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Summary 

Research investigating the human intestinal microbiota has recently gained 

momentum in the scientific literature. Mouse models have provided a number of 

indications on the involvement of the microbiota in health and disease. An alteration of 

the intestinal community called dysbiosis is associated with a range of conditions such 

as neurological diseases, diabetes, and inflammatory bowel diseases (IBD). However, 

the microbiota composition and the immune system substantially differ between mice 

and humans. To circumvent the inter-species differences and ethical issues related to 

animal experimentation, sophisticated in vitro models using human cells are at hand, 

which represent important cornerstones of microbiota research. Recently, organ-on-

chip (OoC) platforms have been established to mimic organ-specific physiological 

microenvironments. By making use of microfluidic technologies and biocompatible 

materials, microphysiological systems (MPS) facilitate the co-culture of human host 

cells and microbes such as bacteria, fungi, archaea, protozoa, as well as viruses. 

Therefore, MPS provide the opportunity to study the interaction of host cells and 

microbiota and unravel underlying mechanisms. 

In manuscript I, we describe the establishment of a microfluidic intestine-on-chip model 

comprising of epithelial cells in the luminal compartment and endothelial cells as well 

as macrophages in the vascular compartment. In this thesis, we characterized 

monocyte-derived phagocytes in the system using immunofluorescence staining, 

revealing the presence of two phenotypically distinct subsets. We found macrophage-

like cells expressing high levels of CD68 and the fraktalkine receptor but also dendritic 

cell (DC)- like phagocytes with low CD68 and high CD103 expression. DCs formed 

protrusions that reached through the epithelial cells into the lumen, indicating luminal 

antigen sampling. We, therefore, assumed that supplementation of polarizing 

cytokines, combined with the environment of the intestinal tissue fostered the 

differentiation of monocytes into different myeloid lineages.  

Another aspect of this thesis was to enable the colonization of the model with bacteria 

of the probiotic strain Lactobacillus rhamnosus and their interplay with the opportunistic 

fungus Candida albicans. First, we established a colonization protocol for 

L. rhamnosus and additionally perfused the endothelial layer with peripheral blood 

mononuclear cells (PBMCs) to increase resemblance to the in vivo situation. The 

intestine-on-chip model showed immune tolerance towards lactobacilli, in control 
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experiments and after luminal administration of lipopolysaccharides (LPS), which are 

normally present in the gastrointestinal tract. The amount of the cytokines Interleukin 

(IL-) 1β, IL-6, IL-8, IL-10, and tumor necrosis factor in the supernatants were measured 

using a cytometric bead array and revealed low-level cytokine secretion. Image 

analysis of junctional proteins E-cadherin and ZO-1 demonstrated enhanced 

expression of the proteins, and therefore an increased barrier function. However, when 

LPS was administered to the vascular compartment mimicking endotoxemia, the 

immune cells elicited an inflammatory response. In the presence of L. rhamnosus, 

secretion was even enhanced for certain cytokines in this condition. Even so, the 

increased cytokine release did not compromise barrier integrity. Instead, the presence 

of lactobacilli improved barrier function, when compared to experiments lacking the 

probiotics. This protective effect of L. rhamnosus has also been demonstrated by other 

research groups. Moreover, the bacteria also inhibited the growth of C. albicans, 

reduced tissue damage, and decreased translocation of the fungus from the luminal to 

the vascular compartment upon infection. Taken together, the intestinal model 

displayed organ-specific structures and included innate immune cells, which exhibited 

immune tolerance towards commensal bacteria and their products. Therefore, the 

platform allows detailed analysis of host-microbiota interactions and accompanying 

immune responses. In addition, the model facilitated studying the interplay of 

commensal bacteria and opportunistic pathogens under physiologically relevant 

conditions. Our intestine-on-chip model proved to be a valuable tool suitable for future 

investigation of diseases associated with intestinal inflammation.  

In Manuscript II, established in vitro models and the potential of OoC models were 

discussed in reference to fungal infections. Aspergillus fumigatus, Histoplasma 

capsulatum, Cryptococcus neoformans, and C. albicans are responsible for the largest 

share of fungal infections worldwide and require to be investigated under 

physiologically relevant conditions created using in vitro models. Although OoC models 

are reductionist and cannot yet be used for systemic analysis, they can make important 

contributions in broadening our understanding of microbiota-host interactions and 

fungal infections.  
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Zusammenfassung  

In der wissenschaftlichen Literatur hat die Erforschung der humanen Darmflora zuletzt 

an Dynamik gewonnen. Mausmodelle haben eine Reihe von Hinweisen geliefert, dass 

unsere Darmbewohner in den Erhalt unserer Gesundheit und Krankheitsverläufe 

involviert sind. Veränderungen der Darmflora, Dysbiose genannt, stehen mit einigen 

Erkrankungen in Verbindung, zum Beispiel neurologischen Erkrankungen, Diabetes 

und entzündlichen Darmerkrankungen. Allerdings variiert die Zusammensetzung der 

Darmflora und das Immunsystem zwischen Maus und Mensch erheblich. Um die 

Artunterschiede und ethische Problematik von Tierversuchen zu umgehen, können 

stattdessen komplexe in vitro-Modelle mit humanen Zellen verwendet werden, die 

wichtige Säulen der Erforschung der Darmflora darstellen. Unlängst wurden Organ-

on-Chip (OoC)- Plattformen etabliert, um eine organspezifische physiologische 

Mikroumgebung zu schaffen. Durch die Verwendung mikrofluidischer Technologien 

und biokompatiblen Materialien ermöglichen mikrophysiologische Systeme (MPS) die 

Ko-Kultivierung von humanen Wirtszellen und Mikroben, zum Beispiel Bakterien, 

Pilzen, Protozoen, aber auch Viren. Daher bieten MPS die Möglichkeit, die Interaktion 

von Wirtszellen und Darmflora zu untersuchen und zu Grunde liegende Mechanismen 

aufzuklären. In Manuskript I beschreiben wir die Etablierung eines mikrofluidischen 

Darm-on-Chip-Modells mit Epithelzellen in der luminalen Kammer und 

Endothelialzellen sowie Makrophagen in der vaskulären Kammer. In dieser Arbeit 

charakterisierten wir die aus Monozyten differenzierten Phagozyten im System mittels 

Immunfluoreszenzfärbung, was die Präsenz zweier unterschiedlicher Subtypen 

offenbarte. Wir fanden Makrophagen-ähnliche Zellen, die CD68 und den Fraktalkin-

rezeptor auf hohem Niveau exprimierten, und darüber hinaus Phagozyten mit niedriger 

CD68- und hoher CD103-Expression, die dendritischen Zellen ähnelten. Dendritische 

Zellen formten Ausstülpungen, die zwischen epithelialen Zellen hindurch ins Lumen 

reichten und damit auf luminales Sammeln von Antigenen hinwiesen. Daher kann 

davon ausgegangen werden, dass die Differenzierung der Monozyten in verschiedene 

myeloide Zelltypen durch den Zusatz von polarisierenden Zytokinen zusammen mit 

der Umgebung des Darmgewebes begünstigt wurde. Ein weiterer Aspekt dieser Arbeit 

war es, die Kolonisierung des Modells mit dem probiotischen Stamm Lactobacillus 

rhamnosus und die Interaktion der Laktobazillen mit dem opportunistischen Pilz 

Candida albicans zu ermöglichen. Zunächst etablierten wir ein Kolonisierungsprotokoll 
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für L. rhamnosus und perfundierten die Endothelschicht zusätzlich mit mononukleären 

Zellen des peripheren Blutes, um die Ähnlichkeit mit der in vivo-Situation zu erhöhen. 

Das Darm-on-Chip-Modell zeigte Immuntoleranz gegenüber den Laktobazillen, in 

Kontrollversuchen, sowie nach der luminalen Zugabe von Lipopolysacchariden (LPS), 

welche normalerweise im Darmtrakt vorhanden sind. Die Menge der Zytokine 

Interleukin (IL)- 1β, IL-6, IL-8, IL-10 und des Tumornekrosefaktors in den Überständen 

wurde mittels Durchflusszytometrie gemessen und offenbarte eine niedrige 

Zytokinsekretion. Bildanalysen der zellkontaktvermittelnden Proteine E-cadherin und 

ZO-1 zeigten eine verstärkte Expression der Proteine, und daher eine Festigung der 

Barriere. Wenn LPS jedoch zur vaskulären Kammer hinzugegeben wurde um eine 

Endotoxämie nachzuahmen, riefen die Immunzellen eine inflammatorische Antwort 

hervor. In der Anwesenheit von L. rhamnosus war die Sekretion bestimmter Zytokine 

in dieser Kondition sogar erhöht. Trotzdem führte die erhöhte Zytokinsekretion nicht 

dazu, dass die Barriere-Integrität beschädigt wurde. Stattdessen verbesserte die 

Anwesenheit der Laktobazillen die Barrierefunktion im Vergleich mit Versuchen ohne 

den probiotischen Stamm. Dieser protektive Effekt von L. rhamnosus wurde auch von 

anderen Arbeitsgruppen gezeigt. Weiterhin inhibierten die Bakterien das Wachstum 

von C. albicans, reduzierten Gewebeschädigung und verminderten die Translokation 

des Pilzes von der luminalen in die vaskuläre Kammer nach der Infektion. 

Zusammengenommen erlaubt die Plattform eine detaillierte Analyse der Wirt-

Darmflora-Interaktionen und damit einhergehende Immunreaktionen. Zusätzlich 

ermöglichte das Modell das Zusammenspiel kommensaler Bakterien und opportu-

nistischer Pathogene unter physiologisch relevanten Bedingungen zu erforschen. 

Unser Darm-on-Chip-Modell erwies sich als nützliches Werkzeug, welches für die 

zukünftige Erforschung von entzündlichen Darmerkrankungen geeignet ist.  

In Manuskript II wurden etablierte in vitro-Modelle und das Potenzial von OoC-

Modellen in Bezug auf Pilzinfektionen diskutiert. Aspergillus fumigatus, Histoplasma 

capsulatum, Cryptococcus neoformans and C. albicans sind weltweit für den größten 

Teil an Pilzinfektionen verantwortlich und erfordern es, unter physiologisch relevanten, 

mittels in vitro-Modellen nachgestellten Bedingungen untersucht zu werden. Obwohl 

OoC-Modelle reduktionistisch sind und noch nicht für systemische Analysen 

verwendet werden können, können sie wichtige Beiträge leisten, um unser Verständnis 

von Interaktionen zwischen Wirtszellen und Darmflora, sowie Pilzinfektionen zu 

erweitern. 
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1. Introduction  

1.1 The intestinal microbiota in human health and disease  

The intestinal microbiota has received increasing attention within the scientific 

community over the last 15 years; the publication numbers have multiplied by 30 since 

2000 (Li et al. 2020). However, it has been recognized for a long time that the intestinal 

microbiota has a major impact on the human body and mind. In 1986, it has been 

demonstrated, for the first time, that microbes can shape the brain chemistry of mice 

(Hegstrand and Hine 1986). In the literature, the terms microbiota and microbiome are 

often confused and used synonymously. In the present study, the term microbiota is 

used to refer to the collective of all bacteria, archaea, and eukaryotes inhabiting the 

gastrointestinal (GI) tract. The intestinal microbiota consists of commensal 

microorganisms, and commensals that are opportunistic pathogens, such as Candida 

albicans, given the appropriate conditions (Hube 2004). The microbiota ferments 

dietary fibers, which cannot be absorbed or digested in the small intestine, synthesizes 

vitamins, alters drug metabolism, and interacts with the immune system (Holscher 

2017; Klaassen and Cui 2015; LeBlanc et al. 2013; Thaiss et al. 2016). In fact, the 

intestinal microbiota is often referred to as a distinct organ in the human body 

(Possemiers et al. 2011; Weiss and Hennet 2017). The impact of the microbiota on 

other organs has led to the use of the terms such as “gut-brain axis” and “gut-liver 

axis”, to describe the bidirectional relationship between the microbiota and the brain or 

the liver, respectively (Carabotti et al. 2015; Konturek et al. 2018). The microbiota 

composition varies greatly between individuals and is subjected to host genetics, age 

of the host, and environmental factors such as diet and lifestyle. Moreover, the 

configuration can change quickly in response to alterations of environmental factors, 

hampering the identification of a “healthy microbiota” and a pathological composition 

(Gilbert et al. 2018; Lloyd-Price et al. 2016). A common approach to determine the 

bacterial composition is to analyze fecal samples. The microbial DNA is extracted to 

sequence the 16S ribosomal RNA (rRNA) gene, but the evaluation can be error-prone 

(Poretsky et al. 2014). Storage conditions vary and can lead to unintentional bacterial 

growth and subsequently biased composition (Liang et al. 2020). Nevertheless, 

changes in the microbiota composition have been associated with neurological 

diseases such as Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and 
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depression but also obesity and diabetes (Mangiola et al. 2016; Patterson et al. 2016; 

Spielman et al. 2018). One of the key aspects in this regard is the balanced 

composition of the microbial community. 90% of the intestinal microbiota of human 

hosts consists of bacteria belonging to the phyla Actinobacteria, Bacteroidetes, 

Firmicutes, Fusobacteria, Verrucomicrobia, and Proteobacteria (Rinninella et al. 2019). 

Antibiotic treatment can cause alterations of the ratios of the individual phyla and 

overgrowth of individual species. This imbalance of the microbial community is called 

dysbiosis and is one of the hallmarks of inflammatory bowel disease (IBD) (Carding et 

al. 2015; Khan et al. 2019). Under homeostatic conditions, the interplay of the intestinal 

microbiota and host immune cells is finely tuned and depends on immune tolerance, a 

term describing the absence of proinflammatory responses to food and microbial 

antigens (Mowat 2003). Dysbiosis leads to a disturbance of intestinal immune 

homeostasis as cells of the innate and adaptive immune system induce inflammation 

when microorganisms translocate from the lumen into intestinal tissue. The release of 

proinflammatory cytokines under these conditions can result in damage to the 

epithelium and loss of barrier integrity (Weiss and Hennet 2017). It is still unclear, 

whether IBD is caused by dysbiosis or whether other factors of the condition such as 

strong proinflammatory responses lead to dysbiosis as a by-product. However, the 

deliberate modification of the intestinal microbial community for human well-being has 

also become a major field of investigation. The administration of probiotics, defined as 

microorganisms that convey a health benefit for the host when administered in 

appropriate amounts, represents a novel preventive and therapeutic strategy e.g. 

against microbial infections (Hill et al. 2014; Suez et al. 2019). The development of 

therapies that influence the microbiota or the introduction of probiotics requires studies 

of the interaction of host and microbiota. For such studies, the microbes need to be 

isolated and cultured under laboratory conditions. This appears to be challenging since 

the minimum requirements for bacterial growth are unknown for many species and 

many of them are anaerobic (Fodor et al. 2012). Due to the inherent complexity of 

microbiota research, adequate models are needed to dissect the interplay between the 

humans and their intestinal inhabitants, as well as interactions of individual members 

of the microbiota with each other.  
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1.2 The physiology of intestinal epithelium 

Both the small and large intestine are lined by a single layer of columnar epithelium. In 

the small intestine, the digestion and absorption of nutrients take place. To increase 

the surface available for absorption, projections of intestinal tissue called villi intrude 

into the lumen, and the digestive area is further increased by microvilli on absorptive 

cells forming the brush border. In contrast, the large intestine, the colon, lacks villi, 

since its main task is the reabsorption of water and digestion of dietary fibers, of which 

the latter is performed by the microbiota. The crypts of Lieberkühn can be found in all 

parts of the small and large intestine. Here, stem cells are located, giving rise to all cell 

types in the mature epithelium (Mowat and Agace 2014). The largest part of epithelial 

cells consists of enterocytes that absorb nutrients, and play a vital role in establishing 

tolerance against food antigens and the microbiota (Miron and Cristea 2012). 

Approximately 25% of epithelial cells in the distal colon consist of goblet cells, which 

secrete a protective coat of mucus and immunoglobulin (Ig) A. There is only one loose 

mucus layer in the small intestine, while there are two layers in the colon: a dense inner 

layer, which is in direct contact with epithelial cells and devoid of microorganisms, and 

a loose outer layer to which microorganisms adhere. Impaired mucus production in the 

colon is associated with colon cancer and colitis (Hansson and Johansson 2010). 

Mucus consists of highly glycosylated glycoproteins called mucins that also serve as a 

nutrient source and attachment sites for the microbiota (Juge 2012; Sonnenburg and 

Backhed 2016). Paneth cells are only found in the small intestine and are located 

adjacent to the stem cells. They secrete antimicrobial peptides such as lysozyme and 

defensins to keep the stem cell niche sterile. In addition, normal stem cell function is 

maintained via the production of pro-epidermal growth factor (pro-EGF), WNT3, and 

Notch ligands (Clevers and Bevins 2013; Sato et al. 2011a). Enteroendocrine cells 

account for approximately 1% of the epithelial cells. They produce and release peptide 

hormones and have been demonstrated to sense microbial metabolites and respond 

by releasing cytokines (Worthington et al. 2018). Underneath the epithelium, the 

lamina propria provides a scaffold for the villi with its connective tissue, the vascular 

and lymphatic system. The lamina propria is part of the mucosa, together with the 

epithelial layer and a thin muscle layer beneath the lamina called muscularis mucosa. 

The intestinal epithelium does not only provide a physical barrier, there is also constant 

crosstalk with innate and adaptive immune cells residing in the mucosa. Via cytokine 
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signaling, the epithelial cells provide information about the luminal content including 

the microbiota (Wittkopf et al. 2014).  

1.3 Friend or foe – the balancing act of the intestinal immune 

system  

1.3.1 Homeostasis in the intestinal mucosa 

The GI tract contains the largest number of immune cells in the body, which are 

organized in the gut-associated lymphoid tissue (GALT). The GALT comprises Peyer’s 

patches (PPs), isolated lymphoid follicles, and mesenteric lymph nodes (Kelsall 2008). 

These lymphoid aggregates in the mucosa and submucosa are overlaid by follicle-

associated epithelium comprising microfold cells (M cells), which are specialized in the 

uptake of luminal antigens. They are invaginated at the apical side and in close contact 

with immune cells (Mabbott et al. 2013). The intestinal mucosa comprises 

macrophages, DCs, B cells, T cells, eosinophils, and mast cells (Okumura and Takeda 

2016). Due to the presence of the microbiota, immune responses are tightly regulated 

and exceptionally dynamic. On the one hand, immune cells need to elicit 

proinflammatory responses to adequately fight pathogens, on the other hand, the 

inflammatory response must be limited to avoid excessive inflammation and tissue 

damage. A dysregulated immune response towards the microbiota results in chronic 

inflammation and contributes to pathogenesis in IBD (Rubin et al. 2012). In order to 

trigger tolerogenic or proinflammatory immune responses, microbial antigens need to 

be recognized by antigen-presenting cells (APCs) that include macrophages, DCs, and 

B cells. APCs express pattern recognition receptors (PRRs) on their cell surface, 

enabling them to recognize microbial-associated molecular patterns (MAMPs). In 

addition to microbial patterns, these cells also respond to tissue damage by sensing 

and damage-associated molecular patterns (DAMPs). While MAMPs derive from 

microorganisms, DAMPs result from mutated or damaged host cells (Patten and Collett 

2013; Tang et al. 2012). Toll-like receptors (TLRs) represent one major class of PPRs 

and bind MAMPs. TLRs are type I transmembrane glycoproteins expressed on the cell 

surface or within endosomes and bind MAMPs. Especially TLR4 plays an important 

role in the detection of microbial cell wall components. Lipopolysaccharides (LPS) are 

released from the outer membrane of Gram-negative bacteria and act as a potent 

stimulus of proinflammatory immune responses. First, LPS bind to LPB proteins, which 
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is followed by the binding of the LPS-LPB complex to CD14 on the surface of cells. 

This activates TLR4 and initiates a signaling cascade resulting in the production of 

proinflammatory cytokines such as interleukin (IL-) 1β, IL-6, and tumor necrosis factor 

(TNF) (Lavelle et al. 2010; Lu et al. 2008; Wright et al. 1990).  

The small intestine under homeostatic conditions is shown in Fig. 1. As APCs, 

macrophages and DCs are essential for the maintenance of intestinal homeostasis. 

The distinction of macrophages from DCs regarding their specific roles and 

phenotypes has been challenging due to the lack of appropriate markers of each 

lineage (Bain and Mowat 2014). CD103 expressed by DCs alongside other cell surface 

markers has been demonstrated to be useful for the discrimination of the cell types 

(Gren and Grip 2016). Intestinal tissue-resident macrophages arise from circulating 

bone marrow-derived CD14+ monocytes, displaying a proinflammatory phenotype in 

response to TLR stimulation. When they enter the intestinal mucosa, CD14 expression 

Fig. 1: Homeostasis in the small intestine. Under homeostatic conditions, the microbial 
community is highly diverse. Intestinal microbiota-derived metabolites such as short-chain fatty 
acids (SCAFs) stimulate Paneth cells to secret antimicrobial peptides (AMPs) and enterocytes 
to produce stimulants resulting in dendritic cells (DCs) adapting a tolerogenic phenotype. 
Tolerogenic DCs sample microbiota-derived antigens from the lumen, induce Treg cell 
conversion and prime naïve T cells in the MLN to become tolerogenic gut-homing T cells. 
Circulating monocytes replenish tolerogenic macrophages, which stimulate stem cell renewal 
and clear apoptotic cells. PP: Peyer’s Patches; MLN: Mesenteric lymph node 
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decreases and they differentiate into tolerogenic resident macrophages. Adopting this 

phenotype is accompanied by an increase of phagocytic capacity and anti-

inflammatory IL-10 secretion, while the production of proinflammatory cytokines and 

nitric oxide ceases. Although tissue-resident macrophages express TLRs, they do not 

react to TLR stimulation, a condition termed anergy. This mechanism is assumed to 

depend on transforming growth factor (TGF)-β signaling (Smith et al. 2001; Smythies 

et al. 2005). Anergy ensures that macrophages do not cause inflammation in response 

to commensal microbes. Tissue-resident macrophages represent a highly hetero-

geneous cell population with various subsets, which differ between different sections 

of the GI tract and are present in all tissue layers in varying numbers (Bujko et al. 2018; 

Ogino et al. 2013; Viola and Boeckxstaens 2020). The largest pool of macrophages is 

found in the colon (Nagashima et al. 1996). They phagocytose microbes that enter 

intestinal tissue, clear debris, and are involved in tissue remodeling. Moreover, they 

participate in stimulating the proliferation of intestinal stem cells in the crypts and 

wound healing (Pull et al. 2005). Macrophages have also been found to communicate 

with neurons in the muscularis externa, where they are involved in regulating peristaltic 

motility in mice (Muller et al. 2014).  

In contrast to macrophages, DCs can potently induce adaptive immune responses by 

activation of T cells. Therefore, DCs form the bridge between the innate and the 

adaptive immune system (Banchereau and Steinman 1998). Different DC sub-

populations exist that exhibit distinguished phenotypes and exert special functions 

within the mucosa. DCs derive either from monocytes (moDCs) or a common DC 

progenitor (CDP), giving rise to conventional DCs (cDCs) and plasmacytoid cells 

(pDCs). DCs effectively sample antigens from the lumen via two distinct routes: (i) 

M cells deliver the antigens to DCs residing in close proximity, or (ii) DCs acquire 

antigens from the lumen via endocytosis (Mann et al. 2013). During this process, they 

project protrusions between epithelial cells without disturbing barrier integrity by 

expressing tight junction proteins (Rescigno et al. 2001). If the sampled antigen is 

microbiota or food-derived, DCs convey tolerogenic signals, for example, by secretion 

of TFG-β and retinoic acid (RA) that converts naïve T cells into regulatory T cells (Treg 

cells) (Coombes et al. 2007). Treg cells are of major importance for the mediation of 

immune tolerance against the microbiota (Cebula et al. 2013; Cong et al. 2009).  
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1.3.2 Host-microbiota interactions – the probiotic strain L. rhamnosus  

The microbiota and the host interact in manifold ways that we are just beginning to 

unravel. The administration of probiotic strains is used as a treatment strategy against 

infections, because of the known health benefits that it conveys via a series of 

mechanisms. For example, probiotics deprive pathogens of nutrients and space and 

block epithelial receptors thereby reducing available attachment sites (Monteagudo-

Mera et al. 2019). Like DCs and macrophages epithelial cells recognize microbes by 

expression of PRRs. This leads to an activation of tissue-protective measures and 

upregulation of junction proteins resulting in enhanced barrier integrity (Artis 2008). 

Paneth cells secrete antimicrobial peptides in response to PRR stimulation, however, 

it has been shown that e.g. α-Defensin in turn influences microbial composition 

(Salzman et al. 2010; Vaishnava et al. 2008). A number of microbial metabolites exert 

effects on epithelial cells such as tryptophan catabolites, which bind to the aryl 

hydrocarbon receptor (AhR) and thereby induce stem cell differentiation (Metidji et al. 

2018). Short-chain fatty acids (SCAFs) produced by the microbiota represent an 

important energy source for epithelial cells, however, they are also involved in 

promoting epithelial cell turnover and tight junction expression (Park et al. 2016; Zheng 

et al. 2017). Epithelial cells also secrete molecules that unfold their effects in the 

mucosa where immune cells reside. Important drivers of tolerogenic immune 

responses are IL-10, thymic stromal lymphopoietin (TSLP), RA, and TFG-β produced 

by epithelial cells. Moreover, it was demonstrated in an in vitro model that the presence 

of probiotics led to an upregulation of TSLP and TFG-β secretion by epithelial cells 

(Zeuthen et al. 2008). The impact of the immune cells on epithelial cells manifests, for 

example, in the secretion of fibroblast growth factor 2 by Treg cells interacting with 

IL-17, which results in epithelial cell damage repair (Song et al. 2015). The microbiota 

also directly acts on immune cells and vice versa: Treg cell activation can be induced 

by microbiota-derived butyrate, while Treg cells govern IgA secretion in PPs leading to 

enhanced microbial variability (Kawamoto et al. 2014; Smith et al. 2013).  

Lactobacillus rhamnosus is one of the best-studied probiotic strains (Segers and 

Lebeer 2014). It is a Gram-positive rod-shaped bacterium with a size of 2 to 4 µm in 

length and 0.8 to 1 µm in width. It is facultative anaerobic, non-motile, and does not 

form spores. Like other Lactobacilli, it exploits a range of carbohydrates such as 

rhamnose, giving it its name, and metabolizes these through fermentation to yield lactic 

acid (Valík et al. 2008). A study involving human volunteers demonstrated that orally 
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administered L. rhamnosus shape the microbial communities in the GI tract by 

increasing the occurrence of beneficial bacteria and reducing potentially damaging 

bacteria (Toscano et al. 2017). L. rhamnosus acts on host cells in various ways, 

including upregulation of mucus production and mediation of immune responses 

(Martin et al. 2019; Segers and Lebeer 2014). The immunomodulatory properties of 

L. rhamnosus are well documented (Fong et al. 2016; Mileti et al. 2009; Rocha-

Ramirez et al. 2017). Factors secreted by L. rhamnosus induce expression of several 

TLRs on mononuclear phagocytes and induce secretion of IL-8 and other chemokines 

in macrophages (Fong et al. 2016; Rocha-Ramirez et al. 2017; Veckman et al. 2003). 

One of these factors might be lipoteichoic acid (LTA), the Gram-positive equivalent of 

LPS, which has been shown to induce IL-8 mRNA production in Caco-2 cells and is 

involved in modulating anti-viral immune responses via TLR3 signaling (Claes et al. 

2012; Mizuno et al. 2020). Attachment of L. rhamnosus to epithelial cells and mucus is 

facilitated by SpaCBA pili, thin bulges of the bacterial cell surface, which might also be 

involved in shaping immune responses (Kankainen et al. 2009; Segers and Lebeer 

2014). Among these factors, lactic acid is a controversially discussed metabolite, which 

is not exclusively produced by L. rhamnosus. Lactic acid has been shown to have 

antimicrobial activity, which might be due to its capacity to permeabilize the outer 

membrane of Gram-negative bacteria (Alakomi et al. 2000; De Keersmaecker et al. 

2006; Makras et al. 2006).  

1.3.3 The inflamed mucosa  

Disturbing the finely coordinated interplay of microbiota and host can result in 

inflammation of the intestinal mucosa summarized in Fig. 2. When the intestinal barrier 

is breached and microbes translocate from the lumen into the tissue, an inflammatory 

response is initiated. CD14+ monocytes are recruited from the circulation into the 

tissue, where they differentiate into macrophages and secrete proinflammatory 

cytokines such as TNF, IL-1β and IL-6 (Hine and Loke 2019). At the same time, 

recognition of MAMPs, e.g. via TLR-dependent signaling, leads to a decline in 

endocytic capacity in DCs (Hemmi and Akira 2005). Subsequently, they migrate to 

secondary lymphoid organs and present antigens to T cells. Naïve T cells differentiate 

into effector T cells, either into memory T cells or effector cells, which can further be 

subdivided into cytotoxic (Tc) cells, with the ability to kill infected cells directly, or 

T helper (Th) cells. Different kinds of infections result in different Th responses: 
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Intracellular microbes and viruses induce a Th1 response, while parasitic infections are 

engaged by Th2 cells. In the intestinal tract, Th17 cells, named after their capacity to 

produce IL-17, are the crucial drivers of proinflammatory responses towards microbial 

pathogens. In order to induce the differentiation of naïve T cells into effector T cells, 

APCs present antigens via the MHCII, while cytokine signals drive the T cell 

polarization to specific lineages. The antigen/MHC complex is recognized by the T cell 

receptor (TCR). The interactions are further stabilized by the co-receptor CD4. Only in 

the presence of co-stimulatory molecules CD80, CD68, or CD40 expressed on APCs 

and their recognition by CD28 and CD40L, respectively, T cells differentiate into 

effector cells (Gaudino and Kumar 2019; Ni and O'Neill 1997). Primed T cells acquire 

gut-homing properties, which ensures a tissue-specific response. The tendency for a 

T cell to become proinflammatory depends on three DC attributes: an upregulated 

expression of co-stimulatory molecules and processed antigens, and an enhanced 

ability to secrete proinflammatory cytokines (Bernardo et al. 2018a). T cell-mediated 

Fig. 2: Dysbiosis in the small intestine caused by S. typhimurium. Food-borne 
S. typhimurium induces alterations of the intestinal community by competing with 
commensals. The pathogens translocate into intestinal tissue, for example, in areas of 
damaged epithelium, via M cells or uptake by epithelial and dendritic cells. Infection leads to 
enhanced production of antimicrobial molecules by Paneth cells, Th17 cell expansion, the 
release of reactive oxygen species (ROS), and proinflammatory cytokines. Circulating 
monocytes are attracted to the site of inflammation and differentiate into proinflammatory 
macrophages. PP: Peyer’s Patches; MLN: Mesenteric lymph node 
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immune responses result in the recruitment of other immune cells such as neutrophils, 

which are attracted by IL-17 (Kalyan and Kabelitz 2014). If the inflammation is not 

resolved properly, it can become a chronic condition as seen in IBD (Onali et al. 2019).  

A bacterial pathogen that actively induces inflammation in the mucosa is Salmonella 

enterica serovar Typhimurium (S. typhimurium); a rod-shaped, Gram-negative, 

facultative anaerobic bacterium that is one of the major causes of enteric diseases in 

humans. Following the ingestion of contaminated food or water, S. typhimurium uses 

flagella to move towards the epithelial cells and establishes contact via fimbriae (Gart 

et al. 2016). Three different mechanisms are employed to gain access to the intestinal 

tissue: transcytosis via M cells, induced uptake by epithelial cells, and presumably also 

by DCs (Broz et al. 2012). After being phagocytosed by macrophages and DCs, the 

pathogens persist in Salmonella-containing vacuoles (SCVs), replicate and exit the 

host cells to infect other cells (Steele-Mortimer 2008). During inflammation, 

macrophages produce reactive oxygen species (ROS), which react with luminal 

thiosulphate to form tetrathionate. Unlike commensals, the pathogens can use 

tetrathionate as an electron acceptor and therefore gain a growth advantage (Winter 

et al. 2010). Examining the pathogenesis of S.  typhimurium contributed significantly 

to developing a general understanding of pathogen-detection and host immune 

responses.  

1.3.4 Fungal infections and the opportunistic nature of C. albicans 

Fungal infections are on the rise worldwide. Contributing factors are, for example, 

procedures that compromise the immune system like stem cell and organ trans-

plantation and the administration of immunosuppressive drugs such as TNF-

antagonists (Lockhart and Guarner 2019). Antibiotic treatment reduces the frequency 

of beneficial bacteria and therefore enables overgrowth of fungal species (Guinan et 

al. 2019). Immunocompromised individuals are more susceptible to become infected 

with fungal pathogens, of which Aspergillus fumigatus, Histoplasma capsulatum, 

Cryptococcus neoformans and Candida albicans are the most clinically relevant ones 

(Brown et al. 2012). Fungi do not only interact with humans as pathogens but also as 

commensals. The bacterial microbiota has received greater attention than our fungal 

inhabitants, which seem to be less stable than bacterial communities (Hallen-Adams 

and Suhr 2017). Nevertheless, fungi-bacteria-host interactions play an important role 

to maintain intestinal homeostasis (Enaud et al. 2018; Tso et al. 2018). A fungal 
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species that can switch between a commensal and pathogenic state is C. albicans, 

which inhabits the human GI tract of approximately 50% of the western population 

(Bougnoux et al. 2006). It can cause life-threatening systemic infections with the 

GI tract representing the major source (Gouba and Drancourt 2015). C. albicans can 

become pathogenic, e.g. after antibiotic treatment, and transitions from yeast to hyphal 

growth, which can result in the invasion of the epithelial layer and subsequent 

dissemination into the bloodstream (Filler and Sheppard 2006; Kornitzer 2019). In the 

pathogenic state, C. albicans uses a range of mechanisms to enter intestinal tissue 

such as transcellular translocation, which induces necrosis in epithelial cells, and 

induction of endocytosis by M cells (Albac et al. 2016; Allert et al. 2018). Epithelial cells 

release chemokines and proinflammatory cytokines upon recognition of C. albicans; 

however, the immune system seems to be only activated when a certain threshold of 

fungal burden is reached (Tong and Tang 2017).  

1.4 Models to study host-microbiota interactions  

The increasing interest in the intestinal microbiota is accompanied by advances 

in -omics technologies, such as metabolomics and metatranscriptomics, which help to 

identify microbial molecules exerting effects on the host and affected genes of both the 

host and intestinal habitant (Heintz-Buschart and Wilmes 2018). Mouse models have 

played a crucial role in microbiota research and are commonly used to investigate the 

complex interactions of the microbiota and the host on a whole-body scale (Faith et al. 

2010; Franklin and Ericsson 2017). Many physiological and immunological aspects are 

conserved between mice and humans, however, there are also substantial differences 

between the species. For example, the diet differs since mice are exclusively 

herbivores unlike most of the human population; the human mucosal surface in the 

small intestine has folds called plicae circularis that are inhabited by mucus-associated 

bacteria and are absent in mice. Generally, mice display a thicker mucus layer, lower 

intestinal pH values and oxygen tension in the mucus than humans. Moreover, the 

microbiota composition of mice heavily depends on the provider, strain, and housing 

conditions, which influences the reproducibility of the studies (Friswell et al. 2010; 

Hugenholtz and de Vos 2018). In addition, there are many immunological differences 

concerning innate and adaptive immune responses, especially DC and T cell biology 

(Gibbons and Spencer 2011; Mann et al. 2013; Mestas and Hughes 2004). These 
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differences can impede the translation of findings from mouse models to the human 

situation.  

In vitro models represent an emerging tool for microbiota research (Arnold et al. 2016). 

Standard two-dimensional (2D) cell culture using human primary cells or cell lines is 

widely used but has major limitations regarding microbiota studies and tissue 

physiology. Static cell culture leads to an overgrowth of bacteria and an accumulation 

of metabolic waste products. The cells are deprived of shear stress, which is pivotal 

for normal tissue function of many cell types. In addition, these models lack 3D tissue 

architecture (Basson 2003; Mosig 2016; White and Frangos 2007). Recently, 

advanced in vitro models have been developed to create organ-specific tissue in a 

more physiological environment. In these platforms, called organ-on-chip (OoC) or 

microphysiological systems (MPS), cells are usually cultured on permeable 

membranes, which are embedded in fabricated biochips. Shear stress and flow can be 

imitated using microfluidic technologies. MPS allow the simultaneous culture of 

multiple cell types in organ-specific tissue architecture and multiple MPS have already 

been established mimicking organs such as heart, liver, and lung (Groger et al. 2016; 

Huh 2015; Mathur et al. 2015). The use of intestinal OoC platforms allows dissection 

of the microbiota-host interplay in a tightly controlled, reproducible environment. 

Modeling the complex and unique structures of the GI tract is challenging.  

Several intestine-in-chip models have recently been developed sharing some common 

features (Ashammakhi et al. 2020). This includes optically transparent and gas 

permeable biochip material, enabling the monitoring of the growth of cells by light 

microscopy, and gas exchange. Initially, cells are kept statically to allow them to adhere 

to the membrane. Furthermore, standard readouts comprise confocal fluorescence 

microscopy, assessment of barrier integrity via transepithelial electrical resistance 

(TEER) measurement or fluorescent molecules like FITC-dextran, and analysis of 

signaling molecules and metabolites in the supernatants. In contrast to conventional 

2D cell culture, the overgrowth of bacteria can be prevented by continuous perfusion. 

The pioneering study was conducted by Kim and colleagues in 2012, showing that 

perfused adenocarcinoma-derived epithelial cells Caco-2 can grow out and form villi 

and crypt-like structures within five days (Kim et al. 2012). It is known that villus 

morphogenesis is mediated by Wnt signaling. Caco-2 cells basolaterally secreted the 

Wnt-antagonist Dickkopf-1 (DKK-1), which prevented villus morphogenesis in static 

cell culture. It was demonstrated that removal of DKK-1 by basolateral perfusion and 
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flowrate-dependent upregulation of the Wnt receptor FZD9 induced villus 

morphogenesis (Shin et al. 2019). The generated structures did not only resemble the 

3D architecture of the small intestine but also allowed the colonization with 

L. rhamnosus for over one week (Kim et al. 2012). The human-microbial crosstalk 

(HuMIX) model created by Shah and co-workers in 2016 followed another approach 

and integrated an oxygen gradient (Shah et al. 2016). The model consisted of three 

compartments, with the lowest being perfused with oxygenated cell culture medium, 

supplying Caco-2 cells cultured in the overlaying compartment. The third and 

uppermost compartment harbored L. rhamnosus grown on a mucus layer under 

hypoxic conditions to mimic the in vivo oxygen content. By co-culturing another 

commensal Bacteroides caccae, the researchers were able to show that the 

transcriptomic response of the host cells differed from the one observed when only 

L. rhamnosus was present. A combination of L. rhamnosus and prebiotics, non-

digestible dietary fibers promoting the growth of beneficial microbes, were used in a 

follow-up study (Greenhalgh et al. 2019). It was demonstrated that the metabolites 

produced during microbial fermentation of dietary fibers induced downregulation of 

genes associated with drug resistance and procarcinogenic pathways in Caco-2 cells. 

The development of intestine-on-chip models that recreate a physiological 

environment and enable the colonization with commensal bacteria have great potential 

to broaden our understanding of microbiota-host interactions and make important 

contributions to biomedical research.  
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2. Aim of the thesis  

The intestinal microbiota has attracted considerable attention over the last 15 years. 

Sophisticated in vitro models based on human cells are needed to elucidate host-

microbiota interactions and the interplay of commensals and pathogens in a 

physiological microenvironment. Many intestine-on-chip platforms have been 

developed but lack cells of the innate immune system. The presence of phagocytes in 

the system is indispensable to study microbiota-host interactions under conditions 

resembling the in vivo situation. Macrophages and DCs contribute to homeostasis in 

the GI tract yet seem to have different functional properties. For the sake of simplicity, 

“we” is used in the following, irrespective of whether the experiments were carried out 

by me alone or by colleagues and collaborators. The individual contributions are listed 

under “Author contribution statement”. We developed a microfluidic intestine-on-chip 

model comprising of two individually perfused compartments, which were separated 

by a porous membrane. The vascular compartment harbored human umbilical vein 

endothelial cells (HUVECs) and phagocytes, while Caco-2 cells in the luminal 

compartment formed 3D villi-like structures that resembled the physiological 

architecture of intestinal tissue. In this study, we aimed to characterize phagocytes in 

the endothelial as well as in the epithelial layer in respect of macrophage and DC 

markers and phagocytic capacity. To enhance the physiological relevance of the 

model, the endothelial layer was perfused with PBMCs. In the next step, we 

established a protocol to colonize the model with the probiotic strain L. rhamnosus. We 

studied how the presence of these commensal bacteria affected immune signaling and 

barrier integrity under two distinct conditions. In the first set up, LPS was administered 

to the luminal compartment representing homeostatic conditions. In a second set up, 

LPS was added to vascular compartment to mimic endotoxemia. As proof of concept, 

we performed microbial interaction studies by co-culturing L. rhamnosus with the 

opportunistic fungus C. albicans. We investigated whether the presence of the 

probiotics affected fungal growth, tissue damage and fungal translocation into the 

vascular compartment. We also discussed in vitro models used for the investigation of 

fungal infections. Aspergillus fumigatus, Histoplasma capsulatum, Cryptococcus 

neoformans, and C. albicans are responsible for the largest share of fungal infections 

worldwide. We aimed at highlighting recent progress in organ-on-chip technologies 

that can alleviate the development of treatment strategies. 
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3. Manuscripts 

 

3.1 Manuscript I  

 

A three-dimensional immunocompetent intestine-on-chip model as in vitro 

platform for functional and microbial interaction studies 

__________________________________________ 

Michelle Maurer, Mark S. Gresnigt, Antonia Last, Tony Wollny, Florian Berlinghof, 

Rebecca Pospich, Zoltan Cseresnyes, Anna Medyukhina, Katja Graf, Marko Gröger, 

Martin Raasch, Fatina Siwczak, Sandor Nietzsche, Ilse D. Jacobsen, Marc Thilo 

Figge, Bernhard Hube, Otmar Huber, Alexander S. Mosig 

 

Published in:  

Biomaterials, 2019, 220:119396 

The human intestinal tract is a unique ecosystem that has attracted increasing attention 

within the last 15 years or so. It is appreciated that the composition of microorganisms, 

comprising bacteria, fungi, and protozoa, has a far-reaching impact on human health 

and disease. It is generally accepted that the administration of probiotic bacteria 

conveys a health benefit, given the appropriate amount. However, we are just 

beginning to understand the crosstalk between host cells, commensal microbiota, and 

potentially pathogenic microbes. Recently developed microphysiological systems 

(MPS) hold the potential to study the crosstalk in a physiological microenvironment. 

We have developed a microfluidic intestine-on-chip model that mimics the three-

dimensional structure of intestinal tissue, includes an endothelial layer, macrophages, 

and dendritic cells, and can be colonized with the probiotic strain L. rhamnosus. 

Immune cells tolerate these probiotics but elicit an inflammatory response when 

endotoxemia is mimicked by the administration of lipopolysaccharide into the 

endothelial compartment. Moreover, the intestinal model serves as a platform for 

functional microbial studies. L. rhamnosus significantly reduces the growth of 

C. albicans and limits its translocation from to luminal into the endothelial layer. The 

intestine-on-chip model serves as a useful tool to investigate intestinal crosstalk and 

the effect of alterations in the community. 
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Manuscript I - Supplementary information  

 

 

 

Supp. Fig. 1: CD103+ DC with 

dendrite formation into the 

luminal side of the epithelial cell 

layer. CD103 (yellow), ZO-1 

(red). Scale bar 50 μm. 

Representative image of five 

independent experiments. 

 

 

Supp. Fig. 2: Immunofluorescence staining of CD68 (green) and CX3CR1 (red) of mPCs within 

the A) endothelial and B) epithelial cell layer under non-stimulated conditions (w/o) and 

conditions of LPS exposure to the endothelial layer (LPS/endothel) or the epithelial cell layer 

(LPS/epithel). Nuclei were stained with DAPI (blue). Scale bar 50 μm. Representative images 

of five independent experiments. 
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Supp. Fig. 3: Immunofluorescence staining of CD68 (red) and CD103 (green) of mPCs within 

A) endothelial or B) epithelial cell layer of the intestinal model under non-stimulated conditions 

(w/o) and the intestinal model stimulated with LPS at the endothelial side (LPS/endothel) or 

the luminal side (LPS/epithel). Nuclei were stained with DAPI (blue). Scale bar 50 μm. 

Representative images of five independent experiments. 

 

 

Supp. Fig. 4: Immunofluorescence images of VE-cadherin, E-cadherin and ZO-1 expression. 

A) Expression of VE-cadherin (red) at the endothelial cell layer. B) Expression of E-cadherin 

(green) and ZO-1 (red). A-B) Nuclei were stained with DAPI (blue). C) Extracted E-cadherin 

and ZO-1 protein expression volumes (calculated protein volume from z-stack images) from z-

stack images for protein quantification. A-C) Scale bar 50 μm. Non-stimulated (w/o), LPS 

stimulation of the endothelial cell layer (LPS/endothel) or the epithelial cell layer (LPS/epithel). 

Images show representative results of four independent experiments. 
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3.2 Manuscript II  

 

In vitro infection models to study fungal-host interactions  

________________________________________ 

 

Antonia Last*, Michelle Maurer*, Alexander S. Mosig, Mark S. Gresnigt, and 

Bernhard Hube 

 

*These authors contributed equally to this work 

 

 

Published in: 

FEMS Microbiology Review, 2021, fuab005, 1-22 

 

 

Fungal infections are on the rise worldwide and represent serious health threats. The 

species Aspergillus fumigatus, Histoplasma capsulatum, Cryptococcus neoformans, 

and Candida albicans are responsible for the largest proportion of fungal infections. 

Mouse models have provided us with relevant insights into pathogenicity mechanisms 

employed by the fungi. However, due to physiological differences, the extrapolation of 

findings from mice studies to the human situation is difficult and hampers progress in 

finding adequate treatment strategies. Therefore, in vitro models are becoming 

increasingly important to understand and identify virulence factors, the interplay 

between the commensal microbiota, pathogens, and the host. Within the last decade, 

sophisticated in vitro models have been developed for several organs by the 

implementation of biomaterials and microfluidic technologies. These so-called 

microphysiological systems (MPS) represent promising tools to study fungi in 

environments closely resembling human physiology. We review in vitro models used 

for the investigation of fungal infections and discuss the potential of recently developed 

MPS for the research field.  
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Table S1: Overview about the different immune cell in vitro models, their 

structure, possible read outs and applications for the different fungi  

Model Structure  Readout  Reference  

A) Macrophage (like) cell lines 

J774A.1 

(Mouse cell line) 
Monoculture 

Fungal killing  A. fumigatus: (Gresnigt et al. 2018a) 

Phagocytosis 

A. fumigatus: (Gresnigt et al. 2018a) 

C. albicans: (Cottier et al. 2019; 

Duvenage et al. 2019; Loureiro et al. 

2019; Rudkin et al. 2018)  

C. neoformans: (Bryan et al. 2014) 

Cytokine release A. fumigatus: (Cho et al. 2016) 

RAW 

(Mouse cell line) 
Monoculture 

Fungal killing  C. glabrata: (Chew et al. 2019) 

Proteomics A. fumigatus: (Schmidt et al. 2018) 

ROS production C. albicans: (Arce Miranda et al. 2019) 

Phagosome 

maturation 

C. albicans: (Bain et al. 2014; Okai et al. 

2015) 

Ana-1 

(Mouse cell line) 
Monoculture Apoptosis C. albicans: (Jiang et al. 2019) 

THP-1 

(Human cell line) 
Monoculture 

Phagocytosis 
C. albicans : (Liu et al. 2019; Vaz et al. 

2019) 

Proteomics C. albicans: (Vaz et al. 2019) 

Cytokine release 

A. fumigatus: (Oya et al. 2019) 

C. albicans: (de Albuquerque et al. 

2018) 

ROS release A. fumigatus: (Sun et al. 2014) 

U937 

(Human cell line) 
Monoculture 

Adhesion 
C. albicans: (Lopez et al. 2014) 

C. glabrata: (Kuhn and Vyas 2012) 

Internalization H. capsulatum: (Scott and Woods 2000) 

Cytokine release C. albicans: (Kaya et al. 2011) 

MH-S 

(Mouse alveolar 

macrophage cell line) 

Monoculture Phagocytosis A. fumigatus: (Mattern et al. 2015) 

AMJ2-C11 

(Mouse alveolar 

macrophage cell line) 

Monoculture 
Intracellular yeast 

arrangement 

H. capsulatum: (Pitangui Nde et al., 

2015) 

BV-2 

(Mouse microglial cell 

line) 

Monoculture Cytokine release 
C. albicans: (Wu et al. 2019b) 

C. neoformans: (Barluzzi et al. 1998) 

BV-2  

(Mouse cell line)  
Co-Culture Cytokine release  C. albicans: (Drummond et al. 2019) 
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+ 

C8-D1A Astrocytes  

(Mouse cell line) 

 

B) Primary cells 

Bone marrow derived 

macrophages 

BMDMs 

(Murine primary cells) 

Monoculture 

Phagocytosis 

A. fumigatus: (Gresnigt et al. 2018a) 

C. albicans: (Haider et al. 2019; Okai et 

al. 2015) 

H. capsulatum: (Baltazar et al. 2018; 

Guimaraes et al. 2019)  

Cytokine release 

A. fumigatus: (Rubino et al. 2012) 

C. albicans: (Alsina-Beauchamp et al. 

2018; Thompson et al. 2019; Wang et al. 

2019) 

C. neoformans: (Veloso Júnior et al. 

2019) 

Exocytosis 
C. neoformans: (Stukes and Casadevall 

2014) 

Transcriptomics  C. albicans: (Muñoz et al. 2019) 

Alveolar 

macrophages 

(Murine/Human 

primary cells) 

Monoculture 

Phagocytosis 

A. fumigatus: (Grimm et al. 2014; Wu et 

al. 2016) 

C. neoformans: (Hansakon et al. 2019; 

Walsh et al. 2017) 

H. capsulatum: (Pereira et al. 2018; 

Tagliari et al. 2012) 

Autophagy A. fumigatus: (Dai et al. 2018) 

Apoptosis 
H. capsulatum: (Deepe and Buesing 

2012) 

Cytokine release 
A. fumigatus: (Zhang et al. 2017a) 

H. capsulatum: (Coady and Sil 2015) 

Peritoneal 

macrophages 

(Murine primary cells) 

Monoculture 

Phagocytosis H. capsulatum: (Huang et al., 2018) 

Autophagy 
C. albicans: (Ifrim et al. 2016) 

C. glabrata: (Shimamura et al. 2019) 

Cytokine release H. capsulatum: (Shen et al. 2018) 

ROS release  H. capsulatum: (Youseff et al. 2012) 

Monocyte derived 

macrophages 

MDMs 

(Human primary cells) 

Monoculture 

Phagocytosis 
C. albicans: (Behrens et al. 2019; 

Munawara et al. 2017) 

Phagosome 

maturation 
C. neoformans: (Smith et al. 2015) 

Cytokine release A. fumigatus: (Gresnigt et al. 2018b)  
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C. albicans: (Kasper et al. 2018; 

O'Meara et al. 2018)  

H. capsulatum: (Friedrich et al. 2019) 

ROS  release  
A. fumigatus: (Gresnigt et al. 2018b)  

H. capsulatum: (Wolf et al. 1987) 

Immuno-

metabolism  
A. fumigatus: (Gonçalves et al. 2020) 

Monocytes 

(Human primary cells) 
Monoculture 

Phagocytosis 

A. fumigatus: (Brunel et al. 2017; Kyrmizi 

et al. 2018) 

C. albicans: (Camilli et al. 2018; Halder 

et al. 2016) 

C. neoformans: (Charlier et al. 2009) 

Metabolomics C. albicans: (Grondman et al. 2019) 

Cytokine release 
C. albicans: (Dominguez-Andres et al. 

2017; Leonhardt et al. 2018) 

ROS release  

A. fumigatus: (Brunel et al. 2018) 

C. albicans: (Camilli et al. 2018; 

Wellington et al. 2009) 

Monocytes  

(Human primary cells) 

+  

DCs  

(Human primary 

differentiated cells) 

Co-culture 
Phagocytosis 

Cytokine release 

C. neoformans: (Alvarez et al. 2009; 

Kelly et al. 2005) 

Neutrophils  

(Human primary cells) 

 

Monoculture 

Fungal killing 

A. fumigatus: (Dasari et al. 2018; 

Gazendam et al. 2016; Jones et al. 

2019) 

C. albicans: (Essig et al. 2015; 

Gazendam et al. 2016; Jones et al. 

2019; Salvatori et al. 2018) 

Phagocytosis 
A. fumigatus: (Brunel et al. 2017) 

C. neoformans: (Sun et al. 2016) 

NET formation 

A. fumigatus: (Bruns et al. 2010; Clark et 

al. 2018; Ellett et al. 2017; Röhm et al. 

2014; Silva et al. 2019) 

C. albicans: (Campos-Garcia et al. 2019; 

Guiducci et al. 2018; Johnson et al. 

2017; Negoro et al. 2020; Urban et al. 

2006; Wu et al. 2019a; Zawrotniak et al. 

2019) 

C. neoformans: (Rocha et al. 2015) 
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H. capsulatum: (Thompson-Souza et al. 

2020) 

Transcriptomics C. albicans: (Niemiec et al. 2017) 

ROS release  

A. fumigatus: (Boyle et al. 2011) 

C. albicans: (Liu et al. 2018; Miramón et 

al. 2012; Salvatori et al. 2018) 

Monoculture 

on poly-L-

lysine 

coated 

glass slides 

Swarming  C. albicans: (Hopke et al. 2020) 

Monoculture 

on 

Transwell 

 (top: 

neutrophils 

Bottom: 

chemoattrac

tant) 

Chemotaxis  

A. fumigatus: (Rieber et al. 2016) 

C. albicans: (Drummond et al. 2015) 

C. neoformans: (Coenjaerts et al. 2001) 

Dendritic cells 

DCs 

(Human primary 

differentiated cells) 

Monoculture 

Phagocytosis 

 

A. fumigatus: (Lother et al. 2014) 

H. capsulatum: (Gildea et al. 2001; 

Nguyen et al. 2018) 

Maturation 

A. fumigatus: (Fliesser et al. 2016; 

Hefter et al. 2017; Lother et al. 2014) 

C. albicans: (Roudbary et al. 2009; Vivas 

et al. 2019) 

C. glabrata: (Bazan et al. 2018) 

C. neoformans: (Pietrella et al. 2005) 

Transcriptomics 

A. fumigatus: (Srivastava et al. 2019) 

H. capsulatum: (Van Prooyen et al. 

2016) 

Cytokine release 

 

C. albicans: (Maher et al. 2015) 

H. capsulatum: (Chang et al. 2017; 

Garfoot et al. 2016) 

Natural killer cells  

NK cells  

(Human primary cells) 

Monoculture 

Fungal killing 

A. fumigatus: (Weiss et al. 2018) 

C. albicans: (Li et al. 2018) 

C. neoformans: (Ma et al. 2004; 

Wiseman et al. 2007) 

Transcriptomics C. albicans: (Hellwig et al. 2016) 

Chemokines A. fumigatus: (Marischen et al. 2018) 
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Cytokine release 

A. fumigatus: (Bouzani et al. 2011; 

Santiago et al. 2018) 

C. albicans: (Marolda et al. 2020; Voigt 

et al. 2014) 

NK cells  

(Human primary cells)  

+ DCs  

(Human primary 

differentiated cells) 

Co-culture  NK-DC cross talk A. fumigatus: (Weiss et al. 2018) 

DCs  

(Human primary 

differentiated cells) 

+  T-cells  

(Human primary cells) 

Co-culture 

Maturation  
A. fumigatus: (Stephen-Victor et al. 

2017) 

Cytokine release  C. albicans: (van der Does et al. 2012) 

Cytokine release 

A. fumigatus: (Becker et al. 2016; Page 

et al. 2018) 

C. albicans: (Alvarez-Rueda et al. 2020; 

Estrada-Mata et al. 2015; Li et al. 2016) 

C. neoformans: (Mora et al. 2017; 

Siddiqui et al. 2006) 

Whole blood model 

(Human/Mouse) 
Multiculture  

Fungal killing 
C. albicans: (Duggan et al. 2015; 

Hunniger et al. 2014) 

Transcriptomics 

A. fumigatus: (Dix et al. 2015)      

C. albicans: (Fradin et al. 2005; Kämmer 

et al. 2020) 

Cytokine release A. fumigatus: (Oesterreicher et al. 2019) 

Platelet interaction 
A. fumigatus: (Fréalle et al. 2018) 

C. albicans: (Eberl et al. 2019) 
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Table S2: Overview about the different lung in vitro models, their structure, 

possible read outs and applications for the different fungi  

Model Structure Readout Reference 

Alveolar epithelial 

cells 

 A549 

(Human cell line) 

 

Monoculture 

Adhesion 

A. fumigatus: (Gravelat et al. 2010; Xu 

et al. 2012) 

C. neoformans: (Choo et al. 2015; 

Ganendren et al. 2006; Teixeira et al. 

2014)  

H. capsulatum: (Pitangui et al. 2012) 

Endocytosis 

A. fumigatus:  (Amin et al. 2014; Liu et 

al. 2016; Xu et al. 2012) 

Damage 

A. fumigatus: (Bertuzzi et al. 2014; 

Dasari et al. 2019; Ejzykowicz et al. 

2010) 

Cell Detachment 
A. fumigatus: (Bertuzzi et al. 2014; 

Kogan et al. 2004) 

Transcriptomics 

A. fumigatus: (Jepsen et al. 2018; 

Takahashi-Nakaguchi et al. 2018; 

Watkins et al. 2018) 

Proteomics  
A. fumigatus: (Margalit et al. 2020; 

Voltersen et al. 2018) 

Metabolomics C. neoformans: (Liew et al. 2016) 

Cytokine release 

C. neoformans: (Barbosa et al. 2007) 

H. capsulatum: (Alcantara et al. 2020; 

Maza and Suzuki 2016) 

Monoculture Cytokine release A. fumigatus: (Sun et al. 2012) 
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Human bronchial 

epithelial or small 

airway epithelial 

Cells 

HBE, SAE 

(Human  primary 

cells) 

C. neoformans: (Guillot et al. 2008) 

Monoculture 

differentiated 

in an ALI 

Transcriptomics 

Proteomics 
A. fumigatus: (Toor et al. 2018) 

A549  

(Human cell line) 

+ DCs  

(Human primary 

differentiated cells) 

Co-culture on 

Transwell 

(top: A549 + 

DCs) 

Damage 

Membrane integrity 

Cytokine release 

A. fumigatus: (Morton et al. 2018) 

Human pulmonary 

artery endothelial 

cells HPAECs  

(Human cell line) 

+ A549  

(Human cell line) 

Co-culture 

on 

Transwell 

(top: A549 

bottom: 

HPAECs) 

Microscopy 

Kinetics 
A. fumigatus: (Hope et al. 2007) 

Cytokine release A. fumigatus: (Belic et al. 2018) 

HBE, SAE 

(Human primary 

cells) 

+ DCs 

(Human primary 

differentiated cells) 

+ Macrophages 

(Human primary 

cells) 

Co-culture 

differentiated 

in an ALI 

Cytokine release A. fumigatus: (Chandorkar et al. 2017) 

HPAECs  

(Human cell line) 

+ A549  

(Human cell line) 

+ monocyte-

derived DCs and 

myeloid DCs 

 (Human primary 

differentiated cells) 

Co-culture 

on 

Transwell 

(top: A549 + 

DCs 

bottom: 

HPAECs)  

Transcriptomics A. fumigatus: (Morton et al. 2014) 

Lung-on-chip 

model 

alveolar epithelium 

+ 

Bilayer with 

ALI on one 

side and flow 

on the other 

side 

Model 

establishment 
(Deinhardt-Emmer et al. 2020) 
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microvascular 

endothelium 
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Table S3: Overview about the different in vitro models for the gastrointestinal 

tract and vaginal tract, their structure, possible read outs and applications for 

Candida spp. 

Model Structure Readout Reference 

A) Oral cavity  

Keratinocyte cells 

TR146 

(Human cell line) 

Monoculture 

Invasion C. albicans: (Puri et al. 2019) 

Damage C. albicans: (Wilson et al. 2014) 

Transcriptomics 
C. albicans: (McCall et al. 2018; 

Schaller et al. 1998) 

Cytokine release 
C. albicans: (Ho et al. 2019; Verma 

et al. 2017; Verma et al. 2018) 

Tongue cells 

SCC15 

(Human cell line) 

Monoculture 

Invasion  C. albicans: (Villar et al. 2007) 

Damage C. albicans: (Kumar et al. 2015) 

Cytokine release 
C. albicans: (Dongari-Bagtzoglou 

and Kashleva 2003) 

Immortalized oral 

mucosal cells 

OKF6/TERT-2 

(Human cell line) 

Monoculture 

Invasion 

C. albicans: (Solis et al. 2017; 

Swidergall et al. 2018; Zhu et al. 

2012) 

Damage 
C. albicans: (Liu et al. 2014; Solis 

et al. 2018) 

Transcriptomics C. albicans: (Liu et al. 2015) 

Live cell imaging C. albicans: (Wollert et al. 2012) 

Human palate 

epithelial cells  

HPECs 

(Human primary 

cells) 

Monoculture 

Apoptosis C. albicans: (Casaroto et al. 2019) 

Host gene expression 
C. albicans: (Offenbacher et al. 

2019) 

TR146  

(Human cell line) 

+ Fibroblasts  

(Human primary 

cells) 

Co-culture  
Adhesion 

Gene expression 
C. albicans: (Morse et al. 2018) 
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Reconstituted 

human oral 

epithelium 

RHOE 

(cell line based) 

3D structure 

Multiculture 

model with 

differentiated 

cells 

Damage 

C. albicans / C. glabrata: (Silva et 

al. 2011) 

C. albicans: (Cavalcanti et al. 2015; 

Mailander-Sanchez et al. 2017) 

Transcriptomics  
C. albicans: (Nailis et al. 2010; 

Spiering et al. 2010) 

Cytokine release C. albicans: (Wagener et al. 2012) 

RHOE 

+ Fibroblasts 

(Human primary 

cells) 

3D structure 

Multiculture 

model with 

differentiated 

cells 

Bacterial interactions 

C. albicans: (Bertolini et al. 2019; 

de Carvalho Dias et al. 2018; Diaz 

et al. 2012) 

Biofilm formation C. albicans: (Sobue et al. 2018) 

Oral mucosa-on-

chip 

Keratinocytes 

Gie-No3B11 

 (Human cell line) 

+ gingival 

fibroblasts 

(Human cell line) 

Collagen 

embedded 

fibroblast and 

Keratinocytes 

on a porous 

membrane 

under flow  

Model establishment (Rahimi et al. 2018) 

B) Intestinal tract 

Colorectal 

adenocarnima 

cells 

Caco-2 

(Human cell line) 

Monoculture 

Damage C. albicans: (Wachtler et al. 2011a) 

Invasion 
C. albicans: (Goyer et al. 2016; 

Wachtler et al. 2011a) 

Interactions 

antagonistic yeasts 

C. albicans: (Lohith and Anu-

Appaiah 2018; Murzyn et al. 2010) 

C. glabrata: (Kunyeit et al. 2019) 

Cytokine release 

C. albicans: (Gacser et al. 2014; 

Mao et al. 2019; Schirbel et al. 

2018) 

Colorectal 

adenocarnimo 

cells 

HT-29  

(Human cell line) 

Monoculture 

Adhesion 

Invasion 

Damage 

C. albicans: (Deng et al. 2015; 

Garcia et al. 2018) 

Mucus secreting 

goblet cells  

HT-29-MTX  

(Human cell line) 

Monoculture Gene expression 
C. albicans: (Kavanaugh et al. 

2014) 

Translocation C. albicans: (Allert et al. 2018) 



MANUSCRIPTS | 72 
 

Subclone of 

Caco-2 

C2BBe1 

(Human cell line) 

Monoculture 

in transwell 
Transcriptomics  C. albicans: (Bohringer et al. 2016) 

Caco-2 

(Human cell line) 

+ Raji B cells 

(Human cell line) 

Co-culture 
Adhesion 

Invasion 
C. albicans: (Albac et al. 2016) 

C2BBe1  

(Human cell line) 

+ HT-29-MTX 

(Human cell line) 

Co-culture  

 

Adhesion  

Damage 

 

C. albicans: (Graf et al. 2019) 

Intestine-on-Chip 

C2BBe1  

(Human cell line) 

+  HUVECs  

(Human primary 

cells) 

+ Monocytes 

 (Human primary 

cells) 

Bilayer under 

flow 

(top: C2BBe1 

Bottom: 

HUVECs + 

Monocytes) 

Damage 

Translocation 
C. albicans: (Maurer et al. 2019) 

C) Vaginal tract 

Human 

immortalized 

vaginal mucosal 

cells 

VK2/E6E7 

(Human cell line) 

Monoculture 

Adhesion 
C. albicans: (Luan et al. 2020; 

Mikamo et al. 2018) 

Bacterial interactions C. albicans: (Pidwill et al. 2018) 

Autophagy 
C. albicans: (Shroff and Reddy 

2018) 

Cytokine release C. albicans: (Li et al. 2017) 

Vaginal 

epidermoid 

carcinoma cells 

A431 

(Human cell line) 

Monoculture 

Damage C. albicans: (Wachtler et al. 2011b) 

Cytokine release 
C. albicans: (Richardson et al. 

2018) 

Reconstituted 

vaginal epithelium 

RHVE 

(cell line based) 

3D structure 

Multiculture 

model with 

differentiated 

cells 

Invasion 

Damage 
C. albicans: (Alves et al. 2014) 

Transcriptomics C. glabrata: (Bernardo et al. 2017) 

Cytokine release  C. albicans: (Schaller et al. 2005) 
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Table S4: Overview about the different endothelial and blood-brain barrier in 
vitro models, their structure, possible read outs and applications for the different 
fungi 

Model Structure Readout Reference 

Human umbilical 

vein endothelial 

cells HUVECs 

(Human primary 

cells) 

 

Monoculture 

Adhesion 

C. albicans: (Citiulo et al. 2012; Lopez et 

al. 2014; Phan et al. 2013) 

C. neoformans: (Ibrahim et al. 1995) 

Invasion 

A. fumigatus: (Liu et al. 2016) 

C. albicans: (Phan et al. 2013; Phan et al. 

2005; Phan et al. 2007) 

Damage 

A. fumigatus: (Ejzykowicz et al. 2010) 

C. albicans: (Rotrosen et al. 1985; 

Sanchez et al. 2004) 

Proteomics 

A. fumigatus: (Neves et al. 2016; Zhang et 

al. 2017b) 

C. neoformans: (Wang et al. 2011) 

Transcriptomics 
C. albicans: (Barker et al. 2008) 

C. neoformans: (Coenjaerts et al. 2006) 

Cytokine 

release 

A.fumigatus: (Kamai et al. 2009; Neves et 

al. 2017) 

C. albicans: (Orozco et al. 2000) 

Monoculture 

under flow  
Adhesion  C. albicans: (Wilson and Hube 2010) 

HUVECs Co-culture Damage C. albicans: (Edwards et al. 1987) 
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(Human primary 

cells) 

+ 

Neutrophils 

(Human primary 

cells) 

 

Human brain 

microvascular 

endothelial cells 

HMBEC 

 HCMEC/D3 

(Human cell line) 

 

Monoculture 

on 

Transwell 

Adhesion 

Invasion 
C. albicans: (Liu et al. 2011) 

TEER 

Permeability 

assay 

A. fumigatus: (Patel et al. 2018) 

C. neoformans: (Stie and Fox 2012) 

Traversal  

C. neoformans: (Aaron et al. 2018; Chang 

et al. 2004; Huang et al. 2011; Kim et al. 

2012; Na Pombejra et al. 2018; Na 

Pombejra et al. 2017; Vu et al. 2013; Vu et 

al. 2009; Zhu et al. 2017) 

TEM C. neoformans: (Chen et al. 2003) 

Transcriptomics C. neoformans: (Lahiri et al. 2019) 

HMBEC 

 HCMEC/D3  

(Human cell line) 
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(Human cell line) 

or Monocytes  

(Human primary 

cells) 

Co-culture 

on transwell  

Model 

development 

C. neoformans: (Santiago-Tirado et al. 

2019) 
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C. neoformans: (He et al. 2016; Santiago-

Tirado et al. 2017; Sorrell et al. 2016) 

BBB -on-Chip 

HUVECs  

(Human primary 

cells) 

Monoculture 

under flow 

Model 

establishment  
(Yeon et al. 2012) 

BBB -on-Chip 

HCMEC/D3 

 (Human cell line) 

Monoculture 

under flow 

Model 

establishment 
(Griep et al. 2013) 

BBB -on-Chip 

HCMEC/D3 

+ astrocytes  

(Human primary 

cells) 

+ pericytes 
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4. Unpublished data – manuscript in preparation  

4.1 Establishment of T cell perfusion in the intestine-on-chip 

model 

Before T cells were isolated and added to the endothelial cells medium, the luminal 

compartment was stimulated with 100 ng/ml LPS to trigger T cells infiltration of the 

endothelial layer and epithelial layer. T cells sufficiently adhered to the endothelial layer 

without disturbing endothelial barrier integrity, since endothelial cells expressed VE-

cadherin and formed a confluent layer (Fig. 3A). T cells also sufficiently invaded the 

epithelial layer, as CD3+ cells were found within the layer. Some of these CD3+ T cells 

also expressed CD103 (Fig. 3B). Furthermore, CD103+ DCs were detected adjacent 

to CD3+ T cells (Fig. 3C).  

 

 

Fig. 3: Establishment of T cell perfusion. (A) T cells adherence in the 
endothelial layer. (B) CD103 expression in T cells in the epithelial layer. (C) 
T cells and DCs in the epithelial layer. Arrows indicate DCs and T cells found 
in close proximity. Blue: CD3+ T cells; orange: CD103+ T cells and DCs; white: 
DAPI; n=3; scale bar=50 µm 
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4.2 Phagocytosis assay using microspheres 

4.2.1 Preliminary test: Uptake of microspheres by macrophages in static cell 

culture  

Inflammation in the GI tract is not only associated with the microbiota but can also be 

triggered by xenobiotic substances. Everyday products commonly contain microplastic 

particles and their accumulation in the human body may represent a health threat 

(Galloway 2015). Therefore, a phagocytosis assay was carried out to evaluate the 

ability of both macrophages and DCs to take up microparticles made of polystyrene. 

Before microspheres were added to the luminal side of the intestine-on-chip mode, the 

general capacity of macrophages to take up microspheres was analyzed, and the 

appropriate number of particles was determined under static conditions. Monocytes 

were cultured in 24 well plates on coverslips for seven days to allow them to fully 

differentiate into macrophages. Microspheres in three different quantities were added 

to the cell culture medium on day seven and incubated for 24 h. Increasing numbers 

of particles added the medium resulted in increased accumulation in macrophages 

(Fig. 4). The highest concentration of microspheres was chosen for further 

experiments.  

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4: Microsphere uptake of macrophages in monoculture. (A) 2x107 

particles/ml, (B) 2x108 particles and (C) 2x109 particles/ml. Green: 
microspheres; blue: CD68; white: DAPI; n=1; scale bar=50 µm 
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4.2.2 Administration of microspheres at the luminal side of the intestine-on-

chip model 

In the presence of T cells, microspheres were administered at the luminal side and 

were detected in both layers after 24 h of perfusion. Macrophages in the endothelial 

layer were elongated (Fig. 5A) Microspheres were detectable in both CD68+ 

macrophages and CD103+ DCs (Fig. 5B+C). 

 

 

4.2.3 Influence of microspheres on T cell numbers in the epithelial layer  

Previous studies have shown that polystyrene particles can evoke proinflammatory 

responses in the intestinal tissue (Hwang et al. 2020). An increased number of T cells 

in the epithelial layer can direct towards inflammation in response to microsphere 

uptake by macrophages and DCs. The number of T cells in the epithelial layer lacking 

xenobiotic particles was compared with the number of T cells in the presence of 

microspheres (Fig. 6). The number of T cells was slightly increased when the 

microspheres were present.  

Fig. 5: Microsphere uptake in the intestine-on-chip model. (A) Microsphere uptake by 
CD68+ macrophages in the endothelial layer. (B) Microsphere uptake by CD68+ macrophages 
in the epithelial layer. (C) Microsphere uptake by CD103+ DCs in the epithelial layer. Green: 
microspheres; blue: CD3+ T cells; orange: CD103+ T cells and DCs; white: DAPI; n=5; scale 
bar=50 µm 
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4.3 S. typhimurium infection model  

4.3.1 Establishment of infection model 

In order to infect the intestine-on-chip model with the enteric pathogen S. typhimurium, 

the optimal optical density (OD) was determined. An optimal OD was defined as the 

OD that damages the tissue to a low degree. The experimental setup is shown in Fig. 7. 

To assess the damage caused by S. typhimurium, the endothelial layer was stained 

for VE-cadherin and the epithelial layer for E-cadherin (Fig. 8). The largest decline in 

expression of VE-cadherin and E-cadherin was detected at an OD of 0.01 while the 

smallest drop was observed at an OD of 0.008 which was chosen for the following 

experiment (Fig. 8C).  

 

 

 

 

Fig. 6: Number of T cells in the 
epithelial layer without and with 
microspheres. n=3  

Fig. 7: Experimental set up to 
determine optimal OD of 
S. typhimurium for infection models. 
Numbers indicate OD. Black asterisk: 
medium reservoir for luminal compart-
ment; blue asterisk: waste of luminal 
compartment; A: medium reservoir of 
vascular compartment; B: connecting 
reservoir of luminal compartment.  
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4.3.2 S. typhimurium infection in the presence and absence of T cells  

 

 

 

 

 

 

 

 

 

Fig. 8: S. typhimurium-induced damage to endothelial and epithelial layer. (A) OD=0.05. 
(B) OD=0.01. (C) OD=0.008. (D) OD=0.0059. Left side: endothelial layer, VE-cadherin in 
orange; right side: epithelial layer, E-cadherin in orange; white: DAPI; n=1; scale bar=50 µm  

Fig. 9: Effect of S. typhimurium infection on DC distribution in the 
epithelial layer. (A) CD103+ DCs in the presence of CD3+ T cells. (B) 
CD103+ DCs in the absence of CD3+ T cells. Blue: CD3+ T cells; orange: 
CD103+ T cells and DCs; n=1; scale bar=50 µm 
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Finally, the distribution of DCs in the epithelial layer during an S. typhimurium infection 

in the presence and absence of T cells was analyzed (Fig. 9). In the presence of T cells, 

DCs and T cells accumulated in some areas of the epithelial layer, while DCs are more 

evenly distributed in the absence of T cells.  

 

4.4 Methods  

Intestine-on-chip models were assembled as described in Manuscript I. On day eight, 

LPS (100 ng/ml) was added to the luminal compartment, 3 h before T cells were added 

to the vascular compartment. 

4.4.1 T cell perfusion  

For T cell isolation, PBMCs were isolated from blood monovettes from healthy human 

donors. Subsequently, CD3+ cells were isolated using a human Pan T cell Isolation Kit 

(Miltenyi Biotech, Bergisch Gladbach, Germany). Briefly, PBMCs were incubated with 

a biotinylated antibody cocktail for 10 min at 4°C, followed by incubation with an anti-

biotin microbeads cocktail, containing antibodies for all cell types except CD3 for T 

cells, for 5 min at 4°C. Using magnetic-activated cell sorting (MACS) CD3- cells were 

separated from the CD3+ fraction. The endothelial layer was perfused with 1.5 ml 

medium comprising 2x106 CD3+ T cells for 1 h. Afterward, the medium was removed 

and replaced by fresh medium. T cells were stained with rabbit anti-human CD3 

(abcam, Cambridge, UK).  

4.4.2 Microsphere perfusion  

The intestine-on-chip model was assembled as described in Manuscript I. 

Fluoresbrite® YG Microspheres, Calibration Grade 0.50 μm (Polysciences, Hirschberg 

an der Bergstraße, Germany) were added to the luminal compartment on day eleven 

and perfused for 24 h.  

4.4.3 Salmonella typhimurium infection model 

Salmonella enterica serovar Typhimurium was kindly provided by PD Dr. Lorena 

Tuchscherr de Hauschopp from the Institute for Medical Microbiology, University 

Hospital Jena. The bacterial cells were grown on lysogeny broth (LB) agar plates (Carl 
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Roth, Karlsruhe, Germany). For use in experiments, cells were grown at 37°C at 

160 ppm for 24 h in LB broth (Carl Roth, Karlsruhe, Germany). Prior to experiments, 

S. typhimurium was collected by centrifugation, washed twice in PBS, and diluted to 

an OD600nm of 0.05, 0.01, 0.08, 0.0059 in DMEM. Chips were infected with bacterial 

cells for 30 min at 37°C. Subsequently, non-adherent cells were washed out and the 

luminal compartment was perfused linearly for 24 h.  
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5. Discussion 

The human GI tract is a diverse ecosystem shaped by microorganisms such as 

bacteria and fungi. The microbiota plays an important role in sustaining our health but 

is also involved in disease progression. The intestinal immune system is constantly 

exposed to foreign antigens. In order to maintain intestinal homeostasis, macrophages 

and DCs tolerate commensal microbes, while quickly eliciting proinflammatory 

responses when pathogens are taking over. An alteration of the microbial community 

known as dysbiosis is associated with a dysregulated immune response and chronic 

inflammation. To shed light on underlying mechanisms, sophisticated models are 

needed that provide a human genetic background and an organ-specific environment 

resembling human physiology. We have established a microfluidic intestine-on-chip 

model comprising of epithelial and endothelial cells as well as macrophages and DCs 

that we further characterized and used to analyze microbiota-host interactions.  

5.1 Characterization of mononuclear phagocytes in the 

intestine-on-chip model 

Macrophages and DCs are crucial players in maintaining intestinal homeostasis, 

inflammation and resolution. The phenotypic and functional distinction between the cell 

types is an ongoing debate and was hampered in the past by the lack of appropriate 

markers, as well as differences between mice and humans (Cerovic et al. 2014; Mann 

et al. 2013). In the present study, we used antibodies against CD68, the fractalkine 

receptor (CX3CR1), and integrin αEβ7 (CD103) for phenotypic characterization of 

mononuclear phagocytes in the intestine-on-chip model. Based on the expression of 

the markers, we found macrophage-like cells expressing high levels of CD68 and 

CX3CR1 and DC-like cells expressing high levels of CD103 and low levels of CD68. 

The macrophages within the model are derived from monocytes, differentiated in the 

presence of M-CSF and GM-CSF. When CD14+ monocytes enter the mucosa in a 

CCR2-dependent manner, the surrounding environment conditions allows them to 

adapt a tolerogenic phenotype. In its soluble form, Fractalkine (CX3CL1) functions as 

a chemoattractant, whereas the membrane-bound form mediates adhesion and is 

expressed by intestinal epithelial and endothelial cells (Pachot et al. 2008). CX3CL1 

mediates tissue infiltration of a range of immune cells such as mononuclear intra-
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epithelial lymphocytes (IELs), NK cells, and mononuclear phagocytes, which express 

CX3CR1 in response (Muehlhoefer et al. 2000). In our intestinal model, CX3CR1 

expression was found upregulated in macrophages residing in the epithelial layer in 

both LPS conditions. This is in accordance with findings from Brand and colleagues, 

showing that intestinal epithelial cells express CX3CL1 to enable adhesion of immune 

cells to the tissue (Brand et al. 2002). Presumably, Caco-2 cells in the model similarly 

upregulated CX3CL1 and tissue-resident macrophages upregulated CX3CR1 in 

response. In the small intestine as well as in the colon, four subsets of macrophages 

have been identified. Subset 1 and 2 (CD14+ CD11c+ HLA-DRint and CD14+ CD11c+ 

HLA-DRhi) showed a monocyte-like phenotype, and subset 3 and 4 (CD14+ CD11c- 

CD11b- and CD14high CD11c- CD11b+), resembled mature macrophages (Bujko et al. 

2018; Ogino et al. 2013). Subset 2 is believed to represent a transitional state between 

1 and the more mature subsets 3 and 4. Subset 1 secreted low amounts of cytokines 

and induced a strong response upon TLR stimulation, while subset 3 and 4 remained 

unresponsive. Applying the classification to our model, macrophages in the endothelial 

layer may be assigned to subset 1 as they displayed little cytokine secretion in control 

experiments and a strong proinflammatory response when stimulated with LPS. 

Macrophages of the mature subsets 3 and 4 differentially located within intestinal tissue 

with subset 3 macrophages forming a network within the villi, whereas macrophages 

of subset 4 rather locate deep within the tissue, adjacent to the crypts and in the 

submucosa (Bujko et al. 2018; Ogino et al. 2013). In our model, macrophages in the 

epithelial layer were only detected adjacent to the crypts, just above the membrane, 

and were largely unresponsive to luminal LPS treatment. It is therefore likely that 

macrophages differentiated into subset 4 as they were absent from the villi. The 

microenvironment may not support the differentiation towards subset 3 macrophages, 

which locate within villi. In 2005, Niess and colleagues found CX3CR1+ cells that 

formed transepithelial dendrites (TEDs) in the terminal ileum of the murine GI tract, 

however, TEDs were absent from other sections of the small intestine from the same 

mice (Niess et al. 2005). Despite the scarce evidence for TED-forming CX3CR1+ 

macrophages, macrophages are frequently attributed in the literature as phagocytic 

cells that directly sample antigens from the lumen (Bain and Mowat 2014; Farache et 

al. 2013). Macrophages in our model did not show TED formation, and whether human 

macrophages are generally able to form TEDs is unknown (Kuhl et al. 2015). Niess 

stated in 2010 that CX3CR1+ cells in mice are a very heterogeneous population and 
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might also be classified as DCs (Niess 2010). In their study from 2005, Niess and 

colleagues also claimed that TED formation was CX3CR1-dependent. This could 

neither be confirmed in another study using a mouse model nor by us, as CX3CR1- 

CD103+ DCs were able to form TEDs (Schulz et al. 2009). Unlike CX3CR1+ 

macrophages, CD103+ DCs have the capacity to migrate to lymphoid sites, present 

antigens to T cells, and induce their differentiation (Annacker et al. 2005). The exact 

function of CD103 is ambiguous. It seems to be involved in the binding of DCs to the 

epithelium since the ligand of CD103 is E-cadherin, but it does not seem to be a vital 

mediator. It locates within endosomal compartments and relocates to the surface upon 

binding to E-cadherin expressed by epithelial cells (Swain et al. 2018). Differentiation 

of monocytes into moDCs in vitro is usually achieved by culture in media supplemented 

with IL-4 and GM-CSF (Romani et al. 1994; Sallusto and Lanzavecchia 1994). In our 

model, GM-CSF was present, however, no IL-4 was added to the medium and there 

were no IL-4 producing cells such as T cells, basophils, eosinophils present (Junttila 

2018). Therefore, it was assumed that the microenvironment promoted differentiation. 

In mice, Bain and colleagues showed that TGF-β drives CD103 expression on DCs 

(Bain et al. 2017). In addition, it has been demonstrated that epithelial cells are involved 

in human moDC differentiation towards a tolerogenic phenotype via secretion of TGF-β 

and RA (Iliev et al. 2009). Therefore, it is likely that the epithelial cells condition moDCs 

via TGF-β-signaling in the intestine-on-chip model. The role of moDCs in vivo is often 

not taken into account since some researchers do not consider them “naturally 

occurring” DCs (Bernardo et al. 2018b). However, a study by Randolph and colleagues 

in 1999 showed that a small percentage of monocytes differentiated into DCs and 

migrated to draining lymph nodes in mice (Randolph et al. 1999). In fact, there are 

substantial indications that moDCs occur in vivo and act as an “emergency back-up” 

during acute infections (Qu et al. 2014). Three subsets of circulating monocytes have 

been identified: (i) the classical CD14++ CD16- , (ii) the intermediate CD14++ CD16+ and 

(iii) the nonclassical CD14+ CD16++ subset (Gren and Grip 2016). It has been shown 

that the intermediate and nonclassical subsets are more likely to give rise to moDCs, 

however, classical monocytes might represent a less mature version of the other 

subsets (Randolph et al. 2002). In mice, monocytes differentiate into fully functional 

moDCs upon microbial stimulation in a TLR-dependent manner. They exhibit DC 

morphology, effectively capture antigens, and migrate to trigger T cell responses just 

like cDCs (Cheong et al. 2010). Similarly, human moDCs mature and develop the 
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capacity to stimulate T cells in response to infection with Influenza A virus (Qu et al. 

2003). We did not evaluate the ability of moDCs in the intestinal model to induce T cell 

responses, however, T cells were implemented into the model, by isolating them from 

PBMCs and perfusion of the vascular compartment. They adhered to the endothelium 

and invaded the epithelial layer (Unpublished data, Fig. 3). DCs and T cells were found 

in close proximity, indicating DC-T cell communication and antigen presentation. 

T cells were identified via expression of CD3, however, some cells co-expressed 

CD103. CD103 is not only found on DCs but also on IELs residing between enterocytes 

and providing a first-line defense against microbial invasion (Ma et al. 2019; 

Roosenboom et al. 2019). Integration of T cells into the system laid the foundation to 

elucidate the development and adaption of T cells to intestinal tissue in conjunction 

with the analysis of adaptive immune responses towards normal microbiota, 

pathogens, and their metabolites in follow-up studies.  

5.2 Interaction of L. rhamnosus and C. albicans  

As a proof-of-concept, the immunocompetent intestine-on-chip model was used for 

functional microbial interaction studies. The colonization with L. rhamnosus resulted in 

a slight increase of IL-1β and IL-6 secretion when endothelial cells were stimulated 

with LPS (Manuscript I). However, the increased cytokine release did not lead to an 

impairment of the intestinal barrier. The opposite was the case: as demonstrated by 

volume measurement of E-cadherin and ZO-1, the presence of the commensals led to 

an enhanced volume of the junctional proteins and therefore enhanced barrier integrity. 

These observations are in accordance with in vitro and in vivo studies, showing that 

colonization with L. rhamnosus restores barrier function in TNF-treated Caco-2 cells 

and in mice treated with dextran sodium sulfate (DSS) (Miyauchi et al. 2009). 

Enhancement of barrier integrity is mediated via TLR signaling in epithelial cells 

(Burgueño and Abreu 2020; Cario et al. 2004). TLR2 is the main receptor for the 

recognition of lipoproteins and LTA of Gram-positive bacteria and has been reported 

to be activated by L. rhamnosus (Oliveira-Nascimento et al. 2012; Vizoso Pinto et al. 

2009). Although not analyzed in the present study, the upregulation of barrier proteins 

may result at least partially from L. rhamnosus-induced TLR2 signaling. The pre-

colonization of the intestine-on-chip model with L. rhamnosus led to reduced growth of 

C. albicans (Manuscript I). The growth-reducing capacity of L. rhamnosus has been 

previously demonstrated by other groups (Allonsius et al. 2017; Hasslöf et al. 2010). 
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Even though the fungi were still able to form hyphae, cross the epithelial layer, and 

reach the endothelium, the presence of L. rhamnosus resulted in reduced 

translocation. Investigations of how exactly L. rhamnosus conveys protection against 

pathogenic forms of C. albicans are currently ongoing and a range of mechanisms 

have been proposed. Allonsius and colleagues claimed that exopolysaccharides (EPS) 

mediate the protective effects of L. rhamnosus during C. candida infection by inhibiting 

hyphal formation (Allonsius et al. 2017). Inhibition of hyphal formation is also seen in 

other Lactobacilli species, and it was assumed that the inhibitory effect is caused by 

the complex polymer structure containing galactose. Contradictory to their results, 

other studies identified lactic acid as the main driver of growth inhibition (Kohler et al. 

2012). In addition, using a static culture model, Graf and colleagues demonstrated that 

adhesion of C. albicans to epithelial cells was unaffected by L. rhamnosus. However, 

the bacteria suppressed filamentation and mediated damaged protection, which 

involves shedding of fungal cells (Graf et al. 2019). In this study, neither ESP nor lactic 

acid played a role in conveying protection.  

Our intestinal model can also be used to examine how enteric pathogens interact with 

commensals and host immune cells. Following the establishment of an S. typhimurium 

infection model (Unpublished data, Fig. 7 and 8), the distribution of DCs was analyzed 

in the presence and absence of T cells. A preliminary experiment revealed a local 

accumulation of DCs in the presence of T cells 24 h post-infection (Unpublished data, 

Fig. 9). Since this experiment has only been carried out once further investigation is 

required to confirm the observation.  

5.3 Microparticle uptake in the intestine-on-chip model  

The accumulation of microplastic particles in the human body is recognized as a 

potential health threat as it might, for example, trigger inflammation in the GI tract 

(Galloway 2015). Therefore, a phagocytosis assay using fluorescent microparticles 

made of polystyrene was carried out. In an initial test, macrophages were cultured in a 

monoculture to determine an appropriate number of particles to be added to the luminal 

compartment of the intestinal model (Unpublished data, Fig. 4). It was observed that 

microparticles were taken up by macrophages, showing a round-shaped morphology 

that potentially indicates a non-activated state. As shown in Fig. 5B+C (Unpublished 

data), both CD68+ and CD103+ cells were able to take up microspheres. However, 

unlike macrophages in monoculture, monocytes or macrophages residing in the 
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endothelial layer had an elongated shape, which might indicate their activation 

(Unpublished data, Fig. 5A). Furthermore, a tendency of T cell accumulation in the 

epithelial layer in the presence of microspheres was observed (Unpublished data, 

Fig. 6). The results need to be confirmed by image analysis of larger areas of the 

membrane. The observation that immune cells might have been activated in the 

endothelial layer in the intestinal model but not in monoculture are in accordance with 

the assumption made in 5.1. Macrophages residing in the endothelial layer may rather 

resemble monocytes than fully differentiated macrophages and may therefore be 

triggered by the microparticles to release proinflammatory cytokines, which needs to 

be confirmed in follow-up studies. The findings are supported by a previous report 

demonstrating activation of the immune system upon the accumulation of polystyrene-

based microparticles in monocytes and neutrophils (Hwang et al. 2020). In this study, 

phagocytes released TNF and IL-6 after phagocytosis of particles smaller than 1 µm. 

Taken together, the results indicate that microparticles can represent a potential health 

risk due to the activation of the innate immune system.  

5.4 Intestine-on-chip models for host-microbiota research 

5.4.1 How valuable are Caco-2 cells for host-microbiota research? 

The human colon adenocarcinoma cell line Caco-2 is the most frequently used cell line 

for in vitro modeling of the human intestine. Since the cell line had been isolated in 

1977, it has served as a useful tool for studies analyzing drug transport, metabolism, 

and permeability (Fogh et al. 1977). This is due to the fact that a large proportion of 

enzymes and transporters expressed in the human intestine are expressed in Caco-2 

cell monolayers (Sun et al. 2008). Whilst interest in microbiota research has grown 

during the past decades, Caco-2 cells have been increasingly used for microbiota 

studies (Bahrami et al. 2011; Chen et al. 2017; Sadaghian Sadabad et al. 2015). The 

majority of microfluidic intestine-on-chip models employ the cell line as well (Tab. 1) 

since they are easy to obtain and maintain. When the cells are cultured as a monolayer 

it takes about 20 days until they are differentiated (Vachon and Beaulieu 1992). As 

demonstrated by Kim and colleagues Caco-2 cells have the unique capacity to grow 

out and form villi-like structures under dynamic growth conditions (Kim et al. 2012). 

We, as well as others, have shown that perfusion accelerates differentiation and 

induces the expression of α-Defensin and Mucin-2, which are both required to study 

the microbiota under physiologically relevant conditions. α-Defensin has bactericidal 
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activity acting against Gram-positive and Gram-negative bacteria but also fungi and 

viruses, which is presumably based on the destruction of the barrier integrity (Salzman 

et al. 2007). However, α-Defensin functions in a selective manner, leaving commensals 

unaffected while most pathogens are eliminated (Nakamura et al. 2016). Mucin-2 is 

the major component of the mucus layer covering the epithelium and therefore forms 

the barrier between the microbiota and the epithelium. The mucus layer serves as an 

attachment site for microbes and in some cases provides a source of nutrition (Sicard 

et al. 2017). In addition, DSS-induced pathophysiology observed in murine models was 

sufficiently recapitulated using a Caco-2 cell-based intestine-on-chip model (Shin and 

Kim 2018). DSS treatment led to an impairment of the mucosal barrier, 

proinflammatory responses, and reduction of goblet cells. It was demonstrated that 

pre-colonization with probiotics significantly reduced damage evoked by DSS 

treatment. Besides these advantages of Caco-2 cells in this regard, there are 

disadvantages that need to be considered for the application in microbiota research. 

Although the cells originate from the colon, they display characteristics of the small 

intestine, for example, the expression of hydrolase enzymes and formation of microvilli 

which are absent from the colon (Sambuy et al. 2005). In 1998, it was already shown 

that the cells express colonocyte markers, which decrease during culture after 

reaching confluence (Engle et al. 1998). At the same time, the expression of enterocyte 

markers is induced, however, the cells rather display properties of fetal ileal epithelial 

cells than characteristics of mature enterocytes. The observation is explained by either 

the persistence of a tumor-derived phenotype or by an insufficient shift from a crypt to 

a villous phenotype. The colonic origin and the small intestine-characteristics of Caco-2 

cells are problematic for modeling a specific section of the intestine. The majority of 

the microbiota does not reside in the small intestine but in the colon. It is therefore 

questionable, whether a cell line having small intestinal traits can accurately mimic a 

microenvironment that is suitable for the culture of colon-inhabiting microorganisms. 

The presence of villi and absence of a thick inner mucus layer, characteristic for the 

small intestine, might impact the growth conditions. In addition, as Caco-2 cells are 

tumor-derived, it is questionable whether they can fully mimic healthy tissue. If not, it 

might have a considerable impact on host-microbiota crosstalk.  

 

 



DISCUSSION | 95 
 

 

Caco-2-based models      
 additional host cell types  bacteria  hypoxia  
    

Gijzen et al. 2020 
acute monocytic leukemia cell line 
THP-1, acute myelomonocytic leukemia 
cell line MUTZ-3 

- - 

Grassart et al. 2019 - Shigella flexneri - 

De Gregorio et al. 2020 subepithelial myofibroblast (ISEMFs) - - 

Gumuscu et al. 2017 - E. coli - 

Jalili-Firoozinezhad et al. 
2018 

HUVECs   

Jalili et al. 2019 HUVECs 
B. fragilis, 11 different 
genera of bacteria from 
human stool samples 

0,3% 

Kim et al. 2012 - L. rhamnosus GG - 

Kim and Ingber 2013 - - - 

Kim et al. 2015 
HUVECs, lymphatic microvascular 
endothelial cells, PBMCs  

VSL#3 probiotics, E. coli, 
enteroinvasive E.coli (EIEC) 

- 

Mazorati et al. 2014 - 
Bacteroidetes, Firmicutes, 
Bifidobacteria, Lactobacilli 

- 

Pocock et al. 2017 - - - 

Ramadan et al. 2013 
monocytic cell line U937 differentiated 
into macrophages 

- - 

Shah et al. 2016 CD4+ T cells  L. rhamnosus GG, B. caccae 0,1% 

Greenhalgh et al. 2019 - L. rhamnosus GG 0,1% 

Shin and Kim 2018 PBMCs VSL#3 probiotics, E. coli - 

Shim et al. 2017 - - - 
    

Primary cells-based models      

 source and additional host cell 
types  

bacteria  hypoxia  
    

Dawson et al. 2016 sections from small and large intestine  - - 

Jalili et al. 2019 epithelial cells from terminal ileum  
B. fragilis, 11 different 
genera of bacteria from 
human stool samples 

0,3% 

Kasandra et al. 2018  

epithelial cells from duodenum biopsies 
expanded as organoids, human 
intestinal microvascular endothelial 
cells (HIMECs)  

- - 

Zhang et al. 2020 
colon cells derived from colon 
organoids  

E. rectale, B. 
thetaiotaomicron, 
Faecalibacterium prausnitzii 

3% 

    

iPSC-based models        
 differentiated cells bacteria  hypoxia  
    

Naumovska et al. 2020 
intestinal progenitor cells expressing 
epithelial and stem cell markers 

- - 

Workman et al. 2018 
epithelium expressing epithelial and 
stem cell markers  

- - 

Tab. 1: Overview of microfluidic Organ-on-chip models of the human intestine. 
Models are grouped by cell source of the epithelial cells. 
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5.4.2 Alternative cell sources for microphysiological intestine models 

Due to its limitations, the relevance of Caco-2 cell line for modeling the intestine has 

been questioned and other cell sources are used for in vitro models (Bein et al. 2018). 

Primary cells have been incorporated into intestinal MPS as well (Tab. 1). Obtained 

from patient biopsies they are enzymatically broken up into individual cell types such 

as epithelium and stem cells, which are subsequently expanded and seeded onto 

organ-on-chip platforms. Although primary cells recapitulate the in vivo physiology to 

a high degree, they are generally more difficult to access, less robust than Caco-2 

cells, and quickly lose their phenotype after several passages. Another way to use 

primary cells is to culture them as organoids, miniature stem cell-derived organs (Kim 

et al. 2020). Human intestinal organoids (HIOs) derive from adult stem cells (ASCs) 

extracted from intestine biopsies and form an enclosed luminal space. HIOs show villi 

and crypt-like structures similarly to Caco-2 cells. Sato and colleagues were the first to 

culture ASC-derived organoids in presence of growth factors and Matrigel® as a 

supporting matrix (Sato et al. 2011b). However, these organoids solely consist of 

epithelial cells; additional cell types are lacking. Organoids can also arise from human 

induced pluripotent stem cells (hiPSCs). In 2007, human dermal fibroblasts were 

reprogrammed via transfection with a retrovirus overexpressing transcription factors, 

which are necessary to induce a pluripotent state (Takahashi et al. 2007). The great 

advantage over Caco-2 cells is the capability of hiPSCs to self-renew and theoretically 

differentiate in all cell types arising from the germ layers ectoderm, mesoderm, and 

endoderm. hiPSC differentiation into HIOs requires the preceding differentiation into 

definitive endoderm, followed by differentiation into mid-hindgut cells and finally 

epithelial cells (Spence et al. 2011). In contrast to ASC-derived HIOs, a small fraction 

of hiPSCs differentiates into mesenchymal cells, allowing epithelial-mesenchymal 

interactions. In addition, HIOs containing neurons and glial cells have been 

established, however, other cell types such as immune cells, which are highly relevant 

for a physiological environment, have not been incorporated yet (Workman et al. 2017). 

HIOs have also been used to study host-microbiota or host-pathogen interactions. 

Therefore, bacteria are injected into the lumen of HIOs. In the case of a nonpathogenic 

E. coli strain, the HIOs and bacteria formed a stable co-culture, leading to enhanced 

barrier integrity, similarly to our model (Hill et al. 2017). In an HIO derived from mouse 

crypt cells, injection of S. typhimurium resulted in a decline of stem cell markers, barrier 

leakage, and a proinflammatory response comparable to in vivo infections (Zhang et 
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al. 2014). A range of other pathogens have been injected into HIOs as well, however, 

culture conditions need to be improved to reflect intestinal physiology more closely 

(Min et al. 2020). HIOs are commonly embedded in Matrigel®, which does not 

resemble tissue-specific matrices, and the lack of perfusion potentially leads to the 

accumulation of waste products and bacterial overgrowth. The use of cells from 

different human donors in one system can be avoided by the implementation of 

hiPSCs. However, the cells are more difficult to handle and increase time requirements 

as wells as costs for a single experiment compared to models that use Caco-2 cells. 

Furthermore, differentiation of hiPSCs into all epithelial cell types, macrophages, DCs, 

T cells and other cell types is an enormous challenge. Optimization and standardization 

of differentiation protocols also remain major issues. Regarding the application of 

hiPSC-culture in OoC platforms, attention must be drawn to differentiation under static 

and dynamic conditions which might lead to different outcomes. Nevertheless, hiPSCs 

hold great potential for future models of the intestine. The combination of hiPSCs with 

advanced OoC and microfluidic technologies can substantially contribute to the 

development of more physiologically relevant models. As a long-term goal researchers 

aim at establishing multi-organ-on-chip models (MOCs), integrating several 

organotypic models on one platform in order to investigate systemic effects (Luni et al. 

2014). This is especially relevant in host-microbiota research since it is known that the 

microbiota is part of a bidirectional connection of the intestine with other organs such 

as the liver and the brain.  

5.4.3 Improvements for accurately mimicking the microenvironment for host-

microbiota interactions  

Our intestine-on-chip model consists of epithelial cells displaying Paneth and goblet 

cell markers, macrophages, and DCs, allows T cell perfusion, colonization with 

commensal microbiota, and infection with pathogenic bacteria. Still, the model lacks 

important features to accurately mimic the colonic environment. First, the oxygen levels 

range from 0.1-1% between the mucus layer and the anaerobic luminal zone and from 

80-100% in the crypt region (Espey 2013). This oxygen gradient is crucial to maintain 

the normal function of the intestinal ecosystem (Zheng et al. 2015). For example, the 

hypoxia-inducible factor-1α (HIF-1α) globally regulates oxygen homeostasis, is 

involved in the maintenance of barrier integrity and many oxygen-responsive signaling 

pathways, such as the Wnt/β-Catenin signaling pathway. The microbiota is adapted to 
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the low oxygen tension and is therefore dominated by obligate anaerobes. The 

imitation of the gradient enables the culture of important commensal bacteria in the 

intestine-on-chip model and can be achieved, for example, by perfusion of the vascular 

compartment with oxygenated cell culture medium, while the chip model is placed in a 

hypoxic incubator. Currently, the intestine-on-chip model can only be analyzed by end-

point analysis. The implementation of sensors for the measurement of parameters, 

such as oxygen, pH, and glucose is another important aspect that needs to be 

considered. In situ measurement of these parameters in real-time can provide pivotal 

insights into growth dynamics within the chip. Implementation of additional analytical 

methods such as mass spectrometry has been suggested for OoC systems, which can 

be useful to identify microbiota-derived metabolites exerting effects on host cells 

(Ashammakhi et al. 2020; Oedit et al. 2015). Advanced image analysis is needed to 

appropriately study immune cells residing in villi-like structures, as the epithelial layer 

can be up to 70 µm thick. The signal of labeled antibodies against cells locating to the 

crypt-like areas appears weak, making visualization of cells difficult.  

Furthermore, as discussed in 5.4.1, Caco-2 cells do not fully recapitulate healthy 

intestinal tissue. Epithelial cells, endothelial cells, and immune cells all derive from 

different human donors, which might lead to an unintended immune reaction. Using 

hiPSCs, this issue can be eliminated. Moreover, patient-specific intestine-on-chip 

models can be developed from hiPSCs. This approach allows the investigation of 

diseases such as IBD with cells that already carry a predisposing genetic background. 

Personalized medicine holds great potential for elucidating the pathogenesis of 

numerous diseases (Chun et al. 2011).  

Finally, the intestine-on-chip model may include a range of cell types, still, other cell 

types such as B cells, eosinophils, mast cells, fibroblasts, muscle cells, and neurons 

are lacking. However, one should bear in mind that the increasing complexity of the 

model comes with increasing difficulties to handle the model as a trade-off. Multiple 

strains of microorganisms must be cultured in parallel before colonization or infection 

of the model. Therefore, the complexity and easy handling of intestine-on-chip models 

studying microbiota-host interactions should be balanced.  
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6. CONCLUSION  

We have established a microfluidic intestine-on-chip model comprising an epithelial 

and endothelial layer, and monocyte-derived macrophages and DCs (Manuscript I). 

The characterization revealed that monocytes differentiated into CD68++ CX3CR1+ 

macrophages and CD68+ CD103+ dendritic cells, with a distinct location within the 

intestinal tissue and presumably, different functions. Macrophages and DCs 

demonstrated to be largely unresponsive to luminal LPS administration. Furthermore, 

the intestinal model allowed stable colonization with the probiotic strain L. rhamnosus, 

which is also tolerated by macrophages and DCs, as well as by recruited PBMCs from 

the vascular compartment. This immune tolerance is a necessary feature of intestinal 

immune cells to avoid chronic inflammation in response to commensal microbes and 

their metabolic products. It can therefore be concluded that the microenvironment 

created by the intestinal tissue supports the differentiation of monocytes into 

tolerogenic macrophages and DCs. In contrast, immune cells residing in the 

endothelial layer retain their responsiveness towards microbial products. LPS 

treatment leads to a proinflammatory response, which is evident by increased 

secretion of the cytokines IL-1β, IL-6, IL-8, and TNF, and a compromised endothelial 

lining. Therefore, endothelial cells might keep monocytes in a rather undifferentiated, 

responsive state. These findings undermine the importance of implementing relevant 

cell types cultured under physiological conditions into organotypic models. 

Moreover, the intestinal model facilitated microbial interaction studies with the 

opportunistic pathogen C. albicans. The presence of L. rhamnosus limited the growth 

of the fungi, reduced tissue damage, and translocation from the luminal into the 

vascular compartment. It is known that L. rhamnosus also conveys a protective effect 

for infections with the enteric pathogen S. typhimurium. An S. typhimurium infection 

protocol was established, as well as a perfusion protocol for T cells. Thus, the intestine-

on-chip model enables a systematic examination of a co-culture comprising of 

L. rhamnosus and S. typhimurium and may reveal novel mechanisms employed by the 

pathogen to act against commensals and host cells. In addition, DCs and T cells were 

found to be located adjacent to each other indicating antigen presentation and priming 

of T cells by DCs. Following antigen presentation in vivo, naïve T cells differentiate into 

Th17 or Treg cells, for example. Future studies are needed to determine whether DCs 

in the intestinal model present antigens to T cells and if so, identify the subtype into 
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which T cells differentiate in the presence of L. rhamnosus and S. typhimurium. 

Moreover, cytokine secretion by T cells during homeostasis and infection can provide 

more information about their role during these conditions and how the pathogens 

evade elimination. 

However, to enhance the physiological relevance the model requires further 

improvement. The integration of hypoxic conditions will enable the culture of anaerobic 

bacteria and is required for the activation of specific signaling pathways involved in 

maintaining intestinal homeostasis. As another optimization, instead of using Caco-2 

cells and primary cell from different human donors, hiPSCs are the cell source of 

choice for future models. This also holds true for in vitro modeling of other tissue 

structures such as the respiratory tract and blood-brain barrier that can be overcome 

by pathogenic fungal species (Manuscript II). Bacteria, fungi, and viruses do not only 

impact host cells locally but also systemically by releasing metabolites that are taken 

up by epithelial cells and released into the bloodstream. Consequently, the 

interconnection of OoC models, for example, the intestine with the liver would allow an 

analysis of the impact of microbial metabolites on liver function.  

In summary, despite having its limitations the intestine-on-chip model proved to be a 

suitable platform to dissect microbial interactions and further, provides the opportunity 

to unravel antagonistic mechanisms employed by probiotic strains and adaption of 

pathogens to survive and evade the immune system. Advanced MPS can play a major 

role in speeding up drug discovery in the near future.  
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