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Gene Delivery to the Skin — How Far

Have We Come”?
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Gene therapies are powerful tools to prevent, treat, and cure human diseases.
The application of gene therapies for skin diseases received little attention so
far, despite the easy accessibility of skin and the urgent medical need. A major
obstacle is the unique barrier properties of human skin, which significantly limits
the absorption of biomacromolecules, and thus hampers the efficient delivery of
nucleic acid payloads. In this review, we discuss current approaches, successes,
and failures of cutaneous gene therapy and provide guidance toward the develop-
ment of next-generation concepts. We specifically allude to the delivery strategies
as the major obstacle that prevents the full potential of gene therapies — not only
for skin disorders but also for almost any other human disease.

Do We Need Gene Therapy for Skin Diseases?

Gene therapies, including RNA-based approaches, gene augmentation, and gene editing (Table 1),
are powerful tools to prevent, treat, and cure a multitude of human diseases [1]. The first gene ther-
apy, Glybera (see Glossary), obtained regulatory approval in 2012 and at least eight more followed
since then. Modern cutaneous gene therapy was pioneered by Paul Khavari and his group, who pub-
lished first studies on the delivery of the transglutaminase 1 gene into congenital ichthyosis patient
cells using retroviruses back in 1996 [2]. Since then, incredibly fast advancements, especially in the
field of CRISPR-based gene editing, have propelled the potential applications of gene therapies.
Hence, the drug development pipelines and clinical trials are full of gene therapy-based approaches
that provide a new lever for the treatment of previously untreatable conditions [3]. Interestingly, the ap-
plication of gene therapies for skin-related diseases has received comparably little attention so far, de-
spite the easy accessibility of human skin and the urgent medical need [4].

An impaired skin barrier may pose a serious threat to health, and skin diseases significantly affect
physical and psychological well-being. In fact, they belong to the most frequent diseases of
humans causing a significant economic burden worldwide [5]. In principle, all types of skin diseases
are candidates for gene therapy, ranging from inflammatory diseases over skin cancer to
genodermatoses. Genodermatoses are a diverse group of rare, often severe skin diseases that re-
sult from a variety of single mutations in 500 or more genes. One of the most common
genodermatoses is epidermolysis bullosa (EB), a rare genetic condition that results in blistering
of the skin and mucous membranes with severity ranging from mild to fatal [6]. While EB persists
into adulthood, it is especially significant in neonates who suffer from higher mortality rates in
some instances because of dehydration and infection [6,7]. Further examples for genodermatoses
are congenital ichthyosis and the Netherton syndrome. So far, genodermatoses cannot be
cured, and current treatment options purely rely on the relief of symptoms. A potentially curative
strategy is to repair the disease-causing mutations within the host genome using gene editing
[1,8]. This, together with the high medical need, makes genodermatoses the prime candidate for
cutaneous gene therapy.
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treatment of inflammatory, genetic, and
cancer-related skin diseases.

The skin barrier function and the low
number of cells that get transfected are
the main hurdles for cutaneous gene
therapy and contribute to the fact that
gene therapies for skin diseases are an
underexplored area.

Gene editing provides an approach to
cure rare and severe genodermatoses-
like epidermolysis bullosa. First studies
demonstrate the potential and invaluable
impact these treatments may have even
if only a small percentage of the gene
function can be restored.

Recent advancements demonstrate
the power of non-viral delivery systems
for the delivery of gene therapeutics to
the skin. They may prove superior to
viral vectors, the current gold standard,
because their use is not limited by
packaging size, serious safety con-
cerns, or manufacturing issues.
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Overall, however, the absorption of biomacromolecules, such as gene therapeutics into the skin,
is highly restricted due to its unique composition and structural organization (Figure 1; Box 1). In
fact, human skin only allows efficient absorption of small [molecular weight (MW) < 800 Da] and
moderately lipophilic (logP 1-3) molecules [9,10], which makes it an exceptionally challenging
target for gene delivery.

Hence, the focus of this review is to provide insight into the strengths and limitations of skin-
relevant gene delivery strategies. In fact, efficient, targeted, and safe gene delivery is the major
obstacle that currently hampers the translation of gene therapies from bench-to-bedside — not
only for skin disorders but also for almost any other human disease [11]. Further, we discuss
the successes and failures of intradermal gene therapy and provide guidance toward the develop-
ment of next-generation concepts.

Delivery of Gene Therapies to the Skin

Viral Gene Delivery

Viral vectors currently are the most effective carriers for gene delivery due to their innate capability
to infect both dividing and quiescent cells. Currently, 70% of ongoing gene therapy clinical trials
are viral vector based [12]. Nonintegrating viral vectors, such as adenoviral vectors and adeno-
associated viral vectors (AAVs), offer the advantage of inherent infection ability without triggering
potential problems due to insertional mutagenesis [13]. AAVs seem to be less immunogenic than
other viruses, but the risk of pre-existing immunity limits their transfection efficacy and prevents
re-dosing regimens [14]. By contrast, lentiviral vectors, which belong to the retroviruses, maintain
stable long-term transgene expression but are capable of genome integration, which increases
the risk for insertional mutagenesis [15].

Despite their efficacy, the use of viral vectors is accompanied by considerable challenges, the
biggest of which is the limited cargo size. AAVs (20 nm), for example, can only encapsulate
approximately 4.7 kb of genetic cargo. Gene-editing tools such as CRISPR require a much larger
and/or additional carriers for efficient delivery. To overcome the size caveat, the use of dual
vectors has been proposed: one for the Cas9 and the other for the single guide RNA (sgRNA)
[16]. However, the success of this approach relies on the simultaneous intracellular delivery of
sgRNA and Cas9. Further, curative approaches for recessive genodermatoses require the simulta-
neous delivery of donor templates, which cannot be achieved using viral vectors. Recent advance-
ments of the CRISPR-Cas technology, such as prime editing, enable more precise cutting and
higher editing efficacies, but viral vectors cannot serve as delivery tools as the reverse transcriptase
(7 kb) cannot be encapsulated [17]. Although lentiviral vectors (80—-100 nm) can encapsulate larger
genomic materials (approximately 10 kb) [18,19], their safety remains controversially discussed [15].

In addition to packaging constraints, the broad tissue-targeting ability of viral vectors can be
problematic as the long-term expression of gene-editing molecules may result in off-target effects
and immunogenicity [20]. Finally, the design of viral vectors requires complex manufacturing pro-
cesses at the highest standards, which raises cost-related problems [21].

Non-viral Gene Delivery Systems

Lipid-Based Nanoparticles

Today, lipid-based nanoparticles (LNPs) are the most advanced, non-viral gene delivery
systems. In fact, the approval of ONPATTRO in 2018, the first-ever siRNA-based drug, has
paved the way for a new class of gene therapies. LNPs have become a clinically validated
platform technology to deliver genetic material of nearly any size, for example, <20-kbp DNA
vectors have been successfully delivered in a preclinical setting [22], and about 11.5-kb self-
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Glossary

CT: type VIl collagen which is frequently
mutated in epidermolysis bullosa.
Congenital ichthyosis: a group of rare
genodermatoses; mild to fatal phenotypes
possible; usually manifests as a severe
keratinization disorder.

CRISPR-Cas: clustered regularly
interspaced short palindromic repeats
and CRISPR-associated protein; efficient,
fast, and simple gene-editing technology;
second generation of gene-editing tools.
Da: Dalton, unit of the molecular weight.
Donor template: nucleic acid delivered
into a cell to insert or change large
sequences of DNA in the genomic target
region. It provides a functional copy of a
mutated gene.

Epidermolysis bullosa (EB): a
heterogenic group of rare but severe
genodermatoses.

Glybera: the first-ever approved gene
therapy to treat lipoprotein lipase
deficiency, a rare inherited disorder
which can cause severe pancreatitis.
LAMB3 cDNA: a DNA copy of LAMB3
mRNA.

Lipid-based nanoparticles: Colloidal
drug carrier systems that consist of
lipids.

logP: a partition coefficient or distribution
coefficient is the ratio of concentrations of
a compound in a mixture of two
immiscible solvents at equiliorium.
Indicates the hydrophilicity or lipophilicity
of a compound.

Melanoma: highly malignant, often
aggressive, metastatic, and drug-
resistant type of skin cancer.

miR: micro RNA; important role in
post-transcriptional gene expression
regulation.

Monogenic: mutation in a single gene.
Netherton syndrome: rare,
monogenic skin disorder caused by
damage in a gene called SPINK5, which
leads to a significantly impaired skin
barrier function.

ONPATTRO: the first-ever sSiRNA
therapeutic based on lipid nanoparticle
technology for treating polyneuropathy
in people with hereditary transthyretin-
mediated amyloidosis.

Orphan designations: special status
to a drug or biological product (drug) to
treat a rare disease or condition.

PLGA: a biodegradable and non-toxic
FDA-approved co-polymer of poly-lactic
acid and poly-glycolic acid.

pKa: indicates the strength of an acid.
Alower pKj, value indicates a stronger
acid.



amplifying RNAs encoding for SARS-CoV-2 (severe acute respiratory syndrome-coronavirus 2) pro-
teins are currently being tested in the clinic as COVID-19 (coronavirus disease 2019) vaccines [23].
This revolutionary discovery offers the potential to treat human skin disorders by silencing pathogenic
genes, expressing therapeutic proteins, or correcting genetic defects [24]. Rapid mixing and
microfluidic procedures enable efficient large-scale manufacturing crucial for entering into routine clin-
ical practice. Until recently, however, only a few studies explored the use of LNPs for treating skin

disorders.

Cell

Historically, cationic lipids [such as 1,2-dioleoyl-3-trimethylammonium propane, (DOTAP)] in
combination with helper lipids (e.g., phospholipids or cholesterol) have been used to complex,

Table 1. Overview of the Current Gene Therapy Tools
Tools

RNA-based therapies a) Messenger

RNA (mMRNA)
mMRNA ds siRNA
RNA
C
AON
c) AON

Gene augmentation a) Plasmid DNA

a b b) Minicircle DNA
4 \\ ( ( \ ¢) Mini-string
\ ] ‘ DNA
DNA Minicircles
N
DNA Plasmid DNA Ministrings
Gene repair and editing a) ZFN and b)
Insertion, deletion, or replacement of genes TALEN
a b proteins detect
’ . target DNA
Zinc Finger Nuclease  TALEN
sequences.
Fok I —(Fok T ¢) RNA-guided
technology
(CRISPR/Cas9)
C d
CRISPR/Cas9 Base Editing

SgRNA

&) r~
Adenosine
Deaminase Deaminas

a) Base editing

Features

* |Induce the production of
desired protein to restore normal
function

e Short double-stranded RNA
fragments

® Triggers mRNA degradation
or blocks its transcriptions

® Short sequences of modified
DNA or RNA

¢ Inhibit MRNA translation into
proteins

o Wild-type copy of mutated gene
* Transient gene knock-in or
DNA-directed RNA interference
(gene knockdown)

® Programmable, sequence-
specific DNA-binding modules
linked to a nonspecific DNA
cleavage domain

o A target-specific guide RNA
(gRNA) complexes with the
Cas9 nuclease protein

* Induction of double-strand
breaks (DSBs) at target site
*DSBs are repaired either by
nonhomologous end joining or
homology-directed repair

*An impaired Cas9-sgRNA
combined with deaminase (a
catalytic enzyme which
permanently alters the chemical
sequence of single base).

Advantages

+ Promising for
‘undruggable’ targets

+ Easy and rapid chemical
synthesis

+ Cost effective and stable
shelf life

+ Allows personalized
medicine

+ Low immunogenicity.

+ Regulated gene
expression

+ Easy to design and
cost effective

4 Flexible for
personalized medicine
+ Low immunogenicity

+ Broad range of gene
editing

+ Cas nucleases can be
delivered as DNA, mRBNA,
or RNP, which refers to
preassembled Cas9
protein—-gRNA complex

+ Fast, cheap, simple

+ RNP: higher editing
rates and less off-target
effects than plasmid-based
Cas expression

+ Conversion of single
bases or base pairs
possible

+ No DSBs

+ Correction of single-
nucleotide polymorphism

REVIEWS

Stratum corneum (SC): outermost,
nonviable layer of human skin; exerts the
main barrier functions.

TALEN: transcription activator-like
effector nucleases; first generation of
gene-editing tools.

ZFNs: zinc-finger nucleases; first
generation of gene-editing tools.

Challenges

- Poor
pharmacokinetic
properties

= Variable efficacy
in suppression of
target protein

= Off-target effects

= Translocation into
the cell nucleus is
required

= Readministration
is required for
long-lasting effects

= Time-consuming
and labor-intensive
de novo protein
engineering

= Transfection is
challenging

- Risk of off-target
effects unclear

= Transfection is
challenging

= Risk of off-target
effects remains
unclear
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Figure 1. Structure of Human Skin. (A) Human skin is composed of three layers: the epidermis, which mainly consists of keratinocytes; the dermis, which contains
connective tissue, sweat glands, and hair follicles; and the hypodermis, which is mainly composed of adipose tissue. (B) In the epidermal layer, keratinocytes undergo
continuous maturation and differentiation resulting in four epidermal layers: stratum basale, stratum spinosum, stratum granulosum, and the stratum corneum (SC),
which forms the outermost layer of the skin. A schematic depiction of mouse epidermis (created with BioRender.com) highlights the anatomical differences between
human and mouse skin. (C) The SC consists of terminally differentiated keratinocytes (= corneocytes), which are connected by corneodesmosomes and surrounded
by an insoluble cornified envelope. Corneocytes are embedded in highly lipophilic lipid layers mainly composed of ceramides, cholesterol, and fatty acids.

protect, and deliver nucleic acids [25]. These lipoplexes and related transfection reagents such
as Lipofectamine are powerful agents for introducing gene constructs into cells in vitro. Al-
though promising, these systems have little clinical utility due to carrier-related toxicity attrib-
uted to the permanent cationic charge and immune activation. In addition, certain cationic
lipids, including DOTAP, have even shown inhibitory effects for efficient cutaneous gene trans-
fer [26,27].

A key advancement of LNP technology was the identification of ionizable cationic lipids such
as DLIn-MC3-DMA [28,29]. This class of lipids possesses an acid dissociation constant (pK,) of
approximately 6.5. This ensures that the lipid is neutral under physiological conditions [28], and
positively charged at acidic pH to enable efficient entrapment of nucleic acids. This discovery
significantly reduced carrier-related side effects and thus improved the therapeutic index
by several orders of magnitude. Upon LNP internalization, the low endosomal pH allows for
protonation of the ionizable lipid, resulting in destabilization of the endosome via interaction
with negatively charged endosomal lipids, and finally cytoplasmic release of the genetic pay-
load (Box 2) [30]. Conclusively, the ionizable lipid has a threefold function: efficient interaction
and entrapment with nucleic acid drugs, reduction of particle toxicity, and facilitation of
endosomal escape [28].

Utilizing LNP technology to deliver gene-editing complexes holds great promise as a therapeutic
approach for skin diseases. In fact, LNPs are capable of delivering CRISPR gene-editing compo-
nents in DNA, RNA, or RNP (ribonucleoprotein) form, thereby overcoming typical delivery
problems such as proteolytic degradation in the skin. Akin to nucleic acid drugs, Cas9 RNP
complexes typically bear a net negative charge, and it has been shown that Cas9 RNP can
also be delivered using LNP technology [31-34].
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Box 1. Structure of Human Skin

Human skin exerts several vital functions as it protects the human body from excessive transepidermal water loss and
prevents the entry of xenobiotics and microbes. It is characterized by a highly sophisticated structural organization and
is composed of three main layers: the epidermis, the dermis, and the hypodermis. Epidermis and dermis are connected
by the basement membrane, epidermal-dermal junction, which also anchors the epidermis and dermis through proteins
such as collagen and integrins, providing resistance against external shear stress.

The epidermis encompasses three main cell populations: keratinocytes, which make up 99% of the cells, melanocytes,
and highly specialized immune cells, the Langerhans cells. Keratinocytes derive from the skin stem cells, which are located
in the stratum basale, then undergo continuous maturation and differentiation, forming three different epidermal layers: the
stratum spinosum, stratum granulosum, and SC (Figure 1) [9,10]. Except for the SC, all skin layers are metabolically active.
The outermost layer of the human skin, the SC, consists of corneocytes — terminally differentiated keratinocytes which are
interconnected by keratin filaments and are enclosed within an insoluble amalgam of crosslinked skin proteins. The
corneocytes are embedded in a highly lipophilic skin lipid matrix. The lipid matrix is a mixture of ceramides, cholesterol,
and fatty acids, organized in an orthorhombic lattice packing that determines the unique barrier properties of human skin.

The dermis is an elastic connective tissue which is highly vascularized and, thus, supports the epidermis as well as the skin
appendages, such as hair follicles, sweat, and sebaceous glands. Fibroblasts, the primary cell type of the dermis, produce
and secrete structural proteins such as collagen fibers, elastin, and proteoglycans that together form the extracellular
matrix, in which further immune cells such as macrophages, mast cells, and dendritic cells are embedded.

The hypodermis is rich in adipose tissue, collagen, and elastic fibers and, thus, acts as a cushion and protects the body
against temperature variations. This loose connective tissue further aids the support of nerves and blood vessels in the skin.

Future advances in LNP-based cutaneous gene therapy will rely on lipid library screens coupled
with structure—activity—relationship analyses to tailor and optimize the LNP properties for skin ap-
plications. For example, a recent study demonstrated that the complexing lipid type significantly
affects the delivery of self-amplifying messenger RNA to human skin explants [27]. The zwitter-
ionic lipid cephalin enabled a sevenfold increase in luciferase expression as compared with the
cationic lipid DOTAP. In addition, the effect of different administration routes needs to be
assessed due to potential translational blockage caused by innate immune responses, as
recently shown for LNP self-amplifying RNA systems injected intradermally [35].

Polymeric Nanoparticles
Polymer-based gene delivery systems are a diverse group of non-viral vectors. Cationic poly-
mers easily form spherical complexes (= polyplexes; 50-200 nm diameter) with negatively

Box 2. Extra- and Intracellular Barriers for Non-viral Delivery Systems

Non-viral gene delivery systems such as lipid nanoparticles (LNPs) or polymeric nanoparticles face several extracellular and
intracellular barriers that must be overcome before generating any therapeutic effect. Consequently, non-viral delivery
systems are designed to prevent the degradation of genetic material through endonucleases, escape immune detection,
and reduce nonspecific interactions [25]. In addition, the delivery systems need to reach the target tissue, enter the cells,
escape the endosomes, and unpack the genetic material. For RNA-based therapies, delivery into the cytosol is sufficient,
whereas for DNA vectors and gene-editing tools, the nucleus needs to be reached. Cellular uptake mechanisms of non-viral
delivery systems include adsorptive or receptor-mediated endocytosis. The latter is based on specific interactions of endogenous
(i.e., serum proteins covering nanoparticles) or exogenous (i.e., chemically conjugated moieties) targeting ligands on the
nanoparticle with cell surface receptors. Once internalized, the non-viral delivery systems become hostile within the endocytic
vesicles that rapidly acidify to pH 5-6. In the case of polymer-based gene delivery systems, proton-accepting amines prevent
the acidification, leading to osmotic vesicle swelling and finally endosomal membrane rupture (proton sponge hypothesis)
[92]. By contrast, the protonation of lipids within the acidic endosomes triggers an association with anionic endosomal
lipids. The formation of membrane disruptive non-lamellar structures facilitates the subsequent endosomal escape (shape
hypothesis) [93].

Overall, the performance of non-viral delivery systems can be enhanced by both chemical and physical engineering
strategies. Size, zeta potential, and geometric optimization are mandatory, and chemical engineering, such as the
conjugation of targeting ligands and cell-penetrating peptides or the generation of stimuli-responsive nanoparticles, may
facilitate the cellular entry and endosomal escape [30].
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charged genetic cargo due to electrostatic interactions. The most commonly used polymers
for skin applications are polyethyleneimine (PEIl) and its derivatives, as well as poly-([3-amino
ester) (PBAE).

Numerous in vitro and in vivo studies have demonstrated the potential of PEI-based nanoparticles
(NPs) for the treatment of skin diseases due to its high transfection efficacy and efficient
endosomal escape (Box 2). At the same time, PEl is also known for its pronounced toxicity.
Notably, both transfection efficacy and cytotoxicity of cationic polymers are directly proportional
to their MW [36] — high MW PEl relates to high transfection efficacy and high toxicity. At the same
MW, however, branched PEI complexes genetic cargo 15-fold more efficiently than linear PEI.
Nevertheless, linear PEl is more suitable for in vivo applications due to its better biocompatibility
[37,38]. For example, linear PEI was shown to complex viral RNA that activates innate immune
receptors in melanoma (e.g., Toll-like receptors) highly efficiently. Intratumoral injection of
these polyplexes caused prominent T-cell infiltration, resulting in potent antitumor activity without
any major side effects [39]. These findings formed the basis for an ongoing Phase I/Il clinical trial
for melanoma immunotherapy (NCT02828098).

To increase the biocompatibility of PEI-based NPs, low MW PEI can be copolymerized with
neutral and biocompatible moieties. For example, polymerization of cyclodextrins with LMW
PEI showed improved biocompatibility compared with native PEI, and at the same time, a fourfold
increased transfection efficacy [40]. Similarly, conjugation of PEI with PLGA [poly(lactic-co-
glycolic acid)] yielded efficient siRNA encapsulation and transfection of dendritic cells, resulting
in the restoration of cell maturation and functionality, yielding significant allogeneic T-cell prolifer-
ation in vitro [41].

Another avenue is the use of ‘smart’ polymers that respond to changes in the biological environ-
ment. For example, Chen and colleagues [42,43] evaluated the effect of fluorination and the
bioreducibility of cationic hyperbranched poly(amido amines). Reducible fluorinated polymers
complexed well with siRNA and induced superior gene knockdown compared with nonreducing
polyplexes following intravenous and tumoral injection in mice. Liu and coworkers [44] engineered
redox- and pH-sensitive NPs based on a galactose-functionalized n-butylamine-poly(L-lysine)-b-
poly(L-cysteine) polypeptide core, coated with sheddable polyethylene glycol copolymers for
targeted delivery of miR155 to tumor-associated macrophages. The polyethylene glycol shielded
the cationic core at physiological pH but quickly switched to a positive charge in the acidic tumor
environment and, thus, shed off to re-expose its core. These polyplexes effectively transfected
tumor-associated macrophages and induced miR155 expression by 100-400 times both
in vitro and after intratumoral injection in melanoma xenografted mouse models. Although this
is a very elegant approach, complex NPs like that are often considered as too complicated for
commercial applications.

PBAEs are another class of cationic polymers for gene delivery into the skin, yielding transfection
efficacies comparable with viral vectors. So far, more than 2000 versatile linear PBAEs have been
designed, and some linear PBAEs show superior effects compared with PEI [45] and viral vectors
[46]. Again, branching of the cationic polymers dramatically increases the transfection efficacy
[47]. In fact, highly branched PBAE-based NPs efficiently delivered minicircle DNA encoding for
COL7A1 to EB patient-derived keratinocytes ex vivo [48]. The topically applied PBAE NPs effi-
ciently restored the production of collagen VIl in EB models and showed lower cytotoxicity than
PEI [47,49]. These promising data led to the first topical gene therapy product candidate
based on highly branched poly-(3-amino esters) (HPBAEs), which has been licensed by Amryt
Pharma in 2018',
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Overall, polymeric NPs are increasingly used for gene delivery to the skin. However, it should be
noted that most of the studies are still in an early preclinical phase, which leaves the actual transla-
tional value ambiguous [48,50,51]. Although polymeric NPs do not have the natural infective ability
of viruses, by leveraging our understanding of cell biology and bioengineering of synthetic bioma-
terials, the development of stable, multifunctional, and highly effective gene delivery systems has
advanced [52]. So far, however, the clinical translation of polymeric NPs is limited by efficient
endosomal escape and lower transfection efficacies compared with viral vectors. In fact, PEI effi-
cacy ranges between 1/10th and 1/1000th of an adenoviral vector depending on the MW [53].

Physical Methods

Harnessing physical and barrier disruptive methods holds great potential for gene delivery
to the skin. Electroporation is the most extensively studied method and frequently used in
experimental settings. High-intensity electrical pulses transiently create pores in the cell
membrane, which facilitates the cellular entry of biomacromolecules yielding high transfec-
tion efficacies [54]. Nevertheless, pronounced cytotoxicity attributed to pH changes prevents
widespread in vivo applications [55]. More suitable for clinical applications is iontophoresis,
where low-intensity electrical currents are applied that enhance and guide the cell penetration
of charged molecules [56]. For example, the application of noninvasive iontophoresis yielded
comparable delivery efficiencies for STAT3 siRNA in melanoma mouse models as intratumoral
injections [57].

The application of ultrasound (sonoporation) also yields successful gene delivery beyond tight
biological barriers. Sonoporation temporarily permeabilizes the cell membrane and facilitates the
penetration of genetic cargo into cells [58]. As such, sonoporation enabled the topical penetration
of miR-197 in psoriatic mouse models, followed by a significant downregulation of interleukin-17
(IL-17) and IL-22 receptors [59]. For intradermal delivery, low and medium ultrasound frequencies
are used, yielding high ‘cavitational effects’ and triggering the formation of vapor-filled bubbles,
which ultimately collapse and form pores in the cell membrane. One limitation of this technique is
the low transfection efficacy compared with electroporation since cavitation does not occur
uniformly and cannot be controlled in skin tissue [60].

Of special interest for dermal applications are hollow and dissolvable microneedles (MNs;
50-1500 pm) that overcome the stratum corneum (SC) by the formation of microscopic
pores through which small and biomacromolecules may freely penetrate the viable epidermis
[61]. The pores close within 1 h and leave the skin fairly unaffected [62]. Up to a length of
500 um, application of MNs is painless as they are too short to activate nerves in the dermis.
MNs have been successfully used for intradermal delivery of DNA [63], siRNA [64], proteins
[65,66], and peptides [67]. Especially hollow MNs seem promising for the topical delivery of nucleic
acids [61]. For example, they enabled the intradermal delivery of STAT3 siRNA into melanoma
mouse models, which reduced STAT3 messenger RNA expression by 60% and tumor weight
and volume by 80% [68]. Among current limitations for clinical applications are the limited loading
capacity and challenges when it comes to whole-body administrations.

State of the Art in the Gene Therapy for Skin Diseases

Currently, gene therapies for skin diseases are mainly explored in preclinical settings. In fact, of
the 1052 clinical trials involving gene therapy, only 23 studies are focused on skin conditions
[69], out of which, EB is the most frequently studied followed by melanoma and few trials that
focus on the Netherton syndrome and congenital ichthyosis (Table 2). However, all current
melanoma studies pursue a systemic approach by utilizing, for example, genetically modified
T cells to increase their antitumor activity [70], which is beyond the scope of this review.
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Table 2. Non-Exhaustive List of Currently Ongoing Clinical Trials in Cutaneous Gene Therapy

Clinical trial

NCT04186650:

Clinical trial for RDEB using autologous
skin equivalent grafts genetically
corrected with a COL7A1-encoding SIN
retroviral vector

NCT04227106:

Open-label clinical trial of EB-101 for the
treatment of recessive dystrophic
epidermolysis bullosa (RDEB)

NCT02810951:

A phase /Il study of FCX-007
(genetically-modified autologous human
dermal fibroblasts) for recessive
dystrophic epidermolysis bullosa (RDEB)

NCT01263379:

A phase 1/2A single center trial of gene
transfer for recessive dystrophic
epidermolysis bullosa (RDEB) using the
drug LZRSE-Col7A1 engineered
autologous epidermal sheets (LEAES)

NCT01545323:

Phase | study of ex-vivo lentiviral gene
therapy for the inherited skin disease
Netherton syndrome

NCT03536143:

A phase Il study of beremagene
geperpavec (KB103), a non-integrating,
replication-incompetent herpes simplex
virus 1 (HSV-1) vector expressing the
human collagen VII (COL7) protein, for
the treatment of dystrophic
epidermolysis bullosa (DEB)

NCT04047732:

A phase I/ll clinical trial of topical KB105,
a replication-incompetent,
non-integrating HSV-1 vector
expressing human transglutaminase 1
(TGM1) for the treatment of
TGM1-deficient autosomal recessive
congenital ichthyosis (ARCI)

NCT03605069:

A first in human, double-blind,
randomized, intra-subject placebo-
controlled, multiple dose study of QR-313
evaluating safety, proof of mechanism,
preliminary efficacy and systemic
exposure in subjects with DDEB or RDEB
due to mutation(s) in Exon 73 of the
COL7A1 gene

Clinical
phase

11

11

I/lla

/11

/1

Estimated
enrolment

12

10

Approach

Ex vivo approach; regrafting of genetically
corrected autologous skin equivalent
grafts onto adult RDEB patients

EXx vivo approach; one-time surgical
application of approximately 30
autologous, gene-corrected keratinocyte
sheets for the treatment of RDEB wound
sites

Ex vivo approach; FCX-007 are genetically
modified autologous skin fibroblasts. The
cells are expanded and genetically
modified to produce functional collagen
VIl followed by intradermal injection

Ex vivo approach; RDEB cells are
transfected with a collagen 7 gene
using a retrovirus followed by the
growth of skin sheets using the
gene-corrected cells and regrafting
onto patients

Ex vivo approach; generation and
regrafting of autologous skin sheet graft
generated from SPINK5 transduced
cells

In situ; topical beremagene geperpavec
(KB103, HSV1-COLY7 vector) can safely
and effectively promote healing of DEB

patient wounds

Topical application of KB105, a
replication-incompetent, nonintegrating
Herpes simplex virus type 1 (HSV-1)
vector expressing human
transglutaminase 1 (TGM1) formulated
as a topical gel in TGM1-deficient ARCI
patients

In situ; topical application of QR-313
[21-nucleotide AONs targeting COL7A1
pre-messenger RNA] in subjects with
confirmed dominant dystrophic
epidermolysis bullosa or recessive
dystrophic epidermolysis bullosa
mutations in the COL7A1 gene

Primary
completion
date

July 2021

September
2020

July 2020

December
2023

February
2018

No
published
data yet
available

February
2020

March
2020

September
2020

Some clinical reports demonstrate the power gene therapies have for the treatment of severe skin
diseases. For example, a 7-year-old boy who suffered from a life-threatening form of EB was
treated with a gene augmentation approach [71,72]. A biopsy was taken from his skin; his
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keratinocytes were expanded ex vivo and transfected with a retrovirus expressing a full-length
LAMB3 cDNA. Subsequently, large skin sheets were grown from the transfected keratinocytes,
which were ultimately regrafted onto the boy. The transgenic skin grafts replaced 80% of the
patient’s skin, and after 21 months, his skin had regained a normal appearance without any
detachment from the dermis [8]. This long-term effect likely resulted from a co-incidental transfection
of skin stem cells, which drive the skin regeneration.

The successful outcome of this study provided a blueprint for ex vivo gene therapies of
genodermatoses. In fact, several clinical studies are currently investigating the efficacy and safety
of viral vector-based gene therapy for EB and congenital ichthyosis, either by applying the vector
topically or by regrafting approaches (Table 2). The first results are expected in 2020/2021.

With the emergence of CRISPR, gene editing is currently heavily investigated for the treatment of
EB. CRISPR’s potential for the correction of both dominant and recessive disease-causing
mutations has been repeatedly demonstrated so far only in vitro and in xenografted rodent
models [72-76]. Each of these studies yielded the restoration of the gene function in a significant
number of cells (£70%), which is considered sufficient for the development of a scarless pheno-
type after engraftment onto a human body. The application of CRISPR is also being expanded to
in vivo approaches. Wu and colleagues [77] restored C7 gene function in EB mouse models by
delivering sgRNA/Cas9 RNP complex via intradermal injections followed by electroporation to
facilitate the transfection of skin stem cells. The skin adhesion area improved from 30% to
60%, but only 2% of stem cells were edited.

Despite the great interest in CRISPR, siRNA-based therapies are still the most widely studied
approaches. Pachyonychia congenita, an autosomal dominant genodermatoses caused by
mutations in keratin, was the first skin disease to undergo clinical studies involving siRNA treat-
ments (NCTO0716014). Here, siRNA that targets the disease-relevant mutations was intradermally
injected, yielding promising regression of the disease [78]. Unfortunately, the pain associated with
frequent intralesional administration precludes a clinical translation. Consequentially, considering
the potential of siRNA therapeutics for skin disorders, the interest in efficient and less invasive
delivery methods is increasing.

Another strategy for gene silencing is antisense oligonucleotide (AON)-based approaches, which
have been widely explored for the treatment of EB. A study from 2006 pioneered the design of
AONSs for EB treatment. It achieved a restoration of C7 function in 6% of EB patient cells and,
to a low extent, in a xenografted rat model. However, no anchoring fibrils were found, which
would have provided the ultimate proof for the treatment success [79]. Since then, several studies
have verified the therapeutic benefit of AONs in EB treatment [80,81]. Here, Lipofectamine has
been used for the transfection of primary skin cells ex vivo, yielding the restoration of type VIl col-
lagen expression in 6%-50% of the cells. Notably, in vivo administration either intradermally or in-
travenously resulted in significantly lower restoration rates (10%-14%). Overall, preclinical
CRISPR data indicate its superiority over AONSs.

Nevertheless, AONs have also been explored for the treatment of inflasmatory skin diseases [82]
and melanoma [83]. For the latter, AONs mainly aim to inhibit the expression of antiapoptotic
proteins such as survivin and B-cell ymphoma/leukemia 2, while cytokine production is targeted
for the treatment of inflammatory diseases. Physical methods have been harnessed to increase
AONSs' penetration after topical application. For example, iontophoresis was used to enhance
the topical absorption of AON-loaded polyplexes for skin cancer treatment. Synergetic effects
between the polyplexes and iontophoresis increased AONs' skin delivery threefold compared
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with free AONSs yielding reduced tumor volumes of 45% versus 20% in mice [83]. This is an excel-
lent example of how to combine different delivery approaches for effective gene therapy. Recently,
Liu and coworkers [84] reported the development of an LNP-based AON formulation targeting the
IL-17A receptor expression as a topical treatment for psoriasis. The topical application to a
psoriasis-like mouse model and 3D skin models and normal human explants resulted in a 72%-—
75% reduced protein expression of the IL-17A receptor compared with the untreated control.

Overall, there are five approved AON therapies to date, but none of these are for skin-related
diseases [85]. Nevertheless, an AON gel formulation targeting disease-relevant mutations of
type VIl collagen in EB patients is currently in clinical phase 2 (NCTO3605069) (Table 2).

Concluding Remarks and Future Directions

A variety of gene therapies have evolved over the past decades with great capacity to treat all
types of skin diseases. Patients suffering from rare and currently untreatable genodermatoses
like EB will be the first to benefit from cutaneous gene therapy due to the high medical need,
simplified approval procedures due to orphan designations, and advanced clinical develop-
ments. Further, the restoration of only 10% of the normal gene function is considered sufficient
to alleviate the skin conditions significantly [86,87]. This seems achievable even in the light of
current gene delivery challenges [1].

In general, gene therapies are administered either in vivo or ex vivo. For systemic diseases or
diseases of the inner organs, intravenous applications are favorable. With skin as a target, this
approach will likely not yield the intended results. The lack of vasculature in the viable epidermis
and the tight epidermal-dermal junction zone prevent the delivery or penetration of bio-
macromolecules to the viable epidermis, which is the target for most skin diseases. Consequen-
tially, enabling gene therapy for skin diseases requires either a treatment of cells outside of the
human body (ex vivo approach) followed by a re-transplantation or a topical, in situ application
which seems favorable as its easily accessible (Figure 2, Key Figure). Nevertheless, the latter is
especially challenging due to the barrier properties of human skin and the unfavorable properties
of genetic cargo, such as high MW, negative charge, and biological instabilities. Further, the target
cells, such as keratinocytes and skin stem cells, are considered ‘hard to transfect’ among primary
cells (see Outstanding Questions).

Today, viral delivery, especially AAV-mediated gene delivery, is the most commonly used
approach. However, preliminary data now indicate that AAVs may pose a cancer risk as
seen in a study in adult dogs with hemophilia A [88], which would have drastic consequences
for this technology if these results are confirmed. The safety, capacity, and pre-existing immu-
nity limitations of viral vectors propel the interest in non-viral delivery systems, which offer
several advantages, such as tailorable sizes, a lack of genomic integration, low (or lower) immu-
nogenicity, cost-effectiveness, and easier scale-up. Among them, LNPs are the most
advanced systems that hold the biggest promise for future applications in skin. However,
each delivery system faces the challenge of reaching the target cells intact, which is almost
impossible considering the barrier properties of human skin. Many studies have demonstrated
that the vast majority of topically applied nanoparticles do not overcome the SC, even in
severely damaged skin [89,90]. Hence, when aiming for an in situ gene therapy for skin
diseases, a combination with physical methods likely holds the greatest potential to enable
an in vivo gene therapy (Figure 2).

Further, there is a general lack of suitable disease models, and most of the published preclinical
work on gene delivery to the skin has been conducted in mice. Notably, mouse skin differs
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Outstanding Questions

Which route of administration will yield
the best results? It seems unlikely
that a systemic application of gene
therapeutics intended for the treatment
of skin diseases may result in any
therapeutic effect in the skin as
reaching the target cells is hampered
due to epidermal-dermal junction zone
and the lack of blood vessels in the
viable epidermis.

What about topical applications?
Entering the viable layers of the human
skin intact is the prerequisite for
correcting or editing genes. However,
it should be noted that the majority of
topically applied delivery systems (viral
and non-viral) are not able to overcome
the stratum corneum, even in barrier-
deficient skin.

Are physical methods such as
iontophoresis or microneedles suitable
to facilitate the topical delivery of
delivery systems? A simultaneous
application may prove beneficial. Alter-
natively, denudation of the upper skin
layers may provide direct access to
the viable epidermal layers and/or the
skin stem cells.

What is the best strategy to enable
the efficient and safe delivery of
gene therapeutics to human skin?
Viral delivery systems are still the
gold standard but they have distinct
limitations. Among non-viral delivery
systems, lipid-based nanoparticles
are the most advanced, but does
this also hold true for gene delivery
to the skin?

What transfection efficacy is required
to achieve a cure for skin diseases?
For genodermatoses, first studies
indicate that the recovery of 10% of
intrinsic gene function is sufficient to
rescue the phenotype. Nevertheless,
the effect will be limited to 28 days
if keratinocytes are being targeted
due to the continuous epidermal
regeneration. For long-lasting effects,
skin stem cells need to be targeted.

How can we target skin stem cells?
Aiming for a curative approach,
transfection of skin stem cells is
inevitable. The knowledge about skin
stem cells, however, is rather poor
due to methodological and technical
challenges.
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Key Figure
Application of Gene Therapies for the Treatment of Skin Diseases
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Figure 2. (A) Viral, non-viral, and physical methods can be employed to deliver genetic cargo efficiently into skin (stem) cells.
(B) To enable gene therapy, the genetic cargo can be introduced ex vivo, after which transgenic skin sheets can be regrafted
onto the human body, something which is currently already applied in the clinics. Another more elegant approach is in situ
gene therapy which allows the topical application of gene therapies in vivo, but this still requires substantial research
efforts. AAV, adeno-associated virus; AON, antisense oligonucleotide; LNP, lipid-based nanoparticle; LV, lentivirus; PNP,
polymeric nanoparticle; RISC, RNA-induced silencing complex; RNP, ribonucleoprotein.

significantly from human skin. The difference in the sheer number of epidermal layers (1-3 in mice
versus 15-20 in humans) [91] reflects how problematic the translation of findings in mice to the
human situation is and how important it is to evaluate the efficiency of delivery systems in
human-relevant settings.

Overall, to advance the field of cutaneous gene therapy, we first need a better understanding of

how to deliver gene therapeutics safely and efficiently to the target cells. Head-to-head compari-
sons of clinically appropriate delivery strategies are required. Second, we need to increase the
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translational value of our preclinical work. This means incorporating the use of human-relevant
models, such as pig skin, human skin explants, or tissue-engineered skin models, in early pre-
clinical phases and, for in vivo studies, human-based tissue grafted onto mice. Overall, these
are fundamental aspects that, once resolved, will ultimately increase the prospects for large-
scale implementation.

To conclude, we have the tools for gene therapy; we now need to optimize their delivery to the
target site in the skin.
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