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Abstract

Genodermatoses are rare hereditary skin disorders, most of which still lack effective curative
treatment, and progress toward modern therapy depends on experimental models that
capture both the genetic defect and its tissue context. This review examines the main
modeling platforms (patient-derived induced pluripotent stem cells (iPSC), 3D organotypic
skin equivalents, and animal models), with emphasis on ichthyoses and epidermolysis
bullosa, and considers their role in the development of gene therapy and genome editing, as
well as patent activity in the field. The platforms are not hierarchical; they differ in how they
balance genetic fidelity against physiological context and are best viewed as complementary.
Common limitations include reliance on qualitative readouts and the lack of developmental
and chronic dimensions, which restricts how well the models reproduce lifelong diseases
with graded severity. Translational barriers include the high cost and limited scalability
of clinical-grade iPSC products, reliance on individually prepared patient material, small
patient cohorts, and the absence of qualified genodermatosis-specific endpoints. Emerging
technologies, such as skin-on-chip systems, spatial omics, and base/prime editing, could
help address some of these gaps. This review outlines how common quantitative criteria,
shared reference material, and agreed qualification pathways could make existing models
comparable and link them to therapeutic development.

Keywords: genodermatoses; ARCI; DEB; iPSC; 3D skin models; xenotransplantation;
gene therapy

1. Introduction

Genodermatoses constitute a group of hereditary skin disorders whose primary man-
ifestations include pronounced dryness, peeling, and thickening of the epidermis. The
course of these diseases is associated with a high risk of disability, which necessitates the
development of effective therapies. One of the most promising avenues is causal treatment,
employing genetic technologies with viral and non-viral vectors [1]. However, progress
in this field is hampered by the complexity of preclinical studies, which stems from the
rarity of genodermatoses, their genetic heterogeneity, and their complex pathogenesis. In
this regard, a key task is to create adequate experimental models (in vitro and in vivo)
that reproduce the key molecular-genetic, morphological, and clinical features of the dis-
eases. Experimental models of genodermatoses include cellular (primary keratinocytes
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and patient-derived stem cells), tissue (3D skin equivalents), and organismal (transgenic
animals and xenografts) systems.

Among cellular models, induced pluripotent stem cells (iPSCs) represent a powerful
tool for investigating genodermatoses and developing therapeutic strategies [2]. The ability
of iPSCs to differentiate into various skin cell populations (epidermal keratinocytes and
dermal fibroblasts) enables the creation of personalized in vitro disease models and the
development of cell replacement therapies. Despite this potential, the translation of iPSC-
based technologies into clinical practice is constrained by numerous technical, regulatory,
and ethical issues that require comprehensive resolution [3].

A promising direction is the creation of three-dimensional (3D) organotypic skin
models (skin equivalents). These complex in vitro models, which recapitulate skin ar-
chitecture, provide a unique platform for analyzing molecular pathogenesis, conducting
high-throughput drug screening, and developing innovative non-pharmacological thera-
peutic strategies [4].

Animal models play a key role in preclinical studies of genodermatoses, as they allow
the reproduction of characteristic clinical and morphological manifestations of diseases and
the evaluation of the efficacy of potential therapeutic interventions. Of these, xenotrans-
plantation is particularly important; in this method, fragments of the patient’s affected skin
are transplanted into laboratory animals. This is made possible by the good engraftment of
human skin on immunodeficient animals. This strategy provides conditions that closely
mimic physiological ones, enabling a comprehensive study of pathogenesis and therapeutic
response in vivo [5].

An analysis of patent activity in the field of genodermatoses therapy confirms the
promise of the approaches being developed [6]. The substantial number of patent applica-
tions for gene therapy and skin bioengineering technologies reflects sustained scientific and
commercial interest while enabling the identification of key technological trends.

Thus, progress in the study of genodermatoses is characterized by the development
of a wide range of experimental approaches, from personalized models based on iP-
SCs to complex bioengineering constructs and xenograft systems. The integration of
these methods facilitates not only the elucidation of disease mechanisms but also the
development of therapeutic strategies that significantly improve patient prognosis. This
review summarizes current advances in the modeling of genodermatoses and assesses the
potential for their clinical translation (Figure 1). Literature for this review was identified
through searches of PubMed, Scopus, Web of Science and Google Patents/Espacenet
for patents, using combinations of the terms “genodermatoses”, “ichthyosis”, “ARCI”,
“iPSC”, “organotypic skin equivalent”, “xenograft”, “gene therapy” and “genome edit-
ing”. Original studies and reviews were included. Genodermatoses comprise a large and
diverse group of genetic disorders with diverse pathogenic mechanisms, so this review
focuses on the best-characterised groups in terms of models and therapy: ichthyoses
(mainly autosomal recessive congenital ichthyoses—ARCI) and epidermolysis bullosa
(mainly dystrophic). Other genodermatoses are mentioned as promising directions for
future research.
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Figure 1. Approaches to modeling genodermatoses. From cell technologies to animal models.
Schematic representation of experimental systems used to study genetically determined skin diseases.
In vitro models: (1) suppression of TGM1 expression in rat keratinocytes; (2) use of primary and im-
mortalized human keratinocytes (HaCaT, FEPE1L-8, NM1, NIKS, etc.); (3) use of induced pluripotent
stem cells (iPSCs) in the creation of artificial epidermis and keratinocyte-like cells; (4) reprogramming
of fibroblasts into iPSCs. Ex vivo models: (5) 3D models using DED. In vivo models: (6) xenotrans-
plantation of human RDEB skin to mice; (7) transgenic model mice; (8-10) models in dogs with
spontaneous mutations in COL7A1, NIPAL4, and TGM1; (11) transplantation of skin from patients
with LI to immunodeficient mice. Abbreviations: ARCI, autosomal recessive congenital ichthyosis;
CIE, congenital ichthyosiform erythroderma; DED, de-epidermized dermis; HI, harlequin ichthyosis;
LI, lamellar ichthyosis; RDEB, recessive dystrophic epidermolysis bullosa; SCID, severe combined
immunodeficiency; SE, skin equivalent.

2. Genodermatoses: Genetics and Pathogenesis

Genodermatoses encompass a large and clinically heterogeneous group of hereditary
skin diseases. In addition to hereditary forms, there are also acquired, phenotypically similar
disorders [7,8]. Characteristic manifestations of genodermatoses encompass hyperkeratosis,
inflammation, erythema, impaired sweating and thermoregulation, recurrent infections,
xerosis, and skin barrier dysfunction. The pathology is often systemic, complicated by
involvement of the eyes, ears, and gastrointestinal tract [9]. Acquired forms of ichthyosis,
in turn, are associated with malignant neoplasms, as well as autoimmune, metabolic,
endocrine, and infectious diseases.

Owing to the inherent genetic nature of genodermatoses, the pathology manifests
early in life, from birth or early infancy, and persists throughout the patient’s lifespan. The
severity of the disease varies from mild to severe depending on the genotype. There are
known cases of subclinical disease, where patients are unaware that they are carriers of the
pathogenic gene variant. Severe forms are associated with a significantly reduced quality
of life, a high risk of disability, and increased mortality [10-12].

A distinct subgroup of genodermatoses comprises ARCI—predominantly monogenic
disorders caused by mutations in at least ten genes [12-14]. The ARCI group includes
lamellar (non-bullous) ichthyosis (LI), non-bullous congenital ichthyosiform erythroderma
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(NBICE), and the most severe and rare form—Harlequin ichthyosis (HI), which is caused
by homozygous or compound heterozygous pathogenic variants of the ABCA12 gene. The
product of this gene is responsible for lipid transport in stratum corneum keratinocytes for
the formation of extracellular lipid layers, which is critical for skin barrier function [15].
Despite the genetic heterogeneity of LI associated with mutations in at least eight genes
(TGM1, ABCA12, ALOXE3, ALOX12B, CERS3, CYP4F22, NIPAL4, and PNPLA1), pathogenic
variants of the TGM1 gene remain the most common cause of the disease. This gene
encodes transglutaminase 1, a key Ca?*-dependent enzyme involved in the formation of
the stratum corneum. The degree of enzyme function determines phenotypic severity.
Complete loss of TGM1 activity leads to the classic LI phenotype, while partial dysfunction
is usually associated with milder forms of LI or NBICE. The latter phenotype may also
be caused by mutations in other genes, such as ALOX12B, ALOXE3, NIPAL4, PNPLAI,
and CYP4F22 [16-18].

Hereditary dermatoses associated with immune dysregulation include a wide range
of pathologies, from rare syndromes to common inflammatory diseases. Their clinical
manifestations are diverse and often systemic. An example of such a pathology is trichoth-
iodystrophy type 1 (TTD1), a rare autosomal recessive disease caused by homozygous or
compound heterozygous mutations in the ERCC2 gene. Key features include increased hair
fragility (due to a deficiency of sulfur-containing proteins), photosensitivity, an increased
risk of skin cancer, and delayed physical and intellectual development. The diversity of
TTD1 symptoms necessitates a comprehensive management approach [19]. Ectrodactyly,
ectodermal dysplasia, and cleft lip/palate (EEC) syndrome is a multisystem disorder charac-
terized by predominantly autosomal dominant inheritance (including sporadic cases). Key
clinical manifestations include ectrodactyly (hypoplasia/absence of fingers), ectodermal
dysplasia (abnormal development of skin, hair, and nails), and cleft lip and palate. The
pathology may also affect other organs derived from various germ layers. Genetic diagnosis,
including exome sequencing, allows the identification of pathogenic variants of the TP63
gene (locus 3g28), providing opportunities for early confirmation of diagnosis, prenatal
diagnosis, and the use of assisted reproductive technologies [20,21].

Psoriasis and atopic dermatitis, unlike rare syndromes, are among the most common
chronic inflammatory dermatoses. Their pathogenesis is determined by a complex interac-
tion of genetic predisposition, immune system dysregulation, and environmental factors.
Psoriasis is characterized by keratinocyte hyperproliferation coupled with impaired dif-
ferentiation, as well as the activation of immune pathways with a key role played by type
17 T-helper (Th17) cells and the cytokine cascade of interleukin (IL)-23 and IL-17. These
processes lead to the formation of typical inflammatory plaques with scaling. The disease
is often associated with systemic manifestations and significantly reduces the quality of life
of patients [21-23].

Atopic dermatitis usually manifests in childhood in individuals with a hereditary
predisposition to atopy. A key link in the pathogenesis is disruption of the skin barrier
function, often caused by mutations in the FLG gene, which encodes the filaggrin pro-
tein. Variations in genes that regulate the immune response (e.g., IL-4, IL-13, and tumor
necrosis factor (TNF)) also play a significant role. The combination of these factors de-
termines the variability of clinical manifestations and the severity of atopic dermatitis in
different patients [23,24].

Xeroderma pigmentosum (XP) is an autosomal recessive disease caused by defec-
tive DNA repair after damage by ultraviolet radiation. The clinical presentation includes
heightened photosensitivity, xerosis, the appearance of freckle-like pigment spots, and a
significantly elevated risk of skin cancer. In some cases, neurological and ophthalmological
complications are observed. The disease is associated with mutations in one of eight genes
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encoding proteins of the nucleotide excision repair system (XPA-XPG and XPV'), which
determines its genetic heterogeneity. The diversity of phenotypic manifestations depending
on the genotype continues to be actively studied, underscoring the need for further research
into the molecular basis of XP [24,25].

Genodermatoses affecting pigmentation form a separate group that is only briefly
covered in this review. Oculocutaneous albinism (OCA) is an autosomal recessive disorder
of melanin synthesis caused mainly by variants in TYR, OCA2, TYRP1 and SLC45A2, and
at least 20 genes have been implicated in albinism overall. Modeling of these disorders
relies mainly on iPSC-derived cells: iPSC-derived retinal pigment epithelium reproduces
the pigmentation defect of OCA1A and OCA2 [26], and isogenic CRISPR-corrected iPSC
lines have recently been generated for TYR variants [27]. However, these models mostly
reproduce the ocular rather than the cutaneous phenotype, and skin equivalents containing
patient-derived melanocytes remain to be developed. Therefore, pigmentation disorders
are not analysed in detail here and represent an important direction for future work.

Almost all genodermatoses currently remain incurable diseases, and existing therapies
are palliative, aimed at relieving symptoms. The development of causal treatment methods
is hampered by the rarity of these pathologies, their genetic heterogeneity, and complex
pathogenesis. Nevertheless, the severity of the disease and the significant reduction in
patients’ quality of life, and the associated disability necessitate the creation of relevant
in vitro, ex vivo, and in vivo models that will allow the development and testing of new
pathogenetic therapies.

3. Modeling of Genodermatoses
3.1. In Vitro Models of Genodermatoses: The Use of Induced Pluripotent Stem Cells

Research into the molecular mechanisms of skin diseases typically begins with estab-
lishing in vitro cell models. Clinically significant findings at this stage provide the rationale
for progressing to preclinical studies in animal models. Cell cultures, most often two-
dimensional (2D) monolayers of primary and immortalized keratinocytes and fibroblasts,
are widely used for modeling genodermatoses. Among them, induced pluripotent stem
cells represent a particularly promising direction. iPSCs are a class of pluripotent cells that
combine the advantages of embryonic stem cells (ESCs), such as unlimited self-renewal
and the capacity to differentiate into derivatives of all three germ layers. They can also
be derived from a patient’s own somatic cells [28,29]. iPSCs are obtained by reprogram-
ming somatic cells (most often skin fibroblasts) through the induction of a specific set of
Yamanaka transcription factors (OCT3/4, SOX2, KLF4, and C-MYC). These factors induce a
radical reprogramming of cell identity, reverting mature cells to a pluripotent state akin to
that of ESCs. OCT3/4 and SOX2 support self-renewal and pluripotency, KLF4 inhibits differ-
entiation, and C-MYC enhances proliferative activity, which together leads to a fundamental
restructuring of gene expression profiles and cell functions [30].

Clonal colonies of iPSCs typically form within 14-21 days after the start of reprogram-
ming. They are identified based on their characteristic morphology (dense cell formations
with clear boundaries and a high nuclear-to-cytoplasmic ratio) and the expression of specific
pluripotency markers (e.g., NANOG, OCT3/4, and stage-specific embryonic antigens 3/4
(SSEA-3/4)) [31]. The methodology for obtaining iPSCs has been tested on various types
of fibroblasts [32], including adult human dermal fibroblasts, neonatal foreskin fibroblasts,
and fetal lung fibroblasts [25].

The differentiation potential of iPSCs into diverse cell types is harnessed in both
fundamental and applied research. In particular, iPSCs are used to obtain cell lines with
specific mutations and to create disease-specific models [33]. A key advantage of iPSCs
is their capacity for unlimited in vitro proliferation, enabling the generation of substantial
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cell numbers from small skin biopsies [3]. Furthermore, unlike ESCs, the use of iPSCs
is not subject to the same ethical and legal constraints, which makes them preferable
for research [3].

For example, they can be used to derive keratinocytes for the reconstruction of ar-
tificial epidermis to model pathological processes and screen drug compounds [34]. A
four-stage protocol for differentiating iPSCs into keratinocytes has been developed, allowing
the formation of a multilayered epidermal equivalent with a structurally and functionally
complete stratum corneum (patent WO2016061071A1). The resulting cells expressed char-
acteristic markers (KRT14 and ITGB4) and demonstrated a profile close to that of primary
keratinocytes. The barrier function of the model corresponded to that of native skin, confirm-
ing its suitability for studying the pathogenesis of dermatoses and screening drugs [35].

In addition, 3D skin equivalents containing both keratinocytes and fibroblasts differen-
tiated from iPSCs were created. In such models, the expression of key structural proteins
was observed, in particular type VII collagen, the deficiency of which underlies recessive
dystrophic epidermolysis bullosa (RDEB) [4].

However, the widespread adoption of iPSC technology for creating skin equivalents
faces several limitations. These include the risk of genetic abnormalities accumulating
during reprogramming and long-term cultivation, as well as insufficient standardization of
protocols for obtaining, maintaining, and differentiating iPSCs [36].

First of all, iPSCs can serve as an intermediate step in generating models based on differ-
entiated cells, such as keratinocytes. Methods for differentiating iPSCs into keratinocyte-like
cells from patients with various dermatological diseases have been successfully described
in the literature [34,36,37]. To identify genetic defects associated with psoriasis, control
and psoriatic iPSC lines were differentiated into keratinocytes. The results showed the
expected significant decrease in the expression of pluripotency markers as differentiation
progressed. At the same time, by day 30 of culture, increased expression of keratinocyte
markers, including KRT18, KRT14, KRT1, and TP63, was observed in both cell groups,
confirming their successful differentiation into mature keratinocytes [38].

In a study on obtaining keratinocytes from iPSCs, fibroblasts from patients with various
forms of hereditary dermatoses were used: ARCI (mutations in the TGM1 and PNPLA1
genes) and TTD1 (mutations in the ERCC2 gene) [39,40]. Keratinocyte growth factor (KGF)
was used to stimulate the proliferation of basal keratinocytes during differentiation. The
differentiation of iPSCs into basal keratinocytes reproduced the key stages of epidermal
development, as confirmed by the sequential expression of TP63 and KRT18 markers. At the
same time, pluripotency markers (OCT3/4, NANOG, and SOX2) were no longer detectable
as early as day 25. Comparative analysis revealed disease-specific features: keratinocytes
derived from TTD1 iPSCs showed reduced expression of FLG, SPRR2B, and ALOX genes,
while keratinocytes obtained from ARCI iPSCs were characterized by significant changes in
cell morphology and expression of keratin genes (KRT5 and KRT14) [34].

It was demonstrated that mutated iPSCs derived from fibroblasts of patients with EEC
syndrome failed to differentiate into epithelial cells in vitro [41]. mRNA analysis revealed
increased expression of mesodermal genes regulated by TP63, including vimentin (VIM)
and matrix metalloproteinases (MMPs). This expression profile is characteristic of non-
epithelial cells, such as myoblasts, lung fibroblasts, and human umbilical vein endothelial
cells (HUVECs) [42]. The data obtained indicate a dual role for the TP63 gene: in addition
to regulating epithelial and epidermal genes, it is capable of activating mesodermal genes,
which may explain the disruption of epithelial differentiation in EEC syndrome [41].

Mesodermal induction inhibitors such as heparin, suramin, and valproic acid can
be used to correct impaired epidermal differentiation. Treatment with these compounds
led to the activation of the expression of epidermal differentiation genes KRT5, EDAR?2,
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DSG3, and LAMAS3 [41]. In addition, differentiation of iPSCs into keratinocytes can be
achieved with retinoic acid and bone morphogenetic protein 4 (BMP4). It has been shown
that BMP4 in combination with retinoic acid increases chromatin accessibility at loci asso-
ciated with epidermal differentiation, while retinoic acid modulates TP63 expression in
keratinocytes [43,44]. The critical role of both factors is underscored by the finding that the
absence of BMP4 disrupted p63 DNA binding and maintained pluripotency, whereas p63
deficiency blocked epidermal differentiation and multilayered epithelium formation even
with BMP4 present [44].

In another study, the use of a similar protocol made it possible to obtain p63-positive
epidermal cells that expressed basal keratinocyte markers (ITGA6, ITGB4, and COL17A1)
for 20 days and maintained proliferative activity for four passages. The resulting cells
demonstrated the ability to form a multilayered epidermis with expression of terminal
differentiation markers—TGM1 and TGM?2 [45,46]. To maintain the proliferative capac-
ity of keratinocytes obtained from iPSCs, the Rho kinase inhibitor Y-27632 can be used.
When the Ca2* concentration in the culture medium was increased to >1.2 mM, the ex-
pression of terminal differentiation markers KRT1, FLG, and loricrin (LOR) was activated
in these cells [45]. The key marker of basal keratinocytes is ITGB4, on which the survival
of proliferating cells depends. Deficiency of this protein increases the sensitivity of cells
to degeneration [47].

Skin equivalents created using 3D bioprinting technologies and cells, including those
derived from iPSCs, are widely used in pharmacology, toxicology, and cosmetology. A
promising application is their use for modeling dermatological diseases and preclinical
testing of therapeutic and cosmetic strategies [35]. The generation of 3D skin models using
iPSC-derived keratinocytes to replicate genodermatosis-specific defects is associated with
several challenges. When non-mutant iPSCs are used, the disease-causing mutation has
to be introduced by gene knockout, which requires the delivery of recombinant DNA into
the cells and therefore necessitates the development of effective and safe delivery methods.
In addition, prolonged cultivation of iPSCs can potentially lead to the accumulation of
mutations in the genome [34]. Innovative approaches are being developed to overcome
these limitations. In particular, a selective medium enriched with L-alanine can be used to
obtain pure populations of keratinocytes completely free of undifferentiated iPSCs [48]. In
addition, deep sequencing methods allow mutations in iPSCs to be detected before they are
used in research [49].

Despite the significant potential of iPSCs as a tool for creating 3D skin models, such
models have so far been used rarely and insufficiently to study keratinization disorders
in psoriasis, ichthyosis vulgaris, and atopic dermatitis. The development and detailed
characterization of such systems will allow for a deeper understanding of the molecular
mechanisms of genodermatoses and the creation of new approaches to their treatment.

3.2. Modeling of Skin Equivalents In Vitro and Ex Vivo: Approaches, Possibilities and Limitations
3.2.1. General Principles and Classification of Skin Equivalents

Pharmacological responses in animal models do not always predict human responses.
In addition, there is a growing trend in the scientific community to reduce the use of
laboratory animals (3R principles) [50].

An alternative is skin equivalents—3D organotypic constructs consisting of ex vivo
keratinocytes or differentiated iPSCs (described above) and fibroblasts that allow in vitro
modeling of processes occurring in native skin. However, artificial skin models have limita-
tions; they do not fully recapitulate the structural organization and physiological functions
of human skin. As a rule, they lack vascularization, immune components, interactions with
adipocytes, and the influence of systemic factors. In addition, their biochemical profile (pro-
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teins, sphingolipids, and fatty acids) differs from that of native skin [51]. A number of tech-
niques for creating such models will be discussed below. The models are described below in
order of increasing structural complexity—epidermal models (Section 3.2.2), full-thickness
models (Section 3.2.3), and advanced multicomponent models (Section 3.2.4)—followed
by their commercial implementations (Section 3.2.5) and by their applications in disease
modeling, inflammation, wound healing, and aging research (Section 3.2.6).

3.2.2. Epidermal Skin Equivalents: Cell Sources, Culture Protocols, and Differentiation Control

Epidermal models without a dermal or feeder layer are often created based on primary
cell cultures obtained from patients with diseases such as atopic dermatitis and ichthyosis,
which allows for the study of specific pathological mechanisms [52]. Key parameters in
constructing such models include donor age and cell passage number, as these directly
influence the gene expression profile [53]. To overcome the limitation associated with
the rapid senescence of primary cells, immortalized cell lines such as HaCaT, FEPE1L-8§,
NM1, and NIKS are used. The HaCaT cell line consists of spontaneously immortalized
human epidermal keratinocytes. FEPE1L-8 is an immortalized human keratinocyte line
generated by transfection with HPV-16 E6/E7 and described as non-tumorigenic with ex-
tended proliferative capacity [54,55]. NM1 is a stable human keratinocyte line characterized
cytogenetically and biochemically in the original description. NIKS is a spontaneously
immortalized near-diploid human keratinocyte line.

The simplest skin equivalent models are created by seeding keratinocytes onto a
porous membrane placed in a special insert of a culture plate. The membrane is pre-
coated with collagen or fibronectin to enhance cell adhesion [56]. The membrane allows
bidirectional nutrient access through its pores while preventing cell migration into the
underlying medium. In the initial stage, keratinocytes are cultured in a low-calcium medium
to maintain a proliferative basal phenotype [57]. Differentiation induction is initiated by
replacing the medium with a high-calcium medium. The final stage involves air-liquid
interface (ALI) culture, where the basal side contacts the nutrient medium and the apical
cell layers are exposed to air, stimulating cornification. The formation of a functional
stratum corneum is critical for reproducing the skin’s barrier function in vitro, as complete
cornification substantially affects the response of skin equivalents to drug application and
determines their properties, in particular transepidermal water loss.

Artificial skin equivalents created according to the basic protocol often demonstrate
limited reliability in assessing substance penetration due to excessive fragility and high
permeability of cell layers. The stability of the model can be improved by adding com-
ponents such as clofibrate, ascorbic acid, and fatty acids to the culture medium: this
promotes the formation of a lipid profile close to that of native skin and induces the
formation of a more durable and functional stratum corneum [58]. The duration of
cultivation is also an important parameter. It has been established that prolonged cultiva-
tion promotes the self-organization of cells into more distinct, histologically identifiable
layers. Thus, by the 13th day in vitro, distinct basal, intermediate, and stratum corneum
layers are formed, which significantly increases the histomorphological similarity of the
model to natural epidermis [58,59].

A key advantage of keratinocytes in skin equivalents is the ability to precisely control
their state, from proliferative basal to terminally differentiated. This can be achieved by
regulating the calcium concentration in the medium. This allows specific conditions to
be created for modeling various stages of epidermal homeostasis. It has been shown
that cultivation in a medium with a low calcium concentration (0.03—-0.05 mM) induces
the formation of a basal phenotype within 12-24 h. When the calcium concentration is
increased to 0.05 mM or higher, the sequential activation of differentiation markers is
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observed. Expression of KRT1 and KRT10 begins, and after 24 h of culture in a medium
containing 0.1 mM calcium, KRT10 and FLG expression is additionally detected, indicating
the initiation of terminal differentiation processes [57].

3.2.3. Multilayer Skin Equivalents: Dermal Scaffolds, Co-Culture, and Epidermal Organization

There are more complex 3D skin models that include not only the epidermis but also
the dermal component with its extracellular matrix (ECM) and basement membrane. The
dermal compartment can be generated by culturing fibroblasts on a porous substrate or
by using engineered scaffolds such as collagen gels, polymer hydrogels, decellularized
matrices, or other biomimetic materials [60-62]. Keratinocytes seeded onto such dermal
equivalents form a multilayered epidermis with a basement membrane, which markedly
improves the histological and functional resemblance of the construct to native skin [63].

One of the most popular methods for creating full-thickness skin equivalents, including
both epidermis and dermis, is to mix live fibroblasts with a solution of type I collagen,
often in combination with other ECM components such as fibronectin, glycosaminoglycans,
hyaluronic acid, and elastin. This approach allows control over the thickness and basic
mechanical properties of the model and is widely used as a platform for wound healing
and disease-oriented studies [60,63]. Within the collagen matrix, fibroblasts migrate, prolif-
erate, and secrete their own ECM components, establishing a dynamic microenvironment
and paracrine signaling with keratinocytes that supports the formation of a multilayered,
morphologically organized epidermis [60,63].

A drawback of fibroblast-populated collagen dermal equivalents is their propensity
for contracture—a reduction in size due to cell-mediated ECM reorganization [64,65].
To overcome this, stabilized collagen matrices with a nanofibrillar structure, resistant to
fibroblast-driven degradation, or self-assembling fibroblast-derived matrices have been
used, which reduce or prevent contracture, although they require prolonged cultivation
in ascorbic acid-enriched medium to build up sufficient dermal volume [66—68]. Another
option is the layer-by-layer coating of fibroblasts with a fibronectin—gelatin hydrogel, in
which IL-17A stimulation induces a psoriatic phenotype without contracture [69,70].

An alternative to collagen-fibroblast scaffolds is the de-epidermized dermis (DED)—a
cell-free dermis obtained from native skin by removing the epidermis and completely
eliminating cellular components [71]. The advantage of DED is the ability to create a skin
equivalent with the natural thickness and structure of the dermis. In clinical practice, cell-
free dermal scaffolds obtained from human, porcine, bovine, and fish skin are used to treat
burns and wounds as a basis for subsequent autologous skin grafting [61]. The co-culture of
mesenchymal stem cells (MSCs) and keratinocytes on DED not only allowed the formation
of a multilayered epidermis but also modeled the wound healing process. At the same
time, in the absence of an extracellular matrix, MSCs spontaneously differentiated into
keratinocyte-like cells with the expression of corresponding markers, but the skin models
created on their basis did not acquire a multilayered organization [72,73].

Keratinocytes seeded onto the surface of the dermal equivalent adhere to the matrix
and form a basal layer containing proliferative stem and progenitor cells, which maintain
epidermal renewal and provide a cellular source for re-epithelialization during wound
healing [74]. As keratinocytes move from the basal to the upper layers, their keratin
profile changes from KRT5, KRT14, and KRT15 to KRT1, KRT2, and KRT10, followed
by late differentiation markers (IVL, FLG, and LOR) [75,76]. A full list of biomarkers
used for skin cell and extracellular matrix components phenotyping is presented in
Table 1 [74].
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Table 1. List of biomarkers used for skin cell phenotyping.

Cell i .
Type/Component Specific Markers Function References
. Adhesion receptors of basal keratinocytes; anchor cells
Integrins a6, P4, «3, B1, etc. to the basement membrane [74,75]
Ki-67 Proliferation marker; expressed predominantly in basal [75]
keratinocytes and to a lesser extent in suprabasal cells
CD98 (cluster of Marker of proliferating keratinocytes; co-localized
differentiation 98) with integrin 1 [77]
Basement membrane component; participates in
Laminin-5 (laminin-332) keratinocyte attachment and dermo-epidermal
junction formation [78]
Keratinocytes . . Produced by keratinocytes, also a marker of the
Fibronectin
basement membrane [74]
Calmodulin-like skin Marker of keratinocyte differentiation in [79]
protein (CLSP) stratified epithelium
KRT5 and KRT14 Basal cell markers; tra'nscrlbe(fl predommantly in basal [75,76,80]
cells, but the proteins persist in the upper layers
KRT1 and KRT10 Markers of early dl.fferentlatlon; expressed in the [75,76]
suprabasal (spinous and granular) layers
. . . L Markers of terminal differentiation; cornifying
Filaggrin, involucrin, loricrin keratinocytes of the granular layer and stratum corneum [81,82]
63 Transcription factor of proliferating basal keratinocytes [83]
p and epidermal progenitors, localized in the nucleus
Platelet-derived growth factor Surface receptors of fibroblasts; also expressed by other
receptors & and f mesenchymal cells [84]
(PDGFR«, PDGFRR) y
Dlpelg?gi pcegtzlglase-él Marker of activated dermal fibroblasts [85]
Fibroblasts ( ’ )
CD49b, CD87, and CD95 mark activated
CD49b, CD87, CD95; CD39 (cancer-associated) fibroblasts; CD39 marks quiescent [86]
normal fibroblasts
Basic fibroblast growth factor Growth factor; accumulates in the basement membrane
(bFGF, FGF2) and stimulates epithelial growth [87]
Structural components of the dermis (I, III) and
Collagens I 11T, IV, and VII basement membrane (IV, VII) [88]
g L Components of the basement membrane and dermal
Extracellular Fibulins 1 and 2, laminins ECM; support matrix assembly and cell adhesion [7689]
tri
matx Elastin Provides elasticity of the dermis [90]
Proteogl.y.cans (heparan sulfate, Regulate tissue hydration and binding of growth factors
chondroitin sulfate, and keratan . [91]
. in the ECM
sulfate proteoglycans), versican
. Intermediate filament protein of mesenchymal cells, not
Fibroblasts, basal . ) e . .
) Vimentin specific to fibroblasts; found in the basal layer [92]
keratinocytes . .
and hair follicles

Despite the extensive list of known keratinocyte differentiation markers, their quanti-
tative expression largely depends on culture conditions and cell type. For example, in the
immortalized HaCaT line, the marker profile varies with differentiation stage and monolayer
confluence and differs significantly from primary keratinocytes due to acquired mutations,
which manifests, in particular, in the inability to form a complete stratum corneum [93].
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Similar difficulties arise when phenotyping fibroblasts, since many markers such as VIM
and PDGER are not highly specific and are expressed by MSCs or adipocytes, so panels
including antigens such as TE-7 and 1B10 are often used for more accurate identification in
skin tissue [84,94].

Long-term co-culture of fibroblasts and keratinocytes is a key condition for the forma-
tion of a multilayered epidermis that is as close as possible in structure and function to native
skin [94]. To form a complete equivalent with clearly distinguishable layers of the epidermis,
a long cultivation period of up to 42 days may be required [95]. The fundamental advantage
of such co-cultures lies in the active paracrine interaction between cells of different types.
The exchange of signaling molecules allows a complex cellular response to external stimuli
to be modeled, reproducing the reaction of living tissue much more accurately than a
monoculture [51,67]. This is especially important for studying wound healing processes,
since fibroblasts migrate to the wound area in response to damage and, by actively secreting
growth factors and matrix components, critically contribute to re-epithelialization [96,97].

Morphologically, the structure of skin equivalents demonstrates a similar but more
simplified organization of the epidermis compared to native tissue. Nevertheless, the
multilayered organization of keratinocytes in them is much more realistic than in monolayer
cultures and provides cellular responses close to in vivo conditions. In multilayer models,
dividing cells of the basal layer retain apical-basal polarity, which manifests itself in the
specific spatial distribution of adhesive molecules, signaling complexes, organelles, and
membrane transport systems [68,98]. ITGBL is essential for basal layer polarity, ensuring
contact with the basement membrane, while tight junctions form in the suprabasal layers
and increase in number as differentiation progresses [99]. Cell polarity plays a key role in
establishing the calcium gradient in the epidermis, characterized by low concentration in
the basal layer and its increase in differentiated layers. In contrast, cells in two-dimensional
monolayer cultures show an altered expression profile and response to toxic effects [100].

3.2.4. Advanced Skin Equivalents: Vascularization, Adipose Tissue, and Hair
Follicle-Like Structures

To further increase physiological relevance, several approaches aim to recreate vascular-
ization and subcutaneous adipose tissue in skin equivalents. Endothelial cells from human
umbilical cord blood or HUVECs co-cultured with fibroblasts in collagen matrices form
capillary-like structures, especially after implantation, while advanced three-layer models com-
bining a collagen—fibroblast dermis, an adipocyte layer, and a keratinocyte epidermis reduce
gel contracture and show more physiological responses to irritants [ 101-104]. Hair follicle-like
structures can be mimicked by implanting dermal papilla cells into preformed pits within the
dermal equivalent, generated by casting collagen—fibroblast gels into 3D molds [105].

Beyond conventional skin equivalents, hair-bearing skin organoids derived from hu-
man pluripotent stem cells self-organize into stratified epidermis, dermis, and pigmented
hair follicles with sebaceous glands, and match second-trimester fetal skin on single-cell tran-
scriptomics [106]. Protocols for iPSC-derived skin organoids have since been refined, includ-
ing planar air-liquid interface formats [107], and their application to epidermolysis bullosa
modeling has been explored, with attention to the organization of the dermal-epidermal
junction [108]. These systems add a developmental and appendage-bearing dimension that
conventional equivalents lack, but their long culture time (months) and variability limit
their use for screening.

3.2.5. Commercial Skin Equivalents: An Overview of Ready-Made Solutions

There are many standardized skin equivalents available as commercial products for
scientific research. Among them are various products from EpiSkin, containing natural
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human keratinocytes and fibroblasts, as well as models with melanocytes and Langerhans
cells, designed to study irritation, tissue damage, and immune response, as well as for
DNA studies [109].

Commercial systems include EpiDerm™ (MatTek Corporation, Ashland, MA, USA),
EpiCS® (Phenion, Diisseldorf, Germany), ZenSkin RHE model, LabCyte EPI-MODE,
KeraSkin, Skin+™ (Sterlab, Saint Bernard, France), and SkinEthic™ (EpiSkin, Lyon, France);
a complete list is provided in reviews [109,110]. These commercial skin equivalents are stan-
dardized and widely used at the preclinical stage of research; several of them are validated
for testing skin irritation and corrosion [111,112]. These models usually consist of normal
human keratinocytes grown on a collagen base, sometimes with the addition of fibroblasts
and melanocytes. They are considered an intermediate step between cell culture testing and
animal experiments. However, these models have certain limitations, including the absence
of the complete cellular composition of native skin, the inability to perform intercellular
molecular exchange, and the inability to mount a systemic immune response. Nevertheless,
depending on the research objectives, the models can be adapted by including specific
components, for example, to study wound healing processes or simulate skin pathologies.

3.2.6. Applications of Skin Equivalents: Genodermatoses Modeling, Inflammation, Wound
Healing, and Senescence

Skin equivalents are widely used for testing the toxicity of drugs and cosmetics, mod-
eling rare and complex dermatological diseases, including malignant skin tumors, and
studying fundamental cellular processes and wound healing mechanisms in vitro [113-116].
The main applications are considered below.

Genetically defined organotypic systems have been developed to reproduce specific
genodermatoses. For instance, ABCA12 knockout keratinocytes generated by CRISPR/Cas9
technology were used to create a 3D model of ichthyosis, which recapitulated key patholog-
ical features such as disturbed epidermal differentiation, an altered lipid profile, and loss of
glucosylceramides in the upper epidermal layers, while the absence of pronounced hyperk-
eratosis likely reflected an early disease stage [51]. Similarly, culturing skin equivalents in
the presence of IL-4 and IL-13 in skin-on-a-chip setups is used to model atopic dermatitis,
leading to reduced expression of terminal differentiation markers (IVL, FLG, and LOR),
thinning of the stratum corneum, and impaired barrier function [117].

Many genodermatoses extend beyond their primary genetic defect. Psoriasis, atopic
dermatitis, and several forms of ichthyosis are characterized by prominent inflamma-
tory components and accelerated epidermal aging [9,21-23]. These processes signifi-
cantly determine disease severity and clinical progression. Organotypic models capable
of reproducing inflammation and aging therefore represent an essential complement to
genotype-specific systems.

Burn injury can be modeled in 3D skin equivalents via controlled thermal exposure,
enabling standardized analysis of tissue damage, regeneration, and post-burn inflamma-
tion [118]. For this purpose, monocytes were applied to the burn area to study the immune
response, and T lymphocytes were activated before incorporation into the dermal equiva-
lent [119]. An alternative approach involves applying cytokines (TNF-«, IL-1w, IL-22, IL-6,
and IL-17A) to the surface of the keratinocyte layer to mimic immune responses [120].

Conducting tests with mechanical scarification is complicated by the fragility of the
models and the difficulty of standardizing the depth of damage, which affects the repro-
ducibility of the results. As an alternative, standardized damage can be created by applying
an electric current with specified parameters [121], adhesive tape stripping, or chemical
injury, for example, with acetone [122]. At the same time, in wound models based on artifi-
cial scaffolds or DED, the application of collagen gel or hydrogel stimulated the migration
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of fibroblasts and keratinocytes to the defect area, leading to the closure of the wound site.
In comparative studies, re-epithelialization was observed exclusively in artificial models,
while ex vivo explants did not demonstrate the ability to heal [119].

Age-related changes are investigated in organotypic models in which fibroblast senes-
cence is induced pharmacologically, for example by sublethal doses of doxorubicin, mit-
omycin C, or hydrogen peroxide [121,123]. Such models reproduce age-related changes
characteristic of in vivo conditions, including decreased collagen, elastin, and filaggrin
synthesis, impaired barrier function, and alterations in the interleukin profile [121,123,124].
Thus, modern organotypic skin models are a prospective tool for studying genodermatoses,
as they allow key aspects of morphogenesis and cellular responses to be reproduced in vitro,
provided that the models are carefully adapted to more accurately mimic the complex cel-
lular interactions of the whole organism.

3.3. Animal Models in Genodermatoses Research
3.3.1. Transgenic and Xenotransplantation Models

Genetically modified mice are widely used to study pathogenesis and test therapeu-
tic strategies. For example, a transgenic model was created with a phenotype similar
to epidermolytic palmoplantar keratoderma (EPK) caused by a heterozygous mutation
¢.434delAinsGGCT in the Krt9 gene. This model recapitulated key pathological features,
including hyperkeratosis and impaired epidermal differentiation on the footpads. To correct
the phenotype, CRISPR/Cas9 lentiviral vector technology was used for delivery to the
affected areas. Three injections resulted in a significant reduction in mutant Krt9 expression
(~14.6%), confirming the effectiveness of the approach [125].

In another study, a Col7a1 knockout model mimicked DEB, demonstrating skin fragility,
blistering, and impaired dermo-epidermal adhesion. The use of newborn mice (because
they die within the first week of life without intervention) allowed the evaluation of the
efficacy of systemic therapy with recombinant human type VII collagen. Treatment resulted
in the restoration of skin structural integrity and improved survival, without eliciting an
immune response to the administered protein [126].

Bioengineered grafts were used for preclinical evaluation of therapy for ARCI associ-
ated with TGM1 deficiency. Keratinocytes and fibroblasts from patients with mutations
in the TGM1 gene were cultured on a fibrin dermal equivalent and then implanted into
immunodeficient mice. After 4-6 weeks, the transplants developed an ARCI phenotype,
including hyperkeratosis and impaired barrier function. The model was used to test topical
enzyme replacement therapy with a liposomal form of recombinant human TGM1, which
showed dose-dependent restoration of enzyme activity, normalization of epidermal differen-
tiation, and improvement of barrier function [5]. Thus, modern genetically engineered and
bioengineered animal models can offer an adequate platform for the preclinical evaluation
of pathogenetic therapy not only for DEB and ARCI, but also for other genodermatoses.

3.3.2. Large Laboratory Animal Models

The mechanisms of pathogenesis of skin diseases show significant similarities in hu-
mans and animal models (mice, dogs, and pigs) [33], and existing models adequately
reproduce most of the morphological and histological features of ARCI. However, the de-
gree of structural similarity to human skin differs between species. Porcine skin is a highly
relevant model: the epidermal thickness in pigs (~75 pm) and humans (~52 ym), as well
as the stratum corneum thickness and hair follicle histology, show significant comparabil-
ity [127]. In contrast, the epidermis of mice and rats is considerably thinner (~10-20 pm),
and the murine water barrier is more permeable. This leads to increased transdermal
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absorption of substances and limits the applicability of mouse models for evaluating the
effectiveness of topical drug delivery [127].

On this basis, a line of pigs with an HI model was developed using N-ethyl-N-
nitrosourea (ENU) mutagenesis of the Abcal2 gene. The study was conducted on a line of
miniature Bama pigs, in which third-generation individuals with a recessive phenotype
characterized by generalized hyperkeratosis, impaired stratum corneum formation, and
increased transepidermal water loss were identified [33]. To evaluate the therapeutic poten-
tial, systemic therapy with acitretin (a retinoid) was performed. The treatment resulted in
a significant increase in survival, normalization of epidermal differentiation, and a decrease
in keratinocyte apoptosis [33].

Despite fewer available genetic tools and greater logistical challenges compared to
mice, dogs are valuable for advanced preclinical studies due to the physiological and
structural similarities of their skin to human skin. Jack Russell Terriers with a natural
mutation in the Tgm1 gene caused by the insertion of a LINE transposon into an intron were
used as a model of recessive LI. Similar retrotransposon insertions have previously been
identified as the cause of hereditary pathologies in dogs [128-130]. The mutation led to
impaired pre-mRNA splicing, its subsequent degradation, and a significant decrease in
Tgm1 expression [131]. The animals exhibited generalized hyperkeratosis without signs
of epidermolysis, as well as the formation of thin keratinized membranes, which together
reproduced the key phenotypic manifestations of LI in humans.

A model of RDEB has been described in Central Asian Shepherd Dogs with a muta-
tion in the Col7al gene, causing a premature stop codon and loss of functional type VII
collagen. The clinical and histological manifestations in dogs corresponded to the human
RDEB phenotype, making this breed promising for modeling this disease [132]. American
Bulldogs with clinical signs of ARCI are considered a model for a disease of the Nipal4
gene. Animals under 6 weeks of age showed characteristic manifestations of ichthyosis,
including orthokeratotic hyperkeratosis, hypergranulosis, and disruption of the lipid layers
of the stratum corneum [133]. Although canine models with spontaneous mutations have
been used in preclinical studies of therapy for dystrophic epidermolysis bullosa, namely
genetic correction of canine cells with retroviral vectors [134], their use for evaluating
therapy of ichthyosis has not been reported to date. This makes dogs with spontaneous
1gm1 and Nipal4 mutations a promising direction for preclinical evaluation of gene and
protein replacement therapy.

Of greatest interest is the first reported model of epidermolysis bullosa simplex (EBS)
in primates that are as close as possible to those in humans. A spontaneous model of
EBS in rhesus macaques (Macaca mulatta) has been described, caused by a homozygous
insertion mutation in the 5th exon of the Krt5 gene. Homozygous individuals were stillborn
and exhibited a severe phenotype, including generalized loss of epidermis, formation of
blisters and skin ulcerations, and mucosal involvement. Histological analysis revealed
intraepidermal delamination, vacuolization of basal keratinocytes, and a complete absence
of immunohistochemical staining for Krt5 in all layers of the epidermis. Genetic analysis
confirmed the presence of a mutation leading to a frameshift and premature termination of
protein synthesis, and loss of the functional domain of Krt5. The mutation is inherited in an
autosomal recessive manner, with no clinical signs of disease in heterozygous animals [135].

A comparative table of genodermatosis models, assessing their advantages, limita-
tions, reproducibility, predictive value, scalability, cost, regulatory acceptance, translational
readiness, and field of application, is provided in Appendix A. This makes the translation
of experimental results into clinical practice, namely gene therapy, genome editing, and
RNA-based approaches, the logical next step, which is considered in the next section.
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3.4. Prospects and Translation of Models into Therapy

The transition from experimental research to clinical application is accompanied by
the active development of biomedical technologies, which is reflected in the dynamics of
patent activity. In recent years, growing insights into the genetic mechanisms of genoder-
matoses have stimulated the development of innovative therapeutic strategies, including
gene therapy, pluripotent stem cell applications, RNA interference, and other promising
technologies [136]. This section systematizes key patents and inventions that propose solu-
tions for correcting genetic defects and implementing personalized therapy, highlighting
their translational potential for clinical application in treating rare skin diseases (Table 2).

Table 2. Therapeutic approaches for genodermatoses: from patents and preclinical studies to
approved therapy.

. . Stage of
Disease Technology Vehicle/Molecule Target Development,/Patent
Ichthyosis Vulgar.ls and Nonsense mutation . . Readthrough of .
related atopic SUpDression Aminoglycosides/mu- nonsense mutations in Preclinical /Patent
disorders (atopic pp tant tRNAs EP1976870
L (readthrough) the FLG gene
dermatitis, asthma)
Recessive dystrophic Antisense
epi derm}(,)l sis oligonucleotide Splice-modulating Exon skipping in the Preclinical/Patent
P y (ASO)-mediated ASOs COL7A1 gene EP3279324

bullosa (RDEB)

exon skipping

Recessive dystrophic

Gene replacement

epidermolysis therapy: Vyjuvek Rep.hcatlon—.deﬁaent, Restoration of COL7A1 FDA-approved (2023)
(beremagene non-integrating HSV-1 expression
bullosa (RDEB)
geperpavec, B-VEC)
Lamellar ichthyosis (LI, Gene replacement Recombinant HSV-1 Restec:(r;?ezls\igiii"fMl Preclinical /Patent
ARCI type 1) therapy encoding TGM1 keratinocytes US11717547
Xeroderma . . Concept/Patent
pigmentosum (XP) Suppressor tRNAs Modified tRNAs Stop codon suppression EP1045902
Inherited epidermal Gene replacement (in Adeno-associated Vs Delivery of fur.lctlonal Preclinical
enodermatoses development) (AAV) vectors with gene copies development
& epithelial tropism to the epithelium
Helper-dependent Excision of COL7A1
Recessive dystrophic CRISPR/Cas9 (SaCas9 adenoviral (HDAd) exon 80 (c.6527dupC) Preclinical

epidermolysis
bullosa (RDEB)

with two sgRNAs),
NHE]J-mediated
exon deletion

vector embedded in
fibrin gel, topical
application to wounds

to restore an internally
truncated functional
type VII collagen

(humanized skin
mouse model) [137]

Junctional
epidermolysis
bullosa (JEB)

CRISPR/Cas9,
HDR-mediated in situ
gene correction

Adenoviral vector
(Cas9/sgRNA) +
integrase-defective
lentiviral vector
(LAMB3 donor cDNA)

Correction of a LAMB3
frameshift mutation in
patient keratinocytes

Preclinical (ex vivo;
grafts of corrected
clones) [138]

Patent US11717547 proposes a strategy for treating LI using a recombinant herpes
simplex virus type 1 (HSV-1) encoding the human TGM1 gene. It has been shown that
HSV-1-TGM1 induces the synthesis of functional protein in keratinocytes of patients with
TGM1 deficiency, cultured in a 3D organotypic system. In addition, in vivo experiments
in animal models confirmed the successful expression of TGM1 in the skin after local or
intradermal administration of the recombinant virus. Krystal Biotech has developed Vyjuvek
(beremagene geperpavec, B-VEC; STN: 125774), a topical gene therapy for the treatment
of wounds in patients with DEB from birth. The drug is based on a replication-deficient,
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non-integrating HSV-1-based vector expressing human type VII collagen. Despite the lack
of a sustained long-term effect, the therapy has received FDA approval, representing a
significant milestone in gene therapy development for genodermatoses and beyond.

Patent EP1976870 proposes a method for treating ichthyosis vulgaris and associated
conditions (eczema, asthma, and psoriasis) based on the use of compounds that induce
suppression of nonsense mutations in the FLG gene. Aminoglycoside antibiotics (gentam-
icin, paromomycin, neomycin, and tobramycin) and negamycin are indicated as such agents.
The use of mutant transfer RNAs (tRNAs) with altered anticodons capable of recognizing
stop codons resulting from mutation is also proposed. In addition, the patent includes
a method for identifying new nonsense mutation suppressors. The technique involves
creating a reporter construct containing a mutant FLG gene with a premature stop codon
fused in-frame with a reporter gene. Exposing this construct to a test compound allows
its ability to induce stop codon readthrough to be assessed based on the level of reporter
gene expression.

Patent EP3279324 describes a strategy for treating DEB based on the targeted skipping
of exons of the COL7A1 gene that carry frequent mutations. Exons 73, 74, and 80 are
proposed as targets because they contain a significant number of recessive and dominant
mutations associated with the disease. To implement this approach, the authors used
antisense oligonucleotides (ASOs). They are complementary to key regulatory elements of
pre-mRNA splicing: donor and acceptor sites, branch points, and exon or intron splicing
enhancers. ASO binding to the sequences blocks spliceosome recognition of target exons,
leading to their exclusion from the mature mRNA. As a result, a shortened but functionally
active form of type VII collagen is synthesized, which retains key domains and is able to
partially compensate for the defect caused by the mutation. This strategy allows various
types of mutations in these exons to be bypassed, making it a potentially universal approach
for a significant group of patients with DEB and other genodermatoses.

The invention presented in patent EP1045902 offers a promising approach for gene
therapy of diseases caused by nonsense mutations, such as XP. The development is based
on the creation of synthetic oligonucleotide sequences encoding suppressor tRNAs or their
functional analogues. When introduced into cells with nonsense mutations, these constructs
suppress premature stop codons, allowing the synthesis of full-length functional proteins to
be restored. Key features of the system are its compact size (less than 150 nucleotides), the
presence of a human tRNA structural gene sequence with a limited number of 3'-flanking
residues (no more than 20) and the absence of 5'-flanking sequences, as well as a modified
anticodon region capable of recognizing alternative codons. This development is designed
for use in genetic engineering protocols and holds significant potential for treating diseases
caused by nonsense mutations, including XP and ichthyosis vulgaris.

Adenoviral (Ad) vectors are another platform for in vivo CRISPR/Cas9 delivery to the
skin. Their large cargo capacity allows the entire editing cassette to be packaged in a single
particle: for RDEB, a helper-dependent adenoviral (HDAd) vector carrying Staphylococcus
aureus Cas9 (SaCas9) and two single-guide RNAs (sgRNAs) flanking COL7A1 exon 80 (the
site of the prevalent c.6527dupC mutation) was constructed and, unlike a first-generation
Ad vector, did not reduce the viability of patient keratinocytes [137]. In cultured patient
cells, the exon was deleted in ~85-95% of alleles. When applied in fibrin gel to wounds
of regenerated RDEB skin in mice, the vector restored continuous type VII collagen (C7)
deposition at the basement membrane zone for 8 weeks and protected the skin from suction-
induced blistering [137]. In JEB, adenoviral delivery of Cas9/sgRNA combined with a
lentiviral LAMB3 donor enabled HDR-mediated correction in patient keratinocytes [138].
Nevertheless, Ad-based CRISPR/Cas9 delivery remains preclinical: acute wounds do not
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model chronic RDEB wounds, and pre-existing immunity to adenovirus serotype 5 (Ad5)
or Cas9 may significantly limit efficacy [137].

Current developments in this field mainly use recombinant HSV-1, owing to its natural
tropism for epithelial cells; promising alternatives are modified AAV vectors with selective
affinity for the epithelium [136]; AAV-mediated delivery of TGM1 has been evaluated in
rat and pig skin [139]. The examples considered above show that the models reviewed in
this article are not successive stages of a single pipeline but complementary platforms, and
the choice among them depends on the disease and on the question being addressed. For
LI, HSV-1-mediated TGM1 delivery was tested in patient keratinocytes in a 3D organotypic
system and in animal models, and topical TGM1 enzyme replacement was evaluated in a
xenograft model [5]. For RDEB, HDAd-based CRISPR/Cas9 editing was tested in patient
keratinocytes and in humanized skin mice [137], and for JEB, correction was performed
ex vivo in patient keratinocytes followed by grafting of corrected clones [138]. Thus,
models are compared and selected by their relevance to a particular disease and therapeutic
approach rather than by their position in a hierarchy from cells to animals. No single
model can address mechanism, barrier function, and therapeutic durability at once, so
combining several platforms gives the most complete assessment of a therapy. Vyjuvek
shows that such an approach can lead to an approved therapy, although the effect of its non-
integrating vector is transient and requires repeated application. This explains the interest
in targeted gene modification aimed at correcting mutations in specific genes, which could
potentially provide a more stable therapeutic effect than the delivery of a functional copy of
the gene [140]. Therefore, the further development of therapy for genodermatoses depends
on choosing the models most relevant to a specific disease and therapeutic approach, and
on how well they reproduce both the genetic defect and the tissue context in which the
therapy must act.

Together, these examples indicate that the main bottlenecks of clinical translation [141 ]
are not the lack of therapeutic concepts but the durability of the effect (transient expression
with non-integrating vectors), immunogenicity of vectors and editing nucleases, manu-
facturing cost and scalability for ultra-rare diseases, and the absence of qualified clinical
endpoints (Section 4).

4. Discussion

The models surveyed above are usually presented as a sequential development, starting
from two-dimensional cultures and proceeding through three-dimensional organotypic
equivalents to animal models. However, the available evidence does not support such a
hierarchy. What distinguishes these systems is the trade-off each makes between genetic
fidelity and tissue context.

iPSC-derived keratinocytes reproduce a patient’s exact genotype but lack the mechani-
cal, vascular, immune, and neurosensory environment in which a barrier defect becomes a
clinical phenotype [34]. 3D organotypic equivalents restore stratification and cornification
but remain avascular and immunologically silent [51]. Spontaneous large-animal mutants
provide full physiological context at the cost of genetic tractability and of any guarantee
that the orthologous mutation acts as it does in human skin [133,142]. Appendix A should
therefore be read as a fit-for-purpose matrix rather than a ranking: the question dictates the
platform, and no single system can address molecular mechanism, barrier physiology and
therapeutic durability at once.

Across model platforms, the studies converge on one mechanistic principle. In ARCI,
severity tracks residual enzymatic activity rather than mutation presence: complete loss
of TGM1 function yields classic LI, whereas partial dysfunction produces milder LI or
NBICE [16-18]. The same graded logic applies to ABCA12, where lipid-transport capac-
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ity, not genotype class, determines whether the phenotype is harlequin or lamellar [15].
Yet the dominant readouts (presence or absence of a marker, qualitative histology, and
descriptive lipid profiles) are qualitative rather than quantitative in nature and do not allow
the differences in disease severity to be assessed. This explains why models described
as recapitulating a genodermatosis often reproduce only part of it, as when an ABCA12-
knockout equivalent showed altered lipid composition and loss of glucosylceramides but
no pronounced hyperkeratosis [51]. Such a result may reflect early stage disease, but it is
equally consistent with the absence of a quantitative scale on which model and patient can
be compared. The field needs continuous, dimensioned endpoints (enzyme activity per
unit protein, transepidermal water loss, quantitative lipidomics of the cornified envelope,
and dye-penetration kinetics) reported in the same units across platforms.

A second gap concerns timing and chronicity. Genodermatoses manifest at birth
or in early infancy and persist for life, yet almost all models are built from adult donor
cells, assessed over days to weeks and read out at a single time point. Neonatal barrier
adaptation, postnatal establishment of the skin microbiome and cumulative photodamage in
repair-deficient disorders such as XP therefore lie outside the window that current models
interrogate [25,28]. Where a developmental dimension has been captured, it has proved
informative: the failure of EEC-syndrome iPSCs to undergo epithelial differentiation, with
activation of TP63-dependent mesodermal programmes, is a phenotype that no adult-cell
or endpoint assay would have revealed [41].

Several technologies that have so far received little attention in genodermatosis re-
search could help close these gaps. Skin-on-chip systems with dynamic perfusion improve
epidermal morphogenesis and barrier function relative to static inserts and can in prin-
ciple incorporate the vascular and immune components that conventional equivalents
lack [117,143]. Single-cell and spatial transcriptomics have resolved disease-associated cell
states and spatially defined immune and stromal niches in developing, healthy, and inflamed
human skin [144,145], and, when applied to iPSC-derived and organotypic models, they
could show how closely these constructs reproduce patient skin. Genome editing without
double-strand breaks is advancing in parallel: prime editing enables targeted sequence
changes without donor DNA [146], and adenine base editing and prime editing have cor-
rected COL7A1 mutations in RDEB fibroblasts, with edited skin equivalents showing type
VII collagen deposition and anchoring fibril formation after grafting onto immunodeficient
mice [140]. Machine-learning analysis of high-content cell images and clinical skin images
could further standardize phenotypic readouts and accelerate drug screening [147,148],
although small cohorts limit training data, and combining patient-derived models, molecu-
lar readouts and precise genome editing in iterative pipelines is a logical next step toward
personalized therapies.

Translational constraints, rarely addressed in the modelling literature, further deter-
mine whether any platform reaches patients. A GMP-compatible iPSC product costs roughly
an order of magnitude more than a research line (itself tens of thousands of dollars), and
scale-up of differentiation to clinical quantities remains unresolved [149-151]; xenograft
and graft models are limited by individually prepared patient material and surgery [5,152],
and large-animal models by the small colonies of animals carrying rare spontaneous mu-
tations [142,153]. For an autologous therapy in an ultra-rare disease, these constraints
compound, as already seen with approved RDEB gene therapy, where high per-patient cost
coexists with limited durability.

Standardisation is equally lacking: reconstructed human epidermis is validated for
irritation and corrosion (OECD TG 439/431) [111,112], but no genodermatosis endpoint has
comparable qualification, and harmonised quality-control criteria for iPSC products [154]
and specific standards for dermatological xenografts [155] are absent. Ethical issues, in-
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cluding the 3R framework [50], consent for indefinitely propagated identifiable lines, the
re-identification risks associated with small cohorts, and equitable access to individually
priced therapies, limit what the models can deliver.

Three priorities follow. First, a minimum reporting standard should be established
for genodermatoses models, specifying the genotype and residual protein function of
the source cells, passage number, donor age, culture duration, calcium regime, and a
core set of quantitative barrier endpoints; without it, results from different laboratories
remain formally incomparable. Second, a shared benchmark panel of well-characterised
patient-derived lines spanning the genotype—severity ranges of TGM1, ABCA12, NIPAL4,
PNPLA1, and COL7A1, distributed through a common biobank, would enable platforms to
be compared using identical genetic material. Third is the prospective co-development of
model qualification and therapeutic development: genome-editing strategies, skin-on-chip
platforms, and single-cell and spatial readouts will shorten the path to the clinic only if the
endpoints they generate are agreed with regulators in advance and are usable in a small,
biomarker-anchored trial. Given cohorts of tens or hundreds of patients worldwide for the
rarest ARCI genotypes, data sharing and natural-history data are preconditions for this
programme, not optional accompaniments.

Thus, models and therapeutic technologies exist, and several have reached or ap-
proached the clinic. What does not yet exist is the comparability infrastructure (common
endpoints, shared reference material, agreed qualification pathways, and a manufacturing
route compatible with ultra-rare disease economics) that would allow results from one
platform to inform decisions on another. Building it, rather than adding further model
systems, is the key step for the next phase of genodermatoses research.

5. Conclusions

This review shows that the main experimental platforms for genodermatoses (patient-
derived iPSCs, 3D organotypic skin equivalents, and animal models), considered mainly
for ichthyoses and epidermolysis bullosa, are complementary rather than hierarchical:
each balances genetic fidelity against physiological context, and the choice among them
should be dictated by the disease and the research question. Together they have clarified
disease mechanisms and supported preclinical testing of gene, protein, and RNA-based
approaches, and the approval of a gene therapy for dystrophic epidermolysis bullosa
confirms that this route can lead to clinical treatment. However, existing models share
common limitations: qualitative readouts, no developmental or chronic dimension, and,
for translation, the cost and limited scalability of clinical-grade iPSC products, reliance
on individually prepared patient material, small patient cohorts, and the lack of qualified
genodermatosis-specific endpoints.

Skin-on-chip systems, spatial omics and base/prime editing may help address some
of these gaps. We suggest that the next step for the field is not the creation of further
models, but the development of infrastructure for comparability: common quantitative
endpoints, shared reference patient-derived lines, and qualification pathways agreed upon
with regulators. This would make existing models comparable and link them more directly
to the development of therapies for these rare diseases.
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