone marrow transplantation, accompanied by post-transplant cyclophosphamide, was able to reduce
acute rejection as well as promote wound healing in 8 pediatric RDEB patients.”® Cell tolerance was also extended to
skin. Notably, epidermal grafting using the CELLUTOME™ Epidermal Harvesting System from the same donor after
allogeneic hematopoietic cell transplantation demonstrated longer engraftment (up to 3 years) with no signs of
rejection.”’

Overall, despite some initial international uptake of bone marrow transplantation for RDEB therapy, most related
transplant activity has now ceased in favor of other therapies.

Mesenchymal Stem Cell (MSCs)

Mesenchymal stem cells, also known as, mesenchymal stromal cells (MSCs) are characterized by their ability for self-
renewal and multi-potency,® yet in the context of DEB cell therapy, most MSCs used therapeutically are from unrelated
donors with the anticipated clinical benefits arising from immunomodulatory or anti-inflammatory impact from the cells.
Allogeneic MSCs possess little immunogenicity due to low expression of MHC class I molecules on their surface and
lack of expression of MHC class II and costimulatory molecules; indeed, the safety of MSCs in humans has been
demonstrated in several clinical trials.®' Thus, aggressive pre-conditioning regimens are not needed, and an antihistamine
injection alone provides sufficient pre-medication. There are several sources of MSCs for potential application in DEB
therapeutics, including bone marrow, adipose tissue, umbilical cord blood and amniotic fluid. MSCs exert therapeutic
benefits through trophic effects (secreting cytokines and growth factors, including hepatocyte growth factor, insulin-like
growth factor-2, nerve growth factor, and stromal-derived growth factor-1), immunomodulation of the local microenvir-
onment, recruitment of reparative cells, and the promotion of neovascularization.**** Regarding wound healing, MSCs
have been shown to modify several pertinent pathways, including Akt, ERK and STAT3.*?

MSCs have either been injected intradermally or infused intravenously in patients with RDEB. Intradermal admin-
istration has the advantage of creating a high concentration of cells in a localized region which may facilitate interaction
with host cells such as fibroblasts,*® whereas intravenous infusion has the potential for systemic impact. However, the
fate of MSCs, in both skin and blood is uncertain. Regarding intravenous infusion, it is possible that most cells break up
rapidly once in the bloodstream and fail to survive as intact, living cells. On the other hand, any MSCs that survive are
destined to accumulate in the lungs and their fate beyond that, ie, whether they reach target tissues such as skin, is
uncertain. In future, cell tracking studies will be necessary to reduce speculation about the destiny of MSCs in human cell
therapy, both for RDEB and for other clinical settings.

Intradermal MSCs (bone marrow-derived) were assessed in two individuals with RDEB in 2010,** with several
clinical trials of intravenous MSCs (bone marrow or umbilical cord blood-derived) in both children and adults with
RDEB following soon after.*>®” From these studies, the optimal dose and infusion schedule for the MSCs has yet to be
determined. Nevertheless, it appears that 1-3x10® MSCs/kg given 2-3 times over 1 month, following repeat infusions
every 6 months or so, might be recommended. The source of the MSCs does not seem to confer any clinical advantage.
Side effects, beyond brief chills and transient hypotension, appear to be minimal. No major issues with allo-sensitization
from repeated infusions using MSCs from multiple donors of different haplotypes have been documented. Several
clinical trials have shown improved wound healing (Figure 4), reduced pain, and less itching, along with better sleep and
improved quality of life scores, although none has resulted in new C7 or AF formation in the recipients’ skin.® **
Collectively, it appears that intravenous MSC therapy works better in individuals with intermediate forms of RDEB
rather than severe disease, and in children rather than adults, although considerable intra-individual variability in
responses has been seen. Currently, there are no biomarkers associated with prediction of a favorable response to
MSC therapy in RDEB.

MSCs are heterogeneous and include two specific sub-populations, MUSE cells (multilineage-differentiating stress
enduring cells) and ABCB5" (ATP-binding cassette subfamily B member 5) MSCs, that may have enhanced immuno-
modulatory, anti-inflammatory and survival characteristics over other MSCs; these cells have emerged as further
therapeutic options for RDEB patients. MUSE cells represent a SSEA-3 (+) subpopulation of bone marrow cells that
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Figure 4 Treatment effect of intravenous allogeneic bone-marrow derived mesenchymal stem cells infusion in RDEB. The upper back of a 26-year-old patient with severe
RDEB demonstrates improved wound healing and less inflammation 100 days after intravenous allogeneic mesenchymal stem cells infusion.

p-

can differentiate into keratinocytes and fibroblasts in vitro. Clinical-grade MUSE cells, CL2020, developed by Life
Science Institute (Tokyo, Japan) have been assessed in a phase I/II open-label trial with intravenous administration of
15 million cells to five DEB patients.® Some clinical benefits were observed although optimization of MUSE cells
infusion protocols is needed. ABCB5" MSCs possess self-renewal and trilineage differentiation capacities and have been
shown to extend lifespan in col7al knockout mice and to have greater anti-inflammatory activity,”® as well as the
capacity to migrate to RDEB mouse skin and synthesize C7.°' A phase I/Ila clinical trial revealed that skin-derived
allogeneic ABCB5" MSCs given intravenously (2x10° cells/kg), 17 days apart on three occasions, significantly improved
wound healing and quality of life for several months, as well as reducing pain and itch.”" A further double-blind,
randomized, placebo-controlled phase III trial (NCT05464381) is currently under way. Nevertheless, it has yet to be
proven that, following intravenous administration, either MUSE cells or ABCB5" MSCs can be detected in human
RDEB skin or that new C7 is generated at the DEJ.

Extracellular Vesicles (EVs)

A key question in allogeneic MSC cell therapy is whether it is truly necessary to use the whole cell or whether
a subcomponent of the cell, such as the secreted extracellular vesicles (EVs), might be at least equally efficacious.”” EVs
refer to a heterogeneous population of vesicular bodies of cellular origin that derive either from the endosomal
compartment (exosomes) or from the plasma membrane (microvesicles).”> EVs carry a variety of cargos, including
nucleic acids, proteins, and lipids, which can be taken up by other cells, both in the direct vicinity of the source cell and
at distant sites in the body via biofluids, and which elicit a variety of phenotypic responses.”* McBride et al showed that
bone marrow-derived MSCs release EVs containing COL741 mRNAs and C7 protein but whether systemic administra-
tion of EVs can impact on C7 expression in RDEB skin is unknown, although application of EVs directly to several types
of chronic wounds is currently being assessed.”” With increased understanding of EVs, the development of cell-free
therapy in RDEB might sustain the therapeutic efficacy without the challenge of manufacturing and transporting a living
cell product. A phase I/Ila non-randomized trial (NCT04173650) that topically applies EVs from normal donors to
chronic EB wounds may provide more clinical evidence in the future. Finally, in terms of cell products derived from
MSCs, apart from EVs, mitochondria and apoptotic bodies may have the potential for transfer and stimulation of
recipient tissue stem cells, respectively.”®

Protein Therapy

Given that the key pathology in RDEB patients is a lack of C7, one direct strategy for restoring the deficiency has been to
synthesize recombinant C7 and to deliver this intravenously such that it would reach wounded skin, various affected
mucosae, and lymphoid extracellular matrix, thereby correcting the muco-cutaneous, systemic and innate immune
pathologies associated with RDEB. Proof-of-principle that recombinant C7 could do this, and indeed assemble into
AFs at the DEJ, was demonstrated in mice, without severe allergy or C7 autoantibodies appearing in skin.””*° Following
extensive safety data in humans, a clinical trial (NCT04599881) of intravenous recombinant C7 injections was started in
2019. The protocol tested different injection frequencies (4 weekly injections, followed by 7 biweekly injections and 12-
week follow-up) at a dosage of 3mg/kg in 6 RDEB patients. Wound healing improved and some C7s were noted at the
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DEJ, but the overall improvements were described as “modest”.'” Publication of full clinical trial data are awaited, but
no additional clinical trials are currently planned. Nevertheless, it remains plausible that intravenous recombinant C7
therapy might form the basis of a combination therapy with an additional local therapy, the potential advantage of the
protein therapy being improvement of innate immune dysfunction and benefits in reducing infection in RDEB wounds,
thus enhancing the chances of success for other local skin therapies.

High Mobility Group Box-1 (HMGBI)

Bone marrow contains a heterogeneous group of hematopoietic and non-hematopoietic stem cells, some of which may
contribute to tissue repair. Within the non-hematopoietic collection of stem cells, there exists a sub-population of
epithelial progenitors. These cells can be mobilized, either physiologically or artificially, by high mobility group box 1
(HMGB1). HMGBI is a ubiquitous nuclear protein that modulates chromatin structure and gene transcription
intracellularly, while extracellularly it acts as an alarmin to induce immune reactions in response to danger.'®'
Critical to stem cell mobilization for wound repair, the A box domain of HMGBI has been shown to trigger the
release of Lin /PDGFRa’ bone marrow cells to the affected tissues: these cells can transdifferentiate into keratino-
cytes, fibroblasts and generate C7.'%* Following murine studies, the StemRIM company in Osaka, Japan, developed

103104 46 treat various diseases requiring tissue regeneration. The

a recombinant peptide of the A box for human use,
safety profile of the HMGBI fragment (named Redasemtide) was established in a phase I randomized, double-blind,
placebo-controlled trial (UMINO000018252) after intravenous infusion using six different concentrations (0.15-3mg/kg)
in 48 healthy volunteers. Regarding RDEB, a phase II single-arm, non-randomized, uncontrolled clinical trial
(UMIN000029962) was performed to assess the effects of 1mg/kg intravenous HMGBI1 fragment administration in
9 RDEB patients. Preliminary results showed reduced blistering and improved wound healing in most subjects
(unpublished data). The intravenous HMGB1 peptide has yet to be approved for clinical use in Japan, but current
data indicate it may be helpful in intermediate forms of RDEB and perhaps DDEB. For more severe forms of RDEB,
the approach may be to develop HMGBI1 peptide-soaked nets for subcutaneous implantation which could then entrap
the key progenitors, allowing them to be isolated and genetically modified for COL7A1 correction before autologous

cell therapy, local or systemic, is returned to the patient.

Disease-Modifying or Symptomatic Control Treatments

In addition to the disease correction and other therapeutic approaches outlined above, considerable recent efforts have
been made to try to improve the lives of people living with DEB by developing treatments that target the downstream
consequences of the COL7A41 pathology. These approaches may involve drug repurposing or development of new
therapies, potentially modifying disease severity and improving patient symptoms. Importantly, they are not intended
to cure DEB but to improve quality of life.

Anti-Fibrosis: Losartan

Fibrosis and contractures are key clinical features in some forms of RDEB which can severely limit physical activities.

105

The repetitive tissue damage and progressive scarring is largely mediated by TGF-B, > and thus therapies that can

reduce TGF-f signaling in RDEB skin have the potential to slow down disease progression and reduce some of the
morbidity. Losartan, a well-characterized anti-hypertensive medication, is known to attenuate TGF-p signaling.'®>:'%
It has been tested in a co/7al hypomorphic mouse model, with its use delaying paw scarring and digit fusion, and thus
providing a rationale for human therapy in RDEB.'®” Recently, a case series treated six RDEB patients with daily oral
losartan (0.7 mg/kg) for 6 weeks and demonstrated clinical benefits as well as improvements in skin histology'®®
A phase I/I REFLECT trial (EudraCT: 2015-003670-32) treated 29 pediatric RDEB patients with losartan for 10
months to prevent disease progression. Interim analysis of 18 treated cases showed positive safety data, while final
evaluation is awaited.'® Interest in oral losartan for RDEB has sparked a few other small case reports'®''%!! byt
consensus opinion is that the larger trial data results should be awaited before clinical recommendations on the use of

losartan are made.
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Anti-Fibrosis: Decorin

A further means of reducing TGF-p activity in skin is to increase expression of decorin, a stromal proteoglycan which inhibits
TGF-B through binding to its core protein, thus preventing TGF-p from interacting with its receptors. The clinical relevance of
decorin was first noted in RDEB monozygotic twins, in whom one individual had a milder phenotype (despite the same COL7A1
pathology) with evidence of increased decorin expression in his skin compared to the more severely blistering sibling.'" To
determine the therapeutic potential of decorin, a lentiviral vector harboring human decorin core protein cDNA was injected
intraperitoneally into col7al hypomorphic mice.''? The increased decorin expression in these animals prolonged their survival
period, postponed paw deformities/digit fusion, and reduced skin fibrosis.''* Moreover, intraperitoneal administration of decorin,
fused with a skin-homing peptide, CRK (containing CendR domain), significantly reduced fibrotic gene expression, including
those involved in TGF-p signaling, and attenuated fibrosis in RDEB mice skin.'"> Regarding human RDEB, a topical gel
containing recombinant decorin is currently under development by the company FIBRX Derm Inc for assessment in patients.

Anti-ltch: Biologics and Janus Kinase Inhibitors

Itch is a bothersome symptom that affects the life quality of many people with EB."'* One particularly itchy form of
DEB, known as EB pruriginosa, is particularly troublesome and is hard to treat with conventional anti-inflammatory
therapies.''>"!'® With the advent of new biologic agents to treat other more common inflammatory skin disorders such as
atopic dermatitis, it was perhaps expected that some of these drugs would also be tried in itchy EB. One biologic that has
been tested for EB pruritus is dupilumab, a monoclonal antibody targeting the IL-4 receptor, which thus reduces the
activity of the cytokines IL-4 and IL-13. Of note, an increasing number of anecdotal reports have highlighted the

potential value of targeting this pathway in EB pruriginosa''’~'?

(Figure 5). In total, approximately 16 patients with EB
pruriginosa have received dupilumab, mostly with rapid and encouraging reductions in itch severity and skin inflamma-
tion. A recent study evaluated the circulating T cells by flow cytometry in four EB pruriginosa patients and showed
skewing of Th2 immunity, which offers a rationale for dupilumab treatment.'?" Besides upregulation of Th2 signaling,
elevated IgE levels have also been demonstrated and anti-IgE therapy with omalizumab (300mg every 4 weeks) in some
individuals has led to some lessening of skin inflammation and a moderate reduction in itch.'?® Aside from biologics, oral
baricitinib (2mg daily), a JAK1/2 inhibitor, has also been shown to reduce DEB itch.'*’ Similarly, another JAK inhibitor,

tofacitinib, also rapidly reduced itch and skin inflammation in DEB.'?® To date, no placebo-controlled clinical trials of

Biweekly
dupilumab
injections

90 days

Figure 5 Treatment effect of intravenous biweekly dupilumab injections in DDEB. A 59-year-old patient with DDEB (EB pruriginosa) displays flattening and less erythema of
the prurigo-like papules and nodules on both lower legs after biweekly dupilumab injections for 3 months. The itch numerical rating score also decreased from 8.5 to 3.5.
Abbreviation: NRS, Numerical Rating Score.
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biologics or JAK inhibitors have been performed in DEB and thus optimal drug selection and dosing in individual
patients currently lack structured recommendations.

Anti-Pain/ltch: Cannabinoids

In addition to itch, pain is another prominent symptom for people with RDEB, particularly when skin dressings need to be
changed. Although systemic and topical opioids often form part of routine care, recent interest in the EB community has emerged
in exploring the potential of cannabinoids to provide pain relief. Cannabinoids bind to CB1 and CB2 receptors on the skin or
nervous system to exert analgesic and anti-inflammatory effects. Previous reports showed that different forms of cannabinoids,
including topical and sublingual cannabinoid-based medicines (CBM) oil, help alleviate pain and itch in 6 EB patients.'**'*° The
CBM oil is primarily composed of two kinds of cannabinoids, tetrahydrocannabinol (THC) and cannabidiol (CBD). The former is
a CB1/CB2 partial agonist, and the latter mitigates THC-related side effects. A recent survey on CBM use in EB patients across
five continents showed that CBM reduces pain and itch by 3 points in a numeric ranking score.'*' Most patients in the cohort
received CBM topically, orally, or through inhalation. Over 90% of the patients reported an improvement in overall symptoms and
they were able to relax or sleep better after CBM use. Around 80% of the patients were able to reduce their use of other analgesics.
Adverse events from CBM comprised dry mouth (44%), cough/wheezing (29%), and dry/red eyes (27%). Randomized, double-
blind trials, using INM-755 cream (NCT04908215) or sublingual Transvamix (containing 100mg/mL THC and 50mg/mL CBD,
Netherlands Trial Register: NL9347)'%? are underway to provide more robust evidence for CBM use in DEB.

Anti-Inflammation: Methotrexate, Small Molecules and Biologics

Methotrexate is a folate antagonist that is frequently used in common inflammatory skin diseases such as psoriasis. Its
anti-inflammatory and anti-proliferative properties, and safety profile, are well established. Using microarray-based
whole-transcriptome profiling in RDEB wound skin, several cytokine and chemokine signaling pathways such as
JAK/STAT, IL-6, and IL-20 were found to be upregulated.'*® In silico prediction for compounds that reverse gene
expression signatures highlighted methotrexate as a leading candidate.'** Thus, reverse transcriptomics data predict that
methotrexate may help alleviate systemic inflammation in RDEB, including reduction in itch.'*® Clinical testing is
awaited, but if successful, methotrexate may offer a cheaper and more widely available alternative to biologics or JAK
inhibitors for some individuals. Similarly, immunohistochemical staining of IL-17A demonstrated five- to sevenfold
increase in IL-17A" cells in patients with DEB compared to healthy controls.'** Thus, small molecules and biologics'*
targeting IL-17A, which are also commonly used to treat psoriasis, may be beneficial for some people with DEB.

Wound Healing Promotion: Oleogel-S10

Patients with EB have also listed improving wound healing as a major unmet need. To address this generic shortfall,
Amyrt Pharma has developed Oleogel-S10, composed of 10% birch triterpene extracts, which have been shown to
accelerate wound healing by modulating inflammation, stimulating keratinocyte migration, and imparting an antimicro-
bial effect."**!*” The active components have previously been used in burn and split-thickness skin graft wounds, and
found to accelerate wound healing.'*®'*” In 2017, a prospective, placebo-controlled phase II trial in EB showed clinical
improvements, where 5 of the 12 treated wounds showed faster re-epithelialization albeit without statistical
significance.'*® Recently, a phase III double-blind, randomized, vehicle-controlled trial (EASE) showed that topical
Oleogel-S10, applied at least every 4 days, led to complete wound healing in 41% of the patients within 45 days
compared to 29% in the vehicle arm.'*® Adverse effects were minimal. However, the strength of the wound healing data
for EB, including DEB, associated with Oleogel-S10 was not deemed strong enough by the FDA for product approval. In
contrast, in June 2022 the EMA approved use of Oleogel-S10 to promote wound healing in EB.

Wound Healing Promotion: Calcipotriol

Calcipotriol is an active vitamin D3 analog that has been used clinically for several years to control the hyperproliferation
of keratinocytes in patients with psoriasis.'*’ Regarding RDEB, Guttman-Gruber et al repurposed this drug to assess its
wound-healing capability.'*' Their preclinical results showed that at low dosages (100nM, ie, approximately 100-fold
less than the concentration used for psoriasis), calcipotriol enhances the antimicrobial peptide cathelicidin (hCAP18),

Therapeutics and Clinical Risk Management 2023:19 https: 467

Dove:


https://www.dovepress.com
https://www.dovepress.com

Hou et al Dove

which promotes wound healing, and leads to improvements in antimicrobial defense.'*' Subsequently, in a randomized,
placebo-controlled clinical trial involving six RDEB patients, calcipotriol-treated lesions showed a significant reduction
of the wounded areas (88%) compared to placebo (66%).'** Itch scores were also significantly reduced within 2—4 weeks
of starting treatment.'*> At present, there are no specific recommendations or formulations of calcipotriol for use in
RDEB. It should be remembered that it is not appropriate to repurpose currently available calcipotriol creams because of
the concentration differences relating to use in psoriasis or RDEB.

Wound Healing Promotion: Laser Therapy

RDEB wounds often display excessive granulation tissue, fibrin deposition, increased vascularity, and secondary infection, which
may all contribute to delayed healing. In a bid to stimulate wound healing, different forms of lasers have been assessed in a small
number of DEB patients. Photomodulation from some lasers may accelerate cell proliferation and collagen. One case study of
a 4-year-old girl with RDEB showed that four sessions of low-level laser therapy (660nm, 100mW, 35J/cm?, 2J per point) over 10
days promoted wound healing.'*® In another RDEB individual, use of a different form of laser, an ablative micro-fractionated
10,600-nm CO, laser, was able to induce complete closure of a chronic wound after two laser sessions 4 weeks apart. Possible
explanations for the good response included photo-microdebridement destroying wound biofilms, as well as synthesis of new
collagen and growth factors.'** Pulsed dye laser, at a low fluence (595nm, 6J/cm?, 6ms, 7—10mm spot size with 10% overlap;
frequency 8 weeks to 8 months), has also been shown to reduce erythema and even blistering in one DDEB patient.'*> Although
several of these responses were deemed impressive, patient numbers are low and control data around the natural history of DEB
wound healing are lacking. For now, there are no formal recommendations on the use of lasers in DEB.

Conclusions

There is a desperate requirement to develop new and more effective therapies for all forms of DEB, with RDEB patients
having the greatest burden of disease and unmet need. Nevertheless, several new therapies are being tested in patients
which offer great hope for better clinical management. New treatments include both “intention to cure” approaches as
well as interventions that target secondary inflammatory pathology or which directly try to improve patient symptoms. It
is likely that optimal treatment of DEB will require combinations of therapy, concurrently or sequentially. The approval
in May 2023 of the B-VEC topical COL7A1 gene therapy for RDEB wounds represents a substantial advance in
therapeutics for this inherited blistering skin disease. Much still needs to be done, but there are realistic prospects for
improving the quality of life for many individuals with DEB in the not-too-distant future.
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