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O Abstract

Persistent liver injury can drive asymptomatic stable cirrhosis to symptomatic acute decompensated
cirrhosis (AD) or acute-on-chronic liver failure (ALCF). This progressionto decompensated cirrhosis is
defined by the development of ascites, gastrointestinal haemorrhage, hepatic encephalopathy,
and/or bacterialinfections, with acute hepatic and extrahepatic organfailure for ACLF. The
progressionto decompensated cirrhosis significantly increases the mortality rates, witha 28-day
mortality rate of 33.9% for ACLF. Importantly, AD and ACLF remain clinically unmet needs with lack
of targetable therapeutic options and there is an urgent need to understand the pathophysiology to
identify and develop treatments. The progression from stable cirrhosis to AD and ACLF is multi-
facted, complex and the molecular pathways responsible are not fully understood. However,
clinically, progressionto AD and ACLF is characterised under the umbrella of the PIRO definition,
where predisposing factors (Predisposition) can contribute to precipitating events of AD and ACLF
(Injury) and elicit a systemic inflammatory host response (Response), leading to multi-organ failure

(Organfailure).

Many PIRO factors are associated with increased bacterial translocation from the intestine, due to
the impaired intestinal barrier and gut dysbiosis associated with cirrhosis. Translocating bacteria
from the intestine can induce hepaticinflammation and concomitant immunoparesis with an
increased susceptibility to the bacterial infections, these not only drive progression, but also
contribute directly to systemicinflammation that is a hallmark of AD and ACLF. However, the
mechanisms that facilitate increased intestinal permeability and consequent bacterial translocation

in these patients remains unknown.

The aim of this PhD project was toinvestigate the mechanisms underpinning intestinal epithelial
injury and response that may contribute to increased permeability, bacterial translocation, and
progression of cirrhosis. The chapters described herein delineate the role of intestinal endoplasmic
reticulum (ER) stress mediated inflammasome activation on epithelial cell death in cirrhosis, report
on the development of a permeability assay for mouse intestinal organoids and assess the impact of
intestine epithelial stem cell and cell death disruption that promotes intestinal permeability in

cirrhosis.

Firstly, | showed no ER stress orinflammasome activation in cirrhosis and no ER stress sensitised
pyroptosis via the non-canonical inflammasome pathway in intestine epithelial cells. Secondly, |
showed that luminal propidium iodide-stained dead cells in intestinal organoids can be analysed to
measure intestinal organoid permeability. And lastly, | showed reduced stemness andincreased

intestine epithelial cell death in cirrhosis. Taken together this work contributes to our understanding
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of the molecular mechanisms of barrier failure and identifies pathways that maybe modulated for

better outcomes in patients with liver cirrhosis.
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1 Introduction

1.1 Cirrhosis:

1.1.1 Cirrhosis mortality

Cirrhosis leads to over 1 million deaths annually worldwide making cirrhosis the 11t leading cause of
death in the world, causing 2.1% of all global deaths [2][3]. Morbidity and mortality from cirrhosis is
thus a major worldwide issue, which will continue to increase in the absence of targeted
therapeutics [4][5]. Epidemiologically, cirrhosis mortality rates vary per region, as well as between
countries, driven by differences in lifestyle choices, alcohol consumption, the availability and
participation of hepatitis A and B vaccines, obesity prevalence, socio-economic status, and access
and quality of health care [2][4]. For instance, central Asia has the highest cirrhosis age-standardised
death rate, while east Asia had the second lowest (20t globally) [4]. In Europe, eastern Europe has
the highest cirrhosis age-standardised death rate (6" globally), and western Europe the lowest (18th
globally). In western Europe, most countries decreasedtheir age-standardised mortality rates
between 1980 and 2010, such as Italy, France, Germany, and Spain, whereas it increasedin Ireland,
Finland, and the UK [2]. Cirrhosis leads to premature death, with two-thirds of patients dying before
the age of 65 [6]. This is a bigger loss of working life than non-working life compared to most other
chronic diseases [6]. In England, years of working life lost (between age 16 and 64) due to liver
disease was second only to suicide, but the years of working life lost due to liver diseaseis increasing
while it is decreasing for suicide [7]. Improving treatment options to prevent cirrhosis deathand

disability has thus potential to greatly reduce years of working life lost to liver disease.

1.1.2 Aetiologies of cirrhosis

Cirrhosis is a progressive liver disease resulting from prolonged liver injury caused by various
aetiologies including alcoholic liver disease (ALD), non-alcoholic fatty liver disease (NAFLD), and viral
hepatitis - hepatitis B and hepatitis C virus [4]. Alcohol is the biggest cause of liver disease, including
cirrhosis, in Europe, which is caused by Europeans having the highest alcohol consumption
worldwide [8]. Furthermore, obesity and insulin-resistance are risk factors for NAFLD, which has also
been described as a metabolicassociated fatty liver disease that is driven by metabolic dysfunction.
Worldwide, the number of overweight and obese people areincreasing, andin the EU more than
50% of adults are overweight or obese, which is putting them atincreased risk for NAFLD [8]. Viral
hepatitis is caused by hepatitis A-E virus, with hepatitis B virus and hepatitis C virus being the most

prominent [3].

ALD is the most common cause of cirrhosis deaths in Europe (Western Europe 31.4% females, 47.9%

males; Central Europe 44.8% females, 43.6% males; Eastern Europe 32.8% females, 40.3% males),
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but the proportion varies greatly depending on the world region [4]. The lowest percentage of
deaths due to ALD is in North Africa and Middle East, with ALD only accounting for 3.7% in females

and 6.3%in males as shown in Figure 2 [4].

Alcohol canincrease therisk of liver disease when combined with other liver diseaseriskfactors, e.g.
obesity and viral infection, which increases the risks for liver disease [9]—-[12]. Alcohol abusein
patients with hepatitis C virus increased the development fibrosis, cirrhosis, and hepatocellular
cancer, which was linked to increased oxidative stress as the synergistic mechanism [9]. Additionally,
alcohol consumption of 15 units or more a week synergistically increased liver disease mortality in
overweight and obese patients, and alcohol consumption and obesity synergisticallyincreased the
development of hepatocellular cancer [10][12]. Obesity prevalence and population body mass index
has increasedin Europe and is projected to increase further, as well as the alcohol consumption in
some European countries [6]. The increase in alcohol consumption and obesity, because of the
synergistic affect, is projected to increase liver disease, including cirrhosis, even in European
countries with historically low prevalence [6]. Therefore, it is important to study the different causes

of cirrhosis development, as the liver injury can have multiple contributing factors.

1.1.3 Fibrosis development
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Chronic hepaticinjury from conditions such as: ALD, NAFLD, viral hepatitis, and others, cancause

fibrosis which is due to the excessive production and accumulation of extracellular matrix (ECM)

proteins, e.g. collagen [13]. Hepatoxicity and inflammation (DAMPs and pro-inflammatory cytokines)

activate hepatic stellate cells, which migrate tothe damagedsites and release ECM proteins

[13][14]. This is a wound-healing response to liver injury, but excessive activationand ECM

accumulation alters the liver stiffness, which leads to fibrosis and reduced liver function [14]. Ifthe

underlying cause of liver injury is removed such with abstinence from alcohol, weight loss, and/or

viral suppressionfor ALD, NAFLD, and/or viral hepatitis respectively, disease progression can be

reversed before cirrhosis develops [15]. However, continued chronic liver injury in a fibrotic liver

irreversibly causes the progression to cirrhosis, which results in hepatocellular dysfunction and

increasedintrahepatic resistance that leads to hepatic insufficiency and portal hypertension [14].
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Figure 3: Fibrosis development to cirrhosis. ECM accumulation by HSC activation during fibrosis development from healthy
liver activated by hepatotoxicity and inflammation. Progression to cirrhosis causes hepatocellular dysfunctionand increased

intrahepatic resistance.

1.1.4 Cirrhosis diagnosis

Cirrhosis develops by prolonged chronic liver injury, which steadily reduces liver function with late-
stage liver scarring. Cirrhosis inits compensated stage is mostly asymptomatic or non-specific, and is
only identified during medical screening for other causes [4][16]. These non-specific symptoms may
include: fatigue, weakness, loss of appetite, discomfort in the right upper quadrant of the abdomen,

and weight loss [17]. Physical examination findings can further indicate the presence of cirrhosis
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[17]. The development of ascites, hepatic encephalopathy, gastrointestinal haemorrhage and/or
jaundice symptoms distinguish the progression from mostly asymptomatic compensated cirrhosis to

symptomatic decompensated cirrhosis [17][18].

Non-invasive tests, i.e. biochemical markers and radiological tests, are used to diagnose cirrhosis,
but liver biopsy remains the gold standard to confirm the diagnosis and grade the fibrosis, Table 1
[19]. However liver biopsies are subjected to sampling error by the pathological heterogeneity [17].
FibroTest score calculated with alpha2-macroglobulin, apolipoprotein Al, haptoglobin, GGT and
bilirubin, and enhanced liver fibrosis score calculated with hyaluronic acid, PIIINPand TIMP-1are
used to assess liver fibrosis, and radiological tests, such as FibroScan, can measure abnormalities of
the liver and other tissues. Furthermore, Child-Pugh score calculated with ascites assessment,
bilirubin, albumin, PT/INR and encephalopathy grade, and MELD score calculated with dialysis
history, creatinine, bilirubin, and PT/INR (and sodium for MELD-Na) are used to identify cirrhosis

stage and estimate mortality in patients [17].

Table 1: Diagnosis tools and measurements identifying cirrhosis [19].

Cirrhosis diagnosis tools

Measurement

Biochemical markers

Complete blood count (CBC)

Red and white blood cell and platelets count for overall health

Alanine transaminase (ALT)

Hepatic enzymes released upon hepatocellular death

Aspartate transaminase (AST)

Hepatic enzymes released upon hepatocellular death

Albumin

Protein synthesized exclusively in the liver

Alkaline phosphatase (ALP)

Liver (and bone) enzyme increased by cholestasis

Gamma-glutamyltransferase

(GGT)

Predominately liver protein released by liver damage

Alpha2-macroglobulin

Liver produced plasma protein

Apolipoprotein Al

High-density lipoprotein (HDL)

Haptoglobin

Liver produced plasma protein

Hyaluronic acid

Extracellular matrix component

Amino-terminal propeptide-of-

type-Ili-collagen (PIIINP)

Procollagen terminal peptide released during synthesis of type

Il collagen

Tissue-inhibitor of matrix-

metaloproteinase-1 (TIMP-1)

Produced mainly by activated hepaticstellate cells and

Kupffer cells in the liver

Bilirubin

Blood cell waste product removed by the liver
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Creatinine | Muscle waste product removed by the kidneys

Prothrombin time/international | Blood clotting capabilities by hepatic synthesized cascade

normalised ratio (PT/INR) | proteins

Radiologicaltests | Abnormalities: liver stiffness, hepatomegaly, splenomegaly,
(Ultrasound, CT, MR, Fibroscan) | hepatic nodularity, ascites, portal vein thrombosis, portal

hypertension, varices, and hepatocellular carcinoma

Liver biopsy and histology | Grade and stage of fibrosis

1.1.5 Decompensated cirrhosis

The progressionto decompensated cirrhosis is caused by the steady decline of liver function that
leads to the associated complications, symptoms, and eventually death. As mentioned before, the
continued chronic hepatic injury decreases hepatocellular function and disrupts hepatic structure,
which leads to intrahepatic resistance to portal blood flow [14]. This causes hepatic insufficiency and
portal hypertension, which contribute to an acute decompensation event [17][18]. The distinction
between acute decompensation and acute-on-chronic liver failure has been historically difficult to
untangle [20]-[22]. The CANONIC and PREDICT studies aimed to define and establish criteria that
helped define and differentiate acute decompensation (AD) and acute-on-chronic liver failure
(ACLF), summarisedin Figure 4 [21]-[26]. AD is defined by a sudden and rapid decline of liver
function that develops ascites, gastrointestinal haemorrhage, hepatic encephalopathy and/or
bacterial infections, whereas ACLFis characterised as AD with acute hepatic and extrahepatic organ

failure(s) with a high short-term mortality [22]-[24].
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Cirrhosis

Compensated cirrhosis
Asymptomatic

Decompensated cirrhosis
Symptomatic (ascites, hepatic encephalopathy,
gastrointestinal haemorrhage, and/or jaundice)

Figure 4: Grouping of compensated cirrhosis, decompensated cirrhosis, AD, and ACLF. Complications of compensated

cirrhosis, decompensated cirrhosis, AD, and ACLF.

1.1.6 Decompensated cirrhosis mortality rates

Disease progression from compensated cirrhosis to AD and ACLFincreases the mortality rate.
Compensated cirrhosis has a low 5-year mortality rate of 1.5% without varices, and 10% with varices
[16]. The development of decompensated cirrhosis increases this mortality rate and the requirement
of frequent medical care and hospitalisations, but this various depending on the number of events
and onset or not of ACLF. The 5-year mortality rate rises to 20% in decompensated cirrhosis with one
event and up to 88% following a second decompensating event [16]. The development of ACLF
increases the mortality rate even further to a 28-day mortality rate of 33.9%, from a 29-day
mortality rate of 4.6% of AD without ACLF [21][22]. Disease progression thus increases
hospitalisation and mortality rate with every event, as summarisedin Figure 5. The increasing
mortality rate with progression highlights the need for more treatment options, especially for late-

stage cirrhosis.
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Figure 5: Schematic overview of cirrhosis progression showing stages of fibrosis, compensated cirrhosis, and
decompensated cirrhosis. Schematic showing disease stage, disease progression, time frame, and mortality of fibrosis,

compensated cirrhosis, and decompensated cirrhosis.

1.1.7 Predisposition, Injury, Response, Organ failure (PIRO)

The development of AD and ACLF during cirrhosis progression has been explained with the
predisposition, injury, response, and organ failure (PIRO) concept [21]-[27].Predisposing factors and
precipitating events play a key role in the progressionto AD and ACLF. Predisposing factors
(Predisposition) are underlying conditions that develop during the compensated cirrhosis stage that
contribute to precipitating events (Injury) [25][27]. Injury from precipitating events causes severe
systemic inflammation and infections (Response), which trigger progressionto AD and ACLF (Organ

failure(s)) [25][27].

Compensated cirrhosis AD / ACLF*
Predisposing factors: Acute complications:
Portal hypertension Ascites

Systemic inflammation Hepatic encephalopathy

Immunodeficiency

Gastrointestinal haemorrhages
e and/or Bacterial infections
Gut dyshiosis & Organ failure(s)*

Figure 6: Graphic overview highlighting developments during progression from compensated cirrhosis to decompensated
cirrhosis. Predisposing factors, precipitating events, and complications associated with cirrhosis progression from

compensated to decompensated cirrhosis, AD, and ACLF.
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1.1.8 Predisposing factors (Predisposition)
Predisposing factors including portal hypertension, systemic inflammation, immunodeficiency, and
gut dysbiosis have been identified to contribute to cirrhosis progression and precipitating events, as

shown in Figure 6 [15].

Portal Hypertension

During the development of cirrhosis, an increase in intrahepatic resistance to portal blood flow
caused by structural changes and vasoconstriction, leads toa permanently distorted liver
architecture and portal hypertension [28][29]. Portal hypertension affects extrahepatic vascular
beds, which leadto arterial vasodilation and formation of collateral vessels, causing increased portal
inflow, and thereby creating a positive feedback loop worsening portal hypertension [29][30]. These
architectural changes ultimately lead toincreasedblood flow in the gastro-oesophageal veins,
resulting in enlarged abnormal gastro- oesophageal veins (varices), which in turn can leak or rupture
leading to life-threatening bleeding (gastrointestinal haemorrhage) [31][32]. Additionally, portal
hypertension contributes to the development of abdominal fluid build-up (ascites) by sodium
retention [26], [32]—[34]. For these reasons, portal hypertension is an important therapeutic target,
and reducing portal hypertension via beta-blockers and TIPS has been shown to decreaserisk of
variceal rebleeding, ascites, spontaneous bacterial peritonitis and hepatorenal syndrome, but

conflicting results on hepatic encephalopathy [29], [30], [34], [35].

Gut dysbiosis

Gut microbiota overgrowth and microbial compositional changes (gut dysbiosis) are associated with
cirrhosis, however whether causally related remains animportant question [36]-[38]. The aetiology
of cirrhosis plays an initial role in determining the nature of gut dysbiosis, with microbiota changes
specific for ALD and NAFLD. However, as the disease progresses gut dysbiosis presents its own
profile independent of aetiology [37]-[40]. Cirrhosis disrupts intestinal motility, which increases with
severityindependently of aetiology [41][42]. The intestinal motility disruption is associated with
portal hypertension, but also with an altered microbiome, and smallintestinal bacterial overgrowth
[43]. As cirrhosis progresses, diversity of the microbiota decreases with the severity of the disease
[371[44]. Importantly, prevalence of pathogenic bacteria increases and beneficial bacteria decreases
during cirrhosis progression, which results in an increasingly pathogenic gut microbiome [37], [38],
[44], [45]. The increased pathogenic gut microbiota in cirrhosis is associated with development of
infections, hepatic encephalopathy, and ascites [36], [44], [46], [47]. The increase in microbiome
overgrowthin addition to an increase of pathogenic bacteria facilitates anincrease of PAMPs in the
gutthat cantranslocate out of the lumen, and circulate via the systemic circulation, thereby

affecting other tissues [26][47]. Additionally, gut dysbiosis contributes to malnutrition with reduced
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short chain fatty acid producing bacterialin cirrhosis patients, thereby affecting the gut metabolism
[38], [48], [49]. Thus, gut dysbiosis contributes to the development of complications during cirrhosis

progressionvia PAMPs, pathogenic bacteria, and a reduction of gut microbiome metabolism.

Systemicinflammation and immunodeficiency

During the development of compensated cirrhosis, patients develop low levels of systemic
inflammation, which is an exaggeratedimmune response throughout the body caused by a loss of
regulation of immune pathways [50]. This systemicinflammationis correlated with portal
hypertension and associated with liver fibrogenesis in cirrhosis patients [50][51]. The low level of
systemicinflammation in compensated cirrhosis patients is characterised by an increase of both pro
and anti-inflammatory cytokines [23], [52], [53]. Inflammation is triggered by circulating DAMPs and
PAMPs that lead to the production and release of pro-inflammatory cytokines [53]. Systemic
inflammation fluctuates in cirrhosis patients, which indicates a contribution of transient episodes of
PAMPs and DAMPs translocation fromthe intestine, overlayed to sustained levels of inflammation
[25], [53]—[55]. The translocationfrom the gut is considered the main driving mechanisms of
systemicinflammation in cirrhosis [50]. Moreover, cirrhosis patients also develop immunodeficiency,
which is a decreased immune capability to combat bacterial infections [23][53]. Importantly, the
increased systemic inflammation during cirrhosis is associated with increased susceptibility to
bacterial infection in cirrhosis [56]. Thus, systemic inflammation in cirrhosis patients contributes to
disease progression, while the immune response to bacteria is reduced thereby increasing infection

susceptibility.

1.1.9 Precipitating events (Injury)

As mentioned before, the above-mentioned predisposing factors contribute to precipitating events
that drive AD and ACLF. Severe alcoholic hepatitis, gastrointestinal bleeding with shock, toxic
encephalopathy, and/or bacterial infection have been identified as precipitating events that drive AD
and ACLF [22]-[24]. However, in approximately 60% of AD and 40% of ACLF cases no precipitating
events is identified, which shows the complexity of identifying the cause of progression [22][24].
Bacterial infection and severe alcoholic hepatitis are the most common precipitating event for AD,
followed by gastrointestinal haemorrhage and toxic encephalopathy [24]. Especially the number of
precipitating events, rather than the specific event, determined the course and mortality of the
disease withincreased mortality in patients [24]. Multiple precipitating events increased the
intensity of severe systemic inflammation and prevalence of organ failures compared to a single

precipitating event or no identified event [24]. For ACLF, infection is the most common cause for
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hospital admission divided between spontaneous bacterial peritonitis and other infections of the
chest, urinary tract, leg ulcer, and others [27]. Second most common cause for hospital admission
was active alcoholism, followed by gastrointestinal haemorrhage [27]. Furthermore, the type of

precipitating event could not predict mortalityin these patients [22][27].

1.1.10 Severe systemic inflammatory response and infection (Response)

The low levels of systemicinflammation in compensated cirrhosis is exacerbated to severe systemic
inflammatory response and is usually caused by the precipitating events (independent of infections)
during the progressionto AD and ACLF [23], [27], [53]. Additionally, the level of systemic
inflammation is increasedin patients with progressive outcomes of decompensation at admission
[53]. Systemicinflammation is associated with ascites development and mortalityin alcohol
hepatitis, decompensated and ACLF patients, and severity of systemic inflammation predicts
bleeding and progression of ACLFin AD patients [22], [23], [52], [57], [58]. Furthermore, ACLFis
associated with mostly pro-inflammatory cytokines, indicating a transitionin the type of
inflammation [52]. Reduced systemic inflammation or increased systemic inflammation a few days
after admission with ACLF is indicative of improving or worsening ACLF, respectively [53]. Systemic
inflammation is able to induce organ dysfunction/failure via decreased arterial blood volume and
increased vasoconstriction, immune response mediated tissue damage, and via alterations in the

metabolic pathways that inhibit energy production in cells in decompensated cirrhosis [53][59].

The antibacterial functions of circulatingimmune cells are reduced with progression. The ability of
immune cells to migrate tothe location of infection/site of bacteria is reduced in patients with AD
[56]. Additionally, the ability of immune cells to recognise and kill bacteria is impaired in AD [56].

This further limits the ability of immune cells to combat infections, and approximately a quarter of

admitted patients with ACLF develop new infections, which increases mortality [27]

1.1.11 AD / ACLF development (Organ failure)

The predisposing factors contributing to precipitating events, which drive severe systemic
inflammation and infection culminates in AD/ACLF progression with the development of organ
dysfunction/failure(s) [25][27]. ACLFis generally associated with organ failure(s), however patients
with a degree of organ dysfunction that do not fulfil the criteria for ACLF are classified as AD
[23][25]. Common organ dysfunction/failure(s) that are examined during cirrhosis progressionare
liver, kidney, brain, coagulation, cardiac, circulatoryand respiratorysystem [23], [25], [27].
Development of organ dysfunction/failure(s) is associated withincreased mortality in patients [23],

[25], [27].
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1.1.12 Treatments of cirrhosis complications

Treatment options for cirrhosis are available to reduce risk of progression, treat aetiologies,
symptoms, and complications, but no targeted treatment optionis available and the only curative
option is liver transplantation [15]. The NHS in the UK lists lifestyle changes toreduce risk of cirrhosis
progressionand complications, which include avoiding alcohol, quitting smoking, losing weight (if
overweight or obese), regular exercising, practising good hygiene, and speaking to a general
practitioner about vaccinations and medicines [60]. Additionally dietary changes tocombat
malnutrition and treatments to help against the aetiology e.g., antiviral medicine against viral
hepatitis, treatment program for alcohol addiction against ALD, medication against primary biliary
cirrhosis, etc. canbe prescribed [60][61]. Other treatments are prescribed for specific symptoms and
complications, which include skin itching, varices, ascites, portal hypertension, encephalopathy,

gastrointestinal bleeding, and infections [60][61].

Clinical trials have tested therapeutic options to reduce cirrhosis complications and increase survival
in patients. Many of the different treatment options have shown promising results, although final
outcomes vary across literature. These treatments focus on specific complications of cirrhosis e.g.,
immunodeficiency (GCSF), portal hypertension (beta-blockers and TIPS), dysbiosis (FMT), and

systemic inflammation (albumin and emricasan).

Granulocyte colony-stimulating factor

Granulocyte colony-stimulating factor (GCSF) was tested in patients with cirrhosis, which showed
increased survival and stability [62]—[65], however other trials showed no improvement [66]-[68].
GCSF increases immune cell production that can reduce infection risk, but thus GCSF treatment

showed mixed results in cirrhosis trials [69].

Beta-blockers

Beta-blockers can have beneficial effect on portal hypertension in cirrhosis, however clinical trials
showed contradicting results on survival, and varices and ascites development [70]. A post hoc
analysis of three clinical trials showed no improvement in mortality of non-selective beta-blocker
treated cirrhosis patients [71]. Furthermore, beta-blocker timolol did not reduce gastroesophageal
varices or variceal haemorrhage in cirrhosis patients [72]. A clinical trial using propranolol or
carvedilol treatment showed increased survival in cirrhosis patients due to reduced incidence of
ascites, while a post hoc analysis of another trial showed reduced infection at hospitalisation, but no
reduction in mortality [73][74]. A trial focussing on carvedilol showed improved survival and renal
perfusion in cirrhosis [75]. Another trial focussing on propranolol showed decreased survival

compared to endoscopic variceal ligation in cirrhosis [76]. A comprehensive review on beta blockers
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in cirrhosis has highlighted their beneficial capabilities and their safetyrisks, but these clinical trials

show inconclusive results regarding the effectiveness of beta-blockers on cirrhosis [77].

Transjugular intrahepatic portosystemic shunt

A transjugular intrahepatic portosystemic shunt (TIPS) connects the portal vein and the hepatic vein,
which alleviates portal hypertension [78]. TIPS reduced rebleeding in cirrhosis, but conversely
increased hepatic encephalopathy and did not improve mortality [79][80]. Other trials however,
showed a decrease in bleeding, but no difference in hepatic encephalopathy or mortality [81][82].
While again other trials showed reduced bleeding and mortalityin cirrhosis patients [83]—[86].
Furthermore, one trial showed that emergency portacaval shunt was more effective in reducing

bleeding and increased survival compared to TIPS [87].

Faecal microbiota transplantation

Faecal microbiota transplantation (FMT) and other forms of microbiota manipulation treatments can
restore gut microbial functions and potentially reverse negative effects of dysbiosis during cirrhosis
progression [88]. FMT canbe an alternative to antibiotics prescribed to cirrhosis patients even
without infections, which has shown to be ineffective to reduce hospital acquired infections or
improve mortalityin these patients [89]. FMT was shown to be well-tolerated and reduced
hospitalisation and hepatic encephalopathy episodes in cirrhosis patients [90]-[92]. However, larger

clinical trials are needed to further indicate the effectiveness of FMT in cirrhosis [93].

Albumin

Albumin treatment normalises serum albumin levels and reduces systemic inflammation in cirrhosis
[55]. Albumin treatment showed decreased infections and increased resolution from ACLF,
beneficial effect on survival in cirrhosis, while one trial showed some beneficial effects from albumin
treatmentin cirrhosis but no effect on mortality [94]-[96]. Furthermore, another trial showed no
difference in infection, kidney dysfunction, mortality, or inflammatory markers by albumin

treatmentin cirrhosis, and even more severe events by albumin treatment [97]—-[99].

Emricasan

Another experimental therapeuticintervention targeting systemicinflammation and portal
hypertension in cirrhosis is Emricasan. Emricasanis a pan-caspase inhibitor that inhibits caspase-
mediated cell death and thereby has potential to affect inflammation and has been shown tolower
portal hypertension. In cirrhosis rodent models, Emricasan decreased portal hypertension, which
was associated with increased liver function, decreased hepatocellular cell death, reduced
inflammation, and improved survival [100][101]. Clinical studies consistently showed Emricasanto

be well toleratedin cirrhosis patients, but less effective in beneficial effects on cirrhosis. Emricasan
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decreased portal hypertension in compensated cirrhosis patients with severe portal hypertension,
and decreased AST and ALT levels as well as circulating cell death markers [102]. Another clinical trial
alsoshowed decreased cell death in AD patients, but did not show beneficial effects on MELD score
[103]. However, in a different study, Emricasan reduced MELD and Child-Pugh score in cirrhosis
patients with a MELD score 2 15 and well tolerated [104]. Furthermore, Emricasantreatment was
not associated with reduced portal hypertension or improved clinical outcomes in cirrhosis patients

[105] [106].

1.2 Gut-liver axis:

1.2.1 Gut-liver axis connections

The gut and liver act together as a physiological unit linked by a bidirectional connection termedthe
gut-liver axis, as illustratedin Figure 7. The primary role of the gastrointestinal tract andthe
microbiome within is to digest food and absorb the macronutrients, whereas the mainfunction of
the liver is to metabolise of the macronutrients from the gut in addition to creating bile [107]-[109].
Liver cells convert macronutrients into energy rich substances and store excess energy [107]-[109].
Additionally, the liver has an importantimmunological function, producing antibodies and detecting
foreign material (including food antigens, viruses, bacteria, etc.) fromthe gut [110]. Immune cells in
the liver capture and clear toxins, while staying immunotolerant to foreign non-pathogenic
molecules, thereby regulating the access of gut derived materials [110][111]. The bidirectional
communication between the twoorgans is facilitated by the biliary tract, portal vein, and systemic
circulation as shown in Figure 8. Signalling molecules, including primary bile acids, and antibodies
from the liver facilitate the interaction between the liver and the gut, which can affect the function
of the gut and composition of the microbiome [30], [112], [113]. Conversely, the gut microbiome is
essentialtothe gut-liver axis, and cangenerate metabolites that canimpact liver function and
influence the development of liver diseases [108], [113]-[115]. The gut-liver axis is a dynamic and
intricate connection between the two organs that is crucial for regulating general healthand

wellbeing.
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Figure 7: lllustration from Dr. Joseph Nicolas Masse in Petit Atlas complet d'Anatomie descriptive du Corps Humain from

1848. Human anatomyillustration showing the connection between the gut and liver [116].
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Figure 8: Schematic gut-liver axis showing bidirectional connection. The bidirectional between the gut and liver by the

portal vein, biliary tract, and systemic circulation.

1.2.2 Portal vein transport and systemic circulation

Macronutrients and metabolites that are ingested by the gut are transportedtothe liver via the
portal vein [108]. These macronutrients and metabolites are incorporated, metabolised, stored, and
secreted by the liver [117]. The nutrients, glucose, vitamins and minerals secreted by the liver are
transportedto the other organs (including the gastrointestinal tract) via the systemic circulation
[117]. Furthermore, toxins and bacterial metabolites from the gut can translocate throughthe
intestinal barriers and are transported to the liver via the portal vein [115]. These toxins caninclude
live bacteria, viruses, PAMPs, DAMPs, ethanol, acetaldehyde, trimethylamine, short chain fatty acids,
and free fattyacids [113][115]. The increased portal hypertension in cirrhosis disrupts the
microcirculation of the intestine, which could lead to neo-angiogenesis (blood vessel formation), and
increased permeability in the splanchnic vasculature (blood supply of the gastrointestinaltract, liver,
spleen, and pancreas) [30][118]. These changes contribute to intestinal permeability, which leads to
translocation of bacteria and toxins from the gut [30][118]. Toxic compounds are absorbed and
broken down by the liver, while immune cells in the liver detect and clear PAMPs, bacteria and
viruses, thereby limiting access of gut derived toxins to the systemic circulation [110][111]. However,
an immune response in the liver leads to a release of pro-inflammatory products into the systemic
circulation, and excess of toxins from the gut can (further) damage the liver and other organs,

contributing to liver disease, Figure 9 [113][119].

1.2.3 Bile acid communication
Bile acid circulation from the liver to the intestines, and reabsorption from the intestines back to the

liver, is termed the enterohepatic circulation [120]. The secretion of primary bile acids from the liver
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to the gut plays a key role in regulating the homeostasis inside the intestinal lumen [113]. Bile acids
facilitate the digestion of dietaryfats and oils by forming micelles, which are transported by the
portal vein. Additionally, bile acids regulate the microbiota composition by their antimicrobial
interactions [30]. The microbiota in turn converts some primary bile acids into secondary bile acids,
which enter the systemic circulationand interact with other tissues [30]. Cirrhosis development with
disrupted synthesis and secretion of bile acids (cholestasis), leads toa reduction of bile acids in the
gut [112]. This reduction of bile acid levels in the gut is associated with bacterial overgrowth and
inflammation [121]. The changes in microbiota composition during cirrhosis and disrupted primary
bile acids lead to changes in secondary bile acids, which in turn affects other tissues including the
liver [114]. Thus, disrupted bile acid production and altered enterohepatic circulation during

cirrhosis development can negatively affect the intestine and the liver.

1.2.4 “Leaky gut”

The development of the described gut dysbiosis and disrupted gut-liver axis signalling during
cirrhosis intersect in what is described as a “leaky gut”, which is described as increased intestinal
permeability resulting in bacterial translocation, as illustratedin Figure 9. Intestinal permeability is
required to absorb and transport nutrients from the gut, while toxins from the gut are prevented
from entering [122]. However, during cirrhosis development intestinal permeability increases, which
leads to increased translocation of bacteria, metabolites, and toxins from the intestinal lumen to the
portal vein [123]-[126]. In patients with cirrhosis, both portal hypertension and liver insufficiency
contribute to bacterial translocation [127][128]. However, studies with rat models showed that
portal hypertension without liver insufficiency did not increase bacterial translocation, whereas liver
insufficiency solely did increase bacterialtranslocation [127][128]. The increased bacterial
translocation canlead to inflammation and exacerbate portal hypertension [118]. Additionally, small
intestinal bacterial overgrowthis associated with increasing cirrhosis severity and with ascites
development [129][130]. This bacterial overgrowth and increased intestinal permeability can drive
bacterial translocationin cirrhosis [38], [117], [131]. Cirrhosis patients with ascites often show
increased intestinal permeability, pathological systemic endotoxin levels, and high bacterial
translocationto the mesenteric lymph nodes, which are associated with inflammation and the
progression of cirrhosis [46], [132]—-[137]. Live bacteria from the gut have been identified in
mesenteric lymph nodes and ascites in cirrhosis mice models, thereby providing direct evidence of
bacterial translocation [138]. Furthermore, bacterial translocationin cirrhosis can lead to
spontaneous bacterial peritonitis, which often originates from gut bacteria and is a lethal condition

associated with high mortality [47].
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Figure 9: Leaky gut connection with the liver by the gut-liver axis. Illustration showing bacterial translocation from the

intestine to the liver via the portal vein, where it induced an immune response by liverimmune cells, which in turn can

influence the intestine.

1.3 Intestine:

1.3.1 Intestinal homeostasis

The intestinal barriers regulate permeability and protects the systemic circulation from exposure of

the microbiome and microbial products in the intestinallumen. Inhealthy conditions, the intestinal

barrier selectively allows for absorption and transportation of nutrients and metabolites across the

epithelium tothe liver and systemic circulation, while impeding the absorption and transportation of

toxins and live bacteria [139]. A healthy microbiome contributes to the defence of toxins by out-

competing pathogenic bacteria, and signals via the gut-liver axis with secondary bile acids

[140][141]. The microbiome and the intestinal epithelium maintain homeostasis inthe intestine

lumen, thereby facilitating food digestion [122]. Therefore, a healthy microbiome and intact
intestinal barriers are required for facilitating nutrient and metabolite absorption and
transportation, while limiting toxins and live bacteria from accessing the systemic circulation,

illustratedin Figure 10 [139].
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Figure 10: Schematic overview of the intestinal barriers. Overview showing a healthy microbiome limiting pathogenic

bacteria in the lumen, mucus layer inhibiting infiltration, intact epithelial monolayer, and immune cell compartment.

1.3.2Intestinal barriers

As mentioned, beneficial bacteria in the microbiome can limit pathogenic bacteria by out-competing
them for nutrients in the lumen [140]. Additionally, beneficial bacteria limit pathogenic bacteria by
producing inhibitory compounds, secondary bile acids, and short-chain fattyacids [140]. Pathogenic
bacteria in the intestinal lumen are inhibited from spreading from disseminating to other tissues by

several mechanisms:

1. The mucus layer, mainly produced by Goblet cells and consisting of mucin 2, limit exposure of
bacterial cells and bacterial products from accessing the epithelium [122]. This mucus layeralso
contains immune regulators, which creates a gradient of the microbiota within the mucus layer

[122]. The mucus layer covers the lumen side of the intestinal epithelial layer.

2. The epithelial barrier is a monolayer consisting mainly of enterocytes, goblet cells,
enteroendocrine cells, Paneth cells, and stem cells formed into crypts and villi [122]. Anintact
epithelial monolayer, allows for selective transport of nutrients from the lumen to the lamina

propria, which is strictly regulated by tight junctions, adherens junctions, and desmosomes [122].

3. Theimmune cells in the lamina propria comprise the last barrier [139]. These immune cells,
especially gut-resident macrophages contribute to the host defence and barrier maintenance with
high phagocytic activity and the secretion of cytokines that promote cell maintenance [142].

Additionally, the gut-associated lymphoid tissue, a network of lymphatic system, immune cells
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(including macrophages, B cells, T cells, Plasma cells, and dendritic cells), Peyer’s patches (small
intestine), and mesenteric lymph nodes [143]. The components of the gut-associated lymphoid
tissue allows for rapid migration of immune cells to detect and combat bacterial translocating toxins
and bacteria [143]. Disruption of any of these barriers can contribute to increased gut permeability
and bacterialtranslocation, and impaired barrier functions has been shown to contribute to systemic

immune activation[139].

1.3.3 Epithelial cell types and function
The epithelial barrier is a monolayer consisting mainly of enterocytes, goblet cells, enteroendocrine

cells, Paneth cells, and stem cells formed into crypts and villi, as shown in Figure 11 [122][144].

Enterocytes are the predominant cell type of the intestinal epithelial monolayer. The main function
of enterocytes is the absorptionand transportation of nutrients and metabolites from the lumen

[139].

Goblet cells as well as Paneth and enteroendocrine cells belong to the secretoryintestinal epithelial
cells [139]. Goblet cell’s primary function is the production and secretion of the mucus layer, which
main component is mucin 2 [122]. The mucus layer covers the lumen side of the intestinal epithelial
layer [122]. Goblet cells are more abundant in the colon compared to the smallintestine, which
leads to two mucus layers in the colon compared to one in the small intestine [145]. The mucus layer
prevents infiltrating bacteria from accessing host cells [122]. This mucus layer also contains immune

regulators, which creates a gradient of the microbiota within the mucus layer [122].

Additionally, Goblet and Paneth cells, and in limited capacity enterocytes, secrete immune
regulators that are released into the mucus layer [139]. Paneth cells, unlike other differentiated cells
remain in the smallintestinal crypt and do not migrate up the villi [139]. In the colon, deep
secretory/Goblet-like cells populate the crypt instead of Paneth cells [146][147]. Panethcells and
deep secretory/Goblet-like cells are specialised for secreting antimicrobial proteins, including
defensins, cathelicidins, and lysozymes [148]. These secreted antimicrobial proteins predominately

target pathogenic bacteria to regulate the microbiome.

Enteroendocrine cells secrete gut hormones in response from stimuli in the lumen. Enteroendocrine
cells link the neuroendocrine systems inthe gastrointestinaltract andis thereby able to regulate

digestione.g., viainsulin release [149].

Pluripotent stem cells reside in the crypt of the intestine from where they replenish the intestinal
epithelial cells [150]. The crypt stem cells proliferate and differentiate into the above-mentioned

cells, while maintaining their pluripotency [150]. These new cells createdin the intestinal crypt
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migrate upward on the villi. Paneth cells and stem cells, differ from the other epithelial cells, as they
remain in the crypt. Two distinct stem cell types have been identified in the intestinal crypt. Potten’s
stem cells, label-retaining cells (LRC), are located on average at the +4 position (counted from crypt
bottom), while LeBlond’s stem cells, crypt base columnar (CBC) cells, are located at the crypt bottom
interlaced with Paneth cells in the smallintestine, and interlaced with deep secretory cells/Goblet -
like cellsin the ascending/descending colon [147], [151]-[153]. The CBC cells are actively
proliferating to replenishintestinal epithelial cells, while the LRC are quiescent, which serve as

reserve pluripotent stem cells that canreplenish CBC cells.
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Figure 11: Small intestine epithelium (left) vs colon epithelium (right). The small intestinal structure on the left showing a
single mucus layer and cell types in the epithelium vs the colon structure on the right showing double mucus layer and cell

types in the epithelium.

1.3.4Intestinal barrier dysfunction
As described before, the microbiome is disrupted during cirrhosis and beneficial bacteria are
reduced while pathogenic bacteria are increased, which causes animbalance in the intestine [37],

[38], [44], [45].
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There is conflicting data on the expression of intestinaltight junctions during cirrhosis development
[124], [154], [155]. Intestinal staining inthe duodenum of cirrhosis patients showed decreasing
Occludin and Claudin-1 with cirrhosis severity, however in a different study intestinal Claudin-3 and
Claudin-4 expression was decreased and Occludin was increased in cirrhosis [124][155]. Another
study showed increased Claudin-2 levels in the intestine of decompensated cirrhosis, but no
difference in Occludin or Claudin-1 [154]. These junctions regulate paracellular permeability
facilitating selective absorption and transport of nutrients, and thus dysregulation of these junctions

during cirrhosis progression can contribute to bacterial translocation [122].

Additionally, intestinal immune cells in the lamina propria are activatedin cirrhosis [154]. During
cirrhosis development intestinal macrophages are activated, whichis part of the immune response
to bacteria to regulate intestinal inflammation [154]. An intestinal pro-inflammatory immune
response was increasedin a rat model of cirrhosis with ascites, which was associated with epithelial
junction disruption and bacterialtranslocation [156]. Decontamination of the intestine reduced the
pro-inflammatory increase, as well as reduced bacterial translocation [156]. In a mice model of
cirrhosis intestinal microbiome activated macrophages contributedto intestinal cell death,
permeability and inflammation [157]. These studies thus show thatin cirrhosis activation of
intestinal macrophages can contribute to bacterialtranslocationand disease progression [154],

[156], [157].

Furthermore, important intestinal epithelial cells that help regulate intestinal barriers with mucus
and antimicrobial proteins are reduced in cirrhosis [138][158]. Importantly, a reduction of intestinal
Paneth was shown to be associated with bacterial translocationin a cirrhosis rat model [138].
Besides a reduction in Paneth cells, reduced Goblet cells and mucus layer was found in the intestine
of cirrhosis mice, which associated with bacterial overgrowth and bacterial translocation [158].
These studies show alterations of the intestinal epithelium that occurs during cirrhosis, which
contributes to bacterial translocation, as summarisedin Figure 12. However, the driving mechanisms
that causes a reduction in Paneth cells and Goblet cells, i.e. increased cell death, decreased

proliferation, decreased differentiation, remains unknown.
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Figure 12: Healthy intestinal barriers vs disrupted intestinal barriers. A healthy intestine on the left with a “good”
microbiome, mucus layer, diverse epithelial cell monolayer, and on therighta disrupted intestine with dysbiosis, reduced

mucus layer, reduced epithelial cell monolayer diversity facilitating bacterial translocation.

1.4 Cell death:

1.4.1Intestinal cell death mechanisms

Regulation of cell deathin the intestinal epithelium is required to maintain epithelial homeostasis,
with an estimated 300 new cells being generated from stem cells in the intestinal crypt every day
[159][150]. These newly generated cells differentiate and migrate upward on the villi, where they
are extruded at the top. Apoptosis, necroptosis, anoikis, and pyroptosis of intestinal epithelial cells
control the turn-over of cells to maintain an consistent number of cells in the monolayer, and the
extrusion of these dying cells together with the remodelling of microtubules maintains the
monolayer integrity, Figure 13 [150]. While apoptosis and anoikis do not elicit an immune response,
pyroptosis and necrosis cause DAMP release, which elicits animmune response. Apoptosis typically
occurs in cells at the top of the villi, which are differentiated epithelial cells at the end of their life.
Apoptosis creates apoptotic bodies, which encapsulate the intracellular contents, sothey are not
releasedin the environment [160]. Anoikis is caused by mechanical or pathogen-induced pathways
leading to extrusion of the epithelial cell from the monolayer [161]. This extrusionfrom the
monolayer in turn causes apoptosis in the cell, resulting in animmune silent removal of the cell.
Necroptosis is a lytic form of cell death, where intracellular contents are released, causing a pro-
inflammatory immune response [160]. Necroptosis is considered to substitute for apoptosis when
effector caspases facilitating apoptosis are dysregulated. Pyroptosis is also a lytic pro-inflammatory
cell death. Pyroptotic cell death is activatedin response to PAMPs and DAMPs and contributes to
the defence against infiltrating bacteria, and therefor will be further discussed below [162].
Pyroptosis causes the release of intracellular contents including pro-inflammatory cytokines that
help elicitan immune response and combat bacteria. Disruption of these cell death pathways
contribute to inflammation in the gut and is associated with inflammatory bowel disease in patients

and animal models [150], [163]-[165].
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Regulating cell death and stemness tobalance turnover and cell renewalin the intestinal epithelium
is required to maintainthe intestinal barrier’s integrity, Figure 14 [150][166]. Disruption of stemness
and cell death pathways canimpair the mucus layer by a reduction in Goblet cells, decrease
antimicrobial protein secretion by a reduction in Paneth cells, and increase inflammation by Iytic cell
death upregulation [167]—-[169]. Investigating cell death pathways and cell renewal during cirrhosis

can thus help elucidate underlying causes of a leaky gut.
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Figure 13: Four modes of cell death/extrusion regulating intestinal cell turnover. Cell turnover in the intestinal epithelium

is regulated by apoptosis, anoikis, necroptosis, and pyroptosis to maintain epithelial homeostasis.
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Figure 14: Graphic representing the balance of cell renewal and removal in the intestinal epithelium. Cell renewal by
crypt stem cells and removal by apoptosis, anoikis, necroptosis, and pyroptosis needs to be balanced to maintain epithelial

monolayer homeostasis.

1.4.2 Pyroptosis

As mentioned before, pyroptosis is a pro-inflammatory lytic cell death in response to PAMPs and
DAMPs. Pyroptosis causes the release of cellular contents and cytokines, including mature IL-1p and
IL-18, which is mediated by the Gasdermin family of proteins [170]. The cleaved N-terminal part of
GSDMD can form pores in the membrane cells (including bacterial membranes, through which
cytokines and cellular contents are released, leading to lytic cell death [170]-[172]. GSDMD can be
cleaved via two pathways, the canonical inflammasome pathway via caspase-1, or the non-canonical

inflammasome pathway via caspase-4/5, as shownin Figure 15.

Canonical inflammasome pathway

The canonical inflammasome pathway is activated by the recognition of PAMPs and DAMPs by
patternrecognition receptors (PRRs) [173]. Members of the inflammasome PRRs, such as the NLRP
complexes are specialisedto recognise different PAMPs and DAMPs. NLRP3, together with
mitochondria, is suggested to monitor K* efflux, mitochondrial Ca2?* uptake, reactive oxygen species,
mitochondrial DNA, and lysosomal cathepsins to recognise PAMPs and DAMPs, pore-forming toxins,
crystals, UV radiation, and protein aggregates. NLRP1 recognises Bacillus anthracis (also known as

Anthrax) and lethal toxins via it’s receptor binding, NLRC4 recognises Flagellin, T3SS and T4SS, and
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AIM2 receptor binds to virus DNA, Francisella tularensis and Listeria monocytogenes [173][174].
These PRR bind with apoptosis-associated speck-like protein containing a CARD (ASC) to form ASC
specks, which cleave caspase-1into its active form [173][175]. NLRP1and NLRC4 can activate
caspase-1independent of ASC, but the activation is enhanced by ASC. Active caspase-1inturn

cleaves IL-1B, IL-18 and GSDMD into its active form [174].

Non-canonical inflammasome pathway

In the non-canonical inflammasome pathway LPS canactivate caspase-4/5in humans (caspase-11in
mice) directly without an intermediate PRR [170]. Active caspase-4/5in turncan cleave and activate
GSDMD [170]. Although caspase-4/5 cannot cleave IL-1Band IL-18, caspase-1 has beenshown to

indirectly be activatedvia NLRP3 during non-canonical inflammasome activation [176].
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Figure 15: Overview of pyroptosis showing canonical and non-canonical inflammasome pathway activation. Pathway
activation of the canonical inflammasome (top) via caspase-1 leading to IL-18 and IL-18 maturation and Gasdermin-D
activation, and pathway activation of the non-canonical inflammasome (bottom) via caspase-4/5/11 leading to Gasdermin-

D activation.

Pyroptosis induced inflammation
Infiltrating bacteria candirectly induce pyroptosis in intestinal epithelial cells, which contributes to

the bacterial defence via the cytokines and DAMPs release [177]. Additionally, the non-canonical
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inflammasome activation contributes to the antimicrobial defence in the intestinal epithelium, with
caspase-4 deficiency resulting in decreased pyroptosis and increased bacterial colonization [178].
However, caspase-1 mediated intestinal epithelial cell extrusionleads to anincreasein permeability
[164]. Thus, intestinal pyroptosis contributes to the antimicrobial defence, but over-activation can
disrupt the barrier integrity. The pro-inflammatory cytokines IL-13 and IL-18 play a key role for
regulating inflammation. Experimental sepsis mice with IL-1p and IL-18 deficiency showed reduced
mortality, which indicates that inflammasome activation contributes to inflammation [179].
Similarly, in the intestine canonical inflammasome and non-canonical inflammasome activation
contribute to regulate inflammation. There are conflicting results whether inflammasome
contributes to or protects against inflammation. Caspase-1 deficiency protected against colitis in
mice [180]. However, in a different study NLRP3 or ASC and caspase-1 deficient mice had increased
susceptibility to colitis [181]. Similarly, caspase-11 deficient mice had increased susceptibility to
colitis [182]. Furthermore, GSDMD has been shown to mediate pyroptosis-independent release of
GSDMD and IL-1B extracellular vesicles in intestinal epithelial cells during IBD with GSDMD
deficiency attenuating disease severity [183]. Thus, regulating inflammasome activationand
pyroptosis in the intestine is important for proper antimicrobial defence, while maintaining barrier

integrity.

Inflammasome activation during liver disease

Inflammasome activation has been shown during liver disease and contribute to disease
progression. Canonical and non-canonical inflammasome have increased expressionin livers of
NASH patients, as well as increased CHOP expression [184]. Increased UPR and canonical and non-
canonical inflammasome activation is found in NASH mice model, with similar results in obese mice
treated with an ER stress inducer, showing the link with ER stress and inflammasome activationin
liver disease. The NLRP3 inflammasome is alsoincreasedin a NASH rat model, with degree of gut
dysbiosis correlating with IL-1P [185]. Furthermore, NLRP3 deficiency causes increased liver injury,
gutimmune dysregulation, intestinal permeability, dysbiosis, and bacterial translocation [186].
Antibiotic treatment, whichis often prescribed tocirrhosis patients, has been shown to disrupt
intestinal barriers with increased intestinal permeability, decreased tight junctions and increased
activation of NLRP3 inflammasome and autophagy [187]. Lastly, non-canonical inflammasome
activationis associated with disease progressionin cirrhosis [188]. These studies show that
inflammasome activation and potential ER stress sensitisation contributes to liver disease and

disease progression, but their role in the intestine during cirrhosis remains unknown.
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1.4.3 ER stress

ER stress is caused by extrinsic or intrinsic factors that disrupt protein folding leading to the
accumulation of unfolded/misfolded proteins, which has been shown to affect intestinal stemness
and induce cell death [189][190]. Inresponse to ER stress ER-associated degradation (ERAD) and the
unfolded protein response (UPR) pathways are activated, as summarisedin Figure 16 [191]. The
ERAD pathway degrades incorrectly folded proteins by transporting these proteins to the
proteasome, andthe UPR alleviates ER stress by decreasing protein synthesis, andincreasing
proteins involved in protein folding and protein degradation [191][192]. Increased ER stress is
associated with intestinal barrier disruption in inflammatory bowel disease and has been indicated in

the intestine during liver disease [190], [193], [194].

Unfolded protein response

The key initiator protein of the UPR is GRP78, also known as BIP or HSP5a [191]. The accumulation of
unfolded and misfolded proteins causes GRP78 torelease from the three key transmembrane
receptors of the UPR (IRE1, PERKand ATF6), and GRP78 instead binds to the unfolded and misfolded
proteins, which facilitates protein folding [191].

IRE1 oligomerizes and phosphorylates by the disassociation of GRP78 and/or direct interaction with
unfolded [195]-[200]. Activated IRE1 splices XBP1 mRNA, which switches XBP1 protein production
from unspliced XBP1 (XBP1u), to spliced XBP1 (XBP1s)[201] [202]. XBP1u inhibits transcription of
UPR target genes, e.g. lipid biosynthesis enzymes, ERAD proteins, chaperones, etc., whereas XBP1s
activates these genes [201] [203].

PERK oligomerizes and phosphorylates by the release of GRP78, which in turn phosphorylates and
inhibits elF2a [191], [204]—-[206]. Activated elF2a is involved in initiating translation, so PERK
inhibiting elF2a thereby reduces protein synthesis. Conversely, elF2a inhibition induces ATF4, which
increases aminoacid transport proteins, XBP1, chaperones, CHOP (cell death transcription factor),
etc. [207] [208].

ATF6 is transported tothe Golgi apparatus via membrane vesicles by the disassociation of GRP78
and/or unfolded protein signalling [209]. ATF6 is cleaved in the Golgi apparatus by Golgi proteases,
whereafter the active N-terminalfragment of ATF6 canactivate UPR target genes, including GRP78
and XBP1, but further remains largely unknown [201][210].

The activation of these three arms of the UPR will lead to an increase in chaperone proteins for
protein folding, an increase in ERAD proteins for protein degradation, and a decrease in transcription
to reduce protein synthesis, inan attempt to alleviate ER stress. However ifthese processes are not
sufficient to re-establish ER protein homeostasis, prolonged UPR activation initiates apoptosis via

CHOP [189][211].
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Figure 16: A representation of the unfolded protein response. Transmembrane receptors are activated directly by
mis/unfolded proteins, and/or indirectly by the disassociation of GRP78. ATF6 is transported to the Golgi apparatus, where
itis cleaved into its active form. This N-terminal fragment induces UPR target genes. Release of GRP78 causes PERK to
oligomerize, phosphorylate, and activate, which phosphorylate and inactivate elF2a, thereby reducing mRNA translation.
Phosphorylation of elF2a also increases ATF4, which induces UPR target genes. GRP78 disassociation and/or unfolded
protein signalling activates IRE1. This splices XBP1 mRNA, which translatesinto XBP1s. This decreases the unspliced XBP1u
from inhibiting UPR target genes, which isthen induced by XBP1s. Together the UPR arms facilitate protein folding, increase

protein degradation, inhibit protein synthesis, and can eventually lead to cell death.

ER stressinliver disease
ER stress has beenshown to contribute to liver disease, including NAFLD, hepatitis, paracetamol
overdose, hepatic ischemia-reperfusionand ALD, and disease progression [212]-[220]. However, the

role of ER stress inthe intestine during liver disease remains largely unknown.

Cirrhosis rodent models showed increased ER stress and UPR activationin the liver [221] [222]-
[224]. The ER stress lead to a sensitised cell death response to LPS, with reduced TRAF2 (anti-
apoptotic protein) expressionin the liver [221]. However, CHOP deficiency did not protect against
liver damage, which indicated that UPR-CHOP induced cell death does not play a significant role in

liver injury during cirrhosis development [222][223].
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One study showed increasedintestinal ER stress and decreased stemness in cirrhosis patients as well
as in bile duct ligated mice [194]. In the model CHOP deficiency reduced liver injury, liver cytokine
expression, and apoptotic liver cells. In the intestine of the model, CHOP deficiency inhibited the
increase inimmune response and cell death and inhibited the decrease of crypt and villi length from
the cholestatic liver injury mice model. CHOP deficiency mostly did not affect tight junctions or
adherens junctions in the smallintestine but did inhibit the decrease of tight junctions and adherens
junctions in the colon, and reduced permeability and translocationin the model. This is only one
paper and the increased of intestinal ER stress and decreased stemness expressionin cirrhosis
patients is shown in the supplementary data with relative mRNA levels, however it does indicate a

potential role of intestinal ER stress, cell death, and stemness incirrhosis.

ER stress induced intestinal disruption

Activation of the UPR in stem cells reduce intestinal stem cell marker genes Lgr5 and Olfm4 and self-
renewal properties [190]. The loss of stemness causes these cells to differentiate and migrate
upwards on the villi [190]. ER stress induced loss of stem cells is dependent on the PERKarm [190].
Particularly, the inhibited translation caused by elF2a phosphorylation, resultedin reduced short
half-life stem cell proteins (e.g. MYC) that are important for the self-renewal properties [225] [226].
XBP1 and/or ATF6 overexpression in colon cells decreased WNT dependent LGR5 and OLFM4, which
decreased proliferation [227]. Co-overexpression of GADD34 (protein opposing the PERKarm)
rescued the stem cell markers, proteinsynthesis, and proliferation of the XBP1 overexpressing cells.
Deficiency of XBP1, which leads to perpetual activation of the unfolded protein response, in mice
leads to an absence of Panethcells, a decrease of Goblet cells, and an increase in stem cells
migration upward on the villi in the intestine [228]. These XBP1 deficient mice have increased
susceptibility to colitis induction, and the UPR is induced in the colon of IBD patients [193][228].
These studies show that ER stress and UPR dysregulation canreduce intestinal stemness and disrupt
intestinal barrier integrity by reducing Paneth cells and Goblet cells, which leads to reduced

antimicrobial protein secretionand a reduced mucus layer.

ER stress sensitised cell death

ER stress canleadto apoptosis via CHOP by prolonged UPR activation when the UPR is not able to
resolve the ER stress. During liver disease progression of NAFLD, NASH patients show increased liver
CHOP expression, but also pyroptosis markers [184], [229], [230]. ER stress and UPR has been shown
to sensitise cells for cell deathindependent of CHOP induced apoptosis, specifically pyroptosis is
sensitised by ER stress [231]—-[233]. In IBD UPR markers are upregulated, but CHOP expression is

downregulated, which could indicate that ER stress sensitised, CHOP independent, cell deathis
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involved in the disruption of the intestinal barrier during IBD [234]-[236]. The effect of ER stress on

intestinal epithelial cell death and barrier integrity during cirrhosis remains unknown.
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1.5 Hypothesis and Aims

The above-mentioned changes in the gut during cirrhosis e.g., gut dysbiosis, epithelial barrier
dysfunction, immune cell activation, etc., mayindicate that intestinal epithelial injury is associated
with cirrhosis, which can contribute to increasedintestinal permeability. Therefore, | hypothesize
that intestinal epithelial injury, and inflammatory and cell death responses contribute to gut barrier
dysfunction during cirrhosis progression. Intestinal epithelialinjury may cause anincrease of PAMPs
and DAMPs in the systemic circulation, which may contribute to the systemicinflammation and

progressionto decompensated cirrhosis.

Are ER stress mediated intestinal inflammasome activation and pyroptotic cell death
associated with cirrhosis?

Hypothesis: ER stress mediated intestinalinflammasome activation and pyroptotic cell death are

associated with cirrhosis.

Aim 1: Characterise intestinal inflammasome activationin cirrhosis mouse models.

Aim 2: Characterise intestinal ER stress induction (UPR) in cirrhosis mouse models.

Aim 3: Determine synergy between ER stress and non-canonical inflammasome activation on
intestinal cell death.

Aim 4: Characterise intestinal ER stress induction (UPR) in cirrhosis patients.

Development of a permeability assay for mouse intestinal organoids.

Hypothesis: Mouse intestinal organoids can be usedto quantify intestinal epithelial permeability.

Aim 1: Measure intestinal organoid permeability using established protocols.

Aim 2: Develop a permeability assay for mouse intestinal organoids.

Are increased intestinal cell death and reduced stemness associated with cirrhosis?

Hypothesis: Increased intestinal cell death and reduced stemness are associated with cirrhosis.

Aim 1: Characterise intestinal cell deathin cirrhosis patients.

Aim 2: Characterise intestinal cell deathin cirrhosis rodent model.

Aim 3: Characterise intestinal stemness in cirrhosis rodent models.

Aim 4: Determine effect of reduced stemness onintestinal cell death, permeability, and
proliferation.

Aim 5: Characterise cell death, permeability, and proliferation in intestinal organoids derived from
cirrhosis rodent models.

Aim:6 Therapeuticallytarget cell death and stemness for beneficial effects on cell death,

permeability, and proliferation in intestinal organoids derived from cirrhosis rodent models.
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2 Methods

2.1 Invivo

2.1.1 Human patient intestinal biopsy ethics

We received approval for the acquisition of UCL-RFH Biobank formalin fixed and paraffin embedded
intestinal biopsy samples from the Royal Free London NHS Foundation Trust Biobank (National
Research Ethics Service, NRES, approved Research Tissue Bank). Project Title: Intestinal cell death
and inflammasome activationin cirrhosis, Reference number: NC2021.18, NRES number:
16/WA/0289. | received a certificate of achievement in Good Clinical Practice (GCP) from the NIHR,
and a research passport and letter of access for research from the Royal Free Hospital — NHS
Foundation trust to collect data and documentation of NHS patient information for “Intestinal Cell
Deathand Inflammasome Activationin Cirrhosis” in compliance with NHS Confidentiality Code of

Practice and the Data Protection Act 2018.

2.1.2 Animal experiment approval and housing

All rodent animal experiments were performed according to the Home Office guidelines under the
UK Animals in Scientific Procedures Act of 1986 (updated in 2012). The animals were maintained per
the principle, guidelines, and study approval from the Ethical Review Board (AWERB) and conducted
with a United Kingdom Home Office project license from Prof. Nathan Davies. The animals were
housed and treated for experiments at the Biological Support Unit of Royal Free and University
College Medical School, University College London. Sprague-Dawley rats and C57BL/5 (wild type,
Caspase-11KO, Caspase-1+11 KO) mice were housed in a temperature (19C-23C), light (12/12 hours
light/dark cycle) and humidity (~¥50%) controlled facility and received standard chow and water ad

libitum.

2.1.3 Mouse subcutaneous CCl4

To better understand liver disease and liver fibrosis in particular, in vivo models (mainly mice and rat
models) have been created and utilised. The induction of liver injury can be subdivided into 6
groups: immune damage-induced liver fibrosis model, transgenic animal liver fibrosis model, alcohol-
induced liver fibrosis model, diet metabolism-induced liver fibrosis model, chemical drug-induced
liver fibrosis model, and surgery-induced liver fibrosis model [237]. The immune damage-induced
liver fibrosis model is mainly a model for autoimmune hepatitis; transgenic animal liver fibrosis
model to study hepatitis virus with a narrow host range, which requires human liver cells, or to
identify the role of a specific gene; alcohol-induced liver fibrosis model to study alcoholic liver
disease; diet metabolism-induced liver fibrosis model for NAFLD/NASH; chemical drug-induced liver

fibrosis model for liver fibrosis/cirrhosis; and surgery-induced liver fibrosis model for cholestatic liver
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fibrosis/cirrhosis [237]. For this study, | utilised a chemical drug-induced liver fibrosis model and a
surgery-induced liver fibrosis model to induce cirrhosis in rodents, which best suited the focus of this

project.

We subcutaneously administered CCl4 (chemical drug-induced liver fibrosis model) for 12 weeks to
induce cirrhosis and examine the effect of cirrhosis on the intestine. CCl4 is a compound that can
directly damage liver cells. Domenicali et al. showed that subcutaneous administration of CCl4
successfullyinduced cirrhosis, albeit at 13 weeks [238]. The more conventional intraperitoneal
injection of CCl4 causes extensive abdominal adhesions and evidence of enhanced hepatic
inflammation, which is a potential confounding effect when investigating the role of the gut-liver
axis in cirrhosis [238]. Subcutaneous administration of CCl4 reduces this potential confounding
effect, but subcutaneous administration of CCl4 can cause the formation of granulomas at the site of
injection [238]. The reduced confounding effect on subcutaneous administration of CCl4 on the
abdomen makes this treatment the better option compared to intraperitoneal to model cirrhosis for

this project focussing on the intestine.

Figure 17: Representing image showing subcutaneous injection. Subcutaneous injection in mice for chemical drug-induced

liver fibrosis mice model.

Olive oil (control) and carbon tetrachloride (CCl4) was administered to mice subcutaneously twice
every week for 12 weeks (cirrhosis). After 12 weeks of treatment mice were injected with water or
2mg/kg LPS Klebsiella pneumoniae 4 hours before sacrifice (cirrhosis + precipitating event). The mice
model was performed by Ms. Abeba Habtesion at the Royal Free BSU. Liver, kidney, and colon
tissues from the animal model was split between flash frozen for molecular analysis and fixed for

histology. Serum was collected at sacrifice for ALT and creatinine analysis, measured with Cobas
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Integra 400 automated analyzer (Roche Diagnostics, Burgess Hill, UK) using relevant kits according to

manufacturer’s instructions.
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Figure 18: Mouse subcutaneous CCl4 model.

Additionally, Schalk van der Merwe utilised an extended subcutaneous CCl4 model with
subcutaneous administration of CCl4 twice every week for 14 weeks followed by three times CCl4
subcutaneous administration every week, with phenobarbital added to ad libitum drinking water.
From 14, 17 and 20 week treated mice, they collected liver and colon tissue split between flash
frozen for molecular analysis and fixed for histology. They collected serum at 14 weeks and 19 weeks
into CCl4 administration for ALP, AST, ALT, albumin, and creatinine analysis. The mice model from
the group of Schalk van der Merwe (Laboratory of Hepatology) will be referenced as 14, 17 and 20

weeks.

2.1.4 Rat bile duct ligation

The other in vivo model | utilised was a surgery-induced liver fibrosis rat model, which induces
cholestatic cirrhosis by bile duct ligation. Cholestatic liver diseases show a reduction of bile flow,
which can lead to chronic inflammation, which in turn can cause further injury in the bile duct and
liver [112]. Cholestasis canoccur by extrahepaticfactors e.g. bile duct tumours, cysts, pancreatitis,
etc. but also by intrahepatic factors e.g. alcoholic liver disease, viral hepatitis, etc. [112]. Bile duct
ligation models induce cholestatic liver fibrosis/cirrhosis by restricting the bile flow in the bile duct
[237]. Bile duct ligation causes bile duct stenosis and increased bile duct pressure, and liver cirrhosis
after 2 to 4 weeks [239]. This bile duct ligation therefore complements the subcutaneous CCl4

cirrhosis model with a cirrhosis cholestasis model.
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Figure 19: Representing image showing bile duct ligation. Bile duct ligation in mice for surgery-induced liver fibrosis

model.

Rats were sham operated (control) and double bile duct ligated for 2 weeks (cholestatic cirrhosis).
BDL rats were additionally gavaged with 1% DMSQ in corn oil 23 hours and 5 hours before sacrifice
and injected with 0.03mg/kg LPS Klebsiella pneumoniae 3 hours before sacrifice (cholestatic cirrhosis
+ precipitating event), or 100mg/kg Disulfiram (DFF) dissolved in 1% DMSO in corn oil 23 hours and 5
hours before sacrifice, and injected with 0.03mg/kg LPS Klebsiella pneumoniae 3 hours before
sacrifice (cholestatic cirrhosis + treatment + precipitating event). The rat model was performed by
Ms. Abeba Habtesionand Ms. Andrea Krstevskiat the Royal Free BSU. Liver, kidney, and intestine
tissue from the animal models is split between flash frozen for molecular analysis and fixed for
histology. Duodenum, jejunum, ileum, caecum, and colon of the intestinaltractis dissected as
shown in Figure 21, with cut marks separating the parts with a black line. Serum was collected at
sacrifice for creatinine, ALT, ammonia, GGT, GLUC, and AST analysis, measured with Cobas Integra
400 automated analyzer (Roche Diagnostics, Burgess Hill, UK) using relevant kits according to

manufacturer’s instructions.
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Figure 20: Rat bile duct ligation model.
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Figure 21: Proximal (stomach) to distal (rectum) anatomy drawing of a rodent intestine.

2.1.5 Mouse bile duct ligation

Mice were sham operated (control) and double bile duct ligated for 2 weeks (cholestatic cirrhosis).

Mice were additionally gavaged with 10% DMSO in corn oil every day for 4 days leading up to
sacrifice or 40mg/kg Disulfiram dissolved in 10% DMSO in corn oil (treatment) every day for 4 days
leading up to sacrifice. The mice model was performed by Ms. Abeba Habtesion, Ms. Andrea

Krstevski, and Dr. Ugo soffientini at the Royal Free BSU.
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Figure 22: Mouse bile duct ligation model.
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2.2 |Invitro

2.2.1Cell culture

The subcutaneous CCl4 cirrhosis mice and BDL cholestatic cirrhosis rat in vivo models of liver
cirrhosis and cholestatic liver cirrhosis were used to analyse pathways in the intestinal epithelium,
however in vitro models of the intestine are better suited toanalyse the effect of specific
insults/treatments on the epithelium and/or determine the causality of pathway
activation/inhibition on the epithelium. Commonly, caco-2 and HCT-116 cell lines are used as an in
vitro model for the intestine [240][241]. These cell lines are intestinal epithelial cells derived from a
colorectal adenocarcinoma (caco-2) and colorectal carcinoma (HCT-116). These cell lines can be used
for high-throughput screening of compounds/insults, for instance caco-2 cells are commonly used to
investigate permeability via a Transwell grown caco-2 monolayer, and cell death is easily assessable
on 2D cell cultures[242]. However, these cell lines do not model some key aspects of the intestine
epithelium. Caco-2 and HCT-116 cell lines lack the various other cell types presentin the intestinal
epithelium, i.e. Goblet cells, Paneth cells, Enteroendocrine cells, Stem cells, and Tuft cells, as well the

crypt and villi structure of the intestine [243].

Caco-2 and HCT-116 cells were cultured with standard culture methods. Cells were cultured in sterile
tissue culture treated flask for cell passaging and maintenance, with 20% FBS for Caco-2 and 10%
FBS for HCT-116in DMEM, 100/100U/ml Penicillin/Streptomycin at 37C with 5% CO,. Passagecells
after reaching confluency ~80-90%. Discard media, disassociate cells by adding pre-warmed Trypsin
solution (0.25% Trypsin & 1ImM EDTAin Hank’s balanced salt solution) to cover the cells, incubate at
37C with 5% CO, for 5 minutes and resuspend cells with pre-warmed complete growth media.
Centrifuge cells at 500g for 5 minutes, remove supernatant and resuspend cells in fresh pre-warmed
complete growth media, and plate in flasks for passaging or in cell culture treated well plates for

experiments at ~20-40% confluency.

2.2.2 Organoid derivation and culture

Organoids derived from intestinal crypts do contain the various cell types that are presentin the
intestine epithelium and form into a 3D budding spheroid that organises into crypt and villi —like
structures, as shownin Figure 23 [244]. Intestinal stem cells inside the isolated intestine crypts
proliferate and differentiate, similarly to the intestine, toform the intestinal organoid, while
maintaining stemness [244]. These cells form an intact monolayer with the apical side inward and
basolateral side outward, creating the lumen inside the intestinal organoid. Cells proliferated from
the stem cells are pushed up the villi and dying cells at the top of the villi are extruded out into the

lumen of the organoid, while maintaining an intact monolayer [245]. Small intestinal derived
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organoids with intestinal organoid media and colon derived organoids with colon organoid media
differ in phenotype with intestinal organoids forming a budding spheroid whereas colon organoids
balloon [244]. The characteristic of an intact monolayer, morphology, and cell composition similar to
the intestine makes intestinal organoids a suitable model to study the intestinal epithelium in vitro.
Although this project has a focus on the colon, intestinal organoids with their budding structure
more similar to villi and crypts, as well as the larger sample length of the smallintestine compared to

the colon made intestinal organoids better suited for this project.

Figure 23: lllustration showing the structure and cell variety of an intestinal organoid.

| usedintestinal organoids to study the effect of inflammasome, UPR, and stem-ness
inducers/inhibitors on permeability, cell death, and growth. Permeability was determined with a
permeability assaythat | developed specifically for this project [1], cell death with LDH release
and/or propidium iodide staining [246], and growth by the size of the organoids after incubation
[247]. By measuring permeability in intestinal organoids, the direct effect of inflammasome, UPR,
and stem-ness activation/inhibition on intercellular junctions can be examined. Additionally, the
effect on intestinal epithelial cell viability of these pathways can be determined with LDH release
and propidium iodide staining. Lastly, by analysing organoid growththe cell renewal capabilities of
stem cells are examined, which is needed to replenish the epithelium. Intracellular junctions, cell
viability, and cell renewal are key factors in order to maintainthe homeostasis of an intact epithelial
monolayer [139], [150], [166]. Thus, by measuring the effect of inflammasome, UPR, and stemness
activation/inhibition on intestinal organoid permeability, cell death, and growth the intestinal

epithelial integrity can be examined.

Derive mouse intestinal organoids from smallintestine [244]. Dissect andisolate mouse small

intestine (minimal 5cm) and remove binding tissue. Flush the smallintestine tube withice cold PBS.

58



Cut open the intestine longitudinally and scrape off left over stool and villi with a glass superfrost
slide. Cut the intestine into one-centimetre pieces into a 50ml falcon tube with ice cold PBS. Gently
wash the intestinal pieces 5 times with fresh ice cold PBS and replace PBS with 30ml of 2ZmM EDTAn
PBS and incubate rotating at 4C for 30 minutes. Replace 2mM EDTA in PBS with fresh ice cold PBS.
Vigorously shake for 5 seconds and strain supernatant through 70um cell strainer into a falcon tube.
Analyse droplet of the strained supernatant for high crypt to debris ratio, add fresh PBS to intestinal
pieces and repeat shaking and straining step to create 2" fraction, repeat until high crypt to debris
ratio is obtained. Centrifuge best fraction at 500g for 3 minutes and discard supernatant. Resuspend
crypt cell pellet in Matrigel to plate 30ul domes at roughly 100 crypt cell clumps per dome, 1 dome
in 24 well plate, 4 domes in 12 well plate, or 8 domes in 6 well plate per well. Incubate the plate at
37C with 5% CO, for 15 minutes to stiffen the Matrigel. Afterwards add intestinal organoids medium
with Y-27632 (500ul for 24 well plate, 1ml for 12 well plate, and 2ml for 6 well plate) for 7-10 days
with fresh medium every 3-4 days to grow the organoids. Afterwards passage organoids every week.
Remove media from well and disrupt organoid dome by resuspending vigorously with ice cold PBS.
Transfer suspensionto falcon tube and rinse the well once with fresh ice cold PBS and transfer to the
falcon tube to collect stuck organoids. Centrifuge falcon tube at 500g for 3 minutes and discard
supernatant. Resuspend crypt cell pellet in Matrigel to plate 30ul domes at roughly 100 crypt cell
clumps per dome, 1 dome in 24 well plate, 4 domes in 12 well plate, or 8 domes in 6 well plate per
well. Incubate the plate at 37C with 5% CO, for 15 minutes to stiffen the Matrigel. Afterwards add
intestinal organoids medium (with Y-27632 for initial couple passages) (500ulfor 24 well plate, 1ml
for 12 well plate, and 2ml for 6 well plate) for 7 days with fresh medium every 3-4 days to grow the

organoids.

Mouse intestinal organoid medium: DMEM/F12 (1:1) + L-Glutamine + 15mM HEPES (Gibco 11330-
032), 100/100 U/ml Penicillin/Streptomycin, 1x N2 supplement (ThermoFisher 17502-048), 1x B27
supplement (17504-044), 1mM N-Acetylcysteine (Sigma-Aldrich A9165-5G), 50ng/ml mEGF
(Peprotech 315-09), 100ng/ml mNoggin (Peprotech 250-38), 1ug/ml hR-Spondin-1 (Peprotech 120-
38). For the initial culture and first few passes of mouse derived intestinal organoids add Rock

inhibitor Y-27632 (Peprotech 1293823) to the medium at a final 10puM concentration.

Alternative intestinal organoid medium: 1:2:7 ratio of Noggin CM: R-Spondin-1 CM: DMEM/F12 with
final concentration of 100/100 U/ml Penicillin/Streptomycin, 1x N2 supplement, 1x B27 supplement,
1mM N-Acetylcysteine, and 50ng/ml mEGF. Compare this alternative mouse intestinal organoid
medium tothe mouse intestinal organoid medium with recombinant R-Spondin-1 and Noggin on

intestinal organoids for organoid growth and health.
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Create R-Spondon-1 and Noggin conditioned medium [248]. Culture 293T-HA-RSpol-Fc and HEK293-
mNoggin-Fc cells in 10% FBS in DMEM (P/S) with selection antibiotic, 300ug/ml Zeocin for R-Spondin
and 500ug/ml G418 for Noggin producing cells. Plate cells in a T-175 flask with 50m| 10% DMEM
(P/S) media (without selection antibiotic) until roughly 60% confluency. Replace media with 50ml
DMEM/F12 (P/S). After 5-7 days collect conditioned media. Centrifuge to pellet cells and filter
supernatant througha 0.2umfilter and store conditioned media at -20C.
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Figure 24: Method to derive intestinal organoids from mouse small intestine crypts.

2.2.3 Organoid cell death, permeability, and size assay

After treatment on plated mouse intestinal organoids in Matrigel, add HOECHST and Propidium
lodide to the media at 5pg/ml final concentration of both HOECHST and Propidium lodide. Incubate
for 30-60 minutes at 37C with 5% CO,. Set Cytation 5 temperature to37C and image organoids at
fluorescent DAPI (HOECHST), GFP (green background autofluorescence), and RFP (Propidium lodide)
channels as a Z stack. Open fluorescence images in Fiji/Image J (with SCF plug-in, segmentation,
interactive wand tool 2D). Z-project image stacks (Max intensity) of DAPI, GFP, and RFP channels. In
the Z projected DAPI channel select the organoid with the wand tool and measure pixel area for the
size of the organoid. In the Z projected RFP channel paste the organoid selected region
(Control+Shift+E) and measure the intensity (Mean gray value) for the cell deathin the organoid. In

the Z projected GFP channel select the organoid green fluorescent lumen with the wand tool, paste
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the lumen selected region in the Z projected RFP channel and measure the intensity for the stained

dead cells in the organoid lumen as a marker for permeability.

2.3 Protein

2.3.1 Protein isolation tissue and cell culture

Protein was isolated from tissue with RIPA. Add beads, ~5mm tissue, and 500ul PBS to screw cap
Eppendorf tubes. Homogenize sample with a bead-base homogenizer. Centrifuge for 15 minutes at
16,000g at 4C to pellet beads and non-homogenised tissue and collect supernatant. Transfer 200ul
supernatant tonew tube and resuspend with 100ul 3 times concentrated RIPA with proteinase

inhibitor. Aliquot and store protein mixture at-80C.

Protein was isolated from cell culture with RIPA. Collect supernatant cell media from cell culture
plate, centrifuge for 5 minutes at 500g, store supernatant, and resuspend cell pellet (floating and
dead cells) with RIPA (same volume as media). Collect RIPA mixture and resuspend adherent cells in

the cell culture plate with RIPA mixture. Aliquot and store protein mixture at -80C.

2.3.2 Western blot

BCAassaycelllysate to measure protein concentration. Add 12.5ul BSA standard (2000, 1000, 500,
250, 125, Opg/ml) and 5x diluted sample to 96 wells plate. Add 200l reaction mix to standard and

samples (50:1 Bicinchonic acid: 4% cupric sulphate)and incubate for 1 hour at 37C or 2 hours at RT.
Measure wavelength at 562nm to measure concentrationand 450nm to remove background.

Calculate concentration according to standard curve.

Prepare samples for western blot by mixing sample, ddH20, DTT, loading buffer for equal protein
concentration per sample, 200mM DTT, 1xloading buffer. Incubate at 95C for 5 minutes, centrifuge,
and load ladder and samples in the gel according to manufactures gel loading volume. Run gel at 140

Volts for 1 hour at 500 milliamps maximum.

Transfer proteins to PVDF membrane. Place cassette, sponge, blotting paper (wettedin transfer
buffer), gel, wetted PVDF membrane (wettedin methanol then transfer buffer), blotting paper
(wettedin transfer buffer), sponge, and cassette intotank with transfer buffer. Run at 90 Volts for
90 minutes at 500 milliamps maximum. Wash membrane with PBS-T, block in 5% milk in PBS-T,
incubate primary antibody in 5% milk in PBS-T overnight at 4C, wash membrane with PBS-T at RT (3x
5 minutes), incubate secondary antibody in 5% milk in PBS-T for 1 hour at RT, wash membrane with
PBS-T at RT (3x 5 minutes), add westernblot substrate andimage blot with Bio-Rad ChemiDoc.

Analyse bands with Image Lab, Densitometrytools.
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Table 2: Western blot antibodies. Target species mus musculus.

Antibody Company Catt#t Dilution
Tubulin Cell Signaling 2144S 1:3000
GAPDH Biorbyt Orb555879 1:5000
PPIB Biorbyt Orb252737 1:5000
TBP Biorbyt Orb128814 1:3000
Histone H3 Biorbyt Orb256595 1:1000
COX IV Biorbyt Orb382539 1:2000
ACTB Protein tech 66009-1-Ig 1:2000
Casp-1 Fisher 15278187 1:2000
Cleaved Casp-1 Novus NBP1-45433 1:1000
Casp-11 Abcam Ab180673 1:2000
Cleaved Casp-11 Abcam Ab180673 1:2000
GSDMD Abcam Ab219800 1:2000
Cleaved GSDMD Abcam Ab219800 1:2000
IL-1beta Novus NB600-633 1:1000
CleavedIL-1beta Novus NB600-633 1:1000
IL-18 Novus NBP3-03699 1:1000
CleavedIL-18 Novus NBP3-03699 1:1000

2.3.3 Promega LDH-Glo cytotoxicity assay

Use Promega LDH-Glo cytotoxicity assayaccording to Promega’s instructions. Dilute lactate
dehydrogenase standard (1000 U/ml stock). 2.5ulstockin 778.75 buffer (200mM Tris-HCIpH7.3 +
10% glycerol + 1% BSA) to 3.2 U/ml. 10pl 3.2 U/ml in 490ul buffer to 64 mU/ml. Use 250ul buffer to
dilute to 32, 16, 8, 4,2, 1,0.5,0 mU/ml.

Add 40ul of standard and 40pul of diluted sample (pre-test dilution) to 96 well plate. Add 40ul of
reaction solution (40l detection mix +0.2pul substrate) per well. Readat 520 nm after 1 hour

incubation atRT.

2.3.4 Invivogen HEK-Blue I L-1beta reporter cells

Use HEK-Blue IL-1beta reporter cells according to Inivogen’s instructions to mease IL-1beta. Prepare
a cell suspension of HEK-Blue IL-1beta reporter cells at 3x10° cells/ml in test media (DMEM, 4.5g/I
glucose, 2mM L-glutamine, 10% FBS, 100/100 U/ml Penicillin/Streptomycin). Add 50ul test sample
(conditioned media) and 150ul HEK-Blue IL-1beta reporter cell suspension to a cell culture treated

flat-bottom 96-well plate and incubate overnight at 37C with 5% CO,. Prepare QUANTI-Blue solution
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(2ml QB reagent, 1ml QB buffer, 98ml ddH,0). Add 180pul of QUANTI-Blue solution and 20ul
conditioned media from treated HEK-Blue IL-1beta reporter cells in a flat-bottom 96-well plate,
incubate at 37C for 30min — 3 hours. Determine SEAP levels using a spectrophotometer at 620-

655nM and analyse IL-1beta in conditioned media.

2.4 RNA

2.4.1 RNA isolation tissue and cell culture

RNA from tissue was isolated with TRIzol. Add beads, ~5mm tissue, and 1ml TRIzolto screw cap
Eppendorf tubes. Homogenize sample with a bead-base homogenizer. Centrifuge to pellet beads and
non-homogenised tissue and collect supernatant. Incubate for 5 minutes at RT, add 100ul bromo-3-
chloropropane per 1 ml TRIzol used, and vigorously shake for 15 seconds. Incubate sample for 2-15
minutes at RT and centrifuge 15 minutes at 16,000g at 4C, which creates 3 layers: a bottom red
organic layer (protein), an interlayer (DNA), and an upper colourless aqueous layer (RNA). Collect the
RNA layer and transfer ~450ulto a new tube, resuspended with 500l 2-propanol (per 1ml TRIzol),
and incubated for 5-10 minutes at RT. Centrifuge at 16,000g for 10 minutes at 4C, discard the
supernatant, and washthe RNA pellet with 1ml 75% ethanol. Centrifuge at 7,500g for 5 minutes at
4C and discard supernatant. Dry RNA pellet for 5-10 minutes, and resuspend RNA pellet in 50l
ddH20, and store at -80C.

RNA from cell and organoid culture was isolated with Monarch Total RNA Miniprep Kit according to
manufacturer’s instructions. Resuspend cell/organoid pellet with 400ul RNA lysis buffer and transfer
to gDNA removal columns. Centrifuge for 30 seconds at 16,000g and resuspend the flow through
with 400ul ethanol. Transfer mixture to RNA purification column, centrifuge for 30 seconds at
16,000g, and discard flow through. Add 5001l RNA wash to column, centrifuge for 30 seconds at
16,000g, and discard flow through. Add 80ul DNase mixture (5ul DNase | with 75ul DNase | reaction
buffer) on column and incubate for 15 minutes at RT. Add 500l RNA priming buffer, centrifuge for
30 seconds at 16,000g, and discard flow through. Add 500ul RNA wash buffer, centrifuge for 30
seconds at 16,000g, and discard flow through. Add 500ul RNA wash buffer, centrifuge for 120
seconds at 16,000g, and discard flow through. Add column to a new tRNase-free tube, add 80ul

nuclease -free water to the column, and centrifuge for 30 seconds at 16,000g.

Analyse RNA concentration using Nanodrop and normalise samples for cDONA synthesis for equal

concentrations in experiments.
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2.4.2 cDNA synthesis

Use Qiagen cDNA synthesis kit according to Qiagen’s instructions to synthesise cDNA. Add 10ul first
trand master mix (2x), 3ul oligo dT primer / random hexamer primer (0.1ug/ul), 1ul AffinityScript RT
/ RNase block enzyme mix, and 6l of RNA sample (0.3pg — 3pg) in ddH20 to PCR reaction tubes.
Incubate 15 minutes at 25C, 15 minutes at 42C, 5 minute at 95C, and store on ice (short term)or -

20C.

Alternatively, use Thermo Scientific RevertAid First Strand cDNA Synthesis kit according to Thermo
Scientific instructions. Add 1l Oligo dT primer / random hexamer primer, 4l 5x reaction buffer, 1pl
RiboLock RNase inhibitor (20U/ul), 2l dNTP mix (10mM), 1ul RevertAid M-MuLV RT (200U/ul), and
11pl of RNA sample (0.1ng — 5ug) in ddH20 to PCR reaction tubes. Incubate for 60 minutes at42C, 5

minutes at 70C, and store on ice (short term) or -20C.

2.4.3gPCR

Analyse gene expression with qPCR. Add 5ul SYBR green qPCR master mix, 0.5ul Fw primer (4uM),
0.5ulRv primer (4uM), and 4l of cDNAin ddH20 (1:10 — 1:100 diluted) in gPCR plate. Centrifuge for
1 minute at 1000rpm, and run gqPCR program on AriaMX gPCR: Hot start 3 minutes at 95C,
Amplification 50x 5 seconds at 95C followed by 10 seconds at 60C, and Melt 30 seconds at 95C, 30
seconds at 65C, 30 seconds at 95C. Analyse qPCR data with Agilent AriaMx software according to

software instructions.

Table 3: qPCR primers. Target species mus musculus (m) and human (h).

Target: Forward primer: Reverse primer:

mACTB CATTGCTGACAGGATGCAGAAGG TGCTGGAAGGTGGACAGTGAGG
mCOX TCATTGGCTTCACTGCGCTCGT TCCAGCATTCGCTTGGTCTGCA
mH3 ACAAAAGCCGCTCGCAAGAGTG TTCTCGCACCAGACGCTGAAAG
mTBP CTACCGTGAATCTTGGCTGTAAAC AATCAACGCAGTTGTCCGTGGC
mGAPDH CTTAAGAGGGATGCTGCCCTTACCC GCGCCCAATACGGCCAAATCC
mPPIB AGGACTTCATGATCCAGGGTGGAGA TGGTGTCTTTGCCTGCATTGGC
mNRLP12 GGGACAAGGGAGGCTTGGCT CAAAGGGCACGCTGATTGGCT
mNLRP3 ACAATGCCCTGGGGGACTTTGG TGGAGCTCAGAACCAATGCGAGA
mCasp-1 ACCTGGCAGGAATTCTGGAGCTT AGGGTCCCAGTCAGTCCTGGAAA
mCasp-11 | CCTACCGAGACAAAACAGGAGGCT GCCCGATCAATGGTGGGCATC
miL-1b AGCTGAAAGCTCTCCACCTCAATGG CAGGGTGGGTGTGCCGTCTT
mIL-18 GCCGACTTCACTGTACAACCGC CAGTCTGGTCTGGGGTTCACTGG
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MGSDMD | TGCTCCCGGGTTGAGCAGAC ATCGCCTCTGCTGCCGCTTA
mGRP78 | TTGGAGGTGGGCAAACCAAGACA TTGGTTGCTTGTCGCTGGGC
mXBP1s GGTCTGCTGAGTCCGCAGCAGG CTGGGTAGACCTCTGGGAGTTCCTC
mXBP1u | AGAAAGCCCGGATGAGCGAGC CCTGCTGCAGAGGTGCACATAGT
mCHOP ATGTTGAAGATGAGCGGGTGGCA GCAGGGACTCAGCTGCCATGA
mlLyz1 GGAATGGATGGCTACCGTGGTGT TGCCATCATTACACCAGTATCGGCT
mS| TGGGGAGGACACTGGTTGGGA CATCCAACGAGCACAGAGGTGGT
mKrt20 ACCTACCGCCGCCTTCTGGA ACACGACCTTGCCGTCTACCAC
mMuc2 AGGCACCACAAAGTTTGCCCCT TTCCACCCTCCCGGCAAACA
mCHGA AGACAGTGTGGAGGCCCGAAG TCATCCCCGCCGCAAAGCC
mKi67 CCTGTGAGGCTGAGACATGGAGAC ACCTTCCCCATCAGGGTCAGCA
mLgr5 GATGCGATACCGCGGGGCT AGGAGACTGGCGGGTAGCTGA
mOLFM4 | GCTCTGCCTCCCGGACAACT GCAGGTCCCATGGCTGTCCA
mAHR CTGGTTGTCACAGCAGATGCCT CGGTCTTCTGTATGGATGAGCTC
mCYP1A1 | CATCACAGACAGCCTCATTGAGC CTCCACGAGATAGCAGTTGTGAC
mCYP1B1 | GCCACTATTACGGACATCTTCGG ACAACCTGGTCCAACTCAGCCT
mOCL TGGCAAGCGATCATACCCAGAG CTGCCTGAAGTCATCCACACTC
mCLA GGACTGTGGATGTCCTGCGTTT GCCAATTACCATCAAGGCTCGG
mTJP GTTGGTACGGTGCCCTGAAAGA GCTGACAGGTAGGACAGACGAT
hGRP78 TCATCGGCCGCACGTGGAAT AGCAAATGTCTTTGTTTGCCCACCT
hXBP1s GGTCTGCTGAGTCCGCAGCAGG GGGCTTGGTATATATGTGG
hXBP1u AGTGAGCTGGAACAGCAAGTGGT TGCTGCAGAGGTGCACGTAGT
hCHOP GGTGGCAGCGACAGAGCCAAA CAGCTGCCATCTCTGCAGTTGGA
hRPLPO GCCGTGATGCCCAGGGAAGA TTCCCGCGAAGGGACATGCG

2.5 Histology

2.5.1 Whole organoid staining

Fix whole organoids in Matrigel domes by adding 4% formaldehyde to fully cover the organoids
without dislocating them. Incubate for 15-30 minutes at RT, discard 4% formaldehyde, wash
organoids twice with PBS (without dislocating them), and incubate organoids in PBS-T (0.5% Tween-
20in PBS) for 1 hour atRT. Discard PBS and incubate with HOECHST and Phalloidin in PBS (5ug/ml
HOECHST + 1:1000 Phalloidin-iFluor 647 in PBS) for 2 hours at RT. Replace HOECHST and Phalloidin in
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PBS with PBS and image organoids with Cytation 5, fluorescence channel DAPI (HOECHST) and Texas-
Red (Phalloidin-iFluor 647).

2.5.2 Organoid embedding

Embed and section intestinal organoids for antibody staining [249]. Fix whole organoids in Matrigel
domes by adding 4% formaldehyde to fully cover the organoids without dislocating them. Incubate
for 15-30 minutes at RT, discard 4% formaldehyde was organoids twice with PBS (without dislocating
them). Dislocate organoids with cold PBS and transfer organoids to 50ml falcon tube. Centrifuge
organoids at 500g for 5 minutes and discard supernatant. Resuspend organoids in 2% agarose in
water (melted with microwave), centrifuge at 500g for 5 minutes, and cool on ice to harden the
agarose. Collect agarose embedded organoids from tube. Agarose embedded organoids, can now be

used as tissue for formalin fixation and paraffin embedding.

2.5.3 Tissue formalin fixation, paraffin-embedding, and sectioning

Add freshly dissected tissue to 10% formalin pots for 1-7 days at RT. Wash tissue three times with
PBS, and dehydrate tissue through 70%, 80%, 95%, and 3 changes of 100% ethanol incubations for 1
hour eachat RT. Cleartissue through 2 changes of xylene incubations for 1 hour each at RT. Immerse
tissue in paraffin, for 1 hour at 37C, and embed tissue in paraffin blocks. Store paraffin embedded

tissue blocks at RT.

Section formalin fixed, paraffin-embedded (FFPE) tissue with microtome at 5-8um thickness. Float 5-
8um thick paraffin slice on 40C ddH,0 and transfer paraffin slice onto SuperFrost glass slides for

staining.

2.5.4 Antibody staining

Remove paraffin by immersing in HistoClear 2 times 5 minutes at RT. Rehydrate by immersing 2
times in 100% ethanol 3 minutes, 95% 3 minutes, 80% 3 minutes, 70% 3 minutes, 50% 3 minutes,
0.85% NaCl 5 minutes, and PBS 5 minutes. Antigen retrieve and permeabilise in 95C Tris-EDTA buffer
(10mM Tris, ImM EDTA, 0.1% Tween-20, pH9), EDTA buffer (1ImM EDTA, 0.1% Tween-20, pH8), or
sodium citrate buffer (10mM sodium citrate, 0.1% Tween-20, pH6) for 30 minutes. Wash 3 times
with PBS for 5 minutes. Remove excess liquid and cover section with 100l blocking solution (5% BSA
in PBS) with coverslip and incubate for 1 hour at RT in a humidified chamber. Remove coverslip and
wash with PBS for 5 minutes. Remove excess liquid and cover section with 100ul primary antibody
solution (primary antibody in 5% BSA in PBS) with coverslip and incubate for 1 hour atRT in a
humidified chamber. Remove coverslip and wash with PBS for 5 minutes. Remove excess liquid and
cover sectionwith 100ul secondary antibody solution (secondary antibody in 5% BSA in PBS) with

coverslip and incubate for 1 hour at RT in a dark humidified chamber (keep dark from now on to
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prevent bleaching). Remove coverslip and wash with PBS for 5 minutes. Remove excess liquid, add

mounting solution, seal slide with coverslip, and let dry at RT in the dark overnight.

Table 4: Immunohistochemistry antibodies. Target species mus musculus.

Antibody Company Cat# Dilution
Ki67 R&D systems Biotechne AF7649 10ug/mi
Lysozyme Novus NBP2-61118 2ug/ml
CHGA Novus NB120-15160 1:100
Villin Novus NBP2-75707 1:500
Muc2 Novus NBP1-31231 1:500
Phalloidin-iFluor 647 Abcam Ab176759 1:1000
HOECHST 33342 Fisher H3570 Sug/ml
GTanti RB 488 Biorbyt Orb347687 1:1000
DK antiSH Texas-Red | Biorbyt Orb347956 1:1000

2.5.5 Abcam TUNEL Assay Kit — BrdU-Red

Remove paraffin by immersing in HistoClear 2 times 5 minutes at RT. Rehydrate by immersing 2
times in 100% ethanol 3 minutes, 95% 3 minutes, 80% 3 minutes, 70% 3 minutes, 50% 3 minutes,
0.85% NaCl5 minutes, and PBS 5 minutes. Antigen retrieve and permeabilise in 95C Tris-EDTA buffer
(10mM Tris, ImM EDTA, 0.1% Tween-20, pH9) for 30 minutes. Wash 3 times in PBS for 5 minutes.
Remove excess liquid and cover section with 100ul wash buffer with coverslip and incubate for 5
minutes at RT, remove coverslipand repeat once. Remove coverslip and excess liquid and cover slide
with 50ul DNA labelling solution (TdT reaction buffer 10ul, TdT Enzyme 0.75ul, Br-dUTP 8ul, ddH20
32.25ul) with coverslip and incubate at 37C in a dark humidified chamber for 1 hour. Remove
coverslip and wash 3 times with PBS for 5 minutes. Remove excess liquid and cover slide with 100l
antibody solution (anti-BrdU-Red antibody 5ul, rinse buffer 95ul) with coverslip and incubate at RTin
the dark for 30 minutes. Remove coverslip and wash with PBS for 5 minutes. Remove excess liquid
and cover slide with 100pl counterstain (HOECHST (5mg/ml) 1ul, ddH20 99ul) with coverslip and
incubate for at RT in the dark for 30 minutes. Remove coverslip and wash with PBS for 5 minutes.
Remove excess liquid, add mounting solution, seal slide with coverslip, and let dry at RTin the dark

overnight.

2.5.6 Promega DeadEnd Fluorometric TUNEL system
Remove paraffin by immersing in HistoClear 2 times 5 minutes at RT. Rehydrate by immersing 2
times in 100% ethanol 3 minutes, 95% 3 minutes, 80% 3 minutes, 70% 3 minutes, 50% 3 minutes,

0.85% NaCl5 minutes, and PBS 5 minutes. Antigenretrieve and permeabilise in 95C Tris-EDTA buffer
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(10mM Tris, ImM EDTA, 0.1% Tween-20, pH9) for 30 minutes. Wash 3 times in PBS for 5 minutes.
Remove excess liquid and cover section with 100l equilibration buffer with coverslip and incubate
for 5-10 minutes at RT. Remove coverslip and excess liquid and cover slide with 50l TdT reaction
mix (equilibration buffer 45ul, nucleotide mix 5ul, rTdT enzyme 1pl, HOECHST (5mg/ml) 1ul) with
coverslip and incubate at 37C in a dark humidified chamber for 1 hour. Remove coverslip stop
reaction by immersingin 2x SSC at RT for 15 minutes. Wash 3 times with PBS for 5 minutes. Remove

excess liquid, add mounting solution, seal slide with coverslip, and let dry at RT in the dark overnight.

2.5.7 Polysciences Picrosirius Red Stain Kit

Remove paraffin by immersing in HistoClear 2 times 5 minutes at RT. Rehydrate by immersing 2
times in 100% ethanol 3 minutes, 95% 3 minutes, 80% 3 minutes, 70% 3 minutes, 50% 3 minutes,
0.85% NaCl 5 minutes, and PBS 5 minutes. Immerse in Solution A for 2 minutes, washin ddH20 for 5
minutes, immerse in Solution B for 60 minutes, immerse in Solution C for 2 minutes, and immersein
70% ethanol for 45 seconds. Remove excess liquid, add mounting solution, seal slide with coverslip,
and let dry at RT overnight. Image slides with bright field setting on Olympus microscope, and

analyse images with FlJI/Image ] for collagen stained area.
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3 Are ER stress mediated intestinal inflammasome activation and

pyroptotic cell death associated with cirrhosis?

3.1 Introduction

Cirrhosis can progress to acute decompensated cirrhosis (AD) and acute-on-chronic liver failure
(ACLF), which are associated withincreased mortality [21][22]. AD and ACLF are defined by the
development of ascites, hepatic encephalopathy, gastrointestinal haemorrhages and/or bacterial
infections, with additionally multi-organ injury and high 28-day mortality rate for ACLF, which leads
to hospitalisation [22]—-[24].

Cirrhosis progression has been explained with the PIRO (Predisposition, Injury, Response, Organ
failure) concept [27]. The intestine has been identified as a source of PAMPs and DAMPs that can

translocate tothe portal vein and contribute to disease progression [118], [123]-[126].

Dysbiosis with overgrowth of prevalence of pathogenic bacteria, and reduced population of
beneficial bacteria is associated with cirrhosis progression, leading to an increasingly pathogenic
intestinallumen [37], [38], [44], [45]. This is accompanied by a disruption of intestinal barriersin
cirrhosis and a reduction in the number of intestinal Paneth cells and Goblet cells, which is
associated withincreased bacterial translocation [138][158]. Paneth cells and Goblet cells are key for
the bacterial defence of the epithelial monolayer with antimicrobial protein secretion and mucus

layer production respectively [122][148].

This intestinal pro-inflammatory immune response is recapitulatedin the cirrhosis rat model, which
is associated with epithelial junction disruption and bacterial translocation [156]. Decontamination
of the intestine reduced this pro-inflammatory response and bacterial translocation, which shows
the causality of the microbiome on these processes [156]. Furthermore, the intestinal microbiome in
a cirrhosis mice model was shown to activate intestinal macrophages, which contributed to

intestinal cell death, permeability and inflammation [157].

Bacteria and PAMPs from the pathogenic microbiome that translocate tothe portal vein in cirrhosis
cross the intestinal epithelial monolayer. Pyroptosis, driven by inflammasome activation, is an
important innate immune response in intestinal epithelial cells in response to PAMPs and
pathogenic bacteria. Expression of GSDMD, the pyroptosis executioner protein, is specifically
localised epithelial cells, including the epithelium of the gastrointestinaltract [250]. GSDMD was
shown to be increasedin inflammatory bowel disease, while GSDMD deficiency showed beneficial
effects in a colitis mice model [183]. Besides GSDMD mediated pyroptosis, GSDMD facilitated

extracellular vesicle release containing GSDMD and IL-1beta in the colitis mice model [183].
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Furthermore, our group has previously shown increased non-canonical inflammasome activationin
livers from AD patients, whichwas correlated with MELD score and circulating markers of cell death
[188]. Additionally, ER stress sensitised liver cells to pyroptosis, and caspase-11 deficiency protected
cirrhotic mice from multi-organ [188]. However, our group did not study these processes inthe

intestine of cirrhosis patients or models.

ER stress has beenshown to reduce stemness and self-renewal properties in the intestine [190].
Perpetual unfolded protein response increases susceptibility to colitis (condition with chronic
inflamed intestine), and leads to an absence of Paneth cells and a decrease of Goblet cells, which is a
feature of cirrhosis [138], [158], [228]. In cirrhosis, increased intestinal unfolded protein response
(GRP78, ATF4, and CHOP expression), and decreased intestinal stemness (Lgr5, SOX-9, cMYC
expression) and proliferation (Ki67 expression) were demonstrated by Liu et al. [194]. Intheir
cirrhosis mice model (BDL) deficiency of CHOP (ER stress induced cell death transcription factor)
reduced liver injury, inflammation, and IL-1beta and IL-18 expression [194]. Intestinal unfolded
protein response was increasedin cirrhosis mice, which is similar to their findings in cirrhosis
patients [194]. Furthermore, CHOP deficiency in the cirrhosis model reduced intestinal permeability,
IL-1beta expression, epithelial cell death, and normalised proliferating crypt cells, crypt length, and

villi length [194].

The study from Liu et al., thus indicates that intestinal ER stress leads tointestinal barrier disruption
that could contribute to the disease in cirrhosis [194]. ER stress can sensitise cells for inflammasome
activationand pyroptosis. The pro-inflammatory lytic cell deathin response to PAMPs and DAMPs of
pyroptosis makes it an attractive candidate for the cause of epithelial barrier injury [188]. However,
activation of the inflammasome pathway and the effect of PAMPs on intestinal epithelial cells in
cirrhosis remains unknown. Pyroptosis by inflammasome activation in intestinal epithelial cells could
contribute to liver injury by exacerbating systemic inflammation by pro-inflammatory cytokine and
DAMP release that can translocate tothe liver. Therefore, | aimed to characterise intestinal

inflammasome activation and ER stress sensitisation in cirrhosis.

3.2 Hypothesis and aims
Hypothesis: ER stress mediated intestinalinflammasome activation and pyroptotic cell death are

associated with cirrhosis.

Aim 1: Characterise intestinalinflammasome activationin cirrhosis mouse models.
Aim 2: Characterise intestinal ER stress induction (UPR) in cirrhosis mouse models.

Aim 3: Determine synergy between ER stress and non-canonical inflammasome activation on
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intestinal cell death.

Aim 4: Characterise intestinal ER stress induction (UPR) in cirrhosis patients.

3.3 Materials and Methods

| usedtwo subcutaneous CCl4 cirrhosis mice models as previously described, 2.1.3 Mouse
subcutaneous CCl4. Our 12 week CCl4 administration model (olive oil, CCl4, CCl4 + LPS) was
performed at the Institute for Liver and Digestive Health - UCL, whereas the 14,17 and 20 week CCl4
administration model was performed at the Laboratory of Hepatology — KU Leuven by the group of
Schalk van der Merwe. Liver tissue from our 12 week model was formalin fixed, paraffin embedded,
and sectioned according to 2.5.3 Tissue formalin fixation, paraffin-embedding, and sectioning.
Serum ALT, serum creatine, and liver collagen was determined as described 2.1.3 Mouse
subcutaneous CCl4 and 2.5.7 Polysciences Picrosirius Red Stain Kit. Liver collagen images, and
serum ALP, AST, ALT, albumin and creatinine data from the 14, 17 and 20 week model, as well as
colon tissue was shared by the group of Schalk van der Merwe, Laboratory of Hepatology — KU

Leuven.

RNA was isolated from colon tissue of the mice models with TRIzol as previously described, 2.4.1
RNA isolation tissue and cell culture. cDNA was synthesised according to 2.4.2 cDNA synthesis, and
quantified inflammasome pathway (NLRP12, NLRP3, Caspase-1, Caspase-11, IL-1beta, IL-18, and
GSDMD), unfolded protein response (GRP78, XBP1s, XBP1u, and CHOP), and housekeeping (Beta-
actin (ACTB), Cyclooxygenase (COX), Histone H3 (H3), TATA box binding protein (TBP),
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and Cyclophilin B (PPIB)) gene expressions
with gPCR as described in 2.4.3 qPCR.

Protein was isolated from colon tissue of the mice models with RIPA as previously described, 2.3.1
Protein isolation tissue and cell culture. Inflammasome pathway (full length and cleaved Caspase-1,
Caspase-11, GSDMD, IL-1beta, and IL-18) and housekeeping (alpha-Tubulin (Tub), GAPDH, PPIB, TBP,
H3, and COX IV) protein levels were quantified with western blot, 2.3.2 Western blot.

Caco-2and HCT-116 cells were cultured, as previously described 2.2.1 Cell culture, for tunicamycin /
LPS treatments. Complete growth media was replaced from plated Caco-2 and HCT-116 cells in cell
culture treated well plates when ~70% cell confluency was reached with serum free media with and
without treatment of tunicamycin (ER stress inducer)and/or LPS (Klebsiella pneumoniae). For
combination treatments, LPSwas added to the serum free media at the final concentration for the
treatment duration. Conditioned media was collected from treated Caco-2 and HCT-116 cells and
quantified LDH release as previously described, 2.3.3 Promega LDH-Glo cytotoxicity assay. Treated

Caco-2and HCT-116 cells were collected, RNA isolated, cDNA synthesised, and unfolded protein
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response (GRP78, XBP1s, XBP1u, and CHOP) and housekeeping (RPLP0O) gene expression quantified
with gPCR, according to 2.4.1 RNA isolation tissue and cellculture, 2.4.2 cDNA synthesis,and 2.4.3
qPCR.

Intestinal organoids were derived from mice, according to 2.2.2 Organoid derivationand culture.
Organoids were cultured for a week. RNA was isolated from the organoids and a part of the small
intestine tissue, 2.4.1 RNA isolation tissue and cell culture. cDONA was synthesised, 2.4.2 cDNA
synthesis, and intestinal epithelial cell markers (Lysozyme 1 (Lyz1), Sucrase-isomaltase (Sl), Keratin
20 (Krt20), Mucin 2 (Muc2), Chromogranin A (CHGA), Ki-67, Leucine Rich Repeat Containing G
Protein-Coupled Receptor 5 (Lgr5), Olfactomedin 4 (Olfm4)), and housekeeping (PPIB) genes were
determined with gPCR, 2.4.3 gPCR. Additionally, organoids were stained for polarity and cell types
(Ki67, Villin, Lysozyme, Mucin 2, and CHGA). Whole organoids were stained as describedin, 2.5.1
Whole organoid staining, for polarity. Whole organoids were embedded, 2.5.2 Organoid
embedding, formalin fixed, paraffin embedded and sectioned, 2.5.3 Tissue formalin fixation,
paraffin-embedding, and sectioning, and stained with antibodies against Ki67, Villin, Lysozyme,

Mucin 2, and CHGA, 2.5.4 Antibody staining.

Mouse intestinal organoids from wild type (WT), Casp-11 KO, and Casp-1+11 KO mice were derived
and cultured, as previously described 2.2.2 Organoid derivationand culture, for tunicamycin / LPS.
Mouse intestinal organoids were plated and cultured for 3 days, afterwards media was replaced with
fresh mouse intestinal organoid media with or without tunicamycin / LPS. For some experiment
media was replaced with fresh mouse intestinal organoid media with or without tunicamycin / LPS,
incubated for the noted duration, and afterwards conditioned media collected (CM1)and replaced
for another 24 hours with fresh mouse intestinal organoid media (CM2). Conditioned media were
collected to quantify LDH with 2.3.3 Promega LDH-Glo cytotoxicity assay, and IL-1beta with 2.3.4
Invivogen HEK-Blue IL-1beta reporter cells. Organoid cell pellets were collected for RNAisolation,
2.4.1RNA isolation tissue and cell culture, cDNA synthesis, 2.4.2 cDNA synthesis, and quantification
of inflammasome pathway (caspase-1and caspase-11), unfolded protein response (GRP78, XBP1s,

XBP1u, and CHOP), and housekeeper (PPIB) gene expression with gPCR, 2.4.3 qPCR.

Gene expression data from human healthy control and cirrhosis duodenum and colon biopsies was
shared by the group of Schalk van der Merwe, Laboratory of Hepatology — KU Leuven. RNA was
isolated, cDNA synthesised, and gene expression quantified with qPCR, as described in [154].
TagMan probes for GRP78, XBP1s, XBP1u, CHOP and beta-Actin was used to quantify unfolded

protein response in human intestinal biopsies.
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3.4 Results

3.4.0Characterise cirrhosis mouse models and housekeeping genes

To examine intestinal inflammasome activation and ER stressincirrhosis | used a drug-induced liver
cirrhosis model, with subcutaneous administration of CCl4 for 12 weeks [188][238]. LPS injection
was administeredto simulate a decompensation event [188]. To validate cirrhosis in our model,
serum creatinine, serum ALT, and liver collagen were measured, Figure 25. Serum creatinine levels
did not show a significant difference betweenany of the groups, Figure 25A. Serum ALT levels was
increasedin CCl4 and CCl4 + LPS treated mice compared to olive oil treated mice (control), Figure
25B. Furthermore, liver collagen was increasedin CCl4 and CCl4 + LPS treated mice compared to
control, Figure 25C,D. Additionally, colon samples from control and CCl4 subcutaneous CCl4
administrated mice for 14, 17 and 20 weeks were used. Liver collagen of control and 14 week CCl4
administered mice appearedsimilar to our control and 12 week CCl4 treated mice, respectively, with
increasing collagenin 17 and 20 week CCl4 administration, Figure 26. Additionally, serum ALP, AST,
ALT, albumin and creatinine were measured in 14 week and 19 week treated mice, Figure 27. At 14
week serum ALP was increased compared to control, but not serum AST, ALT, albumin or creatinine,
Figure 27. Also at 19 weeks serum ALP was increased, while serum albumin was decreased. No

differences were found in AST, ALT or creatinine at 14 or 19 weeks, Figure 27.
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Figure 25: Subcutaneous CCl4 cirrhosis mice validation. A: Serum creatinine and B: ALT levels, as well as C: liver collagen
area % by picrosirius red stain was measured. D: Picrosirius red stained liver of representative samples from olive oil, CCl4,
CCl4 + LPS groups. CCl4 (n=4) and CCl4 + LPS (n=6) groups were compared to olive oil (control, n=4); one-way ANOVA with

Tukey’s post hoc test; significance p<0.05.
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Figure 26: Subcutaneous CCl4 cirrhosis mice validation 14, 17 and 20 weeks administration, liver collagen stain.
Representative images of liver sections stained for collagen with sirius red stain of control and CCl4 treated mice 14, 17 and

20 week administration, by Lena Smets (Laboratory of Hepatology - KU Leuven, Schalk van der Merwe).
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Figure 27: Subcutaneous CCl4 cirrhosis mice validation 14, 17 and 20 weeks administration, serum ALP, AST, ALT,
Albumin, Creatinine levels. A: Serum ALP, B: AST, C: ALT, D: Albumin, E: Creatinine levels was measured. 14w control (n=8),
14w CCl4 (n=10), 19w control (n=7), 19w CCl4 (n=9). CCl4 groups (14w and 19w) were compared to control groups,

respectively, ordinary two-way ANOVA with Sidak’s test, significance p<0.05.

In order to examine ER stress, | firstly performed experiments to identify a suitable housekeeping
gene that showed stable expression in our colon samples. | tested a battery of housekeeping genes
with gPCR and western blot for gene and protein expression, respectively. | examined gene
expression of Beta-actin (ACTB), Cyclooxygenase (COX), Histone H3 (H3), TATA box binding protein
(TBP), Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and Cyclophilin B (PPIB), Figure 28.
PPIB had the highest R? (goodness of fit, simple linear regression) value of 0.6970, the second most
straight slope of -0.4316, lowest slope standard error of 0.08998, and lowest standard deviation of
0.11, Figure 28. For protein expression | examined alpha-Tubulin (Tub), GAPDH, PPIB, TBP, H3, and
COX IV housekeeping genes. Western blot bands for TBP, H3, and COX |V were not detected, but was
detected for Tub, GAPDH, and PPIB, Figure 29. Tub and PPIB both showed high variation between
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samples, and GAPDH was most stable across the samples with the highest R? of 0.06234, the second

most straight slope of 26982, and the lowest slope standard error of 30207, Figure 29.

A: B:
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Figure 28: Gene expression of housekeeping genes on mouse colon samples. RNA was isolated from mouse colon samples,
synthesised into cDNA. cDNA from these colon samples was used to perform qPCR on housekeeping genes, ACTB, COX, H3,
TBP, GAPDH, and PPIB. A: Cq values with nonlinear regression (curve fit) analysis, B: Mean Cq values, SD, average Cq,
average SD, slope, and R2values from nonlinear regression (curve fit).
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Figure 29: Protein expression of housekeeping genes on mouse colon samples. Densitometry values were measured from
GAPDH, Tub, and PPIB from western blots with proteins extracted from mouse colon samples. Western blot were imaged
with Bio-Rad ChemiDoc and analysed with Image Lab. A: Densitometry data of GAPDH, Tub, PPIB from western blots with

mouse colon protein extracts, B: western blot image with Tub bands, C: GAPDH, D: PPIB.
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3.4.1 Characterise intestinal inflammasome activation in cirrhosis mice models.

To examine intestinal inflammasome activation in cirrhosis, | determined gene and protein
expression levels of inflammasome pathwaygenes in colon samples of olive oil, CCl4, and CCl4 + LPS
treated mice for 12 weeks, as well as control and CCl4 treated mice for 14, 17 and 20 weeks. No
significant differences were found in our 12 weeks mice, or the 14, 17 and 20 weeks mice, but
NLRP3, Caspase-1, Caspase-11, IL-1beta, IL-18 and GSDMD showed a upward trend in our 12 weeks
CCl4 + LPS treated mice, Figure 30, Figure 31.
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Figure 30: Gene expression of inflammasome pathway genes of mouse colon samples. Gene expression was measured
with gPCR on cDNA synthesised from RNA isolates of mouse colon samples. A: NLRP12, B: NLRP3, C: Caspase-1, D: Caspase-
11, E: IL-1beta, F: IL-18, G: GSDMD. Olive oil (n=4), CCl4 (n=4), CCl4 + LPS (n=6) groups were compared with one-way

ANOVA with Tukey’s post hoc test; significance p<0.05.
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Figure 31: Gene expression of inflammasome pathway genes of mouse colon samples. Gene expression was measured
with gPCR on cDNA synthesised from RNA isolates of mouse colon samples. A: Caspase-1, B: Caspase-11, C: GSDMD, D: IL-
1beta, E: IL-18. 14w control (n=5), 14w CCl4 (n=6), 17w control (n=4), 17w CCl4 (n=6), 20w control (n=5), 20w CCl4 (n=7)

groups were compared with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.

| examined protein expression of full length and cleaved caspase-1, caspase-11, GSDMD, IL-1beta,
and IL-18 in colon samples of our 12 weeks treated mice to determine if the trend of increased
expression of these genes resultedin increased protein and increased activation (cleaved to full
length ratio). Full length caspase-1, GSDMD, IL-1beta, and IL-18, as well as cleaved IL-18 protein
expression did not show any difference between treated and control groups, Figure 32. Cleaved
caspase-1andcleaved IL-1beta showed a trend downward in the treated groups comparedto the
olive oil group. Cleavedto full length ratio of caspase-1, GSDMD, IL-1beta and IL-18 did not show any
difference between groups. Protein expression levels of full length, cleaved, and cleaved to full
length ratio of caspase-11 protein expressionshows a trend upward in the CCI4 + LPS group
compared to the olive oil and CCl4 groups, but did not reachsignificance. In the 14, 17 and 20 weeks
treat mice, cleaved caspase-1and cleaved GSDMD were not detected and there was no difference in
protein expression of full length caspase-1, caspase-11and GSDMD, and cleaved caspase-11or

cleaved to full length caspase-11ratioin treated mice compared to control, Figure 33.
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Figure 32: Protein expression of inflammasome pathway genes of mouse colon samples. Protein expression was
measured with western blot on protein extracts from mouse colon samples. A-C: Caspase-1, D-F: Caspase-11, G-I: GSDMD,
J-L:IL-1beta, M-O IL-18. A, D, G, J, M: full length protein normalised to GAPDH, B, E, H, K, N: cleaved protein normalised to
GAPDH, C, F, I, L, O: cleaved protein to full length protein ratio. Olive oil (n=4), CCl4 (n=4), CCl4 + LPS (n=6) groups were
compared with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.
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Figure 33: Protein expression of inflammasome pathway genes of mouse colon samples. Protein expression was
measured with western blot on protein extracts from mouse colon samples. A: full length Caspase-11, B: cleaved Caspase-
11, C: cleaved Caspase-11 to full length Caspase-11 ratio, D: full length Caspase-1, E: full length GSDMD. 14 control (n=5),

14w CCl4 (n=6), 17w control (n=4), 17w CCl4 (n=6), 20w control (n=5), 20w CCl4 (n=7) groups were compared with on e-way
ANOVA with Tukey’s post hoc test; significance p<0.05.

3.4.2 Characterise intestinal ER stressinduction (UPR activation) in cirrhosis mouse models.
To examine intestinal ER stress in cirrhosis, | determined gene expression of UPR genes in colon
samples of the 12 weeks mice model. GRP78, spliced XBP1, and CHOP gene expressions were used
to determine UPR activation. GRP78 gene expression was significantlyincreasedin the CCl4 + LPS
group compared to the olive oil group, Figure 34. However, XBP1 splicing was significantly decreased

in the CCl4 and CCl4 + LPS groups compared to the olive oil group. No difference was found in CHOP

expression between the groups.
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Figure 34: Gene expression of unfolded protein response genes of mouse colon samples. Gene expression was measured
with gPCR on cDNA synthesised from RNA isolates of mouse colon samples. A: GRP78, B: XBP1 splicing, C: CHOP. Control
(n=4), CCl4 (n=4), CCl4 + LPS (n=6) groups were compared with one-way ANOVA with Tukey’s post hoc test; significance
p<0.05.

3.4.3 Determine synergy between ER stress and non-canonical inflammasome activation on
intestinal cell death.

To examine whether UPR and non-canonical inflammasome activation can have synergistic effect on
intestinal epithelial cell death, | used anin vitro model. | first optimised ER stress induction with
tunicamycin on intestinal epithelial cell lines before combination treatment targeting UPR and non-
canonical inflammasome activation. | treated Caco-2 and HCT-116 with 1uM and 10uM tunicamycin

for 6 and 24 hours.

GRP78 expressionand XBP1 splicing were significantly increased by 1uM and 10uM tunicamycin
treatment after 6 hours in caco-2 cells, Figure 35. CHOP expression did not show a significant
difference by 1uM and 10uM tunicamycin treatment after 6 hours, but showed an upward trend.
Tunicamycin treatment for 24 hours at 1uM significantly increased GRP78 expression and XBP1
splicing, but did not significantly increase CHOP expressionin caco-2 cells. 10uM tunicamycin
treatment in caco-2 cells for 24 hours significantly increased XBP1 splicing and CHOP expression, but

did not significantly alter GRP78 expression.

6 hours treatment with 1uM and 10uM on HCT-116 cells significantlyincreased GRP78 and CHOP
expressionand XBP1 splicing, Figure 36. 24 hour treatment of 1uM and 10uM tunicamycin on HCT-
116 cells significantly increased GRP78 and CHOP expression, but did not increase XBP1 splicing.
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Figure 35: Gene expression of unfolded protein response genes of tunicamycin treated caco-2 cells. Gene expression was
measured with gPCR on cDNA synthesised from tunicamycin treated cells. A: GRP78, B: XBP1 splicing, C: CHOP. Control,
1uM and 10uM tunicamycin treated caco-2 cells for 6 and 24 hours (n=4), groups were compared with one-way ANOVA

with Tukey’s post hoc test; significance p<0.05.
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Figure 36: Gene expression of unfolded protein response genes of tunicamycin treated HCT-116 cells. Gene expression
was measured with gPCR on cDNA synthesised from tunicamycin treated cells. A: GRP78, B: XBP1 splicing, C: CHOP. Control,
1uM and 10uM tunicamycin treated HCT-116 cells for 6 hours (A,B,C) and 24 hours (D,E,F) (n=4), groups were compared

with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.

To examine “short” and “long” ER stress synergy with non-canonical inflammasome activationon
intestinal cell death, | treated Caco-2 and HCT-116 cells with 1uM tunicamycin for 6 hours and 24
hours. This was based on similar UPR activation between 1uM and 10uM tunicamycin treatment,
and to minimise toxicity of tunicamycin alone. Combination treatment of 1uM tunicamycin for 6
hours with 10,30,60 and 100ug/ml LPS treatment for 3 hours did not show synergistic effect on cell
death (LDHrelease)in Caco-2 and HCT-116 cells, Figure 37. Combination treatment of 1uM
tunicamycin for 24 hours with and without 1pug/mlLPS for 24 hours followed with 10,30and
100pg/mlLPS for 3 hours also did not show a synergistic effect on cell death in Caco-2and HCT-116

cells, Figure 37.
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Figure 37: LDH release of tunicamycin and LPS treated caco-2 and HCT-116 cells. LDH was measured using LDH-Glo assay
on conditioned media of tunicamycinand LPS treated caco-2 and HCT-116 cells. A: Caco-2 and B: HCT-116 cells were treated
with and without 1uM tunicamycin for 6 hours, with and without 10, 30, 60 and 100ug/m! LPS for 3 hours. C: Caco-2 and D:
HCT-116 cells were treated with and without 1uM tunicamycin for 24 hours, with and without 1ug/ml LPS for 24 hours, with
and without 10,30 and 100ug/ml LPS for 3 hours. n=2, groups were compared with one-way ANOVA with Tukey’s post hoc

test; significance p<0.05.

| suspected the negative results of lack of synergy between ER stress and non-canonical
inflammasome activation on intestinal cell death could have been attributedto the limitation of 2D
cell culture and the derivation of the cell lines from cancer cells, which selects for decreased cell
death properties. Therefore, to model the intestinal epithelium more physiologically | derived mouse
intestinal organoids from smallintestinal crypts, which cell renewal does not rely on cancer cell’s
characteristics. The first step was tovalidate the organoid model by verifying the presence of Paneth
cells, Goblet cells, Enteroendocrine cells, Enterocytes, and stem cells. To examine the presence of
intestinal epithelial cell types | determined the gene expression of intestinal epithelial cell type

markers: Lysozyme 1 (Paneth cells), Sucrase-isomaltase (Enterocytes), Keratin 20 (Enterocytes),

85



Mucin 2 (Goblet cells), Chromogranin A (Enteroendocrine cells), Ki-67 (proliferating cells), Leucine
Rich Repeat Containing G Protein-Coupled Receptor 5 (Stem cells), and Olfactomedin 4 (Stem cells).
Gene expression of these intestinal epithelial cell type markers showed the presence of Paneth cells,
Enterocytes, Goblet cells, Enteroendocrine cells, and proliferating/stem cells in the mouse intestinal
organoids, as well as the intestine samples where the organoids were derived from, Figure 38.
Furthermore, we stained intestinal organoids for Actin, to determine polarity, and Ki67 (proliferating
cells), Villin (Enterocytes), Lysozyme (Paneth cells), Mucin 2 (Goblet cells)and CHGA
(Enteroendocrine cells). Intestinal organoids stained for these markers confirmed the presence of
Enterocytes, Paneth cells, Goblet cells, Enteroendocrine cells, and proliferating stem cells, as well as

the polarity with the lumen inside the organoid Figure 39.
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Figure 38: Gene expression of intestinal cell type markers in mouse intestinal organoids. Gene expression was measured
with qPCR on cDNA synthesised from RNA isolated from mouse intestinal organoids and mouse intestine samples. Gene
expression was measured from Lysozyme 1, Sucrase-isomaltase, Keratin 20, Mucin 2, Chromogranin A, Ki-67, Leucine Rich

Repeat Containing G Protein-Coupled Receptor 5, and Olfactomedin4, n=2.
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Whole organoid:
Blue: Nucleus
Red: Actin

Organoid section:
Blue: Nucleus
Green: Villin
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Figure 39: Whole and sectioned intestinal organoids cell stains. Whole mouse intestinal organoids were fixed,
permeabilised, and stained with HOECHST (Nucleus) and Phalloidin (Actin), top left. Whole mouse intestinal organoids were
fixed, paraffin embeddded, and sectioned for antibody staining on glass slides. Sectioned organoids were stained with DAPI

(Nucleus) and antibodies for Ki6 7 (top right), Villin (mid left), Lysozyme (mid right), Mucin 2 (bottom left), and CHGA
(bottom right).

Once the organoid model was validated to contain several epithelial cells, | treated mouse intestinal
organoids with 10nM and 100nM tunicamycin for 6 or 24 hours to find the best conditions to induce

ER stress and elicit an UPR in the organoids without inducing cell death. | analysed LDH release, XBP1
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splicing and caspase-1, caspase-11, GRP78 and CHOP gene expressionin the tunicamycin treated

intestinal organoids.

10nM tunicamycin treatment for 6 hours did not affect cell death, caspase-1, caspase-11, GRP78 and
CHOP expression, or XBP1 splicing, Figure 40. 100nM tunicamycin treatment for 6 hours significantly
increased GRP78 expressionand XBP1 splicing. 100nM tunicamycin treatment for 6 hours did not
significantly affect cell death, and caspase-1, caspase-11and CHOP expression, but did show an

upward trend in CHOP expression.

10nM tunicamycin treatment for 24 hours significantlyincreased GRP78 expression, did not
significantly affect cell death, caspase-1, caspase-11 and CHOP expression or XBP1 splicing, but cell
death showed a trend upward. 100nM tunicamycin treatment for 24 hours significantly increased
GRP78 expressionand XBP1 splicing, significantly decreased caspase-1expression, and significantly

increased cell death, but did not significantly affect caspase-11and CHOP expression.
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Figure 40: LDH release and gene expression of tunicamycin treated mouse intestinal organoids. Mouse intestinal
organoids were treated with or without 10nM and 100nM tunicamycin for 6 and 24 hours. LDH was measured using LDH -
Glo assay on conditioned media and gene expression was measured with gPCR on cDNA synthesised from RNA isolated
from mouseintestinal organoids. A: LDH release, and gene expression of B: Caspase-1, C: Caspase-11, D: GRP78, E: XBP1

splicing, and F: CHOP. n=3, groups were compared with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.
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To study the synergistic effect of ER stress and non-canonical inflammasome activation on intestinal
cell death, | aimed to induce ER stress with UPR activation in intestinal organoids by tunicamycin
treatment without causing cell death. | showed that 10nM tunicamycin treatment for 24 hours
induced UPR with increased GRP78 expression, but also showed a trend in increased cell death.
Therefore, | treated intestinal organoids with half of the dose (5nM) for 16 hours to attempt to limit
cell death, while still inducing the UPR. Control and treated organoids were then further incubated
for 3 hours with or without 100ug/ml LPS. Control organoids treated with 100pg/ml LPS for hours
showed noincrease in cell death, however treatment with 5nM tunicamycin caused a significant
increasein the release of LDH, albeit to a lower extent than the one observed in organoids treated
with 10nM for 24 hours, Figure 41. LPS treatment after 5nM tunicamycin treatment also significantly
increased cell death comparedto untreated organoids, but LPS and tunicamycin did not
synergisticallyincrease cell death. | then examined GRP78 and CHOP expressionto determine the
UPR activation, but 5nM tunicamycin for 16 hours with or without LPS treatment did not significantly

affect the expression of either gene.
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Figure 41: LDH release, and gene expression of tunicamycin and LPS treated mouse intestinal organoids. Mouse intestinal
organoids were treated with and without 5nM tunicamycin for 16 hours, with and withoutLPS for 3hours. LDH was
measured using LDH-Glo assay on conditioned media, and gene expression was measured with gPCR on cDNA synthesised

from RNA isolated from mouse intestinal organoids. A: LDH release, and gene expression of C: GRP78, D: CHOP. n=3, groups

were compared with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.

To determine whether ER stress could sensitise cell deathin intestinal epithelial cells to bacterial
products, mouse intestinal organoids were treated with tunicamycin and LPS. Additionally, mouse
intestinal organoids were derived from inflammasome pathway genes KO mice (Caspase-11,
Caspase-1+11)andtreatedto determine the dependency on inflammasome activation on the cell

death.

WT, Casp-11KO, and Casp-1+11KO intestinal organoids were treated with 10nM tunicamycin for 24

hours, 100ug/ml LPS for 6 hours, a combination of 10nM tunicamycin treatment for 24 hours with
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100pg/mlLPS, and 100nM tunicamycin for 6 hours. After treatment the conditioned media was
collected, and the mouse intestinal organoids were incubated for another 24 hours with fresh
media. In the first conditioned media (after treatment) there was no difference in cell death
between any of the treatment groups of all the mouse intestinal organoid groups (WT, Casp-11KO,
Caspl+11KO), Figure 42. In the conditioned media after 24 hours with fresh media only 100nM
tunicamycin treatment for 6 hours showed significantlyincreased cell death from WT, and Casp-
1+11 KO mouse intestinal organoids. 100nM tunicamycin treatment for 6 hours did not significantly
affect cell death in Casp-11 KO mouse intestinal organoids 24 hours after treatment, but showed a

trend of increased cell death.
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Figure 42: LDH release of tunicamycin and LPS treated mouse intestinal organoids. Mouse intestinal organoids of WT,
Caspase-11 and Caspase-1+11 KO mice were treated with and without 10nM tunicmycin, with and without 100ug/mILPS,
or 100nM Tunicamycin for 6 hours. Media was replaced after treatment with fresh media for 24 hours. LDH was measured
using LDH-Glo assay on conditioned media from treated mouse intestinal organoids. A: LDH release in conditioned media
after treatment and B: LDH release in conditioned media after 24 hours with fresh media. n=3, groups were compared with

one-way ANOVA with Tukey’s post hoc test; significance p<0.05.
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3.4.4 Characterise intestinal ER stressinduction (UPR activation) in cirrhosis patients.

To examine whether ER stress is induced in the intestine of cirrhosis patients, | analysed the gene
expression of GRP78, CHOP and XBP1 splicing in intestinal biopsies (colon and duodenum). Most of
the colon biopsy donors were males in both the healthy control (average age 56) and cirrhosis group
(average age 58), with the majority of cirrhosis patients with ALD aetiology, Table 5. Most of the
duodenum biopsy donors were females in both the healthy control (average age 48) and cirrhosis
group (average age 63), with the most cirrhosis patients with ALD aetiology. Age did not significantly
differ between healthy control and cirrhosis donors for either colon and duodenum biopsies (Mann-
Whitney t-test). GRP78 and CHOP expression, and XBP1 splicing did not show any difference in the

cirrhosis group of colon and duodenum biopsies comparedto the healthy control group, Figure 43.

Table 5: Patient characteristics and clinical presentation (%) with MELD and MELD-Na scores of intestine biopsy donors

(Laboratory of Hepatology - KU Leuven (Schalk van der Merwe)).

Intestine Donor Age |Female |NAFLD |ALD [NAFLD/ALD |Ascites [HE |Varices [MELD-Na |MELD
HC 56+19| 25%

Colon
Cirrhosis (5816 17% 8% |[77% 15% 60% |60%| 50% | 15.6%5.4 (13.7+4.4
HC 48+17| 57%

Duodenum | . .
Cirrhosis (6316 60% 20% |50% 30% 38% | 0% | 38% | 16.1+8.2 (14.618.4
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Figure 43: Gene expression of unfolded protein response genes of healthy control and cirrhosis patient intestinal
biopsies. Gene expression was measured with gPCR on cDNA synthesised from RNA isolates of healthy control and cirrh osis
patient intestinal biopsies. A: GRP78, B: XBP1 splicing, C: CHOP. HC colon (n=11), Cirrhosis colon (n=14), HC duodenum (n=7)

and Cirrhosis duodenum (n=10), Cirrhosis groups were compared to HC with unpaired t -test; significance p<0.05.

3.5 Discussion
| hypothesised that ER stress mediated intestinal inflammasome activation and pyroptotic cell death

are associated with cirrhosis. My aims were to 1: characterise intestinalinflammasome activationin
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cirrhosis mouse models, 2: characterise intestinal ER stressinduction (UPR activation)in cirrhosis
mouse models, 3: determine synergy between ER stress and non-canonical inflammasome activation
on intestinal cell death, and 4: characterise intestinal ER stress induction (UPR activation)in cirrhosis

patients.

To study intestinal ER stress and inflammasome activation in cirrhosis, | used a 12-week
subcutaneous CCl4 model. Literature has shown that subcutaneous administration of CCl4 leads to
cirrhosis with portal hypertension, sodium retention, and development of ascites after 13 weeks in
mice [238]. Importantly, subcutaneous administration reduces confounding effects on the
gastrointestinal tract compared to conventional intraperitoneal injection of CCl4, which could
directly affect the development of ER stress and inflammasome activation in the intestine [238]. In
our and Schalk van der Merwe’s models, there was increased liver injury and scar formation similar
to the development of cirrhosis in patients. However, classification of cirrhosis, e.g. advanced
fibrosis, compensated cirrhosis, decompensated cirrhosis, in these mice was not performed due to
the established cirrhosis classification of the subcutaneous CCl4 model [238]. Extended CCl4
treatment in the mice from Schalk van der Merwe showed more severe liver collagen deposition, as

would be expected with longer duration of liver insult.

The first aim, to characterise intestinal inflammasome activationin cirrhosis mouse models, |
quantified gene and protein expression of key genes of the canonical and non-canonical
inflammasome pathways in our cirrhosis models. These proved to be largely unalteredin the colon
of CCl4 treated mice, with NLRP3, caspase-1, caspase-11, IL-1beta, IL-18 and GSDMD only showing
trends towards upregulation in the CCl4 + LPS group. No differences were detected between our
mice and those provided by Schalk van der Merwe’s group. Similarly, no differences were found in
protein expression, with unaltered levels of caspase-1, IL-1beta, IL-18, and GSDMD. However, the
observed trend of increased colonic capsase-11gene expression was accompanied by a similar trend
at the protein level in the CCl4 + LPS group. Importantly, our study lacked a LPS control group, and
therefore it cannot be determined whether the trend of colonic caspase-11 activation was caused by
the LPS and not the cirrhosis with a decompensation event. Caspase-11is activated directly by LPS
without any patternrecognition receptors, andthus it is possible that LPS injection causedthe trend
of non-canonical inflammasome activationin the colon of CCI4 + LPS mice [251]. Additionally, large
variations between groups suggests the study might have been underpowered, and thus unable to

adequately detect significant results.

The second aim, to characterise intestinal ER stressinduction (UPR activation)in cirrhosis mouse

models, | quantified gene expression of the UPR in our subcutaneous CCl4 mice model. | showed a
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significant increase in colonic GRP78 expression, the initiator of the UPR, in the CCl4 + LPS group.
However, XBP1 splicing ratio, activation marker of the IRE1 pathwayin the UPR, was significantly
decreasedin both the CCl4 and CCl4 + LPS groups. One possible explanation for these contradictory
results is that the activation of the UPR reduced the ER stress andinhibited the UPR with a decrease
of XBP1splicing. This could show a decrease in XBP1 splicing and lagging behind GRP78 expression

regulation.

The third aim, to determine synergy between ER stress and non-canonical inflammasome activation
on intestinal cell death, | used Caco-2 and HCT-116 cells as models in which | induced ER stress with
tunicamycin followed by non-canonical inflammasome activation with LPS. First, | optimised the
tunicamycin treatment toinduce ER stress and UPR. Tunicamycin induces ER stress by inhibiting N-
linked glycosylation in the ER [252]. Tunicamycin treatment effectively induced ER stress as
measured by GRP78, XBP1 splicing, and/or CHOP expression. “Short” ER stress induction by
tunicamycin treatment with LPS at different doses did no show synergistic effect on cell deathin
either Caco-2 or HCT-116 cells. Additionally, “long” ER stress induction, exposure to low LPS,
followed by high dose LPS treatment combinations also did not show synergistic effect on cell death
in Caco-2 and HCT-116 cells. Caco-2 and HCT-116 cells are widely used as intestinal epithelial cells
lines, however Caco-2 is derived from a human colorectal adenocarcinoma and HCT-116 from a
human colon carcinoma, which are selected to survive conditions that would induce cell death in
healthy epithelial cells because of their cancer cell characteristics [253]. These cells have increased
expression of anti-apoptotic genes and decreased expression of pro-apoptotic genes, i.e. HCT-116
cells do not express RIP3 and therefore cannot activate necroptosis [254]. This can interfere with
determining synergy between ER stress and non-canonical inflammasome activation on intestinal

cell death [253].

To better model the intestinal epithelium than intestinal cancer/cancer-like cell lines, | derived
intestinal organoids, which can maintain stem cell pluripotency and proliferation with the use of
supplements in the media that activate stem cell pathways. Intestinal organoids are derived from
intestinal crypts and are thereby not selected tosurvive harsh environments like cancer cells [244].
Additionally, intestinal organoids possess the villi-crypt structure, cell type composition, self-renewal
capabilities similar to the intestine, and can be cryopreserved and re-cultured [244][253]. | only
derived intestinal organoids from mice and not from human, as human intestinal biopsies would

have required additional ethics and approval, which was not grantedin time for this project.

The first thing after deriving intestinal organoids was to compare the cell type composition. |

measured gene expressions of cell type markers for Paneth cells (Lyz1), Enterocytes (SI and Krt20),
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Goblet cells (Muc2), Enteroendocrine cells (CHGA), proliferating cells (Ki67), and stem cells (Lgr5 and
Olfm4) in mouse intestinal organoids and mouse intestine samples. Allthese cell type markers were
expressedin both mouse intestinal organoids and mouse intestine samples, albeit at varying levels.
Furthermore, the mouse intestinal organoids showed villi-crypt structures withthe intestinal lumen
in the organoids and proliferating cells, Enterocytes, Paneth cells, Goblet cells, and Enteroendocrine

cells as identified by cell marker staining.

To further examine the third aim, to determine synergy between ER stress and non-canonical
inflammasome activation on intestinal cell death, | used mouse intestinal organoids as a model in
which | induced ER stress with tunicamycin followed by non-canonical inflammasome activation with
LPS. First, | optimised the tunicamycin treatment toinduce ER stress and UPR. 10nM tunicamycin
treatment for 24 hours effectively induced UPR activation, but these organoids also showed a non-
significant trend in increased cell death. Therefore, | opted for a milder treatment, consisting of 5nM
tunicamycin for 16 hours to reduce the effect on tunicamycin induced cell death. | exposed mouse
intestinal organoids to “long” ER stress by 5nM tunicamycin treatment for 16 hours with non-
canonical inflammasome activation by 100ug/ml LPS treatment for 3 hours. However, GRP78 and
CHOP expression was unaffected by 5nM tunicamycin treatment for 16 hours, which showed that
this dose and duration was unsuited to induce ER stress. Thus, this combination treatment did not
determine whether ER stress and non-canonical inflammasome activation synergistically affect

epithelial cell death.

| determined whether ER stress could sensitise cell deathin intestinal epithelial cells in response to
these bacterial products. | treated intestinal organoids from control, caspase-11andcaspase-1+11
KO mice with 10nM tunicamycin for 24 hours, and LPS for 6 hours to analyse synergistic effect on
cell death and inflammasome pathway dependency. The treatment combinations examined, besides
100nM tunicamycin, did not induce cell death in the organoids after treatment or 24 hours post
treatment. This indicates that ER stress has little/no effect on epithelial cell death sensitisationto

bacterial products or toxins in the intestinal lumen.

The fourth aim, characterise intestinal ER stress induction (UPR activation)in cirrhosis patients, |
guantified gene expression of GRP78, XBP1 splicing, and CHOP in duodenum and colon biopsies from
healthy control and cirrhosis patients. | showed that GRP78 and CHOP expression, and XBP1 splicing
did not differ between cirrhosis patients and healthy controls in the duodenum and colon. This
contradict previous findings that showed a significant increase of GRP78 and CHOP expressionin
duodenal biopsies from cirrhosis patients compared to healthy controls [194]. However, Liu et al.

showed relative mRNA levels normalised to HPRT1, which could explain the different results [194].
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Additionally, differences in aetiology and disease stage of the cirrhosis patients can explain the
contradicting results. The cirrhosis patients from Liu et al., all had active hepatitis C as the aetiology,
whereas our samples came from cirrhosis patients from ALD and/or NAFLD aetiology [194].
Furthermore, our cirrhosis patients had higher MELD scores (14.6+8.4) compared to the cirrhosis
from Liu etal., (9.4£4), which shows their patients had less severe cirrhosis. This could indicate that
earlierin cirrhosis development ER stress is induced in the intestine, but is no longer presentin

worse/progressed cirrhosis [194].

| did not show significant differences of intestinal ER stress (UPR activation) or inflammasome
activationin our cirrhosis mice models. However, the whole lysate of the intestine sample contains
cells from the mucosa, submucosa, muscularis, and serosa, which could have obscured specific
cellular processes of the epithelial cells and immune cells. FACS or cell staining can be used in future
studies examining these cellular processes to specifically characterise the UPR and inflammasome
activationin epithelial cells, immune cells, etc. Additionally, cirrhosis mice models deficient for
specific inflammasome genes or UPR genes in the intestine can help delineate the role of these

pathways on intestinal cell death and barrier disruption.

3.6 Conclusion

My results showed that ER stress and non-canonical inflammasome activation did not synergistically
affectintestinal epithelial cell deathin our intestinal epithelial models. | showed no proof of
intestinal inflammasome activation in our cirrhosis model. Furthermore, | did not show ER stress
induction in intestinal samples from our cirrhosis mice model or intestinal biopsies from cirrhosis

patients.
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4 Development of a permeability assay for mouse intestinal

organoids.

4.1 Introduction

4.1.1Transport across the intestine epithelium

Regulating permeability in the intestine is essential for the absorptionand transportation of
nutrients and metabolites across the epithelium, while limiting translocation of toxins and bacteria
[139]. Compounds in the lumen can cross the epithelium via two routes, between the cells, the

paracellular route, or across the epithelial cell, the transcellular route [255][256].

The paracellular route is regulated via junctions, i.e. tight junctions, adherens junctions and
desmosomes, in the intercellular space between cells [256][257]. This route facilitates the
translocation of “medium” (<600 Da) sized hydrophilic molecules, with easier transport of ions and
positively charged molecules, and under healthy conditions is impermeable to protein-sized
molecules [256][257]. Tight junctions in particular are key in the epithelial bidirectional transport of
compounds to and from the intestinal lumen, and regulates polarity of the epithelial cells in the

monolayer [257].

The transcellular route allows for both the passive diffusion across the cell membrane of lipid
soluble and “small” hydrophilic compounds, and for the active transport via endocytosis of “large”
(>600 Da) molecules that cannot be transportedvia the paracellular route or diffuse through the cell
membrane [256][257]. The transport of PAMPs and bacteria via endocytosis is essential for
mounting an appropriate animmune response, but canalso offer a route for pathogenic bacteria to

gain entryinto the host [257].

4.1.2 Intestinal permeability and disease

Disrupting any of the processes described above, can lead to increased permeability across the
intestine epithelium [253]. Increased intestinal permeability has been linked to Crohn’s disease,
ulcerative colitis, coeliac disease, graft-vs-host disease, sepsis, irritable bowel syndrome, and extra-
intestinal diseases such as cirrhosis [253][256]. Toxins and pathogenic bacteria from the lumen, but
also DAMPs from immune responses in the lamina propria, can cause epithelial injury resultingin
increased permeability [253]. The increased permeability allows for PAMPs and other toxins from
the lumen to cross the epithelium unimpeded, further exacerbating inflammation and intestinal

injury [253].
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4.1.3 Importance of measuring intestinal permeability

Examination on intestinal biopsies from patients help to understand the cellular processes that are
associated withthe disease; however, this cannot help to determine causality betweentoxins,
cellular processes, andintestinal permeability [258]. Therefore, in vitro and in vivo models have been
developed, which canhelp distinguish between associationand causality [253], [257], [258]. These
models are used to explore the mechanisms involved that lead to increasedintestinal permeability
and disease progression, whichis important to understand disease development [257]. Furthermore,
therapeutic drugs can be examined on their effect to remedy increased intestinal permeability [259].
Additionally, orally administered drugs are investigated on their abilities to cross the epithelium to
be absorbed into the systemic circulation using permeability models for the biopharmaceutics

classification system used by the FDA and EMA [260].

4.1.4 Intestinal permeability assays

Currentintestinal permeability markers can be categorised as in vivo with either functional or

biomarker assays, and in vitro functional tests.

In vivo functional permeability assays work by administration of labelled compounds to the
gastrointestinal tract of the host and measuring translocation into the blood/urine/tissue [256][261].
Alternatively, in situ functional tests work similar by admiration of labelled compounds to an isolated
segments of the intestine and measuring the translocation [256]. The benefit of these permeability
models is that all the aspects of the intestine that regulate translocation (host-microbe interactions,
intestinal barriers, cellabsorption, blood circulation, etc) are examined [256]. Biomarkers can
measure permeability by the translocation of bacteria/bacterial products to the other organs or
blood circulation [256]. Additionally, epithelial junction gene and protein expression can be
measured in samples as a marker of permeability [256], [262], [263]. These biomarkers can be easily
measured but alterations in the junction expression does not necessarily equate to increased
permeability [256][262]. Confounding factors can affect results of the in vivo functional and
biomarker assays, they limit delineation of the effect on the epithelium specifically, are time

consuming, costly, and come with ethical considerations [253][256].

In vitro functional permeability assays using 2D epithelial monolayers (most notably Caco-2 cells) can
measure epithelial permeability directly. Caco-2 cells are plated and differentiated on a semi-
permeable membrane, commonly Transwell, and trans epithelial electrical resistance (TEER) or the
diffusion of labelled compounds (FITC-Dextran)across the monolayeris measured [255][260]. Caco-
2 cells when differentiated create a polarised monolayer with microvilli, efflux transporters and

junctions similar to the intestine epithelium [260]. Caco-2 cells plated on a Transwell semi-
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permeable membrane has also been applied in a microfluidic device to provide fluidic and
mechanical forces [264]. The FDA and EMA approved caco-2 TEER assays for the measurement of
permeability of oral drugs across the epithelium [260]. However, due to differences in expression of
efflux and uptake transporters in caco-2 cells the sole data from Caco-2 permeability assays of
permeability for biopharmaceutics classification system s limited to passive transported drugs and
thus not used for actively transported drugs by the FDA and EMA [260]. Caco-2 cells are derived
from a colon adenocarcinoma, which select to survive harsh environments, high expression of anti-
apoptotic genes, and low expression of pro-apoptotic genes, which can increase drug and toxin

resistance [253].

In vitro functional permeability tests have recently been developed for intestinal organoids [265]—
[271]. Intestinal organoids have been plated on a Transwellas a 2D monolayer, and measured TEER
to quantify permeability [270]. However, other permeability assays have also been developed for 3D
intestinal organoids. Labelled compounds canbe microinjected into the intestinal organoids and the
diffusion out of the organoid quantified to measure permeability [265]. Similarly, labelled
compounds canbe added to the media surrounding intestinal organoids and the diffusion into the
organoids quantified to measure permeability [266]-[269]. Additionally, the cell polarity can be
reversedto create apical-out organoids, where labelled compounds can be added to the surrounding
media “lumen side” and the diffusion into the organoids quantified to measure permeability

[271][272].

Table 6: Methods to measure intestinal permeability.

Method: Measurement: Sample:
Invivo/ Labelled compounds Translocation of compounds Blood/urine/tissue
in situ
Bacterial biomarkers Translocation of bacteria/PAMPs Blood/tissue
Epithelial biomarkers Epithelial junction expression Tissue
In vitro Transwell with TEER Electrical resistance Live resistance
(2D)
Transwell with labelled | Diffusion of compounds Conditioned media
compounds
In vitro Labelled compounds Diffusion of compounds Live imaging
(3D)
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4.1.5 Characteristics of intestinal organoids to model the intestine epithelium

Intestinal organoids derived from intestinal samples/biopsies contain the cell types from the
epithelium and not only enterocytes (Caco-2) [244]. Additionally, supplements added to the
intestinal organoids media are similar to the stem cell niche in vivo, therefore intestinal organoids do
not need to be derived from cancer cells [244][253]. Furthermore, intestinal organoids can be
derived from knock-out mice to create intestinal organoids deficient for a specific gene. Invivo
functional intestinal organoid permeability tests thus facilitate the direct assessment of toxins and

drugs on the permeability of the epithelium.

For the above-mentioned benefits of examining intestinal epithelial permeability using intestinal
organoids, | examine the feasibility of using in vitro functional intestinal organoid permeability assays
with the equipment available to us. | hypothesise that mouse intestinal organoids can be used to
guantify intestinal epithelial permeability. To examine this, | aim to measureintestinal organoid
permeability using established protocols. Alternatively, | aim to develop a permeability assay for

mouse intestinal organoids.

4.2 Hypothesisand aims

Hypothesis: Mouse intestinal organoids can be usedto quantify intestinal epithelial permeability.

Aim 1: Measure intestinal organoid permeability using established protocols.

Aim 2: Develop a permeability assay for mouse intestinal organoids.

4.3 Materials and Methods

4.3.1 2D mouse intestinal organoid monolayer

To plate mouse intestinal organoids as a 2D monolayer | derived intestinal organoids from mice,
according to 2.2.2 Organoid derivation and culture. Organoids were cultured for a week. Coat wells
from a 24-well plate with 100ul collagen and incubate for 1 hour at RT [270]. Excess collagen was
removed and the wells washed with PBS once. Media was removed from 4 mouse intestinal
organoid domes (50-100 organoids per dome) and organoid dome disrupted by resuspending
vigorously with ice cold PBS. The suspension was transferred to a falcon tube and the well rinsed
once with fresh ice cold PBS and transferredto the falcon tube to collect residual organoids. The
falcon tube was centrifuged at 500g for 3 minutes and supernatant discarded. Organoid pellet was
resuspendedin 2ml TrypLE and incubate at 37C for 10 minutes to dissociate cells. 10ml PBS was
added, centrifuged at 500g for 3 minutes and supernatant discarded. Cell pellet was resuspendedin
500ul mouse intestinal organoid media with Rock inhibitor and cell suspension added to collagen

coated well. This was Incubated at 37C with 5% CO, for 3 days, afterwards media was replaced with
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fresh media, and incubated for another 4 days at 37C with 5% CO,. HOECHST 33342 was added to
the media to a final concentration of 5ug/ml, incubated for 30 minutes at 37C with 5% CO,, and

organoids imaged with the Cytation 5 at bright field and DAPI channels.

4.3.2 3D mouse intestinal organoids permeability with FITC-Dextran

Intestinal organoids were derived from mice, according to 2.2.2 Organoid derivationand culture.
Organoids were cultured for a week, and then plated in 30l domes on a 24 well plate with 500ul
intestinal organoid media. Intestinal organoids were incubated at 37C with 5% CO, for 3 days. EDTA
was added to the media of an organoid well (EDTA) at a final concentration of 2mM and left an
organoid well untreated (control). The organoids were incubated for 2 hours at 37C with 5% CO,,
and afterwards added FITC-Dextran 4k.Da to the organoid media at a final concentration of 20ug/ml.

Organoids were imaged with the Cytation5 at bright field and GFP channels.

4.3.3 A permeability assay for mouse intestinal organoids

Intestinal organoid were derived and cultured according to 2.2.2 Organoid derivationand culture.
Intestinal organoids were plated at a density to allow individual organoids to be imaged without
overlapping organoids (~50-100 organoids per dome). A single 30 uL Matrigel dome with intestinal
organoids was plated in a 24-well plate with 500 uL medium to measure permeability. Additional
wells with organoids were used as a negative control, positive permeable control (EDTA), and

positive cell death control (Triton X-100).

Table 7: Key resources table.

REAGENT or RESOURCE SOURCE IDENTIFIER
Chemicals, peptides, and recombinant proteins

HOECHST 33342 ThermoFisher H1399
Propidium lodide Solution Merck P4864
Corning Matrigel Growth Factor VWR 734-1101
ReducedBasement Membrane

Matrix, phenol red-free

Gibco DMEM/F12, HEPES ThermoFisher 11330032
N-2 Supplement (100X) ThermoFisher 17502048
B27 Supplement (50X) ThermoFisher 17504044
N-Acetyl-L-cysteine Merck A9165
Recombinant murine EGF PeproTech 315-09
Recombinant murine Noggin PeproTech 250-38
Recombinant human R-Spondin-1 PeproTech 120-38
PenicillinStreptomycin ThermoFisher 15140122
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EDTA Merck ED2SS

Triton X-100 Merck X100

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX: 000664

Critical commercial assays

LDH-Glo Cytotoxicity assay Promega J2380

Software and algorithms

Fiji (or Imagel) Image) https://imagej.net/software/fiji/

Other

Cytation 5 Agilent (BioTek) https://www.biotek.com/products/imaging-

microscopy-cell-imaging-multi-mode-
readers/cytation-5-cell-imaging-multi-mode-

reader/overview/

Table 8: Mouse intestinal organoid growth media.

Reagent Final concentration Amount
Gibco DMEM/F12, HEPES (2/8°C) n/a 480 mL
N-2 Supplement (100X)(-5/-20°C) 1X 5mL
B27 Supplement (50X)(-5/-20°C) 1X 10 mL
N-Acetyl-L-cysteine (2-8°C) 1mM 81.5mg
Recombinant murine EGF (-20°C) 50 ng/mL 25 g
Recombinant murine Noggin (-20°C) 100 ng/mL 50 ug
Recombinant human R-Spondin-1(-20°C) 1 ug/mL 500 pg
Penicillin (10.000 U/ml), Streptomycin 100 U/mL, 100 pg/mL | 5mL
(10.000 pg/ml) (-5/-20°C)

Total n/a 500 mL

Intestinal organoid growth medium was stored between 2°C and 8°C. Some components have ashort shelf life

at 4°C, therefore stock solutions was aliquoted in order to produce fresh medium everyweek.

Organoid cell staining:

Propidium iodide (PI) is cell impermeable and therefore only stains dead cells. Dead cells within the

intestinal organoid lumen are shielded from PI by the intestinal monolayer, and thus will not be

stained by Pl without an increasein organoid permeability [246].
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Pl solution (5 mg/ml stock) was mixed in pre-warmed intestinal organoid growth media with a final
concentration of 5 ug/mLPl. Existing media in the organoid well was replaced with media with PI,

and incubated at 37°C for 20 minutes.
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Figure 44: Summary of the steps to measure mouse intestinal organoids using “A permeability assay for mouse intestinal

organoids”.
Organoid imaging and permeability analysis:

Green background autofluorescence, thatis found in the intestinal organoid lumen, is in the green
(469-525 nm) channel, and Pl is emits in the red (531-593 nm) channel. Measuring Pl stain within the

organoid lumen at the same position can measure the permeability of the organoid for PI. The
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lumen of intestinal organoids can be defined by the green background AF of dead cells and other

debris inside the organoid lumen [269].

The stainedintestinal organoid plate was added to the Cytation 5 and imagedin the green and red

channels for time point 0 as a Z-stack at 4x magnification with most/all organoids in focus.

EDTAand Triton X-100 were added to the organoids for a final concentration of 2mMand 0.5%,
respectively. 2 uL media was collected for the LDH assay before taking eachimage. Control, EDTA,
and Triton X-100 treated organoids were imaged with the Cytation 5 every half hour for 150

minutes. LDH was measured, as previously described 2.3.3 Promega LDH-Glo cytotoxicity assay.
Permeability was measured as follows:

1. Open the green channel image of time point 0 as a stackin Fiji.
a. “ZProject” the stacktogetall organoids of the stackin focus (Image, Stacks, Z
Project..., Max Intensity).
b. Set the “Threshold” (Image, Adjust, Threshold) so that only green background AF of
dead cell debris in the organoid lumen is selected.
c. Select this region of the binary image by “Create Selection” (Edit, Selection, Create
Selection).
2. Open thered channel image of time point 0 as a stackin Fiji.
a. “ZProject” the stackto get all organoids of the stackin focus (Image, Stacks, Z
Project..., Max Intensity).
b. Pastethe previously selected regioninto this image (Control + Shift +E)

c. Measurethe meanintensity of Plin this regionby “Measure” (Analyse, Measure).
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Figure 45: Fiji screenshots of steps 8-9.

3. Open the other time points of the red channel and repeat step 2.

4. Comparethe mean intensity of Pl stainof dead cells inside the selected organoid lumen of
treated organoids to control (untreated) organoids. By measuring mean Pl intensity inside
the selected organoid lumens at time point O the size and number of organoids are
normalised and are equalised at time point 0. By comparing treated to control luminal mean
Pl intensity after treatment time any change in background fluorescence is accounted for.
When analysing data after a pre-selected time point a parametric/non-parametric test can

be used, e.g. t-test or ANOVA.
4.4 Results

4.4.1 Measure intestinal organoid permeability using established protocols.

| examined two permeability methods for intestinal organoids with in house equipment for the
feasibility of measuring mouse intestinal organoids permeability in response to insults and drugs.
Transepithelial electrical resistance (TEER) can be used to measure permeability across a 2D
epithelial monolayer. Mouse intestinal organoids were grown on coated wells to grow 2D mouse
intestinal organoid monolayers. Mouse intestinal organoids grown on coated wells formed 2D

monolayer clusters, but did not form anintact 2D epithelial monolayer, which is needed to measure

permeability with TEER, Figure 46.

Figure 46: Brightfield and HOECHST stained 2D mouse intestinal organoid monolayer images.

FITC labelled 4k.Da dextran can be used to measure permeability in the intestinal organoids by
assessing the fluorescence inside and outside the organoid, after addition of FITC labelled 4.Da
dextranto the media. Mouse intestinal organoids were treated with and without 2mM EDTA, which
disrupt cell-cell junctions, and FITC labelled 4.Da dextran added to the media. The Cytation5

automated fluorescence microscope (not confocal) was used to image the 2mM EDTA treatedand

105



untreated mouse intestinal organoids with FITC labelled 4.Da dextran media. FITC labelled 4k.Da
dextran fluorescence difference between in and outside the intestinal organoid in control and 2mM
EDTAtreated organoids could not be determined due to the fluorescence bleeding from the out of

focus planes, Figure 47.
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Figure 47: Mouse intestinal organoids permeability assay with FITC labelled dextran. Mouse intestinal organoid

permeability assay using FITC labelled dextran 4 k.Da to measure dextran diffusion across organoid membranes. Left:

untreated, Right: 2mM EDTA treated for 2 hours.

4.4.2 Develop a permeability assay for mouse intestinal organoids.

| developed this permeability assay for mouse intestinal organoids on two observations. Intact
mouse intestinal organoids showed a high green background autofluorescence in lumen, which is
originated by dead cell debris and mucus [269]. Propidium lodide, did not penetrate the intestinal
organoid lumen to stain extruded dead cells inside intact intestinal organoids, however is able to
diffuse into the intestinal organoid and stainthe extruded dead cells in the lumen if the organoid is

made permeable [246][253].

Untreated mouse intestinal organoids (timepoint 0) showed a clearly defined intestinal organoid
lumen in the green channel (excitation 469, emission 525), Figure 48. 150 minutes after 2mM EDTA
treatment the green background autofluorescence inside of the organoid lumen was less prominent.
The lumen region at timepoint 0 was selected and overlayed on the red channel with propidium
iodide stained cells. At timepoint 0 no propidium iodide stained cells are visible in the lumen region,
but 150 minutes after 2mM EDTA treatment, propidium iodide is able to stainthe dead cells inside

the organoid lumen.
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Figure 48: Intestinal organoids treated with EDTA. Mouse intestinal organoids were treated with 2 mM EDTA and imaged
at time point 0 and every 30 minutes for 150 minutes. A bright field image at time point 0, green channel images of time
point 0 and after 150 minutes, and red channel images from time point 0 and after 150 minutes are shown with luminal

region selected from the green channel from time point 0.

To quantify intestinal organoid permeability with this technique, the luminal propidium iodide
intensity inside the lumen was measured of control, EDTA (to permeabilise), and Triton-X (to cause
cell death) treated mouse intestinal organoids every 30 minutes for 150 minutes total, as well as cell
death determined with LDH release into the conditioned media. Control mouse intestinal organoids
showed a low background and level luminal propidium iodide intensity over 150 minutes, as well as

low and level LDH in the conditioned media. Mouse intestinal organoids treated with 2mM EDTA
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started at the same low background luminal propidium iodide intensityat 0 minutes, but the signal
increased over time, becoming significantly different at 90 minutes, after which it plateauedand
remained constant for the duration of the assay. However, LDH inthe conditioned media of 2mM

EDTAtreated organoids was similar to control and did not increase over time.

Mouse intestinal organoids treated with 0.5% Triton-X started at the same low background luminal
propidium iodide intensity at 0 minutes, which significantlyincreased over time already after the
first 30 minutes. Triton-X treatment alsoincreased LDH in the conditioned media with a significant

increase after 150 minutes.
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Figure 49: Results of luminal propidium iodide and LDH measurements of intestinal organoids. Luminal propidiumiodide
stain and LDH release of intestinal organoids treated with 2mM EDTA, and 0.5% Triton X-100 were measured over time
using this intestinal organoid permeability assay and compared to control. Statistics calculated using two -way ANOVA with

post-hoc Tukey test, *p<0.05, **p<0.01,***p<0.005, ****p<0.0001, n=4.

4.5 Discussion
| hypothesised that mouse intestinal organoids can be usedto quantify intestinal epithelial
permeability. My aims were to 1: measure intestinal organoid permeability using established

protocols, 2: develop a permeability assay for mouse intestinal organoids.

Other groups have successfully used intestinal organoids plated as an intact 2D monolayer on
Transwells to measure permeability with TEER and FITC-Dextran4k.Da [270]. Alternatively, FITC-
Dextran4k.Da canbe added to the media apical side and diffusion to the basolateral side canbe
measured for permeability [270]. | show a proof of principle that intestinal organoids can be plated
as a 2D monolayer, but | did not grew an intact monolayer, which is required to measure
permeability on Transwells via TEER or FITC-Dextran 4k.Da diffusion. This was likely due to too few

starting cells from the number of organoids, and with more organoids full coverage might have been
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accomplished. However, because of the large quantity of intestinal organoids required to grow an
intact 2D monolayer, this method of measuring permeabilityin 2D intestinal organoids on Transwell
would not be feasible for the planned experiments in the next chapter: 5 Are increased intestinal

cell death and reduced stemness associated with cirrhosis?.

Other groups have successfully used FITC-Dextran 4k.Da diffusioninto mouse intestinal organoids to
measure permeability with a confocal fluorescence microscope. My images were taken with the
Cytation 5, which lacks the optical resolution and contrast of a confocal fluorescence microscope,
which uses a spatial pinhole to block out-of-focus fluorescence from planes above and below the
focus point. By using a confocal fluorescence microscope the high background fluorescence of FITC-
Dextran4k.Dain the media would be eliminated, which allows for quantification of fluorescence
inside and outside the intestinal organoid to determine permeability. However, the requirement of a
confocal fluorescence microscope limited the feasibilityand through-put of this permeability
method to quantify intestinal organoid permeability for my experiments for the next chapter: 5 Are

increased intestinal celldeath and reduced stemness associated with cirrhosis?.

| developed this permeability assay for mouse intestinal organoids based on these two observations.
Healthyintact intestinal organoids emit green background autofluorescence inside the organoid
lumen by dead cell debris and mucus [269]. Additionally, | observed that propidium iodide that
stains dead cells, did not penetrate into the intestinal organoid lumen, and did not stain the luminal
extruded dead cells inside the intact intestinal organoids. However, propidium iodide was able to
penetrate and stain dead cells in the lumen of permeable intestinal organoids and can be used to

measure cell deathin intestinal organoids in response to insults [246][253].

In vitro experiments have shown that EDTA disrupts tight junctions and induces paracellular pores
that facilitate transport exclusively through the paracellular pathway in cell monolayers [262]. In
intestinal epithelial adenocarcinoma cells (Caco-2), the mechanism of EDTA disruption of tight
junctions has been shown to be through calcium chelation, leading to an increase in paracellular
transport [255]. Consequently, EDTA has been used to loosen crypt cells from isolated intestines for

organoid derival, and alsoto increase organoid permeability [254][274].

Using this protocol, the effect of a toxin or compound on intestinal organoid permeability can be
measured over time. Untreatedintestinal organoids are not expectedto show anincreasein
organoid permeability and will show a horizontal line of luminal Pl accumulation over time. EDTA
treatedintestinal organoids showed an increase in luminal propidium iodide intensity in the absence
of cell death. Therefore, luminal propidium iodide intensity can be used to measure permeability.

Triton-X treated intestinal organoids also showed an increase in luminal propidium iodide intensity
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but accompanied by anincrease in cell death. Triton X-100 induces a loss of inter-and intra-cellular
integrity through detergent action, leading to increased cell permeabilityand cell death, which

results in propidium iodide staining of all organoid cells.

My permeability assay has limitations that can restrict its use for certain experiments. This protocol
determines the lumen by green background autofluorescence at time point 0 and measures
propidium iodide intensity within that region pre and post treatment. Since the lumen will grow as
the organoids is growing and expending, over time the lumen will be different from time point 0.
Therefore, this exact protocol is not suitable to measure permeability after treatment with

toxin/compound’s that take more than 24 hours.

Compounds with a fluorophore that falls within the same emission wavelength as PI cannot be
administered as this will interfere with the measurement of dead cells inside the organoid lumen.
However, compounds with different fluorophores can be administratedto intestinal organoids to

determine their effect on organoid permeability.

To measure propidium iodide stained cells inside the organoid lumen, itis essentialtoimage on the
same spot as time point 0, as the lumen areas are defined at that time point. | utilise the Cytation5,
which can image at precise locations in a repeated manner over time; other automated fluorescence

microscopes can be used as well, provided that the image location can be repeated.

In this protocol the intestinal organoid lumen is defined by the green background autofluorescence
of dead cell debris and mucus within the lumen of intact organoids. This automatically excludes dead
and/or damaged organoids which lack an intact lumen, since they do not show green background
autofluorescence. Intestinal organoids that are newly-plated may lack the green background
autofluorescence of dead cell debris and mucus within the lumen since insufficient dead cell debris
and mucus may have been extruded into the lumen or insufficient dead cells to be stained; these

organoids are thereby excluded from this protocol.

This protocol can in principle alsobe usedto measure permeability of intestinal organoids derived
from other species, if healthy and proliferating intestinal organoids are used. Satoet al., has
described deriving and culturing of organoids from mice samples and human biopsies of the small
intestine and colon into differentiated budding intestinal organoids and colon organoids [244]. Itis
important to notice that this assayrequires green background autofluorescence of dead cell debris
and mucus inside the organoid lumen, which excludes analysing permeability on other types of
organoids that do not extrude dead cells into the organoid lumen. For example, intestinal organoids

with the polarity reversed, as demonstrated by Co et al., cannot be analysed with this assay [272].
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Figure 50: Illlustrations of expected EDTA treated intestinal organoidsimages. Illustrations of bright field, HOECHST, green
background autofluorescence (AF), and propidium iodide (Pl)images of intestinal organoids treated with EDTA over time. In
the Pl images, the luminal areas of intestinal organoids are highlighted, which are made by selecting the luminal regionin

the green background AF. Analysing Pl stain over time in these luminal regions are indicative of organoid permeability.

4.6 Conclusion

Intestinal permeability is increasingly recognised as an important process in the progression of liver
disease and neuropsychiatric disorders. | was unable togrow mouse intestinal organoids as an intact
2D monolayer, which is required to measure permeability on Transwells via TEER or FITC-Dextran
4k.Da diffusion. Furthermore, FITC-Dextran diffusion across whole intestinal organoids could not be
used to measure permeability, due to high background fluorescence by FITC-Dextran4k.Da inthe
media. Herein, | described a novel, reproducible and scalable assaytoassess intestinal permeability
in intestinal organoids. Propidium iodide staining of dead cells inside the organoid lumen increased
over time when intestinal organoids were permeabilised by EDTA compared to untreated organoids,
which did not increase cell death (LDH release). Thus, luminal propidium iodide intensity can be used

to measure permeability in mouse intestinal organoids.
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5 Are increased intestinal cell death and reduced stemness associated

with cirrhosis?

5.1 Introduction

As described in the chapters above, cell renewal and cell death are key factors to maintain intestinal
epithelial monolayer homeostasis. Newly proliferated cells from stem cells in the intestinal crypt
differentiate and migrate up the villi [150]. However, certaincells: stem cells, Paneth cells in the
smallintestine, and deep secretory cells/Goblet-like cells in the colon, maintain their position in the
crypts [147], [151]—-[153]. Cells at the end of their life at the top of the villi are extruded from the
epithelial monolayer. Anoikis and apoptosis, in combination with cytoskeletal remodelling, regulates
the turn-over of cellsin the epithelium while maintaining monolayer integrity [150]. Conversely,
necroptosis and pyroptosis, although essential for the host defence with lytic cell death and pro-
inflammatory cell signalling, also contributes to increasing epithelial permeability [254][273]. The
balance between cell renewal and cell death in the epithelial monolayer is thus essential for

maintaining intestinal permeability.

The intestinal epithelium has been extensively investigated forits role in the systemicinflammatory
response during intestinal disease such as ischemia/reperfusion, sepsis, and inflammatory bowel.
Excessive intestinal cell death has been linked to barrier disruption and increased inflammation
during inflammatory bowel disease [274]. Excessive colonic necroptosis contributes to damage to
the epithelial integrity as well as the mucosal barrier in IBD, and reducing necroptosis has shown
beneficial effects in colitis (inflammatory colon) [254][273]. Additionally, reducing ER stress
mediated colonic cell death mediates inflammation and permeability with beneficial effects on
survival in mice colitis models [275][276]. The role of pyroptosis in intestinal disease s less clear,
with some studies showing beneficial effects of inflammasome deficiency for colitis development,
while other studies showing increased susceptibility to loss of epithelial integrityand colitis [163],

[165], [181], [183], [277].

Increased intestinal permeabilityis a known feature of cirrhosis but the underlaying mechanisms
remain ill-defined. However, DuPlessis et al., showed an increased of amount of activated
macrophages in cirrhosis, which were a source of pro-inflammatory cytokines in the intestinal
mucosa [154]. These pro-inflammatory cytokines were also detected in the serum of cirrhosis
patients [154]. Furthermore, intestinal permeability was increased in cirrhosis, but no difference in
inter-epithelial junction gene and protein expressions was found [154]. These findings indicate that

the pro-inflammatory intestinal macrophage response could contribute to the systemic
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inflammation in cirrhosis, but a potential role of intestinal macrophage activation on intestinal

permeability remains unknown.

The role of intestinal crypt pluripotent stem cells is to replenish the cells removed by cell deathin
the epithelial monolayer, while maintaining pluripotency [150]. LeBlond’s crypt base columnar cells
are located in the crypt bottom and actively proliferate into progenitors, which differentiate into
enterocytes, goblet cells, Paneth cells, etc. [147], [151], [153]. Potten’s quiescent label-retaining
stem cells are located at the +4 position and function to replenish CBC cells [151][152]. Additionally,
in response toinjury revival stem cells from progenitors have been described that can replenish CBC

to repairdamaged crypts [259][278].

The stem cells in the intestinal crypt require ligands to maintain pluripotency, which are secreted by
neighbouring cells in the stem cell niche. Secreted R-spondin in the niche binds to the Lgr5 receptor
of stem cells, which leads to binding of RNF43 to the receptor [279]. Additionally, secreted Wnt in
the niche binds to Frizzled, which facilitates Frizzled-Axin complex formation [280], [281]. Binding of
RNF43 with Lgr5 restricts RNF43 from inhibiting Frizzled-Axin formation [279]. Active Wnt-Frizzled-
Axin complex leads to beta-cateninsignalling of transcriptional targets of Wnt signalling, including
Lgr5, Olfm4 and Axin2, but also the negative regulator RNF43 [279][282]. Inactive Wnt signalling
leads to degradation of beta-catenin by the proteasome facilitated by Axin-YAP/TAZ complex
[279][282]. Alternatively, YAP can induce gene expression of Ly6a, Clu, Anxal, etc. that contributes
to revival stem cell formation with fetal gene activationto replenish stem cells in response to injury
[278][283]. Furthermore, the AHR pathway is a self-regulating negative regulator of the Wnt
pathway [284]. Activated AHR leads to expression of RNF43, but alsoleads to the expression of
CYP1, which inhibits the AHR pathway [284].
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Figure 51: Intestinal crypt base columnar stem cell regulation. Crypt base columnar stem cell regulation is facilitated by
the WNT pathway. WNT and YAP signalling regulates the stem cell and revival stem cell balance in healthy conditions orin

response to injury.

To maintain pluripotency and to grow intestinal organoids in culture, stemcells in isolatedintestinal
crypts require supplements (e.g. R-spondin, epidermal growthfactor, Noggin, etc.) including Wnt for
undifferentiated colon organoids of human and mice, and without Wnt differentiating small
intestinal organoids [244]. Dysregulation of the pathways that regulate pluripotency canresultin a
loss of stemcells, or lead to tumorigenesis. For example, AHR deficiency or inhibition reduces the
negative regulator of Wnt signalling (RNF43), leading to overstimulation of the Wnt pathway, which
results in uncontrolled stem cell proliferation and impaired differentiation (tumorigenesis)in
intestinal organoids [167]. AHR ligand can restore epithelial homeostasis by regulating the Wnt
signalling in stem cells, and additionally restore inter-epithelial junction expression [167][285].
Furthermore, absence of R-spondin in the intestinal organoid media inhibits growthand decreases
survival of the organoids [247]. The proportional response to stem cell receptor ligands and accurate
regulation of the stem cell pathway in intestinal organoids, contraryto cancel cell lines, make
intestinal organoids a more relevant model to study the cell deathand survival response to injury or

other manipulations [253].

The Wnt and AHR pathways are affected amongst others by alcohol, fatty diets, and bacterial
products, which are drivers of cirrhosis development. Chronic alcohol consumption increases
intestinal permeability and induces stem cell injury by dysregulating the Wnt pathwayand cell
renewal capabilities of intestinal stem cells [286][287]. Additionally, epithelial specific dysregulation

of the AHR pathway enhances injury to alcohol, resulting in increased bacterial translocation, which
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is protected against by supplementing with AHR agonist to correct AHR pathway activation [288].
Conversely, high fat diet in mice increases the number of intestinal stem cells resulting in increased
cell renewal capabilities, which in turn compromises epithelial barrier function and contributes to
tumorigenesis [289][290]. Furthermore, LPS induces gut injury by decreasing tight junction,
increasing intestinal permeability, disrupting the brush border, and causes excessive crypt cell death
resulting in decreased number of Paneth cells, Lgr5+ cells, and overall decreased Olfm4 expression
[259]. Increased crypt cell death and depleted Lgr5+ cells induces revival stem cells, but does not
alleviate gut injury [259]. Enhancing Lgr5 viability and epithelial regeneration capabilities
independent of Wnt/Notch pathways reducedthese negative effects by LPS [259]. Additionally, in
vitro culture of bacteria with intestinal organoids reduces the stem cell population, and results in
reduced budding rate and increased mortality [291]. Targeting stem cell regulation for epithelial
barrier regeneration and reducing inflammation for gutinjury recovery is therefore being

investigated for inflammatory bowel disease, but could also be applicable for cirrhosis [146][169].

As previously highlighted, Liu et al. showed a role of unfolded protein response mediated intestinal
cell death in a BDL cirrhosis mice model and cirrhosis patient intestinal biopsies [194]. ER stress
induced by thapsigargin decreased Lgr5andKi67 expressionin mouse intestinal organoids, but Lgr5
and Ki67 expression was increased in intestinal organoids derived from CHOP deficient micein
untreated and thapsigargintreated organoids [194]. They propose that intestinal ER stress causes a
loss of stem cell proliferation and cell renewal, as well as CHOP mediated cell death and
accompanied loss of tight junctions during cirrhosis development [194]. This loss of barrier function
leads to increased bacterial translocation, contributing to the inflammation and fibrosis in the liver
[194]. Furthermore, they showed an unfolded protein response mediated reduction of the villi
length in their BDL model, as well as reduced markers of stemness intheir BDL model and cirrhosis
patient intestinal biopsies [194]. We, however, did not show increased intestinal ER stress in our
mice model nor in biopsies from cirrhosis patients, as shown in chapter 3 (3 Are ER stress mediated
intestinalinflammasome activation and pyroptotic cell death associated with cirrhosis?). However,
in chapter 3 | did not investigate the inflammasome-unrelated intestinal cell death or intestinal crypt
stemness incirrhosis. Cell death and cell renewal by intestinal stem cells are essential to maintain
epithelial homeostasis, and disruption cell death and stem cells can lead to a decrease of epithelial
barrier function [150], [167]-[169], [190]. Therefore, | hypothesis that increased intestinal cell death
and reduced stemness are associated with cirrhosis. Therefore, inthis chapter | aim to characterise
intestinal stemness and cell death in cirrhosis. Additionally, | aim to therapeutically treat intestinal

stemness and cell death for beneficial effects in the epithelium, with AHR ligand (FICZ) to regulate
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stemness, pyroptosis inhibitor (Disulfiram (DSF)), and inflammation inhibitor (Dimethyl fumarate

(DMF)).

5.2 Hypothesis and aims

Hypothesis: Increasedintestinal cell death and reduced stemness are associated with cirrhosis.

Aim 1: Characterise intestinal cell deathin cirrhosis patients.

Aim 2: Characterise intestinal cell deathin cirrhosis rodent model.

Aim 3: Characterise intestinal stemness in cirrhosis rodent models.

Aim 4: Determine effect of reduced stemness onintestinal cell death, permeability, and
proliferation.

Aim 5: Characterise cell death, permeability, and proliferation in intestinal organoids derived from
cirrhosis rodent models.

Aim:6 Therapeuticallytarget cell death and stemness for beneficial effects on cell death,

permeability, and proliferation in intestinal organoids derived from cirrhosis rodent models.

5.3 Materials and Methods

| used our subcutaneous CCl4 cirrhosis mice model as previously described, 2.1.3 Mouse
subcutaneous CCl4. Our 12 week CCl4 administration model (olive oil, CCl4, CCl4 + LPS) was
performed at the Institute for Liver and Digestive Health — UCL. Additionally, | used our BDL cirrhosis
rat model, 2.1.4 Rat bile duct ligation. Serum creatinine, ALT, ammonia, GGT, GLUC, and AST was

determined as described, 2.1.4 Rat bile duct ligation.

RNA was isolated from colon tissue of our mice model with TRIzol as previously described, 2.4.1 RNA
isolation tissue and cell culture. cDNA was synthesised according to 2.4.2 cDNA synthesis, and
quantified stem cell markers (OLFM4, KI67, LGR5), and housekeeping (PPIB) gene expression for
mice with gPCR as described in 2.4.3 qPCR. RNA was isolated from Caecum tissue of our rat model
with TRIzol as previously described, 2.4.1 RNA isolation tissue and cell culture. cDNA was
synthesised according to 2.4.2 cDNA synthesis, and quantified stem cell marker (LGR5), AHR
pathway (AHR, CYP1A1, CYP1B1), goblet cell marker (MUC2), and housekeeping (RPLPO) gene
expression for rat with qPCR as describedin 2.4.3 qPCR.

Intestine tissues from our BDL rat model were formalin fixed, paraffin embedded, and sectioned
according to 2.5.3 Tissue formalin fixation, paraffin-embedding, and sectioning. Human biobank
healthy control, cirrhosis, and IBD patient samples came FFPE, which was sectioned according to
2.5.3 Tissue formalin fixation, paraffin-embedding, and sectioning. Cell death was analysed by

TUNEL staining as described by 2.5.5 Abcam TUNEL Assay Kit —BrdU-Red.
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Intestinal organoids were derived from mice, 2.2.2 Organoid derivation and culture. For the
experiments mouse intestinal organoids were plated and cultured immediately with the treatment
(LPS, depletion of R-spondin, CH223191, FICZ). Intestinal mouse organoid media was replaced with
fresh media with treatment after 2 days. | stained organoids with HOECHST and Propidium lodide
aftertreatment, according to 2.2.3 Organoid cell death, permeability, and size assay and quantified
cell death, permeability and size. Afterwards, the conditioned media and organoid cell pellet was
collected for RNA isolation, 2.4.1 RNA isolation tissue and cell culture, cDNA synthesis, 2.4.2 cDNA
synthesis, and quantification of inter-epithelial junction proteins (OCL, CLA, TJP), AHR pathway (AHR,
CYP1A1, CYP1B1), stem cell markers (KI67, LGR5, AXIN2, YAP1, LY6A, FZD7), and housekeeping (PPIB)

gene expression for mice with gPCR, 2.4.3 qPCR.

Intestinal organoids were derived from another cohort of 20w subcutaneous CCl4 treated and
control mice from Schalk van der Merwe’s group, 2.2.2 Organoid derivation and culture. After 6/7
days of culture from deriving, organoid cells were stained by adding HOECHST and Propidium lodide
with an end concentration of 5pg/ml, and added FITC-Dextran4k.Da withanend concentration of
20pg/ml and incubated for 90 minutes prior to imaging. The stained intestinal organoids were
imaged using an inverted confocal fluorescence microscope, measuring green fluorescence inside
the organoids normalised to the fluorescence outside the organoids for permeability, and cell death
and size as described previously, 2.2.3 Organoid cell death, permeability, and size assay. Unstained

organoids were cryopreserved from control and cirrhosis mice after 6/7 days of culture [292].

Cryopreserved organoids from control and cirrhosis mice were thawed and culture for treatment
experiments and isolated organoid cell pellet for RNAisolation, 2.4.1 RNA isolation tissue and cell
culture, cDNA synthesis, 2.4.2 cDNA synthesis, and quantification of stem cell markers (KI67, LGR5,
AXIN2, YAP1, LY6A, FZD7), AHR pathway (AHR, CYP1A1, CYP1B1), and housekeeping (PPIB) gene
expression for mice with qPCR, 2.4.3 qPCR. The thawed cryopreserved organoids (15t passage) were
plated and immediately treated with and without 5nM FICZ for 3 days, and organoids were stained
with HOECHST and Propidium lodide after treatment, according to 2.2.3 Organoid celldeath,
permeability, and size assay and quantified cell death, permeability, and size. For 2nd, 3rd 4th gnd 5th
passaged organoids, they were plated and immediately treated with and without 25uM DSF, 500nM
FICZ, 25uM DMF, 500nM FICZ, respectively, for 3 days, and organoids were stained with HOECHST
and Propidium lodide after treatment, according to 2.2.3 Organoid cell death, permeability, and

size assay and quantified cell death, permeability, and size.
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5.4 Results:

For this chapter | used our CCl4 cirrhosis mice model from chapter 3 (3 Are ER stress mediated

intestinalinflammasome activation and pyroptotic cell death associated with cirrhosis?), but due

to colon sample collection limitations, | alsoused a BDL cirrhosis rat model. Serum creatinine, ALT,

ammonia, GGT, GLUC and AST were measured from sham, BDL, BDL+LPSand BDL+LPS+DSFtreated

rats tovalidate the cirrhosis rat model. Serum creatinine was significantly increasedin the BDL+LPS

treatedrats comparedto sham, but not in any of the other groups Figure 52. Serum ALT and
ammonia, however, were significantly increasedin all groups (BDL, BDL+LPS, BDL+LPS+DSF)
compared to sham. Serum GGT and AST were both significantlyincreasedin BDL+LPSand
BDL+LPS+DSF groups compared to sham (BDL not determined), and serum GLUC significantly
decreasedin BDL+LPSand BDL+LPS+DSF compared to sham (BDL not determined).
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Figure 52: Bile duct ligated cirrhosis rats validation, serum ALP, AST, ALT, Albumin, Creatinine levels. A: Serum creatinine,

B: ALT, C: Ammonia, D: GGT, E: GLUC, F: AST. A-C: Sham (n=15), BDL (n=18), BDL+LPS (n=9), BDL+LPS+DSF (n=6). D-F: Sham

(n=6), BDL (n=0), BDL+LPS (n=5), BDL+LPS+DSF (n=6). Groups were compared with one-way ANOVA with Tukey’s post hoc

test; significance p<0.05.
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5.4.1 Characterise intestinal cell death in cirrhosis patients.

To examine intestinal epithelial cell death in cirrhosis, we acquired biobank FFPE intestinal samples
of healthy control, inflammatory bowel disease (IBD), and cirrhosis patients for TUNEL staining.
TUNEL staining of ascending colon samples showed a significant increase of epithelial dead cells in

cirrhosis patients compared to healthy control, but not in IBD patients, Figure 53.
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Figure 53: TUNEL cell death staining of human healthy control, IBD, and cirrhosis patient intestinal biobank biopsies.
TUNEL positive cells was measured on FFPE sectioned ileum, IC valve, ascending colon, transverse colon, descending colon,
and random colon location biopsies of cirrhosis patients, and ascending colon biopsies of healthy control and IBD patients.
A: HC (n=6), IBD (n=5), and cirrhosis ascending colon (n=15) TUNEL stain. B: Cirrhosisileum (n=2), ICvalve (n=1), ascindin g
colon (n=15), transverse colon (n=9), descending colon (n=8), and random colon (n=4) biospie TUNEL stain. C: aetiology of

cirrhosis patients. Groups were compared with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.

5.4.2 Characterise intestinal cell death in cirrhosis rodent model.

To further determine the effect of cirrhosis on intestinal epithelial cell death, | TUNEL stained
epithelial dead cells in intestinal samples from our BDLrat model. | stained the epithelium of ileum,
caecum, and colon samples from sham, BDL, BDL+LPS, and BDL+LPS+DSF treated rats. TUNEL
staining showed no difference in the ileum and colon across any groups, Figure 54. However, in the
caecum | observed a significant increase of dead epithelial cells in the BDL+LPS group compared to
sham. Interestingly, treatment with DSF in the BDL+LPS group significantly decreased the epithelial

cell death to baseline levels.

119



A: lleum B: Caecum C: Colon
3- 0.8 0.81
[ ] © ©
5 $ o6 0.0161  0.0171 $ 06
G 5] & i
o o n A o
8 S 0.4+ R < 0.4 .
3 3 A 3
w L] w ]
% 14 : 4 0.2 - 4 024 L A v
2 " = . Aa P % m Mz
® ek we? i, vy L d A
o-_;ﬁ_‘ﬁ'_L,A_*_ 00l —9> = % ¥VV 001 Ta®" Bm ©  C
& v &2 & S o & & & v P& &
& F 5 F ¢ @ B9 & 59
N Q% 'Na Q‘: ¥ Qﬁ.:
Q¥ W Q¥ N LN

Figure 54: TUNEL cell death staining of rat ileum, caecum, and colon samples. TUNEL positive cells was measured on FFPE
sectioned ileum, caecum, and colon samples from rats. A: lleum, B: Caecum, C: Colon. Sham (n=8), BDL (n=8), BDL+LPS

(n=6), BDL+LPS+DSF (n=6), groups were compared with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.

5.4.3 Characterise intestinal stemness in cirrhosis rodent models.

To determine the effect of cirrhosis on the intestinal epithelial crypt stemness, | measuredthe gene
expression of stem cell markers in colon samples. OLFM4 and Ki67 expression showed no difference
across groups of the CCl4 mice models, while Lgr5 was significantly decreasedin the colon of CCl4 +
LPS mice compared to olive oil and CCl4 groups, Figure 55. Furthermore, Lgr5 expression was

unchangedin 12-, 14-, 17-, and 20-week CCl4 treated groups.

| determined Lgr5, intestinal crypt stemness genes inthe aryl hydrocarbon receptor pathway (AHR,
Cyplal, Cyplbl), and Muc2 expressionin caecum samples from sham, BDL, BDL+LPS, and
BDL+LPS+DSFtreated rats to further examine stemness and cell markers in cirrhosis. Caecum Lgr5
expression was significantly decreasedin all groups (BDL, BDL+LPS, and BDL+LPS+DSF) compared to

sham, Figure 56. Caecum AHR, Cyplal, Cyplbland Muc2 expressiondid not show any difference in

any of the groups.
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Figure 55: Gene expression of crypt stem cell markers of mouse colon samples. Gene expression was measured by gPCR on
cDNA synthesised from RNA isolates of mouse colon samples. A-C: subcutaneous CCl4 12 weeks model, D: subcutaneous
CCl4 14,17,20 weeks model. A: OLFM4, B: Ki67, C-D: Lgr5. A-C: olive oil (n=4), CCl4 (n=4), CCI4+LPS (n=6), D: 14w control
(n=5), 14w CCl4 (n=6), 17w control (n=4), 17w CCl4 (n=6), 20w control (n=5), 20w CCI4 (n=7). Groups were compared with

one-way ANOVA with Tukey’s post hoc test; significance p<0.05.
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Figure 56: Gene expression of stem cell markers and goblet cell marker of rat caecum samples. Gene expression was
measured with gPCR on cDNA synthesised from RNA isolates of rat caecum samples. A: Lgr5, B: AHR, C: Cyplal, D: Cyplbl,
E: Muc2. A-B: Sham (n=11), BDL (n=9), BDL+LPS (n=10), BDL+LPS+DSF (n=5). C-E: Sham (n=6), BDL (n=4), BDL+LPS (n=6),

BDL+LPS+DSF (n=5). Groups were compared with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.

5.4.4 Determine effect of reduced stemness on intestinal cell death, permeability, and
proliferation.

To examine the effect of “long” exposure to bacterial PAMPs and reduced stemness on cell death,
permeability, and growth in the intestine epithelium, | treated mouse intestinal organoids with LPS,
depletion of R-spondin from the media, or a combination of both for 4 days. All treatments
significantlyincreased cell death in mouse intestinal organoids compared to control, Figure 57.

Depletion of R-spondin with LPS significantly increased cell death compared to LPS only treatment
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but did not increase cell death when compared to depletion of R-spondin alone. Permeability was
unaffected by all treatments, but all treatments significantly decreased the size of the mouse

intestinal organoids.
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Figure 57: Mouse intestinal organoids treated with LPS with and without the depletion of R-spondin in the culture media
forssize, permeability, and cell death. Mouse intestinal organoids were cultured with 100ug/ml LPS, depletion of R-spondin
from the culture media, and depletion of R-spondin with 100ug/ml LPS, cultured for 4 days. Cells were stained with
HOECHST and propidium jodide and fluorescent images were taken for HOECHST, green autofluorescence, and propidium
iodide. A: Cell death was measured by mean propidium iodide intensity in HOECHST stained organoid areas, B: Permeability
was measured by mean luminal propidium iodide intensity in green autofluorescent lumen, and C: Size was measured by
mean HOECHST stained organoid areas. A-C: control (n=12), LPS (n=12), -Rspondin (n=6), -Rspondin+LPS (n=6), groups were

compared with mixed-effects analysis with Hilm-Sidak’s multiple comparisons test, significance p<0.05.

In order to eliminate the confounding factor of increased cell death and focus on the effects of
reduced stemness on permeability and size, | treated mouse intestinal organoids with an AHR
antagonist (CH223191) and/or AHR ligand (FICZ) to manipulate stem cell maintenance. 5uM
CH223191 treatment resultedin a significant increased permeability, without a difference in cell
death or organoid size, Figure 58. Alternatively, 500nM FICZ treatment significantly increased cell
death, but did not affect permeability of size. Treatment of 5uM CH223191 with 500nM FICZ or 5uM
FICZ did not ameliorate the increased permeability, but combination treatment did significantly

increased cell death (5uM FICZ only) and significantly decreased organoidsize.
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Figure 58: Mouse intestinal organoids treated with CH223191 and FICZ for size, cell death and permeability. Mouse
intestinal organoids were treated with 5uM CH223191, 500nM FICZ, and 5uM FICZ for 3 days. Cells were stained with
HOECHST and propidium iodide and fluorescent images were taken for HOECHST, green autofluorescence, and propidium
iodide. A: Cell death was measured by mean propidium iodide intensity in HOECHST stained organoid areas, B: Permeabili ty
was measured by mean luminal propidium iodide intensity in green autofluorescent lumen, and C: Size was measured by
mean HOECHST stained organoid areas. Control (n=4), 5uM CH223191 (n=4), 500nM FICZ (n=4), 5uM CH223191 + 500nM
FICZ (n=4), 5uM CH223191 + 5uM FICZ, n=3, groups were compared with one-way ANOVA with Tukey’s post hoc test;
significance p<0.05.

Gene expression of epithelial junction proteins and AHR pathway genes were examined in the
mouse intestinal organoids treated with CH223191 and FICZ. Nosignificant differences in tight
junction expressions, occludin, claudin, and tight junction protein 1, was found between any of the
groups, but undetectable levels in several samples limited statistical power. Additionally, no
significant differences was found in the markers of the AHR pathway, AHR, CYP1A1, CYP1B1,
between any of the groups, but also here undetectable levels in several samples limited statistical

power. However, AHR gene expression showed a small upward trend in the CH223191 treated

organoids.
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Figure 59: Gene expression of junction proteins and AHR pathway genes of mouse intestinal organoids treated with
CH223191 and FICZ. Mouse intestinal organoids were treated with 5uM CH223191, 500nM FICZ, and 5uM FICZ for 3 days.
Gene expression was measured with gPCR on cDNA synthesised from RNA isolated from mouse intestinal organoids. Gene
expression of A: Occludin B: Claudin, C: Tight junction protein 1, D: Aryl hydrocarbon receptor, E: Cyplal, and F: Cyp1b1.
Control (n=4), 5uM CH223191 (n=4), 500nM FICZ (n=4), 5uM CH223191 + 500nM FICZ (n=4), 5uM CH223191 + 5uM FICZ,

n=3, groups were compared with one-way ANOVA with Tukey’s post hoc test; significance p<0.05.

5.4.5 Characterise cell death, permeability, and proliferation in intestinal organoids derived
from cirrhosis rodent models.

To examine whether the effect of cirrhosis on the intestine maintains its phenotype in organoids |
derived organoids from control and cirrhosis mice. Mouse intestinal organoids derived from cirrhosis
mice showed significantlyincreased cell death compared to organoids derived from control mice,
Figure 60. Cirrhosis mice organoids did not significantly affect permeability, but did show a trend
upward. Furthermore, cirrhosis mice organoids showed no significant difference in size compared to
control. Additionally, gene expression markers of stem cell were analysed in these organoids. No

significant differences were found of Ki67, Axin-2, Yap-1, Ly6a, Frizzled-7, AHR, Cyplal, Cyplbl
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between organoids derived from cirrhosis mice and control mice, Figure 61. However, gene

expression of Lgr5 was significantly increased and expression of Frizzled-7 significantly decreasedin

cirrhosis organoids.
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Figure 60: Mouse intestinal organoids from control and cirrhosis mice (20w CCI4). Mouse intestinal organoids were

dervived from control and 20w CCl4 subcutaneous treated mice and analysed for A: Cell death, B: Permeability, and C: Size,

after a week of culture. Control (n=29), Cirrhosis 20w (n=124), groups were compared with Mann-Whitney t-test,

significance p<0.05.
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Figure 61: Gene expression of stem cell markers in intestinal organoids from control and cirrhosis mice. Mouse intestinal

organoids were derived from control and 20 week CCl4 treated mice. Gene expression was measured with gPCR on cDNA

synthesised from RNA isolated from mouse intestinal organoids. Gene expression of A: Ki67 B: Lgr5, C: Axin-2, D: Yap1, E:

Ly6a, F: Frizzled-7, G:AHR, H: Cyplal, andI: Cyp1b1. Control (n=6), cirrhosis 20w (n=8), groups were compared with Mann-

Whitney t-test, significance p<0.05.
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5.4.6 Therapeutically target cell death and stemness for beneficial effects on cell death,
permeability, and proliferation in intestinal organoids d erived from cirrhosis rodent models.
To determine whether the phenotype of cirrhosis in intestinal organoids could be therapeutically
targeted, | examined the effects of FICZ, DSF (pyroptosis inhibitor) and DMF (inflammation inhibitor)
on organoid cell death, permeability, and size. Treatments were examined on the organoids from
cirrhosis mice and control mice for cell death, permeability, and size with 5nM FICZ after the 15t
passage, 25uM DSF 2"4 passage, 500nM FICZ 3" passage, 25uM DMF 4t passage, and 500nM FICZ 5th

passage.

After 1stpassage, cirrhosis organoids showed significantly increased permeability, showed no
significant difference in cell deathand size, but showed an upward trend cell death Figure 62. 5nM
FICZ treatment did not significantly affect cell death or permeability in control or cirrhosis organoids

but did cause a significant difference in size between control and cirrhosis organoids.

After 2" passage, cirrhosis organoids maintained the significant increased permeability and upward
trend in cell death. 25uM DSF treatment significantlyincreased cell death and permeability in

control and cirrhosis organoids, and significantly decreasedsize in control organoids.

After 3" passage, cell death and permeability were significantly increasedin cirrhosis organoids.
Importantly, 500nM FICZ treatment ameliorated the increased cell death and permeability, with
permeability of treated cirrhosis organoids to the same level of untreated and treated control

organoids.

After 4t passage, cell death was significantly increasedin cirrhosis organoids. Permeability was not
significantly different in the cirrhosis organoids, but showed an upward trend. Interestingly, DMF
treatment negatively affected cirrhosis organoids, significantlyincreased cell death and

permeability, but did not affected control organoids.

After 5t passage, increased cell death and permeability in cirrhosis organoids was ameliorated.
500nM FICZ treatment did not significantly affected cell death, permeability, or size in control or

cirrhosis organoids.
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Figure 62: Mouse intestinal organoids from control and cirrhosis mice (20w CCI4) were treated with FICZ, DSF and DMF

for cell death, permeability, and size. Mouse intestinal organoids were derived from control, and 20w CCl4 subcutaneous

treated mice and treated with A-C: 5nM FICZ (15t passage), D-F: 25uM DSF (29 passage), G-I: 500nM FICZ (37 passage), J-L:

25uM DMF (4th passage), M-O: 500nM FICZ (5th passage), for 3 days. Cells were stained with HOECHST and propidium

iodide and fluorescent images were taken for HOECHST, green autofluorescence, and propidium iodide. A,D,G,J,M: Cell

death was measured by mean propidium iodide intensity in HOECHST stained organoid areas, B,E,H,K,N: Permeability was

measured by mean luminal propidium iodide intensity in green autofluorescent lumen, and C,F,l,L,0: Size was measured by

mean HOECHST stained organoid areas. A-C: control (n=7), Cirrhosis 20w (n=7), Control + 5nM FICZ (n=5), Cirrhosis 20w +

5nM FICZ (n=8). D-F: control (n=6), Cirrhosis 20w (n=5), Control + 5nM FICZ (n=6), Cirrhosis 20w + 5nM FICZ (n=6). G-I:

control (n=5), Cirrhosis 20w (n=5), Control + 5nM FICZ (n=5), Cirrhosis 20w + 5nM FICZ (n=5). J-L: control (n=6), Cirrhosis

20w (n=4), Control + 5nM FICZ (n=5), Cirrhosis 20w + 5nM FICZ (n=5). M-O: control (n=5), Cirrhosis 20w (n=5), Control +

5nM FICZ (n=6), Cirrhosis 20w + 5nM FICZ (n=5). Groups were compared with one-way ANOVA with Tukey’s post hoc test;

significance p<0.05.
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5.5 Discussion

| hypothesised that intestinal cell death and reduced stemness are associated with cirrhosis. My aims
wereto 1: characterise intestinal cell deathin cirrhosis patients, 2: characterise intestinal cell death
in cirrhosis rodent model, 3: characterise intestinal stemness in cirrhosis rodent models, 4:
determine effect of reduced stemness onintestinal cell death, permeability, and proliferation, 5:
characterise cell death, permeability, and proliferation in intestinal organoids derived from cirrhosis
rodent models, and 6: therapeuticallytarget cell deathand stemness for beneficial effects on cell

death, permeability, and proliferation in intestinal organoids derived from cirrhosis rodent models.

Our cirrhosis mice model and cholestatic cirrhosis rat model showed increased liver injury similar to
that observed in cirrhotic patients. Lgr5 expression was significantly decreased in colon samples of
CCl4 + LPS treated mice compared to control and CCl4 treated mice from the 12-week cirrhosis
model, a result that was recapitulated by our second rodent model, Lgr5 expression was significantly
decreasedin caecum samples of BDLtreatedrats. TUNEL staining on ascending colon biopsies from
cirrhosis patients showed significant increased cell deathin the epithelium, whereas no significant
difference was found in biopsies from IBD patients. Additionally, TUNEL staining on ileum, caecum
and colon samples of the rat model showed increased cell death in the caecum of BDL+LPStreated
rats comparedto control, which was ameliorated by DSF treatment. Inin vivo intestinal organoid
culture, depletion of R-spondin and LPS treatment increased cell deathand reduced growth in
organoids. Inhibiting the AHR pathway with the antagonist CH223191 increased permeabilityin
intestinal organoids, whereas activation of the AHR pathway with the agonist FICZ increased cell
death. Co-culture of intestinal macrophages from 20w CCl4 treated mice with intestinal organoids
increased permeability. In general, intestinal organoids derived from cirrhosis mice showed
increased cell death and permeability and no effect on growth, but after 5 passages the increased
cell death and permeability was ameliorated. Lgr5 expression was increased and Frizzled 7
expression was decreasedin the cirrhosis intestinal organoids. DSF and DMF treatment negatively
affectedintestinal organoids and increased cell death and permeability in organoids. However, FICZ
treatment mitigated the increased cell death and permeability in intestinal organoids derived from

cirrhosis mice.

| showed for the first time increased epithelial cell deathin intestinal biopsies from cirrhosis
patients. The results from TUNEL staining on different intestinal locations indicate a peak of
epithelial cell death in near the ascending colon. The results in our in vivo rat model, corroborated
the increased cell death, which showed increased cell death in the caecum of BDL+LPStreatedrats.
This could account for the increased cell death in the caecum of BDL+LPS treatedrats, but not in the

ileum or colon samples. Liu et al. previously showed increased cell death in the small intestine of BDL
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treated mice [194]. This discrepancy could be explained by a more severe BDL model in mice
compared to rats. Increased intestinal cell death contributes to intestinal barrier disruption, which is
in accordance withincreased permeability and bacterial translocation that occurs in cirrhosis
patients. Therapeutically targeting intestinal cell death could potentially have beneficial effects on
permeability, but importantly research on the cell death pathways and mechanisms that drive them

arerequired to specificallyinhibit the increased epithelial cell death.

My results showing decreased Lgr5 expression corroborate previous finding that showed decreased
Lgr5 expressionin the colon of BDL treated mice and duodenal biopsies of cirrhosis patients [194].
The decreased Lgr5 gene expressionin our mice and rat model, indicates that the expressionin Lgr5
expressing intestinal stem cells is decreased, and/or that the population of Lgr5 expressing stem
cells is decreased. Both interpretations signify a disruption of stem cells in the intestinal crypts
during cirrhosis development, which could explain the reduced intestinal Paneth and Goblet cells as
well as shortened villi lengthin cirrhosis [138], [158], [194]. Alternatively to ER stress driving
reduction of intestinal Lgr5 during cirrhosis development, LPS has been shown to decrease Lgr5
expressionand deplete Lgr5 positive stem cells in the intestine of mice [259]. Intraperitoneal
injection of LPS could account for the decreased Lgr5 expressionin the CCl4 + LPS treated mice.
However, BDLtreatedrats independent of LPS injection decreased intestinal Lgr5 expression.
Increased pathogenic bacteria in the intestine during cirrhosis development canbe a source of LPS
and other PAMPs, which was found in caecum contents of BDL treated mice [293]. Gut dysbiosis
during cirrhosis development canindirectly affect the intestine epithelium with disruptionsin the
production of short chain fatty acid and secondary bile acids or thus directly with an increase of
luminal PAMPs that can cause epithelial injury and inflammation [37], [38], [44], [45], [259], [294].
The increase of PAMPs in the intestine could thus cause the reduction in Lgr5 expression during
cirrhosis development, but further researchinto the mechanisms during cirrhosis development is

required to confirm a direct causation.

In intestinal organoids | further show the negative effects of LPS as well as the depletion of R-
spondin from the media on the intestinal epithelium. LPS and R-spondin depletion increased cell
death and decreased growthin intestinal organoids. This shows that LPS can cause similar negative
effects on the decreased stemness, whichis in line with LPS leading to depletion of Lgr5 epithelial
cells [259]. Additionally, LPS leads to reduced Ki67, which is consistent with my results of decreased
growthin intestinal organoids [194]. However, LPS and depletion of R-spondin did not affect
permeability, which indicates additional mechanisms are required that drive increasedintestinal
permeability in cirrhosis. Alternatively, by manipulating the AHR pathway with antagonist

(CH223191), permeability was increased in intestinal organoids but cell deathand growth was
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unaffected. This indicates that dysregulating stemness, i.e. via AHR and Wnt pathways, caninduce
permeability. Conversely, manipulating AHR with agonist (FICZ) causedincreased cell death, but did
not affect permeability or growth. FICZand CH223191 treatment did not affect gene expression of
junction proteins (occludin, claudin and tight junction protein 1) or AHR pathway genes (AHR,
Cyplal, Cyplbl) in intestinal organoids. Liu et al. alsofound no difference in occluding and tight
junction protein 1 expression while permeability was increased, which shows that permeability can
be independent of junction protein expression [194]. Thus, my results manipulating the AHR
pathway showed correct regulation of the AHR pathway is essential tolimit excess cell death and

permeability in intestinal organoids.

Intestinal organoids derived from cirrhosis at showed increased cell deathand permeability for up to
4 passages. Passaging intestinal organoids would select for healthy stem cells that can grow new
intestinal organoids, which is one explanation why the phenotype is lost after 5 passages.
Additionally, the organoids media is supplemented with R-spondin that activates Lgr5onthe
intestinal stem cells, thus helping to restore stem cell function [244]. Lgr5 expressionwas increased
in organoids derived from cirrhosis mice, which could be a compensation mechanism after removal
from a toxic environment that drove a decreasein Lgr5 expressionto re-establish stemness.
Converselyto Lgr5, Frizzled 7 expression is decreased in organoids derived from cirrhosis mice. The
reactivation of Lgr5 by supplemented R-spondin in the organoid media could leadto reduced
Frizzled 7 to regulate stemness. Alternatively, beta catenin could increase Lgr5 to attempt tocombat
decreased Frizzled 7 expressionin cirrhosis stem cells, showing increased Lgr5 and reduced Frizzled

7.

Therapeuticallytargeting Lgr5 and Frizzled with R-spondin and Wnt, respectively, in intestinal
organoids is complicated as R-spondin is readily present in the media and Wnt is used to grow colon
organoids and inhibit differentiation into intestinal organoids. Therefore, | utilised FICZ to target the
AHR pathwayinstead to regulate stemness. | had previously shown that FICZ increased cell death,
but did not affect permeability, whereas CH223191 increased permeability, but not cell death.
Intestinal organoids from cirrhosis mice showed increased cell death and permeability, which was
ameliorated by FICZ treatment. Additionally, FICZ showed beneficial effects on the epithelium in IBD
mice model, however off-target effects such as tumorigenic are a potential and thus requires further
examination [285]. Furthermore, | attemptedto therapeuticallytargeted cell death with DSF and
DMF in organoids. However, DSF and DMF treatment did not improve cell death or permeability in
intestinal organoids derived from cirrhosis or control mice, and even worsened the cell deathand
permeability. Targeting the increased cell death remains a potential beneficial treatment option, as

our rat model showed decreased cell deathin the caecum by DSF treatment. These results show that
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the intestinal epithelial damage during cirrhosis development can be therapeuticallytargetedto
reduce epithelial cell death and permeability, but further research using in vivo models are needed
to show effectiveness of the health benefits in cirrhosis development and progression and examine

toxicity.

5.6 Conclusion

Together these results indicate that gut dysbiosis with increased pathogenic bacteria and PAMPs
during cirrhosis development can cause increased epithelial cell deathand reduced cell renewal.
Additionally, PAMPs can decrease intestinal stem cells, which are essential for sufficient cell renewal
of dying epithelial cells. Organoids derived from intestinal crypts of cirrhosis mice maintainthe
phenotype of increased epithelial cell death and permeability, which was effectively targeted by an
agonist of AHR. Increased epithelial cell death, decreased cell renewal, and increased epithelial
permeability contribute to bacterial translocation, which can negatively affect cirrhosis progression.
Targeting epithelial stem cells or the underlaying factors negatively affecting stemness during
cirrhosis development is thus a promising therapeutic option to potentially reduce progressionto AD

or ACLF, but this needs to be confirmed using animal models prior to clinical trials.
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6 Discussion

Systemicinflammation plays a key role in the progressionfrom compensatedto decompensated
cirrhosis [23], [27], [53]. This progressionto AD and ACLFseverely increases the mortality ratein
patients [21][22]. Translocation of PAMPs and DAMPs from the intestine are implicated as a source
for the systemicinflammation [25], [53]-[55]. Therefore, | set out to investigate the effect of
cirrhosis on the intestine epithelium and examine intestinal cell death that may contribute to
systemicinflammation and bacterial translocation. | hypothesised that ER stress mediated intestinal
inflammasome activation and pyroptotic cell death are associated with cirrhosis. | set out to develop
a permeability assay for mouse intestinal organoids. And | hypothesised that intestinal cell death and

reduced stemness is associated with cirrhosis.

There was no evidence of intestinal ER stress or inflammasome activation in the in vivo mouse
models of cirrhosis and cirrhosis with decompensated event mouse models, in the first results
chapter (chapter 3). Additionally, there was no significant association observed of intestinal ER stress
in colon and intestinal biopsies in cirrhosis patients. This was confirmed in the in vitrointestinal
model experiments, where no synergistic effect was observed betweenER stress andinflammasome

activationon cell death.

The second results chapter (chapter 4) described the development of a novel in vitro permeability
assay for mouse intestinal organoids [1]. The main contribution to the field was to demonstrate that
this model could be used to investigate the ‘leaky gut’. The work revealed that the green background
autofluorescence in the organoid lumen caused by cell debris and secreted mucus could be used to
specifically highlight and select the lumen during imaging. The results also showed that propidium
iodide did not penetrate intact intestinal organoids and thus did not stain dead cells extruded in the
lumen. However, propidium iodide was able to penetrate the organoids upon permeabilizationand
stained the luminal dead cells. Quantification of luminal propidium iodide-stained dead cells

effectively measured organoid permeability.

In the last results chapter (chapter 5) the aim was to characterise intestinal cell death and stemness
in cirrhosis. The study clearly showed increasedintestinal epithelial cell death in cirrhosis patients.
This was further confirmed in the cirrhosis with decompensated rat model. Additionally, this study
showed decreasedintestinal stemness in our in vivo models. Furthermore, in the in vitro intestinal
organoid model showed that LPS injury and disruption of Lgr5 activation both increased cell death
and decreased organoids size without affecting permeability. This was in contrasttothe
observations of disrupted AHR pathway in the model, which caused increased permeabilityin

organoids without affecting cell death or size. Intestinal organoids derived from cirrhosis mice
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maintained increased cell death and permeability phenotype for 4 passages, which FICZ treatment

was able to ameliorate.

To characterise intestinal ER stressin cirrhosis, no difference was shown in UPR activationin
intestinal biopsies from cirrhosis patients, and no full UPR activation in the cirrhosis mouse models.
This indicates that intestinal ER stress is not the driving factor behind progression. However, the
mouse model showed increased GRP78, but decreased XBP1 splicing, which could indicate resolved
ER stress at a stage where the UPR is no longer active. This would fit with previous findings that
showed intestinal UPR activation in a BDL mice model, which is a shorter model (up to 2 weeks)
compared to the CCl4 mice models used for this study (12 weeks, and 14-20 weeks) [194]. However,
the study alsoshowed increased UPR activation in duodenal biopsies of cirrhosis patients, whereas
this study showed no difference in duodenal or colon biopsies of cirrhosis patient [194]. Importantly,
there are key differences in the cirrhosis groups betweenthe studies [194]. The aetiology of cirrhosis
patients was active hepatitis C with MELD score of 9+4 and the aetiology of cirrhosis patients in this
study was ALD/NAFLD with MELD score of 14.6+8.4 [194]. The differences in patient characteristics
could account for the difference in results, but this remains speculative. Thus, the role of intestinal
ER stress oncirrhosis development and progression remains undefined and requires additional

studies to elaborate on these findings.

To characterise intestinalinflammasome activationin cirrhosis, this study showed no difference in
intestinal inflammasome activation in the cirrhosis mouse models. This indicates that the gut
dysbiosis and other factors in cirrhosis do not activate the inflammasome pathway/pyroptosis in the
intestine and that these pathways do not contribute to barrier damage and increased permeability
observed in the disease. Toour knowledge this is the first-time showing absence of intestinal
inflammasome activation in cirrhosis. However, Liu et al. showed increasedIL-1betaand IL-18 gene
expressionin the BDL mice model that was alleviated by CHOP deficiency, which indicated at ER
stress mediated inflammasome activation in their model [194]. Importantly, the study from Liu et al.
did not show activation of caspase-1/11, GSDMD, or other genes of the inflammasome pathway, and
used a different mouse model [194]. The role of intestinalinflammasome activation has been
studied in inflammatory bowel diseases, but inhibition/deficiency of the inflammasome pathway has
shown conflicting results [164], [179]-[183]. The results in this study, thus, indicate that
inflammasome pathway activation/pyroptosis does not contribute to the intestinal barrier disruption

in cirrhosis, but it remains unknown if other cell death mechanisms play a role.

To determine synergy between ER stress and non-canonical inflammasome activation on intestinal

cell death, this study showed no synergistic effect of ER stress and inflammasome activation on cell
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death in the intestinal epithelial models, unlike in liver cells [188]. This indicates that intestinal ER
stress does not sensitise intestinal epithelial cells for pyroptosis in response to luminal bacterial

products during cirrhosis development.

To quantify intestinal organoid permeability, this study described the development of a novel assay
to measure permeability in mouse intestinal organoids. This assay functions differently than
previous described organoid permeability assays, which used labelled compounds microinjected in
the organoid, labelled compounds added to the media, or measure TEER on 2D intestinal organoids
[265]—-[271]. These techniques require specialised hardware such as a, microinjector, confocal
microscope, or TEER meters that also require organoids to be plated 2D on Transwells [265]—-[271].
The novel assayinthis study provides an alternative for these assays, but requires a computer
controlled/automated fluorescence microscope, e.g. Cytation 5. This permeability assay was
demonstrated on mouse intestinal organoids. While not species-specific, this assay requires green
background autofluorescence created by mucus and dead cell debris inside the organoid lumens,

which limits the assaytointestinal organoids.

To characterise intestinal cell deathin cirrhosis, this study showed increased cell death in cirrhosis
colon biopsies and in the cirrhosis with decompensated event rat model. The results corroborates a
previous study showing increasedintestinal cell deathin cirrhosis mice model [194]. Additionally,
increased cell death is consistent with a shortened villi length found in cirrhosis rat models
[295][296]. The results showedincreased cell deathin the epithelium but could not correspond the
cell death with cell type. Therefore, this study cannot identify whether the cell death is cell specific,
villi-crypt specific, or unspecific. However, DSF treatment ameliorated the increased intestinal cell
death found in the cirrhosis with decompensated event rat model but did not show beneficial effects
on cirrhosis. Possibly longer treatment duration, earlier administration, and/or other cell death
inhibitor drug canlead to beneficial effects on cirrhosis development, however this requires future

studies to further examine.

To characterise intestinal stemnessincirrhosis, this study showed decreased colon Lgr5 gene
expressionin our cirrhosis with decompensated event mice model and in our cirrhosis rat model. My
results corroborates a previous study that showed similarly decreasedintestinal Lgr5 expressionin
cirrhosis [194]. The decreased Lgr5 expression can be caused by decreased gene expressionin
intestinal stem cells, or a decreased stem cell population. Bothindicate a disrupted stemness inthe
intestine, which can negatively affect the epithelial barrier with distorted cell renewal capabilities.
This is consistent with studies that showed decreased Goblet cells and Paneth cells in cirrhosis,

which could be caused by the decreased stemness [138][158]. Together, this shows a role of
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intestinal stem cells in cirrhosis, which potentially could be therapeuticallytargeted to remedy
intestinalinjury. FICZ treatment was effective in ameliorating the cell death and permeability
phenotype in intestinal organoids derived from cirrhosis mice, but FICZ or other stemness

therapeutic options have not been tested for beneficial effects in cirrhosis animal models.

To determine the effect of reduced stemness onintestinal cell death, permeability and proliferation,
this study showed increased cell death and permeability in intestinal organoids by depletion of R-
spondin in the media, and similar results by LPS treatment. This indicates that R-spondin in the
organoid media is essential tomaintain cell viability and epithelial barrier integrity. LPS treatment
induced a similar phenotype to R-spondin depletion, which is consistent with LPS leading to reduced
Lgr5stem cells [259]. Together these results indicate that the bacterial products can negatively
affect epithelial barrier integrity by disrupting stem cells. However, the direct effect of LPS on
intestinal stem cells and whether this occurs in the intestine during cirrhosis remains undefined.
Additionally, AHR antagonist increased organoid permeability without affecting cell death or size,
which indicates that the AHR pathway is essential for epithelial barrier functioning and can play a

role in regulating permeability.

To characterise cell death, permeability, and proliferation in intestinal organoids from cirrhosis mice,
this study showed increased cell death and permeability in organoids derived from cirrhosis mice
with increased Lgr5 and decreased Fzd7 gene expression. This indicates that effect of cirrhosis on
intestinal stem cells have a lasting effect and organoids derived from these crypts maintaina
phenotype. This phenotype was lost after 5 passages, and FICZ treatment was able toameliorate the
increased cell death and permeability, which indicates the negative effect on crypt stem cells during
cirrhosis are treatable. FICZ treatment in ALD mice model showed beneficial effects and showed
increased AHR activationin the intestine, but not in hepatic cells [288]. This indicates that the FICZ
treatment can effect intestinal stem cells and thereby affect ALD development, but importantly the

causalityremains unclear [288].

A limitation of this study is that it only includes cirrhosis patients results for intestinal cell death due
to sample availability. For instance, intestinal Lgr5 expressionin cirrhosis patients could not be
determined due to the limited sample availability. Additionally, the rodent models lack an LPS
treatment without cirrhosis, to determine the direct effect of LPS treatment on the tissue.
Additionally, the results do not show cell specificity and therefore could have obscured pathway
activationand gene expressionin unaffected cells whereas stem cells, immune cells, etc. could have
been affected. Furthermore, untargeted bulk RNA-sequencing and proteomics could have limited

the biasedness in analysis of pathway activation.
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Another limitation of this study is the use of intestinal models and cirrhosis rodent models, i.e. Caco-
2 cells, HCT-116 cells and mouse intestinal organoids, and mouse cirrhosis models by subcutaneous
administration of CCl4 and rat cirrhosis model by BDL, with intraperitonealinjection of LPS to
simulate cirrhosis with decompensated event. As mentioned before Caco-2 and HCT-116 cell lines
are derived from human colorectal adenocarcinoma and human colon carcinoma cells, respectively.
These cells have cancer cell characteristics that effect their responses to toxins by their increased
expression of anti-apoptotic genes and decreased expression of pro-apoptotic genes [253][254].
Based on these characteristics | alsoused and continued with mouse derived intestinal organoids.
These organoids are derived from healthy mouse intestinal tissue and maintain pluripotency from
supplements in the media [244]. However, mouse cells have differences compared to human cells,
e.g. caspase-11for mice and caspase-4/5 for humans, that can contribute to a mistranslation.
Additionally, the mouse intestinal organoids maintainthe intestinal lumen inside the organoids, and
thus the compounds such as LPS when added to the media contact the cells from the lamina propria
side rather thanthe luminal side. Furthermore, we did not additionally use colon derived colon
organoids to show results for both small intestine and colon due to technical difficulties and sample
size limitations. Based on the characteristics of the various in vivo models of cirrhosis we used the
cirrhosis mouse model by subcutaneous administration of CCl4. The administration of CCl4
subcutaneously reduces injection effects on the abdomen which caninterfere with the results in the
intestine compared to the more conventional intraperitonealinjection [238]. Furthermore, CCl4is a
liver toxin thatinduces injury independent of the two most common aetiologies ALD and NAFLD. The
results are therefore not limited to either aetiology, but the results show the effect of liver injury on
the intestine. The other cirrhosis model, rat BDL, induces cholestatic cirrhosis by restricting the bile
flow in the bile duct [237]. As mentioned before, this bile duct ligationtherefore complements the
subcutaneous CCl4 cirrhosis model with a cirrhosis cholestasis model. The effects of BDL in mice is
more severe compared to rats and thereby the duration of the mice model is five to seven days with
a severe inflammatory response whereas the effect of BDLon rats is less severe and thereby can
maintain a longer duration up to 4 weeks, therefore the rat BDL model is more appropriate to model
the chronic aspect of cirrhosis [237][239]. Additionally, rats have increased intestine size compared
to mice, which more easily allows for both molecular and histological sampling of the intestinal sub-

compartments.

This study, thus, showed that intestinal ER stress and inflammasome activation are not associated
with cirrhosis. However, intestinal cell death and decreased stemness are associated with cirrhosis.
With intestinal organoids as an in vitro model, this study showed disruption of AHR pathway could

increase organoid permeability, whereas the treatment with the ligand of AHR on intestinal
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organoids from cirrhosis mice could ameliorate the increased cell death and permeability

phenotype. This study showed therapeutic interventions that can target the intestinal disruptions of

cell death and stemness associated with cirrhosis.

Further work leading from these studies would be to explore in detail the role of stem cells during

cirrhosis development and progressionto characterise the effect and causality of stem cells
disruption in the disease. This project and other studies show promising results in decreasing

intestinal cell death and restoring stem cell activity, both of which canbe an important future

therapeutictarget in cirrhosis [194][288]. Whether these therapeutic interventions have beneficial

effects on the disease progression remains to be investigated. The findings from this may also have

implications for other gut-related conditions, such as Colitis, Crohn’s disease, irritable bowel

syndrome, etc. There is an urgent need for therapeutic options reducing progression from stable

cirrhosis to decompensatedcirrhosis. Increasing intestinal barrier integrity via restoring intestinal

stem cells and decreasing cell death, could potentially reduce translocation of bacteria and PAMPs in

cirrhosis patients and inhibit progression. It is important to note that whilst some of the focus of this

work has been on inflammasome activation/pyroptosis in cirrhosis, other cell death pathways may

alsobe involved in the increased cell death in cirrhosis. Further examination of which cell death

pathways are involved can help more specifically target the cell death.
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Overall, the results from this work show that direct and/or indirect effects in the intestine during
cirrhosis cause a disruption in the intestinal stem cells and an increase in intestinal epithelial cell
death (independent of pyroptosis), that contributes to the increased intestinal permeability, Figure
63. | hypothesize that this disruption of intestinal stem cells results in the previously described
reduction in Paneth cells, Goblet cells, and villi length, caused by a decrease of cell regeneration
capabilities. Inthis project | identified potential candidate therapeutictargets andinterventions that
may help restore epithelial homeostasis and potentially alleviate bacterialtranslocationand disease

progression.
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