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Abstract: Gene therapies have conspicuously bloomed in recent years as evidenced by the increasing
number of cell-, gene-, and oligo-based approved therapies. These therapies hold great promise for
dermatological disorders with high unmet need, for example, epidermolysis bullosa or pachyonychia
congenita. Furthermore, the recent clinical success of clustered regularly interspaced short palin-
dromic repeats (CRISPR) for genome editing in humans will undoubtedly contribute to defining a
new wave of therapies. Like biologics, naked nucleic acids are denatured inside the gastrointestinal
tract and need to be administered via injections. For a treatment to be effective, a sufficient amount of
a given regimen needs to reach systemic circulation. Multiple companies are racing to develop novel
oral drug delivery approaches to circumvent the proteolytic and acidic milieu of the gastrointestinal
tract. In this review, we provide an overview of the evolution of the gene therapy landscape, with a
deep focus on gene and oligonucleotide therapies in clinical trials aimed at treating skin diseases.
We then examine the progress made in drug delivery, with particular attention on the peptide field
and drug-device combinations that deliver macromolecules into the gastrointestinal tract. Such
novel devices could potentially be applied to administer other therapeutics including genes and
CRISPR-based systems.

Keywords: skin diseases; oral biologics; gene therapy; oligonucleotides; CRISPR; oral devices;
drug-device combinations; clinical trials; epidermolysis bullosa; regenerative medicine

1. An Introduction to the Next Generation of Treatments
1.1. Oligonucleotides

Oligonucleotides are nucleic acid chains formed by the polymerization of nucleotides
linked by a phosphodiester backbone. These molecules provide an excellent opportunity
for use in therapeutic interventions due to their rational design and accessibility to targets
unavailable to conventional pharmaceuticals [1-3]. Although various applications for
therapeutic oligonucleotides exist, the common mechanism of action is based on either
the complementary Watson—Crick base pairing between the drug and the target mRNA or
protein interaction through a three-dimensional structure [2-5].

Gene regulation is an application for antisense oligonucleotides (ASO) and RNA inter-
ference (RNAI) in which the oligonucleotide binds to its designated target that contains
a complementary sequence [2-4]. For ASOs, binding of the target mRNA by a single-
stranded oligonucleotide can either facilitate ribonuclease-mediated degradation or cause
a steric blockage that disrupts RNA-RNA and/or RNA-DNA interaction, thereby in-
terfering with RNA splicing [4,5]. In contrast, RNAi relies on the introduction of RNA
molecules including small interfering RNA (siRNA) and microRNA (miRNA) into the cell
cytoplasm where the guide strand is incorporated into the RNA-induced silencing complex
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(RISC), which can then target mRNA for degradation [3,6]. Another approach that also
functions through complementary binding is a class of catalytically active oligonucleotides
called DNAzymes. These single-stranded molecules catalyze a variety of biochemical
reactions such as site-specific RNA cleavage, DNA cleavage, RNA/DNA ligation and
DNA phosphorylation [7-9]. A different approach for therapeutic nucleotides includes a
class that functions through protein—nucleic acid ligand interaction. This class is called
aptamers and consists of a single-stranded oligonucleotide that conforms into a defined
three-dimensional structure that can bind a protein target through adaptive fit [2,10,11].

Despite the existing variety of oligonucleotides and their rising popularity, natural
oligonucleotides suffer from inadequate physicochemical properties that results in low effi-
ciency in vivo [12,13]. To circumvent these flaws, they are enhanced with chemical modifica-
tions. These modifications can be broadly categorized into backbone, base, sugar, and conju-
gate modifications on the oligonucleotide (Figure 1) [3,14-16]. Commonly known and used
modifications include phosphorothioate, 2’-O-methyl, and locked nucleic acids to address
stability, toxicity, and nuclease resistance while conjugations like N-acetylgalactosamine
(GalNAc) have been used to direct targeted tissue delivery [2—4,14,17,18].
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Figure 1. Schematic depicting the most commonly used oligonucleotide modifications. OMe: 2'-O-methyl, MOE: 2'-
methoxyethyl, LNA: locked nucleic acid, PS: phosphorothioate, PO: phosphorodiester, PNA: peptide nucleic acid, PMO:
phosphorodiamidate morpholino oligomer, GalNAc: N-acetylgalactosamine. * These chemistries are used in single
stranded ASOs.

1.2. DNA Editors

Gene editing has gained extensive attention as a strategy to correct disease-causing mu-
tations in the genome. With the advent of clustered regularly interspaced short palindromic
repeats (CRISPR) technology for editing in mammalian cells, CRISPR-based methods have
widely replaced the earlier and more labor-intensive methods for gene editing such as tran-
scription activator-like effector nucleases (TALENSs) and zinc-finger nucleases (ZFNs) [19].
CRISPR-based gene editing has since proven a versatile technology with great impact as a
tool in biological research in addition to potential therapeutic applications ranging from
editing of small disease-causing mutations to excision and replacement of disease-causing
genes with functional copies. CRISPR-based gene editing is a rapidly evolving field of
research that has given rise to several new technologies including CRISPR associated
protein 9 (CRISPR-Cas9), CRISPR base editors, and prime editors [19-21].
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CRISPR-Cas9 mediated gene editing builds on the principle of having a nuclease
capable of creating double strand breaks (DSBs) being targeted to a specific sequence in
the genome by forming a complex with a guide RNA (gRNA) [22]. Once the gRNA-Cas9
has bound its target site, Cas9 will introduce DSB, triggering endogenous DNA repair
pathways which, in turn, cause the editing events. As such, the non-homologues end-
joining (NHE]) repair pathway can lead to disruption of gene function by the introduction
of insertions or deletions in the gene sequence, whereas the homology-directed repair
(HDR) pathway can be exploited for the introduction of a new sequence by providing
the cells with a donor DNA template encoding the desired sequence to be inserted [22].
Such HDR-mediated insertion is inefficient compared to NHE], and the introduction of
a DSB can lead to unwanted indel mutations, making this technology less suitable for
correcting single base mutations in a therapeutic context [21]. A strategy to circumvent this
problem has arisen with base editors, which allow for single base corrections without DSB
induction [21,23,24]. This approach can be used to correct or introduce point mutations
which, in addition, can be used to create premature stop-codons, thereby silencing the
gene [24,25]. Base editing has proven to be a more efficient process for base modification
compared to CRISPR-Cas9 with HDR and relies on the principle of fusing a catalytically
dead Cas9 (dCas9) to a DNA modifying enzyme such as a deaminase [21]. The activity
of the DNA-modifying enzyme is then directed by the gRNA to a specific location in
the genome where it introduces a point mutation. As an example, a deaminase like
tadA can convert an adenine (A) to a guanine (G) by deaminating adenosine into inosine.
Because inosine is read as a guanosine during DNA replication, this leads to an A to G
point mutation. Newer generations of base editors have been developed to increase the
repertoire of possible base changes as well as enhancing the editing efficiency [21,23]. More
recently, prime editing has emerged as a method to directly write new genetic code into
the genome in a “search and replace” manner. With this methodology, a specialized gRNA
contains both a sequence for targeting the complex to the right sequence and a template
for the desired edit. By including an engineered reverse transcriptase in the complex, this
RNA template allows for programmable edits to be incorporated into the genome [26].

Base editing holds great potential for therapeutic applications, but it has not yet
been tested in a clinical setting. In contrast, traditional CRISPR editing is increasingly
being taken forward to clinical applications. The delivery of CRISPR-based technology
remains a major challenge for clinical translation. The need for biocompatible vehicles to
encapsulate such technology and to achieve systemic delivery with tissue specificity are
the main obstacles [27]. Furthermore, the immunogenicity of the bacterially derived Cas9
protein adds to this challenge [28]. Thus, it is not surprising that the main focus so far has
been on ex vivo editing of patient cells. Nevertheless, a recent phase I study has shown a
promising safety profile for in vivo editing of the transthyretin (TTR) gene for the treatment
of transthyretin amyloidosis (ATTR) [29]. ATTR is a fatal disease caused by misfolded TTR
protein forming amyloid fibrils which accumulate in tissues and cause polyneuropathy
and cardiomyopathy. In this study, six patients were dosed intravenously with NTLA-2001,
a CRISPR-Cas9 based gene-editing therapy, formulated in nanoparticles with tropism for
the liver, where >99% of TTR protein is produced [29]. Results from this study showed an
encouraging safety profile with only mild adverse events reported. Successful gene editing
was reflected by TTR concentrations in the serum decreasing by 47-56% and 80-96% in the
lower and higher dose group, respectively [29]. Proof-of-concept for symptom relief and
functional improvement upon the reduction in TTR protein in the serum of ATTR patients
has previously been provided by Patisiran, an siRNA-based therapy that transiently reduces
TTR expression by degradation of TTR-encoding mRNA [30]. Therefore, the above results
indicate that a permanent reduction of TTR could improve patient outcome without the
requirement for life long repetitive administration and associated side effects.

Gene editing and delivery as well as oligonucleotide-based therapies have conspic-
uously evolved addressing unmet patient needs in different fields. While oncology and
hematology lead the list of fields where these therapies are being applied, dermatology also



Pharmaceutics 2021, 13, 1722

40f24

takes a stake centering on rare diseases [31]. The next section compiles such dermatological
applications that have reached the clinic.

2. Gene Therapy in Dermatology
2.1. Gene Therapy and Gene Editing

Gene therapies have not yet been approved to treat skin diseases but the progress
in the field has been remarkable over the last couple of decades. For context, China was
the first country to approve and commercialize a gene therapy product back in 2003 [32].
It was not until 2012 that Glybera became the first gene therapy approved in Europe by
the European Medicines Agency (EMA) for the treatment of lipoprotein lipase deficiency,
an ultra-rare inherited disorder [33]. Five years later, the United States Food and Drug
Administration (FDA) gave approval to Luxturna, ushering in a new range of possibilities
for disease treatment [34]. Today, there are close to a dozen gene therapy products approved
by the different regulatory agencies, and this number is on the rise [4,35].

Progress on gene editing and gene delivery in dermatology is evidenced by a num-
ber of pre-clinical and clinical reports [36]. The biggest strides made in clinical stud-
ies by gene therapy in dermatology have been toward epidermolysis bullosa (EB), fol-
lowed by melanoma and other rare diseases like Netherton syndrome and congenital
ichthyosis [37-39]. EB is a family of rare genetically heterogenous disorders that cause
fragility and blistering of the skin and mucous membranes. Its severity ranges from mild
to fatal. Junctional EB (JEB) is the most severe subtype caused by the absence of anchoring
proteins due to mutations in the laminin 322 genes (LAMA3, LAMB3, and LAMC2) [40].
The skin blistering characteristic of dystrophic EB (DEB) is ascribable to mutations in the
gene that encodes for type VII collagen, COL7A1 [41]. Within the DEB spectrum, recessive
DEB (RDEB) is the most severe form with blisters spread over the whole body also affecting
mucous membranes in the gastrointestinal tract. Milder symptoms of this condition are
noted for dominant DEB (DDEB), primarily localized on the hands, elbows, feet, and knees.
Efforts have been made to deliver the 8833-nucleotide open reading frame of the COL7A1
gene, to DEB patients to restore the production of type VII collagen [42]. Nonetheless, the
large size of the gene hinders its packaging into viral vectors and limits the transduction
efficiency in addition to reducing the viral titer. Most of the gene therapy research has been
ex vivo, focused on cell culture and transplantation of cultured skin grafts [43,44]. Many
groups initially explored the delivery of COL7A1 ex vivo using a retrovirus to correct pri-
mary patient keratinocytes that were later xenografted onto immunodeficient mice [45,46].
Since then, the number of gene therapy approaches that have made it to the clinic has
increased. Recorded clinical trials using gene therapy for EB and other skin conditions are
compiled in Table 1.
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Skin Disease

Clinical Trial

Table 1. Ongoing and completed clinical trials using gene therapy to treat dermatological conditions [47,48].

Company

Biological

Administration

Treatment

Estimated

Ex vivo approaches

Route

Completion Date

Netherton’s Great Ormond Street Agtologous epidermal sheet graft from ex
syndrome NCT01545323 I Hospital for Children NHS N/A Skin graft vivo SPINK5 gene-corrected keratinocyte April 2018
Foundation Trust stem cells using a lentiviral vector
Autologous cultured epidermal grafts
JEB NCE%%%%%B:;;/ZOM I/10 Holostem Terapie Avanzate N/A Skin graft genetically corFected with December 2021
- gamma-retroviral vectors
carrying COL17A1
Autologous cultured epidermal grafts
RDEB NCT02984085 1/1 Holostem Terapie Avanzate N/A Skin graft genetically corrected with December 2020
gamma-retroviral vectors
carrying COL7A1
Intradermal injection of SIN lentiviral
RDEB NCTO%%QS?B/ 201 King's College London N/A Skin graft virus-mediated COL7A1 gene-modified March 2018
autologous fibroblasts in adults
Autologous skin equivalent grafts
RDEB 2016-002790-35 I/1 INSERM N/A Skin graft genetically corrected with a Unknown
COL7A1-encoding SIN retroviral vector
Institut National de Autologous skin equivalent grafts
RDEB NCT04186650 I/11 la Santé et de la N/A Skin graft genetically corrected with a September 2021
Recherche Médicale COL7A1-encoding SIN retroviral vector
Stanford University (with COL7A1 engineered autologous
RDEB NCT01263379 I/1 NIAMS and LZRSE Skin graft epidermal sheets transfected ex vivo using December 2025
Abeona Therapeutics) a retrovirus
RDEB NCT02810951 I/10 Castle Creek Pharmaceutical FCX-007 Intradermal injection fi Genetically modified autologous December 2033
ibroblasts to produce type VII collagen
RDEB NCT04213261 1 Castle Creek Pharmaceutical ~ FCX-007  Intradermal injection Genetically modified autologous December 2036
ibroblasts to produce type VII collagen
Autologous RDEB keratinocytes isolated
RDEB NCT04227106 il Abeona Therapeutics EB-101 Skin graft from skin biopsies and transduced with a April 2022

recombinant retrovirus
containing COL7A1
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Table 1. Cont.

Administration Estimated
Treatment

Skin Disease Clinical Trial Company Biological Route Completion Date

In vivo approaches

Replication-defective, non-integrating

ARCI NCT04047732 I/11 Krystal Biotech KB105 Topical HSV-1 expressing human March 2025
transglutaminase 1
B-VEC Replication-defective, non-integrating
DEB NCT03536143 II Krystal Biotech (previously Topical HSV-1 expressing human type March 2024
KB103) VIII collagen
B-VEC Replication-defective, non-integrating
DEB NCT04491604 111 Krystal Biotech (previously Topical HSV-1 expressing human type August 2021
KB103) VII collagen
Hypertrophic scar  NCT04540900 I Krystal Biotech KB301 Intradermal injection HIS{S/pilzigfer;s?igeﬁzjnear?f;plenltﬁiﬁﬁgge . January 2022

ARCI: autosomal recessive congenital ichthyoses, NIAMS: National Institute of Arthritis and Musculoskeletal and Skin Diseases, DEB: dystrophic epidermolysis bullosa, RDEB: recessive DEB, JEB: junctional
epidermolysis bullosa, HSV: herpes simplex virus, SIN: self-inactivating, N/A: not applicable.
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Genetically engineered autologous skin equivalent grafts dominate the EB treatment
landscape in clinical trials, as shown in Table 1. A notable example of gene editing in
dermatology is the restoration of the skin by autologous, transgenic epidermal grafts on
approximately 80% of the total body surface area of a 7-year-old patient suffering from
JEB [49]. In this report, keratinocytes derived from the patient were transduced with a
functional LAMB3 gene ex vivo using a retroviral vector to generate permanently edited ker-
atinocytes. Epidermal grafts were created from the transgenic cells and used to transplant
onto the patient, thereby restoring the skin of the patient, which resulted in a sustained
and robust epidermis throughout the 21-month follow-up period [49]. The potential for
long term benefits from grafted transgenic epidermis was demonstrated in another study
using a similar approach on a smaller area of the body of a JEB patient. Here, the positive
effect of treatment was still present 6.5 years later [50]. Castle Creek Biosciences” D-Fi
(debcoemagene autoficel), named FCX-007 prior to Fibrocell Science acquisition, is com-
prised of autologously-derived fibroblasts from RDEB patients genetically corrected using
a lentiviral vector encapsulating the COL7A1 gene. These genetically modified fibroblasts
are then intradermally injected to the patient at the wound site. Wound healing has been
observed to last for up to a year using the D-Fi treatment [51]. D-Fi has received orphan
drug designation by the FDA for DEB. Unlike D-Fi, EB-101 from Abeona Therapeutics con-
sists of autologous RDEB keratinocytes—instead of fibroblasts—isolated from skin biopsies
but transduced with a recombinant retrovirus—instead of a lentiviral vector—containing
COL7A1 [52,53]. Abeona Therapeutics just released promising results from their phase
I/11a clinical study following treatment with EB-101 for RDEB. Wound healing of at least
50% was observed in approximately 70% of the wounds after three years and 80% at year
six. Absence of pain was recorded for all treated wounds. EB-101 phase III results on large
chronic wounds are due in mid-2022 [52]. Other studies, however, have suggested that,
for successful anchoring fibril formation, type VII collagen needs to be expressed in both
fibroblasts and keratinocytes [54].

Netherton syndrome, a rare skin disease caused by loss of function mutations in the
SPINKS5 gene, has also been the target of autologous skin grafts pre-clinically and on a
phase I clinical trial [55-57]. The SPINK5 gene encodes for the lymphoepithelial Kazal-type-
related inhibitor (LEKTI) responsible for the regulation of skin desquamation. In a clinical
trial, a de-epidermized skin lesion was treated with lentiviral gene therapy to restore
the function of LEKTI. Unfortunately, despite having used an integrative vector, LEKTI
expression was transient and did not sustain past three months [57]. Krystal Biotech is
investigating the potential of topically administering the SPINK5 gene via non-integrating
herpes simplex virus type 1 (HSV1) vectors to treat Netherton’s syndrome [58].

Besides questions to the feasibility and practicality of grafting ex vivo cultured grafts
onto substantial areas of the body of patients, the permanent delivery of a gene into the
genome presents concerns over insertional mutagenesis stemming from integration of the
gene into an undesirable location in the genome. The latter concerns may be addressed by
editing the mutated gene using CRISPR-based strategies, these, however, fail to address
the large practical challenge and cost of grafting. Furthermore, CRISPR-mediated editing
would in many cases need to be tailored to individual patient mutations which, particularly
in the context of rare diseases, makes it challenging to translate into viable clinical therapies.

As an alternative approach to permanent gene delivery, the potential to transiently
deliver functional genes to the skin in vivo is also currently being pursued. Examples of
this include Krystal Biotech’s phase I/1I study where functional COL7A1 was delivered to
the wound bed of RDEB patients using an attenuated, non-replicating HSV1 viral vector
(B-Vec) [59]. Data from these initial studies showed wound closure in 90% of treated
wounds. Subsequently, recruitment for an ongoing phase III study (NCT04491604) was
completed in March 2021 [59]. A major concern with viral delivery is the possibility of
immunological responses, particularly in the light of transient therapy that would need
repeated dosing throughout the patient lifespan. An attractive, yet less explored, path
thus remains transient, non-integrating gene delivery using non-viral delivery vectors.
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Preclinical work from Amryt Pharma shows that delivery of the COL7A1 gene formulated
in highly branched poly f-amino ester-AP103 can achieve five times higher expression of
type VII collagen in RDEB keratinocytes compared to healthy keratinocytes [60]. When
applied topically to human RDEB skin grafted onto mice, type VII collagen was observed
at the interface between the dermis and the epidermis up to 10 weeks after treatment. A
phase I/1I for AP103 is scheduled for 2022 [61].

In multiple ex vivo studies, CRISPR/Cas9 has been harnessed to correct the COL7A1
mutation in induced pluripotent stem cells derived from patients with RDEB with sub-
sequent transplantation onto mice of the skin equivalents grown from corrected ker-
atinocytes [38,39,62-64]. CRISPR-based gene editing is also being explored for non-rare
dermatological conditions with a recent study demonstrating in vivo delivery of ribonu-
cleoprotein using microneedles in mouse models of atopic dermatitis and psoriasis [65].
For a more comprehensive review of gene editing and gene therapy in the context of
dermatology, we refer the reader to these excellent recent reviews [66,67]. Furthermore,
mesenchymal stromal/stem cells derived from skin or bone marrow are being evaluated
in clinical trials in adults and children suffering from RDEB [68-70]. Intravenously ad-
ministered recombinant type VII collagen protein replacement is also under investigation
in a phase II clinical trial (NCT04599881) on RDEB patients [71]. The advances on the
dermatological field using stem cell therapies are notable, enabling tissue regeneration or
tissue damage correction at the genetic level [49,72,73]. While protein replacement and cell
therapy approaches are beyond the scope of this review, multiple research articles describe
the treatment options for skin diseases including chronic auto-inflammatory diseases, EB,
and would healing [73-76].

2.2. Oligonucleotide Therapies in Dermatology

The progress on oligonucleotide chemistry in the 1960s set a landmark on the evolution
of oligonucleotides, which were already tested in clinical trials in the 1990s. Fomivirsen,
delivered via injection to the eye, was the first ASO approved by the FDA in 1998 for
the treatment of cytomegalovirus-induced retinitis [77]. Twenty years later, in 2018, the
same agency gave global approval to the first siRNA therapy, Patisiran, for the treatment
of TTR, as described earlier. It was encapsulated into lipid nanoparticles for hepatocyte
delivery [78,79]. Today, over a dozen of oligonucleotide therapeutics have already been
approved by the FDA to treat several indications caused by single gene mutations [80].
This has prompted a surge of research focused on oligonucleotides for the treatment of
rare diseases. There are over 85 and 115 registered clinical trials in the U.S. with a focus
on siRNA and ASOs, respectively. A compilation of the ongoing and completed clinical
trials in the dermatological field, excluding skin melanoma and skin wounds, is exhibited
in Table 2.
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Skin Disease

Table 2. Ongoing and completed clinical trials using oligonucleotides to treat dermatological conditions [47,48].

Clinical Trial Company

Biological

Administration

Treatment

Estimated

Route

Completion Date

DNAzyme hgd40 targeting GATA3, a

Sterna Biologicals GmbH &

AD NCT02079688 I Co KG SB011 Topical il s e iEmeE o i January 2017
21-nucleotide ASO designed to hybridize
DEB NCT03605069 I/1 Wings Therapeutics QR-313 Topical to a specific sequence in the COL7A1 September 2020
pre-messenger RNA
Two siRNA oligonucleotides, targeting
Hypertrophic scar NCT02956317 I/11 Sirnaomics STP705 Intradermal injection =~ TGF-p1 and Cox-2 mRNA, respectively, January 2018
formulated in nanoparticles
Hypertrophic scar NCT02205476 II Pfizer PF-06473871  Intradermal injection Anti-CTGF antisense oligonucleotide January 2015
Hypertrophic scar ~ NCT02030275/NC1 II RXi Pharmaceuticals RXI-109 Intradermal injection Self—dehvermg RNAi compound June 2016
targeting CTGF
. L Cell penetrating asymmetric siRNA
Hypertrophic scar NCT04012099 I Hugel BMT101 Intradermal injection fargeting human CTGF August 2022
. . . s Cell penetrating asymmetric siRNA
Hypertrophic scar NCT04877756 I Olix Pharmaceuticals OLX10010 Intradermal injection . March 2023
targeting human CTGF
PC NCT00716014 I Pachyonychia Congenita TD101 Intralesional injection ST/ designed to target a mutation of August 2008
Project the PC keratin K6a
Psoriasis Unknown I Purdue' Pharma, AST-005 Topical Nanoparticle-based SNA to knockdown a August 2016
Exicure tumor necrosis factor gene

AD: atopic dermatitis, ASO: antisense oligonucleotide, CTGF: connective tissue growth factor, DEB: dystrophic epidermolysis bullosa, PC: pachyonychia congenita, SNA: spherical nucleic acid.
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Pachyonychia congenita, an ultra-rare autosomal dominant disorder resulting from a
mutation in one of the keratin genes (KRT6A, KRT6B, KRT6C, KRT16, or KRT17), was the
first inherited skin disorder to be targeted using oligonucleotide therapeutics in humans.
Specifically, the patient was treated with an siRNA targeting the N171K mutation char-
acterized by the cytosine-to-adenine single nucleotide K6a mutation [81]. This selective
mutation depletion seemed to be the trigger of the callus reduction observed in the trial,
hence, the use of siRNA has the potential of correcting the molecular etiology of the disease.

Hypertrophic scarring is another dermatological condition highly targeted with
oligonucleotides. It consists of pathological thickened and elevated scars resulting in
a collagen imbalance at the wound site. No pharmaceuticals have yet been approved by
the FDA or EMA to treat such a disease, but several RNAi regimens are being investigated
at the bench and in the clinic [82,83]. Amongst these, several siRNA treatments stand out
in clinical trials, as shown in Table 2. The first one to note is the asymmetric siRNA from
Olix Pharmaceuticals with proven efficient gene regulation. OLX10010, Olix Pharmaceuti-
cals siRNA candidate, is being tested in a phase II trial for the treatment of hypertrophic
scarring by intradermal injection and Hugel has acquired its exclusive sales rights to treat
this condition in Asian countries [84]. STP705, Sirnaomics’ lead candidate, is another
siRNA that diminishes both inflammation and fibrotic activity. It is being investigated
for both hypertrophic scar reduction and skin squamous cell carcinoma by intradermal or
intralesional injection. This siRNA is delivered encapsulated into Sirnaomics’ proprietary
polypeptide nanoparticles consisting of a branched histidine lysine polypeptide, which
confer protection to the siRNA and enable delivery to the targeted body cells [85]. The po-
tential of the self-delivering RNAi platform developed by RXi Pharmaceuticals, now Phio
Pharma, is being evaluated for its ability to reduce dermal scarring, also known as fibrosis,
by silencing the connective tissue growth factor. This hybrid oligonucleotide leverages the
advantages of both antisense technologies and RNAi enabling target specificity, efficient
cellular uptake, high potency, and serum stability while minimizing the immune response
activation [86,87]. Pfizer’s ASO PF-06473871, however, was abandoned during clinical
development because despite showing a successful inhibition of the scarring process,
reducing scar severity, it did not significantly outperform the surgical approach [83].

Several preclinical studies have validated the essential role that GATA3 (GATA binding
protein 3), a transcription factor, plays in inflammatory disorders. Specifically, decreased
expression of GATA3 enhances skin inflammation in many chronic inflammatory diseases
including psoriasis and atopic dermatitis [88,89]. GATAS3 is responsible for the production
of key inflammatory cytokines including interleukin-13 (IL-13), which medjiate inflamma-
tion. The overproduction of IL-13 is one of the mainsprings of the pathogenesis of atopic
dermatitis. Consequently, inhibiting the function of either IL-13 or GATA3 can be a strategy
to treat inflammatory diseases. This aim was pursued by Sterna biologics, a pharmaceutical
company that made GATA3 a druggable target using the active pharmaceutical ingredient
hgd40. Hgd40 is a catalytic ASO, namely a DNAzyme, which specifically cleaves GATA3
mRNA averting immune system activation. Sterna’s DNAzyme asset completed phase Ila
clinical trials with a topical formulation as a proof of concept for atopic dermatitis and is
being pursued for other indications outside dermatology [90].

ASQOs have been widely explored to restore gene functionality and, in turn, evoke
disease correction [91-93]. Exon skipping induced by ASOs provides a way to modulate
the pre-mRNA splicing process to eliminate a mutated exon from the mature mRNA.
Exons 73, 80, and 105 in the COL7A1 gene are known to harbor recurrent mutations in
RDEB. The dispensability of these pathogenic mutation-containing exons can restore the
function of type VII collagen, shifting the severity of the disease phenotype. Pre-clinical
studies in primary RDEB fibroblasts and keratinocytes with mutations in exons 73 and/or
80, transfected with 2’-O-methyl antisense oligoribonucleotides, have demonstrated the
potential of exon skipping to restore type VII collagen expression and the formation of
anchoring fibrils [93]. In the clinic, phase I/II results are pending for the QR-313 asset by
Wings Therapeutics, an exon skipping ASO comprised of 21 oligonucleotides. It has been
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topically administered to subjects with DDEB or RDEB with one or multiple mutations
in the COL7A1 gene [94]. QR-313 hybridizes to a specific sequence in the COL7A1 pre-
mRNA to exclude exon 73 from the mRNA. In a murine model of atopic dermatitis, where
IL-13 is overproduced, an IL-13 ASO administered topically using liposomes significantly
suppressed the IL-13 production up to 70% compared to the control group. Furthermore,
it also reduced the infiltration of inflammatory cells, reducing the skin thickness [95].
Exicure’s (formerly AuraSense Therapeutics) ASO-based assets AST-005 and XCUR17 are
products of a nanoparticle-based nucleic acid delivery platform called spherical nucleic
acids (SNA™). These are formulated as a topical gel and have been evaluated in phase I
clinical trials for psoriasis [96,97]. AST-005, tested in collaboration with Purdue Pharma,
knocks down a tumor necrosis factor (TNF), a pro-inflammatory cytokine demonstrated
to be a key psoriasis mediator. On the other hand, XCUR17 targets the IL-17 receptor
alpha, an essential protein in the initiation and maintenance of psoriasis. Despite positive
safety and tolerability results of SNA and reductions in the major psoriatic inflammatory
markers, efficacy did not meet the expected statistically significance. Nonetheless, Allergan
has partnered with Exicure to explore the potential of XCUR17 for alopecia, and Purdue
retains the rights to further develop anti-TNF drug candidates. XCUR17 could also be
used for the treatment of Netherton syndrome, an application that is still available for
out-licensing [96,98]. Not to forget, ASOs have also been investigated in the clinic to
treat multiple melanomas including skin melanoma, but as previously stated, cancers fall
outside the scope of this manuscript [99].

2.3. Gene Delivery Challenges

The main challenge associated with gene therapies is delivery. The obstacles associated
with the delivery of nucleic acids into targeted tissues are attributed to their low serum sta-
bility, size, charge, and immune system stimulation [100]. Moreover, oligonucleotides must
be able to escape from the endosomes and enter the cytosol after being taken up by the cell.
Delivery of plasmids, furthermore, needs to overcome the challenge of accessing the cell
nucleus. To circumvent these challenges and guarantee a therapeutic effect, it is imperative
to select an appropriate carrier. Viral and non-viral vectors have been investigated for both
oligo and gene transfer as described in several recent reviews [101-103]. Herpes simplex
virus, lentivirus, adenovirus, and adeno-associated virus (AAVs) are some of the most
common viral vector candidates in addition to retroviruses, which so far have been the
most frequently employed viral vectors for cutaneous gene transfer in the clinic (Table 1).
Viral vectors, specifically AAVs, have extensively been studied since their discovery in 1965
for their ability to deliver a cargo to the nucleus of the cell. In 1995, AAVs were utilized
in the first human application, and currently, several treatments leverage their delivery
potential in the market [103]. AAVs have also been harnessed in pre-clinical studies for
dermatological applications. An example of this is a study aiming to correct a mutation in
the COL7A1 gene in keratinocytes from a RDEB patient. In this study, AAVs and adenoviral
vectors expressing donor template DNA and TALENS, respectively, were combined to cor-
rect gene function by restoring the reading frame through introduction of small insertions
and deletions [104]. The limited packaging capacity of approximately 5 kb, the immune
response evoked by viral backbones, and the high manufacturing costs, however, remain
an obstacle for further expansion of gene therapy applications of viral vectors [105,106].
These are some of the reasons why non-viral delivery systems are gaining popularity for
encapsulation and delivery. Lipid nanoparticles, polyplexes, nanospheres, dendrimers,
and exosomes are some examples of non-viral vectors [2,107,108]. Nanoparticles are the
most prevalent approach to circumvent the delivery problem. They are also being widely
investigated for oral delivery with the goal to protect gene vectors from gastric acid degra-
dation and to facilitate its transport across the intestinal epithelium [109]. Despite the fact
that oral administration of gene therapies has not yet reached the clinic, multiple studies
have validated its potential in preclinical studies [109-113].
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Regardless of the method used for encapsulation and cell targeting, the route of admin-
istration has a great impact on therapy adherence rates. All the approved therapies based
on oligonucleotides are administered via different types of injections, either intravitreal,
subretinal, intrathecal, intravenous, intramuscular, or subcutaneous [4]. Considering the
pain associated with the skin conditions described in this review, injections and the topical
application of a therapy can exacerbate the discomfort. As a case in point, a patient receiv-
ing siRNA intradermal injections for the treatment of pachyonychia congenita reported
intense injection-related pain. As a consequence, the patient had to be pre-treated with
pain killers and anesthetics to mitigate the pain of the injections [81]. While the siRNA ther-
apy led to disease regression, the pain of administration precluded its clinical translation,
evidencing the need for alternative drug delivery regimens.

Topical delivery of nucleic acids has also been investigated to achieve local target-
ing of the skin [114-116]. Microneedles, a transdermal patch used to breach the stratum
corneum in a minimally invasive manner, and electroporation alone and combined have
successfully delivered gene therapies [117,118]. One example is the use of biocompatible
microneedles to encapsulate and deliver CRISPR-Cas9 to treat inflammatory skin disor-
ders [65]. However, microneedle delivery can be challenging with altered skin properties
including open wounds characteristic of RDEB where the delivery may be inconsistent or
extremely painful, respectively. On the other hand, the lack of the stratum corneum barrier
in dermatological diseases characterized by wounds and skin lesions could be harnessed
for topical delivery without the need for physical methods to disrupt the skin.

The route of administration has a direct impact on the clinical and commercial success
of a given therapy. Many dermatological diseases are treated with macromolecules that
need to be injected including peptides, proteins, and monoclonal antibodies. This includes
11 biologics approved by the FDA for the treatment of moderate to severe psoriasis. Injec-
tions pose a burden to many patients, revealing an underlying need to identify alternative
drug administration options such as enabling absorption across the intestinal and skin
barriers [119]. The oral route remains an attractive alternative for delivery, but despite
being the preferred route of administration, it is often overlooked for gene delivery due
to the susceptibility of nucleic acids to the intestinal environment. Seminal advances are
key to overcoming such challenges, attaining new solutions for diseases with unmet needs,
and optimizing existing treatments. As a matter of fact, diabetes care and the means of the
delivery of biologics has evolved dramatically in the past few years. While injections were
the only means for the successful delivery of biologics in the 1920s, in the recent decades,
various novel approaches for oral delivery have emerged. These include the utilization
of permeation enhancers, formulation approaches, and the use of emerging drug-device
combinations. We look at such an evolution in the next section as we anticipate that a
similar progress in gene delivery is to be expected in a not-too-distant future.

3. Evolution of Macromolecule Delivery
3.1. From Injections to Oral Delivery of Macromolecules

A century has gone by since the first documented experiment where a biologic was
administered orally [120]. In this study, the pathologist Geoffrey Harrison dosed four
patients with an alcoholic solution containing insulin, but only one of the patients showed
a significant decrease in the glucose levels. These results are of no surprise when looking
at the complexity of the absorption mechanisms of the gastrointestinal tract. The harsh
environment of the gastrointestinal tract including its high enzymatic activity and abrupt
pH triggers drug degradation and writes off the drug’s pharmacodynamics. Moreover,
the impermeability of the intestinal cells to large molecules and the diffusion impairment
posed by the mucin layer contribute to hindering the absorption into the bloodstream
of peptides, proteins, monoclonal antibodies, and other large molecules [121]. For this
reason, injections and intravenous infusions are needed to ensure that they reach systemic
circulation unaltered.
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For decades, scientists have explored various excipients and delivery technologies to
diminish the degradation in the gastrointestinal tract and to increase permeability across the
enterocytes, with the purpose of enabling the oral administration route for macromolecules.
In the 80s, oral cyclosporin A and desmopressin entered the market. However, these
are exceptions that are largely based on unique physicochemical characteristics of the
two peptides. Last year, two more oral biologics were approved: Rybelsus® from Novo
Nordisk, an oral semaglutide tablet, and Mycappsa® from Chiasma, an oral octreotide
capsule. Although the oral bioavailabilities of semaglutide and octreotide are low—in
the range of 0.5-2%, their success holds great promise for the oral delivery of biologics in
the future [122-124]. Rybelsus® and Mycappsa® utilize permeation enhancers (sodium
salcaprozate (SNAC) and sodium caprylate) that have been thoroughly explored over many
years to facilitate oral absorption of macromolecules such as peptides and oligonucleotides.
Permeation enhancers enable para- and/or transcellular transport of the macromolecules
by loosening the tight junctions between the enterocytes or fluidizing the cell membrane,
respectively (reviewed in [125]). In Rybelsus®, the permeation enhancer SNAC increases
the permeation of semaglutide over the gastric barrier by a transcellular mechanism of
action [124,126]. Furthermore, SNAC has been shown to neutralize the low pH of the
gastric fluids, which can attenuate the enzymatic activity in the stomach. SNAC also
enables the release of monomers of semaglutide from the more stable multimeric form in
the tablet. To succeed at raising permeation, permeation enhancers need to be administered
simultaneously with the drug or shortly before [124,127].

In Mycappsa®, the cyclic octa-peptide, octreotide, has been formulated as a suspen-
sion in oil by spray drying an aqueous solution of octreotide, polyvinylpyrrolidone, and
sodium caprylate, and suspending the spray-dried particles in a mixture of tricaprylate
and dicaprylate [127,128]. It has been shown that sodium caprylate is an essential part
of the formulation in order to achieve absorption [128]. Another similar medium chain
fatty acid salt, sodium caprate (C10 fatty acid) is the most widely explored permeation
enhancer for the delivery of macromolecules, however, it has never proceeded past phase
II for the oral delivery of peptides [129]. Several clinical studies have been performed
using the permeation enhancer for peptides: desmopressin, low molecular weight heparins,
and more recently, insulin 338 (long-acting basal insulin), also with low bioavailabilities
of up to single digit percentages [130,131]. In addition, a number of clinical studies are
performed using other permeation enhancers and stabilizers/protease inhibitors (e.g.,
lauroyl carnitine or taurodeoxycholate combined with citric acid (Peptelligence technology
by Enteris Biopharma) or bile salts/EDTA /protease inhibitor /oils (POD™ technology by
Oramed Pharmaceuticals)). For a more comprehensive overview of oral delivery technolo-
gies, several reviews have recently been published [125,132]. Other promising emerging
technologies are also being explored. Ionic liquids, consisting of a salt in a liquid state,
are one such example. Pre-clinical success at delivering insulin orally has already been
demonstrated, claiming a bioavailability above 50% relative to 2 insulin units/kg of a
subcutaneous injection in rats [133]. An exciting prospect for ionic liquids would be its use
for the oral delivery of oligonucleotides [134].

3.2. Oral Oligonucleotides

The first oral oligonucleotide to progress to the clinic is credited to Ionis Pharma-
ceuticals (San Diego, CA, USA, previous name ISIS). They have advanced an oral anti-
sense molecule (ISIS 104838) into phase I using a sodium caprate-based tablet, achieving
somewhat higher oral bioavailability values than peptides—an average of 9.5% plasma
bioavailability across four formulations tested [135]. More recently, Ionis Pharmaceuticals
published, together with AstraZeneca, the oral delivery of an oligonucleotide conjugated
to GalNAc (AZD8233, also known as ION-863633) for targeting of PCSK9 in the liver, also
using a sodium caprate-based tablet [112]. The exposure was measured in cynomolgus
monkeys, and a bioavailability of 7% in the liver was achieved, which was 5-fold higher
than measured in plasma. In December 2020, Ionis Pharmaceuticals and AstraZeneca
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announced that they had discontinued an ongoing phase I clinical study of AZD8233 in
an oral formulation (composition unknown) because they were confident that they could
improve the formulation [136]. Ionis Pharmaceuticals announced that they were expanding
its oral delivery repertoire, and earlier this year, they teamed up with Progenity to use their
oral biopharmaceutical delivery system—described in a later section—for the oral systemic
delivery of ASOs [137].

As of July 2021, no further orally-delivered oligonucleotides have been registered
at clinicaltrials.gov. However, the number of research studies with a focus on deliver-
ing oligonucleotides orally is burgeoning [138,139]. Alnylam Pharmaceuticals, in 2019,
achieved a proof of concept for the oral dosing of GalNAc-siRNA conjugates. A sustained
knockdown effect was observed for over 40 days in mice following three doses at 3 mg/kg
administered via oral gavage [140]. More recently, using a non-viral vector platform,
namely nanoparticles, enGene has delivered nucleic acid-based cargo into the epithelial
cells of the intestine with the purpose of using the cells as bioreactors for therapeutic
peptides or proteins [111]. By using this approach, a different pharmacokinetic local or
systemic profile of the therapeutic peptide can be obtained. Their nanoparticle platform
could then be encapsulated into a Gene Pill for targeted delivery to specific sections of the
small intestine defined by tuning the enteric coating of the pill [111]. Oral gene therapy
is also the focus of DNAlite Therapeutics, an early-stage biotechnology company lever-
aging a non-immunogenic proprietary vector for the oral administration of DNA and
RNA cargos [141].

3.3. Oral Delivery of Macromolecules

Despite using permeation enhancers to enable clinically relevant exposure after oral ad-
ministration of macromolecules, the exposure is low, as shown, for instance, for Rybelsus®
and the antisense nucleotide ISIS 104838 [124,135,142]. Low exposure may be problem-
atic for a drug development program for various reasons: (a) it may not be possible
to reach clinically relevant bioavailability of the drug, and (b) the variation in bioavail-
ability between individuals and between dosing regimens with the same individual is
usually higher for molecules with low bioavailability (for example, Rybelsus® and ISIS
104838 [124,135,142,143]). Additionally, the cost of goods for the products may be high,
thus, not commercially viable, as was the cause for discontinuing the development of Novo
Nordisk’s oral long-acting insulin 338 [144].

The permeation enhancers that have been tested in the clinical trials have a low
potency and thereby require high concentrations in each dosing unit. Rybelsus® tablets
contain 300 mg of SNAC per tablet, and for insulin 338 clinical trials, an amount of 550 mg
of sodium caprate was used per dose [131]. Permeation enhancers have a fast absorption
and elimination, as shown for SNAC and sodium caprate. The effect of the amount of
water taken together with the dose as well as the timing of food intake is crucial for the
exposure of the drug [123,145]. The low and variable exposure confers restrictions of the
oral macromolecules that can be delivered using oral permeation enhancers. A high potency
and a wide therapeutic window are needed. For Rybelsus® the intraindividual variation
from dose to dose in oral semaglutide bioavailability was relatively high, but as a result of
daily dosing and a long plasma half-life (1 week), the variability of semaglutide exposure
at steady state was reduced [123]. The aforementioned approved macromolecules, namely
octreotide, desmopressin, cyclosporin A, and semaglutide range in molecular weight from
1000 g/mol to 4000 g/mol, approximately. It is noteworthy that the permeation enhancing
effect decreases with increasing molecular size [127]. Accordingly, there is a major request
for alternative technologies that can address these many challenges. Some of the latest
research solves the challenge of low bioavailability using sophisticated devices that can
inject the macromolecules directly into the gastrointestinal tract.
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3.4. Drug Device Combinations for Oral Delivery

Within the last few decades, scientists have come up with various innovative solutions
that have the potential to reach the holy grail of the oral delivery of macromolecules [146].
Figure 2 compiles some of these novel proprietary technologies.

: |
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\ |

Figure 2. Devices designed to deliver biologics in the gastrointestinal tract. (A) RaniPill™ capsule delivering to the small
intestine via a microneedle (Image provided by Rani Therapeutics) [147,148]; (B) SOMA device prototypes aimed to deliver
in the stomach wall (Photo credit and copyright: Felice Frankel) [149]; (C) LUMI device unfolded (top) and inside the
enteric coated capsule (bottom) (Adapted with permission from [150], Nature Medicine, 2019); (D) Flower-like device for
esophageal administration [151]; E BIONDD™ device prototype for stomach delivery (Image credit Anne Lena, provided by
Biograil™) [152]; (F) Oral biotherapeutics delivery system (Photo provided by Progenity) [153] and (G) JetCAP™ capsule
delivers a needle-free liquid injection into the gut wall (Image provided by Baywind Bioventures) [154,155]; (H) MucoJet®
needle-free system for drug delivery in the oral cavity next to a hypodermic needle (Photo credit: Stephen McNally/UC
Berkeley) [156]; and (I) Self-expanding device for small intestine delivery (Photo provided by Epitomee Medical) [157].

Already in phase I, the RaniPill™ by Rani Therapeutics is the most advanced technol-
ogy to administer biologics to the gut. Rani’s “robotic” pill consists of an enteric-coated
capsule, where dissolution of the enteric-coating triggers the mixture of reactants in a
balloon structure, resulting in the production of carbon dioxide (CO;) (Figure 2A). The
CO, inflates the balloon structure to deliver a drug-loaded microneedle into the wall of the
small intestine where it dissolves, delivering the payload, and the rest of the pill continues
its passage through the rest of the gastrointestinal tract. The device has a drug loading

capacity between 1 and 3 mg. Phase I studies, where the RaniPill™ was used to administer
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octreotide to 52 patients, did not indicate any safety issues [147,148]. A bioavailability of
65% was reported in this study.

Scientists at the Massachusetts Institute of Technology (MIT) in collaboration with
Novo Nordisk developed a turtle-inspired device named SOMA (self-orienting millimeter-
scale applicator) to deliver macromolecules in the stomach wall (Figure 2B), and a luminal
unfolding microneedle injector (LUMI), a star-shaped device to administer drugs to the
small intestine (Figure 2C). The SOMA device rights itself within milliseconds against
the stomach wall [149]. A minute after its positioning, the coating containing the spring
is dissolved by the gastric fluid triggering its expansion, which, in turn, leads to the
deposition of a dissolvable needle or millipost into the stomach lining. Then, the SOMA
shell pursues its course to excretion. The LUMI is expelled from its enteric capsule in the
small intestine following the dissolution of the enteric plunger [150]. Immediately after, the
LUMI arms push the drug-loaded microneedles into the wall of the small intestine and the
device remnants continue its transit through the guts undergoing partial dissolution. The
LUMLI, like the SOMA, demonstrated successful delivery of insulin, with a bioavailability
comparable to that obtained via subcutaneous injections. In addition, the pigs dosed with
these two devices did not show any blockage, tissue damage, or other signs of distress
post-device administration [149,150]. A liquid version of the SOMA (L-SOMA) is also being
optimized with a 4 mg drug load capacity and a drug bioavailability over 50% [158]. The
same group at MIT has also investigated a temperature-responsive flower-like device that
leverages elastomeric materials for its deployment (Figure 2D). Upon actuation, it delivers
the drug to the esophagus wall via degradable milli needles. The ingestion of warm
liquids (55 °C) triggers the retraction of the device, specifically, the shape-memory nitinol
springs fold the device arms to enable its safe passage through the gastrointestinal tract, as
demonstrated in preclinical experiments conducted in pigs [151]. BIONDD™ technology
from Biograil™, like the SOMA, is designed to insert a drug-loaded biodegradable spike
to the stomach wall (Figure 2E). BIONDD™ is manufactured by injection molding and
consists of a 00 conventional capsule that attaches and delivers to the stomach wall. This
technology has two parts turning around a central axis, each with a hinged spike. These
two spikes are pushed out by the centrifugal force, which causes them to hook onto the
stomach tissue from both sides. BIONDD™ has achieved 100% hooking efficiency in
several animal studies. Moreover, this device has been validated for insulin in awake dogs,
showing effective delivery to the stomach linen, equivalent to the insulin delivery obtained
via subcutaneous injections. Biograil™ is currently testing its BIONDD™ platform with
another four drug candidates, including oligonucleotides [152].

Progenity has developed a needle-free liquid jet, named oral biotherapeutics delivery
system (OBDS), capable of delivering large molecules in the small intestine with a 400
uL liquid drug reservoir (Figure 2F). It is fabricated by injection molding the drug and
biocompatible plastic components. Its actuation mechanism consists of a customizable
enteric trigger. An earlier OBDS prototype loaded with human insulin, dulaglutide, and
adalimumab was endoscopically placed in pigs. The bioavailability obtained for these
drugs was of 19, 29, and 27%, respectively. Progenity is currently conducting preclinical
studies with the fully autonomous device [153]. Baywind Bioventures Propel Biologics™
JetCAP™ proprietary technology, like the OBDS, uses an enteric-coated tablet actuator
to trigger a needle-free injection to deliver drugs into and onto the small intestinal wall
(Figure 2G). The system was modelled based on the fluid dynamics of a pre-filled syringe.
The JetCAP™ deployment starts with the dissolution of an enteric coated tablet (actuator),
which is holding a spring in the prone position. The nozzles used to create the fluid stream
are also enteric coated to seal them during storage. Upon entering the upper gut, the tablet
dissolves, releasing the spring, which expands to push the plunger. The plunger then
pushes the liquid formulation at high velocity into the gut wall, completing the needle-free
injection. The device is currently the size of a 000 capsule and can deliver up to 30 mg per
dose. Preclinical pharmacokinetic experiments are being conducted in dogs [154,155].
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Ultrasound and iontophoresis are two of the physical mechanisms being investigated
to disrupt the striking function of biological membranes and to spur drug delivery. Notably,
the former technique has been widely scrutinized to deliver insulin across the skin [159].
Recently, a drug-device system integrating ultrasound has successfully administered drugs
to the oral mucosa to treat oral inflammatory lesions in hamsters [160]. Tolerability of
this device without the drug cargo was confirmed in unanesthetized dogs. Biologics such
as insulin and human growth hormone have also been dispensed to the oral cavity of
pigs via dissolving microneedles using a custom-made applicator. Furthermore, a clinical
study where drug-free microneedle patches were applied to different locations in the
oral cavity of a hundred human volunteers acknowledged the preference of such patches
over hypodermic injections [161]. Additionally, targeting the oral mucosa, MucoJet® is a
needle-free drug delivery device validated in rabbits for the oral administration of vaccines
in a non-invasive manner (Figure 2H) [156]. The next generation of the MucoJet® device
aiming for small intestine delivery is under development.

Intestinal polymeric patch systems have been employed to deliver insulin either alone
or in combination with iontophoresis [162,163]. In particular, patches have been delivered
inside enteric-coated capsules, which adhered to the intestinal epithelium thanks to their
mucoadhesive properties. Their insulin payload is released over 30 min in rats [162]. The
impermeable layer located on one side of the patch conferred unidirectional insulin release
toward the epithelium. Permeation enhancers and peptidase inhibitors increased absorp-
tion and protected insulin from the harsh environment, respectively. A 3-fold increase in
the insulin delivered across intestinal cells was noted for similarly prepared patches exclud-
ing the permeation enhancer when combined with an intermittent electric current [163].
Epitomee Medical’s shape-shifting device concept leverages the mucoadhesive properties
of its external layer to attach to the intestinal wall and deliver the drug cargo (Figure
2I). Liquid absorption by the super absorbent polymers triggers device self-expansion,
which pushes the mucoadhesive drug-loaded layer against the small intestine, where it
adheres and releases the embedded drug [157]. Other multi-layer microdevices have been
fabricated via inkjet printing with a reservoir containing insulin. This technique, yet to be
tested in vivo for the delivery of biologics, allows for an efficient and stable drug loading.
The microdevice geometry facilitates unilateral insulin release toward the intestinal epithe-
lium in vitro [164]. The same group designed nanostraw microdevices that adhere to the
intestinal epithelial tissue, control drug loading and release, and limit the payload exposure
to the environment. The nanostraw technology has been validated ex vivo for insulin
on murine intestinal tissue [165]. Even at an earlier research stage, microcontainers are
being investigated for oral insulin delivery in conjunction with permeation enhancers [166].
While this delivery method showed promising permeation results in a human epithelial cell
line, no insulin absorption was noted upon oral gavage of insulin-loaded microcontainers.
Other oral devices include electronics, which enable them to administer drug molecules in
response to the real-time feedback provided by the device [167,168]. An example of this is
IntelliCap®, a certified medical device consisting of a 000-capsule containing temperature
and pH sensors, a liquid-drug reservoir, a microprocessor, batteries, a wireless transceiver,
and a stepper motor for drug release [169]. Nonetheless, these electronic-based devices
despite enabling controlled drug release in response to the pharmacokinetic data obtained
via monitoring in vivo, are not yet suitable to deliver biologics since the drug is released in
the stomach fluid and is, therefore, prone to degradation.

The last five years have seen a surge for innovative ingestible devices for drug delivery.
Not only do these novel devices enable the oral administration of macromolecules such
as insulin, but they also lay the foundation for the exploration of oral delivery of the next
generation of gene and oligo therapies, potentially even CRISPR systems in a distant future.

4. Forward Looking

Treatments that years ago did not exist such as insulin are now commodities. Break-
throughs in regenerative medicine have come at a fast pace in the last few years and while
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gene therapies in dermatology have yet to reach the market, many are showing promising
results in clinical trials. Hence, it is a matter of time before gene and oligo therapies also
become prevalent. This would be a quantum leap for patients suffering from incurable skin
diseases caused by gene mutations. For this to occur, drug delivery systems will have to
evolve accordingly to overcome the current challenges associated with the delivery of these
therapies. The first oral oligo therapies are just entering clinical trials, as described in this
review. Having gene and oligo therapies delivered orally would be a significant advantage
for patients. However, for this to become a reality, the strategies to protect the cargo in the
gastrointestinal tract, increase the absorption over the intestinal barrier, and target specific
tissues need to evolve. Notwithstanding, with the increasing number of oral devices in
development and clinical trials that show success in delivering macromolecules orally;, it
is to be expected that the armamentarium of oral devices in the clinic will increase in the
future. We, accordingly, envision that gene therapies will also be available for ingestion in
orally-dosed capsules.

Author Contributions: Ideation, A.C. and E.C.-S.; Conceptualization, P.P.S., M.L. and E.C.-S;
Writing—Original Draft Preparation, P.P.S., M.L., CR.C. and E.C.-S.; Writing—Review & Editing,
K.P,A.C.and E.C.-S,; Supervision, E.C.-S. All authors have read and agreed to the published version
of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: We thank Jakob Bendix for the graphical abstract.

Conflicts of Interest: PP.S., M.L., CR.C.,, K.P, A.C. and E.C.-S. are LEO Pharma employees. The
company had no role in the design of the study; in the collection, analyses, or interpretation of data;
in the writing of the manuscript, and in the decision to publish the results.

References

1. Fakhr, E,; Zare, F,; Teimoori-Toolabi, L. Precise and efficient siRNA design: A key point in competent gene silencing. Cancer Gene
Ther. 2016, 23, 73-82. [CrossRef] [PubMed]

2. Roberts, T.C.; Langer, R.; Wood, M.J.A. Advances in oligonucleotide drug delivery. Nat. Rev. Drug Discov. 2020, 19, 673-694.
[CrossRef] [PubMed]

3. Hu, B; Zhong, L.; Weng, Y,; Peng, L.; Huang, Y.; Zhao, Y.; Liang, X.J. Therapeutic siRNA: State of the art. Signal Transduct. Target.
Ther. 2020, 5, 101. [CrossRef] [PubMed]

4. Kulkarni, J.A.; Witzigmann, D.; Thomson, S.B.; Chen, S.; Leavitt, B.R.; Cullis, PR.; van der Meel, R. The current landscape of
nucleic acid therapeutics. Nat. Nanotechnol. 2021, 16, 630—-643. [CrossRef] [PubMed]

5. Chery, J. RNA therapeutics: RNAi and antisense mechanisms and clinical applications. Postdoc. J. 2016, 4, 35-50. [CrossRef]
[PubMed]

6. Svoboda, P. Key Mechanistic Principles and Considerations Concerning RNA Interference. Front. Plant Sci. 2020, 11, 1237.
[CrossRef]

7. Zhang, ]. RNA-Cleaving DNAzymes: Old Catalysts with New Tricks for Intracellular and In Vivo Applications. Catalysts 2018, 8,
550. [CrossRef]

8. Wang, Y,; Nguyen, K,; Spitale, R.C.; Chaput, ].C. A biologically stable DNAzyme that efficiently silences gene expression in cells.
Nat. Chem. 2021, 13, 319-326. [CrossRef] [PubMed]

9.  Ibrahim, R.; Purath, U.; Turowska, A.; Homburg, U.; Runkel, E; Schmidts, T.; Dobler, D.; Renz, H.; Garn, H.; Mueller, A.
Effects of interference with GATA-3 expression by target-specific DNAzyme treatment on disease progression in a subacute
oxazolone-induced mouse model of atopic dermatitis. Clin. Transl. Allergy 2015, 5, O21. [CrossRef]

10. Allemailem, K.S.; Almatroudi, A.; Alsahli, M.A.; Basfar, G.T.; Alrumaihi, F.; Rahmani, A.H.; Khan, A.A. Recent advances in
understanding oligonucleotide aptamers and their applications as therapeutic agents. 3 Biotech 2020, 10, 551. [CrossRef] [PubMed]

11. Giudice, V.; Mensitieri, F.; 1zzo, V.; Filippelli, A.; Selleri, C. Aptamers and Antisense Oligonucleotides for Diagnosis and Treatment

of Hematological Diseases. Int. J. Mol. Sci. 2020, 21, 3252. [CrossRef]


http://doi.org/10.1038/cgt.2016.4
http://www.ncbi.nlm.nih.gov/pubmed/26987292
http://doi.org/10.1038/s41573-020-0075-7
http://www.ncbi.nlm.nih.gov/pubmed/32782413
http://doi.org/10.1038/s41392-020-0207-x
http://www.ncbi.nlm.nih.gov/pubmed/32561705
http://doi.org/10.1038/s41565-021-00898-0
http://www.ncbi.nlm.nih.gov/pubmed/34059811
http://doi.org/10.14304/SURYA.JPR.V4N7.5
http://www.ncbi.nlm.nih.gov/pubmed/27570789
http://doi.org/10.3389/fpls.2020.01237
http://doi.org/10.3390/catal8110550
http://doi.org/10.1038/s41557-021-00645-x
http://www.ncbi.nlm.nih.gov/pubmed/33767363
http://doi.org/10.1186/2045-7022-5-S1-O21
http://doi.org/10.1007/s13205-020-02546-1
http://www.ncbi.nlm.nih.gov/pubmed/33269185
http://doi.org/10.3390/ijms21093252

Pharmaceutics 2021, 13, 1722 19 of 24

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

Stanton, R.; Sciabola, S.; Salatto, C.; Weng, Y.; Moshinsky, D.; Little, J.; Walters, E.; Kreeger, J.; DiMattia, D.; Chen, T.; et al.
Chemical modification study of antisense gapmers. Nucleic Acid Ther. 2012, 22, 344-359. [CrossRef]

Layzer, ].M.; McCaffrey, A.P,; Tanner, A.K.; Huang, Z.; Kay, M.A.; Sullenger, B.A. In vivo activity of nuclease-resistant siRNAs.
RNA 2004, 10, 766-771. [CrossRef]

Wan, W.B.; Seth, P.P. The Medicinal Chemistry of Therapeutic Oligonucleotides. J. Med. Chem. 2016, 59, 9645-9667. [CrossRef]
Chernikov, I.V.; Vlassov, V.V.; Chernolovskaya, E.L. Current Development of siRNA Bioconjugates: From Research to the Clinic.
Front. Pharmacol. 2019, 10, 444. [CrossRef] [PubMed]

Sajid, M.L.; Moazzam, M.; Kato, S.; Yeseom Cho, K.; Tiwari, R.K. Overcoming Barriers for siRNA Therapeutics: From Bench to
Bedside. Pharmaceuticals 2020, 13, 294. [CrossRef] [PubMed]

Springer, A.D.; Dowdy, S.F. GalNAc-siRNA Conjugates: Leading the Way for Delivery of RNAi Therapeutics. Nucleic Acid Ther.
2018, 28, 109-118. [CrossRef] [PubMed]

Agarwal, S.; Simon, A.R.; Goel, V.; Habtemariam, B.A.; Clausen, V.A,; Kim, J.B.; Robbie, G.J. Pharmacokinetics and Pharmacody-
namics of the Small Interfering Ribonucleic Acid, Givosiran, in Patients with Acute Hepatic Porphyria. Clin. Pharmacol. Ther.
2020, 108, 63-72. [CrossRef] [PubMed]

Doudna, J.A. The promise and challenge of therapeutic genome editing. Nature 2020, 578, 229-236. [CrossRef]

Komor, A.C.; Kim, Y.B.; Packer, M.S.; Zuris, J.A.; Liu, D.R. Programmable editing of a target base in genomic DNA without
double-stranded DNA cleavage. Nature 2016, 533, 420-424. [CrossRef]

Kantor, A.; McClements, M.E.; MacLaren, R.E. CRISPR-Cas9 DNA Base-Editing and Prime-Editing. Int. ]. Mol. Sci. 2020, 21, 6240.
[CrossRef]

Knott, G.J.; Doudna, J.A. CRISPR-Cas guides the future of genetic engineering. Science 2018, 361, 866-869. [CrossRef] [PubMed]
Porto, E.M.; Komor, A.C.; Slaymaker, .M.; Yeo, G.W. Base editing: Advances and therapeutic opportunities. Nat. Rev. Drug
Discov. 2020, 19, 839-859. [CrossRef] [PubMed]

Komor, A.C.; Badran, A.H.; Liu, D.R. CRISPR-Based Technologies for the Manipulation of Eukaryotic Genomes. Cell 2017, 168,
20-36. [CrossRef] [PubMed]

Rees, H.A.; Minella, A.C.; Burnett, C.A.; Komor, A.C.; Gaudelli, N.M. CRISPR-derived genome editing therapies: Progress from
bench to bedside. Mol Ther. 2021. [CrossRef]

Anzalone, A.V,; Randolph, P.B.; Davis, ].R.; Sousa, A.A.; Koblan, L.W.; Levy, ] M.; Chen, PJ.; Wilson, C.; Newby, G.A.; Raguram,
A.; et al. Search-and-replace genome editing without double-strand breaks or donor DNA. Nature 2019, 576, 149-157. [CrossRef]
Lino, C.A.; Harper, ].C.; Carney, ].P.,; Timlin, ]J.A. Delivering CRISPR: A review of the challenges and approaches. Drug Deliv.
2018, 25, 1234-1257. [CrossRef]

Mehta, A.; Merkel, O.M. Immunogenicity of Cas9 Protein. J. Pharm. Sci. 2020, 109, 62-67. [CrossRef]

Gillmore, J.D.; Gane, E.; Taubel, J.; Kao, J.; Fontana, M.; Maitland, M.L.; Seitzer, J.; O’Connell, D.; Walsh, K.R.; Wood, K.; et al.
CRISPR-Cas9 In Vivo Gene Editing for Transthyretin Amyloidosis. N. Engl. J. Med. 2021, 385, 493-502. [CrossRef]

Urits, I.; Swanson, D.; Swett, M.C,; Patel, A ; Berardino, K.; Amgalan, A ; Berger, A.A.; Kassem, H.; Kaye, A.D.; Viswanath, O. A
Review of Patisiran (ONPATTRO®) for the Treatment of Polyneuropathy in People with Hereditary Transthyretin Amyloidosis.
Neurol. Ther. 2020, 9, 301-315. [CrossRef]

McKinsey & Company. Gene Therapy Coming of Age: Opportunities and Challenges to Getting Ahead. 2019. Available
online: https:/ /www.mckinsey.com/industries/pharmaceuticals-and-medical-products/our-insights /gene-therapy-coming-
of-age-opportunities-and-challenges-to-getting-ahead (accessed on 18 July 2021).

Zhang, WW.; Li, L.; Li, D.; Liu, J.; Li, X,; Li, W,; Xu, X.; Zhang, M.].; Chandler, L.A.; Lin, H.; et al. The First Approved Gene
Therapy Product for Cancer Ad-p53 (Gendicine): 12 Years in the Clinic. Hum. Gene Ther. 2018, 29, 160-179. [CrossRef] [PubMed]
Moran, N. First gene therapy approved. Nat. Biotechnol. 2012, 30, 1153. [CrossRef]

US Food and Drug Administration. FDA Approval Brings First Gene Therapy to the United States. 2017. Available online:
https:/ /www.fda.gov/news-events/press-announcements/fda-approval-brings-first-gene-therapy-united-states (accessed on
31 May 2021).

Gene Therapy Net. Gene Therapy Products on the Market. 2021. Available online: https://www.genetherapynet.com/gene-
therapy-products-on-the-market/624-gene-therapy-products-on-the-market.html (accessed on 14 July 2021).

Bardhan, A.; Bruckner-Tuderman, L.; Chapple, I.L.C.; Fine, ].D.; Harper, N.; Has, C.; Magin, T.M.; Marinkovich, M.P.; Marshall,
J.E; McGrath, J.A ; et al. Epidermolysis bullosa. Nat. Rev. Dis. Primers 2020, 6, 78. [CrossRef] [PubMed]

Bonafont, J.; Mencia, A.; Chacén-Solano, E.; Srifa, W.; Vaidyanathan, S.; Romano, R.; Garcia, M.; Hervas-Salcedo, R.; Ugalde, L.;
Duarte, B.; et al. Correction of recessive dystrophic epidermolysis bullosa by homology-directed repair-mediated genome editing.
Mol. Ther. 2021, 29, 2008-2018. [CrossRef]

Jackéw, J.; Guo, Z.; Hansen, C.; Abaci, H.E.; Doucet, Y.S.; Shin, ].U.; Hayashi, R.; DeLorenzo, D.; Kabata, Y.; Shinkuma, S.; et al.
CRISPR/Cas9-based targeted genome editing for correction of recessive dystrophic epidermolysis bullosa using iPS cells. Proc.
Natl. Acad. Sci. USA 2019, 116, 26846-26852. [CrossRef]

Hainzl, S.; Peking, P.; Kocher, T.; Murauer, E.M.; Larcher, F; Rio, M.D.; Duarte, B.; Steiner, M.; Klausegger, A.; Bauer, ].W.,; et al.
COL7A1 Editing via CRISPR/Cas9 in Recessive Dystrophic Epidermolysis Bullosa. Mol. Ther. 2017, 25, 2573-2584. [CrossRef]
Pulkkinen, L.; Uitto, ]. Mutation analysis and molecular genetics of epidermolysis bullosa. Matrix Biol. 1999, 18, 29-42. [CrossRef]
Marinkovich, M.P,; Tang, ].Y. Gene Therapy for Epidermolysis Bullosa. J. Investig. Dermatol. 2019, 139, 1221-1226. [CrossRef]


http://doi.org/10.1089/nat.2012.0366
http://doi.org/10.1261/rna.5239604
http://doi.org/10.1021/acs.jmedchem.6b00551
http://doi.org/10.3389/fphar.2019.00444
http://www.ncbi.nlm.nih.gov/pubmed/31105570
http://doi.org/10.3390/ph13100294
http://www.ncbi.nlm.nih.gov/pubmed/33036435
http://doi.org/10.1089/nat.2018.0736
http://www.ncbi.nlm.nih.gov/pubmed/29792572
http://doi.org/10.1002/cpt.1802
http://www.ncbi.nlm.nih.gov/pubmed/31994716
http://doi.org/10.1038/s41586-020-1978-5
http://doi.org/10.1038/nature17946
http://doi.org/10.3390/ijms21176240
http://doi.org/10.1126/science.aat5011
http://www.ncbi.nlm.nih.gov/pubmed/30166482
http://doi.org/10.1038/s41573-020-0084-6
http://www.ncbi.nlm.nih.gov/pubmed/33077937
http://doi.org/10.1016/j.cell.2016.10.044
http://www.ncbi.nlm.nih.gov/pubmed/27866654
http://doi.org/10.1016/j.ymthe.2021.09.027
http://doi.org/10.1038/s41586-019-1711-4
http://doi.org/10.1080/10717544.2018.1474964
http://doi.org/10.1016/j.xphs.2019.10.003
http://doi.org/10.1056/NEJMoa2107454
http://doi.org/10.1007/s40120-020-00208-1
https://www.mckinsey.com/industries/pharmaceuticals-and-medical-products/our-insights/gene-therapy-coming-of-age-opportunities-and-challenges-to-getting-ahead
https://www.mckinsey.com/industries/pharmaceuticals-and-medical-products/our-insights/gene-therapy-coming-of-age-opportunities-and-challenges-to-getting-ahead
http://doi.org/10.1089/hum.2017.218
http://www.ncbi.nlm.nih.gov/pubmed/29338444
http://doi.org/10.1038/nbt1212-1153
https://www.fda.gov/news-events/press-announcements/fda-approval-brings-first-gene-therapy-united-states
https://www.genetherapynet.com/gene-therapy-products-on-the-market/624-gene-therapy-products-on-the-market.html
https://www.genetherapynet.com/gene-therapy-products-on-the-market/624-gene-therapy-products-on-the-market.html
http://doi.org/10.1038/s41572-020-0210-0
http://www.ncbi.nlm.nih.gov/pubmed/32973163
http://doi.org/10.1016/j.ymthe.2021.02.019
http://doi.org/10.1073/pnas.1907081116
http://doi.org/10.1016/j.ymthe.2017.07.005
http://doi.org/10.1016/S0945-053X(98)00005-5
http://doi.org/10.1016/j.jid.2018.11.036

Pharmaceutics 2021, 13, 1722 20 of 24

42.

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Christiano, A.M.; Greenspan, D.S.; Lee, S.; Uitto, ]. Cloning of human type VII collagen. Complete primary sequence of the alpha
1(VII) chain and identification of intragenic polymorphisms. J. Biol. Chem. 1994, 269, 20256-20262. [CrossRef]

Woodley, D.T.; Keene, D.R.; Atha, T.; Huang, Y.; Ram, R.; Kasahara, N.; Chen, M. Intradermal injection of lentiviral vectors
corrects regenerated human dystrophic epidermolysis bullosa skin tissue in vivo. Mol. Ther. 2004, 10, 318-326. [CrossRef]
Kerstin, B.; Kaufmann, H.B.; Galy, A.; Schambach, A.; Grez, M. Gene therapy on the move. EMBO Mol. Med. 2013, 5, 1642-1661.
Robbins, P.B.; Sheu, S.M.; Goodnough, J.B.; Khavari, P.A. Impact of laminin 5 beta3 gene versus protein replacement on gene
expression patterns in junctional epidermolysis bullosa. Hum. Gene Ther. 2001, 12, 1443-1448. [CrossRef]

Seitz, C.S.; Giudice, G.J.; Balding, S.D.; Marinkovich, M.P,; Khavari, P.A. BP180 gene delivery in junctional epidermolysis bullosa.
Gene Ther. 1999, 6, 42-47. [CrossRef] [PubMed]

European Medicines Agency. EU Clinical Trial Register. 2021. Available online: https://www.clinicaltrialsregister.eu/ (accessed
on 11 May 2021).

National Institutes of Health—US National Library of Medicine. 2021. Available online: www.clinicaltrials.gov (accessed on 11
June 2021).

Hirsch, T.; Rothoeft, T.; Teig, N.; Bauer, ].W.; Pellegrini, G.; De Rosa, L.; Scaglione, D.; Reichelt, J.; Klausegger, A.; Kneisz, D.; et al.
Regeneration of the entire human epidermis using transgenic stem cells. Nature 2017, 551, 327-332. [CrossRef]

De Rosa, L.; Carulli, S.; Cocchiarella, F.; Quaglino, D.; Enzo, E.; Franchini, E.; Giannetti, A.; De Santis, G.; Recchia, A.; Pellegrini,
G.; et al. Long-term stability and safety of transgenic cultured epidermal stem cells in gene therapy of junctional epidermolysis
bullosa. Stem Cell Rep. 2014, 2, 1-8. [CrossRef]

Community College Bioscience. Castle Creek Bioscience. Available online: https:/ /castlecreekbio.com/autologous-fibroblast-
pipeline/gene-therapy-dystrophic-epidermolysis-bullosa/ (accessed on 28 July 2021).

Abeona Therapeutics. Abeona Therapeutics Announces Updated EB-101 Phase 1/2a Clinical Results in Recessive Dystrophic
Epidermolysis Bullosa at the Society for Pediatric Dermatology 46th Annual Meeting. 2021. Available online: https://www.
abeonatherapeutics.com/ (accessed on 22 August 2021).

Eichstadt, S.; Barriga, M.; Ponakala, A.; Teng, C.; Nguyen, N.T.; Siprashvili, Z.; Nazaroff, ].; Gorell, E.S.; Chiou, A.S.; Taylor, L.;
et al. Phase 1/2a clinical trial of gene-corrected autologous cell therapy for recessive dystrophic epidermolysis bullosa. JCI Insight
2019, 4. [CrossRef] [PubMed]

Supp, D.M.; Hahn, J.M.; Combs, K.A.; McFarland, K.L.; Schwentker, A.; Boissy, R.E.; Boyce, S.T.; Powell, H.M.; Lucky, A.W.
Collagen VII Expression Is Required in Both Keratinocytes and Fibroblasts for Anchoring Fibril Formation in Bilayer Engineered
Skin Substitutes. Cell Transpl. 2019, 28, 1242-1256. [CrossRef]

Chavanas, S.; Bodemer, C.; Rochat, A.; Hamel-Teillac, D.; Ali, M.; Irvine, A.D.; Bonafé, J.-L.; Wilkinson, ].; Taieb, A.; Barrandon,
Y.; et al. Mutations in SPINKS5, encoding a serine protease inhibitor, cause Netherton syndrome. Nat. Genet. 2000, 25, 141-142.
[CrossRef]

Di, W.L,; Larcher, F; Semenova, E.; Talbot, G.E.; Harper, ].I; Del Rio, M.; Thrasher, A.J.; Qasim, W. Ex-vivo gene therapy restores
LEKTI activity and corrects the architecture of Netherton syndrome-derived skin grafts. Mol. Ther. 2011, 19, 408-416. [CrossRef]
[PubMed]

Di, W.L.; Lwin, S.M,; Petrova, A.; Bernadis, C.; Syed, F; Farzaneh, F.; Moulding, D.; Martinez, A.E.; Sebire, N.J.; Rampling, D.;
et al. Generation and Clinical Application of Gene-Modified Autologous Epidermal Sheets in Netherton Syndrome: Lessons
Learned from a Phase 1 Trial. Hum. Gene Ther. 2019, 30, 1067-1078. [CrossRef]

Krishnan, S.; Agarwal, P; Freedman, ].C.; O’'Malley, M.E.; Regula, L.K.; Krystal Biotech Inc. Compositions and Methods for the
Treatment of Autosomal Recessive Congenital Ichthyosis. U.S. Patent 10,525,090, 1 July 2020.

Krystal Biotech. Krystal Biotech Announces Completion of Patient Enrollment in the GEM-3 Pivotal Trial of B-VEC for the
Treatment of Dystrophic Epidermolysis Bullosa. 2021. Available online: https://ir.krystalbio.com/news-releases/news-release-
details/krystal-biotech-announces-completion-patient-enrollment-gem-3 (accessed on 7 July 2021).

Amryt Pharma. Amryt Pharma Corporate Overview March 2021. Available online: https://www.amrytpharma.com/wp-
content/uploads/2021/03/ AMRYT-Corporate-Overview-Presentation-March-2021-FINAL.pdf (accessed on 13 July 2021).
Intrado. Amryt Receives Positive Opinion From EMA on Orphan Drug Designation for AP103. 2020. Available online:
https:/ /www.globenewswire.com/fr/news-release /2020/09/15/2093560/0/en/ AMRYT-RECEIVES-POSITIVE-OPINION-
FROM-EMA-ON-ORPHAN-DRUG-DESIGNATION-FOR-AP103.html (accessed on 26 June 2021).

Jackow, J.; Guo, Z.; Abaci, E.; Doucet, Y.; Hansen, C.; Salas-Alanis, J.; Christiano, A. Biallelic correction of recessive dystrophic
epidermolysis bullosa mutations in iPSCs using CRISPR/Cas9- based genome editing. J. Investig. Dermatol. 2017, 137, S225.
[CrossRef]

Webber, B.R.; Osborn, M.].; McElroy, A.N.; Twaroski, K.; Lonetree, C.-1.; DeFeo, A.P; Xia, L.; Eide, C.; Lees, C.J.; McElmurry, R.T,;
et al. CRISPR/Cas9-based genetic correction for recessive dystrophic epidermolysis bullosa. NP] Regen. Med. 2016, 1, 16014.
[CrossRef] [PubMed]

Bonafont, J.; Mencia, A.; Garcia, M.; Torres, R.; Rodriguez, S.; Carretero, M.; Chacén-Solano, E.; Modamio-Heybjer, S.; Marinas, L.;
Ledn, C.; et al. Clinically Relevant Correction of Recessive Dystrophic Epidermolysis Bullosa by Dual sgRNA CRISPR/Cas9-
Mediated Gene Editing. Mol. Ther. 2019, 27, 986-998. [CrossRef] [PubMed]

Wan, T.; Pan, Q.; Ping, Y. Microneedle-assisted genome editing: A transdermal strategy of targeting NLRP3 by CRISPR-Cas9 for
synergistic therapy of inflammatory skin disorders. Sci. Adv. 2021, 7, eabe2888. [CrossRef]


http://doi.org/10.1016/S0021-9258(17)31984-1
http://doi.org/10.1016/j.ymthe.2004.05.016
http://doi.org/10.1089/104303401750298599
http://doi.org/10.1038/sj.gt.3300809
http://www.ncbi.nlm.nih.gov/pubmed/10341874
https://www.clinicaltrialsregister.eu/
www.clinicaltrials.gov
http://doi.org/10.1038/nature24487
http://doi.org/10.1016/j.stemcr.2013.11.001
https://castlecreekbio.com/autologous-fibroblast-pipeline/gene-therapy-dystrophic-epidermolysis-bullosa/
https://castlecreekbio.com/autologous-fibroblast-pipeline/gene-therapy-dystrophic-epidermolysis-bullosa/
https://www.abeonatherapeutics.com/
https://www.abeonatherapeutics.com/
http://doi.org/10.1172/jci.insight.130554
http://www.ncbi.nlm.nih.gov/pubmed/31578311
http://doi.org/10.1177/0963689719857657
http://doi.org/10.1038/75977
http://doi.org/10.1038/mt.2010.201
http://www.ncbi.nlm.nih.gov/pubmed/20877344
http://doi.org/10.1089/hum.2019.049
https://ir.krystalbio.com/news-releases/news-release-details/krystal-biotech-announces-completion-patient-enrollment-gem-3
https://ir.krystalbio.com/news-releases/news-release-details/krystal-biotech-announces-completion-patient-enrollment-gem-3
https://www.amrytpharma.com/wp-content/uploads/2021/03/AMRYT-Corporate-Overview-Presentation-March-2021-FINAL.pdf
https://www.amrytpharma.com/wp-content/uploads/2021/03/AMRYT-Corporate-Overview-Presentation-March-2021-FINAL.pdf
https://www.globenewswire.com/fr/news-release/2020/09/15/2093560/0/en/AMRYT-RECEIVES-POSITIVE-OPINION-FROM-EMA-ON-ORPHAN-DRUG-DESIGNATION-FOR-AP103.html
https://www.globenewswire.com/fr/news-release/2020/09/15/2093560/0/en/AMRYT-RECEIVES-POSITIVE-OPINION-FROM-EMA-ON-ORPHAN-DRUG-DESIGNATION-FOR-AP103.html
http://doi.org/10.1016/j.jid.2017.07.187
http://doi.org/10.1038/npjregenmed.2016.14
http://www.ncbi.nlm.nih.gov/pubmed/28250968
http://doi.org/10.1016/j.ymthe.2019.03.007
http://www.ncbi.nlm.nih.gov/pubmed/30930113
http://doi.org/10.1126/sciadv.abe2888

Pharmaceutics 2021, 13, 1722 21 of 24

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.
86.

87.

88.

89.

90.

91.

Koller, U.; Bauer, ]. W. Gene Replacement Therapies for Genodermatoses: A Status Quo. Front. Genet. 2021, 12, 658295. [CrossRef]
Baker, C.; Hayden, M.S. Gene editing in dermatology: Harnessing CRISPR for the treatment of cutaneous disease. F1000Research
2020, 9, 281. [CrossRef] [PubMed]

Rashidghamat, E.; Kadiyirire, T.; Ayis, S.; Petrof, G.; Liu, L.; Pullabhatla, V.; Ainali, C.; Guy, A.; Aristodemou, S.; McMillan, J.R.;
et al. Phase I/II open-label trial of intravenous allogeneic mesenchymal stromal cell therapy in adults with recessive dystrophic
epidermolysis bullosa. . Am. Acad. Dermatol. 2020, 83, 447-454. [CrossRef] [PubMed]

Petrof, G.; Lwin, S.M.; Martinez-Queipo, M.; Abdul-Wahab, A.; Tso, S.; Mellerio, J.E.; Slaper-Cortenbach, I.; Boelens, ].]J.; Tolar,
J.; Veys, P; et al. Potential of Systemic Allogeneic Mesenchymal Stromal Cell Therapy for Children with Recessive Dystrophic
Epidermolysis Bullosa. J. Investig. Dermatol. 2015, 135, 2319-2321. [CrossRef] [PubMed]

El-Darouti, M.; Fawzy, M.; Amin, I.; Abdel Hay, R.; Hegazy, R.; Gabr, H.; El Maadawi, Z. Treatment of dystrophic epidermolysis
bullosa with bone marrow non-hematopoeitic stem cells: A randomized controlled trial. Dermatol. Ther. 2016, 29, 96-100.
[CrossRef] [PubMed]

ClinicalTrials.gov. A Study of PTR-01 in Recessive Dystrophic Epidermolysis Bullosa. 2020. Available online: https://clinicaltrials.
gov/ct2/show /NCT04599881 (accessed on 18 June 2021).

Sarkar, T.; Sarkar, S.; Gangopadhyay, D.N. Gene Therapy and its Application in Dermatology. Indian ]. Dermatol. 2020, 65, 341-350.
[CrossRef] [PubMed]

Prodinger, C.M.; Reichelt, J.; Bauer, ].W.; Laimer, M. Current and Future Perspectives of Stem Cell Therapy in Dermatology. Ann.
Dermatol. 2017, 29, 667-687. [CrossRef] [PubMed]

Busch, K.H.; Bender, R.; Walezko, N.; Aziz, H.; Altintas, M.A.; Aust, M.C. Combination of medical needling and non-cultured
autologous skin cell transplantation (ReNovaCell) for repigmentation of hypopigmented burn scars. Burns 2016, 42, 1556-1566.
[CrossRef] [PubMed]

Cooper-Jones, B.; Visintini, S. A Noncultured Autologous Skin Cell Spray Graft for the Treatment of Burns. In CADTH Issues in
Emerging Health Technologies; Canadian Agency for Drugs and Technologies in Health: Ottawa, ON, Canada, 2016; pp. 1-11.
Shin, T.H.; Kim, H.S.; Choi, S.W.; Kang, K.S. Mesenchymal Stem Cell Therapy for Inflammatory Skin Diseases: Clinical Potential
and Mode of Action. Int. . Mol. Sci. 2017, 18, 244. [CrossRef] [PubMed]

Orr, R M. Technology evaluation: Fomivirsen, Isis Pharmaceuticals Inc/CIBA vision. Curr. Opin. Mol. Ther. 2001, 3, 288-294.
[PubMed]

Hoy, S.M. Patisiran: First Global Approval. Drugs 2018, 78, 1625-1631. [CrossRef]

Akinc, A.; Maier, M.A.; Manoharan, M.; Fitzgerald, K.; Jayaraman, M.; Barros, S.; Ansell, S.; Du, X.; Hope, M.].; Madden, T.D.;
et al. The Onpattro story and the clinical translation of nanomedicines containing nucleic acid-based drugs. Nat. Nanotechnol.
2019, 14, 1084-1087. [CrossRef] [PubMed]

Xiong, H.; Veedu, R.N.; Diermeier, S.D. Recent advances in oligonucleotide therapeutics in oncology. Int. J. Mol. Sci. 2021, 22,
3295. [CrossRef] [PubMed]

Leachman, S.A.; Hickerson, R.P,; Schwartz, M.E.; Bullough, E.E.; Hutcherson, S.L.; Boucher, K.M.; Hansen, C.D.; Eliason, M.J.;
Srivatsa, G.S.; Kornbrust, D.].; et al. First-in-human mutation-targeted siRNA phase Ib trial of an inherited skin disorder. Mol.
Ther. 2010, 18, 442-446. [CrossRef] [PubMed]

Kang, S.; Kim, J.; Ahn, M.; Kim, J.; Heo, M.G.; Min, D.H.; Won, C. RNAi nanotherapy for fibrosis: Highly durable knockdown of
CTGF/CCN-2 using siRNA-DegradaBALL (LEM-5401) to treat skin fibrotic diseases. Nanoscale 2020, 12, 6385-6393. [CrossRef]
[PubMed]

Gale, ].D.; Jensen, J.; Berman, G.; Freimuth, W.; Li, G.; Pleil, A.; Kutty, M.; Rosenthal, A.; Boswell, C.B.; Noah, V.; et al. A Placebo-
controlled Study of PF-06473871 (Anti-Connective Tissue Growth Factor Antisense Oligonucleotide) in Reducing Hypertrophic
Skin Scarring. Plast. Reconstr. Surg. Glob. Open 2018, 6, €1861. [CrossRef] [PubMed]

Han-soo, L. Hugel Completes P1 Clinical Trial on Hypertrophic Scar Treatment. 2018. Available online: http:/ /www.koreabiomed.
com/news/articleView.html?idxno=3298 (accessed on 25 June 2021).

Sirnaomics. Science. 2021. Available online: https://sirnaomics.com/science/ (accessed on 15 May 2021).

Zuidam, ].V. Delving into RXi’s RNAi Delivery Platform. 2017. Available online: https://www.drugdiscoverytrends.com/
delving-into-rxis-rnai-delivery-platform/# Wg3exJa_LPE.twitter (accessed on 15 May 2021).

National Institutes of Health—US National Library of Medicine. A Study to Evaluate the Effectiveness and Safety of RXI 109
on the Outcome of Revised Hypertrophic Scars. 2021. Available online: https://clinicaltrials.gov/ct2/show /NCT02246465
(accessed on 15 May 2021).

Bae, C.J.; Lee, J.W.; Shim, S.B.; Jee, SSW.; Lee, S.H.; Woo, ] M.; Lee, C.K,; Hwang, D.Y. GATA binding protein 3 overexpression and
suppression significantly contribute to the regulation of allergic skin inflammation. Int. J. Mol. Med. 2011, 28, 171-179.
Zeitvogel, J.; Jokmin, N.; Rieker, S.; Klug, L.; Brandenberger, C.; Werfel, T. GATA3 regulates FLG and FLG2 expression in human
primary keratinocytes. Sci. Rep. 2017, 7, 1-11. [CrossRef] [PubMed]

Sterna Biologicals. Pipeline Sterna Biologicals. 2021. Available online: https://www.sterna-biologicals.com/pipeline (accessed
on 26 July 2021).

Bremer, J.; Bornert, O.; Nystrom, A.; Gostynski, A.; Jonkman, M.F,; Aartsma-Rus, A.; van den Akker, P.C.; Pasmooij, A.M.
Antisense Oligonucleotide-mediated Exon Skipping as a Systemic Therapeutic Approach for Recessive Dystrophic Epidermolysis
Bullosa. Mol. Ther. Nucleic Acids 2016, 5, €379. [CrossRef] [PubMed]


http://doi.org/10.3389/fgene.2021.658295
http://doi.org/10.12688/f1000research.23185.1
http://www.ncbi.nlm.nih.gov/pubmed/32528662
http://doi.org/10.1016/j.jaad.2019.11.038
http://www.ncbi.nlm.nih.gov/pubmed/31786163
http://doi.org/10.1038/jid.2015.158
http://www.ncbi.nlm.nih.gov/pubmed/25905587
http://doi.org/10.1111/dth.12305
http://www.ncbi.nlm.nih.gov/pubmed/26439431
https://clinicaltrials.gov/ct2/show/NCT04599881
https://clinicaltrials.gov/ct2/show/NCT04599881
http://doi.org/10.4103/ijd.IJD_323_20
http://www.ncbi.nlm.nih.gov/pubmed/33165431
http://doi.org/10.5021/ad.2017.29.6.667
http://www.ncbi.nlm.nih.gov/pubmed/29200755
http://doi.org/10.1016/j.burns.2016.04.009
http://www.ncbi.nlm.nih.gov/pubmed/27156803
http://doi.org/10.3390/ijms18020244
http://www.ncbi.nlm.nih.gov/pubmed/28125063
http://www.ncbi.nlm.nih.gov/pubmed/11497353
http://doi.org/10.1007/s40265-018-0983-6
http://doi.org/10.1038/s41565-019-0591-y
http://www.ncbi.nlm.nih.gov/pubmed/31802031
http://doi.org/10.3390/ijms22073295
http://www.ncbi.nlm.nih.gov/pubmed/33804856
http://doi.org/10.1038/mt.2009.273
http://www.ncbi.nlm.nih.gov/pubmed/19935778
http://doi.org/10.1039/C9NR10305H
http://www.ncbi.nlm.nih.gov/pubmed/32134425
http://doi.org/10.1097/GOX.0000000000001861
http://www.ncbi.nlm.nih.gov/pubmed/30349773
http://www.koreabiomed.com/news/articleView.html?idxno=3298
http://www.koreabiomed.com/news/articleView.html?idxno=3298
https://sirnaomics.com/science/
https://www.drugdiscoverytrends.com/delving-into-rxis-rnai-delivery-platform/#.Wg3exJa_LPE.twitter
https://www.drugdiscoverytrends.com/delving-into-rxis-rnai-delivery-platform/#.Wg3exJa_LPE.twitter
https://clinicaltrials.gov/ct2/show/NCT02246465
http://doi.org/10.1038/s41598-017-10252-x
http://www.ncbi.nlm.nih.gov/pubmed/28928464
https://www.sterna-biologicals.com/pipeline
http://doi.org/10.1038/mtna.2016.87
http://www.ncbi.nlm.nih.gov/pubmed/27754488

Pharmaceutics 2021, 13, 1722 22 of 24

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Bornert, O.; Kiihl, T.; Bremer, J.; Van Den Akker, P.C.; Pasmooij, A.M.G.; Nystrom, A. Analysis of the functional consequences of
targeted exon deletion in COL7A1 reveals prospects for dystrophic epidermolysis bullosa therapy. Mol. Ther. 2016, 24, 1302-1311.
[CrossRef] [PubMed]

Turczynski, S.; Titeux, M.; Tonasso, L.; Décha, A.; Ishida-Yamamoto, A.; Hovnanian, A. Targeted Exon Skipping Restores Type
VII Collagen Expression and Anchoring Fibril Formation in an In Vivo RDEB Model. J. Investig. Dermatol. 2016, 136, 2387-2395.
[CrossRef] [PubMed]

Bornert, O.; Hogervorst, M.; Nauroy, P.; Bischof, ].; Swildens, J.; Athanasiou, I.; Tufa, S.F.; Keene, D.R;; Kiritsi, D.; Hainzl, S.;
et al. QR-313, an Antisense Oligonucleotide, Shows Therapeutic Efficacy for Treatment of Dominant and Recessive Dystrophic
Epidermolysis Bullosa: A Preclinical Study. J. Investig. Dermatol. 2021, 141, 883-893.e6. [CrossRef]

Kim, S.T.; Lee, K.-M.; Park, H.-J.; Jin, S.-E.; Ahn, W.S.; Kim, C.-K. Topical delivery of interleukin-13 antisense oligonucleotides
with cationic elastic liposome for the treatment of atopic dermatitis. J. Gene Med. 2009, 11, 26-37. [CrossRef] [PubMed]

Exicure Inc. Annual Report on Form K-10; United States Securities and Exchange Commission: Washington, DC, USA, 2019.
Available online: www.annualreports.com (accessed on 2 August 2021).

Kapadia, C.H.; Melamed, ].R.; Day, E.S. Spherical Nucleic Acid Nanoparticles: Therapeutic Potential. BioDrugs 2018, 32, 297-309.
[CrossRef] [PubMed]

Allergan Pays Exicure $25M to Discover Nucleic Acid Hair Loss Drugs. 2019. Available online: https://www.fiercebiotech.com/
biotech/allergan-pays-exicure-25m-to-discover-nucleic-acid-hair-loss-drugs (accessed on 12 August 2021).

ClinicalTrials.gov. Oblimersen and Dacarbazine in Treating Patients with Advanced Malignant Melanoma That Has Responded to
Treatment on Clinical Trial GENTA-GM301. 2003. Available online: https://clinicaltrials.gov/ct2/show/NCT00070343 (accessed
on 2 August 2021).

Hong, C.A.; Nam, Y.S. Functional nanostructures for effective delivery of small interfering RNA therapeutics. Theranostics 2014, 4,
1211-1232. [CrossRef]

Wang, D.; Tai, PW.L.; Gao, G. Adeno-associated virus vector as a platform for gene therapy delivery. Nat. Rev. Drug Discov. 2019,
18, 358-378. [CrossRef] [PubMed]

Sung, Y.K,; Kim, S.W. Recent advances in the development of gene delivery systems. Biomater. Res. 2019, 23, 8. [CrossRef]
[PubMed]

Lundstrom, K. Viral Vectors in Gene Therapy. Diseases 2018, 6, 42. [CrossRef] [PubMed]

Chamorro, C.; Mencia, A.; Almarza, D.; Duarte, B.; Biining, H.; Sallach, J.; Hausser, I.; Del Rio, M.; Larcher, F; Murillas, R.
Gene Editing for the Efficient Correction of a Recurrent COL7A1 Mutation in Recessive Dystrophic Epidermolysis Bullosa
Keratinocytes. Mol. Ther. Nucleic Acids 2016, 5, €307. [CrossRef] [PubMed]

Colella, P; Ronzitti, G.; Mingozzi, F. Emerging Issues in AAV-Mediated In Vivo Gene Therapy. Mol. Ther. Methods Clin. Dev. 2018,
8, 87-104. [CrossRef] [PubMed]

Verdera, H.C.; Kuranda, K.; Mingozzi, F. AAV Vector Inmunogenicity in Humans: A Long Journey to Successful Gene Transfer.
Mol. Ther. 2020, 28, 723-746. [CrossRef] [PubMed]

Mandal, A.; Kumbhojkar, N.; Reilly, C.; Dharamdasani, V.; Ukidve, A.; Ingber, D.E.; Mitragotri, S. Treatment of psoriasis with
NFKBIZ siRNA using topical ionic liquid formulations. Sci. Adv. 2020, 6. [CrossRef]

Ball, R.L.; Bajaj, P.; Whitehead, K.A. Oral delivery of siRNA lipid nanoparticles: Fate in the GI tract. Sci. Rep. 2018, 8, 1-12.
[CrossRef]

Lin, PY,; Chiu, Y.L.; Huang, ].H.; Chuang, E.Y;; Mi, EL.; Lin, KJ.; Juang, ].H.; Sung, HW.; Leong, K.W. Oral Nonviral Gene
Delivery for Chronic Protein Replacement Therapy. Adv. Sci. 2018, 5, 1701079. [CrossRef]

Forbes, D.C.; Peppas, N.A. Oral delivery of small RNA and DNA. J. Control. Release 2012, 162, 438—445. [CrossRef]

enGene. Pioneering Oral Delivery for Gene Therapy; Nature Research Custom Media: London, UK, 2021.

Gennemark, P.; Walter, K.; Clemmensen, N.; Reki¢, D.; Nilsson, C.A.M.; Knochel, J.; Holttd, M.; Wernevik, L.; Rosengren, B.;
Kakol-Palm, D.; et al. An oral antisense oligonucleotide for PCSK9 inhibition. Sci. Transl. Med. 2021, 13, eabe9117. [CrossRef]
Bhavsar, M.D.; Amiji, M.M. Gastrointestinal distribution and in vivo gene transfection studies with nanoparticles-in-microsphere
oral system (NiMOS). J. Control. Release 2007, 119, 339-348. [CrossRef]

Zakrewsky, M.; Kumar, S.; Mitragotri, S. Nucleic acid delivery into skin for the treatment of skin disease: Proofs-of-concept,
potential impact, and remaining challenges. J. Control. Release 2015, 219, 445-456. [CrossRef]

Dokka, S.; Cooper, S.R.; Kelly, S.; Hardee, G.E.; Karras, ].G. Dermal delivery of topically applied oligonucleotides via follicular
transport in mouse skin. J. Investig. Dermatol. 2005, 124, 971-975. [CrossRef]

Zheng, D.; Giljohann, D.A.; Chen, D.L.; Massich, M.D.; Wang, X.-Q.; Iordanov, H.; Mirkin, C.A_; Paller, A.S. Topical delivery of
siRNA-based spherical nucleic acid nanoparticle conjugates for gene regulation. Proc. Natl. Acad. Sci. USA 2012, 109, 11975-11980.
[CrossRef] [PubMed]

Huang, D.; Zhao, D.; Wang, X; Li, C.; Yang, T.; Du, L.; Wei, Z.; Cheng, Q.; Cao, H.; Liang, Z.; et al. Efficient delivery of nucleic
acid molecules into skin by combined use of microneedle roller and flexible interdigitated electroporation array. Theranostics 2018,
8, 2361-2376. [CrossRef]

Dul, M.; Stefanidou, M.; Porta, P; Serve, J.; O'Mahony, C.; Malissen, B.; Henri, S.; Levin, Y.; Kochba, E.; Wong, FES.; et al.
Hydrodynamic gene delivery in human skin using a hollow microneedle device. . Control. Release 2017, 265, 120-131. [CrossRef]
[PubMed]


http://doi.org/10.1038/mt.2016.92
http://www.ncbi.nlm.nih.gov/pubmed/27157667
http://doi.org/10.1016/j.jid.2016.07.029
http://www.ncbi.nlm.nih.gov/pubmed/27498345
http://doi.org/10.1016/j.jid.2020.08.018
http://doi.org/10.1002/jgm.1268
http://www.ncbi.nlm.nih.gov/pubmed/19006098
www.annualreports.com
http://doi.org/10.1007/s40259-018-0290-5
http://www.ncbi.nlm.nih.gov/pubmed/29959665
https://www.fiercebiotech.com/biotech/allergan-pays-exicure-25m-to-discover-nucleic-acid-hair-loss-drugs
https://www.fiercebiotech.com/biotech/allergan-pays-exicure-25m-to-discover-nucleic-acid-hair-loss-drugs
https://clinicaltrials.gov/ct2/show/NCT00070343
http://doi.org/10.7150/thno.8491
http://doi.org/10.1038/s41573-019-0012-9
http://www.ncbi.nlm.nih.gov/pubmed/30710128
http://doi.org/10.1186/s40824-019-0156-z
http://www.ncbi.nlm.nih.gov/pubmed/30915230
http://doi.org/10.3390/diseases6020042
http://www.ncbi.nlm.nih.gov/pubmed/29883422
http://doi.org/10.1038/mtna.2016.19
http://www.ncbi.nlm.nih.gov/pubmed/27045209
http://doi.org/10.1016/j.omtm.2017.11.007
http://www.ncbi.nlm.nih.gov/pubmed/29326962
http://doi.org/10.1016/j.ymthe.2019.12.010
http://www.ncbi.nlm.nih.gov/pubmed/31972133
http://doi.org/10.1126/sciadv.abb6049
http://doi.org/10.1038/s41598-018-20632-6
http://doi.org/10.1002/advs.201701079
http://doi.org/10.1016/j.jconrel.2012.06.037
http://doi.org/10.1126/scitranslmed.abe9117
http://doi.org/10.1016/j.jconrel.2007.03.006
http://doi.org/10.1016/j.jconrel.2015.09.017
http://doi.org/10.1111/j.0022-202X.2005.23672.x
http://doi.org/10.1073/pnas.1118425109
http://www.ncbi.nlm.nih.gov/pubmed/22773805
http://doi.org/10.7150/thno.23438
http://doi.org/10.1016/j.jconrel.2017.02.028
http://www.ncbi.nlm.nih.gov/pubmed/28254630

Pharmaceutics 2021, 13, 1722 23 of 24

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

Brownstone, N.D.; Hong, ].; Mosca, M.; Hadeler, E.; Liao, W.; Bhutani, T.; Koo, J. Biologic Treatments of Psoriasis: An Update for
the Clinician. Biologics 2021, 15, 39-51.

Harrison, G.A. Insulin in alcoholic solution by the mouth. Br. Med. |. 1923, 2, 1204-1205. [CrossRef] [PubMed]

New, R. Oral Delivery of Biologics via the Intestine. Pharmaceutics 2020, 13, 18. [CrossRef]

Tuvia, S.; Atsmon, J.; Teichman, S.L.; Katz, S.; Salama, P.; Pelled, D.; Landau, I.; Karmeli, I.; Bidlingmaier, M.; Strasburger, C.J.;
et al. Oral Octreotide Absorption in Human Subjects: Comparable Pharmacokinetics to Parenteral Octreotide and Effective
Growth Hormone Suppression. J. Clin. Endocrinol. Metab. 2012, 97, 2362-2369. [CrossRef]

Overgaard, R.V,; Navarria, A.; Ingwersen, S.H.; Baekdal, T.A.; Kildemoes, R.J. Clinical Pharmacokinetics of Oral Semaglutide:
Analyses of Data from Clinical Pharmacology Trials. Clin. Pharmacokinet. 2021, 60, 1335-1348. [CrossRef] [PubMed]

Buckley, S.T.; Baekdal, T.A.; Vegge, A.; Maarbjerg, S.]J.; Pyke, C.; Ahnfelt-Renne, J.; Madsen, K.G.; Schéele, S.G.; Alanentalo, T.;
Kirk, R.K,; et al. Transcellular stomach absorption of a derivatized glucagon-like peptide-1 receptor agonist. Sci. Transl. Med.
2018, 10, eaar7047. [CrossRef] [PubMed]

Mabher, S.; Brayden, D.J.; Casettari, L.; Illum, L. Application of Permeation Enhancers in Oral Delivery of Macromolecules: An
Update. Pharmaceutics 2019, 11, 41. [CrossRef] [PubMed]

Twarog, C.; Fattah, S.; Heade, J.; Maher, S.; Fattal, E.; Brayden, D.]J. Intestinal Permeation Enhancers for Oral Delivery of
Macromolecules: A Comparison between Salcaprozate Sodium (SNAC) and Sodium Caprate (C(10)). Pharmaceutics 2019, 11, 78.
[CrossRef]

Tuvia, S.; Pelled, D.; Marom, K.; Salama, P.; Levin-Arama, M.; Karmeli, 1.; Idelson, G.H.; Landau, I.; Mamluk, R. A Novel
Suspension Formulation Enhances Intestinal Absorption of Macromolecules Via Transient and Reversible Transport Mechanisms.
Pharm. Res. 2014, 31, 2010-2021. [CrossRef]

Salama, P.; Mamluk, R.; Marom, K.; Weinstein, I.; Tzabari, M. Chiasma, Inc. Pharmaceutical Compositions and Related Methods
of Delivery. U.S. Patent 8,535,695, 17 September 2013.

Mabher, S.; Leonard, T.W.; Jacobsen, J.; Brayden, D.]. Safety and efficacy of sodium caprate in promoting oral drug absorption:
From in vitro to the clinic. Adv. Drug Deliv. Rev. 2009, 61, 1427-1449. [CrossRef]

Leonard, T.W.; Lynch, J.; McKenna, M.].; Brayden, D.]. Promoting absorption of drugs in humans using medium-chain fatty
acid-based solid dosage forms: GIPET. Expert. Opin. Drug Deliv. 2006, 3, 685-692. [CrossRef]

Halberg, I.B.; Lyby, K.; Wassermann, K.; Heise, T.; Plum-Morschel, L.; Zijlstra, E. The Effect of Food Intake on the Pharmacokinetics
of Oral Basal Insulin: A Randomised Crossover Trial in Healthy Male Subjects. Clin. Pharm. 2019, 58, 1497-1504. [CrossRef]
Brayden, D.J.; Hill, T.A.; Fairlie, D.P.; Maher, S.; Mrsny, R.]J. Systemic delivery of peptides by the oral route: Formulation and
medicinal chemistry approaches. Adv. Drug Deliv. Rev. 2020, 157, 2-36. [CrossRef]

Banerjee, A.; Ibsen, K.; Brown, T.; Chen, R.; Agatemor, C.; Mitragotri, S. Ionic liquids for oral insulin delivery. Proc. Natl. Acad. Sci.
USA 2018, 115, 7296-7301. [CrossRef]

Mitragotri, S.; Banerjee, A.; Brown, T.; Ibsen, K.; Agatemor, C. Ionic Liquids For Internal Delivery. U.S. Patent 16,762,361, 16
November 2018.

Tillman, L.G.; Geary, R.S.; Hardee, G.E. Oral delivery of antisense oligonucleotides in man. J. Pharm. Sci. 2008, 97, 225-236.
[CrossRef]

Ionis. Ionis Highlights Achievements, Commercial Strategy and Technology Advancements at Investor Day. 2020. Available
online: www.ionispharma.com (accessed on 7 July 2021).

Taylor, N.P. Ionis Taps Progenity to Create Oral Antisense Therapies. 2021. Available online: https://www.fiercepharma.com/
drug-delivery /ionis-taps-progenity-to-create-oral-antisense-therapies (accessed on 7 July 2021).

Hyun, E.J.; Hasan, M.N.; Kang, S.H.; Cho, S.; Lee, Y.K. Oral siRNA delivery using dual transporting systems to efficiently treat
colorectal liver metastasis. Int. |. Pharm. 2019, 555, 250-258. [CrossRef]

O'Driscoll, C.M.; Bernkop-Schniirch, A.; Friedl, ].D.; Préat, V.; Jannin, V. Oral delivery of non-viral nucleic acid-based therapeutics—
Do we have the guts for this? Eur. J. Pharm. Sci. 2019, 133, 190-204. [CrossRef] [PubMed]

Alnylam Pharmaceuticals. Alnylam Announces Progress with RNAi Therapeutics Platform, Including Oral Route of Administra-
tion and CNS and Ocular Delivery. 2019. Available online: https://www.biospace.com/article/releases/alnylam-announces-
progress-with-rnai-therapeutics-platform-including-oral-route-of-administration-and-cns-and-ocular-delivery-/ (accessed on
16 May 2021).

DNAlite. Gatrointestinal Gene Therapy Create Better Biological Medicines. 2021. Available online: https:/ /www.dnalite.com/
(accessed on 27 July 2021).

Granhall, C.; Donsmark, M.; Blicher, T.M.; Golor, G.; Sendergaard, F.L.; Thomsen, M.; Baekdal, T.A. Safety and Pharmacokinetics
of Single and Multiple Ascending Doses of the Novel Oral Human GLP-1 Analogue, Oral Semaglutide, in Healthy Subjects and
Subjects with Type 2 Diabetes. Clin. Pharmacokinet. 2019, 58, 781-791. [CrossRef] [PubMed]

Hellriegel, E.T.; Bjornsson, T.D.; Hauck, W.W. Interpatient variability in bioavailability is related to the extent of absorption:
Implications for bioavailability and bioequivalence studies. Clin. Pharmacol. Ther. 1996, 60, 601-607. [CrossRef]

Halberg, I.B.; Lyby, K.; Wassermann, K.; Heise, T.; Zijlstra, E.; Plum-Morschel, L. Efficacy and safety of oral basal insulin versus
subcutaneous insulin glargine in type 2 diabetes: A randomised, double-blind, phase 2 trial. Lancet Diabetes Endocrinol. 2019, 7,
179-188. [CrossRef]


http://doi.org/10.1136/bmj.2.3286.1204
http://www.ncbi.nlm.nih.gov/pubmed/20771392
http://doi.org/10.3390/pharmaceutics13010018
http://doi.org/10.1210/jc.2012-1179
http://doi.org/10.1007/s40262-021-01025-x
http://www.ncbi.nlm.nih.gov/pubmed/33969456
http://doi.org/10.1126/scitranslmed.aar7047
http://www.ncbi.nlm.nih.gov/pubmed/30429357
http://doi.org/10.3390/pharmaceutics11010041
http://www.ncbi.nlm.nih.gov/pubmed/30669434
http://doi.org/10.3390/pharmaceutics11020078
http://doi.org/10.1007/s11095-014-1303-9
http://doi.org/10.1016/j.addr.2009.09.006
http://doi.org/10.1517/17425247.3.5.685
http://doi.org/10.1007/s40262-019-00772-2
http://doi.org/10.1016/j.addr.2020.05.007
http://doi.org/10.1073/pnas.1722338115
http://doi.org/10.1002/jps.21084
www.ionispharma.com
https://www.fiercepharma.com/drug-delivery/ionis-taps-progenity-to-create-oral-antisense-therapies
https://www.fiercepharma.com/drug-delivery/ionis-taps-progenity-to-create-oral-antisense-therapies
http://doi.org/10.1016/j.ijpharm.2018.11.009
http://doi.org/10.1016/j.ejps.2019.03.027
http://www.ncbi.nlm.nih.gov/pubmed/30946964
https://www.biospace.com/article/releases/alnylam-announces-progress-with-rnai-therapeutics-platform-including-oral-route-of-administration-and-cns-and-ocular-delivery-/
https://www.biospace.com/article/releases/alnylam-announces-progress-with-rnai-therapeutics-platform-including-oral-route-of-administration-and-cns-and-ocular-delivery-/
https://www.dnalite.com/
http://doi.org/10.1007/s40262-018-0728-4
http://www.ncbi.nlm.nih.gov/pubmed/30565096
http://doi.org/10.1016/S0009-9236(96)90208-8
http://doi.org/10.1016/S2213-8587(18)30372-3

Pharmaceutics 2021, 13, 1722 24 of 24

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Moroz, E.; Matoori, S.; Leroux, J.C. Oral delivery of macromolecular drugs: Where we are after almost 100years of attempts. Adv.
Drug Deliv. Rev. 2016, 101, 108-121. [CrossRef] [PubMed]

Caffarel-Salvador, E.; Abramson, A.; Langer, R.; Traverso, G. Oral delivery of biologics using drug-device combinations. Curr.
Opin. Pharm. 2017, 36, 8-13. [CrossRef]

Imran, M.; Rani Therapeutics LLC. Therapeutic Agent Preparations Comprising Liraglutide for Delivery into a Lumen of the
Intestinal Tract Using a Swallowable Drug Delivery Device. U.S. Patent 8,809,271, 19 August 2014.

Dhalla, A K.; Al-Shamsie, Z.; Beraki, S.; Dasari, A.; Fung, L.C.; Fusaro, L.; Garapaty, A.; Gutierrez, B.; Gratta, D.; Hashim, M.; et al.
A robotic pill for oral delivery of biotherapeutics: Safety, tolerability, and performance in healthy subjects. Drug Deliv. Transl. Res.
2021, 1-12.

Abramson, A.; Caffarel-Salvador, E.; Khang, M.; Dellal, D.; Silverstein, D.; Gao, Y.; Frederiksen, M.R.; Vegge, A.; Hubalek, F.;
Water, ].J.; et al. An ingestible self-orienting system for oral delivery of macromolecules. Science 2019, 363, 611-615. [CrossRef]
Abramson, A.; Caffarel-Salvador, E.; Soares, V.; Minahan, D.; Tian, R.Y.; Lu, X.; Dellal, D.; Gao, Y.; Kim, S.; Wainer, J.; et al. A
luminal unfolding microneedle injector for oral delivery of macromolecules. Nat. Med. 2019, 25, 1512-1518. [CrossRef]

Babaee, S.; Pajovic, S.; Kirtane, A.R.; Shi, J.; Caffarel-Salvador, E.; Hess, K,; Collins, J.E.; Tamang, S.; Wahane, A.V,;
Hayward, A.M,; et al. Temperature-responsive biometamaterials for gastrointestinal applications. Sci. Transl. Med. 2019, 11,
eaau8581. [CrossRef] [PubMed]

Biograil. Available online: https://biograil.com/ (accessed on 16 August 2021).

Progenity™. Oral Biotherapeutics Drug-Device Combinations Using Progenity’s Novel Drug Delivery System (in Development).
2021. Available online: https://www.progenity.com/innovation/oral-biotherapeutics (accessed on 28 July 2021).

Baywind Bioventures. Propel Biologics™ JetCAP™. 2021. Available online: http://baywindbio.com/jetcap/ (accessed on 28 July
2021).

Rhodes, C.; Casillas, J.; Baywind Bioventures. Capsule Device for Delivery of Active Agent to Gastrointestinal Tract. U.S. Patent
62/722,083, 23 August 2018.

Aran, K.; Chooljian, M.; Paredes, ].; Rafi, M.; Lee, K; Kim, A.Y.; An, J.; Yau, ].E; Chum, H.; Conboy, I; et al. An oral microjet
vaccination system elicits antibody production in rabbits. Sci. Transl. Med. 2017, 9, eaaf6413. [CrossRef]

Artmonov, V.; Yanovitska, J.; Hashimshony, D.; Cohen, J. The development of intestinal mucoadhesive layers for a novel device
for oral delivery of macromolecules through the intestinal wall. Pharmaceutics 2021, 13. under review.

Abramson, A.; Frederiksen, M.R.; Vegge, A.; Jensen, B.; Poulsen, M.; Mouridsen, B.; Jespersen, M.O.; Kirk, R.K.; Windum, J.;
Hubalek, E; et al. Oral delivery of systemic monoclonal antibodies, peptides and small molecules using gastric auto-injectors.
Nat. Biotechnol. 2021, 1-7. [CrossRef]

Pillai, O.; Kumar, N.; Dey, C.S.; Borkute, S.; Nagalingam, S.; Panchagnula, R. Transdermal iontophoresis of insulin. Part 1: A
study on the issues associated with the use of platinum electrodes on rat skin. | Pharm. Pharmacol. 2003, 55, 1505-1513. [CrossRef]
France, M.M.; Del Rio, T.; Travers, H.; Raftery, E.; Xu, K.; Langer, R.; Traverso, G.; Lennerz, J.K.; Schoellhammer, C.M. Ultra-rapid
drug delivery in the oral cavity using ultrasound. . Control. Release 2019, 304, 1-6. [CrossRef]

Caffarel-Salvador, E.; Kim, S.; Soares, V.; Tian, R.Y.; Stern, S.R.; Minahan, D.; Yona, R.; Lu, X.; Zakaria, ER.; Collins, J.; et al. A
microneedle platform for buccal macromolecule delivery. Sci. Adv. 2021, 7, eabe2620. [CrossRef]

Banerjee, A.; Wong, J.; Gogoi, R.; Brown, T.; Mitragotri, S. Intestinal micropatches for oral insulin delivery. J. Drug Target. 2017, 25,
608-615. [CrossRef]

Banerjee, A.; Chen, R.; Arafin, S.; Mitragotri, S. Intestinal iontophoresis from mucoadhesive patches: A strategy for oral delivery.
J. Control. Release 2019, 297, 71-78. [CrossRef]

Nemeth, C.L.; Lykins, W.R.; Tran, H.; ElSayed, M.E.H.; Desai, T.A. Bottom-Up Fabrication of Multilayer Enteric Devices for the
Oral Delivery of Peptides. Pharm. Res. 2019, 36, 89. [CrossRef]

Fox, C.B.; Cao, Y.; Nemeth, C.L.; Chirra, H.D.; Chevalier, RW.; Xu, A.M.; Melosh, N.A.; Desai, T.A. Fabrication of Sealed
Nanostraw Microdevices for Oral Drug Delivery. ACS Nano 2016, 10, 5873-5881. [CrossRef] [PubMed]

Jorgensen, J.R.; Jepsen, M.L.; Nielsen, L.H.; Dufva, M.; Nielsen, H.M.; Rades, T.; Boisen, A.; Miillertz, A. Microcontainers for oral
insulin delivery—In vitro studies of permeation enhancement. Eur. J. Pharm. Biopharm. 2019, 143, 98-105. [CrossRef] [PubMed]
Kong, Y.L.; Zou, X.; McCandler, C.A.; Kirtane, A.R.; Ning, S.; Zhou, J.; Abid, A.; Jafari, M.; Rogner, J.; Minahan, D.; et al.
3D-Printed Gastric Resident Electronics. Adv. Mater. Technol. 2019, 4, 1800490. [CrossRef]

Van der Schaar, PJ.; Dijksman, ].F; Broekhuizen-de Gast, H.; Shimizu, J.; van Lelyveld, N.; Zou, H.; Iordanov, V.; Wanke,
C.; Siersema, P.D. A novel ingestible electronic drug delivery and monitoring device. Gastrointest. Endosc. 2013, 78, 520-528.
[CrossRef] [PubMed]

Becker, D.; Zhang, J.; Heimbach, T.; Penland, R.C.; Wanke, C.; Shimizu, ]J.; Kulmatycki, K. Novel orally swallowable IntelliCap®
device to quantify regional drug absorption in human GI tract using diltiazem as model drug. AAPS PharmSciTech 2014, 15,
1490-1497. [CrossRef] [PubMed]


http://doi.org/10.1016/j.addr.2016.01.010
http://www.ncbi.nlm.nih.gov/pubmed/26826437
http://doi.org/10.1016/j.coph.2017.07.003
http://doi.org/10.1126/science.aau2277
http://doi.org/10.1038/s41591-019-0598-9
http://doi.org/10.1126/scitranslmed.aau8581
http://www.ncbi.nlm.nih.gov/pubmed/30996082
https://biograil.com/
https://www.progenity.com/innovation/oral-biotherapeutics
http://baywindbio.com/jetcap/
http://doi.org/10.1126/scitranslmed.aaf6413
http://doi.org/10.1038/s41587-021-01024-0
http://doi.org/10.1211/0022357022197
http://doi.org/10.1016/j.jconrel.2019.04.037
http://doi.org/10.1126/sciadv.abe2620
http://doi.org/10.1080/1061186X.2017.1300664
http://doi.org/10.1016/j.jconrel.2019.01.037
http://doi.org/10.1007/s11095-019-2618-3
http://doi.org/10.1021/acsnano.6b00809
http://www.ncbi.nlm.nih.gov/pubmed/27268699
http://doi.org/10.1016/j.ejpb.2019.08.011
http://www.ncbi.nlm.nih.gov/pubmed/31425857
http://doi.org/10.1002/admt.201800490
http://doi.org/10.1016/j.gie.2013.03.170
http://www.ncbi.nlm.nih.gov/pubmed/23684148
http://doi.org/10.1208/s12249-014-0172-1
http://www.ncbi.nlm.nih.gov/pubmed/25023947

	An Introduction to the Next Generation of Treatments 
	Oligonucleotides 
	DNA Editors 

	Gene Therapy in Dermatology 
	Gene Therapy and Gene Editing 
	Oligonucleotide Therapies in Dermatology 
	Gene Delivery Challenges 

	Evolution of Macromolecule Delivery 
	From Injections to Oral Delivery of Macromolecules 
	Oral Oligonucleotides 
	Oral Delivery of Macromolecules 
	Drug Device Combinations for Oral Delivery 

	Forward Looking 
	References

