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Abstract. The study was conducted to find the most effective approaches to the treatment of chronic wounds in bullous
epidermolysis, addressing the influence of the wound microbiome on the healing process. The study reviewed relevant
scientific sources in dermatology, pharmacology, genetics, immunology, and microbiology, established the role of the
wound microbiome in the healing of chronic wounds in bullous epidermolysis and analysed modern treatment strategies
to accelerate the healing of these wounds. The results of the study showed that the wound microflora has a significant
impact on the healing process. Epidermolysis bullosa provokes constant skin trauma, contributing to the creation of
conditions for the growth of pathogenic bacteria in wounds, which leads to the development of dysbiosis and complicates
the healing process. The wound microbiome in bullous epidermolysis is significantly affected by the patient’s immune
status, antibiotic use, location, depth, and duration of the wound. Weakened immunity provokes the development
of multidrug-resistant bacteria, an enhanced immune response and autoimmune processes create conditions for
the development of microorganisms that can multiply in conditions characteristic of an inflamed wound. The use of
antibiotics is a highly effective method of treating infections, but prolonged or irrational antibiotic therapy can provoke
the emergence of resistant bacterial strains. Depending on its location, the wound microbiome is influenced by skin
characteristics in different parts of the body, such as the level of moisture, the presence of sweat and sebaceous glands,
and hair. The influence of the wound depth on the microbiome is realised by creating conditions for the reproduction
of the relevant microorganisms at the appropriate depth. The duration of the wound increases dysbiosis in the wound,
complicating healing. Modern treatment strategies to accelerate the healing of chronic wounds in bullous epidermolysis
include personalised medicine, an integrated approach and the use of modern dressings. The results obtained indicate
the need to research and develop new effective methods of eliminating wound dysbiosis to normalise its microbiome and
accelerate the healing process
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INTRODUCTION
Epidermolysis bullosa (EB) is a common name for a group
of rare complex genetic pathologies that occur as a result of
genetic mutations that lead to a disruption in the structure
of proteins responsible for the strength of the connection
between different layers of the skin. This makes the skin vul-
nerable to any damage and leads to the formation of chron-
ic wounds, causing pain that leads to restrictions on phys-
ical activity and psychological discomfort that can provoke
social isolation. Despite significant advances in medicine,
the treatment of EB remains a challenge, as there is still no
universal and effective method of healing chronic wounds.
However, the development of new technologies in the field
of healthcare and an increased understanding of the role
of microflora in the healing process was used to review
existing therapeutic strategies and analyse the possibili-
ties of optimising the treatment of chronic wounds in EB.

Currently, the main challenge facing doctors and sci-
entists involved in the treatment of EB is to find ways to
reduce the time it takes for wounds to heal. To address
this issue, C. Guttmann-Gruber et al. [1] conducted a ran-
domised, double-blind, placebo-controlled trial to evalu-
ate the effect of low-dose calcipotriol ointment on wound
healing in patients with dystrophic epidermolysis bullosa.
According to the results, the researchers determined that
topical treatment with a low dose of calcipotriol (a vita-
min D3 analogue) can significantly reduce wound area and
itching on the 14™ day of therapy without affecting serum
calcium levels. Promising treatments for EB were reviewed
by P-C. Hou et al. [2]. The authors assessed the high po-
tential of therapeutic areas aimed at primary genetic ab-
normalities and secondary inflammatory trace of EB, the
effectiveness of which is confirmed at various stages of
trials of gene, cell and recombinant protein therapy. The
efficacy of topical treatments for EB was investigated by
M. Pabén-Carrasco et al. [3]. Scientists concluded that, ac-
cording to the criteria of healing speed and reduction of
itching, the most effective topical treatment for EB is Oleo-
gel S10 and allantoin, diacerein 1% followed by fibroblasts,
and B-VEC gene therapy.

After reviewing new treatments for EB, N.M. Bermu-
dez et al. [4] analysed the effectiveness of symptomatic and
gene therapy. Investigating the problems of wound healing,
scientists determined that the improvement of this process
is effectively achieved by a recently approved treatment
method using drugs based on natural compounds of birch
bark (Fisulvez), which have anti-inflammatory, antioxi-
dant and wound healing effects. Among the gene therapy
areas, the drug beremagene geperpavec (Vyjuvek) demon-
strates high performance, a treatment method aimed at
correcting the genetic defect underlying EB. In the above
works, based on theoretical and practical research, the
authors determined the effectiveness of various methods
of wound healing in EB, but the analysis of the impact of
wound microflora on the process of wound healing was
not carried out. An important problem associated with the
search for effective treatments for EB is the complications
that arise from damage to the skin. Among the common
complications of severe EB, researchers identify anae-
mia. The difficulty in its treatment was noted by C. Liy-
Wong et al. [5], who studied the problem and presented
the first consensus recommendations for the diagnosis

and treatment of this complication. In particular, the
authors emphasised the importance of an individual ap-
proach to therapy, noted the importance of dietary meas-
ures as an important part of the treatment process, and
suggested the use of iron supplements orally or by infu-
sion, depending on the severity of anaemia.

Based on the results of a multicentre retrospective
clinical analysis, E. Raboei et al. [6] identified the most
common complications in children with EB. Patients with
the recurrent-dystrophic subtype of EB (RDEB) most often
had complications associated with skin and musculoskel-
etal diseases. Oesophageal stenosis and pyloric atresia
were less common. The prevalence of otological complica-
tions in inverse RDEB type was studied by S.]. Robertson et
al. [7]. Previous reports indicated a low prevalence among
patients in this group, but researchers found that 44% of
patients with RDEB had otological complications, 90.9% of
whom were diagnosed with recurrent otitis externa. These
results demonstrate a higher prevalence rate than previ-
ously reported and indicate that this group of patients is at
high risk of hearing problems.

In a prospective study of 26 patients with EB, Y. Yavuz et
al. [8] determined complications in patients that included
anaemia, growth retardation, gastrointestinal dysfunction,
deformity of hands and nails, hair thinning, vision prob-
lems, and kidney disease. The most common among them
were dental problems, in particular caries, which indicates
the importance of preventive and therapeutic measures
aimed at improving the condition of the teeth and oral
cavity in patients with EB. In the analysed studies, the au-
thors primarily focused on the identification and methods
of effective treatment of complications arising from EB, but
they did not include an analysis of how these complications
can affect wound healing in patients with this disease.

The study aimed to determine the most effective
methods of treatment of chronic wounds in EB, addressing
modern medical advances. Study tasks included analysis of
the role of wound microflora in the wound healing process
and assessing the impact of anaemia, vitamin D3 and zinc
levels on wound healing in patients with RDEB.

The study was conducted based on the analysis of the-
matic scientific sources in dermatology, genetics, phar-
macology, microbiology, immunology and regenerative
medicine published in PubMed, Google Scholar and Scopus
databases. The stages of source selection included the for-
mation of aninitial sample, screening by titles and abstracts,
detailed analysis of the full text, and assessment of the
quality of research. The initial sample was formed from key-

word searches: “bullous epidermolysis”, “epidermolysis”,
“rare skin diseases”, “chronic wounds”, “wound healing”,
“vitamin D3”, “zinc”, “anaemia”, “microflora”, “treatment/

therapy”. After screening by titles and abstracts, articles
that did not correspond to the research topic were excluded.

A detailed analysis of the full text was conducted with
sources that met the inclusion criteria, namely containing
the results of theoretical and clinical studies written in
Ukrainian or English and published from 2016 to 2024. The
quality of trials was determined by assessing clinical rele-
vance - the extent to which results can be useful in clinical
practice. The methods of processing the sources includ-
ed thematic analysis, synthesis, identification of general
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trends, and data visualisation for a clear presentation of
the results (figure, table). A total of 60 relevant publica-
tions were selected for review.

ROLE OF THE WOUND MICROBIOME

IN THE EB HEALING DYNAMICS

Several key factors have contributed to the growing inter-
est in the wound microbiome. The development of DNA
sequencing technologies was used to conduct a detailed
analysis of the composition of the microbiome, identify
new species of microorganisms and study the interac-
tion between them, identify infection markers and detect
genes encoding antibiotic resistance factors. The sci-
entific and medical community has grown increasingly
aware that the microbiome plays a crucial role in many
physiological processes, including immune and metabol-
ic processes, which has further study. An additional im-
petus for the search for new approaches based on a deep
understanding of the mechanisms of wound healing, ac-
counting for the peculiarities of its microbiome, was the
decline in the effectiveness of antibiotic therapy caused
by the spread of antibiotic-resistant bacterial strains. In
2022, 30% of urinary tract infections and 19% of recurrent
wound infections became resistant after antibiotic treat-
ment [9]. This is primarily due to the misuse of these drugs
in medicine — up to 50% of all antibiotic prescriptions are
clinically unjustified [10]. The development of personal-
ised medicine, which involves an individual approach to
patient treatment, was also an impetus to a more detailed
study of the microbiome as a tool for developing more
accurate diagnostic methods and more effective and safe
treatments using its modulation.

The main value of the wound microbiome, which al-
lows it to be used to develop new therapeutic strategies,
is its uniqueness, as the wound microflora of a patient
with EB differs significantly from that of a healthy per-
son. These differences are due to both the characteristics
of the disease itself and the impaired barrier function of
the skin. In the wounds of patients with EB, an increased
number of pathogenic bacteria (Staphylococci, S. aureus),
fungi (Candida) and viruses are often found that can pro-
duce toxins that destroy tissue and impede healing [11].
Favourable conditions for their reproduction are provid-
ed by the moist environment under the blisters, constant
skin trauma that provokes re-infection, impaired immune
response and prolonged use of antibiotics, which leads
to the development of resistant strains of bacteria. This
intensive multiplication of pathogenic microorganisms
leads to the displacement of beneficial bacteria, which re-
duces the diversity of the wound microflora of a patient
with EB compared to that of a healthy person.

The imbalance between pathogenic and beneficial
bacteria (dysbiosis) has a negative impact on the healing
process, as it inhibits important functions of beneficial
microorganisms, which include the creation of a protec-
tive barrier (biofilm formation) aimed at preventing the
penetration of pathogens into deeper tissue layers; acti-
vation of the immune response; production of substanc-
es that promote healing (growth factors, antimicrobial
peptides, etc.), stimulating regeneration and regulation

of the inflammatory response, which prevents excessive
inflammation that can be harmful to healthy tissues [12,
13]. Such functions are performed by certain types of
staphylococci, in particular, Staphylococcus epidermid-
is, which are part of the normal skin microflora and can
play a protective role by preventing the colonisation of
pathogenic microorganisms; certain types of strepto-
cocci, which contribute to the production of substances
that stimulate regeneration; Propionibacterium involved
in the production of lactic acid, an important component
for inhibiting the growth of pathogenic microorganisms;
certain non-pathogenic species of pseudomonas, which
produce antimicrobial substances (pseudomonas) with
a wide range of antimicrobial activity that inhibit the
growth of other bacteria, fungi and some viruses [14, 15].
Dysbiosis caused by genetic features, immune disorders
and concomitant diseases characteristic of EB is the main
factor in slowing down the healing process and, as a re-
sult, chronicity of wounds, so its elimination should be
part of the therapeutic strategy for treating this disease.
The combination of different wound surface microorgan-
isms and the nature of their interaction depends on many
factors, the main ones being the patient’s immune status,
antibiotic use, location, depth and duration of the wound.

The wound microbiome constantly interacts with the
body’s immune system, so the immune status of a per-
son significantly affects its composition and functioning,
particularly the process of healing chronic wounds in EB.
Immunodeficiency provokes a decrease in the body’s de-
fence functions, creating favourable conditions for the re-
production of pathogenic microorganisms. This causes an
imbalance in the microbiome in favour of pathogens. In
this case, opportunistic pathogens are most active — mi-
croorganisms that do not usually cause disease in healthy
people but can cause infection in people with weakened
immune systems. Examples of such pathogens are pneu-
mocystis, candida, aspergillus, etc. In anaerobic condi-
tions, which can occur in deep or poorly drained wounds,
anaerobic bacteria, in particular clostridia, actively multi-
ply. Immunodeficiency favours the development of bacte-
rial strains, which makes infection treatment and wound
healing much more difficult [16].

An enhanced immune response can provoke chron-
ic inflammation, providing conditions for the growth of
bacteria that can survive and multiply in conditions of
elevated temperature, low pH, the presence of antimicro-
bial substances and other adverse factors characteristic of
an inflamed wound. In chronic inflammation, an increase
in staphylococci, in particular Staphylococcus aureus and
Pseudomonas aeruginosa, is particularly common, as they
can form biofilms that protect them from antibiotics and
the immune system, facilitating their survival and repro-
duction [17] (Fig. 1).

Inflammation also increases the number of pseu-
domonas, which colonise wet wounds and can cause
severe infections, Escherichia coli, Klebsiella spp., Pro-
teus spp. and other aerobic and facultative anaerobic
Gram-negative bacilli [18]. Anaerobic bacteria such as
Clostridium spp., Bacteroides spp. and Fusobacterium spp.
are commonly found in closed wounds [19].
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Figure 1. An image of Staphylococcus aureus biofilms
obtained by electron scanning
Source: compiled by the authors based on J. Azeredo et
al.[12]

Although autoimmune diseases and an enhanced im-
mune response are similar in their impact on the wound
microbiome, they have significant differences that affect
the composition and function of the wound surface mi-
crobiota. In autoimmune diseases, inflammation is more
specific, while in other causes of an enhanced immune re-
sponse, it can be more diffuse. The imbalance of the mi-
crobiome in the case of activation of autoimmune process-
es can be more complex and include a greater number of
different pathogenic and opportunistic microorganisms,
including staphylococci, in particular Staphylococcus au-
reus, streptococci, Escherichia coli, pseudomonas, including
Pseudomonas aeruginosa, anaerobic bacteria and fungi of
the Candida genus [20]. In addition to the colonisation of
the wound by pathogens, wound healing in autoimmune
diseases can be complicated by the development of repeat-
ed infections and the formation of severe scars.

Identification of the differences between the wound
microbiome in immunocompromised, immune-enhanced
and autoimmune conditions is an important step in de-
veloping effective strategies for the treatment of chron-
ic wounds in EB. Antibiotics are an important tool in the
treatment of infections, but their use can have both pos-
itive and negative effects on the wound microbiome and
the healing process. First, antibiotics effectively destroy
pathogenic microorganisms, helping to reduce inflamma-
tion, and pain and accelerate healing. The timely use of
these drugs helps prevent the spread of infection, the de-
velopment of sepsis and other complications. At the same
time, prolonged or irrational use of antibiotics can cause
dysbiosis, promoting the growth of resistant strains of bac-
teria, fungi and other pathogens and thus disrupting nor-
mal wound healing processes, including epithelialisation,
angiogenesis and collagen synthesis [21].

Wound localisation is one of the key factors affecting
the wound microbiome and the healing process in EB. Dif-
ferent areas of the body have their unique microflora, due
to the characteristics of the skin, hair, sweat and sebaceous
glands, and the level of hydration. The head and neck areas
have a rich microflora, including both resident and tran-
sient microorganisms. A breach of skin integrity in these

areas can lead to wound colonisation by staphylococci,
streptococci and Candida fungi [22]. The torso skin usually
has a lower number of microorganisms on its surface com-
pared to the skin of the head, neck and extremities. How-
ever, in patients with EB, torso wounds can be colonised
by both local and exogenous microorganisms (staphylococ-
ci, streptococci, pseudomonas, E. coli, anaerobic bacteria,
Candida fungi) [23]. The skin of the extremities, especial-
ly the hands and feet, is exposed to constant mechanical
stress and contact with various surfaces. This contributes
to the colonisation of wounds by gram-negative bacteria,
in particular Pseudomonas aeruginosa [24]. Wounds in the
skin folds create favourable conditions for the growth of
anaerobic bacteria that can cause deep infections [25].

The location of the wounds determines the presence
of factors that affect their healing, including the level of
hydration, mechanical stress, the presence of hair and the
intensity of blood supply. Wet wounds in the skin folds or
in areas of constant friction heal more slowly due to mac-
eration and increased risk of infection. These areas include
the groin and groin area in general, the popliteal fossae,
the interdigital space, especially on the feet, the behind the
ears, the folds of the abdominal skin and the area under
the breasts. Wounds on body parts subjected to constant
mechanical stress (extremities, especially feet and palms,
elbows, knees, armpits, places of fixation of medical de-
vices — catheters, drains, plasters, etc. Hair in the wound
area complicates its cleaning and creates conditions for
the development of infection. Areas of the body with in-
sufficient blood supply (lower extremities, pressure ulcers,
areas with large scars, diabetic angiopathy and areas where
vascular surgery was performed) heal more slowly due to
insufficient oxygen, nutrient deficiencies and slow removal
of waste products.

The depth of the wound is a substantial factor that af-
fects its microbiome, as different wound depths create dif-
ferent conditions for the development of microorganisms
and affect the speed and quality of tissue regeneration. Su-
perficial wounds are usually colonised by microorganisms
that are part of the normal skin microflora, such as staphy-
lococci, streptococci and other gram-positive bacteria, and
therefore heal faster and with less risk of complications if
they are clean and uninfected [26]. Deep wounds have less
access to oxygen, which creates conditions for the growth
of anaerobic bacteria (clostridia, bacteroides, etc.) and the
development of serious infections [27]. Deep wounds take
longer to heal and are sometimes accompanied by compli-
cations, the most common of which are infection, bleeding
and scarring. The subcutaneous wound microbiome can
include aerobic bacteria and fungi. Damage to the subcuta-
neous tissue is dangerous due to the formation of abscesses
and requires surgical intervention.

The duration of a wound has a significant impact on
its microbiome and the healing process. The longer the
wound exists, the more complicated the processes occur-
ring in it become. In the initial stages, the wound is usually
colonised by microorganisms that are part of the normal
skin microflora — staphylococci, streptococci and other
gram-positive bacteria. Over time, the composition of the
microflora changes, and chronic wounds create conditions
for the development of more resistant and aggressive mi-
croorganisms (pseudomonas, anaerobic bacteria and fungi)
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that can form biofilms that protect them from antibiotics
and the immune system [28]. Therefore, the healing of
chronic wounds takes longer and is accompanied by com-
plications due to impaired regeneration processes and con-
stant tissue irritation. Chronic wounds in EB are character-
ised by changes in the microenvironment (pH, temperature
and oxygen tension), impaired regeneration processes due
to the impact on the proliferation and migration of cells
necessary for healing, and the formation of scar tissue. In
a study conducted by N. Harris et al. [29], the average time
to closure for chronic wounds was 14.6 weeks compared to
recurrent wounds (8 weeks), and spontaneous closure was
observed in 26% of chronic wounds, while the same per-
centage for recurrent wounds was 86.

It is important to note that wound microbiomes may
differ depending on the subtypes of EB. Although all forms
of EB are characterised by increased skin fragility and a ten-
dency to blistering, certain features affect the composition
of the microflora in wounds. For instance, RDEB, the most
common subtype of EB, which in some studies reaches 70%
of all cases in a study by C.I. Thien et al. [30], is usually
characterised by deeper and more extensive skin lesions,
which can create conditions for the colonisation of a more
diverse and potentially pathogenic microflora. In RDEB,
colonisation of the wound by fungi, viruses and anaerobic
bacteria capable of penetrating deeper layers of the skin
is observed, compared to other subtypes of EB, which are
mostly superficial infections caused by gram-positive cocci
(staphylococci, streptococci) [31]. Due to the prolonged use
of antibiotics and the presence of chronic wounds, antibi-
otic resistance can develop in the microflora of RDEB, while
in other types of this pathology, resistance may be less pro-
nounced, as infections are more often acute and treated
faster. This is attributed to the fact that the microorganisms
of the wound microbiome in RDEB have a higher tendency
to form biofilms compared to other subtypes of EB [32]. The
difference between the impact on the wound microbiome,
depending on the subtypes of BE, is also evident through
the association with other diseases. RDEB is often ac-
companied by atopic dermatitis, which has a negative im-
pact on the wound microbiome, increasing the number of
pathogenic microorganisms (Staphylococcus aureus, Pseu-
domonas aeruginosa, Candida) and provoking dysbiosis [33].

In a prospective study, A. Horev et al. [34] analysed
temporary changes in the skin microbiome of patients with
EB after the use of wound dressings. The authors empha-
sised the importance of determining the characteristics
of the skin microbiome of patients with EB to determine
the pathophysiology of the processes that occur in it and
the factors that affect them. Practical confirmation of this
thesis was demonstrated by the results of a study by scien-
tists who found that a decrease in the diversity of bacteria
in the wound microbiome due to the potential impact of a
topical dressing accelerated the healing process. The au-
thors’ findings are notable, and it is worth emphasising the
importance of monitoring temporary changes in the mi-
crobiome, depending on different treatment methods, to
optimise the treatment of chronic wounds in EB.

Based on the results of a case-control study, J. Bar et
al. [35] provided evidence of skin dysbiosis in patients with
dystrophic BE. In addition to the prevalence of staphylo-
coccal species in the affected skin of patients with EB, the

results showed that the unaffected skin of patients also had
an increased content of staphylococci and significantly dif-
ferent microbial diversity compared to the skin of healthy
people. This observation indicates the existence of the in-
fluence of EB not only on the wound microflora but also on
the microflora of the patient’s skin in general. These results
indicate the need to expand the impact on the signature of
the microbiome associated with dystrophic EB employing
specific pathogen-directed therapy. The authors’ findings
regarding the presence of wound dysbiosis in patients
with a dystrophic type of EB are noteworthy, but addition-
al studies should be conducted to confirm the presence of
dysbiosis in the intact skin of patients. Understanding the
processes occurring in the wound microbiome under the
influence of EB and recording the differences inherent in
different subtypes of this disease will allow timely identifi-
cation of the pathogens present, which will help avoid se-
vere complications such as sepsis and select more effective
treatment regimens for chronic wounds.

MODERN THERAPEUTIC STRATEGIES

TO ACCELERATE CHRONIC WOUND
HEALING IN EB
Current trends in the treatment of chronic wounds in EB
include 3 main areas: personalised medicine, an integrated
approach and the use of modern dressings. The use of each
of them separately in medical practice makes it possible to
improve the effectiveness of treatment, and their rational
combination allows for optimising the treatment process
in general and improving the quality of life of patients with
this disease. An additional and important area of research
in the field of EB is the study of new therapeutic strategies
of gene and mRNA therapy, the use of stem cells and oth-
er promising treatments aimed at eliminating the causes
(correction or modification of mutated genes) and conse-
quences (repair of damaged skin) of this disease. Difficul-
ties in developing therapeutic strategies for the treatment
of chronic wounds in EB are primarily related to the rar-
ity of the disease. A study by German authors found that
the overall incidence of EB in the country is 45 per million
newborns, of which 15.58 live births occurred in RDEB [36].
Despite its low prevalence, this genetic disease is an im-
portant problem for the healthcare industry in general and
significantly worsens the quality of life of each patient.

Personalised medicine in the context of EB involves an
individual approach to each patient based on knowledge of
the subtype of this genetic pathology, the patient’s immune
status, location, depth of lesions, presence of comorbidi-
ties, the effectiveness of previous therapy, including anti-
biotic therapy, etc. According to this principle, treatment is
planned accounting for the individual wound microbiome,
genetic characteristics of the patient and the patient’s
general health. The wound microbiome, as a complex eco-
system of microorganisms that change dynamically de-
pending on many of the above factors, controls both pos-
itive (accelerating healing, protecting against pathogens,
modulating the immune response) and negative (chronic
wound healing, developing infections, sepsis) processes
in the wound. Since negative processes occur because of
dysbiosis, the main tasks of therapy are to study the mi-
crobiome and eliminate dysbiosis, taking into account the
factors that cause it.
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The development of medical technologies has expand-
ed the range of methods that allow for a detailed study of
the composition and interaction of microorganisms in the
wound microbiome. Nowadays, in addition to the classical
culture method of sowing on nutrient media, which has
significant limitations since not all microorganisms can
grow on artificial nutrient media, there are more accurate
and informative methods for studying the microbiome [37].
Molecular genetic methods include the polymerase chain
reaction (PCR) test, which allows the detection of DNA or
RNA of specific microorganisms in a sample; next-gen-
eration sequencing (NGS), the most informative method
that allows determining the full range of microorganisms
in a sample without prior cultivation; metagenomics — the
study of the totality of genomes of all microorganisms in a
sample; metatranscriptomics - the study of the totality of
all RNAs, which can be used to assess the activity of micro-
bial genes; metaproteomics - the study of the totality of
all proteins, which allows assessing the functional activity
of the microbiome [38]. Mass spectrometry is used to iden-
tify biomarkers associated with certain types of microbi-
omes [39]. Different types of microscopies exist depending
on the research objectives. Light microscopy is used to as-
sess the morphology of microorganisms, fluorescence mi-
croscopy is used to visualise biofilms and the interaction of
microorganisms with host cells, and electron microscopy is
used to study the ultrastructure of microorganisms in de-
tail [40]. The choice of method depends on the purpose of
the study (detection of a specific pathogen, assessment of
microbiome diversity, analysis of the functional activity of
microorganisms, etc. Molecular genetic methods currently
demonstrate the best performance. They have high sensi-
tivity, which allows the detection of even a small number of
microorganisms and are characterised by informative and
fast analysis [41].

There is an increasing number of studies investigating
the potential of exudates in personalised wound care [42].
P. Doerfler et al. [43] studied more than 800 exudates from
healing and non-healing wounds and found a strong cor-
relation (76%-90%) between wound chronicity and the
inhibitory effect of individual exudates on fibroblast pro-
liferation. The validity of the scientists’ observation was
confirmed by testing wound healing products, the results
of which were consistent with clinical experience. In the

context of a personalised approach to the treatment of
chronic wounds in EB, the use of autologous keratinocyte
transplants with gene correction (EB-101) demonstrates
efficacy and safety. The results of the second phase of the
randomised controlled trial are currently available and
the results of the third phase are expected [44]. The main
advantage of autologous keratinocyte transplants is their
long-term efficacy and the absence of serious side effects
during 5.9 years of follow-up.

Depending on the level of wound dysbiosis in EB, local
therapy, systemic therapy, physiotherapy, surgery, vacuum
therapy, plasmolifting, or an integrated approach com-
bining these methods can be used to eliminate it. Topical
therapy uses antiseptic solutions, antibiotic ointments and
gels, antifungal drugs, and wet and honey dressings [45].
Phage therapy is a promising area in the fight against bac-
terial infections, especially antibiotic-resistant ones. It is
based on the use of bacteriophages — viruses that infect
and destroy individual bacteria [46]. The advantages of
phage therapy are its high specificity (each phage infects a
specific type of bacteria, which allows targeted treatment
of the pathogen without damaging the beneficial micro-
flora) and permeability (they can penetrate biofilms and
destroy bacteria from the inside). Bacteriophages can be
used in the form of ointments, gels, solutions for washing
and as part of dressings. To restore the balance of the mi-
crobiome, systemic therapy involves the use of antibiotics
prescribed for severe infections that cannot be treated lo-
cally, immunomodulators aimed at correcting the immune
response, and probiotics to help restore normal intestinal
and skin microflora [47]. Among the physiotherapeutic
methods that can be used to eliminate dysbiosis, the most
effective are laser therapy, which has anti-inflammatory
and bactericidal effects, and ultrasound therapy, which
aims to soften necrotic tissue and improve blood circula-
tion [48]. Surgical treatment is used when necessary to re-
move necrotic tissue to create a clean bed for healing and
skin grafting to repair visible defects [49]. Vacuum therapy
can be used to ensure the outflow of exudate and stimulate
healing, and autoplasma injection (plasmolifting) can be
used to stimulate tissue regeneration [50]. Each of these
methods has its advantages and disadvantages (Table 1),
which can be used to optimise the treatment of chronic
wounds in EB.

Table 1. Advantages and disadvantages of the main methods of treatment of chronic wounds in EB

Treatment method Advantages Disadvantages Side effects Price
Insufficiently effective in Redness. itching. drvness
Local therapy Availability, ease of use | severe EB, possibility of ’ &, dry Relatively low
. - of the skin
allergic reactions
Serious side effects Immunosuppression,
. Effective in many forms (immunodeficiency, increased susceptibility .
Systemic therapy of EB osteoporosis), high risk to infections, growth High
of infections retardation in children
An additional method
Not a standalone
. of treatment promotes . Burns, redness of the
Physiotherapy methods ; treatment, effectiveness - Average
wound healing, reduces . skin
- may be limited
pain
An effective method for Inva.lswelaness,. risk o.f . . .
. . . complications (infection, Pain, scarring, risk of .

Surgical treatment removing large blisters, . . High

> . bleeding), long transplant rejection

restoring the skin S .
rehabilitation period
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Continued Table 1.

Treatment method Advantages Disadvantages Side effects Price
Promotes wound Can be painful, requires
Vacuum therapy healing, stimulates blood P o red Skin redness, bleeding Average
; . special equipment
circulation
Stimulates tissue Efficacy is not
s - sufficiently studied, high | Pain at the injection site, )
Plasmolifting regeneration, reduces . - High
. . cost, possible allergic haematomas
inflammation -
reactions

Notes: the effectiveness is assessed by the speed of wound healing, pain relief, and improvement of quality of life; the
most common side effects are listed; the relative cost of treatment is indicated for comparison (the exact cost may vary
significantly depending on the country, clinic, and treatment method chosen)

Source: compiled by the author based on M. Titeux et al. [45], G.A. Suh et al. [46] and J. Riedl et al. [47]

A personalised approach to the treatment of chronic
wounds in EB, accounting for the patient’s genetic charac-
teristics, can be used to determine the causes of the disease
more accurately, select the optimal treatment methods and
predict its effectiveness. Determining the patient’s genet-
ic characteristics defines the causes of EB, as each muta-
tion provokes different phenotypes of the disease, which
requires different treatment approaches. Genetic factors
can also determine a patient’s response to various types of
therapy, allowing for the planning of an optimal treatment
strategy in advance, avoiding complications (infections,
scarring, malignant tumours), and predicting its outcome.
Currently, the main areas of genetic research used in per-
sonalised medicine for the treatment of EB are pharmaco-
genetics — the study of the influence of genetic factors on
the effectiveness of drugs, the development of gene ther-
apy methods to correct mutations that cause the disease,
and regenerative medicine based on the use of stem cells to
repair damaged tissues [48]. The effectiveness of medicines
in the treatment of EB can vary significantly depending on
the genetic characteristics of each patient. The influence
of these characteristics can be realised through changes in
the metabolic rate due to variations in the genes encoding
the enzymes involved in this process, the tendency to de-
velop comorbidities and individual sensitivity to therapy.
Immunosuppressants (corticosteroids, azathioprine, my-
cophenolate mofetil, cyclosporine) and biological drugs
(tumour necrosis factor a — TNF-a inhibitors, interleukin-1
inhibitors, integrin inhibitors) have the highest variability
in effectiveness [49].

Planning the treatment of chronic wounds in EB, ad-
dressing the patient’s genetic characteristics, involves
several stages. The first stage involves genetic testing to
determine the type of mutation. On its basis, an individual
treatment strategy is developed, which includes the selec-
tion of optimal methods of local therapy, selection of sys-
temic therapy, determination of the need for surgery and
development of a rehabilitation programme. Regular mon-
itoring of the patient’s condition and, if necessary, adjust-
ments to the treatment plan are mandatory throughout the
treatment period [50]. Currently, the development of drugs
based on the principles of gene therapy is ongoing. One of
the most famous is Vyjuvek (B-Vec) for the treatment of
dystrophic E. It contains a copy of a healthy gene encoding
the protein collagen type XVII, an important component
of the skin, the absence of which leads to the development
of dystrophic E. To deliver the gene to cells, an adenovi-
ral vector is used, i.e. a weakened virus that does not cause

the disease but effectively delivers genetic material to
cells. Vyjuvek (B-Vec) is designed as a topical medication
and is applied directly to the affected skin. The introduced
gene begins to produce type XVII collagen, which helps to
strengthen the skin and reduce the formation of blisters [51].
An important part of planning the treatment of chronic
wounds in EB based on the principle of personalised med-
icine is the assessment of the patient’s general health and,
depending on it, the correction of treatment. The course
of EB can be affected by concomitant diseases and vitamin
and mineral deficiencies. Due to permanent skin damage
and impaired barrier function, patients with EB most of-
ten face deficiencies of vitamin D3, iron and zinc. The main
factor behind this deficiency is impaired absorption of nu-
trients in the intestine due to the large surface area of the
wound on the body, which increases the body’s need for
vitamins and minerals to ensure an active healing process.
Vitamin D3 is central in many physiological process-
es in the body, including the immune response, cell pro-
liferation and angiogenesis, which is why its deficiency is
often observed in patients with chronic skin diseases. The
effect of this vitamin on wound healing is realised in sever-
al ways [52]. It activates receptors that stimulate epithelial
cell division (proliferation), thereby accelerating the heal-
ing process. Additionally, it has an anti-inflammatory ef-
fect by regulating the activity of immune cells, which helps
to avoid scarring during healing. The vitamin also possess-
es antimicrobial properties, which help to prevent wound
infection, and it stimulates the formation of new blood
vessels (angiogenesis), improving blood circulation in the
wound and providing it with the necessary nutrients.
Vitamin D3 deficiency is often observed in patients
with RDEB, as most of them try to avoid sunlight, which
is the main source of this vitamin in the body, due to skin
sensitivity. At the same time, as a result of constant dam-
age and chronic inflammation, vitamin D3 is synthesised
less efficiently and excreted faster. The situation is fur-
ther complicated by the comorbidities that patients in this
group have (e.g., celiac disease), which can further disrupt
the absorption of this vitamin [53]. Elimination or correc-
tion of vitamin D3 deficiency in patients with BE is car-
ried out by including foods rich in vitamin D in their diet
(fatty fish, egg yolk, dairy products, etc.), sunbathing under
medical supervision, and prescription of vitamin D3 sup-
plements in an individually selected dosage.
Iron deficiency in EB occurs due to the depletion
of iron stores in the body due to constant skin dam-
age chronic bleeding and impaired absorption caused by
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inflammatory processes in the intestine. A decrease in iron
levels slows down the production of haemoglobin, leading
to a decrease in the number of red blood cells and contrib-
uting to the development of anaemia. Its effect on wound
healing is to reduce tissue oxygenation, which provokes a
slowdown in energy processes, weakening of the immune
system, delayed cell proliferation, and disruption of colla-
gen synthesis, the main connective tissue protein that pro-
vides strength and elasticity to the skin [54]. Treatment of
anaemia should begin with determining its type (iron-de-
ficiency, B12-deficiency, folic acid-deficiency). Accordingly,
iron therapy or vitamin therapy is prescribed, and a diet is
developed that includes iron-rich foods (low-fat red meat
such as beef, lamb, pork, dark poultry such as turkey, chick-
en, rabbit meat, beef and chicken liver, legumes, green leafy
vegetables), with vitamin C supplemented to improve iron
absorption from food. In severe cases, blood transfusion
may be used. Similarly to vitamin D3 deficiency, anaemia
is particularly common and acute in patients with RDEB. It
is influenced by a combination of factors, including chronic
bleeding, comorbidities, including inflammatory bowel dis-
ease, and impaired absorption of vitamin B12 and folic acid.

Like most trace elements in the human body, zinc is
central to many physiological processes, including wound
healing. It stimulates the proliferation of cells, in particular
keratinocytes, which are involved in skin repair, enhances
collagen synthesis, strengthens the immune system, helps
maintain the integrity of cell membranes to preserve cellular
functionality, and has antioxidant properties that help pro-
tect cells from free radical damage [55]. Depending on the
severity of the type of BE, zinc deficiency is also more acute,
so patients with RDEB are the most sensitive to a decrease
in zinc levels. The process of eliminating its deficiency has
the same strategy as for most other trace elements — devel-
oping a diet with the inclusion of foods rich in zinc (seafood,
beef, lamb, pork, dark poultry meat — chicken, turkey, nuts,
legumes), prescribing zinc preparations in the form of tab-
lets or capsules, taking into account the required dosage,
and monitoring its blood level to assess the effectiveness
of treatment and timely dosage adjustment. Considering
the wound microbiome, the patient’s genetic characteris-
tics and general health allows to increase the effectiveness
of treatment of chronic wounds in EB, using an integrated
approach, for example, combining local and systemic ther-
apy or surgical methods and physiotherapy procedures.

Modern therapeutic strategies to improve the effective-
ness of local treatment of chronic wounds in EB are aimed
at the development and use of dressings that provide opti-
mal conditions for healing. The main requirements for such
materials are softness and elasticity, high hygroscopicity,
air permeability, and antibacterial properties, ensuring
painless dressing changes [56]. Following these require-
ments, modern dressings have been developed that are ef-
fectively used in the treatment of EB. Hydrocollagen dress-
ings create a moist environment, promote the detachment
of necrotic tissue and stimulate healing. Hydrogel dress-
ings contain a large amount of water, which helps to mois-
ten the wound and reduce pain during healing. Silver-con-
taining dressings have antibacterial properties and prevent
wound infection. Polyurethane foam dressings absorb a
large amount of exudate, ensuring long-term use. Alginate
dressings made from algae also effectively absorb exudate

and create a moist environment that is optimal for healing.
Thin, transparent dressing films, called “films” because of
the material properties that allow for observation of the
healing process, protect the wound from external influenc-
es and allow for visual assessment of tissue repair dynam-
ics [57, 58]. When choosing a particular type of material, the
stage of wound healing (acute, subacute, chronic), wound
depth (superficial, deep), the presence of infection (absent,
mild, moderate, severe) and the amount of exudate (dry
wound, moderately moist, very moist) should be addressed.

In the context of the study of dressings, the study by M.
Nita et al. [59], in which scientists reviewed the latest treat-
ments for EB, including the use of the BIOOPA dressing, is
noteworthy. The authors analysed the achievements in the
field of tissue engineering, which was used to create a ma-
terial that mimics the structure and natural healing pro-
cess and can be effectively used to treat chronic wounds,
especially in EB. Among the advantages of the modern
BIOOPA dressing system, the scientists pointed out the
possibility of creating an optimal moist environment for
healing, providing protection against infections, reducing
pain, resistance to maceration, and ease of application and
removal. The authors’ conclusions regarding the effective-
ness of using the BIOOPA dressing for the local treatment
of chronic wounds are notable, as they meet the require-
ments for dressings specified in this study.

Integrated treatment strategies for EB were investigat-
ed by H. Sait et al. [60]. The authors’ study and the pres-
ent study have a common problem related to the difficulty
in identifying a single approach to wound care in EB. The
results of both studies coincide with the importance of
comprehensive therapy, and their differences are related
to the view of the prospects of the direction of treatment.
H. Sait et al. [60] expect promising approaches of gene,
mRNA and cell therapy aimed at the main cause of the
disease, while this paper, in addition to the importance of
researching ways to eliminate or correct genetic mutations
that lead to severe skin diseases, emphasises the need for
improved treatments to alleviate the symptoms and conse-
quences associated with chronic wounds (pain, infection,
scarring). The wide range of scientific interests and the in-
creasing technical and information potential of the med-
ical industry make it possible to develop both areas with
equal intensity. This will help improve the quality of life
of patients with different types of EB now and avoid severe
consequences of this disease in the future.

CONCLUSIONS

The diversity and interaction of microorganisms in the
wound microbiome allow it to be used in the develop-
ment of therapeutic strategies for the treatment of chronic
wounds in EB. The moist environment under the blisters
and constant skin trauma creates favourable conditions
for the growth of pathogenic bacteria in the wounds of pa-
tients with EB, provoking dysbiosis, which slows down the
healing process.

The main factors affecting the wound microbiome in
EB are the patient’s immune status, antibiotic use, location,
depth and duration of the wound. A weakened immune sys-
tem leads to the development of multidrug-resistant bacte-
ria, making it difficult to treat infections and slowing down
the healing process. An enhanced immune response and
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the presence of autoimmune diseases provoke chronic in-
flammation, promoting the growth of staphylococci, pseu-
domonas, Escherichia coli, Klebsiella, Proteus, Clostridium,
bacteroides, fusobacteria, Candida, etc. Antibiotic therapy
is a traditional method of treating infections, but its irra-
tional use can lead to the development of resistant strains
of pathogens, complicating the wound-healing process.
The microbiome differs in different parts of the body due to
the characteristics of the skin, sweat and sebaceous glands,
its moisture level and the presence of hair. Depending on
the depth of the wound, appropriate conditions are created
for the growth of certain microorganisms, so superficial and
deep wounds have significant differences in their microbi-
ome. The composition of the wound microflora is also influ-
enced by the duration of its existence — an increase in dura-
tion increases dysbiosis, complicating the healing process.

The main directions in the treatment of chronic
wounds in EB are personalised medicine, an integrated
approach and the use of modern dressings. The area of
personalised medicine is based on the study of the individ-
ual wound microbiome, understanding of genetic charac-
teristics and assessment of the overall health of each pa-
tient. An integrated approach to therapy allows combining
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AHoTauif. JloctimkeHHs 6y/Io MpoBeieHe 3 MeTOIO MOIYKY HajteeKTUBHIIIMX MiTXO/iB M0 JiKyBaHHS XPOHIUHUX paH
npy G6yIbO3HOMY eIlifiepMoTi3i 3 BpaXyBaHHSIM BIUIMBY MiKpo6ioMy paHu Ha mpoiiec ii 3aroeHHs. I1if yac JoCTiaKeHHS
MIPOBEJIEHO OIVIS[ aKTyaTbHUX HAYKOBUX JIKepesT 3 IepMaToiorii, papmakosorii, reHeTuKu, iMmyHosorii, Mikpo6iosorii,
BCTAHOBJIEHO POJIb MiKp06ioMy paHM B 3arO€HHI XPOHIUHMX paH Ipu OyIbO3HOMY €ITiIepMoJIi3i Ta IpoaHaxi30BaHO
CydJacHi cTparerii ikyBaHHSI /IS TPMCKOPEHHS 3arO€HHS JaHMUX paH. Pe3ynbTaTu JOCIiIKeHHS BUSBWIN, [0 MiKpoduiopa
paHM Mae€ 3HAYHMII BIUIMB Ha Mpoliec iX 3aroeHHs. bynbo3HMI emniflepMorii3 MPOBOKYE MOCTiliHe TpaBMYyBaHHS LIKipH,
CIIPUSIIOUM CTBOPEHHIO YMOB /IS PO3MHOYKEHHSI B paHaxX MaTOTeHHUX GaKkTepii, 110 MpU3BOAUTb J0 PO3BUTKY AMUCGi03y
Ta YCKIAJHIOE TPOIeC 3aro€HHs. 3HAYHUI BIUIMB HAa MiKpo6ioM paH mpu GyIbO3HOMY emimepMosidi Mae iMyHHMIT
CTaTyC TAalli€eHTa, 3aCTOCYBAaHHS AHTMOIOTUKIB, PO3TAIIyBAHHS, ITMOMHA Ta TPUBATICTh paHu. OwrabmeHuii iMyHIiTET
MIPOBOKYE PO3BUTOK MYJIbTUPE3UCTEHTHUX OaKTepiii, mocuieHa iMyHHA BiMOBiAb Ta ayTOIMyHHi MMpOIecH CTBOPIOIOTh
YMOBM [l PO3BUTKY MiKpOOpraHi3mMiB, 3JaTHMX PO3MHOXYBATMUCS B YMOBaxX XapaKTepHMX MJig 3allajeHoi paHu.
3acTocyBaHHS aHTMGIOTHKIB € BUCOKOe(DEKTMBHMM METOLOM JIiKyBaHHS iH(DeKIIiii, mpore TpuBaaa abo HepalioHaIbHA
aHTMOIOTMKOTEpAITisI MOXKE CITPOBOKYBATM BUHMKHEHHST PE3MCTEHTHUX MITaMiB 6aktepiit. Ha dopmyBanHs MikpoGiomy
paHM, 3aJIeXKHO Bif ii JioKastisaliii, BIUIMBAIOTh OCOOIMBOCTI WIKipyM Ha Pi3sHUX MOiIASIHKAxX Tijlia — piBeHb 3BOJOKEHOCTI,
HasIBHICTb TIOTOBMX Ta CATBHUX 32103, BOJIOCSIHMIT ITOKPUB. BIUIMB IMOMHYM paHu HAa MiKpO6ioM peasti3yeThCsi CTBOPEHHSIM
YMOB IS PO3MHOKEHHS BiJIITOBiIHMX MiKpOoOpraHisaMiB Ha BiAmoBigHiii rmn6uHi. TpUBasIicTh iCHYBaHHS paHU MTOCUITIOE
B Hilt m1uc6io3, yckiagHOuM 3aroeHHs. CyyacHi cTparerii JiKyBaHHSI JIs IPUCKOPEHHST 3arO€HHS XPOHIYHUX paH Mpu
6y/TbO3HOMY eIlilepMoJTi3i BKII0UaloTh HAPSIMOK MepcoHidikoBaHO MeAUIIVHY, KOMIIJIEKCHOTO IMiAXO0Y Ta 3aCTOCYBaHHS
CyJacHMUX MepeB's1304HMX MaTepianiB. OTpyMaHi pe3y/ibTaTy BKa3yl0Th Ha HEOOXiTHICTh JOCTiKeHHS Ta PO3POOKM HOBUX
edeKkTUBHMX METO/IiB YCYHEHHSI M1c6i03y paHu st HOpMastisalii ii Mikpo6iomMy Ta MpUCKOPEeHHST MPOIeCy 3arOEHHS
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