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The gastrointestinal microbiome plays a key role in processes such as digestion and immunity. Imbalances in the gut microbial composition lead to the disruption of the intestinal barrier which results in inflammation and may trigger disease processes. Moreover, the gut microbiome is involved in the metabolic transformation of drugs. These transformations happen along the gut-liver axis and lead to the inactivation or reactivation of drugs. Modeling the highly variable luminal gut environment to understand how gut microbes can modulate drugs remains a challenge. This is mainly due to the lack of representative models of the human gut ecosystem. Microfluidics-based technologies such as organ-on-chips (OoC) can overcome current challenges in drug toxicity assessments as these technologies are designed to be more physiologically relevant than conventional in vitro and in vivo models. 

This work describes a novel multi-organ-on-chip (MOoC) platform to predict the effect of the gut microbiome on drug metabolism. This MOoC platform interfaces the human microbial-crosstalk (HuMiX) model with the Dynamic42 liver-on-chip to recreate the bi-directional interconnection between the gut and the liver. My results demonstrate that the established gut-liver platform recapitulates characteristics of intestinal and liver cells. As a proof-of-concept, I used a well-known colorectal cancer drug, irinotecan, to follow its metabolization in the gut-liver platform. My findings demonstrate the ability to simulate irinotecan metabolism by tracking its metabolites in the gut-liver platform. Moreover, the gut-liver platform further validates the effect of a colorectal cancer-associated gut bacterium, Escherichia coli, to induce reactivation of one of irinotecan’s metabolites. The established platform thus represents an effective tool to better elucidate the interactions between the gut microbiota and pharmaceutical products and may contribute to the improvement of drug development strategies. Furthermore, this work includes the integration of TEER sensors in the HuMiX system for the characterization of the intestinal barrier. My findings demonstrate that the integrated TEER electrodes allow real-time assessment of barrier formation and disruption at four different positions of the cell culture area. Thus, these advancements open avenues to study intestinal barrier function in the context of drug metabolism. 

In conclusion, the utilization of the organ-on-chip technology expanded our understanding on the interplay between the gut microbiome and drug metabolism that further pave the way for improving drug development strategies.
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Parts of this chapter cover the following publication which can be found in the respective manuscript in the Appendices.

· Lucchetti M., Kaminska M., Oluwasegun A. K., Mosig A. S., & Wilmes P. (2021). “Emulating the gut–liver axis: Dissecting the microbiome's effect on drug metabolism using multiorgan-on-chip models.” Current Opinion in Endocrine and Metabolic Research, Volume 18, Pages 94-101 
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[bookmark: _Toc147823018]The gut microbiome

The human body is populated by trillions of microorganisms, comprising bacteria, archaea, eukaryotes and viruses (Lloyd-Price et al., 2016). The gastrointestinal tract (GIT) is known to be the organ with the highest bacterial density (Thursby & Juge, 2017). The collection of the microorganisms in the GIT is termed gut microbiota. The microbes residing in the GIT contribute to diverse metabolic activities including vitamin synthesis, energy production, glucose and lipid metabolism (Brown et al., 2023; Rowland et al., 2018; Schoeler & Caesar, 2019). Additionally, gut microbes shape host immunity (Allaire et al., 2018; Wastyk et al., 2021) and contribute to drug metabolism (Nichols et al., 2019). A significant difference in the gut microbial composition is detected between individuals (Bäckhed et al., 2005; Fassarella et al., 2021). A plausible explanation for this interindividual variability is that the gut microbiome, which refers to the collective genomes of the microbes, is modulated by various factors. These include genetics, environment, lifestyle, nutrition and the use of antibiotics (Iebba et al., 2016; Wolter et al., 2021).

A healthy gut microbiome is characterized by a balanced microbiota i.e., a high presence of beneficial species including Firmicutes and Bacteroides (Bäckhed et al., 2012). This balanced status is also referred to as eubiosis (Figure 1 A). In contrast, an unhealthy gut microbiome is defined by an outgrowth of pathogenic species (Proteobacteria) (Petersen & Round, 2014). This unbalanced status, also termed dysbiosis (Figure 1 B), has been linked to the development of numerous diseases such as cancer, inflammatory bowel disease, neurological diseases and diabetes (types 1 and 2) (Cryan et al., 2020; Garrett, 2015). Dysbiosis is for instance caused by changes in environmental factors, high caloric intake or alcohol consumption (Petersen & Round, 2014). Several interventions are known to preserve a balanced gut microbiome to maintain health. These involve the use of antibiotics, probiotics, prebiotics and faecal transplantation (Bäckhed et al., 2012). 
	
[image: A diagram of a human body
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[bookmark: _Toc141772896][bookmark: _Ref143503615][bookmark: _Toc147822988]Figure 1: Drug metabolism under healthy and unhealthy conditions. 
 A) Under eubiotic (healthy) conditions, the intestinal barrier and mucus layer tightly regulate the passage of pathogens and metabolites. B) Under dysbiotic (unhealthy) conditions, the barrier is disrupted and cannot retain bacteria and bacterial-derived metabolites from reaching the portal vein. Ultimately, this results in changes in liver metabolism. IEC, intestinal epithelial cells. Figure reproduced from Lucchetti et al. 2021.
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The intestinal barrier is composed of an outer mucus layer including the gut microbiota, antimicrobial proteins, secretory Immunoglobulin A (sIgA), the epithelial cells and the lamina propria where immune cells reside (Vancamelbeke & Vermeire, 2017). The intestinal epithelium constitutes an important barrier against external factors such as bacteria, toxins and antigens (Groschwitz & Hogan, 2009) but is permeable to dietary nutrients, sugar, electrolytes and water. The permeability of the intestinal epithelium is regulated by the transepithelial/transcellular and paracellular routes. Paracellular transport is regulated by selective transporters on the cell membrane while transcellular passage is controlled by specific complexes localized at the apico-lateral side of the cells (Guttman & Finlay, 2009). These protein complexes can be grouped into desmosomes, adherens and tight junctions (Figure 2). They form intracellular seals consisting of transmembrane proteins that are connected to cytoplasmic adaptors and the actin cytoskeleton. Additionally, a homeostasis between intra- and extracellular calcium (Ca2+) levels is critical for maintaining tight junction assembly (Ma et al., 2000; Pongkorpsakol et al., 2021; Zihni et al., 2016). Given that these protein complexes are responsible for maintaining the mechanical junction between adjacent cells, they are crucial for regulating the tightness of the intestinal wall. When the intestinal barrier is compromised by dysbiosis (Figure 1B), gut bacteria and gut-derived metabolites can breach the intestinal barrier, enter the blood circulation and ultimately cause inflammation. The link between the intestine and the liver and the effect of intestinal dysbiosis on drug metabolism will be discussed in section 1.2.
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[bookmark: _Toc141772897][bookmark: _Ref143504123][bookmark: _Toc147822989]Figure 2: Typical arrangement of cellular junctions. 
Intestinal epithelial cells are polarized cells. Their apical plasma membrane is presenting microvilli facing the intestinal lumen. Adjacent cells form anchors at their lateral side. The apical junction complex is typically composed of tight junctions, adherens junctions and desmosomes. They interact with the actin cytoskeleton through cytoplasmic adaptors to strengthen their structure. Other junction complexes include gap junctions and hemidesmosomes and interact with the lateral and basal side of the cells, respectively. Figure reproduced from (Guttman & Finlay, 2009).
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Colorectal cancer (CRC) is the third most common cancer worldwide (Rawla et al., 2019). Despite the efforts that are being made to improve its outcome through screening and therapy, CRC mortality remains high. The causes for the development of CRC pathogenesis are numerous. These can be a combination of genetic, epigenetic and environmental factors i.e., diet, lifestyle, alcohol consumption and smoking (Schmitt & Greten, 2021). The gut environment has emerged as an important factor in CRC development. Most colon cancers develop via a multistep process (Jass, 2007). This process is characterized by the presence of a benign polyp, developing to a pre-cancerous polyp, further advancing to an adenocarcinoma and finally a metastatic adenocarcinoma. Given that the progression from a benign polyp to a malign adenocarcinoma takes years, early screening of CRC can help detecting precancerous polyps and substantially reduce the risk of CRC progression. 

[bookmark: _Ref143508934]Therapies

Current treatment strategies for CRC include chemotherapy, radiotherapy and surgery (Stintzing, 2014). Once a tumor has reached the metastatic phase, CRC surgery is not always sufficient to remove the cancerous lesions. In these cases, surgery is combined with chemotherapy to achieve shrinkage of the tumor and avoid further growth and progression. Chemotherapy is often a combination of several drugs. CRC chemotherapeutic treatments currently include a combination of 5-fluorouracil (5-FU), leucovorin and oxaliplatin (FOLFOX) or 5-FU, leucovorin and irinotecan (FOLFIRI). Given that these drugs are non-specific to cancer cells and thus also target healthy cells, they cause severe side effect in patients. These side effects include diarrhea and neutropenia and are limiting drug dosage. Novel treatment strategies for CRC are being explored because of drug resistance and the lack of specificity. Immunotherapy relies on utilizing the host’s own immune system to target cancer cells and could thus be a more effective way of treating CRC and avoiding unwanted side effects (Johdi & Sukor, 2020).

Colorectal cancer-associated bacteria

Perturbations in the gut microbial composition have been linked to the development and the progression of CRC (Silva et al., 2021; Figure 3). Several CRC-enriched bacteria were reported (Okumura et al., 2021; Rebersek, 2021). Recent advances in our understanding of the gut microbiome’s role in CRC have been obtained with the use of 16S ribosomal RNA (rRNA) sequencing and furthermore enabled the discovery of new CRC-associated bacteria (Schloss, 2018). Additionally, metabolomics allowed to link different gut microbial metabolites such as short chain fatty acids (SCFAs), vitamins, polyphenols and polyamines to CRC progression and metastases (X. Zhang et al., 2019). Interestingly, it was shown that CRC patients present a reduced variety in gut microbes with a decrease in specific strains. According to these studies, 11 operational taxonomic units (OTUs) belonging to the genera Enterococcus, Escherichia/Shigella, Klebsiella, Streptococcus, and Peptostreptococcus were more abundant in CRC patients (J. Kim & Lee, 2022). Other OTUs belonging to Roseburia and Lachnospiracae were less abundant.

Given that it is becoming clear that the gut microbiome is associated to an increased risk of developing CRC, more research is being conducted to better understand the underlying molecular mechanisms. Throughout the last years, several mechanisms have been described whereby the gut microbes can lead to cancer initiation and progression (J. Kim & Lee, 2022; Ternes et al., 2020). These mechanisms include the secretion of bacterial metabolites, bacterial adhesion and invasion of host cells and modulation of the host’s immune response. Hence, strategies to modulate the gut microbiome could be used to improve CRC therapy.

[bookmark: _Ref145407755]Escherichia coli and colorectal cancer tumor growth

Escherichia coli (E. coli) is a normal habitant of the GIT and helps to maintain homeostasis. However, some E. coli strains can become pathogenic. Pathogenic E. coli strains of the phylogenetic group B2 possess a genomic island called “pks” encoding a polyketide-peptide genotoxin termed colibactin (Cuevas-Ramos et al., 2010). Colibactin was shown to produce DNA double strand breaks. This pathogenic E. coli pks+ strain was found to be highly abundant in CRC patients. Additionally, E. coli pks+ strain was associated with inflammation and reactive oxygen species (ROS) production and closely related to the development of CRC (Veziant et al., 2016). Other genotoxins were shown to be expressed by E. coli pks+ i.e., cyclomodulin cycle inhibiting factor (CIF) and cytotoxic necrotizing factor (CNF-1). Genotoxins can modulate differentiation, apoptosis and cell proliferation, subsequently leading to cell senescence and tumor growth. More specifically, CIF can block cell mitosis and CNF-1 can induce changes in the actin cytoskeleton and cause cellular senescence. 
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[bookmark: _Toc141772898][bookmark: _Ref143505222][bookmark: _Toc147822990]Figure 3: The link between the gut microbiome and CRC initiation and progression.
 The mechanisms by which the gut microbes lead to cancer formation are diverse. Specific gut microbes were shown to induce chronic inflammation in the intestinal epithelium by secreting bacterial toxins. The induction of DNA damage via ROS is another possible mechanism. Then, some microorganisms recruit tumor infiltrating cells or promote tumor proliferation via the NF-B pathway. ROS, Reactive Oxygen Species; NF-B, Nuclear Factor-Kappa B. Figure reproduced from Kim & Lee, 2022.
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The term gut-liver axis designates the bidirectional interconnection between the gut and the liver (C. L. Hsu & Schnabl, 2023). As explained in 1.1.2 a tight intestinal barrier retains bacterial metabolites from spreading to the liver. Intestinal dysbiosis is therefore linked to liver inflammation which causes metabolic liver diseases such as alcohol-associated liver disease and nonalcoholic fatty liver disease (NAFLD) (Powell et al., 2021). Interestingly, modest improvements of liver diseases could be shown after faecal microbiota transplantation (Gu et al., 2021). These findings show the important interplay between the liver and the gut. 

From an anatomical point of view, the gut-liver interconnection is done via the venous blood that is draining from the intestine into the liver through the portal vein (C. L. Hsu & Schnabl, 2023). Portal vein blood contains nutrients and microbial-derived metabolites that are absorbed by the intestinal cells and then taken up by the hepatic cells (Figure 4). These microbial-derived metabolites are important for the metabolic functions of the liver. The liver also communicates with the intestine through the biliary tract. Bile, which is a solution rich in bicarbonate, phospholipids, bile acids and IgA, is responsible for a number of functions. Bile represents a major excretion route for lipophilic substances, it emulsifies dietary fats to facilitate their intestinal absorption, eliminates cholesterol and it protects the body from enteric infections by secreting IgA. 

The term enterohepatic recycling (EHR) refers to the circulation of substances from the liver into the bile, which are then reabsorbed in the small intestine and return to the liver via the portal vein (Tu et al., 2021). EHR is necessary for some endogenous compounds like bile acids. Recirculation of bile acids avoids faecal excretion and daily biosynthesis. EHR also plays an important role in the context of non-endogenous substances such as xenobiotics. The influence of EHR on xenobiotic metabolism will be further discussed in section 1.2.4.
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[bookmark: _Toc141772899][bookmark: _Ref143506234][bookmark: _Toc147822991]Figure 4: Schematic of the gut-liver axis. 
The liver produces bile which is composed of different proteins (yellow box). Bile is transported to the small intestine via the biliary tract, aiding in lipid digestion and absorption. Gut bacteria convert bile acids into secondary bile acids in the colon. These are then transported to the liver via the portal circulation (blue box). Toxic metabolites that are produced by the liver continue their path to the systemic circulation (red box). MAMP, microorganism-associated molecular pattern; TMAO, trimethylamine N-oxide; VLDL, very low-density lipoprotein. Figure reproduced from Hsu & Schnabl, 2023. 




[bookmark: _Toc147823022]Characteristics of liver cells

The liver is composed of different cell types i.e., hepatocytes, biliary epithelial cells (cholangiocytes), stellate cells, Kupffer cells and liver sinusoidal endothelial cells (Trefts et al., 2017). Hepatocytes being the most abundant cells in the liver and are implicated in most of the liver functions. Cholangiocytes are known as the cells lining the lumen of the biliary tract, stellate cells are responsible for vitamin A storage and Kupffer cells are macrophages residing in the liver. Finally, the liver sinusoidal endothelial cells are specialized endothelial cells forming the wall of the hepatic sinusoids. They make the vascular endothelium discontinuous by forming fenestrae (transcellular pores) to exchange proteins between plasma and the liver cells (Gracia-Sancho et al., 2021). 

The hepatocytes are organized in a hexagonal nature (Figure 5 A) around the central vein to form the lobule. Branches of the hepatic artery, portal vein and bile ducts are surrounding the hepatic hexagonal structure and represent the portal triad area. Oxygen-rich blood from the hepatic artery mixes with nutrient-rich blood from the portal vein in the sinusoid to then drain into the central vein (Figure 5 B). This specific organization causes the presence of different zones with less or more oxygen and less or more nutrients and waste. This gradient results in a different partitioning of functions along the sinusoid, termed metabolic zonation, separated into three different zones.
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[bookmark: _Toc141772900][bookmark: _Ref143506680][bookmark: _Toc147822992]Figure 5: Organization of the liver. 
A: Geometric representation of the liver. The hepatic artery, portal vein and biliary duct are organized in triads. B: Schematic representation of a liver sinusoid, the corresponding zones and metabolic processes. Different cell types coexist in the liver sinusoid: stellate cells, hepatocytes, endothelial cells, choliangocytes and Kupffer cells. The specific organization of the liver cells leads to several different gradients of oxygen, hormones, nutrients and waste products. These gradients create different zones in the liver which are characterized by different functions. Figure reproduced from Trefts et al., 2017.



[bookmark: _Toc147823023]Liver functions and physiology

The liver is responsible for a variety of functions in the human body. These comprise xenobiotic detoxification, lipid and cholesterol homeostasis, blood volume regulation, macronutrient metabolism, storage and redistribution of carbohydrates, lipids and vitamins (Bechmann et al., 2012). The liver produces and secretes bile which offers a route for the excretion of bile acids, drugs, metabolites, bilirubin and cholesterol. 

[bookmark: _Toc147823024]Liver and drug metabolism

Drug metabolism is one of the main functions of the liver (Trefts et al., 2017). Drug metabolism involves drug-metabolizing enzymes that transform lipophilic drugs into more polar drugs to be excreted (Lucchetti et al., 2021; Omiecinski et al., 2011; Figure 6). Through this process, a drug is detoxified and its effect is terminated. Drug-metabolizing enzymes are abundantly found in the liver and to a lesser extend in other organs.

A drug can be administered through the oral or intravenous route. An orally administered drug has a drug bioavailability[footnoteRef:1] lower than 100% because it must first pass through the GIT to be absorbed. This process is termed first-pass metabolism. In comparison, a drug administered intravenously bypasses the first-pass effect and directly reaches the systemic circulation. Thus, drugs administered via the intravenous route have a bioavailability of 100%. [1:  The bioavailability of a drug is determined by the concentration of the drug reaching the blood circulation.] 









	
[image: A diagram of a diagram

Description automatically generated]
[bookmark: _Toc141772901][bookmark: _Ref143507450][bookmark: _Toc147822993]Figure 6: Phases of drug metabolism. 
Several metabolic pathways are occurring to a chemical compound after oral intake. These pathways can be divided into three phases. The liver and GIT are responsible for the two first phases. Phase I is responsible for the oxidation of the compound via CYP450 to render it more soluble. Phase II also termed detoxification phase implicates the conjugation of the soluble metabolite to form a highly soluble metabolite. This occurs via UGTs. Highly soluble metabolites are eliminated by the body during phase III. GIT, gastrointestinal tract; CYP450, cytochrome 450; UGT, UDP-glucoronosyltransferases. Figure reproduced from Lucchetti et al. 2021.



[bookmark: _Ref143506466][bookmark: _Ref143506477][bookmark: _Toc147823025]Enterohepatic recirculation of drugs

As described in section 1.2 , EHR describes the process whereby a compound is recycled from liver to the intestine via biliary excretion and transported back to the liver. Drugs undergoing EHR show a longer half-life thus prolonging the effect of certain drugs and drug metabolites (M. S. Roberts et al., 2002). Consequently, the appearance of multiple peaks in drug plasma concentration can be observed. In addition, it was shown that EHR results in the reactivation of drugs through bacteria residing in the GIT. Factors influencing EHR are diverse and include the drugs molecular weight, chemical structure and polarity, biotransformation and metabolism (Malik et al., 2016). Understanding EHR is thus crucial to understand pharmacokinetics and drug dosage. 
[bookmark: _Ref144454721][bookmark: _Ref144454726][bookmark: _Toc147823026]Bacteria involved in drug metabolism

Gut bacteria were shown to modify drug metabolism through the expression of different drug-metabolizing enzymes (Nichols et al., 2019; Wilson & Nicholson, 2017). Drugs that are delivered orally, undergo metabolization via host and bacterial enzymes residing in the small and large intestine (Zimmermann et al., 2019; Figure 7). Furthermore, drugs undergoing EHR are subjected to metabolization in the intestine. A series of drugs were reported to be chemically modified by gut bacteria (Dhurjad et al., 2022) and are summarized in Table 1. Moreover, bacteria from different clades were shown to be responsible for these modifications (Enright et al., 2016). These modifications include the: i) activation, ii) inactivation, iii) conversion into a toxic metabolite and iv) reactivation of a drug. 

For instance, digoxin, a cardiotonic medication, can be rendered ineffective by Egghertella lenta. This bacterium converts digoxin into dihydrodigoxin and dihydrodigoxigenin (Haiser et al., 2014). Another example involves levodopa (L-Dopa), a treatment for Parkinson's disease. To become active dopamine, L-Dopa must first undergo intestinal absorption, cross the blood-brain barrier, and become decarboxylated within the central nervous system. However, research has revealed that Enterococcus faecalis-mediated decarboxylation transforms L-Dopa into dopamine, contributing to gastrointestinal side effects (Hashim et al., 2014; Jameson & Hsiao, 2019). Subsequently, Eggerthella lenta further dehydroxylates dopamine into m-Tyramine, influencing gut-related dopamine side effects. As a solution, L-Dopa is frequently administered in combination with carbidopa, a drug that prevents peripheral metabolism. Similarly, sulfasalazine, an anti-inflammatory drug, relies on microbial enzymes to cleave an azo-bond and activate its therapeutic effects. Lastly, brivudine, an oral antiviral treatment, is metabolized both by host enzymes and microbial enzymes (H Nakayama et al., 1997). This metabolism produces bromovinyluracil, which, when activated in the gut, can lead to hepatoxicity.

Importantly, xenobiotic metabolism is influenced by the microbial composition in the gut. Given that the microbial composition is different between individuals this results in a high variability of drug-metabolizing enzymes and differences in drug responses (Zimmermann et al., 2019). A better understanding of drug metabolism in the context of gut bacteria is crucial to customize treatments to render them more efficient.
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[bookmark: _Ref143508451][bookmark: _Toc147822994]Figure 7: The gut microbiome in drug metabolism.
 After oral drug administration (1), the drug is absorbed in the small intestine and metabolized by host and bacterial enzymes. In the intestine (2), a drug can either be activated, inactivated or generate toxic compounds. These toxic compounds can cause liver toxicity (3). Figure reproduced from Lucchetti et al. 2021.








[bookmark: _Ref143508486][bookmark: _Toc142131264][bookmark: _Toc145068813][bookmark: _Toc145511611][bookmark: _Toc145512863][bookmark: _Toc147822980]Table 1: Examples of drugs undergoing bacterial metabolization

	Drug
	Bacteria or enzyme
	Modification
	Reference

	Brivudine
	Bacteroides
	Activation
	(H Nakayama et al., 1997)
	Diclofenac
	-glucuronidase enzymes
	Reactivation
	(Saitta et al., 2014)
	Digoxin
	Eggerthella lenta
	Inactivation
	(Haiser et al., 2014)
	Indomethacin
	-glucuronidase enzymes
	Reactivation
	(Saitta et al., 2014)
	Insulin 
	Protease enzymes
	Inactivation
	(Tozaki et al., 1997)
	Irinotecan
	Escherichia coli, Clostridium ramosum, Bacteroides vulgatus
	Reactivation
	(Takasuna et al., 2006)
	Levodopa
	Enterococcus faecalis, Eggerthella lenta,
Helicobacter pylori
	Inactivation
	(Hashim et al., 2014; Jameson & Hsiao, 2019)
	Nitrazepam
	Clostridium leptum
	Conversion into a toxic compound
	(Rafii et al., 1997)
	Sulfasalazine
	Azoreductase enzymes
	Activation
	(Peppercorn & Goldman, 1973)
	Thioguanine
	Escherichia coli
	Activation
	(Movva et al., 2016)





[bookmark: _Ref144718887][bookmark: _Ref144820222][bookmark: _Ref144890528][bookmark: _Ref144901230]Irinotecan

As described in 1.1.3.1, irinotecan is used as one of the first-line chemotherapeutic treatments in CRC. Given that irinotecan was shown to be metabolized by the presence of gut bacteria (Table 1), its metabolism will be further discussed in this section.

Irinotecan is an analog of camptothecin derived from a Chinese tree called Camptotheca acuminata (Wall & Wani, 1996). In the mid-1980’s, the anticancer activity of irinotecan was elucidated. Irinotecan binds to the DNA topoisomerase I enzyme which is responsible for introducing single strand DNA breaks during DNA replication to allow supercoiled DNA to relax (Kciuk et al., 2020). Through inhibition of the DNA topoisomerase enzyme I, the relegation of the DNA strand is inhibited. This results in double strand DNA (dsDNA) breaks and further activation of damage checkpoint signaling and cell death. Given that cancer cells express more topoisomerase I enzyme they are more sensitive to irinotecan.

The prodrug irinotecan needs to be hydrolyzed into its active form SN-38 to exert its anti-cancerous activity (Smith et al., 2006; Figure 8). This transformation is done via two isoforms of carboxylesterases (CES1 and 2) localized in the blood, liver and kidneys. CES2 has a higher affinity for irinotecan than CES1 and thus mainly contributes to the activation of irinotecan. SN-38 is inactivated into SN-38G via UDP-glucoronosyltransferases (UGT) and excreted into the bile. UGT1A1, UGT1A7 and UGT1A9 are the major isozymes responsible for the detoxification of SN-38. Cytochrome (CYP) 3A4 enzymes contribute to the intrahepatic transformation of irinotecan into the inactive metabolites 7-ethyl-10-[4-N-(5-aminopentanoicacid)-1-piperidino] carbonyloxycamptothecin (APC) and 7-ethyl-10-(4-amino-1-piperidino) carbonyloxycamptothecin (NPC). NPC was shown to be converted into SN-38 but to a lesser extent than irinotecan. SN-38G can be deconjugated into SN-38 by -glucuronidases produced by host (encoded by the GUSB gene) and bacterial cells (encoded by the uidA gene). Bacterial -glucuronidase enzyme can cleave the glucuronic moiety to glucuronic acid and aglycone. The excretion route of all the metabolites of irinotecan is mainly done via the feces except for SN-38G which is only found in urine (Parvez et al., 2021). Elimination half-lives (t1/2) of irinotecan are between 5 and 18 hours. 
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[bookmark: _Ref143509143][bookmark: _Toc147822995]Figure 8: Metabolic pathway of irinotecan. 
The prodrug irinotecan is either activated by CES enzymes into SN-38 or transformed into APC or NPC by CYP3A4. To a lesser extent, NPC can be further activated to SN-38 by CES enzymes. The active metabolite SN-38 is inactivated by UGT1A into SN-38G. CES1/2, carboxylesterase 1 and 2; APC, 7-ethyl-10-[4-N-(5-aminopentanoicacid)-1-piperidino] carbonyloxycamptothecin; NPC, 7-ethyl-10-(4-amino-1-piperidino) carbonyloxycamptothecin; CYP450, cytochrome 450; UGTs, uridine diphosphate glucoronyltransferase. Figure reproduced from Smith et al., 2006.




Irinotecan was first introduced in clinics in 1998 for the treatment of solid tumors, amongst which CRC, pancreatic and lung cancer are counted. The cellular metabolism of irinotecan is complex due to the involvement of many transporters and enzymes (Smith et al., 2006). Three different administration regimes for irinotecan currently exist in clinics. These can be weekly, bi-weekly or three-weekly (de Man et al., 2018). However, irinotecan is preferably administered intravenously every week for 90 minutes. Dosage of irinotecan range from 100 to 150 mg/m2 [footnoteRef:2] of given weekly and from 150 to 350 mg/m2 if given three-weekly. Primary side effects, neutropenia and diarrhea are often dose-limiting. Many studies were conducted to select the regimen and dosage causing the least side effects. Additionally, it was shown that even if reducing irinotecan dosage through combined therapy with 5-FU, the side effects were not improved and that these were highly dependent on the patient’s status.  [2:  Body surface dosing (BSA) is based on patient height and weight (Du Bois & Du Bois, 1915). Using BSA helps to improve drug efficacy, minimize drug toxicity and account for changes in pharmacokinetics according to patient’s factors.

(Weight) kg0.425 x (Height) cm0.725 x 0.007184 = BSA in M2] 


Following intravenous injection of irinotecan, the prodrug is activated in the blood circulation into SN-38 (Figure 9). From there, SN-38 reaches the liver to be inactivated into SN-38G. Given that irinotecan metabolism is following EHR, SN-38G is recirculated back to the gut lumen via the bile duct. Interestingly, it was shown that SN-38G is reactivated via bacterial -glucuronidases into SN-38, therefore prolonging the presence of the toxic metabolite in the body. Increasing number of research has shown that -glucuronidase-expressing bacteria can enhance the reactivation of SN-38G (Parvez et al., 2021; Yue et al., 2021). Studies could show that inhibition of -glucuronidase could reduce intestinal toxicity without interfering with irinotecan metabolism (A. B. Roberts et al., 2013). Moreover, the use of antibiotics to eliminate gut bacteria showed lower intestinal destruction in mice (Wallace et al., 2015). Many synthetic inhibitors i.e., E. coli and Clostridium perfringens -glucuronidase-specific inhibitors and natural inhibitors i.e., flavonoids and cinnamic-acid derivates have been shown to successfully alleviate intestinal diarrhea. Given these findings, gut microbial manipulation will most probably become a part of CRC treatment.
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[bookmark: _Toc141772902][bookmark: _Ref143511200][bookmark: _Toc147822996]Figure 9: Irinotecan metabolism in the human body. 
The prodrug irinotecan is given intravenously (IV) to patients and is hydrolyzed in majority by blood CES 1/2 enzymes into the active metabolite SN-38. SN-38 travels through the blood circulation and is distributed through the body’s tissues e.g. the intestine, consequently also reaching the tumor target site. From the tissues, SN-38 is transported into the liver to be detoxified by UGT enzymes into the inactive form SN-38G. Instead of being excreted by the kidneys, SN-38G can reach the intestine via the biliary tract. Intestinal beta-glucuronidases, originating in majority from intestinal bacteria, are responsible for SN-38G deconjugation into SN-38. This causes SN-38 to persist longer in the intestine and triggers intestinal toxicity.  CES1/2, carboxylesterase 1 and 2; UGT, uridine diphosphate glucoronyltransferase. Figure created with Adobe Illustrator.





[bookmark: _Toc147823027]Experimental models for studying the gut-liver axis

Given that the effect of the human microbiome on the liver and drug metabolism has increased in interest, there is a need to find ideal models to study the interaction between the gut and the liver (Pabst et al., 2023). However, it remains challenging to find an appropriate system to faithfully represent the GIT microbiome. Studies involving xenobiotics rely on studying absorption, distribution, metabolism and excretion (ADME) of the drug. Before starting human clinical trials ADME studies involve the use of different study models ranging from in vitro test tubes and cell culture systems to animal models and in silico modelling (D. Zhang et al., 2012). Each model aims to mimic as closely as possible human physiology to accurately predict the effect and toxicity of a drug. In the following sections, I will further describe the use of in vivo and in vitro models and their drawbacks in the context of the gut-liver axis and drug metabolism.

[bookmark: _Toc147823028]Animal models

Animal models are essential for improving our understanding of human disease and identifying new therapeutic strategies (Domínguez-Oliva et al., 2023). The use of living organisms, typically animals, is necessary to gain a comprehensive understanding of complex host-drug interactions (Douglas, 2019). Because animals consider the entire physiological context, compared to in vitro models, they provide a valuable tool for gaining insight into the entire physiological context. Therefore, animal models are often used in preclinical studies to investigate drug efficacy and toxicity. However, animal models are limited in their ability to represent human physiology. In addition, they cannot mimic the complex human responses to a drug and cannot show all its side effects.

For the study of the gut microbiome, animal models provide the means to manipulate host-microbiome interactions at the microbial and genetic level, which is not possible in humans (Kostic et al., 2013). Animals allow direct access to the contents of the colon, which is crucial for the study of metabolites and much more useful than feces. Animal models, especially germ-free or gnotobiotic animals (animals with a known and controlled gut microbiota composition), provide a valuable platform to study the role of gut microbes in drug metabolism in a living organism (Turner, 2018). By comparing drug metabolism in gnotobiotic and conventional animals, researchers can attribute specific metabolic changes to the gut microbiota.

Animal models have contributed to a large body of knowledge and remain essential for validating results from in vitro assays. Studying the influence of GIT microbes on drug metabolism requires an approach that combines in vitro, in vivo animal and human studies. However, animal studies raise many ethical and cost concerns, and translating their findings to humans remains challenging. Therefore, alternative models are needed to better simulate organ physiology in an animal-free manner.

[bookmark: _Toc147823029]Human studies

Human studies also play a crucial role in understanding the microbial influence on drug metabolism (Zimmermann et al., 2019). Human studies, such as clinical trials and observational studies, can provide insights into how individual variations in gut microbiota composition affect drug response (Javdan et al., 2020). These studies may involve analyzing the gut microbiota composition of individuals and correlating it with their drug metabolism profiles.

Advances in high-throughput sequencing technologies have enabled researchers to profile the composition and function of the gut microbiota with high accuracy (Turnbaugh et al., 2007). By analyzing the genetic material of gut microbes, researchers can identify specific microbial enzymes and pathways involved in drug metabolism. This information can guide the development of personalized medicine approaches that tailor drug regimens based on an individual's gut microbiota profile.

[bookmark: _Toc147823030]In vitro models

In vitro assays play a critical role in advancing our understanding of the gut-liver axis and drug metabolism by providing a controlled environment to study complex processes. In vitro models are used to screen large numbers of compounds at the discovery stage (D. Zhang et al., 2012). These models allow specific questions to be answered and do not require the use of large quantities of test compounds or cells. Furthermore, they allow researchers to individually study intestinal drug absorption and liver metabolism without the complexity of in vivo studies (Fedi et al., 2021; Ooka et al., 2020). One approach is to use cultured cells derived from gut and liver tissue. Enterocytes, the cells that line the intestinal wall, can be cultured to mimic the intestinal environment. These cells can be exposed to drugs and their responses analyzed to understand drug absorption. Similarly, hepatocytes can be cultured to study drug metabolism, including phase I and II responses. 

In vitro assays also allow the use of patient-derived cells to better simulate human cell properties (Ramzy et al., 2020). The use of gels or scaffolds leads to the three-dimensional organization of these cells (Langhans, 2018). Nonetheless, in vitro models are not exposed to the dynamic environment of the human body and are often used to investigate a specific question at the single-organ level. Even though, in vitro models offer the opportunity to study the GIT microbiome and liver drug metabolism in a cost-effective and animal-free way, there is a need to find more complex in vitro systems. 

[bookmark: _Toc147823031]Microfluidics-based in vitro models

Microfluidics-based in vitro systems, also known as organs-on-chips (OoCs) take classical in vitro assays to the next level because they are designed to better recapitulate human physiology. OoCs are fabricated using microfabrication techniques and allow for specific designs i.e., multiple channels, specific shapes and materials. These systems incorporate multiple cell types and allow the simulation of fluid flow and cell interactions, closely mimicking the in vivo environment. Furthermore, OoCs offer the possibility of sensor integration for monitoring the cell environment. By studying drug metabolism in these highly controlled systems, researchers can gain insight into how drugs are transformed in the gut and liver, as well as study potential interactions between the two organs.
In this section, I will first illustrate examples of single organ chips and will then describe platforms interconnecting single OoCs to form multi-organ chips (MOoCs).

[bookmark: _Ref145322460][bookmark: _Ref145323225][bookmark: _Ref145324298]Organ-on-chips

OoCs aim to closely mimic a tissue or an organ (Leung et al., 2022). To represent the intestine, it is necessary to reproduce the intestinal barrier with its villi-like structures and the gut environment characterized by shear stress, peristalsis and hypoxia (Thomas et al., 2023). Most OoCs recapitulating the intestine are based on at least two compartments to enable access the apical and basal pole of the cells (Marrero et al., 2021). This is important for cell differentiation and intestinal absorption. OoC compartments are often separated by a microporous polycarbonate (PC) or polyethylene terephthalate (PET) membrane enabling the passage of metabolites and preventing cell migration. The integration of hydrogel scaffolds simulates the physiological environment of the cells and enhances their in vivo-like differentiation (Costello et al., 2017; Figure 10 A). It was shown that shear stress is crucial for proper cell differentiation, mucus formation and drug absorption (Delon et al., 2019). By adjusting the flow rate and channel dimensions of the chip, shear stress can be tailored to the needs of the cells. To enable the co-culture of strict anaerobes and human cells in OoCs, oxygen levels must be lower than 0,5% (Zheng et al., 2015). Our in-house intestine chip named the human-microbial crosstalk model (HuMiX), has been validated to effectively simulate intestinal physiology and structure (Shah et al., 2016; Figure 10 B). The nitrogen flow in the top channel of HuMiX, creates an anoxic bacterial chamber, enabling the introduction of anaerobic bacterial cultures. Peristalsis is characterized by a series of muscle contractions occurring in the intestine. Peristalsis was simulated on-chip by applying vacuum suction to the lateral hollow chambers which caused stretching of the Polydimethylsiloxane (PDMS) chip (H. J. Kim et al., 2012; Figure 10 C). Primary epithelial cells isolated from an intestinal biopsy were, expanded as 3D organoids and cultured in a microfluidic device (Kasendra et al., 2018a). In this intestine-chip, the epithelium faithfully recapitulated in vivo structure of an epithelium. 

Gut-on-chip systems provide the means to investigate microbiome-host interactions by introducing representative communities of the human GIT. The HuMiX system was used to model the intestinal barrier in relation to the GIT microbiome in a representative manner. Using the HuMiX system, an understanding of the importance of using synbiotics in the therapeutic treatment of CRC (Greenhalgh et al., 2019) and of the effect of microbiome-derived metabolites in driving CRC development (Ternes et al., 2022) has been obtained. Recent findings by Jalili-Firoozinezhad et al. (2019) showed that by placing their chips into an engineered anaerobic chamber they could ensure an oxygen gradient (Jalili-Firoozinezhad et al., 2019). Hence, they could culture highly complex communities of strict anaerobes and aerobes of human commensal gut bacteria. The Dynamic42 gut-on-chip was used to investigate microbial interactions in an immunocompetent environment (Maurer et al., 2019; Figure 10 D). They could successfully validate L. rhamnosus’ antagonistic interactions on the opportunistic pathogenic fungus Candida albicans.
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[bookmark: _Toc141772903][bookmark: _Ref143512589][bookmark: _Toc147822997]Figure 10: Gut-on-chip models recapitulating human intestinal physiology. 
A) Gut-on-chip mimicking the 3D villi-like structures of the intestine via a hydrogel-scaffold. B) The HuMiX model comprises three channels and recreates an anoxic environment in the bacterial chamber. C) Gut-on-chip model comprising 2 channels, separated by a porous membrane and allowing the culture of an intestinal barrier.  D) Dynamic42 gut-on-chip comprising dendritic cells, macrophages, endothelial cells and epithelial cells. 3D, three-dimensional; HuMiX, human-microbial crosstalk. Figure adapted from Costello et al., 2017, Shah et al., 2016, H. J. Kim et al., 2012 and Maurer et al., 2019.




To maintain human liver physiology several criteria need to be considered. These are hepatic polarization, oxygen zonation, shear stress to enhance metabolic activity, co-culture with other cells and hepatic cell origin (Dalsbecker et al., 2022; Deguchi & Takayama, 2022). The vascularized human liver acinus microphysiological system (vLAMPS) is a glass microfluidic chip recapitulating the 3D structure of the liver acinus (Li et al., 2018; Figure 11 A). Additionally, oxygen zonation was achieved by controlling the medium flow rate through the platform to create different zones of oxygen. The single-chamber self-assembly liver model (SQL-SAL) was designed to co-culture liver cells, immune, endothelial and stellate cells that would organize in physiologically relevant way (Vernetti et al., 2016; Figure 11 B). The chip was used to assess lactate dehydrogenase (LDH), albumin, drug and drug metabolites in the efflux media and to study hepatotoxicity. The Dynamic42 liver-on-chip system captures fundamental elements of liver metabolism and the human liver sinusoid structure (Rennert et al., 2015; Figure 11 C). The Dynamic42 system hence offers an effective tool for drug metabolism studies and acute and chronic liver inflammation disease modeling.
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[bookmark: _Ref143512631][bookmark: _Toc147822998]Figure 11: Liver-on-chip models simulating liver physiology.
 A) vLAMPS glass-based liver chip recapitulating liver oxygen zonation. B) Cellular organization in the SQL-SAL liver-chip. C) Dynamic42 liver-on-chip containing endothelial cells, hepatocytes, stellate cells and macrophages. vLAMPS, vascularized human liver acinus microphysiological system; SQL-SAL, single-chamber self-assembly liver model. Figure adapted from Li et al., 2018, Vernetti et al., 2016 and Rennert et al., 2015.









[bookmark: _Ref145314815]Multi-organ-on-chip platforms

Modelling a single organ is not sufficient to understand more complex processes of drug metabolism. Multi-organ-chips aim to replicate interactions between two or more organs to provide a comprehensive understanding about organ function and interaction, disease mechanisms and drug metabolism. However, linking multiple OoCs comes with challenges. Scaling of the organs and the flow for each tissue, using specific cell medium for each tissue and the chip design need to be considered (Low et al., 2021). 

Chen et al. (2017) demonstrated human gut-liver interactions under normal and inflammatory conditions using a MOoC platform (Chen et al., 2017; Figure 12 A). They could show that inflammatory gut-liver communication was associated with modifications in hepatic biotransformation and detoxification pathways implicating CYP450. Yang et al. (2023) designed an integrated gut-liver chip (iGLC) by co-culturing human gut and liver cells in a closed circulation loop (Yang et al., 2023;Figure 12 B). The iGLC platform was used to simulate initiation and progression of NAFLD by treatment with free fatty acids. The design of a four-organ chip offers the means to assess in vitro ADME effects and drug safety (Maschmeyer et al., 2015; Figure 12 C). Through the coupling of two-chamber OoCs of different organs a first pass model of drug absorption, metabolism and excretion was generated (Herland et al., 2020; Figure 12 D). This platform may be used for drug discovery and drug toxicity assessment. 
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[bookmark: _Toc141772904][bookmark: _Ref143512661][bookmark: _Toc147822999]Figure 12: MOoCs simulating the interconnection between the gut and the liver. 
A) Exploded view of gut-liver platform. B) iGLC platform used to simulate NAFLD. C) MOoC interconnecting the gut (1), the liver (2), the skin (3) and the kidney (4). D) Representations of the gut, liver and kidney chips containing a vascular compartment (AV) are shown on the bottom. Photos of the OoCs are shown on top. Medium flow is indicated by red arrows. Regions where an automated liquid handling system transfers fluid between the AV reservoirs are marked with ‘I’. iGLC, integrated gut-liver chip; NAFLD, non-alcoholic fatty liver disease; MOoC, multi-organ-on-chip. Figure adapted from Chen et al., 2017, Yang et al., 2023, Maschmeyer et al., 2015 and Herland et al., 2020.



[bookmark: _Ref144373520]Sensors

Sensors play a critical role in monitoring and controlling different parameters of the cell environment (Fuchs et al., 2021). This allows the researchers to gather more information on various parameters such as glucose levels, oxygen, pH and barrier permeability. Monitoring these parameters in real-time and in a non-invasive way, helps understanding cell behaviour in general and in response to external stimuli. The nature of integrated sensors to assess these parameters are electrical, optical and electrochemical sensors. The integration of electrical sensors in OoCs will be further disclosed in this section. 

The integration of electrical sensors in OoCs can be used to obtain a transepithelial/endothelial electrical resistance (TEER) read-out. TEER measurements are widely used in vitro to assess the permeability of a barrier (Srinivasan et al., 2015). As discussed previously in 1.1.2, maintaining a tight intestinal barrier is crucial for preserving gut homeostasis. Previously, TEER sensors were introduced in OoCs using thin-film electrodes (van der Helm et al., 2019; Figure 13 A) or metal wires (van der Helm et al., 2016; Figure 13 B). Impedance spectroscopy was combined with electrical simulation to determine TEER and villi-formation of an intestinal epithelium grown in an OoC (van der Helm et al., 2019). A fabrication process for inserting Ag/AgCl electrodes in a two-channel PDMS chip was described (Douville et al., 2010). With this technology, confluency of different epithelial and endothelial cells was confirmed. TEER electrodes to measure confluency of renal epithelial cells under normal and barrier-disrupting conditions were integrated in a microfluidic device (Ferrell et al., 2010;Figure 13 C). Data normalization was addressed by integrating polystyrene sulfonate (PEDOT:PSS) electrodes in a microfluidic chip (Marrero et al., 2023; Figure 13 D). These electrodes cover the entire cell culture area and thus provide a homogenous electrical field across the entire membrane.  
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[bookmark: _Ref143512695][bookmark: _Toc147823000]Figure 13: OoCs with integrated electrodes. 
A) Microfluidic PDMS gut-on-chip device with two channels and integrated semi-transparent gold electrodes. B) Chip with integrated platinum wire electrodes. C) Schematic of TEER electrodes consisting of an Ag/AgCl and an Ag electrode on each side of the membrane. D) Microfluidic device with integrated PEDOT:PSS electrodes (scale bar = 1cm). PDMS, Polydimethylsiloxane; TEER, transepithelial/endothelial electrical resistance; AgCl, silver chloride; Ag, silver; PEDOT:PSS, polystyrene sulfonate. Figure adapted from van der Helm et al., 2019, van der Helm et al., 2016, Ferrell et al., 2010 and Marrero et al., 2023.





To conclude OoCs offer a promising approach to advance our understanding of human physiology, disease and drug responses in a more ethical way. In addition, the introduction of sensors facilitates the monitoring of cell parameters and provides a richer understanding of organ dynamics and interactions. Further advancements in this field are needed to improve the physiological resemblance of OoCs and accelerate their introduction in pre-clinical trials.


[bookmark: _Toc147823032]AIMS AND OUTLINE OF THE THESIS

The aim of this thesis was to establish an OoC-based study model to better recapitulate the gut-liver axis. For this purpose, I interfaced the HuMiX gut-on-chip and the Dynamic42 liver-on-chip from Jena University Hospital to create a multi-organ-chip system mimicking the gut-liver axis. To prove the functionality of the established platform, I simulated the metabolism of the well-known anticancer drug irinotecan. I then also used the platform, to study the impact of Escherichia coli on irinotecan metabolism. I selected a non-pathogenic E. coli strain for this work, as my primary interest was to investigate E. coli’s potential to affect irinotecan metabolism through its -glucuronidase activity.

Given the importance of sensor integration in OoC systems to control the cell environment, I also worked on the introduction of TEER electrodes in the HuMiX system. This work led to the successful integration of thin-film platinum electrodes in HuMiX. These electrodes enabled to study intestinal barrier formation and disruption in HuMiX in real-time.


The presented work followed these main objectives:

1. Interconnection of the HuMiX gut-on-chip with the Dynamic42 liver-on-chip for the establishment of a gut-liver platform
2. Simulation of the metabolism of an anticancer drug, irinotecan, as a proof-of-concept of the established gut-liver platform
3. Resolving the effect of a colorectal cancer-associated bacteria, Escherichia coli, on irinotecan metabolism using the gut-liver platform
4. Integration of TEER electrodes in the HuMiX gut-on-chip to monitor real-time gut barrier permeability






[bookmark: _Ref144202802][bookmark: _Ref144203631][bookmark: _Ref144203818][bookmark: _Toc147823033] COMMON METHODOLOGY

This chapter describes common methods that were used in this work. More details on these methodologies will be described in chapter 4 and refer to the following manuscripts: 

· Lucchetti M., Oluwasegun A. K., Jäger C., Perez-Escriva P., Letellier E., Mosig A. S., & Wilmes P. (2023) “An organ-on-chip platform for simulating drug metabolism along the gut-liver axis.” To be submitted to Biofabrication

· Lucchetti M., Werr G., Johansson S., Barbe L., Grandmougin L., Wilmes P. and Tenje M. “Integration of multiple flexible electrodes for real-time detection of barrier formation with spatial resolution in a gut-on-chip system.” In revision with minor revisions. Microsystems and Nanoengineering



[bookmark: _Toc147823034]INTRODUCTION

The significant involvement of the gut-liver axis in drug metabolism processes as well as the influence of gut bacteria in the transformation of xenobiotics were described in section 1.2.4 and 1.2.5, respectively. Nonetheless, the full scope of the bacteria’s identity and the molecular mechanisms underlying xenobiotic metabolism remain incomplete. Given that the use of animal-free OoC systems is emerging to conduct research on the multi-organ level (section 1.3.4.2), this chapter focuses on the common methodologies that I employed to develop a platform simulating the gut-liver interplay. Within this chapter, I also address the strategies implemented to validate the functionality and metabolic activity of the cells within the platform. Furthermore, I tackle the methodologies used to conduct bacterial culture and to assess irinotecan metabolism.

The importance of barrier permeability in the context of the gut microbiome and drug metabolism was described in section 1.1.2 and 1.2. This section covers the methods utilized to assess in vitro barrier permeability. Furthermore, this chapter encompasses the method used to intentionally disrupt the epithelial barrier as well as the approach used to evaluate the disruption of tight junction proteins.

Finally, this chapter also outlines the improvements in engineering made in the HuMiX system, which were essential for mitigating bubble formation, integrating TEER electrodes in the HuMiX system and creating a functional gut-liver platform.




[bookmark: _Ref144282229][bookmark: _Ref144712186][bookmark: _Toc147823035]Human cell culture

Human cells used in this study are listed in Table 2. The cells were cultured in a humidified cell incubator at 5% CO2 and 37°C. All the cells were verified monthly for mycoplasma using the MycoAlert® Mycoplasma detection kit (#LT07-318, Lonza). For subculture, the cells were detached from the culture flasks using TrypLE (TrypLE Express Enzyme (1X), phenol red, #12605010, Thermo Fisher Scientific). For the creation of stock vials, cells were resuspended in freezing solution (90% FBS HI, #10500-064, Life Technologies, 10% DMSO, #D841, Merck Milipore), transferred into a cryotube, placed at -80°C for 24 hours and then stored at -150°C until use. For cell recovery, cells were placed in a water bath at 37°C, resuspended in fresh cell culture media and centrifuged. The pellet was then resuspended in fresh culture media and the cell suspension transferred into a small flask for cell expansion.



[bookmark: _Ref143591279][bookmark: _Toc145068814][bookmark: _Toc145511612][bookmark: _Toc145512864][bookmark: _Toc147822981]Table 2: Human cells used in this study

	Cell line
	Cell-specific proteins

	Caco-2
	Occludin[footnoteRef:3], ZO-1[footnoteRef:4] [3:  Occludin is a tight junction protein.]  [4:  Zonula occludens (ZO-1) is a tight junction protein.] 


	HepaRG
	Albumin, CYP3A4

	HUVEC
	Cadherin-5[footnoteRef:5] [5:  Cadherin-5 is an adherens junction protein.] 


	THP-1
	CD68[footnoteRef:6] [6:  Cluster of differentiation (CD68) is a macrophage maturation marker.] 




[bookmark: _Ref144742146][bookmark: _Toc147823036]Assessment of cell viability and functionality

Cell viability 

CASY cell count technology is used to assess cell viability. CASY measures the conductivity between two electrodes separated by a defined pore. The intensity of the signal directly correlates with the volume of the cells. Living cells have an intact membrane in comparison to dead cells. When a living cell is exposed to a low voltage field, it acts like an electric insulator and the electric current cannot go through. Thus, its full volume is detected. In contrast, in the case of a dead cell, which has pores in the membrane, the electrical field passes through and only its nucleus is detected.

Microscopy 

Cells were stained for their specific proteins to assess barrier permeability, cell differentiation or metabolic functionality. Cell-specific proteins are listed in Table 2. Protein staining was performed using specific primary antibodies, further detailed in section 4.1.3.

ELISA
 
Albumin is the most abundant serum protein and is responsible for the transport of hydrophobic molecules and maintaining the oncotic pressure in the body (Spinella et al., 2016). Albumin is often used as a marker for hepatic viability in vitro because it reflects the functional integrity of hepatocytes. Albumin levels in the cell supernatants were quantified using Enzyme-Linked Immunosorbent Assay (ELISA) against albumin (Albumin Human ELISA kit, #EHALB, Thermo Fisher Scientific). The experimental principle of the ELISA assay for albumin detection is depicted in Figure 14 and further details on the method are found in section 4.1.3.
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[bookmark: _Ref146021705][bookmark: _Toc147823001]Figure 14: ELISA assay for albumin detection.
 HRP, Horseradish Peroxidase; TMB, Tetramethylbenzidine. Figure created with BioRender. 




[bookmark: _Ref144822234][bookmark: _Toc147823037]Assessment of DNA damage

The -H2AX assay is a technique used to visualize and quantify DNA double strand (ds) breaks in cells (Noubissi et al., 2021). When DNA ds breaks occur, specific residues on histones are phosphorylated to form -H2AX histones. These can be detected with a specific antibody and visualized through fluorescence microscopy. The principle of this assay is depicted in Figure 15 and further details on the method are found in section 4.1.3.
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[bookmark: _Ref146022281][bookmark: _Toc147823002]Figure 15: DNA damage and repair pathway.
 (1) External factors can induce double breaks in DNA-wrapped histones. (2) This recruits the MRN protein complex and ATM kinases. (3) ATM kinases phosphorylate serine 139 residues on the H2AX histone protein. This creates phosphorylated foci that can be visualized through the -H2AX assay. (4) DNA checkpoint protein 1 (MDC1) is recruited to the double strand DNA breaks. DNA repair is then directed to homologous recombination or non-homologous end joining. MDC1, Mediator of DNA damage checkpoint protein 1. Figure reproduced from Noubissi et al., 2021. 




[bookmark: _Ref144901955][bookmark: _Toc147823038]Bacterial cell culture

Escherichia coli (MG1655, DSM 18039, DSMZ) strains were revived from glycerol stocks in 5 ml of anoxic brain heart infusion broth (BHI, #53286, Merck Milipore). Bacterial inoculums were cultured in an anaerobic chamber (GP-concept-T2, Jacomex) at 37°C, 95% N2 and 5% CO2. More details on bacterial cell culture can be found in section 4.1.3.

[bookmark: _Ref144970986][bookmark: _Toc147823039]Assessment of bacterial growth and viability

Bacterial growth was assessed by measuring optical density (OD) at 600 nanometers (nm). OD measures the degree of light scattering caused by the bacteria in the suspension. The more bacteria are in the medium, the more turbid it is, the more light is scattered, the more bacteria have grown and the higher OD values are. Hence, OD values are directly proportional to the number of bacteria in the suspension (Beal et al., 2020).


[bookmark: _Toc147823040]Metabolomics

Metabolome analysis was the standard method used in this work to detect and quantify irinotecan and its metabolites (SN-38 and SN-38G). Metabolites were analyzed at the metabolomics platform at the Luxembourg Centre for Systems Biomedicine (LCSB). The collected samples were first extracted by Floriane Gavotto and Xiangyi Dong and analyzed with liquid chromatography and mass spectrometry. Data analysis was performed by Dr. Christian Jäger. Methods on metabolite extraction, Liquid Chromatography and Mass Spectrometry are further detailed in section 4.1.3.. 


[bookmark: _Ref144324590][bookmark: _Ref144324662][bookmark: _Toc147823041]In vitro assessment of barrier integrity

[bookmark: _Toc147823042]Transepithelial electrical resistance measurements

TEER measurements are commonly used to measure barrier permeability of an epithelial cell layer (Raut et al., 2021). To measure TEER, one of the chopstick electrodes is placed in the top compartment of a Transwell and the other one in the bottom compartment (Figure 16 A). The ohmmeter, which is connected to the chopstick electrodes, applies a small electrical current and measures the resulting voltage drop (Figure 16 B). TEER is calculated using Ohm's law (TEER = Voltage / Current). An increase in TEER over time signals the formation of tight junctions between cells. The higher the TEER, the more robust the barrier of the cell layer. A decrease in TEER thus indicates a damaged cell barrier. When growing Caco-2 cells on a semipermeable membrane and exposing them to apical and basal medium exchange for 21 days, they are differentiating into enterocyte-like cells (Meunier et al., 1995). More details on the application of this method are found in section 4.2.3.
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[bookmark: _Ref143692733][bookmark: _Toc147823003]Figure 16: In vitro TEER measurements using chopstick electrodes. 
A) Typical experimental setup for measuring TEER of an epithelial barrier growing on a Transwell insert. B) A simplified circuit diagram to model TEER measurement. The ohmmeter supplies a constant alternating current (AC) through i1 and i2 electrodes. The resulting drop is measured through v1 and v2 electrodes. The total electrical resistance, which is composed of the cell layer RTEER, the membrane Rinsert and the culture medium Rmedium is estimated by subtracting the resistance of the electrode medium interface Relectrode. Figure reproduced from Raut et al., 2021.




[bookmark: _Toc147823043]Tight junction staining

Immunofluorescence staining of the tight junction proteins (i.e., occludin and ZO-1) was performed to visually confirm Caco-2 barrier formation. Details on the experimental procedure are described in section 4.2.3.


[bookmark: _Ref144281908][bookmark: _Ref144390221][bookmark: _Ref144392104][bookmark: _Ref144392123][bookmark: _Ref144459851][bookmark: _Ref147509886][bookmark: _Toc147823044]HuMiX engineering

The HuMiX system has undergone several developments since its first disclosure by (Shah et al., 2016). The HuMiX 1.0 version (Figure 17 A) was composed of a modular stacked assembly of silicone gaskets sandwiched between two PC lids (Shah et al., 2016). HuMiX 1.0 comprised three chambers separated by micro- or nanoporous membranes which enabled the co-culture of human and microbial cells (Figure 17 B). Furthermore, the insertion of chopstick electrodes in the system allowed for TEER measurements. HuMiX 2.0 was still composed of three chambers, but the silicone gaskets were sandwiched using a PC clamping system (Figure 17 C and D). This system was used for the co-culture of enteric neurons and epithelial cells by (Sedrani et al., 2023). HuMiX 2.1 (Ternes et al., 2022; Figure 17 C) and HuMiX 3.0 (Figure 17 E) were designed with an additional fourth chamber for the perfusion of Nitrogen (N2) gas (Figure 17 F). This feature creates an anoxic chamber in the HuMiX system for the cultivation of strictly anaerobic bacteria. In this work, I mainly focus on the HuMiX 3.0 system which is, compared to HuMiX 2.0 and 2.1, composed of a metallic clamping system. This metallic clamp accelerates assembly and disassembly of the system. Despite all the advances HuMiX had already undergone, I encountered several challenges. These comprised: i) the big surface area and the complex structure of the spiral-shaped membrane, ii) the need of a flat surface area for the integration of TEER electrodes, iii) the presence of air bubbles in the channels and iv) the seeding strategy. The methodologies that I developed to address these difficulties will be further described.
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[bookmark: _Ref144132702][bookmark: _Toc147823004]Figure 17: Evolution of the HuMiX system. 
A) Picture of HuMiX 1.0. B) HuMiX 1.0 configuration with three chambers and inserted chopstick electrodes. C) Picture of HuMiX 2.1 with a plastic clamping system. D) Schematic of HuMiX 2.0 with three chambers. E) Picture of HuMiX 3.0 with metallic clamping system. F) HuMiX 2.1 and 3.0 configuration with four chambers. Scale bars = 1cm. Figures adapted from Shah et al., 2016, Sedrani et al., 2023 and Ternes et al., 2022.



[bookmark: _Ref146101375][bookmark: _Toc147823045]Z-shaped HuMiX

The culture surface of the previous HuMiX versions was designed in a double spiral shape (Greenhalgh et al., 2019; Sedrani et al., 2023; Shah et al., 2016; Ternes et al., 2022) (Figure 18 A). For the introduction of TEER electrodes in particular, the spiral was changed to a Z-shape (Figure 18 B). The purpose of designing a Z-shaped membrane was to achieve the following objectives: i) reduce cell surface area and thus cell seeding number, ii) create a straight channel and thus reduce bubble formation and, iii) facilitate electrode insertion. The transition from the spiral to the Z shape also implied the need of changing the PC lids enclosing the silicon gaskets (Figure 18 C). To apply the right pressure around the membrane edges of the Z, there was a need to develop Z-shaped PC lids (Figure 18 D).
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[bookmark: _Ref144191949][bookmark: _Toc147823005]Figure 18: Spiral and Z-shaped HuMiX design.
 A) Double spiral HuMiX membrane. B) Z-shaped HuMiX membrane. C) PC lid for spiral-shaped HuMiX. D) PC lid for Z-shaped HuMiX. PC, polycarbonate. Scale bars = 1cm.



[bookmark: _Toc147823046]Introduction of transepithelial electrical resistance electrodes

The HuMiX 2.0 version allowed for the insertion of chopstick electrodes for TEER measurements (Figure 19 A). In essence, the insertion of the electrodes led to the disruption in the maintenance of a sterile environment and could thus only be performed once. Hence, there was a need to develop electrodes that could be integrated in the HuMiX system to allow for real-time TEER measurements and assessment of gut barrier permeability. For the insertion of electrodes in the HuMiX system, the normal configuration of the gaskets was not suitable because the membrane area was concave (Figure 19 B). Thus, the assembly method of the silicone gaskets needed to be changed to have a flat surface (Figure 19 C). This adaptation allowed for a proper and even positioning of the electrodes.
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[bookmark: _Ref144277752][bookmark: _Toc147823006]Figure 19: TEER measurements in HuMiX. 
A) TEER measurement in HuMiX 1.0 via the insertion of chopstick electrodes. B) Normal HuMiX configuration with a concave membrane. C) New HuMiX configuration with a flat surface for the integration of TEER electrodes. Scale bars = 1cm. Figure A) adapted from Shah et al., 2016.


  
[bookmark: _Toc147823047]Introduction of bubble traps

Bubbles are a common problem in microfluidic systems (Leung et al., 2022). Bubble formation refers to the unwanted presence of gas bubbles in small channels where fluid flows. The reasons for bubble formation are numerous (Pereiro et al., 2019). Bubbles may appear upon device manipulation, when moving tubings or pushing liquid through a channel using a syringe. Moreover, temperature changes, the presence of structures prone to bubble formation and problems with sealing of chips lead to the formation and accumulation of air bubbles. When a bubble forms in a channel, it can completely obstruct it, thereby hindering the fluid to flow through. In addition, bubbles can physically damage a cell or disturb the nourishment of cells growing in the microfluidic channel. Measurements can be distorted due to the presence of bubbles. For instance, when measuring TEER in a microfluidic device, the presence of bubbles causes a high shift in impedance magnitude. Furthermore, bubbles make consistency between experimental replicates very challenging because they introduce variability between experiments. 

Several techniques to reduce bubbles in systems exist. These can for instance be to improve sealing of the system, reduce the number of connectors and reduce dead areas where bubbles can be stuck. Moreover, the introduction of bubble traps can substantially limit the introduction of bubbles in a system. In this work, we used autoclavable bubble traps (95 μl, #LVF-KBT-M-A, Darwin Microfluidics, Paris, France) to reduce bubble formation in the HuMiX during operation. The use of bubble traps is described in section 4.2.3.

[bookmark: _Ref147397683][bookmark: _Toc147823048]New seeding method

The standard method employed to seed cells in the HuMiX system is to push the cell suspension through the microfluidic channel using a syringe (Figure 20 A). In such manner, the cells are deposited on the cell membrane through gravity. However, this method only allows cells to be cultured on the top side of membrane, which is for instance the case for epithelial cells (Figure 20 B). 
However, for the establishment of the gut-liver platform, the endothelial cells need to grow on the bottom side of the membrane as depicted in Figure 20 B. Thus, for the introduction of endothelial cells in the HuMiX system, we established a method whereby these cells were seeded on the HuMiX membrane prior to device priming Figure 20 C. After seeding, the device was then assembled as usual by flipping the membrane upside down.
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[bookmark: _Ref144156383][bookmark: _Toc147823007]Figure 20: Seeding strategies for HuMiX. 
A) Seeding strategy whereby cells are pushed through the channel via a syringe. B) Epithelial cells are seeded on the top side of the membrane. Endothelial cells are growing on the bottom side of the membrane. C) Seeding strategy implying to seed the cells on the bottom side of the membrane prior to HuMiX assembly. Scale bars = 1cm. Figure B) was created using Adobe Illustrator.






[bookmark: _Toc147823049]CONCLUSION

Evidence shows that gut bacteria affect drug metabolism processes, which must be uncovered to properly adapt treatment strategies. This work aims to establish an organ-on-chip-based gut-liver platform to better study how gut microbes affect drug metabolism processes. In this chapter, I described the common methodologies used for culturing cells and bacteria which laid the foundation for developing a gut-liver platform. Moreover, techniques to evaluate cell viability and functionality were described. Further technical details on the creation of the gut-liver platform as well as methods on metabolomic analysis to assess irinotecan metabolism will be described in the following chapter (4.1.3).

The importance of the intestinal barrier in drug metabolism processes is well defined. In this chapter, we explained the methodologies used to assess barrier integrity in vitro using chopstick electrodes and tight junction protein staining. The application of these techniques in the HuMiX system will be broadly described in chapter 4.2.3.

Finally, the engineering procedures described in this chapter contributed to the advancement of the establishment of the gut-liver platform as well as the integration of the TEER electrodes in HuMiX.



[bookmark: _Ref147397744][bookmark: _Ref147397884][bookmark: _Toc147823050] RESULTS

[bookmark: _Ref147397658][bookmark: _Toc147823051]Manuscript I: An organ-on-chip platform for simulating drug metabolism along the gut-liver axis.

[bookmark: _Toc147823052]Contribution

As the first author, my personal contributions to this research paper encompassed the study design, planning, execution, and analysis of all experiments, along with the article writing, except for the metabolomic analysis.


[bookmark: _Toc147823053]Background and introduction

In section 1.2.5, I described the role of the microbiome in the metabolic transformation of drugs. In particular, I highlighted the fact that these metabolic transformations along the gut-liver axis may lead to the diminished response of drugs or the prolongation of toxic metabolites in the body (Enright et al., 2016). However, the complete extend and impact of microbiome-based influences on these processes remain unclear. This knowledge gap exists because there are limited experimental models representative of the intricate human gut environment. In section 1.3.4.1, I have highlighted examples of gut-on-chip models aiming to recreate the intestinal physiology (Costello et al., 2017; H. J. Kim et al., 2012; Maurer et al., 2019; Shah et al., 2016). However, these systems have a limited capacity to mimic the complex in vivo gut environment comprising a multitude of cells (bacterial, epithelial, endothelial cells and immune). To address this issue, I present a novel MOoC platform to forecast the effect of the gut microbiome on drug metabolism. This MOoC platform interfaces the HuMiX gut-on-chip (Shah et al., 2016) and the Dynamic42 liver-on-chip (Rennert et al., 2015) and thus replicates the bi-directional interconnection between the intestine and the liver. The HuMiX system was briefly introduced in section 1.3.4.1. In comparison to other gut-on-chip systems, HuMiX is composed of four parallel chambers and thus allows for the co-cultivation of anaerobic bacteria, intestinal epithelial cells, cells lining blood vessels and immune cells. The Dynamic42 liver-on-chip system, which was also described in section 1.3.4.1., recapitulates fundamental elements of liver metabolism and the microanatomical features of the human liver sinusoid. Thus, the interconnection of the HuMiX system and the Dynamic42 chip, serves as a promising model for creating a physiologically relevant platform that mimics the interaction between the gut and the liver. 

One of the main challenges that needs to be faced when interconnecting two organ-on-chip systems is the choice of the appropriate medium. Choosing a suitable medium is important to fulfill the needs of each organ. Previously, common media have been supplemented with specific factors (hormones, vitamins, growth factors, etc.) (Maschmeyer et al., 2015). However, this requires the verification that these factors do not impact on cell viability. Otherwise, common media have been prepared by mixing cell-specific media in specific ratios (Edington et al., 2018; Esch et al., 2016). In this work, individual media were mixed in specific ratios to combine both organ chips. Thus, it was critical to test cell viability and function in the gut-liver platform.

Furthermore, this chapter describes how the established gut-liver platform, interfacing two existing OoCs; HuMiX and Dynamic42, was used to recapitulate the metabolism of a colorectal cancer drug, irinotecan. The metabolism of irinotecan was detailed in section 1.2.5.1. In short, the prodrug irinotecan is administered intravenously and is activated into SN-38 in the blood. Once SN-38 is formed in the blood stream, it reaches and targets the cancerous cells. In the liver, SN-38 is detoxified into SN-38G and transported back to the intestine through the biliary tract. In the intestine, irinotecan is reactivated into SN-38 through β-glucuronidase enzymes. This reactivation prolongs the presence of the active metabolite SN-38 in the body and leads to severe diarrhea in patients. Several intestinal bacteria have been described to express β-glucuronidases and to increase side effects in patients. Better understanding the effects of gut bacteria on irinotecan metabolism is crucial to improve treatment strategies. Thus, the example of irinotecan is valuable to fill this knowledge gab and serves as an effective means to validate the gut-liver platform.

The metabolic processes of cells can be influenced by the media flow rate in OoCs (Leung et al., 2022). The media flow rate can impact cell growth, nutrient supply, cell metabolism and removal of waste. In the case of drug testing in OoCs, the flow rate can affect drug delivery, distribution and metabolism. Thus, when designing an experiment in OoCs, the flow rate needs to be adjusted according to the type of cell, culture conditions and the purpose of the experiment (Wikswo et al., 2013). For simplification purposes, I thus kept the gut-liver platform under static conditions to avoid any disturbances caused by media flow. The duration of irinotecan treatment in this assay was determined according to the human-referenced half-life[footnoteRef:7] of irinotecan, which is 12 hours (Abigerges et al., 1995). Using liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS), I was able to follow irinotecan together with its metabolites and demonstrate that the established gut-liver platform closely simulates irinotecan’s metabolism. [7:  Half-life (t1/2) is defined as the amount of time required for the drug concentration measured in plasma to be reduced to exactly half of its starting concentration.] 


In section 1.2.5.1, I explained that SN-38G was shown to be reactivated by bacterial β-glucuronidase (Parvez et al., 2021; Yue et al., 2021). Ultimately this reactivation leads to the prolonged exposure of the toxic SN-38 metabolite in the body and thus triggers severe intestinal diarrhea in patients. Escherichia coli is involved, amongst others, in the transformation of SN-38G into SN-38, through its expression of β-glucuronidase (A. B. Roberts et al., 2013). However, the precise dynamics involved in this reactivation have not yet been studied in an OoC model. Thus, I aimed to use the gut-liver platform to better elucidate on the effect of E. coli on irinotecan metabolism. 

The experiments included in this chapter, simulating irinotecan metabolism, resulted in low levels of SN-38G in the gut-liver platform (0,9 ng/ml). These levels of SN-38G I detected are inferior to in vivo levels of SN-38G (40-100 ng/ml, 12 hours after intravenous perfusion of irinotecan) (Czejka Martin J. et al., 2010; Raymond et al., 2003; Satoh T. et al., 2013; Wadsak & Farkouh, 2014). Given that the low levels detected in the gut-liver platform would not be sufficient to see an effect of reactivation, I addressed this issue by elevating SN-38G levels. Thus, I manually perfused the gut-liver platform with higher concentrations of SN-38G and assessed the impact of Escherichia coli to reactivate SN-38G into SN-38.

In vivo, gut bacteria are continuously exposed to a multitude of external factors. As a result, this triggers various enzymes to be expressed to respond to the environmental conditions. However, in vitro conditions differ compared to the in vivo environment and therefore bacterial enzyme expression may vary in vitro. Even if many bacteria possess the aptitude to produce β-glucuronidases, in some cases it might be essential to further induce their expression to see a metabolic effect. Hence, this chapter describes the methodologies used to further induce β-glucuronidase expression in E. coli.
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[bookmark: _Toc147823055]Conclusion

The methodologies elucidated in this chapter were confronted with challenges. When interconnecting OoCs, several factors need to be considered. Ensuring a leak-free interconnection is crucial to avoid contaminations and the insertion of air bubbles in the cell culture area. Thus, proper sealing needed to be verified for the individual chips and for the interconnection lines that create the interface between and the Dynamic42 chip. Furthermore, a common media for interconnecting chambers with different cell types needs to be defined when interconnecting different OoCs. Here, I established a mixture between two cell type specific media to perfuse chambers interfacing the gut and liver cells. 

The methodologies and findings presented in this chapter demonstrate that the designed gut-liver platform accurately simulates the cellular behaviour of both the gut and the liver. Remarkably, the cells remained viable and exhibited characteristic protein expression profiles within the gut-liver platform. Consequently, this novel gut-liver platform paves the way for a wide range of applications, including drug discovery, drug testing and drug metabolism studies.

The next step was to simulate the metabolism of irinotecan within the gut-liver platform, serving as a demonstration of the platform’s proof-of-concept. Notably, I demonstrate that THP-1 cells activate irinotecan into SN-38 and HepaRG cells detoxify SN-38 into SN-38G. The administered concentrations of irinotecan (5-12.5 g/ml after dilution in the system) I used in these assays, resemble in vivo-relevant doses of 150-350 mg/m2 (corresponding to 4-15 g/ml). The subsequent activation of irinotecan in the gut-liver platform produced concentrations of SN-38 (3-17 ng/ml). These are comparable to in vivo plasma levels of 5-50 ng/ml. However, the inactivation of SN-38 into SN-38G was very low in the gut-liver platform (0,8 ng/ml), compared to what is found in human plasma (40-100 ng/ml) (Czejka Martin J. et al., 2010; Raymond et al., 2003; Satoh T. et al., 2013; Wadsak & Farkouh, 2014). These differences can have various explanations. UGT1A1 enzymes are responsible for the conversion of SN-38 into SN-38G. HepaRG cells were reported to have similar gene transcription levels than primary human hepatocytes (Hart et al., 2010). Although HepaRG might express similar mRNA levels, this does not necessarily mean that there is a similarity at the protein expression level. Thus, the lower amounts of SN-38G detected in the gut-liver platform could result from lower UGT1A1 levels compared to in vivo levels. Additionally, the reactivation of SN-38G into SN-38 is catalyzed by β-glucuronidase enzymes. These enzymes are expressed by a variety of mammalian cells (Naz et al., 2013). Thus, the transformation of SN-38G into SN-38 can be considered as a very dynamic process. Considering that the system was kept under static conditions for 12 hours, the HepaRG cells could have first inactivated SN-38 into SN-38G but also have been responsible for the reactivation of SN-38G into SN-38 via β-glucuronidase enzymes. A more indirect way to measure SN-38G would be to measure the expression of transporters (Parvez et al., 2021) or to measure UGTA1 enzymatic activity (Donato et al., 2010). Additionally, the activity of β-glucuronidase could be inhibited to avoid reconversion of SN-38G into SN-38 by mammalian cells.

Then, I explain how I used the gut-liver platform to validate the reactivation SN-38G into SN-38 through β-glucuronidases by the gut bacterium Escherichia coli. This particular bacterium was chosen because it is commonly associated with the development of colorectal cancer (1.1.3.2.1) and because it is known to express β-glucuronidase enzymes. Ultimately, the establishment of a gut-liver platform integrating gut bacteria might be a valuable tool to test the effect of bacteria on drug metabolism and lead to the development of treatments addressing the gut microbiome. The presented results provide insights on the reactivation of SN-38G into SN-38 by human and bacterial β-glucuronidases. According to the performed experiments, the addition of p-nitrophenyl-β-D-glucopyranoside (PNPG) and bile salts to the bacterial medium, stimulated the reactivation of SN-38G into SN-38. Moreover, this reactivation was already occurring at very early time points i.e., one hour after E. coli culture. Consistent with what was already described in humans, E. coli strongly contributes to the reactivation of SN-38G into SN-38 through β-glucuronidase. Hence, I used these insights to test specific conditions in the gut-liver platform. More specifically, I introduced E. coli in the bacterial HuMiX chamber and perfused it with SN-38G to assess whether E. coli transforms SN-38G into SN-38. After analysis of the bacterial outflow, I observed that E. coli reactivates SN-38G into SN-38 in the gut-liver platform and that this process is being initiated at early time points. 

To conclude, I present how the gut-liver platform can be used as a novel tool to further elaborate on the process E. coli plays in the reactivation of SN-38G. Ultimately, the established gut-liver platform represents an effective tool to better understand interactions between the gut microbiota and other pharmaceutical compounds and contribute to the improvement of drug development strategies and therapeutic treatments. Better elucidating on the effect of gut bacteria on drug metabolism has several applications. Understanding the full scope of gut bacteria implicated in the metabolism of a drug and revealing the dynamics of these processes, can help to improve the efficacy and safety of drugs. This would help to prevent unwanted side effects and optimize treatment effects. Furthermore, innovative treatment strategies modulating the gut microbiome could specifically inhibit the negative effect of bacteria on a specific drug and enhance the growth of bacteria improving drug efficacy. Moreover, chemotherapeutic treatment strategies for could be improved by developing personalized treatment strategies including the microbial context of the patient.
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Personal contributions to this research paper, as a shared first author, included literature research, the study design, the planning and conduction of all the experiments, the generation of schematic figures as well as the article writing. Data analysis for Figure 1, Figure 2 A and B, Figure 3, Figure 4, Figure S1, S4 and S5, Table S1 are not included in my personal contributions. 



[bookmark: _Toc147823058]Background and introduction

In section 1.2, I highlighted the importance of barrier permeability in drug metabolism processes. In short, when the intestinal barrier is compromised, bacteria and bacterial-derived metabolites reach the blood circulation and cause liver toxicity (Lucchetti et al., 2021). This further leads to a perturbation in drug metabolism processes. Moreover, the importance of epithelial cells in the formation of a tight barrier and the use of TEER electrodes in OoCs for determining barrier tightness were described in section 1.1.2 and 1.3.4.3, respectively. This chapter highlights the methods used to integrate TEER electrodes in the HuMiX system to monitor real-time gut barrier permeability.

The previous HuMiX 1.0 version, described in section 3.6, allowed for the introduction of chopstick electrodes for the evaluation of TEER (Shah et al., 2016). Given the disruption of a sterile environment, this method only allowed for one-point measurements. Further considering the evolution of the HuMiX system, the current 3.0 HuMiX version necessitates the development of a new, more robust method for electrode integration. The development process of functional TEER electrodes for the HuMiX system spanned several years and underwent several iterations. Several prototypes were tested to improve the robustness of the system and arrive at the ready-to-use version which is further described in this chapter.  

Common methods used for electrode integration in OoCs were not applicable to the HuMiX system because of its uneven surfaces, non-transparent materials and flexible layers. Thus, the integration of TEER electrodes in the HuMiX system required the use of a new fabrication method. This fabrication technique involved the deposition of thin-film metal electrodes on flexible substrates. Using a transfer-tape approach, the electrodes were easily integrated into HuMiX. To record information along the entire cell culture are, multiple electrodes were connected to an impedance analyzer through a multiplexer system. A dynamic normalization method was developed to account for the variations in the active measurement area.
In this chapter, I first describe the methodologies used for the design, fabrication and integration of thin-film electrodes into the HuMiX system. Then, I explain how the integrated electrodes were utilized for real-time measurements of TEER as a direct read-out on barrier permeability, disruption and recovery.
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[bookmark: _Toc147823060]Conclusion

The integration of TEER electrodes in OoCs is a valuable tool to monitor barrier permeability of a cell layer. For the HuMiX system, with its complex geometry, flexible substrates and uneven surfaces, existing fabrication methods for TEER electrodes were not applicable. Thus, I describe a novel fabrication method for thin-film electrodes and the integration of these electrodes in the HuMiX system. The TEER electrodes we designed were capable of measuring TEER along the culture area of HuMiX. Thus, barrier permeability of the Caco-2 cell line could be monitored over 12 days. Additionally, we assessed the capacity of the TEER electrodes to detect disruption and recovery of the Caco-2 barrier. With the integration of multiple electrodes spanning over the cell culture membrane and the development of a multiplexer system, we were able to collect TEER from different locations. Interestingly, our findings indicate that the barrier was non-uniform along the cell culture area. This brings attention to the fact this non-uniformity of the barrier integrity may also apply to other OoCs. This work highly supports the integration of multiple electrodes in OoCs to monitor barrier formation more accurately along the cell culture surface. Furthermore, using TEER electrodes in OoCs is valuable for the effect of drug candidates on barrier function. Insights on intestinal barrier toxicity can be gained by measuring TEER in response to potential drugs. This could ultimately accelerate drug safety and development strategies. 




[bookmark: _Toc147823061] GENERAL CONCLUSIONS AND PERSPECTIVES

This chapter describes general conclusions drawn over the course of the doctoral thesis. I discuss the methodologies used to develop a functional gut-liver platform, establish its proof-of-concept simulating irinotecan metabolism and validate the effect of Escherichia coli on irinotecan metabolism. Moreover, I explain the technology that was developed to integrate TEER electrodes in the HuMiX system to measure real-time barrier permeability at four positions along the cell culture area. Additionally, I describe open questions that could be tackled in future studies to accelerate drug discovery processes and ultimately improve treatment strategies.



[bookmark: _Toc147823062]General conclusions

The main aims of this dissertation consisted in establishing a functional gut-liver platform by interconnecting the HuMiX system and the Dynamic42 chip. HuMiX was developed and described to study the interaction between human cells and gut bacteria (Shah et al., 2016). The HuMiX gut-on-chip system was shown to faithfully recapitulate cues of the gastrointestinal tract environment and to control them. The Dynamic liver-on-chip system was demonstrated to replicate crucial characteristics of liver morphology (Rennert et al., 2015). There is an increasing interest in interconnecting two or more OoCs to create a MOoC system. MOoCs open avenues to study more complex mechanisms and diseases at the multi-organ level. However, the interconnection of individual OoCs involves several challenges. 

The interfacing of two or more organ chips which involves the co-culture of different cell types with specific needs, requires the use of a common medium. In this work, I describe how I interface the hepatic Dynamic42 chamber and the bacterial HuMiX chamber by perfusing them with an established mixture of two cell type specific media. The assessment of hepatic metabolic function was confirmed by assessing the production of albumin and expression of cytochrome P450 enzymes. 

To create the interconnection between the gut and the liver, it was essential to establish an endothelial chamber in the HuMiX system. Given that the common protocol used for cell seeding in HuMiX was not applicable for this purpose, I established an alternative seeding protocol (section 3.6.4). In brief, this protocol consisted in seeding endothelial HUVEC cells on the bottom side of the membrane prior to chip assembly. The subsequent experiments performed to validate this new technique showed that HUVEC viability was not compromised. Additionally, the endothelial HuMiX chamber required the presence of mature THP-1 cells. Thus, THP-1 monocytes were stimulated on-chip with phorbol myristate acetate (PMA) and their viability and differentiation into mature macrophages was evaluated. 

When creating a connection between two OoCs with different sizes and chamber volumes, differences in pressure also need to be considered. These differences in pressure can result in leakages or imbalances in fluid flow. Given that the HuMiX system is larger than the Dynamic42 system, proper sealing techniques of the gut-liver platform needed to be ensured to avoid contamination and minimize the creation of leakages and air bubbles.

To demonstrate the feasibility of the gut-liver platform, I needed to carefully choose a suitable drug candidate. The selection of a drug candidate should align with the intended application of the system. Since my research primarily focused on colorectal cancer and considering that irinotecan is used in clinics to treat colorectal cancer, it was a reasonable choice. Additionally, irinotecan's metabolism and mode of action have been extensively investigated, providing a robust basis for my research. Furthermore, there is evidence indicating that Escherichia coli, a bacterium associated with colorectal cancer, can affect the metabolism of irinotecan. This connection further justified my decision.

In clinics, irinotecan is administered intravenously at doses between 150 and 350 mg/m2. Since the gut-liver platform has several interconnected chambers, diffusion of compounds needs to be considered (Grant et al., 2021). The data I presented showed that irinotecan concentrations detected in the gut-liver compartments (5-12.5 g/ml) were comparable to in vivo-relevant doses of 150-350 mg/m2 (corresponding to 4-15 g/ml). The gut-liver platform I described in this work closely simulated the metabolism of irinotecan. In brief, the prodrug irinotecan is activated into SN-38 in the blood and inactivated into SN-38G in the liver. The results I generated using the gut-liver platform demonstrated that after irinotecan perfusion, SN-38 and SN-38G metabolites were generated. The detected concentrations of irinotecan and SN-38 were physiologically relevant compared to in vivo plasma levels. However, SN-38G amounts were lower in the gut-liver platform compared to in vivo plasma concentrations. Differences in UGT enzymes, responsible for the conversion of SN-38 into SN-38G, can account for these dissimilarities. In addition, differences in media flow rates in the gut-liver platform can also explain drug interaction variabilities compared to in vivo observations.

As a next step in this work, I aimed to validate the applicability of the gut-liver platform for investigating how gut bacteria affect drug metabolism. Since previous studies had already described the impact of Escherichia coli in altering irinotecan metabolism through -glucuronidases, I chose E. coli as a candidate for this study. However, it needs to be noted that the conditions in the gut-liver platform differ from the natural gut environment. Consequently, the production of -glucuronidase by E. coli needed to be stimulated through the addition of PNPG in the bacterial medium.
The dynamics of SN-38 reactivation into SN-38G are not well documented. Thus, I assessed the rate at which E. coli could convert SN-38 into SN-38G. The results obtained from this analysis guided our selection of the conditions to be used in the gut-liver platform. The subsequent findings obtained in the platform highlighted the significant role of E. coli in reactivating SN-38G into SN-38, mainly during the first hour.

In this work I also highlighted the importance of integrating sensors in OoCs to monitor environmental cues and cell behavior. Since HuMiX is used in the context of colorectal cancer and drug metabolism, there was an urgent need to integrate TEER electrodes in HuMiX to monitor gut barrier permeability in response to external factors (drugs, bacteria, etc.). Given that the initially described spiral-shaped membrane of the HuMiX system presented a very complex structure for the integration of TEER electrodes, there was a need to readapt its shape. Thus, the Z-shaped HuMiX was developed for easing electrode integration but also for reducing bubble formation in the system. Furthermore, this project required the development of novel fabrication techniques for electrodes which were thin and flexible enough to be sandwiched in-between the HuMiX layers without causing leakages and go over uneven surfaces. This project involved several prototype development and testing phases before finding a robust an easy-to-use system. The ready-to-use TEER electrodes were composed of Platinum and Tantalum which were deposited on a flexible polyimide substrate. The tape-transfer method of these electrodes and their connection to printed circuit boards was a significant advantage of the system. The addition of multiplexer system and development of a mathematical simulation model allowed to record information of two HuMiX devices and to normalize TEER values appropriately. Furthermore, the electrodes were designed to measure TEER at four different positions along the cell surface area which allowed for the detection of differences in cell density along the HuMiX membrane.

[bookmark: _Toc147823063]Future perspectives

This study allowed for the establishment of a functional gut-liver platform simulating the metabolism of irinotecan and further verifying the effect of Escherichia coli on irinotecan metabolism. Furthermore, this work led to the integration of functional thin-film TEER electrodes in the HuMiX system, capable of assessing barrier integrity and disruption in real-time. Although this work has contributed to the development of a gut-liver platform and the integration of TEER sensors in HuMiX, more effort is needed to bring these technologies to the next level. 

OoCs are microfluidic systems capable of simulating the microenvironment of a tissue or organ in a controlled way. Given that these systems have been proven to generate relevant read-outs, they represent valuable tools for pre-clinical studies (Ingber, 2022). To further increase their representation of the human in vivo situation, researchers are working towards their personalization by using patient-specific cells (Van Den Berg et al., 2019). These patient-derived cells are sourced from primary samples such as biopsies, urine, feces or blood. Compared to conventional cancer cell lines, patient-derived cells substantially increase the genetic and physiological resemblance of a patient. Organoids can for instance be derived from organ biopsies and are miniaturized three-dimensional structures that resemble an organ (J. Kim et al., 2020). Organoids mimic some functional and structural characteristics of the organ they are derived from. Given that organoids are valuable tools for the personalized study of disease processes, there is great interest to introduce them in OoCs (Kasendra et al., 2018). However, patient-specific material is difficult to acquire as biopsies often require invasive procedures through medical intervention. Another source which is derived from patients and commonly used in OoCs are induced pluripotent stem cells (iPSCs) (Low et al., 2021). iPSCs are reprogrammed from adult cells (skin or blood cells) and can be differentiated into nearly every type of cell. iPSC-derived cells have the advantage over patient-derived organoids that they can be maintained over long periods of time and that they can be expanded into large quantities of cells. OoCs including either patient-derived or iPSC-derived cells are named ‘patient-on-a-chip’. Complex diseases are being studied in these patient-on-chip systems (Palasantzas et al., 2023). Moreover, CRISPR/Cas9 technology is used in iPSCs for the precise introduction of genetic mutations (Dastidar et al., 2018; P. D. Hsu et al., 2014). Thus, the use of CRISPR/Cas9 in OoC context enables to study disease-associated mutations. 

In the framework of the gut microbiome, personalization is particularly crucial given the interindividual differences of the gut microbial composition (Bäckhed et al., 2005). By inserting the fecal microbiota of a patient in OoCs, the unique gut microbiome of that patient can be represented. Furthermore, the interaction of the gut microbes and human intestinal cells can be studied in a controlled environment. This thesis highlights the effects of the microbiome on drug metabolism (Zimmermann et al., 2019). Thus, OoCs can be used to test how drugs can interact with a patient’s microbiome and impact intestinal cells. Tailoring medical treatment strategies to specific characteristics of a patient’s microbiome and genetic context could improve the prediction of drug response and reduce drug-related toxicities. Better assessing drug-microbiome interactions could become part of preclinical drug development strategies and complications due to interpersonal microbiome differences could be better predicted (Zimmermann et al., 2021). The personalization of the gut-liver platform presented in this work could thus advance the mechanistic understanding of drug-microbiome interactions. The integration of iPSC-derived intestinal and liver cells in the gut-liver platform for personalization purposes was previously described (Lucchetti et al., 2021). iPSC-derived intestinal and liver cells as well as a representative gut microbiome could be obtained from the same patient to establish a personalized gut-liver platform (Figure 21). This platform could be used to obtain a more complex and representative study of the microbiome’s effect on irinotecan metabolism. Specific -glucuronidase inhibitors improving irinotecan-induced toxicity in mice were identified (Wallace et al., 2010). Thus, the personalized gut-liver platform could be used to confirm the effect of these inhibitors in a more representative model than mice. Moreover, this platform could be used to study how other compounds are processed by gut microbes. Haiser et al. (2014) have shown that the use of microbiome markers could be used to predict responses to drugs (Haiser et al., 2014). Furthermore, uncovering mechanistic effects of the gut microbiome on drugs could lead to the development of specific inhibitors. The development of enzymatic inhibitors was already shown to improve therapy against Parkinson’s disease (Rekdal et al., 2019). Moreover, the composition of the gut microbiome could be altered through diet, antibiotics, pre- and probiotics, or fecal microbiota transplantation if the full extent of drug-microbiome interactions were known. 5-fluorouracil, which is often used in combination with irinotecan to treat colorectal cancer, was shown to be inactivated by E. coli in mice (Spanogiannopoulos et al., n.d.). However, more mechanistic studies are needed to fully understand this process. Thus, the gut-liver platform could be used to study the effect of E. coli or a fully representative gut microbiome on irinotecan and 5-FU. Through this approach, irinotecan-induced toxic side effects and 5-FU efficacy could be improved. To conclude, further advancing the gut-liver platform to create a personalized system could pave the way towards precision medicine whereby bacteria involved in drug-microbiome interactions could be specifically targeted to alleviate side effects. 

Organ scaling in OoCs is critical to maintain organ physiology and cell environment at a small-scale (Park et al., 2020; Shroff et al., 2022; Stokes et al., 2015). When interfacing multiple organ chips, it is important to consider organ size (cell density), flow rates, shear stress and total volume to scale these to physiological dimensions. Even though various scaling approaches have been described (allometric, proportional and functional scaling), no consensus on the most suitable approach has been achieved. In this work, a physiologically relevant connection between the gut and the liver was obtained by simulating the blood circulation and the biliary tract, thus enabling flow media from one organ to the other. In addition, irinotecan metabolism was simulated in the gut-liver platform by comparing metabolite concentration to in vivo plasma concentrations. However, proper scaling of the gut-liver platform is needed to accomplish proper translation of findings to humans. Approaches to create highly translational OoCs include further validation with human data (pharmacokinetic and pharmacodynamic studies), functional assays and read-outs, increases in biological complexity, optimization of specific-organ flow rates and the setup of long-term studies. In extension of my work, the introduction of patient-derived cells would thus substantially increase the validation of the gut-liver platform. More functional assays confirming cellular homeostasis and differentiation of patient-derived cells would need to be performed. These include studying albumin production, CYP450 activity, bile acid transport and zonation by the liver cells. On the Intestinal side, the presence of differentiated cells (absorptive, Paneth, goblet and enteroendocrine cells), mucus production, intestinal absorption of nutrients would need to be validated. Moreover, in vivo blood flow rates are different in the gut than and the liver. However, in this work a constant flow rate was used for both organ chips. Different perfusion approaches could thus be used to better control flow media in the respective organ chips. Furthermore, more extensive pharmacokinetic studies could include the study of drug absorption and distribution in the system and inform if these parameters correlate with in vivo data. Conducting pharmacodynamic studies would enlighten on the drug’s mechanism of action i.e., receptor interaction, generate dose-response curves and assess side effects.

Another important aspect that I described in this work involves the integration of sensors in OoCs to closely mimic and control the cells and their environment. Many sensors capable of measuring important cell parameters (pH, glucose, oxygen, lactate, barrier permeability) exist. The incorporation of these sensors in OoCs would add significant unique selling points for the use of OoCs over animal models. In this work, I outline the importance of integrating TEER sensors in OoCs to monitor gut barrier behavior in real-time. When designing new drugs, it is already common practice to assess intestinal barrier integrity in response to drugs (Peters et al., 2019). However, this is done using conventional Transwell systems. Given that OoCs better recapitulate human physiology, the integration of TEER electrodes in OoCs, represents a valuable tool to improve drug screening (Nicolas et al., 2021). As a future perspective of this work, the developed TEER technology could be integrated in the personalized gut-liver platform to study irinotecan-induced toxicity (Figure 21). More specifically, functional studies could be performed to determine which doses of irinotecan lead to intestinal toxicity and if toxicity is increased with the presence of gut bacteria. Additionally, the gut-liver platform with integrated electrodes could be used to screen for drugs inducing intestinal toxicity. Moreover, TEER electrodes could be useful to assess blood-brain barrier function in the context of the gut-brain axis. Recent findings suggest that the gut-derived metabolites can affect blood-brain barrier permeability and influence brain health (Parker et al., 2020). However, more work is needed to characterize the TEER electrodes in a new setup. If the developed TEER electrodes would be integrated in the personalized gut-liver platform, additional interferences of endothelial, immune and bacterial cells have to be considered. Thus, adjustments in normalization procedures are required to exclude these interferences and collect impedance measurements of the intestinal barrier. Moreover, the addition of bacteria in the HuMiX system could affect impedance measurements through biofouling. Biofouling which refers to the bacterial attachment on surfaces (Sultana et al., 2015), could lead to inaccurate TEER measurements and affect cell health.
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[bookmark: _Ref146100133][bookmark: _Toc147823008]Figure 21: Schematic of a personalized gut-liver platform with integrated TEER electrodes.
 Patient-derived intestinal and liver cells are integrated in the gut-liver platform. Top and bottom TEER electrodes monitor intestinal barrier permeability. The effect of orally or intravenously administered drugs on barrier integrity could be assessed. The effect of the gut microbiome on drug metabolism could be studied. TEER, transepithelial electrical resistance. Figure created with Adobe Illustrator.




To conclude, the development of the OoC field is rapidly increasing and represents a valuable tool for improving drug discovery and treatment strategies. This work demonstrates the challenges that were faced and outlines strategies to further improve the predictive power of OoCs. This study thus represents a significant step forward in the improvement of OoCs, further strengthening their role in preclinical research.
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Abstract

The homeostatic relationship between the gut, its microbiome,
and the liver is crucial for the regulation of drug metabolism
processes. Gut microbes are known to influence human health
and disease by enhancing food metabolism and providing a
first line of defense against pathogens. In addition to this, the
gut microbiome also plays a key role in the processing of
exogenous pharmaceutical compounds. Modeling the highly
variable luminal gut environment and understanding how gut
microbes can modulate drug availability or induce liver toxicity
remains a challenge. However, microfluidics-based technolo-
gies such as organ-on-chips could overcome current chal-
lenges in drug toxicity assessment assays because these
technologies are able to better recapitulate complex human
responses. Efforts are being made to create in vitro multiorgan
platforms, tailored for an individual patient’s microbial back-
ground. These platforms could be used as a tool to predict the
effect of the gut microbiome on pharmacokinetics in a
personalized way.
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Introduction

Gut microbiome and gut-derived metabolites play key
roles in biotransformation of drugs, by directly or indi-
rectly influencing drug absorption, toxicity, and
bioavailability [1]. Previous work on the gut—liver axis
has shown that the interplay between the intestinal
microbiome, the gut barrier, and the liver is fundamental
for regulating drug metabolism processes [2]. Disrup-
tion of these processes, caused by dysbiosis, alcohol
consumption, administration of antibiotics, or genetic
susceptibility may lead to gut barrier dysfunction. As a
result, this causes uncontrolled translocation of bacteria
and their metabolites into the liver via the portal vein
[3]. In contrast, the use of probiotics can enable
reconstitution of microbial homeostasis and improve
drug efficacy [4]. The human microbiome is constantly
subject to transformations (nutritional status, antibi-
otics, and pathology) and is therefore highly variable [5—
7]. Hence, interindividual and intraindividual variation
in drug response must be taken into consideration when
assessing drug safety and toxicity. Key metabolic pro-
cesses can be studied using  vitro and iz vivo models,
that is, transwell systems and rodent models [8,9].
However, these models do not fully recapitulate the
human gastrointestinal physiology [10]. Although
animal models enable 7 vivo analysis, the human phys-
iological mechanisms and complexity make it difficult to
assess human-specific drug responses. Therefore, many
drugs do not show adverse effects on animals but lead to
unexpected impairments in humans during clinical trials
[9]. In addition, substantial differences in expression
levels of drug-metabolizing enzymes have been found
between the intestine and the liver of rodents and
humans [11]. Hence, there is a need to develop new
tools to model the gut—liver cross talk. Organ-on-chips
(O0Cs) have the potential to better recapitulate organ
physiology # vitro and offer reliable and precise control
of cellular, biochemical, and biophysical parameters
[12,13]. These microfluidics-based technologies allow
even high-throughput testing and thus represent
attractive and resource-efficient alternatives to animal
experimentation [9]. OoCs with differentiated human-
induced pluripotent stem cells (hiPSCs) offer new
possibilities to provide a path to a more personalized
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medicine by recreating a patient-specific organotypic
microenvironment for drug testing [14,15]. Thus, these
chips have gained increased interest and have the po-
tential to revolutionize processes in drug development
and testing.

Here, we outline the importance of the intestinal
microbiome in modulating drug metabolism. We also
highlight how novel microfluidics-based tissue models
could provide novel insights into the signaling along the
gut—Tliver axis and help to advance our understanding in
drug-induced toxicity and its underlying mechanisms.
Finally, we discuss how the combination of microfluidic/
OoC technologies and personalized medicine ap-
proaches could lead to a paradigm shift of the current
drug development practice.

Importance of gut microbiome homeostasis
and gut barrier function

The gastrointestinal tract harbors trillions of microor-
ganisms, also known as the gut microbiome [16]. The
microbial composition is a key element in regulating
food digestion, shaping the immune system, and main-
taining the gut barrier [17]. Under eubiotic conditions,
the gut microbiome is characterized by a predominance
of beneficial bacterial species, that is, belonging to the
two bacterial phylum Firmicutes and Bacteroides [16].
When there is an optimal balance in the gut microbiome
composition, drug metabolism processes are tightly
regulated [6,18] (Figure 1a). In contrast, under dysbi-
otic conditions, that is, when potentially pathogenic
bacterial species belonging to the phylum Proteobac-
teria may be predominant, drug metabolism processes
are compromised [6,16,18] (Figure 1b). Disruption of

Figure 1

the gut barrier due to deregulation of tight junction
complexes causes elevated translocation of microbes
and microbe-associated molecular patterns (MAMPs)
[19,20]. The uncontrolled dissemination of microor-
ganisms and MAMPs into circulation activates inflam-
matory signaling pathways by activating Toll-like
receptors expressed by liver cells, that is, Kupffer cells
and hepatic stellate cells. The induction of these
signaling pathways contributes to aggravation of liver
inflammation and modifies drug metabolism by hepa-
tocytes [21]. The consequences of intestinal dysbiosis
and a disrupted gut barrier function are further
demonstrated by development of chronic liver diseases,
for example, alcoholic liver disease and nonalcoholic
fatty liver disease [22,23]. Both diseases are character-
ized by an increased translocation of microbes and
MAMPs into circulation, eventually reaching the liver
and triggering the onset of local inflammatory signaling
[24]. The induction of proinflammatory pathways sub-
sequently causes liver fibrosis and cirrhosis that could
ultimately give rise to formation of hepatocellular
carcinoma.

Roles of the gut microbiome and the liver in
drug metabolism

Importance of the gut-liver axis in drug metabolism
Pharmaceutical compounds administered via the oral
route are metabolized by organs of the gastrointestinal
tract (Figure 2). Given that there is a bidirectional
relationship between the liver and the intestine, the
portal vein ensures the passage of drug metabolites from
the intestine to the liver, and some drugs or drug me-
tabolites are secreted back to the intestine via the
biliary duct [25]. This process known as enterohepatic

Eubiosis: normal gut barrier function

Dysbiosis: disruption of gut barrier function

Mucus 2
Gut bacteria and

e
gut-derived metabolites
Intestinal barrier
IECs
Tight junctions

Lamina propria
Immune cells

Gut vascular barrier op? o7

Portal vein Liver
Kupffer cells
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Portal vein

Inflammation
L__> Changes in liver metabolism
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Normal drug metabolism

Drug metabolism under healthy and dysbiotic conditions. (a) Gut barrier under healthy (eubiotic) conditions. Under eubiotic conditions, the infiltration
of gut microbes and the dissemination of related metabolites and toxins through the intestinal wall are tightly controlled through the presence of a mucous layer
and a tight intestinal barrier. Under such homeostatic conditions, ingested drugs are normally metabolized. (b) Gut barrier under dysbiotic conditions. A
dysbiotic state is characterized by the disruption of tight junction complexes and IECs. Subsequently, gut bacteria and gut-derived metabolites are translocated
into the liver via the portal vein, causing inflammation and inducing changes in liver metabolism processes. IECs, intestinal epithelial cells.
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Importance of the gut microbiome in drug metabolism. After oral administration (1) of a pharmaceutical drug, the product is absorbed in the small
intestine, where it is being metabolized by host and microbial enzymes (2). At this stage, drugs can be either activated, be inactivated, or generate toxic
compounds. Then, the metabolic product enters the liver via the portal vein (blue), where it is being further metabolized (3). Finally, some drugs or drug
metabolites are excreted into the bile and return to the intestine via the biliary tract (green). The passage of toxic compounds from the intestine to the liver

can lead to liver toxicity.

circulation can result in reactivation of the drug by
commensal bacteria residing in the intestine. Given that
the drug is not properly detoxified and its circulation in
the body is prolonged, this may result in liver toxicity
[11]. The gut is an important factor in regulating drug
metabolism process as it expresses host and microbe-
derived enzymes, capable of metabolic reactions.

Drug metabolism involves chemical biotransformation
of drug molecules by enzymes expressed either by the
host or by gut microbes [6,18]. Metabolic processes
differ along the intestinal tract and also among different
species. These differences can be explained by the
presence of different isoforms of drug-metabolizing
enzymes between two different species, for example,
cytochrome P450 (CYP450) enzymes and by variances
in expression profiles of these CYP450 enzymes along
the intestinal tract within the same species [11]. For
instance, levels of CYP450 enzymes diminish along the
intestinal tract and are thus lowest in the colon. Drug
absorption in the intestine is also highly influenced by
variations in the luminal gut environment, for example,
pH and expression of transporters. The microbial
composition and abundance differ along the intestinal
tract, which also account for differences in metabolism
[26]. For instance, the upper small intestine has lower

levels of bacteria, which are mostly Szreprococci and
Lacrobacilli, whereas the colon has increased levels of
bacteria, which are mainly anaerobic.

The main purpose of drug metabolism is the formation
of more hydrophilic compounds to facilitate the elimi-
nation of drugs and their metabolites [27] (Figure 3).
On the one hand, some metabolites are required for
drug action (in the case of prodrug administration), and
on the other hand, some metabolites can lead to the
generation of toxic compounds [28,29]. To avoid liver
toxicity, drug development processes aim to bypass the
generation of such reactive compounds.

Microbial drug metabolism and its consequences on
drug metabolism

Recent studies have identified microbiome-induced
changes in hepatic drug metabolism [29]. In addition,
recent studies indicate that the intestinal microbiome
can directly or indirectly affect drug pharmacokinetics
[1,29—32]. Drugs that are delivered orally come into
contact with commensal bacteria in the small and large
intestine, where they are subject not only to host en-
zymes but also to microbial drug-metabolizing enzymes.
A recent study analyzed the ability of several human gut
bacteria from diverse clades to metabolize orally

Current Opinion in Endocrine and Metabolic Research 2021, 18:94—101

www.sciencedirect.com




www.sciencedirect.com/science/journal/24519650





			Emulating the gut–liver axis: Dissecting the microbiome's effect on drug metabolism using multiorgan-on-chip models


			Introduction


			Importance of gut microbiome homeostasis and gut barrier function


			Roles of the gut microbiome and the liver in drug metabolism


			Importance of the gut–liver axis in drug metabolism


			Microbial drug metabolism and its consequences on drug metabolism





			Drug testing and safety assessment in OoC models


			Multiorgan models





			Future perspectives


			Conflict of interest statement


			Acknowledgements


			References











image93.emf
Multi-organ-on-chip models to assess drug toxicity Lucchetti et al. 97

Figure 3

7 Liver + GIT

|
I
|
|
|
|
|
\

Lbocri Phase | Soiiii iabolil Phase Il Highly soluble
PP MG oluble metabolite metabolite oo o
e - > - = TSIUOTS &
drug oxidation Active conjugation ——> Elimination
via CYP450 Inactive via UGTs
Toxic

|
|
|
/

Current Opinion in Endocrine and Metabolic Research

Drug metabolism. A chemical compound that is administered orally is subjected to several metabolic pathways that can be subdivided into three phases.
The liver is the main organ implicated in drug metabolism. The gastrointestinal tract (GIT) also takes part in the first two phases of drug metabolism.
Phase | is characterized by oxidation reactions, which are mainly catalyzed by cytochrome P450 (CYP450) enzymes. Phase | transforms lipophilic drugs
into soluble metabolites. Here, activation and inactivation of the drug can occur. In addition, toxic by-products can also be generated through this process.
Phase Il is known as the detoxification pathway. This phase implicates the conjugation of phase I-derived metabolites via UDP-glucuronosyltransferases
(UGTs), resulting in formation of highly soluble metabolites. These hydrophilic metabolites can then be eliminated from the body during phase .

administered drugs and reported a series of drugs that
are chemically modified by gut microbes [30]. They
were also able to identify microbially encoded enzymes
that can impact drug metabolism.

In fact, microbes have the ability to activate, inactivate,
or generate toxic compounds via metabolic processes
(Figure 3). For instance, digoxin, a cardiotonic drug, can
be inactivated by Fggerthella lenta through conversion
into dihydrodigoxin and dihydrodigoxigenin [33].
Levodopa (L.-Dopa), used for the treatment of
Parkinson disease, needs to be absorbed by the small
intestine to cross the blood—brain barrier, to undergo
decarboxylation within the central nervous system, and
to be transformed into the therapeutically active dopa-
mine [34]. However, it has been shown that L-Dopa is
transformed into dopamine by FEwterococcus faecalis—
mediated decarboxylation, which contributes to side
effects in the gastrointestinal tract [35]. Then, dopa-
mine is further dehydroxylated to m-tyramine by
E. Jenta, which influences dopamine-associated side ef-
fects in the gut. Thus, L-dopa is often coadministered
with carbidopa, a drug that inhibits peripheral meta-
bolism. Sulfasalazine, an anti-inflammatory drug, is
activated by microbial enzymes via enzymatic cleavage
of an azo bond. Irinotecan, an anticancer drug, is first
hydrolyzed by an enzyme to give rise to an active com-
pound and exert its pharmacological effect [36]. Sub-
sequently, it is subjected to conjugation via UDP-
glucuronosyltransferases in the liver and rendered in a
biologically inactive state. When transferred to the in-
testine, it is deconjugated by gut microbes, for example,
Escherichia coli, Fusobacterium nucleatum, and Clostridium
ramosum, and could mediate toxic effects in the lower
gastrointestinal tract [37]. Brivudine is an oral antiviral
drug metabolized by human enzymes and the gut

microbiome to bromovinyluracil, which is able to induce
hepatoxicity upon activation in the gut [32].

The intestinal microbiome influences xenobiotic
metabolism, with the microbial composition being
highly variable between individuals, resulting also in a
high variability of microbial drug metabolizing-enzymes.
This fact may contribute to the interindividual vari-
ability frequently observed for individual responses to
drug treatments [38]. Thus, a better understanding of
microbial drug metabolism is necessary to customize
treatments and to further the understanding of how an
individual’s microbiome could be manipulated to in-
crease drug efficacy.

Drug testing and safety assessment in OoC
models

Animals are frequently used in preclinical trials to
evaluate drug toxicity [9]. Although animal models
enable long-term studies of pharmacokinetics in a
multiorgan system, they have drawbacks. As mentioned
beforehand, there are significant differences in expres-
sion levels of drug-metabolizing enzymes and trans-
porters between the intestine and the liver of rodents
and humans [11]. Furthermore, rodent microbial com-
munities significantly differ from human microbiome in
their diversity and richness [8]. Interestingly, it has
recently been demonstrated that although mouse and
human gut microbial communities are extensively
different, there is a high similarity at the functional
level, for example, conserved functions of enzymes that
catalyze the breakdown and biosynthesis of carbohy-
drates and glycoconjugates [39]. Although rodent
models can be manipulated through diet and genetics
and at the microbial level to explore gut—microbiome
interactions, multiple species have to be used for
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Personalized multiorgan chips to model the gut-liver axis. hiPSCs are derived from a patient’s tissue (e.g. skin) and can then be reprogrammed and
later differentiated into specialized organ-specific cells (enterocytes, hepatocytes, Kupffer cells, hepatic stellate cells, and liver sinusoidal endothelial cells
[LSECs]). Here, we propose to integrate major cell types with a patient’s preserved genetic background and patient-derived gut microbiome into a
gut-liver-on-chip system. (a) Schematic of HuMiX including a connection to a liver-on-chip system. HuMiX harbors four parallel channels, separated
by semipermeable membranes (red). HuMiX enables the coculture of human cells (intestinal epithelial cells) and microbes (second and third layer,
respectively). The presence of a nitrogen (N,) flow in the top channel establishes an anoxic environment for culturing anaerobic bacterial species from the
gut. The environment within the device is routinely monitored through oxygen (O,) sensors. Integrated transepithelial electrical resistance (TEER) sensors
(yellow) will ensure on-chip monitoring of the gut barrier integrity. The modular design of HuMiX allows downstream analysis. In the interconnected
gut—liver system that we propose, the upper chamber of the Dynamic42 liver-on-chip platform would be connected to the lower chamber of HuMiX,
harboring the iPSC-derived gut endothelial cells. (b) Schematic of the Dynamic42 gut-on-chip platform with a connection to a liver-on-chip system.
The Dynamic42 gut-on-chip platform will contain hiPSC-derived epithelial and endothelial cells and offers the possibility for the integration of patient-
derived gut microbes. Moreover, TEER electrodes will be integrated to monitor the gut barrier integrity. (¢) Schematic of the liver-on-chip system
including hiPSC-derived cell types. The Dynamic42 liver-on-chip platform enables the integration of hiPSC-derived LSECs and Kupffer cells in the
upper chamber. hiPSC-derived hepatocytes and hepatic stellate cells will be integrated in the lower chamber. Both of these chambers are separated by a

porous membrane. hiPSCs, human-induced pluripotent stem cells.

animal testing, and its results must be combined to
predict drug effects in humans. Thus, alternative
testing systems are urgently required to emulate human
physiology of the respective organ i vitro and to better
recapitulate the essential aspects of human metabo-
lizing pathways. OoCs, also known as microphysiological
systems, are able to recapitulate the 3D structure and
cellular diversity of human tissues and the biochemical
and biophysical cues exposed to these tissues at various
levels [12,13,15,40—42].

Advanced cell sources such as hiPSCs become
frequently used in novel # vitro models because they
have their ability to differentiate # vitro into virtually
any cell type [43]. In addition, hiPSCs possess an
improved self-renewal capacity and thus provide an
unlimited cell source for generation of tissues and

organoids. Current genetic editing methods leverage the
generation of isogenic controls and address more specific
mechanistic questions. Thus, hiPSCs provide a powerful
tool to generate major organ-specific cell types reflect-
ing the patient’s genetic background. It has been
recently demonstrated that stem cell—derived organo-
ids can be efficiently cultured in OoC platforms, thereby
increasing their cellular diversity and supporting the
differentiation of even rare cell types by extending the
organoid’s life span and its cell mass [44].

Multiorgan models

OoC platforms further allow the generation of multi-
organ models to study drug metabolism and related ef-
fects along the gut—liver axis. For instance, a
microfluidics-based system coupling two micro-
chambers containing intestinal and liver tissue has been
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developed and used to investigate interorgan commu-
nication. More recently, a multiorgan gut—liver model
has been developed by interconnecting single-OoC
systems [45]. Furthermore, a four-organ chip has been
established for i virro ADME (absorption, distribution,
metabolism, and elimination) profiling and drug toxicity
testing [46].

Here, we present two options for more advanced models
by combining the previously validated OoC platforms
HuMiX [47—49] (Figure 4a) and the Dynamic42
Biochip platform [50,51] (Figure 4b and c). The
human—microbial cross talk model (HuMiX) has been
validated as an effective model to recreate the complex
structure and physiology of the intestinal epithelium
[47]. Importantly, recent findings have shown that
HuMiX-based readouts are concordant with  vivo data
[49]. Hence, HuMiX provides a tool for  vitro drug
testing and for the study of the effects of the intestinal
microbiome on drug availability. A 3D gut-on-chip
model has also been established on the Dynamic42
biochip platform to investigate microbiome—host
interaction in an immunocompetent microenvironment
[50] (Figure 4b). The same platform was used to
establish a liver-on-chip model reflecting essential as-
pects of liver metabolism and microanatomical features
of the human liver sinusoid [51,52] (Figure 4c). The
system has been proofed as a suitable platform for drug
metabolism studies, in the development of novel drug
delivery systems and in disease modeling studies of
acute and chronic liver inflammation [53—55]. We pro-
pose to interface both OoC platforms to emulate
metabolization and drug metabolism along the gut—liver
axis m vitro (Figure 4a and b). Transepithelial electrical
resistance electrodes capable of measuring the forma-
tion and disruption of epithelial monolayers in real time
and in a noninvasive way will be integrated in both
platforms.

Linking OoCs involves consideration of biological pa-
rameters, for example, sterility, universal medium, flow
rates, and a common source of cells, to create a physi-
ologically relevant and functional multi-OoC model
[12]. Thus, we first plan to assess the viability and the
metabolic profiling of the cells in the established plat-
forms and study phenotypical and functional metrics for
normal gut and liver function in comparison with a dis-
ease model. Second, we aim to validate the platforms by
tackling a specific research question related to com-
pounds of known action or toxicity.

Future perspectives

Major challenges in establishing an appropriate clinical
model for drug metabolism need to be considered. These
include drug transit through the gastrointestinal tract and
the liver, drug permeability and absorption, drug solubility,
intestinal blood flow, and expression of drug-metabolizing

enzymes and transporters. OoCs are being developed to
model more simplified physiological parameters and to
mimic only parts of an organ to find the right balance
between complexity and feasibility. Despite this fact,
their design enables precise control of cell culture pa-
rameters, the possibility of coculture, and the application
of different flow rates to each compartment to match
physiological parameters to create a simple model that
recapitulates physiological responses of interest.

An important advantage of OoC platforms consists in
their versatile application to characterize drug metabo-
lization and mechanisms of drug-mediated toxicity at
different molecular levels by use of scalable tissue
models. Cell sources and cellular diversity of the tissues
and organoids can be easily adapted to precisely dissect
individual contributing factors on a standardized plat-
form offering a multitude of functional readouts. With
the ability to adjust the cellular complexity level ranging
from simpler but highly robust 2D cell cultures up to
complex stem cell—based 3D organoid models cultured
under precisely regulated conditions, the OoC platform
provides superior options in their application in drug
metabolization studies. Microfluidic perfusion further
allows the integration of peripheral immune cells to
further expand such studies, that is, for assessment of
immunomodulating therapies including chimeric anti-
gen receptor T cells and bivalent antibodies to fight
cancer. Recent data indicate an important role of the
microbiome in the effectiveness and safety of these
therapies [56]. OoC models allow a structured approach
to dissect individual contributing factors for both the
host and the microbiome by modulating the host genetic
background (i.e. use of clustered regularly interspaced
short palindromic repeats/CRISPR-associated protein 9
(CRISPR/Cas9) tools) on one side and iterative testing
of individual factors at the microbiome level by use of
suspended MAMPs and stool sample filtrates up to
defined microbial communities and isolated complex
human microbiome samples derived from patients and
healthy donors.

The establishment of a unifying platform to integrate
different organ models already established and charac-
terized in a plug-and-play manner will further increase
potential of OoC in studies addressing the systemic
level of organ—organ communication. We here propose
the combination of gut- and liver-on-chip models
developed by our groups to recreate the gut—liver axis.
The generation of hiPSC-based gut and liver tissue from
the same donor cell line will ultimately allow the gen-
eration of physiologically relevant models, avoiding
allogenic cytotoxicity by mixing of cells from different
donors. Considering appropriate cell numbers, tissue
size, and cell/volume will be key to reliably emulate
physiologically relevant multiorgan systems [57].
Further examples of such models include the gut—lung
and the gut—brain axis. Similar to the liver axis, the

www.sciencedirect.com

Current Opinion in Endocrine and Metabolic Research 2021, 18:94—101




www.sciencedirect.com/science/journal/24519650





			Emulating the gut–liver axis: Dissecting the microbiome's effect on drug metabolism using multiorgan-on-chip models


			Introduction


			Importance of gut microbiome homeostasis and gut barrier function


			Roles of the gut microbiome and the liver in drug metabolism


			Importance of the gut–liver axis in drug metabolism


			Microbial drug metabolism and its consequences on drug metabolism





			Drug testing and safety assessment in OoC models


			Multiorgan models





			Future perspectives


			Conflict of interest statement


			Acknowledgements


			References











image96.emf
100 Microbiome

influence of the gut microbiome on the function of the
human lung and central nervous system is well estab-
lished, and dysbiotic conditions of the gut have been
proven to be associated with the onset of respiratory
diseases of the lung and mental disorders of the brain
[58,59]. The improvement of current OoC platforms by
implementation of high-throughput screening capabil-
ities and computational analysis tools will allow the
development of next-generation 7z vitro models. Thus,
we are convinced that next-generation multi-OoC
models will represent a powerful alternative to stepwise
replacement of the use of animal experimentation with
regard to the microbiome and its role in drug metabo-
lization for individual patients.
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The often-overlooked colorectal cancer
associated bacterium: Gemella morbillorum

M. Meyers?, D. Ternes?, E. Koncinal, L. Schorr 3, M. Schmoetten?!, M
Lucchetti?, V. I. Pozdeev!, P. Perez-Escrival, F. Rodriguez®, M.
Tsenkoval, C. Gilson!, A. Gaigneaux!, A. Ginolhac!, S. Haan!, E.
Elinav®, P. Wilmes'2, J. Puschhof 2 and E. Letellier*

Department of Life Sciences and Medicine, Faculty of Science,
Technology and Medicine, University of Luxembourg, Luxembourg.
2Luxembourg Centre for System Biomedicine, University of
Luxembourg, Luxembourg.

3German Cancer Research Center, DKFZ, Heidelberg, Germany

Gemella morbillorum (Gm) is part of the normal flora in several epithelial
surfaces, however, has also been associated to a variety of diseases, namely
colorectal cancer (CRC). Having been described to be overabundant in CRC
stool as well as suggested to be a part of predictive biomarkers, Gm has often
been associated to CRC however deeper mechanistic insight is lacking.
Therefore, we have explored the role of Gm in CRC initiation and progression
through a variety of microbiome-host interactions. We present Gm as a CRC
associated bacterium which can be an intracellular pathogen as well as
capable of induing DNA damage which could suggest arole in CRC initiation.
Additionally, Gm plays arole in shaping the innate immune system leading to
a decrease in anti-tumoral surveillance. Overall, we shed light onto the often-
overlooked CRC associated bacterium Gm.

G. morbillorum (Gm) is a Gram-positive, non-spore-forming, non-motile, saprophyte
facultative, microaerophilic anaerobe, which grows in single cocci, in pairs, or in
smaller aggregates. Gm is part of the normal flora of several epithelial surfaces of
the human body, including the oropharynx as well as the gastrointestinal and female
genital tracts?2. Gm was previously described to cause local and general infections
such as arthritis, pericarditis, pneumonia, infections of the central nervous system,
postoperative wound infections, and it has also been found to cause liver abscesses
in Crohn’s disease?2. Interestingly, Gm was isolated from primary oral tumor tissue
and cervical lymph nodes, thus suggesting a role in tumor infiltration and invasion®.
Indeed, Gm can be associated to the direct tumor site® and further, Gm is more
abundant in crypts from right-sided CRC compared to healthy adjacent crypts or left-
sided CRCS®. Given these findings, in addition to the bacterium’s immunomodulatory
potential, Gm provides an interesting study target for us.
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Abstract

The rational manipulation of the gut microbiome presents an appealing means to sustain human
health. Here we develop iHuMiX, a microfluidics-based gut-on-a-chip model that enables
personalized screening of microbiota-induced immune responses. Comparison between a murine
model and human primary immune cell responses indicates that extensive individual-specific
variability concerning immunomodulation is mostly apparent in iHuMiX-based experiments,
which underlines the need for representative human-based models for unravelling microbiota-

Immune system interactions.

Brief Communication
The complex human gut microbiome affects the host’s immune responses in personalized ways.

As microbiome-immune system interactions are emerging as a powerful determinant in human
disease, the precise alteration of the microbiota holds the promise to modulate this cross-talk in a
health-promoting manner'?. For example, a mixture of 17 strictly anaerobic Clostridia strains
(17-mix) induces regulatory T cell differentiation and attenuates inflammation in a murine model
of ulcerative colitis®*. However, along with the composition of the gut microbiome, the immune
status of the individual is an essential factor contributing to the effectiveness of microbiome-
based therapies’. Immunological baseline features have in particular been identified to be
responsible for poor treatment outcomes in the context of immunotherapies’. Thereby, the
efficacy of probiotic formulations will likely depend on individualised immune responses, which
may, in part, explain the lack of generalizable and reproducible evidence in humans’ .

To allow representative studies of microbiota-immune system interactions on an individual basis,
we have re-engineered our HuMiX model into iHuMiX, a model that enables personalized

. . . . . 10,11
screening of microbial-induced immune responses'”

. More specifically, by introducing a
controlled gas layer in the previous HuMiX gut-on-chip design, the improved model can sustain
environmental conditions for the culture of strictly anaerobic bacteria. The resulting iHuMiX
model allows for the co-culture of the 17-mix together (upper chamber) with human intestinal
epithelial cells (IECs) (middle chamber) and primary peripheral blood mononuclear cells
(PBMCs) (lower chamber) (Figure 1a). The iHuMiX experiments enable the generation of high-
resolution data on the individual cell contingents.

Within the iHuMiX model, the 17-mix secreted a mixture of short chain fatty acids (SCFAs)

which formed a gradient across the different microchambers (Figure 1b). Butyrate and
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propionate'? in particular were secreted in millimolar concentrations by the 17-mix. Butyrate
represents the primary energy source for healthy IECs and its concentration decreases across the
microchamber harbouring the IECs (Figure 1b). This pattern along with the viability of each cell
type along with the overall physical characteristics of the model demonstrate that the iHUMiX
model can be used as proxy of the human intestinal environment (Figure 1c).

Next, we assessed the impact of 17-mix treatment on immune responses on the different immune
cell populations of five donors using CyToF'?. The CD4+ and CD8+ T lymphocyte, monocyte, B
and NK cell populations were differentially affected in a donor-dependent manner by the 17-mix
(Figure 1d). We in particular noticed reduction of the monocytes after co-culture with the 17-mix
for all donors (Figure 1d). Among the evaluated cytokines, IFN-y and TNF-o were the most
affected upon co-culture, whereby secretion decreased in CD4+ and CD8+ T cell populations
from donor 1 and donor 2 (Figure 2a-b) but not in the other donors. IL-17A was only increased
in donor 1 (Figure 2c). Based on these results, iHuMiX allows resolution of personalised
immune responses by integrating individual-derived immune cells and exploring their unique
phenotypes.

To contextualise our findings in relation to a corresponding in vivo model, we compared the
human PBMC responses in iHuMiX to colitis mouse model also treated with 17-mix (Figure 2d).
Wild-type mice received antibiotics before induction of colitis with dextran sodium sulphate
(DSS) and gavage with the 17-mix (Figure 4a). The immune responses were determined by
profiling the colonic lamina propria mononuclear cells (LPMCs) at day 4 after 17-mix treatment.
Upon 17-mix supplementation, the IFN-y and TNF-a secretion levels in CD4+ and CD8+ T cell
populations showed no significant variation in the control group without colitis at day 4 (Figure
2e-f). In the DSS/17-mix group, a significant reduction in IFN-y was observed in CD4+ and
CD8+ populations in contrast to an increase in TNF-a in CD8+ cells of the DSS/17-mix mice
(Figure 2e-f). Overall, by comparing the impact of the 17-mix treatment in the murine model to
the iHuMiX results it is apparent that isogenic model does not fully reproduce the individual
variability observed in personalised human models such as iHuMiX.

In the context of understanding the impact of the gut microbiome on inflammation-linked disease
development, the baseline immune statuses of human individuals represent an essential
dimension®. Using the iHuMiX model, we have been able to co-culture intestinal anaerobic

bacteria with IECs and PBMCs from healthy human donors, thereby resulting in personalised
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models allowing exploration of microbiome-immune system interactions in a personalised
manner. It is also becoming increasingly clear that improved therapeutic interventions rely on the
personalisation of the treatment. Using iHuMiX, we show personalised responses in PBMCs of
five healthy donors upon co-culture with the probiotic 17-mix. Important from a translational
point-of-view, such heterogeneity in immune response was not seen using a classical isogenic in
vivo model, which, in turn, demonstrates the inherent limitations of such models with respect to
their representativeness. In more general terms, the identification of specific immunological
responses to microbiota may allow individual stratification and enhancement of the efficacy of

14,15

probiotic treatments . In summary, our iHuMiX model provides an essential, personalisable

tool for screening microbiota-induced immune responses.

Methods

Human cell culture
Prior to setting up co-cultures in the iHuMiX model, the human intestinal epithelial cell line

Caco-2 (DSMZ: ACC169) was maintained in aerobic conditions at 37 °C and 5 % CO, in RPMI
1640 medium supplemented with 10 % FBS (ThermoFisher).

Human subject details
Blood from 2 female and 3 male healthy human volunteers, aged 27-40 years, was collected in

the mornings for all iIHuMiX experiments. All work involving human participants was approved
by the Ethics Review Panel of the University of Luxembourg under reference number ERP-16-

045. All subjects gave prior written consent.

Bacterial cultures
The isolated strains of the 17-mix were maintained in culture as previously described (Atarashi et

al., 2013). The individual members were grown in Eggerth-Gagnon (EG) broth to confluence
under strictly anaerobic conditions in an anaerobic chamber (Jacomex) at 37 °C, 95% N, 5 %
CO,, then transferred to RPMI 10% FBS for 48 hours before co-culture in iHuMiX. To identify
the presence of the 17 strains after 24-hour co-culture in iHuMiX, qPCR was performed using

strain-specific primers (Supplemental Table 1) (Atarashi et al., 2013).

PBMC preparation
Blood samples were collected intravenously using coated BD Vacutainer spray-coated K,EDTA

tubes (BD Biosciences) and centrifuged for 30 min at 400 g at 21° C using LeucoSep-tube
(Greiner). After centrifugation, PBMCs were washed with MACS buffer, then centrifuged again
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for 15 min at 400 g at 21 °C. PBMCs were incubated for a maximum of 24 hours at 37 °C, 5 %
CO; in RPMI 1640 Medium supplemented with 300 U/ml IL-2 to synchronise PBMC

inoculations within iHuMiX.

1HuMiX model
The improved iHuMiX model consists of four parallel microfluidic channels, stacked as

individual microchambers, referred to as N, flow, 17-mix, IECs and PBMCs. The anaerobic
environment within the device was routinely monitored through non-invasive fibre optic sensors
affixed to the top and bottom enclosures of the iHuMiX device and monitored using the OXY-4
system (PreSens). The overall setup includes dedicated inlets and outlets for each microchamber,
which allow the perfusion of medium to the cells into the respective microchambers. On day 1
following the iHUMiX assembly, a 1.5 ml suspension of Caco-2 cells (3 x 10° cells/ml) in RPMI
10 % FBS was injected into the IECs chamber using a sterile disposable syringe into the Discofix
3-way stopcock (B.Braun) attached to Marprene tubing (Watson-Marlow) connected to the
iHuMiX inlet of the IECs microchamber. The IECs were subsequently allowed to attach to the
rat tail collagen-coated (Sigma-Aldrich) microporous membranes (GE Healthcare) while being
maintained at 37 °C. Two hours after the inoculation with cells, perfusion using the RPMI into
the 17-mix and PBMC microchambers was started using a peristaltic pump (Watson-Marlow).
On day 6, 100 pul of each strain of the 17-mix were mixed in equal amounts and 1 ml was
injected into the microbial microchamber delineated by the mucin-coated (Sigma-Aldrich)
nanoporous membrane (VWR). After bacterial inoculation, 1.5 ml of suspended PBMCs (30 x
10° cells/ml) were inoculated into the PBMC microchamber of the iHuMiX device (Figure la).
One hour after the microbial and immune cells had been inoculated into iHuMiX, the flow of
fresh media was started using the peristaltic pump. After 24 hours of co-culture between the 17-

mix, the Caco-2 IECs and PBMCs, the extracellular fraction produced from each microchamber

was collected and centrifuged (4000 rpm, 4°C, 5 min) before storage.

1iHuMiX samples preparation for downstream analysis

After the completion of experiments, the 17-mix, IECs and PBMCs were collected from the each
microchambers (Shah et al. 2016). Caco-2 cells were recovered from the collagen-coated
membrane with trypsin, centrifuged and resuspended in cold PBS. Three quarters of the biomass
were used for the biomolecular extractions, and one quarter was used for cell viability

assessment and counting. Caco-2 and PBMCs were counted and viability was evaluated using
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Live/DEAD Fixable Near-IR kit (Invitrogen L34975) by flow cytometry (Canto II, BD
Biosciences). PBMCs immunological profiles generated using CyTOF using the protocol
described below. The biomass of the 17-mix was scraped from the mucin-coated membrane and
resuspended in cold 0.9 % NaCl solution. Bacterial viability was determined using the
LIVE/DEAD BacLight Bacterial Viability Kit (Life Technologies). Bacteria were imaged using
an Axiovert 40CFL microscope (Zeiss) using a 63x objective and an AxioCam MRn camera
(Zeiss).

Metabolomics

GC-MS analyses were performed using an Agilent 7890A GC — 5975C MS instrument (Agilent
Technologies). A sample volume of 1 pl was injected into a Split/Splitless inlet, operating in
split mode (20:1) at 270 °C. The gas chromatograph was equipped with a 30 m (I.D. 250 pm,
film 0.25 pum) DB-5MS capillary column (Agilent J&W GC Column). Helium was used as
carrier gas with a constant flow rate of 1.4 ml/min. The GC oven temperature was held at 80 °C
for 1 minute and increased to 150 °C in steps of 10 °C/min. Following the step-up, the
temperature was increased to 280 °C in steps of 50 °C/min (post run time: 3 min). The total run
time was 15 minutes. The transfer line temperature was set to 280 °C. The mass selective (MS)
detector was operated under electron ionization at 70 eV. The MS source was held at 230 °C and
the quadrupole at 150 °C. The detector was switched off during elution of MTBSTFA. For
precise quantification, GC/MS measurements of the compounds of interest were performed in
selected ion monitoring mode. All GC-MS chromatograms were processed using the
MetaboliteDetector software, v3.020151231Ra (Hiller et al. 2009). The following deconvolution
settings were applied: Peak threshold: 5; Minimum peak height: 5; Bins per scan: 10;
Deconvolution width: 5 scans; No baseline adjustment; Minimum 15 peaks per spectrum; No
minimum required base peak intensity. Compounds were annotated by retention index and mass
spectrum using the in-house mass spectral library.

PBMCs analysis by CyTOF

Antibody staining of PBMCs

Cells were resuspended at 10 x 10° cells per ml and stained with a 5 pM solution of cisplatin for
5 min at room temperature. Cells were then washed with 0.5 % BSA PBS and centrifuged at 500
g for 10 min. Surface staining was performed by adding a cocktail of pre-conjugated antibodies

for 30 min at room temperature and excess antibodies were removed by washing. Cells were
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fixed and permeabilized using the Fixation/Permeabilization Kit from eBioscience, and
intracellular staining was performed by adding a cocktail of pre-conjugated antibodies for 30 min
at room temperature. Cells were then stained with cell-ID Intercalator-Ir in fixation and

permeabilization solution (Fluidigm protocol).

Antibodies

Labelled antibodies from Fluidigm are listed in Supplemental Table 2. The extracellular antibody
mixture contained metal-labelled antibodies, whereas the intracellular antibody mixture
contained metal-labelled antibodies, which were diluted in FACS buffer (1ul for each antibody
per 3 x 10° cells).

CyTOF acquisition and analysis of PBMCs

Prior to acquisition, fixed cells were washed twice each in PBS and deionised water,
respectively. Cells were resuspended at 5 x 10° per ml in 1:10 calibration beads (EQ Four
Element Calibration Beads, Fluidigm) diluted with deionised water and the samples were
analysed with a Helios mass cytometer (Fluidigm) at a flow rate of 0.03 ml/min. After
acquisition, FCS files were normalized with the HELIOS instrument acquisition software by
using EQ beads as standard. Normalized CyTOF FCS files were analysed using Cytobank
(Cytobank, Inc). viSNE visualisation plots were generated using equal sampling of 100,000 cells
per comparison, perplexity = 30, theta = 0.5. Each experiment was manually gated on singlet
cells and different populations subsequently gated based on lineage markers: T lymphocytes
(CD3+, CD16-, CD4+ and CD8+), NK T lymphocytes ( CD3+, CD4-, CDS8-), B lymphocytes
(CD3-, CD16-, CD19+), NK cells (CD3-, CD20-, CD38+, CD16+ or CD3-, CD20-, CD335+,
CD161+), monocytes (CD14+ and CD16+) to create plots. Data are available on FlowRepository
ID: FR-FCM-Z2XD.

Mice

C57BL6/N mice, kept under specific pathogen-free conditions, were purchased from CLEA
japan, Inc. Mice were bred and maintained in cages within the animal facility of RIKEN Center
for Integrative Medical Sciences and Keio University School of Medicine. All animal
experiments were approved by the Animal Research Committee of the RIKEN Yokohama

Institute and Keio University School of Medicine.
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Antibiotics and DSS treatment in mice

8 weeks old female C57BL6/N SPF mice were treated with 200 ul of a cocktail of ampicillin (10
mg/ml), vancomycin (10 mg/ml), neomycin (10 mg/ml) and metronidazole (10mg/ml) by oral
gavage (day 1). After 24 hours of antibiotics treatment (day 2), the mice were given 1.5% DSS or
sham (MP Biomedicals, molecular weight, 36,000—50,000) in drinking water for two days. On
day 2, mice were orally administered with an equal mixture of each 17 bacterial cultures or

vehicle.

Isolation of intestinal lamina propria lymphocytes

Murine colons were collected and opened longitudinally, washed with PBS to remove luminal
content and suspended. The colons were then washed in Hank’s balanced salt solution (HBSS)
containing 5 mM EDTA for 20 min at 37 °C. The samples were briefly vortexed, followed by
removal of epithelial cells, muscle layers and fat tissue using forceps. The lamina propria layers
were cut into small pieces and incubated in RPMI 1640 (Gibco) containing 4 % FBS (Gibco), 0.5
mg/ml collagenase D (Roche), 0.5 mg/mL dispase (Roche) and 40 mg/ml DNase I (Roche) for
35 min at 37 °C in a shaking water bath. After centrifugation at 780 g for 5 min, the digested
tissue was washed in HBSS containing 5 mM EDTA, resuspended in 5 ml of 40 % Percoll (GE
Healthcare) and overlaid with 2.5 ml of 80% Percoll in a 15 ml Falcon tube. Gradient separation
was performed by centrifugation at 860 g for 30 min at 25 °C. For intracellular cytokine staining,
the cells were resuspended in RPMI 1640 containing 10 % FBS, 50 ng/ml PMA (Sigma), 750
ng/ml ionomycin (Sigma) and 0.66 pl Golgistop (BD Biosciences) per 10° cells. After 4 hours
incubation cells were harvested and stained with anti-IFN-y-FITC (XMG1.2, BioLegand), anti-
TNF-a-PE-Cy7 (MP6-XT22, BioLegend), anti-CD4-BV650 (RM4-5, BioLegend), anti-CD8a-
BV605 (53-6.7, BioLegend) and anti-CD3e-PE (145-2C11, BioLegend) wusing the
Foxp3/Transcription factor staining Buffer Set (eBioscience). Flow cytometric analysis was
performed on FACS Aria III (BD Biosciences), and the data were analysed with the FlowJo

software.

Statistical analysis and graphics
Mice experiments were analysed using a Kruskal-Wallis test followed by Dunn’s comparison

test using GraphPad Prism 9.0.
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Abstract

The microbiome is involved in metabolic transformation of drugs, including enterohepatic
recirculation. These transformations along the gut-liver axis may lead to the inactivation or
reactivation of drugs or to a reduced or lack of response. They may however also culminate
in intestinal toxicity. At present, the full scope and magnitude of microbiome-based
influences on these processes remain unclear. This is largely due to the lack of experimental
models representative of the complex human gut environment. Here, we present a novel
multiorgan-on-a-chip (MOoC) platform to predict the effect of the gut microbiome on drug
metabolism. This MOoC platform interfaces the human microbial-crosstalk (HuMiX) gut-on-
chip and the Dynamic42 liver-on-chip to mimic the bi-directional interconnection between
the intestine and the liver. We were able to successfully establish the interconnection
between these two OoCs and show that the intestinal and liver cells in the gut-liver platform
remain viable and functional for up to 48 hours of interconnection. As a proof-of-concept
study, we used a well-known colorectal cancer drug, irinotecan to study its metabolization
in this MOoC. We could demonstrate that the gut-liver platform recapitulates the metabolism
of irinotecan by following its metabolites using liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS). Furthermore, by using the novel gut-liver platform, we
could show that the colorectal-associated gut bacterium, Escherichia coli, modifies
irinotecan metabolism through the reactivation of SN-38G into SN-38. The established
platform thus represents an effective tool to better elucidate on interactions between gut
microbes and pharmaceutical products and may contribute to the improvement of drug

development strategies.
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Introduction

The human gut microbiome has been identified as being a key element in various chronic
diseases'?, immunity>* and antimicrobial resistance®. Recently, the role of the gut
microbiome in modifying drug metabolism has received increasing attention®’. Gut bacteria
were shown to influence drug metabolism directly or indirectly by inactivating a drug or
reactivating it after enterohepatic recirculation®®. Irinotecan, a colorectal cancer drug, is
recognized to undergo bacterial transformation. The prodrug irinotecan is first activated by
carboxylesterases in the blood, reaching and targeting the cancer cells through the blood
circulation and is then inactivated into SN-38G by UDP-glucoronosyltransferase (UGT)
enzymes in liver'®'. Through enterohepatic recirculation, SN-38G is reactivated into SN-
38 by bacteria residing in the gut'?. This reactivation prolongs the lifetime of SN-38 in the
body, which results in severe diarrhea in patients. Due to these side effects, irinotecan
treatment is often dose-limiting. Interestingly, it was shown that the colorectal cancer-
associated gut bacterium Escherichia coli (E. coli) is involved, amongst others, in the
transformation of irinotecan'. More specifically, this transformation is characterized by the
removal of a glucuronic acid moiety through bacterial B-glucuronidases'?. However, the full
scope of gut bacteria involved in the metabolism of irinotecan are poorly understood. This
is mostly due to the complexity of the gut microbiome composition'*'® and the lack of

suitable models to culture the complex gut microbiome under anaerobic conditions.

The high failure rate in preclinical studies is due to interspecies differences between animals
and humans'®'”. Additionally, animal testing is often costly and raises ethical concerns.
Microfluidic systems, called organ-on-chips (OoCs) are thus being developed to model
human organ physiology in a more ethical, reliable and dynamic way'®. Many different OoC
models are therefore being developed to study diseases, cell interactions and molecular
mechanisms at the single organ level'®. To take this a step further and study diseases
affecting multiple organs and drug administration, distribution, metabolism, excretion and
toxicity (ADMET), there is a need to couple individual OoCs into multiorgan chips (MOoCs).
These MOoCs can replicate systemic organ communication between two or more organs

and thus offer a reliable tool to assess systemic effects of drugs and diseases?’?'.









Introduction 

 

The human gut microbiome has been identified as being a key element in various chronic 

diseases

1,2

, immunity

3,4

 and antimicrobial resistance

5

. Recently, the role of the gut 

microbiome in modifying drug metabolism has received increasing attention

6,7

. Gut bacteria 

were shown to influence drug metabolism directly or indirectly by inactivating a drug or 

reactivating it after enterohepatic recirculation

8,9

. Irinotecan, a colorectal cancer drug, is 

recognized to undergo bacterial transformation. The prodrug irinotecan is first activated by 

carboxylesterases in the blood, reaching and targeting the cancer cells through the blood 

circulation and is then inactivated into SN-38G by UDP-glucoronosyltransferase (UGT) 

enzymes in liver

10,11

. Through enterohepatic recirculation, SN-38G is reactivated into SN-

38 by bacteria residing in the gut12. This reactivation prolongs the lifetime of SN-38 in the 

body, which results in severe diarrhea in patients. Due to these side effects, irinotecan 

treatment is often dose-limiting. Interestingly, it was shown that the colorectal cancer-

associated gut bacterium Escherichia coli (E. coli) is involved, amongst others, in the 

transformation of irinotecan
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. More specifically, this transformation is characterized by the 
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The high failure rate in preclinical studies is due to interspecies differences between animals 

and humans16,17. Additionally, animal testing is often costly and raises ethical concerns. 
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human organ physiology in a more ethical, reliable and dynamic way18. Many different OoC 
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. To take this a step further and study diseases 

affecting multiple organs and drug administration, distribution, metabolism, excretion and 

toxicity (ADMET), there is a need to couple individual OoCs into multiorgan chips (MOoCs). 

These MOoCs can replicate systemic organ communication between two or more organs 

and thus offer a reliable tool to assess systemic effects of drugs and diseases20,21. 
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In this work, we demonstrate how we interconnect two existing OoCs: the HuMiX gut model
and the Dynamic42 liver model to create a representative model of the gut-liver interface.
The human-microbial crosstalk (HuMiX) gut-on-a-chip is a microfluidic system capable of
simulating the intestinal barrier in relation to the intestinal microbiome in a representative
manner?>-26, The Dynamic42 liver-on-chip was shown to reproduce crucial characteristics
of liver physiology and metabolism?’~2°. The interconnection between the HuMiX and the
Dynamic42 system offers a promising framework for establishing a physiologically accurate

platform that replicates the interplay between the gut and the liver.

In this work, we first established the gut-liver multiorgan platform by interconnecting HuMiX
and Dynamic42 for a period of 48 hours and evaluated cell viability and functionality. To
demonstrate the potential of the gut-liver platform, we investigated the platforms’ metabolic
capabilities by exposing it to irinotecan and analyzing its metabolites using liquid
chromatography coupled to tandem mass spectrometry (LC-MS/MS). This study also
highlights that the reactivation of SN-38G into SN-38 by the gut bacterium E. coli can be
captured in the novel gut-liver platform. This novel gut-liver platform serves as a valuable

tool for exploring the influence of gut bacteria on drug metabolism.

Materials and methods

Cell culture

All the cells were cultured in a humidified cell incubator at 5% CO; and 37°C and verified
monthly for mycoplasma using the MycoAlert® Mycoplasma detection kit (#LT07-318,

Lonza).

Caco-2

The human epithelial colorectal cell line Caco-2 (passage 9-13) (DSMZ, ACC 169) was
cultured in RPMI medium (RPMI 1640, GlutaMAX Supplement, HEPES, #72400047,
Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS HI, #10500-064,

Life Technologies) and passaged upon 80-100% confluency.
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HepaRG

Cells were obtained from Biopredic International (Rennes, France). Cells were cultured in
William's Medium E (#12551-032, Thermo Fisher Scientific) containing 10% FBS (FBS HI,
#10500-064, Life Technologies), 5 mg/ml insulin (#19278, Merck Milipore), 2 mM L-
glutamine (#25030081, Thermo Fisher Scientific) and 50 pM hydrocortisone 21-
hemisuccinate sodium (#H2270, Merck Milipore) (passage 13-17). The medium was
renewed every 3-4 days. Induction of cell differentiation was achieved by treating confluent
HepaRGs with culture medium supplemented with 2% DMSO and hydrocortisone for 4
weeks. The differentiated cells show typical aspects of hepatocytes clustered in small

colonies and can be distinguished from the non-differentiated cells*.

HUVEC

Human umbilical vein endothelial (HUVEC) cells were isolated from human umbilical cord
veins and cultured in endothelial cell growth medium (Endothelial Cell Medium MV, #C-
22020, Bio-connect) with supplement®'. Donors were informed about the aim of the study

and gave written consent. HUVECs were used until passage four.

THP-1

THP-1 are monocytes isolated from peripheral blood from an acute monocytic leukemia
patient and were purchased from ATCC (TIB-202™). THP-1 (passage 7-9) were cultured in
RPMI medium (RPMI 1640, GlutaMAX Supplement, HEPES, #72400047, Thermo Fisher
Scientific) and supplemented with 10% FBS (Thermo Fisher Scientific). Medium was
renewed every 2 to 3 days. Additionally, THP-1 monocytes were stimulated with 100 ng/ml
phorbol myristate acetate (PMA, #tlrl-pma, Invivogen) for 72 hours to induce their

maturation into macrophages.

HuMiX design

The HuMiX 3.0 setup was used. Similar to the previously described HuUMiX 2.1%*, the HuMiX

3.0 top chamber was perfused with dinitrogen (N2) gas (0.1L/min flow rate), establishing an
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anoxic environment (~0.4-0.6% O-) for the cultivation of anoxic bacteria in the bacterial
chamber (Figure 1 A). Two optodes (#200000943-SP-PST3, PreSens Precision Sensing)
were placed on the top and bottom polycarbonate (PC) lids and allow monitoring oxygen
levels in the perfusion and N> chambers. The top and bottom PC lids sandwich silicone
rubber gaskets (0.79-mm-thick, custom-made design, Auer Precision Co.). These are
themselves attached to semi-permeable PC membranes. The separation between the top
N2 and the microbial chamber as well as the separation between the microbial and epithelial
chamber are created by a nanoporous membrane (50 nm, #WHA111703, Merck Milipore)
to allow gas diffusion and media component diffusion, respectively. The microbial gasket is
coated with mucin (porcine gastric mucin type I, #M2378, Merck Millipore) to allow for
bacterial adherence. The third chamber which harbours the epithelial cells is separated by
a microporous membrane (1 ym, #WHAT 10418718, VWR) with the fourth/bottom chamber,
called endothelial chamber. The epithelial membrane was coated with rat tail collagen | (Rat
tail collagen | coating solution, #122-20, Merck Millipore) for the attachment of epithelial
cells (Caco-2 cells). The perfusion chamber harbours endothelial cells (HUVECs) and
immune cells (THP-1).

The spiral-shaped microchannels have a length of 200 mm, width of 4 mm and height of
0.79 mm and create a channel volume of 634 ml and surface area of 802.6 mm? for top and
bottom gaskets and 686.95 ml and 869.56 mm? for the middle gasket. For assembly, the
gaskets were precisely aligned, sandwiched between the top and bottom PC lid enclosures
and the metal clamp was closed. The constant perfusion flow rate in the bacterial and
endothelial HuUMiX chambers was 16 pL/min (0.5 rpm, Peristaltic pump, #205S and
#205CA16, Watson-Marlow) throughout the entire experiment. Gas-permeable silicon

tubings (Marprene tubings, #902.0008.J16, Watson Marlow) were used.

Dynamic42 chip design

Dynamic42 liver chips (#BC001S_3 PET, Dynamic42 GmbH, Jena, Germany) were
fabricated from polybutylenterephthalat (PBT) (Figure 1 B). The biochips were
manufactured by injection molding as previously described?®. The upper and the lower
chamber, including channel systems, have a volume of 350 pl and 300 ul and an area of
1,8 cm2 and 1,11 cm?, respectively. For cell seeding, a volume of 150 uL is used in the

upper chamber and 100 uL in the lower chamber. A 12,2 um-thin PET membrane with a
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pore diameter of 3 ym and a pore diameter of 1 x 10° pores/cm? (TRAKETCH, Sabeu) was
integrated between both chambers. Chips and channels structures were sealed on the top
and bottom side with an extruded 140 um thin Polystyrene (PS) foil using a laser welding-
based proprietary bonding method. Ramping structures have been introduced into the chip
bulk to prevent unfavourable flow conditions and trapping of stationary air bubbles.

The top and bottom side of the PET membrane were coated with collagen to enable cell
adherence (Rat tail collagen | coating solution, #122-20, Merck Millipore). The upper
chamber of the Dynamic42 chip represents the endothelial chamber and contains
endothelial and immune cells, whereas the lower chamber is termed hepatic chamber and

comprises hepatic cells.
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Figure 1: Schematics of the gut-liver platform. A) The HuMiX system is composed of
four parallel chambers (N2, bacterial, epithelial and endothelial chambers). The bacterial
chamber is perfused with anoxic medium, the epithelial chamber harbors the epithelial
cells and the endothelial chamber comprises endothelial and immune cells. B) The
Dynamic42 chip used in this setup is composed of a hepatic chamber, harboring hepatic
cells and an endothelial chamber, harboring endothelial and immune cells. C) The
interconnection between HuMiX and the Dynamic42 chip involves connecting the
endothelial chambers of both chips and connecting the hepatic chamber to the bacterial
chamber. These connections simulate the blood circulation and biliary tract, respectively.

The Dynamic42 chip is represented upside down. Figures created with Adobe lllustrator.
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Establishment of the gut-liver platform

HuMiX and Dynamic42 were prepared separately before being interconnected. On day 1,
Caco-2 cells were seeded in HuMiX with a density of 1,2 x 108 cells/ml. Additionally, HUVEC
cells were seeded in the endothelial chambers of HuMiX and Dynamic42 at a density of 1,2
x 108 cells/ml. The endothelial HuMiX chamber was perfused with a mixture of Endothelial
Cell Medium (Endothelial Growth Medium MV, #C-22020, Bio-connect) and Medium 199
(M199 with Hanks’ salts and L-glutamine, #L0330-500, VWR). The Dynamic42 chip
remained static and media was exchanged daily. On day 2, (1,7 x 108 cells/ml) fully
differentiated HepaRG cells were resuspended in a mixture of William's Medium E (#12551-
032, Thermo Fisher Scientific) containing 10% FBS (FBS HI, #10500-064, Life
Technologies), 5 mg/ml insulin (#19278, Merck Milipore), 2 mM L-glutamine (#¥25030081,
Thermo Fisher Scientific), 50 uM hydrocortisone 21-hemisuccinate sodium (#H2270, Merck
Milipore) and (RPMI 1640, GlutaMAX Supplement, HEPES, #72400047, Thermo Fisher
Scientific) and seeded in the hepatic chamber of the Dynamic42 biochip. The ports of each
Dynamic42 biochip were enclosed and the complete liver model cultured upside down for
24 hours under static conditions. On day 5, THP-1 monocytes (5 x 10°) were seeded in the
endothelial chambers of both chips and stimulated for 72 hours with 100 ng/ml PMA

(Phorpol myristate acetate, #tlrl-pma, Invivogen) to mature into macrophages.

On day 8, the HuMiX system and Dynamic42 were interconnected via their endothelial
chambers to simulate the blood circulation (Figure 1 C). Moreover, a second interconnection
was created by connecting the hepatic chamber of the Dynamic42 to the bacterial chamber
of the HUMiX system. This connection mimics the biliary tract. The gut-liver platform was
continuously perfused during 48 hours at 16 pyL/min (0.5 rpm) using a peristaltic pump
(Whatson Marlow). Gas-permeable silicon tubings (Marprene tubings, #902.0008.J16,
Watson Marlow) were used for the interconnection. Discofix tripods (Discofix 3-way
stopcocks, #4095111, Bbraun, Hospilux) were added to the tubing lines to perform cell

inoculation and media sampling.
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CASY counter

For assessing cell viability of the cells integrated in the gut-liver platform, the CASY counter
was used. For analysis, cells were detached using (TrypLE Express Enzyme (1X), phenol
red, #12605010, Thermo Fisher Scientific) and the cell pellet was resuspended in 10ml of
CASYton buffer solution. The percentage of viable cells and viable cells/ml was then

measured.

Microscopy

Immunofluorescence staining was used to evaluate protein expression. Cells were stained
for their specific proteins to assess barrier permeability, cell identity or metabolic
functionality. First, cells were fixed for 15 minutes with 4% paraformaldehyde at room
temperature (RT). Staining against Cadherin-5 (Purified Mouse Anti-Cadherin-5, #610252,
BD Biosciences), Albumin (Human Serum Albumin Antibody, #MA5-29022, Thermo Fisher
Scientific), CYP3A4 (Anti cytochrome P450 enzyme CYP3A4 antibody, #AB1254, Merck
Milipore), CD68 (CD68 XP Rabbit mab, #76437, Cell Signaling Technology), ZO-1 (ZO-1-
1A12 Monoclonal Antibody, Alexa Fluor 488, #339188, Thermo Fisher Scientific) and
occludin (Occludin Monoclonal Antibody OC-3F10, Alexa Fluor 488, #331588, Thermo
Fisher Scientific) was performed. Fixed cells were permeabilized with 0,1% of Triton 100
(Triton X-100, #T8787, Merck Milipore) for 30 min at RT and blocked with 4% bovine serum
albumin (BSA, Albumin fraction V, A6588.0100, VWR) for 1 hour at RT. Secondary anti-
rabbit (Goat anti-rabbit IgG, Alexa Fluor 488, #A27034, Thermo Fisher Scientific) and anti-
mouse (Goat anti-Mouse 1IgG, Alexa Fluor 488, #A11001, Thermo Fisher Scientific)
antibodies were used. Cell nuclei were stained with fluorescent mounting medium (F6057,
Merck Milipore) and visualized with an inverted microscope (IX83, Olympus). Image

analysis was done using the CellSens Dimension software.

ELISA

To define hepatic health, albumin secretion was measured using Enzyme-Linked
Immunosorbent Assay (ELISA) against albumin (Albumin Human ELISA kit, #EHALB,
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Thermo Fisher Scientific). First, the coated well plate was incubated with the recombinant
human albumin standard and the samples for 2.5 hours at RT. After a washing step, the
wells were incubated with a biotin conjugate for 1 hour at RT and gentle shaking. After
another washing step, the wells were incubated with a Streptavidin-HRP solution for 45
minutes at RT and gentle shaking. Finally, the solution was discarded and the wells were
incubated with the TMB substrate for 30 min in the dark at RT and the reaction was stopped
with a STOP solution. Absorbance was measured at 450 nm using the SpectraMax iD3

plate reader.

Metabolomics

Stock concentrations of 1mM Irinotecan hydrochloride (#11406, Merck Milipore), 7-Ethyl-10-
hydroxycamptothecin (SN-38, #sc-210613, Santa Cruz Biotechnology), and SN-38
Glucuronide (SN-38G, #sc-212931A, Santa Cruz Biotechnology) were prepared in DMSO
(Dimethyl sulfoxide, #D841, Merck Milipore), aliquoted and stored at -20°C. Metabolomic

analysis was used to detect and quantify irinotecan, SN-38 and SN-38G.

Metabolite extraction

First, medium samples were thawed on ice and centrifuged for 5 min at 21,130 x g and 4°C.
To remove proteins, 40 uL of the supernatant were added to 160 L ice-cold extraction fluid.
The mixture consisted of acetonitrile, Verapamil (Internal standard; ¢ = 10 yg/mL) and 1%
formic acid. The samples were vortexed briefly, then incubated for 10 min at 4°C and 2000
rom (Eppendorf ThermoMixer Comfort). After centrifugation, the supernatant was filtered
using PHENEX-RC 4 mm syringe filters (Phenomenex) and 50 pyL were transferred into a
new amber LC vial with micro insert. 50 uL of MilliQ water were added to reduce the organic
content of the samples. For precise and accurate absolute quantification, external
calibration curves were prepared with fresh medium and extracted in the same way as

described above. The calibrated range was between 0.0001 and 100 pg/mL.
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calibration curves were prepared with fresh medium and extracted in the same way as 

described above. The calibrated range was between 0.0001 and 100 µg/mL. 
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Liquid Chromatography and Mass Spectrometry

Samples were analyzed with two LC-MS systems, an Exion LC coupled to a 7500 Triple
quad MS (SCIEX) equipped with an Optiflow Pro lon Source and a Shimadzu Nexera XR
LC coupled to a QTrap MS (AB SCIEX) equipped with a Turbo V electrospray ionization
source. The ion sources were operated in electrospray ionization mode. Chromatography
was performed using an AGILENT ZORBAX Extend-C18 (80A, 2.1 x 50 mm, 1.8 um)
column. The column temperature was maintained at 30°C. The autosampler was kept at
4°C. The mobile phases consisted of water + 0.1% formic acid (eluent A) and acetonitrile +
0.1% formic acid (eluent B). The flow rate was set to 0.3 mL/min. The LC method consisted
of 1 min isocratic delivery of 5% eluent B, a 7.5 min linear gradient to 90% eluent B and 1.5
min isocratic delivery of 95% eluent B followed by a re-equilibration phase on starting
conditions at 5% eluent B for 4 min. The injection volume was 5 pyL. Target compounds
were measured in multiple reaction monitoring mode. Specific transitions of each target
analyte are provided in Table 1 and Table 2. The source and gas parameters applied for
the SCIEX 7500 TQ system were as follows: ion source gas 1 and 2 were maintained at 35
psi and 55 psi, respectively. The curtain gas was at a pressure of 40 psi, collision gas at 10
and source temperature was held at 400°C. Spray voltage was set to 2,000 V in positive
ion mode. Target cycle time was set to 500 ms and a maximum dwell time to 70 ms per
transition. For the SCIEX 4000 QTRAP system following parameters were used: ion source
gas 1 and 2 were maintained at 60 psi and 70 psi, respectively. The curtain gas was at a
pressure of 50 psi, collision gas at medium and source temperature was held at 600°C.
Spray voltage was set to 4,500 V in positive ion mode. Target cycle time was set to 480 ms
and a dwell time of 35 ms per transition. Mass spectrometric data were acquired with SCIEX
OS (Version 3.0.0.3339, SCIEX 7500 system) and AB SCIEX Analyst (Version 1.7.1 with
HotFix 1, AB SCIEX 4000 system), and analyzed with MultiQuant (Version 3.0.3). Target
compounds were identified by transitions, retention time and ion ratio. After manual peak
curation, the data was normalized by using the response ratio of the integrated peak area

of target compound and the integrated peak area of the internal standard (Verapamil).
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Table 1: Mass transitions and compound dependent source parameters (SCIEX 7500

TQ system)
lonization Q1 Q3 CXP
ID EP (Volts)

Mode (m/z, Da) (m/z, Da) (Volts)  (Volts)
POS 587.34 124.05 Irinotecan_F1 10 46 16
POS 587.34 167.20 Irinotecan_F2 10 59 28
POS 393.13 349.25 SN-38_F1 10 38 24
POS 393.13 249.00 SN-38_F2 10 63 14
POS 569.25 393.17 SN-38G_F1 10 42 28
POS 569.25 348.90 SN-38G_F2 10 55 20
POS 455.29 165.2 IS: Verapamil_F1 10 38
POS 455.29 150.1 IS: Verapamil_F2 10 34

Table 2: Mass transitions and compound dependent source parameters (SCIEX 4000

QTRAP system)

lonization Q1 Q3 D DP CE CXP
Mode (m/z, Da) (m/z, Da) (Volts)  (Volts) (Volts)
POS 587.33 167.20 Irinotecan_F1 141 59 28
POS 587.33 124.10 Irinotecan_F2 141 51 22
POS 393.12 349.10 SN-38 F1 96 37 18
POS 393.12 249.00 SN-38 F2 96 63 14
POS 569.15 393.10 SN-38G_F1 156 37 22
POS 569.15 348.90 SN-38G_F2 156 55 20
POS 455.26 165.20 IS: Verapamil_F1 96 39 14
POS 455.26 150.10 IS: Verapamil_F2 96 55 28
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Assessment of irinotecan metabolism by the individual cells

THP-1 and HepaRG cells were cultured separately in a well plate (96-MicroWell plate, flat
bottomed, clear lid, #734-2097, VWR) to assess their capacity to metabolize the provided
metabolite. After the cells reached confluency, THP-1 and HepaRG were treated with
increasing concentrations of irinotecan (5-50 pg/ml) and SN-38 (5-25 pug/ml), respectively.
These ranges of concentration were selected according to previous data®’. The cell
supernatant was collected after 12 hours of exposure to the reagents. The production of

metabolites by the cells was assessed using LC-MS/MS.

Administration of irinotecan into the gut-liver platform

After interconnection of both organ chips, irinotecan (25 ug/ml) was administered into the
endothelial HuMiX and Dynamic42 chambers (Figure 2). The concentration was designated
according to previous findings®*? and accounting for compound dilution in microfluidic
devices. Following irinotecan administration, the platform was kept under static conditions
for 12 hours, considering irinotecan’s half-life of 12 hours®3. Finally, the chips were opened

to collect the chamber supernatants and assess metabolite production.
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Figure 2: Irinotecan administration in the gut-liver platform. Irinotecan was
administered into the endothelial HuMiX and Dynamic42 chambers. Then, the platform
was kept under static conditions for a duration of 12 hours and the production of
metabolites (irinotecan, SN-38 and SN-38G) was assessed. The Dynamic42 chip is

represented upside down. Figure created with Adobe lllustrator.

Assessment of irinotecan-induced DNA damage

The y-H2AX assay was used to assess DNA damage in Caco-2 cells. First, cells were fixed
for 15 minutes with 4% paraformaldehyde at RT. Fixed cells were permeabilized with 0,1%
of Triton 100 (Triton X-100, #T8787, Merck Milipore) for 30 min at RT and blocked with 4%
bovine serum albumin (BSA, Albumin fraction V, A6588.0100, VWR) for 1 hour at RT.
Phospho-Histone H2A.X (Ser139) antibody (#2577S, Cell Signaling Technology) was used
to detect damaged DNA in cell nuclei. Secondary anti-rabbit (Goat anti-rabbit IgG, Alexa
Fluor 488, #A27034, Thermo Fisher Scientific) antibody was used. Cell nuclei were stained
with fluorescent mounting medium (Fluoroshield™ DAPI, F6057, Merck Milipore) and

visualized with an inverted microscope (IX83, Olympus). Image analysis was done using
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the CellSens Dimension software. Damaged DNA and nuclei counts were performed using

ImagelJ.

Bacterial culture

Escherichia coli (MG1655, DSM 18039, DSMZ) was revived from glycerol stocks in 5 ml of
anoxic brain heart infusion broth (BHI, #53286, Merck Millipore). Bacterial inoculums were
maintained in an anaerobic chamber (GP concept T2, Jacomex) at 37°C, 95% N.and 5%
CO.. For subculturing of the bacterial strains, 200 ul of the culture was added daily to 5 ml

of fresh broth medium. Bacterial growth was evaluated by measuring ODeoo.

1 mM p-nitrophenyl-B-D-glucopyranoside (PNPG, #73677, Merck Millipore) and 0.08% bile
salts (, #B8756, Merck Millipore) were added to the bacterial medium of all E. coli strains to

stimulate the expression of B-glucuronidase.

Deep well plate experiment

In vitro experiments in a deep well plate (BRAND 96-well deep well plate, volume 2,2 ml,
#BR701354-24EA, VWR) were performed to assess the reactivation of SN-38G by E. coli.
E. coli MG1655 was cultured at a starting ODeoo of 0.6 in RPMI (RPMI 1640, GlutaMAX
Supplement, HEPES, #72400047, Thermo Fisher Scientific) and supplemented or not with
1mM PNPG (PNPG, #73677, Merck Millipore) and 0.8 % bile salts (Bile acids sodium salt,
#B8756, Merck Millipore). Increasing concentrations of SN-38G (#sc-212931A, Santa Cruz
Biotechnology) ranging from 0.568 to 56800 ng/ml were added to the wells. Reactivation of
SN-38G into SN-38 was evaluated at different time points using LC-MS/MS.

Transwell experiment

To assess reactivation of SN-38G into SN-38, Caco-2 cells (3,5 x 10° cells/well) were
seeded in the bottom well of a collagen-coated (Rat tail collagen | coating solution, #122-
20, Merck Millipore) 12-well Transwell plate (Corning Transwells, PET membrane with 0,4

um pore size, #665640, Greiner). Cell media was refreshed every second day for 7 days
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using RPMI (RPMI 1640, GlutaMAX Supplement, HEPES, #72400047, Thermo Fisher
Scientific). The insert well was coated with mucin (porcine gastric mucin type Il, #M2378,
Merck Millipore). SN-38G (56800 ng/ml) was added to the insert wells. E. coli MG1655 was
added to the corresponding insert wells at a starting ODeoo of 0.6. For a duration of 80
minutes, the top insert medium of each condition was collected every 20 minutes. The
collected samples were centrifuged at 3000 x g and 4°C, the supernatants were snap-frozen
and stored at -150°C. The reactivation of SN-38G into SN-38 in each sample was assessed
using LC-MS/MS.

Bacterial inoculation in the gut-liver platform

One day prior to HuMiX inoculation, E. coli MG1655 was preconditioned in RPMI (RPMI
1640, GlutaMAX Supplement, HEPES, #72400047, Thermo Fisher Scientific)
supplemented with TmM PNPG (PNPG, #73677, Merck Millipore) and 0,08% bile salts (Bile
acids sodium salt, #B88756, Merck Millipore). HuMiX and the Dynamic42 chip were prepared
and interconnected as described above. After interconnection, a bacterial suspension of E.
coli (ODeno = 0.6) was inoculated in the bacterial chamber of the HUMiX system (Figure 3).
One hour after bacterial inoculation, a solution of SN-38G (56800 ng/ml) prepared in a
mixture of William’s E medium and RPMI supplemented with 1mM PNPG (PNPG, #73677,
Merck Millipore) and 0,08% bile salts (Bile acids sodium salt, #88756, Merck Millipore) was
perfused through the hepatic chamber of the Dynamic42 chip and the bacterial chamber of
the HuMiX system (16 uL/min, 0.5 rpm, Peristaltic pump, #205S and #205CA16, Watson-
Marlow) for a total duration of 6 hours. The bacterial outflow from the HuUMiX system was
collected every hour. The collected bacterial outflow was centrifuged at 3000 x g and 4°C
and the supernatant snap-frozen and stored at -150°C. SN-38 production in the bacterial

supernatant was assessed by LC-MS/MS.
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Figure 3: Exploring the impact of E. coli on irinotecan metabolism in the gut-liver
platform. E. coliis introduced in the bacterial chamber of HuMiX. SN-38G is continuously
perfused through the hepatic chamber of the Dynamic42 chip. The bacterial outflow from
the HuMiX system is collected every hour for a duration of six hours. The Dynamic42 chip

is represented upside down. Figure created with Adobe lllustrator.
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Results and discussion

The cells integrated in the gut-liver platform remain viable and functional

After 48 hours of interconnection, we evaluated cell viability in the HuMiX system. Caco-2,
THP-1 and HUVEC cells had a viability ranging from 79% to 89% (Figure 4 A). Furthermore,
we measured secretion of albumin to assess if the interconnection had an impact on hepatic
health. Albumin secretion by the hepatocytes did not significantly change after 24 or 48
hours of interconnection between HuMiX and the Dynamic42 chip (Figure 4 B). Then, we
used immunofluorescence staining to assess the expression of specific protein markers. In
the HUMiX system, Caco-2 cells were expressing tight junction specific proteins (occludin
and Z0O-1), accounting for a permeable Caco-2 layer and the formation of villi-like structures
(Figure 4 C). The adherens junction protein Cad5 (VE-cadherin) indicated endothelial
confluency in the HuMiX and Dynamic42 endothelial chambers (Figure 4 C and D). THP-1
cells were expressing type | transmembrane CD68 (cluster of differentiation 68) protein and
thus matured into macrophages. HepaRG cells expressed CYP3A4 and albumin proteins
indicating that the hepatocytes retained their enzymatic activity (Figure 4 D). Conclusively,
these results indicate that the interconnection between both chips did not affect cell viability

and functionality of the cells.
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Figure 4: Establishment of a viable and functional gut-liver platform. A) Viability of
the cells integrated in the HuMiX system, after 48 hours of interconnection with the
Dynamic42 liver chip. Mean +/- SD of three independent replicates is shown. B)
Production of albumin by HepaRG cells after 24 and 48 hours of interconnection. Mean
+/- SD of four independent replicates is shown (one-way ANOVA test, ns = non-
significant). Protein expression profiles of cells grown in (C) HuMiX and (D) the
Dynamic42 chip. Nuclei are stained in blue (DAPI) and cell-type specific proteins in green

(Alexa Fluor 488).

Irinotecan and SN-38 are metabolized by THP-1 and HepaRG cells

During treatment, after intravenous injection Irinotecan is activated into SN-38 in the blood
(Figure 5 A). Through the blood circulation, SN-38 reaches the liver where it is inactivated

into SN-38G. Given that irinotecan metabolism is following enterohepatic recirculation, SN-
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38G is recirculated back to the gut lumen via the bile duct where it is reactivated via bacterial

B-glucuronidases into SN-38.

First, we assessed if the cells used in the gut-liver platform were individually capable of
metabolizing irinotecan and SN-38. Our findings demonstrate that THP-1 cells activate
irinotecan into SN-38 (Figure 5 B). This activation might occur via the expression of CES
enzymes by THP-1 cells, previously reported by Crow et al. (2010)3*. Furthermore, we
observed that the HepaRG cells inactivate SN-38 into SN-38G (Figure 5C). This
transformation might result from the expression of UGT enzymes by HepaRG cells®.
Notably, both the activation of irinotecan and the inactivation of SN-38 are increasing with
the administered concentration of the respective compounds. These findings which show
that THP-1 cells activate irinotecan into SN-38 and that HepaRG further transform SN-38
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Figure 5: Irinotecan metabolism. A) The prodrug irinotecan is given intravenously (IV)
to patients and is hydrolyzed by blood carboxylesterase 1 and 2 (CES 1/2) into the active
metabolite SN-38. SN-38 travels through the blood circulation and is distributed through
the body’s tissues e.g., the intestine, consequently also reaching the tumor target site.
From the tissues, SN-38 is transported into the liver to be detoxified by uridine
diphosphate glucoronyltransferase (UGT) enzymes into the inactive form SN-38G. Then,
SN-38G reaches the intestine via the biliary tract. Intestinal beta-glucuronidases,
originating in majority from intestinal bacteria, are responsible for SN-38G deconjugation
into SN-38. Figure created with Adobe lllustrator. B) THP-1 cells were treated with
increasing concentrations of irinotecan (5-50 ug/ml) to determine their capacity to

produce SN-38. C) HepaRG cells were treated with increasing concentrations of SN-38
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(5-25 pg/ml) to evaluate their capacity to produce SN-38G. Mean +/- SD of three

independent replicates is shown.

Irinotecan is metabolized in the gut-liver platform

The duration of irinotecan treatment in this assay was determined according to the human-
referenced half-life of irinotecan, which is 12 hours®:. First, we evaluated the impact of
irinotecan treatment in the gut-liver platform. No significant impact on viability was observed
in cells treated with irinotecan for 12 hours (Figure 6 A). Thus, cell viability was not impacted
by the presence of irinotecan in the platform. Furthermore, secreted albumin levels did not
change significantly upon irinotecan treatment (Figure 6 B), indicating that hepatic function

was maintained in the gut-liver platform upon irinotecan exposure.

Given the fact that the gut-liver platform has multiple interconnected chambers, diffusion of
compounds might occur®®. The extent of dilution is influenced by the flow rate, channel
dimensions and the diffusion capacity of the given compounds. Our results show that the
administered concentration of irinotecan (25 pug/ml) was diluted by a factor of 2 to and 5
times, in the Dynamic42 and HuMiX endothelial chambers, respectively (Figure 6 C). The
detected concentrations of irinotecan (5-12.5 ug/ml), resemble in vivo-relevant doses of
150-350 mg/m? (corresponding to 4-15 ug/ml)®’. Metabolite analysis of the cell supernatants
from the endothelial chambers, shows that irinotecan was metabolized into the active form
SN-38 in the endothelial chambers (Figure 6 C). These results are in accordance with our
initial findings, showing that THP-1 cells activate irinotecan into SN-38 (Figure 5 B).
Furthermore, levels of SN-38 produced in the gut-liver platform (Figure 6 C), corresponding
to 3-17 ng/ml, were comparable to in vivo plasma levels of 5-50 ng/mI*’. We further
observed that SN-38 is transformed into its non-active metabolite SN-38G in the hepatic
chamber (Figure 6 C). These results are consistent with our previous results showing that
HepaRG cells inactivate SN-38 into SN-38G (Figure 5 C). However, the inactivation of SN-
38 into SN-38G was very low in the gut-liver platform (0,8 ng/ml), compared to what is found
in human plasma (40-100 ng/ml)*®-4'. These differences might result from differences in

UGT1A1 enzymes in HepaRG cells compared to human cells*?. It is to be noted that SN-38
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and SN-38G were also measured in proximate chambers, most probably through the

phenomenon of diffusion (Figure 6 C).

ns c
e
ns
i
100 ns .
& HuMiX Dynamic42
_w 100000 , v .
S -— .
z % E 10000 . - > = + lIrinotecan
= =) & . + . .
% 40 < 1000 M SN-38
5 c
20 S + SN-38G
© 100
0- 4
0 T T T T c - E
N (¢) & S S [ 10— 0
& /\‘?g QQQ/ @(? @(? \°°° 8 o i‘ -:f
© TE & S 1 :
& o . -
s I
(p"o &’§ S 01 > D !
A -1 T T T T T
& & & & &
B 1500 & & & & &
_ ns A4 < (,,ob (,,ob
£ .
[
c
£ 1000 T
8
g
g 500
c
o
o
o
& &
¢ &
S

Figure 6: Irinotecan exposure in the gut-liver platform. A) Viability of the irinotecan-
treated cells compared to the non-treated cells. Mean +/- SD of three independent
replicates is shown (one-way ANOVA test, ns = non-significant). B) Albumin secretion by
the irinotecan-treated hepatocytes compared to the non-treated hepatocytes. Mean +/-
SD of four to three independent replicates is shown (t-test, ns = non-significant. C)
Irinotecan was administered into the gut-liver platform. LC-MS/MS was used to assess
the presence of irinotecan, SN-38 and SN-38G in the different compartments of the gut-
liver system. Mean +/- SD of six independent replicates is shown. Y-axis is displayed on
a logarithmic scale with a base of 10 (log10 scale) and shows absolute quantification of

metabolites.
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Irinotecan induces DNA damage of the intestinal cells in the gut-liver platform

Irinotecan exhibits its anti-cancer activity through the induction of double strand DNA
breaks*?. Here, we used an assay that targets phosphorylated histone residues (y-H2AX)
to assess the amount of damaged DNA in Caco-2 cells*. In the irinotecan-treated gut-liver
platform, we detected more labeled y-H2AX residues (Figure 7 A and B) and an increase in
v-H2AX-positive Caco-2 cells compared to the non-treated platform (Figure 7 C). This
signifies that more double strand DNA damage occurred when the gut-liver platform was

subjected to irinotecan. Thus, we were able to recapitulate irinotecan-induced DNA damage
in the gut-liver platform.

c 15 kkkk
A

Number of foci/cell

Figure 7: Irinotecan-induced DNA damage in the gut-liver platform. Control (non-
treated) (A) and irinotecan-treated (B) Caco-2 cells were stained for Phospho-Histone
H2AX (Ser139) in green (Alexa Fluor 488) and cell nuclei were stained in blue (DAPI). C)
Image analysis was performed to assess the number of foci per cell in (A) and (B). Mean

+/- SD of five independent replicates is shown (t-test, **** = p<0.0001).
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Escherichia coli reactivates SN-38G into the active metabolite SN-38

Since, B-glucuronidase activity has been reported for E. coli'? we investigated if this activity
could also be detected in the gut-liver platform (Figure 5 A). We observed that after 24 hours
of culture, E. coli activated SN-38G into SN-38, and that this activation increased with
increasing levels of SN-38G (Figure S 1 A). In addition, there was a significantly higher
production of SN-38 when PNPG was added to the bacterial medium (Figure S 1 B).
Following these observations, the subsequent experiments were performed using the
highest concentration of SN-38G (56800 ng/ml) in combination with 1 mM PNPG.

Next, we aimed to assess whether the reactivation of SN-38G was already initiated prior to
what was observed in Figure S 1. This interest arises from the short duration of contact
between metabolites and bacteria in the microfluidic platform. Reactivation of SN-38G into
SN-38 was observed already at early time points (Figure S 2). A total of 3.5% and 8.75% of
SN-38G was transformed into SN-38 after 4 and 8 hours, respectively (Figure S 2). In the
absence of E. coli, no transformation of SN-38G into SN-38 occurred, strengthening the
observation that the processing of SN-38G is inducted by E. coli. Notably, results from
Figure S 2 were obtained in aerobic conditions, compared to results from Figure S 1,
performed anaerobically. In aerobic conditions, higher levels of SN-38 were reached
already after 8 hours compared to anaerobic conditions were lower amounts of SN-38 were
observed after 24 hours. This demonstrates that the reactivation of SN-38G is more

important in the presence of oxygen.

Finally, we assessed the reactivation of SN-38G into SN-38 by E. coli in the gut-liver
platform. Given that the low levels detected in the gut-liver platform would not be sufficient
to see an effect of reactivation (Figure 6 C), we addressed this issue by elevating SN-38G
levels. Thus, we manually perfused the gut-liver platform with higher concentrations of SN-
38G and assessed the impact of Escherichia coli to reactivate SN-38G into SN-38. The
bacterial outflow of the gut-liver platform was collected every hour for a total duration of 6
hours (Figure 3). The first two-hour time points were excluded from the analysis as this was

the time needed for SN-38G to reach the bacterial HuMiX chamber, according to our
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findings. As a control, gut-liver devices without E. coli were used. 3-glucuronidase enzymes
are commonly found in mammalian cells*®. These include cells from various organs such
as the intestine, the liver and immune cells. Besides their role in xenobiotic metabolism, 8-
glucuronidases are involved in hydrolysis of glucuronide conjugates, allowing the
reabsorption of certain compounds (e.g., bilirubin, hormones, bile acids*®) in the intestine.
In the absence of E. coli, SN-38 was produced, and SN-38 levels increased with time
(Figure 8). This observation might result from the reactivation of SN-38G into SN-38 by
human B-glucuronidases. We hypothesize that the mammalian B-glucuronidases might
originate from the Caco-2 cells, as these cells are near the bacterial cells in the HuMiX
system. A similar trend was observed in the devices containing E. coli (Figure 8).
Interestingly, a difference between the levels of SN-38 produced by mammalian cells and
E. coli was observed during the first hour. After the first hour, we hypothesize that the
conversion of SN-38G into SN-38 by E. coli stabilizes, as there is no significant difference
compared to the control condition. To strengthen these findings and deepen our
understanding of what is happening prior to the first hour, E. coli was cultured individually
or in co-culture with Caco-2 cells in a Transwell plate as well as Caco-2 cells by themselves
(Figure S 3 A). Caco-2 cells show conversion of SN-38G into SN-38 but to a lower extend
as the conditions with E. coli (Figure S 3 B). This is in line with our findings from the gut-
liver platform displaying an increased production of SN-38 by E. coli during the first hour
(Figure 8). Typically, microfluidic devices achieve a steady state more rapidly than
Transwell systems, where substances tend to accumulate. This implies E. coli’s influence

becomes evident at earlier time points in the gut-liver chip.
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Figure 8: Exploring the reactivation of SN-38G in the gut-liver platform. Gut-liver
platform with E. coli and without E. coli (Control). Mean +/- SD of three independent
replicates is shown. Y-axis is displayed on a logarithmic scale with a base of 10 (log10

scale) and shows absolute quantifications of SN-38 at different time points.

Conclusion

In this work, we demonstrate that the designed gut-liver platform, interconnecting the HuMiX
system and the Dynamic42 chip, accurately simulates the cellular behaviour of both the gut
and the liver. In addition, the cells remained viable and exhibited typical characteristic
protein expression profiles within the gut-liver platform. For the proof-of-concept study, we
showed that irinotecan was metabolized along the established gut-liver platform and that
the metabolite concentrations were comparable to in vivo concentrations. Finally, we
demonstrated the impact of E. coli in irinotecan’s derived metabolite, SN-38G, in the gut-

liver platform. In conclusion, the novel gut-liver platform represents an effective tool to study
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in vitro drug metabolism along the gut-liver axis and to better understand interactions
between gut bacteria and drugs. Hence, this technology paves the way for improving drug
development strategies. Ultimately, the established gut-liver platform represents an
effective tool to better understand interactions between the gut microbiota and other
pharmaceutical compounds and contribute to the improvement of drug development

strategies and therapeutic treatments.
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Figure S 1: PNPG induces the reactivation of SN-38G. A) E. coli was stimulated with
PNPG for 24 hours (anaerobic conditions). The reactivation of increasing concentrations
of SN-38G in the bacterial medium was assessed. Mean +/- SD of three independent
replicates is shown. Y-axis is displayed on a logarithmic scale with a base of 10 (log10
scale). B) Comparison between the production of SN-38 with and without the addition of

PNPG. Mean +/- SD of three independent replicates is shown (t-test, **** = p<0.001).
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Figure S 2: Dynamics of SN-38G reactivation by E. coli in aerobic conditions. E. coli
was cultured with SN-38G for a duration of 8 hours and levels of SN-38 were measured.

Mean +/- SD of three independent replicates is shown.
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Figure S 3: SN-38 production by E. coli and Caco-2 cells. A) E. coli was treated with
SN-38G in a Transwell plate, either in co-culture with Caco-2 cells or alone as well as
Caco-2 cells by themselves. B) The production of SN-38 in the top insert was assessed
using LC-MS/MS. Mean +/- SD of three independent replicates is shown. Y-axis shows

absolute quantifications of SN-38 at different time points.
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Abstract

In healthy individuals, the intestinal epithelium forms a tight barrier to prevent bacteria in the
gut from reaching the blood circulation. The human microbial crosstalk (HuMiX) gut-on-a-chip
system is an in vitro model used for the co-culture of human gut epithelial and bacterial cells to
study the effect of probiotics, dietary compounds and drugs on gut barrier formation and
disruption. Here, we present the design, fabrication and integration of thin-film electrodes into
the HuMiX platform for real-time measurements of transepithelial electrical resistance (TEER)
as a direct read-out on barrier tightness. Due to the advanced design of the HuMiX platform,
including multiple compressible layers, uneven surfaces and non-transparent materials, a novel
fabrication method was developed whereby the thin-film metal electrodes were first deposited
on flexible substrates and sequentially integrated with the HuMiX system via a transfer-tape
approach. Moreover, we integrated multiple electrodes connected to an impedance analyser
via a multiplexer for localised TEER measurements along the cell culture chamber. We further
developed a dynamic normalisation method to compensate for the fact that the active
measurement area depends on the measured TEER levels. The fabrication process and
system set-up can be applicable to other barrier-on-chip systems. As a proof-of-concept, we
demonstrate the real-time measurement of barrier formation of a cancerous Caco-2 cell line,

mapped at four spatially separated positions along the HuMiX culture area.
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Introduction

Drug development and basic medical research rely heavily on animal experiments'. To
optimise the time-point of introducing animal experiments to the development and research
pipeline, novel methods are being developed to improve the in vivo resemblance of current in
vitro platforms to find more physiologically relevant ways to study tissues, organs, and their
associated diseases. This has led to the emergence of a new research and development field
using microfluidics-based systems for cell cultures, referred to as either microphysiological
systems (MPS) or Organs-on-Chips (OoC)?®. Such systems offer a more advanced and ethical
approach compared to conventional 2D in vitro cell culture systems and animal models, and
they possess several key advantages®. First, they more accurately mimic the physiological
aspects of an organ, including cell-cell interactions and the incorporation of patient-specific
cells’. Second, they allow specific molecular events to be studied without interference from
systemic effects®. Finally, OoCs enable greater control over the cellular environment and

regulating factors such as medium flow, pH, glucose and oxygen levels®®,
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microbiome in a representative manner'®. Using the HuMiX system, an understanding of the
importance of using synbiotics in the therapeutic treatment of colorectal cancer (CRC)'® and of

t17

the effect of microbiome-derived metabolites in driving CRC development'’ has been obtained.

An important factor when culturing cells over long time periods in a closed organ-on-chip
system, like the HUMiX platform, is to be able to continuously monitor cell differentiation in a
non-intrusive manner. This serves both as an important internal quality control and for
standardization purposes but also as a direct read-out on environmental factors affecting the
barrier integrity. Transepithelial/endothelial electrical resistance (TEER) read-out is used
extensively in in vitro models' to assess the permeability of barrier-forming cells such as
intestinal and endothelial cells®, as it is straight-forward to integrate and does not interfere with
the cultured cells during operation. Importantly, TEER provides short response times and good
S/N ratios, making it suitable for research evaluating the effects of drugs, toxins and other
substances on the integrity of the barrier'®, and to study the mechanisms underlying barrier

dysfunction in various diseases.

Due to the simplicity of integration and operation, TEER measurements have also been
integrated in OoCs to monitor cell barrier tightness using either metal wires® or thin film
microfabricated electrodes?'. However, a challenge with integrating electrodes for TEER in
OoCs is the large design variability of current OoC systems, which prevents the use of
standardized electrode layout and fabrication protocols. Moreover, current reports on OoC
integrated TEER measurements typically only include data collected from one 4-point
measurement across the cell culture area at a single frequency, normally considered as an

integral measurement representative of the whole biological barrier.









     

 

microbiome in a representative manner

15

. Using the HuMiX system, an understanding of the 

importance of using synbiotics in the therapeutic treatment of colorectal cancer (CRC)

16

 and of 

the effect of microbiome-derived metabolites in driving CRC development

17

 has been obtained.  

An important factor when culturing cells over long time periods in a closed organ-on-chip 

system, like the HuMiX platform, is to be able to continuously monitor cell differentiation in a 

non-intrusive manner. This serves both as an important internal quality control and for 

standardization purposes but also as a direct read-out on environmental factors affecting the 

barrier integrity. Transepithelial/endothelial electrical resistance (TEER) read-out is used 

extensively in in vitro models

18

 to assess the permeability of barrier-forming cells such as 

intestinal and endothelial cells

9

, as it is straight-forward to integrate and does not interfere with 

the cultured cells during operation. Importantly, TEER provides short response times and good 

S/N ratios, making it suitable for research evaluating the effects of drugs, toxins and other 

substances on the integrity of the barrier

19

, and to study the mechanisms underlying barrier 

dysfunction in various diseases. 

Due to the simplicity of integration and operation, TEER measurements have also been 

integrated in OoCs to monitor cell barrier tightness using either metal wires

20

 or thin film 

microfabricated electrodes

21

. However, a challenge with integrating electrodes for TEER in 

OoCs is the large design variability of current OoC systems, which prevents the use of 

standardized electrode layout and fabrication protocols. Moreover, current reports on OoC 

integrated TEER measurements typically only include data collected from one 4-point 

measurement across the cell culture area at a single frequency, normally considered as an 

integral measurement representative of the whole biological barrier.  


image62.emf
In this work, we address the outstanding challenges of integrating in situ TEER read-out in
0OoCs with more complex designs by patterning thin-film metal electrodes on flexible polyimide
substrates and carrier foils. To enable data collection from multiple sites across the cell culture
area to obtain a more detailed picture of the biological barrier's function and structure, we
integrated a total of 8 electrode pairs to support multiple localized 4-point measurements
spatially distributed across the whole cell culture channel. Moreover, to increase information
density, we collected data at multiple frequencies using impedance spectroscopy. As a proof-
of-concept, we show how the designed TEER electrodes were used to measure real-time
barrier formation, disruption and recovery of an epithelial cell line in the previously developed

HuMiX platform.

Results and Discussion

Multiple TEER electrodes can be integrated into the HuMiX platform and individually addressed

The developed fabrication protocol had a process yield of 83%, whereby the most critical step
was related to spinning the resist onto the tape surface. Here, contamination and scratches
from the previous process steps could leave fine streaks in the resist layer, causing short-
circuits between the individual thin-film electrodes. Another important fabrication step was the
addition of an Ar-plasma treatment step before metal sputtering. This increased adhesion of
the electrodes to the carrier foil, allowing it to tolerate the transfer from fluorinated foil to the
HuMiX layers. Finally, a vital component for realizing these electrodes was to identify relevant
material combinations of foils that could withstand the heat and solvent treatments during

processing. No change in sheet resistance was measured after transferring the electrodes from
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the carrier sheet to the HuMiX layers (Figure S1). This shows that the bending stresses during

this step did not result in delamination or cracking in the metal layer.

Sequential 4-point measurements on maximum eight channels were enabled by interfacing the
TEER electrodes with the impedance analyser and the MUX. The process of acquiring an
impedance sweep took less than one minute for the investigated settings, which limits the time
resolution for the TEER monitoring to 8 min when measuring over all eight channels. A time

interval of 15 min was chosen for the reported TEER data in this study.
The integrated electrodes enable localized TEER measurements along the cell culture area

Normalising TEER data needs special attention when the electrodes are much smaller than the
cell culture membrane, as using the full cell culture area gives an overestimation of the TEER
value (in Q*cm?) and using the electrode area gives an underestimation of the TEER value®2.
Geometrical correction has previously been reported for other geometries®®. The reason for the
difference between apparent measured and true TEER (tTEER) values in this set-up is the non-
uniform electrical field across the cell layer resulting from the electrodes being much smaller
than the cell culture area. Moreover, it must be remembered that the shape of the electrical
field changes as a function of the barrier integrity, i.e. with the magnitude of the measured

TEER.

For our specific geometry and using the cell culture area as the reference area, the simulations
gave a geometrical correction factor which is small for low barrier integrity and rapidly increases
as the TEER (barrier integrity) increases. The correction factor asymptotically increases

towards 1, meaning that the electrical field is uniformly distributed for very high TEER values,
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Figure 1a. In this HuMiX geometry and for TEER values ranging from 100 Qcm? to 1,000 Qcm?,
the geometrical correction factor is 0.16 and 0.45, respectively. Based on these simulations,
the effective area is calculated as the area, which gives the true TEER when it is multiplied with
the measured resistance after subtracting the background (tTEER = Effective Area*(Measured
Resistance — Background Resistance)). This gives an indication of how large an area of the
cell layer is being probed, Figure 1b. Figure 1¢ shows the non-linear relationship between the
measured resistance and tTEER. The probed area for different TEER values is displayed in
Figure 1d-f, and shows that the measurements are more localized for smaller TEER values.
Importantly, the simulation shows that we can measure TEER locally in this geometry for mid-

range TEER values.
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Figure 1: Results from COMSOL modelling to determine the geometrical correction factor for calculating tTEER
values for the specific geometry. a) Geometrical correction factor for different TEER values that has been normalized
with the cell culture area. b) The effective area i.e. the cell culture area that is being probed for different TEER values
by each TEER sensor. The total cell culture area is 2.7 cm?. ¢) True TEER value vs. measured resistance. d-f) The
potential field in the microfluidic channel, which is a good indication of the shape and size of the probed area for d)
TEER = 10 Q*cm?, e) TEER = 100 Q*cm?, f) TEER = 1,000 Q*cm?.

Barrier formation, disruption and recovery can be continuously followed with the integrated

TEER sensors

To monitor cell barrier formation, Caco-2 cells were seeded in the epithelial HuMiX chamber
and 4-point impedance read-out was obtained from the integrated Pt electrodes between day
1 and day 12 post cell seeding. Example impedance data (impedance magnitude and phase)
are displayed in Figure 2a and b. Immediately after seeding, the cells have a different
morphology (more rounded) compared to later time points, when they start attaching to the

membrane and form tight junctions between each other. This explains why the TEER values at
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this time point (DO) are very similar compared to naked membranes. The barrier is being
established during the first few days, and during this period the impedance does not display
the typical curve shape (D1). This is probably due to the fact that the cell layer needs a few
days to reach its mature state, as reported by Marrero et al.?*. From day 2, the barrier is being
established and the characteristic impedance data is observed with a plateau for low
frequencies and a dip in the phase (D2-D4), where the magnitude continues to increase as a
tighter barrier is being formed (D8-D12). TEER measurements in Transwell show a similar time

line for barrier formation (Figure S2a).

At day 12, the HuMiX was opened to analyse Caco-2 confluency via immunohistochemical
staining and microscopy. In accordance with the impedance data from Figures 2a and b,
staining of the tight junction protein occludin after 12 days of culture in the HuMiX system
demonstrates a confluent barrier (Figure 2c). Importantly, Figure 2c shows a confluent epithelial

layer at the same position as the corresponding electrode used to measure impedance.
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Figure 2: Characterization of the TEER measurements in the HuMiX. a) Impedance magnitude and b) phase
recorded for 12 days of Caco-2 cell culture inside HuMiX. c) Immunofluorescence staining of the epithelial Caco-2
barrier grown in the HuMiX for 12 days. Cell nuclei are stained with DAPI (blue) and the tight junction protein occludin
is stained with Alexa Fluor 488 (green).
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The increase in impedance in the low frequency range is characteristic of the formation of a
tight cellular barrier. Qualitative TEER values can be deduced as the increase in the lower

frequency range compared to background measurements without cells, see Equation 1.
TEER = (|2100Hz| - |ZSORHZ| - (|2100Hz,bg| - |ZSORHZ,bg|)) - GCF - cell culture area Equation 1

With this method, the normalized TEER value for the data in Figure 2 stabilized at around 75

Qcm?.

Calcium is critical for maintaining cellular tight junctions and ultimately a tight barrier®2%, To
evaluate if the presented system can measure Caco-2 barrier disruption, we depleted the cell
media of the HuMiX chip of calcium. Calcium removal from the cell media caused a rapid drop
in impedance within one hour (Figure 3a), which is similar to previous reports?’. When adding
calcium to the cell media again, impedance returned to initial values within two hours (Figure
3b). The increase in impedance when the calcium was replenished can be explained by a
recovery in barrier tightness. Using Equation 1, the TEER values during the experiment were
calculated, Figure 3c. Barrier recovery was also observed for the Transwell cultures (Figure

S2b).
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Figure 3: Barrier disruption experiments. a) Impedance recorded before and up to 24 hr after calcium removal from
the cell media. b) Impedance recorded up to 3 hours after replenishing the cell medium with calcium. c) Normalized
TEER as a function of time after seeding, with measurements taken every 15 min. Calcium-free cell media was
introduced after 12 days with ordinary cell culture media (PRMI) being re-introduced after 1 day.

Spatially resolved TEER measurements shows barrier non-uniformity along cell culture area

Due to the integration of multiple TEER sensors individually connected to the impedance

analyser via the MUX, the presented system can measure local TEER at four different positions
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along the cell culture membrane, which has not previously been reported for other OoCs. To
investigate this further, TEER data was extracted for a total of 12,500 impedance sweeps from
three different experiments (data not shown). Although all three experiments followed the same
procedure, there were substantial differences between the TEER data collected, which reflects
the varied nature of cell growth in microfluidic systems. For example, in spite of the addition of
bubble traps, there is always a risk of bubbles in microfluidic systems?®. When a bubble partly
or fully blocks an electrode, impedance increases. In general, bubbles give a much higher shift
of the impedance magnitude than the cell barrier. Moreover, the read-out changes more rapidly
and exhibits more noise. As opposed to the cell barrier formation, bubbles cause a significant
shift of the impedance magnitude also at high frequencies. For the following analysis, a filter
was therefore applied where a change of the high frequency impedance magnitude of more

than 200 Q was used for identifying bubbles. Such data was subsequently omitted.

The TEER data from the three experiments was plotted according to their respective position
along the channel in Figure 4. The results show a tendency of higher TEER values closer to
the outlet of the chip. In particular, the TEER values are lower at position 1, closest to the inlet
of the chip. From the spatially resolved TEER measurements, we see that there generally exists
a poor barrier integrity near the inlet in comparison to the outlet. Although we might think of the
cell culture area as uniform, there are several conditions that can change along the channel,
such as chemical gradients, flow lines, temperature and pressure. Given that the cell seeding
strategy used in this study, and many other OoCs, consists of manually pushing the cell
suspension through the epithelial chamber, this might contribute to an uneven initial cell

distribution that in turn leads to an uneven barrier being formed along the channel length.
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Additionally, bubbles introduced in the system pose a risk of disrupting the barrier locally. This
brings attention to the fact that the barrier integrity may be non-uniform in other microfluidic
systems as well and that single-point TEER measurements in OoCs risk providing inaccurate
results on barrier integrity. Further, it supports the future development of OoCs with multiple
integrated electrodes for localized TEER measurements to more accurately study the response

of biological barriers exposed to external stimuli in the form of mechanical forces or chemical

compounds.
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Figure 4: Average TEER values over 12 days for a Caco-2 barrier at four different positions along the cell culture
channel. The total length of the channel is 68.4 mm and the respective electrodes are located 22.9, 29.1, 39.3
and 45.5 mm away from the inlet, respectively. The data is normalized by subtracting the background. Mean +/-
SD of three independent replicates is shown.

Conclusion

In this work, we show that the thin-film electrodes we have designed can perform real-time
impedance measurements along the culture area of HuMiX. In addition, the multiplexer system
we have described allows data to be collected from multiple positions within the HuMiX device.

Simulations of the electrical field and current distributions in the HuMiX geometry show that it
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Figure 4: Average TEER values over 12 days for a Caco-2 barrier at four different positions along the cell culture 

channel. The total length of the channel is 68.4 mm and the respective electrodes are located 22.9, 29.1, 39.3 

and 45.5 mm away from the inlet, respectively. The data is normalized by subtracting the background. Mean +/- 

SD of three independent replicates is shown. 

Conclusion 

In this work, we show that the thin-film electrodes we have designed can perform real-time 

impedance measurements along the culture area of HuMiX. In addition, the multiplexer system 

we have described allows data to be collected from multiple positions within the HuMiX device. 

Simulations of the electrical field and current distributions in the HuMiX geometry show that it 
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is possible to detect local TEER data in this device for the relevant ranges, and that geometrical
correction is necessary when normalizing the TEER values. We monitored barrier formation of
the Caco-2 cell line over 12 days along the HuMiX membrane area. The recorded impedance
data indicated that the barrier integrity is not uniform along the cell culture area. The presented
fabrication method allows for specific configuration of the electrode design and thus the
possibility for integration in various OoCs, even with more complex system designs and multiple
layers. Thus, this study paves the way for standardized impedance measurements over large

and uneven surface areas providing spatially resolved critical information on barrier integrity.
Materials and Methods
System design

The HuMiX 3.0 setup was used, Figure 5a. In comparison to the previously described HuMiX
2.0 and 2.1 versions'®"”, the HuMiX 3.0 gaskets and polycarbonate (PC) lids are enclosed by
metal clamps (stainless steel) to facilitate reproducible clamping alongside fast and easy
assembly and disassembly (Figure S3). The HuMiX 3.0 top chamber was perfused with
Nitrogen (N2) gas (0.1 L/min flow rate), establishing an anoxic environment (~0.4-0.6% O.) for
cultivation of anaerobic bacteria in the microbial chamber. For the experiments described in
this paper, the microbial chamber did not however contain bacteria. The top and bottom PC
lids enclose silicone rubber gaskets (0.79-mm-thick, custom-made design, Auer Precision Co.,
Mesa, Arizona, USA), which are themselves attached to semi-permeable PC membranes. The
separation between the top N2 and the microbial chamber as well as the separation between
the microbial and epithelial chamber are created using a nanoporous membrane (50 nm,

#WHA111703, Merck Milipore, Hoeilaart, Belgium) to allow gas diffusion and media component
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diffusion, respectively. The third chamber, which harbours the epithelial cells, is separated from
the fourth/bottom chamber, also called the perfusion chamber, by a microporous membrane (1
pm, #WHAT10418718, VWR, Leuven, Belgium). The epithelial membrane was coated with
collagen (Rat tail collagen | coating solution, #122-20, Merck Millipore, Hoeilaart, Belgium) to
facilitate the attachment of the seeded Caco-2 cell line. The perfusion chamber contained oxic
growth medium to supply oxygen and nutrients to the human cells. The previously described
spiral-shaped membrane was replaced by a Z-shaped membrane (custom-made design,
NTConcept, Palaiseau, France) for the HuUMiX used in this study. The purpose of designing a
Z-shaped membrane was to i) reduce cell surface area and thus cell seeding number, ii) create

a straight channel and thus reduce bubble formation and, iii) facilitate electrode insertion.
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Figure 5: a) Schematic diagram of HuMiX with the integrated electrodes. b) Design of the electrode pair used for
TEER measurements, units in mm. For each HuMiX device, four electrode pairs were positioned on the bottom
side of the HuMiX gasket (c) and four electrode pairs were placed on the PC lid (d). Scale bar = 1 cm. e) Schematic
of Multiplexer connection. MUX 1 to 4 each switch one of the four measurement connections between up to 8
channels. Their channel selection is connected in parallel to the auxiliary outlets of the impedance analyser so all
four MUX switches are at the same channel. Image created with BioRender. f) Fabrication process of the TEER
electrodes.

The Z-shaped microchannels have a length of 68.4 mm, width of 4 mm and height of 0.79 mm,
and create a chamber volume of 213.2 ml for the top and bottom channels, and 261.7 ml for
the middle channel. To assemble the system, the gaskets were precisely aligned, sandwiched

between the top and bottom PC lid enclosures and the metal clamp was closed. Figure S3
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shows all parts of the HuMiX. Autoclavable bubble traps were used (95 ul, #LVF-KBT-M-A,

Darwin Microfluidics, Paris, France) to reduce bubble formation in the HUMiX during operation.

Electrode fabrication

Each TEER sensor comprises two electrode pairs designed in a concentric layout (Figure 5b)
with the outer ring (Cur) providing the excitation current and the inner disk (Pot) measuring the
voltage signal together with a corresponding electrode pair on the opposite side of the cell
layer. TEER values are read out in a 4-point measurement configuration. The size of the
electrodes was chosen to maximize fabrication yield, compensate for tolerances during
assembly and to ensure the full electrode area would be inside the microfluidic channel. A total
of 8 electrode pairs were prepared, with four electrode pairs positioned below the epithelial cell
layer (Figure 5¢) and another four positioned above it (Figure 5d), distributed along the HuMiX
channels, thereby allowing for read-out along almost the entire cell culture area (Figure 5e) at
spatially separated points. To integrate TEER electrodes in the existing HUMiX system, two
additional 55 ym-thick polyimide tape layers were included in the gasket stack both above and
beneath the epithelial layer (Figure S3). Figure 5f shows a schematic of the electrodes’
fabrication processes. For handling and alignment of the electrodes, a tape (SSA-KAPT0100,
3DJAKE, Paldau, Austria) was applied to a fluorinated foil carrier (SILFLU S 50 M 1R88001
CLEAR, Siliconature, Godega di Sant'Urbano, ltaly) that included alignment marks, peeling
cuts, and a 4-inch wafer shape cut into it with a desktop cutter (CAMM-1 GS-24, Roland DG
Corporation, Hamamatsu, Japan). The fluorinated carrier foil was attached to a rigid 700 pm-
thick glass wafer to keep the tape flat during processing. To pattern the electrodes on the

fluorinated carrier foil, a standard lift-off process was used where first a 1.7 uym thin layer of
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photoresist (MICROPOSIT S1813, micro resist technology GmbH, Berlin, Germany) was
applied to the tape. After soft baking the photoresist at 100°C for 2 min, exposing it to UV light
to pattern the electrodes and performing an image reversal step (YES-58TA-E, Yield
Engineering Systems, Fremont, CA, USA), the photoresist was developed (Microposit™
Developer 351, micro resist technology GmbH, Berlin, Germany). The metal layers, 3 nm Ta
and 150 nm Pt, were deposited using a table-top sputter coater (Q300TD, Quorum, Laughton,
UK) after a cleaning process comprising a combined Ar/O. plasma treatment. Finally, the
sacrificial photoresist mask was lifted off with a 5 min acetone ultrasound bath followed by a 1
min isopropanol bath. Successful electrode fabrication was defined as no short-circuiting being
detected between any of the electrodes and continuity from connector to measurement area,
tested with a multimeter (Fluke 113, Fluke Corporation, Everett, WA, USA). In the final step,
the tape was cut to shape on a cutter plotter using the alignment marks of the carrier foil, before

being sterilised and mounted into the HuMiX.

To allow for a glue and solder-free electrode connection, custom-printed circuit boards (PCBs)
were fabricated with pogo-pins to connect to the thin-film Pt electrodes (Figure S3). The pogo-
pins were clamped onto the electrodes with two M2 screws, where the additional layer thereby
facilitated alignment and provided a strain release for the connection cables. Easy
connection/disconnection of the HuMiX chips was enabled by USB-connectors between the

small PCB and the measurement set up.

Cell culture

The human epithelial colorectal cell line Caco-2 (passage 10-14) (ACC 169, DSMZ,

Braunschweig, Germany) was maintained at 37 °C in a 5% CO; incubator in RPMI medium
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(RPMI 1640, GlutaMAX Supplement, HEPES, #72400047, Thermo Fisher Scientific,
Merelbeke, Belgium) supplemented with 10% foetal bovine serum (FBS HI, #10500-064,
Thermo Fisher Scientific) and 1% penicillin—streptomycin (#15140122, Thermo Fisher
Scientific) until use and passaged at 80—-100% confluency. TrypLE (TrypLE Express Enzyme
(1X), phenol red, #12605010, Thermo Fisher Scientific) was used for Caco-2 detachment. The
cells were verified monthly for mycoplasma contamination using the MycoAlert® Mycoplasma

detection kit (#LT07-318, Lonza, Basel, Switzerland).
Experimental design and impedance spectroscopy measurements

In this study, three independent experiments were implemented. Control measurements were
performed on either an empty channel or a channel filled only with culture media at the start of
each experimental series. Approx. 300,000 Caco-2 cells were seeded on the collagen-coated
epithelial membrane, which was previously primed with media. 3 hr post-seeding, a continuous
flow in the second (bacterial) and fourth (perfusion) channels was started at a flow rate of 16
ML/min (0.5 rpm, Peristaltic pump, #205S and #205CA16, Watson-Marlow Fluid Technology
Solutions, Zwijnaarde, Belgium) to supply the Caco-2 cells with media via diffusion across the
membrane. Media perfusion was maintained throughout the experiment. Bubble traps were
connected to the bacterial and perfusion channels of the HuMiX to reduce bubble formation.
The cells were cultured in the HuMiX for a duration of 12 days. For the barrier disruption
experiments, normal cell media was replaced with calcium-free media (DMEM, high glucose,
no glutamine, no calcium, #21068028, Thermo Fisher Scientific) for 24 hr. To support cell

barrier recovery, calcium-free media was exchanged with RPMI media again. All
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measurements were taken with the HuMiX system inside an incubator at 37°C without needing

to interrupt the standard culture protocol used to measure the Caco-2 barrier tightness.

An impedance analyser (MFIA, Zirich Instruments, Zurich, Switzerland) was used to measure
the impedance spectrum of the Caco-2 cell layer over time. The impedance was recorded in
51 logarithmically spaced frequencies between 10 Hz and 500 kHz every 15 min using the Pt
thin-film electrodes integrated in the HuMiX system above and below the cell layer. To
automate the measurements and connect multiple electrodes to the impedance analyser, a
multiplexer (MUX) (MUX36S08EVM-PDK, Texas Instruments, Dallas, TX, USA) was used,
allowing up to eight TEER sensors to be connected. The MUX was powered and controlled by
the auxiliary channels of the impedance analyser, Figure 5e. In this set-up, four TEER sensors
per HUMiX were connected, allowing for sequential read-out of four localized positions in two
parallel HuMiX systems. The settings for the impedance analyser, the measurement interval,
the electrode selection and data collection were controlled using a Matlab user interface

(version MATLAB R2020a, The MathWorks, Inc., Natick, MA, USA).
Normalisation of TEER values

A finite element method was used to calculate the effective area and the geometrical correction
factor (GCF) for normalising the TEER value with the cell culture area (COMSOL Multiphysics,
AC/DC module). The parameters used for the simulation are summarised in Table S1 and the
geometry is displayed in Figure S4. The geometry was a simplified version of the HuMiX with
a straight channel having a total cell culture area of 2.7 cm? and the TEER sensors having an

area of 2 mm? each. The cell layer was modelled for different cell layer conductivities, swept
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from 7.5 x 10° S/m to 7.5 S/m, corresponding to TEER values between 0 Qcm? and

1,300 Qcm?.
Analysis of impedance data

Qualitative TEER were deduced as the difference between the low and high frequency
impedance magnitude (100 Hz and 50 kHz) and the background measurement with cell media
obtained 6 hr before seeding was subtracted from that value (mean of 10 measurements at
each specific electrode), see Equation 1. With Z being the impedance and in subscript the
corresponding frequency and bg standing for background measurements, both GCF the
geometrical correction factor and the cell culture area are obtained from the simulations to

normalise the TEER value.
TEER = (|Z100Hz| —Zsokzl = (|Z1oonzng| — |ZSOkHZ,bg|)) " GCF - cell culture area

Equation 1

The validity of this approach was evaluated by fitting a circuit model to the impedance data,

see Figure S5.
Transwell experiments

Corning Transwell polycarbonate membrane cell culture inserts (#CLS3401, Merck Millipore,
Hoeilaart, Belgium) were used to measure TEER in a 12-well plate. First, Caco-2 cells were
seeded (1.2 x 10° cells/insert) and the medium from the apical and basolateral compartments
were exchanged every second day. An ERS-2 volt-ohm meter (MERS00002, Merck Millipore,

Hoeilaart, Belgium) and STX01 chopstick electrodes (MERSSTX01, Merck Millipore, Hoeilaart,
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Belgium) were introduced in the well to measure TEER of the Caco-2 layer. TEER was
measured for a total duration of 21 days every second or third day starting from day 10. Barrier
disruption was performed when the Caco-2 cells were fully confluent by exchanging the RPMI
media with DMEM. TEER values were calculated by subtracting the TEER value from a cell-

free insert and correcting to the cell surface area (1.13 cm?).
Microscopy

Immunofluorescence staining of the tight junction protein occludin was performed using the
occludin monoclonal antibody conjugated to Alexa Fluor 488 (#331588, Thermo Fisher
Scientific) to confirm barrier formation. At the end of each experiment, the HuMiX was opened
and the epithelial membrane washed with PBS. The cells were then fixed with
paraformaldehyde 4% for 15 min and blocked with 5% of BSA for 1 hr at room temperature.
The cells were labelled with occludin antibody diluted in 4% BSA for 3 hr at room temperature,
and nuclei were stained overnight with Fluoroshield™ with DAPI (F6057, Merck Milipore,
Hoeilaart, Belgium). Both occludin and cell nuclei were visualized using an inverted fluorescent
microscope (IX83, Olympus, Antwerpen, Belgium) and the CellSens Dimension software for

image analysis to identify cell distribution and barrier confluency along the HuMiX channel.
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Figure S1: Sheet resistance measurements on a 20x20 mm? electrode area prepared to evaluate the effect of
transferring the tape between the carrier foil and the target device. A total of five samples were analysed with 9
4-point probe measurements collected from each, distributed over the sample area. The errorbars represent the
standard error over all 45 measurement sites (n =45). In a paired-sample t-test no significant change in sheet
resistance was observed in a confidence interval of p=0.1.
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Figure S1: Sheet resistance measurements on a 20x20 mm2 electrode area prepared to evaluate the effect of 

transferring the tape between the carrier foil and the target device. A total of five samples were analysed with 9 

4-point probe measurements collected from each, distributed over the sample area. The errorbars represent the 

standard error over all 45 measurement sites (n =45). In a paired-sample t-test no significant change in sheet 

resistance was observed in a confidence interval of p=0.1. 
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Figure S2: TEER measured in a Transwell with chop-stick electrodes. a) The Caco-2 cells form a tight barrier in
the 12-well Transwells after approx. two weeks. b) By removing calcium from the media, the TEER drops
significantly (measured 1 hr after calcium removal). By exchanging the calcium-free media to standard cell culture
media (RPMI), the TEER values recovered after 24 hr. Mean +/- SD of three to five independent replicates is
shown.

Figure S3: Parts assembled to form the HuMiX platform. a: Metal base, b: Metal top part, c: PCB support and
alignment pins, d: PCBs with pogo-pins, e: Bottom PC lid with electrodes, f: Gasket separating perfusion and
epithelial chamber, g: Gasket with electrodes harboring the bacterial chamber and separating it from the epithelial
chamber on one side and the N> chamber on the other side, h: Top PC lid (scale bar = 1 cm).
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Figure S3: Parts assembled to form the HuMiX platform. a: Metal base, b: Metal top part, c: PCB support and 

alignment pins, d: PCBs with pogo-pins, e: Bottom PC lid with electrodes, f: Gasket separating perfusion and 
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Table S1 Parameters used for the COMSOL simulations of the relationship between the measured resistance and
true TEER and calculation of the geometrical correction factor.

Parameter Value Comment
Channel height 0.611 mm Assuming 30% compression
Channel length 67.5 mm
Channel width 4 mm
Centre electrode width 1.6 mm
Cell layer thickness 0.010 mm
Cell media conductivity 7.5 S/m Giving reasonable background resistance
Cell barrier conductivity 7.5x10° - 7.5 S/m Swept parameter
Side view
611 um == Electrode
10 um Channel wall
' Cell layer
1600 um Cell media
I
Top view
4000 um

Figure S4: Schematic of the geometry used for the COMSOL simulations for the relationship between the
measured resistance and true TEER and calculations of the geometrical correction factor
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Figure S5: a) Circuit model used to deduce TEER from the impedance spectra: Lw — inductance of wires, Rm —
resistance of cell media, R2 — resistance of tight junction (TEER), and C2 — capacitance of cell membrane. b)
The model was optimized by numerically minimizing the error of the admittance between the measured and
modelled data using Matlab, where nf is the number of frequencies, f is the frequency, Zmove is the modelled
impedance at f and Zmeasured IS the measured impedance at .  c¢)-d) Measured impedance data from the first
experiment (second position from the inlet) is compared with the optimized modelled data at D4, D8 and D12
after seeding the impedance magnitude in c) and the phase in d).
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Figure S5: a) Circuit model used to deduce TEER from the impedance spectra: Lw – inductance of wires, Rm –

resistance of cell media, R2 – resistance of tight junction (TEER), and C2 – capacitance of cell membrane. b) 

The model was optimized by numerically minimizing the error of the admittance between the measured and 

modelled data using Matlab, where nf is the number of frequencies, f is the frequency, Z

model

 is the modelled 

impedance at f and Z

measured

 is the measured impedance at f.    c)-d) Measured impedance data from the first 

experiment (second position from the inlet) is compared with the optimized modelled data at D4, D8 and D12 

after seeding the impedance magnitude in c) and the phase in d).  
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