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Abstract: Mutations in genes such as transglutaminase-1 (TGM1), which are responsible for the
formation and normal functioning of a lipid barrier, lead to the development of autosomal recessive
congenital ichthyosis (ARCI). ARCIs are characterized by varying degrees of hyperkeratosis and the
presence of scales on the body surface since birth. The quality of life of patients is often significantly
affected, and in order to alleviate the manifestations of the disease, symptomatic therapy with
moisturizers, keratolytics, retinoids and other cosmetic substances is often used to improve the
condition of the patients’ skin. Graft transplantation is commonly used to correct defects of the eye.
However, these approaches offer symptomatic treatment that does not restore the lost protein function
or provide a long-term skin barrier. Gene and cell therapies are evolving as promising therapy for
ARClIs that can correct the functional activity of altered proteins. However, these approaches are
still at an early stage of development. This review discusses current studies of gene and cell therapy
approaches for various types of ichthyosis and their further prospects for patient treatment.

Keywords: autosomal recessive congenital ichthyosis; lamellar ichthyosis; transglutaminase-1; gene
therapy; cell therapy

1. Introduction

Ichthyosis is a heterogeneous group of diseases, both hereditary and acquired, char-
acterized by dry, rough skin with noticeable scaling, covering large parts of the body [1].
The development of acquired ichthyosis is associated with malignant neoplasms, autoim-
mune, metabolic, endocrine and infectious diseases [2]. The heterogeneous manifestation
of ichthyosis leads to difficulties in diagnosis and confusion in terminology in different
countries. In this review, we are using the classification accepted at First Ichthyosis Con-
sensus Conference in Soreze in 2009 [3], with the addition of information on mutations
associated with the development of ichthyosis described since 2010. An umbrella term
autosomal recessive congenital ichthyosis (ARCI) is used to describe a heterogenous group
of ichthyoses induced by germline mutations in at least ten genes. Mutations in arachi-
donate 12-lipoxygenase, 12R type (ALOX12B), arachidonate lipoxygenase 3 (ALOXE3),
NIPA-like domain containing 4 (NIPAL4)/ichthyin, patatin like phospholipase domain
containing 1 (PNPLA1) and cytochrome P450 family 4 subfamily F member 22 (CYP4F22)
genes are associated with the development of non-bullous congenital ichthyosiform ery-
throderma (NBCIE; OMIM #242100, OMIM #606545, OMIM #612281, OMIM #615024,
OMIM #604777) [4,5]. Truncating mutations in the ATP-binding cassette subfamily A
member 12 (ABCA12) gene tend to cause Harlequin ichthyosis (HI, OMIM #242500),
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while ABCA12 missense mutations are associated with lamellar ichthyosis (LI; OMIM
#601277) [6,7]. Mutations in NIPAL4/ichthyin gene also lead to the development of ARCI
type III [8]. Mutations in transglutaminase-1 (TGM1) gene lead to the development of LI
and rarer ARCI form bathing suit ichthyosis (OMIM #242300) [9]. In addition to these main
forms of ARCI, several rare subtypes have been identified, such as self-improving collodion
ichthyosis (ALOX12B, ALOXE3, and TGM1 mutations) [10].

Despite the variety of mutations and phenotypic manifestations of ARCI, from 32%
to 68% of cases (~70-90% of LI) are caused by mutations in the TGM1 gene [11]. In the
United States, TGM1 mutations are responsible for 55% of ARCI cases [12,13]. To date, more
than 115 mutations in the TGM1 gene have been described in patients from diverse racial
and ethnic backgrounds (Caucasion Americans, Norwegians, Swedish, Finnish, German,
Swiss, French, Italian, Dutch, Portuguese, Hispanics, Iranian, Tunisian, Moroccan, Egyp-
tian, Afghani, Hungarian, African-Americans, Korean, Japanese and South African) [14].
However, the highest LI incidence rate is found in Norway (1:91,000) [15] and Galicia
(northern Spain) (1:122,000) [12], with both cases being due to the founder effect. Presum-
ably, the mutation in Galicia could have arisen about 1000 years ago and then spread to the
Ecuadorian province of Manabi, where LI is also highly prevalent [16].

The TGM1 gene is located on chromosome 14q11.2 (GenBank NM_000359.3) and
encodes transglutaminase-1 (TGase-1) enzyme, which has a molecular weight of ~90 kDa
(GenBank NM_000359.3). TGase-1 is Ca?*-dependent enzyme, which is expressed at epi-
dermal keratinocytes in the skin, and stratified squamous epithelium of the upper digestive
tract and in lower female genital tract [17]. TGase-1 catalyzes Ne-(y-glutamyl) lysine
crosslinking precursor proteins, such as loricrin and involucrin. These linked peptides
form the cornified cell envelope (CCE), a physical and water-impermeable structure that
is important for the skin barrier function. The CCE formation is important as a scaffold
for the following attachment of lipid molecules to form a normal cornified lipid envelope
(CLE) in the stratum corneum of the skin [14]. Altered TGase-1 enzyme function leads to
the formation of defective intercellular lipid layers and disruption of the stratum corneum
barrier function (Figure 1) [18]. Severe TGase-1 disfunction can lead to the classic LI pheno-
type [19]; partial loss of TGase-1 activity can result in the development of mild LI [20] or
NBCIE phenotype [21].
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Figure 1. The formation of cornified cell envelope (CCE), a physical and water-impermeable structure,
is important as a scaffold for the following formation of a normal lipid layer in the stratum corneum of
the skin. Normal transglutaminase-1 enzyme catalyzes Ne-(y-glutamyl) lysine crosslinking precursor
proteins, such as loricrin and involucrin. These linked peptides, in turn, attach to the outer side of
the CCE. Mutation in TGM1 gene lead to altered transglutaminase-1 enzyme function, formation of
defective intercellular lipid layers and disruption of the stratum corneum barrier function. TGM1-
transglutaminase-1, TGM-3—transglutaminase-3, TGM5-transglutaminase-5.
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After mutations in the TGM1 gene, the most common causes of ARCI are muta-
tions in ALOXE3 and ALOX12B (17-30%), NIPAL4 /ichthyin (10-16%), CYP4F22 (8-10%),
ABCA12 (5%) genes. The number of cases where a mutation is unknown varies from
15 to 22% [22,23]. Gene mutations associated with ARCI and linked ARCI phenotypes are

summarized in Table 1.

Table 1. Genes and associated ARCI phenotypes.

Gene ARCI Phenotype OMIM References
ALOXI2B NBCIE, self—improving collodion #242100 [4,5,10]
ichthyosis (rare form)
ALOXE3 NBCIB, self—improving collodion 4606545 [10,24]
ichthyosis (rare form)
NIPAL4/ichthyin NBCIE #612281 [8,25]
PNPLA1 NBCIE #615024 [26]
CYP4F22 NBCIE #604777 [5]
ABCA12 truncating mutations HI #242500 [6]
ABCA12 missense mutation LI #601277 [7,27]
LI, bathing suit ichthyosis (rare
TGM1 form), self-improving collodion #242300 [9,10]
ichthyosis (rare form)
CERS3 Variable ARCI phenotype #615023 [28]
SDRIC7 Variable ARCI phenotype #617574 [29]
SULT2B1 Variable ARCI phenotype #617571 [30]
LIPN Variable ARCI phenotype #613943 [31]

This review aims to describe current ARCI conventional therapy, gene and cell therapy
approaches for various types of ichthyosis and discuss their further prospects for the
patient treatment.

2. Pathophysiology of the Diseases and Diagnosis

Harlequin ichthyosis has the most severe phenotypic manifestations among ARClIs.
Newborns with HI always have severe collodion membrane and extreme ectropion and
eclabium. Large gray or yellowish scales are disturbed throughout the body. Sever ery-
thema is also observed. Due to severe skin lesions, temperature regulation is impaired, and
being prone to skin infections is also observed. Another complication that occurs in both HI
patients and other types of ARCI is anhidrosis, the inability to sweat [11]. The development
of anhidrosis is probably associated with an invisible hyperkeratotic plugging and capping
of the sweat duct [32]. The mortality rate of HI newborns is about 50%, which is the highest
compared to other ARCI types [33]. HI diagnosis is usually not difficult because of its phe-
notype. However, prenatal detection of ABCA12 mutations is a crucial diagnostic criterion.
Prior to the identification of ABCA12 as a gene causing the disease, prenatal HI diagnosis
was performed by electron microscopy of fetal skin biopsy samples [34]. The ultrastructure
of lamellar bodies in HI cells is impaired due to the deficiency of intercellular lamellae in
the stratum corneum [35]. Three-dimensional sonography construction can also be used to
diagnose severe ARCI, including HI, by the presence of dense floating particles in amniotic
fluid (“snowflake sign”), which indicates abnormal corneocyte shedding (disadhesion) [36].

Newborns with a mutation in the TGM1 gene often have ectropion and collodion
membrane [37]. Subsequently, the membrane dries and exfoliates, and is then replaced
by brown lamellar scales. Scales can be limited to trunk, legs, forearms, and forehead in
mild LI or involve the whole body in severe forms [38]. Ectropion, eclabium, cicatricial
alopecia of the scalp and eyebrows, and palmar and plantar hyperkeratosis, can occur
in severely affected children. The nails may be curved, and the ears are often wrinkled
and close to the scalp. Mild erythroderma may be present [39]. LI diagnosis is also
based on fetal skin biopsy and electron microscopy observation during the later stages
of pregnancy. Ultrastructural analysis of cells from ARCI patients showed that CCE is
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absent in patients with LI, and keratinocytes have a reduced level of TGase-1 enzyme
activity [40]. Absence of or significant defects in CCE are also observed in epidermal
scales and nails of patients with a mutation in the TGM1 gene [41]. Moreover, cholesterol
clefts, lipid vacuoles in cornified cells, malformed cornified cell envelope and abnormal
lamellar granules were detected in skin cells of LI patients [42]. Depending on the type
of mutation, keratinocytes of ARCI patients showed a 0.5-4% reduction in the membrane
enzymatic activity of TGase-1 compared to healthy controls [14]. Histological analysis
of the skin of LI patients has shown hyperkeratosis, focal parakeratosis, a normal or
thickened granular layer with increased mitoses, acanthosis, psoriasiform hyperplasia and
perivascular lymphocytic infiltrate [43].

Children with NBCIE are frequently born as collodion babies. After the collodion
membrane is dropped, erythroderma and scaling appear. Scales are typically fine and white
or light gray and can be localized or generalized [3]. NBCIE diagnosis is also based on the
analysis of cell ultrastructure, which shows mild to moderate hyperkeratosis, a normal or
moderately thickened granular cell layer, slight acanthosis and variable parakeratosis [44].

Due to the absence of robust genotype—-phenotype correlation and the genetic het-
erogeneity of ARCI, accurate diagnosis requires identification of the gene, the mutation
in which led to the development of the disease [23]. The recent development of prena-
tal diagnostic methods allows a DNA analysis to be performed for most common ARCI
diseases using chorionic villus sampling and amniocentesis in early pregnancy, with a
reduced risk for both mother and child. Today, the usual step in diagnosis process is the
analysis of a multigene panel covering the known genes associated with the development
of ichthyosis [45]. If it is not possible to identify already known mutations, then, using
modern methods of DNA analysis, such as next-generation sequencing (NGS), partial
sequencing of the exome can be performed [46]. To date, due to the extensive screening for
mutations associated with ichthyosis, disease-causing mutations can be found in 90% of
ARCI patients [32].

3. Potential Biomarkers of the Diseases

In addition to obvious morphological signs, an alteration in the barrier function of
the skin leads to the dysregulation of cytokines and/or immune cells and changes in lipid
metabolism in the affected cells. Recent studies have revealed changes in the expression
of cytokine genes and the number of immune cells that can be used as biomarkers to
diagnose and monitor ARCI course. For example, increased CD3* T-cell and dendritic
cell infiltration and the increased expression of genes encoding common inflammatory
markers as interleukin (IL)-2 and IL-15 and innate immunity cytokines IL-18 and IL-8 have
been found in ARCI patients [47]. In addition, an upregulation of T-helper (Th) type
17 pathway genes (IL17F and IL36B/G) and IL-17-related proteins synergistically induced
by IL-17 and tumor necrosis factor (TNF)-« (IL-17A/C, IL-19, CXC motif chemokine ligand
1 (CXCL1), peptidase inhibitor 3 (PI3), chemokine (CC motif) ligand 20 (CCL20)) in the cells
of patients with different types of ARCI, which correlates with the severity of the disease,
was observed [48].

Alterations in the expression of genes that regulate lipid metabolism (elongation
of very long chain fatty acids elongase 3 and galanin genes) were found with a par-
allel decrease in extracellular lipid level and keratinocyte compaction [48]. In patient
with NIPAL4/ichthyin gene mutation, stratum corneum amounts of ceramides with car-
bon chain-length (C) 32-52 were increased, while amounts of most acylceramide with
C66:2-C72:2 were reduced [49].

4. Animal Model of ARCI

To improve existing therapy and produce fundamentally new approaches for the
treatment of congenital ichthyosis, a high-quality, stable preclinical model that can fully
reproduce the phenotype of human impaired skin is required.
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To determine the specific mechanisms leading to the development of the LI phenotype
in keratinocytes, a rat epidermal keratinocyte model was created by suppressing the
expression of the Tgm1 gene. The resulting model reproduced skin areas that were similar
to human epidermis. The Tgm1 gene knockdown by siRNA led to a change in the expression
of the components of the stratum corneum, hyperkeratosis, and an increase in the synthesis
of neutral lipids in organotypic culture. An analysis of such keratinocytes revealed an
upregulation of IL-1a expression, and an increase in IL-1a expression in all patients with
ARCIs including LI It is interesting that the treatment of keratinocytes with an IL-1a
receptor antagonist prevented hyperkeratosis without affecting the levels of non-polar lipid
synthesis, which can allow for the creation of new therapies for LI [50].

Tgm1~/~ mice have similar skin features to severe forms of ichthyosis but die within
the first hours of life [51] due to impaired skin barrier function. Studies using these mod-
els made it possible to establish pathological features of the skin, such as the absence of
corneocyte lipid envelope and cornified envelope, significant hyperkeratosis and hyper-
plasia of the epidermis. In addition, TGase-1 has been found to play an important role in
the formation of a functional skin barrier. However, studies in such animals can only be
performed neonatally [52,53]. Thus, these models can be used to find important markers
of the disease, which can lead to the creation of new therapeutic strategies, but cannot be
used to evaluate treatment effectiveness.

The transplantation of the skin of patients with ichthyosis to laboratory animals can
be an alternative model. Using tissue engineering and surgical tools, models with stable
human skin engraftment in immunodeficient nu/nu mice have been obtained [54]. Aufen-
venne et al. also obtained a humanized mouse model to study the molecular mechanisms of
TGM1-deficient LI [55]. Human LI skin grafts were maintained in athymic nude mice from
6 weeks to 4 months with excellent retention of all common morphological and histological
signs of the disease. Recombinant grafts consisting of an LI patient’s and normal skin cells
were grown for periods up to 87 days in nude mice; the abnormal epidermis retained all
LI features [56].

A possible cross-transfer of the TGM1 gene into the intact LI patient epidermis was
also investigated. Choate et al. used keratinocytes from TGM1-deficient LI patients along
with normal keratinocytes to regenerate human LI epidermis in a nude mouse model [57].

In general, the mechanisms involved in the development of human skin diseases and
related diseases in mice are very similar [58]. In addition, the phenotype of human skin
cells induced by the ichthyosis gene knockdown in vitro is very similar to that described in
mice with knockdown of the same gene. However, there are differences in the structure of
the skin of mice and humans, which include a reduced water barrier or higher percutaneous
absorption in mice, which creates limitations in the evaluation of local drug delivery [59].
Therefore, the models of LI patient skin grafts seem to be more appropriate for studying
the effectiveness of the drugs being developed for the treatment of LI and ARCI.

5. Conventional Therapy
5.1. Symptomatic Therapy

Current ARCI therapy is symptomatic and does not provide a long-term effect. It
aims to improve patient’s quality of life without treating the underlying cause. Current
treatment includes moisturizers, keratolytics, retinoids, vitamin D analogs, corticosteroids,
and calcineurin inhibitors [60].

Retinoids allow for improvements in the condition of the patients’ skin due to their
ability to reduce the adhesion of horny cells and, therefore, to increase their exfoliation,
inhibit the proliferation of the epithelium, help normalize terminal differentiation of skin
cells. In addition, retinoids are able to activate the production of epidermal enzymes,
which is impaired due to TGM1 mutation. The molecular mechanisms of retinol action are
directly related to all-trans retinoic acid (atRA) and 3,4-didehydroretinoic acid (ddRA) [61].
In cells (primarily in differentiated keratinocytes), retinol is metabolized to atRA and
ddRA [62]. Further, atRA and ddRA bind to nuclear retinoic acid receptors (RAR«, -3
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and -y) and retinoid X receptors (RXR«, -3 and -y) and activate them. Most often, these
receptors are assembled into RARy/RXRo heterodimers and are expressed on the cells of
the differentiated layers of the normal epidermis [63,64]. Activation of RAR, RXR receptors
regulates the process of terminal differentiation of keratinocytes. In addition, retinoids
interact with proteins of various signaling pathways, for example, with activator protein-
1 (AP-1) [65]. AP-1regulates the expression of genes that induce keratinocyte differentiation,
such as TGase-1, loricrin, keratin 1, and involucrin [66], all of which are suppressed by
atRA [67-69].

Several studies have proven the effectiveness of oral retinoids for ARCI therapy.
However, this effect only lasts as long as treatment is continued. In a clinical trial evaluating
the effect of acitretin therapy, some LI patients responded to treatment with gradually
increasing doses of oral retinoids (>35 mg/day), others at low doses (10-25 mg/day) [70].
Oral retinoid therapy (isotretinoin, etretinate, or acitretin) at doses ranging from 0.5 to
2.5 mg/kg/day in children with HI resulted in an increase in survival rate by 59% compared
to untreated children. At the same time, it should be noted that 63% of deaths of newborns
without therapy occurred within three days after birth [71].

However, retinoid therapy has side effects related to an increased inflammatory pro-
cess in the skin, which leads to itching and has a negative effect on the epithelium [71];
therefore, their use is limited. However, retinoic acid metabolism-blocking agents (RAMBA)
open up new possibilities [72]. One such drug is liarazole, which inhibits 4-hydroxylase
via cytochrome P450 (CYP) 26, thus preventing retinoic acid catabolism, and exhibits
retinoid-sparing effects in vivo [73]. In the presence of low doses of retinoic acid or all-
trans retinol, liarozole can amplify the effectiveness of low doses of retinoids, in a manner
characteristic of the retinoid at a higher dose [74]. The mRNA expression of the cellular
protein-binding retinoic acid I (CRABPII), keratins (KRT) 2 and 4, CYP26A1 and B1, and
two markers of inflammation (IL-1x and TNF-x) was compared in 11 patients with LI and
12 healthy volunteers of appropriate age and gender. There was no significant difference
between the groups, except for increased CRABPII expression. Biomarkers before and after
4 weeks of liarozole treatment, which gave a better therapeutic response in patients with a
mutation in the NIPAL4/ichthyin gene than in patients with TGM1 gene mutations, were
suggested. A significant decrease in the expression of mRNA of the KRT2 and TNF-« genes
and a tendency to an increase in the expression of mRNA of the KRT4 and CYP26A1 genes
were observed in patients receiving liarozole, which is consistent with increased retinoid-
mediated stimulation of the epidermis. However, there were no dose-dependent responses,
and the results of the analysis on the protein level did not always coincide with the data ob-
tained at the mRNA level. The results of the study indicate that liarozole has a therapeutic
effect in LI, mildly affecting the expression of retinoid-regulated genes in the epidermis [75].

Skin inflammation is an important part of the ARCI pathogenesis. Diseases with
similar pathogenesis may become a source of new targets for anti-inflammatory therapy.
Comparison of biopsies from patients with ichthyosis and patients with psoriasis and atopic
dermatitis revealed an IL-17 dominant immune profile in ichthyosis that was very similar
to that in psoriasis [47]. Inflammation in psoriasis is caused by pro-inflammatory cytokines
such as IL-23, IL-17 and TNF-«, as well as Th17 lymphocytes [76]. Therefore, the modulation
of the inflammation can be achieved by suppressing these cytokines. For example, the
efficacy of anti-IL-17 therapy has been demonstrated in psoriatic erythroderma [77]. Thus,
the search for new therapeutic targets can support the development of cytokine-targeted
treatment for ichthyosis. It has been shown in pediatric patient with ABCA12-deficiency-
related erythrodermic ichthyosis that, after 6 months of treatment with Secukinumab
(150 mg weekly), which specifically targets IL-17, there was a 48% decrease in the Ichthyosis
Area Severity Index score. Cytokine analysis revealed a decrease in pro-inflammatory
cytokines derived from keratinocytes and in the number of Th17 during therapy [78]. The
safety of Secukinumab in patients with ichthyosis was also demonstrated in the clinical
trial (NCT03041038).
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Glycerin, urea and propylene glycol are the most commonly used moisturizing
ingredients and are commonly found in cosmetics for the symptomatic treatment of
ichthyosis [79,80]. In case of insufficiently effective monotherapy or a particularly strong
keratinization of the skin, more specific local exfoliating agents are used. One of these
compounds is N-acetylcysteine, which, together with urea, has shown good results in
the treatment of children with lamellar ichthyosis [81]. Topical anti-inflammatory drugs
(steroids, calcineurin inhibitors) are often ineffective and build up a tolerance [82,83].
Current conventional treatment approaches are described in Table 2.

Table 2. Effectiveness of the currently available treatment approaches for autosomal recessive

congenital ichthyosis.

Therapeutic Agent Model Therapy Results Invesstt:é:tlon References
ERT
Liposomes with Restoration of TGase-1 activity
encapsulated recombinant Skin-humanized and cholesterol gaps In vivo [84]
human TGase-1 mouse model disappearance at the
(rhTGase-1) ultrastructural level
TGase-1-loaded Skin equlV&{lents generated Significant decreases in apparent
- from the fibroblasts and e L .
thermoresponsive . permeabilities, indicating In vivo [85]
nanogels (tNGs) keratinocytes of improved barrier function
ARCI patients
Symptomatic Therapy
Two types of response: some
patients responded to gradually
increasing doses of oral retinoid Clinical trial
Acitretin Seven patients with LI (> 35 mg/day), others, at low completed ’ [70]
doses (1025 mg/day), and P
experienced worsening of the
skin at higher doses
Isotretinoin, etretinate An increase in survival rate by Clinical trial
L Patients with HI 59% compared to ’ [71]
or acitretin . completed
untreated children
A significant decrease in the
expression of mRNA of the KRT2
Retinoids in combination Eleven LI patients and and TNF-a genes and a tendency Clinical trial, [75]
with liarozol twelve healthy patients to an increase in the expression completed
of mRNA of the KRT4 and
CYP26A1 genes
. NIH3TS3 fibroblast cells from Inhibition of
N-acetylcysteine LI patients keratinocyte proliferation Case report (811
Paediatric patient with
ABCAlZ—deﬁclwpcy-relat.e d After the 6-month therapy
erythrodermic ichthyosis - o . .
Secukinumab (ARCI) and efficacy and period, there was a 48% Clinical trial, [78]
reduction in the Ichthyosis Area completed NCT03041038
safety of a 16-weeks use of .
. . Severity Index score
secukinumab in adult
patients with ichthyosis
Imsidolimab (anti-IL-36 Clinical trial
receptor Recruiting of patients with LI - recrutin ’ NCT04697056
monoclonal antibody) &
Keratinocytes of patient with Inhibition of the GJB2 gene
Allele-specific small keratitis-ichthyosis-deafness mutant allele without altering [86]

interfering RNA

syndrome, mouse
xenograft model

the expression of the
wild-type allele
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5.2. Graft Transplantation

The most common ocular abnormality in congenital ichthyosis is cicatricial ectropion.
Progressive scarring and abnormal keratinization of the eyelid skin result in the progres-
sive ectropion of both eyelids, which subsequently leads to lagophthalmos and corneal
exposure. Currently, ARCI therapy using graft transplantation onto the affected areas is
being actively developed.

An example of the successful use of autologous transplantation is described by
Uthoff et al. in the cicatricial ectropion treatment. Among all the types of ichthyosis,
only LI or ichthyosis congenita is associated with the development of ectropion and sub-
sequent pathologies of the organs of the visual system. Surgical correction of ectropion
has been performed with grafts taken from the hand, eyelids, postauricular skin and
groin. Eye symptoms have been successfully treated [87]. Mother’s skin area was also
used for allotransplantation without preliminary HLA analysis or immunosuppressive
agent administration. After 10 months, the graft retention was good and the ectropion
was corrected [88].

Another case of corneal grafting in a 47-year-old man with ARCI with primary kera-
touveitis of the right eye with keratolysis and exudation in the anterior chamber was also
described. The patient was diagnosed with cicatricial ectropion and significant lagophthal-
mos. The patient underwent tectonic penetrating keratoplasty, which is used to restore the
structural integrity of the cornea, cataract extraction and intraocular lens insertion without
postoperative complications [89].

An important feature of skin graft transplantation in the treatment of ectropion is the
skin graft exfoliation, since ichthyosis is a keratinization disease and, therefore, the graft
also requires frequent use of emollients. Secondary skin graft contracture may also occur.
Subramanian et al. recommended applying silicone gel sheets for at least 3 months to reduce
postoperative contracture, as well as moisturizers (such as oils or liquid paraffin) [90].

5.3. Enzyme Replacement Therapy

Enzyme replacement therapy (ERT) can be an effective method for treating various
types of ARCI, since the pathological manifestation of diseases is due to the partial or
complete absence of a protein that is necessary for normal keratinization of the epidermis.
ERT has been used with relative efficacy to treat patients with various lysosomal storage
diseases (LSD) such as Fabry disease (OMIM #301500), type II mucopolysaccharidosis
(OMIM #309900) and Gaucher disease (OMIM #230800), Tay-Sachs disease (OMIM #272800),
metachromatic leukodystrophy (OMIM #607574) [91-95].

Local ERT of LI can restore TGase-1 activity and correct the structure of TGase-1-
deficient skin grafts in animal models [84]. Aufenvenne et al. demonstrated an effective
technique for the delivery of a recombinant protein using liposomes to restore TGase-1
activity and regenerate the skin in LI model animals. Liposomes loaded with TGase-1 effec-
tively restored TGase-1 activity in the upper stratified layers of the epidermis, increased the
integrity of the epidermis, and improved its barrier function. At the same time, the distri-
bution pattern of a number of epidermal differentiation markers, such as loricrin, filaggrin,
involucrin, and plasminogen activator inhibitor 2 (PAI-2), have been normalized [84].

Plank et al. have investigated full-thickness skin equivalents obtained from fibroblasts
and keratinocytes from ARCI patients with mutation in TGM1 [85]. The resulting skin
equivalents were treated with the TGase-1 enzyme. Protein delivery was performed using
thermosensitive nanogels (tNGs) [96]. After the treatment with tNGs loaded with TGase-
1, a significant 50-fold decrease in the permeability of skin equivalents was observed,
indicating an improvement in barrier function. This is supported by earlier work using
topical tNGs to repair barrier defects in TGM1 knockdown skin equivalents [97].
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6. Gene Therapy

To date, there are few studies investigating the effect of gene therapy in ichthyosis.
This is due to the fact that hereditary ichthyosis is an extremely rare disease, which is why
this disorder is under-explored. The genetic mechanisms leading to the development of
various types of ichthyosis are being actively studied, but are still not completely clear. This
makes it difficult to develop effective ARCI gene therapy strategies. Nevertheless, gene
therapy is a promising ARCI therapy. Firstly, skin treatment has undoubted advantages due
to the availability of various manipulations, in comparison with other, more inaccessible
tissues and organs. Secondly, ichthyosis is often a monogenic disease caused by mutations
in one gene, which makes it possible to compensate the lack of the functional protein to
achieve a therapeutic effect. In this section, the existing viral and non-viral approaches to
the gene therapy for ichthyosis caused by mutations in various genes will be discussed.
First, we focus our attention on ARCI; gene therapy for other ichthyosis is discussed in a
separate section.

6.1. Retroviruses

Retroviruses can effectively infect epidermal progenitor cells and provide a stable
expression of therapeutic genes in the skin for several cycles of skin renewal; therefore,
they can be considered a tool for gene delivery for skin diseases [98].

Keratinocytes of ichthyosis patients can be successfully modified using retroviruses.
It was shown that, after transduction with retroviruses encoding the TGM1 gene, the
expression and activity of TGase-1 was restored in the mutant keratinocytes of LI patient

in vitro [99]. Ichthyosis gene therapy is described in Table 3.

Table 3. Currently available gene therapy for ichthyosis.

Therapeutic Agent Model Therapy Results Investigation Stage References
Retrovirus encoding the . . Restoration of TGase-1 expression and activity .
TGMI gene Keratinocytes of LI patient in vitro In vitro [99]
. Significant increase in TGase-1 expression in the
]I:IC?]\\;I-IL zrrlfeOdmg the g&?g;‘giﬁ?getem epidermis without toxicity after both single and In vivo [100]
8 multiple local administrations in vivo
HSV-1, encoding the Patients with LI No data Clinical trial, active, 04047732
TGM1 gene not recruiting
. . The transfection efficiency was approximately 28%,
3‘&?;35;?;“2& plasmid Keratinocytes and which is much better than the results of In vitro [101]
TGMT gene 8 organotypic cultures transfection mediated by other polycationic
g transfection reagents
Plasmid (pCMV-tag4B), . . Restoration of lamellar granule lipid secretion and .
encoding the ABCA12 gene Keratinocytes of HI patient cell phenotypic rescue I vitro (el
Keratinocytes of XLI patients An increase in the STS gene expression in vivo,
transduced with retrovirus Immunodeficient nude mice normihzafhon of ;he hlstologlcgl ap Fe}el\reglce‘ In vivo [102]
encoding the STS gene 5 weeks a ter grafting, restoration of the barrier
function
Autologous epidermal sheets Complete engraftment, transgene expression
o duc% 4 frorf1 eneticall Patients with duration up to 3 months, no significant changes in Clinical trial, active, NCT01545323
}rjno dified keratilgloc tes y Netherton syndrome the levels of transepidermal water loss before and not recruiting [103]
y after transplantation
AAV2, encoding the Keratinocytes of patients with Re§torat10n of AL}? H3A.2 protein functlon,h . ,
ALDH3A2 gene Sjogren-Larsson syndrome resistance to aldehydes increase almost to the In vitro [104,105]
normal level
Epstein—Barr virus encodin An increase in STS activity by about 100 times,
ﬂi STS vene & Keratinocytes of XLI patients restoration of enzymatic activity led to the normal In vitro [106]
& maturation of modified cells in vitro
. . Complete degradation of mRNA of the mutant
o Kgratlnpcytes of t.he. patient . KRT10 gene, restoration of intermediate filament .
KRT10-specific TALEN with epidermolytic ichthyosis, s X X . In vivo [107]
mouse xenograft model stability and changes in cellular and histological
phenotypes
Keratinocytes of patient with
Allele-specific small keratitis-ichthyosis-deafness Inhibition of the GJB2 gene mutant allele without In vivo 186]

interfering RNA

syndrome, mouse
xenograft model

altering the expression of the wild-type allele
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6.2. Herpesviruses

A vector based on herpes simplex virus type 1 (HSV-1) encoding the TGM1 gene has
been proposed as a safe and effective method for gene therapy of ichthyosis caused by the
TGM1 gene mutation. HSV-1 is an attractive vector for the treatment of ichthyosis because
it has epitheliotropism and can penetrate skin keratinocytes more efficiently than other
viral vectors. The HSV-1 vector is safe as its genetic information does not integrate into
the DNA of a host cell, which means the virus does not cause insertional mutagenesis.
Preclinical studies have shown that the vector effectively infects TGM1-deficient human
skin cells, restores the TGase-1 enzyme activity in vitro, and also significantly increases the
expression of TGase-1 without toxicity when administered locally into immunocompetent
BALB/c mice in vivo. It has also been described that the vector did not show toxicity
and immunogenicity, even when injected weekly into the epidermis of animals, and does
not spread to other areas from the injection site [100]. A phase I/1I clinical trial has been
recently registered (August 2019) to evaluate the safety of topical administration of this
genetic vector. To date, this is the only registered clinical trial of the efficacy of direct gene
therapy for the treatment of ichthyosis (NCT04047732).

6.3. Non-Viral Methods

Non-viral gene transfer methods have a number of advantages, including low tox-
icity, low immunogenicity, safety and easier manufacturing, compared to viral vectors.
The disadvantages of this approaches are the short duration of gene expression and low
transfection efficiency [108].

The non-viral system for the TGM1 gene delivery to the keratinocytes of LI patients
was produced and named the adenovirus-enhanced, transferrin-receptor-mediated trans-
fection (AVET) system. AVET is a triple complex consisting of a biotinylated, chemically
inactivated adenovirus, non-covalently linked to plasmid DNA encoding the TGM1 gene
and polylysine-transferrin. The in vitro transfection efficiency of keratinocytes using AVET
was approximately 28%, which was much better than the results of transfection mediated
by other polycationic transfection reagents (SuperFect and PrimeFector). It was also found
that the AVET system better allowed for the transfection differentiated cells than stem
cells. In organotypic cultures (3D culture), AVET transfection did not show the expected
efficiency, which could be due to the presence of a stratum corneum or the absence of a
receptor for adenovirus entry [101].

Non-viral method was also used for the ABCA12 gene delivery to the keratinocytes of
patients with HI. It is known that mutations in the ABCA12 gene result in defective lipid
transport, which leads to the development of HI or LI. After genetic modification with a
plasmid vector containing the wild-type ABCA12 gene, the keratinocytes of the HI patient
began to express the normal ABCA12 protein, which led to the restoration of lipid secretion
from lamellar granules and cell phenotype improvement. This work provided evidence
that ABCA12 works as a lipid transporter for epidermal keratinocytes and that defective
ABCA12 leads to a loss of the skin lipid barrier [6].

6.4. Gene Therapy for Other Types of Ichthyoses

Since there are very few studies on the effectiveness of gene therapy for ARClIs, we
decided to include a description of gene therapy approaches for other types of ichthyosis
in this review, since the same strategies can be modified for ARCIs.

Adeno-associated viruses (AAV) are the most attractive vectors for gene therapy today.
They provide stable expression without insertion of the transgene into the cell genome, have
low immunogenicity, and can transduce both dividing and non-dividing cells, including
keratinocytes [104,105,109].

AAV serotype 2 (AAV2) was used to deliver the aldehyde dehydrogenase 3 family
member A2 (ALDH3A2) gene to the keratinocytes of patients with Sjogren-Larsson syn-
drome. This type of ichthyosis is characterized by mutations in the ALDH3A2 gene encoding
the microsomal nicotinamide adenine dinucleotide (NAD)-dependent enzyme fatty alde-
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hyde dehydrogenase (FALDH), which is required for the oxidation of long-chain aliphatic
aldehydes into fatty acids. The disease leads to the development of congenital ichthyosis,
intellectual disability and spasticity. The use of recombinant AAV2 containing cDNA en-
coding the gene for the missing FALDH enzyme resulted in the restoration of the enzyme
function in mutant cells. In genetically modified cells, resistance to aldehydes, which are
toxic to mutant cells, has been increased almost to the level of normal cells [104,105].

A retrovirus-based vector has been used to develop a therapy for X-linked ichthyosis
(XLI), which is characterized by loss of steroid arylsulfatase C function due to mutations
in the STS gene. Keratinocytes of XLI patients were modified using retrovirus encoding
the STS gene. It was shown that after transplantation of these cells to immunodeficient
nude mice, the resulting epidermis was histologically equivalent to the epidermis of control
animals, which were transplanted with healthy human keratinocytes. In addition, the
barrier function of the transplanted mutant keratinocytes was close to the control [102].

To date, one clinical trial (NCT01545323) dedicated to the transplantation of skin
graft genetically modified with a lentiviral vector encoding a functional copy of the serine
peptidase inhibitor kazal type 5 (SPINK)5) gene required for the formation of lympho-
epithelial kazal-type-related inhibitor (LEKTI) protein in skin stem cells in Netherton
Syndrome has been described. It has been shown that the normal shape and size of the
upper layer of the skin was restored after genetic modification of defective keratinocytes
in vitro [110].

Interestingly, a small number of cells carrying the wild-type SPINK5 gene was suffi-
cient to correct a large area of the graft. In the clinical trial, autologous epidermal layers
made from genetically modified keratinocytes were used to treat patients with Netherton
syndrome. The results of a phase I clinical trial have shown the practical applicability and
safety of this approach. Genetically modified epithelial sheets were successfully formed
and transplanted into three out of five patients (no suitable grafts could be obtained from
the keratinocytes of the other two patients). The researchers published the results of one
patient who was followed up for 12 months after successful transplantation. Recovery in
the area of the graft was compared with the area outside. Morphology, the number of viral
copies, and the level of the SPINK5 gene expression were assessed. Successful engraftment
of the graft, which completely merged with the surrounding skin, was observed. The
number of viral copies could be determined only up to 3 months after transplantation
(1-2 cycles of proliferation and differentiation of keratinocytes). There were no significant
changes in TWEL levels before and after transplantation. The transplantation of genetically
modified epidermal layers is considered a promising approach. The authors believe that the
identification, targeting and engraftment of long-lived keratinocyte stem cell populations
are required for a long-term therapeutic effect [103]. However, it is necessary to optimize
this method to prolong the therapeutic effect.

For XLI therapy, Epstein—Barr virus (human herpesvirus type 4)-based vector encoding
the STS gene was developed. It was shown that after genetic modification with this vector,
the STS activity in the basal cells of the skin of an XLI patient was increased by about
100 times compared to normal keratinocytes. The researchers point out that the restoration
of enzymatic activity led to the normal maturation of modified cells in vitro [106].

The use of programmed nucleases and small interfering RNAs can also be considered
as a non-viral method of gene therapy. It is known that in the case of dominant-negative
mutations, it is useless to replace the mutant gene with a healthy one, which is successfully
used in the therapy of recessive mutation-induced diseases. Gene knockout is the most
effective form of gene editing for dominant-negative mutations. Gene knockout can be
achieved using programmable nucleases that are capable of cleaving certain regions of the
genome and inactivating mutant alleles. For example, transcription activator-like effector
nucleases (TALEN) can specifically target and cleave the DNA sequence, which often results
in a frame shift and eventually activates a nonsense-mediated mRNA pathway [107,111].

In in vitro model of keratinocytes of a patient with epidermolytic ichthyosis caused
by the mutations in the KRT1 or KRT10 genes, and in in vivo xenograft NOD /SCID mice,
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it was shown that TALEN specifically affects the KRT10 region and leads to the complete
degradation of mRNA encoded from the mutant KRT10 gene, restoration of intermediate
filament stability and changes in cellular and histological phenotypes [107].

Allele-specific small interfering RNAs can also be used for the correction of dominant-
negative mutations, which has been studied, for example, for keratitis-ichthyosis-deafness
syndrome. This is a severe, incurable disease characterized by ocular and skin abnormalities
and hearing loss, with serious complications such as infections and skin cancer. The disease
is often caused by dominant-negative mutations in the gap junction protein beta 2 (G/B2)
gene encoding gap junction protein connexin 26. The use of mutant-allele-specific siRNA
on the patient’s keratinocytes resulted in a strong inhibition of the mutant allele of the
GJB2 gene without altering the expression of the wild-type allele in vitro, which was also
confirmed in NOD/SCID mice with skin grafts in vivo [86].

7. Conclusions

At the moment, there is pressing clinical need to find a safe, long-term and effective
treatment for ichthyosis [47]. Even conventional approaches to the treatment of genetic dis-
eases (such as ERT) are not reflected in the publications and apparently, poorly investigated.
This is probably due to the fact that most forms of ichthyosis do not threaten the patient’s
safety and appear only as skin lesions. Therefore, the most common type of treatment
is symptomatic therapy, aiming at moisturizing and restoring the barrier function of the
epidermis. The development of genetic engineering tools allowed for the production of
new, radical approaches for the treatment of monogenic genetic diseases that affect the
cause of the development of the disease. The use of viral vectors makes it possible to ensure
a high-level expression of the gene of interest in cells of various types, including epithelial
cells. However, gene therapy for ARCIs is only at the early stages of the development.
The use of adenoviruses and herpes simplex viruses have not been investigated even in
in vivo models, not to mention clinical trials. At the same time, gene therapy is being
developed for other types of ichthyosis, and is considered the safest approach, allowing
for a stable expression of the transgene without insertion into the genome. However, the
direct administration of viral vectors has a number of disadvantages, such as insertional
mutagenesis, which is common with retroviruses, and the induction of an immune response
leading to inflammation. The introduction of viruses also inevitably leads to the formation
of neutralizing antibodies, which significantly reduce the efficiency of subsequent trans-
ductions with the same virus. Moreover, the therapeutic effect of adenovirus-based and
herpes simplex virus-based treatment may be offset due to the already high prevalence of
anti-viral immunity in the human population. These disadvantages of gene therapy can
be avoided by switching to cell-based drugs [112]. However, unfortunately, cell therapy
approaches for ARClIs are not being investigated at all. Cell therapy has been described for
only one type of ichthyosis, keratitis ichthyosis deafness syndrome (KID), characterized
by limbal stem cell deficiency [113]. In KID, the ocular surface is seriously affected, while
the surgical treatment is unfortunately unsuccessful [114]. The use of ocular surface stem
cell transplantation has been shown to stabilize the ocular surface in KID patient [115].
Despite certain advances in the development of viral therapies for ichthyosis, there is still a
long way to before an effective method of treatment is created. Nevertheless, gene therapy
is the most promising of the existing approaches, since other methods do not solve the
problem for a long time. However, due to the fact that most of the developed methods do
not overcome the in vitro stage, the prospects for the development of ARCI gene therapy
are very uncertain. Researchers must pay more active attention to this problem to make it
possible to achieve high-efficacy ichthyosis therapy in the future.
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