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Simple Summary: Skin itself plays an important role in the development of diseases like
eczema in both people and dogs. People with eczema have very permeable, sensitive skin
that has less protection against the penetration of pollen and dust. The presence of “leaky”
skin starts a cascade of events, leading to allergy development. Thus, products to keep
the skin moist and “sealed” in eczema patients are very important. Horses suffer from
allergies similar to the ones of people, but the role of the skin in the development of equine
disease is largely unknown. This review focuses on the current level of knowledge on skin
barrier function in normal and allergic horses. Based on the preliminary information, it
appears that horses have many similarities to people: the structure of the skin itself in
allergic horses is different from the one of normal horses, and it is very similar to the one of
people with eczema. It is not known if the skin of allergic horses also absorbs more pollen
or what is the best way to correct these abnormalities. More work is needed to explore skin
barrier function in allergic horses with the goal of improving the treatment of this disease.

Abstract: Information on skin barrier in horses is limited. A study on the epidermal ultra-
structure of normal and allergic horses documented disorganized amorphous intercellular
lipids in the stratum corneum of allergic samples. These findings are similar to atopic
canine and human skin. Currently, there is no published study comparing skin barrier
function parameters between normal and allergic horses; thus, the functional implications
of the ultrastructural changes are unknown. In normal horses, body location, gender, breed,
and ambient conditions affect skin barrier parameters, such as Transepidermal Water Loss.
Skin microbiome studies on normal horses have highlighted the importance of season and
environmental conditions, since horses housed together share similar microbiomes. Skin
dysbiosis and predominance of staphylococcus have been described in horses with pastern
dermatitis. Transcriptomic studies of the epidermis of normal and allergic horses have
found that lesional allergic skin has substantial transcriptomic differences when compared
with healthy skin, namely downregulation of genes of tight junctions, keratins, and up-
regulation of serine proteases and IL-13. Keratinocytes harvested from horses with insect
bite hypersensitivity show upregulation of IL-31 gene expression under stimulation. While
more research is clearly needed, preliminary results seem to support skin barrier differences
between normal and allergic horses.
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1. Introduction

The term skin barrier refers to the combination of physical, chemical, immunological,
and microbiological barriers. While keratinocytes were historically viewed as an inert,
merely physical barrier, it is now clear that they are much more than a physical barrier and
that they are far from passive. They are instead active participants in the immune response
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to allergens and pathogens by releasing cytokines that shape the immune response to
allergens; they release antimicrobial peptides that contribute to the host defense against
pathogens, and they produce proteins and lipids critical for proper barrier [1,2].

Increasing attention is given to skin microbiome in health and disease, as an important
component of the skin barrier. Skin microbiome shapes the immune response and boosts the
chemical barrier of the skin by producing enzymes that increase free fatty acid production,
thus contributing to the acidification of the pH of the skin. Thus, currently, the microbiome
is included as one of the vital components of the skin barrier [3,4]. In healthy individuals, a
high biodiversity of microbes is beneficial to physically occupy niches that otherwise may
be available to pathogens. Microbiota is also required for proper keratinization and the
sphingomyelinases produced by skin bacteria are important to process lamellar body lipids
into ceramides, thus contributing to proper skin barrier function. These beneficial microbes
produce antimicrobial peptides that inhibit pathogens; thus, any shift in the diversity
of normal microbiomes can have profound consequences on the health and function of
the skin.

The key components that regulate skin barrier function can be summarized in three as-
pects: the stratum corneum lipids, the natural moisturizing factors (resulting from filaggrin
metabolism), and an acidic pH. These factors are interconnected and tightly regulated in
healthy skin. A decrease in the stratum corneum lipids leads to an increase in skin perme-
ability, and a decrease in natural moisturizing factors leads to a decrease in hydration [5].
Changes in pH have profound effects on enzymes important for natural moisturizing
factors production, lipid synthesis, and microbiome homeostasis [6]. For example, when
pH increases, the synthesis of ceramides is decreased, proteolysis is increased, and the
integrity of the stratum corneum is decreased (Figure 1).

Summary of key factors in healthy skin barrier function

Skin Lipids

Byproducts of filaggrin degradation (eg.
trans-urocanic acid) and free fatty acids
(from degradation of epidermal
phospholipids) are important to maintain Acidic pH controls enzymes important
acidic skin pH for lipid synthesis and NMF;
Acidic pH modulates microbiome and
promotes diversity

Natural
Moisturizing pH l

Factors

Figure 1. Summary of the key factors that play a role in maintaining a healthy skin barrier function
and their relationships.

Skin barrier function in the context of allergic skin diseases is a topic of much research
in diseases like human and canine atopic dermatitis [7,8]. In both species, it is widely
accepted that skin barrier dysfunction plays an important role in both the sensitization and
the elicitation of clinical signs [9,10] and that skin barrier impairment is detectable in atopic
individuals, and it is aggravated by inflammation [11,12]. Importantly, there is building
evidence that epicutaneous sensitization to allergens not only affects skin reactivity but
triggers a systemic TH2 response and is linked to reactivity in other organs, such as the
lungs [13]. TH2 cells are distributed systemically through the circulatory system, where
they activate eosinophils and promote eosinophil infiltration into inflamed tissues.
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In atopic skin, pH is increased [14,15], leading to decreased lipid synthesis and de-
creased natural moisturizing factors. The increased pH of allergic skin impairs the extrusion
of lamellar bodies, which is important for lipid synthesis but also for the release of an-
timicrobial peptides, which ultimately facilitates the overgrowth of Staphylococcus. The
dysbiosis due to Staphylococcal overgrowth further increases skin pH leading to vicious
cycles of skin barrier worsening (Figure 2).

Alterations in atopic skin barrier function

Decrease of lipids, leads to decreased : o
hydration and Skin Lipids
increased TEWL

Increased pH decreases production of
lipids and increases degradation of
filaggrin and desquamation; increased
pH facilitates Staphylococcus overgrowth
and decreased in microbiome

Decrease of NMF biodiversity
Leads to decreased
hydration Natural
Moisturizing pH
Factors

Figure 2. Summary of the main abnormalities seen in atopic skin and how changes in one parameter
affect the others leading to a progressive vicious cycle of worsening of skin barrier function. TEWL:
Transepidermal Water Loss.

Information concerning the skin barrier in horses, particularly in equine allergic skin
diseases, is still limited. The purpose of the current review is to summarize what is currently
known about skin barriers in normal and allergic horses and what areas need future studies.

2. Skin Barrier Function in Normal Horses

Skin barrier function is often measured with biophysical parameters like Transepider-
mal Water Loss (TEWL), hydration, and pH. Transepidermal water loss has been tradition-
ally used to assess the permeability of the skin and it has been documented that higher
values are associated with increased vulnerability of the skin to allergens. This parameter
is, however, temperamental, and extensive reports in human medicine have documented
how TEWL can be variable [16], how it is affected by a variety of factors [17], and how it
is critical for investigators measuring it to be knowledgeable and consistent in order to
maximize the benefits of this measurement [18]. pH, on the other hand, seems to be the
most consistent parameter [19,20]. In healthy horses, pH can significantly differ by day
and by time of the day [21]. This finding was reported in a small study that considered five
healthy mares and took measurements in different anatomical locations over the course
of 5 days. Interestingly, in that pilot study, the anatomical location did not seem to affect
the pH and there were no significant associations with ambient temperature and humidity.
Consistently with other reports in people [16,17] on the variability of TEWL, the small
study in normal horses [21] reported that TEWL significantly differed by day, time, and
anatomical location. Transepidermal Water Loss negatively correlated with ambient hu-
midity and positively correlated with temperature, regardless of the anatomical location.
Thus, TEWL measures are affected by environmental conditions, and this is an important
consideration when this parameter is compared between healthy animals and horses with
allergic skin diseases in the future. While in dogs and people ambient conditions can be
standardized and animals can be acclimatized prior to taking TEWL measurements, in
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horses, this is nearly impossible, as most of them are in some form of outdoor situation and
measurements will not be taken from all horses enrolled in a study all on the same day and
in the same location.

Transepidermal Water Loss is also affected by body location [22,23]. Lumbar areas
have lower TEWL values, and the lips have the highest TEWL values. In terms of hydration,
large variability was reported for the lip and the tightest values for the thorax [22]. pH does
not appear to be significantly affected by anatomical location, although a large variability
of values has been reported, especially in the pinnae [22]. More studies in various horse
breeds and different anatomical locations are useful to evaluate the reliability of skin
pH measurements.

Transepidermal Water Loss is also affected by breed [24]. When four breeds were stud-
ied (Felin ponies, Polish koniks, Polish cold-blooded horses, and Wielkopolska horses), an
effect of the breed was found in the lumbar and inguinal region, while no other significant
differences were found for the shoulder, lateral thorax, or pinnae. Thus, in the future, when
normal and allergic horses are compared for TEWL, it will be important to be mindful of
the anatomical location to minimize the effect of breed and/or to make sure that the normal
and allergic groups are matched by breed.

Gender also affects the biophysical parameters of skin in normal horses [25]. More
specifically, significant differences in TEWL values exist in the lips of mares compared with
stallions and in stallions compared with geldings. Corneometry also showed significantly
higher results in the neck region in mares compared with stallions. All these findings
highlight the importance of matching populations for gender when normal and allergic
horses are compared in the future. Importantly, the measurement of TEWL is also affected
by the presence of the hair, with the highest variability found in unclipped areas and the
most consistent values in clipped areas [26].

The microbiome in healthy horses is another developing area of research where we
are starting to gather some knowledge. In one study, 12 clinically healthy horses from the
same farm were studied [27]. Samples were collected at four time points (winter, spring,
summer, autumn), and the authors found that horses living together shared overlapping
microbial populations. The bacterial diversity, richness, and evenness were not significantly
different in the four body sites tested. The greatest variation in microbial populations was
due to the time of the year. This effect was more profound than the body site and the
individual horse. Thus, when future studies consider microbiomes in healthy and allergic
horses, it will be important that subjects of healthy and diseased groups are housed on
the same farm to control for environmental conditions and that they are all sampled at
the same time of the year. Another study, which focused on female Shetland ponies kept
under the same environmental conditions, showed that, when microbiome was analyzed
in four different sites (neck, back, abdomen, pastern, muzzle), bacterial diversity differed,
while species richness did not differ [28] according to the site. Results of the study indicate
that Gram-negative bacteria overall prevailed in normal skin. Eighteen phyla, twenty-
nine classes, and one hundred nineteen families were found. The most abundant phyla
were Proteobacteria (approximately 30-40%), followed by Actinobacteriota (approximately
20%), Firmicutes (15-20%), Bacteroidota, and Deinococcota (each group approximately
10%). Species evenness varied by site, with maximum evenness found on the neck and the
minimum one on the back, while richness and diversity of bacterial species had no major
differences in the five regions examined. The mean relative abundance of bacterial genera
was highest on the back and lowest on the abdomen. As far as the Gram-negative bacteria,
it was considered that the original is environmental, which is confirmed by how horses
living in the same environment share similar skin microbiomes [27]. The main findings
regarding skin barrier function in normal horses are summarized in Figure 3.
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Normal horses skin barrier function

TEWL
* Negatively correlated with ambient humidity
« Positively correlated with temperature, regardless of
location
Microbiome = Differedsignificantly by day, time, and anatomical location

TEWL shoulder, lateral thorax
and the pinna are sites NOT
affected by breed

* Shared by horses living together
* Affected by the time of the year
* Gram-negative bacteria prevailed overall

When analyzed by site

Bacterial diversity differed

Species richness did not differ

Significant differences for species evenness
*  Maximum on the neck
*  Minimum on the back

Cutaneous pH
« Significantly differed by day and time
* NOT affected by anatomical location

Figure 3. Summary of the current level of information on skin barrier parameters and microbiome in
healthy horses.

3. Skin Barrier in Horses with Skin Allergies

Currently, there is no study on skin pH and TEWL in horses with allergic skin disease.
One initial report [29] described the ultrastructure of atopic equine skin and compared
it to normal skin. In this report, the atopic horses were selected after having ruled out
an insect allergy. Horses had seasonal signs and did not respond to an aggressive insect
control program. One atopic horse also had signs of respiratory disease. Biopsies were
taken from both lesional and non-lesional atopic skin and compared with site-matched
skin biopsies of normal horses. The study was small with two horses in each group but it
showed remarkable differences in the ultrastructure of the upper epidermis between atopic
and normal horses. While normal horses showed nicely organized lipid lamellae, the atopic
samples showed severely disorganized amorphous lipid material in the intercellular spaces
of the stratum corneum of lesional atopic skin. Ultrastructural changes in non-lesional
skin were also present but not as severe as seen in the lesional skin samples. Retention of
lamellar bodies in the corneocyte of atopic horses was also documented, similar to what is
reported in human atopic patients. The defect in the extrusion of the content of lamellar
bodies is a feature described in both humans [30] and atopic dogs [31]. Since lamellar
bodies contain lipids and antimicrobial peptides, defects in secretion are associated not
only with deficiencies in lipids but also with decreased antimicrobial peptides typical of
atopic dermatitis [32].

Lipid abnormalities in atopic patients have been extensively documented in both peo-
ple and dogs. In dogs, initial studies described decreased content of epidermal ceramides
in atopic dogs (even non-lesional skin) compared with normal skin [33]. This decreased
content was proposed to explain the impaired skin barrier of atopic dogs and the increased
TEWL [34]. More recent studies have also reported a decrease in free fatty acid levels and a
decreased ratio of ceramide [NS] C44/C34 in canine atopic skin [35]. These changes in lipid
composition are responsible for an altered lamellar packing with a shift from orthorhombic
to hexagonal arrangement. These alterations in the organization of the lamellae are impor-
tant because the hexagonal packing is less dense compared with the orthorhombic and is
associated with increased permeability. Similar alterations are described in atopic people,
where ceramide deficiencies are well documented [36,37] and abnormal organization of the
lipid lamellae shifting toward hexagonal packing is reported [38].

In horses, there are several older studies that have measured skin surface lipids
in normal animals [39,40], but there is no published study on epidermal lipids in both
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normal and allergic horses. Thus, we do not know if allergic horses have altered epidermal
ceramides, as reported in other species.

Another important player in skin barrier function and proper keratinization is fi-
laggrin [41]. Filaggrin bioproducts compose the natural moisturizing factors; thus, any
deficiency leads to decreased hydration of the skin and impaired skin barrier function [42].
Inflammation itself can affect filaggrin synthesis; thus, some of these changes are not nec-
essarily primary but compounded once allergic inflammation develops [43]. In people,
loss-of-function mutations in the filaggrin gene are one of the most reported risk factors
for the development of atopic dermatitis [44,45]. Despite this, it is important to note that
the presence of a mutation is neither sufficient nor necessary for the development of dis-
ease [46]. In dogs, mixed results have been reported on filaggrin. Some authors have
reported increased filaggrin gene expression in atopic skin [47], while others reported a
decrease [48]. Filaggrin mutations do not appear to play a major role in canine disease
based on our current knowledge and may be greatly bred and country-dependent [49].
Currently, there is no published study on equine filaggrin, either in normal or in atopic
skin; thus, the role of filaggrin in equine disease is completely unknown.

So far, there is no published report on antimicrobial peptides or skin microbiomes
in allergic horses either. The microbiome of horses with pastern dermatitis has shown
a decrease in bacterial alpha diversity in affected pasterns and a dysbiosis in favor of
Staphylococcus [50]. The effect was correlated to the severity of clinical disease and prior
antibacterial treatment [51]. Dysbiosis and predominance of Staphylococcus are reported
in both allergic dogs [52,53] and people [54,55] as flares develop. Preliminary studies on
intestinal [56] and upper and lower respiratory tract microbiota [57] in horses with asthma
show differences from normal horses, but it is not known if this is a primary feature of
allergic disease in horses or not.

Much of the research on transcriptomic changes in the skin of allergic horses has
focused on insect bite hypersensitivity [58]. A study showed that lesional allergic skin
has substantial transcriptomic differences when compared with healthy skin, namely
downregulation of genes important to skin barriers like tight junctions, keratins, and
upregulation of serine proteases, IL-13, and IL-5 receptor gene expression. These changes
may be secondary to inflammation and not necessarily a primary feature of the disease.
Of all TH2 cytokines, IL-13 gene expression was the main one found to be different. Of
interest, genes important in terminal keratinocyte differentiation like filaggrin, involucrin,
and loricrin showed high expression in lesional allergic skin and were comparable to
normal skin. The authors concluded that in lesional allergic skin, there are alterations
of adherens junctions but not a deficiency in terminal differentiation of keratinocytes, as
reported in people. Non-lesional allergic skin had some changes but overall was quite
similar to normal skin. When lesional allergic skin was compared with non-lesional allergic
skin, downregulation of tight junction protein genes and upregulation of proteases and
5100 protein genes were found. These changes are most likely due to inflammation rather
than being primary differences in allergic skin. When the epidermis was specifically
analyzed, important differences in gene expression were found between normal and non-
lesional epidermis from horses diagnosed with insect bite hypersensitivity. Genes involved
included genes involved in lipid metabolism (e.g., downregulation of enzymes involved
in sphingolipid synthesis and downregulation of SCEL, the gene encoding for sciellin, a
protein important for the assembly of cornified envelope). Upregulation of gene expression
of the IL-31 receptor subunit was also found. These changes may be a “signature of disease”
or due to “subclinical inflammation”.

In another study, the same research group reported on transcriptome differences
between primary keratinocyte cultures of insect-allergic horses compared with healthy
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controls [59]. When keratinocytes were unstimulated, the only difference was in gene CTSL
which encodes for cathepsin, which is a protease involved in cell migration. Transcrip-
tomic differences between allergic and normal keratinocytes were also not very different
after Culicoides stimulation. The most relevant differences between the two groups of
keratinocytes were seen when keratinocytes were stimulated with cytokines like IL-4 and
TNF «. The cytokine stimulation led to the downregulation of genes involved in the ep-
ithelial barrier and upregulation of immune response, indicating that the changes were a
consequence of inflammation. Upregulation of genes encoding for chemokines was also
noted. Importantly, keratinocytes had increased gene expression of IL-31 when stimulated
with allergic cytokines. The response of normal and allergic keratinocytes was largely
similar upon stimulation, with the exception being CXCL10 and CXCL11 upregulation in
allergic but not in normal keratinocytes. This is the first report of equine keratinocytes
being able to produce IL-31, although the study only reported on gene expression and
not on protein synthesis. The study confirms that keratinocytes are capable of responding
as amplifiers of the immune reaction when stimulated with cytokines, thus contributing
to the recruitment of inflammatory cells and skin damage. One limitation of the study
was that allergic keratinocytes were basal keratinocytes and that they were not harvested
from lesional skin biopsies. These factors may explain the lack of changes in filaggrin gene
expression. Moving forward, it will be beneficial to investigate changes in differentiated
keratinocytes and study keratinocytes harvested from lesional allergic skin. The relevance
of IL-31 in equine allergies and pruritus is being confirmed in various studies [60,61]. The
current knowledge on skin barrier function in allergic horses is summarized in Figure 4.

Allergic horses skin barrier function

Transcriptomic studies
Normal vs. lesional insect allergic skin
Electron microscopy studies * Decreased gene expression of TJ proteins

* Ultrastructural differences *  Alterations in keratins

_ e . ¢ Immune signature of Th-1 and Th-2 types
* Abnormal lipid lamellae in intercellular species X ; ol
R . L Lesional compared to non lesional allergic skin
* Lamellar bodies retained inside corneocytes

* Down regulation of TJ proteins genes

* Alteration of keratins

* Upregulation of proteases and $100 proteins
Epidermis of normal vs. non-lesional insect allergic skin
*  Upregulation of keratin 5 and 6, 16 and 17

« Downregulation of SCEL (Sciellin)

* Upregulation of IL-31RA

Currently no studies on

« TEWL

. pH

* Skin lipid compositionand
lamellar organization

* Filaggrin

+ Skin antimicrobial peptides

Skin microbiome (pastern dermatitis)
* In affected pasterns compared to non
affected
e Bacterial alpha diversity decreased
* Abundance of Staphylococciincreased

Figure 4. Summary of the current level of information on skin barrier parameters, microbiome, and
transcriptomic changes in the skin of allergic horses. TJ: tight junctions; IL31-RA: IL-31 receptor
alpha subunit.

4. Conclusions

In summary, a few studies on skin ultrastructure in allergic horses seem to confirm
similar changes characteristic of atopic dermatitis in other species (e.g., disorganized lipid
lamellae, retained lamellar bodies in corneocytes). There is no information on whether these
structural changes result in functional impairment (e.g., increased TEWL, increased pH) or
whether the epicutaneous route of allergen exposure is as important for sensitization and
elicitation of clinical signs in horses as it is in people and dogs. Transcriptomic studies of the
epidermis of horses with insect bite hypersensitivity showed differences in gene expression
between normal and non-lesional epidermis, such as downregulation of genes important
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for lipid metabolism and upregulation of gene expression of IL-31 receptor subunit. Equine
keratinocytes respond to cytokine with stimulation by increasing gene expression of IL-31,
highlighting the importance of this cytokine in equine allergic skin disease. Currently, it
is unknown whether filaggrin is important in equine allergies, whether any difference in
expression exists between normal and allergic horses, or whether changes are secondary to
inflammation or a signature of disease. Clearly, more research is needed in horses on skin
barrier function parameters. It could be of particular importance to study skin pH in allergic
horses, since in other species, this parameter is one of the most reliable measurements of
skin barrier function (less variability than TEWL measurements) and a critical factor for the
maintenance of healthy homeostasis of the skin. An increase in pH is associated with skin
infections like superficial pyoderma; thus, investigations of how this parameter changes in
the course of allergy flares can prove to be very useful. Antibiotic resistance is a growing
concern worldwide, and it is also affecting horses. Allergic horses are prone to recurrent
bouts of Staphylococcal pyoderma; thus, studies on skin microbiome in the pathogenesis of
equine skin allergies are very important. It is becoming clear that the way of the future is to
restore biodiversity in the skin rather than rely on antibiotic strategies; thus, a thorough
understanding of skin microbiome and bacterial diversity in equine allergic disease can
inform future therapeutic options that could be more sustainable and less conducive to
antibiotic resistance.
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