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ABSTRACT

Non-viral gene therapy for hereditary skin diseases is an attractive prospect. However, research efforts
dedicated to this area are rare. Taking advantage of the branched structural possibilities of polymeric vec-
tors, we have developed a gene delivery platform for the treatment of an incurable monogenic skin dis-
ease - recessive dystrophic epidermolysis bullosa (RDEB) — based on highly branched poly(B-amino ester)
s (HPAEs). The screening of HPAEs and optimization of therapeutic gene constructs, together with eval-
uation of the combined system for gene transfection, were comprehensively reviewed. The successful
restoration of type VII collagen (C7) expression both in vitro and in vivo highlights HPAEs as a promising
generation of polymeric vectors for RDEB gene therapy into the clinic. Considering that the treatment of
patients with genetic cutaneous disorders, such as other subtypes of epidermolysis bullosa, pachyonychia
congenita, ichthyosis and Netherton syndrome, remains challenging, the success of HPAEs in RDEB treat-
ment indicates that the development of viable polymeric gene delivery vectors could potentially expedite

the translation of gene therapy for these diseases from bench to bedside.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

The human genome project has accelerated the discovery of the
genetic basis of an increasing number of diseases and correspond-
ing interventions for treatment. Following almost three decades of
continuous investigations, gene therapy is starting to take center
stage as a state-of-the-art biotherapy with obvious clinical benefits
[1]. Gene-based therapies are broadly defined as the intentional
modulation of gene expression in target human cells for treating
a pathological condition. More specifically, some researchers
restrict the definition of gene therapy to introduce exogenous
nucleic acids that can achieve gene addition, gene correction/alter-
ation and gene knockdown [2,3]. This modulation is achieved by
exploiting the exogenous nucleic acids such as DNA, mRNA, small
interfering RNA (siRNA), microRNA (miRNA) or antisense oligonu-
cleotides (AONSs) [3]. Based on the nature of the vector, gene ther-
apy is broadly classified into viral and non-viral approaches.
Compared with viral counterparts, polymeric vectors have multi-
ple advantages: (i) they do not integrate into the host genome
and thus exhibit a high biosafety profile with minimal immuno-
genicity and pathogenicity [4]; (ii) they have a greater capacity
for delivering large gene segments than viruses [5]; (iii) their syn-
thesized nature and design flexibility enable a good balance in effi-
ciency and safety [6]; and (iv) they are convenient for scalable
manufacturing and thus favored for the bench-to-bedside transla-
tional applications in a clinical setting. As a major category of non-
viral candidates, polymeric vectors such as poly(ethylene imine)
(PEI), poly(L-lysine) (PLL), poly(B-amino esters) (PAEs) and poly
[2-(dimethylamino)ethyl methacrylate] (PDMAEMA) have shown
great promise for delivering therapeutic gene constructs in a host
of disease conditions [3,5,7]. In particular, PEI and its variants have
been widely tested in clinical trials with the main focus on onco-
logical studies [3].

The skin is an appealing organ for gene therapy for several rea-
sons: (i) it comprises the largest organ of the human body, main-
tains homeostasis, and shields the body from the external
environment; (ii) it is easily accessible for treatment with
topical/intradermal/subcutaneous/electroporation applications for
convenient gene transfer; and (iii) the ready accessibility of genet-
ically engineered skin to clinical observations and macroscopic,
microscopic, cellular and molecular analyses. Clinically, genetic
skin diseases, chronic wounds, skin cancers and vaccine develop-
ment are among the most suitable and ideal targets for gene trans-
fer technologies through different mechanisms [8-11]. Design and
development of safe and efficient vectors for skin gene delivery is
of great significance. However, currently the majority of gene
delivery vectors in the treatment of genetic skin diseases are viral.
By combining the structural advantages of polymeric vectors and
the versatile properties of poly(p-amino ester)s (PAEs) based sys-
tems [12,13], our research group developed highly branched poly
(B-amino ester)s (HPAEs) for the treatment of a representative
monogenic skin disease - recessive dystrophic epidermolysis bul-
losa (RDEB). This review first introduces an overview of RDEB
and the main treatment methods, and the development of HPAEs
for RDEB treatment are then reviewed. Finally, the challenges, pro-
spects and favorable delivery routes of polymeric vectors for tar-

geting hereditary skin diseases are discussed. We believe the
rapidly developing polymeric gene delivery systems will facilitate
gene therapy for hereditary skin disorders.

2. Development of HPAEs for RDEB therapy
2.1. RDEB overview

First described with subtype classification in 1962, epidermoly-
sis bullosa (EB) has drawn increasing attention from researchers
for more than half a century [14]. It represents a heterogeneous
group of skin fragility diseases characterized with blisters, ero-
sions, and chronic ulcers of cutaneous and mucosal surfaces [15].
EB is caused by mutations in various genes encoding structurally
or functionally related proteins. Generally, EB is divided into four
major subtypes depending on the level of blister formation in the
skin structure, known as EB simplex (EBS), junctional EB (JEB), dys-
trophic EB (DEB) and Kindler syndrome (KS) [16,17]. To date,
among more than 30 subtypes of EB which have been reported,
RDEB is considered one of the most devastating [18]. Clinically,
RDEB is more severe than the dominant DEB (DDEB) [17]. Geneti-
cally, RDEB is caused by the biallelic loss-of-function mutations
within the COL7A1 gene which results in deficient or absent
expression of type VII collagen (C7) [18]. Fig. 1a shows the sche-
matic illustration of pathogenesis of RDEB. It is well known that
both human keratinocytes and dermal fibroblasts can secrete
full-length 290 kDa C7 [19], the main component of anchoring fib-
rils (AFs), which offer the main structural connection between the
skin basement membrane zone (BMZ) and papillary dermis, exert-
ing the role of a “biological Velcro” at the dermal-epidermal junc-
tion (DEJ) [20]. The compromised skin integrity in EB is attributed
to the absence or diminished amounts of C7. In addition to the
chronic and recurrent wounds, tissue fibrosis, severe pain, and fre-
quent failure to thrive, there is a very high risk for RDEB patients to
develop aggressive squamous cell carcinoma due to the chronic
remodeling and increased cell proliferation occurring at lesion sites
[21]. This risk increases to 67.8%, 80.2% and 90.1% by the age of 35,
45 and 55, respectively [22]. Affecting about one in one million
newborns in the United States, RDEB often shows symptoms from
birth with a life expectancy of 30 years in severe patients and a
median survival of 55-65 years in mild phenotypes, respectively
[23,24]. Economically, EB imposes a heavy burden on global
healthcare, and the treatment cost in a severely affected case can
approach $300,000 per year in the USA [17].

2.2. Treatment limitations of RDEB

Currently, there is no cure for RDEB. The clinical management of
RDEB is limited to symptomatic treatment and skin care, and aims
to promote would healing, control infection, relieve pain and itch,
and prevent disease complications [18]. Novel and emerging ther-
apies toward RDEB mainly consist of suppressing inflammation
and fibrosis, restoring C7 and accelerating wound healing through
various mechanisms, some of which have already been tested for
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Fig. 1. (a) RDEB is caused by COL7A1 mutations that lead to blistering beneath the lamina densa in BMZ. Keratinocytes and fibroblasts are main sources to secrete C7 which
aggregates into AFs; and (b) the majority of treatment approaches and their main characteristics towards incurable RDEB in clinical applications.

their translational applications in clinical trials. However, none of
these therapies are consistently effective, and some might have
severe adverse effects and even cause high mortality. The main
treatment approaches in clinical development for RDEB are sum-
marized in Fig. 1b.

Although drug therapies targeted towards relief of symptoms
have shown some benefits, novel topical drugs containing
betulin-rich triterpene extract and allantoin failed to show their
superiority to the meticulous daily care [25]. An anti-
inflammation drug, Losartan, has been shown to inhibit excessive
transforming growth factor-p (TGF-B) signaling to reduce systemic
inflammation and fibrosis progression in RDEB mice [26]. A phase
I/l clinical trial (EudraCT number: 2015-003670-32) was proposed
to assess safety, tolerability and efficiency of Losartan in children
with RDEB.

Allogeneic cell therapy is also being clinically evaluated for the
treatment of RDEB. Intradermal injection of allogeneic fibroblasts
[27,28], bone marrow transplantation (BMT) [29], and intradermal
[30] and intravenous [31] administrations of bone marrow-derived
mesenchymal stromal cells (BM-MSCs) may hold some promise for
re-epithelization of chronic erosions in RDEB patients. However,
the benefits of intradermal fibroblast injection are still controver-
sial, since a phase Il randomized vehicle-controlled trial has found
that both the vehicle group (injected with suspension solution con-
taining 2% albumin) and the fibroblast therapy group showed sim-
ilar improvement [28]. In addition, a critical side effect of high
mortality was observed in the BMT study: two out of seven

patients died due to either the immunosuppression before trans-
plantation or graft rejection and infection [29]. MSCs are favorable
for skin regeneration and wound closure. However, systemic MSC
infusion approach cannot carry adequate cell numbers required
for an efficacious treatment [32]. The optimal dosing, administra-
tion route and consequences of multiple repeated treatment with
MSCs have yet to be fully evaluated in RDEB [18]. For a better
understanding of the role of intravenous allogeneic MSCs in RDEB
patients, a phase I/II trial is planning to investigate the therapeutic
responses and their impact on reducing disease morbidity and
severity (NCT02323789).

C7 is soluble in neutral buffers and blood, unlike most collagens,
and protein replacement therapy to restore the full-length func-
tional C7 is therefore an option [33]. Using RDEB mouse models,
purified human recombinant C7 (hrC7) can be administrated intra-
dermally [34], topically [35], and intravenously [36]. All of these
studies have confirmed that this functional protein can be incorpo-
rated into DEJ to improve the epidermal-dermal adherence and
extend the survival of mice. A phase I/II clinical trial using systemic
protein therapy with hrC7 in RDEB has completed its recruitment
(NCT03752905). and the regimen of intravenous hrC7 is set at
3 mg/kg given weekly for 4 doses, followed by bi-weekly for 7
doses in a phase II trial (NCT04599881). Although these studies
have provided a proof-of-concept for protein therapies, the likely
requirement for repeated injections, high therapeutic costs and
the possibility of anti-C7 antibody formation may hamper their
translational applications [37].
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30% of RDEB patients harbor nonsense mutations which intro-
duce premature termination codons (PTCs) and mRNA decay. Gen-
tamicin, an aminoglycoside antibiotic that can induce PTC read-
through, has been applied topically and intradermally for efficient
C7 restoration in a pilot trial (NCT02698735) [38]. Based on these
findings, one phase I/II clinical trial is recruiting RDEB patients for
evaluating the safety and efficacy of intravenous gentamicin
(NCT03392909). Nevertheless, this class of antibiotics has been
associated with non-negligible cytotoxicity and nephrotoxicity,
and this treatment is limited to RDEB patients with restrictive non-
sense mutations. Gene editing for RDEB preclinical studies is
mainly based on the clustered regularly interspaced short palin-
dromic repeats (CRISPR)-Cas9 nuclease systems and the transcrip-
tion activator-like effector nucleases (TALENs) [39,40]. However,
possible off-target adverse effects are still an important safety con-
cern for these gene editing tools, especially when using the CRISPR/
Cas9 system in vivo.

Restoration of the expression of full-length COL7A1 by gene
therapy is considered to be one of the most promising approaches
for the treatment of RDEB. Viral systems have dominated the area
of RDEB therapy, however, only one publication reporting the clin-
ical outcomes is available [41]. In this study, autologous patient
keratinocytes were transduced with retrovirus carrying full-
length COL7A1 and then assembled into epidermal grafts for
patients. Results showed that the treatment efficiency generally
declined over one year and the response was variable among
patients and grafted sites. Other investigations to explore the pos-
sible treatment methods are currently under clinical evaluation.
Using a self-inactivating lentiviral (SIN-LV) vector, two trials are
focused on intradermal injections of COL7A1 gene-modified autol-
ogous fibroblasts (NCT02493816 and NCT02810951). Through an
ex-vivo strategy, autologous skin cells are transduced with RV vec-
tors to form engineered skin sheets for treatment of wound
(NCT02984085, NCT04186650 and NCT04227106). Herpes simplex
virus (HSV)-1 is an episomal viral vector which has very strong
gene capacity even >100 kb, the disadvantage is that it exhibits
high inflammatory potential [42]. Another topical gel with HSV-
1/COL7A1 is employed for DEB therapy (NCT03536143) in a phase
II trial. Despite the high efficiency of viral vectors, concerns associ-
ated with the large COL7A1 gene size, tumorigenesis and immuno-
genicity remain, and a long follow-up period is needed to validate
the therapy outcomes.

AONSs are synthetic, single-stranded oligodeoxynucleotides that
can influence RNA processing and modulate protein expression
through several distinct mechanisms [43]. Hovnanian and co-
workers have demonstrated that AONs can mediate mutated exon
skipping and restore C7 expression in vivo in a xenograft model of
RDEB [44]. A first-in-human non-viral clinical trial is currently
active, using a topical approach for RDEB/DDEB patients who har-
bor one or more pathogenic mutations in exon 73 of COL7A1
(NCT03605069). The drug is named QR313, which is a 21-
nucleotide AON designed to hybridize to a specific sequence in
the COL7A1 pre-mRNA. Given the merits of non-viral vectors men-
tioned above, non-viral gene therapies, especially synthesized
chemical vectors, are actively being pursued.

2.3. LPAEs as polymeric gene delivery vectors

2.3.1. LPAE synthesis and screening

It is widely accepted that PEI is non-degradable, and thus
induces substantial cytotoxicity in various cell types [45]. As an
alternative to PEI, LPAEs have been identified as high-performing
candidate polymeric vectors. LPAEs were first developed as gene
delivery vectors by Langer and co-workers in 2000 [46]. In general,
LPAEs can be synthesized through a one-pot “A2 + B2” type
Michael addition of amines to diacrylates (Fig. 2a). LPAEs can effec-
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tively condense DNA to formulate LPAE/DNA polyplexes with
diameters in the range of 50-250 nm. In aqueous conditions, LPAEs
can degrade into non-toxic small molecules. Due to the broad
availability of inexpensive commercial diamines and diacrylates,
and convenient one-pot synthesis without the production of any
by-products, large libraries of structurally unique LPAEs were syn-
thesized and screened for gene delivery soon after their potential
was first discovered. In 2003, Langer and co-workers conducted
the first high-throughput and semi-automated LPAE synthesis
and screening [47] (Fig. 2b). 50 high-performing LPAEs were iden-
tified from over 2350 candidates and it was found that LPAEs with
mono- or dialcohol side groups and linear bis(secondary amine)
backbone were more favorable for gene transfections. In-depth
mechanistic studies showed the DNA condensation ability of
LPAEs, polyplex size, zeta potential, cellular uptake efficiency and
endosomal escape ability dictate the ultimate gene transfection
efficiency [48]. Three important factors, namely molecular weight
(M), polymer terminal groups and polymer/DNA weight/weight
(w/w) ratio were systematically investigated and optimized [49].
Results showed that LPAE with a M,, of 13 kDa and terminated
with amine groups were favorable for gene transfection at the
LPAE/DNA weight ratio (w/w) ranging from 30:1 to 150:1 [49].
After these initial investigations, a new polymer library of >500
LPAEs was screened to deliver suicide gene therapy for cancer
[50]. Among them, C32 polymers (Fig. 2¢) that contain amines with
alcohol groups and acrylates with hydrophobic spacers were iden-
tified to be the top-performing candidates which exhibited high
levels of intra-tumor gene transfection efficiency without inducing
obvious cytotoxicity. Based on the findings mentioned above, using
acrylate and amino monomers in Fig. 2d, 486 s-generation LPAEs
were synthesized and screened by Langer and co-workers [51].
They found that the three most effective LPAEs (C32, J] 28, and
C28) share a common structure but differ by only one carbon in
the amino alcohols. Once again, C32 with M,, of approximately
10 kDa was confirmed to be the optimal candidate.

2.3.2. Optimization of LPAE by end modification

In 2007, an end modification strategy was developed to further
improve the gene transfection efficiency of LPAEs [52]. In this strat-
egy, as end-capping agents, a second amine was used to conjugate
with the vinyl groups of acrylate-terminated LPAE base polymers
(Fig. 3a), and the combined effects of LPAE backbone, side group
and terminal structure on gene transfection were systematically
assessed [52-54]. It was found that after end modification with pri-
mary diamine groups, both the in vitro and in vivo gene transfec-
tion performances of C32 were improved significantly [52]. In
this study, C32 was end-modified with four diamines (103, 116,
117 and 122, Fig. 3b). Results showed that the four modified C32
polymers yielded higher gene expression than unmodified C32
and jet-PEI after intraperitoneal administration in whole-body
scans. It was believed that the terminal diamine groups effectively
decreased the size of LPAE/DNA polyplexes and thus increased
their cellular uptake efficiency [54]. In particular, alteration of
the terminal group from alcohols to primary amines facilitated
the formation of nano-sized LPAE/DNA polyplexes by increasing
the positive charge density and thus DNA binding affinity of LPAEs
[53]. Encouragingly, the lead end-modified C32 polymer exhibited
high transfection efficiency, with its performance even comparable
to adenovirus in stem cells. From 2009 to 2011, amine end-capped
LPAEs, especially those using C32 as the base polymer, demon-
strated great promise for several clinically relevant applications
by delivering functional genes to ovarian cancer [55], mouse gland
mammary epithelial cells [56] and glioblastoma cells [57]. Later,
Anderson and co-workers investigated the influence of M,, of
end-modified C32 polymers on transfection efficiency and toxicity
[58]. Results showed that LPAEs of intermediate M,, (~5-8 kDa)
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generally mediated optimal DNA transfection efficiency in human
cervical cancer cell (HeLa) cells. All LPAEs induced low cytotoxicity
over a wide range of M,, (2.4-16.4 kDa), highlighting the high bio-
compatibility of these polymers. Other studies were carried out
with C32-based LPAEs included, such as the quantification of plas-
mid number within the polyplexes [59] and consideration of the
mechanisms involved in cellular uptake and transfection efficiency
[60]. Using a nanoparticle tracking analysis (NTA)-based quantifi-
cation, LPAE/DNA polyplexes effective at co-transfecting cells were
shown to contain ~ 100 plasmids per particle in aqueous solution.
Structure-function relationship revealed that LPAEs spontaneously
formed positively charged (+21-29 mV of zeta potential) poly-
plexes with a 130-150 nm diameter, buffered 1.4-4.6 mmol H'/g
with half-lives ranging from 1.5 h to over 6 h, and mediated a max-
imum of 95% cellular uptake and 93% transfection efficiency,
respectively.

Besides the C32 polymers, other top-performing LPAEs have
also been explored to achieve successful treatment, such as the
C28-E7 and D60. Chemical structures of C28-E7 and D60 base poly-
mers are shown in Fig. 3c. C28-E7 was investigated for the treat-
ment of malignant glioma [61,62]. In addition, C28-E7/DNA
polyplexes can be fabricated, lyophilized, and stored for at least
two years without losing gene transfection efficacy [61]. This poly-
mer was used to effectively transfer a suicide gene of HSV-derived
enzyme thymidine kinase (HSVtk) to a malignant glioma model,
and this treatment extended brain tumor survival when combined
with the prodrug ganciclovir (GCV) [62]. After end-capping with
the same set of diamines, D60 based polymer showed gene trans-
fection potency which was comparable with the best-performing
C32 polymers [53]. Additionally, the diacrylate (D) also plays a crit-
ical role in contributing to the high levels of gene transfection effi-
ciency in LPAE terpolymers with alkyl side chains [63]. All these
studies reveal that the structure of LPAEs has a significant effect
on gene transfection outcomes, and any subtle alterations to the
M, or the monomer combination strategy can lead to remarkable
enhancement or reduction in gene transfection efficiency. These
findings have enlightened the way of developing a new generation
of PAEs with a branched topological structure for RDEB therapy in
our work.

2.4. Development of HPAE for gene therapy of RDEB

2.4.1. Development of HPAEs and gene transfection evaluation

It has been repeatedly demonstrated that the topological struc-
ture of polymeric gene delivery vectors plays a critical role in dic-
tating their gene transfection performance. Branched polymers
have a three-dimensional (3D) structure and multiple terminal
units. Branched PLL [64], PDMAEMA [65], and glycopolymers [66]
have all exhibited superior gene transfection ability compared to
their corresponding linear counterparts. Therefore, it is conceivable
that HPAEs could exceed LPAEs in gene transfection studies. To
verify this hypothesis, studies have sought to synthesize HPAEs
as gene carriers [67,68]. However, these polymers are either lim-
ited to specialized monomers in which the functional groups are
of unequal reactivity or synthesized in a harsh condition where
reduced pressure, high temperature (140 °C) and a special catalyst
are required. The restricted starting monomer selection and
tedious synthesis process would hamper the application of HPAEs
in practice, especially when they are applied in a large-scale
screening process. Most importantly, these synthesized HPAEs
are not as efficient as the 25 kDa PEI in gene transfection work
[68]. In 2015, our group introduced trimethylolpropane triacrylate
(TMPTA) as the branching monomer to synthesize HPAEs through
an “A2 + B3 + C2” type Michael addition strategy (Fig. 4a) [69].
The facile “A2 + B3 + C2” strategy not only enables HPAEs to main-
tain the same functional components derived from LPAEs that had
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already proven efficient in gene transfections, but also confers
branched topological structures on these polymers. Utilization of
28, TMPTA and D as the A2, B3 and C2 monomer, respectively,
HD28 base polymer was first synthesized and then end-capped
with 3-morpholinopropylamine (91) to produce HD28-91
(Fig. 4b) [69]. All these HD28-91 polymers have exhibited excellent
transfection performances. Quantified with a reporter Gaussia luci-
ferase (Gluc) assay, HD28-91 mediated up to 22.3-fold enhance-
ment of transfection efficiency compared to commercially
available transfection reagents PEI and SuperFect in both RDEB ker-
atinocyte (RDEBK) and normal human keratinocyte (NHK) cell
lines. This efficiency, combined with over 80% cell viability,
demonstrated that HPAEs hold great potential in Kkeratinocyte
transfections [69]. Soon after, HD28-91 was shown to generate
much higher transfection efficiency than the lead linear polymer
of C32-103 in RDEBK, NHK and HelLa cells. HD28-91 was further
investigated to show that high transfection efficiency and low
cytotoxicity can be achieved by increasing the M,, of HD28-91
[70]. In this work, among HD28-91 polymers with the M,, ranging
from 5.4 kDa to 21.0 kDa, the 21.0-kDa HD28-91 was the best-
performing polymer in HeLa and SHSY-5Y astrocyte transfection.
To verify the broad applications of HPAEs in transfection studies,
12 structurally diverse HPAEs were synthesized in gene transfec-
tion evaluations with HeLa, rat adipose derived stem cells (rADSC)
and SHSY-5Y astrocyte cells. Results showed that all HPAEs medi-
ated much higher gene transfection efficiency than their linear
counterparts [71]. In this work, the top-performing HD28-91
achieved excellent transfection efficiency across 12 cell types
including keratinocytes, fibroblasts, cancer cells and stem cells.
Under the optimized transfection parameters, HD28-91 displayed
up to 8521-fold enhancement of gene transfection efficiency com-
pared to that mediated by the corresponding LPAE counterpart, PEI,
SuperFect and Lipofectamine 2000. Most importantly, the opti-
mized HD28-91 polymers can effectively deliver COL7A1 to RDEBK
cells to restore the recombinant C7 expression.

2.4.2. Design and synthesis flexibility of HPAE in gene transfection
studies

Design and synthesis of HPAEs can be very flexible for achieving
a required efficiency in transfection studies. Another representa-
tive HPAE developed in our group is directly derived from the
top-performing C32 candidate, which is termed as branched C32
(HC32) [72-75]. As illustrated in Fig. 5, there are two ways to syn-
thesized HC32 polymers. Firstly, the general synthesis strategy of
HC32 was to polymerize A2, B3 and C2 monomers simultaneously
to generate the base polymer. Alternatively, linear C32 oligomers
were prepared first and then combined by the branching unit
(TMPTA) to generate a novel linear-branched hybrid poly(p-
amino ester) (LBPAE). The topological structure of these two poly-
mers is quite similar, however, LBPAE displays a more uniform dis-
tribution of branching unit among the linear segments, and length
of the linear segments in the obtained LBPAEs would be predeter-
mined and thus can be tailored easily. Gene transfection studies
showed that HC32 polymers displayed far superior efficiency than
the C32, PEI and SuperFect in RDEBK, rADSC and Hela cells [72]. It
was also found in this work that HC32 polymers terminated with
the diamine molecules (103 and 122) were more favorable for gene
transfection. The representative HC32-122 with a proper branched
structure can be further guanidinylated to exhibit broad applicabil-
ity in gene transfection across a variety of cell types such as astro-
cytes and stem cells. Additionally, more than 60% GFP expression
efficiency was observed in both NHK and RDEBK cells, and over
90% cell viability was preserved. Another study showed that
HC32-103 polymers with low branching ratio (10%) mediated
higher gene transfection efficiency in RDEBK cells [73]. Further-
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more, formulation study showed that in the presence of sucrose,
lyophilized HC32-122/DNA polyplexes maintain most of their
transfection potency. Direct frozen polyplexes can retain the full
gene transfection efficiency after one year in storage [75].

Human primary dermal fibroblast (HPDF) is the most attractive
cell type that secretes C7. After genetic engineering by transfection,
fibroblasts can be adapted to be more suitable for gene therapy in
RDEB. However, HPDFs are considered difficult to transfect by non-
viral vehicles [76]. Only 27% and 44% of enhanced GFP (EGFP)
expression efficiency were achieved by electroporation systems
[77,78]. To overcome this challenge, a novel LBPAE was synthe-
sized for better gene transfection performance in HPDF cells [74].

In the study, LBPAE maintained the same set of monomers as in
HC32-122 while the synthesis was conducted through the oligo-
mer combination approach. Transfection results showed that
LBPAE mediated over 90% gene transfection efficiency in both
HPDFs and mouse embryo fibroblasts (3T3s), and exhibited excel-
lent in-vitro biocompatibility. Overall, the above findings indicate
that branching strategy is beneficial to improve the gene transfec-
tion performances and HPAEs have broad utility and potency to
transfect diverse cell types efficiently. Recently, researchers intro-
duced a trifunctional amine (N-methyl 1,3 diaminopropane) as the
branching unit to synthesize HPAEs for better in vitro transcribed
(IVT) mRNA delivery to lung epithelium [79].
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Fig. 6. (a) Production of minicircle DNA with the PhiC31 integrase/Scel system. The COL7A1 transgene sequence is inserted in the MN511A-1 cassette to form the parental
plasmid, which is induced by arabinose to produce the MCC7 and excise the bacterial backbone. Reused with permission, Copyright © 2019 American Chemical Society. (b)
HD28-91/MCC7 polyplexes for C7 restoration in a human graft mouse model. Recombinant C7 was detected along the BMZ by intradermal injection or topical application.
(Copyright © 2016 John Wiley & Sons A/S. Published by John Wiley & Sons Ltd. (c) HD28-91/pcDNA3.1COL7A1 mediated long-term expression of C7 in a human graft mouse
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Additionally, the structure of HPAE can be tailored very flexibly eration but difficult to transfect [57,80-82]. To achieve high gene
by incorporating functional monomers. Adipose derived stem cells transfection efficiency in ADSCs and astrocytes, HPAEs containing
(ADSCs) and astrocytes are good resources for neural tissue regen- biodegradable disulfide units in the backbone (HPAESS) and guani-
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dine moieties (HPAESG) at the extremities were synthesized to
deliver minicircle DNA to these cells [83]. This work demonstrated
that 77% and 52% of transfection efficiency was achieved by the
optimized polymers in human ADSCs and primary astrocytes,
whilst 90% cell viability was preserved. In particular, the top-
performing polymer mediated high levels of nerve growth factor
(NGF) secretion in astrocytes, promoting neurite outgrowth in a
model PC12 cell line, and indicating the possible application of
HPAEs in gene therapy for neural degenerative diseases such as
Parkinson’s disease.

2.4.3. Minicircle COL7A1 (MCC?7) construction and in vitro studies

Since HPAEs have been developed and optimized to show high
gene transfection efficiency, to further improve the treatment effi-
cacy for RDEB, the gene construct of COL7A1 was also optimized.
Bacterial plasmid DNA (pDNA) is a promising genetic material for
gene therapy because of its non-integrative, safe and stable nature
[84]. Plasmids contain a bacterial backbone consisting of a bacte-
rial origin of replication (ORI) and antibiotic resistance genes
(e.g., kanamycin) to allow for easy propagation and purification
[85]. However, the bacterial backbone is not desirable for thera-
peutic gene expression. Minicircle DNA is a new form of super-
coiled DNA molecule which is devoid of the ORI and antibiotic
marker [86]. It is derived from a parental plasmid (PP) by removing
the bacterial backbone. Minicircle DNA can be obtained in Escher-
ichia coli (E. coli) via site-specific recombination, mediated by the
recombinase of phage A integrase, which excises the unwanted
plasmid sequences [87]. The Streptomyces bacteriophage PhiC31
integrase can mediate unidirectional recombination events at its
attP/attB sites [88]. The full-length PP construct is grown in a spe-
cial E. coli strain (e.g., ZYCY10P3S2T) that harbours an arabinose-
inducible system to produce the PhiC31 integrase and the Scel
endonuclease simultaneously. As shown in Fig. 6a, after the arabi-
nose induction, PhiC31 integrase mediates site-specific recombina-
tion between the attP and attB sites. After the recombination, a
minicircle DNA is produced carrying only the recombinant attR site
and the transcription unit containing a eukaryotic promoter (e.g.,
cytomegalovirus, CMV), the transgene (e.g., COL7A1) or any other
gene of interests (GOI) and a polyadenylation (polyA) sequence.
The bacterial backbone which is engineered to contain 32 copies
of Scel sites, is processed to be digested by the Scel endonuclease.
The minicircle DNA remains intact due to the lack of the Scel
restriction sites in its construct. This PhiC31 integrase allows for
the production of pure minicircle DNA. The therapeutic efficiency
and biosafety of minicircle vectors are improved due to the rela-
tively small size and the removed bacterial gene sequences. Fur-
thermore, minicircle DNA vectors can mediate sustaining gene
expression for months with 10-1000 fold higher of therapeutic
efficiency than that of their standard plasmid counterparts [89-
91]. Due to the above advantages, minicircle DNA has been exten-
sively used in diabetic wound healing [92,93], DNA vaccine devel-
opment [94], peripheral arterial disease [95], rheumatoid arthritis
[96] and cancer treatment [97].

It was expected that the structurally optimized MCC7 would
benefit gene therapy of RDEB, and thus MCC7 was constructed
and its performance was evaluated in our work [98]. The biosyn-
thesis of MCC7 involved insertion of the full-length COL7A1 com-
plementary DNA (cDNA) into a commercial plasmid construct
(e.g., MN511A-1 cassette, System Biosciences) which is based on
the PhiC31 integrase/Scel system outlined above. This was fol-
lowed by E. coli culture, arabinose induction and final DNA purifi-
cation. Results demonstrated that HD28-91/MCC7 system achieved
a level of recombinant C7 expression comparable to that produced
by primary keratinocytes, indicating the robustness of this system
in achieving required therapeutic efficacy in vitro. Further studies
showed that HC32-122 with a M,, around 10-kDa was more
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favourable for RDEBK transfection, and HC32-122/MCC7 poly-
plexes outperformed PEI counterparts significantly, and achieved
96.4% cellular uptake efficiency, 4019-fold COL7A1 mRNA enhance-
ment and robust recombinant C7 expression [75]. Besides, HC32-
122 based LBPAE mediated over 40% of C7 upregulation in HPDF
transfection [74]. These data support that HPAE can efficiently
restore C7 for reversing the disease phenotype, showing the poten-
tial of HPAE/MCC7 system for polymeric gene therapy in RDEB.

2.4.4. Structure-function relationship of HPAEs and HPAE/DNA
polyplexes

To decipher the mechanism behind the high performance of
HPAEs in gene delivery to skin cells, structure-function relation-
ships of HPAEs were explored. Generally, a Mark-Houwink (MH)
plot o value below 0.5 suggests that the polymer molecules man-
ifest a branched topological structure [69,99]. In these studies [69-
71,100,101], HD28-91 polymers were synthesized by varying the
triacrylate/diacrylate (T/D) feed ratio. No gelation was observed
from these polymerizations. All polymers have an o value < 0.5.
In general, the MH o value decreases with increasing T/D ratio,
suggesting an increased branching degree (BD). The favorable T/D
feed ratio is found to be between 0.5 and 1.2, and the preferred
M,y is around 10-21.0 kDa with a polydispersity index (PDI) from
2.2 to 3.82. These results indicate that “A2 + B3 + C2” Michael addi-
tion strategy offers excellent controllability and great flexibility for
HPAE synthesis, and the branched structure of HPAEs can be easily
adjusted by simply varying the T/D feed ratio.

Tremendous efforts have been made to explore some key
physicochemical properties of polymeric vectors and their formu-
lated nanoparticles, which would dictate the ultimate gene trans-
fection performance of gene expression and cytotoxicity.
Chemical structure, particle surface charge, size, morphology,
aspect ratio, and surface coating are crucial parameters to affect
the multiple mechanistic steps involved in gene transfections [5].
By meticulously selecting the monomer combination and end-
capping agent, HPAEs with multiple primary, secondary and ter-
tiary amines can be produced. These amines would provide HPAE
with good DNA binding affinity and high proton buffering capacity.
The hydrolytic ester groups on the backbone would endow HPAEs
with biodegradability to reduce cytotoxicity after transfection.
Moreover, due to the 3D structure, there are multiple terminal
groups which provide large chemical space for further functional-
ization. When the w/w ratio ranges from 10:1 to 50:1, HD28-91/
DNA particles have sizes between 47 and 230 nm with zeta poten-
tial of +8-24 mV [69-71,100,101]. A previous study has illustrated
that LPAE/DNA particles are generally below 250 nm in size and
efficient for high levels of cellular uptake [48]. The size range of
HPAE/DNA particles is in accordance with that reported in LPAE
studies. Cationic polymers are conducive to condensing the plas-
mid DNA into nanosized particles with a net positive charge, which
facilitates the particles to attach to the negatively charged cellular
membrane through energetically favorable electrostatic interac-
tions [102]. Polyplexes manifest diverse morphologies such as
spherical, toroidal or doughnut-shaped [3,6], which have a signifi-
cant impact on cellular uptake, intracellular trafficking and trans-
gene expression [103]. In our study, the HD28-91/DNA particles
show a uniform spherical morphology, which is preferential for
gene transfection. In addition, the HD28-91/DNA nanoparticles dis-
play strong DNA binding affinity [70,71], good DNA condensation
[71,100,101] and excellent protection against the endonuclease
digestion by DNase enzyme [100]. The strong endosomal escape
ability of cationic polymers is mainly attributed to the protonable
secondary and tertiary amine groups that exhibit a pKj; close to the
endosomal/lysosomal pH, which can induce osmotic lysis of the
endosome through a “proton sponge effect” [104]. For HD28-91,
in addition to the tertiary amine groups in the backbone, the termi-
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nated morpholino groups also offer tertiary and secondary amine
groups, and thus it exhibits stronger proton buffering capacity than
the linear counterpart [71]. Compared with non-degradable poly-
mers, biodegradable polymers are believed to increase the biocom-
patibility and facilitate the DNA release. The half-life of the
biodegradable HD28-91 is around 5 h [100]. In a LPAE study, the
authors concluded that modestly long (>2 h) half-lives are needed
to protect the DNA all the way to the nucleus [60].

In another study [72], the structure-function relationship of
HC32 polymer was investigated in detail. The T/D feed ratio has
been set to generate HC32 base polymers with a BD of 5%, 10%
and 15%, respectively. After end-capping, HC32-10%-122 was pro-
duced with M,,, PDI and MH o values of 13.8 kDa, 3.6 and 0.32
respectively. Compared with the linear C32-122 analogue, HC32-
10%-122 particles display around 100 nm decrease in size and
5 mV increase in zeta potential, indicating a more condensed par-
ticle morphology. The multiple terminal groups of the HC32-10%-
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122 were further conjugated with guanidine moieties, which pro-
moted the cellular uptake efficiency of the nanoparticles. More-
over, HC32-122 can effectively condense MCC7 to form small,
uniform, compact and positively-charged spherical nanoparticles
with high flexibility of DNA release [75]. The HC32-122 based
LBPAE has strong MCC7 condensation ability and binding affinity,
which results in uniform spherical nanoparticles of 60-250 nm
diameter with cellular uptake efficiency of nearly 100% [74].
Besides, the HC32-122 based LBPAE exhibits strong proton buffer-
ing capacity and biodegradability with efficient DNA release abil-
ity, which are very beneficial for promoting endosomal escape of
nanoparticles and gene expression after the nucleus import. Collec-
tively, the strong DNA binding affinity, small particle size, high zeta
potential and efficient proton buffering capacity of HPAEs lead to
higher cellular uptake and endosomal escape efficiency. The
branching strategy facilitates these delivery steps and ultimately
enhances the transfection efficiency.

Three day, daily injection
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Fig. 7. HD28-91 (HPAE-1) was evaluated in a C7 null RDEB knockout (—/—) mouse model. Reused with permission, Copyright © 2016 Elsevier B.V. (a) Treatment methods
with intradermal injections; (b) HD28-1/COL7A1 mediated human C7 restoration (arrows) while phosphate buffer saline (PBS) buffer and polymer alone exhibited negative
results 24 h after injection; and in mouse paws (c) and ventral areas (d), human C7 restoration (arrows) appeared 72 h after injections with HD28-91/COL7A1 polyplexes

while mouse collagen IV (C4) remained unaffected (red).
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2.4.5. HPAE for COL7A1 delivery in animal studies

Beyond the high-performance gene delivery in vitro, to validate
the treatment potency of HPAE in the relevant clinical diseases, a
murine graft model of RDEB was employed for therapeutic evalua-
tions in our studies [71,98]. Typically, this animal model is estab-
lished by preparing C7-deficient primary skin cells obtained from
patients into bioengineered skin equivalent which is then grafted
onto hairless immunodeficient mice [105,106]. In vivo gene ther-
apy is conducted by intradermal injection or topical application
of vector/COL7A1 complexes to the transplantation site. After three
intradermal injections with HD28-91/MCC7 polyplexes, human
recombinant C7 was produced along the BMZ throughout a month
of observation [98]. In this pilot study, the topical administration
allowed for recombinant C7 expression 5 days after a single topical
application and 10 weeks after three applications, indicating that
topical administration is effective, and preferable to intradermal
injection as it causes less trauma and discomfort during the treat-
ment. Fig. 6b shows C7 production along the BMZ after intradermal
or topical delivery [98]. In addition, HD28-91 showed a high per-
formance in delivering pcDNA3.1COL7A1 plasmid DNA in this
mouse graft model [71]. The dorsal area was chosen for transplan-
tation and the growth process of skin equivalent in mice prior to
treatment was shown in Fig. 6¢. The intradermal injections were
carried out three times, once every other day. 5 days and 30 days
after the last injection, significant levels of human recombinant
C7 were produced.

In another in vivo study, RDEB (—/—) mice were used due to
their remarkable similarity to the human phenotype with blister
and wound formation [107,108], allowing for an evaluation much
closer to a real situation in preclinical studies. Results showed that
HD28-91 can effectively deliver therapeutic pcDNA3.1COL7A1
DNA for C7 restoration in a C7 RDEB knockout (—/—) mouse model
[101]. Fig. 7a showed the areas and regimes of intradermal injec-
tions with HD28-91/COL7A1 polyplexes. 24 h after a single deliv-
ery, human C7 was restored at the mouse BMZ in the injection
site of the paw (Fig. 7b). After daily administration for three days,
remarkable amounts of human C7 were produced in mouse paw
(Fig. 7c) and ventral region (Fig. 7d). Collectively, the best-
performing HPAEs can mediate C7 restoration both in vitro and
in vivo with high efficiency. Especially, by taking advantage of
the robust polymer and the miniaturized gene construct, HPAE/
MCC7 system provides a powerful tactic for the development of
effective and biocompatible nonviral gene therapy system towards
RDEB.

3. Prospects of polymeric vectors for hereditary skin diseases
3.1. The skin barrier

Topical and transdermal gene delivery allows for convenient
and pain-free self-administration for patients and thus increases
compliance, however, delivery of gene-containing drugs through
the skin has always been an attractive as well as challenging area.
Briefly, skin is divided into epidermis, dermis and junction areas of
BMZ. The stratum corneum (SC), stratum granulosum (SG), stratum
spinosum (SS) and the underlying stratum basale (SB) constitute
the epidermal layer. The epidermis is a self-renewing tissue with
proliferation of keratinocytes from SB, while keratinocyte terminal
differentiation and skin barrier formation take place in the supra-
basal layers. The dermis is a supporting collagenous stroma within
which are embedded fibroblasts, blood vessels and epidermal
appendages [109]. Currently, cutaneous gene transfer methods
include microneedles [110], electroporation [111], ultrasound
[112], topical administration [113], routine intradermal injections
of genetically corrected cells [114] or nanoparticles [98] and epi-
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dermal grafts [41]. Fig. 8 illustrates the barriers at organ level for
polymeric particles in the skin tissue. When formulated drugs or
prodrugs with polymeric nanoparticles are applied onto the skin,
several routes or pathways are needed for these particles to
achieve a better penetration of the skin, including the transcellular,
intercellular, follicular and appendageal routes. It is believed that
nanoparticles preferentially make use of the follicular penetration
pathway, and they do have a promising future in dermal drug
delivery if smart nanoparticle systems are developed with the abil-
ity to release their drugs at specific times and locations within the
hair follicle [115]. SC is well known as the first obstacle for skin
gene delivery, because its 10-20 pm thick structure confers protec-
tion against external factors and limits the entry and diffusion of
most molecules, especially those hydrophilic molecules and larger
compounds with M,, above 500 Da [116]. Under some specific con-
ditions, tape-stripping, sonophoresis, iontophoresis, electropora-
tion and thermal/suction/laser ablation are employed for
disrupting the SC barrier and enhancing drug penetration [117].
The brick-and-mortar structure with the hydrophobic lipids and
the respective hydrophilic intracellular and hydrophilic intercellu-
lar micro-environments set up different challenges and require-
ments for the transport of delivered drugs, determining their rate
and efficiency via the transcellular route and intercellular path-
ways [5]. For percutaneous delivery, moderate lipophilicity and
low M,, are thought to be beneficial physicochemical characteris-
tics of drugs, however, a large number of pharmaceutical reagents
fail to meet these criteria [118]. In practice, the pursuit of more
hydrophobic properties can be achieved by tailoring the structure
of polymers, through copolymerization of the base polymer with
some specific molecules, such as alkyl groups in side chains or
PEG spacer monomers at the chain end in PAE synthesis [53,63].
To lessen skin irritation, development of skin permeation enhan-
cers and emergence of novel techniques would widen the transder-
mal application for hydrophilic molecules and compounds.
Enhancement strategies with skin hydration, integration with
existing lipids and creation of a disrupted micro-environment are
options for the improvement of skin permeability [5,119,120].

BMZ serves as the junction area for the connection of the epi-
dermis to dermis. It is comprised of collagen IV, laminin, nidogen,
perlecan and other glycol-proteins [121]. Any BMZ gene mutations
or acquired skin diseases with damage to this area would induce
cracking or separation of the skin, manifesting as fragile skin with
blisters and erosion in the skin and membrane, predisposition to
skin cancer, and other complications. BMZ disposes a filtration bar-
rier for drug molecules but this role has not yet been clarified. A
research has revealed that charge-selective permeability of the
skin BMZ is not so selective for macromolecules compared with
that of the glomerular basement membrane (GBM) [122]. In the
dermis, follicular and sweat glands can serve as routes for absorp-
tion of delivered gene products. Notably, skin stem cells can be
found in the bulge of the hair follicle and function as the differen-
tiation source of keratinocytes. They are responsible for ensuring
the maintenance of adult skin homeostasis and hair regeneration,
and participating in the repair of the epidermis after injuries
[123]. Epidermal stem cells can be genetically engineered by vec-
tors for the treatment of hereditary skin diseases [124]. Fibroblasts
are an important and robust cell type in the dermis for therapeutic
protein expression in gene therapy research [125]. Other target
skin cells in gene transfer may include Langerhans cells, dendritic
cells and melanocytes for different therapeutic indications.

3.2. Systemic and cellular barriers
In terms of pharmacokinetics, gene delivery across the skin not

only reduces systemic toxicity, but also eliminates plasma level
peaks and valleys associated with oral administration and injec-
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tions to maintain a constant drug concentration. Delivery through
the skin is a particular advantage for a drug with a short half-life.
When transdermal polymeric particles are absorbed by the skin
tissue or complexes are given systemically, processed through
the circulatory system and redistributed to the skin, these
polymer-loaded drugs must overcome multiple systemic and cel-
lular barriers (Fig. 9). Versatile polymers must have the capability
to bind to and condense nucleic acid into nanosized particles
through electrostatic interactions between the negatively charged
nucleic acid phosphate and the positively charged vector groups,
and thus provide protection of the nucleic acid. Blood circulation
half-life, biodistribution and capacity of nanoparticles to cross
extracellular and intracellular barriers will be dictated by their
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composition, size, charge, shape and surface functionality
[126,127].

Besides the local transfection performance, in the circulatory
system, non-viral vectors are required to avoid degradation by
serum endonucleases and evade detection, phagocytosis and
destruction by macrophages and their immune responses. Further-
more, for long-circulating nanoparticles, in order to have pro-
longed retention time, they must avoid plasma protein
interaction, hepatic clearance and renal clearance which are the
primary routes of particle excretion. Coating the particle surface
groups with polyethylene glycols (PEG), known as “PEGylation”,
is one of the most widely used approaches for improving particle

pharmacokinetic behavior, which can shield the surface from
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Fig. 10. (a) Extensive drying blisters, erosions, thick scabs, reddish scars and reticular pigmented patches appear all over the body in a RDEB patient. (b) A JEB patient has
erythema, erosions and scabs on the left waist with fingertip fibrosis and onychatrophia of some fingers. (c) A butterfly-like skin lesion of shallow ulcers and
hypopigmentation on his face with reddish scars at the cervicothoracic junction areas in a JEB patient. (d) A PC patient has thickened fingernails with a cocked end. (e)
Abnormal skin scaling over the whole body was seen in ARCI. (f) Ichthyosis linearis circumflexa lesions in NS.

Table 1
Gene therapy towards hereditary skin diseases in clinical evaluations.

Disease vector Gene Drug name Administration Trial Ref or trial Recruitment status
(target cell) route phase number

RDEB RV COL7A1 keratinocytes Ex-vivo - 141 -

RDEB SIN-LV COL7A1 Fibroblasts Intradermal injections 1 NCT02493816 Completed

RDEB SIN-LV COL7A1 FCX-007 (fibroblasts) Intradermal injections I/ NCT02810951 Active

RDEB Gamma-RV COL7A1 Hologene 7 Ex-vivo /1 NCT02984085 Active
(Skin stem cells)

RDEB SIN-RV COL7A1 EBGraft (keratinocytes and fibroblasts) Ex-vivo I/ NCT04186650 Enrolling

RDEB RV COL7A1 EB-101(keratinocyte(] Ex-vivo 111 NCT04227106 Recruiting

DEB HSV-1 COL7A1 KB103 Topical gel Il NCT03536143 Active

DEB AON COL7A1 QR-313 Topical /1 NCT03605069 Recruiting

JEB RV LAMB3 Skin stem cells Ex-vivo - 135 -

JEB Gamma-RV COL17A1 Hologene 17 Ex-vivo /1 NCT03490331 Recruiting
(Skin stem cells)

JEB MLV- RV LAMB3 Skin stem cells Ex-vivo 136-138 -

PC Naked siRNA K6a TD101 Intralesional 1 NCT00716014 Completed

ARCI HSV-1 TGM1 KB105 Topical gel I/ NCT04047732 Recruiting

NS LV SPINK5 Skin stem cells Ex-vivo [ NCT01545323 Unknown

aggregation, opsonization and phagocytosis, reduce non-specific
interactions with serum components and prolong systemic circula-
tion time, and thus promote efficient drug and gene delivery
[128,129].

After extravasation from the blood vessel, nanoparticles need to
reach the target tissue of interest (i.e. skin) and prevent the thera-
peutic nucleic acid from endonuclease digestion in the extracellu-
lar matrix and bind to the target cells. They are also required to
overcome major intracellular barriers such as cellular uptake and
endosomal escape. For receptor-specific endocytosis, ligands such
as arginylglycylaspartic acid (RGD) peptide [130] and epidermal
growth factor (EGF) [131] have been utilized to improve the cell
specificity and overall uptake in vitro and in vivo. After these two
intracellular transport steps, DNA must be transported to the
nucleus and then start the transcriptional process [G]. siRNA and
miRNA mimics have to be loaded into the RNA-induced silencing
complex (RISC) to exert its activity of gene silencing [132]. mRNA
should be transported to ribosomes, allowing for the translation
to protein [133]. The nucleic acids must be released from the vec-
tor at some point in time before they are processed in gene silenc-
ing or protein synthesis machinery. Any therapeutic agent that
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failed to pass through these organ-level, systemic and cellular bar-
riers would not achieve successful delivery and would therefore be
ineffective.

3.3. Potential target of hereditary skin diseases

Currently, although there are more than 400 known types of
genodermatosis [37], few of them have been clinically investigated
for gene therapy applications, suggesting that there is a huge space
for other hereditary skin diseases which could be further targeted,
and more polymeric delivery systems could be developed. Apart
from RDEB, JEB, pachyonychia congenita (PC), autosomal recessive
congenital ichthyosis (ARCI) and Netherton syndrome (NS) are rep-
resentative hereditary skin diseases which require more and supe-
rior gene delivery platform for the possibility of better treatment
outcomes. Clinical manifestations of these life-long diseases are
shown in Fig. 10, and Table 1 summarizes different gene therapy
approaches for these diseases at various stages of clinical develop-
ment, the majority of which are still viral vector based.

Among the EB family, RDEB gene therapy attracts the most
attention of researchers and clinicians. JEB encompasses all sub-
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types of EB having blisters developed within the mid portion or
junction, the so-called lamina lucida in the skin BMZ. It can be
caused by mutations in a variety of genes including LAMA3, LAMB3,
LAMC2, COL17A1, ITGAG6, ITGB4 and PLEC1 [134]. For patients with
LAMB3 mutations, one study has utilized an ex vivo strategy to
introduce wild-type cDNA into the autologous stem cells using a
retroviral vector, which were then prepared as epithelial sheets
for grafting [135]. Results showed that synthesis and proper
assembly of normal levels of functional protein were achieved,
together with the development of a firmly adherent epidermis that
remained stable for the duration of a 1-year period of follow-up
without blisters, infections, inflammation or immune response.
Using the same strategy, an active clinical trial employs a patient’s
own skin-derived cultured epidermal grafts containing epidermal
stem cells genetically modified with a gamma-retroviral (RV)/
COL17A1 cDNA system for epidermis restoration. (NCT03490331).
Using Murine leukemia virus (MLV)-based RV vector, LAMB3 cDNA
was transduced in keratinocytes to produce an entire, fully func-
tional epidermis in patients with JEB [136-138], and the transgenic
epidermis were found to sustain by only a restricted number of
long-lived stem cells detected as holoclones, rather than mero-
clones and paraclones [137].

PC is an ultrarare, autosomal dominant inherited disorder that
affects the nails, skin, oral mucosae, larynx, hair and teeth [139].
It was first observed as combined clinical features of thickened toe-
nails and thick/painful plantar calluses. Affecting around one in
one million people globally, the disease is caused by mutations
in keratin-encoding genes, such as keratin KRT6a, KRT6b, KRT6c,
KRT16 and KRT17 [140]. Leachman and co-workers have conducted
a phase I clinical trial for PC (NCT00716014) utilizing a siRNA-
based therapy, TD101, which has been designed to specifically
and potently target the keratin 6a (K6a) N171K mutant. Results
from this first-in-human mutation-targeted siRNA research in
human skin revealed that TD101 can effectively mediate regression
of plantar callus after intralesional injection [141]. This work high-
lights the potential for other siRNA-based platforms in PC and
genetic skin diseases.

The inherited ichthyoses represents a large and clinically and
genetically heterogeneous group of keratinization disorders caused
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by abnormal epidermal barrier function with varying degrees of
resultant scaling [142]. There are many different subtypes of
ichthyoses which could be therapeutic targets for polymeric gene
delivery. A phase 1 clinical trial is recruiting for the treatment of
transglutaminase 1 (TGMT1)-deficient ARCI (NCT04047732). The
drug is formulated with a replication-incompetent and non-
integrating HSV-1 vector containing TGM1 encoding genes.

NS is an autosomal recessive skin disease that encompasses
ichthyosis linearis circumflexa (ILC) and a predisposition to aller-
gies, asthma and eczema with hypereosinophilia, trichorrhexis
invaginata and elevated serum IgE levels. This monogenic disorder
is caused by mutations in the gene SPINK5 and the loss of function
of lymphoepithelial Kazal-type-related protease inhibitor (LEKTI-
1) [143], and at a functional level the skin barrier in NS is seriously
affected. One study proposes using a lentiviral (LV) vector for the
genetic engineering of autologous stem cells, and grafting of autol-
ogous epidermal sheets generated from these cells for the treat-
ment of NS patients (NCT01545323), however, the recruitment
status of this trial remains unknown. Collectively, the main current
therapeutic strategies for these hereditary skin diseases in clinical
evaluations are shown in Fig. 11, and these delivery methods and
routes can be potentially employed by versatile polymeric
platforms.

4. Conclusion

Most hereditary skin diseases are severe, life-long and incurable
disorders, which require clinically viable gene therapy approaches
to alleviate the devastating disease symptoms and complications.
Although polymeric vectors show great promise in treating genetic
diseases, cancers and vaccination development, their application in
hereditary skin diseases is rare. RDEB is a bullous genodermatosis
that causes severe damage in response to minor mechanical
trauma and imposes a heavy burden on patients and healthcare
systems. Numerous efforts have been made to find a cure for RDEB,
but each treatment method has its own limitations. In this review,
we have summarized the development of an “A2 + B3 + (C2”
Michael addition platform for the synthesis of HPAE vectors, and

Cell culture

:.:’)%

Transduction

oy A

Gene therapy D @ .

Viral pérticle

Ex-vivo genetically corrected cells

Fig. 11. Current gene therapy strategies for inherited skin disease in clinical application. Generally, ex-vivo approaches, topical application and intralesional administration of
the naked nucleic acids are the existing systems employed for genetic skin diseases in clinical settings. Autologous cells including keratinocytes, fibroblasts, and epidermal
stem cells can be obtained from patient biopsies, and then cultured and expanded, and further processed to prepare epidermal sheets or skin equivalent, which can be grafted
back to the wounds of patients, or injected directly to the patient’s skin (i.e. fibroblasts); viral vectors carrying the therapeutic gene can be used topically; and naked nucleic
acids, for example, AONs and siRNA can be utilized topically and injected to the lesion, respectively.
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highlighted the best-performing HPAEs derived from their LPAE
counterparts for the treatment of incurable RDEB. Based on the
monomer combinations and “bottom-up” design, HPAEs with
favorable properties to deliver the therapeutic gene of interest
with high-performance gene transfection have been designed.
The efficiency and cytotoxicity can be controlled by the structure
and M,, of HPAE polymers. The impressive performance of HPAEs
in gene transfection work have been validated in skin cells includ-
ing keratinocytes and fibroblasts, and other cell types such as stem
cells, cancer cells and astrocytes. The gene construct of COL7A1-
encoding pDNA has been optimized by synthesizing a minimized
MCC7 for pursuing higher gene delivery efficiency and biosafety.
In preclinical studies, complexed with regular COL7A1-encoding
pDNA and MCC7, HPAEs have successfully restored long-term
recombinant C7 expression along the skin BMZ in a COL7A1-null
mice model and a xenograft RDEB mice model, respectively.
Structure-function relationship studies demonstrate these poly-
meric particles have the capacity to overcome multiple cellular
and extracellular barriers in gene transfer. Besides, frozen HPAE/
DNA particles can be stored for 1 year without losing transfection
efficiency. Our work shows that high efficiency, excellent biocom-
patibility, and facile manipulation together with long-term stabil-
ity make the HPAE/MCC7 system a promising bench-to-bed
candidate for treating the debilitating condition RDEB.

Cutaneous gene therapy has its own characteristics for gene
transfer. The skin is an organ barrier that requires the particles to
move through different pathways, such as transcellular route,
intercellular route, follicular route and appendageal route. Cellular
targets of delivery include keratinocytes, fibroblasts, epidermal
stem cells and dendritic cells, depending on the therapeutic indica-
tions. Topical, intralesional and intradermal administrations are
favorable routes for gene delivery to the skin, and ex-vivo methods
are very popular, in which autologous skin cells are transfected and
the skin sheets are grafted back to the patients. Polymeric particles
are also required to surmount systemic barriers and cellular barri-
ers for better gene delivery performances. Currently, traditional
viral vectors having been more extensively researched than nonvi-
ral technologies in the treatment of genetic skin diseases. However,
our design, synthesis, and development of HPAE polymers high-
lights significant evidence supporting their efficacy and safety,
and the future potential for utilizing polymeric vectors for the
treatment of other hereditary skin diseases, such as JEB, PC,
ichthyosis and NS.
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