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ABSTRACT (EN)  

Microbes have coevolved with humans forming symbiotic communities that constantly 

challenge the immune system and, when imbalanced, could lead to diseases like inflammatory 

bowel disease (IBD). Patients with IBD suffer from microbial dysbiosis and chronic 

inflammation which could be potentiated by immune system reaction to the commensal 

microbiota. In the research presented here, firstly I have focused on the description of the gut 

and skin microbiome from patients with IBD and secondly, I investigated the process of 

antimicrobial defense. 

Patients with IBD on two different biological therapies targeting TNFŬ, IL-12 and 

IL -23 cytokines were tracked for changes in their gut and skin microbiome features. Although, 

neither differences in gut microbial diversity nor composition were linked with the progression 

of the therapies, an increased similarity to the healthy control group at week 38 of anti-TNFŬ 

therapy was found. This shift in microbiome could be considered beneficial and could be 

attributed to the inflammation reducing effect of the therapy. While analyzing the microbiome 

features, various patient characteristics were taken into account and the sources microbiome of 

variability were uncovered, out of which the interindividual variability stood out the most. 

Regarding the skin microbiome, compositional and diversity differences were found between 

healthy individuals and patients with IBD at sebaceous sites. This observation is the first of its 

kind outside the gut and suggests communication between the gut and the skin and could be a 

link to so far unexplained skin adverse events occurring in a portion of patients undergoing 

anti-TNFŬ therapy. Then we looked at one of the molecular mechanisms that could be closely 

linked with microbial dysbiosis. Paneth cells are major producers of antimicrobial peptide in 

the gut and their numbers are known to be reduced in patients with IBD. Using an experimental 

animal model with mice deficient for IL-17R in Paneth cells, we have uncovered that IL-17 

regulates expression of Paneth cell-specific defensins in the ileum which is an important 

mechanism in maintaining homeostasis especially the balance between the host and his 

microbiome in this gastrointestinal compartment. 

Collectively, the findings of this thesis highlight the changes in the microbiome 

diversity and composition in the context of IBD both in humans as well as in the in vivo model 

focusing on a concrete mechanism of microbiome regulation.  
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ABSTRAKT (CZ)  

Mikrobi se vyv²jeli spoleļnŊ s jejich lidskĨmi hostiteli a vytvoŚili s nimi symbiotický 

celek, coģ ale pŚedstavuje n§roļnĨ ¼kol pro imunitní systém. Pacienti s ISZ trpí mikrobiální 

dysbi·zou a chronickĨm z§nŊtem, kterĨ mŢģe bĨt zpŢsoben reakc² imunitn²ho syst®mu na 

komenz§ln² mikrobiotu. Ve zde prezentovan®m vĨzkumu jsem se nejprve zamŊŚila na popis 

stŚevn²ho a koģn²ho mikrobiomu pacientŢ s ISZ, a na proces antimikrobiální obrany. 

Pacienti s IZS na dvou rŢznĨch biologickĨch terapi²ch c²l²c² na cytokiny TNFŬ, IL-12 

a IL-23 byli sledov§ni na vĨskyt zmŊn v jejich stŚevn²m a koģn²m mikrobiomu. Aļkoli 

s prŢbŊhem sledovanĨch biologickĨch terapi² nebyly spojeny zmŊny v diverzitŊ ani sloģen² 

stŚevn²ho mikrobiomu, v tĨdnu 38 anti-TNFŬ l®ļby byla zjiġtŊna zvĨġen§ podobnost se zdravou 

kontroln² skupinou. Tento posun ve sloģen² mikrobiomu by mohl bĨt povaģov§n za prospŊġnĨ 

a mohl by bĨt pŚips§n ¼ļinku terapie, tedy sn²ģen² z§nŊtu. PŚi analĨze mikrobiomu byly 

zohlednŊny rŢzn® charakteristiky pacientŢ a byly odhaleny zdroje variability mikrobiomu, z 

nichģ nejv²ce vynikla interindividu§ln² variabilita. Pokud jde o koģn² mikrobiom na m²stech 

bohatých na mazové ģl§zy, byly zjiġtŊny rozd²ly ve sloģen² a diverzitŊ mezi zdravĨmi jedinci 

a pacienty s ISZ. Toto pozorov§n² je prvn² sv®ho druhu mimo stŚevo a naznaļuje komunikaci 

mezi stŚevem a kŢģ² a mohlo by bĨt spojen²m s dosud nevysvŊtlenĨmi neģ§douc²mi koģn²mi 

¼ļinky vyskytuj²c²mi se u ļ§sti pacientŢ podstupuj²c²ch anti-TNFŬ terapii. Nakonec jsme se 

pod²vali na jeden z molekul§rn²ch mechanismŢ, kterĨ mŢģe bĨt spojenĨ s mikrobi§ln² 

dysbi·zou. Panethovy buŔky jsou hlavn²mi producenty antimikrobi§ln²ch peptidŢ ve stŚevŊ a 

je zn§mo, ģe jejich poļet je u pacientŢ s ISZ sn²ģen. Pomoc² experiment§ln²ho zv²Śec²ho 

modelu s myġmi s deficitem IL-17R v PanethovĨch buŔk§ch jsme odhalili, ģe IL-17 reguluje 

expresi defensinŢ specifickĨch pro Panethovy buŔky v ileu. Tento mechanismus je dŢleģitĨ 

pro udrģov§n² homeost§zy, zejm®na rovnov§hy mezi hostitelem a jeho mikrobiomem v tomto 

úseku gastrointestinálního traktu. 

SouhrnnŊ vĨsledky t®to pr§ce poukazuj² na zmŊny v diverzitŊ a sloģen² mikrobiomu v 

kontextu ISZ jak u lidí, tak v in vivo modelu se zamŊŚen²m na konkr®tn² mechanismy regulace 

mikrobiomu. 
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1 LITERATURE OVERVIEW  

In this literature overview I will first describe the intestinal mucosal system and its 

anatomy and physiology with a particular focus on Paneth cells. Then I will follow up with the 

associated lymphoid tissue and describe its protective functions. Secondly, I will depict how 

the microbiome is embedded in the intestinal mucosal system and what are its main features 

and functions. Having described the physiological state, I will then cover inflammatory bowel 

disease (IBD) and how such disorder affects the mucosa and the associated microbiome. I will 

also dedicate one chapter to different types of therapies available for IBD. Lastly, I will write 

about the crosstalk between microbiome and the mucosal immune system in the context of 

IBD. 

1.1 Gastrointestinal system 

Gastrointestinal (GI) system represents a complex network of organs and structures 

primarily responsible for the breakdown, absorption, and assimilation of nutrients. The GI 

system spans from the oral cavity to the anus, including small, and large intestines, which I 

will focus on mostly. Although, each section has a unique and important role in the digestion 

continuum. While the GI tract's length is remarkable (roughly 9 meters), its surface area is even 

more impressive due to the internal structures that increase its absorptive capacity. Especially 

the small intestine, is covered in tiny, finger-like projections called villi and smaller sub-

projections microvilli. The presence of these structures dramatically increases the surface area, 

enhancing absorption of nutrients and minerals from food. When combined, the GI mucosa has 

approximately 20-40 square meters, which is roughly half the size of a badminton court 

(Helander and Fändriks 2014). Such a large surface area requires a robust immune system 

presence which will be covered by chapter 1.2.1 Intestinal mucosal system. Beyond its 

primary functions, the GI system houses a vast and diverse microbial community known as the 

gut microbiome, which plays an instrumental role in metabolic processes and immune system 

modulation. Microbiome and its spatiotemporal organization will be discussed in chapter 1.3 

Microbiome. Disruptions in the GI system and/or imbalances in the gut microbiome can lead 

to a myriad of diseases where inflammatory bowel diseases (chapter 1.4 Inflammatory bowel 

disease) and their treatment (chapter 1.5 Therapies for inflammatory bowel disease) are at 

the front of the research covered by this thesis. 

In the following chapters I will try to describe how the immune system and microbiome 

work within the context of GI tract (patho)physiology with a particular focus on IBD. 
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1.2 Intestinal mucosal system 

The mucosa of the intestine forms a protective barrier between the lumen where various 

exogenous antigens from food, microbes and environment pass and separate them from the 

deeper layers where immune cells are on guard. The barrier is very selective in what goes in 

and out, hence maintaining the homeostasis. It comprises several layers including epithelium, 

a single cell layer which together with the overlaying mucous layer forms the first point of 

contact with the antigens. Underneath there is a thin layer of connective tissue called lamina 

propria where numerous immune cells are watching for signs of danger and a thin layer of 

smooth muscle. Besides lamina propria, the immune system of the intestine is organized in 

lymphatic structures such as Peyerôs patches and mesenteric lymph nodes. Collectively, these 

features are called the gut associated lymphoid tissue (GALT). These components of GALT 

work together to maintain intestinal homeostasis and protect against the continuous exposure 

to pathogens and antigens in the gut lumen. Dysfunction of GALT within the mucosal system 

of the intestine can lead to a variety of gastrointestinal disorders, such as IBD, celiac disease, 

and food allergies. Therefore, understanding the function and regulation of GALT is crucial 

for the development of effective therapies for these conditions (more details in chapter 1.2.1. 

Immune system of the intestine). 

Epithelium is curved into crypts of Lieberkühn where the proliferating stem cells are 

located. In the small intestine the epithelial curvature is broadened to villous protrusions which 

are significantly expanding the area for nutrient absorption. In contrast, the large intestine is 

free of villi because they might be harmed by a solid fecal matter formed in this compartment. 

The intestinal lining is made up of diverse types of specialized cells. These cells take part in 

homeostasis maintenance and comprise enterocytes, microfold (M) cells, and different 

secretory cells like goblet cells, Paneth cells, enteroendocrine cells, and chemosensory tuft cells 

(Tlaskalova-Hogenova et al. 2005). The most abundant cells are enterocytes which are 

responsible for nutrient and water absorption. Goblet cells produce heavily glycosylated 

proteins, mucins, which form a gel-like cover creating physical and chemical barriers on the 

epithelium. In addition, they support the intestinal homeostasis by transferring soluble antigens 

from the epithelium to lamina propria tolerogenic dendritic cells (Knoop et al. 2015; McDole 

et al. 2012). Disruption of goblet cells' functions leads to colitis in mice implying their 

importance to the intestine (McVay et al. 2006; Van der Sluis et al. 2006). Paneth cells produce 

antimicrobials and are responsible for the crypt homeostasis (see section 1.2.2 Paneth cells). 

In Peyer's patches of the small intestine reside the M cells. M cells lack villi and have a pocket-

like structure through which they can uptake antigens from the lumen and pass them to antigen 
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presenting cells in lamina propria. Lastly, different types of enteroendocrine cells release 

diverse hormones and regulate the digestive process (Allaire et al. 2018). In conclusion, the 

epithelial layer comprises a plethora of cell specialists creating a complex network which gives 

a possibility for diverse defense and regulatory mechanisms to take place. 

1.2.1 Immune system of the intestine 

The intestine is home to a complex and dynamic immune system that is specifically 

adapted to the unique challenges of the gut environment. The immune system within the 

intestines comprises both innate and adaptive elements, which collaborate to shield the body 

against harmful pathogens and preserve the balance of the intestinal environment. An intricate 

equilibrium is maintained in eliciting a robust defense against pathogens while preserving the 

protective barrier and avoiding inflammatory damage. At the same time the friendly 

commensals must be well tolerated without generating an inadequate immune response. In the 

following lines I will describe specific types of immune cells within both innate and adaptive 

branches of the immune system.  

Antigen presenting cells (APCs) are immune cells which can convey the signal by 

presenting peptides on their major histocompatibility complex (MHC) class II molecules. 

Sampling the luminal antigens and initiating an effective adaptive immune response and/or 

tolerance is the major function of the intestinal APCs. 

The intestine comprises the largest pool of macrophages, professional APCs. Intestinal 

macrophages are constantly replenished from the circulating monocyte precursors to maintain 

adequate numbers (Bain et al. 2014). Interestingly, this process is regulated by the resident 

microbiota which induces the recruitment of the monocyte subsets to the intestine as 

documented on germ-free and antibiotic treated mice (Bain et al. 2014). Under homeostatic 

conditions intestinal macrophages hold rather regulatory function, they do not respond to TLR 

ligands, they scavenge bacteria without producing pro-inflammatory stimuli, and they produce 

IL -10 to support regulatory T cells and tissue repair. By contrast, during experimental colitis 

the macrophages fail to develop an anti-inflammatory phenotype and instead start to produce 

cytokines such as TNFŬ, IL-1, IL-6, and nitric oxide and cause tissue damage (Bain et al. 2013).  

Another professional APC is the dendritic cell (DC). Similarly to intestinal 

macrophages, conventional DCs of the intestine tend to have a more regulatory phenotype 

compared to their splenic counterparts (Coombes and Powrie 2008). In the intestine DCs have 

a special ability to extend their dendrites though the epithelial layer and actively search for the 

antigens in the gut lumen. This way DCs sense the commensal microbiota and control the 

inflammation and tolerance at the mucosal surface (Niess et al. 2005). Otherwise DCs can 
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uptake antigens which are transcytosed via M cells or transported via neonatal Fc receptors 

(Coombes and Powrie 2008). Alternatively, goblet cells can also assist in passing the soluble 

luminal antigens to DCs (Knoop et al. 2015; McDole et al. 2012). Upon antigen uptake, mature 

DCs travel to mesenteric lymph nodes where they can induce tolerance through expression of 

TGFɓ (Bakdash et al. 2015; Sun et al. 2007). 

There is another population of APCs which are getting a lot of attention nowadays, 

called the group 3 innate lymphoid cells (ILC3). They contribute to the peripheral tolerance by 

presenting antigens from the intestinal microbiota to the CD4+ T cells and directing them to 

die if they happen to carry the TCR specific for the commensals (Hepworth et al. 2015). This 

is especially interesting regarding IBD where microbiota-specific T cells have been found 

(Chiaranunt et al. 2018; Lodes et al. 2004). In healthy individuals the reservoir of microbiota-

reactive CD4+ T cells is regulated locally by a) regulatory T cells (Tregs) (Lathrop et al. 2011) 

which can be also induced by ILC3s signals (Kedmi et al. 2021) or b) ILC3s which can directly 

induce apoptosis of the microbiota-reactive CD4+ T cells by upregulation of Bim along with 

depletion of IL-2 available to these T cells (Hepworth et al. 2015). Indeed, CD patients showed 

lower expression of MHCII molecules on ILC3s which was correlated with increased numbers 

of inflammatory Th17 cells and microbiota-specific IgG antibodies (Hepworth et al. 2015). 

This mechanism seems to be complementary to clonal deletion of self-reactive thymocytes 

during negative selection in the thymus. Relatively recently, a population of intestinal ILC3s 

have been shown to express autoimmune regulator (AIRE) which is otherwise expressed by 

medullary epithelial thymic cells and mediates the central tolerance in thymus (Yamano et al. 

2019). It turned out that this cell population is crucial for controlling Th17 response against 

intestinal fungus Candida albicans (Dobeġ et al. 2022), however the exact physiological role 

of this cell subset has yet to be elucidated. Adding to the complexity, intestinal macrophages 

which can sense the microbiota can communicate with ILC3s via IL-1ɓ and induce expression 

of granulocyte-macrophage colony-stimulating factor (GM-CSF). This creates a regulatory 

loop where ILC3s act back on macrophages inducing their regulatory functions like production 

of IL-10 and retinoic acid (Mortha et al. 2014). The mechanisms described above illustrate the 

complexity of the microbiota tolerance and pathogen clearance in the periphery and the 

interconnectivity between various APCs. 

T cell subsets CD4+ T cells residing in the GALT form diverse populations with 

different functions depending on the antigen and the context in which it was encountered (L. 

Wang, Zhu, and Qin 2019). Th17 and Treg cell subsets are particularly important in the 

intestinal immunity. The homeostatic role of Th17 is to mount an immune response against 



14 
 

extracellular pathogens like bacteria and fungi on mucosal surfaces. Skewing towards Th17 

phenotype can be illustrated by multiple epithelium adherent commensals (Atarashi et al. 2015; 

Tan et al. 2016), out of which the segmented filamentous bacteria (SFB) are the best 

characterized (Ivanov et al. 2009; Y. Wang et al. 2019). In contrast, Tregs are there to control 

immunopathology and tolerance of commensals (Cebula et al. 2013; Lathrop et al. 2011; 

Nutsch et al. 2016). Nevertheless, these T cell populations are not static, and they rather form 

a continuum of phenotypes as documented by single cell transcriptomics (Kiner et al. 2021). 

Initial differentiation into one subtype does not necessarily lead to the developmental endpoint, 

instead the high level of plasticity allows for rapid adaptation during an immune response. This 

is especially evident on Treg and Th17 axes which are interconnected and the balance between 

these two is implicated in disease such as IBD (Omenetti and Pizarro 2015; Ueno et al. 2015). 

Despite, a previously believed dichotomy between FoxP3 and ROR-ɔt transcription factors 

representing Treg and Th17 subsets, respectively, a subpopulation of ROR-ɔt positive Tregs 

has been found in the intestine (Sefik et al. 2015; Yang et al. 2016). They represent an 

intermediate stage between Treg and Th17, and their development is dependent on the resident 

microbiota (Sefik et al. 2015) (For more details see section 1.7.2 Treg ï induction and 

regulation by microbiome). Some studies suggest decreased suppressive function in IBD 

patients (Ueno et al. 2013) while others report increased suppressive potential during 

experimental colitis (Yang et al. 2016). Moreover, it was shown that the Th17 lineage can 

switch to IFN-ɔ producing Th1 cells which are implicated in colitis pathology (Harbour et al. 

2015). The ability of Th17 cells to transdifferentiate into Treg, Th1 and even Th22 pose them 

at the center of directing immune response which is hampered in IBD (Ueno et al. 2018). 

There is an increasing body of evidence that apart from its physiological role in defense 

against extracellular pathogens, Th17 is involved in pathology of autoimmune and immune-

mediated disorders. In this sense, Th17 is like a double edge sword, on one hand it can mount 

protective response but there is the risk of developing immune mediated inflammatory diseases, 

therefore a neat balance must be sustained between the proinflammatory and anti-inflammatory 

fate of Th17 (Xu et al. 2020). Exposure to IL-23 in addition to TGF-ɓ and IL-6 was shown to 

induce the autoimmune program in Th17 cells where transcription factor T-bet turned out to 

play a major role (Lee et al. 2012). They can promote inflammation by recruiting neutrophils 

and macrophages upon secretion of a variety of chemokines and cytokines such as IL-17, IL-

22, IL-23, TNFŬ (G§lvez 2014). The proinflammatory cytokines tend to accumulate in the 

affected mucosa and attract neutrophils and induce local production of IL-6 and TNFŬ further 

exacerbating the ongoing inflammation which is evident in inflammatory lesions of IBD 
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patients (Fujino et al. 2003). Th17 responses to microbiome are discussed in more detail later 

(section 4 Crosstalk between microbiome and immune system). 

B cells and antibodies The highest concentration of the antibody producing plasma cells 

in the body is in the GALT. First, B cells must mature in the germinal centers where they get 

activated and undergo the clonal expansion. Then, the mature plasma cells enter blood and can 

re-enter the gut with the help of homing receptors Ŭ4ɓ7 and MAdCAM and chemokine CCR10 

(Spencer and Sollid 2016). Interestingly, during homeostatic conditions 80% of the antibody 

producing cells in peripheral blood express the gut homing receptors suggesting they originate 

from mucosal sites and can come back there (Mei et al. 2009). So, in the lamina propria most 

of the cells are already IgA producing plasma cells. IgA production is dependent on microbiota 

and at the same time IgA can also shape the microbiota composition, as shown on germ-free 

mice which went from almost no IgA to normal levels and after colonization (Bos et al. 1989; 

Pabst, Cerovic, and Hornef 2016). More details on microbiome and IgA antibody interaction 

are discussed later (section 4 Crosstalk between microbiome and immune system). 

1.2.2 Paneth cells 

Paneth cells are specialized secretory cells of the small intestine which are crucial for 

crypt stability. They are situated at the bottom of the Lieberkühn crypts, in proximity to the 

epithelial stem cells. The occurrence of Paneth cells is confined to the ileum, in the colon they 

are missing under normal conditions. The primary roles of Paneth cells include the sustenance 

of the adjacent stem cells, and secretion of microbicidal substances. Intestinal stem cells are 

indispensable for the continuous renewal of the intestinal lining and for maintaining the overall 

balance, with the capacity to transform into various specialized cell types within the intestinal 

tract (Sato et al. 2011). The other notable function of Paneth cells is degranulation. Granules 

comprise antimicrobials including antimicrobial peptides (AMPs) like enteric Ŭ-defensins. 

Defensins are one of the oldest elements of the innate immune system which are conserved 

across animals, plants and fungi (Zasloff 2002). In humans there are only 2 genes for enteric 

Ŭ-defensins HD5 and HD6 (Jones and Bevins 1992), while in mice over 20 genes are expressed 

(Amid et al. 2009) sometimes also referred to as cryptdins (from crypt defensins). Defensins 

are expressed constitutively as precursors and get activated upon proteolytic cleavage in the 

lumen either by matrix metalloproteinase in mice (Wilson et al. 1999) or trypsin in humans 

(Ghosh et al. 2002). Interestingly, HD5 can be degraded into a plethora of biologically active 

fragments enlarging the repertoire of specific bacterial targets. Digestion of HD5 is dependent 

on the environment suggesting a complex regulatory mechanism responding to specific stimuli. 

In contrast, HD6 is resistant to naturally occurring proteases probably thanks to its ability to 
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form fiber nets (Ehmann et al. 2019). Even though enteric defensins are produced locally in 

the small intestine by Paneth cells, they can also reach the colon indicating potential effect on 

colonic microbiome (Mastroianni and Ouellette 2009). Nevertheless, their general function 

may be to prevent bacteria overgrowth in the small intestine which harbors substantially less 

microbes than colon where major fermentation processes take place (Wehkamp and Stange 

2020). 

Several mechanisms of action have been proposed for enteric defensins including 

electrostatic interactions, lectin-like interactions, and net formation. Enteric defensins are 

cationic proteins which can easily adhere to a negatively charged bacterial membrane, displace 

other proteins, thinning the outer leaflet and eventually causing the membrane to rupture (Shai 

1999). Enteric defensins can also exert their microbicidal function by their lectin-like ability to 

bind glycosylated proteins (Lehrer et al. 2009) such as bacterial toxins (Korbmacher et al. 

2020). Lastly, HD6 has been proposed to form nets covering the bacteria hence having a more 

protective than directly cytotoxic effect (Chu et al. 2012). 

Enteric defensins are not the only constituents of the Paneth cell granules, secretions 

also comprise lysozyme C, phospholipases, and lectin RegIIIŬ. They work together with 

defensins to control the microbes passing or residing in the intestine. Lysozyme C is a 

muramidase which hydrolyses peptidoglycans, the major constituents of gram-positive bacteria 

cell wall. Thanks to its positive charge phospholipase A2 can get through the top layer of 

bacterial cell wall peptidoglycan and hydrolyze phospholipids in the membrane (Beers et al. 

2002). RegIIIŬ is a lectin which can bind peptidoglycan and can even form a hexameric 

membrane attack complex (Mukherjee et al. 2014). Taken together, Paneth cellsô 

antimicrobials represent a powerful weapon of the innate immune system which must be 

however carefully regulated, secreted in suitable amounts, and with good timing. 

1.2.3 Regulation of the Paneth cell antimicrobial activity 

Expression of Paneth cellsô antimicrobials is tightly regulated. Defensin-containing 

granules can be released upon extrinsic signals such as cholinergic signaling (Satoh et al. 1995), 

Wnt signaling (Courth et al. 2015) or interferon-ɔ (IFN-ɔ) (Farin et al. 2014). Intrinsic signals 

are represented by bacterial stimuli (Ayabe et al. 2000) and are mediated by pattern recognition 

receptors (PRR) (Lala et al. 2003; Menendez et al. 2013; Rumio et al. 2004).  

The source of Wnt signals turns out to come from monocytes revealing an interesting 

connection between bone marrow derived immune cells and intestinal secretory cells. 

Monocytes of CD patients expressed very low levels of Wnt ligands and were unable to restore 
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diminished expression of enteric Ŭ-defensins (Courth et al. 2015). IFN-ɔ can induce Paneth cell 

degranulation along with shedding from the epithelial layer (Farin et al. 2014). This effect was 

shown in organoid cultures and might explain the reduced numbers of Paneth cells seen in 

diseases with strong IFN-ɔ response like celiac disease (Nilsen et al. 1998). 

PRRs represent one way Paneth cells can intrinsically sense the microbial composition 

present in the small intestine. Nod2 is an intracellular PRR which can recognize bacterial cell 

wall peptidoglycan and its activation can lead to production of enteric Ŭ-defensins (Kobayashi 

et al. 2005). On one hand Nod2 regulates the composition of the luminal commensals as 

documented by studies with Nod2 deficient mice but on the other hand the commensals are 

also indispensable for sufficient expression of Nod2 as suggested by germ-free models 

(Petnicki-Ocwieja et al. 2009). This fits nicely in the context of Crohnôs disease in which Nod2 

polymorphism has been linked with increased risk of developing the disease (Strober and 

Watanabe 2011). CD patients show dysbiotic microbiota like Nod2 mice mutants in the 

terminal ileum suggesting that the increased susceptibility to Crohnôs disease is caused by the 

altered interaction between the resident microbiota and the mucosal immune system (Biswas, 

Petnicki-Ocwieja, and Kobayashi 2012; Lauro, Burch, and Grimes 2016). 

TLRs are important regulators of mucosal immunity sensing both danger and commensal 

microbial stimuli and are expressed by Paneth cells (Menendez et al. 2013). This effect was 

demonstrated in mice studies using MyD88, an adaptor molecule participating in TLR 

signaling, as well as TLR2 and TLR4 mutants. MyD88 mutant mice developed inflammation 

in the small intestine caused by reduced production of Paneth cells antimicrobials (Gong et al. 

2010). Although, no effect of MyD88 on luminal microbiota was shown (Petnicki-Ocwieja et 

al. 2009; Vaishnava et al. 2008), it seems that the antimicrobials rather act on the mucosal 

associated bacteria (Vaishnava et al. 2008). Vaishnava et al. recovered 10times more bacteria 

from mesenteric lymph node of MyD88 deficient mice compared to wild type attributing this 

large difference to the facilitated uptake of mucosa associated bacteria by dendritic cells in the 

absence of the antimicrobials (Vaishnava et al. 2008). Correspondingly, TLR2 and TLR4 

deficient mice experienced profound colitis upon DSS challenge, due to the lack of 

proliferation, survival, and integrity of the epithelial cells (Cario, Gerken, and Podolsky 2007; 

Rakoff-Naho et al. 2004). These studies imply that Paneth cells can directly sense microbial 

stimuli and can respond by secretion of antimicrobials. 

Additionally, Atg16L1 turns out to be responsible for Paneth cellôs granule morphology 

(Tschurtschenthaler et al. 2017). Atg16L1 is expressed in the intestine and codes for a protein 

which is a part of the autophagosome complex. It is involved in secretory autophagy systems, 
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such as the one utilized by Paneth cells (Bel et al. 2017). The proper loading of the granules 

turns out to be crucial as patients with Atg16L1 polymorphism are more susceptible to CD 

(Hampe et al. 2007; Rioux et al. 2007) and mice deficient in this gene develop a CD-like ileitis 

(Tschurtschenthaler et al. 2017).  

Secretion of Paneth cells antimicrobials is an important innate immune mechanism serving 

as the first line of defense, yet there are multiple layers of defense guarding the intestinal 

mucosal surfaces which will be briefly discussed in the following chapter.  

1.3 Microbiome 

Microbes are omnipresent in nature, they float in the air, they cover surfaces, and they 

naturally live in and on our bodies. Humans have evolved to live among microbes and certain 

microbes cannot be found anywhere else in nature than in the human body. These microbes 

include bacteria, viruses, fungi, and archaea, but in this thesis the focus will be on bacteria 

only. The gut microbiome plays a crucial role in human health, including nutrient absorption, 

immune system regulation, and protection against pathogenic organisms. In this thesis, I will 

explore the current state of knowledge regarding the human gut microbiome, including its 

composition, function, and potential impact on human health, particularly IBD. 

The study of the gut microbiome has become an increasingly active area of research in 

recent years, as advances in sequencing technologies and computational tools have enabled 

more detailed analysis of this complex ecosystem. The Human Microbiome Project was the 

first initiative which aimed to characterize the human microbiome based on the whole 

metagenome shotgun sequences and 16S rRNA gene sequences focusing on mapping different 

body sites in healthy adults (The Human Microbiome Project Consortium 2012). It started in 

2008 in the United States, and it was further extended in the Integrated Human Microbiome 

which aimed to describe the perturbations in microbial composition during pregnancy and 

disease (The Integrative HMP Research Network Consortium 2014). In Europe the MetaHIT 

project was launched with the focus on IBD and obesity (Qin et al. 2010). Despite these projects 

brought substantial amounts of information about human-hosted microbes, we are still far from 

understanding all the complex networks and their regulation within human physiology. Apart 

from the human microbiome data, extensive effort has been put into The Earth Microbiome 

Project which has a goal to analyze microbes across the globe across various environments. 

Processing of large amounts of data from different sources by all these projects created a 

need to develop standardized protocols for sample preparation (Sinha et al. 2015), software 

able to process such data (Bolyen et al. 2019; Caporaso et al. 2010; Truong et al. 2015), 
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standardized pipelines to maintain reproducibility (Gonzalez and Knight 2012), and 

visualization tools to aid presentation (Asnicar et al. 2015; Segata et al. 2011). These methods 

were to some extent adapted by the scientific community and are used beyond these projects 

and facilitate data reproducibility and comparativeness across different studies. 

Although microbiota comprises representatives of all three domains of life (Bacteria, 

Archaea and Eukarya) and their corresponding viruses, the focus of this work was on bacteria 

and to a lesser extent also on fungi. 

1.3.1 Intestinal microbiome spatial organization 

The human intestine has the highest concentration of bacteria in our body. It follows a 

concentration gradient from duodenum to the colon where the bacterial load reaches the 

maximum (Mailhe et al. 2018; Tlaskalová-Hogenová et al. 2011; De Vos et al. 2022) (Figure 

1). The intestine can be divided into compartments of diverse physiological functions having 

different microenvironments, hence exhibiting different microbial ecology (Tropini et al. 

2017). The microbes which inhabit these microenvironments can be classified as generalists, 

specialists or opportunists depending on their ability to colonize a certain intestinal niche (Z. 

Zhang et al. 2014). For example, in the small intestine higher pH and higher oxygen level favor 

facultative anaerobes who can withstand the effects of bile acids and antimicrobials secreted at 

the site. On the contrary, the colon is populated by more slowly growing anaerobes which need 

their time to digest the complex polysaccharides (Figure 1). In the latter text I will focus on 

the intestinal microbiome which was studied in the experimental part of this thesis. 
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Figure 1: Bacterial load and oxygen availability at different parts of the gastrointestinal 

system Total amount of bacteria, pH, and partial oxygen pressure depicted at different 

compartments of the gastrointestinal system. Two opposing gradients are shown, bacterial load 

which culminates in the colon and oxygen concentration which reaches the minimum in the 

lower gastrointestinal tract. Adopted from (De Vos et al. 2022). 

Small intestine is curved into villi and crypts consisting of a variety of specialized cells 

(see section 1.2.1 Immune system of the intestine). It is covered by a mucous layer which is 

continuously secreted and shed off, eventually ending up in the fecal stream with all its 

inhabitants. Therefore, the easiest method to detect intestinal microbes is via collection of the 

feces. As mentioned, bacteria can either reside in the lumen representing more transient 

constituents or they can associate with the mucosa and form a more stable part of the intestinal 

microbiome (Eckburg et al. 2005). Such mucosa-associated bacteria are much more 

challenging to detect as an invasive biopsy must be taken from the place of interest. Certain 

bacteria can even reach the epithelium and adhere to it, but they must get through the mucus 

and fight the immune system watching over the place. One possibility is to have a mucus feast, 

digesting it all the way to the epithelium or to quickly squeeze by using flagella to speed up the 

movement which is however limited by the TLR5 (toll-like receptor 5) recognition (Cullender 

et al. 2013). The adherent bacteria include Helicobacter pylori and SFB (Stepankova et al. 

2007; Tlaskalova-Hogenova et al. 2005). Additionally, it is hard for microbes to get inside the 



21 
 

small intestinal crypt where a high concentration of antimicrobials is present, yet some bacteria 

learnt how to withstand such an environment. Antimicrobial peptides (see section 1.2.2 Paneth 

cells) have a positive charge and can easily interfere with the negatively charged membrane of 

gram-negative bacteria. However, when a portion of the bacterial lipopolysaccharide (LPS) 

gets dephosphorylated hence losing the negative charge, the bacteria become more resistant to 

the action of AMPs. This trait is inherent to some intestinal pathogens like H. pylori (Cullen et 

al. 2011) which use it to their advantage to attack. Interestingly, it was proposed that LPS 

modification can distinguish between commensal and pathogenic bacteria as documented on 

two phylogenetically related bacteria eliciting different TLR4 responses depending on the 

phosphate group position (Coats et al. 2011). However, later it was demonstrated that certain 

commensals adopted this strategy too (Cullen et al. 2015). 

Colon has two layers of mucus, the dense inner one attached to the epithelium and the 

loose outer layer overlapping the former (Figure 2). The outer mucous layer is inhabited by 

mucin degraders like Bacteroides fragilis and Akkermansia muciniphila while the crypt is 

dominated by Proteobacteria anaerobes like Acinetobacter spp. (Pédron et al. 2012) (Figure 2). 

In addition, B. fragilis possesses a unique feature which can directly interact with TLR2 on 

Treg cells and induce its tolerance hence enabling its persistence in the intestinal crypt (Round 

et al. 2011) (Figure 2). 

Colon is a large reservoir of bacteria where substantial fermentation processes of 

indigestible polysaccharides are taking place. While simple sugars and fatty acids are absorbed 

during the transit of the small intestine, the complex polysaccharides reach the colon. The 

availability of these food components from the diet can modulate the composition of the 

luminal polysaccharide-digesting microbes as evidenced by countless studies comparing 

microbiome on different diets (Dahl, Rivero Mendoza, and Lambert 2020; Fajstova et al. 2020; 

Kostovcikova et al. 2019; Schnorr et al. 2014; Singh et al. 2017). 
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Figure 2: Bacterial population of diverse intestinal environments. Differences between 

mucosal layers and their bacterial inhabitants of the small intestine a) and colon b). Small 

intestinal epithelium is organized into crypts and villi, Paneth cells at the base of the crypts 

release antimicrobials which control the microbial homeostasis. Similarly, secretory IgA 

(sIgA) helps with keeping the microbiome in control in both compartments, small and large 

intestines. Common residents of the small intestine include adherent bacteria like SFB, 

Lactobacillaceae and Helicobacter spp. Mucous of the colon comprises two layers: the inner 

one is attached to the epithelium and covers the crypts, the outer one is loose and covers the 

inner. Mucous degrading bacteria like Bacteroides acidifaciens, Bacteroides fragilis, 

Bifidobacteriaceae and Akkermansia muciniphila thrive there. Only specialized bacteria can 

reside in the crypts of the colon like Bacteroides fragilis and Acinetobacter spp. Moreover, a 

limiting factor is oxygen level which gradually increases from the lumen to the epithelium 

where it is produced by the host aerobic metabolism. Adopted from (Donaldson, Lee, and 

Mazmanian 2015). 

1.3.2 Intestinal microbiome temporal stability 

Temporal stability of the human microbiome is reflecting the dynamic adjustments over 

an individual's lifetime, or on a shorter scale reacting to dietary, antibiotic, or other challenges. 

From infancy to adulthood and into the elderly phase, the microbiome undergoes 

significant shifts as it adapts to physiological and environmental alterations. During early life, 

the nascent microbiome is characterized by instability and rapid diversification, which 

gradually stabilizes into a distinct and individualized configuration in adulthood (Stewart et al. 

2018). Development of the microbiome starts already at birth and depends on how the baby 

enters this world, be it either virginally or via C-section. During a vaginal birth, the baby is 
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exposed to the mother's vaginal and fecal microbiota, which leads to the colonization of the 

infant's skin, oral, and gut microbiome. Especially, Lactobacillus and Bifidobacterium species 

are more abundant in vaginally delivered babies while in C-section babies, colonization with 

Bifidobacteria is delayed (Dominguez-bello et al. 2010; Koff et al. 2022; Reyman et al. 2019). 

Bifidobacteria are well-known for their health benefits which include improved digestion, 

enhanced immune functions, protection against pathogens, and synthesis of vitamins (Ruiz et 

al. 2017). The flourishment of this beneficial group can be later promoted by breast feeding as 

Bifidobacteria feast on the oligosaccharides present in the motherôs milk (Zivkovic et al. 2011). 

Contrary to that, C-section babies are inoculated with common skin microbes such as 

Streptococcus and Staphylococcus as well as microbes from the environment (Bäckhed et al. 

2015). The native microbial composition changes over time, adapting to the locally specific 

conditions at each body site. Although the differences between babies born via different modes 

of delivery gradually diminish, bacterial signature linked to C-section delivery persists in 

infants for 12 to 24 months (Bäckhed et al. 2015). This indicates that initial colonization offers 

a competitive advantage to microbial communities associated with each mode of delivery. As 

mentioned above, breast feeding favors Lactobacilli and Bifidobacteria which produce short 

chain fatty acids (SCFAs). SCFAs are not only beneficial as such but create an acidic 

environment which prevents attack from common pathogens (Tamburini et al. 2016). Further 

shift in microbiome comes with the introduction of solid foods to the babyôs diet. The diversity 

of the bacteria increases as there are more substrates available and finally resembles that of 

adults by the age of 3 (Yatsunenko et al. 2012). Taken together, the first colonization of our 

bodies with microbes as well as substrate availability dictates the development of the 

microbiome early in life which further leads to immune system education and development. 

In the elderly, the microbiome may experience diminished diversity and resilience, 

rendering it susceptible to dysbiosis. This is becoming more important as the global population 

of people older than 65 years outnumbered the infant population under 5 years of age already 

in 2017 (Ritchie 2019). Similarly to infants, the microbiome of elderly reacts to the 

physiological changes which take place in the aging gut. These changes include digestive 

processes (Britton and McLaughlin 2013) as well as immune system functions (Salminen et al. 

2008). Additionally, elderly people are often under some type of medication which can hamper 

microbiome composition. A large study on Irish seniors detected pronounced differences 

between the microbiome of young healthy adults and elderly which were rich in Bacteroidetes 

phylotype and showed striking differences in interindividual variability (Marcus J. Claesson et 

al. 2011). 
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During adulthood the microbiome tends to be relatively stable in time. There were a 

couple of studies conducted on this topic which came to similar conclusions. Firstly, 

composition is habitat dependent, and each habitat has different temporal dynamics (Costello 

et al. 2009; The Human Microbiome Project Consortium 2012). The oral and skin microbiome 

are very different in this regard. Secondly, interindividual variability greatly exceeds 

intraindividual variability in time (Mehta et al. 2018) meaning that differences between 

individuals are big but within one individual the composition is relatively stable. Thirdly, the 

gut microbiome is stable both short-term (Costello et al. 2009; Mehta et al. 2018) within days 

and long-term within months or years (Faith et al. 2013; Mehta et al. 2018; Rajiliĺ-Stojanoviĺ 

et al. 2013; Zoetendal, Akkermans, and De Vos 1998). Although the studies agree on the fact 

that the gut microbiome has very low variability in time in terms of composition, the relative 

abundance can differ considerably (Mehta et al. 2018; Rajiliĺ-Stojanoviĺ et al. 2013). Where 

more abundant taxa such as Bacteroides uniformis and Faecalibacterium prausnitzii are more 

stable as opposed to the lower abundant ones. But there tend to be many exceptions to this rule 

so ultimately this is most probably dependent on the particular role of the microbes in the 

community (Mehta et al. 2018). 

While the human microbiome is relatively stable over time in healthy individuals, it is 

also known to be responsive to changes in diet. Dietary challenges, such as switching to a high-

fat or high-fiber diet, have been shown to induce changes in the composition and diversity of 

the microbiome within a matter of days or weeks. However, the extent and duration of these 

changes vary depending on the type and duration of the dietary challenge, as well as individual 

differences in the microbiome. The rationale behind it could be demonstrated by the term 

resilience, a tendency to come back to the initial stable state (Fassarella et al. 2020). This is 

however a double-edge sword. If the initial state is healthy then it helps the microbiome to self-

regenerate for example after an antibiotic challenge or an infection. But the downside of the 

resilience is that it can come also back to an unhealthy state and causes chronicity as seen in 

diseases linked to microbiome dysbiosis such as IBD (Qiu et al. 2022), type 2 diabetes (Canfora 

et al. 2019), obesity (Kootte et al. 2017), or Clostridioides difficile (formerly known as 

Clostridium difficile) infection (van Nood et al. 2013). Now I will list a couple of examples on 

the mechanisms which drive resilience.  Switching between diverse substrates such as dietary 

polysaccharides and host glycans ensures the persistence of Bacteroides thetaiotaomicron 

(Porter, Luis, and Martens 2018). Securing the place in the community can be executed by 

secretion of bacteriotoxins such as Escherichia coli microcins directed against 

Enterobacteriaceae family. SCFAs producing species also limit growth of other microbes either 
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directly by decreasing pH or indirectly by increasing the oxygenation of the epithelium 

(Fassarella et al. 2020). This indirect effect can be demonstrated by butyrate producing 

Clostridia species. Butyrate, one of the SCFAs, is utilized by colonocytes which oxidize it to 

carbon dioxide thereby keeping the epithelium hypoxic. When butyrate is absent, colonocytes 

switch to glucose fermentation which produces oxygen that is available to pathogens such as 

Salmonella enterica (Rivera-Chávez et al. 2016). Lastly, quorum sensing molecules such as 

autoinducer-2 of E. coli can react to changes in specific conditions such as cell number and 

presence of other species and adjust behavior on the population level (Thompson et al. 2015). 

Community stability can be also achieved by biofilm formation such as B. fragilis which is 

however usually linked to an unhealthy state (Swidsinski et al. 2005). Biofilm formation 

contributes to resilience by providing physical protection from environmental stressors, 

facilitating nutrient exchange and symbiotic interactions, enhancing gene transfer among 

bacteria and hence antibiotic resistance (Tytgat et al. 2019). 

Antibiotics target essential bacterial processes and structures which results in 

substantial reductions in microbial diversity and richness and therefore pose a severe threat to 

microbiome stability. Apart from the direct effect on the microbial growth, antibiotic challenge 

causes secondary changes in the gut environment due to the loss of certain microbial species. 

For instance, loss of butyrate producing species leads to increased oxygenation and favors 

facultative anaerobes such as E. coli and S. enterica (Rivera-Chávez et al. 2016). Lack of 

bacterial stimulation results also in decreased production of AMPs which prevent bacterial 

adherence to the epithelium (Meyer-Hoffert et al. 2008). In a healthy adult who has a diverse 

set of microbes, the microbiome can be restored within weeks after antibiotic exposure (Palleja 

et al. 2018) thanks to the community resilience as discussed above. Such restorative processes 

may be affected by administration of probiotics and prebiotics. Interestingly, even a seemingly 

beneficial supplementation with probiotics after an antibiotic therapy can prolong the return to 

the initial state (Suez et al. 2018) which happens probably due to niche occupation and 

competition with other microbes. This just demonstrates how delicate process is the restoration 

of the microbial community. Lower starting diversity or an already perturbed state before 

antibiotic challenge, does not have such high resilience potential and leave space for 

opportunistic pathogens (Willmann et al. 2019). An increased vulnerability to infections is a 

significant risk associated with changes in the gut microbiota following antibiotic use. A typical 

example is a post-antibiotic infection with C. difficile, which could be resolved by addition of 

certain microbes (Buffie et al. 2015) or fecal microbiome transplantation (Mullish et al. 2018). 

This example highlights the importance of diverse microbiota composition and the potential 
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therapeutic effect of a healthy community. While some taxa may recover post-antibiotic 

exposure, the recovery trajectory and long-term implications for microbiome stability remain 

uncertain, potentially predisposing the host to a range of health complications. 

Overall, the human microbiome demonstrates remarkable plasticity, with 

compositional shifts occurring rapidly in response to changes in nutrient intake; however, the 

core microbial community remains relatively stable, facilitating a return to the baseline 

configuration once the dietary perturbation ceases. 

Given the nature of the developing childôs microbiome and heterogeneous elderly 

microbiome, we chose for our experiments mature adult subjects whose microbiome tends to 

be relatively stable in time. While this is true for a healthy subjectsô microbiome, we wanted 

to investigate the development of the dysbiotic microbiome of patients with IBD and identify 

shifts during different therapies. Additionally, the study subjects did not undergo antibiotic 

therapy in the past 3 months and did not introduce any drastic dietary changes during sampling.  

1.3.3 Intestinal microbiome in IBD patients 

To characterize the microbiome of patients with IBD a healthy microbiome is often 

used as a reference. But it is fair to say that we still do not know how exactly a healthy 

microbiome looks like. There is no single composition which is considered the ñgood oneò. As 

was discussed earlier, microbiome is highly individual, so instead of using a non-existing single 

reference, different microbiomes from healthy people are used as a benchmark. Therefore, it is 

essential to define what is health because that will determine how the microbiome will be 

considered. Although, health is a relative condition, according to the World Health 

Organization health is a state of complete physical, mental, and social well-being and not 

merely the absence of disease or infirmity (World Health Organization 1946). However, there 

are several clues which could help us define a healthy microbiome based on the current state 

of knowledge. 

Firstly, community richness and diversity which represent the number of species and 

their distribution in an ecosystem are one of the main factors characterizing healthy 

microbiome. A rich microbial community is generally considered healthy as it allows for a 

greater range of metabolic capabilities and potential beneficial effects. Additionally, it harbors 

members which are functionally redundant enabling compensatory mechanisms to take place 

and securing stability. Such a community is then resilient and less vulnerable to perturbations 

(Fassarella et al. 2020). 



27 
 

Secondly, presence of beneficial taxa and/or absence of harmful taxa are other 

indicators of a healthy microbial community. An example of a beneficial microbe could be 

F. prausnitzii which produces butyrate a SCFA which serves as a primary energy source for 

colonocytes, induce production of protective mucins by goblet cells (Gaudier et al. 2004) and 

fosters extrathymic generation of Tregs (Arpaia et al. 2013). Beyond the production of butyrate, 

F. prausnitzii produces microbial anti-inflammatory protein which can inhibit NF-əB pathway 

(Quévrain et al. 2016). Lactobacilli could also inhibit NF-əB pathway but not by production of 

a specific metabolite as in case of F. prausnitzii but through their LPS (Riedel et al. 2006). 

Collectively, the beneficial microbes are able to complement energy sources for intestinal cells 

and modulate the body's immune response.  

Conversely, microbiome of patients with IBD lack the features typical for healthy 

people as described above. Up to date there were many studies conducted on the differences 

between the microbiome of healthy vs patients with IBD. The most prominent and repetitive 

finding is the reduced bacterial alpha diversity in patients with IBD (Kostic, Ramink, and Dirk 

2014; Manichanh et al. 2006; Pascal et al. 2017). While the decreased alpha diversity is 

consistent across many studies analyzing both mucosa-associated (Ott et al. 2004) and fecal 

(Clooney et al. 2021; Manichanh et al. 2006) microbiome, the altered composition typical for 

patients with IBD varies greatly from study to study and there are only a few microbes which 

show repeatedly and are linked to the disease phenotype. Such discrepancy between studies 

arises from the fact that the composition of microbial communities is different across 

individuals and searching for commonalities is quite challenging. There are two categories of 

microbes which are commonly found in patients with IBD: pathobionts like Mycobacterium 

avium paratuberculosis (Sartor 2005), C. difficile (Issa et al. 2007), Helicobacter species 

(Thomson et al. 2011), Campylobacter species (Mahendran et al. 2011) and functionally 

modified symbionts like Adherent-invasive E. coli (AIEC) (Palmela et al. 2018) and 

enterotoxigenic B. fragilis (Prindiville et al. 2000). 

Complementary to the presence of harmful microbes, there is a loss of the beneficial 

microbes in the dysbiotic IBD microbiome. These include SCFA-producing species from the 

Clostridium cluster such as Faecalibacterium, Roseburia or Eubacterium (Singh et al. 2023). 

Although less known, but equally important are Peptostreptococci, which can metabolize 

tryptophan, an essential amino acid through indole pathway (Wlodarska et al. 2017). These 

Peptostreptococci affect mucosal immunity by the activation of the pregnane X receptor 

(Venkatesh et al. 2014) and the aryl hydrocarbon receptor (Zelante et al. 2013). 
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Dysbiosis is a term which is often referred to the microbiome of patients with IBD. It 

can arise from the combination of genetic risk factors, environmental influences like diet and 

antibiotic usage, immune system dysregulation, and invasion of disease-inducing pathobionts 

into the intestinal lamina propria. This state might be a precursor to the onset of clinically 

apparent disease. As inflammation progresses, there can be more significant shifts in bacterial 

populations, known as late dysbiosis. This expansion is facilitated by increased oxygenation in 

the gut lumen, increased availability of nitrate, and iron in the inflamed gut environment. Late 

dysbiosis is characterized by an overall reduction in microbial diversity, a loss of beneficial 

species and facilitated adherence of microbes to the mucosa and their translocation across it, 

thereby instigating chronic inflammation (Caruso, Lo, and Núñez 2020). 

There are several dysbiosis hypotheses associated with IBD which are based on 

microbial traits and the community reorganization. First of them covers oxygen availability in 

the gut. When the oxygenation of the epithelium increases the obligate anaerobes are replaced 

by the facultative anaerobes (Baumgart et al. 2007; Sheridan, Lowndes, and Young 1987) 

reshaping the community composition. Second one covers hydrogen sulfide, produced by 

sulfate-reducing bacteria, which is a potent genotoxin (Attene-Ramos et al. 2006) and methane 

produced by archaeal methanogens which can potentially influence gut motility (Sahakian, Jee, 

and Pimentel 2010). Third hypothesis covers biofilm formation by Bacteroides fragilis, such 

structure adheres to the epithelium and limits growth of other microbes and tends to resist 

antimicrobial substances (Swidsinski et al. 2005). Last hypothesis covers the immunogenicity 

of LPS from the gut commensals. LPS is a constituent of the gram-negative bacterial outer 

membrane. Depending on its nature it can either trigger or block a pro-inflammatory response. 

Number of phosphate groups (Steimle, Autenrieth, and Frick 2016) and number of acyl chains 

(Munford and Varley 2006) are two determinants of the LPS immunogenicity. Hexa-acylated 

LPS is the most immunogenic due to steric position of the 6th chain during TLR4 receptor 

binding. For example, one study documents the contribution of an immuno-inhibitory LPS 

from Bacteroides dorei to autoimmunity (Vatanen et al. 2016). 

Despite an extensive search for microbes, their traits and their metabolites which could 

explain some of the pathological mechanisms of IBD, the answers are still far from conclusive. 

1.3.4 Fungal microbiome 

The fungal component of the gut microbiome, commonly referred to as the mycobiome, 

represents an integral, albeit less explored, facet of the gut microbial community. The fungal 

community in the gut, comprising genera such as Candida, Saccharomyces, and Aspergillus, 
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interacts dynamically not only with the host but also with other microorganisms present at the 

site, influencing diverse physiological processes. Notably, alterations in gut mycobiome have 

been linked to several pathologies, including IBD (Underhill and Braun 2022), metabolic 

syndrome (Festi et al. 2014), and even neurodegenerative disorders (H. Zhang et al. 2022). The 

mechanisms through which gut fungi exert these effects are multifaceted, encompassing 

immune modulation, inter-kingdom interactions, and the production of mycotoxins and other 

metabolites (Wheeler, Limon, and Underhill 2017). Furthermore, the ability of fungi to create 

biofilms, coupled with their innate resistance against conventional antimicrobial agents, adds 

complexity to their impact on the health of the host. Although, fungi comprise just a small 

fraction (less than 0.1 %) of the microbial genomes (Qin et al. 2010), they are up to 100-times 

bigger than widely studied bacteria and as eukaryotes they possess unique metabolic features 

which are not found in prokaryotes. 

Fungi are found in all compartments of the GI with the highest numbers reaching in 

colon, like bacteria (Iliev et al. 2012). In the GI tract, fungi can either associate with the mucosa 

or travel as transient passengers in the fecal stream. Although the mucosal-associated fungal 

community is less diverse than the luminal it comprises genera with known immunomodulatory 

properties including Candida and Saccharomyces (Iliev et al. 2012; Leonardi et al. 2022). 

These genera were shown to decrease the intestinal barrier permeability and mitigate infectious 

colitis caused by Citrobacter rodentium (Leonardi et al. 2022). The research of luminal fungal 

communities is complicated by the presence of additional taxa of the environmental origin 

including Cladosporium and Aspergillus (Leonardi et al. 2022) likely plant pathogens, food, or 

ambient environment molds (Underhill and Braun 2022). 

The mature adult mycobiome include Ascomycota, Basidiomycota, and Zygomycota 

phyla where Saccharomyces cerevisiae, Malassezia restricta, and Candida albicans are the 

dominant species. Regarding the temporal variation of mycobiome, the variability between 

individuals is not greater than the variability in time within one individual which is the opposite 

to the bacterial communities where the composition in time is quite stable (Nash et al. 2017). 

However, these data come from stool samples which just highlights the fact that the luminal 

mycobiome is full of environmental transient fungi. Up to date, there are no studies on changes 

of mucosal-associated fungal communities in time. 

Involvement of fungal microbiome in IBD pathogenesis can be demonstrated on several 

polymorphisms linked with IBD which comprise antifungal immune reposes. It is known that 

immune response to fungi involve the Th17 type which is initiated by PRRs and characterized 

with expression of IL-22 and IL-17 effector cytokines (Hernández-Santos and Gaffen 2012). 
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Dectin-1 is a C-type lectin PRR which is linked with recurrent fungal infections in humans 

(Ferwerda et al. 2009) and is considered as a risk factor in developing IBD (Iliev et al. 2012). 

Mononuclear phagocytes in lamina propria expressing CX3CR1 chemokine receptor can 

recognize and respond to the gut mycobiome. CX3CR1 polymorphisms were detected in 

Crohn's disease patients that were unable to produce antibodies against multiple fungal species 

(Leonardi et al. 2018). 

Apart from Th17 responses, the development of systemic antiïSaccharomyces cerevisiae 

antibodies (ASCA) and perinuclear anti-neutrophil cytoplasmic antibodies (pANCA) during 

intestinal inflammation is another hallmark of adaptive immunity activation in response to 

intestinal fungi. ASCAs are directed against mannan, a constituent of fungal cell wall, which 

is however present not only in S. cerevisiae but also in other fungi. For example, in C. albicans 

can also induce ASCA generation in mice (Schaffer et al. 2007). While pANCAs are mostly 

connected with UC diagnosis, increased rate of ASCAs is detected in patients with CD 

(Quinton et al. 1998; Reese et al. 2006). Interestingly, two independent studies on Israeli and 

US soldiers where serum samples were available before the clinical onset of IBD, suggest usage 

of ASCAs as predictive markers of IBD (Israeli et al. 2005; Torres et al. 2020). 

Like in the case of bacterial microbiome, there is no definition of a healthy mycobiome, 

so the studies largely rely on the comparisons with healthy individuals whose mycobiome is 

used as a reference. Alterations in the bacterial microbiome linked to IBD are well-established, 

and recent research has similarly indicated changes in the fungal microbiome, albeit with 

varying outcomes. While some studies report increased fungal diversity in patients with IBD 

compared to healthy controls (Nelson et al. 2021), others report minimal or no alteration in 

fungal diversity in CD (Imai et al. 2019; Liguori et al. 2016) or even reduced fungal diversity 

(Chehoud et al. 2015) although they did note changes in population composition. Given the 

discrepancies in fungal diversity reports and challenges linked with luminal mycobiome 

characterization, further research needs to be done on this topic. 

Regarding the immunomodulatory properties of fungal communities in the gut some 

studies suggest fungal overgrowth aggravates DSS-induced colitis (Iliev et al. 2012; Limon et 

al. 2019), others claim that a combination of fungal and bacterial communities is necessary 

(van Tilburg Bernardes et al. 2020) highlighting the complexity of microbial interactions on 

the whole community level. Depending on the conditions, bacteria can either support fungal 

growth or have an antagonizing effect (Gutierrez et al. 2022; van Tilburg Bernardes et al. 2020). 

For example, an empty niche which was occupied by SCFA-producing species before antibiotic 

treatment is inhabited with C. abicans (Guinan et al. 2019). 
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Taken together, gut fungal microbiome appears to play an important role in host 

physiology and is linked with IBD pathogenesis. However, concrete mechanisms need to be 

identified. 

1.3.5 Skin bacteriome 

The skin, the body's largest organ, functions as a dynamic barrier protecting internal 

tissues from external environmental challenges. In contrast to the gut, skin offers much less 

favorable conditions for microbial growth. Despite this, skin harbors diverse sets of microbes 

depending on the local microenvironment such as pH, sebum content, moisture levels and UV 

light exposure. Like the gut, the skin microbiome is established at birth and interacts with the 

immune system. In healthy adults, skin microbiome remains stable over time and remains 

mostly influenced by site physiology. Although skin is technically not a mucosal surface, its 

biological functions often mirror those of other barrier tissues, like the intestine. 

Structurally, skin is divided into two layers: the epidermis, and dermis. The epidermis, 

composed of keratinocytes, terminally differentiated corneocytes, melanocytes, Langerhans 

cells, and Merkel cells, offers protection against mechanical insults and pathogens, and is 

responsible for producing melanin, which provides protection against UV light. Beneath it, the 

dermis houses blood vessels, nerves, hair follicles, and sweat glands, sebaceous glands, playing 

a role in thermoregulation, sensation, and nutrient delivery. The deepest layer, the hypodermis, 

is a layer of connective tissue that helps to hold the skin to the tissue below and it contains 

adipose tissue that aids in insulation and energy storage. Collectively, the intricate physiology 

of the skin ensures its roles in protection, regulation, and sensation that are integrated into the 

body's broader physiological network. 

Epidermis provides the first line of defense against pathogens but also against physical 

and chemical threads coming from the environment. In contrast to the intestine with a single 

layer epithelium, skin epidermis is organized into multiple layers which are gradually shed off, 

therefore ensuring a continuous renewal of the barrier and its function. In the outermost part 

keratinocytes produce oils into the space between cells which prevents water loss and entry of 

exogenous compounds. Much like other mucosal barriers, tight junction proteins are essential 

for preserving skin barrier integrity (C. Zhang et al. 2022). Langerhans cells which are antigen 

presenting cells of the skin can squeeze through the tight junctions and sample the antigens on 

the surface (Kubo et al. 2009). While most of the immune cells reside in dermis, the epidermis 

has its weapons in the form of antimicrobial peptides. These charged molecules are expressed 

either constitutively or upon stimulation with microbes and pro-inflammatory cytokines or 
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expressed by microbes themselves. AMPs in the skin are produced by different cell types. 

Keratinocytes produce ɓ-defensins which are especially effective against E. coli or methicillin 

resistant S. aureus (Herman and Herman 2019) and cathelicidins which are induced for 

example by C. albicans (Tsai et al. 2011) or upon skin injury with group A Streptococcus 

(Dorschner et al. 2001). In addition, cathelicidins and ɓ-defensins are also produced by 

sebocytes, sweat gland cells and neutrophils (Rademacher, Gläser, and Harder 2021). 

Dermcidin, the only negatively charged AMP, is produced exclusively by sweat glands 

(Schittek et al. 2001). Beside the listed AMPs there are also antimicrobial fatty acids which 

can disrupt the phospholipid bilayer of the bacterial cytoplasmic membrane (Parsons et al. 

2012). 

Dermis is infiltrated with both innate and adaptive immune cells which are on guard for 

signs of danger. Apart from the already mentioned specialized antigen presenting cells of the 

skin, the Langerhans cells, there are also macrophages, conventional dendritic cells, monocyte 

derived DC and plasmacytoid DC which are almost absent in healthy skin (Haniffa, Gunawan, 

and Jardine 2015). Mast cells residing in the tissue can act directly against microbes through 

their release of an AMP cathelicidin or indirectly through the release of histamine-rich granules 

(Di Nardo, Vitiello, and Gallo 2003). Like the gut skin is home to innate lymphoid cells, but 

not type 3, type 2 is dominant (Kobayashi, Ricardo-Gonzalez, and Moro 2020). The adaptive 

branch includes T cell populations, part of which are tissue resident. Contrary to the gut, Treg 

population function in skin is less defined. Their expansion is time-limited, they enter the skin 

during a defined window of postnatal tissue development and migrate to the hair follicle which 

is packed with skin microbes (Scharschmidt et al. 2017). So, unlike the gut where the Tregs 

can be continuously induced by interaction with the commensals (Tanoue, Atarashi, and Honda 

2016), skin tolerance is established early in life (Scharschmidt et al. 2015). Likewise, skin 

mucosal invariant T cells (MAITs) develop during first weeks of life and depend on the 

exposure to riboflavin-synthesizing microbes (Constantinides et al. 2019). 

The spatial organization of the skin microbiome is determined by the local conditions 

(Costello et al. 2009). Depending on the factors such as sebum content, pH, moisture level and 

UV light exposure, sites can be grouped into broad categories: sebaceous or oily (face, chest 

and back), moist (bend of elbow, back of knee, feet, navel, and groin) and dry (volar forearm 

and palm). Anoxic sebaceous sites are populated by lipophilic Propionibacterium and 

Cutibacterium species. Propionibacterium acnes and Cutibacterium acnes are facultative 

anaerobes which can hydrolyze the sebaceous lipids to fatty acids and through their adherence 

maintain in the hair shaft (Gribbon, Cunliffe, and Holland 1993; Marples, Downing, and 
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Kligman 1971). These fatty acids contribute to the acidic pH of the skin unfavorable for growth 

of certain species such as Staphylococcus aureus or Streptococcus pyrogenes (Grice and Segre 

2011). Some parts of skin which have natural bends or occlusions such as the groin or space 

between the toes are humid and warm with more stable temperature than other more exposed 

parts of the body. These are the niches where Staphylococcus and Corynebacterium species 

flourish (Byrd, Belkaid, and Segre 2018; Grice and Segre 2011). The greatest diversity of 

microbes is displayed at dry sites like the top of the forearm, but compared to the occluded 

sites, were the least stable due to the environmental exposure (Costello et al. 2009; Grice et al. 

2009). There is one big distinction between the skin and gut microbiome in terms of 

interindividual variability. While the gut microbes differ more among individuals irrespective 

of the site sampled, the skin microbes show niche specificity and tend to be similar composition 

in different individuals (Grice and Segre 2011). 

From the temporal perspective, the first colonization of the skin begins at birth. The 

composition of initial microbial colonizers depends on the mode of delivery where babies 

delivered vaginally inherit the microbial community of the mother's vagina, while those born 

through Cesarean section are colonized by microbes characteristic for the skin (Dominguez-

bello et al. 2010). Unlike the gut microbiome, which establishes stability around 3 years of age 

(Yatsunenko et al. 2012), the skin microbiome matures after puberty. Infant skin and the skin 

of an adult differ in sebaceous and sweat gland activity, and also in thickness and density of 

body hair which have consequently an effect on the microbial community composition (Oh et 

al. 2012). Despite the constant environmental exposure of the skin, the oily, moist, and dry 

regions remain stable over time within an individual (Oh et al. 2016). However, in comparison 

with gut and mouth microbiome, the skin microbiome has the greatest variability in time 

(Costello et al. 2009). 

Skin microbial inhabitants are at the intersection between the external environment and 

hostôs barrier site and cooperate to bolster the defense mechanisms and maintain skin health. 

Great example of such cooperation is Staphylococcus epidermidis. This commensal microbe 

can cause keratinocytes to start producing AMPs by activating TLRs (Lai et al. 2010). 

Moreover, it accompanies the action of AMPs by producing its own bacteriotoxin to kill group 

A Streptococcus (Cogen et al. 2010). Interestingly, S. epidermidis can limit inflammation after 

tissue injury through its lipoteichoic acid which is able to restrain TLR activation in 

keratinocytes (Lai et al. 2009). On top of these protective functions, S. epidermidis 

endopeptidase can destroy S. aureus biofilm (Sugimoto et al. 2013). Anyway, S. aureus has 

many commensal enemies like Staphylococcus lugdunensis which produces antibiotic 
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lugdunin prohibiting S. aureus growth (Zipperer et al. 2016). Corynebacterium striatum can 

literally persuade S. aureus to behave nicely and reduce its transcription of virulent genes and 

switch to commensalism (Ramsey et al. 2016). The mechanisms how other commensal skin 

microbes maintain skin health remain to be elucidated, however recently one mechanism was 

discovered which uncovers T cell response to commensals. Bacteria produce N-

formylmethionine, an amino acid that is necessary to induce prokaryotic translation. When 

processed by the host, peptides containing this amino acid are presented on non-classical MHCI 

to T cells. This signaling is free of inflammation and even induces tissue repair (Linehan et al. 

2018). 

In summary, skin microbiota plays an important role in maintaining skin health while 

cooperating with the cutaneous immune system to create appropriate response to the external 

antigens. 

 

1.4 Inflammatory bowel diseases 

IBD are autoimmune disorders of the gastrointestinal tract that comprise two conditions, 

Crohnôs disease (CD), and ulcerative colitis (UC). While CD can affect any part of the 

gastrointestinal tract, UC is localized to the large intestine. Common symptoms include fever, 

diarrhea, abdominal discomfort, rectal bleeding and sometimes extraintestinal manifestations. 

The symptoms occur periodically, patients go through cycles of remission and relapses which 

reduces their quality of life substantially. The prevalence of IBD has been rising in the past 

years in the Czech Republic and worldwide, especially in adolescents (Collaborators 2020; 

Jarkovský et al. 2017; Pasvol et al. 2020). Hence, there is an intense interest in understanding 

the etiology and pathology of these diseases along with searching for non-invasive diagnostic 

markers and effective therapeutic agents. 

1.4.1 Pathophysiology of IBD 

The main difference between CD and UC is the depth of the inflammation which affects 

the intestinal wall. In CD all layers of the intestinal wall can be affected and inflamed which 

can lead to thickening and fibrosis of the bowel wall (Langner et al. 2014). In 20-40% of cases 

fistulas can form. Fistulas are abnormal connections between the gastrointestinal tract and any 

adjacent structure including bowel, bladder, skin, or vagina. CD is characterized by 

inflammatory lesions distributed within the healthy tissue (skip lesions), while in UC the 

inflammation comprises a continuous area. Additionally, adipose tissue can get accumulated 

at unusual sites facing away from the mesentery (fat wrapping) and distinguishes CD from 
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UC (Langner et al. 2014). On the histological level, distorted crypt architecture and cellular 

infiltrates like granulomas localized outside of the affected crypts is a typical feature of CD 

(Villanacci et al. 2021). Granulomas are macrophage infiltrates forming giant cells which 

comprise at least 5 cells with or without multiple nuclei resembling epithelial cells. 

Compared to CD, UC is restricted to the top mucosal layer and transition between the 

affected areas and healthy tissue is clear. Macroscopic features typical for UC include mucosal 

atrophy, surface ulcers, and inflammatory polyps. On the histological level, UC can be 

discriminated by impaired mucosal architecture, increased flow of diverse cells to lamina 

propria, especially neutrophils and granulocytes, and epithelial abnormality (Villanacci et 

al. 2021). Changes in the mucosal architecture are mainly in crypts which can be either 

shortened, dilated, or branched and commonly their density is decreased (Jenkins et al. 

1997). This feature contributes to decreased efficiency of nutrient absorption which could lead 

to secondary deficiencies often seen in patients with IBD (Weisshof and Chermesh 2015). 

Epithelial abnormalities present as epithelium damage, mucin depletion due to depletion and 

impaired function of goblet cells and metaplasia (Koukoulis et al. 2002; Langner et al. 2014). 

1.4.2 Factors contributing to the onset of IBD 

It is now commonly perceived in the scientific community that not a single but multiple 

factors are involved in the onset of IBD. These include the combination of genetic 

predisposition and environmental factors which lead to disruption of the protective mucosal 

barrier exposing the underlying immune system to the intestinal antigens including resident gut 

microbiota. This subsequently results in activation of immune cells and distortion of the 

intestinal homeostasis, microbiota dysbiosis, formation of an inflammatory prone milieu which 

in turn attracts more immune cells to the site, enhance epithelial and barrier damage and further 

speed up the inflammatory process (Neurath 2019). 

1.4.3 Genetic predisposition 

Up to date, more than 100 gene variants were identified to increase the susceptibility to 

IBD, among them there are many genes which code for the components of the immune system. 

For example, cytokines, chemokines, and their receptors (IL-2, IL-10, TGF-ɓ, IL12R, IL23R, 

CCR6), pattern recognition receptors (NOD2), signal transducers (STAT3, STAT4), 

antimicrobial peptides (HBD2) and genes involved in autophagy (ATG16L1) to name just a 

few (Duerr et al. 2006; Khor, Gardet, and Xavier 2011). Interestingly, similar gene variants 
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(IL23R, IL12B) are associated with increased risk of developing psoriasis which is an 

autoimmune skin condition sharing quite a few commonalities with IBD. 

Microbial invasion of the epithelium requires an adequate response from the host. The 

fist defense to be encountered is mediated by the innate immune system including pattern 

recognition receptors like NOD2 (nucleotide binding oligomerization domain 2). NOD2 is an 

intracellular receptor for bacterial derived muramyl dipeptide (MDP) and is expressed among 

others on Paneth cells. It acts through mechanisms involving bacterial sensing, controlling 

secretion of antimicrobials by Paneth cells, and autophagy. Upon NOD2 receptor binding, the 

signalization leads to activation of transcription factor NFəB (nuclear factor kappa-light-chain-

enhancer of activated B cells) which turns on the inflammatory genes. NOD2 can also exert a 

direct cytotoxic activity though its leucine rich repeats (LRR) (Perez et al. 2010). Interestingly, 

mutations in LRR of NOD2 but not NACHT domain of NOD2 have been linked with intestinal 

inflammation in IBD, the latter has been associated with extraintestinal manifestations in eyes, 

joints, and skin. Moreover, patients with ileal CD have reduced expression of defensins which 

is even more pronounced in those with NOD2 polymorphism (Wehkamp, Schmid, et al. 2005). 

Given the NOD2 function in antimicrobial defense it is not surprising that it has an effect on 

the resident microbiota (Li et al. 2019). 

Autophagy is tightly connected to the innate immune signaling. It is a safe self-

degrading mechanism which does not harm the surrounding tissue by causing inflammation. 

When a microbial pattern is recognized by NOD2, it recruits ATG16L1 to the plasma 

membrane and formation of autophagosomes around the invading microbes proceeds. But in 

case NOD2 is compromised, it fails to do so (Travassos et al. 2010). ATG16L1 is one of the 

proteins involved in phagosome formation and ubiquitin proteasome system. Mice with 

defective ATG16L1 expression showed abnormal Paneth cell morphology and defects in their 

granule secretion (Cadwell et al. 2008). In human ATG16L1 polymorphisms has been linked 

to increased risk of developing CD (Prescott et al. 2007). It was also shown that this deficit led 

to increased apoptosis of intestinal epithelial cells under proinflammatory conditions and hence 

also to the epithelial barrier damage. This could be resolved by blocking the inflammation with 

anti-TNFŬ agents reducing the colitis in mice (Pott, Kabat, and Maloy 2018) and lowering the 

apoptosis of intestinal epithelial cells in patients with IBD (Zeissig et al. 2004). Moreover, 

deficiency in vitamin D receptors results in increased susceptibility to colitis in mice caused by 

impaired autophagy and downregulation of ATG16L1 (Wu et al. 2015). 
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1.4.4 Environmental factors 

The environmental factors which can contribute to the onset of IBD comprise chronic 

stress, infections, smoking, antibiotic usage, vitamin D deficiency and unhealthy lifestyle. 

Particularly, exposure to cigarette smoke (Berkowitz et al. 2019), antibiotics (Wang et al. 

2018), lack of vitamin D (Su et al. 2016) and obesity (Hodin et al. 2011) impact Paneth cell 

function and may explain the increased risk of IBD. An infection always represents a burden 

to an organism affected not only during the acute phase for example by a direct damage of the 

protective intestinal barrier (Y. G. Zhang et al. 2014) but also long-term by tricking the immune 

system into a false response (Ercolini and Miller 2009). Development of IBD specifically has 

been correlated with gastrointestinal infections (Axelrad et al. 2019) and even with the 

currently emerging COVID-19 pandemic (Senthamizhselvan et al. 2021). Chronic and/or acute 

stress are factors which contribute to many pathologies including IBD. It usually happens via 

increasing the permeability of the intestinal barrier triggered either by hormonal signaling, 

neurotransmitter signaling or mast cell secretions (Cameron and Perdue 2005; Gareau, Silva, 

and Perdue 2008). 

1.5 Therapies for inflammatory bowel disease 

As there is no single culprit in IBD, the therapies are largely non-specific trying to mitigate 

the immune response like corticosteroids, aminosalicylates, and immunosuppressive drugs. 

The more specific therapies include biological agents, monoclonal antibodies targeting certain 

components of the inflammatory pathways which comprise anti-integrin, anti-TNFŬ agents or 

anti-IL12/23. 

1.5.1 Anti -TNFŬ biologicals 

Nowadays, the most commonly used biologicals are anti-TNFŬ agents targeting TNFŬ, 

a proinflammatory cytokine produced by a variety of cells like macrophages, fibroblasts and T 

cells. Several TNF antagonists are currently available: Adalimumab and Golimumab both fully 

human monoclonal antibodies, Infliximab a chimeric monoclonal antibody, Etanercept an 

antibody and TNF receptor construct and last one Certolizumab pegol a humanized monoclonal 

antibody conjugated to pegol (Figure 3). Anti-TNFŬ agents can exert variable affinity to either 

membrane bound TNF (mTNF) or soluble TNF (sTNF), the latter resulting from a proteolytic 

cleavage of the former. Contrary to rheumatoid arthritis or multiple sclerosis where anti-TNFŬ 

drugs are also used for treatment, in IBD it appears that the pathology is mainly driven through 

mTNF and its receptor TNFR2 (Perrier et al. 2013). The diverse structure of the anti-TNFŬ 

agents gives a great opportunity for exploring the mechanism of anti-TNFŬ blockade. For 
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example, Etanercept which binds preferentially sTNF showed low efficacy in IBD treatment, 

in some cases even worsening the symptoms, when compared to Adalimumab and Infliximab 

which bind both mTNF and sTNF equally (OôToole, Lucci, and Korzenik 2016). It is therefore 

believed that not a simple neutralization of the sTNF but the anti-TNFŬ induced apoptosis lies 

behind the mechanism of action of the successful anti-TNFŬ agents. One possibility of how it 

happens is through reverse signaling (outside to inside) where TNF does not serve as a ligand 

but signals reversely to cells expressing this molecule (Mitoma et al. 2005). The second 

possibility is blocking the interaction of intestinal CD14+ macrophages and CD4+ T cells 

through TNFR2 which signaling leads to apoptosis resistance (Atreya et al. 2011). 

Additionally, certolizumab is unable to bind FcɔR due to the pegylation on the F[abô]2 fragment 

and hence cannot induce an undesirable complement activation and antibody dependent cell 

cytotoxicity which is good when controlling for negative side effects. However, the Fc part of 

the anti-TNFŬ agents showed to be crucial in mucosal healing (McRae et al. 2016) by inducing 

wound healing macrophages (Vos et al. 2012) hence also the ineffectiveness of certolizumab 

in treatment of IBD.  

 

 

Figure 3: Anti -TNFŬ drugs structure overview. A schematic representation of anti-TNFŬ 

directed antibody constructs used for treatment of IBD. Infliximab is a chimeric monoclonal 

antibody with a murine variable region (shown in red) fused to a human Fcɔ1 Ig. Adalimumab 

and golimumab are fully human monoclonal antibodies. Certolizumab is a humanized Fabô 

fragment bound to polyethylene glycol (PEG) molecules. Etanercept is a TNF receptorï Fcɔ1 

fusion protein. Potentially immunogenic areas within each antibody construct are indicated in 

red. Adopted from (Kalden and Schulze-Koops 2017). 

Although anti-TNFŬ agents are very effective and bring relief to patients, one third of the 

patients become unresponsive after long-term treatment. It was long a mystery why patients 

render unresponsiveness to anti-TNFŬ therapy. But it was shown that anti-TNFŬ non-

responders can unfortunately overcome the anti-TNFŬ induced apoptosis. In non-responders, 
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mucosal CD4+ T cells expressing TNFR2 express also IL23R which gets activated by IL-23 

from macrophages thereby blocking apoptosis and leading to production of variety of Th1 and 

Th17 cytokines (Schmitt et al. 2018). This finding indicated a potential therapeutic target, IL-

23, in anti-TNFŬ non-responders which has been indeed used in treatment of IBD.  

5% of patients with IBD on anti-TNFŬ therapy develop psoriasiform skin lesions (Tillack 

et al. 2014). At the beginning it was not clear what was causing these negative side effects. 

Given the structure of the anti-TNFŬ agents one would deduce that not fully humanized 

Infliximab could be the prime candidate for causing some negative side effects, however it is 

not the case. Patients treated with Infliximab, Adalimumab and Certolizumab all developed 

psoriasiform skin lesions, so it looks like it is more dependent on TNF signaling itself than a 

specific anti-TNFŬ antibody. Some of these lesions markedly resemble psoriasis and are 

characterized by IL-17A, IL-22-expressing Th17 cells and IFN-ɔ-expressing Th1 cells and 

IFN-Ŭ (Tillack et al. 2014). Ustekinumab, which is used for treatment of psoriasis, was shown 

to resolve the skin lesions induced by anti-TNFŬ treatment and is now successfully used in 

treatment of IBD (Sandborn et al. 2008; Savage et al. 2015). 

1.5.2 Anti -IL -12/23 therapies 

Ustekinumab is a monoclonal antibody targeting p40, a common subunit of cytokines 

IL -12 and IL-23. Both IL-12 and IL-23 cytokines are part of the IL-12 cytokine family which 

is the only cytokine family with heterodimers. This unique feature inherent also to the 

corresponding receptors enables combination of the subunits leading to different biological 

effects but also possibilities for positive and negative regulatory feedback loops (Vignali and 

Kuchroo 2014). IL-12 is a proinflammatory cytokine produced by dendritic cells and 

macrophages upon TLR activation (Kastelein, Hunter, and Cua 2007) and leads to expansion 

of Th1 immunity by induction of IFN-ɔ (Magram et al. 1996). It comprises p35 subunit (IL-

12A) and p40 subunit (IL-12B) which is shared with IL-23 (Figure 4). IL-23 is also produced 

by activated antigen presenting cells and intestinal epithelial cells (Aden et al. 2016; Kastelein 

et al. 2007), but in contrast to IL-12 it induces Th17 immunity (Mathur et al. 2007). Its 

discovery is linked with p19 subunit (IL-23A), which can combine with p40 subunit, and give 

rise to a heterodimeric cytokine IL-23 (Figure 4) (Oppmann et al. 2000). From the clinical 

standpoint, ustekinumab therapy in contrast to anti-TNFŬ agents has a lower risk of adverse 

events including skin adverse events (Lambert, De Schepper, and Speeckaert 2021; Rolston et 

al. 2021) and has proven efficacy in both CD (Harris et al. 2019) and UC (Welty et al. 2020). 

Its superiority probably lies behind the possibility to target both IL-12 and IL-23 cytokines 
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controlling the initial as well as the chronic stage of the intestinal inflammation, (Eftychi et al. 

2019) both systemically and locally in the affected tissue (Uhlig et al. 2006). Ustekinumab was 

first approved for the treatment of skin diseases like plaque psoriasis and psoriatic arthritis then 

it got approval for CD and quite recently as of 2019 for UC. Given that p40 is constitutive 

expression by lamina propria DCs in a healthy intestine depends on the presence of microbiota 

(Becker et al. 2003), we wanted to evaluate the effect of this novel therapy on the intestinal 

microbiome. 

 

 

Figure 4: Ustekinumab - mechanism of action. Ustekinumab is a monoclonal antibody 

directed against p40, a common subunit of cytokines IL-12 and IL-23. On the left, binding of 

IL -12 and IL-23 to their corresponding receptors ignites an intracellular signaling. On the right, 

neutralization of IL-12 and IL-23 cytokines through binding to p40 subunit inhibits 

intracellular signaling through their receptors. Adopted from 

https://www.creativebiolabs.net/ustekinumab-overview.html 

1.5.3 Anti -integrin biologicals 

Anti-integrin therapy focuses on blockade of the gut specific homing molecules. 

Currently, the only anti-integrin drug approved for treatment of IBD is Vedolizumab which 

targets Ŭ4ɓ7 integrin. Ŭ4ɓ7 integrin under physiological conditions binds MAdCAM-1, 

exclusively expressed on the intestinal epithelium hence directing the leukocytes to the gut and 

the associated lymphoid tissue. Blockade with Vedolizumab causes integrin internalization and 

prevents association with the gut specific addressin. 

Etrolizumab takes it one step further. It targets ŬEɓ7 which is expressed in cells 

interacting with epithelium and thereby interferes with leucocyte retention in the tissue. Despite 

the disappointing results from the recently finished phase III clinical trial (Agrawal and 
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Verstockt 2022), it still could be effective in a small group of IBD patients who express high 

levels of Ŭ4 (Tew et al. 2016). 

Ozanimod takes an opposite approach, instead of blocking the homing or retention in 

the tissue, it actively attracts T cells from tissue to blood while taking advantage of S1P 

gradient. Ozanimod is an S1P receptor agonist and acts by sequestering the leukocytes from 

the site of chronic inflammation. The clinical trial in UC patients was successful showing great 

results in induction as well as maintenance therapy (Sandborn et al. 2021). 

1.6 Biological therapy side effects linking two barrier sites: gut and skin 

Interestingly, there are several links between gut and skin exemplified by two immune-

mediated inflammatory conditions, IBD and psoriasis with markedly similar pathways 

involved. Both diseases are characterized by compromised barrier function either in the 

intestine or in the skin and are associated with a dysbiotic microbiota. Patients with IBD are 

1.5 more likely to develop psoriasis than a general population and conversely patients with 

psoriasis have 2.5 (1.6) higher risk of developing CD (UC) (Vlachos et al. 2016). IBD and 

psoriasis also share several risk associated genetic loci including IL-23R, IL-12B, REL and 

TYK2 further reinforcing the etiological basis of these diseases (Ellinghaus et al. 2012). 

Ustekinumab, a drug targeting IL-12 and IL-23 signaling which was used for treatment of 

psoriasis since 2009 was authorized for the use in IBD relatively recently in 2016 and is very 

effective (Feagan et al. 2016; Hedin et al. 2021; Sandborn et al. 2008). Unfortunately, drugs 

like secukinumab targeting IL-17A were a huge failure in IBD despite a high success rate in 

psoriatic patients (Hueber et al. 2012). Case reports show psoriatic patients who developed IBD 

during the therapy with anti-IL -17 blockers (Lozano, Giménez, and Fernández 2018; Smith et 

al. 2019). This points to a distinct effect of IL-17 in skin and gut.  

Extraintestinal manifestations in IBD are not uncommon and are affecting more than 20% 

of the patients (Rogler et al. 2021). Interestingly, some of the manifestations develop 

spontaneously while others are linked to anti-TNFŬ therapy. The latter are called paradoxical 

reactions and in skin form most commonly psoriasiform or eczematiform lesions (Jiraskova 

Zakostelska et al. 2023). The mechanism which lies behind the onset of such skin adverse 

events is still unclear, but several possible mechanisms have been suggested. One theory 

implies the switch in homing receptors on circulating memory T cells (Adams and Eksteen 

2006). Upon encountering a skin dendritic cell, the T cell can get reactivated but starts 

expressing CLA (cutaneous lymphocyte antigen) which is a homing receptor for skin (Mora et 

al. 2005). There are even reports of CLA expression on circulating ɔŭT cells in IBD patients 
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who developed cutaneous manifestations (Mann et al. 2012). Perhaps this switch in homing 

receptors is somewhat induced by anti-TNFŬ therapy as documented by Peake who showed 

skin homing in in vitro culture induced by Infliximab (Peake et al. 2013). Given the fact that 

the gut microbiome diversity and composition is hampered in patients with IBD (Kostic et al. 

2014; Manichanh et al. 2006; Pascal et al. 2017), we sought out whether the skin microbiome 

is affected as well, especially in the patients who developed the skin adverse events on the anti-

TNFŬ therapy. 

 

1.7 Crosstalk between microbiome and immune system 

Immune system evolved in a way that it can respond to any given antigen encountered 

with the aim to create a repertoire of specific T and B lymphocytes which can face all possible 

threads. This is achieved by the recombination of V, D and J segments which result in T and B 

cells bearing a variety of different receptors. However, this stochastic process creates 

lymphocytes which are indeed reactive to virtually anything including antigens from own 

tissues, commensal microbes, ingested food, and environmental particles like pollen. Immune 

system deals with these unwanted cells via processes called central and peripheral tolerance. 

Briefly, central tolerance in the thymus relies on positive selection and negative selection for 

cells which can recognize self-MHC molecules and do not bind too strongly with self-antigens. 

Such T cells can exit thymus and the rest must be solved in the periphery where multiple 

context-dependent mechanisms operate. Nevertheless, this is just a simplistic view, in fact the 

whole process is more interconnected.  

The immune system in the gut is constantly in contact with antigens from food and 

microbes which are both needed for proper function and maintenance of homeostasis in our 

system. The microbiome, as described above (section 1.3 Microbiome), is crucial for various 

physiological processes and must be well tolerated. In contrast to antigens from host tissues, 

which are relatively stable and hard coded in the genome, microbiota is much more dynamic, 

constantly changing depending on the diet and challenges from the environment. Due to this 

large variability and rapid changeability of microbiome, it cannot be simply passively tolerated, 

it also needs to be actively kept in check by the immune system all within the environmental 

and physiological context. To date, we know that not only peripheral mechanisms of tolerance 

are involved but also central thymic control takes part in microbial recognition and tolerance 

(Cebula et al. 2013). Although the current knowledge regarding microbiota tolerance is 

growing quickly (Atarashi et al. 2011; Hepworth et al. 2015; Round et al. 2011), our 



43 
 

understanding of the whole process is still limited. This mirrors the research of intestinal 

immune-mediated diseases where mechanisms of tolerance are part of the ongoing pathological 

processes and for which we are still lacking an effective cure. 

There are multiple mechanisms through which tolerance to intestinal microbes is 

ensured. Firstly, there are passive mechanisms such as physical barriers which prevent 

microbes from the interaction with the immune system such as the mucosal layer mantling the 

epithelium which was described thoroughly in section 1.3.1. Intestinal microbiome spatial 

organization. Secondly, there are active mechanisms which regulate the composition of the 

intestinal microbiome and help in the barrier maintenance such as secretory IgA and Paneth 

cellsô antimicrobials (see section 1.2.2 Paneth cells). Thirdly, there are the intrinsic tolerogenic 

mechanisms including quiescence, ignorance, anergy and deletion executed by regulatory T 

cells or tolerogenic dendritic cells. 

1.7.1 Secretory IgA 

Secretory IgA (sIgA) is a dimer which arises from the cooperation of antibody 

producing plasma cells and epithelial cells producing polymeric Ig receptors. Polymeric IgA 

binds to its receptor and is transported from the basolateral to the apical site where proteolytic 

cleavage of the receptor results in the secretory component (Kaetzel et al. 1991). Several grams 

of sIgA specific to microbiota are secreted in the gut every day (Sterlin et al. 2020). IgA 

immunodeficiency is the most widely spread primary immunodeficiency. People who lack 

sIgA frequently suffer from respiratory and gastrointestinal diseases and also other 

autoimmune diseases (Swain et al. 2019) supporting the fact that sIgA is an important player 

in defense and homeostasis of the intestine. 

In the intestinal lumen sIgA can either float freely or can form a biofilm linking N-

glycans on the secretory component and create an additional protective barrier on the 

epithelium (Mathias and Corthésy 2011). sIgA can attach to bacterium and coat its entire 

surface hence preventing its adherence to the epithelium. Interestingly, highest coating is aimed 

at the adherent species like Helicobacter or SFB (Palm et al. 2014) indicating the immune 

system can target risky behavior such as adherence to the epithelium distinguishing between a 

commensal and a pathogen (Sansonetti 2011). Such high-IgA-coated bacteria were isolated 

from IBD patients and transferred to germ-free mice which upon DSS challenge showed 

exacerbated colitis. This further validates the fact that high IgA coating marks potentially 

pathogenic or dysbiotic species which have the potential of driving inflammatory response and 

can lead to disease in a predisposed host (Palm et al. 2014). Additionally, Treg presence or 
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absence in germinal centers was found to influence IgA coating. Mice deficient in Tregs had 

higher coating capacity but the IgA produced was non-specific and microbial diversity reduced. 

But the effect was not unidirectional, the induction of Tregs was dependent on a diverse and 

healthy microbiome and ensured IgA selection (Kawamoto et al. 2014). Collectively, these 

studies suggest high non-specific IgA coating is a sign of disbalance which could contribute to 

onset of disease while moderate specific coating promotes microbial diversity and homeostasis. 

Apart from coating sIgA can exert its function through modulation of bacterial 

polysaccharide utilization loci which promotes cooperation across different bacterial phyla 

(Nakajima et al. 2018). 

The production of IgA is regulated and can be either T cell dependent or T cell 

independent. T cell dependent induction of IgA production relies on the germinal center contact 

between CD40 ligand (CD40L) on follicular Th cells and CD40 on B cells (Pabst and Slack 

2020). After somatic hypermutation, this interaction typically yields high-affinity IgA, some 

of which is specific for gut microbiota (Okai et al. 2016). On the other hand, antibodies which 

are generated in T cell independent manner are usually generated in lower numbers and are 

cross-specific targeting a broader range of taxa. This mechanism operates independently of 

microbiota suggesting an innate function is keeping the natural levels of microbiota-cross-

specific IgA (Bunker et al. 2017). Collectively, sIgA of variable specificity against resident 

microbiota can be induced by both T cell dependent and independent mechanisms. 

 

1.7.2 Treg - induction and regulation by microbiome 

The importance of Tregs in induction of peripheral tolerance is well established in the 

literature. The tolerance to commensal microbiota is no exception as exemplified by patients 

with IPEX (immune dysregulation polyendocrinopathy enteropathy X-linked) syndrome who 

suffer from gastrointestinal-related conditions in addition to multiple autoimmune diseases 

(citation). Another example illustrating the connection between the microbiome and Treg cells 

comes from germ-free mice which have considerably reduced Treg numbers (Atarashi et al. 

2011; Geuking et al. 2011). 

In the gut there are two populations of Tregs of different origin comprising pre-existing 

thymic Tregs (tTreg) and the peripherally induced Tregs (pTreg) which are differentiated from 

naïve T cells locally. We now have evidence from certain bacterial species to directly induce 

their tolerance at the mucosal sites through induction of Tregs. 
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One possibility microbes can induce their tolerance is through specific antigens. For 

example, Bacteroides fragilis can induce development of Treg cells and production of anti-

inflammatory cytokines IL-10 and TGF-ɓ. This is achieved via TLR2 signaling upon 

stimulation with lipopolysaccharide A from the outer membrane vesicles of B. fragilis (Round 

and Mazmanian 2010). Similarly, Bifidobacterium breve can also induce IL-10 expression by 

lamina propria T cells upon TLR2 signaling on intestinal dendritic cells (Jeon et al. 2012). 

Moreover, in B. breve polysaccharide has been shown to induce diminished B cell response 

(Fanning et al. 2012).  

Production of short-chain fatty acids (SCFAs) represent other mechanisms through which 

bacteria induce their tolerance. SCFAs are side products of bacterial metabolism and comprise 

acetate, butyrate, propionate, and a few others. Particularly, butyrate and propionate can induce 

Treg development in the periphery (Arpaia et al. 2013; Smith et al. 2013). For example, 

Clostridia of cluster XIVa are producers of butyrate which live in close association with the 

intestinal mucus and may very well use this mechanism to their advantage (Van Den Abbeele 

et al. 2013; Atarashi et al. 2011). 

Of particular interest is a population of Rorɔt+ Tregs which can be peripherally induced 

by microbial symbionts (Sefik et al. 2015). For instance, Helicobacter hepaticus can drive the 

expansion of Rorɔt+ Tregs under homeostatic conditions while restricting the proinflammatory 

Th17 cells (Xu et al. 2018). For this process to take place, antigen presentation by MHCII+ 

ILC3 cells rather than cDCs along with production of TGFɓ and CCR7 is necessary (Kedmi et 

al. 2021). 

These studies indicate that certain species of the microbiota can by variable means induce 

their tolerance in the gut suggesting Treg repertoire is dependent on the microbiome 

composition. This idea was further validated on antibiotic-treated mice which exhibited 

profound shift in the Treg repertoire (Cebula et al. 2013) and Treg cells from different locations 

showing diverse composition of TCRs (Lathrop et al. 2011). 

bacterial metabolic products that are required for induction of gut effector T cell subsets, like 

Foxp3+RORgt+ T cells (Atarashi et al., 2011, 2013; Ivanov et al., 2009; Lochner et al., 2008; 

Zhou et al., 2008). 

 

1.7.3 Th17 - induction and regulation by microbiome 

Segmented filamentous bacteria (SFB) are currently the best described microbes to be 

associated with Th17 responses in mice and other rodents. In humans no analogous microbes 
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have been found so far. SFB (also found under name Candidatus Arthromitus or Candidatus 

Svagella) are gram-positive commensals which can attach to the hostôs intestinal epithelium. 

However, SFB are not phagocytosed, instead they form a synapse without disturbing the hostôs 

plasma membrane and form small vesicles which are acquired by the hostôs enterocytes 

(Ladinsky et al. 2019). SFB antigens are then passed to APCs which mount a strong Th17 

response characterized by production of IL-17 and IL-22 cytokines however not causing 

intestinal damage (Atarashi et al. 2015; Panea et al. 2015). The initiation of the Th17 response 

starts in mLN (Sano et al. 2021) and continues locally in the intestine (Sano et al. 2015). IL-22 

and IL-23 cytokines are especially important in this process (Sano et al. 2015). Upon the launch 

of the immune response, the host's mechanisms come into action to limit the expansion of the 

bacteria. One of them is PCs production of enteric Ŭ-defensins, described in more detail above 

(1.2.3. Regulation of the Paneth cell antimicrobial activity ). Interestingly, human symbiont 

Bifidobacterium adolescentis was found to induce strong Th17 response in mice however, the 

mechanism of induction differed from that of SFB (Tan et al. 2016). 

IL -17 is the major effector cytokine related to Th17 response. It is produced by a variety 

of cell types including Ŭɓ T cells, ɔŭ T cells, invariant NKT cells and ILC3 (Cua and Tato 

2010; Xu et al. 2012). In the skin IL-17 is linked with production of antimicrobials (Liang et 

al. 2006) but in the gut its function in antimicrobials induction remains elusive. Stimulation of 

organoid culture with IL-17 did not result in AMPs secretion (Biton et al. 2018) but by contrast 

conditional removal of IL-17R in mice intestine resulted in dysbiotic microbiota caused by 

decreased secretion of enteric defensins (Kumar et al. 2016). To resolve the role of IL-17 in 

regulation of the intestinal PCs function in defense against commensal microbes was one of 

the aims of the present thesis. 

Microbes have coevolved with the host and contrived the ways how to tolerate each 

other and live in a balance. As described above, there are various mechanisms how microbes 

can secure their place in the hostôs gut. By actively modulating the host immune system and 

mounting they can mount either tolerogenic or inflammatory immune response.   
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2 THESIS AIMS  

The main aim of this thesis is to characterize the intestinal/skin microbiome composition in 

patients with IBD and identify specific microbiome changes in response to therapy 

responsiveness, disease status, and disease localization. This work also concerns the regulation 

of Paneth cells and their microbiome modulating function in the context of ileal Crohnôs 

disease using an experimental mouse model. Understanding the interplay of the immune system 

and the host microbiome reveals interesting insights in the intestinal pathophysiology, as well 

as in onset and progression of IBD. 

The specific aims of this work were: 

1. Characterize the longitudinal effect of anti-TNFŬ therapy on the intestinal 

microbiome composition and immune response to gut commensals. 

TNFŬ is the major pro-inflammatory cytokine overproduced in patients with IBD and 

its inhibitor is successfully used for treatment. We investigated whether treatment with 

monoclonal antibodies against TNFŬ would have an effect on the microbiota 

composition and immune response to specific gut commensals. (Schierova et al. 2021) 

2. Characterize the longitudinal effect of a novel therapy with anti-IL12/23 on the 

intestinal and skin microbiome composition and immune response to gut 

commensals. 

Therapy with ustekinumab is a novel approach in treatment of patients with IBD which 

targets a common subunit of IL-12 and IL-23 cytokines. It is especially beneficial for 

patients in whom anti-TNFŬ therapy failed. In comparison to anti-TNFŬ therapy the 

rate of skin adverse events is scarce; therefore we were also interested in skin 

microbiome. (Rob et al. 2022) 

3. Characterize the skin microbiota composition and immune response to 

commensals during skin adverse events which occur in patients with IBD on anti-

TNFŬ therapy. 

Common side effects during anti-TNFŬ therapy are skin adverse events some of which 

resemble lesions in psoriatic patients and similarly patients with psoriasis could develop 



48 
 

IBD-like symptoms. Previous studies from our group indicated that psoriatic patients 

have distinct skin microbiome composition. Therefore, we focused on the 

characterization of skin microbiome of patients with IBD during anti-TNFŬ treatment 

especially before and after the appearance of the skin adverse events. (Reiss et al. 2023) 

4. Characterize the role of IL-17 in Paneth cells antimicrobial activity within the 

intestinal physiology. 

Paneth cells are the major producers of antimicrobial peptides in the intestine through 

which the resident microbiota can be regulated. We investigated the effect of IL-17, 

major cytokine expressed in response to extracellular pathogens, on Paneth cells and 

the intestinal homeostasis. For this purpose, we used mice deficient for IL-17R in PCs 

and described changes associated with this phenotype. To translate the findings from 

mice to humans an exploratory analysis on a group of patients with CD was performed. 

(Brabec et al. 2023) 
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3.1 Fecal Microbiome Changes and Specific Anti-Bacterial Response in Patients with 

IBD during Anti -TNF Therapy 

In this study we explored the long-term impact of anti-TNFŬ treatment on the gut bacteria and 

the immune responses to these bacteria in patients with IBD. We monitored 52 patients with 

IBD for 38 weeks of treatment and 37 healthy individuals. We analyzed the bacterial and fungal 

populations in the gut using amplicon sequencing and antibody levels, including those targeting 

specific gut bacteria using ELISA. Apart from the already described differences between 

healthy individuals and patients with IBD, we found that at the end of the study, the bacterial 

makeup of IBD patients was closer to the healthy group than at the start, indicating a positive 

microbial change as a result of treatment. We pinpointed factors like disease severity, 

localization of disease, and prior surgeries as contributors to these bacterial shifts. Moreover, 

we noticed an increase in humoral response against certain gut bacteria after 38 weeks of anti-

TNFŬ therapy. 

 

Authorôs contribution: Preparation of the lyophilized bacterial antigens for enzyme-linked 

immunosorbent assay (ELISA) assays. Execution of the ELISA assays. Processing of the fecal 

samples and preparation of the sequencing libraries. Next generation sequencing (NGS) data 

analysis including quality control, taxonomic assignment, and diversity calculation. Execution 

of metagenomic predictions. Statistical assessment, and performance of the mathematical 

models. Visualizations in Python. Manuscript preparation and data interpretation.  
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