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Abstract
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To reach the bloodstream, an orally administered drug must be absorbed through the small
intestine and avoid extensive clearance in the liver. Estimating these parameters in vitro is
therefore important in drug discovery and development. This can be achieved with cellular
models that simulate human organ function, such as Caco-2 cells and primary hepatocytes. No
model fits every scenario, however, and this thesis aimed at using proteomic and functional
analysis to better understand and increase the applicability of in vitro models based on Caco-2
cells and human hepatocytes.

First, the proteome of filter-grown Caco-2 cells was analyzed. This included near-complete
coverage of enterocyte-related proteins, and over 300 ADME proteins. Further, by scaling
uptake transport kinetics from Caco-2 cells to human jejunum, the importance of considering
in vitro--in vivo expression differences to correctly interpret in vitro transport studies was
demonstrated.

Focus was then turned to hepatocytes, where proteomics was used as a basis for the successful
development of an apoptosis inhibition protocol for restoration of attachment properties and
functionality in suboptimal batches of cryopreserved human hepatocytes. As a spin-off project,
image-based quantification of cell debris was developed into a novel apoptosis detection
method.

Next, the in vivo heterogeneity of human hepatocytes was explored in an in vitro setting,
where it was observed that human hepatocyte batches contain a wide range of cell sizes. By
separating the cells into different size fractions, it was found that hepatocyte size corresponds
to the microarchitectural zone of origin in the liver. Size separation can thus be used to study
zonated liver functions in vitro.

Finally, the proteomes of the major types of non-parenchymal liver cells were analyzed, i.e.
liver sinusoidal endothelial cells, Kupfter cells, and hepatic stellate cells. The different cell types
all had distinctly different proteomes, and the expression of certain important ADME proteins
indicated that non-parenchymal cells participate in drug disposition.

In conclusion, this thesis has improved the phenotypic understanding and extended the
applicability of Caco-2 cells and primary human hepatocytes, two of the most important in vitro
models for studies of small intestinal and hepatic drug disposition.
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Introduction

Many factors are involved in determining the extent to which an orally admin-
istered drug can enter the systemic circulation and reach its intended target
(Figure 1). The dosage form (e.g. a tablet) must first disintegrate, followed by
dissolution of the drug compound. The dissolved drug must then be absorbed
through the small intestinal epithelium, and avoid extensive clearance by me-
tabolism and biliary excretion in the liver. Furthermore, its beneficial effects
must outweigh any adverse effects caused by toxicity. The usefulness of a
drug is thus not only governed by its efficacy, but also by its properties in
terms of absorption, distribution, metabolism, excretion, and toxicity (AD-
MET).

In vitro cell models that simulate the in vivo function of human organs
greatly facilitate studies of pharmacokinetics, pharmacology, and toxicology.
The ability of a drug compound to cross the small intestinal epithelium can be
estimated by measuring its flux across a layer of intestine-derived cells grown
on a permeable surface. One of the most widely used models in this context is
the human colon carcinoma cell line Caco-2, which acquires enterocyte-like
properties when cultured on polycarbonate filter supports.' Hepatic drug dis-
position, on the other hand, is commonly studied in vitro using isolated pri-
mary hepatocytes. Hepatocytes can be used in many different configurations
in 2D and 3D culture, with varying degrees of complexity, liver-like function,
and throughput.?

No model fits the needs of every application, however, and all in vitro sys-
tems come with their own particular drawbacks and uncertainties. For in-
stance, cultured Caco-2 cells retain features of their cancerous origin,’ and
primary hepatocytes tend to dedifferentiate over time in culture.*® Further,
hepatocytes do not divide in culture,” and the resulting reliance on cryopres-
ervation to ensure hepatocyte availability introduces additional problems.
Most experimental setups require the cells to form cell-cell and cell-matrix
interactions, and cryopreserved hepatocyte batches show substantial variabil-
ity in this regard.*'" Hepatocytes also show considerable differences in ex-
pression and function throughout the liver microarchitecture,'? and it is un-
clear whether isolated cell batches retain a representative mixture of subpop-
ulations. Apart from hepatocyte heterogeneity, the liver contains a plethora of
different non-parenchymal cells (NPCs)." The influence of NPCs on liver
function is not taken into account in hepatocyte monocultures, and such cells
are therefore sometimes added to generate more in vivo-like models.
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Figure 1. The sequence of events along the way to the systemic circulation for an
orally administered drug. The amount of drug compound that reaches the circulation
is highly dependent on the extent of absorption across the small intestinal epithelium
and on the level of hepatic clearance.

For any in vitro model, detailed knowledge of actual culture composition and
cellular phenotype is paramount for correct interpretation of data. A compre-
hensive view of cellular phenotype can be obtained with mass spectrometry-
based proteomics, which today enables quantitative analysis of almost entire
proteomes.'* In this thesis, proteomic analysis and supportive functional stud-
ies were used to improve the understanding and applicability of important in
vitro systems for predictions of drug disposition in the human small intestine
and liver.

The human small intestine

The small intestine is the main site of absorption for an orally administered
drug."” It is the longest part of the gastrointestinal tract, with a mean length of
around 5 m,'® and is divided into three distinct parts: the duodenum, the jeju-
num, and the ileum, with specialized roles in different aspects of absorption.
The innermost layer of the small intestine is called the mucosa, and consists
of epithelial cells resting on the lamina propria, a connective tissue scaffold
that contains capillaries and nerve fibers, in turn supported by a layer of
smooth muscle (the muscularis mucosa)."”

The epithelium constitutes the main barrier between the intestinal lumen
and blood." Over 80% of the cells in the epithelium are enterocytes, which
are highly polarized cells with distinct apical and basolateral membranes, and
mainly responsible for the absorptive functions of the intestine.'*** The re-
maining part consists of mucus-secreting Goblet cells, hormone-producing en-
teroendocrine cells, and Paneth cells, which secrete various antimicrobial mol-
ecules." The cells of the epithelium are organized in finger-like projections
called villi, which are surrounded by glandular crypts.'” The crypt-villus unit
is a highly dynamic structure, where enterocytes are constantly being replen-
ished in a conveyor-belt-like fashion through division of stem cells in the
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crypt. As they migrate upwards along the crypt-villus axis, enterocytes trans-
differentiate through a series of distinct functional stages.”' At the villus tip,
the cells finally undergo apoptosis and slough off into the intestinal lumen,
typically around 4-5 days after their emergence from the crypt.2*

Villi significantly increase the intestinal surface area and thus its absorptive
capacity. The surface area is even further increased by the presence of micro-
villi on the apical membrane of epithelial cells (the brush border). Together,
villi and microvilli provide a surface area enlargement of 60-120 times.**

The human liver

The liver is the largest internal organ in the human body, and the most im-
portant organ for the elimination of drugs and other xenobiotics from the
bloodstream. Compounds that are absorbed in the small intestine first enter
the hepatic portal system, and thus have to pass through the liver before reach-
ing the systemic circulation. This is known as the hepatic first-pass effect,
which can considerably decrease the bioavailability of extensively metabo-
lized drugs. The efficiency of the liver in drug elimination is due in part to its
highly vascularized nature, receiving up to a third of the total blood volume at
any given time.” In addition to its involvement in metabolism and elimination,
other vital functions of the liver include the synthesis and secretion of blood
and bile constituents.*®

Cellular organization and structure

The liver is primarily composed of parenchymal hepatocytes, which represent
60-70% of the total liver cell population, and as much as 80% of the liver
volume.'**” Hepatocyte function is supported by several different types of
NPCs, notably liver sinusoidal endothelial cells (LSEC), tissue-resident mac-
rophages called Kupffer cells (KC), and vitamin A-storing hepatic stellate
cells (HSC). Of these, LSEC are the most abundant, followed by KC and HSC.
Being much smaller than hepatocytes, NPCs represent only 6.5% of the liver
volume."?

On a microarchitectural level, hepatocytes are organized in linear plates
throughout repeating structural units termed lobules (Figure 2). Lobules are
basically hexagonal columns of cells that measure around 1 mm in diameter
in humans.?®? Blood flows into the lobule from branches of the hepatic artery
and portal vein, with 75% of the blood supply constituted by venous blood
from the gastrointestinal tract.”® Together with a bile duct, the hepatic artery
and portal vein constitute a portal triad, with one such node at each corner of
the lobule. Blood from the two different sources combines in sinusoidal blood
vessels running between the hepatocyte plates, and finally drains in a central
vein in the midpoint of the lobule.
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Figure 2. Microarchitectural organization of the liver. The liver is organized in re-
peating hexagonal units called lobules, made up of linear plates of hepatocytes.
Blood from the hepatic artery and portal vein enters the lobule at each corner and
flows through sinusoidal blood vessels to drain in a central vein. Hepatocytes show
substantial differences in size, ploidy, and expression along the porto-central axis.
The sinusoids are lined by fenestrated liver sinusoidal endothelial cells (LSEC) that
give hepatocytes direct access to blood components. Kupffer cells (KC), specialized
liver-resident macrophages, adhere to the inner surface of the endothelial wall. The
perisinusoidal space of Disse, between LSEC and hepatocytes, contain pericyte-like
hepatic stellate cells (HSC).

Hepatocytes

Hepatocytes are highly specialized epithelial cells that are responsible for
most aspects of liver function, including the elimination of xenobiotics.?® In
terms of the biochemical and physiological functions they perform, hepato-
cytes show considerable spatial heterogeneity along the porto-central axis of
the liver lobule (Figure 2), which is known as liver zonation.'? This heteroge-
neity results from the polarized nature of hepatic blood flow, where cells in
the periportal region consume and secrete various factors and thereby estab-
lish concentration gradients towards the downstream pericentral region.*' Par-
ticularly notable is the difference in oxygen tension, which drops markedly as
blood flows towards the central vein, reaching less than half of circulatory
levels.**** Furthermore, gradients in the concentrations of signaling mole-
cules, such as Wnt morphogens and glucagon, are significantly involved in
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the establishment of liver zonation,*** and epigenetic differences in DNA

methylation patterns have been suggested to form an additional layer of regu-
lation.*

Many central liver functions show distinct zonation profiles. Among the
most well described zonated processes, whose zonation have been known for
decades, are different types of hepatic metabolism, notably of carbohydrates,’’
nitrogen,’® and drugs.*” In more specific terms, gluconeogenesis and urea syn-
thesis are mainly performed by periportal hepatocytes, while pericentral
hepatocytes are highly active in glycolysis and drug metabolism.'? More re-
cently, comprehensive single-cell RNA sequencing (RNA-seq) studies have
revealed that as many as half of all genes expressed in hepatocytes are zo-
nated.***! An important point brought up by these studies is that most zonated
processes are not binary, i.e. on or off in periportal and pericentral hepato-
cytes, but rather gradually changing across the porto-central axis.

A final aspect of note in the context of hepatocyte heterogeneity is that
functional zonation is accompanied by differences in cell morphology, size,
and ploidy (Figure 2). Thus, periportal hepatocytes are typically small and
diploid, whereas pericentral hepatocytes are large, polyploid, and sometimes
even multinucleated.**** The cells also vary across the lobule in terms of their
organelle content.* For instance, there are regional differences in the amounts
of smooth and rough endoplasmic reticulum (ER), and pericentral hepatocytes
contain higher numbers of mitochondria.*

Non-parenchymal cells

The walls of hepatic sinusoids are lined by LSEC. These thin, elongated cells
contain numerous small pores, or fenestrations, with diameters of approxi-
mately 100 nm in humans,*’ through which many blood components can
freely diffuse into the perisinusoidal space of Disse between LSEC and
hepatocytes. The fenestrations, which cover around 9% of the surface area of
LSEC,* facilitate direct contact between the blood and the liver parenchyma,
which enhances the ability of hepatocytes to efficiently clear drugs and other
xenobiotics from the blood.?® In addition to their structural role, LSEC use
their significant endocytic capacity to act as a scavenger system for clearance
of macromolecular waste products originating from normal tissue turnover,
and participate in liver immunity.*

The sinusoids are also the site of residence for KC, which constitute 80-
90% of the total macrophage population in the body.*® KC have a high capac-
ity for endocytosis and phagocytosis, and are the first cells to encounter and
process materials that arrive from the gastrointestinal tract, such as food anti-
gens and microorganism-derived products. Another important function of
these cells is the capture and elimination of blood-borne pathogens during sys-
temic infections.’’*> Their strategic location in the sinusoids give KC a key
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role in immune surveillance and in initiating an orchestrated immune re-
sponse, including the recruitment of other immune cells from the blood.”
Apart from these protective functions, KC are sometimes involved in mediat-
ing liver damage caused by hepatotoxic compounds, most often through the
release of cytokines and other inducers of hepatic cell death triggered by the
offending compound.***®

Completing the cell composition of the liver lobule are HSC, which reside
within the perisinusoidal space of Disse and physically embrace the LSEC in
a pericyte-like manner through extensive cytoplasmic projections.’® Among
the most prominent functions of quiescent HSC under normal physiological
conditions are vitamin A (retinol) storage, where their lipid droplets contain
80% of total body retinol, and the control of extracellular matrix (ECM) ho-
meostasis, via the balanced secretion of ECM proteins and ECM-degrading
enzymes.’® During liver injury, HSC leave their quiescent state and undergo
an activation process to acquire a myofibroblastic phenotype, characterized by
loss of vitamin A droplets and highly increased secretion of ECM components.
In this way, activated HSC significantly contribute to the pathogenesis of liver
fibrosis.?*’

Small intestinal and hepatic drug disposition

The disposition of drugs within and across epithelia is affected by several dis-
tinct pathways and obstacles. Cellular membrane barriers are always involved,
which can be crossed via different pathways. Broadly, these pathways are ei-
ther passive (driven by concentration gradients across membranes) or active
(carrier-mediated), and, together with hepatic metabolism, determine the
amount of an orally administered drug that can reach the systemic circulation
(Figure 3).
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Figure 3. Possible transport routes and obstacles a drug can encounter in the small
intestine and liver before reaching the systemic circulation. 1, passive transcellular
(or lipoidal) diffusion; 2, carrier-mediated uptake transport; 3, carrier-mediated ef-
flux transport; 4, passive paracellular diffusion; 5, bile excretion; 6, hepatic metabo-
lism.
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Transcellular diffusion

For many drugs, passive lipoidal diffusion via the transcellular pathway, i.e.
passage through cells, is considered to be the primary route of cellular uptake
and permeation through the small intestinal epithelium.’®**° Since the lipid bi-
layers of cell membranes are hydrophobic structures, transcellular diffusion
of a drug molecule is highly dependent on its lipophilicity and molecular
size.”® Diffusion rates differ between the basolateral and apical enterocyte
membranes, however, and the apical membrane is usually considered to be the
rate-limiting barrier for intestinal drug absorption, likely due to its lipid com-
position.®!

Paracellular diffusion

Cells in epithelial tissues are joined together by tight junctions. Tight junctions
are protein structures that maintain tissue integrity and help regulate the pas-
sage of solutes across the epithelial barrier.®* These structures create pores in
the epithelium, which can contribute to passive intestinal drug absorption
through so-called paracellular diffusion, i.e. passage between cells.**** For
most drugs, this contribution is limited, but the paracellular pathway may be
significantly involved in the absorption of some small and hydrophilic com-
pounds.®>%

Carrier-mediated transport

In addition to passive diffusion, drug transport across membranes can be me-
diated by transport proteins, i.e. carriers.”” Depending on the direction of
transport, these proteins are classified as either uptake or efflux transporters.
As their names imply, the activity of uptake transporters lead to increased
membrane permeation of affected substrates, while efflux transporters gener-
ally limit permeation and cellular exposure,®® and participate in hepatic drug
elimination.

The human genome contains over 400 membrane transporters, belonging
to two major superfamilies: the solute carrier (SLC) family, primarily com-
prising uptake transporters, and the ATP-binding cassette (ABC) family of
efflux transporters, with 395 and 49 known members, respectively.®*’" The
expression of SLC and ABC transporters is highly heterogeneous throughout
the human body,”""”> meaning that the contribution of carrier-mediated
transport to drug disposition can vary across organs.” Accordingly, entero-
cytes and hepatocytes express different panels of transporters that are im-
portant to study in drug development, due to their involvement in pharmaco-
kinetics, drug-drug interactions, and liver toxicity (Figure 4).5"7*7
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Figure 4. Membrane transporters of importance in drug development. The figure
shows enterocyte and hepatocyte expression of drug disposition-related members of
the SLC and ABC superfamilies. Adapted from a schematic drawing by the Interna-
tional Transporter Consortium.”

Hepatic metabolism

Another obstacle that comes into play after drug uptake into hepatocytes,
whether it be through passive or active mechanisms, is hepatic metabolism. In
broad terms, hepatic drug metabolism is divided into two phases. In phase I,
drug compounds are converted into more polar metabolites, which can then
be conjugated with endogenous charged species in phase 11.”° These metabolic
processes generally transform the parent compound into more easily excreta-
ble forms.

The major enzymes in phase I metabolism are the cytochromes P450
(CYPs), of which many are highly expressed in the liver. Together, the most
important CYPs are involved in the metabolism of 70-80% of clinically used
drugs.”” Major families of phase II enzymes include the UDP-glucuronosyl-
transferases (UGTs), sulfotransferases (SULTSs), and glutathione S-transfer-
ases (GSTs).”

Hepatotoxicity

Due to its central role in drug metabolism and elimination, the liver is at a
higher risk of exposure to toxic compounds than any other organ.” In fact,
drug-induced liver injury (DILI) is one of the most common causes for the
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withdrawal of an approved drug from the market.””®' Some types of DILI are
predictable and dose-dependent (intrinsic DILI), but the more problematic
form, referred to as idiosyncratic DILI, is highly unpredictable and typically
occurs after a long latency period.*

The toxicity of a drug, or its metabolites, is initiated by hepatocyte stress,
usually caused by mitochondrial dysfunction, accumulation of reactive oxy-
gen species (ROS), or disruption of bile acid homeostasis.**** In intrinsic
DILI, this stress triggers the induction of cell death mechanisms, primarily
apoptosis and necrosis, which directly lead to hepatocyte demise.>* Idiosyn-
cratic DILI can be initiated by similar mechanisms, but is also widely believed
to involve the activation of innate and adaptive immune response mecha-
nisms.¥#

In vitro methods for studies of small intestinal and
hepatic drug disposition

As alluded to above, in vitro models for determining small intestinal and he-
patic drug disposition are key elements of the drug development process.
Many models that simulate the functions of these organs exist, with varying
degrees of complexity. For the small intestine, the most important parameter
to evaluate is drug absorption, and models that simulate its function therefore
typically consist of some sort of barrier (artificial or cell-based) that separates
two different buffer compartments.* Drug absorption can then be estimated
by following the drug flux across the barrier. For the liver, important proper-
ties to study include drug uptake, metabolism, and toxicity. This can be done
in a variety of culture configurations, using primary hepatocytes or different
hepatocyte-like cells.*® Some prominent in vitro models for small intestinal
and hepatic drug disposition are described in more detail below.

In vitro models of the small intestine

One of the simplest ways of analyzing small intestinal drug absorption through
passive diffusion in vitro is to use artificial lipid membranes, where an organic
solvent containing phospholipids and other membrane constituents is added
onto a filter support.*> The drug (in a buffer solution) is added to the apical
side of the membrane, and its time-dependent appearance in the basolateral
compartment is monitored. Methods based on this approach are called parallel
artificial membrane permeability assays (PAMPA), in reference to its first im-
plementation.’” PAMPA assays facilitate high throughput, and have shown
reasonable correlations with the fraction of dose absorbed in humans.** How-
ever, they do not provide any information on carrier-mediated transport, for
which more sophisticated, cell-based models are necessary.
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Cell-based models for drug absorption studies, although similar to PAMPA
in layout, use a cell monolayer in place of an artificial membrane (Figure 5).
One of the most commonly used models in this context is the Caco-2 cell line.
Caco-2 cells originate from a human colon carcinoma® and spontaneously
differentiate to acquire an enterocyte-like phenotype, with tight junctions and
polarized membranes, when cultured on permeable filter supports.***' Re-
sults from Caco-2 experiments have been shown to strongly correlate with
human in vivo data for drugs that are absorbed by passive transcellular diffu-
sion,” and they can provide information on carrier-mediated transport as well,
due to the expression of some transport proteins.” Estimating paracellular
transport is more problematic, however, as the tight junctions in a Caco-2
monolayer are less porous than in the small intestinal epithelium.*

Apical compartment
Caco-2 cells
Polycarbonate filter

Basolateral compartment

Figure 5. Configuration of a typical Caco-2 culture. Caco-2 cells are cultured on a
polycarbonate filter support that separates an apical compartment (corresponding to
the small intestinal lumen) and a basolateral compartment (corresponding to blood).

Another problem with Caco-2 cells relates to their cancerous origin. Cancer
cell lines are, as a rule, inherently unstable and highly prone to genetic
drift.”>% Careful control over culture conditions and passage numbers there-
fore needs to be exerted, as illustrated by the differences observed in an inter-
laboratory comparison of data obtained from Caco-2 experiments.”” Notable
alternatives to Caco-2 cells include Madin-Darby canine kidney (MDCK) and
LLC-PK1 cells (derived from canine and porcine kidney epithelium, respec-
tively),*> which form polarized monolayers and are readily transfected with
specific transporters,”® and the human colon cell line HT29, which can be in-
duced to differentiate into either absorptive or mucus-secreting cells.®

An even more in vivo-like model for drug absorption studies is the Ussing
chamber. Perhaps best described as an ex vivo model, the Ussing chamber
consists of a piece of excised epithelial tissue mounted between two buffer
compartments.”” This method is best used for in-depth secondary screening,
as it does not allow the same throughput as PAMPA or cell-based methods.*

In vitro models of the liver

Primary human hepatocytes constitute the gold standard in vitro model for
studies of hepatic drug disposition and toxicity.**'°>'%> Human hepatocytes
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are typically isolated using a two-step collagenase perfusion protocol, with
starting material obtained from multi-organ donors or from patients undergo-
ing liver resection surgery for tumor removal.'®"'% Hepatocytes can be used
in different culture configurations, where the choice depends on the research
question as well as various practical considerations, such as the required cul-
ture time and the availability of suitable detection methods. Some notable ex-
amples of hepatocyte culture configurations are described below (Figure 6).
Most researchers rely on cryopreserved cells for their experiments, due to the
relative ease with which they can be obtained. In fact, the decades of research
put into optimization of cryopreservation conditions'””'*® have enabled the use
of cryopreserved hepatocytes for many applications that were the exclusive
domain of freshly isolated cells in the past,'”!''* even if problems with varia-
ble attachment properties after thawing still remain.*"!

a 2D monolayer b Sandwich culture C 3D spheroid

Extracellular matrix
Figure 6. Examples of culture configurations for studies of hepatic drug disposition
and toxicity using human hepatocytes. (a) Conventional 2D monolayer, where
hepatocytes are cultured on a surface coated with ECM proteins. (b) Sandwich con-
figuration, in which a second layer of ECM is added on top of the cells. (c) 3D sphe-
roid culture, where hepatocytes aggregate to form small spheroidal microtissues.

Apart from suspension culture, which can only be used for very short-term
experiments (since anchorage-dependent cells cannot live long without sur-
vival signals from ECM interactions),''""!!? the simplest way to culture hepato-
cytes is as conventional 2D monolayers (Figure 6a).'"* Hepatocytes do not
readily adhere to plastic, however, and culture vessels are therefore typically
coated with collagen to facilitate attachment.”® As an example of their utility,
hepatocyte monolayers can be used for evaluating the metabolic stability of
drugs for several hours up to a couple of days.'"* During that time, however,
hepatocytes undergo considerable dedifferentiation and eventually lose the
ability to perform many liver-specific functions, including drug transport and
metabolism.*¢

One way to overcome the problems with conventional 2D monolayers is to
add a second layer of ECM on top of the cells, forming a so-called sandwich
culture (Figure 6b).% In this configuration, the cells can form cell-matrix in-
teractions in all directions, which better resembles the in vivo situation. This
results in substantial improvements in cell morphology and liver-specific
function, including the re-formation of bile canaliculi,''>!'"® which enables
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studies of canalicular efflux.!'”!'® Hepatocytes in sandwich culture can remain
functional for considerably longer periods of time than in 2D monolayers.'"?

Another way to increase the stability and physiological relevance of
hepatocytes in vitro is to let them self-aggregate into spheroidal microtissues
termed spheroids (Figure 6¢).'"” Hepatocyte spheroids obtain a three-dimen-
sional architecture, with cell-cell contacts on all sides, and deposit their own
ECM material to essentially encapsulate the entire structure.'?’ This in vivo-
like organization enables maintained survival and functionality for extended
periods of time (several weeks),*®'"? with high degrees of physiological rele-
vance at the transcript, protein, and metabolite levels.'>'?"'?? Spheroids can
be generated in multiple ways, but the most prominent methods are gravity-
enforced self-assembly in hanging drops'? and culture on low-attachment sur-
faces.'?""'?* A distinct advantage with spheroid culture is the small number of
cells it uses, often requiring only a few thousand cells per well.

Alternative sources of cells for in vitro studies of hepatic drug disposition
and toxicity include hepatoma cell lines, such as HepG2'?® and HepaRG,'** as
well as various stem cell-derived hepatocyte-like cells,*® which are all readily
available and relatively inexpensive. To date, however, none of the alterna-
tives offer the levels of in vivo relevance achieved with primary hepato-
Cytes 2686119

Mass spectrometry-based global proteomics

Technological progress in label-free mass spectrometry-based proteomics
over the last years has now enabled the quantitative analysis of virtually entire
proteomes.'* Analysis of global gene expression (i.e. transcriptomics) has
been possible for a longer time, but it is well known that RNA and protein
levels do not show perfect correlations.'?’'’ The advent of global proteomics
is thus highly advantageous for improved phenotypic understanding, as pro-
teins are produced downstream of transcripts (Figure 7) and can describe cel-
lular function and status in more detail.'*

DNA RNA Protein Metabolite
o
> > > Ho\lr,--\v,-l\_ on
0
Genomics Transcriptomics Proteomics Metabolomics

Figure 7. The flow of biological information. The measured molecules at each level
are shown above the drawings, and the corresponding ‘omics’ technologies are de-
noted below.
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Most strategies for proteomic analysis are so-called bottom-up approaches,
where proteins are subjected to proteolytic digestion into peptides, commonly
with trypsin, before analysis.'*! Historically, label-free proteomics methods
have not been considered to provide as accurate quantification as targeted ap-
proaches based on labeled peptide standards,'* but developments in sample
preparation and data processing, together with enhanced instrument sensitiv-
ity, now allow label-free quantification with a sensitivity that approaches tar-
geted methods.'*® This has enabled large-scale proteomics efforts to map the
proteome composition of almost all organs in the human body."**'*® However,
the proteome is highly dynamic and can rapidly change in response to external
stimuli,’*”""* meaning that steady-state protein levels do not necessarily re-
flect alterations induced by cellular damage or disease.'*” Depending on the
research question, analysis of context-specific samples may therefore be nec-
essary. Regarding the liver and hepatocytes, for example, proteomics has been
applied to study the effects of hepatocyte isolation,'*' cytostatic treatment,'*?
and culture-induced dedifferentiation.*

Pathway analysis

Proteomics (and other ‘omics’ technologies; Figure 7) generates huge
amounts of complex data, and drawing biologically meaningful conclusions
from this data can be a daunting task.'** A powerful way to approach this an-
alytical task is to use pathway analysis, which essentially reduces analytical
complexity by grouping proteins into biological pathways.'** Pathway infor-
mation exists in a growing number of knowledge bases, such as the Kyoto
Encyclopedia of Genes and Genomes (KEGG),'* Reactome,'*® and PAN-
THER'Y databases. This information can, in turn, be accessed and utilized
with a plethora of different data analysis tools.'**!4®

The first step in a typical pathway analysis (so-called overrepresentation
analysis) is usually to identify a list of interesting proteins based on some ap-
plication-dependent criterion, such as differential expression between two
conditions, or cell-type-specific proteins in a comparison of different cell
types. The proteins in the input list that belong to a certain pathway are then
counted, and compared to the proportion of proteins from that pathway in a
background list (e.g. the full proteome).'** Finally, statistical methods are ap-
plied to test whether each pathway is over- or underrepresented in the list of
input proteins.'** This generates a condensed, less complex set of results,
which facilitates interpretation as well as visualization.
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Aims of the thesis

The overall aim of this thesis was to use mass spectrometry-based proteomic
analysis, together with functional studies, to improve the understanding and
applicability of important in vitro model systems for studying small intestinal
and hepatic drug disposition.

The specific aims were:
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To analyze the proteome of filter-grown Caco-2 cells, and assess the im-
pact of expression differences between the cell line and human jejunum
on in vitro-in vivo extrapolations in drug transport studies (Paper I).

To investigate and ameliorate the problem of variable attachment effi-
ciency triggered by cryopreservation of human hepatocytes, and to study
the characteristics and functionality of ‘rescued’ cells (Paper II).

To evaluate the utility of quantifying cell debris particles in bright-field
microscopy images as a novel apoptosis detection method (Paper I1I).

To investigate the size characteristics of isolated human hepatocytes, and
to assess whether size separation can be used to study zonated liver func-
tions in vitro (Paper 1V).

To analyze the proteomes of human hepatocytes and the major types of
liver NPCs, for improved understanding of the functional roles of differ-
ent cell types (Paper V).



Methods

Proteomic analysis

The proteomes of the cell systems investigated in papers I, II, IV, and V of
this thesis were analyzed by high-resolution, quantitative liquid chromatog-
raphy-tandem mass spectrometry (LC-MS/MS). After sample collection, cells
were lysed in a buffer with a high concentration of SDS. Cell homogenates,
containing solubilized proteins, were processed in ultrafiltration units with the
multi-enzyme digestion filter-aided sample preparation (MED-FASP) proto-
col.'” Protein and peptide amounts were measured with a tryptophan fluores-
cence assay.'>’

Peptide mixtures were analyzed on LTQ Orbitrap and Q Exactive HF mass
spectrometers. The resulting MS data was analyzed with the MaxQuant soft-
ware for automatic identification and quantification of proteins."”' Protein
concentrations were calculated with the total protein approach (TPA), which
assumes that the summed peptide intensities in a sample represent the total
protein content.'>? By dividing the intensity of peptides from a certain protein
with the corresponding summed intensity, its fraction of the total protein mass
in a particular sample can be used to calculate the concentration:

Protein concentration =

MS signal mol
[ |

Total MS signal x M,, lg total protein
where ‘MS signal’ is the MS signal of peptides from a particular protein, ‘To-
tal MS signal’ is the summed intensity of all peptides, and My, is the molecular
weight of the protein in question. Protein copy numbers were calculated using
the proteomic ruler method, which is based on the proportionality of the MS
signal of histone proteins to cellular DNA content:'*?

Prote: . 1= MS sional Na DNA mass
= X ——X
rotein copies per ce signa M., Histone MS signal

(eq. 2)
where ‘MS signal’, again, is the MS signal of peptides from a particular pro-
tein, Na is the Avogadro constant, My, is the molecular weight of the protein,
‘DNA mass’ refers to the amount of cellular DNA (assumed to be 6.5 pg),'>
and ‘Histone MS signal’ refers to the summed intensity of the detected histone
proteins.
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Bioinformatic analysis

Proteomic datasets were processed and filtered with spreadsheet software and
the Perseus platform.'* Pathway analysis and biological characterization of
selected protein groups were performed with different databases and software
tools, depending on the application. These included the Ingenuity Pathway
Analysis (IPA) software,'*® the Ontologizer software tool,'*® the PANTHER
Classification System,'*” the Reactome Pathway Knowledgebase,'*® DAVID
Bioinformatics Resources,'”’ and the Funrich software.'>®

Caco-2 cells

Paper I concerned proteomic analysis of the human colon carcinoma cell line
Caco-2, connected to uptake transport studies of the SLCO2B1 substrate
pitavastatin. Cell culture and experiments were performed as described below.

Caco-2 culture

The cells were used at passage 95-105 and maintained at 37 °C, with 10%
CO,, in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
nonessential amino acids. For proteomics, Caco-2 cells were cultured on
Transwell polycarbonate filter supports for 21 days before excision of the fil-
ters for sample preparation. Transport experiments were performed with cells
cultured in 24-well plates.

Pitavastatin transport in Caco-2 cells

To study pitavastatin transport, Caco-2 cells were washed and then incubated
with a concentration series of the compound in Hank’s balanced salt solution
(HBSS) for 4 min. Transport was stopped by the addition of ice-cold buffer.
The amount of accumulated compound was quantified with LC-MS/MS.
Transport rates were calculated with a modified version of the Michaelis-Men-
ten equation, including a linear diffusion term (Pgif).">

Simulation of jejunal permeability

A simplified mechanistic model was used to simulate the jejunal permeability
of pitavastatin, incorporating Caco-2-based kinetic parameters for SLCO2B1-
mediated transport across the apical membrane, together with bidirectional
passive diffusion. Flux across the basolateral membrane was considered to be
purely passive. The model comprised three compartments (intestinal, intracel-
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lular, and blood), and was set to mimic a typical intestinal perfusion experi-
ment in a 10 cm segment of the intestine.'®® SLCO2B1-mediated transport in
the jejunum was scaled from the Caco-2 data based on expression differences
between the two systems.

Human hepatocytes

Proteomic and functional studies of human hepatocytes isolated in our labor-
atory were performed in papers II, III, and IV. Procedures surrounding the
1solation, culture, and use of these cells are described below.

Hepatocyte isolation

Liver tissue for hepatocyte isolation was obtained from human donors under-
going liver resection surgery at the Department of Surgery, Uppsala Univer-
sity Hospital, Sweden. The procedure was in accordance with the approval
from the Uppsala Regional Ethical Review Board (Ethical Approval no.
2009/028). All donors provided their informed consent to tissue collection.

Hepatocyte isolation was performed based on a two-step collagenase per-
fusion protocol.'” After flushing to remove blood, the tissue was transported
to the laboratory in a hypothermic preservation medium (Hypothermosol
FRS). Two blood vessels were cannulated, and medical adhesive was applied
to the tissue surface for optimal perfusion. The tissue was submerged in warm
DPBS before initiating perfusion. In the first perfusion step, a calcium-de-
pleted buffer was used to disrupt cell-cell connections. In the second step, the
connective tissue was digested by perfusion with a buffer containing a colla-
genase/protease mixture. After digestion was completed, cells were gently dis-
persed in warm medium and subjected to a series of washing steps, using low-
speed centrifugation to remove dead hepatocytes and NPCs. The final washing
step consisted of density centrifugation with Percoll, to obtain a preparation
of highly viable hepatocytes.

Cryopreservation and thawing

Hepatocytes that were not used freshly after isolation were routinely cryo-
preserved for subsequent experimentation. Hepatocyte suspensions were ad-
justed to 10 x 10° viable cells/ml in cryopreservation medium containing fetal
bovine serum (FBS), and 1 ml aliquots were added to cryovials. The cryovials
were kept in isopropanol freezing containers at -80 °C for 2 h before transfer
to long-term storage at -150 °C.

Thawing was performed by immersing cryovials in a 37 °C water bath for
around 2 min. Cell suspensions were poured into 50 ml tubes filled with pre-
warmed density gradient medium and centrifuged to decrease the presence of

27



non-viable cells. Finally, cell pellets were resuspended as appropriate for the
intended application, as described below.

Hepatocyte culture

Freshly isolated or thawed hepatocytes were resuspended in DMEM supple-
mented with HEPES buffer, glucose, FBS, insulin, dexamethasone, 1-gluta-
mine, and penicillin-streptomycin (PEST). Cells intended for experiments in
a suspension format were used immediately. For adherent monolayer culture,
cells were seeded in collagen I-coated multiwell plates at a concentration of
0.75 x 10° cells/ml and incubated at 37 °C with 5% CO,. After an attachment
period of 3 h, the medium was replaced with hepatocyte maintenance medium
supplemented with insulin, transferrin, selenium, dexamethasone, and PEST
(complete HMM). Attachment efficiency was calculated as the percentage of
initially seeded cells that were able to attach. For 3D spheroid culture, resus-
pended hepatocytes were seeded in 384-well ultra-low attachment plates at
5000 cells/well and incubated as above. After 48 h, 80% of the medium was
aspirated and replaced with complete HMM. The medium was then exchanged
every 48-72 h up to 21 days.

Evaluation of hepatocyte quality

Hepatocyte quality was evaluated with a morphological scoring metric
(termed monolayer score) developed in paper II and further applied in paper
IV. In brief, monolayers were imaged with an inverted microscope after 24 h
in culture. Three experienced researchers were given de-identified, random-
ized images for assignment of an overall monolayer score of 1-4 (with higher
numbers indicating higher quality), based on five morphological parameters:
uniformity of cell shape, level of cell stretching, distinctness of cell bounda-
ries, presence of dead cells and debris, and monolayer confluence. Final mon-
olayer scores were obtained by taking the mean of individual assessments.

Size separation with counterflow centrifugal elutriation

Hepatocytes were resuspended in an ice-cold HBSS-based buffer, and filtered
through a 70 pm cell strainer to remove large aggregates. The cell suspension
was injected into a JE-5.0 elutriation rotor running in an Avanti J-20 XPI cen-
trifuge, set up with the small elutriation chamber. The system was kept at 4
°C, and centrifugation speeds and buffer flow rates were gradually adjusted
for sequential collection of six different size fractions. Samples for experi-
ments were used immediately, and samples for proteomic analysis were stored
at -80 °C.
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Pitavastatin transport in hepatocytes

Hepatocytes were cultured as monolayers for 24 h. The cells were then incu-
bated with a 1 pM solution of pitavastatin in HBSS for 10 min. The drug so-
lution was aspirated and further transport was stopped by the addition of ice-
cold DPBS. The amount of accumulated pitavastatin was quantified with LC-
MS/MS.

Drug metabolism

In paper 11, drug metabolism was assessed by adding a solution of diclofenac
and midazolam (1 uM in HBSS) to hepatocyte monolayers cultured for 24 h.
Diclofenac is a substrate for CYP2C9, and midazolam is a substrate for
CYP3A4. Samples were collected at 0, 20, 40, and 60 min, after which the
experiment was stopped by adding ice-cold acetonitrile. Compound degrada-
tion was measured with LC-MS/MS.

In paper IV, hepatocyte size fractions in suspension were incubated with
two drug cocktails (in complete HMM) at concentrations of 1 uM for each
drug. The first cocktail contained midazolam (CYP3A4), bufuralol
(CYP2D6), bupropion (CYP2B6), amodiaquine (CYP2CS8), and diclofenac
(CYP2C9), and the second cocktail contained S-mephenytoin (CYP2C19) and
phenacetin (CYP1A2). Incubations were performed for 90 min in total, and
samples were collected after 0, 5, 10, 15, 20, 30, 60, and 90 min. Reactions
were stopped by mixing with ice-cold acetonitrile/water (60:40). The amount
of compound remaining at each time point was quantified with LC/MS-MS,
and clearances were calculated with the substrate depletion method.'®!

Image cytometry

Cell counts and viabilities were routinely analyzed with image cytometry, by
staining cell suspensions with fluorescent probes for live (acridine orange) and
dead (propidium iodide) cells. Corresponding bright-field images were always
acquired simultaneously with fluorescent images, and all images were stored
for future reference. Since the method is image-based, it enables morphomet-
ric studies, which was utilized for size analysis of cells and cell-derived debris
particles in papers II, III, and IV.

Detection of cell stress and apoptosis

In papers II and III, the effects of culture conditions and toxic compounds on
cell stress and apoptosis induction in human hepatocytes were studied. For
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this purpose, different assays were used as outlined below, depending on cul-
ture configuration and endpoint.

Oxidative stress

Oxidative stress was measured by staining hepatocytes with the fluorescent
substrate dihydroethidium (DHE), which exhibits bright red fluorescence once
bound to nucleic acids after being oxidized by ROS.'®* The cells were incu-
bated with the compound for 30 min, and fluorescence intensity was measured
with a plate reader.

Fluorescence-based apoptosis detection

For cells in suspension, apoptosis was measured with image cytometry, simi-
larly to the viability assay described above, using fluorescently labeled mark-
ers for phosphatidylserine externalization (annexin V) and caspase activation.
Importantly, the image cytometry-based annexin V assay used here has been
shown to give comparable results to conventional flow cytometry,'®® one of
the most commonly used tools for apoptosis detection.

For cells in adherent culture, the culture medium was supplemented with a
fluorescent detection reagent for caspase activation, which allowed repeated
measurements over time to follow temporal apoptosis induction. In this case,
fluorescence intensity was measured with a plate reader. Further visualization
of caspase activation was performed by confocal microscopy.

Quantification of cell debris

Paper III concerned the development of a novel method for apoptosis detec-
tion, based on the quantification of subcellular debris particles in bright-field
microscopy images. Briefly, the method that was developed uses an automated
Imagel] macro that performs a series of image processing steps. First, back-
ground noise is reduced and the image is converted into a binary (black and
white) format. Second, debris particles are highlighted and counted, and data
is obtained as a tab-separated text file. The method was applied on bright-field
images captured in parallel with the fluorescence-based image cytometry anal-
yses described in the sections above.

30



Results and discussion

The proteome of filter-grown Caco-2 cells (Paper I)

The work described in paper I concerned a proteomic mapping of Caco-2 cells
cultured on polycarbonate filters for three weeks. Similar analysis had previ-
ously been performed for Caco-2 cells grown in a less physiologically relevant
configuration (on conventional culture plastic),'® but an in-depth analysis of
filter-grown cells was lacking at the onset of this thesis. When cultured on
filters, Caco-2 cells can be used to mimic functions of the small intestinal ep-
ithelium, which is, chronologically, the first important physiological barrier a
drug compound encounters on its journey towards the systemic circulation.

Using MED-FASP and mass spectrometry-based label-free quantification,
8096 proteins were identified, spanning seven orders of magnitude in concen-
trations (Figure 8a). Principal component analysis (PCA) incorporating prote-
omic data on human colon'® and jejunum (unpublished data) showed that
Caco-2 cells were markedly different from the tissues, but were most similar
to jejunum (Figure 8b). A comparison with cells grown on plastic showed that
upregulated proteins in filter-grown cells were mainly involved in molecular
transport and metabolism, i.e. important enterocyte functions, while cells
grown on plastic retained a more cancer-like phenotype. These results com-
prehensively supported the decades-old notion that filter-grown Caco-2 cells
differentiate to resemble small intestinal enterocytes.”*”!

a 3 b 60 ;
[ Y @ Caco-2
24 e .’ @ Colon
& 14 98% of proteins «33 304 @ Jejunum
§8 0 8 5
g8 o :
8 ‘—3 2 %
E a [ ]
=7 3 : € 30 @ a
ad All proteins 2
» ADME proteins i
'5 T T T T T '60 T [ T
0 2000 4000 6000 8000 -100 -50 0 50 100
Ranked proteins Component 1 (25.2%)

Figure 8. Proteomic analysis of filter-grown Caco-2 cells. (a) Identified proteins,
ranked by concentration. ADME-related proteins are shown in red. (b) PCA of pro-
teomic data from Caco-2 cells, and human colon and jejunum. Numbers in parenthe-
ses show the amount of data variability explained by each component.
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Noteworthy is that the analysis gave near-complete coverage of proteins de-
lineating enterocyte differentiation, including brush border enzymes, adherens
and tight junction proteins, and ECM-interacting integrins. In terms of drug
absorption properties, 112 SLC and 20 ABC transporters were detected,
among which were nine of the 14 clinically relevant transporters present in
enterocytes (SLCO2BI1, SLC16Al, SLCI5A1, SLC29A1, SLC51A/B,
ABCBI1, ABCC3, ABCC2, and ABCG2; Figure 9).
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Figure 9. Protein concentrations of clinically relevant transporters in Caco-2 cells.
Nine of the transporters are known to be present in enterocytes.®”-’+73

More detailed studies were then performed for SLCO2B1, to assess the impact
of in vitro-in vivo differences in protein expression. SLCO2BI1 levels were 16-
fold higher in Caco-2 cells than in jejunum (Figure 10a), which was used to-
gether with permeation kinetics to scale the transport velocity in simulations
of time-dependent pitavastatin absorption at fixed concentrations.
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Figure 10. Pitavastatin transport in Caco-2 cells, and simulation of jejunal transport.
(a) SLCO2BI concentrations in Caco-2 cells and human jejunum, including data
corrected for epithelial cell proportions. (b) Pitavastatin uptake via SLCO2B1 and
passive diffusion in Caco-2 cells, at clinically relevant concentrations. (c) Simula-
tion of pitavastatin absorption in human jejunum based on transport kinetics in
Caco-2 cells and transporter concentration differences between Caco-2 cells and je-
junum. The effect of selected efflux transporters is also shown.
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It was found that SLCO2B1 contributed to around 60-70% of pitavastatin up-
take in Caco-2 cells (Figure 10b), but the lower expression in jejunum led to
a markedly lower predicted transporter contribution (<5%), suggesting that
passive transcellular diffusion dominates pitavastatin absorption in vivo (Fig-
ure 10c). This discrepancy emphasizes the crucial importance of taking ex-
pression differences between cell models and actual tissue into account for in
vivo-relevant interpretation of drug absorption data.

Post-thaw restoration of cryopreserved human
hepatocytes (Paper 1)

From paper Il onwards, the focus of the thesis work was placed on the liver.
In paper II, the underlying reasons for the highly variable quality of cryo-
preserved human hepatocyte batches (in terms of attachment and morphology)
were investigated. This is a well-known problem,'*!® and the ultimate goal of
the study was to find a way to improve the situation.

Initial characterization of standard post-thaw properties, i.e. viability, at-
tachment efficiency, and monolayer confluence, showed that the 14 included
cryopreserved hepatocyte batches covered a wide range of qualities (Figure

11a-b). For instance, attachment efficiency and confluence spanned ranges of
55-95% and 60-100%, respectively.
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Figure 11. Post-thaw quality characterization of 14 cryopreserved human hepatocyte
batches. (a) Cell viability immediately post-thawing. (b) Attachment efficiency and
monolayer confluence, assessed after 3 and 24 h in culture, respectively. (¢c) Mono-
layer score classification of the batches, based on visual evaluation of cellular mor-
phology.
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However, a highly confluent monolayer can still consist of cells with poor,
unhealthy morphology. This prompted the development of a novel morpho-
logical scoring metric (termed monolayer score), based on visual assessments
of cell shape, cell stretching, cell-cell interactions, the presence of dead cells
and debris, and confluence. Three quality groups were defined based on mon-
olayer scores: hepiow, hepmid, and heprign, across which the batches were evenly
divided (Figure 11c). This was found to give a more comprehensive view of
cell quality, and was used throughout paper II and later applied on a larger set
of batches in paper I'V.

Next, attached and non-attached hepatocyte fractions were subjected to
proteomic analysis to explore possible reasons for the failure to attach. The
analysis included representatives from each quality group, and 4013 proteins
were identified in total. PCA showed pronounced differences between at-
tached and non-attached hepatocytes (Figure 12), and 896 proteins were pre-
sent at significantly different concentrations. Pathway analysis revealed that
non-attached hepatocytes had a phenotype characterized by considerable cell
stress, including upregulation of glycolysis and, notably, marked apoptosis
activation.
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Figure 12. Proteomic analysis of attached and non-attached hepatocytes. Numbers in
parentheses denote the amount of variability explained by each component in a PCA
of the proteomic data.

The proteomic results formed the basis for more detailed analysis of cell stress
and apoptosis. Staining with fluorescent markers confirmed that oxidative
stress and apoptosis levels were significantly elevated in non-attached hepato-
cytes (Figure 13a-b). Additionally, hepiow batches, with generally lower levels
of attachment, showed increased caspase activity already immediately after
thawing (Figure 13c). The cells were then treated with various stress-reducing
compounds during the standard 3 h attachment period, in an attempt to im-
prove attachment efficiency. This post-thawing approach to attachment im-
provement has not been considered a worthwhile strategy to pursue.'” Here,
however, excellent results were obtained after blocking apoptosis with the
pan-caspase inhibitor Z-VAD-FMK (Figure 14), which gave a dose-depend-
ent increase in attachment efficiency (at 0-190 uM), with improved monolayer
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morphology, and facilitated the formation of 3D spheroids, without affecting
the hepatocyte proteome. The greater number of cells capable of attachment
after Z-VAD-FMK treatment led to overall increases in hepatocyte function-
ality, in terms of uptake transport and drug metabolism.
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Figure 13. Cell stress and apoptosis in cryopreserved human hepatocytes. (a) Oxida-
tive stress in attached and non-attached hepatocytes. (b) Annexin V staining in
hepatocytes immediately after thawing and in non-attached cell fractions. (c) Post-
thaw apoptosis levels in batches from different monolayer score groups, assessed by
caspase activity and annexin V staining.
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Figure 14. Post-thaw improvement of attachment efficiency and monolayer mor-
phology. (a) Attachment efficiency of four hepatocyte batches after treatment with a
concentration series of Z-VAD-FMK. Line colors indicate the baseline monolayer
score group of each batch, and the colored dots show the monolayer score classifica-
tion at 0 and 19 uM of the compound. (b) Monolayers from a hepjow batch treated
with DMSO or 19 uM Z-VAD-FMK. (c¢) PCA of proteomic data from untreated
cells and cells treated with Z-VAD-FMK for 3 h, analyzed after 3 and 24 h in cul-
ture. Numbers in parentheses denote the amount of data variability explained by
each component.

Importantly, the treated cells remained responsive to apoptosis induction by
celecoxib (as Z-VAD-FMK was rapidly washed away), showing that the treat-
ment does not preclude the cells from use in hepatotoxicity testing. This sim-
ple treatment protocol can thus markedly increase the availability of human
hepatocytes that are capable of attachment, which is a prerequisite for most
applications in conventional as well as 3D culture configurations.
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Apoptosis detection by cell debris quantification (Paper
I11)

While imaging hepatocyte suspensions during the work performed in paper 11,
it was observed that less viable (apoptotic) hepatocyte preparations contained
higher levels of small debris particles. An ImageJ macro was developed to
investigate the possibility of quantifying these debris particles in bright-field
microscopy images as a simple measure of apoptosis. Around 70% of the de-
tected particles had a diameter of 2-5 pm (Figure 15a), matching the size range
of the apoptotic bodies that result from cell disintegration during apoptosis.'*®
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Figure 15. Image-based debris quantification as a measure of apoptosis. (a) Size dis-
tribution of debris particles in the 14 hepatocyte batches from paper II, shown as rel-
ative and cumulative frequencies. (b) Debris counts in the 14 batches correlated with
annexin V staining. Error bars show standard deviations of technical quadruplicates.
Annexin V staining is shown as size-normalized fluorescence intensity per cell.

The apoptosis results from the 14 batches in paper II were then compared with
the corresponding debris counts. Debris counts were strongly correlated with
annexin V staining of externalized phosphatidylserine (r = 0.91; Figure 15b),
but only moderately correlated with caspase activation. This is consistent with
the sequence of apoptotic events, where caspase activation precedes phospha-
tidylserine externalization, ultimately ending with cell disintegration.'*'*” In
line with the results from paper II, non-attached cells showed elevated debris
levels, which decreased dose-dependently after Z-VAD-FMK treatment (Fig-
ure 16), further confirming the primarily apoptotic origins of the debris.
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Figure 16. Reduction of debris by caspase inhibition. (a) Debris counts from 41 dif-
ferent experiments, post-thawing and in non-attached cell fractions. (b) Dose-de-
pendent debris reduction in four batches after treatment with Z-VAD-FMK.
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To test the applicability of the method, hepatocytes were cultured under non-
adherent conditions (i.e. in suspension), which triggers apoptosis in anchor-
age-dependent cells (a phenomenon termed anoikis).'®® Annexin V staining
and debris counts showed similar increases over a period of 7 h, demonstrating
that temporal apoptosis activation can be tracked with debris counts. Next,
caspase activity and debris counts were measured after treating hepatocytes
and MDCK cells in adherent culture with toxic compounds. MDCK cells,
which are used in studies of nephrotoxicity,'” were included to investigate
whether the method could be used for other cell types than hepatocytes. No-
tably, the apoptosis inducer celecoxib triggered rapid, concentration-depend-
ent increases in both caspase activity and debris counts in hepatocytes as well
as MDCK cells (Figure 17). Altogether, these results demonstrated the utility
of debris quantification as an easy-to-apply method for apoptosis detection.
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Figure 17. Celecoxib-induced apoptosis in adherent cultures of hepatocytes and
MDCK cells. Apoptosis levels were measured by caspase activity and debris counts.

Liver zonation and cell size variability in human
hepatocytes (Paper IV)

At the outset, the idea with paper IV was to perform retrospective analysis of
the data collected during hepatocyte isolation and cryopreservation in the la-
boratory over the years. Along the way, however, certain interesting findings
(described below) meant that the project expanded into an exploration of cell
size variability and its association with liver zonation in isolated human
hepatocytes in vitro.

As mentioned in the section on paper II, the monolayer score classification
was here extended to include 50 batches (Figure 18a). It was found that more
than half of the batches (54%) belonged to the hepnign group, and only six
batches (12%) fell in the poor quality group (hepiw). Partial least squares
(PLS) modeling was used to assess how donor background and various pro-
cess parameters affected isolation and cryopreservation outcome (cell yield,
viability, and monolayer score). No significant determinants were identified,
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but an interesting trend was the influence of mean cell size, where high pro-
portions of large cells reflected negatively on the isolation outcomes, but pos-
itively on monolayer scores (Figure 18b).
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Figure 18. Isolation and cryopreservation of human hepatocytes. (a) Morphological
evaluation of cryopreserved batch quality, using the monolayer score metric devel-
oped in paper II. (b) PLS modeling of the effect of differences in donor background
and process parameters on the outcome of hepatocyte isolation and cryopreservation.
Error bars show confidence intervals of the PLS coefficients.

The effects of cell size on isolation and cryopreservation outcome prompted
an investigation of cell size variability across hepatocyte batches. On average,
freshly isolated and cryopreserved batches had very similar size distributions
(Figure 19a). However, considerable inter-batch variability was observed,
with different distribution shapes and maxima that ranged from 14 to 22 pm
in cryopreserved batches (Figure 19b).
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Figure 19. Size distributions in human hepatocyte batches. (a) Mean cell size distri-
butions of freshly isolated and cryopreserved batches. (b) Size distributions in cryo-
preserved batches, showing the marked inter-batch variability. The inset panel
shows examples of three highly different batches.
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To probe the characteristics of hepatocytes of different sizes in more detail,
counterflow centrifugal elutriation was used to separate hepatocytes from ten
batches into six fractions of sequentially increasing size (Figure 20a). Mean
size ranged from 15.8 £ 1.7 um in the first fraction (F1) to 21.2 = 3.7 um in
the last (F6). DNA content and multinucleation increased with increasing size
(Figure 20b), in agreement with lobular structure.*
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Figure 20. Proteomic analysis of different size fractions of human hepatocytes. (a)
Cell size in six different size fractions obtained with counterflow centrifugal elutria-
tion. (b) DNA content and multinucleation across size fractions. (c) Number of pro-
teins that were detected in a proteomic analysis of the different size fractions. (d-¢)
Size-dependent expression of (d) the periportal marker GLS2 and (e) the pericentral
marker GLUL, represented as fold over unfractionated controls. Shaded areas show
standard deviations. Histological images from the Human Proteins Atlas (HPA)!7
show similar expression patterns. Arrows show central veins (CV). (f-g) Biological
functions that were enriched in (f) small and (g) large hepatocytes.

Size fractions from three batches were analyzed with proteomics, and 5163
proteins were identified in total (Figure 20c). Glutaminase 2 (GLS2) and glu-
tamine synthetase (GLUL), two well-known markers of liver zonation with
predominant expression in the periportal and pericentral regions, respec-
tively,'”' showed size-dependent expression patterns that matched the in vivo
situation (Figure 20d-e).
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Protein abundances in the different fractions were then correlated with frac-
tion numbers (1-6), to find more proteins with sequentially enriched expres-
sion. Thresholds were set at Pearson correlation coefficients of -0.8 and 0.8
for enrichment in small and large hepatocytes, respectively. Thus, 151 pro-
teins were enriched in small cells, and 758 proteins in large cells. Pathway
analysis revealed that these proteins largely represented biological processes
with known zonal specificity (Figure 20f-g). For instance, small hepatocytes
showed enrichment of proteins involved in oxidative energy metabolism,
while the most enriched function in large cells was drug metabolism.

To assess whether size-dependent expression differences would be re-
flected by similar functional differences, the activity of the seven most im-
portant CYP enzymes in hepatic metabolism’’ was analyzed in the different
size fractions. Expression and activity across fractions were strongly corre-
lated for four of the enzymes (CYP1A2, CYP2B6, CYP2C19, and CYP3A4;
Figure 21), which were also the most clearly zonated in histological images
from the HPA. In all, these results demonstrate that size separation of human
hepatocytes can be used to study liver zonation in vitro.
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Figure 21. Size-dependent expression and metabolic activity of CYP enzymes. Both
parameters are shown as fold over the average of all fractions. Shaded areas show
standard deviations.

The proteomes of major cell types in the human liver
(paper V)

As described in the introduction, the liver does not only contain hepatocytes,
but also different types of NPCs that participate in many important aspects of
liver function. A complete proteomic picture of the liver can thus not be ob-
tained without analyzing these cells as well. Such analysis had previously been
performed for murine liver.'”>'” However, the usefulness of rodent models
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for understanding human biology is increasingly questioned,'’*!” and the goal
of paper V was therefore to analyze the proteomes of the major human liver
cell types, i.e. hepatocytes, LSEC, KC, and HSC, with a focus on proteins
involved in the immune system and ADMET processes.

Matched samples of the four cell types from three histologically normal
donors were obtained in collaboration with a commercial vendor. 9791 pro-
teins were identified in total, of which around 53% were common to all cell
types (Figure 22a). Data reliability was accentuated by the strong correlations
among biological replicates for each cell type (mean Pearson correlation co-
efficients of 0.90-0.94). PCA showed that the four cell types all had distinctly
different proteomes (Figure 22b). Further, a comparison with previously pub-

lished murine data showed that there were pronounced species differences
(Figure 22c).
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Figure 22. Proteomic analysis of major human liver cell types. (a) Number of identi-
fied proteins per cell type, and the overlap in protein identification between different
cell types. (b) PCA of the proteomic data. The numbers in parentheses show the data
variability explained by each component. (c) PCA comparing the proteomic data
generated here with similar data from murine liver cells,'”® showing clear species
differences.

As a benchmark of cell identity, the proteomic data on human liver cells was
compared with transcriptomic data from a single-cell RNA-seq study of dis-
sociated human liver cells.* The highest similarities were observed when
comparing matching cell types, with RNA/protein correlations of 0.20-0.45
(Figure 23a).

The characteristics of cell-type-specific proteins were then studied, includ-
ing proteins that were uniquely expressed in one cell type, or showed over 50-
fold higher levels in one cell type compared to the others. Around 300-500
such proteins were found for each cell type (Figure 23b). Pathway analysis
showed that they were enriched for biological processes representative of cell-
type-specific functionality (Figure 23c). For instance, hepatocytes showed en-
richment of proteins involved in various types of metabolism, many proteins
specific to LSEC and KC were associated with the immune system, and HSC-
specific proteins were related to the ECM.
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Figure 23. Benchmarking cell identity. (a) Protein concentrations in the samples

from this project compared with corresponding RNA levels from a single-cell RNA-
seq study.*' Cluster numbers come from the RNA-seq study. (b) Numbers of cell-
type-specific proteins in the four cell types. (¢) Enriched biological functions among
cell-type-specific proteins.

To explore the potential involvement of hepatocytes and NPCs in the patho-
genesis of idiosyncratic DILI, the expression of selected categories of proteins
with important immune-related functions was investigated. These included
antigen presentation proteins, cytokine receptors, complement proteins, pat-
tern recognition receptors (PRRs), and various alarmins. As could be ex-
pected, KC showed the most prominent overall expression of these proteins,
in agreement with their role as tissue-resident macrophages. Taking antigen
presentation as an example, major histocompatibility complex (MHC) class II
molecules were exclusive to KC (Figure 24a).
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Figure 24. Expression of immune-related proteins. (a-b) Protein concentrations of
(a) antigen presentation proteins and (b) cytokine receptors in the four different cell

types.
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However, some immune-related proteins, such as cytokine receptors, were
predominantly expressed in other cell types (notably HSC; Figure 24b), and
the proteomic data described here can thus provide informed starting points
for more in-depth studies into the causes of idiosyncratic DILI.

Finally, the expression of SLC transporters, ABC transporters, and CYP
enzymes was studied. Sixteen transporters of importance in drug develop-
ment®”’*"> were reliably quantified (by at least three unique peptides), out of
which twelve were predominantly expressed in hepatocytes. The most highly
expressed of the important SLC transporters were SLCO1B1, SLC22A1,
SLCO1B3, and SLCO2B1 (Figure 25a), which is in line with proteomic re-
sults from intact liver tissue.'*"'’® Interestingly, the SLCO transporters also
showed some expression in KC. This matches previous observations on the
expression of SLCO2B1 and SLCO4C1 (which was exclusive to KC here) in
human blood macrophages.'”” In terms of ABC transporters, all but ABCC4
showed predominant expression in hepatocytes (Figure 25b). In fact, ABCC4
has previously been shown to be expressed by HSC,'”® which was the cell type
with the highest levels of this transporter here.

Hepatocytes showed the highest expression of all CYP enzymes of im-
portance in drug metabolism,”” i.e. CYP3A4, CYP2D6, CYP2C9, CYP1A2,
CYP2B6, CYP2C19, CYP2C8, CYP2A6, CYP2E1, and CYP2J2 (Figure
25c). Curiously, some CYPs were also present in KC, which might indicate
an active role of these cells in drug metabolism. In general, however, the re-
sults supported the notion that hepatocytes perform the majority of ADME-
related functions in the liver.
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Figure 25. Expression of proteins involved in hepatic drug disposition. (a-c) Protein
concentrations of (a) SLC transporters, (b) ABC transporters, and (c) CYP enzymes
in the four different cell types. Missing data points indicate that the protein was not

reliably quantified.
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Conclusions

This thesis provides improved understanding and applicability of Caco-2 cells
and primary human hepatocytes, two of the most important in vitro models for
studies of small intestinal and hepatic drug disposition, respectively. Analysis
of the Caco-2 proteome gave a description of its in vivo-likeness, and revealed
aspects to consider for generating predictive transport data. While investigat-
ing human hepatocytes of different qualities, proteomics offered clues into the
stress-related factors behind cryopreservation-induced non-attachment, which
was used as a basis for ameliorating the problem. This work also led to a spin-
off project in which a novel method for apoptosis detection was developed.
Focus was then turned to liver zonation, where it was found that hepatocyte
size reflects zonal origin, both in proteomic and functional terms. Finally, the
proteomes of major NPC types were analyzed, providing a resource for ex-
ploring global and cell-type-specific expression patterns in the human liver.

From the work presented herein, it can be concluded that:

e The proteome of filter-grown Caco-2 cells contains many proteins related
to enterocyte differentiation, as well as 112 SLC and 20 ABC transporters.
Further, protein expression differences between Caco-2 and jejunum need
to be considered for correctly interpreting transport studies in vitro.

e Apoptosis inhibition can be used to restore attachment properties and
functionality of suboptimal hepatocyte batches after cryopreservation,
without undesirable changes to the hepatocyte proteome.

e Quantification of cell debris in bright-field microscopy images can be
used as a measure of late-stage apoptosis levels.

e Hepatocyte size corresponds to zonal origin, meaning that size separation
of human hepatocytes can be used to study zone-specific functions in a

way that cannot be done with whole-batch experiments.

e Human hepatocytes, LSEC, KC, and HSC all have unique proteomes,
with contributions from the NPCs in some aspects of drug disposition.
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Populéarvetenskaplig sammanfattning

For att nd blodomloppet, och s& smaningom sitt tilltinkta mal, méste ett oralt
administrerat likemedel forst absorberas genom tunntarmens slemhinna och
sedan undvika alltfér omfattande nedbrytning i levern. Att studera dessa para-
metrar dr darfor en viktig del av lidkemedelsutvecklingsprocessen. Det kan
astadkommas i laboratoriemiljé genom anvindning av cellbaserade modeller
som simulerar funktionen hos ménsklig tunntarm och lever, till exempel med
Caco-2-celler och isolerade ménskliga hepatocyter. Ingen modell dr dock op-
timal i alla lagen. Mélet med denna avhandling var darfor att 6ka forstaelsen
och tillimpbarheten for dessa cellmodeller, genom att kombinera moderna
metoder for mitning av cellernas totala uttryck av proteiner (sa kallad prote-
omik), de molekyler som utfor cellens funktion, med olika slags funktionella
studier.

I forsta skedet anvéndes proteomik for detaljerad analys av Caco-2-celler,
en mycket vanlig cellinje for att uppskatta lakemedelsabsorption i ldkemedels-
utveckling. Analysen lyfte fram pa vilka sitt dessa celler liknade riktiga tarm-
celler, samt pé vilka sétt de var mindre lika. Genom experimentella bestim-
ningar av likemedelsupptag och jaimforelser med proteinuttryck i ménsklig
tarmvavnad kunde ocksé vikten av att ta hinsyn till skillnader mellan Caco-2-
celler och tarmen belysas.

Fokus vindes sedan mot hepatocyter, de celler som huvudsakligen ansvarar
for leverns funktion. Isolerade ménskliga hepatocyter anvénds ofta i laborato-
rieexperiment for att studera ldkemedelsupptag, metabolism och toxicitet i le-
vern. Oftast har forskare dock bara tillgang till frysta celler, som ibland kraf-
tigt skadas av den stress som orsakas av nedfrysnings- och upptiningsproce-
durerna, vilket i vérsta fall medfor att cellerna inte gér att anvidnda. Hir an-
véndes proteomik som en startpunkt for att utveckla ett stressreducerande
protokoll for att lindra denna skada efter upptining, vilket tidigare inte ansetts
mdjligt. Detta enkla protokoll, som fungerar genom att hindra celldod via sa
kallad apoptos, har potential att dramatiskt oka tillgdngen pa hogkvalitativa
ménskliga hepatocyter. [ samband med det hér projektet utvecklades ocksa en
ny metod for att méta apoptos, baserad pa att rikna de partiklar celler ger ifrdn
sig ndr de dor pé detta sétt.

Hérnéast undersoktes de sldende olikheter hepatocyter uppvisar pad mikro-
niva i levern, sa kallad leverzonering. Detta fenomen innebér att olika hepato-
cyter utfor olika funktioner, beroende pa deras placering i leverns finstruktur.
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Det visade sig att isolerade hepatocytberedningar innehéller ett brett storleks-
spann av celler. Genom att dela upp hepatocyterna i olika storleksfraktioner
och studera dem med proteomik och funktionella experiment framgick det att
hepatocytstorlek i hdg grad stimmer dverens med cellens ursprungliga posit-
ion i levervidvnaden. Det betyder att storleksseparation kan anvidndas som ett
enkelt sitt att studera leverzonering i laboratoriemiljo.

Slutligen, eftersom hepatocyter inte dr ensamma i levern, anvéndes prote-
omik for att studera andra viktiga levercelltyper, sé kallade icke-parenkymala
celler. Hir inkluderades de tre viktigaste icke-parenkymala celltyperna, det
vill sdga sinusoidala endotelceller, som bygger upp de finaste blodkérlen i le-
vern, Kupfferceller, ett slags leverspecifika makrofager, samt stellatceller,
som hjélper till att reglera blodflédet och lagrar vitamin A. Analysen visade
att de olika celltyperna hade unika proteinuttrycksprofiler och tycktes alla pa
olika sétt bidra till leverns behandling av ldkemedel. Datat fran denna analys
kan anvindas av forskningssamhéllet som en resurs for detaljerad utforskning
av hur samspelet mellan olika slags leverceller reglerar och paverkar leverns
funktion.

Sammanfattningsvis bidrar detta avhandlingsarbete till 6kad forstaelse och
utdkade tillimpningsmojligheter for Caco-2-celler och ménskliga hepatocy-
ter, tva av de allra viktigaste laboratoriemodellerna for att studera hur tunntar-
men och levern behandlar ett administrerat 1dkemedel.
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