
Charles University 

Faculty of Science 

 

Study programme: Biology 

Branch of study: Immunology 

 

Bc. Martin Jakubec 

 

Role of Paneth cells in the onset of inflammatory bowel disease 

Úloha Panethových buněk v propuknutí idiopatických střevných zánětů 

 

Master thesis 

Supervisor: RNDr. Dominik Filipp, CSc. 

Prague 2019 

 



 

 

 

 

Prehlášení 

Prohlašuji, že jsem diplomovou práci vypracoval samostatně, na základě praktických rad od 

svého školitele a konzultanta, s patřičným uvedením všech použitých literárních zdrojů a 

literatury. Všechny lidské vzorky použité v této práci byli odebrány a analyzovány v súladu se 

všemi etickými a medicínskymi standardy. Práce, ani žádná její část nebyla použita k získání 

jiného nebo stejného akademického titulu. 

 

 

V Praze, dne 12.8.2019      _______________ 

         Bc. Martin Jakubec  



 

 

 

 

Poďakovanie 

Rád by som poďakoval predovšetkým svojmu školiteľovi, RNDr. Dominikovi Filippovi, CSc., 

ako tiež konzultantovi Mgr. Tomášovi Brabcovi za odborné vedenie práce a cenné rady do 

štúdia. Poďakovať chcem tiež Mgr. Jane Mikešovej zo skupiny Štruktúrnej biológie Českej 

Akadémie vied za pomoc s produkciou defenzínov, ako aj doktorovi MUDr. Petrovi 

Jabandzievovi z Fakultnej nemocnice v Brne za pomoc pri obdere ľudských vzoriek. V 

neposlednom rade tiež svojej rodine za podporu počas písania tejto práce. 

 

 

  



Table of Contents 
Abstract ................................................................................................................................................... 1 

Abstrakt ................................................................................................................................................... 2 

Abbreviations .......................................................................................................................................... 3 

1. Introduction ..................................................................................................................................... 4 

2. Current state of knowledge .............................................................................................................. 5 

2.1 Inflammatory bowel diseases .................................................................................................. 5 

2.1.1 Intestine as an interface between immune system and microbiota .................................. 6 

2.2 Paneth cells and antimicrobial peptides ................................................................................ 11 

2.2.1 Role of Paneth cells for the maintenance of epithelial homeostasis .............................. 13 

2.3 Etiology of IBD ..................................................................................................................... 13 

2.3.1 Dynamics of intestinal microbiota in IBD ..................................................................... 14 

2.3.2 Genetic factors in the onset of IBD ............................................................................... 15 

2.4 Central tolerance .................................................................................................................... 17 

2.4.1 Aire-/+ dominant mutation .............................................................................................. 19 

2.5 Patients with system autoimmunity display symptoms reminiscent of CD .......................... 20 

3. Aims .............................................................................................................................................. 21 

4. Results ........................................................................................................................................... 22 

4.1 Pediatric Crohn’s disease patients have variable amount of Paneth cells ............................. 22 

4.2 Enteric α-defensins as a target of autoimmunity leading to PC depletion ............................. 24 

4.3 Pediatric Crohn’s disease patients display microbial dysbiosis ............................................ 26 

4.4 CD patients display higher variability of selected bacterial species in a PC-dependent 

manner29 

5. Discussion ..................................................................................................................................... 32 

6. Materials and methods ................................................................................................................... 37 

6.1 Patient sample cohort ............................................................................................................ 37 

6.2 Immunofluorescent staining and Paneth cell counting .......................................................... 37 

6.3 Exogenous defensin production ............................................................................................ 38 

6.4 Western blot .......................................................................................................................... 40 

6.5 Bacterial DNA extraction and real-time PCR ....................................................................... 41 

7. Bibliography .................................................................................................................................. 42 

 

 

 



 

1 
 

Abstract 

Human intestine represents an essential immune organ that creates the largest interface between 

our immune system and microbiota from the environment. Considerable parts of the intestine 

are often severely damaged during Crohn’s disease (CD), chronic inflammatory condition with 

a rising incidence in the western countries. Outbreak of intestinal inflammation is associated 

with the loss of intestinal homeostasis, co-manifested as a microbial dysbiosis. It is yet unknown 

whether this bacterial dysbiosis is the cause of intestinal inflammation, or rather it’s 

consequence. In healthy individuals, the homeostatic relationship is greatly influenced by 

Paneth cells (PC). These cells produce and secrete a wide variety of antimicrobial proteins and 

peptides, such as enteric α-defensins, that constantly shape the composition of intestinal 

microbiota. Unsurprisingly, defects in PC’s functioning have been linked to the development 

of CD. Here, we build on our previously published data which showed that a defect in immune 

central tolerance is the cause of PC depletion. Due to phenotypic and functional resemblance, 

we hypothesized that such depletion of PCs could constitute a trigger for the development of 

CD in at least a subset of these patients. This thesis represents a case control study of newly 

diagnosed and treatment naïve pediatric CD patients. In here, we provide the literature overview 

of current models of CD development as well as currently available evidence for our model of 

autoimmune-mediated PC depletion. In support of such model, we provide our analysis which 

identified not only a cohort of CD patients harboring normal levels of PCs (PCnorm), but also a 

significant portion of those that exhibit a reduced amounts of PCs (PClow). Strikingly, this 

stratification not only closely mimics the gender distribution of pediatric CD patients in an age-

independent manner, but also could be correlated with several other experimental parameters 

obtained from analyses of patient’s blood and stool samples. In this context, the characterization 

of patient’s bacterial composition at the time of diagnosis reveled a counterintuitive relationship 

between the amounts of PCs in CD patients and their respective bacterial dysbiosis, with the 

bacterial relative abundances of PClow CD patients more closely resembling those of healthy 

individuals. While more comprehensive analysis with a larger cohort of patients is required to 

confirm these results, the observed phenomenon likely represents a previously unappreciated 

regulatory mechanism which is fundamentally benefical to patient’s intestinal homeostasis. 

 

Key words: Crohn’s disease, Paneth cell, enteric α-defensin, central tolerance, microbiota, 

microbial dysbiosis, SFB 
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Abstrakt 

Lidské střevo představuje důležitý imunitní orgán, tvořící největší rozhraní mezi imunitním 

systémem a okolní mikrobiotou. Rozsáhlé části střeva jsou často poškozeny v průběhu 

Crohnovy nemoci (CD, Crohn’s disease), chronického zánětlivého onemocnění s rostoucí 

incidencí. Vypuknutí střevního zánětu je asociováno se strátou střevní homeostázy, která se 

projevuje mikrobiální dysbiózou. Dosud není známo, zda je bakteriální dysbióza příčinou 

střevního zánětu, anebo jeho důsledkem. Homeostatický vztah s mikrobiotou je ve zdravých 

jedincích z velké části udržován Panethovými buňkami (PC, Paneth cell). Tento typ buněk 

produkuje a sekretuje řadu antimikrobiálních peptidů a proteinů, jako jsou enterické α-

defenziny, které nepřetržitě udržují složení střevní mikrobioty. Defekty ve správném působení 

PC jsou dlouho spojovány s rozvojem CD. V této práci navazujeme na naše předešlá 

publikovaná data, prokazující depleci PC v důsledku poruchy centrální tolerance. Na základě 

fenotypických a funkčních podobností jsme zformulovali hypotézu pro rozvoj CD v důsledku 

autoimunitní deplece PC u části pacientů. Tato práce představuje studii kontrol a případů nově 

diagnostikovaných neléčených pediatrických CD pacientů. V začátku shrnujeme literární 

přehled současných modelů rozvoje CD, spolu s dostupnými důkazy pro náš model 

autoimunitní deplece PC. Pro podporu modelu prezentujeme analýzu střevních biopsií CD 

pacientů, která identifikuje nejen skupinu pacientů s normálními hodnotami PC (PCnorm), ale 

také významnou skupinu s podstatně nižšími hladinami PC (PClow). Toto rozdělení nejen 

mimikuje rozdělení pohlaví pediatrických CD pacientů bez ohledu na věk, ale také koreluje 

s několika dalšími experimentálními parametry získanými ze vzorků krve a stolice pacientů. 

V tomto kontextu odhalila charakterizace bakteriální kompozice pacientů v době diagnózy 

kontradiktivní vztah mezi počtem PC a příslušnou bakteriální dysbiózou, kdy jsou hodnoty 

relativní bakteriální abundance v PClow CD pacientech bližší hodnotám ve zdravých jedincích. 

K potvrzení našich výsledků je třeba provést podrobnější studie s větším počtem pacientů. 

Pozorovaný fenomén pravděpodobně představuje nedoceněný regulační mechanismus, který je 

fundamentálně prospěšný pro pacientovu střevní homeostázu. 

 

Klíčová slova: Crohnova nemoc, Panethova buňka, enterický α-defenzin, centrální tolerance, 

mikrobiota, mikrobiální dysbióza, SFB 
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Abbreviations 

APS-1    Autoimmune Polyglanduram Syndrome Type 1 

CD    Crohn’s disease 

DC    Dendritic cell 

DEFA5   Human defensin 5 

ER    Endoplasmic reticulum 

GIT    Gastrointestinal tract 

GWAS    Genome-wide association study 

HC    Healthy control 

HSA    Human serum albumin 

IBD    Inflammatory bowel disease 

IgA    Immunoglobulin A 

ISC    Intestinal stem cell 

mTEC    Medullary thymic epithelial cell 

UC    Ulcerative colitis 

PC    Paneth cell 

RegIIIα/γ   Regenerating islet-derived protein III-alpha (/gamma) 

SFB    Segmented filamentous bacteria 

T-bet    T-box transcription factor 

TCR    T cell receptor 

TRA    Tissue restricted antigen 
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1. Introduction 

Inflammatory bowel disease (IBD) is a multifactorial life-long disease with yet unknown 

etiology. IBD is most commonly manifested as a chronic recurring inflammatory. 

Epidemiological evidence documents a substantial increase in the incidence and prevalence of 

autoimmune diseases over the last decades (Agmon-Levin, Lian and Shoenfeld, 2011; Lerner, 

Jeremias and Matthias, 2015). This phenomenon is observed in western countries and is often 

attributed to excessive sanitation in modern lifestyle, according to the hygiene hypothesis 

(Bach, 2002; Rook and Brunet, 2005). 

A person’s lifestyle and microbial exposure is indeed one of the key factors in modulating the 

composition of intestinal microbiome. Many microbial species have co-evolved alongside us 

forming a mutually advantageous relationship (Eberl, 2010). Naturally colonizing bacterial, 

fungal and viral species are termed commensal microbiota, and provide many benefits for the 

host, such as metabolic complementation (Cani and Delzenne, 2009), development of immune 

system (Bengmark, 2013), or even protection from other colonizing pathologic bacterial species 

(Khosravi and Mazmanian, 2013).  

It is estimated that human intestinal microbiota outnumbers the body-own cells approximately 

10-fold, thus making it the major site of host-microbial interactions. This relationship, albeit 

mutualistic, needs to be carefully maintained and regulated, since bacterial dysbiosis can trigger 

pathological inflammatory responses in the intestine (Eberl, 2010), and is one of the hallmarks 

of IBD (Halfvarson et al., 2017; Pascal et al., 2017). 

Paneth cells (PCs) are specialized epithelial secretory cells that reside at the base of intestinal 

crypts (Clevers and Bevins, 2013). Although they are necessary for the maintenance of 

intestinal epithelial niche, PCs are best known for secretion of antimicrobial products into the 

intestinal lumen (Sato et al., 2011; Clevers and Bevins, 2013). PCs secrete a panel of 

antimicrobial products such as enteric α-defensins and lysozyme, which upon their release 

mediate bacterial lysis and stratification, thus preventing their penetration of intestinal barriers, 

as well as regulate the effect of inflammation and promote wound healing (Beisswenger and 

Bals, 2005; Salzman et al., 2010). 

Intestinal homeostasis requires establishment and regulation of immune tolerance not only to 

foreign antigens (food antigens), but also to our own tissues. This is achieved by the process of 

central tolerance by eliminating autoreactive T cell clones with relatively high affinity to self-
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antigens. Defects in central tolerance can result in symptoms similar with IBD. Specifically, 

and relevant to the context of this thesis, our previous findings suggested a link between PC-

targeted autoimmunity, whereby PC-produced enteric defensins serve as clinically important 

self-antigens (Dobeš et al., 2015). 

 

2. Current state of knowledge 

2.1 Inflammatory bowel diseases 

Primary function of the small intestine is the food digestion and nutrient absorption. To enhance 

the efficiency of these processes, small intestine has a specific morphology consisting of 

protruding villi, interspersed with intestinal crypts, that are home to intestinal stem cells (ISC) 

facilitating regular repletion of intestinal epithelial cells (see Figure 1). Longitudinally, the 

small intestine is divided into three portions: duodenum, jejunum, and ileum. 

Inflammatory bowel disease (IBD) is a collective term for two diseases, namely Crohn’s disease 

(CD) and ulcerative colitis (UC), classified as a relapsing chronic inflammatory condition 

affecting the gastrointestinal tract (GIT). The rise in the incidence of IBD over the last decades 

has brought wide attention to this condition. Worldwide epidemiology points to a clear 

geographical trend, with developed western countries showing the highest increase (Molodecky 

et al., 2012). In northern Europe, Canada and the United States alone, incidence increased more 

than threefold in the second half of 20th century (Farrokhyar, Swarbrick and Irvine, 2001; 

Molodecky et al., 2012). This geographical pattern coincides with the rise in relative 

modernization of lifestyle, although these reports may be skewed due to the lack of population-

based data from the developing countries. Both sexes are affected equally, although they differ 

in the peak of incidence; the first populational peak of CD incidence is in the early childhood 

with male cases being at a higher risk, followed by a peak in adolescence where with increasing 

age, the CD onset occurs predominantly in females (Shah et al., 2018). 

IBD can have many different manifestations under pathophysiological conditions, however a 

few hallmarks are almost universally shared among all patients. These distinct shortening of 

intestinal villi as a result of epithelial inflammation and decreased microbial diversity 

(Figure 1). Diagnostic symptoms include diarrhea regularly accompanied with blood for a time 

period longer than 4 weeks, and associated weight loss, although invasive enteroscopy and 

ileocolonoscopy are necessary for complete diagnosis (Ha and Khalil, 2015). 
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While not regarded as fatal, IBD greatly impairs the patient’s quality of life. Its clinical 

manifestations are a direct consequence of insufficient GIT functioning. Apart from diarrhea 

and malnutrition, painful intestinal ulcers are often accompanied by inflammation, resulting in 

include rectal bleeding, abdominal pain or muscle cramps (Wang et al., 2012). Other extra-

intestinal manifestations include peripheral arthritis and the formation of fistulae (Ha and 

Khalil, 2015). Furthermore, chronic inflammation predisposes IBD patients to an increased risk 

of developing colorectal cancer (Feagins, Souza and Spechler, 2009). 

Despite similar symptoms, CD and UC differ in several aspects, the most notable of which is 

histological distribution of the diseased area. UC is strictly limited to  the large intestine, while 

CD can affect any portion of the GIT, although it is most commonly associated with the ileum 

(Crohn, Ginzburg, & Oppenheimer, 1932). 

Current therapy is of limited use due to a poor understanding of mechanisms underpinning IBD 

development. It begins with the regulation and suppression of inflammatory response either via 

non-steroid medications or steroid corticoids. Recent studies have also brought accumulated 

evidence to support a biological treatment via the use of anti-TNF drugs or fecal bacterial 

transplant (Shanahan, 2005; Colombel et al., 2010; Hansen and Sartor, 2015; Sunkara et al., 

2018). 

The role of microbiota and immune system in the onset of IBD will be further discussed below. 

 

2.1.1 Intestine as an interface between immune system and microbiota 

Sequencing of a bacterial ribosomal subunit (16S rRNA) revealed the presence of over 800 

distinct bacterial species in the intestinal lumen of a healthy individual, the majority of which 

belongs either to Bacteroidetes or Firmicutes phylum (Suau et al., 1999; Ley, Peterson and 

Gordon, 2006; Dethlefsen, McFall-Ngai and Relman, 2007; Frank et al., 2007; Qin et al., 2010). 

Human intestine becomes colonized immediately after birth. Microbial complexity grows with 

age, and remains heavily influenced by factors, such as diet and lifestyle, environmental factors, 

and exposure to microorganisms, thus becoming highly personalized and variable in population 

(Eckburg et al., 2005; Odamaki et al., 2016). 

Recent studies have demonstrated a vital role of these microbes in several physiological 

functions, such as host protection against colonization by potentially pathogenic bacterial 

species, proper development of intestinal morphology, and metabolic digestion of dietary 
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compounds (Nicholson, Holmes and Wilson, 2005; Qin et al., 2010; Belkaid and Hand, 2014). 

Furthermore, microbial exposure in early childhood is necessary for the development and 

maturation of our immune system (Martin et al., 2010). Indeed, several findings suggest a 

mutualistic relationship between the host and its colonizing microbiota, rather than a 

commensal one, and point out a significant mutual co-evolutionary advantage (Dethlefsen, 

McFall-Ngai and Relman, 2007; Ley et al., 2008; Eberl, 2010). 

Immune system regulates microbiome 

Bacteria (and dietary metabolites) are, in their nature, of exogenous origin in relation to the 

host, and therefore their various antigens being present at all time in cutaneous and mucosal 

surfaces of the intestine pose a constant challenge to the host’s immune system. Consequently, 

the intestine also represents a major immune organ, harboring the highest number of immune 

cells in a mammalian body (Chassaing et al., 2014). 

Figure 1; Visual representation of the morphological and physiological changes in the small intestine 

during Crohn’s disease. The progression of CD is marked by shortening of the intestinal villi, presence 

of pro-inflammatory immune cells, reduced numbers of active antimicrobial peptides, and changes in 

the composition of microbial environment. 

Cells belonging to the innate portion of the immune system have evolved with the ability to 

recognize general molecular patterns associated with foreign microbes (microbe associated 

molecular patterns, MAMPs). This basic concept has since been challenged. For proper 

physiological functioning, a healthy host must be able to differentiate between commensal 

bacteria, and a pathogen, and strictly regulate the following response. In the case of intestinal 

homeostasis, it appears that most resident bacteria could be opportunistically pathological under 
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specific conditions, despite their natural usefulness; observations suggest that it is not the 

molecular patterns that are triggering an immune response, but rather patterns of pathological 

behavior such as uncontrolled growth and cytosolic infiltration (Vance, Isberg and Portnoy, 

2009). 

Our immune system has therefore had to develop in such a manner, as to allow for the presence 

of foreign commensal microbial communities, while still possessing adequate arsenal necessary 

to protect the host from pathogenic invasion, creating a state of functional equilibrium. 

First, and often forgotten line of regulation, is utilized by specialized subsets of intestinal 

epithelial cells and comprises of microbiome stratification. A penetrating direct contact of 

bacterial antigens with either epithelial or immune cells, would under risk conditions trigger a 

protective pathologic reaction that would impair physiological functions of the tissue. There is 

however a small group of bacterial species, whose physiology and morphology allows them to 

physically attach to the epithelial cells, such as the Segmented filamentous bacteria (SFB), 

without triggering an inflammatory response, and whose presence has only recently been 

demonstrated in humans (Ericsson et al., 2014; Chen et al., 2018). Constant microbial exposure 

to host’s tissue is prominently limited by a thick layer of mucus, a mucin glycoprotein coating 

rich for cationic proteins formed from the secretion of goblet cells (Johansson, et al., 2013). 

Mucus layer also prevents commensal bacteria from penetrating deeper into the epithelial 

tissue. An additional line of defense has developed in the GIT, in the form of various 

antimicrobial peptides, the secretory products of Paneth cells (PC), and others (PCs, 

Figure 1)(Salzman et al., 2010). For the sake of microbiome stratification, the one of the most 

prominent is regenerating islet-derived protein III-alpha (RegIIIα, in mice the analog RegIIIγ ), 

and its function encompasses binding on bacterial surfaces and restriction of bacterial 

penetration into epithelial barrier (Shipra Vaishnava et al., 2011). The effect of other cells and 

molecules, such as PCs, on the pathogenesis of IBD will be discussed in greater detail in chapter 

2.2 Paneth cells. 

Another significant player in the stratification process of bacteria, is secretory 

immunoglobulin A (IgA), produced in the intestinal lamina propria. Their specificity is ensured 

through bacterial antigen presentation mediated by dendritic cells (DCs), during maturation 

processes in the Peyer’s patches (Macpherson and Uhr, 2004). DCs either acquire bacteria from 

the intestinal lumen, or present live bacteria that were able to penetrate epithelial barrier (Stagg 

et al., 2003; Coombes and Powrie, 2008). Upon binding to its target, secretory IgA does not 
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destroy the bacteria, but rather prevents its translocation and further contact with innate immune 

receptors (Shipra Vaishnava et al., 2011). 

Second layer of control is based on regulation of microbial composition. Due to current 

advances in bacterial sequencing, we are able to better understand the ever-changing 

complexity of intestinal microbiome composition, its dependence on a variety of factors, and 

probably most importantly, its changes linked with intestinal pathologies (Odamaki et al., 2016; 

Halfvarson et al., 2017). The microbiota composition can also be actively shaped by 

mechanisms of innate immunity. Among the most notable effectors are antimicrobial peptides 

secreted by PCs, especially enteric α-defensins that bind to bacterial surface and facilitate their 

osmotic lysis, thus shaping microbial composition (Brogden, 2005; Salzman et al., 2010). 

Further evidence for immune regulation of the host-commensal relationship and microbial 

composition stems from studies of key transcription factor of the immune system. Loss of T-

box transcription factor (T-bet), a key transcription regulator for the development of TH1 cells 

and type 1 proinflammatory responses, leads to the spontaneous development of colitis. 

Pathogenesis dependent on the loss of T-bet is associated with the elevated TNF-α production 

by DCs, which initiates chronic inflammation (Breese et al., 1994). The microbiome-dependent 

nature of this spontaneous colitis is further proved by transmission via fecal gavage to wild-

type (WT) mice (Garrett et al., 2007). Interestingly, mice with dysfunctional proteins important 

for the inflammatosome pathway, such as adaptor protein ASC (apoptosis-associated speck-

like protein) or NLRP6, in a similar fashion result in microbiota-dependent colitis. This 

impaired signaling pathway leads to decreased amount of active IL-18, which stimulates 

epithelial cells regeneration, and elevated amount of CCL5, an important pro-inflammatory 

chemokine (Elinav et al., 2011).  

These findings suggest an important role of functioning immune system for the regulation of 

host-microbial interactions, and for adequate response to pathological outbreaks. 

Microbiota regulates the immune system 

Gnotobiotic studies have proved invaluable for the study of microbial effects on the 

development of healthy organism. Mice kept in germ-free conditions show underdeveloped 

lymphoid tissues and lymphatic follicles in the small intestine, suboptimal epithelial function, 

and fail to mount an effective response against Listeria and Shigella species, and were only able 

to develop specialized populations of T cell after microbial colonization (Gaboriau-Routhiau et 

al., 2009; Round and Mazmanian, 2009; Eberl, 2010). 
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The host’s epithelial and myeloid cells sense the pathological presence of microbes by the 

canonical TLR-MyD88 signaling pathway, which is crucial for not only the release of anti-

microbial peptides necessary for microbial sequestration (Shipra Vaishnava et al., 2011), but 

also utilizes and enhances epithelial cell proliferation and intestinal epithelium repair (Pull et 

al., 2005). 

The maintenance of intestinal homeostasis is dependent on the balancing of pro-inflammatory 

responses (such as TH1, TH17, and innate lymphoid cell) and anti-inflammatory regulatory T 

lymphocytes (Treg). Various microbial strains have been documented to not only affect this 

delicate balance, but to be required for the differentiation of one effector T cell subset (Ivanov 

et al., 2008; Round and Mazmanian, 2010; Russler-Germain, Rengarajan and Hsieh, 2017). 

Arguably the most notable of these is the induction of TH17 cell subset, typically considered a 

pro-inflammatory lymphocyte population, by the presence of aforementioned segmented 

filamentous bacteria (SFB) (Stepankova et al., 2007; Gaboriau-Routhiau et al., 2009; Ivanov et 

al., 2009). SFB are a unique bacterial phylum that actively physically adheres to intestinal 

lumen, despite the protective mucus layer, are commonly present in mice and have only recently 

been discovered in human pediatric inflammation-free patients (Ericsson et al., 2014; Matsuoka 

and Kanai, 2015; Chen et al., 2018). The induction of TH17 differentiation appears to be TLR-

independent, and it seems that results from epithelial cells signaling to lamina propria 

lymphocytes after microbial physical adhesion to luminal surface (Ivanov et al., 2008; Atarashi 

et al., 2015). 

Interestingly, the pathological consequences of TH17 induction are not yet fully understand. 

Despite being typically considered a pro-inflammatory lymphocyte population (thus potentially 

worsening the inflammatory phenotype of IBD) and even implicated in pathophysiological 

autoimmune reaction (Tabarkiewicz et al., 2015). 

The effector T cell population, such as TH17 and TH1, needs to be regulated and balanced by 

regulatory T lymphocytes – TREG, in order to prevent mucosal and epithelial damage. Indeed, 

several bacterial species of Clostridia strains, as well as Bacteroidetes fragilis have been 

observed to elevate the presence of TREG cells in small intestine lamina propria in mice. 

Furthermore, the induction of TREGs led to attenuated disease-mediated intestinal damage and 

improved experimental colitis (Round and Mazmanian, 2010; Atarashi et al., 2011, 2013). 

Furusava et al. later proved, that the induction of TREG population is triggered by the anti-
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inflammatory properties of butyrate, a metabolic product of commensal microbes (Furusawa et 

al., 2013). 

 

2.2 Paneth cells and antimicrobial peptides 

PCs were first identified in the late 19th century based on their unique granular intracellular 

organization and extensive endoplasmic reticulum. Contrary to other intestinal epithelial cells, 

PCs are relatively long-living, averaging at ~30 days (Clevers and Bevins, 2013). 

These morphological marks are quintessential for all secretory cells. Intracellular granules of 

PCs were later found to contain various physiologically relevant effector molecules. PCs were 

implied to have a role in host-microbiota interactions ever since the identification of lysozyme, 

a protein with bactericidal properties, being one of the proteins contained within their granules 

(Deckx, Vantrappen and Parein, 1967). Only decades later were more of these molecules 

identified as α-defensins (also termed cryptdins in murine PCs) (Ouellette et al., 1992). Upon 

stimulation (and to a smaller degree on a basal level), the content of these granules is secreted 

into the intestinal lumen where it has been shown to modulate the composition of intestinal 

microbiota (Salzman et al., 2010). Several of the PC’s secretion products therefore belong to 

the family of antimicrobial peptides (Bevins and Salzman, 2011). Furthermore, anti-microbial 

peptides have been shown to attach to the thick layer of mucus, where they provide an additional 

line of defense to the intestinal epithelial barrier, by preventing the growth of mucus-attached 

commensals and pathogens (Meyer-Hoffert et al., 2008). 

Antimicrobial peptides are among the oldest and most universal elements of innate immunity 

found in nature (Zasloff, 2002). This term refers to small (<40 amino acid long, 2-4.5 kDa), 

ribosome-synthesized molecules. Defensins are the major group of antimicrobial peptides. 

Based on structural motives specified by disulfide bonds, we distinguish three unique defensin 

subtypes, α-, β-, and θ-defensins. Human and murine PCs predominantly produce α-defensins. 

α-defensins are constitutively expressed and stored in intracellular granules in a pre-pro-cursor 

form (Lehrer and Lu, 2012). In human PCs, only 2 functional defensin genes have been 

observed, DEFA5 and DEFA6 (coding Human defensin 5 and Human defensin 6) (Bevins and 

Salzman, 2011; Lehrer and Lu, 2012).  

Upon release and activation, defensins show bactericidal activity, targeting both gram-positive, 

and gram-negative bacteria, as well as fungi, protozoa and enveloped viruses (Lehrer et al., 

2009). Antimicrobial peptides function by attaching to foreign membranes. Due to their cationic 
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charge, defensins electrostatically adhere to negatively charged microbe surfaces and 

permeabilize microbial membranes (Zasloff, 2002). Their effect for shaping the microbial 

composition was demonstrated by microbial analysis of transgenic mice expressing DEFA5 

(Salzman et al., 2010). Human defensin 5 has also been observed to neutralize bacterial toxins 

due to its lectin-like properties, thus protecting the host from pathologic exposure (Lehrer et 

al., 2009). 

Apart from enteric α-defensins, human and murine PC granules also contain lysozyme C, 

phospholipases, and lectin RegIIIα. Of these, lysozyme C is the most abundant, and specifically 

hydrolyses peptidoglycans, a sugar-amino acid coating of bacterial surface (Callewaert and 

Michiels, 2010). Furthermore, human and murine PC also constitutively express and secrete 

phospholipase A2. Upon release, phospholipase A2 catalyzes the hydrolysis of fatty acid esters 

from bacterial membrane phospatidylethanolamines and phospatidylglycerols (Lambeau and 

Gelb, 2008). 

As has been established before, microbial presence in the intestinal lumen is necessary for many 

physiological pathways, therefore their regulation is not strictly based on bacterial lysis. 

Antimicrobial protein RegIIIα belongs to the lectin family and works in a similar fashion as 

aforementioned secretory IgA. While sIgA specifically targets antigens of microbes that are 

either present in the intestinal lumen, or penetrated the epithelial barrier, secreted RegIIIα 

attaches to the protective mucus layer, where it binds to the surface of all approaching Gram-

positive bacteria (both commensal and pathogenic), thus further preventing their physical 

contact with host cells and blocking pathological penetration (Shipra Vaishnava et al., 2011). 

Enteric α-defensins are constitutively expressed as part of PC transcription program, as is 

demonstrated by their stable levels of expression in both germ-free, and colonized mice (Putsep 

et al., 2000). Unlike α-defensins, RegIIIα expression is inducible and requires stimulation of 

PC’s toll-like receptors (TLR) via adaptor molecule MyD88 (myeloid differentiation primary 

response protein 88) (Vaishnava et al., 2008; Shipra Vaishnava et al., 2011). 

Release of granules containing antimicrobial peptides is primarily performed by exocytosis, 

after receiving appropriate stimuli. Such a releasing signal can come from bacterial products 

(Ayabe et al., 2000; Tanabe et al., 2005), or in either TLR3/9 or NOD2 dependent fashion 

(Petnicki-Ocwieja et al., 2009; Rumio et al., 2012). 

Since PC secretion plays such an essential role for the shaping of commensal microbiota and 

regulating host-microbial interactions, an alternative secretory pathway has offered an 
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evolutionary advantage. Mammalian PCs are indeed able to utilize secretory autophagy as a 

redundant pathway governing the release of antimicrobial peptides (Clevers and Bevins, 2013). 

The process of autophagy is especially important for recycling of intracellular material in long-

lived terminally differentiated cells, such as PCs (Wehkamp and Stange, 2010; Clevers and 

Bevins, 2013). 

The role of PCs in the maintenance of intestinal homeostasis imply their role in the pathology 

of IBD, which shall be further discussed in 2.3 Etiology of IBD (2.3.2 Genetic factors in the 

onset of IBD). 

 

2.2.1 Role of Paneth cells for the maintenance of epithelial homeostasis 

PCs are surprisingly long-lived, compared to other intestinal epithelial cells. Intestinal 

epithelium is the fastest renewing tissue in our body. PCs do not migrate towards the villi tips, 

but rather remain at the bottom of intestinal crypts, interspersed between (ISC) (Clevers and 

Bevins, 2013).  

Apart from their role in maintaining microbial composition, PCs are also essential for intestinal 

epithelial homeostasis. As demonstrated decades ago, only cells directly adherent to PCs will 

retain stem cell phenotype (Cheng and Leblond, 1974). Transcriptomic analysis of PCs revealed 

their constitutive expression of endothelial growth factor, Wnt3, and Dll4, which are necessary 

for proper in vitro formation of gut culture system. PCs therefore provide signals essential for 

maintaining ISC niche that is crucial for the rapid exchange intestinal epithelial cells (Sato et 

al., 2011). Defects in PCs therefore result not only in microbiota dysbiosis but can also lead to 

impaired epithelial barrier regeneration.  

 

2.3 Etiology of IBD 

IBD is considered a multifactorial disease. Due to multifactorial character of the disease, and 

the mutualistic dependence between the host’s immune system and the intestinal 

microenvironment, it is currently difficult to point out a single primary cause behind the 

development of IBD. The condition comprises of an abnormal immune response in genetically 

susceptible individuals, often following an environmental trigger. However, we cannot yet be 

truly certain whether it is the microbial dysbiosis leading an inflammatory condition, or whether 
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the dysbiosis stems from insufficient regulation of microbial composition by the host’s immune 

system. 

The geographic distribution of IBD incidence points to an important role of environmental 

factors. This notion is further supported by medical monitoring of migrating populations, with 

descendants from “low-risk countries” quickly adapting the incidence rates of a local populace 

within a single generation, suggesting environment and lifestyle play a more crucial role than 

genetic background (Loftus, 2004; Molodecky et al., 2012). 

 

2.3.1 Dynamics of intestinal microbiota in IBD 

Most prevailing theories indicate that the pathogenesis of IBD is preceded by pathological 

alterations in the intestinal microbiome. State of the intestinal microbiome that, if left untreated, 

lead to pathogenesis is termed dysbiosis. The role of microbiota dysbiosis in the development 

of chronic intestinal inflammation is heavily supported by numerous observations, and can be 

summarized in several key notions: (1) There is decreased microbial diversity in IBD patients 

(Manichanh et al., 2006; Frank et al., 2007; Gevers et al., 2014; Halfvarson et al., 2017). (2) 

Major portion of genes linked to IBD susceptibility play an important role in epithelial barrier 

functions, or are involved in host-microbiome interactions (Liu et al., 2015). (3) Probiotic and 

antibiotic treatment has a positive effect for maintenance of IBD remission (Hansen and Sartor, 

2015), and (4) healthy WT mice develop colitis after being co-housed with mice suffering from 

dysbiosis-induced IBD (Garrett et al., 2007; Elinav et al., 2011; Laukens et al., 2016). 

This view is in line with the notion, that the careful balance between host’s immunity and the 

foreign microbe is based on the recognition of patterns of pathogenetic behavior, rather than 

the crude molecular character of microbes (Vance, Isberg and Portnoy, 2009). 

The study of the effects of microbial composition on the host’s wellbeing are seriously 

debilitated by the highly personalized nature of individual’s microbiome (Eckburg et al., 2005; 

Flores et al., 2014). Unfortunately, no general healthy microbial plane has been defined, since 

the composition is a function of diverse and ever-changing variables, such as age, sex, diet, 

lifestyle, geographical location, etc. (Thursby and Juge, 2017). 

The general grade of dysbiosis is often measured as a ratio of two major bacterial phylum 

present in vertebrate intestine, Bacteroidetes and Firmicutes (Manichanh et al., 2006). The ratio 

of these two phylum changes in an age-dependent manner, but remains relatively stable among 
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healthy individuals of similar age (Mariat et al., 2009). Furthermore, species of the 

Bacteroidetes phylum have been linked with CD with conflicting reports; highly variable 

abundances of Bacteroidetes has been observed in CD patients, and this variability appears to 

be caused by the current active of passive state of disease (Kaakoush et al., 2012; Kabeerdoss 

et al., 2015; Zhou and Zhi, 2016). 

A common drawback of many IBD microbiome studies has been the analysis of a static 

snapshot of microbial composition at a single time point. This issue was recently addressed  iin 

the attempt to clearly define a so-called “IBD signature microbiome” (Halfvarson et al., 2017; 

Pascal et al., 2017). These studies applied along-term observation approach of intestinal 

microbiome from a large patient data set. Although they confirmed the widely fluctuating nature 

of IBD patient’s microbiome, these studies have also been able to distinguish between various 

subsets of IBD (Crohn’s disease, ileal Crohn’s disease, ulcerative colitis) based on differences 

in microbial composition (Pascal et al., 2017). 

Although the microbiome composition is clearly shifted in IBD patients with smaller bacterial 

diversity, no one individual bacterial species has been shown to be the prevalent trigger for IBD 

development (Frank et al., 2007). On the other hand, several bacterial species have been shown 

to have to have a protective effect on IBD development and progression. These include 

aforementioned Clostridia species, or Bacteroidetes fragilis, that have been shown to induce 

the development of regulatory T cells (Round and Mazmanian, 2010; Furusawa et al., 2013). It 

is therefore not surprising that these so called probiotic species show reduced presence in the 

intestinal microbiota of IBD patients (Frank et al., 2007). 

 

2.3.2 Genetic factors in the onset of IBD 

Genetic background was shown to predispose an individual for development of various 

pathological conditions. Being a first-degree relative of an IBD patient significantly increases 

chances of being affected (Halme et al., 2006). Genetic factors in the onset of IBD appear to 

only predispose an individual towards developing a chronic inflammatory condition, rather than 

trigger it, as is demonstrated by <50% concordance between monozygotic twin pairs (Halme et 

al., 2006). Several genome-wide association studies (GWAS) have been performed on IBD 

patients that have revealed over 200 single nucleotide polymorphisms associated with IBD 

susceptibility (Parkes et al., 2007; Anderson et al., 2011; Kenny et al., 2012; Liu et al., 2015; 

Ellinghaus et al., 2016; de Lange et al., 2017). One of these studies also revealed that a majority 
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of risk loci to be shared among distinct demographic populations, with only a handful to be 

unique for either European or non-European populations. The distribution of unique risk loci 

correlates with the prevalence of unique forms of IBD between these populations (Liu et al., 

2015). 

The majority of the IBD susceptibility genes are involved in either the regulation of the immune 

system and differentiation of T cell subtypes (especially the function of TH17), innate 

recognition of microbes, or the epithelial barrier functions (Khor, Gardet and Xavier, 2011). 

GWAS have also identified several IBD susceptibility genes that are functionally important for 

proper PCs functioning, thus providing further evidence for the role of PC dysfunction in the 

pathogenesis (Khor, Gardet and Xavier, 2011; Tschurtschenthaler et al., 2017). 

The earliest notions of PC involvement in microbiome dysbiosis with regards to the 

development of IBD has been implicated ever since the discovery of first susceptibility gene, 

NOD2 (Ogura et al., 2001). NOD2 signaling is crucial for the recognition of microbial 

components, and thus sets off immune signaling, eventually triggering autophagy, and antigen 

presentation (Cooney et al., 2010). Wehkamp et al. have demonstrated that loss-of-function 

mutations of NOD2 gene in CD patients result in decreased levels of expressed α-defensins 

(DEFA5 and DEFA6), as well as their less prominent presence on the mucosal surfaces 

(Wehkamp et al., 2004, 2005). The first models of IBD have therefore attributed the chronic 

inflammatory condition to microbial dysbiosis caused by defensin insufficiency. 

Only few years later has this view been challenged by Simms et al. The authors found no 

association between NOD2 gene variant and α-defensin expression (Simms et al., 2008). 

Instead, their immunohistochemical analysis of ileal section of CD patients points to a much 

stronger correlation of defensin expression with the structural integrity of intestinal epithelium, 

which was dedicated by the rate of ongoing inflammation. Possible explanation of these results 

is that insufficient defensin expression in CD patients is due to the loss of PCs as a result of 

intestinal inflammation, rather than NOD2 mutation status. The drop in defensin expression 

aggravates dysbiosis and allow for the opportunistic bacterial invasion of the host tissue (Simms 

et al., 2008). 

This view is further supported by a thorough analysis of α-defensin DEFA5 and DEFA6 

expression in pediatric IBD patients. This study found no differences of defensin expression of 

IBD patients compared to controls in standard condition. The study however provides evidence 

for the inability of PCs to produce defensins at a later disease state (Zilbauer et al., 2011). 
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The notion of genetically induced microbial dysbiosis as a primary trigger for IBD has again 

been challenged by Tschurtschenthaler, Adolph et al. by showing that intestinal dysbiosis is not 

sufficient to induce chronic condition, although it can further worsen its severity 

(Tschurtschenthaler et al., 2017). Instead, this model proposes that the primary damaging 

inflammation arises within intestinal epithelial cells, as a result of internal ER stress. 

Professional secretory cells, such as PCs, are subject to high levels of endoplasmic reticulum 

stress (ER stress), which serves as an indicator of cell integrity (Hotamisligil, 2010). ER stress 

eventually leads to the activation of unfolded protein response, and to the activation of 

autophagy program (Kaser, 2008). Genes governing these processes have been linked to IBD 

susceptibility (Liu et al., 2015). Patients possessing a mutated ATG16L1 gene, which is 

ubiquitously essential for autophagy, display common ER stress in PCs with unusual granular 

morphology, proving that defects in PC secretory autophagy lead to pathology (Cadwell et al., 

2008; Cooney et al., 2010; Adolph et al., 2013). These environmental and genetic triggers meet 

at the activation of IRE1α, which drives ileal inflammation consequently to impaired autophagy 

in the epithelium and PCs in particular (Tschurtschenthaler et al., 2017). 

 

2.4 Central tolerance 

The importance for proper regulation of immune effectors is apparent, due to the immune-

mediated character of IBD pathology. Furthermore, the notion of mutualistic relationship 

between the host and resident microbiota demands an efficient mechanism to govern the 

tolerance of commensal bacteria, while maintaining the ability to protect the host from 

pathologic invasion. Developing alongside hundreds of microbial species, both beneficial and 

potentially harmful, displaying ever-changing antigens, has provided an evolutionary advantage 

for individuals able to make this distinction. Such process has likely helped with the 

development of adaptive immunity, which generates vast amount of unique T- and B-cell 

receptors (TCR) (Eberl, 2010). 

Intestine is arguably the main site of host-microbe interactions, and harbors the greatest 

amounts of foreign antigens, derived from either resident microbes, or from dietary compounds. 

Proper development of immune tolerance is therefore crucial for intestinal homeostasis. 

The repertoire of TCRs is achieved via a stochastic process of V(D)J recombination. This 

process naturally leads to the generation of T-cell clones reactive to self as well as to non-self 

structures (Nikolich-Žugich, Slifka and Messaoudi, 2004). The autoreactive clones need to be 
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removed from the repertoire before they enter the periphery, lest they could trigger a self-

targeted immune reaction. This process is termed central tolerance, which acts through negative 

selection of autoreactive T cell clones during their development in the thymus (Klein et al., 

2014). 

After their arrival at the thymus, T cells with surface TCR first undergo positive selection which 

determines the ability of rearranged TCR to recognize and bind major histocompatibility 

complex, after which single positive cells travel to thymic medulla where they undergo the last 

selective step, the negative selection (Klein et al., 2014). 

Thymic medulla must recognize and eliminate all self-reactive T cell clones. However, this 

self-reactivity can be targeted against one of thousands self-antigens. For this reason, medullary 

thymic epithelial cells (mTECs) possess a unique ability to express and present a wide variety 

of self-antigens specific for various tissues (TRAs, tissue restricted antigens)(Abramson and 

Husebye, 2016). Apart from mTECs, thymic medulla contains many resident dendritic cells 

(DCs). Both mTECs and DCs are specialized antigen presenting cells. Medullary TECs express 

approximately 85% of the genome (Sansom et al., 2014). These self-antigens are then 

transferred to DCs, although a single TRA is only expressed by ~1-3% of these cells (Perry et 

al., 2014; Abramson and Husebye, 2016). 

The expression of many of these TRAs (~3000) is transcriptionally regulated by a protein called  

autoimmune regulator (Aire) (Sansom et al., 2014). Among others, Aire also regulates number 

or intestinal TRAs (Sansom et al., 2014). Interestingly, these include many of enteric α-

defensins, secretory products of Paneth cells (Figure 2B)(Dobeš et al., 2015). 

Autoreactive T-cell clones bind their respective TRAs with high affinity, which either leads to 

their deletion, or their conversion into TREGs (Klein et al., 2014). Aire however does not function 

as a typical transcription factor, but rather recognized chromatin structure motifs (Abramson 

and Husebye, 2016). This is contrary to the expression of TRAs in their respective tissue within 

the organism, where their expression is Aire-independent. Since the process of negative 

selection for a portion of TRAs is dependent on Aire activity in the thymus, Aire dysfunction 

leads to the release of autoreactive T cell clones to the periphery, where these clones can trigger 

an autoimmune reaction (Figure 2A)(Klein et al., 2014). 

Indeed, Aire loss-of-function mutation leads to autoimmune polyglanduram syndrome type 1 

(APS-1), a rare autosomal recessive disease which manifests as a multiorgan autoimmunity 

(Peterson and Peltonen, 2005). APS-1 also commonly affects the gastrointestinal tract, although 
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the symptoms are rarely as severe as during CD, and are mostly represented by malabsorption, 

gastritis, and loss of intestinal endocrine cells (Sköldberg et al., 2003; Peterson and Peltonen, 

2005) 

 

2.4.1 Aire-/+ dominant mutation 

A recent study has uncovered yet another unique manifestation of AIRE dysfunction (Oftedal 

et al., 2015). This study consisting of population analysis identified whole families carrying 

mono-allelic mutations in PHD1 domain of AIRE. This mono-allelic negatively dominant 

mutation is characterized by milder manifestation, and lower penetrance. Unlike the previously 

described loss-of-function mutations in the oligomerization domain of AIRE (the leading cause 

of APS-1), PHD1 domain functions as an epigenetic reader. Contrary to APS-1, AIRE dominant 

mutation manifests into a single organ specific autoimmunity, even though the affected organ 

can vary among individual patients (Figure 2A)(Oftedal et al., 2015).  

Figure 2; Enteric α-defensins as an AIRE-dependent TRA. 

(A) Role of the autoimmune regulator in the thymus. While both AIRE loss-of-function genotypes results 

have autoimmune manifestation, the AIRE dominant mutation only affects a single organ. (B) Human 

medullary thymic epithelial cells express enteric α-defensins (upper graph). Expression of murine 

A B 

C 



 

20 
 

defensin analogs is Aire-dependent (Dobeš et al., 2015). (C) Western blot analyses reveals DEFA5-

specific autoantibodies in the blood serum of APS-1 patiens (Dobeš et al., 2015). 

 

2.5 Patients with system autoimmunity display symptoms reminiscent of CD 

Since the intestinal damage incured during IBD is caused by inflammation, IBD is often listed 

as an autoimmune disease, even though no clear autoantigen has been linked to its pathogenesis. 

Finally, in 2015 an analysis of clinical data of APS-1 patients has pointed to AIRE-mutation 

mediated autoimmunity towards intestinal Paneth cells, targeting enteric α-defensins as the 

autoantigen (Dobeš et al., 2015). 

Interestingly, organ-specific manifestations of APS-1 in a significant portion of patients 

resemble symptoms of CD, with regards to gastritis and intestinal dysfunction (Ferre et al., 

2016). 

Several patients harboring loss-of-function AIRE mutation were also found to contain defensin-

specific autoantibodies in their blood sera (Figure 2C)(Dobeš et al., 2015). 

Collectively, these findings posed an interesting question: if defensin-targeting autoimmunity, 

due to AIRE-dominant mutation, causes the destruction of intestinal Paneth cells with 

subsequent triggering of intestinal dysbiosis, then, can analogous dysbiosis caused by the 

depletion of Paneth cells, as the general mechanism of autoimmune inflammation, also 

contribute to IBD? 
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3. Aims 

It is yet unknown whether the microbial dysbiosis, commonly observed in CD patients, 

represents a primary trigger of the inflammatory condition, or rather is the consequence of 

insufficient regulatory circuit. This thesis represents a case-control study, with the focus on 

host-microbial interface under inflammatory conditions and its regulation via innate immune 

mechanisms. To address the question, whether the etiology of IBD exhibit some elements 

resembling the scenario causing intestine autoimmunity in APS-1 patients (Dobeš et al., 2015), 

we utilize biological samples obtained from pediatric CD patients, as well as from healthy 

controls. These include ileal intestinal biopsies, stool samples, and blood sera. 

Since PCs represent a major player in the host-microbial communication, we address this 

question by analyzing patient’s ileal tissue morphology, with an emphasis on determining the 

average amount of PCs per intestinal crypt, as a functional referential unit. 

Next, we present an analysis of patient’s microbial composition, as observed in patient’s stool 

samples. The overall bacterial dysbiosis is calculated as a ratio of the relative abundance of two 

major bacterial phylum, Bacteroidetes and Firmicutes. Furthermore, we investigated the stool 

samples for the presence of several selected bacterial species, which according to literature, 

could prove substantial in the triggering of intestinal inflammation, and which have been shown 

to be regulated by PCs. 

Lastly, we intended to gather supporting evidence for previous observations pointing to the 

involvement of autoimmunity mechanism in depletion of PCs, regardless of microbial 

composition. 
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4. Results 

4.1 Pediatric Crohn’s disease patients have variable amount of Paneth cells 

All the following experiments have been performed on the biological samples derived from 

freshly diagnosed and untreated naïve pediatric CD patients. First and foremost, in order to 

evaluate the role of PCs in the pathogenesis of CD, we aimed to visualize them in the context 

of an ileal tissue. Since our hypothesis does not revolve around the mechanisms of PC 

functioning, but rather the steady-state cellularity of PCs, we opted for the use of high-

resolution confocal microscopy which allows to visualize the layers of optical fields throughout 

the entire depth of the tissue section. This enabled us to construct the computer image of three-

dimensional view of given histological section and therefore much higher accuracy in the PC 

counting. 

PC counting has been performed in the form of a blind test, in order to avoid examiner’s bias. 

Using cryomicrotome, we have prepared tissue sections with the width of 10 µm for each 

diseased and healthy patient. Next, we performed an immunofluorescent staining as described 

in the section 6.2 Immunofluorescent staining and Paneth cell counting. PCs were counted as 

Lysozyme positive (Lys+) cells, residing at the base of an ileal crypt. Due to the natural shape 

of intestinal crypts, with PC’s disposition at the very bottom in a circular fashion, only 

transversal sections yielding a circular conic image were taken into consideration (Figure 3A, 

B). The total number of PCs for each examined sample has been calculated as the average 

number from the snapshots of at least five different crypts. 

Since PC cellularity in healthy individuals is a parameter with normal distribution and the 

control and patient groups display different standard deviation (SD), we have performed an 

unpaired t test with Welch’s correction. Although seemingly similar, a statistical analysis 

revealed a significant difference between the average amount of PCs per crypt of a CD patient, 

as compared to the group of healthy controls (Figure 3C). However, after a more thorough 

examination of individual patient’s results, we have observed two distinct clusters of CD 

patients. One of these groups (PCnorm) display values comparable to the healthy controls, while 

the other patient group show slightly lower average levels of PCs per crypt (PClow, Figure 3C). 

Next we analyzed whether patients within these clusters share any unique relevant clinical 

parameters, available to us from the physician’s diagnosis. The average amount of PCs appears 

to be independent on the patient’s age of diagnosis, but interestingly the PCnorm and PClow 

clusters almost perfectly mimicked the gender distribution amongst CD patients (Figure 3D, E). 
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These data demonstrate a relatively high variability in the phenotype of CD patients, 

specifically with regards to PC cellularity. Furthermore, any differences in PC cellularity found 

between two identified groups of CD patients appears to be age-independent, with a possible 

influence of a gender. 

Figure 3; A portion of Crohn’s disease patients have reduced Paneth cell numbers. 

 (A, B) Representative images of ileal crypt sections from either a healthy control (A), or a CD patient (B). PCs 

are counted as Lys+ cells and are highlighted by dashed white lines. (C) Visualization of the difference between 

the average numbers of PCs per crypt in either a HC or a CD patient. Individual values for each patient reveal a 

distinct clustering of CD patients into two groups, PCnorm (black) and PClow (red dots). (D, E) Comparison of 

relevant etiological parameters among the three groups of samples; a correlation analysis of patient’s age of 

diagnosis and their respective average amount of PCs per crypt (D), and the differences between average amount 

of PCs between male and female CD patients. Data are depicted as column graphs with individual values, each 

point represents one CD patient or a healthy control, whiskers in graphs C and E represent Standard error of 

measurement (SEm). Black line in D represents a fit of linear regression. ns, p > 0,05; *, p ≤ 0,05; **, p ≤ 0,01. 

C D E

A B
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4.2 Enteric α-defensins as a target of autoimmunity leading to PC depletion 

Our next step was to address the possible reason causing the variability in PC numbers among 

CD patients (Figure 3C, E). Our observation of trend towards lower amounts of PCs in female 

CD patients (Figure 3E) is consistent with the previously established increased incidents of 

autoimmune diseases in female populations (Ngo, Steyn and McCombe, 2014). Therefore, we 

attempted to explore the possibility that PC depletion in CD patients is caused by PC targeted 

autoimmunity, with DEFA5 serving as targeted intestinal autoantigen. Should the decrease in 

PC numbers in some CD patients be caused by autoimmune reaction towards this antigen, we 

ought to be able to detect the presence of DEFA5-specific autoantibodies in sera of these 

patients. 

Towards this end, we had to first produce a recombinant DEFA5 protein in order to be able to 

detect potential DEFA5-specific autoantibodies using a Western blot approach. We constructed 

a plasmid encoding a polyhistidine-tagged DEFA5 gene, expressed under trp operon. Plasmids 

were added to heat shock-permeated chemo-competent strain of E.coli. After 24 hours of 

incubation in LB medium, inclusion bodies were isolated and proteins were extracted using 

repeated rounds of sonication (for full description of DEFA5 production, see 6.3 Exogenous 

defensin production). Protein extract was loaded and resolved on a polyacrylamide gel, 

subsequentially transferred into PVDF membrane and detected by commercially available 

DEFA5-specific antibody (Figure 4A, B). 

Using the recombinant DEFA5 protein as a substrate for binding its cognate antibody, we 

moved on to analyze the CD patient’s blood sera for the presence of DEFA5-specific 

autoantibodies using an altered version of Western blot (Figure 4C). Previously analyzed APS-

1 patients with a proved DEFA-5 autoantibodies seropositivity served as positive controls. 

Before its usage, patient’s blood sera were partially purified and cleaned by running an aliquot 

through a Melon Ig column. 

Unfortunately, the task of using patient’s blood sera for the staining of membranes proved to 

be technically too challenging and yielded only unsatisfactory results with minimal 

reproducibility (Figure 4D). Thus, we failed to prove that the lower amounts of PCs in some of 

the CD patients were the result of a malfunctioning central tolerance leading to PC 

autoimmunity. 
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Figure 4; DEFA5 production in E.coli and CD patient’s blood sera analysis. 

(A) A scheme of DEFA5 production and verification. Chemo-compenent strain of E.coli was transfected with 

a plasmid containing recombinant DEFA5. Protein extracted from inclusion bodies was verified to be DEFA5 by 

a Western blot separation and successful staining by a DEFA5-specific commercial antibody (B). (C) A scheme 

of patient’s blood sera analysis; an isolated recombinant DEFA5 was loaded into polyacrylamide gel and after 

electrophoretic separation transferred onto a cellulose membrane. The membrane was then stained by a purified 

blood serum. (D) A representative image of an unsuccessful Western blot result; despite long optimizations, the 

data produced were unsatisfactory and cannot be used to prove or disprove a hypothesis. 

 

4.3 Pediatric Crohn’s disease patients display microbial dysbiosis 

After being unsuccessful in proving potential explanation for PC depletion in some CD patients, 

we moved on to assess the pathophysiological relevance of PC variability to the intestinal 

homeostasis. As the effect of PCs is best seen on the composition of intestinal microbiota, we 

have decided to quantify the ratio of two major bacterial phylum, Bacteroidetes and Firmicutes, 

found in the stool sample of our CD patients and HCs, in order to measure the overall 

microbiome dysbiosis (Figure 5A)(Manichanh et al., 2006). Data were obtained using real-time 

PCR, and all samples were prepared according to the description in 6.5 Bacterial DNA 

extraction and real-time PCR. 

As expected, the Bacteroidetes:Firmicutes ratio did confirm a highly variable bacterial 

composition among CD patients, as opposed to HCs (Figure 5A). This difference is seemingly 

attributed to the average amount of PCs in a gender-independent manner (Figure 5B, C). 

Surprisingly, CD patients described as PClow did not distinctively cluster together but were 

equally distributed among the rest of CD patients, suggesting that PCs are not the sole regulator 

of microbial composition in CD patients. 

The Bacteroidetes:Firmicutes ratio analysis revealed also a surprisingly high differences 

among HCs, reminiscent of the differences in average PC numbers. These variances led us to 

hypothesize, that PCs may function with an altered efficiency in CD patients, compared to 

healthy individuals. To test this hypothesis, we have performed a correlation analysis of the 

average amount of PCs to the ratio of Bacteroidetes:Firmicutes relative abundances for both 

groups (Figure 5D). 
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Figure 5; Dysbiosis of commensal bacteria found in CD patients may be due to 

insufficiently functioning Paneth cells. 

(A, B, C) Column graphs depicting the difference in the ratio of relative abundances of two major commensal 

bacterial phylum, Bacteroidetes and Firmicutes, between diseased and healthy individuals (A), and in relation to 

either the average amount of PCs (B), or gender (C). A value of Y=0 signifies an equimolar relation, positive 

values display an increased abundance of Bacteroidetes in relation to Firmicutes, and vice versa. (D) A correlation 

analysis of the average amount of PCs per crypt with regards to the ratio of dysbiosis. Empty dots represent healthy 

controls, black and red dots in A, B, and D stand for PCnorm and PClow CD patients respectively, the black line 

represents a fit of linear regression of the dysbiosis ratio to the amounts of PCs for CD patients. ns, p > 0,05; *, p 

≤ 0,05; **, p ≤ 0,01. 

  

Slopes of the fits of linear regressions for both groups did differ; with -1.550 for HCs, and 0.208 

for CD patients (a line of linear fit for HCs is not shown, due to low variability within this group 

and therefore unreliable statistical significance). While in healthy individuals the lower average 

number of PCs per crypt brings the ratio of common commensal bacteria closer towards 

extreme values with regards to the abundance of Bacteroidetes, this relation appears to be PC-

independent in CD patients. These data suggest that PCs are crucial for keeping the balance of 

commensal bacteria in healthy individuals, but other unknown environmental or genetic factors 

overcome their effect in pathophysiological conditions leading to CD, rendering PCs at least 

partially debilitated. 
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Figure 6; Several bacterial groups show increased variance in a PC-dependent manner. 

(A-F) Column graphs comparing the mean relative abundance of selected bacterial groups found in the stool 

samples of CD patients and healthy controls. Our panel contained members of dominant intestinal phylum: 

actinobacteria Bifidobacterium.adolescentis (A), and Firmicutes species EreC. (Eubacterium rectale – Clostridium 

coccoides, B), Lactobacillus (C), Clostridium leptum (D), and Clostridium Hathewayi (E), and Segmented 

filamentous bacteria (SFB, F). Left graph of each panel shows all CD patients clustered into a single data set with 

PClow patients being highlighted in red. Middle and right graphs display mean relative abundances of bacterial 

groups with regards to health condition, and the PC status (middle), or gender (right). Data are presented as a mean 

± SEm, statistical significance in the left graphs of (A-E) are calculated as a Welch’s t test; the mean comparison 

of HCs, PCnorm, and PClow is calculated as a Kruskal-Wallis test with multiple comparisons. ns, p > 0,05; *, p 

≤ 0,05; **, p ≤ 0,01. 
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4.4 CD patients display higher variability of selected bacterial species in a PC-

dependent manner 

Differences in the variabilities of the relative abundance of Bacteroidetes or Firmicutes phylum 

between diseased and control samples, along with conflicting reports from the literature 

regarding CD microbial panel, led us to believe that individual bacterial species are subject to 

unique regulatory mechanisms. Therefore, we have decided to select number of bacterial genus 

that have been reported to be regulated via the products of Paneth cells (Salzman et al., 2010), 

that were shown clinically relevant with regards to stimulating inflammatory or regulatory 

responses, and whose shift of abundance has been reported in CD patients (Manichanh et al., 

2006; Salzman et al., 2010; Matsuoka and Kanai, 2015). The final panel of tested bacterial 

species along with respective primers can be found in 6.5 Bacterial DNA extraction and real-

time PCR. 

All the tested bacterial groups showed an increased variability in the stool samples of CD 

patients in comparison to HCs, with several groups being significantly different (Figure 6A-F, 

left). We next wanted to look whether the afore mentioned subgroups of CD patients 

instinctively cluster together, demonstrating a strict PC dependent manner of relative bacterial 

distribution among CD patients (Figure 6A-F, middle). Surprisingly, the PClow subgroup has 

been almost evenly interspersed among the rest of PCnorm patients, with a slight trend towards 

the values of HCs. Lastly, we analyzed the distribution of selected bacterial species for each 

gender of CD patients and observed that the effect of sex is either similar, or inferior, to PC 

count (Figure 6A-F, right). 

Segmented filamentous bacteria (SFB) have been included in the panel of tested species due to 

our previously published data, demonstrating the dependence of their abundance on the 

presence of α-defensin 5 secreted by PCs. At the time when inhere described experiments were 

performed, and until recently, they have not been reported in human patients, and were 

considered as mouse-specific bacteria (Chen et al., 2018). The presence of SFB in CD patients 

shows a pattern of abundance dependent on the average amount of PCs per crypt (Figure 6F). 

Surprisingly enough, patients whose PC count closely resembles that of HCs display a 

significant increase in SFB abundance, while those with low PC count show values comparable 

with HCs (Figure 6F). 

This finding has prompted us to further investigate the pattern of PC’s regulatory effect on 

various tested bacterial groups, in either healthy individuals, or CD patients (Figure 7A-F). We  
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Figure 7; Patterns of dependence of selected bacterial groups on the presence of Paneth 

cells in healthy individuals and CD patients. 

(A-F) Graphs visualizing the relationship of the average amount of PCs per crypt with the relative abundance of 

actinobacteria Bifidobacterium.adolescentis (A), and Firmicutes species EreC. (Eubacterium rectale – Clostridium 

coccoides, B), Lactobacillus (C), Clostridium leptum (D), Clostridium Hathewayi (E), and Segmented filamentous 

bacteria (SFB, F). Each dot represents a single person, empty dots are healthy controls, black and red full dots are 

PCnorm and PClow CD patients respectively. Black full lines represent a fit of linear regression for CD patients. 

Spearman’s two-tailed coefficient of correlation (ρ) was calculated for the abundance of each bacterial group as a 

function of average PC numbers; a ρ = 1.0 or -1.0 would imply a perfect positive/negative linear dependence, a 

value of 0 implies no correlation.  
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have performed a correlation analysis of the relative abundance of selected bacterial species to 

the average amount of PCs per crypt in CD patients. Additionally, we have made a two-tailed 

Spearman correlation analysis to calculate the correlation of linear regression fits for 

both groups. Slopes of linear regression for HCs are not shown because of their limited 

statistical reliability due to the naturally low variability amongst healthy individuals. As seen 

in Figure 5A-F, HCs do intrinsically cluster together, not just with regards to the amounts of 

PCs, but also in the levels of relative abundances of various bacterial groups. On the other hand, 

CD patients are widely heterogenous with regards to both studied parameters.  

These data suggest that, whereas in healthy individuals PCs serve to keep the levels of various 

bacterial species in check, under patophysiological conditions this pattern of regulation is 

altered, leading to a seemingly idle role of PCs in respect of a direct effect on certain bacterial 

populations. Furthermore, a subgroup of CD patients described here as PClow (Figure 1C) 

repeatedly shows lower internal variability with regards to the abundance of several dominant 

bacterial species, closer to the levels of healthy individuals, than PCnorm CD patients, suggesting 

that physiological effects leading to PC depletion are fundamentally benefical to patient’s 

intestinal homeostasis. 
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5. Discussion 

Despite the increased number of studies into the various aspects of IBD, the etiology of this 

condition remains unclear. The genetic polymorphisms associated with the onset of CD do only 

explain minor portion of CD cases worldwide (Loddo and Romano, 2015). Nonetheless, 

majority of the risk loci linked to CD development play a role in the communication between 

the host’s tissue, the colonizing microbiota, and the immune system (Khor, Gardet and Xavier, 

2011). 

Paneth cells represent a major player in the host-microbial interface by secretion of 

antimicrobial proteins and peptides (Clevers and Bevins, 2013). Since several of the CD 

susceptibility loci affect the effector properties of PCs, one of the most prominent researchers 

in the field of intestinal inflammation has even called CD a Paneth’s disease (Wehkamp and 

Stange, 2010). Past studies have rightly focused on the monitoring of their PC’s proper 

functioning with regards to defensin production and secretion under pathophysiological 

conditions (Wehkamp et al., 2004, 2005; Tschurtschenthaler et al., 2017). There is however a 

surprising lack of studies monitoring the overall presence and survival of PCs in human CD 

patients, especially after the notion of defensin reduction as result of prior tissue inflammatory 

damage (Simms et al., 2008). 

Here we provide a case-control study of newly diagnosed and treatment naïve pediatric CD 

patients, with a focus on the role of PCs in the onset of the disease. A blind counting of the 

average amount of PCs per ileal crypt using confocal microscopy has revealed a significant 

difference in the number of PCs between a HC and a CD patient (Figure 1C). Interestingly, the 

average PC count among CD patients does seemingly not follow normal distribution, with 

patients intrinsically clustering into two subgroups – PCnorm (that with regards to PC numbers 

resemble HCs) and PClow. Furthermore, this split almost perfectly mimics the gender 

distribution of CD patients with female cases dominating the PClow subgroup, and vice versa.  

Previously reported gender-related differences in CD include the location and tissue penetration 

of the disease, or the differences in the age of incidence (Severs et al., 2018; Shah et al., 2018). 

However, no published studies have demonstrated or explained the causal differences in the 

onset of CD between males and females. All patients included in our study were diagnosed with 

symptoms of ileal CD, therefore based on this observation alone, we cannot conclude whether 

the difference in PC numbers were causative to the development of CD, or its result. 

Unfortunately, we have only obtained a limited clinician’s diagnosis chart with regards to 
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epithelial integrity and inflammatory score, and therefore could not determine the full impact 

of inflammatory damage that could lead to epithelial disruption prior to the measurement. 

Furthermore, plotting the PC count as a function of age yielded no correlation, suggesting that 

PC differences are not influenced by the developmental status of patient’s intestine. 

Our initial hypothesis proposed that the depletion of PCs in the aftermath of defensin-specific 

autoimmunity, is likely in some cases one of the main triggers of the onset of CD development 

(Dobeš et al., 2015). This notion was further supported by our finding that most female CD 

patients were found to be PClow, as females are more commonly affected by autoimmune 

diseases (Ngo, Steyn and McCombe, 2014). Furthermore, a cohort of pediatric patients is ideal 

for to study possible genetic triggers of CD, as the non-genetic IBD-risk factors such as smoking 

and exposure to antibiotics often accumulate with increasing age (Ananthakrishnan, 2013). 

We were unfortunately unable to reproduce the experiments intended to screen patient’s blood 

sera for the presence of DEFA5 specific autoantibodies. Despite multiple attempts at 

optimization, we were not successful in producing satisfactory and clean western blots, mostly 

due to abundance of serum debris and low positive as well as uneven background signal. 

It is unlikely that this methodological failure is due to commercial antibodies used in the 

staining of human immunoglobulin, as these were satisfactory during western blot separation 

of human serum without defensin binding (data not shown). Furthermore, the defensin used as 

a bait for autoantibodies was recognized by commercial products, and therefore its epitopes 

remained intact even after the denaturation required for the experiment. 

One possible reason for the excessive debris on the membrane and film would be insufficient 

washing membrane blocking and washing. In order to prevent nonspecific binding and 

background signal, the membrane used for serum staining was blocked by 0,1% Human serum 

albumin (HSA) for a time point ranging from 3 hours to overnight. Furthermore, after the 

immunostaining with either patient’s serum or secondary antibody, each membrane has been 

washed in a TBS-T solution for at least an hour, with TBS-T being exchanged in 5-minute 

intervals. Custom TBS-T compositions have been tested with an increasing concentration of 

Tween detergent, to the point of not producing any signal whatsoever. Should this be the reason 

for this experiment’s failure, these observations point either to the complete lack of 

autoantibodies in the patient’s blood sera, or their very low defensin binding properties. Another 

possible explanation would be that the autoantibodies are present at a concentration below the 

detection limit of western blot. 
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Despite not being able to explain the differences in the average amount of PCs in CD patients, 

we moved on to understand the consequences of such heterogeneity, namely the effect of 

lowered PC count on the composition of intestinal microbiota. As stated, the patient cohort 

monitored in this study consists of newly diagnosed treatment-naïve CD patients, and their 

microbial composition therefore remains unaffected by the treatment. As expected from 

previous studies, the basic bacterial composition represented by the ratio of 

Bacteroidetes:Firmicutes shows a much higher variability amongst CD patients than HCs 

(Mariat et al., 2009; Walters, Xu and Knight, 2014; Kabeerdoss et al., 2015). As reported in the 

available literature, the ratio was skewed towards decreased levels of Bacteroidetes in CD 

patients (Zhou and Zhi, 2016).  

In our patient cohort, the difference from the healthy plane is more significant for the PClow 

subgroup of CD patients. Surprisingly enough, the difference in the Bacteroidetes:Firmicutes 

ratio did not appear to be significant between the PCnorm and PClow subgroups of CD patients, 

although a slight trend is noticeable that would require a bigger sample size to prove. However, 

this difference would have been significant if we excluded a single PClow outlier from the 

statistics. 

We have further analyzed the patients stool samples for the presence of additional bacterial 

species, in order to understand a wider range of dysbiosis with a possible PC-dependent trend 

of regulation. In addition to previously analyzed Bacteroidetes, we have focused on several 

prominent groups belonging to the Firmicutes phylum, and whose abundance has been shown 

to indicate fluctuate during the onset and progression of CD (Qin et al., 2010; Gevers et al., 

2014; Matsuoka and Kanai, 2015; Pascal et al., 2017). Furthermore, the chosen bacterial species 

have been shown to be regulated by DEFA5, therefore their abundance serving as the indicator 

of PC functioning (Salzman et al., 2010). 

As expected, all bacterial species showed an increased variability in the stool samples of CD 

patients, compared to HCs which intrinsically clustered together. This highly variable microbial 

distribution of selected bacterial species in CD patients is representative of the commonly 

accepted microbial dysbiosis in CD patients (Manichanh et al., 2006; Kaakoush et al., 2012; 

Pascal et al., 2017). However, an interesting trend has been observed after dividing CD patients 

into groups according to their average PC numbers. The internal variability appears to be less 

prominent in PClow subtype of CD patients, than in PCnorm. Furthermore, relative bacterial 

abundances in PClow patients more closely resemble values found in HCs (Figure 6A-F). 
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As expected by the gender-biased PCnorm and PClow subgroups, the effect of gender slightly 

mimicked the PC-dependent distribution, albeit with a lower statistical significance. However, 

a larger sample size would be required to prove gender-dependent difference in the microbial 

composition during the onset of CD.  

An unexpected has been our finding of SFB in the stool samples of some CD patients. This 

unculturable bacteria has been considered to be unique for mice until it’s recent finding in 

American pediatric patients suffering from abdominal pain without other symptoms of IBD 

(Chen et al., 2018). Additionally, our previous data show the presence of SFB in the stool of 

several APS-1 patients (Dobeš et al., 2015). Findings reported by Dobeš et al. show a trend 

towards higher levels of SFB in the stool samples of patients that did not possess DEFA5 

autoantibodies, and therefore had higher amounts of PC (Dobeš et al., 2015). These findings 

were at first counterintuitive, as DEFA5 has before been reported to negatively regulate the 

presence of SFB (Salzman et al., 2010). 

However, the data shown here support our previous findings, with the relative levels of SFB 

found in PClow CD patients resembling those of HCs, while PCnorm patients consistently 

harbored higher levels (Figure 6F). The difference in SFB abundance between PClow and PCnorm 

patients would have been statistically significant after the exclusion of a single PClow outlier. 

The presence of SFB in the stool samples has been additionally proved by a collaborating group 

from France with the use of electron microscopy (data not shown). 

One possible explanation for phenomenon arises from the methodological approach. SFB is 

unique in its ability to penetrate the mucus layer and attach to the luminal side of intestinal 

epithelium (Chen et al., 2018). As secretory products of PCs comprise an important part of the 

protective mucus layer, we hypothesize that the layer is more intact in patients with higher 

amount of PCs, and a higher proportion of unattached SFB are flushed by the passing stool (S. 

Vaishnava et al., 2011). 

Another possible explanation is that patients within the PCnorm subgroup do indeed produce 

higher amounts of antimicrobial peptides and proteins, whose effect would be more 

significantly observed in major bacterial populations, thus creating a free niche for 

opportunistic bacteria such as SFB. 

One way to improve this series of experiments would be to collect samples of the patient’s 

intestinal mucosa, which is demonstrated to be more reflective of the actual dysbiosis than stool 

samples in the newly-onset CD patients (Gevers et al., 2014). Another possibility at 
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improvement would be to gather and analyze absolute values of bacterial abundances, as 

normalized values can be unreliable in determining the actual state of microbiota. 

A meta-analysis of CD patient’s microbiome demonstrates that the lower levels of 

Bacteroidetes, being here more prominent in PClow patients, are indicative of an active 

inflammatory phase of the disease (Zhou and Zhi, 2016). This could imply, that the amounts of 

PCs have diminished as a result of an active inflammation, that additionally restricted the 

growth of several bacterial populations, bringing their relative abundances closer to the values 

found in HCs. Furthermore, the correlation analysis of the amounts of PCs and their effect on 

the relative amount of bacterial species showed only limited relationship, suggesting a defect 

in PC’s effector properties that led to the rampant dysbiosis found in our CD patients. 

Another possible explanation for the differences in microbiota would be that PC of the PClow 

patients are physiologically functioning, whereas those of PCnorm patients are impacted in some 

way. Paneth cells, as reported previously, can be depleted as the result of overstimulated release 

of their products during intestinal stress (Kelly et al., 2004). This suggests that a portion of 

pediatric CD patients harbor only partially functioning PCs, whose regulatory effect is not 

sufficiently preventing pathological microbial dysbiosis. To prove this hypothesis, a sequencing 

study would have to be performed for the comparison of PC-debilitating mutations, or other yet 

unknown factors, among PClow and PCnorm CD patients. Additionally, with sufficiently large 

patient cohort, a correlation analysis of the amounts of PCs and bacterial relative abundances 

should be performed for PClow and PCnorm patients independently, in order to demonstrate 

differences in the regulatory functionality of their respective PCs. 

In summary, our project brought about novel findings that pediatric CD patient can be stratified 

according to their average amounts of PCs per crypt. Strikingly, this stratification closely 

mimics the gender distribution of pediatric CD patients in an age-independent manner. Despite 

our failure to provide the proof for autoimmune-mediated depletion of PCs in CD patients, our 

data suggests different efficiencies of PC functioning between these subgroups of pediatric CD 

patients, as well as potentially distinct pathophysiological cause(s) triggering the onset of the 

disease. Together, our data provide a new experimental platform for testing the hypothesis that 

decreased number of PCs in a subgroup of pediatric patients with levels of dominant bacterial 

species closer to the levels of healthy individuals, represents a previously unappreciated 

mechanism which is fundamentally benefical to patient’s intestinal homeostasis. The 

(patho)physiological causes and the mechanism of PCs depletion in this subsets of pediatric 

patients will be the topic of continuous studies. 
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6. Materials and methods 

6.1 Patient sample cohort 

All human biological samples used in this study were acquired with accordance to ethical and 

medical standards at the University Hospital Brno, under the supervision of MUDr. Peter 

Jabandziev, Department of Paediatrics. The cohort of 13 CD patients consisted of newly 

diagnosed, treatment naïve pediatric CD patients, diagnosis was based on clinical symptoms 

and endoscopic and colonoscopic histology. The control group (labeled HC throughout this 

study) consisted of 8 healthy individuals that initially displayed symptoms requiring intestinal 

biopsy but were histologically confirmed to not suffer from an IBD (Table 1). 

Each patient provided an ileal tissue from an intestinal biopsy, a stool sample, and a volume of 

blood serum. Prior to the experiments, every sample has been stored in -80°C fridge and was 

only unfrozen for the purpose of expriments. 

Several additional patients were analyzed for the presence of bacterial groups or PCs but were 

ultimately left out of the statistics in this thesis because we did not receive all the clinical 

samples needed for correlation (i.e. only stool sample/ileal biopsy). 

We proclaim that human samples were handled with a discretion and have not been used for 

any other purposes outside this study. 

 
Patients Mean age (±SEm) Median age Gender ratio 

Healthy controls 7 15,4 ± 0,81 16 1M : 6F 

CD patients 13 14 ± 0,66 13 8M : 5F 

PC norm 8 14 ± 0,73 13,5 7M : 1F 

PC low 5 14 ± 1,37 13 1M : 4F 

Table 1; Characteristics of patient cohort and healthy controls. CD patients are further divided into PCnorm and 

PClow according to their average amount of PCs per crypt (see 4.1 Pediatric Crohn’s disease patients have variable 

amount of Paneth cell). SEm = standard error of mean, M = male, F = female. 

 

6.2 Immunofluorescent staining and Paneth cell counting 

Samples of patient’s ileal biopsy were received frozen in a block of O.C.T. freezing compound 

(VWR chemicals) and were stored in -80°C prior to experiments. All biopsy samples carried a 

code unknown to the examiner, to guarantee a blind test. Biopsies were tempered to - 20°C and 

cut into slices with a thickness of 10 µm using a Leica CM1950 cryotome. 
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All staining experiments were performed in the dark if possible, except for the necessary 

manipulation. Before staining, slices were treated with 4% PFA for 15 minutes in order to 

remove the O.C.T. compound and washed once with PBS for 5 minutes. Slices were then 

permeabilized with methanol for 10 minutes in -20°C. Afterwards, all slices were washed three 

times by PBS in 5 minutes intervals.  

Slices were then blocked by a solution of 2,5% BSA and 2,5% FCS in room temperature for 

one hour. Next, all slices were stained with anti-lysozyme antibodies (1:500 concentration, 

ThermoScientific) dissolved in the blocking solution at 4°C overnight. 

Following morning, slices were washed three times by PBS in 5 minutes intervals, and a 

secondary antibody was applied (Goat-anti-Rabbit IgG (H+L) 488, Invitrogen) for one hour at 

room temperature. Slices were again washed three times by PBS and DAPI solution was applied 

for 5 minutes at room temperature. Afterwards, all slices were washed with PBS and briefly 

cover by distilled water for 1 minute. 

The slices were left to dry in the dark at room temperature. Next, a mounting medium 

Vectashield (Vector Laboratories, Inc.) was added and tissue slices were covered with a cover 

slip.  

Tissue samples were visualized using a Leica TCS SP5 confocal microscope and analyzed using 

a LAS X software. Paneth cells were counted as Lysozyme positive cells residing at the bottom 

of intestinal crypts. Due to the natural conical shape of the crypts, only transversal sections of 

the crypt’s bottom were taken into consideration. The average amount of PCs per crypt were 

counted as an average of at least 5 different crypts. 

 

6.3 Exogenous defensin production 

Human defensin 5 used in this study has been produced with the help of Mgr. Jana Mikešová 

from the Laboratory of Structural Biology at the Institute of Biotechnology of the CAS, and 

according to the protocol described by Pazgier and Lubkowski (Pazgier and Lubkowski, 2006). 

A chemo-competent strain of E.coli Lemo21De3 has been thawed. We added 1 µl of an 

expression plasmid pAED4 containing a portion of an E.coli tryptophan operon trpLE1413, an 

amphiphile resistance gene, and the (His)6 affinity tagged sequence of the human defensin 5 

(DEFA5). The total length of the plasmid was 3819 bp. The vials were incubated on ice for 30 

minutes and were slightly mixed after 15 minutes. The bacteria were heat-shocked for 45 
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seconds at 42°C without shaking, and afterwards placed on ice for 2 minutes. Next we added 

200 µl of S.O.C. medium and shook the vials for 1 hour at 37°C at 600 rpm in a shaking 

incubator. We spread 25 µl of the bacterial solution onto a pre-warmed selective plate with 

added rhamnose (for the induction of T4 lysozyme to degrade the T4 RNA polymerase in order 

to prevent undesirable bacteriolytic defensin production in successfully transformed bacteria 

without a defensin mutation). Plates were incubated overnight at 37°C using an EN 032 

Inkübatör by Nüve. 

Following day, an isolated bacterial colony has been put into 30 ml of an LB medium containing 

30µl of amphiphile and was left to shake overnight at 37°C in a ThermoScientific MaxQ4000 

incubator. 

Following morning, the 30 ml culture has been filled with an LB medium to a total volume of 

1 l. The culture was incubated at 37°C with a slow shaking, and gradually samples were tested 

for an optical absorbance. Once the absorbance reached optimal density suggesting an 

exponential bacterial growth (~0,6 at 600nm) we added a 1mM IPTG, and incubated for 4 more 

hours. Afterwards, the culture has been centrifuged at 10000 g for 10 minutes at 4°C, and 

bacterial pellets were stored overnight at -80°C. 

The following day, bacterial pellets were resuspended in 30 ml ice-cold lysis buffer (30 ml PBS, 

1 mg/ml lysozyme, a 1/3 of a PIC tablet, 10 µl benzoate, and 1mM PMSF), and left on ice for 

30 minutes. 

Bacteria were then sonicated for 30 minutes with pulses of 20 seconds-long sonication with 40 

seconds in between pulses using a Qsonica Ultrasonicator Q700 with a sonic sonde 420-02. 

Samples were then centrifuged for 15 minutes at 15000 g. A soft upper layer of the pellet was 

gently scraped off and discarded. Rest of the pellet was resuspended in 30 ml of ice-cold PBS 

+ 5mM EDTA + 5mM DTT + 1M urea and sonicated on ice for 9 minutes with 20 seconds-

long pulses and 40 seconds resting time. 

Samples were then centrifuged for 10 minutes at 5000 g. Pellets were resuspended in 30 ml of 

ice-cold PBS + 5mM EDTA + 0,5% Triton X-100 and sonicated on ice for 9 minutes in the 

same fashion. 

Samples were centrifuged for 10 minutes at 5000 g. Pellets containing the inclusion bodies were 

resuspended in 30 ml of PBS and sonicated for 9 minutes in the repeating fashion. 
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Samples were finally centrifuged for 15 minutes at 7000 g, and pellets were stored at -80°C. 

Before use, inclusion bodies containing recombinant DEFA5 were dissolved in a small volume 

of 8M UREA + 5mM DTT and centrifuged at 30000 g for 10 minutes. 

 

6.4 Western blot 

In order to detect DEFA5-specific autoantibodies, 10 µg of a recombinand DEFA5 peptide onto 

a 15% polyacrylamide gel (2,4 ml H2O, 2,5 ml of 1,5M Tris-HCl pH 8,8, 5 ml of 30% Degassed 

Acrylamide/Bis, 0,05 ml of 20% SDS, 50 µl 10% APS, and 5 µl Temed), topped with stacking 

counterpart (6,1 ml H2O, 2,5 ml 0,5M Tris-HCl pH 6,8, 1,3 ml 30% Degassed Acrylamide/Bis, 

0,05 ml of 20% SDS, 50 µl 10% APS, and 10 µl Temed). DEFA5 samples were dissolved in 

ultrapure water and ¼ of volume of Sample buffer (4% 2-merkaptoethanol), and incubated for 

10 minutes at 100°C. 

DEFA5 solutions were loaded into 30µl holes in the stacking gel and separated at 80V until the 

protein samples reached the resolving gel, at which point the voltage was increased to 120V. 

For the purpose of protein separation and blotting, we used a Labnet Powerstation 300. 

After voltage-mediated separation, proteins were blotted onto a PVDF membrane 

(Immobilon®-FL Transfer membranes, cat.no. IPFL00010) at constant 400A for 1 hour. 

Membranes were then blocked for 3 hours on a shaker with a 0,1% solution of HSA in TBS-T 

(20mM Tris-HCl ph 7,5, 150mM NaCL, 0,05% Tween). 

Blocked membranes were stained overnight at 4°C with the patient’s blood serum sample 

diluted at 1:50 in 0,01% solution of HSA in TBS-T, a membrane used as a defensin control has 

instead been stained with a commercial defensin antibody (Abnova, cat.no. H00001670-D01P). 

Afterwards, membranes were washed with fresh TBS-T in 5 minutes intervals for one hour. 

Membranes were then stained with a secondary antibody diluted 1:50000 in 0,01% solution of 

HSA in TBS-T; a Horseradish peroxidase conjugated Goat-anti-Human IgGAM (H+L) 

(Invitrogen, cat.no. 62-8320) for membranes stained with a human serum, or Horseradish 

peroxidase conjugated Goat-anti-Rabbit IgG (H+L) (Jackson ImmunoRes, code 111-035-144) 

for the membrane stained with a commercial antibody. 

After secondary staining, all membranes were again extensively washed in TBS-T in 5 minutes 

intervals for an hour. 
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Next, a light signal was developed using a chemiluminescent substrate SuperSignal™ West 

Dura (ThermoScientific). Product was captured onto Agfa Medical X-Ray film blue using an 

Optimax Fomei developer.  

 

6.5 Bacterial DNA extraction and real-time PCR 

Patient’s stool samples were handled on ice, and with an utmost delicacy in order to minimize 

the examinator’s health hazards. Bacterial DNA from patient’s stool samples were isolated via 

a QIAamp® Fast DNA Stool Mini Kit according to manufacturer’s instructions, with a slightly 

altered parameters of centrifugation to better suit our equipment. Final DNA elution was 

performed using ultrapure water. The concentrations of DNA were measured using a 

Nanodrop® ND-1000 Spectrophotometer. 

DNA isolated from the stool samples was normalized to a concentration of 5 ng/ml. A volume 

of 2 µl of the normalized DNA sample isolated from every patient was added to 2,5 µl master 

mix of SYBR Green I (Roche Applied Sciences), along with 0,25 µl of both primers. Precise 

sequences of the used primers are shown in Table 2. All qPCR experiments were performed in 

duplicates, using a mix a Roche LC480 cycler. The relative abundances of selected bacterial 

species was normalized to the level of a universal bacterial gene, using the 2^(-ΔΔ CT) method 

(Rao et al., 2013). 

Phylum Genus   Primers (5‘→3‘) 

Bacteroidetes Bacteroides 
F GTTTAATTCGATGATACGCGAG 

R TTAASCCGACACCTCACGG 

Firmicutes 

Firmicutes (Universal) 
F GGAGYATTGGTTTAATTCGAAGCA 

R AGCTGACGACAACCATGCAC 

Segmented filamentous bacteria (SFB) 
F GACGCTGAGGCATGAGAGCAT 

R GACGGCACGGATTGTTATTCA 

Clostridium leptum 
F GTTGACAAAACGGAGGAAGG 

R GACGGGCGGTGTGTACAA 

Clostridium hathewayi 
F GGAGCGTAGACGGTTTAG 

R CGGTTAAAGTGTTTTCAGTG 

Lactobacillus 
F AGCAGTAGGGAATCTTCCA 

R CACCGCTACACAATGGAG 

Actinobacteria Clostridium coccoides (Eubacterium rectale; EreC) 
F ACTCCTACGGGAGGCAGC 

R GCTTCTTAGTCAGGTACCGTCAT 

Actinobacteria Bifidobacterium adolescentis 
F CTCCAGTTGGATGCATGTC 

R CGAAGGCTTGCTTGCTCCCAGT 

Normalization 
Universal 514 (Forward) F ATTACCGCGGCTGCTGGC 

Universal 340 (Reverse) R ACTCCTACGGGAGGCAGCA 

Table 2; A complete list of bacterial primers used in this study. 
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