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ABSTRACT 

Psoriasis is a chronic, immune-mediated inflammatory skin disease. Its pathogenesis is 

associated with dysregulated cooperation among keratinocytes, innate and adaptive immune 

cells, coupled with environmental triggers, including microbiota. 

The aim of our study was to describe the microbiota composition in psoriasis and explore the 

role of bacteria and fungi in the pathogenesis of this disease.  

We used a mouse model of psoriasis induced by topical application of imiquimod (IISI) in both 

germ-free (GF) mice and conventional (CV) mice with microbiota manipulated by 

administration of a mixture of broad-spectrum antibiotics (ATB). ATB treatment markedly 

changed the intestinal but not the skin bacterial diversity and led to higher resistance to IISI 

in CV mice. Metronidazole was the most effective antibiotic, alleviating IISI symptoms in CV, 

but not in GF mice. This confirms that the effect of metronidazole on IISI was microbiota-

dependent. 

Additionally, we characterized the microbiota composition of psoriatic lesions and unaffected 

skin in psoriatic patients compared to healthy controls, as well as the impact of different 

sampling approaches on uncovering cutaneous microbiota composition. We observed 

significant differences in α- and β-diversities when comparing identical samples sequenced on 

V1V2 and V3V4 regions of 16S rRNA. Sampling methods, i.e. swab, scraping, and biopsy, 

uncovered similar α-diversity, but each method revealed some specific bacterial and fungal 

species. For the first time, we showed a psoriasis-specific co-occurrence pattern between 

bacterial and fungal species. We also found elevated serum levels of intestinal fatty acids 

binding protein in psoriatic patients, suggesting intestinal barrier disruption. 

Our results emphasize the importance of microbiota composition, as well as the integrity 

of intestinal barrier in the pathogenesis of psoriasis. It is still unclear whether the observed co-

occurrence pattern has etiological significance or is secondary to the disease. 

 

Keywords: psoriasis, skin microbiota, mouse model of psoriasis, sequencing  



 
 

ABSTRAKT 

Psoriáza je chronické zánětlivé kožní onemocnění. Patogeneze psoriázy je asociována 

s aberantní kooperací keratinocytů s imunitním systémem, s výrazným přispěním 

environmentálních faktorů včetně mikrobioty. 

Hlavním záměrem naší studie bylo popsat složení kožní mikrobioty u pacientů s psoriázou 

a prozkoumat roli bakterií a hub v patogenezi tohoto onemocnění.  

Využili jsme myší model psoriázy indukované imikvimodem (IISI), a to jak u bezmikrobních, 

tak u konvenčních myší. Změny ve složení mikrobioty u konvenčních myší jsme docílili 

orálním podáváním směsi širokospektrých antibiotik (ATB). Podávání ATB výrazně změnilo 

mikrobiální profil ve střevě, nikoliv však na kůži těchto myší a vedlo k jejich snížené 

vnímavosti na IISI. Ze směsi širokospektrých ATB byl nejúčinnější metronidazol, jehož podání 

zmírnilo projevy IISI u konvenčních, ale ne u bezmikrobních myší. Naše výsledky tak potvrzují, 

že vliv metronidazolu na IISI závisí na přítomnosti a složení mikrobioty. 

Dále jsme se zabývali rozdíly ve složení kožní mikrobioty psoriatických lézí a zdravé kůže 

člověka s psoriázou v porovnání se zdravými kontrolami. Zkoumali jsme také vliv různě 

zvolených metodik na zjištěné složení kožní mikrobioty. U identických vzorků sekvenovaných 

pomocí primerů specifických pro V1V2 a V3V4 regiony 16S rRNA jsme pozorovali velké 

rozdíly mezi α- a β-diverzitou. Psoriatická a zdravá kůže, stejně tak jako způsoby odběru 

vzorku, tj. stěry, seškraby a biopsie, vykazovali podobnou α-diverzitu, ale každý z nich 

poskytoval specifické druhy bakterií a hub. Jako první jsme popsali korelační vztahy mezi 

kožními bakteriemi a houbami, specifické pro psoriázu. Zjistili jsme také zvýšenou hladinu 

sérového proteinu vázajícího mastné kyseliny ve střevě u psoriatických pacientů, což naznačuje 

možné porušení jejich střevní bariéry. 

Naše výsledky zdůrazňují důležitost složení mikrobioty a integrity střevní bariéry v patogenezi 

psoriázy. Stále však ještě zbývá objasnit, zda jsou pozorované změny v zastoupení bakterií 

a hub etiologicky významné nebo jen sekundárně přidružené k onemocnění. 

 

Klíčová slova: psoriáza, kožní mikrobiota, myší model psoriázy, sekvenace  
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1. INTRODUCTION 

1.1 Human skin 

Skin is an upper-most multilayer surface of our body, densely covered by large amounts of 

microorganisms (Grice and Segre 2011). As a complex organ the skin represents a physical, 

chemical and microbial barrier against unfavorable conditions of the external environment 

(Figure 1). Among the main functions of human skin belong thermoregulation, regulation of 

water content, resorption of liposoluble substances and resident immune processes of an 

organism (Dabrowska et al. 2018, Nguyen and Soulika 2019). Skin is the largest organ of the 

human body, with an area of 2 m2 forming up to 16% of the body´s overall weight (D'Orazio et 

al. 2013). 

Anatomy of the matured skin comprises three main layers such as epidermis, dermis and 

hypodermis. The body surface is covered with a monolayer of cells during the early stages of 

fetus development and only around fourth month of prenatal age the epidermal basal cells start 

to proliferate to form the main epidermal layers (Sadler 2011), the process known as 

keratinization. The fully matured epidermis is then composed of diverse layers of differently 

matured keratinocytes and skin-associated structures such as sweat and sebaceous glands, nails 

and hair, which are being formed already in the dermis. The interface between epidermis and 

dermis constitutes of a basal layer on which the first layer of epidermal stem cells is situated 

(stratum basale). These cells continuously proliferate and gradually penetrate the higher levels 

of epidermis while they differentiate and lose intracellular organelles including nucleus by 

autophagy (Akinduro et al. 2016, Yoshihara et al. 2015). The process of gradual maturation of 

keratinocytes is estimated to take approximately 52-75 days in the skin (Deo and Deshmukh 

2018), being profoundly impaired during diseases such as psoriasis (Bowcock and Krueger 

2005). 

Above the basal layer in the zone of spiny cells (stratum spinosum) the keratinocytes starts to 

produce keratin and later as granular cells (stratum granulosum) they produce keratohyalin 

granules with profilaggrin as the main component, which binds keratin filaments together. 

During the last transformation from granular cells to corneocytes the cells starts to secrete 

lamellar bodies rich in lipids and proteins, which leads to the formation of the protective lipid 

layer of the skin (Candi et al. 2005). The zone of dead translucent cells (stratum lucidum) 
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appears in the areas of thick skin on palms and soles. Translucent cells are rich in eleidin, 

a transmutation product of keratohyalin (Shlivko et al. 2015). The outermost cornified layer of 

the skin (stratum corneum) constitutes of terminally differentiated keratinocytes, which are 

subjected to regular desquamation and perform protective mechanical and physiological 

functions (Del Rosso and Levin 2011). 

 

 

Figure 1: Schematic view on healthy skin structure. 

(A) General structure of healthy skin; (B) Representative microbiota distribution on healthy 

skin (partially adopted from Grice and Segre (2011)). pDC – plasmacytoid dendritic cell. 

 

1.2 Immune system of the skin 

Skin is an active immunological environment which includes regional specialization 

represented by skin associated lymphoid tissue (SALT). Immune system within the skin is 

located in both epidermis and dermis. The main skin-resident immune cells in epidermis are 

Langerhans cells (LCs) and melanocytes, rarely also T cells such as CD8+ T cells (Nestle et al. 

2009a).The dermis is occupied by various dendritic cell (DCs) subpopulations, macrophages, 
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mast cells and several T cell types including Th1, Th2, Th17, γδ-T cells and also natural killer 

T cells (NKT) (Matejuk 2018, Nestle et al. 2009a).  

In contrast to other secondary lymphoid organs and tissues including mucosa associated 

lymphoid tissue (MALT), SALT does not contain high numbers of B cells, does not form 

lymphoid follicles and the present T cells are antigen-experienced memory T cells, therefore 

SALT serves as a peripheral lymphoid tissue with distinct function (Egawa and Kabashima 

2011). Antigen presentation to memory T cells takes place within the skin (Clark 2010) yet the 

antigen presentation to naive T cells occur solely in skin-draining lymph nodes (Honda et al. 

2019). 

Adaptive immune system of the skin is formed mainly by resident and recirculating populations 

of T cells, which are nearly twice as much present in the skin than in the blood (Watanabe et 

al. 2015).  T cells isolated from normal non-inflamed skin expressed high levels of skin homing 

receptor CLA and chemokine receptors CCR4, CCR6 and some of them also CCR8 and 

CXCR6 (Clark et al. 2006). Skin resident T cells include both CD4+ and CD8+ αβ-T cells and 

γδ-T cells, with the latter forming 1-10% of all skin T cells. Tissue resident memory T cells 

(Trm) do not recirculate, and transcriptionally, phenotypically and functionally differ from 

recirculating central and effector memory T cells (Schenkel and Masopust 2014). 

Inconsiderable part of skin’s immune system are keratinocytes. Keratinocytes actively 

participate in innate immune responses not only by expressing different pattern recognition 

receptors (PRRs) such as Toll-like receptor 2 (TLR2) or TLR4, but also by production of 

cytokines and chemokines (Pivarcsi et al. 2004, Pivarcsi et al. 2005). Furthermore, 

keratinocytes are able to respond to microbe-derived substances by production of nitric oxide 

(NO) or antimicrobial peptides (AMPs), such as cathelicidin (Braff et al. 2005). 

1.3 Mucosa and its associated lymphoid tissue 

Similarly to skin, mucosal surfaces are in everyday contact with the external environment. Most 

microorganisms do not enter the host via skin but rather via the mucosal path. While the skin 

surface with an area of 2 m2 is mechanically protected by several layers of cells, the mucosal 

surface is covered mostly with a single layer of epithelium (Tlaskalova-Hogenova et al. 2002). 

Mucosal surfaces comprise gastrointestinal, respiratory and urogenital tract, eye conjunctivas 

and ducts of salivary and mammary glands forming together area of approximately 300 m2.  



- 13 - 

 

The inner environment of an organism is protected by vastly developed mucosa-associated 

lymphoid tissue (MALT) located in specialized submucosal areas. MALT is a system of 

diffused lymphoid tissues that protects mucosal surfaces. In synchronicity with SALT it forms 

net effect to protect all surfaces of the body which are in contact with external environment. 

MALT can be further  subdivided into specialized lymphoid tissues guarding a particular region 

of the body such as bronchus-associated lymphoid tissue (BALT), nasopharinx-associated 

lymphoid tissue (NALT) or gut associated lymphoid tissue (GALT) (Mestecky et al. 2005). 

MALT involves the majority of immunologically active cells (about 80%) such as 

macrophages, DCs, B and T cells most of which are present in gastrointestinal tract since the 

greater number of immunogenic stimuli are components of intestinal commensals or arrive 

there with food (Tlaskalova-Hogenova et al. 2002). 

Some of the characteristic features of mucosal immunity which distinguish it from systemic 

immunity are strongly developed innate defense, oral tolerance, transport of polymeric 

immunoglobulins through the epithelium, preferential induction of tolerogenic immune 

responses or the, so called, common mucosal system (Mestecky et al. 2005). Common mucosal 

system corresponds to the colonization of the mucosal and exocrine glands by cells originating 

from MALT, so that secretions of exocrine glands that are not directly stimulated by certain 

antigens contain natural antibodies to those antigens (Mestecky 1987). The hallmark of mucosal 

immunity is secretory IgA, which neutralizes antigens on the mucosal surfaces (Simecka 1998). 

1.3.1 Mucosa of the gastrointestinal tract 

Gastrointestinal tract begins already in the oral cavity, which contains important structures 

helping the initial process of digestion. The oral cavity is protected by oral mucosa, providing 

a shelter of the deeper tissues from the external environment, e.g. from the microbiota living on 

its surface. Oral epithelium also secretes variety of antimicrobial peptides which contributes to 

the innate immunoprotective properties of the mucosa. 

The intestinal mucosa is one of our largest and most exposed body surfaces (Flach and 

Diefenbach 2015). The single layered epithelium, further covered by secreted products such as 

immunoglobulins, mucous, or defensins (Arrieta et al. 2006) lays above the intestinal immune 

system which is divided into multiple compartments with unique properties. Mucosa of the 

small and large intestines has a similar structure composed of a single layer epithelium, the 

underlying lamina propria (LP) and a thin layer of smooth muscle under LP. Layers of 
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connective tissue with blood and lymphatic vessels are located beneath the mucosa. Blood and 

lymphatic vessels lead to and from a mesentery, which harbors the largest lymph nodes in the 

body that drain the small and large intestine: the mesenteric lymph nodes (MLNs). MLNs are 

secondary lymphoid organs receiving antigens from afferent lymphatics draining LP and 

submucosa and per definition they are not part of the GALT, but they are essential in intestinal 

immune responses (Newberry and Gustafsson 2016). The main lymphoid tissues of GALT are 

represented by isolated lymphoid follicles, appendix, and Peyer’s patches (PPs) and serve as 

the major sites for initiation of the immune responses in the gastrointestinal tract (GIT) 

(Mestecky et al. 2005, Newberry and Gustafsson 2016, Simecka 1998). 

Similarly to MLNs, PPs are the secondary lymphoid organs and develop according to age and 

relevant microbial colonization: they begin to form and contain follicular dendritic cells already 

in the week19 of gestation, followed by rapid development of germinal centers rich in B cells 

and surrounded by T cells after birth, when the intestine is exposed to antigens (Cornes 1965). 

PPs are distributed along the entire length of the gut; oval and irregularly distributed in small 

intestine, numerous and ring-shaped in distal ileum (46% of PPs concentrated here) with high 

numbers in the colon and rectum (Cornes 1965, Simecka 1998, Van Kruiningen et al. 2002). 

PPs do not have afferent lymphatics and acquire antigens from the gut lumen. They consist of 

aggregated lymphoid follicles surrounded and covered by follicle-associated epithelium (FAE) 

which contains specialized phagocytic microfold cells (M-cells). M-cells can be considered as 

the immune sensors of the intestine since they can transport luminal antigens and bacteria 

toward the underlying immune cells (Jung et al. 2010). Immune cells in PPs must then carefully 

differentiate harmful and non-harmful agents and coordinate immune responses, since 

unwarranted reactions against food antigens or gut microbiota could cause severe inflammation. 

This phenomenon goes hand in hand with active antigen-specific suppression of immune 

responses to orally administered antigens, the oral tolerance (Jung et al. 2010). 

Isolated lymphoid follicles (ILFs) are clusters of B cells with few T cells interspersed between 

them, surrounded by thick layer of macrophages. Unlike the PPs which evolve already during 

the first weeks of gestation, ILFs develop only after microbial colonization of the intestine and 

thus function as induction sites for immune responses toward luminal content (Flach and 

Diefenbach 2015). Furthermore, strong evidence favors ILFs to be involved in the production 

of antigen-specific IgA in the gut (Tsuji et al. 2008, Wang et al. 2006). 
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Appendix is considered to play a prominent role as a sensory organ of the immune intelligence 

network in the gut (Bazar et al. 2004). It is believed to be ideally positioned to sample luminal 

antigens coming from digested environmental stimulants from the small intestine. Although the 

specific nature and putative function of human appendix are unknown, it could, furthermore, 

serve as a reservoir of beneficial commensal bacteria, provide support for their growth and 

promote re-inoculation of the colon (Bollinger et al. 2007). 

1.4 Skin and mucosal microbiota 

Skin and mucosa are colonized by vast amount of microbes that are essential in maintaining 

a healthy environment and that take an irreplaceable part in the development of the immune 

system. The term microbiota comprises the live communities of all microorganisms and include 

bacteria, archaea, viruses, fungi or protists. The term microbiome, although often used 

interchangeably, refers to the whole set of microbiota genes instead.  

1.4.1 Skin microbiota 

The skin microbiota protects against opportunistic pathogens, sustains skin homeostasis and 

educates the immune system (Belkaid and Naik 2013, Gallo and Nakatsuji 2011, Grice 2015). 

It has been shown that skin commensals can enhance the protective barrier by promoting higher 

expression of antimicrobial peptides (AMPs), and abrogating NF-κB suppression through their 

secreted factors (Wanke et al. 2011). Shifts in relative abundances of complex skin microbiota 

could lead to skin dysbiosis further possibly causing or exacerbating skin diseases (Cogen et al. 

2008, Gallo and Nakatsuji 2011, Grice and Segre 2011). 

There are diverse factor having impact on the skin microbiota composition. Apart from the 

distinct character of skin microenvironments those factors could be of internal nature, such as 

age, sex, genetic traits or ethnicity; or external nature, such as hygiene or other specifics of the 

environment. 

By means of skin specific topography there are diverse microenvironments formed on the 

human skin. Such microenvironments vary in temperature, pH, in the presence of sweat 

or sebaceous glands, in number of skin folds or hair follicles. Although the skin surface 

represents rather unfavorable environment in terms of nutrient content, thousands of bacterial, 

fungal, viral or archaeal species inhabit the small skin niches (Grice and Segre 2011, Probst et 
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al. 2013). Apart from skin topography, different skin localities enable diverse microbial 

composition to occur. Noteworthy, microbes do not only live on the surface of the skin, but 

inhabit also the sub-epidermal compartments such as dermis and dermal adipose tissue 

(Nakatsuji et al. 2013). 

Different delivery mode is of importance for the initial microbial skin colonization coming from 

the outside environment. After vaginal delivery the infants acquire skin bacterial communities 

resembling their mother´s vaginal microbiota, e.g. Lactobacillus, Prevotella, or Sneathia spp., 

while C-section infants get mainly colonized by skin-surface bacteria such as Staphylococcus, 

Corynebacterium, and Cutibacterium spp. (Dominguez-Bello et al. 2010). Apart from 

colonization and perpetual microbial interaction the skin undergoes a significant change from 

an aqueous to a gaseous environment at the time of birth. Moreover, rapid skin colonization 

goes along with skin barrier function changes, e.g. trans-epidermal water loss, skin pH or 

sebaceous activity (Chiou and Blume-Peytavi 2004). Therefore the initial microbial settlement 

from the outside environment seems crucial for subsequent susceptibility to certain 

opportunistic pathogens such as Staphylococcus aureus (MRSA) (Centers for Disease and 

Prevention 2006). 

Body sites with relatively low interpersonal microbial variability include locations inside and 

outside the nostrils or on the back skin, while high variability is usually observed between the 

toes and in the navel (Grice et al. 2008). Intrapersonal similarity of microbial composition 

reflects the skin microenvironments and remains stable during the time (Costello et al. 2009). 

Ethnicity and soap and shampoo practices were shown to be secondary factors compared to the 

ecological niches of the human body in assessing the cutaneous microbiota composition (Perez 

Perez et al. 2016). The overall composition of skin microbial communities thus seems to be 

driven by the individual rather than the environment (Dorrestein et al. 2016, Oh et al. 2016). 

Though host-specific behavior foster or hamper microbial populations and possibility 

of transmission as well. 

Other factors which have impact on the composition of microbial communities are age, diurnal 

rhythm or drugs (Modi et al. 2014, Thaiss et al. 2014, Yatsunenko et al. 2012). Microbiota 

mainly has to withstand also a mechanical stress of being removed by fluid flow, scraping, shift 

in salt concentration, or epithelial turnover during the colonization (Otto 2014).  
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Despite a wide range of mechanisms and processes having impact on our skin microbial 

population, humans host unique and diverse collection of microbial strains (Lloyd-Price et al. 

2017). Latest findings propose intriguing hypothesis of within-individual spatiotemporal 

diversity demonstrating how strain combination can effects virulence, evolution, and 

metabolism within the human skin microbiome, which underscores the role of strain diversity 

in skin health (Zhou et al. 2020). 

Bacteria 

The four most dominant bacterial phyla found on human skin are Actinobacteria, Firmicutes, 

Bacteroidetes and Proteobacteria (Grice and Segre 2011).  

Modern research based on molecular biology techniques revealed that the sebaceous sites were 

dominated by lipophilic Cutibacterium species, while the bacteria which prefer humid 

conditions like Staphylococcus and Corynebacterium were preferentially present in the bends 

of the elbows and the feet (Costello et al. 2009, Grice et al. 2008, Grice and Segre 2011, Oh et 

al. 2016). Cutibacterium, Corynebacterium and Staphylococcus were found to be the most 

dominant species on human skin (Grice and Segre 2011, Ross et al. 2018). 

Fungi 

Fungal community composition was found to be similar across body sites (Findley et al. 2013, 

Oh et al. 2014). The predominant species on all body sites is Malassezia and the most complex 

location recognized on the body is the feet with representation of Malassezia, Aspergillus, 

Cryptococcus, Rhodotorula and others. Temporal diversity of fungal microbiota was also 

confirmed, suggesting strong community structure stability (Findley et al. 2013). 

Viruses, archaea 

Recent findings suggest that there exist a complex eukaryotic viral flora on the skin surface. 

Among the most frequent cutaneous viral flora belong polyomaviruses, papillomaviruses or 

circoviruses (Foulongne et al. 2012, Moens et al. 2011). Skin-colonizing viruses are, however, 

not yet well described, mostly due to the difficulty of their screening. 
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Archaea were previously thought to live solely in extreme environments. However, recent 

findings confirm archaea to cover up to 4.2% of the prokaryotic skin microbiome with the most 

gene signatures belonging to phylum Thaumarchaeota (Probst et al. 2013). 

1.4.2 Microbiota of gastrointestinal tract  

Particular nature and properties of skin and mucosa give rise to diverse microbial colonization 

of both compartments. For the successful development of adult microbiome the infant gut 

colonization is crucial (Turnbaugh et al. 2009). It is well known that exposure to microbial 

antigens early after birth shapes the composition of resident microbiota and thus the future 

immune responses (Hansen et al. 2012). For instance, it was shown that presence of gut 

microbiota influenced the maturation of B and T cells in PP and MLN in germ free mice (Hrncir 

et al. 2008). 

The core of human microbiota structure and composition is being established during the first 3 

years of life (Rodriguez et al. 2015). Within 2-5 years of age the microbiota than fully 

corresponds to the composition and diversity of an adult microbiota (Koenig et al. 2011, 

Yatsunenko et al. 2012). Among factors affecting infant’s intestinal microbiota composition 

belongs the mode of birth and breast- versus formula-feeding. For example, vaginally delivered 

infants acquire gut microbial communities resembling those of mother’s vagina and intestine, 

whereas the gut of C-section infants is colonized rather by skin-surface microbiota 

(Dominguez-Bello et al. 2010, Makino et al. 2013). As expected, the overall microbial 

communities of infants are undifferentiated across body habitats regardless of vaginal or C-

section delivery, which is in contrast to highly differentiated communities of their mothers 

(Dominguez-Bello et al. 2010). 

The adult human gut comprises up to 1000 species of indigenous microbiota (Qin et al. 2010). 

Microbiota inhabiting the small intestine is essential for host adaptation to dietary lipids and 

may contribute to conditions of over- and undernutrition (Martinez-Guryn et al. 2018). 

Significant nutritional role of resident microbiota in the large intestine is to help to breakdown 

dietary constituents, particularly carbohydrates not digested in the ileum to short-chain fatty 

acids (SCFAs) and to produce components such as vitamin K2 (Cooke et al. 2006, Cummings 

and Macfarlane 1997). SCFAs have a protective role against development of inflammatory 

diseases such as arthritis, allergy or colitis (Kim et al. 2014, Tian et al. 2018). Decreased levels 

of SCFAs were noticed in patients suffering atopic dermatitis (Song et al. 2016).  
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Bacteria 

In general, the mucosal microbiota constitution is similar to the skin, but different in bacterial 

proportions, with Firmicutes and Bacteroidetes to be more abundant on mucosal surfaces of 

oral cavity and intestinal tract (Dewhirst et al. 2010, Eckburg et al. 2005). In the stomach the 

most abundant phylum is Proteobacteria (Bik et al. 2006). 

Fungi 

Although slightly individualised, the core set of fungal genera in healthy oral cavity was 

identified to be composed mainly of Cladosporium, Candida, Malassezia, Aspergillus or 

Cryptococcus species (Dupuy et al. 2014, Ghannoum et al. 2010, Stehlikova et al. 2019c). In 

the intestine the widely described species concern Candida, Saccharomyces, Trichosporon or 

Cladosporium (Hoffmann et al. 2013, Iliev et al. 2012). The dysbiosis in gut mycobiota could 

be associated with mucosal inflammation in inflammatory bowel disease (Li et al. 2014). 

Viruses, archaea 

Methanogenic archaea from the phylum Euryarchaeota (mostly the genus Methanobrevibacter) 

were found to be present on mucosa of large intestine or mouth; their levels in dental plaque 

could be associated with severity of periodontitis (Kulik et al. 2001), whereas their levels in 

large intestine with colon cancer or diverticulosis (Weaver et al. 1986). 

1.4.3 The gut-skin axis 

The skin and the mucosa of gastrointestinal tract are the most exposed surfaces having contact 

with the external environment, thus possessing the vast majority of microbiota of our body. The 

local and systemic homeostasis is being regulated via the communication of microbiota with 

immune system. It is widely accepted that both skin and gut are immunology-wise closely 

related and their interconnection provides the overall body homeostasis. The mechanisms of 

how gut microbiota influences the areas beyond the GIT, particularly the skin are not 

completely uncovered yet. 

The ideas about the impact of gut microbiota on human health have been dated long back to 

1930s and earlier, i.e. way before the discovery of the structure of DNA. Back then Stokes and 

Pillsbury tried to investigate a potential emotional linkage among the brain, gut and skin. They 
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hypothesized that emotional states change the secretion of hydrochloric acid and motility of 

GIT, which leads to microbial dysbiosis with the subsequent potential risk of small intestinal 

bacterial overgrowth (SIBO), increased intestinal permeability and local and systemic 

inflammation (Lombardo et al. 2010, Stokes and Pillsbury 1930). SIBO is a complex syndrome 

defined as an alteration of microbiota in the upper intestine, related to diverse symptoms and 

associated with gut discomfort of various kinds, followed by malabsorption in the worst case 

(Bures et al. 2010). Indeed, it was recently confirmed that low stomach acid and impaired small 

intestinal motility is a risk for development of SIBO syndrome (Lombardo et al. 2010, Roland 

et al. 2015). SIBO is often diagnosed in patients suffering diverse dermatoses including rosacea 

or psoriasis (Drago et al. 2018, Egeberg et al. 2017, Parodi et al. 2008). Interestingly, psoriatic 

patients suffering SIBO improved the cutaneous manifestation of psoriasis after SIBO treatment 

with antibiotics and prebiotics (Drago et al. 2018). 

It is considered that the linkage between gut and skin takes place through the combination of 

several ways. There is the production of biologically active molecules, such as hormones or 

molecules from breaking down the dietary compounds; influence through the immune system 

programming or the direct effect of probiotics. Microbiota produces hormones resembling those 

of mammals, such as acetylcholine, histamine, serotonin, corticotropin and others (Kawashima 

et al. 2007, Masson et al. 1996, Thomas et al. 2012). Microbial endocrinology concerns the 

interplay between host, microbes, and the secreted hormones they both produce. This field lies 

at the crossing of microbiota-gut-skin axis, and could be applied beyond the diseases as a result 

of the presence of shared neurochemicals between the host and the microbiota (Neuman et al. 

2015). The adaptive immune system both in the skin and in the gut is educated by residing 

microbes. For instance, the presence and interaction of segmented filamentous bacteria (SFB) 

with the Peyer´s patches in the gut promotes the maturation of the immune system and has been 

associated with Th17 immune response and development of Th17-mediated diseases (Chen et 

al. 2018, Stepankova et al. 2007b, Wu et al. 2010). 

The intestinal microbiota also produces metabolites having the potential to modulate host’s 

immunity and alter the balance between tolerance and inflammation by affecting differentiation 

of naive T cells into Th17 or Treg lineage (Omenetti and Pizarro 2015). The regulatory 

metabolites involve molecules from breaking down the dietary compounds such as short-chain 

fatty acids (SCFAs) propionate, butyrate or acetate. SCFAs are formed mainly by microbial 

digestion of prebiotics, a non-digestible food supplements for humans, which selectively 
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stimulate the growth of beneficial intestinal microbiota (Gibson and Roberfroid 1995). The 

newest research suggests that SCFAs such as butyrate inhibit the action of histone deacetylases, 

while inositol-3-phosphate (IP3) generated by microbial digestion of phytate, activates histone 

deacetylases in epithelial cells of mammalian intestine. As a result, this activity could balance 

the mucosal response to diverse microbial signals (Wu et al. 2020). The levels of SCFAs 

positively contribute to the establishment of certain skin microbiota profiles and thus 

subsequently influence the cutaneous defense mechanisms (Schwarz et al. 2017). 

The linkage between the gut and skin is further described in studies reporting that administration 

of oral probiotics together with the beneficial prebiotics could dampen the manifestation of 

some dermatoses (Kalliomaki et al. 2001, Volkova et al. 2001). For example, non-breastfed 

infants with decreased microbial conversion of lactic acid into butyrate, which was closely 

related to decreased fecal abundance of Eubacterium and Anaerostipes species, were shown to 

be more prone to suffer eczema (Wopereis et al. 2018). Another example of favorable effect of 

probiotics is increased hydration of corneocytes, decreased transepidermal water loss and skin 

sensitivity after 12 weeks of using oral supplements with probiotics (Gueniche et al. 2014, 

Ogawa et al. 2016). 

1.4.4 Intra- and inter-species communication 

Complex microbial composition on the skin or mucosal surfaces prevents colonization of 

pathogenic organisms either directly or indirectly in a process termed colonization resistance 

by enhancing the host immunity (Buffie and Pamer 2013, van der Waaij et al. 1971). Microbial 

species not only modulate the antimicrobial responses of the host, but they could also 

antagonize pathogens directly. Certain evidence suggests that Bacilli could inhibit growth of 

Clostridium difficile (Honda et al. 2011). For example, human isolate from fecal microbiota 

Bacillus thuringiensis produces bacteriocin and inhibit C. difficile and Listeria monocytogenes, 

but has no effect on other intestinal microbiota components (Rea et al. 2011, Rea et al. 2010). 

It was further shown that intestinal colonization of mice with Bacteroides thetaiotamicron and 

Bifidobacterium longum enhances antiviral immunity (Abt et al. 2012) or that B. 

thetaiotamicron itself competitively prevent Citrobacter rodentium by consuming 

monosaccharides essential for the pathogen´s growth (Kamada et al. 2012). 

Colonizers of skin or mucosal surface use specific mechanisms not only for adhesion to host 

proteins but also for ensuring the microbial community integrity. For this purpose microbiota 
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forms networks enabling multi-cellular functions and regulation of certain genes through 

quorum sensing (Brandwein et al. 2016). During quorum sensing microbial cells produce, 

secrete and perceive small molecules which, detected at high concentrations, direct microbial 

cells to express genes associated with collective behavior. Microbial biofilms harbor single or 

multiple species (Roder et al. 2016) and in 65% are pathogenic in nature (Jamal et al. 2018). It 

is being recognized that many infections are rather caused by communities of microorganisms 

in biofilms than a single pathogen (Jenkinson and Lamont 2005).  

Cooperation between distinct species and domains of organisms is less understood. However, 

it is known that bacteria form biofilms on many surfaces where the contact with other domains 

is rather inevitable. Imminent is the contact of viruses with any other species providing them 

favorable living conditions. Yet complex social interactions are essential also for the 

coexistence of bacteria and fungi, as well as for the relationship and communication between 

microbiota and its host. Small signal molecules regulating interactions with other species and 

domains may be recognized by target cells no matter if prokaryotic or eukaryotic (Lowery et 

al. 2008).  

Innate immune system is the primary defense line against invading organisms. Innate immune 

system responds to pathogen-associated molecular patterns (PAMPs) using a complex set of 

pattern recognition receptors (PRRs) such as such as Toll-like receptors (TLRs), C-type lectin 

receptors (CLRs), NOD-like receptors (NLRs) and others. On the other hand, the host immune 

system maintains symbiotic relationship with the microbiota, and vice versa, the commensals 

train and educate the immune system of the host. The conception that development and 

establishment of microbiota occur in the absence of inflammation is referred to as “homeostatic 

immunity” (Belkaid and Harrison 2017). This idea was demonstrated in mice pre-colonized 

with S. epidermidis on skin, which were better protected against fungal and parasitic skin 

infections, but intradermal application resulted in inflammatory response (Naik et al. 2015, 

Naik et al. 2012). It is therefore crucial for the host to tolerate and benefit from commensals on 

the skin but target them in the case of skin or mucosal barrier disruption. 

The relationship between microbiota and its host could be of several forms, with same microbe 

either being commensal, mutualist or even parasite according to the genetic landscape, 

nutritional and health status and other conditions of its host (Belkaid and Harrison 2017). 

Breakdown of this dynamic dialogue could result in inflammatory diseases, allergies or 



- 23 - 

 

autoimmunity. Therefore, the idea of selective microbial therapies could be of interest for 

potential disease mitigation and prevention. 

1.4.5 Microbial dysbiosis and associated diseases 

The imbalance in cutaneous or intestinal microbiota composition, termed as microbial 

dysbiosis, is often characterized by decrease in the most abundant commensal microbiota 

(Ahlawat and Sharma 2020, Duboc et al. 2013), which usually brings about the lower alpha 

diversity measures when compared to healthy individuals (Turnbaugh et al. 2009). However, 

dysbiosis does not imply that the microbial diversity must be reduced (Fredricks et al. 2005, 

Srinivasan et al. 2012). Hence, decreased microbial diversity, although often described, should 

not be considered as an exclusive part of the disease manifestation (Codoñer et al. 2018, 

Fredricks et al. 2005, Chen et al. 2018, Shapiro et al. 2019, Srinivasan et al. 2012, Tan et al. 

2018). 

The instability of microbial composition is being connected with many common disorders, 

some of them characterized as autoimmune. The diseases associated with dysbiosis comprise 

skin, intestinal and extra-intestinal disorders. Skin diseases include psoriasis, acne, atopic 

dermatitis, vitiligo, systemic lupus erythematosus, seborrheic dermatitis and many others 

(Catinean et al. 2019, Kobayashi et al. 2015, Stehlikova et al. 2019a). Among intestinal diseases 

belongs inflammatory bowel disease, irritable bowel syndrome or coeliac disease and to extra-

intestinal disorders associated with dysbiosis are usually ranked allergy, asthma, metabolic 

syndrome, obesity or cardiovascular disease (Catinean et al. 2019, Kobayashi et al. 2015). 

Majority of studies dealing with skin and intestinal disorders are usually based on monitoring 

differences in microbial composition between diseased and healthy individuals. Observed 

alterations are then considered as a possible trigger of a disease. On one hand, shift in microbial 

composition could certainly be a hallmark of a particular disease. On the other hand, it could 

only be its accompanying phenomenon, perhaps driven by other circumstances related to the 

disease. However, in the context of host biology it is complicated to thoroughly interpret the 

communication and diverse associations of microbiota with its host, since this interplay is not 

fully understood yet.  
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1.5 Psoriasis 

Psoriasis is a chronic immune-mediated inflammatory disease affecting primarily the skin. 

Although the exact etiology of psoriasis is unknown, it is considered to be a multifactorial 

disease. Psoriasis is nowadays perceived as a systemic disease associated with higher incidence 

of other chronic diseases. Patients with psoriasis more often develop metabolic disorders such 

as type II diabetes, obesity or dyslipidemia due to the systemic inflammation and have increased 

atherogenesis contributing to higher risk of myocardial infarction or stroke (Rob and Hercogová 

2019). Among other comorbidities belongs psoriatic arthritis, inflammatory bowel disease 

(IBD) or celiac disease (Singh et al. 2017, Sundarrajan and Arumugam 2016).  Together with 

some of the aforementioned comorbidities a common feature of psoriasis seems to be the 

elevated serum level of intestinal fatty acid binding protein (I-FABP), a marker of  gut barrier 

damage (Sarikaya et al. 2015, Sikora et al. 2019b, Stehlikova et al. 2019a). 

The prevalence is estimated to be 2-3% worldwide equally manifested in both sexes, although 

men tend to be prone to more severe manifestation than women (Hagg et al. 2013). Five types 

of psoriasis have been reported so far: the most common plaque psoriasis (psoriasis vulgaris), 

guttate psoriasis, inverse psoriasis, pustular psoriasis (either palmoplantar or generalized) and 

erythrodermic psoriasis. Plague-type psoriasis comprises 90% of psoriasis cases with the 

typical manifestation of sharply demarcated plaques covered in silvery scales (Rendon and 

Schakel 2019). The scales results from hyperproliferation of premature keratinocytes and their 

incomplete cornification accompanied by the presence of cell nuclei in the cornified layer, 

parakeratosis. Since the mitotic rate of psoriatic keratinocytes is increased as compared with 

healthy skin, the epidermis is thickened with elongated rete pegs of the epithelium (Nestle et 

al. 2009b). Psoriasis can be triggered predominantly in genetically predisposed individuals by 

non-specific causes like sunburn, scratching, administration of systemic drugs, infection, stress 

and others (Boehncke and Schon 2015). Furthermore, mutations in the genes coding for 

Caspase Recruitment Domain-Containing Protein 14 (CARD14) and Interleukin-36-receptor 

agonist (IL36Ra) proteins were found to be able to independently induce psoriasis (Jordan et 

al. 2012, Marrakchi et al. 2011). Genome-wide association studies for genes related to psoriasis 

pathogenesis uncovered several susceptibility PSORS loci, including regions containing innate 

immunity genes coding for Signal transducer and activator of transcription 3 (STAT3) or 

Nuclear factor kappa B inhibitor alpha (NFKBIA) (Tsoi et al. 2015). 
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First choice therapies include local treatments such as emollients, topical corticosteroids, 

vitamin D3 derivatives, phototherapy or non-steroidal anti-inflammatory drugs. Treatment of 

mild to less severe forms of psoriasis involves systemic treatment such as methotrexate or 

cyclosporine A. Advanced therapy for severe forms of psoriasis comprises biological drugs 

targeting the key cytokines IL17, IL23 or TNFα with specific antibodies (Kamata and Tada 

2018, Kircik and Del Rosso 2009). Targeting the IL23/IL17 axis has been shown effective in 

curing the psoriasis symptoms, however, the true reason why psoriasis occurs still remains 

uncovered. 

1.5.1 Pathogenesis of psoriasis vulgaris 

The pathogenesis of psoriasis involves dysregulated interplay among keratinocytes, innate and 

adaptive immune cells and environmental triggers including microbiota (Lowes et al. 2014). 

According to some studies the initiation of psoriasis is most probably accompanied by loss of 

immune tolerance to one of the three recently described potential psoriasis autoantigens: 

LL37/cathelicidin, ADAMTSL5, or neolipid antigens (Arakawa et al. 2015, Cheung et al. 2016, 

Lande et al. 2014). 

Plasmacytoid dendritic cells in the skin usually sense viral and microbial DNA through 

endosomal TLR receptors. In psoriasis, pDCs could get activated through the complexes of 

antimicrobial peptide LL-37 coupled with self-DNA (present in psoriatic lesioned skin after 

cell damage) in a TLR-9 dependent manner (Lande et al. 2007). Thus, the aberrant cascade of 

activating pDC and dermal DCs, followed by IL23 release and stimulation of T cells against 

LL37/self-DNA complexes leads to expansion of Th17 cells and production of IL17 (Figure 2) 

(Boutet et al. 2018, Nestle et al. 2009b).  

There were several other opinions about the psoriasis pathogenesis, including the hypothesis 

that T cells driving the psoriatic outbreak originate in tonsils, from where they migrate to the 

skin (Valdimarsson et al. 2009). This hypothesis was supported by the fact that T cells isolated 

from psoriatic skin and tonsil of the same individual carried the same gene rearrangements, 

which pointed at the same origin of those cells (Diluvio et al. 2006). 
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Figure 2: Schematic view on the pathogenesis of psoriasis. 

(A) Healthy skin structure; (B) Representative microbiota distribution on healthy skin 

(partially adopted from Grice and Segre (2011)); (C) Pathogenic mechanisms in psoriasis. 

pDC – plasmacytoid dendritic cells; dDC – dermal dendritic cells; LL37 – cathelicidin; TNF 

– tumor necrosis factor; IFN – interferon; IL – interleukin; Th – T-helper cell. 

 

1.5.2 The role of microbiota in psoriasis 

Composition of skin and gut microbiota is an important factor in modulation of inflammation 

and disease course in psoriasis (Drago et al. 2018, Scher et al. 2015). Even though no single 

pathogen has been identified yet to strongly contribute to psoriasis onset, the dysbiosis in skin 

and gut microbial ecosystems is considered to be one of the main triggers. 

Since 1950´s, there were attempts to link microbial infections to exacerbations of psoriasis 

(McFadden et al. 2009, Norrlind 1950, Pérez‐Lorenzo et al. 1998). McFadden and coauthors 

postulated that streptococcal M proteins may mimic keratin determinants which could lead to 

subsequent activation of T cells, making M proteins relevant to the pathogenesis of post-

streptococcal psoriasis onset (McFadden et al. 1991). Later studies described the impaired 
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composition of a skin residents Staphylococcus aureus, Streptococcus pyogenes or Malassezia 

species to contribute to the pathogenic processes of psoriasis (Munz et al. 2010, Rudramurthy 

et al. 2014, Tomi et al. 2005). Sigurdardottir and colleagues showed that during sore throat 

tonsils of psoriatic patients are more often infected by Group C Streptococcus and possessed 

higher frequencies of skin-homing CD4+ and CD8+ T cells, compared with infected tonsils 

from patients without psoriasis (Sigurdardottir et al. 2013). It was also found that patients 

suffering psoriasis could have bacterial DNA circulating in their blood, leading to a systemic 

inflammatory response (Munz et al. 2010, Ramirez-Bosca et al. 2015). 

Alekseyenko and colleagues described two different cutaneotypes of potentially 

pathophysiological significance associated with psoriasis, which differed in terms of the 

relative abundance of major phyla. Cutaneotype 1 was dominated by Proteobacteria and 

associated with control specimens, while cutaneotype 2 was dominated by Actinobacteria and 

Firmicutes and was associated with lesioned specimens (Alekseyenko et al. 2013). Fungi share 

the spotlight with bacteria since it was shown that Malassezia species could be associated with 

exacerbations of psoriasis (Gomez-Moyano et al. 2014, Narang et al. 2007). In addition, new 

research proposed that skin fungi enhance the pathology of experimental psoriasis in mice by 

inducing accumulation of IL17-A producing Th and Tc cell within the skin (Hurabielle et al. 

2020). 

Microbial dysbiosis in the intestine is another phenomenon accompanying many skin diseases, 

including psoriasis (Abrahamsson et al. 2012, Codoñer et al. 2018, Ellis et al. 2019). Less 

diverse intestinal microbiota, i.e. decrease of Coprococcus, or Akkermansia, Ruminococcus and 

Pseudobutyrivibrio, was found in patients suffering psoriasis and psoriatic arthritis (Scher et al. 

2015). Furthermore, in mouse model of psoriasis it has been shown that neonatal antibiotic 

treatment dysregulates the gut and skin microbiota in adults, which led to higher sensitivity to 

experimental psoriasis in those mice (Zanvit et al. 2015). The presence of complex microbiota 

is important in regulating the immune responses, since germ-free mice do not respond well to 

immunization (Lamousé-Smith et al. 2011), are more prone to late-onset sepsis due to 

dysregulated neutrophil homeostasis (Deshmukh et al. 2014), and have accelerated mortality 

due to viral infections (Gonzalez-Perez et al. 2016). Therefore, host-microbe interactions prime 

the immune system already early after birth and significantly impact the sensitivity to the 

diseases later in life. 
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1.6 Animal models of cutaneous inflammation 

Inflammatory and autoimmune diseases are studied on wide range of transgenic or normal 

animal models, including mouse, fish, pig or rat. Since there are lots of variables between 

animals and humans, the disease pathogenesis often does not match absolutely. For example, 

the amount of free fatty acids, triglycerides or density of hair follicles are important factors in 

developing animal models for human skin diseases, as they bring about differences between 

skin barriers of animals and humans (Netzlaff et al. 2006). Moreover, there are also 

discrepancies in innate and adaptive immunity between human and animal skin, such as Toll 

receptors, antigen presenting function of endothelial cells or prevalence of γδ T cells in murine 

epidermis (Mestas and Hughes 2004). Aside other differences between mouse and human, the 

immune system also differs in subtypes of dendritic and other inflammatory cells (Haley 2003). 

Regarding skin dissimilarities, mouse epidermis is thinner, generally composed of only 2-3 

keratinocyte layers with increased turnover and does not contain any rete ridges compared to 

human epidermis (Berking et al. 2002, Gudjonsson et al. 2007). Furthermore, mouse models 

are mostly raised on inbred background under controlled conditions, thus their genetic diversity 

is limited in contrast to outbred humans. However, mouse models have been successfully used 

to mimic some features of human skin diseases, such as atopic dermatitis or psoriasis (Avci et 

al. 2013). 

Gnotobiotic animal models are especially important, as they have helped in clarifying the 

consequences of microbial colonization on immune system development. Animals can be 

reared in germ-free conditions and specifically colonized with defined microbes. In this way 

researches are able to define specific microbiota components or reveal the molecular 

mechanisms of beneficial or pathogenic effect of particular germs on its host physiology 

(Tlaskalová-Hogenová et al. 2011). Using GF mice it was shown, for example, that intestinal 

microbiota and bacterial components in the diet are important for the development of Treg cells 

(Hrncir et al. 2008). In another study, mono-colonization of GF mice at birth with recombinant 

Lactobacillus plantarum producing allergen helped to ameliorate the experimental allergy by 

shifting the usual allergen-specific Th2 response towards Th1/Th2 profile (Schabussova and 

Wiedermann 2008, Schwarzer et al. 2011). Moreover, colonization of GF mice with 3 strains 

of Lactobacillus was shown to strengthen the intestinal barrier accompanied by lower 

sensitization to allergens (Kozakova et al. 2016). Last but not least, by using GF mice it was 

recently shown that commensal microbes are necessary for migration of mast cells to the 
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intestine and their maturation there, which is crucial for experimental food allergy development 

(Schwarzer et al. 2019). 

1.6.1 Mouse models of psoriasis  

The ideal animal model of psoriasis should not only reflect the clinical hallmarks of psoriasis, 

but also histological and morphological features, pathogenesis and responsiveness to 

therapeutic agents. Spontaneous mouse mutants and the xenotransplantation of skin in the 

background of immunodeficient mice lacking both T and B cells, were probably the first 

attempts to achieve mouse models resembling human psoriasis (Boehncke and Schon 2015, 

HogenEsch et al. 1993). Later in 1996 it was shown that mice with healthy human skin 

transplants that received autologous blood lymphocytes from psoriatic patient, intradermally 

injected in the transplanted healthy skin, developed psoriasis (Wrone-Smith and Nickoloff 

1996). Several other approaches were made in order to develop animal model of psoriasis, 

including manipulation of the Stat3 pathway or knocking out the AP-1 family members (Sano 

et al. 2005, Zenz et al. 2005). 

One of the well-established and the most used mouse model of psoriasis nowadays is the 

imiquimod-induced murine model for which purpose the healthy mice are used. 5% imiquimod 

(IMQ) is an active substance of Aldara cream, which is applied topically to treat the human 

papillomavirus skin infections or certain forms of skin cancer. Strikingly, patients started to 

report the appearance of psoriatic lesions after Aldara treatment (Fanti et al. 2006, Rajan and 

Langtry 2006, Wu et al. 2004). IMQ contributes to a strong activation of immune system by 

binding to TLR7/8 of macrophages, monocytes and pDCs, enhancing the Langerhans cells 

migration and therefore the T cell response (Bocheńska et al. 2017). 

It was first published in 2009 that the combination of IMQ with its carrier, the isostearic acid, 

applied daily on mouse shaved back induced a skin inflammation fully resembling the human 

psoriasis. The daily application led to formation of psoriatic plaques, accompanied by impaired 

differentiation and increased proliferation of keratinocytes, erythema and influx of immune 

cells to the skin. It has been shown that Aldara induces epidermal expression of key cytokines 

IL-17A, IL-17F and IL-23 and that mice deficient in IL-17 and IL-23 receptors does not develop 

psoriasis, conforming the crucial role of IL-23/IL-17 axis in the pathogenesis of psoriasis (Van 

der Fits et al. 2009). The short lasting presence of the experimental psoriasis is the 



- 30 - 

 

inconvenience of this model, since mice are able to revert the inflammatory process after the 

sixth day of imiquimod application. 

1.7 Techniques of human microbiome research 

The human microbiota forms an environment-specific ecosystem so that each site of the body 

represents a unique habitat of trillions of microbial cells (Huttenhower et al. 2012, Methé et al. 

2012). During the rapid development of molecular biology techniques it became apparent that 

culture techniques are not sufficient enough for the thorough identification of microbiota, since 

the majority of microorganisms is not cultivable (Amann et al. 1995, Rhoads et al. 2012, 

Stewart 2012). In 2012 the National Institute of Health (NIH) funded Human Microbiome 

Project Consortium (HMP) established standardized methodologies for creating, processing 

and interpreting diverse types of fast-growing metagenomic data (Methé et al. 2012).  

Currently, the era of high-throughput functional genomics enabled to extend the research in 

microbial communities tremendously. Advances in DNA-sequencing allow researchers to 

observe the microbial composition in culture-independent manner. By sequencing the 16S 

rRNA or ITS amplicons, researchers could profile the bacterial and fungal communities in 

taxonomic, phylogenetic, and also functional way. By shotgun metagenomics it is possible to 

create millions of random genomic fragments of the whole breadth of the community in a given 

sample. Once analyzed and compared to a reference database, the results from shotgun 

metagenomics could be then used for additional analyses such as metabolic (function) profiling 

(Mallick et al. 2019). Whole genome sequencing (WGS) provides deep insight into entire 

genome of a given microbial community or individual species. For physiological insight into 

microbial communities and investigating the dynamics of ever-changing cellular transcriptome 

the RNA sequencing can be used. 

1.8 Translational microbiota research 

The Human Microbiome Project, launched by the NIH in 2007 and finished in 2016 was 

established in order to generate knowledge and expertise to explore the human microbiome and 

its role in health and disease. The finding that each person´s microbiome is unique but at the 

same time certain communities could be used to predict possible predisposition to a disease, 

belongs to one of the major outcomes of this project (Ding and Schloss 2014). 
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Ever since microbes were known to be associated with human diseases, it has been intriguing 

to manipulate the microbiota composition. For example, the first use of today´s modern, helpful 

and much-discussed method of fecal microbiota transplantation is dated back to ancient times 

(Johns Hopkins Medical Center 2013). However, thanks to the exponential increase in the so 

called omics technologies enabling large-scale analysis we are now able to better understand 

the human microbiota composition and its possible function and probable role in diseases. Thus, 

there is a great potential in manipulating the microbiota composition by using either antibiotics, 

pre- and probiotics or even microbiota transplantation. Fecal microbiota transplantation is 

successfully used to treat recurrent enterocolitis caused by antibiotic-resistant Clostridium 

difficile strains, and other intestinal disorders, in order to restore the normal microbial 

composition (Matsuoka et al. 2014, Stebel et al. 2018, Šturdík et al. 2016). 

Apart from the aforementioned fecal microbiota transplantation, researchers recently reported 

the first in-human topical microbiota transplantation in mouse model of atopic dermatitis. The 

skin commensal Roseomonas mucosa, collected from healthy individuals but not from patients 

with AD, improved both mouse and cell culture models of atopic dermatitis (Myles et al. 2018). 

In psoriasis, highly promising seems to be the interim data about treatment of psoriasis with 

high dose of EDP1815, a Prevotella histicola formulation, at Phase 1b clinical trial. Patients 

with mild to moderate psoriasis treated with this microbial drug showed statistically significant 

reduction of skin lesions severity, when compared to placebo receiving group (p<0.05) (Evelo 

Biosciences 2019). 

In mouse model of dextran sulphate sodium (DSS)-induced colitis, oral administration of 

Parabacteroides distasonis components decreased the disease severity and stabilized the 

intestinal microbiota ecology (Kverka et al. 2011). Furthermore, oral administration of 

Bifidobacterium longum CCM 7952 was able to ameliorate DSS-induced colitis by 

strengthening the intestinal epithelial barrier function (Srutkova et al. 2015). Also manipulation 

of gut microbiota composition using bacteriophages, which was tried in gnotobiotic mice, 

brought hopeful results (Hsu et al. 2019). 

The research has yielded insight into the nature of complex microbial communities; 

understanding the inter-kingdom interactions can enrich the development of new diagnostic 

techniques and research strategies not only in human health care, but also in ecology, agriculture 

or even in extraterrestrial field of research (Cullen et al. 2020).  
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2. AIMS OF THE STUDY 

Rich and diverse composition of microbiota is generally, but not exclusively, attributed to better 

physiology and homeostasis, whereas less diverse microbiota was found in patients suffering 

various diseases. The main purpose of this study was to assess the bacterial and fungal 

composition in relation to psoriasis and to evaluate the changes in microbiota composition 

associated with healthy and diseased state. The main goal can be further subdivided into 

following aims: 

1. To explore the role of skin and gut microbiota in the in mouse model of psoriasis 

(imiquimod-induced skin inflammation, IISI) and analyze if the disease development can 

be altered by microbiota changes in adult mice. 

Psoriasis is being described as an inflammatory skin condition with multifactorial triggers 

including the involvement of microbiota composition. To analyze the role of gut microbiota in 

experimental psoriasis and adjacent T-cell response to IISI, we induced the skin inflammation 

in germ-free (GF) and conventional mice (CV). In CV mice, we used the IISI model with 14 

days pre-dosing and 7 days co-dosing the mixture of broad-spectrum antibiotics to assess the 

role of microbiota under conventional conditions (Zakostelska et al. 2016). Furthermore, we 

evaluated whether the individual components of antibiotic mixture on their own could mitigate 

IISI and what nature the subsequent expected changes in microbiota composition and immune 

response will be (Stehlikova et al. 2019b). To test whether a single species is able to influence 

the course of IISI, we monocolonized germ-free mice with either SFB or Lactobacilllus 

plantarum WCFS1 (Stehlikova et al. 2019b). 

2. To compare and unify current approaches in human skin microbiota research and map 

the overall bacterial and fungal composition of healthy and diseased skin. Furthermore, 

to find specific features of microbiota co-occurrence potentially associated with psoriasis 

incidence. 

There are many attempts to research human skin microbiota composition. The main issue is 

that the methodology differs across publications so the results are difficult to compare. 

Therefore, we aimed to investigate how different approaches reflect the skin microbiota 

composition. In this comprehensive study we sampled the psoriatic lesions, unaffected psoriatic 

skin and healthy skin. In addition, we compared two typical sites of psoriasis incidence, 
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covering two niches with different microenvironments – the dry skin on the elbow and the oily 

skin on the back. On all the aforementioned sites we used three methods of samples collection: 

swab, scraping and biopsy. After obtaining the results we searched for specific features of 

microbiota co-occurrence which could be potentially associated with psoriasis lesions 

(Stehlikova et al. 2019a). 

3. To test whether the intestinal barrier damage could be associated with psoriasis and if 

it could serve as a marker in the preventive care. 

Psoriasis is a systemic disease which could be associated with elevated serum levels of intestinal 

fatty acid binding protein (I-FABP), indicating intestinal barrier damage. We wanted to test 

whether there is an increased level of markers associated with gut barrier disruption such as 

ccCK18 and I-FABP in the serum of our cohort of psoriatic patients and could therefore serve 

as a marker for preventive psoriatic care (Stehlikova et al. 2019a). 
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4. RESULTS 

4.1 Intestinal Microbiota Promotes Psoriasis-Like Skin Inflammation by 

Enhancing Th17 Response. 

Zakostelska Zuzana, Malkova Jana, Klimesova Klara, Rossmann Pavel, Hornova Michaela, 

Novosadova Iva, Stehlikova Zuzana, Kostovcik Martin, Hudcovic Tomas, Stepankova 

Renata, Juzlova Katerina, Hercogova Jana, Tlaskalova-Hogenova Helena, Kverka Miloslav. 

PLoS ONE (2016): 11(7): e0159539 

In this study we found that changes in intestinal microbiota achieved by antibiotic treatment of 

conventional mice (CV) reduced the sensitivity to imiquimod-induced skin inflammation (IISI). 

This was manifested, among other things, as a lower degree of local and systemic Th17 

activation. To confirm that microbiota plays the major role in the development of IISI, we 

induced this skin inflammation also in germ-free (GF) mice.  

When compared to GF mice, CV mice manifested more severe erythema, scaling, thickening 

and other histological features resembling human psoriasis, as well as higher leukocyte 

infiltration into the dermis. CV mice treated with mix of broad-spectrum antibiotics displayed 

altered intestinal microbiota composition, which was demonstrated mainly by decreased 

diversity and by shifted composition towards higher abundance of order Lactobacillales. 

Absence of microbiota or ATB treatment decreased the frequencies of γδ T cells and Th17 cells 

in spleen and axillary lymph nodes in IMQ-treated mice. Treatment with IMQ itself had no 

effect on observed microbial changes. 

Since GF and ATB-treated mice had significantly milder skin inflammation than CV mice, the 

protective effect was limited neither to the absence of microbiota nor to its composition. The 

severity of skin inflammation could be thus modified by altering the gut microbiota composition 

in adult mice, which strenghtens the importance of the gut-skin axis. 

 

My contribution: sample collection, data analysis and interpretation 
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4.2 Crucial Role of Microbiota in Experimental Psoriasis Revealed 

by a Gnotobiotic Mouse Model. 

Stehlikova Zuzana, Kostovcikova Klara, Kverka Miloslav, Rossmann Pavel, Dvorak Jiri, 

Novosadova Iva, Kostovcik Martin, Coufal Stepan, Srutkova Dagmar, Prochazkova Petra, 

Hudcovic Tomas, Kozakova Hana, Stepankova Renata, Rob Filip, Juzlova Katerina, Hercogova 

Jana, Tlaskalova-Hogenova Helena, Jiraskova Zakostelska Zuzana. 

Frontiers in Microbiology (2019): 21; 10:236 

In this study we observed that each component of a broad-spectrum antibiotic mixture, i.e. 

colistin (COL), vancomycin (VAN), streptomycin (STR) and metronidazole (MET) changed 

the susceptibility to IISI to a certain extent.  Compared to controls and other ATB-treated 

groups, mice treated with MET developed the mildest skin inflammation. We noticed slight 

decrease in disease severity or frequencies of Th17 cells also in mice treated with COL, VAN 

or STR, however, these changes were not significant. With respect to the widely discussed 

possible immunomodulatory effect of MET we repeated the experiment under GF conditions 

and found no differences in disease severity or Th17 proportions between MET and control 

germ free mice. However, the expression of Nfkbiz gene was increased in MET-treated mice, 

suggesting mild immunomodulatory microbiota-independent effect of MET. Taken together 

the antimicrobial activity of MET is what contributes the most to its anti-inflammatory effect. 

Treatment with STR was the most efficient in terms of decreasing the mRNA levels of key pro-

inflammatory factors such as Il17f, Il23a, and Cxcl1 in the inflamed skin, as well as Nfkbiz. We 

saw a trend towards decreasing the mRNA levels of Il17f, Il23a, and Cxcl1 in MET-treated 

mice as well, but this effect was not significant. Furthermore, MIX group displayed the mildest 

skin inflammation, the lowest Th17 cell frequencies in inguinal lymph nodes and also decreased 

mRNA levels of Il17f and Il23a in the inflamed skin. 

VAN was the most potent antibiotic which markedly changed the skin microbiota diversity in 

terms of abundance and evenness of the species present, as well as the microbiota profile in the 

intestine. The effect of other antibiotics on cutaneous microbiota was insignificant, with the 

application of IMQ having the greater impact especially in the control group of mice. Regarding 

the intestinal microbiota composition, greater diversity differences from the control group were 

only observed in MET-treated mice. Generally, we observed the highest impact on intestinal 
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diversity and microbial composition, particularly the marginal increase of Lactobacillales 

species, in the group of mice treated by mixture of all forenamed antibiotics (MIX).  

Next, we found that monocolonization of mice with anti-inflammatory-acting Lactobacillus 

plantarum WCFS1 does not improve the IISI when compared to GF mice; on the other hand, 

all tested parameters were significantly lower than in CV mice.  

In mice treated with VAN, STR and MIX we did not detect any SFB bacteria compared to 

controls; on the other hand in MET-treated group there was a significant amount of SFB 

bacteria during the all experiment. Monocolonization with SFB bacteria did not change the skin 

clinical signs of IISI when compared to GF mice, however, the proportion of Th17 cell was 

higher in the spleen of SFB mice. In contrary to CV mice, monocolonization with SFB was not 

sufficient for development of IISI comparable to that of CV mice, suggesting that colonization 

with only one bacterial species may not be enough to revert/induce signs of IISI inflammation. 

 

My contribution: sample collection and analyses, data analysis, interpretation of the results, 

manuscript writing 
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4.3 Dysbiosis of Skin Microbiota in Psoriatic Patients: Co-occurrence 

of Fungal and Bacterial Communities  

Stehlikova Zuzana, Kostovcik Martin, Kostovcikova Klara, Kverka Miloslav, 

Juzlova Katerina, Rob Filip, Hercogova Jana, Bohac Petr, Pinto Yshai, Uzan Atara, 

Koren Omry, Tlaskalova-Hogenova Helena, Jiraskova Zakostelska Zuzana. 

Frontiers in Microbiology (2019): 21; 10:438. 

In this study we found out how important is to follow the same procedures when it comes to 

microbiome data collection, analysis, interpretation and comparison across studies. We 

observed large differences in bacterial β-diversity, richness and evenness when comparing 

identical samples sequenced both on V1V2 and V3V4 variable regions of 16S rRNA. Not only 

the V3V4 region provides wider diversity, but it also captures more Staphylococcus species in 

contrast to V1V2 region. On the other hand, Planococcaceae were not detected by sequencing 

the V3V4 region of 16S rRNA. 

Different sampling approaches such as swabs, scraping or biopsies provided similar microbial 

α-diversity, i.e. richness and evenness of the present taxa, as well as genera abundance. 

However, we found several discriminative features in bacterial and fungal distribution related 

to sampling approach both on the back and elbow skin. We also found that each sampling site 

(psoriatic, unaffected psoriatic, and healthy) is associated with presence of specific bacterial 

and fungal taxa, which is further dependent on the sampling approach.  

When comparing the oily and dry skin areas – back and elbow, psoriatic skin on the back 

dispose of increased fungal but not bacterial diversity than psoriatic skin on the elbow. We did 

not observe any niche-specific variations in the distribution of the most abundant KEGG-

pathways in the back and elbow skin, only ethylbenzene-degradation pathway common for 

unaffected skin of both areas. 

We found a specific pattern of taxonomic correlations between bacteria and fungi related to 

skin condition and sampling site. For example, we observed a strong negative correlation of 

Micrococcus species with Capnodiales in psoriatic skin on the elbow while on the healthy 

elbow skin this correlation was positive On the other hand, we found a strong negative 
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correlation between Malassezia and species Acinetobacter, Enhydrobacter and Pseudomonas 

on the psoriatic back skin, however, these correlations were neither negative nor positive in 

healthy control skin. 

Patients with psoriasis had significantly increased level of I-FABP but not ccCK18 in the serum 

when compared to healthy controls suggesting that the intestinal barrier integrity play a role in 

the pathogenesis of psoriasis. 

 

My contribution: sample collection and analyses, data analysis, interpretation of the results, 

manuscript writing 
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5. DISCUSSION 

The skin is a multilayer barrier between the inner and outer environment. It is an active 

immunological environment which, besides other functions, maintains the homeostasis between 

the resident cutaneous commensal microbiota and the host. 

Constant interactions between microbiota and the immune system are essential for priming the 

immune system since birth. Microbiota composition as well as the related homeostasis are 

mainly being adjusted during the first three years of life and thus significantly impact the 

sensitivity to diseases later in life (Hansen et al. 2012, Rodriguez et al. 2015, Zanvit et al. 2015). 

An imbalance in cutaneous or intestinal microbiota communities, referred to as dysbiosis, can 

lead to a shift in the immune system reactivity and to inflammatory diseases (Tlaskalová-

Hogenová et al. 2011). Mounting evidence of the communication axis between different organs 

underscores the crucial role of microbiota in our everyday life. The widely discussed gut-skin 

axis and associated dysbiosis is often described in patients suffering from diverse skin diseases 

including psoriasis (Hidalgo‐Cantabrana et al. 2019, Stehlikova et al. 2019a). In immune-

mediated chronic diseases with unknown etiology such as psoriasis, the dysbiotic phenomenon 

is often involved in the interpretation of the cause and consequence of the disease. 

Despite the differences between animals and humans, mouse models are successfully used to 

mimic human skin diseases (Avci et al. 2013). In our study we used a mouse model of 

experimental psoriasis induced by IMQ (IISI), which is a well-established model of acute skin 

inflammation, with symptoms resembling human psoriasis (Van der Fits et al. 2009). To have 

deeper insight into the role of microbiota in the pathogenesis of psoriasis, we used germ-free 

(GF) mice in our experiments. GF mice are an indispensable research tool for understanding 

the role of microbiota in pathogenesis of many diseases, as documented by the work of my 

colleagues (Hrncir et al. 2008, Kozakova et al. 2016, Schwarzer et al. 2011). Last but not least, 

antibiotics are a powerful tool for manipulating microbiota composition in conventional mice, 

to experimentally assess its involvement in various diseases. In contrast to GF mouse models, 

antibiotics are useful for studying the role of bacteria while maintaining normal physiological 

functions (Kennedy et al. 2018, Schwarzer et al. 2019, Štěpánková et al. 1998). Even though 

the bacterial load after ATB administration does not change, the bacterial community 

composition can be altered (Stehlikova et al. 2019b, Zakostelska et al. 2016). 
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Using IISI, we have analyzed the effect of microbiota on the development of psoriatic skin 

inflammation in CV, as well as in GF mice (Zakostelska et al. 2016). To change the intestinal 

microbiota composition in CV mice, we treated mice with a mixture of broad-spectrum ATBs 

(MIX), starting 2 weeks before IISI induction and lasting for the whole duration of the 

experiment. Mice treated with MIX displayed the most prominent gut microbiota changes. 

Furthermore, MIX-treated CV mice and GF mice had lower skin and systemic inflammation, 

as manifested by reduced frequencies of γδ-T cells and Th17 cells in spleen and lymph nodes, 

in comparison to CV mice treated by water (Zakostelska et al. 2016). This is in agreement with 

Zanvit et al. (2015), who used adult CV mice treated with a mixture of only vancomycin and 

polymixin B. In contrast to our study, Zanvit et al. (2015) applied the antibiotic mixture not 

only orally but also topically in an IISI model. They found improved skin symptoms of IISI in 

adult CV mice, such as decreased acanthosis and skin thickness, after using both routes of 

administration (Zanvit et al. 2015). In line with Zanvit et al. (2015), our fecal microbiota 

analysis revealed a significantly lower Shannon diversity index in MIX-treated mice, as well as 

discrete clusters of samples collected before and after antibiotic treatment (Zakostelska et al. 

2016). Our data are in agreement also regarding the observed microbiota abundance, e.g. 

increase of Lactobacillales in MIX-treated mice (Zakostelska et al. 2016, Zanvit et al. 2015). 

Many studies have reported a beneficial effect of lactobacilli on cutaneous health (Baba et al. 

2010, Gueniche et al. 2014, Ogawa et al. 2016, Zhao et al. 2018), as well as their beneficial role 

in improving intestinal barrier, leading to decreased sensitization to allergens (Kozakova et al. 

2016). In addition, even the administration of lysate of Lactobacillus casei DN-114 001 reduced 

the severity of experimental colitis in mice by increasing numbers of Treg cells and decreasing 

the production of proinflammatory cytokines, while also changing the gut microbiota 

composition (Zakostelska et al. 2011). This combined evidence led us to conclude that specific 

composition of intestinal microbiota, e.g. a lack of lactobacilli, could be responsible for 

enhancing the Th17 response and thus contribute to IISI in mice (Zakostelska et al. 2016). 

To further explore our findings, we used the individual components of the antibiotic mixture to 

check the specific effect of each antibiotic, namely colistin, vancomycin (VAN), streptomycin, 

and metronidazole (MET). We found the most profound changes, such as decrease of skin 

thickness and decrease of Th17 cells in inguinal lymph nodes in MET-treated mice. The 

proinflammatory cytokine expression profile in the skin was most affected by streptomycin and 

MET (Stehlikova et al. 2019b).  
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Some antibiotics may have immunomodulatory anti-inflammatory properties, which are 

highlighted by their potential to treat non-infectious conditions (Al-Banna et al. 2013, 

Mencarelli et al. 2011, Miner et al. 2005). Because MET is one of the antibiotics often used for 

its anti-inflammatory properties and since MET treatment significantly decreased the IISI 

inflammation in CV mice, by using GF mice we aimed to find out whether MET influences the 

IISI in a microbiota-dependent or independent manner (Stehlikova et al. 2019b). There might 

be a minor immunomodulatory effect of MET that is microbiota independent, because in GF 

mice treated with MET we observed higher Nfkbiz expression than in controls, while another 

study reported that deficiency of Nfkbiz caused atopic dermatitis in mice (Shiina et al. 2004). 

Nevertheless, it has been postulated that Nfkbiz might also function independently of the NF-

κB pathway (Ishiguro-Oonuma et al. 2015), so the actual role of Nfkbiz in IISI and skin 

homeostasis remains to be investigated. Importantly, we found that MET treatment did not 

change the severity and other parameters of IISI under GF conditions, suggesting that the anti-

inflammatory effect of MET observed in CV mice is microbiota-dependent (Stehlikova et al. 

2019b). Our observation of antimicrobial effect of MET is further supported by studies showing 

the efficacy of MET in alleviating experimental uveitis via changing the microbiota 

composition (Heissigerova et al. 2016) or in improving the SIBO syndrome, which is primarily 

caused by small intestinal dysbiosis (García-Collinot et al. 2020, Soifer et al. 2010). 

We observed significant diversity changes in microbiota composition in VAN, MET, and MIX-

treated groups of mice before the IISI induction. The observed changes in skin microbiota were 

significant and associated with VAN treatment, while microbiota shifts in the intestine were 

even more extensive and associated with VAN, MET, and also MIX treatment (Stehlikova et 

al. 2019b). VAN- and MET-induced shifts in microbiota composition remained stable after 

subsequent IISI induction and lasted until the end of the experiment. The observed effect of 

MIX was probably only the combined effect of the co-administration of VAN and MET 

(Stehlikova et al. 2019b). 

The decrease in skin microbiota diversity in VAN-treated mice before IISI is consistent with 

previous findings of Zanvit et al. (2015), who also reported changes in skin microbiota 

composition after treatment with an antibiotic mix including VAN. VAN is described as not 

easily absorbed via intestinal mucosa, therefore its effect is expected to be site-specific, 

localized rather to the intestine. Despite this fact, its effect is probably wide-range as observed 

in the research focused on wound healing (Zhang et al. 2015). The authors revealed altered skin 
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microbial density and composition after oral VAN treatment, in particular a reduced proportion 

of Staphylococcus-related sequences, as well as lower IL17 expression in mouse wounded skin 

(Zhang et al. 2015). These findings are in line with the results of our study and the study of 

Zanvit et al. (2015). 

Interestingly, we discovered that in the control group the cutaneous, but not intestinal 

microbiota diversity markedly decreased after IISI induction. This might be a consequence of 

the severity of skin inflammation in CV mice compared to the ATB-treated groups of mice. 

Decreased skin microbial diversity in control mice after IISI induction, however, contrasts with 

previous data published by Zanvit and coauthors, who reported no differences between ATB 

and control groups after IISI induction (Zanvit et al. 2015). This could be the result of 

sequencing a different 16S rRNA region (i.e. V3V4 versus V4) or using a different ATB mix 

(Zakostelska et al. 2016, Zanvit et al. 2015). 

It was recently observed that staphylococci and streptococci found in mouse fecal samples 

worsened experimental psoriasis manifestation (Okada et al. 2020). In our study, in MET-

treated group of mice which had mild IISI, there was lower abundance of staphylococci and 

streptococci in IISI lesions compared to controls. Moreover, we detected no staphylococci or 

streptococci in the feces of those MET-treated mice, both before and after IISI induction. In 

contrast to that, we found streptococci species in the feces of control mice before IISI induction 

and increase of staphylococci after IISI induction (Stehlikova et al. 2019b). When Okada et al. 

(2020) administered Staphylococcus aureus and Streptococcus delineate orally to ATB-treated 

mice with IISI, it exacerbated skin lesions and elevated the levels of proinflammatory cytokines 

TNFα, IL17 and IL22 (Okada et al. 2020). These results lend support to our findings, since we 

observed a correlation between IISI improvement and decreased skin abundance of 

staphylococci and streptococci species, while Okada with coauthors exacerbated the disease by 

administering those bacteria orally (Okada et al. 2020). 

We have further found that MET treatment profoundly changed the gut microbiota abundances 

by decreasing the overall diversity, which led to an enormous increase of lactobacilli species in 

the intestine. Taken together, MET-treatment can alleviate IISI symptoms and is associated 

with increased lactobacilli in the intestine. A member of lactobacilli, species L. plantarum, 

recently showed protective effect in human as well as mouse models of cutaneous and intestinal 

inflammation (Jang et al. 2014, Kim et al. 2015, Kim et al. 2020, Kong et al. 2012, Mariman et 

al. 2016, Prakoeswa et al. 2020). Furthermore, certain microbial species were shown to populate 
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Th17 or Treg cells (Atarashi et al. 2011, Round and Mazmanian 2010, Wang et al. 2019). 

Taking all those information into consideration, we decided to monocolonize IISI mice with 

either L. plantarum WCFS1 (LP) or segmented filamentous bacteria (SFB). We expected a 

relief of IISI symptoms after monocolonization with LP, and their worsening during 

monocolonization with SFB (Górska et al. 2014, Ivanov et al. 2009). Consistently with the anti-

inflammatory properties of L. plantarum reported in the literature, we found that LP 

monocolonization led to a comparable degree of IISI as in GF mice. On the other hand, 

monocolonization with SFB promoted neither higher Th17 expansion nor an increase of 

proinflammatory cytokines in the inflamed skin when compared to CV mice. When compared 

to GF mice, monocolonization with SFB led to significantly increased Th17 expansion only in 

the spleen (Stehlikova et al. 2019b). It may seem that this is partially inconsistent with other 

mice studies reporting the role of SFB bacteria in inducing the proinflammatory response (Koga 

et al. 2019, Kwon et al. 2018). However, the reason we did not observe worsening of IISI might 

be that SFB bacteria need the presence of other commensals to fully reach their pro-

inflammatory potential (Stepankova et al. 2007a). 

Research of the human skin microbiome presents some unique challenges, such as low 

microbial biomass on the skin compared to the gut content, high contamination risk, diversity 

of cutaneous habitats, or site-specific microbiota (Kong et al. 2017, Naik et al. 2012, Salter et 

al. 2014). Many host factors, such as gender, ethnicity, handedness, living with animals, 

hygiene and cosmetics habits, can impact the composition of skin microbiota (Fierer et al. 2008, 

Kim et al. 2019). Results from our human study suggest that psoriasis is a stronger factor than 

gender in determining skin microbiota composition, since we have found no differences in alpha 

diversity between males and females affected by psoriasis (Stehlikova et al. 2019a).  

Skin microbiome studies are also heavily influenced by experimental design. Each method has 

its strengths and weaknesses, making the study of microbiome extremely challenging, with 

results that are difficult to compare. For example, Gao et al. (2008) studied the cutaneous 

psoriatic microbiome in only 6 patients, sampling the forearm by swabs; Fahlén et al. (2012) 

examined skin biopsies from the trunk, arms and limbs; Tett et al. (2017) sampled skin on the 

elbow and behind the ear by swabs, and Ogai et al. (2018) performed tape-stripping to reveal 

the skin microbiome composition on the back. Ethnicity, i.e. a group of people with similar 

culture and habits, although considered a secondary factor affecting microbiota composition, 

might also be behind the discrepancies reflected in the published results. Microbiota 
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composition can differ among, for example, the Irish (Fahlén et al. 2012), Americans 

(Alekseyenko et al. 2013, Brooks et al. 2018, Gao et al. 2008), Czechs (Stehlikova et al. 2019a) 

or Indians (Gupta et al. 2017).  

The major influencing factor, however, seems to be the choice of 16S rRNA region for 

sequencing, as this can profoundly impact the perceived diversity and microbial community 

composition (Bukin et al. 2019, Castelino et al. 2017, Willis et al. 2019, Yang et al. 2016). 

While some researchers claim that the DNA extraction strategy is paramount and that the choice 

of hypervariable regions has only a minor influence (Teng et al. 2018), others maintain that the 

selection of 16S rRNA region plays an important role (Jo et al. 2016, Kerrigan et al. 2019). For 

example, the V1V3 region could better distinguish among Staphylococcus species (Conlan et 

al. 2012, Jo et al. 2016), and using primers for the V4 region results in underrepresentation of 

Cutibacterium species (Meisel et al. 2016). The V3V4 region has been described to sufficiently 

cover the skin microbial diversity (Castelino et al. 2017, Grice and Segre 2011, Group 2012) 

and Teng et al. (2018) also confirm that V3V4 provides more reproducible data than, for 

example, V1V3. 

Because results vary across publications, we aimed to conduct a comprehensive study 

comparing all previously published methodological approaches using one data set. To deal with 

the issue of 16S rRNA region choice, one possible way is to study the identical samples using 

different 16S rRNA regions (Bukin et al. 2019). Therefore, we have compared the sets of 

primers for V1V2 and V3V4 regions on identical samples from psoriatic patients and healthy 

controls (Stehlikova et al. 2019a). As described above, primers for the V3V4 regions were 

probably not sufficient to classify the majority of Staphylococcus species, unlike V1V3 primers 

used by Alekseyenko et al. (2013) whose finding was further supported by Meisel et al. (2016). 

Nevertheless, although primers for V1V2 regions were better in classifying Staphylococcus to 

the species level, sequencing the V3V4 region recovered greater overall diversity (Stehlikova 

et al. 2019a). This is in line with Graspeuntner and colleagues, who also confirmed greater 

number of taxa identified using the V3V4 region of 16S rRNA (Graspeuntner et al. 2018). 

To overcome other potential bias we combined and compared 3 previously described 

techniques of sample collection, e.g. swabs, scrapings and biopsies. Unlike some other studies, 

that investigated microbiota of various body sites and summarized their results across these 

localities (Fahlén et al. 2012, Gao et al. 2008), we focused only on two common sites frequently 

affected by psoriasis, which differ in their specific microenvironments – the oily back and the 
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dry elbow skin (Stehlikova et al. 2019a). Similarly to Tett et al. (2017), we sought to reduce the 

intra- and inter-individual variation by using control samples from unaffected contralateral skin 

of the same patient and also samples from healthy controls. Our study has the added value of 

analyzing the skin fungal composition and correlating bacteria and fungi from skin swabs 

(Stehlikova et al. 2019a). 

Swabs and scrapings showed similar alpha diversity across affected and unaffected psoriatic 

skin and healthy control skin both on the back and elbow. Our data on healthy skin are supported 

by Bay et al. (2020), who researched the moist and dry areas of the skin, and consistent with 

other data on healthy skin (Grice et al. 2008), suggesting that microbial alpha diversity might 

be similar among anatomic locations of healthy skin. 

Despite non-significant differences in alpha diversity across sampled sites and localities on the 

body, we found a tendency to higher species richness (total number of species) and evenness 

(relative proportions of each species) on the elbow than on the back skin. This corresponds to 

the dry and oily skin areas investigated by Tett et al. (2017) and possibly underscores the 

microbiota changes caused by the disease and reflects the conditions of distinct 

microenvironments as well. However, Tett et al. (2017) did not include healthy controls in the 

analyses, so the microbiota variation between healthy and diseased skin is missing. 

Biopsy samples, on the other hand, showed tendency to decreased richness and evenness in 

psoriatic skin, while the increasing trend in unaffected and healthy skin. Using LEfSe to analyze 

discriminative microbial species for each sampling methodology, we found many more 

bacterial and fungal biomarkers in biopsies, distinguishing biopsy samples from swabs or 

scrapings (Stehlikova et al. 2019a). This does not mean that swabbing the upper layers of 

epidermis would reflect lower amount of species on the surface of the skin in contrast to the 

dermal sites. In other words, the variability in bacterial community composition could change 

from epidermal to dermal locations – from the epidermal microbiota, being more affected by 

environmental factors, to the well-conserved, compositionally and functionally distinct dermal 

microbiota (Bay et al. 2020). Therefore, this could be the reason why we have detected so many 

distinguishing species in biopsy samples in contrast to swabs and scrapings (Stehlikova et al. 

2019a). Unfortunately, most of our participants were not willing to provide a biopsy sample 

and none of them from the elbow, as this harsh intervention might flare up the psoriasis 

symptoms at the site of injury, which is known as the Koebner phenomenon (Ji and Liu 2019). 

Due to this reason, we had back biopsies from only 10 patients and, therefore, we focused more 
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on the skin microbiota analysis from the most common and best tolerated swab sampling. 

Nevertheless, in this scarce set of biopsy samples we observed that biopsies from healthy 

controls are characterized by almost absolute predominance of Staphylococcus species (90.9 

%), whereas biopsies from psoriatic patients had variable microbiota composition (unpublished 

data). This partially contrasts with Fahlén et al. (2012), who also investigated the microbiota 

composition of psoriatic patients in biopsy samples, since they found the most common species 

to be Streptococcus in both psoriatic and healthy controls. Nevertheless, their findings 

correspond to our results in uncovering a higher abundance of Staphylococcus in healthy 

controls versus psoriatic patients (Fahlén et al. 2012). However, the data are not directly 

comparable, since Fahlén et al. (2012) contrasted control samples obtained mostly from the 

back with psoriatic samples obtained mostly from the limb. This again goes back to the 

problems with interpretation of microbiota composition due to different localities, hence 

microenvironments, on the human body. To date, several other human studies described higher 

Staphylococcus and Streptococcus abundance in psoriatic skin in contrast to healthy skin, which 

is not in concordance with our human study (Alekseyenko et al. 2013, Gao et al. 2008). On the 

other hand, despite the differences in sampling strategy, our data are  mostly consistent with 

other studies that investigated human psoriasis (Drago et al. 2016, Fahlén et al. 2012). Given 

the differing Staphylococcus abundances between our human study and the study of 

Alekseyenko et al. (2013) and Gao et al. (2008), who used the same sampling approach (i.e. 

swabs), we suspect that there must be other reasons for the inconsistent results, besides 

sampling methodology. The reasons might be the already discussed sequencing approaches, 

high inter-individual variation, specific niches of different body sites, or low abundance of 

discriminatory taxa (Kverka and Tlaskalová-Hogenová 2017, Tett et al. 2017, Yan et al. 2017). 

When oily and dry skin were compared in their beta-diversities, the oily skin showed larger 

beta diversity than the dry skin (Stehlikova et al. 2019a, Tett et al. 2017). This possibly reflects 

the differences of oily and dry microenvironments (Grice et al. 2008). However, we observed 

no significant beta diversity differences between psoriatic and unaffected skin on any of the 

examined sites. This contrasts with the study of Tett et al. (2017), where the authors found 

larger beta diversity in oily skin, particularly in psoriatic compared to unaffected skin. However, 

since Tett et al. (2017) used shotgun metagenomics in their study, it is difficult to compare the 

results, since different methodological strategies vary in their outcomes (Jarrin et al. 2015). 
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The fungi on human skin are an integral part of the whole microbiota community, however, 

studies concerning the mycobiota composition in psoriasis are still rare. Studies in mice 

nevertheless proposed that cutaneous fungi could exacerbate experimental skin inflammation 

by inducing the accumulation of IL17-A producing Th, Tc and γδ-T cells within the skin 

(Hurabielle et al. 2020). We also tried to influence the mycobiota composition with antifungals, 

but we did not achieve a change in the severity of IISI between treated and control mice 

(unpublished data). 

In the human study, we aimed to characterize how different sampling techniques affect the 

uncovered skin fungal composition, since previous human studies did not address this issue 

(Amaya et al. 2007, Findley et al. 2013, Jagielski et al. 2014, Takemoto et al. 2015). We found 

no differences in alpha diversity between swabs, scrapings or biopsy samplings. Our results 

support previous findings about Malassezia being the most dominant fungal species on the skin 

(Findley et al. 2013). For instance, M. sympodialis is known to enhance the production of 

proinflammatory cytokines in keratinocytes (Watanabe et al. 2001) and induce the activation 

of mast cells, which then release leukotriens, increased in atopic dermatitis and psoriasis 

patients (Buentke et al. 2002, Selander et al. 2009). Interestingly, in our study the psoriatic 

lesions on the oily back skin were predominated by Malassezia restricta and the dry elbow skin 

rather with Malassezia sympodialis, as revealed by LefSe analysis (Stehlikova et al. 2019a). 

This contrasts with the study of Paulino et al. (2006) who found the opposite, i.e. M. restricta 

to be the predominant species on the dry elbow skin, followed by M. sympodialis. 

Unfortunately, Paulino et al. (2006) investigated only 3 psoriatic patients, therefore their results 

are not very conclusive. We observed a lower ratio of Malassezia globosa to Malassezia 

restricta in samples from psoriatic lesions on the back in contrast to healthy skin, which is 

consistent with previous findings (Takemoto et al. 2015). 

An intriguing aspect is the already mentioned ethnicity, which could confound the results. For 

example, M. sympodialis was the predominant species in the Polish cohort of patients (Jagielski 

et al. 2014), whereas in Canadian patients it was M. globosa (Gupta et al. 2001) and in Japanese 

patients it was M. restricta (Amaya et al. 2007). 

Consistently with our observation, the predominance of M. restricta on psoriatic oily skin was 

confirmed in another Japanese study (Koike et al. 2020). Moreover, the authors revealed that 

the psoriatic skin mycobiome composition is retained even after systemic anti-TNF or anti-IL17 

treatment (Koike et al. 2020). Interestingly, another study showed gut microbial changes after 
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anti-IL17, but not anti-IL12/23 treatment (Yeh et al. 2019). However, the baseline microbiota 

composition of those patients differed markedly between responders and non-responders to 

anti-IL17 treatment, which might be useful as a potential microbiota biomarker of response to 

anti-IL17 treatment (Yeh et al. 2019). Since Koike et al. (2020) deal with fungi on psoriatic 

skin and Yeh et al. (2019) with bacteria in the gut, it remains to be elucidated whether the 

treatment affecting intestinal bacteria also affects the intestinal fungi, and whether this 

treatment could also influence the skin bacterial composition. In our study, the majority of 

tested patients were under various kinds of therapy (i.e. local, systemic or under biological 

drugs), depending on the disease severity. 

Regarding the published literature it seems that some medication could actually impact the 

microbiota composition (Koike et al. 2020, Yeh et al. 2019), and that some patients might not 

respond to the treatment due to possible differences in microbiota composition (Dei-Cas et al. 

2020, Yeh et al. 2019). Taking this into account, the altered microbiota composition inevitably 

leads to altered microbiota interactions and this might consequently influence the overall 

dynamics of the immune system and vital functions of the human body. 

To better understand the disease-specific differences, we analyzed the potential interactions 

between bacterial and fungal species in psoriatic patients versus healthy controls. The 

correlation analysis was based on the taxonomic abundances of particular species. We noticed 

many more interactions on the dry elbow skin when compared to the back skin, which 

corresponds to the study of Findley et al. (2013). This observation probably reflects the 

ecological conditions in both microenvironments. It could also reflect the potential higher 

competition in the more exposed dry skin in comparison to the less exposed oily back skin (Li 

et al. 2017). 

Chang et al. (2018) investigated bacterial interactions within the skin microbiome and identified 

clusters of bacterial species corresponding in their abundance. Even though we investigated 

bacteria-fungi interactions, we uncovered similar patterns in our results. For instance, 

Corynebacterium and Peptoniphilus clustered together in the study of Chang et al. (2018) and 

both genera were positively correlated with Malasseziales in unaffected psoriatic skin on the 

back in our study (Stehlikova et al. 2019a). Furthermore, Corynebacterium clustered with 

Finegoldia (Chang et al. 2018) and both genera were positively correlated with Aspergillus on 

elbow psoriatic lesions (Stehlikova et al. 2019a). To better understand the observed bacteria-
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fungi interactions in relation to the pathogenesis of psoriasis, more studies expanding this 

knowledge by other –omics approaches are needed. 

Not only skin microbiota changes should be considered in psoriasis, but attention should be 

given to the intestinal microbiota as well. Disturbances in biodiversity and composition of gut 

microbiota, even in less abundant species, have been linked to many diseases. New growing 

evidence suggests that psoriatic patients also suffer from intestinal dysbiosis (Codoñer et al. 

2018, Dei-Cas et al. 2020, Hidalgo‐Cantabrana et al. 2019, Chen et al. 2018, Shapiro et al. 2019, 

Yegorov et al. 2020). It has been described that psoriatic patients display a marked increase in 

Actinobacteria species and some cohort-specific differences as well, such as significant 

overrepresentations of Blautia, Coprococcus, Ruminococcus or Dorea (Shapiro et al. 2019). 

Recently, it has also been shown that psoriatic patients have a lower abundance of Akkermansia 

muciniphila, an important producer of SCFA-binding protein, in the gut (Tan et al. 2018). We 

did not sample intestinal microbiota of psoriatic patients, but in our mouse study we did not 

detect any significant changes in A. muciniphila abundance during IISI development. Other 

human studies reported a lack of A. muciniphila in other diseases, such as allergic asthma or 

ulcerative colitis (Demirci et al. 2019, Rosso et al. 2020). 

Enterotype 2 classified by Codoñer et al. (2018), characterized by the predominance of 

Prevotella species, is susceptible to more frequent bacterial translocations, promoting 

inflammation. Furthermore, our results together with others consistently show an increased 

concentration of serum biomarkers indicating intestinal barrier damage in psoriatic patients, 

such as Claudin-3 or I-FABP (Sikora et al. 2019a, Sikora et al. 2019b, Stehlikova et al. 2019a). 

In addition, levels of I-FABP positively correlate with increased values of BMI, PASI, and NLR 

(neutrophil to lymphocyte ratio) pointing to the fact that intestinal integrity is affected by 

obesity, severity of the disease and systemic inflammation (Sikora et al. 2019b). Other markers 

of enterocyte damage, i.e. the ratio of ccCK18/CK18 did not show significant differences 

between psoriasis patients and healthy controls (Stehlikova et al. 2019a). 

 

Conducting a human microbiome research has its benefits and drawbacks. Apart from the costly 

experiments, researchers have to deal with difficult-to-control sample collection, generation 

and analysis of the data. Furthermore, human microbiota studies often do not deal with causality 

and provide mostly correlative results. Experimental animal models, although often expensive 
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and difficult to maintain, offer great opportunities and could help us gain insight into different 

aspects of the balanced and dysbiotic human microbiota (Fritz et al. 2013). 

Since the microbial composition is individualized to a certain extent, there is no precise 

definition of a “healthy microbiome”. Despite this knowledge gap, it is generally accepted that 

the higher the microbial diversity, the better physiology and homeostasis (Eckburg et al. 2005). 

However, this hypothetical assumption, although based on many observations, does not have 

to be true in all cases (Fredricks et al. 2005, Chang et al. 2018, Srinivasan et al. 2012).  
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6. CONCLUSIONS 

I. 

CV mice treated with a mixture of broad-spectrum ATBs were more resistant to IISI, similarly 

to GF mice. ATB treatment profoundly changed the gut microbiota profile of CV mice, which 

resulted in a lower degree of local and systemic Th17 activation (Zakostelska et al. 2016). MET 

was the most effective antibiotic in mitigating the IISI symptoms, due to its antimicrobial 

activity and not its immunomodulatory effect, as we showed in GF mice. Furthermore, 

monocolonization of mice with single bacteria species was not sufficient to change the course 

of IISI (Stehlikova et al. 2019b). 

II. 

Different techniques of sample collection uncovered similar richness, evenness and genera 

abundance of the present taxa, but each technique highlighted some specific bacterial or fungal 

taxa associated with the particular method (i.e. swab, scraping, and biopsy). Each sampling site 

(psoriatic, unaffected, healthy), as well as body location (elbow, back) was also characterized 

by specific microbial communities. The bacteria-fungi co-occurrence pattern, distinct in 

psoriatic, psoriatic-unaffected and healthy skin, suggests a link between niche occupancy and 

psoriatic changes on the skin (Stehlikova et al. 2019a).  

III. 

Elevated serum levels of I-FABP were found in patients with psoriasis, pointing at intestinal 

barrier disruption. Although we did not find an increase in serum levels of ccCK18, another 

marker of intestinal barrier impairment, intestinal integrity certainly plays an important role in 

the pathogenesis of psoriasis (Stehlikova et al. 2019a). 

 

Composition of cutaneous and intestinal microbiota is an influential aspect in the course of 

psoriasis.  
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