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Abstract

Bullous pemphigoid (BP) and pemphigus vulgaris (PV) represent the most prevalent
conditions among autoimmune bullous skin diseases, considered a major cause of severe
morbidity and, in certain cases, mortality. The hallmark of the two diseases is the presence
of autoantibodies directed against proteins located in the basement membrane of the skin,
which determines the formation of blisters. In recent years, interest in the role of microbiota
in relation to health-disease status has progressively increased. In particular, based on the
gut-skin axis, accumulating evidence has emerged on the potential association between the
composition and diversity of microbial communities in the gut, skin, and even in the oral
cavity and the risk of developing BP and PV. Dysbiosis, characterized by a generally higher
relative abundance of Firmicutes and a depletion of probiotics/beneficial species, might
contribute to the pathogenesis of both diseases. Despite the still limited number of studies
and the need for further large-scale multicenter studies, the knowledge gathered so far is
suggestive of a novel modifiable risk factor representing a potential target for adjuvant
treatments of these disabling and life-threatening conditions.

Keywords: bullous pemphigoid; pemphigus vulgaris; autoimmune bullous skin diseases;
gut microbiota; oral microbiota; skin microbiota; probiotics

1. Introduction

Autoimmune bullous skin diseases, a major cause of severe morbidity and, in certain
conditions, high mortality, embrace a heterogeneous group of disorders characterized by an
autoimmune response associated with loss of tolerance to skin adhesion molecules, leading
to the formation of blisters and erosions in the skin and/or mucous membranes [1-3].
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These skin disorders are classified into “pemphigoid diseases” and “pemphigus diseases”
based on the level of blistering [2,3].

Pemphigoid diseases present with subepidermal blisters and erosions resulting from
the reaction of autoantibodies directed against hemidesmosomal antigens. Among pem-
phigoid variants, bullous pemphigoid (BP) is the most common form and the most frequent
autoimmune blistering disease [3-5]. BP is a highly debilitating skin disorder that typically
affects the elderly and is characterized by a distinctive eosinophilic infiltration and the
presence of immunoglobulin (Ig) and IgE autoantibodies to BP180 (collagen XVII) and
BP230 (dystonin) [3,6-10]. The incidence of BP appears to be increasing over time, and
estimates may greatly vary across populations, likely due to differences in underlying risk
factors for BP (e.g., neurological conditions such as dementia, epilepsy, Parkinson’s disease,
and stroke) and life expectancy [3,9,11]. Indeed, a meta-analysis published in 2022 reported
a cumulative incidence of BP of 8.2 per million people and an incidence rate of 34.2 million
person-years, with Europe as the largest contributor (10.3 per million people) [9]. BP nega-
tively impacts the quality of life and has been associated with a three-fold increased risk of
death within two years from diagnosis compared with matched disease-free controls [9,12].
Primary treatment of BP includes topical or systemic corticosteroids, depending on the
extension of disease, combined with immunosuppressants or non-immunosuppressive
agents, although other more specific immunomodulatory drugs (i.e., dimethyl fumarate)
and new biological therapies are currently under investigation [13].

Pemphigus vulgaris (PV), pemphigus foliaceous, and paraneoplastic pemphigus are
considered the main forms of pemphigus diseases. A pivotal role in their pathogenesis
is represented by the development of IgG autoantibodies directed against desmosomal
cadherins desmoglein (Dsg)1 and Dsg3, glycoproteins involved in the cohesion between
skin keratinocytes. Autoantibodies against Dsgl and Dsg3 induce acantholysis, i.e., loss
of keratinocyte cell adhesion, which determines the formation of intraepithelial flaccid
blisters [2,14-17]. In addition to being considered the most serious clinical form of pem-
phigus, PV is also the most widespread type, accounting for approximately 70% of cases
overall [14]. Despite its development at any age, with a higher frequency recorded in
children and the elderly, the onset of PV generally occurs between the ages of 40 and 60 [18].
A recent meta-analysis estimated an incidence rate of 2.83 per million person-years for PV,
with no significant differences by sex, and Southern Asia showed the highest rate among
the subcontinents (4.94 per million person—years) [19]. While the advent of corticosteroids
in the 1950s and the subsequent increasing use of adjuvant immunosuppressants have
substantially reduced mortality in PV to less than 5% [15], PV remains a life-threatening
disease due to complications of therapy (severe infections, cardiovascular disease, pneumo-
nia, septicemia, malignancies) with mortality among patients that is approximately 3 times
higher than that of the general population [16,19,20]. In this context, the introduction of rit-
uximab, the monoclonal antibody targeting the CD20 antigen of B lymphocytes, represents
a promising therapeutic option for the treatment of PV and is currently recommended as
the first line for new-onset moderate to severe forms [13].

Human skin represents the largest epithelial surface that can act primarily as a mechan-
ical and microbial barrier against environmental microorganisms and harmful substances,
preventing potential infections and diseases [21-23]. Meanwhile, with an average total
mucosal surface of approximately 32 m?, the adult human gastrointestinal tract hosts
the highest number of microorganisms, whose abundance has been estimated from 107
in the stomach up to 1014 microbial cells per gram of content in the large intestine (vs.
1012 microbial cells located in the skin) [22,24,25]. A huge number of microorganisms,
including bacteria, yeasts, and viruses, collectively known as the microbiota (microbiome
instead defines the total amount of microbial genomes), inhabit the human body, and
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the gut microbiota, composed of over 1000 species of bacteria, exerts the most relevant
functions, namely nutrient extraction, metabolic regulation, immunity, and vitamin pro-
duction [26,27]. The “gut-skin axis” is a new concept referring to the dual relationship
between gut microbiota and skin health [28]. Therefore, the status of intestinal dysbiosis
(the disruption of the balance in terms of the diversity and composition of the intestinal
microbial community, which causes the “leaky gut syndrome” and the consequent deterio-
ration of the relationship between the microbiota and the immune system) is associated
with an increased risk of irritable bowel syndrome, inflammatory bowel diseases, obesity,
cardiovascular disease, central nervous system disorders, cancer, and various autoimmune
diseases such as rheumatoid arthritis, systemic lupus erythematosus, type 1 diabetes, celiac
disease, and autoimmune thyroid disease [17,29-32]. In addition, gut dysbiosis has been
shown to contribute to the pathogenesis of autoimmune dermatoses, including alope-
cia areata, acne vulgaris, atopic dermatitis, hidradenitis suppurativa, psoriasis, rosacea,
and vitiligo [17,23,30,33]. Several immune disorders have been linked to changes in the
abundance of commensal bacteria and levels of microbiota-derived metabolites such as
short-chain fatty acids (SCFAs) [34]. Indeed, while under physiological conditions, SCFAs
communicate with the immune system and ensure immune homeostasis, perturbations of
commensal gut bacteria resulting from the disruption of the integrity of the intestinal bar-
rier, which normally functions against pathogens and segregates microbes from host cells,
increase susceptibility to infections, reduces SCFA level, lead to dysregulation of immune
responses, and ultimately lead to inflammation, oxidative stress, and insulin resistance [35].
Over time, chronic intestinal dysbiosis can cause bacteria and their metabolites to cross the
mucosal barrier and invade other organs, increasing the risk of various disorders [35].

On the other hand, skin dysbiosis, resulting from the invasion of bacteria and other
pathogens into the deeper skin layers or even into the systemic circulation, may lead
to inflammation [32]. Importantly, the microbiota is also located in three other body
districts (nasal and oral cavity, vagina), of which the oral cavity represents its second
largest habitat and, as such, one of the most relevant interaction windows with the external
environment [36,37]. Although the study of the oral microbiota is in its infancy, increasing
evidence supports the influence of oral microbes on the development of systemic diseases
by promoting an inflammatory response through oral infections or the colonization of
microorganisms from the oral cavity into other organs or tissues (blood, brain, gut, heart,
placenta, tumors) [37].

Recently, based on the concept of the gut—skin axis, some observational studies have
explored the potential association of gut, skin, and oral microbiota with BP and PV, specu-
lating that they may act as additional risk factors and possible targets of new treatments
for these autoimmune skin diseases (e.g., [17,38,39]). Therefore, in this comprehensive
literature review, we summarized the up-to-date evidence on the relationship between
microbiota and the onset of both BP and PV, discussing both promising and conflicting
findings and plausible underlying biological mechanisms, thus paving the way for possible
frontiers of future research.

2. The Gut Microbiota: General Features

The human gut microbiota is a complex and dynamic entity composed of approxi-
mately 100 trillion microorganisms, collectively weighing between 1 and 2 kg and encoding
over 3 million genes, which are about 150 times the number of genes in the entire host
genome [27,40,41]. Until a few decades ago, the properties and functions of the gut micro-
biota, as well as the host-microbiota interactions, were largely unknown due to limitations
in examining non-cultivable microorganisms; however, recent advances in novel technolo-
gies such as 16S ribosomal RNA (rRNA) sequencing have provided an effective alternative
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method to microbial cultures to taxonomically characterize bacterial communities and
identify the composition of the gut microbiota [42,43]. Indeed, the 16S rRNA gene encodes
a highly conserved region among bacteria, which allows binding to universal primers,
in addition to containing interspersed hypervariable regions that are unique to each bac-
terial species and thus allow their classification and characterization [40]. By targeting
the 165 rRNA gene, third-generation full-length 16S rRNA amplicon sequencing technol-
ogy has enabled the identification of clusters known as Operational Taxonomic Units or
Amplicon Sequence Variants, whose analysis provides information on the community
diversity, richness, and evenness, as well as the degree of divergence between different
sample types [44,45]. In contrast to 165 rRNA sequencing, which is a cost-effective method
widely employed for characterizing the profile of complex microbial communities down
to the genus level, metagenomic sequencing collects information on both the taxonomic
composition and functional genes of ecosystems by sequencing the genomes of all species
isolated from the entire microbial community [46,47].

It has been estimated that up to 90% of the gut microbiota is represented by Firmi-
cutes and Bacteroidetes, with the Firmicutes phylum being the most abundant, comprising
more than 200 different genera and composed mainly of gram-positive bacteria (Clostrid-
ium, Lactobacillus, Bacillus, Enterococcus, and Ruminococcus), while Bacteroidetes are gram-
negative bacteria primarily consisting of Bacteroides and Prevotella [48,49]. On the other
hand, Actinobacteria, Proteobacteria, Fusobacteria, and Verrucomicrobia represent most
of the residual portion of the intestinal microbial composition [49]. It is worth noting that
the composition of the intestinal microbiota changes taxonomically not only throughout
the gastrointestinal tract but also with gestational age, mode of delivery, feeding methods,
and antibiotic treatment [48]. Additionally, the gut microbiota profile remains relatively
stable throughout adulthood, although it may be subject to variations depending on age
(people over 70 years of age can be affected by problems with digestion and nutrient
absorption), lifestyle (medications, smoking, physical exercise, mental health), diseases (in-
testinal and extra-intestinal disorders), and, mainly, diet (both habitual diet and short-term
dietary changes determine variations in the composition of the gut microbiota) [41,49,50].
Conversely, variations in the gut microbiota between individuals can be attributed to differ-
ences in enterotypes (individual-specific clusters of bacteria), ethnicity, body mass index,
frequency of exercise, and dietary and cultural habits [48].

The intestinal microbiota has multiple properties, e.g., protection, metabolic activities,
and regulation and development of the immune system, as described below (see also
Figure 1), through which it establishes close crosstalk with the intestine, influencing the
health—disease status and the subsequent functioning of all organ systems (reviewed
in [27,30,51,52]).

2.1. The Crosstalk Between the Gut Microbiota and Intestinal Epithelial Cells

The gut microbiota interacts with the intestinal epithelium, which consists of different
populations with specific functions: columnar cells, which participate in the digestion
process; Goblet cells, producing mucus and, by presenting antigens to dendritic cells
located in the lamina propria, contribute to the formation of immune tolerance; Tuft cells,
which participate in the removal of parasites from the intestinal lumen by producing
interleukin (IL)-25; Paneth cells that regulate microbial diversity in the intestine through
the secretion of antimicrobial peptides (AMPs) and growth factors; enteroendocrine cells
producing peptides and hormones that stimulate peristaltic movements; microfold cells,
which stimulate the immune system by binding antigens that are subsequently transported
to dendritic cells; dendritic cells, which can promote an antigen-specific immune response
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by interacting with T cells; and B cells, which regulate the gut microbiota through IgA
secretion [27,53].

REGULATION OF
AMP EXPRESSION

INDUCTION OF
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OF MYELOID CELLS
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Figure 1. Schematic representation of the complex relationship between intestinal epithelium cells, the
immune system, and the gut microbiota. The effects of gut microorganisms on the intestinal epithe-
lium (light blue) and on the innate and adaptive immune systems (pink) are expressed through the
inhibition of histone deacetylase activity and the activation of G protein-coupled receptor signaling.
The actions of intestinal epithelial cells and immune cells on the microbiota are shown in grey. Image
partially generated using the Microsoft Bing Artificial Intelligence tool (see text for more details).
Abbreviations: AMP: antimicrobial peptides; GPRC: G protein-coupled receptor; HDAC: histone
deacetylase; IECs: intestinal epithelium cells; NF-«B: nuclear factor kappa-light-chain-enhancer of
activated B cells.

Overall, intestinal epithelium cells (IECs) form a cytoskeleton structure composed
of tight and adherence junctions and desmosomes located along the lateral membrane,
which confers mechanical strength between cells and ensures impermeability to the gut
barrier, preventing the translocation of microorganisms from the intestinal lumen to the
deep tissues [54]. Indeed, the intestinal mucus layer, which has the primary role of pre-
serving intestinal homeostasis and whose thickness varies in the intestine (much higher
in the large intestine than in the small intestine due to the density of microorganisms), is
implicated in regulating the delivery of nutrients and drugs and protecting the host from
mechanical attacks and food toxins [27,55]. The relationship between IECs and microbiota
is bidirectional. In fact, while the microbiota contributes to the integrity of the intestinal
barrier by participating in the stimulation of mucus secretion, the mucus layer, which
contains mucin glycans that act as attachment sites and nutrients, represents a natural
habitat for microorganisms and can also influence the composition of mucus-associated
bacteria thanks to the glycosylation profile of mucin [54-56].

The gut microbiota produces a series of metabolites having various functions in hu-
mans, some of which are identified as playing key roles in modulating IEC activity and
preserving the gut epithelium barrier [57]. The bacterial fermentation of dietary fibers in
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the large intestine produces SCFAs, a group of organic compounds with less than six atoms
of carbon mainly produced by Firmicutes and Actinobacteria and including acetate, propi-
onate, and butyrate with a molar ratio of around 65, 20, and 15%, respectively [27,48,53,58].
Despite its lower abundance among SCFAs produced, butyrate is the preferred fuel source
for IECs, contributing to 60-70% of their energy requirements, thereby promoting tight
junction integrity, cell proliferation, and mucus secretion [59]. SCFAs amount reflects a
healthy gut microbiota. Indeed, butyrate, used by colonocytes to generate energy, causes
oxygen consumption that, by creating an anaerobic intestinal environment, prevents the
invasion of pathogenic bacteria such as Escherichia coli and Salmonella [52]. The amount of
SCFAs can also control central appetite (primarily acetate), reduce weight gain (acetate and
propionate), and regulate glucose and lipid metabolism, inhibiting hepatic gluconeogenesis
(propionate), reducing lipogenesis (acetate), and increasing the secretion of leptin (butyrate),
a hormone that plays a fundamental role in energy balance and body adiposity [50,58,60].

Together with SCFAs, gram-positive bacteria such as Bifidobacterium, Clostridium,
Enterococcus, and Lactobacillus, and gram-negative bacteria belonging to Bacteroides can
synthesize secondary bile acids (deoxycholic acid and lithocholic acid—LCA) from primary
bile acids (BAs) [27,61]. BAs such as chenodeoxycholic acid and cholic acid, metabolites
secreted by the liver, play a primary role in the digestion and absorption of lipids and
the uptake of cholesterol and fat-soluble vitamins [62,63]. Approximately 95% of BAs
are reabsorbed by IECs and then excreted in the feces through deconjugation, dihydrox-
ylation, and oxidation, while unabsorbed bile acids act as substrates for gut microbial
metabolism [27,57,62,63].

Recently, the gut microbiota has also emerged as a master regulator of tryptophan
metabolism, an essential amino acid that is metabolized through three major pathways:
(i) primarily through the kynurenine pathway, leading to the generation of kynurenine
and other related compounds; (ii) conversion, to a lesser extent, into various indole deriva-
tives; and (iii) the serotonin pathway for the synthesis of serotonin and melatonin [26].
Tryptophan-derived gut metabolites contribute to the maintenance of the gut barrier, while
recent evidence indicates that, like butyrate, indole activates the aryl hydrocarbon receptor
in IECs, leading to the enhancement of tight junctions [64,65]. Serotonin, a neurotransmitter
primarily synthesized in the enterochromaffin cells (a subtype of enteroendocrine cells) of
the gut, has also been reported to modulate gut microbiota composition [66]. At the same
time, serotonin synthesis is, in turn, regulated by the relative levels of SCFAs, particularly
butyrate [67].

2.2. Interaction Between the Gut Microbiota and Immunity

The gut microbiota establishes a close dual interplay with the innate immune sys-
tem, and since this interaction is highly complex and dynamic, any perturbation in the
composition of the gut microbiota or host-microbiota interfaces or dyshomeostasis in the
immune system can potentially cause systemic dissemination of commensal microorgan-
isms, increased susceptibility to infections, and an exaggerated immune response [68].
AMPs, a class of diverse compounds produced by Paneth cells and immune cells in the
gastrointestinal tract, are key effectors of innate immunity, playing crucial roles both in the
host defense against enteric infections and in the maintenance of immune tolerance to the
gut microbiota [69]. While SCFAs regulate AMP expression, AMPs can modulate the com-
position of the gut microbiota, preserving species—specific bacterial communities [69,70].
Furthermore, Paneth cells, through the production of AMPs, promote the regeneration of
Regllly, a secreted antibacterial lectin, and the consequent segregation of the microbiota
and IECs, avoiding potentially harmful and unnecessary immune responses [57,71]. SCFAs
exert their effects on both the epithelial barrier function as well as on mucosal and systemic
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immunity through the direct inhibition of histone deacetylases, a class of enzymes capable
of removing acetyl groups from histones and other protein regulatory factors [34,72]. SCFAs
may also activate G protein-coupled receptors (GPCRs) GPR41, GPR43, and GPR109A,
which belong to one of the largest families of proteins that feature a conserved structure
composed of seven transmembrane helices [34,52]. In particular, GPCR43 is a major target
of SCFAs for the regulation of the immune system and control of inflammation, helping to
prevent the development of various chronic inflammatory diseases [73].

Gut-associated lymphoid tissues (GALT), which histologically embrace the appendix,
crypt patches, isolated lymphoid follicles, mesenteric lymph nodes, and Peyer’s patches,
represent the critical link between the non-specific immune response to the gut microbiota
and the subsequent adaptive immune response, thus playing a pivotal role in maintaining
homeostasis between gut microorganisms and the immune system [51]. GALT is based on
the recognition of pathogen-associated molecular patterns (PAMPs) on enteric bacteria via
various pattern recognition receptors (PRRs), such as Toll-like receptors (TLRs) (located
on the cell membrane and able to recognize exogenous PAMPs) and nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) (cytosolic receptors specialized in
defense against intracellular pathogens), and the activation of a downstream signaling
cascade, which in turn leads to the secretion of cytokines (IL-1f3, IL-6, IL-12, IL-18) and
chemokines (tumor necrosis factor-alpha—TNF-o, CXCL8, and CCL10) [27,51,68,74]. Like
AMPs in the small intestine, this mechanism serves as a major regulator of the microbiota
in the large intestine [27]. TLRs, and in particular TLR5, in addition to being involved in
host defense against pathogens, regulate the abundance of commensal microbes, while,
conversely, TLR5 deletion causes microbial dysbiosis [75]. Similarly, myeloid differentiation
primary response gene-88 (MyD88), an adapter protein localized on TLRs, regulates T cell
differentiation and also promotes microbial homeostasis by stimulating IgA secretion, while
its suppression is associated with an altered microbial composition [74,76].

Notably, some NLRs give rise to multiprotein complexes known as inflammasomes,
which, through cleavage and activation of caspase-1, lead to the activation of pro-IL-13 and
pro-IL-18 in mature forms that, in turn, preserve the homeostasis of the gut microbiota [77].
NOD-pyrin domain-containing 6 (NLRP6), in particular, has been associated with the
modulation of colonic microbial ecology and intestinal balance [68,78].

Dendritic cells, monocytes, and macrophages, other key effectors in the innate immune
response and distributed within the epithelium and intraepithelial layers, lamina propria,
and structures of GALT, exert crucial functions of phagocytosis and antigen presentation to
the adaptive immune system and are also involved in maintaining immune tolerance to
commensal bacteria [51]. On the other hand, SCFAs can promote hematopoiesis of myeloid
cells in the bone marrow and polarize macrophages through epigenetic modulation, as
well as trigger different local immune responses of dendritic cells [51]. In the context of
anti-inflammatory properties, SCFAs can also increase the production of antimicrobial
peptides (e.g., calprotectin) by macrophages and regulate the chemotactic recruitment of
neutrophils through both inhibition of HDAC activity and GPR43 signaling [34].

Although less explored until recent years, accumulating evidence suggests the exis-
tence of a mutualistic relationship also between the intestinal microbiota and the adaptive
immune system. Indeed, B cells produce a large array of IgA antibodies responsive to
commensals [68], while the gut microbiota and SCFAs induce B cell differentiation and
intestinal IgA secretion [34]. SCFAs also induce differentiation of T regulatory cells via
both HDAC inhibition and the GPR43 pathway [34]. In particular, butyrate favors the
differentiation of naive T cells to effectors such as T helper (Th) 1 and Th17 cells, subsets of
CD4" regulatory T cells that, by releasing cytokines like IL-2, IL-17A, IL-17F, IL-21, IL-22,
TNF-«, and interferon-gamma (IFN-y), promote the survival, differentiation, and antitu-
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mor activities of CD8" cytotoxic cells, the most powerful effectors against intracellular
pathogens and cancerous cells [68,79,80]. Additionally, SCFAs have anti-inflammatory
effects by influencing cytokine expression in T cells [34]. Butyrate induces the upregulation
of IL-10 and transforming growth factor-beta and suppresses the production of proinflam-
matory cytokines, i.e., IL-13, IL-6, IL-8, TNF-«, and IFN-y, through the inhibition of the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-«B), a transcription factor
involved in the regulation of immune responses, inflammation, cell proliferation, survival,
and apoptosis [81,82].

3. The Gut-Skin Axis

Based on growing evidence suggesting that alterations in the gut microbiota may
promote the development of diseases outside the gastrointestinal tract, including atheroscle-
rosis, cardiometabolic diseases, hypertension, chronic kidney diseases, obesity, type 2 dia-
betes, and even inflammatory skin disorders, the concept of a gut—skin axis has also been
postulated [25,83,84]. The gut microbiota composition appears to be associated with the
development of psoriatic disease, with an increased F/B ratio, which could reflect the asso-
ciation of psoriasis with metabolic and cardiovascular comorbidities [85]. A non-negligible
number of immune-mediated diseases, including psoriasis and pyoderma gangrenosum,
are more frequently diagnosed among patients with inflammatory bowel disease, a group
of disorders represented mainly by ulcerative colitis and Crohn’s disease, which result from
interactions between genetic susceptibility, environmental triggers, and lifestyle/dietary
factors [86,87]. Furthermore, atopic dermatitis has been associated with intestinal dysbiosis
characterized by reduced microbial diversity and a decrease in commensal microbes like
Lactobacillus and Bifidobacterium, which leads to an enhanced inflammatory response in
the skin [88]. Likewise, in acne, a decrease in Cutibacterium in the skin is concurrent with
reduced microbial diversity in the gut, which in turn may worsen the clinical severity of
the cutaneous disease [88]. The connection between the skin and the gut appears to be
mediated by the activities of immunological components and inflammatory mediators
located between the two districts, as well as by neuroendocrine signaling [30,88]. While the
microbiota is a key modulator of the immune system, the presence of pathogens or other
host-specific factors (lifestyle, diet, antibiotics) can influence the composition and function
of the gut microbiota by activating the immune system, thus leading to a decrease in the
diversity of the microbial community, a loss of commensals, or an overgrowth of harmful
microorganisms [22,30,89]. A decrease in SFCA producers caused by dysbiosis results in
a proinflammatory state of the gut that affects the production of the mucus layer [30,84].
The increased permeability of the gut barrier facilitates the passage of microorganisms,
together with their toxic metabolites and neurotransmitters, into the circulatory system
and then into a variety of organs, including the skin [30,90] (Figure 2). In fact, SCFAs
are believed to influence the predominance of certain skin microbiotic profiles, which
subsequently induce cutaneous immune responses [90]. Furthermore, reduced diversity
and richness of the gut microbiota, such as those that occur following a high-fat, low-fiber
“Western diet”, are often related to alterations in the composition of the secondary BA pool
that participates in the enterohepatic cycle and is involved in the immune-inflammatory
response [91-93]. Thus, while at relatively low concentrations (e.g., <50 tM) secondary,
BAs exert anti-inflammatory actions by primarily binding to the G protein-coupled bile
acid receptor 1 (TGR5) in various organs, higher concentrations of these molecules (up to
1 mM) lead to detrimental effects on the intestinal epithelium, activating the NF-kB and
the extracellular signal-regulated kinase 1 and 2 signaling pathways (cascades regulating
cell proliferation, differentiation, migration, metabolism, and survival) and inducing the
generation of reactive oxygen species, mutations, DNA damage, and apoptosis [61,94,95].
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Figure 2. Summary of the biological effects produced by intestinal microbiota metabolites in a state of
dysbiosis and potentially associated with the onset of inflammatory skin diseases (see text for more
details). Vertical arrows indicate increased or decreased effector levels. Image partially generated
using the Microsoft Bing Artificial Intelligence tool. Abbreviations: H,S: hydrogen sulfide; SCFAs:
short fatty acids; Th: T helper cell; TMAO: trimethylamine-N-oxide.

Similarly, diet, gut dysbiosis, or changes in the composition of the intestinal mi-
crobiota (i.e., a higher Firmicutes/Bacteroidetes—F/B ratio, recognized as a marker of
normal/compromised intestinal homeostasis [96]) or damage to the intestinal barrier may
lead to increased levels of trimethylamine-N-oxide (TMAO), synthesized in the liver from
trimethylamine, a molecule resulting from the metabolism of phosphatidylcholine/choline,
carnitine, betaine, dimethylglycine, and ergothioneine contained in dietary compounds,
and mainly produced in the colon by Clostridia, Shigella, Proteus, and Aerobacter [97,98]. An
increase in circulating TMAO triggers the activation of the NF-kB pathway and NLRP3
inflammasome, which plays a complex role in the innate immune response and inflam-
matory signaling [99]), upregulates the expression of inflammatory cytokines, adhesion
molecules, and chemokines, and induces oxidative stress [100]. TMAO is indeed consid-
ered a marker of bacterial translocation and systemic inflammation and a prognostic factor
for atherosclerosis, cardiovascular disease (e.g., heart failure, recurrent ischemic events),
metabolic syndrome, renal failure, and inflammatory skin diseases such as hidradenitis
suppurativa, an auto-inflammatory skin disease generally associated with cardiovascular
and metabolic comorbidities [83,101-103].

Dysbiosis of the gut microbiota causes alterations in the relationship between microbial
tryptophan metabolism and the host intestinal immune system, resulting in dysregulation
of kynurenine and serotonin pathways [26]. Disruption of tryptophan catabolism pathways
may ultimately contribute to the development of inflammatory conditions, autoimmune
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diseases, metabolic syndrome and other cardiovascular comorbidities, kidney disease,
neuropsychiatric disorders, and cancer [26,104]. Although with conflicting results, levels
of metabolites and enzymes of the kynurenine pathway are positively associated with
psoriasis, probably due to an increased production of cytokines IL-17 and IL-22, leading to
skin proliferation and development of psoriatic lesions [104].

Disturbances in gut microbiota diversity also affect the production of neurotrans-
mitters (e.g., y-aminobutyric acid (GABA), serotonin, dopamine, and noradrenaline) [30].
Altered levels of neurotransmitters, in addition to being linked to a broad spectrum of
immune-related neurological disorders, including developmental and psychiatric diseases
and neurodegeneration, may also adversely influence the physiological functioning of the
skin via the nervous system [30,105,106]. Indeed, binding of neurotransmitters to receptors
expressed on immune cells located in the dermis and epidermis modulates the immune
system response, promoting an inflammatory process characterized by differentiation of
Th17 cells and secretion of proinflammatory molecules (e.g., IL-1, IL-6, IL-23, IFN-y, TNF-
), cell migration, vascular permeability, and mast cell degranulation, which ultimately
may result in the onset of skin diseases, such as psoriasis [84,107,108].

Free phenol and p-cresol metabolites of aromatic amino acids produced by certain
pathogenic bacteria like Clostridium difficile in conditions of disturbed gut environment may
enter the circulation and accumulate in the skin, where in vitro, they reduce the production
of keratin, thereby affecting epidermal differentiation and skin barrier integrity [90,109]. A
positive association of cresol levels with skin dryness and disruption of keratinization was
also reported in adult women, where the daily use of prebiotics and probiotics reduced
serum total phenol levels and restored healthy skin [110].

Finally, excessive production of hydrogen sulfide (H;,S), recognized as a gaseous sig-
naling molecule having anti-inflammatory functions at physiological levels, can negatively
affect the intestinal mucosa, leading to alterations of the relative abundance, functions,
and spatial organization of intestinal bacteria and disruption of mucus integrity through
the breaking of mucus disulfide bonds [111,112]. H,S is produced from sulfur-containing
dietary amino acids (e.g., cysteine, methionine, taurine) by sulfate-reducing bacteria in the
gut and achieves its highest concentration in the colon (250 mM) [113,114]. Most of the
effects of H;S are highly concentration-dependent, and while in normal skin conditions,
it regulates vasodilatation and apoptosis, promotes keratinocyte differentiation, modu-
lates pruritus, and suppresses inflammation, alterations in HyS production, induces the
production of proinflammatory mediators and leukocyte activation, contributing to the
pathogenesis of some skin disorders (psoriasis, melanoma, and other dermatoses) [115].

Although the association between gut and skin microbial communities is an emergent
area of research and the mechanisms by which the gut microbiota interfere with skin
balance remain to be fully elucidated, current data on potential biological drivers involved
in the gut-skin axis as well as skin disease risk (represented in Figure 2) indicate the
direction for future studies to further investigate this relationship in order to promote both
gut and skin health.

4. The Gut Microbiota and the Relationship with Autoimmune Bullous
Diseases

As described in the previous section, gut microbiota dysbiosis can induce both local
and systemic immune responses, thus potentially contributing to the development of au-
toimmune diseases, which, in addition to being considered among the major causes of
morbidity and mortality, are collectively characterized by long-lasting debilitating symp-
toms, organ impairment, and high treatment costs [86,116,117]. The burden of BP and PV
is substantial due to a variety of comorbidities due to viral and bacterial infections or long-
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term corticosteroid use, which result in high rates of hospitalization and increased risk of
mortality [118,119]. Therefore, a deeper understanding of modifiable risk factors, including
the composition and diversity of the gut microbiota, can help in discovering more effective
and targeted treatments to improve the quality of life of patients with debilitating diseases.

4.1. The Association of the Gut Microbiota with Bullous Pemphigoid

The pathophysiological hallmark of BP is the production of autoantibodies directed
against two structural components of hemidesmosomes (a highly specialized multipro-
tein complex that ensures firm adhesion between basal epithelial cells and the dermal
extracellular matrix), BP230 and BP180 [120,121]. While genetic variations in the human
leukocyte antigen system (encoding proteins involved in immune regulation) have been
established as the most significant predisposing factors in BP, contributing to the loss of
immune tolerance towards the two hemidesmosomal anchoring proteins, the imbalance
between Th and Treg cells, the activation of toll-like receptors and of Th2- and Th17-related
cytokines cascades, the latter maintaining the inflammatory response by inducing cytokine
production, are responsible for antibody secretion in BP [4,121-123].

To date, four studies have examined the gut microbiota’s impact on the development
of BP (Table 1). The pilot study by Scaglione et al. [38] reported an underrepresentation of
Proteobacteria in the gut microbiota of BP patients, with Firmicutes and Bacteroidetes as the
most abundant phyla, reflecting a similar composition to that of healthy subjects and with
no significant differences from PV patients. In the study by Liu et al. [10], who recruited
66 pairs of BP patients and their controls matched for age, sex, and study center, partici-
pants were further sub-grouped by patients” disease status (first diagnoses and relapsed
cases) to assess the relationship between gut dysbiosis and BP disease activity. The authors
observed both decreased richness and evenness as well as alterations in the composition of
the gut microbiota in BP patients [10]. An enrichment of Flavonifractor and Flavonifractor
plautii was detected in BP patients and relapsed cases, respectively, supporting the hypoth-
esis that these microbial species can be associated with oxidative stress and inflammation,
probably due to their ability to degrade beneficial anticarcinogenic flavonoids [10,124].
However, the enterobacterium Flavonifractor plautii can also abolish antigen-induced Th2
immune responses and attenuate inflammation by suppressing TNF-o expression and IL-17
signaling in the adipose tissues and intestine, respectively, leaving doubts about its real
function [125-127]. In contrast, BP patients exhibited a reduced abundance of Faecalibac-
terium prausnitzii, a well-known butyrate-producing bacterium belonging to Firmicutes,
which, thanks to the properties of its metabolites butyrate and salicylic acid, can inhibit
IL-8 production by suppressing the NF-kB pathway, upregulate Treg cell production, and
induce IL-10 secretion, thus blocking the synthesis of pro-inflammatory cytokines IL-6 and
IL-12 and, in general, inflammatory processes [128,129]. Lower amounts of Faecalibacterium
prausnitzii were observed in patients with ulcerative colitis and Crohn’s disease [130,131]
and psoriasis [84], while Faecalibacterium prausnitzii as a probiotic supplement can be used
in the prevention and management of colorectal cancer [132] and type 2 diabetes [133].
Furthermore, shotgun metagenomic sequencing of the gut microbiome revealed signif-
icant alterations in twelve gut microbiota pathways in BP patients, nine of which were
significantly increased, i.e., those related to pyridoxal 5'-phosphate biosynthesis, fatty acid
biosynthesis, and biotin biosynthesis [10]. Pyridoxal 5-phosphate acts as a cofactor of
glutamate decarboxylase (GAD) in the conversion of L-glutamate into GABA, a primary
inhibitory neurotransmitter that is also a signaling molecule produced by bacteria, fungi,
plants, and invertebrates [134]. The authors identified in BP patients both the GABA shot-
gun, a three-step pathway that provides an alternative route for the synthesis of succinate
from a-ketoglutarate in the mitochondrial-based tricarboxylic acid cycle for subsequent
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bacterial energy production, and the biosynthesis of putrescin, which, like ornithine and
arginine, is an alternative precursor of GABA [134,135]. Putrescine, a major metabolite of
gut bacteria that can promote a “leaky gut” condition during both intestinal autoinflam-
mation and infection [136], is positively correlated with the expression of inflammatory
chemokines in patients with psoriasis [137]. Additionally, putrescine, being involved in
several cellular processes (proliferation, stress protection, metabolism, and regulation of
the immune response), like other polyamines, if dysregulated, can impact growth, ag-
ing, and diseases such as cancer, metabolic disorders, and neurodegeneration [138,139].
Although the reported biological activities of GABA include alleviation of pruritus, at-
tenuation of atopic dermatitis lesions by promoting Th1 response, increased expression
of type 1 collagen, and maintenance of skin elasticity, the GABA shunt appears to play
a key role in BP, consistent with the significantly positive association of GABA biosyn-
thesis from putrescine with atopic dermatitis severity [25,30,134,140]. These inconsistent
results could be attributed to differences in the components and activities of GABA shunt
bacterial species even within the same genus, with some bacteria containing multiple
GAD enzymes and others containing no GAD homologs at all [10,140]. Another Chinese
study [39] recruiting consecutive patients diagnosed with BP, further divided into those
in the active stage and in the remission stage, documented an increased trend of alpha
diversity (a score referring to the species richness or evenness within a functional commu-
nity [141]) in patients with BP onset compared with the control group, unlike the study of
Liu et al. [10]. This finding could be explained by the enrichment of pathogenic bacteria
in patients with active BP, namely Bacteroidaceae and Ruminococcaceae, and the reduced
relative abundance of Lachnospiraceae compared with healthy controls [39]. Ruminococ-
caceae, among the most widespread families of Firmicutes, is one of the few taxa that
include secondary BA producers, known to cause pro-inflammatory effects [142], although
its relationship with immune-mediated diseases is somewhat controversial, with a low
relative abundance associated with inflammatory bowel disease [143] and immunoglobulin
E-associated eczema [144] and higher relative abundance correlated with asthma [145]
and reactive arthritis [146]. Conversely, members of Lachnospiraceae, including Blautia,
Coprococcus, Lachnospira, Roseburia, Ruminococcus, are massive producers of SCFAs and, as
such, may alleviate inflammatory and allergic diseases by exerting anti-inflammatory and
immunomodulatory effects [147,148]. Therefore, reduced levels of Lachnospiraceae can
lead to an imbalance in the functionality of the gut microbiota, resulting in an increased
risk of inflammatory skin diseases such as alopecia areata [149], hidradenitis suppura-
tiva [150], and PV [151]. Patients with active BP also showed a reduced proportion of
Prevotellaceae but a higher proportion of Prevoltella copri [39]. Relative abundance of
Prevotellaceae is linked to the dietary habits of rural and preagricultural or isolated pop-
ulations, and if it may improve cardiovascular risk and glucose metabolism [151], it also
includes strains such as Prevotella copri, a frequent inhabitant of the gut microbiota, which
also shows pathobiontic properties such as releasing inflammatory mediators [152,153]. Pre-
votella copri is, in fact, associated with both inflammatory conditions, including rheumatoid
arthritis [154], human immunodeficiency virus-1 infection [155], insulin resistance [156],
ankylosing spondylitis [157], and metabolic benefits by improving glycemic control [158],
depending on dietary habits [159-161]. Active disease subjects were also characterized
by a depletion of Vellonella dispar, a Gram-negative commensal bacterium that produces
SCFAs by lactate fermentation [162], and Bacteroides ovatus, a commensal microbe that,
due to its ability to consume a variety of food sources, colonizes the intestine, helping to
prevent pathogen invasion and related inflammation [163]. Furthermore, some species
shared significant correlations with clinical parameters [39]. Notably, the composition of the
gut microbiota in BP patients in remission resembled that of the control group, indicating
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that the treatment can reduce harmful bacteria that cause inflammation, further empha-
sizing the involvement of intestinal microbial communities in disease development [39].
In assessing the gut microbiota profile in BP patients, Han and coauthors [164] found a
higher relative abundance of pathogens and a reduction in probiotics in affected subjects,
who exhibited a significant difference in beta diversity (an index describing the amount of
overlap or differentiation between species communities [141]) compared with controls and
an overall worse dysbiosis than that observed in PV patients. More specifically, subjects
with BP presented an enrichment of Proteobacteria, although the predominance of this
phylum was less evident than in PV patients, as previously observed by Scaglione et al. [38].
Furthermore, in line with the above-mentioned findings [10,39], the authors observed an
increased abundance of Bacteroides and Prevotella and a reduction in Faecalibacterium, the
latter being strictly and negatively correlated with autoantibody titer [164]. Functional
analysis revealed significantly increased alterations in BP patients compared with PV pa-
tients in certain microbial pathways, i.e., Escherichia coli infection, shigellosis, bacterial
invasion of epithelial cells, and biosynthesis of lipopolysaccharide (LPS, a vital cell wall
constituent of Gram-negative bacteria that can directly modulate the immune system by
inducing cytokine production [165]), suggesting a different role of gut microbiota in bullous
diseases [164].

In summary, despite the limited number of investigations, the small sample size,
and the lack of longitudinal data that generally characterize the studies analyzed, as well
as the presence of only one study using shotgun metagenomic sequencing to explore
gut microbiota function in BP, there are signals of association between gut microbiota
dysbiosis and BP pathogenesis, with alterations in relative abundance in certain identified
taxa (i.e., drop in Faecalibacterium prausnitzii, increase in Prevotella copri) and metabolic
routes (i.e., GABA shunt and related pathways and functional and inflammatory pathways)
potentially involved in the inflammation process within the gut-skin axis. Furthermore,
the different profiles of the intestinal microbiota at different stages of the disease suggest
the possibility of supplementation with prebiotics, probiotics, and symbiotics to improve
intestinal microbiota homeostasis, preserve the integrity of the intestinal barrier, regulate
the immune response, and facilitate disease remission.

4.2. The Association of the Gut Microbiota with Pemphigus Vulgaris

PV is an autoimmune disease characterized primarily by the presence of IgG antibodies
against Dsgl and Dsg3 due to the involvement of immune responses mediated by B cells
(crucial to producing specific autoantibodies) and T cells (participating in the onset and
persistence of PV) [153,166]. In particular, Th1 and Th17 appear to play a predominant role
in PV pathogenesis, with PV patients exhibiting higher levels of inflammatory Th1 (IL-1RA,
IL-1B, IL-2, IL-12p70, GM-CSFE, TNF-«, IL-18) and Th17 cytokines (IL-17, IL-22, IL-23) than
healthy controls [166,167].

In recent years, a few studies have explored the association between gut microbiota
status and PV (Table 2). In an Italian pilot study aimed at evaluating potential microbial
alterations in the gut, skin, and oral cavity of PV subjects, gut microbiota analysis revealed a
similar composition at the phylum level to that of healthy subjects, with Firmicutes showing
the highest relative abundance, followed by Bacteroidetes and Proteobacteria [38]. Huang
et al. [153] first compared gut microbiota in PV patients and healthy controls also with
regard to circulating cytokines of Th1/Th2/Th17 cells. Although the two groups showed
no significant differences in alpha diversity, analysis of beta diversity revealed that, at the
genus level, PV patients had reduced levels of Lachnospiracea_incertae_sedis and Coprococcus,
whose decline in the gut microbiota leads to reduced production of SCFAs and has been
related to the development of allergies, asthma, inflammatory bowel disease, metabolic
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disorders, and mental and neuropsychological disorders [137,153,168-170]. The case group
was characterized by increased levels of Granulicatella and Flavonifractor, the latter not only
linked to different conditions such as affective disorders and colorectal cancer but also
associated with oxidative stress and increased inflammation, and whose higher relative
abundance was also observed in BP patients [10,153,171,172]. Consistently, Huang and
coworkers [153] found that Flavonifractor was positively correlated with circulating levels
of Cb5a, IL-1p3, IL-6, IL-7, IL-8, and IL-21, while Lachnospiracea_incertae_sedis and Coprococcus
were both negatively associated with IL-17A, indicating that changes in the gut microbiota
may induce an unbalanced Th1/Th2 or Th17/Treg differentiation and related abnormal
cytokine production, typical of PV. Guo et al. [173] reported that the gut microbiota of
patients with PV had lower diversity and richness than those of healthy controls, and the
two microbial communities showed a significant degree of dissimilarity. Indeed, although
the F/B ratio was not significantly different between the two groups, the gut microbiota of
PV patients presented an increased abundance of Proteobacteria and Verrucomicrobia and
a depletion of Firmicutes, which include producers of SCFAs such as Lactobacillaceae, Ru-
minococcaceae, and Lachnospiraceae [52,173]. Consequently, the abundance of bacteria like
Butyricicoccus, Clostridium, Megamonas, Roseburia, Faecalibacterium prausnitzii, and Lactobacil-
lus murinus was significantly reduced in these subjects [173]. In contrast, pathogenic bacteria
such as Escherichia coli, Klebsiella, Bacteroides fragilis, Enterobacter hormaechei, and Shigella
pneumoniae were considerably enriched in patients with PV and also showed internal posi-
tive correlations, thus resulting in increased biosynthesis of LPS [173]. These opportunistic
bacteria were also positively associated with anti-Dsgl and anti-Dsg3 antibody levels and
with the Pemphigus Disease Area Index, a validated score used to assess the severity of
PV [173,174]. Additionally, metabolomic analysis on stool samples revealed abnormal
accumulation of lipids and lipid compounds, especially phosphatidylethanolamine, the
second most abundant class of glycerophospholipids whose metabolism dysregulation can
promote inflammasome activation and contribute to the development of chronic inflam-
matory diseases [173,175,176]. Of note, phosphatidylethanolamine content was positively
correlated with Streptococcus parasanguinis and Klebsiella pneumoniae and negatively corre-
lated with Roseburia spp., suggesting the potential involvement of these microbial species
and their metabolites in the pathogenesis and progression of PV [173]. Another case-control
study documented significant differences in the composition, but not in the richness, of the
gut microbiota species in PV patients compared with healthy family members [117]. In par-
ticular, the cases exhibited an enrichment of Escherichia coli, which, being a Gram-negative
bacterium, is coated with LPS and therefore able to induce an inflammatory response
and, by creating a “leaky gut”, to trigger the onset of autoimmune diseases [117,177].
These subjects also had a concomitant decrease in the relative abundance of probiotics
and certain SCFA-producing species, which is likely attributable to the inhibitory action
of Escherichia coli via the production of toxins and enterobactin (the latter a conserved
siderophore that chelates iron from iron-binding host proteins, suppressing the growth
of other bacteria [178]). Escherichia coli may also exacerbate inflammation and disease
progression due to the lower levels of SCFAs found in PV patients, although they were
partially restored after one month of glucocorticoid therapy [117]. Although glucocorticoid
treatment did not significantly change alpha and beta diversity in PV patients, it caused a
decrease in the relative abundance of Escherichia coli in responders, indicating that this ther-
apy may help restore intestinal homeostasis [117]. In PV patients, Escherichia coli displayed
a strong correlation with the phosphotransferase system pathway, a conserved cascade
involved in the transport and phosphorylation of selected carbohydrates as well as in the
virulence of several pathogenic bacterial species, suggesting that this pathway, enriched in
these patients, may contribute to the toxic effects of Escherichia coli [117,179]. Confirming
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previous results, Li et al. [17] observed no significant differences in alpha diversity of
the gut microbiota when comparing patients with pemphigus in an active stage (75% of
whom had PV), patients with pemphigus in remission stage characterized by the absence
of new lesions (63.7% of them had PV), and healthy controls. The authors also found no
significant alterations in the composition of the microbial communities between the three
groups, in line with the study by Wang et al. [117]. Conversely, the relative abundance
of gut microbiota taxa in pemphigus patients was altered compared with controls [17].
Indeed, the active pemphigus group presented an enrichment of Bacteroidetes and Pro-
teobacteria and a depletion of Firmicutes, with a slight decrease in the F/B ratio and a
significantly higher proportion of pathogenic bacteria than the pemphigus remission group,
as previously reported by Guo et al. [173], supporting the involvement of gut microbiota
dysbiosis in pemphigus development [17]. Furthermore, specific taxa were correlated with
autoantibody titers. In particular, Veillonella, which has been reported to reduce the risk
of asthma and bronchiolitis by inducing a mixed Th1/Th2/Th17 lung inflammatory re-
sponse [180,181], was depleted among patients with active pemphigus, thus explaining the
observed inverse correlation with anti-Dsg3 antibody titers [17]. In contrast, the abundance
of Prevotella, which was lower in these patients than in the other groups, as observed in
subjects affected by BP [39], was positively associated with anti-Dsg1 antibody titers [17].
The effects of the Prevotella genus (members of which are anaerobic Gram-negative bacteria
of the Bacteroidetes phylum) on the host are still debated [166]. As discussed in Section 4.1,
Prevotella strains are generally considered commensal bacteria, with increased abundance
(linked to a diet rich in non-starch polysaccharides, resistant starch, and fiber content)
associated with improved glucose metabolism [159,182] but in a state of dysbiosis they
may cause localized infections and inflammatory diseases such as periodontitis due to the
production of virulence factors (e.g., LPS, hemolysins adhesins, proteases), which enhance
the proliferation and survival of microorganisms [183]. Coriobacteriaceae that, as SCFA
producers, contribute to the homeostasis of intestinal microbiota, preserving the integrity
of the intestinal barrier and regulating the immune system, but, when increased, affect
immune reconstitution [184,185], were positively associated with anti-Dsg1 autoantibody
titers [17]. Of interest, Faecalibacterium, known to exert anti-inflammatory actions through
the production of butyrate [186], was also depleted in patients with autoimmune diseases
(multiple sclerosis, Sjogren’s syndrome, systemic lupus erythematosus) [187] and positively
associated with both anti-Dsg1 and anti-Dsg3 antibody titers in patients with active pem-
phigus [17]. Finally, research by Han et al. [164] explored differences in gut microbiota
composition in different bullous diseases. Regarding PV, patients were characterized by an
enrichment of Proteobacteria compared with healthy controls [164]. This is a signature of
gut dysbiosis, given the generally low prevalence of this phylum within a balanced gut
microbial community [188]. An increased abundance of Proteobacteria has, in fact, been
associated with low-grade inflammatory conditions such as irritable bowel syndrome [189],
obesity and metabolic disorders [190], and with severe intestinal inflammatory disorders
including inflammatory bowel disease [191] and colorectal cancer [192]. Furthermore, con-
sistent with Guo et al. [173], Enterobacter spp., which behaves as both facultative anaerobic
Gram-negative natural commensals and opportunistic pathogens (behavior observed for
Enterobacter aerogenes, Enterobacter cloacae, and Enterobacter hormaechei), were positively
associated with Dsg3 autoantibodies, thus representing potential inducers of PV [148].
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Table 1. Summary of the main characteristics of studies exploring the role of the gut microbiota in the etiopathogenesis of bullous pemphigoid.

Study
Design

Country—
Study Period

Population

Main Findings

Limitations

References

Cross-
sectional

Italy—
January 2018-June 2018

8 BP patients: 5 females, mean
age 70 £ 18 years

Firmicutes relative abundance: p50 (%, min-max): 47.7 (38.8-65.3).
Bacteroidetes relative abundance: p50 (%, min-max): 43.8 (33.0-50.9).
Proteobacteria relative abundance: p50 (%, min-max): 7.8 (5.2-12.7).

Small sample size.

[38]

Cross-
sectional

Germany (N = 14; Finland
(N = 3); Bulgaria (N = 3)—
June 2014-July 2020

18 BP patients: 46 females, mean
age 40.26 (63-98) years
66 healthy controls: 46 females,
mean age 80.64 (62-100) years.
Two subgroups: 54 pairs, first
diagnosis (BPF and CLF), and
11 pairs, relapse (BPR and CLR)

Significant decrease and a lower trend in the Chao and Shannon indexes,
respectively, in BP patients. Significant decrease in Chao index in BPR
compared with the CLR group.

Significant difference in Bray—Curtis dissimilarity between BP patients and
their healthy controls and between the first diagnosis cases and their controls
but not between relapsed cases and their matched controls.
Microbial composition affected by study center, disease status, and age.
At the genus level, Flavonifractor significantly and primarily enriched in BPR
cases, while Faecalibacterium reduced in both subgroups of patients.

At the species level, Ruthenibacterium lactatiformans, Anaerotruncus colihominis,
and Eubacterium callanderi significantly increased, and Prevotella copri,
Faecalibacterium prausnitzii, and Faecalibacterium sp. 1417 significantly
decreased in BP patients if compared with their controls.
Ruthenibacterium lactatiformans, Anaerotruncus colihominis, Bacteroides eggerthii,
and Bifidobacterium dentium more enriched, and Sutterella wadsworthensis
reduced in the BPF group compared with the CLF group.
Significant increase in six bacterial species, including Flavonifractor plautii,
and significant decline of three species, including Alistipes shahii, in BPR cases
compared with their matched controls.

Twelve gut microbial pathways significantly affected in BP patients.

30 species and 49 pathways significantly associated with BPDAI score.

Lack of longitudinal and
metabolome data.

Small sample size.
Controls included subjects with
basal cell carcinoma or squamous
cell carcinoma.

[10]
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Table 1. Cont.

Study
Design

Country—

Study Period Population

Main Findings

Limitations

References

Cross-
sectional

24 BP-O patients: 7 females,
mean age 69.75 & 10.28 years.
24 BP-R patients: 11 females,
mean age 69.92 & 13.50 years
26 healthy controls: 14 females,
mean age 63.58 & 9.15 tears

China

No significant differences in ACE index between the three groups, except for
a higher score in the BP-O group compared with healthy controls and a lower
score in BP-R patients than the two other groups.

No significant differences in Bray—Curtis dissimilarity between the
three groups.

At the family level, the BP-O group showed an increased proportion of
Bacteroidaceae, Ruminococcaceae, and Enterobacteriaceae and a lower
proportion of Lachnospiraceae, Prevotellaceae, and Veillonellaceae compared
with the healthy controls.

In the BP-R group, the proportion of Lachnospiraceae and Veillonellaceae
increased and that of Ruminococcaceae, Bacteroidaceae, Prevotellaceae and
Enterobacteriaceae decreased compared with the control group.

At the ASV level, similarity between BP-R and control groups and significant
differences in enriched and depleted ASVs between BP-O and the other two
groups. Significantly higher relative abundance of Prevotella copri and
significant depletion of Vellonella dispar and Bacteroides ovatus in the BP-O
group compared with other groups.

Barnesiella intestinihominis and Veillonella dispar inversely correlated with anti-
BP180, while Ruminococcus albus, Vescimonas coprocola, Sporobacter termitidis,
Alistipes shahii, and Bifidobacterium adolescentis positively correlated with
anti-BP180.

Prevotella copri, Roseburia intestinalis, and Sutterella wadsworthensis inversely
correlated with EOS%, while Blautia hominis positively correlated with EOS%.
In BP-O patients, enrichment of Ruminococcaceae spp., Clostridium XIVb,
Coprococcus, Oscillibacter, and Escherichia Shigella.

In BP-R patients, enrichment of Lachnospiracea incertae sediswere and Sutterella.

Lack of longitudinal data.
Small sample size.
Single-center study.

No standardized criteria for
patients” complications.
The effect of the treatment on the
gut microbiota not evaluated.
Lack of assessment of the
relationship between gut
microbiota composition and
anti-BP230.

[39]

Prospective

38 BP patients: 12 females, mean
age 67.8 & 11.4 years
38 healthy controls: 22 females,
mean age 65.5 &+ 10.3 years

China—
October 2016-March 2022

No significant difference in the Shannon index between BP patients
and controls.

Bray—Curtis dissimilarity significantly different between cases and controls.
At the phylum level, enrichment of Proteobacteria and Actinobacteria in
BP patients.

At the genus level, BP patients show an increase in Bacteroides and Prevotella
and decrease in Escherichia-Shigella and Faecalibacterium.
Significant differences between cases and controls in the microbial
composition of Bacteroidetes and Firmicutes phyla.
Faecalibacterium negatively correlated with anti-BP180.
Alterations in 14 functional pathways significantly increased in BP patients.

Small sample size.
Single-center study.
Lack of metagenomic analysis.

[164]

Abbreviations: ASV: amplicon sequence variant; BP: bullous pemphigoid; BPDALI: Bullous Pemphigoid Disease Area Index; BPF: bullous pemphigoid first diagnosis; BP-O: BP onset;
BP-R: BP under remission stage; BPR: bullous pemphigoid relapse; CLF: matched controls with bullous pemphigoid first diagnosis; CLR: matched controls with bullous pemphigoid

relapse; EOS%: percentage of eosinophils.
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Table 2. Summary of the main characteristics of studies exploring the role of the gut microbiota in the etiopathogenesis of pemphigus vulgaris.
Study Country— . R, I
Design Study Period Population Main Findings Limitations References
o . . o . —
Cross- Ttaly— 12 PV patients: 6 females, mean Fll‘mlC'Lclltes relaltw.e abgndznce. PSO (/(;,/mer max): f13.3 (31.8-75.0). Somal s .
sectional January 2018-June 2018 age 55 + 14 years Bacteroidetes relative abundance: p50 (%, min-max): 50.9 (20.5-66.6). mall sample size. [38]
Proteobacteria relative abundance: p50 (%, min-max): 10.3 (5.7-21.4).
No significant differences in the Shannon and Simpson diversity indexes
between cases and controls.
Ten taxa significantly different between the two groups. At the family level, oo
higher abundance of Carnobacteriaceae, Enterobacteriaceae, and Lacl;rii;lﬁ)zagrlrtlu(li;;?;jata.
Burkholderiales and reduced levels of Enterobacteriales in PV. At the genus Sin le-centIeD ¢ sta d.
18 PV patients: 9 females, mean level, PV patients have decreased levels of Lachnospiracea_incertae_sedis and Half ongV atients ur%der
Cross- China— age 45.78 & 13.45 years Coprococcus and increased levels of Granulicatella and Flavonifractor. treatment \If)vith systemic [153]
sectional January 2017-May 2020 14 healthy controls: 5 females, Significantly higher concentration of six cytokines (IL-1p3, IL-2R, IL-7, IL-8, corticosteroiyds ;
mean age 44.57 & 14.72 years Cb5a, YKL-40) out of 21 overall assessed in PV group than in the control group. Lack of possibility to .infer a
Plasma IL-5, IL-6, IL-17A, and IL-21 show an increasing trend in PV patients. pos 'y
o o . . causal relationship due to the
Significant positive correlation between Flavonifractor and plasma levels of studv desien
C5a, IL-1B, IL-6, IL-7, IL-8, and IL-21. Significant inverse correlation of y cesigh.
Lachnospiracea_incertae_sedis and Coprococcus with plasma
IL-17A concentration.
No significant differences in the Richness, Chao, and Shannon indexes
between cases and controls. Simpson index significantly higher in healthy
controls than in PV patients. High level of dissimilarity between the two
groups based on Bray—Curtis analysis. T
Decrease in the relative abundance of Firmicutes and increase in that of Lacsl<ir(1)flleo_rc1§r11tt1; ihsr;ilddata.
43 PV patients: 15 females, mean Proteobacteria and Verrucomicrobia in PV patients. Smagll disease cohoﬁ
Cross- China age 51.89 £ 15.61 years At the genus level, higher proportions of Bacteroides, Escherichia, Akkermansia, Results data-driven ' [173]
sectional 26 healthy controls: 11 females, and Klebsiella and lower proportions of Faecalibacterium and Roseburia in the :

mean age 52.92 & 15.21 years

case group.
Opportunistic pathogens (unclassified Klebsiella, Bacteroides fragilis, and
Bacteroides thetaiotaomicron) positively correlated with PDAI and anti-Dsgl
and anti-Dsg3 antibody levels.
215 significant associations between enriched bacterial species
and metabolites.

Lack of possibility to infer a
causal relationship due to the
study design.
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Table 2. Cont.
S;lsl:g; S ti (;;n;?;; d Population Main Findings Limitations References
No significant differences in alpha diversity. Significantly high degree of
dissimilarity between the two groups (beta-diversity).
Three enterotypes—E1, E2, E3—identified in the two groups: E2 (Escherichia
predominant) and E3 (Bacteroides predominant) significantly enriched in PV
and healthy controls, respectively.
At the phylum level, Actinobacteria predominant in PV patients, while -
Bacteroidetes predominant in healthy controls. Lacéf ofllonglttudu:alddata.
60 PV patients: 33 females, mean At the species level, PV patients have a significant decrease in Slggaﬁ_z;;ell‘esslilzey'
age 47.38 £ 12.82 years Bacteroidesovatus, Bacteroides uniformis, Eubacterium rectale, Eubacterium Lack of 1 P f.
19 matched healthy famil ventriosum, Roseburia intestinalis, and Roseburia inulinivorans and significant ack of a contro! group for other
Y 4 ! . L o . 8 autoimmune diseases.
Cross- China— members: 9 females, mean age enrichment in Escherichia coli. The mechanisms by which
. . 41.00 + 14.81 years Lachnospiraceae bacterium 5.1.57FAA abundance significantly and positively o . Y . [117]
sectional November 2017-April 2019 100 fecal 1 1 . . o . Escherichia coli participates in
ecal samples correlated with anti-Dsg3 antibodies and PDAI scores. Eubacterium the development of PV ot
(60 treatment-naive, 21 matched  ventriosum strongly and positively correlated with the APDAI (an index that invgsti ated
post-treatment, reflects the response to glucocorticoid treatment). Higher abundance of Lack of bgl "
L . . ack of possibility to infer a
and 19 controls) Escherichia coli in responders than in non-responders to therapy. causal relationshim due to the
No significant variations in alpha and beta diversity after glucocorticoid stud desli) n
treatment; however, after one month of therapy, there was a decrease in the y gn.
relative abundance of Escherichia coli and an increase in the
probiotic abundance.
PTS pathway, the most represented in PV patients, showing the strongest
correlation with Escherichia coli. Fatty acid biosynthesis enriched in healthy
controls and had the highest correlation with Bacteroides ovatus.
No significant differences in the indexes of alpha diversity, but a progressive o
decrease in ACE and Chao indexes from healthy controls to the PR group and Lacl; of ﬁ)ngﬂuihnial data.
20 patients with AP (15 of whom  then to the AP group and a slight decrease of Shannon and Simpson indexes SiTie_iiﬁlgresz?'
with PV): 11 females, mean age in the healthy control group compared with the other groups. Lack of % f c}ll:
52.80 £ 16.79 years No significant differences in beta diversity. ack of adjustment for dietary
. . y o s . - Y . habits between cases and
11 patients with PR (7 of whom Firmicutes and Bacteroidetes dominant phyla in all three groups, with a controls
Cross- China— with PV): 6 females, mean age decreasing, albeit not significant, trend of the F/B ratio in AP patients. Some patients un dér svstemic [17]
sectional November 2016-May 2022 60.36 £ 12.31 years At the family level, the highest relative abundance of Lachnospiraceae in PR p Y

47 healthy controls (most of them
spouses of the patients):
29 females, mean age
62.62 + 11.45 years

and the lowest relative abundance of Veillonellaceae in AP. Prevotalleceae
abundance progressively increased in the AP, healthy control, and PR groups
without significant differences.
At the genus level, Blautia abundance is significantly higher in the AP than in
the PR group, while that of Prevotella shows a not significant increase across
AP, healthy control, and PR groups.

corticosteroid treatment.
Significant age differences
between the three groups.
Lack of possibility to infer a
causal relationship due to the
study design.
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Table 2. Cont.

Study Country—

Design Study Period Population Main Findings Limitations References
No significant difference in the Shannon index and Bray—Curtis dissimilarity
between PV patients and controls.
At the phylum level, enrichment of Proteobacteria and Actinobacteria in
S PV patients. o
. 19 PV patients: 11 females, mean At the genus level, increase in Bacteroides and Faecalibacterium and a decrease Lack of longltudmgl data.
Cross- China— age 59.9 + 15.0 years in Escherichia-Shigella and Prevotella among cases Small sample size. [164]
sectional October 2016-March 2022 38 healthy controls: 22 females, 8 & ; Single-center study.

At the species level, enrichment in Intestinibacter bartletti in PV patients and
Blautia wexlerae and Bifidobacterium catenulatum in controls.
Significant differences between cases and controls in the microbial
composition of Bacteroidetes and Proteobacteria phyla.
Enterobacter positively correlated with anti-Dsg3.

mean age 65.5 &= 10.3 years Lack of metagenomic analysis.

Abbreviations: AP: active pemphigus; Dsg: desmoglein; IL: interleukin; PDAIL: Pemphigus Disease Area Index; PR: pemphigus remission; PTS: phosphotransferase system; PV:
pemphigus vulgaris.
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Overall, although the data provided so far are limited, a fair amount of evidence sug-
gests that the composition of the intestinal microbiota of PV patients enriched in pathogenic
and/or opportunistic bacteria (e.g., Flavonifractor, Enterobacter, Escherichia coli, Bacteroides
fragilis) and with a lower relative abundance of probiotics (e.g., Lachnospiracea_incertae_sedis,
Coprococcus, Veillonella), might be involved in the etiopathogenesis of the disease. However,
the inconclusive results on associations between specific taxa and PV autoantibodies reflect
the limitations of these studies, which are all based on a cross-sectional design and rely on
too small numbers of subjects, and at the same time, they are often difficult to compare due
to differences in sequencing methods and depths. Future multicenter research is desirable
to increase statistical power together with experimental studies to confirm the role of
microbial species in disease development and also to clarify all the underlying mechanisms
involved in this relationship.

5. The Oral Microbiota and the Relationship with the Health-Disease
Status

The oral cavity, a complex system of microbial habitats (buccal mucosa, teeth, gingival
sulcus, hard and soft palate, tongue, and tonsils), hosts a multitude of bacteria, fungi, and
viruses, among which bacteria represent the main components with over 700 species for a
total of 150 genera and seven phyla (Bacteroidetes, Firmicutes, Actinobacteria, Fusobacteria,
Proteobacteria, Spirochaetes, and TM7), making this microbial community the second
largest after that of the gastrointestinal tract [193-195]. Unlike the gut microbiota, which
can profoundly modify its composition based on changes in diet and local environment,
the oral microbiota remains largely stable over time with no significant differences even
between individuals, except for differences in relative abundance between taxa and at the
strain level [193,194].

Growing evidence indicates that, in addition to covering a critical role in oral health
by increasing the risk of oral diseases such as dental caries, periodontal disease, and oral
cancer, the oral microbiota is also linked to a variety of extraoral conditions, including type
2 diabetes, obesity, inflammatory bowel disease, cardiovascular and pulmonary diseases,
hepatitis, colon, esophageal, and pancreatic cancers, rheumatoid arthritis, low birth weight,
Alzheimer’s disease, and Parkinson’s disease [37,193,194,196]. In fact, despite the still
limited data, it has become clear that oral health, which can be profoundly affected by
poor oral hygiene behaviors, can impact human health through an inflammatory response
caused by a localized infection like gingivitis and mucosal inflammation or, alternatively,
by the ectopic invasion of oral microorganisms (e.g., Streptococcus mutans, Streptococcus
sanguis, Fusobacterium nucleatum, Porphyromonas gingivalis) into other organs [37,195,197].
Dysbiosis in the oral cavity creates an inflammatory microenvironment containing elevated
levels of cytokines (e.g., IL-1, IL-2 IL-8, TNF-«, and prostaglandins), which can be released
into the circulatory system and contribute to systemic inflammation [197].

Among chronic inflammatory cutaneous diseases, psoriasis is strongly associated with
periodontal disease. In fact, psoriatic patients suffer from worse periodontal health (more
severe gingival inflammation, alveolar bone loss, and fewer remaining teeth) compared
with subjects without psoriasis [197,198]. A recent study also found that subjects with
alterations in the oral microflora, i.e., reduced levels of Prevotella and higher relative
abundance of Corynebacterium, are more likely to experience a psoriasis exacerbation,
suggesting a direct contribution of the oral microbiota, rather than the severity of gingivitis,
to the disease pathogenesis [196].
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The Association of the Oral Microbiota with Pemphigus Vulgaris

While the association between the oral microbiota and BP remains unexplored to
date, two investigations have explored the oral microbiota profile in PV patients (Table 3).
The first, which evaluated the composition of the microbiota in three different districts
of patients affected by PV, highlighted how their oral mucosa was characterized by the
greatest diversity, with Firmicutes as the most abundant phylum, followed, in decreas-
ing proportions, by Fusobacteria, Bacteroidetes, Proteobacteria, and Actinobacteria [38].
Comparison with a selected reference control group revealed a significant decrease in the
relative abundance of Bacteroidetes in the oral mucosa of PV patients, which could explain
the typical intraoral halitosis resulting from the decomposition of sulfur-containing amino
acids by anaerobic bacteria observed in these subjects [38,199]. The second study, aimed
at assessing the composition of the oral microbiota in PV patients with oral lesions and
healthy individuals, found a total of nine phyla in all cases and controls, and Firmicutes
was confirmed as the most represented phylum in both groups, followed by Bacteroidetes,
Proteobacteria, Actinobacteria, and Fusobacteria, although with a significant dominance
of Firmicutes, Proteobacteria, and Fusobacteria in patients compared with healthy con-
trols [200]. Despite the lack of substantial differences in the alpha diversity index, the
significantly increased number of genera observed in patients might depend on insuffi-
cient oral hygiene due to the presence of painful lesions, which represent one of the early
manifestations in 50% of PV subjects before manifesting as skin blisters [200,201]. On the
other hand, the beta diversity analysis revealed a higher abundance of Parvimonas micra
and Fusobacterium nucleatum in patients compared with controls [200]. Parvimonas micra,
a gram-positive obligate anaerobe and a common constituent of the commensal flora in
the gastrointestinal tract, has been identified as a major oral pathogen associated with
endoperiodontal lesions and periodontitis, as well as among the most common species
contributing to a variety of infections, systemic abscesses, and some malignancies [202-205].
Fusobacterium nucleatum, a gram-negative anaerobic opportunistic pathogen that promotes
colonization and adherence to oral biofilms by almost all bacterial species, thus partici-
pating in the production of volatile sulfur compounds, and oral plaque formation, is also
crucially involved in the development of periodontitis, extraoral infections and abscesses,
colorectal cancer, and, with less evidence, oral squamous cell carcinoma [206-209]. The
dominance of these two species, along with the depletion of Streptococcus salivarius, which
appears to inhibit the growth of periodontal pathogens contributing to the balance of the
oral microbiota, may explain the unpleasant odor of PV subjects [200,210].

While collectively, oral microbiota composition does not appear to be associated with
PV, which also raises the question of whether dysbiosis status in the oral cavity is the cause
or consequence of autoimmune bullous diseases, the higher relative abundance of oral
Firmicutes in these patients suggests a possible role of this phylum in the PV pathogenesis.
At the same time, the substantial reduction of Bacteroidetes and the abundance of anaerobic
species associated with inflammatory diseases, including periodontitis, can account for the
distinct malodor typical of PV patients.
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Table 3. Summary of the main characteristics of studies exploring the role of the oral microbiota in the etiopathogenesis of pemphigus vulgaris.

Study

Country—
Study Period

Population Main Findings

Limitations References

Design

Cross-
sectional

Italy—
January 2018-June 2018

Firmicutes relative abundance: p50 (%, min-max): 45.5 (27.1-72.6) in PV
patients vs. 39.6 (32.3-73.4) in healthy controls.
Fusobacteria relative abundance: p50 (%, min—max): 28.0 (10.4-41.6) in PV
patients vs. 8.5 (1.9-13.2) in healthy controls.
Bacteroidetes relative abundance: p50 (%, min-max): 7.2 (5.7-12.6) in PV
patients vs. 8.5 (1.9-13.2) in healthy controls.
Proteobacteria relative abundance: p50 (%, min-max): 15.2 (5.1-23.9) in PV
patients vs. 13.3 (10.5-42.6) in healthy controls.
Actinobacteria relative abundance: p50 (%, min-max): 5.5 (2.8-27.0) in PV
patients vs. 2.4 (1.4-5.3) in healthy controls.

12 PV patients: 6 females, mean
age 55 & 14 years

Small sample size. [38]

Cross-
sectional

Greece—
January 2016-December 2018

At the phylum level, significant differences in the relative abundance of
Firmicutes (61.27% in patients vs. 55.88% in controls), Proteobacteria (12.33%
in patients vs. 9.17% in controls), Fusobacteria (4.09% vs. 3.39%).

At the family level, significant differences in the relative abundance of
Bacillales incertae sedis (5.98% in patients vs. 1.41% in controls) and
Fusobacteriaceae (3.91% in patients vs. 2.56% in controls).

At the genus level, significant differences in the relative abundance of
Streptococcus (34.37% in patients vs. 33.30% in controls), Fusobacterium (4.51%
in patients vs. 4.13% in controls), and Gemella (7.13% in patients vs. 5.80%
in controls).

Alpha diversity: no significant differences in Shannon, Simpson, and
Fischer indexes.

Eleven taxa significantly increased in abundance in controls and 30 taxa

in patients.

Patients showing the highest mean of the phylum Firmicutes, families
Clostridiales Family XI Incertae Sedis and Carnobacteriaceae, genera
Actibacillus, Aggregatibacter, Selenomonas, Prevotella with species P. maculosa,
nigrescens, oris, and other sp., and Streptococcus with species S. intermedius,
mitis, sanguinis, and thermophilus.

Bray—Curtis dissimilarity significantly different between patients and
controls, with Firmicutes and Fusobacteria significantly enriched in cases
compared with healthy subjects.

Smoker patients with a high abundance of Rothia mucilaginosa, Streptococcus
salivarius, Haemophilus parainfluenzae, Granulicatella adiacens, and Streptococcus
pseudopneumoniae. 11 species only detected in smokers.

Eleven significantly discriminative taxa between smokers and non-smoker
patients, with Firmicutes having the highest proportion in smokers and
Proteobacteria in non-smokers.

15 PV patients: 9 females
15 healthy controls

Lack of longitudinal data.
Small sample size. [200]
Single-center study.

Abbreviations: PV: pemphigus vulgaris.
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6. The Skin Microbiota and the Relationship with the Health-Disease
Status

Human skin, with a surface of approximately 1.8 m?, is the largest and the most
exposed organ of the body, serving both as a physical barrier against foreign pathogens
and as a niche capable of providing a milieu for a myriad of commensals, with a total of
1 million resident bacteria per cm? [211,212]. Actinobacteria, Firmicutes, Proteobacteria,
and Bacteroidetes are the four dominant bacterial phyla in the skin, with variations in
microbial composition dictated by topography, whereby different regions characterized
by specific pH, temperature, moisture, and sebum content influence microbial community
structures [213,214]. Like the gut microbiota, the skin microflora represents a dynamic
system, subject to two significant changes, the first one occurring after birth and the latter
happening at the adolescence stage when sexual maturation promotes the proliferation of
lipophilic bacteria, while other small changes are due to alterations in host biology and
environmental exposures (skin care products, antibiotics) throughout life [211].

Despite the recent interest in the skin microbiota, it has been established to play a
key role in maintaining healthy skin conditions through modulation of the immune sys-
tem, inhibition of pathogenic bacteria growth, synthesis of vitamins and amino acids, and
regulation of epidermal differentiation [211,214]. Epidermal keratinocytes produce AMPs
(mostly represented by peptides such as 3-defensin 2 and cathelicidin) that can be constitu-
tively expressed or, alternatively, regulated by the complement C5a receptor, which also
modulates the expression of pattern recognition receptors, proinflammatory mediators, and
possibly the skin microbiota [215]. On the other hand, a disequilibrium in the composition
of the microbial community, leading to epithelial barrier breakdown, increased pathogens
colonization concomitant with depletion of beneficial commensals, and ultimately im-
mune dysregulation and inflammatory response, has been associated with the onset of
antigen-driven disorders including acne vulgaris (imbalance between the status of Propi-
onibacterium acnes and Staphylococcus epidermidis [216]); psoriasis (increased proportions
of Firmicutes, Bacteroidetes, Streptococcus, Staphylococcus aureus and reduction of Acti-
nobacteria, Proteobacteria, Propionibacterium and Staphylococcus epidermidis [85,217,218]);
atopic dermatitis (overgrowth of Staphylococcus aureus [219]); and rosacea (higher relative
abundance of Staphylococcus, Cutibacterium, Pseudomonas, Corynebacterium, Acinetobacter,
Snodgrasella, Corynebacterium kroppenstedtii, Cutibacterium acnes and Staphylococcus epider-
midis [220-222]). Nonetheless, it is currently unclear whether inflammatory skin diseases
are the result of disturbances in the skin microbiota or whether they themselves promote
this change [214,223]. Importantly, in immunosuppressed hosts, certain species such as
coagulase-negative Staphylococcus, Corynebacterium, Malassezia, Cutibacterium acne, and
Roseomonas mucosa can cause systemic diseases when they penetrate deeper tissue, giv-
ing rise to bacteremia, chronic wounds, osteomyelitis, and/or surgical site soft tissue
infections [224].

The Association of the Skin Microbiota with Bullous Pemphigoid and Pemphigus Vulgaris

So far, the relationship between skin microbial communities and autoimmune blister-
ing diseases has been investigated in three studies (Table 4). In the first, a comparison of the
skin microbiota in BP patients and matched controls across multiple sites documented no
significant differences in the alpha diversity, in agreement with most studies evaluating this
index for the gut and oral microbiota (see previous sections) [5]. Conversely, beta diversity
significantly differed between patients and controls in perilesional sites (areas adjacent to a
fresh blister of erosion) as well as between perilesional and non-lesional sites (contralateral
to the perilesional site) within patients, indicating that this parameter changed depending
on the disease status and the associated cutaneous microbiota [5]. Perilesional sites in
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BP patients had a higher relative abundance of Firmicutes and Staphylococcus [5], which,
in Staphylococcus aureus, is associated with atopic dermatitis that, like BP, shares various
characteristics, including itch, increased levels of eosinophils, and elevated amounts of
IgG autoantibodies [6,225-228]. Scaglione et al. [38] recruited patients with PV or BP and
assessed the composition of the skin lesion microbiota, finding that Firmicutes was the most
represented phylum in both patient groups, while the genus Staphylococcus was confirmed
as the most abundant in the two groups. In contrast to the study by Miodovnik et al. [5],
who reported a higher relative abundance of Staphylococcus epidermis, an opportunistic
pathogen in the context of immunosuppression, the authors identified Staphylococcus aureus
as the most abundant species in BP patients [38], consistent with previous data [229,230]. In
addition to being implicated in the pathogenesis of atopic dermatitis and other minor skin
infections such as folliculitis and impetigo, Staphylococcus aureus, a commensal species that
is a major component of the skin microbiota, has also been associated with systemic lupus
erythematosus with renal and skin involvement [231] and is the leading etiologic agent
of osteomyelitis [232], septic arthritis [233], and sepsis [234]. Furthermore, Staphylococcus
aureus can colonize chronic wounds typical of the genetic blistering disease epidermolysis
bullosa [235]. Notably, in line with Miodovnik et al. [5], who identified Proteobacteria as the
most abundant phylum in non-lesional sites of BP patients and healthy subjects, Scaglione
and coauthors found a prevalence of Proteobacteria >5% in only one patient, supporting
the low pathogenicity of this phylum [38]. In a recent multicenter study [236], substantial
differences in the skin microbiota were detected between BP patients and age- and sex-
matched controls, with a significant reduction in the alpha diversity in both perilesional
and contralateral sites of patients, as also reported for epidermolysis bullosa acquisita [237],
psoriasis [238], and atopic dermatitis [239]. The authors observed an inverse correlation
of disease status with Cutibacterium acnes, one of the most abundant bacteria in the skin
microbiota, which, although acting as an opportunistic pathogen leading to various inflam-
matory conditions both in the skin and many other internal organs, is generally considered
a commensal species implicated in maintaining skin health through the production of
SCFAs, which can limit pathogen colonization [236,240-242]. The relative abundance of
Staphylococcus aureus was increased in both perilesional and contralateral lesions and in
sites rarely affected by BP, consistent with the higher prevalence of this species in the nares
and on the surface of unaffected skin of BP patients compared with matched controls
observed by Messingham and coauthors [230] and the significant positive correlation with
disease severity [236]. Staphylococcus aureus and Staphylococcus hominis also exhibited signif-
icantly negative correlations in perilesional and contralateral sites of patients but not in
any matched controls, suggesting that Staphylococcus aureus is an important biomarker of
BP, although it remains unclear whether PV patients were colonized by this species before
developing the disease [215,221].

Overall, these findings indicate that the skin microbiota may play a key role in BP,
although published cross-sectional studies do not allow us to exclude the observed differ-
ences in the composition of microbial communities (i.e., a higher relative abundance of
Firmicutes in affected subjects) derive from the disease. In particular, the skin pathogen
Staphylococcus aureus appears as a pivotal indicator of BP and is associated with the severity
status of the disease, suggesting that modulation of the skin microbiota, even with early
antibiotic treatment, could represent an effective therapeutic strategy for BP.
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Table 4. Summary of the main characteristics of studies exploring the role of the skin microbiota in the etiopathogenesis of bullous pemphigoid and pemphigus

vulgaris.

Study
Design

Country—
Study Period

Population

Main Findings

Limitations References

Cross-
sectional

Germany—
August 2014-January 2015

12 BP patients: 9 females, mean
age 79.8 = 9.9 years
12 healthy controls: 7 females,
mean age 81.7 & 7.5 years

Shannon, Simpson, and Chaol indexes not significantly different between
perilesional and non-lesional sites in BP patients.
Bray—-Curtis dissimilarity index significantly different by sample location,
blistering disease status, group affiliation, and between perilesional and
non-lesional sites within patients.

Significant decrease in Actinobacteria abundance in back, elbow, and

perilesional samples from patients and in Proteobacteria in perilesional sites.

Significant enrichment of Firmicutes and the genus Staphylococcus in patient
perilesional sites compared with control sites matched controls. At the
species level, relative abundance of Staphylococcus epidermis significantly
different between patients and controls on perilesional sites.
Actinobacteria abundance significantly different between perilesional and
non-lesional sites in patients.

Proteobacteria as the most abundant phylum in control and patient
non-lesional sites; Actinobacteria and Firmicutes as the second most
abundant phylum in control and patient non-lesional sites, respectively.
Higher relative abundance of Firmicutes in perilesional sites in patients.
Four-fold increase in the Firmicutes/Proteobacteria ratio in BP compared
with control subjects.

Lack of longitudinal data.
Small sample size. [5]
Single-center study.

Cross-
sectional

Italy—
January 2018-June 2018

12 PV patients: 6 females, mean
age 55 & 14 years

8 BP patients: 5 females, mean
age 70 £ 18 years

Firmicutes relative abundance: p50 (%, min—max): 82.4 (82.1-83.2) in PV
patients vs. 99.3 (55.7-99.9) in BP patients.

Actinobacteria relative abundance: p50 (%, min—max): 17.4 (15.8-17.5) in PV
patients vs. 30.7 in BP patients (only one subject).
Proteobacteria relative abundance: p50 (%, min-max): 13.4 in BP patients
(only one subject).

Staphylococcus and Corynebacterium species enriched in BP patients.
Overall increased diversity of bacterial species in PV patients
Shannon index significantly different between the two groups.

Small sample size.

Single-center study. [38]
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Table 4. Cont.

Study Country—

Design Study Period Population

Main Findings

Limitations

References

228 BP patients: 113 females,
mean age 80 & 8.95 years
190 healthy controls: 86 females,
mean age 80 & 8.51 years

Germany; France; Bulgaria;
Greece; Finland—
October 2015-September 2019

Cross-
sectional

Shannon and Chaol indexes not significantly different at sites rarely affected
by BP.
Control corresponding sites showing higher bacterial diversity than patient
contralateral sites.
Contralateral sites showing higher bacterial diversity than perilesional sites
in patients.
Shannon index significantly correlated with study center, disease status,
and sex.

Chaol index significantly correlated with the study center and disease status.

Disease status associated with a decrease in Shannon index in perilesional
and contralateral lesions in patients and with a decrease in Chaol index, even
after adjustment for covariates.

BPDAI not significantly associated with alpha diversity indexes at
perilesional and contralateral skin sites.

Bray—-Curtis dissimilarity index significantly correlated with disease status.
Disease status, blistering status, and study center accounting for a portion of
the variance in the beta-diversity.

Cutibacterium acnes abundance significantly correlated with study center,
blistering status, and sex and higher relative abundance at control
corresponding sites than at perilesional sites in patients.
Staphylococcus hominis abundance significantly correlated with disease status
and body site and significantly inversely correlated with BPDAI at patient
contralateral sites but not perilesional sites.

Staphylococcus aureus abundance significantly correlated with disease status at
rarely affected sites.

Decrease in Staphylococcus aureus abundance in control corresponding sites
compared with an increase in patient perilesional sites.
Staphylococcus aureus positively correlated with BPDAI at perilesional and
contralateral sites but not correlated with age at any patient sites.
Staphylococcus hominis and Staphylococcus aureus significantly negatively
correlated with patient perilesional and contralateral sites but not with any
matched control sites.

Staphylococcus aureus significantly negatively correlated with Cutibacterium
acnes at all patient sites but not in matched controls.

Lack of longitudinal data.

[236]

Abbreviations: BP: bullous pemphigoid; BPDAI: Bullous Pemphigoid Disease Area Index; PV: pemphigus vulgaris.
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7. Conclusions and Future Challenges

In recent years, the role of microbiota, particularly in the human gut, has been increas-
ingly investigated in both healthy subjects and diseases. Perturbations in the balance of
microbial communities have been associated with a higher risk of developing a variety
of pathological conditions through the production of metabolites that, acting as antigens,
can stimulate intestinal epithelial cells, cause damage to the intestinal barrier, and trigger
autoimmune responses and subsequent inflammation. BP and PV are the most common
chronic autoimmune bullous diseases, and despite distinct physiopathology and clini-
cal signs, their etiology, at least partly unknown, has been linked to an enrichment of
pathogenic bacteria and a generally higher relative abundance of Firmicutes and to a deple-
tion of probiotics/beneficial species, along with specific associations between certain bacte-
rial taxa and disease autoantibodies and the involvement of microbial function alterations.
Data gathered so far are suggestive of a potentially relevant role of changes in the microbiota
composition and diversity in the development and progression of BP and PV, although
with different levels of evidence depending on the body district (Table 5) composition.

While the relationship between the alpha and beta diversity indices in the skin and
oral cavity and the prevalence of the two diseases is still poorly explored, growing evidence
suggests that gut microbiota alterations in the beta diversity may contribute to BP risk, with
certain microorganisms and pathways directly involved in the link between gut dysbiosis
and disease activity. In contrast, the role of the gut microbiota in the etiopathogenesis of
PV remains controversial, as only a few studies documented significant variations in the
composition and diversity of microbial communities between patients and healthy controls.
Overall, published studies are based on a cross-sectional design and a limited number of
subjects, given the rarity of BP and PV. Additionally, most of the research was conducted
in Asian countries, which represents a potential bias in the result interpretation due to
the possible influence of lifestyle and dietary habits on the composition of the microbiota.
Heterogeneity between studies owing to different sequencing methods (e.g., 165 rRNA
gene sequencing, metagenomic analysis, and metabolome sequencing), populations, diet,
age-related alterations in the gut microbiota, disease severity, presence of comorbidities,
and pharmacological treatments makes comparison of results difficult and needs further
validation in future studies. Multicenter studies enrolling a large number of subjects
and possibly performed in different geographical areas are therefore warranted to verify
the current data and the possibility of a causal relationship, also through the analysis of
microbe-microbe interactions to determine which microorganisms and/or strains can be
unequivocally associated with BP and PV development and which instead can be beneficial
for their management, together with experimental studies aimed at identifying plausible
biological mechanisms.

The knowledge gained so far, and future data will help to shed light on both a com-
plete picture of the development and diagnostics of BP and PV, also by detecting bacterial
markers and possible alternative treatment strategies for these two conditions. In particular,
modulation of the intestinal microbiota by oral prebiotics (a group of nutrients, namely
plant fiber, used to feed the gut commensals) and probiotics (live strains of selected mi-
croorganisms, mainly of Lactobacillus and Bifidobacterium genera, which, if administered in
adequate amounts, confer a healthy balance to the host’s gut) have immunomodulatory,
anti-inflammatory, and metabolic effects, thus acting as therapeutic agents [27]. Fecal
microbiota transplantation (FMT), aimed at restoring the homeostasis conditions of the mi-
crobiota habitat and normal SCFA synthesis, has been successfully applied in the treatment
of numerous disorders, such as Crohn’s disease, hepatic encephalitis, metabolic diseases,
Parkinson’s disease, multiple sclerosis, and allergic and autoimmune diseases, and could
therefore represent an additional treatment option in bullous diseases, also in light of the on-
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going study of new methods to minimize the side effects of FMT and replenish only species
with selected characteristics [27]. At the same time, the development of bacteriotherapy,
which is based on the topical application of prebiotics and probiotics, the latter already in
use to combat skin aging, could improve skin health by promoting the growth of beneficial
species (e.g., Staphylococcus epidermis), eliminating pathogens (e.g., Staphylococcus aureus),
and enhancing the skin’s natural defense barrier [211,212,214]. Therefore, the collected
findings, in addition to providing new insights into the pathogenesis of bullous diseases,
pave the way for the beginning of a novel era in their treatment through a holistic approach,
including the use of multiple methods, such as FMT, oral and topical pre- and probiotics,
and, possibly, the use of antibiotics against oral opportunistic infections occurring in PV as
adjuvants to traditional therapies.

Table 5. Summary table of the qualitative level of evidence on the association between variations
in the microbiota at different body districts and risk of development of bullous pemphigoid and
pemphigus vulgaris.

Autoimmune Skin

. Body District Changes in the Microbiota Level of Evidence
Disease
Alpha diversity—no significant
Gut variations; beta-diversity significantly Moderate
different in cases vs. controls
Bullous pemphigoid Oral cavity No studies -
Alpha diversity significantly correlated
Skin with the disease status in one study; Low
beta-diversity significantly different in
cases vs. controls in one study
Alpha diversity generally not
Gut significantly different between cases Low

Pemphigus vulgaris

and controls; high degree of changes in
the beta diversity in some studies

Alpha diversity—no significant
Oral cavity variations; beta-diversity significantly Low
different in cases vs. in one study

Significant variations in the alpha

diversity in one study Low

Skin
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Abbreviations

The following abbreviations are used in this manuscript:

AMP Antimicrobial peptide

BA Bile acid

BP Bullous pemphigoid

Dsg Desmoglein

F/B Firmicutes/Bacteroidetes ratio
FMT Fecal microbiota transplantation

GABA  y-aminobutyric acid

GAD Glutamate decarboxylase

GALT  Gut-associated lymphoid tissues
GPCR G protein-coupled receptor

H,S Hydrogen sulfide

IEC Intestinal epithelium cells
IFN-y  Interferon gamma

Ig Immunoglobulin

IL Interleukin

LCA Lithocholic acid

LPS Lipopolysaccharide

NF-«kB  Nuclear factor kappa-light-chain-enhancer of activated B cells
NO Nitric oxide

NOD Nucleotide-binding oligomerization domain
PAMP  Pathogen-associated molecular pattern
rRNA  ribosomal RNA

SCFAs  Short-chain fatty acids

Th T helper

TLR Toll-like receptor

TMAO  Trimethylamine-N-oxide

TNF-«  Tumor necrosis factor-alpha

Treg Regulatory T cells
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