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Abstract

Introduction: The liver is an essential organ in the body that perform key functions in
the synthesis of serum proteins, biotransformation, and detoxification of xenobiotic
drugs. Liver diseases and drug cytotoxicity studies have been conducted using
cancer-derived cell lines which are inferior. Hence, in the present study, we aimed to
develop a robust and tractable 3D multicellular human liver organoid model suitable

for studying liver diseases.

Methods: We first developed a reproducible method to generate human liver
organoids (HLOs) from induced pluripotent stem cells (iPSCs). We performed
quantitative reverse transcriptase-polymerase chain reaction (RT-qPCR) to confirm
stage specific gene markers and validated the presence of multiple cell lineages using
flow cytometry. We assessed the functionality of organoids by stimulating HLOs with
anti-retroviral therapy (ART) or a combination of ART and antituberculosis drugs
(A+TB) or Schistosoma mansoni soluble egg antigen (SEA) or Troglitazone (TGZ). We
performed enzyme-linked immunosorbent assay (ELISA) to quantitatively determine
pro-inflammatory and anti-inflammatory cytokines levels in ART/SEA/TGZ treated
HLOs. A mass spectrometry-based proteomics approach was applied to decipher
protein dynamics and molecular mechanisms of drug-induced liver injury in treated
HLOs.

Results: HLO exhibited robust mature hepatic gene markers (CYP3A4, ATA1, ALB
and HNF4-a), reduction in pluripotency (OCT-4, Nanog, and Sox2) and the definitive
endoderm (SOX717 and GSC) markers. Flow cytometry using EpCAM, CD166 and
CD68 antibodies indicated that HLOs comprised of 60,4% EpCAM+ cells, 11,2%
EpCAM-/CD166+ cells and 5% EpCAM-/CD68+ cells, respectively. HLOs exhibited
high CYP3A4 enzyme activity compared to HepaRG 3D model. Proinflammatory (/L6,
IL-18 and TNF-a) and anti-inflammatory (/L-4 and IL-10) cytokines were elevated in
both models. IL-4 was more pronounced in SEA-treated HLOs only. Discovery mass
spectrometry quantified number of proteins in ART-treated HLOs, A+TB-treated HLOs
and TGZ-treated HLOs compared to untreated HLOs. Our quantitative proteomic
analysis identified 65 significantly differentially expressed proteins (DEPs) in
ARTHLOs (11 upregulated and 54 downregulated), 19 DEPs in A+TB-HLOs (8
upregulated and 11 downregulated) and 52 DEPs in TGZ-HLO (11 upregulated and

XVii



41 downregulated). Functional enrichment of these DEPs in ART-HLO, A+TB-HLO
and TGZ groups based on Gene ontology (GO), and KEGG pathway revealed proteins
that were associated with immunity and inflammation, oxidative stress, cell
proliferation, protein synthesis, neutrophil extracellular traps (NETs) formation, ATP
dependent chromatin remodelling and necroptosis. We found that MGST1 protein was
commonly upregulated protein among ART, A+TB and TGZ groups. Some of these
DEPs have been correlated with drug induced liver injury, while others may represent

novel proteins involved in drug induced liver injury.

Conclusion: We successfully generated multicellular 3D liver organoids consisting of
hepatocytes, Kupffer cells and hepatic stellate cells. Proteomic data revealed that ART,
A+TB and TGZ alters the expression of proteins mostly involved immunity and
inflammation and mitochondrial functions, augmented oxidative stress, and

necroptosis.
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Chapter 1: Introduction and literature review

1.1 General background

The liver is a vital organ that is involved in metabolism, synthesis of serum proteins
and detoxification of xenobiotic compounds and alcohol [1]. These vital functions can
be impaired by drug induced liver injury (DILI), hepatitis B and C virus (HBV and HCV),
non-alcoholic fatty liver diseases (NAFLD) and hepatocellular carcinoma (HCC) [2].
The large burden of liver diseases along with the management difficulties encountered
have provided the impetus to pursue use of representative in vitro models with
capacity to recapitulate liver functions [3]. Earlier liver models relied heavily on cancer-
derived cell lines which have been proven to be inferior due to the suboptimal activity
of drug metabolizing enzymes [4,5]. Isolated primary human hepatocytes (PHH) are
considered the “gold standard” for drug metabolism and toxicity screening [6,7].
However, these cells display a rapid decline in the phenotypic function when cultured
in traditional two-dimensional (2D) monolayer cultures and there is also a scarcity of

donors [7].

To overcome these limitations of using primary human hepatocytes (PHH),
researchers have developed various approaches including genetic modification of the
cells, three-dimensional (3D) cultures combined with tissue engineering and media
compositions [1,8,9]. Additionally, advances in the cell culture systems offer a great
opportunity to generate patient specific hepatocytes using 2D cell-based [4] and the
3D organoid platforms [1,10]. Pluripotent stem cells (PSCs), particularly induced PSCs
(iPSCs) have emerged as an alternative source for liver cells which can be obtained
by direct differentiation of iPSCs into hepatic cells [9,10]. The 3D cultured cells display
better physiologic and metabolic features of the native liver tissue in comparison to 2D
cell-based cultures [1,11]. However, vast majority of the reported methods
predominantly differentiate cells into hepatic epithelial lineage only; thus, lacking
essential supportive cellular lineages such as profibrotic hepatic stellate cells (HSCs)
and inflammatory cells (Kupffer cells; KCs). Hence, they lack the capacity to model

inflammatory diseases [1,12].

Others developed co-culture cell models based on mixing both the epithelial cells and
supportive lineages from iPSCs [13,14]. However, these methods suffer the artefactual

inflammation and fibrosis resulting from difficulty in choosing optimum cell culture



medium and extracellular matrix (ECM), in which multiple cell lineages can be co-
maintained [15,16]. Hence, establishment of a relevant and physiologically robust
hepatic in vitro culture models comprised of parenchymal and supportive (stromal) cell
lineages will be the most invaluable platforms to facilitate modelling of complex

metabolic and inflammatory liver diseases and drug screening.
1.2 Preclinical hepatic models for assessment of drug induced liver injury

There are plenty of models that can be used for toxicity and preclinical screening of
drug-induced liver injury (DILI). However, selection of a certain model is dependent on
its abilities to detect specific mechanism of liver toxicity associated with DILI over the
other models [17]. Therefore, prior to conducting an in vitro assay, limitations of the
model need to be evaluated to ensure that a preclinical question can be answered
based on the physiology of the model. For instance, earlier toxicity and drug screening
studies relied on using animal models. However, several studies revealed that many
animal models do not faithfully recapitulate the physiological functions of the human
liver due to interspecies variability [18]. Animals may show increased sensitivity
towards toxicity of a drug at doses considered normal in humans [19]. In parallel, a
retrospective data analysis showed that concordance rates were poor between the
animals and humans, with a true positive human toxicity concordance rate of 63% and
43% for the rodents and non-rodent models [20]. Consequently, these limit the use of
the animal models to predict drug toxicity and metabolism. In 2007, the U.S National
Academy of Science released a consensus report regarding toxicity testing. The report
urged a paradigm shift from extensive usage of the current testing system, which is
primarily based on animal models to utilization of in vitro systems employing human
primary cells or immortalized cell lines to obtain increased efficacy and better
mechanistic understanding of human adverse drug reactions (ADRs) upon xenobiotic

exposure [21].

1.2.1 Primary human hepatocytes

Primary human hepatocytes (PHH) isolated from human tissue biopsies are
considered the “gold standard” for evaluating hepatic metabolism and toxicology
testing [7]. Functional PHH show phase | and phase Il metabolic cytochrome P450

(CYP) enzyme activities, albumin (ALB) production and urea formation, glucose



metabolism and glycogen storage as well as other vital liver functions when cultured
appropriately [22]. Studies have shown that cultivation of PHH in 3D system provided
by ECM results in continuous differentiation of the cells and gene expression patterns
of drug metabolizing enzymes (DMEs) are well maintained similarly to those observed
in the native organ [22,23]. When cultivated in 2D, PHH cells barely survive due to
rapid dedifferentiation and sudden loss of cell polarity [8,24]. In contrast, plating on
rigid substratum induces abnormal cell morphology and functional alterations [6]. Cells
flatten, lack of cell-cell contact, and loss of polarity hampers the formation of biliary
canicular networks, thus leading to reduced expression of DMEs and decline in
metabolic activities [6,7]. Finally, the scarcity of liver donors limits the availability of

PHH for routine laboratory studies.

To address the limitations of PHH for use in in vitro cultures, researchers have sought
for an alternative source of liver cells, and they opted for immortalized or cancer-

derived liver cell lines such as HepG2 or HepaRG cells.

1.2.2 Immortalized cancer-derived cell lines

1.2.2.1 HepG2 cells

HepG2 cells are the widely used hepatic cell lines for toxicology studies due to their
stable phenotype, ease of handling, availability and high proliferative capacity [24].
HepG2 cells are tumorigenic in nature and analysis of supernatant fluid revealed that
a high number of characteristic proteins of PHH were conserved in the HepG2 cells
[5,24]. These conserved liver proteins were albumin, hepatocytes nuclear factor and
conjugating enzymes [5]. However, HepG2 cells exhibit relatively very low expression
of certain DMEs and drug transporters compared to PHHs [25]. Consequently, their

relevance for predicting DILI has been questioned.

1.2.2.2 HepaRG cells

The hepatoma derived HepaRG cells were first obtained from a differentiated liver
tumour of a female hepatocarcinomatous patient who was suffering from chronic
hepatitis C [26]. These cells were lauded as promising alternative for predicting DILI
due to their ability to express functional hepatocytes markers such as cytochrome
P450 enzymes and drug transporters [27,28]. HepaRG cells are unique in that they

are immortalised, bipotent, and progenitor cells that can differentiate into hepatocytes



and primitive biliary-like cells [28]. A study by Yokoyama and colleagues tested the
feasibility of using HepaRG cells as a model for testing toxicity of selected hepatotoxic
compounds [5]. Differentiated HepaRG cells exhibited similar enzyme activities as
PHH and they relatively expressed higher enzyme activities compared to HepG2 cells
[5]. Nonetheless, both HepaRG and HepG2 cell lines represent single clones and
lacks genetic variability. Overall, these potentially limit the utility of these 2D models
as a robust and tractable tool for drug screening and toxicology testing. Also, these
findings highlight the need for a reputable alternative and sustainable source for liver

cells that could recapitulate functions of the native organ.

1.2.3 Alternative cell sources

Researchers invested considerable resources to develop protocols to generate in vitro
liver models that would faithfully recapitulate at least some of the functions of the native
organ. All these commitments are aimed to study liver development, metabolism, and
to evaluate hepatotoxicity of xenobiotic drugs and model liver diseases. Induced
pluripotent stem cells (iPSCs) are a promising alternative source for the generation of
liver cells because of their unlimited proliferation and differentiation capacity [13].
These cells have the potential to differentiate into parenchymal and non-parenchymal
(NPC) liver cells [13,29]. iPSCs can be easily derived from human skin fibroblasts
(Figure 1), and interestingly, they maintain the genetic background of their donor [30—
32].

Protocols for differentiating iPSCs to hepatocytes-like cells (HLCs) follow key steps in
the ontogenic liver development using inductive and repressive signals, starting with
the differentiation of iPSCs to definitive endoderm (DE), followed by hepatic endoderm

(HE) specification and maturation of HE into hepatocyte-like cells (HLCs) [10,33].
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Figure 1. Generation of hepatocytes from induced pluripotent stem cells
(iPSCs).

(A)depicts a flow diagram for conversion of human tissue biopsies using growth factors
and small molecules into hepatic endoderm progenitors (top series) and finally direct
differentiation into the iPSCs-derived human hepatocytes. Additionally, conversion of
Skin fibroblasts to iPSCs using Yamanaka transcription factors, followed by their
differentiation into hepatocytes using inductive and repressive signals induced by
transcription factors (middle series) and the bottom series, fibroblasts are converted
directly into hepatocytes using transcription factors. (B) depicts a typical protocol for
differentiation of iPSCs into hepatocytes-like cells through following ontogenic liver
developmental steps with representative niche growth factors used by different groups
[9,10,34]. Adopted from [35].

Definitive endoderm (DE) formation is a very crucial intermediate stage in ontogenic
hepatic development and is achieved through culturing iPSCs in Activin A rich medium
with bone morphogenetic protein 4 (BMP4) and fibroblast growth factor 2 (FGF-2)
[10,30,33]. The resulting DE cells expresses SRY-box transcription factor 17 (SOX17),
Forkhead box protein A2 (FOXAZ2), and the C-X-C Chemokine receptor 4 (CXCR4)

[36]. Differentiation of DE cells to HE cells is achieved by adding FGF2 and BMP4
while simultaneously repressing the TGF-f signalling by removing Activin A [30,33].
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Furthermore, the differentiation of HE cells into matured HLCs is achieved by culturing
HE cells in hepatocyte maturation culture medium (HCM) supplemented with
hepatocyte growth factor (HGF), dexamethasone (Dex) and Oncostatin M (OSM)
[10,33]. The resulting HLCs express key functional markers such as albumin, CYP
enzyme subfamily 3A4 (CYP3A4), transcription factors including hepatocyte nuclear
factor 4-alpha (HNF4a). HLCs have been shown to perform essential functions of the
mature hepatocytes such as ALB secretion, low density lipoprotein (LDL) uptake, urea
metabolism, and glycogen storage, similarly to PHH [33,37,38]. However, persistent
expression of foetal markers such as alfa-fetoprotein (AFP) and CYP3A7 suggest the
immature state of HLCs [33,39].

The foetal phenotype of the HLCs triggered several studies to improve the maturation
and functionality of these cells [31]. These included the introduction of small molecules
and chemicals to increase efficacy and reproducibility of hepatocyte differentiation
protocols to avoid use of recombinant growth factors which are costly [9]. Despite
these efforts, HLCs still exhibited foetal phenotype; thus, necessitating refinement of
current protocols to produce HLCs exhibiting adult hepatocytes profile markers. Ang
and colleagues argued that the three-step protocol for differentiation of PSCs to
hepatocytes does not fully recapitulate ontogenic liver development in vivo [40].
Consequently, they defined a roadmap for differentiation of iPSCs to HLCs involving a
transition through six consecutive lineages and thus identifying inductive and
repressive signals at each juncture. Importantly, they discovered a temporarily
dynamic action of signals to specify one fate at early stages of culture and later
repressing its formation; thus, cautioning against the current differentiation protocols
that heavily relied on providing the same signalling cues for a prolonged period [40].
The roadmap involved exploiting retinoic acid (RA) to upregulate the BMP and FGF
pathways, while downregulating transforming growth factor beta (TGF-) signalling
within the first 24 hr of culture, and subsequently liver bud specification by activation
of TGF-B, BMP and protein A kinase (PAK) pathways while repressing Wnt signalling.
Finally, HLCs specification was achieved through addition of Notch inhibitor (DAPT),
TGF-B inhibitor (A83-01), ascorbic acid phosphate 2 (AA2) and forskolin (FSK).
However, the resulting HLCs still expressed suboptimal CYP3A4 activity compared to

PHH, which remained the main concern.



1.3 Generation of non-parenchymal cells from iPSCs

1.3.1 Cholangiocytes

Like hepatocytes, cholangiocytes are derived from hepatoblast (Figure 4), a common
progenitor found in the liver bud during the early stages of liver organogenesis
[31,41,42].

Hepato-biliary-pancreatic Organoid

Hepatocyte=like celis
Kupffer<ike cells

Stellale=like cells

Liver bud

Hepatic Endoderm

. AN ™
- kY 3
B
Masenchymal Endothebal
colls colls In vive Vascularized tissue

Hepatocyte, Cholangiocyte and Hepatobiliary Organoid

N

2D Hepatocytes with 3D

Figure 2. iPSCs-derived liver organoids.

iPSCs are provided with inductive and repressive signalling cues to differentiate along
the endoderm lineage into cells resembling the DE, posterior foregut (PFG) and HE.

These intermediate endoderm lineage progenitors are utilized to generate various liver
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organoids. The DE can be used to generate the midgut (MG) and foregut (FG)
spheroids. Furthermore, MG and FG co-culture induces hepato-biliary-pancreatic
(HBP) organogenesis at the boundary to generate the HBP organoids containing cells
and structures resembling the duodenum (Duo), pancreas (Pan) and liver that are
interconnected by the biliary structures. PFG can be employed to generate
multicellular liver organoids containing both parenchymal (hepatocytes) and
nonparenchymal (HSCs and Kupffer cells) cells. The HE can be co-culture with
mesenchymal stem cells and HUVEC to produce liver buds that further mature into
vascularized tissues when transplanted in mice. Multiple groups have also further
differentiated the HE to generate liver organoids that contain only cholangiocytes or
hepatocytes, or hepatobiliary organoids containing both liver parenchymal cell types

in different configurations. Adopted from [43].

A study from Dianat’s group successfully generated cholangiocytes-like cells (CLCs)
from hepatoblasts generated from hESCs and HepaRG cells that were cultured in
defined media supplemented with growth hormones, epithelial growth factor (EGF),
interleukin 6 (IL-6), and sodium taurocholate hydrate in the presence of ECM provided
by collagen [41]. The resultant CLCs expressed mature cholangiocytes markers
including cytokeratin 18 (CK18), CK19, osteopontin (OPN), Secretin Receptor
(SCTR), cystic fibrosis transmembrane conductance regulator (CFTR), apical sodium-
dependent bile acid transporter (ASBT), G-protein-coupled bile acid receptor (TGRS5),
and VEGF receptor 2 [41]. Additionally, lineage transcription factors such as Sox9,

HNF6, and HNF13 were also expressed. The cells also formed functional cysts and

bile ducts with apicobasal polarity.

1.3.2 Hepatic stellate cells (HSCs)

Hepatic stellate cells (HSCs) are liver-specific mesenchymal cells that play a critical
role in the physiology and pathophysiology of the liver [44]. Under physiological
conditions, HSCs remain in quiescent state in which their function is to store and
transport vitamin A and lipid droplets [44]. Following damage of the tissue due to toxins
or viral infections, HSCs become metabolically active and promote secretion of ECM
involved in liver injury repair [29]. HSCs exhibit limited proliferation capacity in 2D
models, fail to maintain quiescent phenotype and spontaneously lose key functional

features in vitro [16]. Koui and colleagues demonstrated that iPSC-derived HSCs



progenitors could be expanded and matured in vitro and acquire lineage-specific
characteristics [29]. These findings encouraged researchers to explore induction of
iPSCs derived HSCs.

A recent study by Coll and colleagues established an efficient protocol for generating
HSCs from iPSCs [16]. Briefly, iPSCs were differentiated into mesoderm progenitors
in the presence of BMP4. To induce HSCs, mesothelial cells were subjected to retinol
and palmitic acid and after 12 days of culture, the resulting HSCs exhibited similar
morphology, transcriptome profile and functional attributes as human primary HSCs
[16]. Additionally, when cultivated in 3D co-culture with HepaRG cells, HSCs stored
vitamin A and upon exposure to acetaminophen (APAP), they switched from quiescent
state to activated state as shown by increased expression of fibrogenesis markers and
pro-collagen [16]. In conclusion, this method provided a proof-of-concept that mature,

and functionally active non-parenchymal liver cells can be generated from iPSCs.

1.3.3 Liver sinusoidal endothelial cells (LSECs)

Liver sinusoidal endothelial cells (LSECs) are the highly specialized endothelial cells
representing the interface between blood cells on the one side and hepatocytes and
HSCs on the other side [45]. These cells are also specific-mesoderm derived cells that
contribute to the liver physiology and pathophysiology [45]. In a healthy liver,
hepatocytes, and HSCs function together to maintain homeostasis of LSECs through
the release of VEGF. Hence, to model a liver, it is crucial that different cell types are
present. A study by Koui and colleagues adapted the protocol for differentiation of
embryonic stem cells (ESCs) into mesodermal cells (MSCs) that were positive for the
endothelial marker, CD34 [29]. These cells resembled the morphology of endothelial
cells and could be expanded in cultures for many passages while maintaining high
expression levels of LSEC progenitor markers FLK1, CD34, CD31, CDHS5, stabilin-1
(STAB1) and LYVE1 [29]. To induce maturation, progenitor cells were cultured in the
presence of TGF-B inhibitor and hypoxic conditions that promoted the acquisition of

mature endothelial morphology and expression of factor 8 (FVIII), stabilin-2 (STAB2)
and Fc gamma receptor IIb (FCORIIB) [29].



1.3.4 Kupffer cells (KCs)

Kupffer cells (KCs) are hepatic resident macrophages of monocytic origin located in
the inner side of the hepatic sinusoids. These cells are specialized in scavenging and
phagocytic functions, play a role in maintaining liver homeostasis and contribute to the
pathophysiology of the liver. Tasnim and colleagues described a protocol for
generation of mature induced KCs (iKCs) from human IMR90 fibroblast-derived iPSCs
[46]. They differentiated iPSCs into pre-macrophages using a modified protocol from
Wilgenburg and colleagues [47]. They generated embryoid bodies (EBs) expressing
macrophage markers such as CD14, CD68, CD163, CD11 and CD32. EBs were
further cultured in X-VIVO™ media supplemented with monocyte-colony stimulating

factor (M-CSF), interleukin-3 (IL-3) and B-mercaptoethanol to form pre-macrophages.

The formed pre-macrophages were cultured in a mix of conditioned primary
hepatocytes media and advanced DMEM to generate induced Kupffer cells (iKCs) that
expressed specific markers including C-type lectin family member 4 (CLEC-4F),
inhibitor of differentiation 1 (ID1) and ID3. The iKCs exhibited similar morphology as
the primary human macrophages. Moreover, microarray and qRT-PCR showed that
iIKCs had similar gene expression profile as the primary macrophages. Interestingly,
iIKCs phagocytosed and secreted interleukin 6 (IL-6) and tumour necrosis factor alpha
(TNF-a) upon stimulation at levels like primary KCs but different to non-liver
macrophages [46]. Therefore, these results suggested that patient’s specific iKCs and

hepatocytes can be used to model inflammatory diseases.

1.4 Liver organoids and extracellular matrix (ECM)

The fetal profile of HLCs and CLCs prompted researchers to develop alternative
approaches to enhance the cells maturation to match the functional liver (Table 1).
These led to unveiling of the culture and physiological conditions required for organoid
formation by mimicking a series of events that occur during the liver morphogenesis
[48]. Huch et al. demonstrated that long-term expansion of 3D organoids can be fully
achieved through culturing cells in the presence of ECM provided by Matrigel drops
[49]. 3D architecture enabled the cell-cell and cell-ECM interactions compared to
monolayer cultures. Importantly, bile duct tissue-derived organoids differentiated into
functional hepatocytes using specific defined differentiation medium (DM) in in vitro

cultures and in vivo upon transplantation into mice [1].
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In contrast to tissue-derived organoids, iPSCs-derived organoids generally consist of
many cell types that self-organize to form complex structures (Figure 4). During the
liver development, liver cells mature from same developmental progeny that is the liver
bud. Takebe and colleagues generated 3D vascularized liver bud resembling adult
liver tissue by co-culturing iPSC-derived hepatic endoderm cells with human umbilical
cord veins MSCs in Matrigel-coated plates [13]. Transplantation of liver bud organoids
rescued recipient mice from DILI. Subsequently, Takebe and colleagues overlaid a
scalable liver bud production platform entirely from iPSCs [15]. This was achieved
through conducting reverse experiments to identify three progenitor (hepatic
endoderm, endothelium, and septum mesenchyme) populations that can effectively
generate liver bud in a highly reproducible manner. They further developed an
omniwell array culture platform for mass producing homogenous and miniatured liver
buds on a clinically relevant scale [15]. Moreover, the liver buds rescued mice against
acute liver failure (ALF) upon transplantation [15]. Although the initial method [13] has
a great potential for regenerative medicine, the immature state still limits its application
as human cell culture model. Additionally, resultant liver bud organoids favour

differentiation rather than proliferation [50].

Zhang and colleagues developed a protocol to generate posterior gut endoderm cells
(PGECs) from iPSC by exploiting FGF, TGF- and Wnt signalling pathways [51]. They
generated PGECs expressing CDX2 by culturing stem cells in the presence of EGF,
VEGF, CHIR99021 and A83-01 [51]. Importantly, CDX2 positive PGECs maintained
chromosomal stability and were successfully transplanted into immunocompromised
mice without inducing teratomas [51]. The CDX2 positive cells, HUVECs and MSCs
co-culture generated functional liver bud organoids that rescued mice from ALF [51].

This model hold potential for regenerative medicine and cell therapy.

In parallel, Mun and colleagues differentiated iPSCs into HLCs following steps of liver
development using inductive and repressive signals specific for hepatocytes cell fate
[10]. Organoids were generated in both the cell suspension or embedded in Matrigel,
expanded for a very long time in culture and these cells were found to maintain normal
karyotypes. Moreover, organoids differentiated under EM exhibited high expression of
mature hepatocytes markers including ALB, antitrypsin alpha 1 (AT1A), multidrug

resistance-associated protein 2 (MRP2), CYP3A4 and the ductal markers such as
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cytokeratin 19 (CK19) compared to PHHs [10]. Expression of mature hepatocytes
markers was strongly enhanced in DM, whereas expression of CK19, SOX9 and LGR5
was decreased in EM. Interestingly, these organoids preserved and exhibited all major
liver functions including serum protein production, drug metabolism and detoxification
of xenobiotic compounds. Also, they exhibited intact mitochondrial bioenergetics,
regenerative capacity, and the inflammatory responses. These findings highlight the
importance of utilizing ECM in liver organoids formation. Moreover, they suggested the

need to grow 3D organoids in an environment that replicate the tissue niche as in vivo.

Both HLCs and CLCs organoids capture at least some functions of the liver. However,
they are still lacking NPCs that are crucial for homeostasis and tissue response during
disease and injury. More recently, Ouchi and colleague described a protocol for
creating iPSCs-derived liver organoids that are comprised of HLCs, HSCs and KCs
for modelling steatohepatitis [11]. The functional assays have demonstrated that HLO
exhibited CYP3A4 activity after exposure to rifampicin that was comparable to that of
PHH [11]. Treatment of these multicellular organoids with fatty acids (FA) for 5 days
was adequate to induce inflammatory and fibrotic responses. Importantly, the authors
also generated Wolman disease patient iPSC-derived organoids and showed that the
HLO phenocopied the clinical features of disease [11]. Finally, they demonstrated that
treating patient derived HLO with FGF19 improved survival of HLO in culture, reduced

lipid accumulation, reduced ROS production, and reduced stiffening of HLO [11].
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Table 1. Major pluripotent stem cells (ES & iPSCs) and progenitor cells or adult stem cells derived liver organoid platforms
studies

Study author (s) Type of organoid Approach Unique features and model
applications
Huch et al. 2013, 2015 Biliary stem cell organoid - Isolation and expansion of - Stable expansion of patient-
EPCAM+ biliary cells from liver specific adult liver biliary stem cells
biopsy - Bipotent biliary stem cells can
_ 3D Matrigel embedded generate functional hepatocytes and
sl cholangiocytes in culture and form

functional hepatocytes when engrafted in
mice (low efficacy)

Takebe et al. 2013 Liver bud - Co-culture of iPSC-derived - Self-organization of multiple cell types
hepatic cells, HUVECs and MSCs in vitro into a immature liver bud (lacks

- Cells co-culture in 2D on Matrigel liver function)
forms 3D liver bud - Liver bud develops into functional and

vascularized liver tissue when engrafted into immuno-deficient mice

- Engrafted liver bud rescues genetic liver failure in mice

Ogawa et al. 2015 Cholangiocyte-like cell (CLC) organoids - Step wise differentiation of - Cholangiocytes exhibit mature biliary
hiPSCs through bipotent mar_kers and structurgs su_ch as apical
sodium-dependent bile acid transporter,
hepatoblast secretin receptor, cilia, and cystic
- 3D Matrigel embedded fibrosis transmembrane conductance
culture
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Sampaziotis et al (2015, 2017) CLC organoids

- Step wise differentiation of

hiPSCs through bipotent

regulator (CFTR)

- In vitro modelling of cystic fibrosis with
patient derived iPSC

CLC is highly functional and

utilized for validating polycystic drugs

hepatoblast - Organoids were used to model
- 3D Matrigel embedded cystic fibrosis
culture - Engrafted CLC enable treatment
of common bile duct (CBD) disorders
Study author (s) Type of organoid Approach Unique features and model
applications
Takebe et al. 2017 Liver buds - Co-culture of single donor iPSC- - Single donor iPSC-derived hepatic,
derived hepatic endoderm, endothelial endothelial and mesenchymal cells to
and mesenchymal cells generate patient specific liver buds
- Engineered platform for large - Mechanized engineering platform for
scale production robust large-scale production of liver bud
- Liver rescue experiments achieved in
over 100 mice to demonstrate potential for
regenerative therapy
Nie et al. 2018 Liver buds - Isolation of endothelial and - Reduced liver bud size and maturation in

- Differentiated liver bud consisted mainly of

mesenchymal cells from a single

vitro
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umbilical cord donor for liver bud

organoid formation
Ouchi et al. 2019 Multi-cellular organoid - Stepwise differentiation of iPSC

into liver organoid using an intermediate
foregut spheroid progenitor

- Cells were embedded in Matrigel

Mun et al. 2019; Akbari Biliary stem cell organoid Isolation and expansion of EPCAM+
et al. 2019 bipotent progenitor from pluripotent stem
cells

- Cells were embedded in Matrigel
- Bipotent Progenitor cells derived from PSC are like the biliary stem cell organoid platform reported by

Huch et al. 2015 - Bipotent progenitor differentiated to hepatocyte in 3D, exhibited liver functions and

demonstrated regenerative and inflammatory responses.

hepatocytes and was used for modelling HBV

infection
- Single cell analysis shows that

organoid comprise both parenchymal and
nonparenchymal cell types of the liver

- Liver organoid treated with free fatty
acid exhibited inflammatory response,
underwent fibrogenesis which resulted in
increased stiffness of the organoids

- iPSCs platform enabled modelling of genetic

disease with patient derived fibroblast
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1.5 Antiretroviral therapy-induced liver injury

Antiretroviral therapy (ART) induced liver injury is one of the most serious and relevant
adverse effects of antiretroviral (ARV) drugs in patients infected with HIV/AIDS [52].
Approximately, 9-30% of patients taking ART develop ART-induced liver injury due to
the toxicity of antiretroviral (ARV) drugs [52]. These drugs are classified into several
groups based on the mechanism of action [53], each targeting a different vital part of
the viral life cycle, including cell recognition and entry, DNA transcription, DNA
integration, and cleavage of essential viral proteins (Figure 3). Entry/fusion inhibitors
prevent the virus from fusing with the host cell membrane, either acting as a CCR5
antagonist, or by targeting CXCR4 co-receptors [54]. Maraviroc is a CCR5 antagonist
that blocks gp120 from associating with the receptor [55]. Additionally, Enfuvirtide is a
synthetic peptide that mimics part of the viral membrane protein gp41 and inhibits

fusion with the host cell membrane [54].

Other groups are some of the nucleoside reverse transcriptase inhibitors (NRTIs)
which were the first class of ARV drugs to be developed. NRTIs are phosphorylated
intracellularly and are incorporated into the lengthening viral DNA strand. This class of
ARV drugs either lacks a 3’-OH group or contains a modified group that prevents
subsequent addition of nucleotides to the strand; thus, preventing all downstream viral
action [56]. NRTIs are widely used in treatment cocktails, as they are effective and
generally well tolerated [57]. Some of the most common NRTIs used regularly to treat
HIV are tenofovir (TFV), emtricitabine (FTC), zidovudine (ZDV) and abacavir (ABC).

Non-nucleoside reverse transcriptase inhibitors (NNRTIs) are the third class of ARV
drugs. These drugs inhibit viral reverse transcriptase by specifically binding to a non-
substrate binding site of the enzyme, allosterically inhibiting DNA polymerization site
[53,56]. Commonly used NNRTIs include efavirenz (EFV) and nevirapine (NVP).

Integrase inhibitors such as Raltegravir and dolutegravir are the most recent class of
ARV drugs [55]. These drugs bind to the enzyme and mimic the DNA
substrate/integrase interaction [55]. Integrase inhibitors are attractive ARV drugs as
there are no equivalent enzymes found in the host cell; thus, limiting possible side
effects [58].
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Protease inhibitors block the viral enzyme by acting as competitive peptidomic
inhibitors; thus, mimicking the transition state of the protease catalysis, and blocking
the binding of viral proteins [59,60]. This class consists of drugs including saquinavir
(SQV), ritonavir (RTV), and lopinavir (LPV).
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Figure 3. Schematic representation displaying key points in the HIV life cycle
and mechanism of action of the main drug classes.

Drug classes interfere with HIV viral infection and replication. Inhibitory points are
indicated by the red lines. Each drug exhibits its function based on its properties and

inhibit HIV viral entry, infection, and replication.

ART is basically administered as a combination of two or more ARV drugs [57]. The
first-line regimen includes EFV-based regimen which is composed TDF, lamivudine
(3TC) and EFV or the NVP-based regimen consisting of NVP, TDF and 3TC [57].
Currently, WHO recommends the use of the integrase inhibitor DTG with TDF and 3TC
in patience initiating ART and those currently on first-line ART if they present with viral

load measurement <1000 copies/mL [57]. Moreover, DTG is recommended as the
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second-line regimen consisting of ZDV and 3TC. All ART classes have been

associated with hepatotoxicity and most commonly NNRTIs [57].

1.5.1 Epidemiology of antiretroviral therapy-induced liver injury

The incidence rate of DILI in HIV-infected patients taking ART ranges between 2-18%
and up to 30% of these patients may require a change of the regimen or even
discontinuation of therapy [32,61-63]. NNRTIs, NVP and EFV are the common ARVs
associated with hepatic injury [61]. In fact, data suggests that NVP is associated with
higher risk of developing liver injury with incidence rate of 28.6% [64]. Most cases of
NVP-induced liver injury occur within the first three months of starting therapy.
Moreover, it was previously reported that NVP use was associated with higher
incidence of toxicity than EFV [65]. Although, EFV is recognized as an infrequent
cause of ART-induced liver injury, accumulating evidence indicated that EFV causes
hepatotoxicity characterized by sub-massive hepatocytes necrosis [66,67]. EFV

hepatotoxicity is associated with a higher mortality rate of 11% [66,67].

NRTIs such as stavudine (d4T), which is a thymidine analogue, have also been
reported to induce hepatoxicity in up to 50% of patients by transiently elevating the
liver enzyme markers [68]. Another study observed a high incidence of hepatotoxicity
in patients receiving either d4T/3TC [69]. Pls have also been shown to cause ART-
induced liver injury with incidence rates of 1-9.5% and a few patients presented with
liver related outcomes [70]. There is great variation in the incidence of hepatotoxicity
among the reported studies and this could be attributed to ethnicity, concurrent use of
medications, the prevalence of chronic viral hepatitis, grade of severity and follow-up
duration. For instance, a retrospective study reported that a high incidence rate of
NVP-based ART-associated hepatotoxicity (25.5%) was linked to the concurrent use
of trimethoprim (TTP) or sulfamethoxazole (SMZ) in a Taiwanese cohort [71]. EFV
associated hepatotoxicity has been reported in up to 8% of patients receiving EFV-

based regimen and most of the cases were clinically asymptomatic [70].

A study showed that the median delay between ART initiation and hepatotoxicity
occurrence ranged from 1-11 months [72], and 5 weeks in another study [73].
Interestingly, other studies have reported that patients discontinued the NVP-based

ART due to hepatotoxicity before 3 months and after a mean of 9 months in another
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study [74]. In contrast, a study by Van Griensven and colleagues observed occurrence
of NVP hepatotoxicity in 27.6% of 29 cases within 6 months of initiating treatment [73].
Furthermore, ART-associated hepatotoxicity/DILI are the major cause of prolonged
hospitalization and life-threatening events such as ALF in patients with HIV/AIDS
[32,61,63,75]. These require probing and documentation of asymptomatic patients that
are taking ART to screen and detect such cases to prevent the progression of ART-

induced liver injury to liver failure.

1.5.2 Classification of ART-induced liver injury

Classically, DILI has been categorized into either having an underlying intrinsic or
idiosyncratic mechanism of hepatotoxicity, but there is a newly emerged mechanism
of hepatotoxicity termed indirect injury [76]. DILI is considered intrinsic when the
toxicity of an insulting drug is dose-dependent and occurs in a predictable and
reproducible manner. On the other hand, idiosyncratic DILI is often delayed in onset
and is the result of idiosyncrasy of the drug receiver such as genetic and metabolic
factors [77]. Indirect DILI is induced by the action of a drug rather than its direct toxicity
or idiosyncratic properties [76]. Additionally, indirect DILI may represent an induction
of a new liver disease or an exacerbation of pre-existing condition such as induction

of immune-mediated hepatitis B or C virus [76].

Acetaminophen (APAP) is the most common cause of intrinsic DILI in the US and
accounts for approximately 50% of ALF cases [78]. Moreover, studies have shown that
29% of patients with ALF secondary to APAP toxicity undergo liver transplant and
these cases have mortality rate of 28% and ~10% of ALF cases linked to APAP toxicity
occur at recommended doses [79-81]. The disparities in these findings could be
attributed to genetic variation in DMEs responsible for metabolizing APAP in the liver.
The unpredictable or idiosyncratic reactions account for most cases of DILI and these
hypersensitivity reactions occur mostly independent of dose, and for each drug and
they ultimately induce hepatocellular damage and cholestasis [52]. ART and
antituberculosis (anti-TB) drugs are the most common cause of idiosyncratic DILI in
patients with HIV and those co-infected with TB [52]. Additionally, intrinsic and
idiosyncratic DILI may coincide together, where relatively elevated inflammatory stress
may sensitize certain individuals to intrinsic hepatotoxins; thus, resulting in

idiosyncratic liver injury [78,82]. This has been observed in patients hospitalized for
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acute viral hepatitis, who developed liver injury following treatment with clinically safe
doses of APAP [83].

1.5.3 Clinical presentation and diagnosis

Numerous studies define DILI as elevations of the liver enzymes mainly alanine
transferase (ALT) and aspartate aminotransferase (AST) two-times upper limit of the
normal (ULN) [84], although others use absolute threshold of liver enzymes regardless
of the baseline levels [85]. These disparities in the criteria used in clinical studies to
define DILI and its extent of severity has led to the implementation of a consensus
report to define and grade DILI [85,86]. Based on the report, the clinical presentation
of DILI has been classified biochemically and clinically into three main groups based
on the R value ([ALT value/ALT UNL]/ [ALP value/ ALP ULN]). Moreover, DILI is
categorized as hepatocellular when R value is greater than 5 (R>5), cholestatic when
R value is less than 2 (R<2) and mixed when R is more than 2 but less than 5 (2<R<5)
[84,87,88]. Furthermore, the DILI Expert Working Group and AIDS Clinical Trial Group
have graded DILI severity into four grades based on baseline ALT or alkaline
phosphatase (ALP) below the ULN [87,88]. Grade 1 (mild) is defined by 1.25-2.5 O
ULN ALT or ALP; Grade 2 (moderate) is characterized by 2.6-5.0 x ULN ALT or ALP;
Grade 3 (severe) defined by 5.1-10 O ULN ALT or ALP; and Grade 4 (severe) is defined

by greater than 10 O ULN ALT or ALP), and/or death, or transplantation due to DILI

[87,88]. Incidences of DILI as well as the associated side effects vary between

individuals due to their genetic profile and whether they are consuming other drugs.

1.6 Mechanisms of ART-induced liver injury

1.6.1 Host polymorphisms-mediate liver injury

Antiretrovirals drugs induce direct liver toxicity like any other drugs. Cytochrome P450
(CYP) enzymes play an essential role in drug metabolism [89]. EFV is metabolized
primarily by CYP2B6 [90] and the non-synonymous single nucleotide polymorphism
(SNPs), CYP2B6 c¢.516G>T (rs3745274) causes abnormal splicing, decreased
expression and activity of the CYP2B6*6 [91]. Moreover, the presence of CYP2B6
¢.516G>T variant promote a reduction of ~75% in EFV clearance and has been
associated with increased EFV and NVP plasma levels [92,93]. Additionally, high

plasma levels of these two drugs may lead to adverse effects such as central nervous
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system and liver toxicity [92,94]. In addition to CYP2B6 C.516G>T, other studies have
reported association between CYP2B6 ¢.983T>C variant and increased EFV plasma
levels in different population groups including black South Africans and black African

Americans [92,95,96]. Polymorphisms in CYP2A6 and CYP3AS5 have also been
reported to affect the pharmacokinetics of EFV [90], although the results are

inconsistent.

Other CYP enzymes activities which may predispose patients to toxicity of drugs
include CYP2E1 and CYP3A4. Evidence showed that an increased activity of CYP2E1
was associated with an increased risk of APAP-induced hepatic injury [97].
Cytochrome P450 enzyme activities including CYP2E1 and CYP3A4 can be induced
by various factors such high fat diet and alcohol [97]. In addition, drug transporters
also play a role in the uptake and efflux of endogenous compounds and certain drugs
in and out of cells [98]. For instance, transporters like canicular MRP2 and 3 are
involved in secretion of drugs and their metabolites into bile [99]. Altered expression
of these transporters have been reported in patients with DILI [99]. Moreover, another
study reported that SNPs of the drug uptake transporter from the blood to the liver,
organic anion transporting polypeptide 1B1 (OATP1B1), predisposes patients to

rifampicin-mediated liver injury [100].

1.6.2 Mitochondrial toxicities

The mitochondrion is an important organelle that plays a major role in energy
production through glucose and fat metabolism, but also is the main source of reactive
oxygen species (ROS), which may also lead to cellular demise [101,102].
Mitochondrial toxicity has been observed in HIV-positive patients treated with NRTIs
[61]. This drug class selectively inhibits mitochondrial DNA (Figure 4), which leads to
mitochondrial dysfunction [101,103]. Consequently, this leads to reduced oxidative
phosphorylation and intracellular ATP levels [101]. Moreover, it leads to increased
generation of ROS which may further cause cellular injury [103]. Studies using HepB3
and primary human hepatocytes revealed that EFV inhibited complex | of the electron
transport chain (ETC), which led to reduced oxygen (Oz2) consumption, decreased
mitochondrial membrane potential (MMP), bioenergetic changes and elevated
generation of ROS [104—106]. Furthermore, another study reported that EFV triggered

endoplasmic reticulum (ER) stress and activated unfolded protein response (UPR)
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observed as altered ER morphology and increased expression of several UPR genes
[107].
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Figure 4. Mechanism of ARV induced mitochondrial toxicities liver.

Cumulative exposure to ARV drugs class NRTIs toxicities induces mitochondrial
damage. These leads to induction of the death receptor pathway apoptosis, impaired
electron transport chain (ETC) for ATP production thus ultimately increasing lipid
peroxidation (LPO) and oxidative stress. Increased LPO and oxidative stress
generates reactive oxygen species (ROS) which causes tissue damage. Mitochondrial
damage leads to abnormal oxidation of free fatty acid thus enabling accumulation of
lipid droplet inducing micro-vesicular or macro-vesicular steatosis (MiVs/MaVs). ARV
drugs class NNRTIs impairs bile transport and increases bile retention thus inducing
intrahepatic cholestasis. Also, ARV drugs induced stress signal my cause upregulation

of endoplasmic reticulum stress proteins. Adopted from [68].

1.6.3 Immune-mediated mechanism or hypersensitivity
Allergic reactions are mostly idiosyncratic to the host and have an intermediate latency

period ranging from days to weeks and are not dose related [101]. Hypersensitivity is
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an extreme form of adaptive immune response induced when immune system reacts
inappropriately to certain antigens; thus, leading to inflammatory reactions and tissue
damage [108]. Abacavir-induced hypersensitivity reactions affect up to 5-8% of HIV
positive patients and can be observed within the first 6 weeks of initiating ART [109].
Abacavir is thought to induce hypersensitivity through altering the repertoire of self-
peptides presented on T cells, resulting in an immune reaction [108]. Symptoms
include rash, fever, malaise, respiratory and gastrointestinal symptoms. Severe forms
of skin rash associated with Abacavir may lead to Steven Johnson’s Syndrome (SJS),
toxic epidermal necrosis (TEN) and systemic lupus erythematous (SLE) [109].
Additionally, skin rash has been observed in 4% of patients initiating NVP-based
regimens [68]. The NVP associated hypersensitivity is thought to be immune-mediated

due to delayed onset of the reaction [102].

Human leukocyte antigen (HLA) alleles are implicated in Abacavir- and NVP-induced
hypersensitivity [110,111]. Tangamomsuksan and colleagues conducted a meta-
analysis study and reported a strong correlation between HLA-B*57:01 and Abacavir
induced hypersensitivity [112]. However, several studies have demonstrated that other
HLA alleles may be associated with a risk of ART-induced hypersensitivity
[108,109,112]. A more recent meta-analysis study reported that patients carrying
HLAA*24, HLA-B*18, *35, *39, *51, *81, and HLA-C*04 were associated with a higher
risk of hypersensitivity [111]. Conversely, subjects carrying HLA-B *15, HLA-C *02,
*03, *07 and HLA-DRB1 *05, *15 were associated with reduced risk of hypersensitivity
[111].

1.6.4 Immune reconstitution

Liver damage is mediated by cytotoxic immune responses in immunocompetent
individuals. In HIV/HBV co-infected patients with advanced immunosuppression, HBV
replication generally increased due to weak cytotoxic immune responses and HBV
related inflammation lessened and transaminase levels remained normal [113].
Improved cellular immunity upon initiation of highly active antiretroviral therapy
(HAART) can lead to flares in liver enzymes and seroconversion, even in the absence
of anti-HBV active drug [113,114]. In agreement, a study by Matthew and colleagues
reported high incidence of hepatic flares and high rate of HBeAg seroconversion

among HBeAg-positive early cases [114]. HBV flares are seen in 20-25% of patients
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after initiation of HAART, and an estimated 1-5% of these patients develop clinical
hepatitis [115].
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Chapter 2: Research problem statement

2.1 Rational of the study

Chronic liver disease remains the major cause of health problems affecting thousands
of people worldwide. Currently, the whole allograft transplantation is the only viable
treatment option for end stage liver disease [116]. However, a lack of suitable donors,
high costs, and surgical complications [7,116] and the management difficulties
encountered provided the impetus to pursue representative in vitro liver models with
the capacity to fully recapitulate liver functions [3]. Notably, traditional 2D in vitro
models widely used in drug toxicity analysis studies and prediction of hepatotoxic
compounds were using either PHH cells which are considered the “gold standard” for
evaluation of hepatic drug metabolism [6] or immortalized cell lines mainly HepG2 or
the HepaRG cells [4,5]. However, the PHH cells are limited to acute drug exposure
studies since they cannot survive for a period longer than 72 hours in culture.
Prolonged PHHSs cultures result in rapid dedifferentiation of cells leading to the loss of
normal hepatocyte cell morphology, structure and functions such as impaired DMEs
activities [7]. Immortalized cell lines have proved to be inferior due to lack of expression
of drug transporters and suboptimal DMEs activities compared to PHH cells [5].
Furthermore, 2D models lack cellular microenvironment such as cell-cell contact and

cell-ECM interaction as in in vivo [11].

Advances in stem cell technology offers a great opportunity to generate patient specific
HLCs derived from iPSCs using 3D organoid platforms [10]. Importantly, 3D organoids
confer advantages for differentiation of iIPSCs into hepatocytes with optimum
metabolic functions [10,11]. However, most organoid models comprise of HLCs only;
thus, lack the supportive cellular components such as profibrotic, sinusoidal
endothelial and inflammatory cell lineages, which are important to maintain tissue
functions and homeostasis [1,12]. Godoy et al demonstrated limited abilities of mono-
hepatocytes in reproducing the hepatotoxic effects as observed in vivo [6]. Importantly,
toxicity responses in vivo are mediated by the integrated complex interplay between

different cells; therefore, the predictive role of hepatocytes or HLCs alone is limited.

Interestingly, Ouchi and colleagues developed a protocol for generating multicellular
human liver organoids composed of HLCs, HSCs and KCs to model steatohepatitis

(NASH) [11]. This is the suitable model to utilize to understand the interplay between
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different cell lineages involved in tissue injury and homeostasis. Hence, the aim of the
work presented in this thesis was to generate and develop 3D multicellular human liver
organoids (HLO) from iPSCs to model complex liver diseases. Strikingly, earlier
studies evaluating the hepatotoxicity of ARV drugs relied heavily on using 2D human
or mouse PHH models, which have limitations to mimic drug toxicities observed in
vivo. Also, there are currently no studies that have been performed to determine the
mechanisms of hepatotoxicity induced by a combination of ARV drugs given to
patients. In fact, the few mechanistic studies that have been performed thus far,
investigated toxicity of a single ARV drug, mostly EFV or NVP [64,67,117,118]. Hence,
it is very critical to understand the molecular mechanism of ART-induced liver injury.
Therefore, the final aim of the research study presented in this thesis was to
investigate and elucidate the molecular mechanism of ART-induced liver injury in HLO

using a mass spectrometry approach.

2.2 Research hypothesis

Since 3D organoids recapitulate tissue structure and functionality of the native organ,
and that HLO comprise HLCs, HSCs and KCs, which are important for maintaining
tissue injury and homeostasis, we hypothesise that HLO treated with ART will
recapitulate events that occur in the liver of patients taking ART and thus allow us to

determine the molecular drivers of ART injury.

2.3 Objectives

We had the following objectives:

* To generate 3D multicellular liver organoids (HLO) derived from induced
pluripotent stem cells (iPSCs).

» To validate specific stage representative gene markers and to determine the
presence of epithelial, pre-fibrotic and inflammatory cell lineages in HLO.

* To determine the proteome of 3D HLO treated with ART, A+TB and TGZ

compared to Untreated HLO (UN) using mass spectrometry approach.
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Chapter 3: Materials and Methods

3.1 Chemicals & materials

All the chemicals, analytical reagents and cell culture mediums used were purchased
from reputable vendors and distributors including Sigma-Aldrich, Gibco, Invitrogen,
Lonza, Qiagen, Stem Cell Technologies, Life Technologies, R&D Systems, Anatech,
Bio-Rad Laboratories, Corning, Biocom Africa, integrated DNA Technology (IDT), BD
Sciences, Bioscience, Whitehead Scientific (Pty) Ltd, Promega and ThermoFisher
Scientific. Items not purchased from the above companies are indicated where
required. All cell culture medium, enzymes, and buffers were stored at 4°C and
reconstituted growth factors and drugs were stored at —20°C or —80°C as per

manufacturer’'s recommendations.

3.1.1 Growth factors and supplements

3.1.1.1 CST vitronectin (VTN)

Vitronectin (VTN-1ml, catalogue # A27940) was purchased from Life Technologies and
stored at —80°C. VTN stock solution (60 uL) was aliquoted into Eppendorf tubes and
stored at —80°C until needed for experiments. A working solution of 0.5 ug/cm? per well
of a 6-well plate was achieved by diluting 60 pL of stock VTN in Dulbecco phosphate
buffered saline (DBPS; catalogue #: 14190-094, Gibco)

3.1.1.2 Rho kinase protein (ROCK) inhibitor (Y-27632)

Y-27632 (5 mg, catalogue # Y0503) was purchased from Sigma-Aldrich and stored at
4°C. A stock (10 mM) solution of Y-27632 was achieved by reconstituting 5 mg of the
Y-27632 in 1 mL DMSO. A 10 uM working solution was achieved by aliquoting the

stock solution and stored at —20°C until needed for experiments.

3.1.1.3 Activin A

Activin A (10 pg, catalogue # 338-AC) was purchased from R&D Systems and stored
at —20°C. A stock (100 pg/mL) solution of Activin A was achieved by reconstituting 10
pg of Activin A with 100 pL of 4 mM HCI. A 1000 ng/mL of Activin A working solution
was achieved by diluting Activin A stock solution in RPMI-1640 + GlutaMAX™
(catalogue #: 61870-036, Gibco) and stored at —20°C until needed for experiments.
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3.1.1.4 Bone morphogenetic protein 4 (BMP-4)

Bone morphogenetic protein 4 (BMP-4, 10 ug, catalogue # 314-BP) was purchased
from R&D Systems and stored at —20°C. A stock (100 ug/mL) solution of BMP-4 was
achieved by reconstituting 10 ug of BMP-4 with 100 pyL of 4 mM HCI containing 0.1%
bovine serum albumin (BSA, catalogue # A8531, Sigma-Aldrich). A 1000 ng/mL
working solution was achieved by diluting BMP-4 stock solution in RPMI-1640 +

GlutaMAX and stored at —20°C until needed for experiments.

3.1.1.5 Knockout serum replacer (KSR)
A 500 mL bottle of KSR (catalogue #: 10828028, Gibco) was purchased from
ThermoFisher Scientific and stored at —20°C. A stock solution of KSR was prepared

by aliquoting KSR into 15 mL tubes and stored at —20°C until needed for experiments.

3.1.1.6 Fibroblast growth factor 4 (FGF-4)

Fibroblast growth factor (FGF-4, 25 pg, catalogue # 235-4F) was purchased from R&D
Systems and stored at —20°C. A stock (100 ug/mL) solution of FGF-4 was achieved
by reconstituting 25 pg of FGF-4 in 250 uL in sterile phosphate buffered saline (PBS;
catalogue # BE17-517Q, Lonza) containing 0.1% BSA. A 1000 ng/mL working solution
was achieved by diluting FGF-4 stock solution in Advanced DMEM/F12 (catalogue #
12634-010, Gibco™) and stored at —20°C until needed for experiments.

3.1.1.7 CHIR99021

(CHIR99021, 5 mg, catalogue # SML1046) was purchased from Sigma-Aldrich and
stored at -20°C. A stock (10 mM) solution of CHIR99021 was achieved by
reconstituting 50 mg of CHIR99021 in 1 mL dimethyl sulfoxide (DMSO; catalogue #
D2650, Sigma-Aldrich). A 1 mM working solution was achieved by aliquoting the
CHIR99021 stock solution in Advanced DMEM/F12 and stored at —20°C until needed

for experiments.

3.1.1.8 Retinoic acid (RA)

Retinoic acid (RA, 50 mg, catalogue # R2625) was purchased from Sigma-Aldrich and
stored at —20°C. A 10 mM stock solution was prepared by reconstituting 25 mg RA in
1 mL DMSO. A 1000 uM working solution was achieved by aliquoting the RA stock

solution in Advanced DMEM/F12 and stored at —20°C until needed for experiments.
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3.1.1.9 Hepatocyte growth factor (HGF)

Hepatocyte growth factor (HGF, 5 pg, catalogue # H9661) was purchased from Sigma-
Aldrich and stored at —20°C. A stock (5 pg/mL) solution of HGF was achieved by
reconstituting 5 ug of HGF in 1 mL of sterile PBS containing 0.1% BSA. A 1000 ng/mL
HGF working solution was achieved by diluting the HGF stock solution in hepatocyte
culture medium (HCM, catalogue #: CC-3198, Lonza) and stored at —20°C until

needed for experiments.

3.1.1.10 Dexamethasone (Dex)

Dexamethasone (Dex, 5 mg, catalogue # D4902) was purchased from Sigma-Aldrich
and stored at —20°C. A 10 mM stock solution was prepared by reconstituting 5 mg Dex
in 1 mL DMSO (Sigma-Aldrich). A1 mM working solution was achieved by diluting Dex

stock solution in HCM and stored at —20°C until needed for experiments.

3.1.1.11 Oncostatin M (OSM)

Oncostatin M (OSM,10 ug, catalogue # 295-OM) was purchased from R&D Systems
and stored at —20°C. A stock (100 pg/mL) solution of OSM was achieved by
reconstituting 10 ug of OSM with 100 pL sterile PBS containing 0.1% BSA. A 1000
ng/mL working solution was achieved by diluting OSM stock solution in HCM and

stored at —20°C until needed for experiments.

3.1.1.12 Fibroblast growth factor 10 (FGF-10)

Fibroblast growth factor 10 (FGF-10, 25 ug, catalogue # F8924) was purchased from
Sigma-Aldrich and stored at —20°C. A stock (100 ug/ml) solution was achieved by
reconstituting 25 yg FGF-10 in sterile PBS containing 0.1% BSA. A 10 pg/mL working
solution was achieved by diluting FGF-10 stock solution in Advanced DMEM/F12 and

stored at —20°C until needed for experiments.

3.1.1.13 Epidermal growth factor (EGF)

Epidermal growth factor (EGF- 200 pg, catalogue # 236-EG) was purchased from R&D
systems and stored at —20°C. A stock (500 pg/mL) solution was achieved by
reconstituting 200 ug EGF in sterile PBS. A 10 ug/mL working solution was achieved
by diluting EGF stock solution in Advanced DMEM/F12 and stored at —20°C until

needed for experiments.
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3.1.1.14 Vascular endothelial growth factor (VEGF)

Vascular endothelial growth factor (VEGF, 10 ug, catalogue # 293-VE) was purchased
from R&D Systems and store at —20°C. A stock (100 ug/mL) solution was achieved by
reconstituting 10 ug VEGF in sterile PBS containing 0.1% BSA. A 10 ug/mL working
solution was achieved by diluting VEGF stock solution in Advanced DMEM/F12 and

stored at —20°C until needed for experiments.

3.1.1.15 A83-01

A83-01 (10 mg, catalogue # 2939) was purchased from R&D Systems and stored at
—20°C. A stock (10 mM) working solution was achieved by reconstituting 10 mg A8301
in 1 mL DMSO. A 1 mM working solution was achieved by diluting Dex stock solution

in HCM and stored at —20°C until needed for experiments.
3.1.2 ART drug preparations

3.1.2.1 Efavirenz (EFV)

Efavirenz (EFV, catalogue # 025M4780) was purchased from Sigma Aldrich and stored
at —20°C. A 10 mM stock solution of EFV was prepared. EFV was diluted in

500 pL dimethyl sulfoxide (DMSO) (Sigma Aldrich) and 500 uL media (either DMEM**
or Full Williams E) and stored at —20°C. A 100 yM working solution was further diluted
in media (either DMEM** or Full Williams E) and stored at —20°C until needed for

experiments.

3.1.2.2 Tenofovir (TDF)

Tenofovir (TDF, catalogue # SML1795) was purchased from Sigma Aldrich and stored
at —20°C. A 10 mM stock solution of TDF was prepared. 2.87 mg was diluted in 1 mL
of ddH20 and stored at —20°C. A 100 uM working solution was further diluted in media

(either DMEM** or Full Williams E) and stored at —20°C until needed for experiments.

3.1.2.3 Lamivudine (3TC)

Lamivudine (3TC, catalogue #: L1295) was purchased from Sigma Aldrich and stored
at room temperature. A 10 mM stock solution of 3TC was prepared. 10 mg of 3TC was
diluted in 4.36 mL of ddH20. A 100 uM working solution was further diluted in Media

(either DMEM™** or Full Williams E) and stored at —20°C until needed for experiments.
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3.1.3 Anti-TB drug preparation

3.1.3.1 Rifampicin (RIF)

Rifampicin (RIF, catalogue #: R3501) was purchased from Sigma Aldrich and stored
at —20°C. A 10mM stock solution of RIF was prepared, 8.23 mg was diluted in 500 pL
dimethyl sulfoxide (DMSO) (Sigma Aldrich) and 500 yL media (either DMEM™** or Full
Williams E) and stored at —20°C. A 100 pM working solution was further diluted in
media (either DMEM™* or Full Williams E) and stored at —20°C until use until needed

for experiments.

3.1.3.2 Isoniazid (INH)

Isoniazid (INH, catalogue # MKCF2223) was purchased from Sigma Aldrich and stored
at —20°C. A 10 mM stock solution of INH was prepared. INH was diluted in 1 mL of
media (either DMEM** or Full Williams E) and stored at —20°C. A 100 uM working
solution was further diluted in media (either DMEM** or Full Williams E) and stored at

—20°C until needed for experiments.

3.1.4 Antigen preparation
Schistosome egg antigen (SEA; 1 mg/mL) was obtained as a gift from the laboratory
of Prof Frank Brombacher at the University of Cape Town. The antigen was stored at

—20°C until required for experiments.

3.2 Tissue culture

3.2.1 Human induced pluripotent stem cells (iPSCs)

Human pluripotent stem cells (iPSCs) cell line (N-N) used in this study was kindly
provided as a gift by Dr Janine Scholefield from the Council for Scientific and Industrial
research (CSIR) in South Africa.

3.2.2 Human induced pluripotent stem cells (iPSCs) maintenance

Briefly, undifferentiated iPSCs were cultured onto a CTS VTN-coated 6-well plates in
Essential 8 medium (E8M, catalogue #: A1517001, Gibco) with 1% (v/v)
penicillinstreptomycin (catalogue # 15140-122, Gibco). Cultures were maintained for
approximately 5-6 days with 95% daily medium exchange and 80% confluent colonies
were passaged for maintenance or differentiation at 1:6 and 1:3 ratios, respectively.
For passaging, cells were dissociated into cell clusters from the culture plates using
0.5 M ultrapure EDTA solution (catalogue # 15575-020, Invitrogen) and incubated at
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room temperature for 4-8 minutes. For differentiation, cells were dissociated into single
cells using the Accutase solution (catalogue # A6964, Sigma-Aldrich) and incubated
for 3 minutes in the incubator. Dissociation solutions were neutralized with equal
volumes of growth medium to stop enzyme digestion. Cell suspensions were
transferred to 15 mL falcon tubes containing 4 mL E8M + Y23762 solution and
centrifuged at 1800 rpm for 3 minutes. Supernatant was discarded and remaining
pellet was resuspended in 1 mL E8M + Y23762 solution. To do cell counting, 10 uL of
cell suspension was mixed with 10 yL Trypan blue (0,4% and 0,55% NaCl) solution
(catalogue # 15250061, Gibco). Cells suspended in Trypan blue were then ejected
onto Countess cell counting chamber slide (catalogue # C10283, Invitrogen) and read
with Countess Il (catalogue #AMQAX1000, Invitrogen). Cells were seeded according
to desired cell densities for differentiation. All cultures were maintained at 37°C in a

5% CO2in a water-jacket incubator.

3.2.3 Foregut induction

Human iPSCs were first differentiated into definitive endoderm (DE) and then foregut
spheroids using a previously described protocol with slight modifications [119]. Briefly,
80% confluent human iPSCs were detached with Accutase and seeded onto CST
VTN-coated plates in E8M at a density of 1.5 O 108 cells/well for 24 hrs. After 24 hrs,
E8M was exchanged with RPMI-1640 medium + GlutaMAX, 1% (v/v) Penicillin-
streptomycin (10 000 U/mL, catalogue # 15140122, Gibco), supplemented with 100
ng/ml Activin A, 50 ng/ml BMP-4 at day 1, 100 ng/ml Activin A and 0.2% (v/v) KSR at
day 2, and 100 ng/ml Activin A and 2% (v/v) KSR at day 3. On day 4-6, DE cells were
further cultured in advanced DMEM/F12 with B27 (catalogue # 17504-044, Gibco),
GlutaMAX (catalogue # 35050-038, Gibco) and N2 (catalogue #: 17502-048, Gibco)
supplements, respectively, containing 500 ng/ml FGF4 and 3 yM CHIR99021. Cells
were maintained at 37°C in a 5% CO:2 water-jacket incubator and media was

exchanged daily.

3.2.4 Generation of human liver organoids (HLO)

At day 7, cells were detached from the plate with Accutase solution. Detached cells
were transferred to a Falcon tube with medium and centrifuged at 1800 rpm for 3 min.
Supernatant was discarded and the remaining pellet was resuspended in 1 mL of
100% Geltrex (catalogue # A1413302, Life Technologies). 40 pL of Geltrex-cell
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suspension was cultured in 24-well Nunclon sphera multi-well plates (catalogue #
174930, ThermoFisher Scientific) and incubated for 15-20 minutes to allow Geltrex to
solidify. Cells were exposed to Advanced DMEM/F12 with 10 B27 and 10 N2,
supplemented with 2 yM RA for 4 days with a daily medium change. After treatment
with RA, media was switched to HCM supplemented with 10 ng/ml HGF, 0.1 uM Dex
and 20 ng/ml OSM. Cultures for HLO were maintained at 37°C in 5% CO2 with 95%
air, media was replaced every second day. HLO were scratched and pipetted to

perform downstream applications and analysis from day 20-30.

3.2.5 HepaRG cells

HepaRG cells (terminally differentiated hepatic cells derived from a human hepatic
progenitor cell line) were cultured in Williams E Media without L-glutamine and phenol
red (catalogue # W1878, Sigma-Aldrich) supplemented with 10% FBS, penicillin-
streptomycin (1% v/v), 5 yg/mL insulin (catalogue # 1243, Sigma-Aldrich), 2 mM L-
glutamine (catalogue # BE17-605E) and 5x10° M hydrocortisone hemisuccinate
(catalogue # H2882, Sigma-Aldrich). All cell cultures were incubated at 37°C in a 5%

CO2 water-jacket incubator.

3.2.6 Generation of 3D HepaRG cell cultures
1 0 10° HepaRG cells were seeded in a 75 cm? flask and were incubated at 37 °C with

5% COz2 and medium was changed every 2 days. After 14 days, cells were treated with
trypsin prior to dissociation with a syringe to obtain a suspension of single cells. Then,
cells were further seeded in Nunclon Sphera 96-well U bottom plates (catalogue #
174929, Thermo Scientific™) at a seeding density of 72 000 cells/well. Medium was

changed after 7 days, and spheroids were used at Day 10.

3.3 Molecular biology assays

3.3.1 RNA extraction

Total ribonucleic acid (RNA) was extracted from plated cells using TRIzol reagent
(ThermoFisher Scientific) following the manufacturer’s instructions. The extracted
RNA was quantified using ND-1000 Nanodrop spectrophotometer (ThermoFisher

Scientific, USA) and stored at —80°C until needed for further experiments.

3.3.2 Complementary DNA (cDNA) synthesis
For first strand cDNA synthesis, total RNA was reverse-transcribed using ImProm-I|
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Reverse Transcriptase (catalogue # PRA800, Promega) following the manufacturer’s
instructions as indicated in (Table 2 and 3). 2 ug of template mRNA, 1 yL Oligo dT and
ddH20 were mixed to a final volume of 9 pL. This mixture was heated for 10 minutes
at 70°C in a thermal block cycler with a heated lid to denature any secondary structures
in the RNA and to minimize evaporation of solutions. The mixture was then chilled on

ice for 5 minutes.

Table 2. First strand cDNA synthesis cocktail

2 yg mRNA Oligo dT primer ddH:0 Total volume
X 1l Y 9

16 L of the second cocktail (Table 2) was added and mixed by pipetting, followed by
centrifugation, and then annealed the Oligo dT primers to the template at 25°C for 5
minutes followed by 2 hours incubation at 42°C. Reverse transcriptase was inactivated
by heating for 10 minutes at 70°C, followed by stopping the reaction by placing the

tube on ice.

Table 3Table 3. cDNA synthesis master mix

Reagents Volume (uL)
5X first synthesis strand buffer 5

dNTPs mix 1

RNase inhibitor 1

MgCL. 2

Impromp Il Reverse Transcriptase 1

ddH:0 6

Total 16

3.3.3 Quantitative Reverse Transcriptase-Polymerase Chain Reaction (QRTPCR)

gRT-PCR was carried out in triplicates using a PowerUp™ SYBR™ Green Master Mix
(catalogue # A25741, Applied Biosystems) and synthesized cDNA was amplified in a
Thermal Cycler (QuantStudio 3 RT-PCR Systems, ThermoFisher Scientific) with

heated lid. Relative mRNA gene expression was calculated using the 2-*ACt method,
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with GAPDH as the normalization control. All primers (Table 3) were purchased from

IDT.

Table 4. All primer pair sequences for quantitative RT-PCR.

Human stem cell markers

Gene name

Oct-4

Nanog
Sox2

Sox17

GSC

HHEX

HNF4a

AFP

CYP3A7

ALB

A1AT

CYP3A4

GAPDH

Forward primer sequence
(5°-3°)
CAGGAGATATGCAAAGCAG
AAAC
AGCCTAATCAGCGAGGTTTC
GCTACAGCATGATGCAGGA
CCA

Reverse primer sequence
(5°-3’)
GGCACTGCAGGAACAAATT

CAGAGCAAGACTCCGTTTCA

TCTGCGAGCTGGTCATGGA
GTT

Definitive endoderm (DE) markers

CGCACGGAATTTGAACAGTA

GAGGAGAAAGTGGAGGTCT
GGTT

Foregut spheroid (FGS)
GCCCTTTTACATCGAGGACA

GGATCAGGGACCTGTCACA
C
CTCTGATGAGGACCGCTTCT
G

AGGGCGAACATTGAGAGCT
A

Immature human liver organoids markers

CATGGCCAAGATTGACAACC
T
ACCATGAAGTGGGTGGAAT
C
GAAACACAGATCCCCCTGAA

TTCCCATATGTTCCTGCATC
AG
TGGTAGCCAGGTCAGTCAAA

TCAGGCTCCACTTACGGTCT

Mature human liver organoids markers

TTG GCA CAATGAAGT GGG AAA GGC AAT CAA CAC CAA

TA
CCACCGCCATCTTCTTCCTG
CCTGA
TGTGCCTGAGAACACCAGA
G

CCATCTTCCAGGAGCGAG

GG
GAGCTTCAGGGGTGCCTCC
TCTGTG
GTGGTGGAAATAGTCCCGT
G
GCAGGAGGCATTGCTGAT
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3.4 Flow cytometry

For flow cytometry, HLO were dissociated into single cells using Trypsin-EDTA for ~15

minutes. Samples were washed with 10 PBS and stained with 100 pL antibody master

mix (FACS buffer: 1% bovine serum albumin (BSA) in 10 PBS) containing specific
antibodies. Subsequently, samples were incubated for 30 minutes in the dark or
covered with foil at room temperature. Cells were resuspended in FACS buffer and
transferred into FACS tubes. The cells were acquired on a BD LSR Fortessa machine

and data was analysed using FlowJo (version 10) software (Treestar, USA).

The human antibodies (HAD) targeting the following cell surface markers were used:
EpCAM-BV412 (1:80; BioLegend), CD166-PE (1:160; eBioscience) and CD68-PECy7

(1:80; eBioscience).

3.5 Cytochrome activity determination

3.5.1 Plating strategy

To normalize HLO seeding for CYP3A4 activity, after harvesting cells with TrypLE™
and manual pipetting for disruption into single cells, HLOs were filtered through 250
pum filter and spun down in growth media. HLOs were washed twice with ice-cold 10
PBS, and the pellet was then resuspended in 1 mL Geltrex. About 10 pL Geltrex-HLO
drops were transferred to each well of 96-well plate and incubated for 15 minutes in
the water-jacket incubator to solidify the Geltrex. Once solidified, HLOs were overlaid
with 200 uL of HCM and placed back in the incubator for 24 hours.

3.5.2 CYP3A4 induction

CYP3A4 enzyme activity was determined by measuring the oxidation of Troglitazone
(TGZ) and rifampicin after 24, 48 and 72 hours of treatment with solvent vehicle control
(0.05% DMSO). After treatment, the HCM was removed from each well and HLOs
were washed twice with ice-cold 10 PBS. 50 uL of 50 yM P45-Glo™ CYP3A4 (5 mM
luciferin-BE) dissolved in media (either Advanced DMEM/F12 or Full HCM) was added
to each well (untreated, treated and media only controls). HLOs and luciferin
(luciferinH and luciferin-BE) mixtures were incubated in 37°C in a 5% CO2 water-jacket
incubator for 4 hours. After incubation, supernatants (25 pL) were transferred to clean
white walled clear bottom plates and mixed with 25 uL of luciferin detection reagent

(reconstitution buffer with luciferase detection reagent). The plate containing HLOs
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was used to perform cell viability assays (described in 2.2.1.3). The white clear walled
plate was then incubated at 37°C in a 5% CO2 water-jacket incubator for 30 minutes.
Th plate was read using a GLOMAX™ 96 Microplate Luminometer (Promega).

3.6 Cell viability & cytotoxicity assays

3.6.1 Cell viability determination using CellTiter-GLO® 3D Cell Viability Assay
For seeding strategy, see 3.5.1. Briefly, HLOs were either left untreated, treated with
DMSO (0.05%), treated with 1% Triton™ X-100, spontaneous control with H20 and
1% lysis buffer or treated with ART (Table 6), RIF and Triton X-100 for 24 hours. 100
ML supernatant from each respective well was transferred to a new 96 well plate. A
CellTiter-GLO®reagent (100 uL) was added to each well containing the HLOs and 100
ML HCM. Contents were mixed vigorously for 5 minutes at RT to induce lysis. The plate
was incubated at RT for 25 minutes to stabilize the luminescent signal. Th plate was

read using a GLOMAX™ 96 Microplate Luminometer (Promega).

Table 5. Drugs and pathogen treatment groups

Combination Groups HLO (Media =
HCM)
Control 1 Media
ART 7.39 UM EFV, 27.01 uM 3TC & 34.2
uM TDF
ART + ant-TB (A+TB) 7.39 uM EFV, 27.01 pM 3TC & 34.2
UM TDF

+
28.42 pyM RIF and 20.04 pM INH

SEA 20 pg/ml
TGz 50 uM
*All drugs were added to cells from 10mM working stocks

3.7 Discovery mass spectrometry analysis

3.7.1 Plating

Briefly, HLO were isolated from a 24-well plate and resuspended in HCM with 10%
Geltrex, left overnight in a new 24-well plate in the water-jacket incubator at 37°C. HLO
were left untreated or treated with ART, ART + ATB and TGZ (Table 5) for 24 hours

and 7 days respectively.
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3.7.2 Protein extraction and quantification

Isolated drug treated and untreated HLOs were first incubated with TrypLE™ in water
jacketed incubator (37°C, 5% CO3) for 3 min. Subsequently, TrypLE™ reaction was
diluted with fresh HCM. HLO were spun down at 1800 rpm for 3 min at 4°C.
Supernatant was discarded and pellet retained. Pelleted cells were washed seven
times with ice-cold 10 PBS to remove Geltrex. Proteins were extracted by the addition
of 4% sodium dodecyl sulphate (SDS; Sigma Aldrich; catalogue # 71736), 100 mM
triethylammonium bicarbonate (TEAB; Sigma Aldrich; catalogue # T7408) and heating
at 95°C for 10 min. Quantification was conducted using the BCA assay (ThermoFisher

Scientific; catalogue # 23225) according to the manufacturer’s instructions.

3.7.3 HILIC on-bead digest

In preparation for the HILIC magnetic bead workflow, the HILIC beads (ReSyn
Biosciences, HLC010) were aliquoted into a new tube and the shipping solution
removed. Beads were then washed with 250 pyL wash buffer (15% ACN, 100 mM
ammonium acetate (Sigma 14267) pH 4.5) for one minute. This was repeated once
for a total of two washes. The beads were then resuspended in loading buffer (30%
ACN, 200 mM ammonium acetate, pH 4.5) to a concentration of 2.5 mg/mL. A total of
20 ug from each sample was transferred to a protein LoBind plate (Merck,
0030504.100). Protein was reduced and alkylated by addition of 20 mM dithiothreitol
(DTT; Sigma D9779) and 30 mM iodoacetamide (IAA; Sigma 16125)) at an equal
volume to that of the sample, followed by incubation at 95°C for 10 minutes. HILIC
magnetic beads were added at an equal volume to that of the sample and a ratio of
5:1 total protein. The plate was then incubated at room temperature on the shaker at
900 RPM for 30 minutes for binding of proteins to the beads. After binding, the beads
were washed four times with 500 pL of 95% ACN for one minute. For digestion, Trypsin
(Promega PRV5111), made up in 50 mM TEAB was added at a ratio of 1:20 total
protein and LysC (Pierce 90307) was added at a ratio of 1:250 total protein. The plate
was incubated at 45°C on the shaker for two hours. After digestion, the supernatant
containing peptides was removed and dried down. Samples were then resuspended
in LC loading buffer: 0.1% FA, 2.5% ACN.
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3.7.4 Liquid chromatography and mass spectrometry (LC-MS) proteomics
analysis

Liquid chromatography and mass spectrometry (LC-MS analysis was conducted with
a timsTOF Pro 2 mass spectrometer (Bruker, USA) integrating trapped ion mobility
(IM) separations coupled online via a Captivespray electrospray source (Bruker) to an
Evosep One LC system (Evosep Biosystems, Denmark). Peptides were separated on
a PepSep C18 column (150pum x 8 cm, 1.5um - Bruker, 1893470) maintained at 40°C.
Separation was achieved using a pre-formed linear gradient of solvents A and B (A:
0.1% FA; B: 100% ACN/0.1% FA) over a 21-minute gradient (the standard 60SPD
Evosep One method). The mass spectrometer was operated in positive ion mode. MS
data was acquired using the standard “DIA PASEF- short gradient” DIA acquisition
method (25 Da mass windows, 21 mass steps per cycle, 0.85 to 1.30 V-s/cm2 CCS
window, 100 ms TIMS window) precursor scans ranged from m/z 100 to 1700 and 475
to 1000 for MS/MS. The method duty cycle is estimated to be 0.95s.

3.7.5 MS/MS data analysis

Data analysis was conducted using the directDIA™ (deep) analysis workflow in
Spectronaut (version 18) software using a human canonical reference proteome
database downloaded from UniprotKB (downloaded on 19/04/2021). All processing
parameters were kept as standard unless otherwise stated. The enzymes for digest
were set as trypsin/P and LysC/P. The variable modifications were set as acetylation
of the N-terminus of the protein, deamidation of glutamine and asparagine and
oxidation of methionine. A maximum number of 5 variable modifications were allowed.
A fixed modification (carbamidomethyl) was added for alkylation of cysteine (C) by
iodoacetamide (composition C (2)H(3) NO with a mass of 57.021464 Da.

3.7.8 Protein quantification and statistical analysis

Statistical testing and relative quantification of proteins were performed using Perseus
software (version 2.0.11.0). Principal component analysis (PCA), volcano plots, and
the hierarchical clustering were performed using Perseus software. The “All valid
proteins” file produced by Spectronaut (version 18) software was further analyzed in
Perseus. Protein analysis was performed based on a mixed linear effects model to
calculate fold changes and p-values. Identified protein groups containing non-valid

values were filtered out to obtain a protein data set present in all samples. Means and
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standard deviations were calculated from remaining data and groups were annotated
accordingly. Relative quantification of proteins was carried out and differential
abundance was defined using student t-test measuring differences in the log2 fold
change of protein expression between experimental group samples (ART-HLO, A+TB-
HLO and TGZHLO) compared to control (UN-HLO) group. P-values were adjusted
among all the proteins in the specific comparison using widely known approach by
Benjamini and Hochberg (B-H) and a p-value of 0.05 was applied as cut off. The result
of the latter t-test is shown in the volcano plots. Proteins identified with statistically
different abundances between (ART-HLO, A+TB-HLO and TGZ-HLO) and control
(UN-HLO) groups were taken further in Perseus for z-scoring of the LFQ intensities

and hierarchical clustering, resulting in the heat maps presented.
3.8 Data Availability

The mass spectrometry proteomics data generated and analysed in the current study
have been deposited to the ProteomeXchange consortium via the PRIDE partner
repository with the dataset identifier PDX061061.

3.9 Statistical analysis

Statistical analyses were performed using GraphPad Prism 5 (GraphPad Software Inc.
(San Diego, CA, USA). Data was presented as the mean +/- standard deviation (SD).
Statistical significance was determined by Student’'s t-test or One-Way analysis of
variance (ANOVA) with Dunnett’s post-test where appropriate. A p<0.05 is represented
by a single asterisk, p<0.01 is represented by a double asterisk, three asterisks

indicate p<0.001, while four asterisks indicate p-value <0.0001.
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Chapter 4: Generation and characterization of 3D multicellular human liver
organoids (HLO) from iPSCs

4.1 Generation of 3D multicellular human liver organoids (HLO) from iPSCs

To develop and generate 3D multicellular human liver organoids (HLOs) from iPSCs,
we first adopted a previously described protocol [11]. Briefly, iPSCs were cultured for
24 hours where we observed a rapid aggregation of iPSCs upon seeding, yielding
aggregates with an average diameter of 100 + 41 um, which robustly expressed
pluripotency markers OCT-4, Nanog, and Sox2 (Figure 5C). To initiate the
developmental programme, aggregates were differentiated into DE cells using
RPMI1640 GlutaMAX medium supplemented with 100 ng/mL Activin A and 20 ng/mL
BMP4 coupled with 0% KSR at day 1, 0,2% KSR at day 2 and 2% KSR at day 3 for a
period of 3 days with daily media change, respectively (Figure 5 A-D). At day 3 of
differentiation, DE cells exhibited high expression levels of DE marker SOX17 (Figure
5D) and expression of pluripotency markers was significantly reduced (Figure 5C). We
further observed a drastic change in cell morphology where iPSCs lost their bright
compact colonies, with distinct cell borders and high nucleus (Figure 5B). These iPSCs
conformed to highly proliferative cells with extensive cellular migration and took a

typical-petal or cobbler cell morphology representative of DE cells (Figure 5B).

DE cells were challenged with a pulse of WNT signalling via CHIR99021 and FGF-4
to transition into foregut spheroid cells (FGS) for 3 days. On day 7, FGS cells were
dissociated with Accutase solution and embedded in Geltrex matrix and resuspended
in retinoic acid (RA) medium. RA is known to allow the specification of both
parenchymal and non-parenchymal cells [11]. Subsequently, FGS cells were then
further subjected to hepatocytes maturation medium supplemented with 10 ng/mL
HGF, 20 ng/mL OSM and 0,1 uM Dex, which are known to improve hepatocyte
differentiation and maturation until day 21 (Figure 5 A-D). Alternatively, FGS can be
dissociated into single cells using Accutase solution following 3 min incubation at 37°C
and then expanded in organoid formation medium composed of 5 growth factors,
including 50 ng/mL VEGF, 20 ng/mL FGF-2, 3 ym CHIR99021 (Glycogen synthase
kinase 3 inhibitor), 20 ng/mL EGF, and 5 uM A83-01 (Transforming growth factor-f3

inhibitor) before RA treatment and further cell differentiation.
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4.2 Assessing presence of pro-fibrotic and inflammatory cell lineages in HLOs.

Alongside parenchymal cells, the human liver is comprised of non-parenchymal cell
types including profibrotic stellate cells, tissue resident macrophages (Kupffer cells)
and liver endothelial sinusoidal cells. To examine the presence of parenchymal and
the non-parenchymal cells/supportive/stromal lineages, we performed flow cytometry
analysis (Figure 6) with epithelial cells marker EpCAM, stellate cells marker
CD166/ALCAM and liver tissue resident macrophages marker CD68. The frequency
of EpCAM+ positive cells observed in HLO was 60,4% while EpCAM- negative cells
was 39,5% (Figure 6A). The frequencies of supportive lineages observed for
EpCAM/CD166/ALCAM+ and EpCAM-/CD68+ cells were 11% and 5%, respectively
(Figure 6B-C). Together, these results proved that multiple cell types exist in HLOs,

and their frequencies are consistent with those found in the native liver organ.

4.3 Functional hepatic profiling of multicellular HLOs derived from iPSCs.

The organoids exhibit mature hepatic transcriptional signature, and profiles as well as
a liver cellular repertoire [10,120]. The liver has a myriad of functions including the
ability to metabolize drugs via CYP450 enzymes family including CYP3A4, 1A2, 2A6,
and 2E1 [121]. CYP450 undergoes a sequential upregulation of different isotypes
during the process of liver maturation [120,121]. CYP1A2 represents the predominant
subtype during organogenesis, followed by increased CYP2E1 levels during the
second trimester foetal stage. In infants, CYP3A7 is the predominant subtype and
CYP3A4 becomes the predominant subtype in adult liver [10,11,121]. Several in vitro
studies investigating liver stem cells or organoid maturation utilize CYP3A4 expression
as a proxy for liver differentiation and maturation. Thus, to profile the hepatic lineage
in HLOs, we utilized RT-gPCR to examine the gene expression of stage-specific
markers from iPSCs to HLO (Figure 5 C-D).

The mRNA expression levels of HNF4a and CYP3A4 were significantly upregulated in
FGS relative to iPSCs and DE cells, which indicated an early hepatic commitment.
Furthermore, we observed a robust mRNA expression level of the specific mature
hepatocyte’s markers in ALB, HNF4a, ATA1, and CYP3A4 at day 21 of differentiation
coinciding with decreased expression of pluripotency and DE markers (Figure 5C-D).

(Figure 5B) The observed change in transcriptional signature shown by reduction of
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DE genes from day 7-21 and notable reduction in pluripotency genes at day 3-21 was
corroborated by change in the cell morphology (Figure 5B). Moreover, robust gene
expression levels of specific mature hepatic markers genes such as ALB and ATA1 as
well as those involved in metabolism of xenobiotic drugs such as cytochrome P450
(CYP3A4) at 21 suggested that HLOs contain mature hepatocytes (Figure 5D).
Collectively, the differentiation process of HLOs resulted in increased expression of

metabolic markers consistent with liver maturation.

To validate whether the HLOs can be used within in vitro trial setting and disease
model, we first exposed established HLOs to doses of different drugs including ART,
a combination of drugs given to HIV-positive patients; RIF, which is part of the first line
anti-TB drug regimen; and Triton X-100, membrane permeabilizer for 24 hours (Figure
7) and cell viability assay was carried out using Cell-Titre 3D GLO cell viability assay
[10]. Treatment with ART or Triton X-100 significantly altered HLOs integrity and
morphology compared to the untreated (UN) counterparts (Figure 7A). In contrast,
treatment with RIF did not alter HLOs morphology (Figure 7A). Furthermore, HLO’s
treated with ART or Triton X-10 exhibited a significant reduction in cell viability while
RIF did not have any effect on cell viability (Figure 7B). Taken together, these findings
showed the capacity of HLO’s to respond to drugs and indicated that they can be used

for further downstream assays.

To demonstrate the metabolic capacity and activity of HLOs, we incubated the HLOs
with ART, A+TB and TGZ for 72 hours. The basal and inducible CYP3A4 activity of
HLOs was benchmarked against differentiated HepaRG cells (Figure 7), which are a
widely used cell line [27]. HepaRG cells are preferred over PHH due to their
accessibility and ease to work [26]. Based on the luminescent readouts, HLOs showed
significantly increased CYP3A4 activity for both basal and inducible metabolism
posttreatment with ART and A+TB compared to 3D culture of differentiated HepaRG
cells (Figure 7C). However, the CYP3A4 activity between TGZ-treated HLOs and the
3D HepaRG cells was comparable and insignificant relative to UN controls (Figure
7C). These findings showed high CYP3A4 induction in HLOs compared to HepaRG
cells post-treatment with drugs. Collectively, these results showed high sensitivity,
capacity and the superiority of HLOs in drug metabolism compared to 3D HepaRG

model.
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Figure 5. Generations of 3D multicellular human liver organoids derived from induced
pluripotent stem cells.

(A) Schematic overview of the differentiation method for liver organoids.1.5X10"6
iPSCs were cultivated in 6-well plates, for 24 hours in ESM. After 24 hours, cultivated
iPSCs were further differentiated into DE cells (day 1-3), FGS cells (day 4-6) and HLO
(day 7-21). At day 7, FGS cells were rinsed with DPBS, followed by embedding them
in 100% Geltrex matrix to form a 3D scaffold. From differentiation day 1-6, media
change occurred every 24 hours, day 7-11 media change occurred every 48 hours
while from day 11-21 media was changed every 72 hours. At each differentiation stage,
iPSCs, DE, FGS, and HLO, cells were rinsed with DPBS, followed by RNA extraction
for cDNA synthesis and qPCR to confirm specific stage gene markers for iPSCs (OCT-
4, Nanog, and Sox2), DE (SOX17 and GSC), mature specific hepatic markers (HNF4a,
ALB, ATA1 and CYP3A4). (B) Phase-contrast images of iPSCs-HLO depicting change
in cell morphology 100 um. (C) Reverse transcription qPCR analysis of represented
genes related to pluripotency or undifferentiated state, (D) DE state and hepatic
function, respectively. Undifferentiated iPSCs (iPSCs, n=3), DE (n=3), posterior
foregut spheroid (foregut, n=3) and HLO (n=3). mRNA expression levels of our genes
of interest were normalised to the house keeping gene GAPDH. Data sets are
presented as mean +/- SEM (n=3) and analysed by Student t tests, and one-way
analysis of variance (ANOVA) using Dunnett’s multiple of comparison as a post-hoc
test (Ns-non-significant, p<0.05% p<0.001**, and p<0.0001***).
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Figure 6. FACS analysis of the expression of surface proteins present on HLO
differentiated from iPSCs.
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HLO were examined for the co-expression of EpCAM+, CD166+ and CD68+ cells.
Briefly, HLO were rinsed with DBPS, followed by dissociation into single organoids
using the TrypLE express solution. Subsequently, dissociated HLO were incubated
with FACS buffer solution containing EpCAM (1:80), CD166 (1:160) and CD68 (1:80)
antibodies. The y-axis represents forward scatter (FSC-A), where an increased signal
indicates the frequency of cells in HLO. The x-axis indicates the GFP Fluorescence.
The black lines are included to guide the eye to distinguish the fluorescence
frequencies between EpCAM- cells and EpCAM+, CD166+ and CD68+ stained cells
present in our HLO. (A) Percentage of EpCAM+ stained cells, (B) Indicate percentage
of CD166+ stained cells and (C) Shows CD68+ stained cells of the whole organoids
cell population after 21 days of HLO culture. EpCAM+ cells (60,4%), CD166+ (11,2%)
and CD68+ (5.98%), respectively.
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Figure 7. Cell viability of HLO & CYP3A4 enzyme activity.

HLO were rinsed with DBPS, followed by dissociation into single organoids using the
TrypLE express solution. Subsequently, dissociated HLO were embedded in Geltrex
and cultivated in 96 well sphere U bottom plates for 24 hours. HLO were further
incubated with media only (UN), ART, Rifampicin (60 uM), and 1% Triton X-100
(TX100) to determine cell viability using 3D GLO cell viability assay and CYP3A4
activity using the CYP3A4 GLO assay. (A) HLO Phase contrast images of different
treatment groups, Untreated (UN), ART, rifampicin (RIF), TX-100 (Triton x-100). (B)
Cell viability percentages. (C) CYP3A4 enzyme activity in Untreated HLO, VC, ART
and A+TB treated HLO and 3D HepaRG model post 72-hour treatment. Data are
presented as mean +/- SEM (n=3) and were analysed by one-way analysis of variance
(ANOVA) using Dunnett's multiple of comparison as a post-hoc test. Ns-non-
significant, p<0.05*, p<0.001** and p<0.0001***.

4.4 Assessing drugs and antigen-induced inflammatory profile in HLOs.
Excessive alcohol consumption, increased drug intake, high fat diet and disease-
causing pathogens drive liver inflammation in humans [10]. To carefully examine the
inflammatory response in HLOs post-treatment with ART and A+TB for 24 hours or
Schistosoma mansoni soluble egg antigen (SEA) for 7 days (Figure 8A), we used
ELISA to detect the levels of inflammatory mediators present in the supernatants of
treated HLOs. IL-6 levels were significantly increased in ART, A+TB and SEA-treated
HLOs (Figure 8B), while IL-1 was significantly increased in A+TB treated HLOs
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(Figure 8C). Interestingly, the TNF-a levels were significantly increased in ART and A+TB
treated-HLOs compared to UN HLOs (Figure 8D).

SEA modulate the immune response by promoting tolerogenic dendritic cells (DCs)
and alternatively activated (M2) macrophages, which in turn induce regulatory B cells
and T helper 2 cells mediated responses, while simultaneously inhibiting the
proinflammatory response of Th1 and Th17 cells [122]. We observed significantly
increased levels of IL-4 in SEA-treated HLO compared to UN HLOs (Figure 8E). Of
note, anti-inflammatory mediator IL-10 levels were remarkedly elevated in ART and
ART+TB treated-HLO and SEA treated-HLO compared to UN HLO (Figure 8F). There
was no difference in the levels of IL-1p between ART and SEA-treated HLO and IL-4
levels between ART and A+TB treated HLO compared to HLO (Figure 8C-F).
Therefore, these results demonstrate that HLOs could be used to fully understand the

inflammatory responses exerted by drugs and pathogens during hepatic injury.
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HLO were rinsed with DBPS, followed by dissociation into single organoids using the
TrypLE express solution. Subsequently, dissociated HLO were embedded in Geltrex
and cultivated in 96 well sphere U bottom plates for 24 hours. HLO were incubated
with media only, ART & A+TB for 24 hours and SEA for 7 days. After each incubation
time or treatment period, supernatants were aspirated and aliquoted onto the wells of
a corresponding 96 well plate. Supernatants were used to carry out ELISA assay using
BD Bioscience ELISA kit according manufacturer’s protocol. (A) Schematic diagram
showing treatment duration for ART, A+TB and SEA induced liver injury. (B) Indicate
the levels proinflammatory mediators IL-6, (C) IL-18, and (D) IL-4 in ART, A+TB post
24 hours and SEA post 7 days compared to UN counterpart. (D) Indicate the levels of
the pathological mediator (E) TNF-a and (F) the anti-inflammatory mediator IL-10
compared to UN group, respectively. Data are presented as mean +/- SEM (n=7) and
analysed by one-way analysis of variance (ANOVA) using Dunnett’s multiple of

comparison as a post-hoc test. p>0.05"s, p<0.05% p<0.001**, and p<0.00071***,

Chapter 5: Generation of HLO and validation discussion

The development of relevant in vitro hepatic models that recapitulate functional human
liver characteristics have remained elusive. The advances in stem cell research and
the discovery of iPSCs-derived hepatic organoids have opened new possibilities for
their application as models for drug testing and disease modelling. Researchers have
made efforts to produce large amounts of scalable human liver organoids, for example,
Mun and colleagues generated expandable human iPSCs derived-liver organoids over
a period of 22 days in culture [10], while others have generated organoids using
LGR5+ adult stem cells [1,123]. These researchers produced organoids composed
exclusively of hepatocytes for transplantation purposes and drug testing [10,30,51].
However, the lack of liver cell types such as stellate cells and hepatic residence
macrophages, which are involved in maintaining hepatic tissue homeostasis [1,12],
limits their utility for modelling inflammatory conditions. Hepatocytes and stellate cells
co-cultures using the 3D organoid models to study fibrosis phenotypes post cytokine-
mediated direct activation of stellate cells have been established [16,124]; although
these models fail to faithfully recapitulate more context-dependent fibrotic phenotype
such as NASH.
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The primary aim of the present study was to develop a robust and tractable 3D human
liver organoid model derived from iPSCs to model drug & pathogen induced liver injury.
Herein this thesis, we presented a protocol adapted from Ouchi and colleagues to
generate HLOs from iPSCs [11]. The protocol followed a liver-like developmental
route, producing HLOs comprising a liver-like cellular repertoire including the
parenchymal hepatocytes and non-parenchymal/stromal cell types such stellate cells
and Kupffer cells. To confirm differentiation of iPSCs to HLOs, we observed a
significant reduction in the pluripotency and DE markers. iPSCs subjected to HLO
differentiation lost their cell morphology and became highly proliferative cells with

extensive cellular migration, thus taking a typical-petal or cobbler cell morphology.

The liver is a very complex endocrine organ with specific architecture, organization,
and functions “including lipids and ammonium metabolism, bile, and the coagulation
production, and the detoxification of exogenous compounds”, which are correlated to
the cell types that populate it [125]. Flow cytometry analysis after staining HLO with
specific antibodies to surface cell markers revealed that HLO comprised of
hepatocytes, profibrotic stellate cells, and resident macrophages. The observed
frequency of these cellular populations in HLOs were corroborated by those reported
in an earlier study [11]. Furthermore, based on functional assays, CYP3A4 activity was
robustly increased in HLOs post 72-hour incubation with ART, A+TB and TGZ drugs
compared to the 3D HepaRG model. Collectively, these observations highlighted that

HLOs are sensitive and superior to 3D HepaRG model.

In the present study, we did not compare CYP3A4 activity of HLOs to that of the PHH,
which serve as the gold standard for drug testing and hepatocyte functional assays
[1,2,10,49]. Previous studies have shown that iPSCs-derived liver organoid exhibit
less albumin production and CYP3A4 activity relative to PHH [10,120]. On the contrary,
observations from a recent study showed that ALB secretion capacity of HLOs and
PHH were not statistically different [120]. Even though ALB secretions levels in HLOs
and PHH were comparable, gene expression of ALB in both were significantly different,
owing to the difference in cell composition between HLOs and PHH [120]. Therefore,
this calls for optimization of the current HLOs to incorporate more cells and improve
differentiation cues that could induce mature transcriptional and proteomic signature
like PHH.
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The differential and functional characterization of HLOs was based solely on the
expression of mature specific hepatocyte markers, HNF4a, ALB, CYP3A4 and ATA1,
and functional assays such as CYP3A4 activity. However, the functional
characterization of HLOs can be improved by including assays specific to hepatocytes.
These assays would include bile production [121], glycogen storage [10], visualization
of the biliary tree/bile canaliculi network [120], as well as conversion of ammonia to

urea. Moreover, hepatocyte zonation in HLO could also be assessed.

With respect to disease modelling and normal cellular processes, an area of research
we are currently pursuing is the utility of HLOs to model DILI and pathogen-induced
fibrosis/liver injury. We explored the capacity of HLOs in mimicking diverse phenotypes
of DILI and pathogen-induced fibrosis by exposing them to (i) ART alone, (ii) A+TB and
(iii) SEA. HLOs faithfully mimicked ART, A+TB and the pathogen-induced immune
response as demonstrated by increased levels of pro-inflammatory cytokines (IL-6, IL-
18 and IL-4), the pathological mediator TNF-a and IL-10 in drug treated HLO
compared to untreated group. Therefore, HLOs may be amenable to model acute and

chronic inflammatory disease.
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Chapter 6: Quantitative proteomic analysis of differentially expressed proteins.

To quantitatively analyse differentially expressed proteins in HLO, day 23 HLO were
harvested from 24-well plates and resuspended in HCM with 10% Geltrex matrix, were
left overnight in a new 24-well plate in water jacketed incubator at 37°C. Subsequently,
HLO were left untreated (UN-HLO) or treated with ART, A+TB and TGZ (Table 5) for
72 hours, respectively. Post 72 hours, drug treated and untreated HLO were pelleted
and washed thoroughly with ice-cold PBS, pelleted and prepared for Mass
Spectrometry acquisition (Figure 9) at D-CYPHR unit based at the University of Cape
Town. Prior to mass spectrometry acquisition, HLO proteins were extracted by addition
of 4% sodium dodecyl sulphate (SDS), 100 nM triethylammonium bicarbonate and
heating at 95°C for 10 min. BCA assay was used to quantify the protein concentrations.
Discovery proteomics was conducted on 28 (7 UN-HLO, 7 ART-HLO, 7 A+TB-HLO
and 7 TGZ-HLO) biological replicate samples.

| Day 23 HLO | | Drug treatments | | Protein Extraction | | BCA Assay |

P y )
"?Ef’:i”) R ' -_— {% "& _ ' <2 'L%)

| Differential protein expression |
| Protein digestion |

Gene ontology (GO) terms |
annotation and pathway analysis

% STRING —
d
i

Mass Spectrometry

Figure 9. Proteomic experimental workflow and data analysis

Workflow chart from organoid harvesting at day 23, (A) drug treatments, (B) protein
extraction, (C) protein quantification, (D), peptide formation, (E) mass spectrometry
acquisition & proteomic analysis, (F) gene ontology terms annotation and pathway

analysis.
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6.1.1 Comparative proteomic analysis of drug treated HLO vs untreated HLO

A comparative proteomic analysis was carried out to identify differentially expressed
proteins between drug treated-HLO vs untreated-HLO (Figure 9, Table 5). An output
file from D-CYPHR consisting of 2006 identified and quantified proteins (Table S1) was
utilized to perform downstream analysis using Perseus software. Proteins with 80%
minimum valid values in at least one group were considered valid and were quantified
by LFQ and log-transformed into relative expression data across all experimental
groups resulting in expression profiles of 1964 proteins (Data sheet 1). We further
performed Benjamin-Hochberg (B-H) multiple sample correction test to identify
significantly differentially expressed proteins (DEPs). 112 identified proteins were
significantly differentially expressed between the groups. 112 identified proteins were
significantly differentially expressed. PCA plot displayed a distinct clustering among
ART-HLO, A+TB-HLO and TGZ-HLO vs UN-HLO (Data sheet 1, Figure 10A).
Interestingly, ART-HLO clustered with A+TB-HLO as depicted by the encircled protein
groups on the PCA plot (Figure 10A).

To get an overview, we performed an unsupervised hierarchical clustering of DEPs
across all treated-HLO and UN-HLO (Figure 10B). Global proteome revealed a clear
separation of treated-HLO from UN-HLO based on proteomic profiles depicted by the
unsupervised hierarchical clustering heatmap (ANOVA, FDR < 0.05) in Perseus
software. Overall, this data depicted a clear distinction in proteomic profile between
treated-HLO’s vs UN-HLO. Furthermore, it demonstrated that ART-HLO and A+TB-

HLO share or have similar proteomes.
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Figure 10. Comparative proteomic analysis of drug treated HLO vs untreated-
HLO proteome.

(A) Principal Component Analysis (PCA) analysis of protein expression among ART-
HLO, A+TB-HLO, TGZ-HLO vs UN-HLO. (B) Protein heatmap based on unsupervised
hierarchical clustering of all 112 significantly differentially expressed proteins among
ART-HLO (n=4), A+TB-HLO (n=4), TGZ-HLO (n=4) and UN-HLO (n=4) in Perseus
version 2.0.11 software. The rows are normalized Z-scores (q = 0.05). High abundance
proteins are represented in red colour and low abundance proteins are represented in
green colour, respectively. Dark-black colour represents missing protein values within

the heatmap.

6.1.2 Distinct clustering of ART-HLO compared to UN-HLO proteomes.

A comparative proteomics analysis was carried out between ART-HLO and UN-HLO
to investigate molecular mechanisms of ART-induced liver injury. In the present study,
a total of 2006 proteins were identified and quantified from D-CYPHR output file (Table
S1). Proteins with 80% minimum valid values in at least one group were considered
valid and were quantified by LFQ and log-transformed into relative expression
between ART-HLO and UN-HLO groups resulting in expression profiles of 1851
proteins (Data sheet 1). Of these proteins 128 were significantly differentially
expressed (Figure 11B). Principle component analysis (PCA) showed a clear
distinction in clustering between ART-HLO and UN-HLO (Figure 11A). Among 128
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differentially expressed proteins (DEPs), 65 proteins maintained statistical significance
after applying multiple sample testing correction using Benjamin-Hochberg (FDR). Of
the 65 proteins, 11 proteins were significantly having high abundance levels and 54
were having low abundance levels in ART-HLO compared with UN-HLO (Data sheet
2, Figure 11C).
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Figure 11. Identification of differentially expressed proteins in ART-HLO
compared to UN-HLO controls.

(A) Principal Component Analysis (PCA) analysis of protein expression UN-HLO and
ART-HLO. (B) Volcano plots showing significantly high- or low abundance proteins
(adjusted p= 0.05) comparing differences in log2 fold changes among x-axis represent
protein difference (log2-transformed fold changes) between ART-HLO and UN-HLO
protein expression. Statistical significance (-log10 p-value) is indicated on the y-axis.
Blue dots represent proteins with negative log2 fold change (higher expression in
UNHLO sample groups) and red dots depicts those with positive log2 fold change
(higher expression in ART-HLO sample groups). Lemon dots represent non-significant
proteins as set by an FDR value of 0.05 and SO value of 0.05 in Perseus software. (C)
Protein heatmap based on unsupervised hierarchical clustering of all significantly
differentially expressed proteins between ART-HLO (n=5) and UN-HLO (n= 3) in

Perseus software. The rows are normalized Z-scores (q = 0.05). Upregulated proteins
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are represented in red colour and downregulated proteins are represented in green
colour, respectively. Dark-black colour represents missing protein values within the

heatmap.

Top high abundance proteins (Table 6) in ART-HLO were involved in the following
pathways: (1), innate immunity such as alpha 2 macroglobulin (A2M); (2), vesicular
protein trafficking, early secretory pathway which include VIP36-like protein
(LMANZ2L); (3), regulation of innate immune response such as hemoglobin subunit
beta (HBB); (4), proteins involved in oxidative phosphorylation (mitochondrial
cytochrome c¢ oxidase subunit 2); and (5), regulation of oxidative stress such as
microsomal glutathione S-transferase 1 (MGST1). The top low abundance proteins
(Table 6) identified were involved in the following pathways: (1), synthesis of proteins
such as 40s ribosomal protein S4, X isoform (RPS4X); (2), pre-MRNA splicing
including small nuclear ribonucleoprotein Sm D1 (SNRPD1); (3), actin polymerization,
gene transcription and repair of damaged DNA such as actin-related protein 2
(ACTRZ2); (4), transfer of proteins which includes ubiquitin-conjugating enzyme E2 N
like (UBE2N); (5), biogenesis of circular RNA such as Interleukin enhancer-binding
factor 3 (ILF3); and (6), assembly of respiratory chain and induction of apoptotic cell

death (apoptosis-inducing factor 1, mitochondrial [ AIFM1]), respectively.

DEPs in ART-HLO compared to UN-HLO were visualized using unsupervised
hierarchical clustering to generate a heatmap (ANOVA, FDR<0.05) in Perseus
software. Hierarchical clustering data revealed a clear separation between ART-HLO
and UN-HLO (Figure 10C). Taken together, these data demonstrated that the
ARTHLO’s had a distinct proteome to UN-HLO. Finally, the top high abundance
proteins in ART-HLOs were associated with immune responses while low abundance

proteins were associated with protein synthesis and transport.

Table 6. Top high (A) and low (B) abundance proteins in ART-HLO vs UN-HLO

Protein ID Description Gene name FC -log (p-value)

(A) Upregulated proteins

P01023 Alpha-2-macroglobulin A2M 3,407 5,243
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Q9HOV9 VIP36-like protein LMANZ2L 3,688 5,634

P10620 Microsomal glutathione S MGST1 2,985 3,759
transferase 1

P00403 Cytochrome c oxidase subunit 2 MT-CO2 2,602 2,795

P68871 Hemoglobin subunit beta HBB 1,756 3,082

Q16576 Histone-binding protein RBBP7 RBBP7 1,407 2,926

(B) Downregulated proteins

P62701 40S ribosomal protein S4, X isoform RPS4X -0,564 3,432

P62314 Small nuclear ribonucleoprotein Sm SNRPD1 -2,024 3,334
D1

P61088 Ubiquitin-conjugating enzyme E2 N UBE2N -2,167 3,261

095831 Apoptosis-inducing factor 1, AIFM1 -1,206 3,166

mitochondrial

Q12906 Interleukin enhancer-binding factor ILF3 -1,290 3,285
3

P61160 Actin-related protein 2 ACTR2 -0,728 3,922

6.2 Functional gene ontology (GO) enrichment analysis

For the functional annotation, Database for Annotation, Visualization, and Integrated
Discovery (DAVID) v2024q1 online server was used. To ascertain Kyoto
Encyclopaedia of Genes and Genomes (KEGG) pathway-enriched genes and the
potential gene ontology (GO) classification, terms approximating to the biological
process (BP), cellular component (CC) and molecular function (MF) were used. Genes
with a p-value <0,05 and false-discovery rate (FDR) <0,05 were considered strongly

enriched.

Based on gene ontology analysis of high abundance proteins in ART-HLO group (Data
sheet 3, Figure 12A), we found that most of these proteins enriched for BP were
insignificantly involved in the acute phase response, mitochondrial electron transport,
cytochrome c to oxygen, ATP synthesis coupled electron transport, acute inflammatory
response to antigenic stimulus, ER to Golgi vesicle-mediated transport and the

negative regulation of complement system, lectin pathway (Figure 12A). These
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proteins were also localized in the alpha platelet granule lumen, endoplasmic
reticulum, Golgi apparatus, histone deacetylation complex, ER to Golgi transport
vesicle and the mitochondrial respiration chain complex IV. In terms of their molecular
functions (Figure 12A), these proteins were closely related to copper ion binding,
endopeptidase inhibitor & cytochrome-c oxidase activity, tumour necrosis factor

binding, and interleukin 1 and 8 binding activities, respectively.

According to gene ontology BP analysis (Data sheet 3, Figure 12B), low abundance
proteins were mostly enriched for the heterochromatin organization, cytoplasmic
translation, translation, nucleosome assembly, and antimicrobial immune response
mediated by antimicrobial peptide and innate immune response in mucosa (Figure
12B). These proteins were mainly found in the ribosome, cytosolic ribosome, and
nucleosome. Most of these proteins are related to nucleosomal DNA binding, cadherin
binding, RNA & DNA binding, protein heteromerization activity and the structural

constituent of chromatin.

6.3 Functional enrichment pathway analysis

KEGG pathway-based functional enrichment analysis of the differentially expressed
proteins revealed that proteins levels that are lowly abundant were significantly
enriched in neutrophil extracellular trap formation and alcoholism pathways (Data
sheet 3, Figure 13). Pathways such as ATP-dependent chromatin remodelling,
ribosome, necroptosis, amino acids, and fatty acid degradations were non-significantly

enriched (Figure 13).
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Figure 12. Functional GO enrichment analysis of all differentially expressed
proteins.

A combined list of significantly high abundance - and low abundance proteins was used
for analysis, and proteins with FDR cut of value <0,05 and p-value <0.05 were
considered significantly enriched. Enrichment analysis for GO biological process (BP),
GO cellular component (CC) and GO molecular function (MF) was performed using
DAVID v2024q1. (A) Enriched GO terms for high abundance proteins in ART-HLO (B)
Enriched GO terms for low abundance proteins in ART-HLO group. FDR relative to
Homo Sapiens proteome is displayed at the x-axis. Enriched terms are displayed on

the y axis.
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Figure 13. Functional enrichment pathway analysis.

KEGG pathway analysis was performed in DAVID v2024q1, and the generated data
was visualized. FDR relative to the Homo Sapiens proteome is displayed at the x-axis.
Enriched pathways are displayed on the y-axis. Proteins with FDR cut of value < 0,05

and p value < 0.05 were considered significantly enriched.

6.4 Establishment of protein-protein interaction (PPI) network analysis

To elucidate how ART treatment affects the overall composition of ART-HLO proteomic
signature, we performed pathway enrichment analysis of DEPs and putative protein-
protein interaction (PPI) network using STRINGDB. PPI network analysis was

performed with a minimum required interaction score set to the confidence of 0.4. The

61



tubular output was generated from STRINGDB tool. A PPI network represented a
network with 96 nodes and 269 edges, and a significant PPl enrichment p<1.0e-16

(Figure 14). The nodes denote the number of proteins whilst edges their interactions.
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Figure 14. Protein-protein network analysis for ART-HLO v UN-HLO control.

Protein-Protein interaction showing significantly differentially proteins and their
respective altered pathways during ART treatment. 96 proteins showing significantly
differential expression between ART-HLO sample groups and UN-HLO sample groups
were analysed. Proteins are represented as nodes while interactions appear as edges.

The quantity of edges relates to the strength of the interaction relationship.
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6.5 Distinct clustering of A+TB-HLO compared to UN-HLO.

Among the 2006 identified and quantified proteins from D-CYPHR output file (Table
S1), Proteins with 80% minimum valid values in at least one group were quantified by
LFQ and log-transformed into relative expression between A+TB-HLO and UN-HLO
groups resulting in expression profiles of 1820 proteins (Data sheet 1). Of those, 79
proteins were significantly differentially expressed (Figure 15B). The PCA displayed a
distinct clustering between A+TB-HLO and UN-HLO groups (Figure 15A). Out of 79
significantly DEPs (Figure 15B), 19 proteins reached statistical significance after
Benjamin-Hochberg (BH) multiple sample correction testing. 8 of those proteins were
significantly having high abundance levels and 11 were significantly having low

abundance levels between A+TB-HLO and UNHLO (Data sheet 2, Figure 15C).
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Figure 15. Identification of differentially expressed proteins in A+TB-HLO
compared to UN-HLO control.

(A) Principal Component Analysis (PCA) analysis of protein expression UN-HLO and
A+TB-HLO. (B) Volcano plots showing significantly high- or low abundance proteins
(adjusted p= 0.05) comparing differences in log2 fold changes among x-axis represent
protein difference (log2-transformed fold changes) between A+TB-HLO and UN-HLO

protein expression. Statistical significance (-log10 p-value) is indicated on the y-axis.
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Blue dots represent proteins with negative log2 fold change (higher expression in
UNHLO sample groups) and red dots depicts those with positive log2 fold change
(higher expression in A+TB-HLO sample groups). Lemon dots represent non-
significant proteins as set by an FDR value of 0.05 and SO value of 0.05 in Perseus
software. (C) Protein heatmap based on unsupervised hierarchical clustering of all
significantly differentially expressed proteins between A+TB-HLO (n=5) and UN-HLO
(n= 3) in Perseus software. The rows are normalized Z-scores (q = 0.05). high
abundance proteins are represented in red colour and low abundance proteins are
represented in green colour, respectively. Dark-black colour represents missing protein

values within the heatmap.

Top high abundance proteins in A+TB were involved in the following functions: (1),
innate immunity such as A2M and lactotransferrin (LTF); (2), maintenance of chromatin
structure including transcription elongation factor SPT6 (SUPT6H); (3) regulation of
oxidative stress such as MGST1; and (4), regulation of molecular and cellular functions
in the brain during development and adulthood such as lysosomal acid phosphatase
(ACP2) (Table 7). Low abundance proteins in ART-HLO were involved in the followed
functions: (1), the regulation of mMRNA processing and transcription elongation by RNA
polymerase such as the SUPT5H; (2), calcium dependent binding including Copine-3
(CPNE3); (3), regulation of cellular and metabolic pathways which include 14-3-3
protein zeta/delta (YWHAZ); (4), regulation of innate immunity such as elongation
factor 1-alpha 1 (EEF1A1); and (5), transcription regulation, DNA replication,
maintenance of chromosomal and DNA repair include Histone H2A type 1-C (H2ACA4)
(Table 7).

These highly DEPs in A+TB-HLO were further visualized using the unsupervised
hierarchical clustering using a heatmap (ANOVA, FDR<0.05) in Perseus software.
Hierarchical clustering data revealed a clear separation between A+TB-HLO and
UNHLO samples (Figure 14C). Taken together, these data demonstrated that ART-
HLOs have a distinct proteomic profile compared to UN-HLOs. The top high
abundance proteins in A+TB-HLOs were associated with regulation of immune
response, organelle structural maintenance and oxidative stress while downregulated
proteins were involved in transcription and regulation of cellular and metabolic

signalling pathways.
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Table 7. Top high (A) and low (B) abundance proteins in A+TB-HLO vs UN-HLO.

Protein ID Description Gene name FC -log (p-Value)

(A) Upregulated proteins

P01023 Alpha-2-macroglobulin A2M 4,091 6,254

Q7KZ85 Transcription elongation SUPT6H 4,414 5,136
factor SPT6

P02788 Lactotransferrin LTF 2,930 3,568

P10620 Microsomal glutathione S MGST1 2,455 3,549

transferase 1

P11117 Lysosomal acid phosphatase ACP2 1,059 3,771

(B) Downregulated proteins

000267 Transcription elongation SUPT5H -1,024 5,056
factor SPT5

075131 Copine-3 CPNE3 -0,704 4,902

P63104 14-3-3 protein zeta/delta YWHAZ -0,864 4,147

P68104 Elongation factor 1-alpha 1 EEF1A1 -0,606 3,987

P04908 Histone H2A type 1-C H2AC4 -3,144 3,637

6.6 Functional gene ontology (GO) enrichment analysis.

Based on gene ontology analysis of upregulated proteins in A+TB-HLOs (Data sheet
4, Figure 16A), we found that most of these proteins enriched for BP were involved
response to carbon dioxide, embryonic liver development, and negative regulation of
complement system, and lectin pathway (Figure 16A). These proteins were also
localized in extracellular exosomes and blood particles. Additionally, gene ontology MF
analysis showed these proteins were involved in tumour necrosis factor binding, brain
derived neurotrophic binding, interleukin 8 binding, serine-type endopeptidase inhibitor
activity, calcium dependent protein binding, and endopeptidase inhibitor activity
(Figure 16A).

According to gene ontology BP analysis, low abundance proteins were mostly enriched

for negative regulation of cellular proliferation, translation, translational elongation,
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protein localization, and heterochromatin organization (Data sheet 4, Figure 16B).
These proteins were localized in the cytosolic ribosome, nucleus, nucleosome, and the
extracellular exosome. Furthermore, gene ontology MF analysis showed the proteins
were involved in DNA binding, RNA binding, translation elongation factor activity,

nucleosomal DNA binding and structural constituent of chromatin (Figure 16B).

6.7 Functional pathway enrichment analysis

KEGG pathway-based functional enrichment analysis of the differentially expressed
proteins revealed that high abundance proteins were significantly enriched in
ribosomal, neutrophil extracellular trap formation, ATP-dependent chromatin
remodelling and necroptosis pathways (Data sheet 4, Figure 17). Low abundance

proteins were not enriched in any pathways.
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Figure 16. Functional GO enrichment analysis of all differentially expressed
proteins.

A combined list of significantly high - and low abundance proteins was used for
analysis, and an (adjusted p-value<0.05) was considered statistically significant.
Enrichment analysis for (A) GO cellular component and (C) GO molecular function and
KEGG pathway analysis was performed using STRINGDB. Fold enrichment relative to
the Homo Sapiens proteome is displayed at the x-axis. Bars with colour intensities
reflecting statistical significance of enriched processes. Highly enriched processes
were denoted by an intense red colour, followed by moderately enriched (pink-purple

colour) and less enriched blue colour.
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Figure 17. Functional enrichment pathway analysis.

KEGG pathway analysis was performed in DAVID v2024q1, and the generated data
was visualized. FDR relative to the Homo Sapiens proteome is displayed at the x-axis.
Proteins with FDR cut of value < 0,05 and p value < 0.05 were considered significantly

enriched.

6.8 Establishment of protein-protein interaction (PPI) network analysis

To elucidate how A+TB treatment affects the overall composition of HLO proteomic
signature, we performed pathway enrichment analysis of DEPs and a putative protein-
protein interaction (PPI) network using STRINGDB. PPI network analysis was

performed with a minimum required interaction score set to the confidence of 0.4. The
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tubular output was generated from STRINGDB tool. A PPl network represents a
network with 20 nodes and 29 edges, and a significant PPl enrichment p<3.65e-07

(Figure 18).
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Figure 18. Protein-protein network analysis for A+TB-HLO compared with
UNHLOs.

Protein-protein interaction showing significantly differentially proteins and their
respective altered pathways during A+TB treatment. Proteins showing significantly
differential expression between A+TB-HLO and UN-HLO were analysed. Proteins are
represented as nodes while interactions appear as edges. The quantity of edges

relates to the strength of the interaction relationship.

6.9 Distinct clustering of TGZ-HLO compared to UN-HLO.
Out of 2006 identified and quantified proteins from D-CYPHR output file (Table S17),
proteins with 80% minimum valid values in at least one group were quantified by LFQ

and log-transformed into relative expression between TGZ-HLO and UN-HLO groups
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resulting in expression profiles of 1937 proteins (Data sheet 1). Of these, 164 proteins
were significantly differentially expressed (Figure 19B). PCA plot displayed a distinct
clustering between TGZ-HLO and UN-HLO (Figure 19A). Out of 164 significantly
DEPs, 52 proteins reached statistical significance after Benjamin-Hochberg multiple
sample correction testing. Of those, 11 proteins were significantly in high abundance,
and 41 proteins were in low abundance between TGZ-HLO and UN-HLO (Data sheet
2, Figure 19C).
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Figure 19. Identification of differentially expressed proteins in TGZ-HLO
compared to UN-HLO counterpart control.

(A) Principal component analysis (PCA) analysis of protein expression UN-HLO and
TGZ-HLO. (B) Volcano plots showing significantly high- or abundance proteins
(adjusted p=0.05) comparing differences in log2 fold changes among x-axis represent
protein difference (log2-transformed fold changes) between TGZ-HLO and UN-HLO
protein expression. Statistical significance (-log10 p-value) is indicated on the y-axis.
Blue dots represent proteins with negative log2 fold change (higher expression in

UNHLO sample groups) and red dots depicts those with positive log2 fold change
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(higher expression in TGZ-HLO sample groups). Lemon dots represent non-significant
proteins as set by an FDR value of 0.05 and SO value of 0.05 in Perseus software. (C)
Protein heatmap based on unsupervised hierarchical clustering of all significantly
differentially expressed proteins between TGZ-HLO (n=5) and UN-HLO (n=3) in
Perseus software. The rows are normalized Z-scores (q=0.05). high abundance
proteins are represented in red colour and low abundance proteins are represented in
green colour, respectively. Dark-black colour represents missing protein values within

the heatmap.

The top high abundance proteins in TGZ-HLO (Table 8) were involved in the following
functions: (1), protein synthesis (60S ribosomal protein L36 [RPL36]); (2), regulation
of iron and RNA translation (Poly(rC)-binding protein 1 [PCBP1]); (3) regulation of ROS
production (MGST1); (4) regulation of vascular inflammation through modulation of
leukocytes adhesion and migration (BMP-binding endothelial regulator protein
[BMPERY]); and, (5) migration of leukocytes, induction of chemokines and suppression
of regulatory T cells [Midkine [MDK]). Low abundance proteins include those involved
in the following functions: (1), regulation of autophagy and apoptosis (B cell receptor
associated protein 31 [BCAP31]); (2), protein synthesis (60S ribosomal protein L38
[RPL38]); (3), export of proteins that lack a signal peptide (Protein S100-A13
[S100A13]); (4) cell cycle regulation, DNA metabolism and mRNA stability (ILF3), and
(4), protein trafficking and degradation (TMED?9).

These highly DEPs in TGZ-HLO were visualized using unsupervised hierarchical
clustering heatmap (ANOVA, FDR < 0.05) in Perseus software. Hierarchical clustering
data revealed a clear separation between TGZ-HLO and UN-HLO (Figure 19C). Taken
together, these data demonstrated a clear distinction between ART-HLO and UN-HLO
proteomic profiles. The top high abundance proteins in TGZ-HLO were associated with
protein synthesis, regulation of iron, ROS production, modulation of leukocytes and
chemokines while low abundance proteins more involved in cellular death pathways,

protein transport, cell cycle, and metabolism.

Table 8. Top high (A) and low (B) abundance proteins in TGZ-HLO vs UN-HLO.
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Protein ID Description Gene name Fold change -log (p-Value)

(A) Upregulated proteins

Q9Y3U8 60S ribosomal protein L36 RPL36 1,224 3,85559
Q15365 Poly(rC)-binding protein 1 PCBP1 1,516 3,7255
P10620 Microsomal glutathione S MGST1 2,496 3,36319
transferase 1
Q8N8U9 BMP-binding endothelial regulator BMPER 1.050 3,17631
protein
P21741 Midkine MDK 2,94464

(B) Downregulated proteins

P51572 B-cell receptor-associated protein BCAP31 -1,098 4,36437
31
P63173 60S ribosomal protein L38 RPL38 -2,754 3,270
Q99584 Protein S100-A13 S100A13 -1,780 4,110
Q12906 Interleukin enhancer-binding ILF3 -0,837 3,36177
factor 3
Q9BVK®6 Transmembrane emp24 domain TMED9 -1,217 4,08457

containing protein 9

6.10 Functional gene ontology (GO) enrichment analysis.

Based on gene ontology analysis of upregulated proteins in TGZ-HLO, we found that
these proteins were insignificantly enriched for BP, CC, and MF (Data sheet 5, Figure
20A). Gene ontology BP analysis of low abundance proteins showed enrichment in
cellular copper ion homeostasis, proteolysis involved in cellular protein catabolic
process and regulation of receptor internalization (Figure 20B). These proteins were
localized in cytoplasm, ficolin-1-rich granule lumen, cytosol, secretory granule lumen,

cytosol, and extracellular exosomes (Figure 20B).

6.11 Functional enrichment pathway analysis

KEGG pathway-based functional enrichment analysis of DEPs revealed that high
abundance proteins were insignificantly enriched in ferroptosis whilst low abundance
proteins were enriched in the necroptosis pathway only (Data sheet 5, Figure 21A &

B). Furthermore, they were insignificantly enriched for shigellosis, neutrophil
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extracellular trap formation, alcoholism, and systemic lupus erythematous and ATP-

independent chromatin remodelling (Figure 21B).
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Figure 20. Functional GO enrichment analysis.

A combined list of significantly high- and low abundance proteins was used for analysis,
and an (adjusted p<0.05) was considered statistically significant. Enrichment analysis
for (A) GO cellular component and (C) GO molecular function and KEGG pathway
analysis was performed using STRINGDB. Fold enrichment relative to the homo
sapiens proteome is displayed on the x-axis. Bars with colour intensities reflecting
statistical significance of enriched processes. Highly enriched processes were denoted
by an intense red colour, followed by moderately enriched (pink-purple colour) and less

enriched blue colour.
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Figure 21. Functional enrichment pathway analysis.

KEGG pathway analysis for (A) high abundance proteins and (B) low abundance
proteins in TGZ-HLO compared to UN-HLO was performed in DAVID v2024q1, and
the generated data was visualized in a bar graph. FDR relative to homo sapiens
proteome is displayed on the x-axis. Proteins with FDR<0,05 and p<0.05 were

considered significantly enriched.

6.12 Establishment of protein-protein interaction network analysis.

To elucidate how TGZ treatment affected the overall composition of HLO proteomic
signature, we performed pathway enrichment analysis of DEPs and a putative protein-
protein interaction (PPI) network using STRINGDB. PPl network analysis was
performed with a minimum required interaction score set to the confidence of 0.4. The
tubular output was generated from STRINGDB tool. A PPI network represents a
network with 55 nodes and 91 edges, and a significant PPl enrichment p< 2.98e-10
(Figure 22).
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Figure 22. Protein-protein network analysis for TGZ-HLO group and control.

Protein-protein interaction showing significantly differentially proteins and their
respective altered pathways during TGZ treatment. Proteins showing significantly
differential expression between TGZ-HLO and UN-HLO were analysed. Proteins are
represented as nodes while interactions appear as edges. The quantity of edges

relates to the strength of the interaction relationship.
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Chapter 7: Discussion
Advances in organoids development provide a unique tool to study organ
developmental biology cues, disease modelling and drug screening. 3D organoids
have successfully been cultured from LGR5+ marked intestinal stem cells, which
recapitulate cellular heterogeneity and physiological environment of the native tissue.
Indications for potential usefulness of this culture system for modelling liver and drug
toxicity came from observations that hepatic organoids express major liver drug
metabolizing enzymes. Hepatic organoids were successfully used for modelling
steatohepatitis [11], rotavirus infection and antiviral drug development [126].
Antiretroviral therapy (EFV, LMV and 3TC), anti-TB regimen (RIF and INH) and
antidiabetic drug (TGZ) are gold standard therapy for the people living with HIV/AIDS,
coinfection of HIV/AIDS-TB, and diabetes, respectively, despite their known adverse
events such as liver injury [127-129]. It is important to understand the molecular
factors that drive liver injury to prolong the use of highly effective therapies for HIV, TB,

and diabetes.

In the present study, we identified 65 differentially expressed (11 of which were
differentially highly abundant and 44 lowly abundant) proteins in whole cell lysates of
ART-HLO group compared with UN-HLO using a label free quantitative MS analysis.
Analysis showed that 19 proteins were differentially expressed in ART-HLO, 8 of those
proteins were significantly differentially highly abundant and 11 were lowly abundant in
the A+TB-HLO compared with UN-HLO. Also, analysis showed that out of 52
differentially expressed proteins, 11 proteins levels were significantly highly abundant,
and 41 proteins were lowly abundant in TGZ-HLO compared with UN-HLO. The
selected proteins that were highly differentially abundant (A2M, MGST1, HBB, RBBP7,
LTF, PCBP1, and MDK) or lowly differentially abundant (ILF3, AIMF1, CPNE3, EF1A1,

and BCAP31) in each treatment group are discussed below.

A2M, belongs to the a-M family of proteins and is the largest (720 KDa) major protease
inhibitor and a tetrameric protein found in the blood [130]. In the present study, A2M
protein was differentially highly abundant in ART-HLO, A+TB-HLO and TGZ-HLO
groups compared to UN-HLO. In accordance with our data, Atanosova and colleagues
also showed that serum levels of A2M were upregulated in patients with chronic HCV

infection treated with pegylated interferon alpha [131]. Furthermore, upregulation of

77



A2M has been suggested as the simplest serum biomarker for liver fibrosis and
fibrogenesis in chronic hepatitis C and a marker of endothelial dysfunction [131]. In
agreement, another study reported that A2M concentrations in blood were significantly
associated with concentrations of neuronal injury markers in cerebrospinal fluid (CSF)
[132]. An increase in A2M levels inhibits matrix proteins catabolism and induction of
liver fibrosis in inflammatory or injured liver [131]. Additionally, studies have shown that
A2M can also exhibit binding and carrier functions for cytokines, including nerve growth
factor (NGF), IL-1B, and IL-6, among others [133], leading to induction of several
defence reactions like immune response, acute phase reaction and haematopoiesis
[133]. Thus, acting as a protein inhibitor [131], carrier and binder [132] could be the
mechanisms by which A2M utilize to exert immune functions, acting in inflammatory

responses.

Haemoglobin (Hb) is a tetrameric globular protein composed of two a and
polypeptide chains, each containing one heme molecule [134]. Hb primarily functions
to transport oxygen from the lung to peripheral tissues [134]. In the present study, HBB
protein was differentially highly abundant in the ART-HLO compared to UN-HLO.
These findings aligned with those found in a study that sought to investigate whether
HBB was expressed in hepatocytes and how it's related to oxidative stress in NASH
patients [135]. In that study, microarray analysis revealed high expression levels of
HBB in liver biopsies from NASH patients and HepG2 cell line [135]. Shaver and
colleagues identified that HBB-induced NLRP3 inflammasome increased the
expression of IL-1B in TLR-4 dependent manner in mouse macrophages and caused
inflammation in an acute lung injury model [136]. Also, oxidized Hb upregulated
inflammatory factors such as IL-183, IL-6, IL-8, and TNF-a and caused tissue apoptosis
in an intraventricular haemorrhage (IVH) model [137]. In contrast, a study by Liu and
colleagues demonstrated that hydroperoxide treatment (an inducer of apoptosis) in
HepG2 and HEK293 cells increased HBA1 and HBB expression levels but

overexpression of HBB reduced oxidative stress [135].

Microsomal glutathione S-transferase 1 (MGST1), a membrane bound transferase,
mainly located in the mitochondria, ER plasma and peroxisome, and protects cells
against various toxic or electrophilic chemical agents [138]. MGST1 primarily exhibits

protective functions using its Glutathione S-transferase and peroxidase activity [139].
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MGST protein levels were highly differentially abundant in ART-HLO, A+TB-HLO and
TGZ-HLO groups compared UN-HLO. Other studies have demonstrated that MGST1
plays a crucial role in protecting the cells from oxidative stress induced by the cumene
hydroperoxide (CuOOH) and oxidized docosahexaenoic acid [139,140]. These
findings were further corroborated by a series of studies which showed that treatment
of MGST1 transfected cells with CuOOH and the tert-Butyl hydroperoxide (BuOOH)
resulted in fewer lipid peroxidation products compared to the antisense control [139].
Interestingly, addition of Vitamin E to the MGST1 transfected cells mediated protection
against cytotoxicity induced by the hydroperoxides, although it was ineffective in
contributing to the MGST1-mediated suppression of the cytotoxic effects of 4-HNE or
cisplatin [139,141].

Retinoblastoma binding protein 4/7 (RBBP4/7) are known as the histone chaperones
which belongs to the WD40 family, and they are ubiquitously expressed widely across
various cell type [142]. Here, RBB4/7 protein levels were differentially highly abundant
in ART-HLO compared to UN-HLO. RBBP4/7 are involved in DNA repair, making them
essential players in maintaining genome integrity [143]. Studies have shown that
nucleosome remodelling and deacetylation (NURD) complex controls gene expression
and DNA damage repair via modulating nucleosome RNA polymerase accessibility at
the binding sites of transcription factors, enhancers, and promoters [142,143].
Evidence has shown that RBBP4/7 interacts with the C-terminal domain of BRCA1
protein and inhibit its transactivation activity [144]. A subsequent study reported that
an association between BRCA1 and RBBP4/7 is disrupted in cells treated with DNA-
damaging agents [144]. RBBP4/7 in conjunction with BRCA1 play a role in DNA repair
and aberrant expression may affect this response; thus, leading to the accumulation
of damaged DNA [144]. Therefore, high abundance protein levels of RBB4/7 in our

data may be consequent to increased accumulation of damaged DNA in HLOs.

Lactotransferrin (LTF), also known as lactoferrin, plays an important role in innate
immune defence [145]. LTF has iron-binding ability, which enables it to transport Fe3*
ions [145—-147]. By sequestrating Fe3* ions, LTF helps to prevent oxidative stress
induced cell damage [146]. In the present study, LFT protein level was differentially
highly abundant in A+TB-HLO compared with UN-HLO. Intriguingly, research has

shown the protective effects of LTF against hepatic and liver fibrosis via the inhibition
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of NF-kB signalling in a non-alcoholic steatohepatitis rat model [145]. The
cytoprotective role of LTF may be associated with the inhibition of ER stress,
inflammation, promotion of autophagy of damaged hepatocytes and the induction of
hypoxia-inducible factor-1a/VEGF to facilitate liver function recovery [148].
Accordingly, LTF reduced the levels of liver inflammatory biomarkers including, alanine
aminotransferase (ALT), aspartate aminotransferase (AST) and hydroxyproline in
thioacetamide (TAA)- treated liver tissues, while increasing catalase levels [147].
Additionally, LTF treatment reduced gene expression of inflammatory markers such as
IL-18, Icam-1 and profibrogenic factors including alpha smooth muscle (a-SMA),
collagen |, and connective tissue growth factor (CTGF) in TAA-treated liver tissues
[147]. Also, LTF reduced TAA induced reactive oxygen species (ROS) production and
cell death in FL83B cells and reduced a-SMA, collagen |, and p-Smad2/3 productions
in TGF-B1-treated HSC-T6 cells [147]. Altogether, these findings reinforce the anti-
inflammatory and the antioxidant functions of LTF and may be indicative of LTF
exerting its anti-inflammatory and antioxidant functions against A+TB treatment in our

study.

Interleukin enhancer binding factor 3 (ILF3) also known as NF90/NF110 encodes a
double-stranded RNA binding protein that complexes with other proteins, and RNAs
including mMRNAs, small non-coding RNA, and double stranded RNA, to regulate gene
expression and stabilize mRNAs [149-151]. Evidence from previous a study reported
that overexpression of ILF-3 increased autophagy whereas downregulation led to a
marked autophagy inhibition by decreasing beclin-1 (Bec-1) protein during adenosine
induced cytotoxicity in HepG2 cells [152]. Furthermore, cytotoxicity was synergized by
the overexpression of MEG3 through downregulated ILF-3 to activate PI3BK/Akt/mTOR
and inactivate the beclin-1 signalling pathway [152]. In the present study, ILF-3 protein
was differentially in low abundance in ART-HLO and TGZ-HLO groups compared to
UN-HLO group. In contrast to our findings and that of previous studies, other evidence
in the literature showed an upregulation of ILF3 and nuclear enriched abundant
transcription 1 (NEAT1) proteins in polymorphonuclear cells (PBMCS) of patients
suffering from sepsis and as well as lipopolysaccharide (LPS) stimulated RAW265.7
[153]. However, silencing of IL-F3 promoted M2 polarization in RAW264.7 cells [153].
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Therefore, more studies exploring the role of ILF-3 in drug induced liver injury are

required.

Apoptosis inducing factor, mitochondrion associated 1 (AIFM1) protein levels was
differentially in low abundance in the ART-HLO group compared with UN-HLO group.
AIFM1 is a mitochondrial flavoprotein with dual roles in redox signalling and
programmed cell death [154]. Freyer and colleagues reported that AIFM1 gene
expression was reduced in APAP-treated microscale 3D liver bioreactors compared to
a control [155]. Studies in patients with diabetic nephropathy showed a decrease in
AlIF within the renal tubular compartment and lower AIFM1 renal cortical gene
expression significantly correlated with declining glomerular filtration rate [156]. In the
same study, overexpression of AIFM1 rescued glucose-induced disruption of
mitochondrial respiration [156]. The proapoptotic functions of AIFM1 are based on the
activation of the caspase-independent pathway upon apoptotic inducer, whilst its anti-
apoptotic roles are part of the regular mitochondrial metabolism through NADH
oxidoreduction [154,156]. ART treatment induces mitochondrial dysfunction, thus,
downregulated AIFM1 expression in our data could be a consequence of impaired

mitochondrial function.

Copine-3 protein (CPNE3) levels were differentially in low abundance in A+TB-HLO
group compared with UN-HLO group. Copine-3 is a calcium-dependent phospholipid
binding protein encoded by CPNE3 gene and is virtually expressed in various tissues
[157]. CPNES3 is involved in several biological processes such as signal transduction
and pathogenesis of many cancerous diseases such as leukaemia, breast, prostate,
and small cell lung cancers [158]. Arecent study showed that high endogenous CPNE3
expression in clinical specimens was related to poor prognosis of advanced
hepatocellular carcinoma (HCC) in patients on sorafenib treatment [159]. Silencing of
endogenous CPNE3 in HCC cells decreased CPNE3 expression and enhanced the
sensitivity of cancer cells to molecular target, sorafenib [159]. A recent study reported
that decreased CPNE3 and receptor for activated ¢ kinase 1 (RACK1) expression
levels in hypoxia/reoxygenation (I/R)-induced H9c2 cardiomyocytes correlated with
those observed in myocardial I/R injury rat model [160]. CPNE3 overexpression
inhibited release of proinflammatory cytokines and decreased apoptosis in I/R induced

cardiomyocytes [160].
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Eukaryotic translation elongation factor 1 alpha 1 (EF1A1) is an elongation protein that
catalyses GTP-dependent binding of aminoacyl-tRNA (aa-tRNA) to the A site of the
translating ribosomes during protein synthesis. It has been shown to play a role in
diverse cellular processes such as actin bundling, regulation of cell morphology and
cell death [161]. EF1A1 has been shown to participate in lipotoxicity induced cell death
downstream ER stress in HepG2 cells after exposure to high concentrations of
palmitate [162]. On the contrary, inhibition of EF1A1 with Didemnin B compound,
specific inhibitor of EF1A1 elongation activity, prevented recovery of protein synthesis
and increase in GRP78 protein which is normally associated with later stages of the
response to ongoing ER stress [162]. A+TB treatment is associated with an induction
of increased tissue inflammation and oxidative stress. We observed low levels of
EF1A1 protein in A+TB-HLO group. It has been reported that EF1A1 expression varies
in cells treated with different concentrations of strong apoptosis inducer (hydrogen
peroxide), and peroxiredoxin —1 (Prx-1) inhibitor [163]. EF1A1 provide protection
against ER stress-mediated cell death [164]. Therefore, reduced expression of EF1A1

in our study may serve as an indicator of increased oxidative stress.

Poly-C binding protein 1 (PCBP1) is an RNA-binding protein reported to play a crucial
role in multiple gene regulatory levels including gene transcription, post-transcription,
and translation [165]. Evidence has shown that PCBP1 as a member of PCBP family
has the capacity to heavily bind oxidized RNA and, therefore, partake in the cellular
response to oxidative conditions and helping to induce apoptosis [166]. Our results
showed that PCBP1 were differentially in high abundance in TGZ-HLO compared with
UNHLO. A recent study has shown that PCBP1 deficiency suppresses the activation
of caspase and hydrogen peroxide-induced apoptosis [166]. On the contrary,
overexpression of PCBP1 triggered caspase-3— and caspase-8—mediated apoptosis
of tumour cells; thus, making PCBP1 a tumour suppressor [167]. Furthermore, PCBP1
serves as an intracellular immune checkpoint. A recent study reported that upregulated
PCBP1 expression in activated T cells prevented the conversion of effector T (Te#) cells
into regulatory T (Treg) cells by restricting expression of the T effector cell intrinsic T
regulatory commitment programs [168]. This phenomenon was critical for stabilizing

Ter cell functions and subverting the immune-suppressive signals [168]. In addition, T
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cell-specific deletion of the Pcbp1 gene favoured Treg cell differentiation and blunted

antitumor immunity [168].

Midkine (MDK) is a heparin cytokine or growth factor with a molecular weight of 13
kDa. Accumulating evidence showed that MDK protein expression levels is
upregulated in malignancies, inflammatory diseases and the tissue injury [169-171],
suggesting its crucial role in inflammatory reactions [170,172]. In the present study,
MDK expression level was highly abundant in TGZ-HLO group compared to UN-HLO
group. A previous study demonstrated that high glucose concentrations and oxidative
stress enhanced. MDK expression in tubular epithelial cells and macrophages [172].
Similarly, evidence from another previous study showed that after 5/6 nephrectomy,
MDK expression was increased in tubular epithelial cells and infiltrating macrophages
of MDK+/+ mouse kidneys [173]. Moreover, MDK protein exposure to cultured primary
cultured human lung microvascular endothelial cells increased expression of
angiotensin converting enzyme (ACE) and further supplemental MDK protein in MDK
deficient mice restored MDK protein levels [173]. In the very same study, showed that
oxidative stress might be involved in MDK expression, since expression of
NADH/NADPH oxidase—1, —2, and —4 was induced in the lung after 5/6 nephrectomy
[173]. Accordingly, an antioxidative reagent tempol reduced MDK expression and
plasma angiotensin Il levels and consequently ameliorated hypertension [173].

B-cell receptor associated protein 31 (BCAP31) is a ubiquitously expressed and
integral protein in the endoplasmic reticulum membrane [174]. BCAP31 C-terminus is
in the cytoplasm where it mediates protein transport and regulation of functions [175].
Previous studies have reported that BCAP31 promoted vesicle trafficking of proteins
of the class | molecules and tetraspanins; thus, is suggested to be involved in immunity
and apoptosis [176,177]. Accumulating evidence has shown that BCAP31 depletion
reduced T cell activation via regulating T-cell antigen receptor signalling in mice [177].
Reportedly, BCAP31 induced sterol regulatory element binding protein 1 activation
promoted liver steatosis and worsened insulin resistance [178]. Also, BCAP31
increased tunicamycin-induced ER stress reduced the rate of fatty acid oxidation which
promoted tunicamycin-induced liver steatosis [179]. On the contrary, a study has
shown that patients with BCAP31 and ATP binding cassette subfamily D member 1

(ABCD1) deletions exhibited an increase in serum levels of ALT and AST compared
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with healthy controls [176]. Proteomic data in the present study showed that BCAP31
protein level was lowly abundant in A+TB group compared with UN-HLO. A recent
study reported that BCAP31-deficiency reduced the antioxidant response and nuclear
related factor 2 (Nrf2), enhanced JNK signalling activation, and reduced hepatic
inflammation, apoptosis, and amplified APA-induced hepatotoxicity in mice [180], thus

suggesting importance of BCAP31 in maintaining physiological functions of the liver.

The functional enrichment and protein-protein interaction (PPI) network analysis in this
study found that highly abundant proteins in the ART-HLO group mainly participated in
the molecular functions primarily related to nerve growth factor (NGF), TNF, IL-1, and
IL-8 binding. In A+TB-HLO, MF and the PPI functional enrichment analysis found that
upregulated proteins were related to brain derived neurotrophic factor (BDNF), TNF,
IL-8, calcium-dependent protein (CDP) binding, serine-type endopeptidase, and
endopeptidase inhibitor activity. Functional enrichment and protein-protein interaction
(PPI) network analysis in this study confirmed that lowly abundant proteins in the ART-
HLO and A+TB-HLO group were mostly related to molecular functions such as
nucleosomal DNA binding, cadherin, RNA and DNA binding, protein

heterodimerization, and structural constituent of chromatin.

Pathway-based functional enrichment analysis of the differentially expressed proteins
revealed that lowly abundant proteins in ART-HLO group were related to neutrophil

extracellular trap formation, necroptosis pathway and alcoholism. and in TGZ-HLO
group.

Studies on inflammatory and autoimmune diseases, which are characterized by an
abnormal activation of immune cells and increased production of cytokines, have
revealed a localized increase in NGF, TNF, IL-1, and IL-8 at the sites of inflammation
[181-183]. A study identified NGF as a crucial regulator of stress-induced fibrogenesis
signalling pathway as it activates its receptor p75 neutrophil receptor (p75NTR),
increasing liver damage in TAA treated murine model [183]. TNF is a central cytokine
in the inflammatory reactions, and it drives inflammatory responses by directly inducing

inflammatory gene expression and indirectly inducing cell death [184,185].

TNF is a mediator of drug induced liver injury [184]. A recent study demonstrated that

inhibition of the TNF receptor 1 (TNFR1) significantly reduced liver steatosis and
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triglycerides content and activation of transcription factor SREBP1, and downstream
target genes for lipolysis [185]. Furthermore, inhibition of TNFR1 resulted in significant
reduction in apoptotic liver injury, NAFLD, ALT levels and fibrosis in the liver tissue of
mice fed with high fat diet [185].

IL-1 superfamily members are a cornerstone of variety of inflammatory processes
occurring in various organs including the liver [181]. Previous studies have shown that
IL-1 family play an important in the induction and progression of fibrosis [181,186]. For
example, a study reported that mice deficient in IL-1 receptor exhibited decreased
hepatic tissue damage and reduced fibrogenesis, indicating that IL-1 is involved in the
progression of liver injury to fibrosis [186]. Similarly, mice either deficient IL1a or IL-1
and fed a high-fat diet exhibited a significant reduction in the progression of steatosis
to fibrosis [187].

IL-8 is a potent chemoattractant for neutrophiles and contributes to inflammation
[188,189]. A previous study reported that IL-8 serum levels were significantly increased
in chronic liver disease (CLD) patients, especially in end-stage cirrhosis [189].
Furthermore, patients with cholestatic diseases exhibited highest IL-8 serum
concentrations and IL-8 correlated with liver function, inflammatory cytokines, and non-
invasive fibrosis markers [189]. Intrahepatically, IL-8 and CXCR1 expression are
strongly up-regulated [189]. Other researchers have indicated that IL8-induced liver
injury was associated with upregulation of components of the NADPH oxidase 2
complex, which participate in neutrophil oxidative burst [188]. IL8-driven neutrophil cell
infiltration promoted macrophage aggregate formation and upregulated the expression
of chemokines and inflammatory cytokines in high-fat diet (HFD) fed mice [188].
Therefore, findings of the present study demonstrate that differentially highly abundant
proteins in ART-HLO modulate the induction and binding of NGF, TNF, IL-1 and IL-8

cytokines which are heavily involved in cell immunity against tissue injury.

Pathway analysis showed that highly abundant proteins in A+TB-HLO were mostly
involved in neutrophil extracellular formation, ATP-dependent chromatin remodelling,
and necroptosis pathway. Neutrophil extracellular traps (NETs) are net-like structures
composed of DNA-histone complexes and proteins released by activated neutrophils
[190]. In addition to their key role in the innate immune responses, NETs are also

involved in autoimmune disease and non-infectious diseases [190]. Large body of
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evidence has shown that microbial agents, biochemical stimuli, calcium influx, immune
complexes, and contact with platelets (thrombocytes) and/or damage-associated
molecular patterns can trigger NETs formation [191]. Intriguingly, an earlier study
reported lysosomal instability and concurrent disintegration of the nuclear morphology
in neutrophils upon exposure to the nonpolar nanoparticles followed by NADPH
oxidase-dependent chromatin externalization [191,192]. Additionally, some authors
introduced a model where lysosomal leakage triggers a cascade of events involving
ROS production and ending in formation of NETs [191]. Given that ART and A+TB
treatment is associated with induction of ROS production and increased oxidative
stress, we believe this could be the trigger for NETs formation in ART-HLO and
A+TBHLO groups. However, further investigation into molecular mechanism leading to

NETs formation in HLO upon ART and/ or A+TB treatment is warranted.

ATP-dependent chromatin remodelling, comprise group of ATP-dependent remodelers
which serves to regulate DNA accessibility by repositioning, ejecting, or modifying the
nucleosomes following DNA replication and DNA repair [193]. This important class of
enzymes ensures proper positioning of nucleosomes to allow DNA-centric processes
to occur and represent another level of regulation [193]. Eukaryotic cells contain family
of four chromatin remodelers including switch/sucrose non-fermentable (SWI/SNF),
Imitation switch (ISWI), chromodomain helicase DNA-binding (CHD), and inositol
requiring 80 (INO80) [194]. Evidence from TAA-induced liver injury model showed that
BRM-associated SWI/SNF remodelers was predominant during a decline of injury
phase and initiation of regeneration phase [195]. Additionally, BRG-1 containing
remodelers predominated during the regeneration phase, thus depicting an interplay
between chromatin machineries in different phases of the TAA-induced liver injury and
regeneration [195]. This warrants further investigations into the chromatin remodelers

and interactors during ART and A+TB-induced liver injury.

Necroptosis, a regulated cell death mediated by receptor-interacting proteins kinase 1
and 3 (RIPK1, RIPK3) and mixed lineage kinase domain-like protein (MLKL) [196].
Necroptosis shares same death inducers as apoptosis including TNF, Fas, TNF-related
apoptosis inducing ligand (TRAIL), or TLRs [196]. Necroptosis is regarded as a
proinflammatory mode of cell death [196]. Evidence from previous studies
demonstrated that RIPK1 inhibition with Nec-1 exhibited a protective effect in APAP
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induced necrosis and toxicity [197—199]. Additionally, Nec-1 reduced APAP-induced
JNK activation, hepatic RIPK3 expression and Glutathione depletion [199]. Another
study also reported that Nec-1 reduced APAP-induced ROS burden in hepatocytes
[197]. Intriguingly, evidence from a study demonstrated that neither EFV nor isoniazid
can induce cell death alone [200]. However, exposure to a combination of EFV and
isoniazid resulted in increased oxidative and nitrosative stress, leading to the formation
of membrane permeability transition, and ultimately necrotic cell death [201]. To my
knowledge, this is the first study to report necroptosis pathway enrichment in relation
to A+TB and TGZ treatment.
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Chapter 8: General discussion

The liver is quite a complex organ comprised of several cells with different functions.
The liver is the only visceral organ capable of regeneration and detoxification of
xenobiotic drugs. Preclinical cytotoxicity testing of drugs has been limited by utilization
of animal models due to inter-species variability with humans. Previous in vitro models
using cancer-derived hepatic cell lines were limited by their sub-optimal cytochrome
P450 enzymes levels while primary human hepatocytes (PHH) rapidly dedifferentiation
in long-term cultures thus losing functionality, respectively. These limitations provided
an impetus to develop relevant and feasible in vitro models that could mimic
physiological functions of the native organ. To this end, the aim of this thesis was to
develop and generate a robust and tractable 3D multicellular human liver organoid that
comprises hepatocytes, profibrotic hepatic stellate cells and Kupffer cells commonly
known as tissue resident macrophages, cells crucial for maintenance of liver
homeostasis and regulation of tissue injury. The main goal was to understand intricate
interplay of these cells in drug induced liver injury to uncover possible pathways that

are perturbed in the tissue.

In chapter 4, initial characterization analysis of stage specific markers by RT-gPCR
revealed that HLO’s exhibited mature hepatocytes markers including HNF4a, ALB,
CYP3A4, and ATA1, while the functional assay for CYP3A4 activity demonstrated that
HLOs were sensitive and capable of metabolizing xenobiotic drugs compared to
HepaRG cells. Furthermore, flow cytometry showed that the frequency of hepatocytes,
hepatic stellate cells and Kupffer cells was in concordance with the proportions found
in native organ. Therefore, we demonstrated that HLO’s represented a tractable model

of the liver capable of modelling both drug metabolism and inflammation.

Previous in vitro liver models comprised mainly of hepatocytes and lacked other
essential cell lineages important for regulating tissue injury, more importantly,
inflammation. ELISA showed increased levels of pro-inflammatory cytokines (IL-6, IL-
1B and IL-4), the pathological mediator TNF-a and anti-inflammatory marker (IL-10) in
the drug treated-HLO’s compared to untreated control group. Our data is in conformity
with previous studies which showed that inflammatory markers such as IL-6 and TNF-

a are increased in organoids comprising hepatocytes only [10]. Therefore, the present
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study has provided a feasible and reproducible liver organoid model that could be

amenable to model acute and chronic inflammatory liver diseases.

In previous studies, hepatic organoids were successfully used to model steatohepatitis,
rotavirus infection and antiviral drug development [126]. ART, A+TB and TGZ are the
gold standard therapy for people leaving with HIV/AIDS (PLWH), co-infection with
HIV/AIDS and TB and diabetic patients, respectively, despite the known adverse
events associated with liver injury. It is important to understand the molecular factors
that drive liver injury. In this thesis (chapter 6), | used the HLO culture system to model
ART, A+TB and TGZ-induced liver injury. The sole aim of this chapter was to uncover
whether drug-treatment in HLOs induced distinct proteomes from UN-HLO so that

proteins that may be mediating drug induced liver injury could be identified.

A label free quantitative MS analysis approach was employed to identify proteins
associated drug induced liver injury and the analysis of drug treated HLOs and UN-
HLOs separately gave us novel insights into the response to drug treatments.
Successful separation of drug treated HLO and UN-HLO was shown by PCA plot and
hierarchical clustering heatmaps and enrichment analysis of proteome data. ART-HLO
and A+TB-HLO successfully clustered together indicating unique protein signature
compared to UN-HLO, while TGZ-HLO displayed a unique protein signature to ART-
HLO, A+TB-HLO and UN-HLO (Figure 10).

Inflammation and immune response

Dysregulation of the liver immune microenvironment plays a huge role in the initiation
and progression of drug induced liver injury [202]. As is reflected in functional
enrichment analysis of highly abundant proteins in ART-HLO compared to UN-HLO, a
significant enrichment in nerve growth factor (NGF), tumour necrosis factor (TNF), IL-
1 and IL-8 binding activities was observed. Studies on inflammatory diseases
characterized by an abnormal activation of immune cells and increased production of
cytokines, revealed a localized increase in NGF, TNF, IL-1, and IL-8 cytokines at the
sites of inflammation [181-183]. Indeed, A2M, a protein known to be involved in the
regulation of tissue damage by inhibiting proteinases released during the injury and

inflammation was altered by ART treatment in HLO. Also, HBB protein level was altered
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post ART. High abundant protein levels of A2M and HBB in ART-HLO suggest

increased tissue damage and inflammation.

Functional enrichment analysis of highly abundant proteins post A+TB treatment in
HLOs revealed regulation of immune response processes including negative
regulation of complement activation, and the lectin pathway. The complement system
plays an essential role in maintaining immune microenvironment within the liver [203].
Non-infectious systemic inflammatory response resulting from activation of the
complement system occurs during intoxication with substances or compounds, burns,
and local non-hepatic ischemia [204]. Negative regulation of complement activation
serves to prevent the rate of complement activation thus protecting host cells and
tissues from damage caused by activated complement [205]. Complement activation
is detrimental by inducing inflammatory tissue damage, mainly observed in ischemia-

reperfusion injury and transplant rejection [204].

Enrichment analysis also showed significant enrichment in TNF binding, brain derived
neurotrophic factor binding (BDRFB), and IL-8 binding. Pathway enrichment analysis
showed proteins were significantly enrichment in NETs formation, ATP-dependent
chromatin remodelling and necroptosis. This data indicated that A+TB induced stress
response may interact with immune signaling, even in the absence of microbes, which
is in line with earlier reports [10]. Therefore, inflammatory signaling pathways could be
targeted with therapeutic agents to minimise tissue induced inflammation during A+TB

treatment.

Low abundant proteins were highly enriched for processes including negative
regulation of cell proliferation, translational elongation, protein localization to CENP-A
containing chromatin. While MF enrichment analysis revealed that low abundant
proteins in A+TB-HLO were enriched for DNA & RNA binding, translation elongation

factor activity, protein heterodimerization and structural constituent of chromatin.
Redox signaling and oxidative stress

Redox signaling and ROS species play a key role in regulated programmed cell death.
It is known that redox signaling regulates cells survival and cell death in response to
stress conditions [206]. Excessive ROS causes damage to DNA, lipids and protein

structures and produces the 8-OH-deoxyguanosine and lipid peroxides such as
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malonic dialdehyde (MDA) [206]. Importantly, MDA do not only exert the oxidation of
the biofilm but also converts ROS into active substances and amplifies effect of ROS
through chain reaction, causing cell membrane damage, which in turn leads to
apoptosis and liver necrosis [207]. In primary rat cortical neuroglial cultures aged 21,
ARVs treatment led to the accumulation of ROS and ultimately induction of neuronal
damage and death [208].

In this thesis work, ART increased abundance of proteins involved in antioxidant and
DNA repair functions such as MGST1 and the RBP4/7. These proteins are particularly
important in reducing oxidative stress and maintaining genomic integrity. Research has
shown that ROS stimulates nuclear factor-kB (NF-kB) inhibitory protein (IkB) to
undergo phosphorylation and ubiquitination for degradation, thus exposing the nuclear
localization sequence [209]. Subsequently, activated NF-kB translocate to the nucleus
to initiate gene transcription of TNF-a, IL-1B, and other factors, which produces an
inflammatory response, causes inflammatory infiltration of hepatocytes, and induces

hepatic inflammatory damage [210].

A+TB treatment increased MGST1 and LFT protein levels in HLOs. LFT plays an
important role in innate immune defence [145]. LTF has iron-binding ability, by
sequestrating Fe®* ions, LTF helps to prevent oxidative stress induced cell damage
[146]. Evidence from literature argues that cytoprotective role of LTF may be
associated with inhibition of ER stress, inflammation, and the promotion of autophagy
of the damaged hepatocytes and induction of hypoxia-inducible factor-1a/VEGF to

facilitate liver function recovery [148].
Mitochondrial dysfunction

Dysregulation of mitochondrial function leads to increased ROS, which are capable of
inducing toxicity and DNA damage [211]. AIFM1 is a mitochondrial flavoprotein with
dual roles in redox signalling and programmed cell death [154]. In this thesis work,
ART-HLO exhibited decreased abundance of AIFM1 protein levels compared to UN-
HLO. In line with results of the current research work, others reported a reduced gene
expression of AIFM1 in APAP-induced microscale 3D liver bioreactors compared to a
control [155]. It has been shown that reduced AIFM1 gene expression correlate with

reduced glomerular filtration, whereas overexpression of AIFM1 protein rescued
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glucose-induced disruption of mitochondrial respiration [156]. Thus, decreased AIFM1

protein level in ART-HLO could be a consequence of impaired mitochondrial function.
Pathway analysis

Differentially low abundance proteins after ART treatment were significantly enriched
for neutrophil extracellular traps (NETs) formation and alcoholism pathway. Ample
evidence from the literature has implicated various exogeneous and endogenous
stimuli such as biochemical stimuli, calcium influx and the DAMPs as a trigger for NETs
formation [191]. Additionally, a model was introduced whereby a lysosomal leakage
triggers a cascade of events involving ROS production and ending in formation of NETs
[191]. Differentially high abundant proteins in A+TB-HLO were enriched in NETs
formation, ATP-dependent chromatin remodelling and necroptosis pathways. Finally,

low abundant proteins in TGZ-HLO samples were enriched in necroptosis pathway.

Contrasting protein enrichment in NETs formation pathway was observed among ART-
HLO and A+TB-HLO. Low abundant proteins were significantly enriched for NETs
formation in ART-HLO whereas in A+TB-HLO high abundant proteins were significantly
enriched for NETs formation. In contrast to A+TB-HLO, low abundant proteins in TGZ-
HLO were significantly enriched for necroptosis pathway. For instance, NETs formation
pathway may be targeted with small molecules as therapeutics in ART-HLO and A+TB-
HLO groups to alleviate excessive ROS production and augment expression of
proteins partaking in antioxidant activities, DNA repair mechanisms and modulation of
immune response to prevent DILI. Studies have been successful at inhibiting the
necroptosis pathway with Nec-1 molecule in different disease states [199]. Data
presented in this work indicated that ART drives excessive ROS production, augments
inflammation and immune response that exacerbates tissue injury. Strikingly, proteins
involved in protection against oxidative stress and liver injury were increased in ART-
HLO, A+TB-HLO and TGZ-HLO while those involved in protection against DNA

damage and/repair were decreased in ART-HLO.

Overall, inflammation and oxidative stress were common pathways that were observed
to be associated with tissue injury in all the groups. Another interesting observation
was NETs formation was common between the ART-HLO and A+TB-HLO groups but
absent in the TGZ-HLO group. Crucially, the formation NETs appear to be driven by
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different protein signatures in each group. In ART-HLO, NETs formation was
associated with low abundant proteins while in A+TB-HLO it was associated with high
abundant proteins. Necroptosis was a common pathway that drives tissue injury
between A+TB-HLO and TGZ-HLO. However, each treatment group drove tissue injury
differently from the other. In A+TB-HLO, necroptosis was induced by high abundant
proteins while in TGZ-HLO it was mainly by low abundant proteins. Therefore,
therapeutics for targeting pathways associated with DILI in HLO would require to be

tailored differently to mitigate drug induced tissue injury.

Chapter 9: Overall conclusion

Limitations & conclusions

The main limitation of the present study is that only one iPSC cell line which reflects
genetic make-up of one patient was utilized. Another crucial limitation is that
expression of identified DEPs was not validated using tools such as Western blot or
RT-gPCR. Moreover, the HLOs were treated with 1Cso concentrations of ART, A+TB
and TGZ for 72 hours instead of using the biologically relevant Cmax values that are
found in the blood, CSF, and target organ. Furthermore, HLO’s were not infected with
HIV/pseudo-HIV or Mycobacterium tuberculosis (Mtb) to explore the immunological
response of these infections. Regarding protein-protein interaction, the algorithm for
protein-protein interactions using molecular complex of detection (MCODE) clustering,
which enables us to identify protein complexes functionality and physical connections

was not applied.

In conclusion, in the present study, | developed and validated 3D multicellular human
liver organoids (HLO) derived from iPSCs as a model for drug induced liver injury. |
used proteomic approach with label-free MS analysis as a strategy to discover
differentially expressed proteins in ART-HLO, A+TB-HLO, and TGZ-HLO groups
compared with UN-HLO. Data revealed that differential expression of proteins were
related to the immune system, mitochondrial dysfunction, ATP-dependent chromatin
remodelling and necroptosis pathway, which are related to the development of drug
induced liver injury.

Accordingly, these findings need to be fully investigated and validated in future studies.

Future works
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Future studies are required to utilize two or more iPSCs cell line to get overall picture
of the general population not individualized information. Also, HLOs need to be treated
with Cmax of the experimental drugs instead of IC50 concentrations. For infections,
live pathogen must be utilized. Future studies must explore the development of liver+
gut organoid to understand the intricate complexity of these two organs and how drugs
generally get absorbed and metabolized and see the impact of those metabolites on

the proteome of both systems.
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Appendix

Table S1: Liquid Chromatography Mass Spectrometry (LC-MS) identified proteins in
multicellular 3D human liver organoids (HLO).
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Data sheet 3: Functional GO enrichment and pathway analysis in ART-HLO.
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Data sheet 4: Functional GO enrichment and pathway analysis in A+TB-HLO.
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Data sheet 5: Functional GO enrichment and pathway analysis in TGZ-HLO.
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