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General discussion  

It is remarkable how well the healthy human intestine is able to efficiently and 

selectively absorb fluids and nutrients, and at the same time tolerate a great variety of 

potential immune-reactive compounds and microbiota. Still, this balance at the 

intestinal epithelium is fragile, and when disturbed may give rise to infection, 

inflammation, fibrosis and cancer. A Western life style is particularly challenging for 

the human gut, which is reflected by a continuous rise of chronic inflammatory bowel 

disease (IBD), e.g. ulcerative colitis (UC) and Crohn’s disease (CD), up to 0.6 % of the 

population in Westernized countries [1,2]. In line, the incidence of colorectal cancer 

(CRC) in Western countries increases with age and affects approximately 2% of the 

population. These intestinal diseases are associated with considerable reduction in 

quality of life and increased morbidity and mortality [3,4]. The risk of developing IBD 

and CRC is influenced by both environmental and genetic factors and some of these 

western lifestyle factors are shared. Cigarette smoking (CS) is such a risk factor that is 

associated with CRC and development of CD, but is a protective factor for the 

development and progression of UC [5]. 

Research presented in this thesis focused on the effects of cigarette smoke on the 

human intestinal epithelium in relation to CRC and also on the subepithelial 

compartment in relation to inflammation and intestinal fibrosis, as observed in IBD. 

The intestinal epithelium is composed of various types of cells, including stem cells, 

enterocytes, goblet cells, Paneth cells and enteroendocrine cells [6]. Throughout the 

whole human life span, the intestinal epithelium sustains a high proliferative and 

differentiation capacity that replaces the full intestinal epithelium every 4-5 days, 

while maintaining a tight barrier function [7]. The lamina propria below the epithelium 

contains numerous immune cells and fibroblasts to regulate the mucosal immune 

response and wound healing processes [8]. Moreover, immune cells collaborate with 

myofibroblasts contributing to intestinal fibrogenesis [9]. In order to study the effect of 

smoking on intestinal epithelial cells and subepithelial fibroblasts we exposed these 

cells to cigarette smoke extract (CSE). As an additional spin-off of these studies we 
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identified and characterized a novel subtype of enteroendocrine cells that expresses 

immunomodulatory VAP-1. Lastly, we investigated the anti-fibrotic effects of 

pirfenidone on intestinal fibrosis. Key findings reported in this thesis are: 1) CSE 

irreversibly impairs stemness, proliferation, differentiation and polarization of the 

human intestinal epithelium. These direct and long-lasting effects of cigarette smoke 

on the intestinal epithelium may predispose for the development of colon cancer 

(Chapter 2). 2) Cigarette smoke induces colonic expression of VAP-1/AOC3 in CD and 

correlates with intestinal fibrogenesis. Moreover, it induces VAP-1/AOC3 expression in 

intestinal fibroblasts, but this does not enhance their fibrogenic phenotype. The 

smoke-induced VAP-1/AOC3 expression might aggravates intestinal inflammation and 

thereby promote colonic fibrogenesis in CD (Chapter 3). 3) VAP-1 is dominantly 

expressed by a subpopulation of enteroendocrine cells in the healthy, inflamed and 

stenotic human intestinal epithelium. This could mark a novel immunomodulatory role 

of these VAP-1-expressing enteroendocrine cells in the gut (Chapter 4). 4) Pirfenidone 

inhibits the proliferation of intestinal fibroblasts and suppresses collagen I production 

through the TGF-β1/mTOR/p70S6K signaling pathway, which might be a novel and safe 

anti-fibrotic strategy to treat intestinal fibrosis (Chapter 5). 

1. Cigarette smoke irreversibly impairs regeneration and polarization of the human 

intestinal epithelium 

Cigarette smoking is an important environmental risk factor for developing cancer in 

many organs, including colon, lung, liver and breast [10-12]. The carcinogenic effects of 

CS often appear after 10 to 30 years of (initial) exposure. Cigarette smoke is a complex 

mixture of about 4,500 components, including carbon monoxide, nicotine, oxidants, 

fine particulate matter and aldehydes. The CS-induced carcinogenic effects are thought 

to be linked to impaired barrier function and subsequent inflammation. Cigarette 

smoke (CS) increases the permeability of both the lung epithelium and endothelium 

[13]. CS stimulates inflammatory cells to release pro-inflammatory cytokinesis, a 

central pathological mechanism in a variety of diseases, including cancer [13,14]. 

Moreover, CS activates enzymes that regulate epigenetic alterations, such as DNA 
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methylation, post-translation modifications of histones and non-coding RNA sequences 

[15]. Although the carcinogenic effects of CS are evident, it is peculiar that CS shows 

opposing effects in the forms of inflammatory bowel disease (IBD), being a  risk factor 

for CD, while it protects against UC [5]. In order to determine the direct effects of CS 

on the human intestinal epithelium, we exposed in vitro-cultured human intestinal 

organoids and 3D-spheroids of Caco-2 cells, a model for enterocyte polarity 

development, to cigarette smoke extract (CSE) (Chapter 2). Most preclinical studies 

analyzing effects of CS on cellular functions exposed cells to specific (pure) 

components from CS, such as nicotine, formaldehyde, benzene or isoprene [16,17]. 

However, CS is a highly complex mixture, containing over 4,500 different compounds. 

We therefore chose to use CSE that contains the aqueous ingredients of CS and is 

believed to be a more realistic approach to study the effects of CS on epithelial cells 

than analyzing the effect of just one single constituent [18]. Importantly, these CS-

derived components can reach the intestinal mucosa at high concentrations. Firstly, 

potential noxious substances from CS are absorbed by the lungs into the blood steam, 

resulting in systemic toxicity, including the gastrointestinal tract [19,20]. The intestines, 

however, are also exposed to CS-borne compounds from the luminal side of the gut, as 

particulate substances in CS are ingested by smokers. Indeed, nicotine concentrations 

in gastric fluid can be up to 80 times higher compared to venous blood and 10 times 

higher than in arterial blood [5]. So far, limited data are available on direct effects of 

CSE on the human intestinal epithelium. In Chapter 2, we analyzed the direct effects of 

CSE on the self-regenerative and morpho-biochemical functions of intestinal organoids 

and intestinal Caco-2 cells. Self-regeneration is a fundamental and essential function of 

the intestine performed by tissue-resident stem cells that constantly produce new 

epithelial cells that subsequently to absorptive enterocytes, mucus-producing goblet 

cells, hormone-releasing enteroendocrine cells and microbiome-controlling Paneth 

cells [21]. In Chapter 2, we show that expression of LGR5 and OLFM4 (markers for 

stem cells) and MUC2 (an abundant mucin produced by goblet cells) in human 

intestinal organoids is significantly and irreversibly suppressed by CSE exposure, which 

is accompanied by impaired growth of the organoids. However, the epithelial integrity 
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in intestinal organoids was not affected by CSE. This was also observed when using 

Caco-2-based 3D-spheroids, a model system to study enterocyte polarity development 

[22], indicating that the intestinal barrier is actually more tolerant to CS exposure than 

lung epithelium [23]. Still, impaired mucin production could alter the microbiota that 

consume mucin leading to dysbiosis as present in smoking IBD patients [24]. Moreover, 

our data shows that CSE impairs normal cell polarity development in 3D Caco-2 

spheroids. This could resemble the mechanism that is believed to contribute to 

epithelial carcinogenesis in the lung. Pulmonary epithelial cells lose apical-basal 

polarity and transit to highly aggressive and migratory mesenchymal cells, a process 

called epithelial-mesenchymal transition (EMT) [13]. Importantly, the effects exerted 

by CSE in the human intestinal epithelium were found to pass to next offspring cells in 

our study. This might result from epigenetic alterations caused by CS [25,26]. These 

data may also explain why early exposure to (passive) cigarette smoking enhances the 

risk for dysplasia in IBD. In conclusion our data suggest that direct exposure to CSE not 

only suppresses the regenerative capacity of intestinal epithelial cells, but also affect 

the biochemical function of the intestinal epithelium. Even though CS appears to 

suppress colonic inflammation in UC, our results indicate that it has still dangerous 

effects on the intestinal epithelium. This is a harsh dilemma for the patient and 

treating doctor, as smoking may relieve acute colitis, but will increase the risk for the 

development of colorectal cancer later in life.  

2. Association of cigarette smoke-induced VAP-1 and intestinal fibrosis 

Intestinal fibrosis and subsequent stenosis are a common complication of IBD. Similar 

to the pathogenesis in other organs, such as lung and renal fibrosis, intestinal fibrosis is 

primarily driven by chronic inflammation [27]. As an important environmental factor, 

cigarette smoking causes oxidative stress, exacerbates inflammation and promotes 

organ fibrogenesis [28,29]. CS evidently increases the risk for- and aggravates the 

disease course of- CD, accompanied with more complications and high demand for 

surgery [5,30]. However, the pathophysiological mechanisms of CS-induced aberrant 

inflammation and fibrogenesis in the intestine are not exactly known. Activated 
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intestinal subepithelial myofibroblasts (sMF) are primarily responsible for the excessive 

intestinal matrix accumulation in intestinal fibrosis and are getting increasing attention 

as therapeutic targets for IBD [31]. Vascular adhesion protein 1 (VAP-

1)/semicarbazide-sensitive amine oxidase (SSAO) is a bifunctional protein that has 

been associated with a wide variety of inflammatory and fibrotic diseases [32]. In the 

intestine, VAP-1 is prominently expressed in sMF [33]. Earlier studies confirmed 

elevated levels of VAP-1 in the inflamed intestine of IBD patients [34]. Interestingly, 

serum levels of s(oluble)VAP-1 are enhanced in cigarette smokers as well [35]. In 

Chapter 3, we show mucosal AOC3 (encoding VAP-1) mRNA levels are higher in IBD 

patents who smoke, compared to non-smokers. Moreover, mucosal AOC3 expression 

in IBD patients correlates with expression of the fibrosis markers COL1A1 and ACTA2. 

Consistently, CSE significantly induced AOC3 expression in primary human intestinal 

fibroblasts (p-hIFs) in vitro. However, CSE did not enhance p-hIF proliferation, nor did it 

induce COL1A1 or ACTA2 expression. This suggest that the simultaneous expression of 

AOC3 and fibrosis markers in vivo depends on additional factors. VAP-1 is a leukocyte 

adhesion molecule directly involved in recruiting inflammatory cells to inflamed and/or 

fibrotic tissue [36,37]. Moreover, its amine oxidase enzyme activity activates additional 

adhesion proteins, such as ICAM-1 and MAdCAM-1, further potentiating its pro-

inflammatory role [32]. IBD-related fibrogenesis and its progression is characterized by 

continuous accumulation of inflammatory cells and release of pro-inflammatory and 

pro-fibrogenic cytokines (e.g. IL-1β, IL-6, TNF-α and TGF-β) [38]. We thus hypothesize 

that VAP-1 is a novel smoke-induced factor that contributes to development of 

intestinal fibrosis in IBD. Many earlier studies have demonstrated the pro-

inflammatory and pro-fibrotic function of VAP-1 in other organs, like lung, kidney and 

liver [39,40]. Possible VAP-1 targeting therapies are most advanced for primary 

sclerosing cholangitis (PSC), a progressive chronic immune-mediated liver disease 

accompanied with prominent development of liver fibrosis [32,41,42]. Notably, the 

majority of PSC patients also have underlying IBD. A phase 2 clinical trial evaluating the 

therapeutic effect of VAP-1-neutralizing antibodies in PSC is currently running [42]. 

This may allow a first evaluation of VAP-1 inhibition on PSC-associated IBD also. 
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However, our data suggest that VAP-1 antagonists may be most effective in CD 

patients with fibrostenotic disease who are unable to quit smoking. 

3. VAP-1 function in enteroendocrine cells. 

Enteroendocrine cells are heterogeneous class of epithelial cells distributed 

throughout the gastrointestinal tract. They produce gastrointestinal hormones in 

response to various stimuli are released in the blood or act locally and initiate digestive 

or protective responses [43]. Chromogranin A (CgA) is an established marker of most 

intestinal enteroendocrine cells, since more than 95% of enteroendocrine cells 

produce it [44]. Besides being present in the gastrointestinal tract, CgA+ endocrine 

cells also exist in adrenal glands, parathyroid and pancreas [45]. In the pancreas, CgA 

co-localizes with insulin in pancreatic beta cells [46,47]. Interestingly, VAP-1 is 

detected in pancreatic islets and its substrates promote insulin secretion in rats [48]. 

This supports a role of VAP-1 in controlling hormone release. In Chapter 4, we show 

for the first time that VAP-1 co-localizes with CgA in intestinal enteroendocrine cells. 

This suggest a putative role of VAP-1 in promoting hormone release in the intestine as 

well. Moreover, VAP-1 was found to co-localize with the glucose transporter type 4 

(GLUT4) in intracellular vesicles in adipocytes and VAP-1 substrates induce trafficking 

of GLUT4 to the cell surface to enhance glucose uptake [49,50]. This show that VAP-1, 

in particular its amine oxidase activity, regulates vesicle-mediated protein 

translocation. Interestingly, we discovered similar effects of intestinal epithelial VAP-1. 

In differentiated human intestinal organoids, VAP-1 and CgA appear at the basolateral 

membrane, which is suggestive of VAP-1 facilitating the translocation of CgA in 

intestinal enteroendocrine cells. In the intestinal mucosa, enteroendocrine cells are in 

close proximity to immune cells, suggesting that these cells may have functional 

interactions [51]. Enteroendocrine cells release 5-HT and specific 5-HT receptors could 

then activate immune cells, such as lymphocytes, to participate in intestinal 

inflammation [52]. When analyzing inflamed and stenotic mucosa tissue of IBD 

patients, we often observed increased staining of VAP-1 in the lamina propria whereas 

the number of VAP-1-expressing enteroendocrine cells in the epithelium were not 
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evidently different. The enhanced VAP-1 staining could be a result of accumulating 

fibroblasts in the lamina propria. However, it is also tempting to speculate that VAP-1 

is released by the enteroendocrine cells, thereby attracting inflammatory cells to the 

injured lamina propria. The human intestinal organoids that can be induced to express 

VAP-1 are an excellent experimental system to analyze whether VAP-1 can be secreted 

from epithelial enteroendocrine cells.  

4. Anti-fibrotic actions of pirfenidone in human intestinal fibroblasts. 

Intestinal fibrosis is a common complication in IBD. It is characterized by stricture 

formation and significantly compromises the quality of life of patients with IBD [53]. 

Endoscopic balloon dilation or surgical removal of the stenotic segment are currently 

the only available treatment options. However, these procedures are not without risks 

and the recurrence rate of stenosis and need for re-dilation or re-operation are high. 

This generates a heavy burden on the patients’ well-being and is are also costly 

procedures [54,55]. Thus, there is a high need for better understanding of the 

pathophysiological mechanisms underlying intestinal fibrogenesis in IBD and the 

development of effective drug-based therapies. In Chapter 5, we show that 

pirfenidone, a drug used for the treatment of idiopathic pulmonary fibrosis (IPF), 

inhibits the proliferation and ECM production of primary human intestinal fibroblasts 

(p-hIFs). This is in line with earlier studies using fibroblast cell lines [56-59]. We 

additionally show that the inhibitory effect of pirfenidone on collagen I production was 

long-lasting, as it had not normalized again after re-growth of the pirfenidone-treated 

fibroblasts for 4 days in pirfenidone-free conditions. Transforming growth factor beta-

1 (TGF-β1) is a master regulator of fibroblast activation inducing cell mobility and ECM 

production, primarily acting in the wound healing process [60]. In chronic 

inflammatory conditions, such as in IBD, excessive TGF-β1-signalling leads to 

pathological accumulation of ECM and intestinal fibrosis. Therefore, we examined the 

effect of TGF-β1 in p-hIFs and found that TGF-β1 strongly induces collagen I production 

in p-hIF. Importantly, the TGF-β1-induced collagen I production is efficiently 

suppressed by pirfenidone as well. Previous work has shown that pirfenidone exerts its 
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anti-fibrotic effects through inhibiting the TGF-β1/Smad 2/3 and/or TGF-β1/p38-MAPK 

signaling pathways [58,61,62]. Besides these mechanisms, rapamycin-sensitive 

mTORC1 and downstream 4E-BP1 have been  proven to be a pivotal pathway in TGF-

β1-stimulated collagen accumulation in lung fibrosis [63], which had not been linked to 

actions of pirfenidone yet. We found that TGF-β1 induced mTORC1, and downstream 

p70S6K1 phosphorylation, in p-hIF which was significantly suppressed by pirfenidone. 

One drawback of pirfenidone may be that it has been reported to case gastrointestinal 

side effects in IPF [64]. A possible therapy for intestinal fibrosis, should of course not 

worsen other intestinal symptoms of IBD. However, the adverse effects of pirfenidone 

may be overcome by gut-specific targeting of pirfenidone using innovative approaches 

like the Colopulse [65]. This may allow to significantly reduce the dose of pirfenidone, 

and thereby prevent gastrointestinal side effects. Thus, our results provide a potential 

therapeutic option to treat intestinal fibrosis and offer a mechanistic insight in the 

anti-fibrotic effects of pirfenidone. 
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Future perspectives  

In this thesis, we establish the 3D organoids and 3D Caco-2 cell culture model systems 

for the in vitro analysis of intestinal epithelial cell morphogenesis and function. 

Intestinal organoids are simplified versions of the primary intestinal epithelium and are 

currently being used for studying intestinal disease mechanisms and drug screening [66]. 

These 3D models, in which intestinal epithelial cells form a specific multicellular and 

polarized architecture with a lumen, reflect the physiological in vivo situation much 

better than existing two-dimensional (2D) immortalized cell line-based monolayer 

models. Secondly, intestinal organoids possess long-term self-regeneration and 

multipotent differentiation ability by generating absorptive enterocytes, goblet cells, 

enteroendocrine cells and Paneth cells, which allows to create a stable and modifiable in 

vitro model to study intestinal epithelial function. This fills a gap between in vitro cell 

culture and in vivo human/animal models. We used these 3D models to investigate the 

effect of cigarette smoke on morphogenesis, regenerative capacity and barrier function 

of intestinal epithelial cells for the first time. However, the structure of 

organoids/spheroids is still not completely the same as the human intestinal epithelium 

in vivo. Organoids/spheroids present an enclosed lumen and apoptotic cells shed and 

accumulate into the central lumen instead of being removed with luminal flow. The 2-

channel organs-on-chip technique provides an excellent platform to incorporate 

organoid-grown intestinal epithelium and simulate both vascular and luminal flow. It has 

already been shown that intestinal epithelial cells form villi-like structure with apical 

surfaces facing to an open lumen in the Intestine-on-a-Chip [67]. In order to mimic the 

human gut in which anaerobic bacteria are present close to the aerobic epithelial 

compartment, we developed the "Human oxygen-Bacteria anaerobic" (HoxBan) system 

[68]. The HoxBan system was developed using Caco-2 cells and the strict anaerobe 

Faecalibacterium prausnitzii and provided the first molecular insights in the mutual 

beneficial interaction between those two. The HoxBan system is now further developed 

by using organoid-derived human primary intestinal epithelium in combination with a 

variety of other gut bacteria, including complex mixtures. These novel experimental 

systems that model the human gut ecosystem can now be used to study the effects of 
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cigarette smoke on host microbiome interactions [69]. For instance, we showed that 

smoking reduces MUC2 expression that could inhibit the growth of beneficial symbiotic 

mucophilic bacteria, such as Akkermansia muciniphila [70], a mechanism that could be 

studied in these new aerobic/anaerobic co-culture systems. Optimizing these model 

systems would be the next step to study host-environmental interactions as described in 

this thesis.  

VAP-1 regulates inflammation and fibrosis by recruiting leukocytes and other immune 

cells through its adhesion and enzymatic functions [39,40]. Besides the well-known cell 

types that express VAP-1 in various tissue, e.g. endothelial cells, pericytes, adipocytes 

and subepithelial myofibroblasts, we identified a subtype of enteroendocrine cells in the 

human intestinal epithelium that also highly expresses VAP-1. Studying leucocyte 

migration in the absence and presence of VAP-1 inhibitors in organoid based gut-on-a-

chip systems would further support that this is a (patho)physiological mechanism in IBD.  

With respect to VAP-1’s function in the human intestine, many fundamental questions 

remain unclear, such as: 1) Whether and how VAP-1 in human intestinal 

fibroblasts/tissue recruit specific subsets of immune cells? 2) Will inhibition of VAP-1 

suppresses intestinal inflammation and/or fibrosis? This could be tested in fibrostenotic 

animal models of IBD [71]. 3) Whether VAP-1/SSAO and its substrates promote the 

release of CgA and/or other hormones from differentiated organoids? 4) Whether VAP-1 

(substrates) lead to the adherence of leukocytes in differentiated organoids. I think that 

is worthwhile to further study to role of VAP-1 function in intestinal inflammatory 

diseases, which will hopefully uncover novel therapeutic options, in particular for 

patients with IBD. 

Many experiments have been performed to analyze the anti-fibrotic effect of 

pirfenidone on tissue fibrosis [72-74]. However, we reported for the first time the 

reversible effect of pirfenidone on the proliferation and collagen I production in p-hIFs. 

Fibrosis is a natural process to re-establish tissue structure and function during 

physiological wound healing. The mechanisms of tissue wound healing and pathological 

tissue fibrogenesis have similarities at the molecular level. Intestinal fibrosis is caused by 
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chronic intestinal inflammation, which is typically accompanied by tissue damage [75]. 

Full and permanent suppression of fibroblast proliferation and migration, as well as ECM 

production, is most likely not the optimal therapeutic modality to treat intestinal fibrosis. 

The reversible effect of pirfenidone on cell proliferation and ECM production makes it 

therefore a flexible choice to be used as anti-fibrotic agent. We recently developed the 

colopulse technology that can locally deliver compounds to the inflamed bowel [76]. 

Colopulse-delivered pirfenidone is an attractive approach to be tested in fibrostenotic 

Crohn’s disease.  

In conclusion, human intestinal organoids and primary human intestinal fibroblast-based 

models make it possible to study physiological and pathological cell morphology and 

functioning in diseases derived from intestinal epithelium and sub-epithelium and 

provide promising tools for deeper understanding of disease pathogenesis and drug 

development. 
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