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A successful drug needs to display beneficial absorption, distribution, metabolism, excretion
and toxicity (ADME-Tox) profile. It is therefore important to investigate these properties during
the drug discovery process. The liver is of particular interest in ADME-Tox studies, as it is
highly metabolically active and oral administrated drugs needs to pass the liver before reaching
the systemic circulation. However, a dose of a drug that is efficacious and safe for one individual
may be inefficacious or toxic, because of inter-individual variability. Therefore, it is important
to investigate the ADME-Tox properties in a sufficiently large population. Investigations on
ADME-Tox is usually done in in vitro cell models.  Therefore, a variety of models to simulate
liver functions have been developed and ranging from subcellular microsomes to complex 3D
organoid cultures. This thesis investigates variability of ADME proteins in human liver tissue
and in liver cell models.

First, mass spectrometry based targeted proteomics was used to quantify ADME relevant
proteins from 149 human liver samples. The observed inter-individual protein variability could
not solely be explained by genotype. Therefore, a single transporter protein, the bile and drug
transporting protein, NTCP, was investigate in detail.  Non-genetic factors, e.g. smoking and
alcohol consumption, and epigenetic factors such as DNA methylation, were found to contribute
to the observed inter-individual variability of NTCP.

Next, hepatocytes (PHH) were isolated from 54 human livers tissues and after which
the hepatocytes where cryopreserved. The variable attachment efficiency of cryopreserved
hepatocytes where investigated and an apoptosis inhibition protocol for restoration of
attachment properties was developed. This protocol was also successfully applied to 3D cultured
PHH spheroids resulting in increased ability to form 3D spheroids.

The effect of culture conditions on the quality of the 3D cultures was also investigated.  3D
PHH spheroids were formed and maintained in different, commonly used culture media. The
spheroids were characterized by a variety of functional assays including global proteomics. The
proteome analysis showed that while no epithelial to mesenchymal transitions was observed,
3D cultures maintained in fasting glucose and insulin levels resembling the in vivo situation
showed a more liver-like phenotype with a high expression of ADME proteins and functional
cytochrome P450 metabolism. Transporter kinetics were also investigated in the 3D cultured
PHH.

Finally, we investigated if global proteomics data from 56 human liver tissues could be
deconvoluted to give information about the liver composition. The cell type proportions
generated by deconvolution where similar to literature values. Liver samples that displayed
deviating cell composition were identified. The deviating liver compositions were in agreement
with clinical markers of inflammation in the patient´s blood samples and with altered
extracellular matrix protein composition, comparable to that found in liver steatosis. 

In conclusion, this thesis have investigated variability in ADME proteins in human liver and
in in vitro cultures of human hepatocytes, characterized cofounding factors for in vitro cultured
hepatocytes and further extended drug disposition studies in 3D cultured hepatocytes.
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All models are wrong, but some are useful.

George E.P. Box
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Introduction 

Many factors influence the extent to which a drug can reach systemic circula-
tion and its intended target. For instance, an orally administrated drug needs 
to be absorbed to reach the systemic circulation. The drug then needs to avoid 
extensive metabolic clearance and biliary or renal excretion to reach its target 
at a high enough concentration to be effective. Further, the drug should not 
have any toxic effect that outweighs its benefits. In particular, drug induced 
liver injury (DILI) needs to be avoided. In summary, a successful drug needs 
to display beneficial absorption, distribution, metabolism, excretion, and tox-
icity (together these five qualities are called ADME-Tox) to be effective.  

During the drug discovery process, ADME-Tox properties are investigated 
in in vitro models that simulate discrete in vivo functions. A variety of in vitro 
models of liver function have been developed, ranging from subcellular mi-
crosomes, for studies of drug metabolism only, to cultured liver cells in vari-
ous configurations ranging from simple monolayers to complex 3D structures 
for studies of drug metabolism, transport and DILI. These various culture con-
figurations come with different levels of similarity to in vivo conditions, re-
producibility, throughput, and cost.1 

Often, the cultured liver cells used in these studies originate from small 
animal species such as rodents, but to avoid species differences, it is preferable 
to use human liver cells. A complication associated with human liver cells is 
inter-individual variability, which originates from differences in both genetic 
and environmental backgrounds. It is important to understand how inter-indi-
vidual variability relates to liver cell composition and function.  

In this thesis, quantification of protein expression is used to investigate in-
ter-individual differences in human livers and in isolated human hepatocytes 
cultivated in 2D and 3D configurations. Mass spectrometry-based proteomics 
is used because this technique enables quantification of thousands of proteins, 
which is close to the total proteome.2 Special focus is given to ADME-Tox 
proteins, specifically, enzymes responsible for drug transport and drug metab-
olism, both of which influence drug disposition.3 Global protein profiles are 
used to optimize cell culture conditions and modify media with the aim of 
obtaining liver cell cultures with functions close to those of the human liver. 
Deconvolution of the global liver proteome is used to investigate the variabil-
ity of individual liver cells, and examples of how these differences correlate 
with disease markers will be presented. 
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The human liver 
The largest visceral organ in the human body is the liver. The liver has an 
average weight of 1500 g and receives about a quarter of the total cardiac 
output.4 About 70 to 80% of the liver’s blood is supplied trough the portal vein 
and the rest is supplied by the hepatic artery. The blood from the hepatic artery 
is rich in oxygen and the blood from the portal vein is rich in nutrients that 
have been taken up by the digestive system. Compounds absorbed in the di-
gestive system need to pass through liver before reaching systemic circulation, 
a process called hepatic first passage. Because one of the liver’s main func-
tions is detoxification and elimination of xenobiotics, many drugs are substan-
tially metabolized during hepatic first passage.5 The liver is also the biggest 
gland in the human body, producing and secreting bile components and many 
blood proteins like albumin. 6 

Cellular anatomy of the liver 
The liver primarily consists of parenchymal hepatocytes, which comprise 
about 80% of the liver volume.7,8 The liver also contains non-parenchymal 
cells (NPCs) such as liver sinusoidal endothelial cells (LSECs), liver-specific 
macrophages called Kupffer cells (KCs), and hepatic stellate cells (HSCs). 
NPCs constitute about 6.5% of the liver volume. LSECs are the most abundant 
non-parenchymal cell type followed by KCs and HSCs.7,8  

LSEC form vessels from the portal vein and hepatic artery to the central 
vein called sinusoids in which blood flows and KC travel. Between these ves-
sels and hepatocytes is the perisinusoidal space (space of Disse) where HSC 
are found. Together with bile ducts, these linear structures are organized in 
repeating hexagonal structures called lobules (Figure 1). Each corner of the 
hexagonal lobule consists of the portal triad comprising bile ducts, portal vein 
and hepatic artery, and in the centre is the central vein. 9 
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Figure 1. Schematic of the microarchitecture of the liver. The liver is organized in 
units called lobules. Lobules are hexagonal units and at each corner of the hexagon 
is a portal triad consisting of a hepatic artery, a portal vein, and a bile duct. Blood 
flows from these corners to the centre of the hexagon where a central vein is located. 
Liver sinusoidal endothelial cells (LSECs) line the vessels spanning the corners and 
the centre of the hexagon, allowing hepatocytes access to blood constituents. Kup-
ffer cells (KCs) adhere to the surface of LSECs and hepatic stellate cells (HSCs) re-
siding in the spaces between LSEC and hepatocytes (the space of Disse).  

Hepatocytes 
Hepatocytes, which make up the majority of the liver, are specialized epithe-
lial cells responsible for most liver functions, such as metabolic, secretory, 
and endocrine functions.8,9 Therefore, primary human hepatocytes (PHHs) 
have been used extensively for in vitro studies of liver functions, including 
drug transport, metabolism, and toxicity studies.  

Hepatocytes’ spatial heterogeneity following the blood flow from the portal 
triad to the central vein is called zonation.10 Hepatocytes along the zonation 
gradient differ in, e.g., cell size, ploidy, and metabolic activity.10,11 The size of 
hepatocytes ranges from 18 µm in the periportal zone to more than 30 µm in 
the perivenous zone, with ploidy number increasing with cell size (Figure 
1).11,12 Many metabolic processes, such as carbohydrate and nitrogen metabo-
lism, differ between zones. Periportal hepatocytes mainly perform gluconeo-
genesis and urea synthesis. Conversely, pericentral hepatocytes primarily per-
form glycolysis and glutamine synthesis10,13, as this is where the majority of 
drug metabolising enzymes are more highly expressed.14,15 Worth noting is 
that the extent of these processes gradually change along the porto-central axis 
and none of the processes are completely abolished at either side. 
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Hepatic zonation has been known for a long time, but the underlying regu-
latory pathways are neither yet fully understood nor elucidated. The oxygen 
gradient is, together with the hedgehog pathway and β-catenin signalling, con-
sidered curcial in creating hepatocyte zonation.16–18 However, both the hedge-
hog pathway and β-catenin signalling can be modulated by the hypoxia sig-
nalling system, and the dynamic interplay among all these pathways can be 
seen as the driver of hepatic zonation.10 

Hepatocytes in traditional 2D in vitro cultures dedifferentiate, lose their 
function, and do not survive for long (only a few days).19–21 To mitigate these 
problems, cultures allowing for cell-matrix or cell-cell contact in all three di-
mensions have been used.22–24 3D cultures have recently gained popularity and 
show increased function and survival compared to traditional 2D cultures.  

Liver sinusoidal endothelial cells 
In the lobule, LSECs form the vessels from the portal vein and hepatic artery 
to the central vein. These thin and elongated cells are highly specialized en-
dothelial cells. LSECs have many small pores, or fenestrations, with diameters 
from 100 to 170 nm.25,26 These fenestrations work as a sieve and facilitate the 
transfer of substrates between the blood and hepatocytes. LSECs are also ef-
fective scavengers of waste macromolecules and have a greater endocytic ca-
pacity compared to other endothelial cells.26 The internalised ligands are trans-
ported to and efficiently degraded in lysosomal compartments. LSECs have 
an overall anaerobic metabolism with few mitochondria per cell, producing 
lactate, which is then taken up by hepatocytes.27,28  

Hepatic stellate cells 
HSCs are the liver pericytes and reside in the space of Disse between hepato-
cytes and LSECs. An HSC has a dendrite-like morphology with micro-projec-
tions that stretch from LSECs to hepatocytes.29 The most characteristic func-
tion of HSCs is their role in transporting and storing vitamin A (retinol). About 
80% of total body retinol is stored within HSCs in lipid droplets.29 Another 
important function of HSCs are their role in vasoregulation using a large num-
ber of receptors and intracellular mediators that modulate cellular contraction. 
HSCs are also important in liver architecture, as they regulate the extracellular 
matrix (ECM) by secreting ECM molecules and ECM-degrading enzymes.29  

 In cellular injury or with inflammation, HSCs can leave their quiescent 
state and begin producing a surplus of ECM. This surplus ECM can lead to 
fibrogenesis, which, if maintained, leads to the potentially lethal condition of 
liver cirrhosis. In cirrhosis, normal cellular function is disrupted and eventu-
ally causes liver failure and liver cancer.30 Cirrhosis is estimated to affect be-
tween 1% and 2% of the global population, with over 1 million deaths annu-
ally worldwide.30   
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Kupffer cells 
KCs are liver-specific macrophages that constitute 80–90% of all macro-
phages in the human body.31 KCs encounter material arriving via the gastro-
intestinal tract, including food antigens and microorganism-derived products. 
This strategic location gives KCs an important role in immune surveillance 
and in initiating a wider immune response, recruiting other immune cells from 
the blood if needed.32 Furthermore, they are important in capturing and elim-
inating blood-borne pathogens.33,34 

KCs and recruited macrophages are also involved in fibrosis by keeping 
the number of activated HSCs elevated and promoting HSC migration.35 How-
ever, they have a divergent function in fibrogenesis and may mitigate fibrosis 
through extracellular matrix degradation and killing of activated HSC by ex-
pression of TNF-related apoptosis-inducing ligand.36,37  

Liver drug disposition 
Once a drug reaches the liver, it can enter the cells by passive lipoidal diffu-
sion or via a transport protein. Inside the cells, the drug can be metabolized. 
The drug as well as its metabolite(s) can then be transported out of the cell, 
either into systemic circulation or into the bile, involving both drug transport 
and metabolizing enzymes (Figure 2). It is therefore essential to study these 
proteins to understand drug disposition mechanisms. Furthermore, drugs that 
interact with the same transport protein or metabolizing enzyme can result in 
an altered drug disposition. Such drug-drug interactions (DDIs) could cause a 
drug to lose its effectiveness or to elicit side effects. 38 
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Figure 2. Transporters and metabolizing enzymes important for hepatic drug dispo-
sition. A, SLC and ABC superfamily transport proteins.39 B, Cytochrome P450 pro-
teins. 40 C, UDP glucuronosyltransferase proteins.41 

Hepatic transport 
Drugs can pass through the cell membrane by lipoidal diffusion and move 
along the chemical potential gradient, which is usually from a high to a low 
drug concentration. Diffusion can also be facilitated by proteins at the plasma 
membrane working as channels, which circumvents the need to directly inter-
act with the plasma membrane.42 Passive diffusion does not require any en-
ergy, as it is driven by the chemical potential. 

In addition to passive transport, drugs can be actively transported by en-
ergy-demanding processes. Active transport is carried out by transport pro-
teins both into the cell (uptake) and out of the cell (efflux).43 Transport pro-
teins can increase permeation through uptake processes or limit permeation 
through efflux. In hepatic transport, drugs can also be eliminated by secretion 
into the bile (Figure 2A). 

The transporters in humans belong to two major superfamilies, namely the 
solute carrier (SLC) superfamily comprising 395 members and the ATP-bind-
ing cassette (ABC) superfamily comprising 49 members.44,45 The majority of 
drug-transporting SLCs are uptake transporters and do not rely directly on en-
ergy from ATP. In contrast, as their name implies, ABC transporters are ATP-
driven.43 These transporters are heterogeneously expressed in different organs 
and between individuals.46,47 For that reason, different panels of liver-specific 
transporters have been suggested for studying hepatic drug transport.39,48 
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Hepatic metabolism 
Inside hepatocytes, drugs can be metabolized, usually to increase their elimi-
nation.49,50 Drug metabolism can be divided into two phases. In phase I, met-
abolic enzymes modify the drug, usually by hydroxylation.51 Most phase I 
metabolism is performed by the cytochrome P450 family (CYPs). In phase II, 
enzymes either conjugate charged species (like glucuronic acid) directly to a 
drug molecule or to its phase I metabolite.51 Most phase II metabolism is per-
formed by the UDP-glucuronosyltransferase family (UGTs) (Figure 2B-C). 

Hepatotoxicity 
Due to the liver’s location and central role in drug metabolism and elimina-
tion, the liver is at a large risk of coming into contact with toxic compounds 
and/or metabolites.52 As a result, one of the most common reasons for a drug 
to be withdrawn from the market is drug-induced liver injury (DILI).52,53 Two 
examples of DILI mechanisms are increased accumulation of reactive oxygen 
species (ROS) and obstruction of bile acid homeostasis.54 Both cause cellular 
stress, leading to apoptosis activation or necrosis, resulting in cell death. More 
difficult DILIs to study are so-called ‘idiosyncratic’ DILIs, where a mixture 
of characteristics is observed that are not clearly related to dose, route, or du-
ration of drug administration.55 It is plausible that many idiosyncratic DILI 
cases are caused by inadvertent activation of the adaptive immune response, 
which could be caused by “danger” signals produced by minor damage done 
by the drug or drug-protein complex.55 

In vitro models for hepatic drug disposition 
Hepatocytes isolated from human liver tissue are currently considered the gold 
standard for in vitro study of key elements of drug disposition, which are 
needed for a successful drug development process.56,57 However, the several 
different culture configurations possible for PHH cultures have various ad-
vantages and shortcomings. The choice of culture configuration depends on 
the research question, facilitated by considerations such as throughput, cost, 
reproducibility, and culture time. A few different culture configurations are 
described below (Figure 3). 

Extensive research has investigated the applicability of cryopreserved 
hepatocytes.58,59 Being stored frozen, they have the advantage of being avail-
able on demand. However, batch quality can vary considerably after thawing, 
and further improvements to the technique are needed.60,61  

When cultured in standard configurations in vitro, hepatocytes are subject 
to, e.g., loss of function, dedifferentiation, and loss of viability.19–21 To miti-
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gate some of these problems, cultures allowing hepatocytes to form cell-ma-
trix or cell-cell connections in all three dimensions (which better resembles in 
vivo conditions) have been used.22–24 These cultures retain their in vivo char-
acteristics for a longer period of time than simple monolayer cultures. For ex-
ample, 2D monolayers in which hepatocytes are cultured on an ECM surface 
dedifferentiate in a few days. However, when a second ECM layer is added 
on top of the monolayer (in a configuration called a sandwich culture), hepato-
cytes both retain many differentiated features for a longer space of time and 
remain polarized, even forming small, but closed biliary compartments.1,62  

Longer-term maintenance of a differentiated phenotype is possible in three-
dimensional (3D) cultures such as hepatocyte spheroids.22 PHH spheroids 
self-aggregate into spheroidal structures if they cannot attach to anything else, 
for example, if they are in hanging drops or low-attachment surfaces.23,63,64 
Hepatocytes will also start to deposit their own ECM and encapsulate the 
formed structure.65 PHH cultured in this formation are functionally active for 
several weeks and closely resemble their in vivo phenotype.23,66  Mimicry of 
the liver can be enhanced even further (at the expense of throughput) by intro-
ducing medium flow in liver on-chip cultures.1 

Several different culture media have been used for hepatocyte cultures, 
ranging from a well-defined medium created in 1971 (called Williams E) to 
optimized, presumably more advanced commercial media.19,23,67–69 However, 
the high levels of glucose and insulin used in many hepatocyte cultures could 
be suboptimal for maintenance of in vivo-like hepatocyte phenotypes.70–72  
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Figure 3. Examples of different configurations of in vitro models of PHH for hepatic 
drug disposition studies. A, 2D cultures in which hepatocytes are cultured on a sur-
face of ECM proteins. A monolayer culture of hepatocytes is overlaid on a surface 
of ECM. If a second layer is added on top of the cells, a sandwich culture is ob-
tained. B, 3D spheroid cultures are formed when hepatocytes self-aggregate and 
form small spherical structures. C, 3D liver-on-chip cultures are 3D cultures with 
microfluidics that simulate tissue perfusion in vivo. The microfluidics allow for crea-
tion of nutrient and oxygen gradients similar to those in liver lobules (outlined in 
Figure 1).   

Mass spectrometry-based proteomics 
Mass spectrometry (MS) is an analytical method used to detect and quantify 
ionized molecules. MS uses electromagnetic fields to separate and guide ion-
ized molecules to a detector, where they can be measured. The first quadrupole 
mass filter was invented 1953 and this type of filter is still a fundamental part 
in many MS instruments.73 A quadrupole determines which ionized molecules 
should be selected and guided forward, which is especially useful when the 
charge and molecular weight is known, e.g. in targeted proteomics approaches 
with a few molecules of interest.  

Substantial progress in MS was achieved in 2005 when the first orbitrap-
based MS was described and made available.74 As the name suggests, in or-
bitrap MS, ionized molecules enter the orbitrap and are trapped in an orbit 
around the central electrode. The oscillations of the molecules depend on their 
mass and charge, and a mass spectrum can be generated using Fourier trans-
formation. 

Orbitraps avoid the complexity and size of Fourier transformation ion cy-
clotron resonance analysers, the low sensitivity and dynamic range of orthog-
onal time-of-flight analysers, and the limited mass accuracy of ion trap ana-
lysers.74 These benefits place them among the most prominent instrumentation 
in mass spectrometry. Another benefit of the orbitrap method is that it can 
detect many different species of molecules at the same time, in a broad dy-
namic range, which is essential for global proteomics where the aim is to 
measure all species.  
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MS-based proteomics can be divided into two categories, top-down and 
bottom-up. Top-down approaches are used to study intact proteins, and bot-
tom-up approaches are used to study peptide fragments of proteins. For quan-
titative proteomics analysis, bottom-up approaches are more commonly ap-
plied because they offer better initial separation of the small peptides and 
higher sensitivity than the intact proteins in top-down approaches.75 However, 
with the bottom-up approaches, there is a need to identify the sequences and 
the protein origin for each of the large number of peptides generated by protein 
digests.  

To perform bottom-up MS based proteomics, protein is extracted and di-
gested. Extracting protein from cells and tissues can be done using mechanical 
means such as high pressure, sonication, and bead beaters.76 Reagent-based 
methods using denaturants or detergents, such as urea, sodium dodecyl sul-
phate, and Triton X-100, can also be used to lyse cells and solubilize pro-
teins.77 However, many detergents are incompatible with MS, as they cause 
ion suppression.78 Detergents and salts that cause ion suppression and similar 
problems can be removed by clean-up methods like gel electrophoresis, pro-
tein precipitation, and filter-assisted sample preparation (FASP).77  

In FASP, solubilised proteins are retained on a filter, and salts, buffers, and 
detergents are washed through the filter using a highly concentrated urea 
buffer.79 Proteins on the filters are then alkylated and digested into peptides 
that are small enough to pass through the filter. Two digestion enzymes com-
monly used in this technique are lysyl endopeptidase (LysC) and trypsin. LysC 
cleaves the proteins after a lysine residue, and trypsin cleaves peptides after 
lysine and arginine residues. As a result of enzymatic cleavage, the peptides 
receive a C-terminus positive charge, which is beneficial for MS analysis. Re-
sulting peptides are also easily further fragmented via MS.80–82 To increase 
digestion efficiency as well as decrease sample complexity, sequential diges-
tion is often performed.83,84 Other ways of reducing sample complexity to in-
crease proteome coverage is to perform fractionation, such as high pH frac-
tionation and isoelectric focusing.85,86 

Mass spectrometry-based targeted proteomics 
In targeted proteomics, only a subset of all proteins are of interest. Typically, 
peptides from the desired proteins are selected and these surrogate peptides 
are then used for quantification. The selection of surrogate peptides should 
account for many aspects such as MS suitability (depending on chemical prop-
erties), uniqueness to the protein, and the probability of enzymatic cleavage.87 
Properly selected surrogate peptides will then ensure accurate quantification.  

A stable isotopically labelled (SIL) version of the surrogate peptide is often 
used as an internal standard, helping to identify the correct peaks and to accu-
rately calibrate the sample. The SIL peptide can be introduced prior to analy-
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sis, added as part of a longer protein, or added in form of concatenated pep-
tides. If a SIL peptide is part of a protein or concatenated peptide, it is added 
to the sample before the protein digestion step so that the peptides will be 
released during digestion. The benefit of this procedure is the internal standard 
reflecting variability in digestion efficiency.88 

The benefit of targeted proteomics is that only a limited number of targeted 
proteins are analysed. Therefore, run times are shorter compared to global pro-
teomics. The short run time is beneficial for routine measurements of a spe-
cific subsets of proteins of interest, e.g. for predictive pharmacokinetics.47,89,90 
However, only information about the specific proteins of interest is obtained.  

Mass spectrometry-based global proteomics 
In contrast to targeted proteomics, which considers only a subset of proteins, 
global proteomics aims to analyse the entire proteome: with this technique, 
several thousands of proteins are measured at the same time.91 Naturally, run 
times for global proteomics are longer than for targeted proteomics. However, 
in global proteomics, surrogate peptides are not necessarily needed as stand-
ards, and label-free approaches are commonly used. Label-free methods have 
not been thought to provide as accurate of quantification as labelled peptide 
standards.92 However,  improvements in sample preparation, instrumentation, 
and data processing now allow label-free quantification with accuracy similar 
to that found in labelled peptide standards.93 Global proteomics can be divided 
into two types: data dependent acquisition (DDA), and data independent ac-
quisition (DIA).  

In DDA, the acquisition method uses the data to decide what to do. An 
example is the Top-N method, where the highest peaks are chosen for analysis 
in every cycle. The benefit of DDA is that the method utilizes the data gener-
ated and adjusts itself accordingly, with no time wasted on entities not present 
in the current sample. However, the drawback is that DDA has assumptions 
and biases. For the Top-N method, entities with smaller peaks will not be re-
covered.  

In DIA, the acquisition method is independent of the acquired data. One 
way data are acquired is by utilizing fragmentation windows of a fixed size. 
Everything within a given mass-to-charge window will be fragmented. The 
advantage of DIA is that it treats every sample in the same way, and DIA is 
therefore unbiased. The disadvantage is that analysis is computationally com-
plex, often requiring a peptide library unique to each analysis setup. 94 
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Bioinformatic analyses of proteomics data 
With both targeted and global proteomics, bioinformatic analyses are required 
to recover sequences, quantify protein abundances, and provide biological in-
terpretations of the data. In targeted proteomics, major analyses are performed 
prior to practical experimentation when searching for appropriate surrogate 
peptides. These peptides should be evaluated based on the following criteria: 
uniqueness, chemical properties, posttranslational modifications, and possible 
polymorphisms.87 The bulk of bioinformatics in global proteomics comes after 
data acquisition, the point being to give a biological meaning to the thousands 
of quantified proteins. 

Quantification for proteomics data 
Quantification of proteomics data can be done in several different ways. In 
targeted proteomics, usually the fraction of the surrogate peptide in different 
dilutions and the SIL version of the peptide are quantified. In global prote-
omics, relative quantification methods using different types of labelling tech-
niques and label-free techniques are used. 

For isobaric labelling, e.g., tandem mass tags (TMT), an isobaric tag is at-
tached to the peptides and samples are then pooled together. Because the tags 
are isobaric, there is no increase in sample complexity. When analysed, the 
isobaric tag is cleaved and reporter ions of different sizes, corresponding to 
the different pooled samples, are measured and quantified. Hence, relative sig-
nals between the multiplexed samples are obtained. 

For label-free techniques, e.g. intensity-based absolute quantitation (iBAQ) 
or a total protein approach (TPA), no labels are added and quantification is 
done using the peptide intensities. In the iBAQ method, the peptide intensities 
for the proteins are summed and divided by the number of theoretically pos-
sible peptides. This procedure is similar to mRNA sequencing, where the sig-
nal is often divided by transcript length. In TPA, the assumption is made that 
the sum of all peptide intensities corresponds to the total protein content.83 
Under this assumption, the concentration of a protein is calculated by dividing 
its summed peptide intensity by the sum of all peptides times molecular weight 
according to the formula: 

Protein	concentration	 	
	

	 	 	
 (eq. 1) 

where “MS signal” is the sum of the intensities from the specific protein, “To-
tal MS signal” is the sum of all intensities in the sample, and “Mw” is the 
molecular weight of the protein. 
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Pathway analysis 
As mentioned above, bottom-up global proteomics generates a large amount 
of data. However, the relative abundances of particular proteins do not neces-
sarily reflect the complex biological networks involved in phenotypic changes 
(like changes resulting from disease) in the study of interest.95 Here, pathway 
analysis can facilitate interpretation of the proteomics dataset by helping to 
generate hypotheses, which in turn will eventually lead to biologically mean-
ingful conclusions.95 

One way of performing pathway analysis is to do an over-representation 
analysis.96 In short, this method compares an altered set of proteins, e.g. a 
number of differentially expressed proteins, with a set of functional joint pro-
teins, e.g. a specific biological pathway. The dataset is then tested to see 
whether more proteins belonging to this pathway are found than we would 
expect by random chance. 

Another way of performing pathway analysis is by functional class scor-
ing.96 Instead of looking at a subset of proteins as per over-representation anal-
ysis, all measured proteins are used. The proteins are ranked, for example us-
ing fold change, and the relative positions of functional joint proteins in the 
ranked protein set can then be tested. 

It is also important to consider what biological knowledge base should be 
utilized in the pathway analysis. There are several databases built on quite 
different biological knowledge sets, which would cause the same data to be 
interpreted in different ways. A few examples of such databases are Reac-
tome97 (which collects interactions of molecules to form a network), the Kyoto 
Encyclopedia of Genes and Genomes (KEGG)98 (which has diagrams of in-
teraction and relation networks), PANTHER99 (which classifies proteins ac-
cording to their evolution, function, and biological process), and Go Consor-
tium100 (which defines concepts to describe gene function). The results of suc-
cessful pathway analyses are condensed lists of relevant pathways. 

Cellular composition and deconvolution 
Tissue samples are complex mixtures of different cell types and extracellular 
compartments. In the human body, more than 200 distinct cell types have been 
identified by single-cell sequencing.101,102 Tissue samples are routinely used 
in clinical medicine and biological research, and because a tissue is made of 
both cellular and extracellular components, variations in cellular and extracel-
lular proportions will influence data interpretation. For example, an inflam-
matory process often increases the number of immune cells, and in fibrosis, 
the extracellular compartment will increase at the expense of cellular content.  

To account for cellular variation in samples, various deconvolution algo-
rithms for transcriptomic data have been developed. Transcriptome-based de-
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convolution has been successfully applied in several studies, e.g., in investi-
gating the infiltration of lymphocytes in tumours103,104 and in predicting recur-
rences in breast cancer.105 

Deconvolution of cellular composition can be done in several different 
ways, but all these methods can be divided into two main groups, namely par-
tial and complete deconvolution. Partial deconvolution tries to solve and find 
either cellular composition or cellular expression, which is why the respective 
other value needs to be determined experimentally. Cellular expression can be 
measured with, e.g., single-cell transcriptomics. Complete deconvolution tries 
to solve and find both cellular composition and cellular expression without 
data input for either value. 

Investigating cellular composition through deconvolution of proteomic 
data is more difficult to perform. One problem is that single-cell proteomics 
lack the necessary depth and resolution. The technique of global proteomics 
is also relatively new and rapidly evolving, so access to data of sufficient depth 
and quality for comparison is limited. In addition, the number of proteins ob-
tained through global proteomics is generally smaller than the number of tran-
scripts obtained by RNA sequencing methods.106,107 
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Aims of the thesis 

The overall aim of this thesis was to use mass spectrometry-based proteomics 
and functional studies to better understand variability in the liver and in in 
vitro models used to study liver function, with a specific emphasis on drug 
transporting proteins and metabolising enzymes. 

The specific aims were: 
 
 To develop and apply targeted proteomics to quantify transporter expres-

sion in a collection of human liver samples and to use the protein expres-
sion of the bile acid and drug transporter, NTCP (sodium-dependent tau-
rocholate co-transporting polypeptide), to investigate the underlying 
mechanisms of inter-individual variability using a multi-omics approach 
(Paper I). 

 To isolate primary human hepatocytes and characterize variability in size 
and size-dependent differences in the proteomes and drug metabolism of 
batches of cryopreserved hepatocytes. (Paper II). 

 To examine the batch variability observed in the ability of cryopreserved 
hepatocytes to form 2D monolayers and 3D cultures, with the goal of im-
proving the performance of suboptimal batches (Paper III). 

 To characterize the variability observed in 3D cultured human hepatocyte 
spheroids and to develop improved 3D spheroid culture conditions (Paper 
IV). 

 To investigate the kinetics of a model transporter substrate in 3D cultures 
of human hepatocytes (Paper V). 

 To investigate whether global proteomics data from a collection of human 
liver samples can be used to deconvolute cell type composition in human 
liver tissues, and if so, to characterize inter-individual variability in liver 
cell composition (Paper VI). 
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Methods 

Proteomic analysis 
In Papers I–VI, the proteome of human liver tissues, isolated hepatocytes, pri-
mary cells, and cell lines were analysed. Bottom-up proteomics was used in 
which proteins from the samples were extracted and digested to peptides. For 
Paper I, targeted proteomics was used and for Papers II–VI, global proteomics 
was used. 

Sample preparation for proteomics 
Samples were lysed in a mixture of DTT and SDS in 100mM Tris/HCl, heated 
to denature the proteins, sonicated with a Branson rod-type sonicator to further 
solubilize proteins and shred DNA strands, and clarified by centrifugation. 
The lysates were then processed using the FASP or the MED-FASP protocol 
using either trypsin only or LysC followed by trypsin. 

Targeted proteomics 
Bottom-up targeted proteomics was performed in Paper I using the FASP pro-
tocol and trypsin as digestion enzyme. The resulting digests were subjected to 
LC-MS/MS using a triple quadrupole instrument (Sciex QTRAP 6500) set to 
scheduled multiple reaction monitoring with transitions corresponding to the 
selected peptides. The proteins of interest were quantified using three transi-
tions of peak areas of the surrogate peptide standard, divided by the corre-
sponding internal standard SIL peptide. Integration of the peaks was done us-
ing MultiQuant software. 

Global proteomics 
Global bottom-up proteomics was performed in Papers II–VI using the MED-
FASP protocol with LysC followed by trypsin to prepare samples for LC-
MS/MS. The samples were analysed on a high-resolution orbitrap (Q Exac-
tive) mass spectrometer. The machine was set to a Top-N method. Proteins 
were identified using MaxQuant software108 with the human reference prote-
ome from UniProt (accession number: UP000005640) as the search database, 
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and the reversed database was used as a decoy database for quantifying false 
matches. TPA was used as the quantification method. 

Bioinformatic and statistical analysis 
Bioinformatics and statistical analyses were performed in all papers using the 
appropriate subset of the following software. Global proteomics data was han-
dled in Microsoft Excel, R, or Perseus.109 For statistical hypotheses testing, R, 
Perseus, or GraphPad Prism were used. Differentially expressed proteins in 
proteomics data were investigated using a t-test with permutation-based FDR 
calculation in Perseus. Statistical enrichment analysis and functional annota-
tion clustering were done using PANTHER110 and David.111 Mathematic op-
erations that required programming, e.g. optimization algorithms and in silico 
mixing, were done using Matlab R2019B and in R. Images were analysed us-
ing ImageJ.112 

For protein sequences, the UniProt references were used.113 For annotation 
purposes such as subcellular location, cell-type specific expression, and tissue 
expression, several databases were used including UniProt, the Human Protein 
Atlas, and a single-cell RNA sequencing database.15,113,114 

Proteopipe, an automated QC software for LC-MS/MS running 
global proteomic analysis 

Proteopipe, an automated pipeline to assess the performance of the instru-
ments used for global proteomics, was written in R. The pipeline utilized and 
built upon PTXQC115, MaxQuant108 and proteowizard.116 A graphical user in-
terface (GUI) was built to easily visualise whether an acceptable performance 
was achieved (Figure 4A) and to easily and simultaneously visualise the per-
formance of all QCs performed over one year. All data produced by the pipe-
line is saved and stored. 



 

 28 

 
Figure 4. Graphical user interface of the Proteopipe software developed for QC of 
global proteomics instruments. A, 1. To start the program, the file from the instru-
ment is placed in the Proteopipe folder and this button is pressed. 2. After loading 
the input file, a chromatogram of the run is shown. 3. Several different aspects from 
sample prep to mass spectrometry performance are visualized, ranging from good 
(green) to bad (red) with an intermediate (black). 4. A chromatogram of a previous 
run that that has passed quality control can be used as a reference. 5. An evaluation 
of the reference run in 4 for comparison with the current run. 6. Overall QC results. 
7. Overall results of the reference run in 4. B, Visualization of the overall perfor-
mance on all QCs runs over a one-year period. 

Human liver tissue 
Papers II–V used human liver tissue obtained from cancer patients undergoing 
liver resection surgery at Uppsala University Hospital (Akademiska sjukhu-
set). The tissue obtained is surplus liver tissue and histologically normal. All 
donors signed an informed consent approved by the Uppsala Regional Ethical 
Review Board (Ethical approval no. 2009/028 and amendment 2019/1108). 

Isolation of human hepatocytes 
In Papers II–V, human hepatocytes were isolated using a slightly modified 
two-step collagenase perfusion procedure described previously117. In brief, ex-
cessive blood was rinsed from liver tissue with Hypothermosol FRS (Biolife 
Solutions) before transport to the laboratory. Two blood vessels were cannu-
lated and perfused with collagenase and protease buffers while submerged in 
DPBS. The resulting cell suspension was filtered and subjected to a series of 
centrifugal steps to remove NPCs and non-viable hepatocytes. 
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Cryopreservation and thawing of human hepatocytes 
Cells were cryopreserved in CryoStore CS10 solution supplemented with 10% 
foetal bovine serum using isopropanol-assisted controlled freezing at -80°C 
for 3h and then stored at -150°C until used. Cryovials were thawed by sub-
merging in a 37°C water bath for 2 min. The cell suspension was transferred 
to 27% isotonic Percoll in Dulbecco’s Modified Eagle’s medium (DMEM) 
and centrifuged to remove dead cells. 

Hepatocyte culture 
Papers II–V used hepatocyte cultures that were cultured in short-term 2D 
monolayers or as 3D spheroids. For spheroid cultures, hepatocytes were re-
suspended in warm suspension and attachment medium117, seeded in ultra-low 
attachment 384 well plates (Corning), centrifuged, and incubated at 37°C with 
5% CO2. The medium was changed 48 hours after seeding and changed every 
48–72 hours through the culture period. Liquid handling robots (Hamilton Mi-
crolab STAR, Beckman Biomek 2000 or Beckman Biomek NXP) were used 
for changing media while minimizing disturbance of the spheroid at the bot-
tom of the well. 

Characterization of hepatocyte culture evaluations 
Hepatocyte cultures were characterized in detail in paper IV. ATP was meas-
ured to evaluate the energy status and viability of the 3D cultured PHHs. ATP 
was measured by incubating cultures with AccuMax cell dissociation solution 
for 30 min at 37°C, using the CellTiter-Glo3D assay with slight modifications. 
The plate was temperature equilibrated at room temperature for 30 min. The 
CellTiter-Glo3D solution was added and left to incubate on a horizontal plate 
shaker at room temperature for 20 min, followed by luminescence measure-
ment. 

Glucose was measured using Precision XceedPro and Precision PXP glu-
cose sticks following the manufacturer’s instructions. All measurements were 
performed in triplicates. 

Albumin secretion was used to measure hepatocyte function. Culture me-
dium was collected and stored at -80°C until analysis. Human albumin was 
quantified using a human albumin ELISA kit according to the manufacturer’s 
instructions. 

Immunohistochemistry (IHC) was used to assess the morphology and lo-
calisation of processes such as hypoxia, apoptosis, lipid droplets and prolifer-
ation. Immunohistochemistry staining was performed by Tor Halle at the 
R&D unit, Department of Clinical Pathology, Uppsala University Hospital. 
Hepatocytes were treated with pimonidazole for 1h for hypoxia staining or 
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directly fixed in 4% formaldehyde in PBS overnight. After fixation, hepato-
cytes were embedded in paraffin and sectioned in 3 µm slices and stained, the 
slides were scanned, and high-resolution NDPI images were taken. 

Liver-specific gene expression panel and ADME proteins 
Investigation of liver-specific proteins and ADME proteins provides infor-
mation on how consistent the expression of important liver functions is when 
cells are cultured in vitro. Therefore, we investigated proteins from the liver-
specific gene expression panel (LiGEP)118 and ADME-related genes.3 The ex-
pression of these proteins was monitored over the course of the culture’s life-
time and cryopreserved PHHs were used as the base line. 

Metabolic function 
In Papers III and IV, metabolic function was assessed to measure the meta-
bolic capacity of PHH monolayers and spheroids. Hepatocyte spheroid cul-
tures were incubated with a drug cocktail containing the prototypical cyto-
chrome P450 substrates bufuralol (CYP2D6), diclofenac (CYP2C9), midazo-
lam (CYP3A4), and omeprazole (CUP2C19) in HBSS. Medium was collected 
and diluted with ice-cold acetonitrile/water (60:40) containing warfarin as an 
internal standard at 50 nM. Primary metabolites for the prototypical substrates 
were measured using LC-MS/MS. The metabolic function of the hepatocyte 
monolayers was investigated with diclofenac and midazolam only. 

Drug induced liver injury 
In Paper IV, a preliminary study of hepatotoxicity was performed with the 
hepatotoxic compounds azathioprine, chlorpromazine, diclofenac, and flucon-
azole, with warfarin as a negative control. PHH spheroids were incubated with 
the hepatotoxic compounds at 1x, 5x and 20x times the clinical Cmax of the 
compounds for 14 days, as described previously.119 Viability was assessed by 
measuring ATP content.  

Uptake kinetics  
In Paper V, hepatic uptake transport of 4-(4-(dimethylamino)styryl)-n-
methylpyridinium (ASP+) was measured in 3D cultured PHHs. Prior to uptake 
experiments, the culture medium was changed to Hank’s Balanced Salt Solu-
tion (HBSS). Cells were centrifuged, incubated at 37°C for 10 minutes, and a 
solution of HBSS and the model substrate ASP+ was added. Fluorescence was 
measured using a Tecan Spark microplate reader or visualized using a modi-
fied Nikon Eclipse Ti-2 microscope with a Lumencore Spectra-X bandpass 
filter for excitation. Emission was collected through a HQ610/75 nm filter. 
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To analyse ASP+ uptake kinetics, ASP+ concentrations were set to values 
of 1–50 µM. The initial slope was calculated and Km and Vmax values were 
determined with Graphpad Prism 9 using non-linear regression according to 
the Michaelis-Menten equation (eq 2): 

	  (eq. 2) 

v is the uptake rate, vmax is the maximal uptake rate, [S] is the substrate con-
centration (ASP+), and Km is the substrate concentration at half Vmax.  

Uptake inhibition 
In Paper V, uptake inhibition studies were performed similarly to the uptake 
experiments, with the modification that the HBSS contained one of the inhib-
itors (ketoconazole, verapamil, clomipramine, diltiazem, clotrimazole, or 
chlorpromazine) at a final concentration of 100 µM. All inhibitors were inves-
tigated for intrinsic fluorescence at the wavelength used for ASP+ measure-
ments. The concentration of ASP+ was 1µM. 

The inhibition studies were essentially performed as previously described 
for 2D cultures.120 In brief, spheroids incubated with ASP+ without inhibitors 
were used to determine the maximal uptake. Inhibition was then calculated as 
a percentage of the maximal uptake.  

Proteomics based deconvolution 
Paper VI investigated whether previously published deconvolution algorithms 
used for transcriptomic data can also be applied to proteomic data. One partial 
(MuSiC)121 and one complete (Linseed)122 deconvolution algorithm were in-
vestigated. The partial deconvolution algorithm MuSiC needs cell-type spe-
cific data, unlike the complete deconvolution algorithm Linseed, for which the 
different generated cell groups  only need to be annotated. We therefore used 
a single-cell RNA sequencing database and the UniProt database to annotate 
output from Linseed.15,113  

We also investigated whether a simple linear methodology, a constrained 
linear least squares (LLS) algorithm, could be used. This method was con-
structed by assuming the following: Let C, P and Ct ∈ 	  be the non-neg-
ative matrix containing protein concentrations in different samples (C), the 
expression of proteins from the different cell types (P), and the proportions of 
the different cell types in the samples (Ct). Then the matrix C can be assumed 
to be the matrix product of P×Ct. If we know any two of the three matrices, 
the problem can be solved using a constrained LLS algorithm. Hence, we al-
ternated between solving for P or Ct while keeping the other fixed. This pro-
cedure was done using Matlab R2019b with the side constraint that the cell 
type proportions must sum to one and with a lower bound of zero for P and 
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Ct. No filtering, scaling or identification of marker proteins were performed 
to keep the method as simple as possible. 

The protein concentrations for mixed cell lines, primary liver cells, and 
liver tissue were calculated using TPA and used as an input for three algo-
rithms. In silico mixing of primary human liver cells was produced by first 
assigning each cell type a random number from a uniform distribution and 
divided by the sum of the proportions, which assures that the proportions sum 
to one. This procedure was repeated to produce proportions for 100 in silico 
samples. Each cell type proportion was multiplied by a random number as-
signed from a normal distribution created from measured protein-specific and 
cell-type-specific means and standard deviations. The generated products 
were then summed for each individual sample to generate the amount of each 
protein in each sample, which was then used as input in the algorithms.  

 Because the partial algorithms need information on cellular composition 
or cellular expression to work, MuSiC and LLS were not used for the human 
tissue sample, as it was not possible to collect data on each cell type present 
in the tissue. 

Cultures of human cell lines 
In Paper VI, HEK 293 (human embryonic kidney), Caco-2, (human colorectal 
carcinoma), and A549 (human non-small cell lung cancer) cell lines were 
used. Cells were grown in T75 flasks at 37°C in 5% CO2 for HEK293 and 
A549 and 10% CO2 for Caco-2 until 80-100% confluency.  HEK293 and A549 
cells were cultured in Dulbecco’s Modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin 
(PEST) and 2mM L-glutamine. Caco-2 cells were cultured in DMEM supple-
mented with 10% FBS and 1% nonessential amino acids. Cell lines were used 
singly or in mixtures of known proportions that were blinded to the operator. 
All samples contained a total of six million cells each.  
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Results and discussion 

Inter-individual variability of ADME proteins in the 
human liver 
One of the aims of this thesis was to investigate inter-individual variability of 
ADME proteins in the human liver by comparing the protein expression with 
gene expression. Previous work by our collaborators that used semi-quantita-
tive western blotting for protein expression was not conclusive regarding the 
extent of variability, so we used MS-based proteomics, which provides data 
of higher quality than western blotting.123 We developed a method for absolute 
quantification of protein expression using targeted proteomics, and performed 
this procedure on 149 membrane-enriched human liver samples (Figure 5). Of 
these 149 samples, 15 were available as a whole-cell lysate, and a good corre-
lation between whole cell lysates and membrane enrichment was observed. 
An enrichment factor of 3.15 was determined for the membrane-enriched frac-
tions (Figure 5), which is similar to previous reports.93  

A correlation between transporter protein abundances and mRNA levels 
measured using qPCR was observed. Genotyping was also performed, but 
could not solely explain the observed inter-individual variability. A detailed 
investigation was therefore performed on a single transporter, NTCP, to iden-
tify additional factors that could explain the inter-individual variation. 

 



 

 34 

 
Figure 5. Transporter abundance in 149 human liver samples measured by targeted 
proteomics. A, Correlation between transporter expression in 15 liver samples meas-
ured in membrane-enriched fractions and in whole-cell lysates. The equation for the 
trend line and the goodness of fit are shown in the top left corner. B, Transporter 
abundance in 149 human liver samples quantified by a mass spectrometry-based tar-
geted approach.  

Inter-individual variability of the hepatic bile acid and 
drug transporter NTCP (Paper I) 
Paper I aimed to investigate the cause of the observed variation among indi-
viduals in protein expression of the bile acid and drug transporting protein 
NTCP. The mRNA expression levels of NTCP were measured using real-time 
PCR and the protein expression was quantified by LC-MS/MS-based targeted 
proteomics. The correlation between protein expression and mRNA expres-
sion (Figure 6A) was significant (but weak). The protein expression varied 
about ten-fold, while the mRNA expression varied about 40-fold.  

Both protein and mRNA expression were significantly affected by the non-
genetic factors smoking, alcohol consumption, and inflammation (C-reactive 
protein [CRP]), and mRNA expression was also affected by the factors age 
and cholestasis (Figure 6B). 
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Figure 6. Correlation between mRNA expression, protein expression, and non-ge-
netic factors. A, Correlation between mRNA expression and protein expression in 
human liver samples. mRNA expression was measured using qPCR and protein 
abundance quantified using LC-MS/MS. Spearman’s rank correlation (R) and unad-
justed p-values are given. B, Association between non-genetic factors, mRNA, and 
protein expression. The effects of non-genetic factors were tested with the Wil-
coxon-Mann-Whitney test or using Spearman correlation. 

Genomic factors were also investigated. Genetic variants of the NTCP gene 
(SLC10A1) were analysed and 12 rare variants were found. Because these 
variants were only found heterozygously and in two individuals, their influ-
ence was not statistically tested. Twenty-two more common variants (minor 
allele frequency higher than 1%) were found, however, these variants did not 
affect mRNA and protein expression significantly.  

To further extend the search for genomic factors associated with mRNA 
and protein expression of NTCP, a genome-wide association study (GWAS) 
was performed using imputed Single Nucleotide Polymorphism data. Only 
one imputed variant on chromosome 8 was significantly associated with 
mRNA expression (Figure 7). This variant was not significantly associated 
with protein expression, and no other association was found with confidence 
over a genome-wide significance level.  
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Figure 7. Genome-wide association study (GWAS) of mRNA expression and pro-
tein abundance of NTCP in human liver tissue. The top of the Manhattan plot shows 
the association with protein abundance and the bottom shows the association with 
mRNA expression. The red lines indicate the genome-wide significance level.  

Because no genetic variant was found that was significantly associated with 
mRNA and protein expression of NTCP, epigenetic factors were investigated. 
Two significant associations between DNA methylation at individual CpG 
sites and protein expression were observed. Furthermore, cellular experiments 
with methylated SLC10A1 promoter fragments showed lower expression than 
mock-methylated samples. Treatment with AZA (a well known methylation 
inhibitor) led to an increase in SLC10A1 mRNA expression.  

Lastly, the correlation between endogenous metabolites and mRNA/pro-
tein expression of NTCP was investigated. Betaine and N-Alpha-Acetyl-L-
lysine showed significant association with both mRNA and protein expres-
sion. Betaine is an osmolyte that plays an important role as a methyl donor, 
and acetyl-lysines play crucial roles in epigenetic regulation.124,125 

In summary, the genetic variants found could not explain the inter-individ-
ual variability of NTCP. Patient factors like smoking and epigenetic factors 
significantly correlated with NTCP expression. This study highlights the need 
for comprehensive and various omics-based approaches to understand inter-
individual variability of protein expression in humans.  
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Hepatocyte isolation, characterisation, and restoration 
(Papers II–III) 
Papers II and III focused on characterising the variability observed in isolated 
and cryopreserved human hepatocytes. An initial characterisation based on 
cell shape, cell stretching, cell boundaries, debris/dead cells, and confluency 
was done on monolayer cultured hepatocytes from 54 donors. This character-
isation developed into a monolayer score which was used to classify batches 
of hepatocytes into high-, mid-, and low-quality groups. 

While comparing batches to each other, it was observed that the size of the 
hepatocytes varied between batches. An investigation of the proteomic and 
functional differences between different sizes of hepatocytes showed similar 
characteristics to those observed for hepatocytes in the different zones of liver 
lobules. 

The quality of hepatocyte batches varied, and such variability is a well-
known problem.60,61 It was observed that batches of lower quality had many 
hepatocytes that were not able to attach to the ECM-coated plates. Also, low-
performing batches had difficulties in forming spheroids (Figure 8A). At-
tached and non-attached hepatocytes were collected and subjected to prote-
omics analysis to explore the reasons for the attachment difficulties. Hepato-
cytes that did not attach showed considerable cell stress and apoptosis activa-
tion. A screening for ways to post-thaw rescue such batches was performed 
and Z-VAD-FMK, a pan-caspase inhibitor, resulted in a dose-dependent in-
crease in attachment efficiency. Furthermore, Z-VAD-FMK facilitated the 
formation of 3D cultures in low-performing hepatocyte batches and increased 
the attachment efficiency without influencing the results of metabolic function 
or albumin secretion in 3D cultured PHHs (Figure 8B-C). 

In sum, size-dependent variability in hepatocyte batches seems to reflect 
zonal function and a simple protocol was developed that markedly increased 
attachment and spheroid formation ability in suboptimal batches of hepato-
cytes. 
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Figure 8. Hepatocyte function after treatment with Z-VAD-FMK. Two batches of 
cryopreserved PHH representing low- and high-performing batches, according to the 
monolayer score, were used. A, Spheroid formation after 21 days of culture with and 
without Z-VAD-FMK addition during the initial seeding. B, Metabolite formation of 
spheroid cultures treated with and without Z-VAD-FMK. C, Albumin secretion of 
cultures treated with and without Z-VAD-FMK.  

Maintenance of hepatocyte differentiation and function 
in 3D spheroid cultures (Paper IV) 
Even when using high-performing batches of hepatocytes, extensive func-
tional variability can be observed across laboratories, such as the variability 
in measured metabolite formation rates.22,126,127 A possible reason for this in-
ter-lab variation could be that different culture conditions are used. We there-
fore investigated two commercial media with undisclosed contents, Hepato-
cyte Maintenance Medium (HMM) and Cellartis Power Primary HEP Me-
dium (PPM), and two conventional media, William’s E (WEHG) and 
DMEM/F12 (DFHG) with defined contents. Variants of the William’s E (WE) 
and DMEM/F12 (DF) media with glucose and insulin levels at in vivo fasting 
levels (WENG and DFNG) were also investigated. WENG and DFNG were also 
supplemented with physiological levels of zinc (WENG+ and DFNG+).  In total, 
eight different media were investigated.  

Depending on culture media, a several-fold variation in albumin secretion 
and ATP content could be observed (Figure 9). Interestingly, the reduced 
amount of glucose and insulin in WENG and DFNG did not substantially affect 
the ATP content and albumin secretion, indicating that high glucose and insu-
lin levels are not needed to maintain viable hepatocyte cultures.  
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Figure 9. Albumin secretion and ATP content of PHH spheroids cultured in eight 
different culture media over three weeks in culture.  A, Albumin secretion was 
measured in the cultured medium using an ELISA kit. The grey area represents in 
vivo production ranging from dormant to maximal production. On the right, previ-
ously published levels of in vivo albumin secretion in various culture formats are 
shown as a reference. B, ATP content over three weeks in culture.  

Immunohistochemistry was used to further assess the detailed morphological 
changes in PHH spheroids cultured in differing media (Figure 10). Spheroids 
cultured in DFs media exhibited an asymmetric and fragile 3D structure com-
pared to spheroids in the other media. A possible reason for this observation 
could be that DFs media lacks ascorbic acid, which is important for cytoskel-
eton and cell junction function. 128–130  

Spheroids cultured in low glucose and low insulin media manifested less 
staining for the lipid droplet marker PLIN2. Conversely, spheroids cultured in 
high glucose and high insulin media showed more staining, which possibly 
reflects a more steatotic phenotype. High glucose, high insulin, and free fatty 
acid have previously been used to create models for steatosis and insulin re-
sistance.70 

Hypoxia is important to consider for any culture containing cells with lim-
ited access to dissolved oxygen in their culture medium. Use of PPM led to 
strong staining for the hypoxic marker pimonidazole. A few of the other media 
showed some hypoxic cells evenly distributed in the spheroids, but no hypoxic 
core could be observed. Because the composition of PPM is not disclosed, it 
is difficult to provide an explanation for the staining. However, commonly 
used medium components like cobalt have been implicated in hypoxia.131 
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Figure 10. Immunohistochemistry of PHH spheroid culture in eight different media 
for three weeks. A, Haematoxylin and eosin staining. B, Lipid deposit staining using 
adipolin. C, Hypoxia staining using pimonidazole. D, Apoptosis staining using 
caspase 3.  

The global proteomes of PHH spheroid cultures in different media were also 
investigated and compared to freshly thawed human hepatocytes (Figure 11). 
The proteomic profiles of spheroids cultured in PPM deviated from those of 
freshly thawed hepatocytes and spheroids cultured in the other media. PPM 
cultures also had the most strongly deviating expression of proteins belonging 
to the LiGEP panel. Interestingly, spheroids cultured in different media clus-
tered together by time point (Figure 11A) with the exception of those grown 
in PPM. This suggests that an underlying culture-time-dependent change has 
a large impact on the proteomes of PHH spheroids independent of the culture 
media used.  
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Figure 11. Proteome of PHH spheroids cultured in eight different media. A, Hierar-
chical clustering of the proteomes where branch length is scaled using Euclidean 
distance. PHH spheroid proteomes were analysed after one, two, and three weeks of 
culture (parentheses). B, Protein expression of genes from the LiGEP panel com-
pared to cryopreserved PHHs. The average percentage of proteins that changed less 
than 2-fold are shown in the middle of each pie chart. The pies show data for weeks 
one (inner circle) through three (outside ring).  

To investigate the time dependent variation observed in the hierarchical clus-
tering, a pathway analysis was performed. The pathway analysis showed that 
independent of culture medium, extracellular space and extracellular matrix 
proteins increased in spheroids cultured for one week. A plausible explanation 
is that PHHs need to re-establish cell-cell and cell-matrix contacts when form-
ing the spheroids. The upregulation of serum proteins could possibly be due 
to the absence of those proteins in the culture media (with the exception of 
bovine serum albumin in PMM). Similar observations have been previously 
reported for PHH spheroid cultures using transcriptomics.132 

During the second week of culture, spheroids changed less than they did 
during the first week, and in most media, expression of ribosomal proteins 
decreased. In the DFs media, additionally, expression of cytoskeletal proteins 
decreased, in line with the brittle spheroids observed via IHC (Figure 12). 

 

 
Figure 12. Pathway analysis of PHH spheroids cultured in eight different media. Se-
lection of significantly (false discovery rate of 0.05) up- and down-regulated cellular 
components (red) from pathway analysis.  
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Because PHH cultures are regularly used for drug metabolism and toxicity 
studies, the expression of ADME-relevant proteins was investigated (Figure 
13). Out of 682 ADME-related genes,3 315 were found in the PHH spheroid 
cultures, similar to the number found previously in PHH.133,134 Over time, 
ADME protein expression became more comparable to that observed in 
freshly-thawed hepatocytes, much like the changes in LiGEP protein levels 
(Figure 11B). Differences in glucose and insulin in the two William’s E and 
DMEM/F12 medium variants did not influence ADME protein expression. 
Again, the profile of PPM-cultured cells deviated both from other media treat-
ments and freshly thawed hepatocytes.  

 
Figure 13. Heat map of ADME-related protein expression. A, Protein expression of 
315 ADME-related genes3 compared to expression in freshly thawed PHHs. B, Pro-
tein expression of clinically relevant drug transporters and metabolising enzymes 
compared to expression in freshly thawed PHH.  

Even though the expression of many ADME-related proteins remained com-
parable to that of freshly thawed hepatocytes for several weeks, the correlation 
between protein expression and function has been known to vary.135,136 There-
fore, metabolite formation from four prototypical substrates for the most im-
portant CYP enzymes40 was investigated using LC-MS/MS (Figure 14). In 
contrast to protein expression, the metabolite formation rate decreased over 
time, indicating that the optimal window for routine metabolism studies in 
spheroids is directly after spheroid formation during the second week of cul-
ture. Overall, a higher similarity to freshly thawed PHHs was observed for 
spheroids cultured in HMM or William’s E media.  
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Figure 14. Metabolite formation of PHH spheroids cultured in eight different media 
after one, two, and three weeks. Prototypical model substrates were chosen for the 
four most important CYP enzymes.40 Metabolites were measured using LC-MS/MS 
and metabolite formation was compared to freshly thawed PHHs in suspension.  

In summary, differences in function and morphology could be observed in 
spheroids cultured in different culture media. In general, spheroids cultured in 
HMM and William’s E media displayed the most similar phenotype to isolated 
PHH. In vivo fasting levels of glucose and insulin maintained a normal PHH 
phenotype with no signs of steatosis transformation and performed as well as 
media with high levels of glucose and insulin. These findings will hopefully 
contribute to more rigorous and standardised protocols for PHH spheroid cul-
tures with less variability and better reproducibility.  

Transporter kinetics in 3D cultured human hepatocytes 
(Paper V) 
Because PHH spheroids maintain a differentiated phenotype suitable for stud-
ying metabolic function for weeks, an investigation to further expand the ap-
plicability of PHH spheroids for uptake kinetic studies was performed. Kinet-
ics of the organic cation transporter 1 (OCT1) were investigated using the flu-
orescent cation compound ASP+. 

It was previously shown that ASP+ is also a substrate for the organic cation 
transporters (OCTs), novel organic cation transporters (OCTNs), and multi-
drug and toxin extrusion family members (MATEs).137–139 Protein expression 
for these transporters was investigated using global proteomics (Figure 15A). 
OCT1 was the most highly expressed transporter of ASP+, followed by OCT3 
with about 7-fold lower expression.  

ASP+ is non-fluorescent in medium, but becomes fluorescent upon enter-
ing a cell. Being the first cellular point of contact, only the outer hepatocytes, 
i.e. those forming the surface area of the spheroid, render ASP+ fluorescent 
(Figure 15B). Internal hepatocytes merely transport already fluorescent ASP+ 
further into the spheroid (Figure 15C) and can thus be viewed as “inactive”. 
Therefore, Km should be similar to values obtained in 2D culture systems, alt-
hough Vmax will be dependent on the amount of OCT1 on the surface of the 
spheroid.  
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Figure 15. Protein expression of ASP+ transporters and uptake mechanism in PHH 
spheroids. A, Protein expression of ASP+ transporters measured and quantified us-
ing nano-LC-MS/MS and TPA. B, Uptake mechanism of ASP+ in PHH spheroids. 
OCT1 expression at the spheroid surface is the determining factor for ASP+ uptake 
and hence fluorescence. C, Fluorescence of 5 µM ASP+ in PHH spheroids cultured 
for one week.  

Time- and concentration-dependent uptake of ASP+ was measured and kinetic 
parameters were acquired using non-linear regression for Michaelis-Menten 
kinetics (Equation 2, page 31). An apparent affinity of ASP+ for OCT1 (Km) 
of 17.4 (± 1.17) µM and maximal turnover rate (Vmax) of 347 (±9.5) RFU/min 
were calculated. The Km value was similar to those previously found in 2D 
monolayers and suspensions.120,137,140–142  

A decrease in OCT1 expression was observed in PHH spheroids over time. 
The uptake rate of 1 µM ASP+ was measured in PHH spheroids cultured for 
one and two weeks (Figure 16A). The fold change in uptake rate between the 
two weeks was comparable to the fold change observed for the protein expres-
sion (Figure 16B), which indicates that OCT1 expression decreases uniformly 
on the inside and at the surface of the spheroids. If reduced OCT1 expression 
was predominantly taking place on the surface of the spheroid, a greater re-
duction in the uptake rate would be observed. Conversely, if OCT1 expression 
was predominantly reduced in the interior of the spheroid, a smaller reduction 
in uptake rate would have been observed.  
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Figure 16. Correlation of ASP+ uptake and OCT1 expression in PHH spheroids cul-
tured for one and two weeks. A, Uptake of 1µM ASP+ of one- and two-week-old 
PHH spheroids (n=10-12). B, Protein expression and fluorescence of ASP+ uptake 
for one- and two-week-old PHH spheroids. Points indicate means and error bars 
show standard deviations.  

To investigate whether drug-drug interaction (DDI) studies could be per-
formed in PPH spheroids, the effects of six drugs known to inhibit OCT1 were 
investigated, using ASP+ as a victim drug. These six drugs inhibited up to 
60% of the maximal uptake of ASP+ (Figure 17A). The decrease of ASP+ 
uptake was also visualised with a mostly non-fluorescent surface in the pres-
ence of inhibitors (Figure 17B), which clearly indicates that inhibition of 
OCT1 mediated uptake is possible in PHH spheroids, implying that DDI stud-
ies are possible in a model more in vivo-like than conventional PHH 2D mon-
olayers are.  

In summary, we investigated and tested the applicability of PHH spheroids 
for transport studies using a fluorescent OCT1 substrate, ASP+. Kinetic pa-
rameters were quantified and uptake of ASP+ was visualized. Six drugs 
known to inhibit OCT1 decreased the uptake of ASP+, suggesting that our 
assay can also be used to study drug-drug interactions. 
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Figure 17. Inhibitory effects of six drugs on OCT1 mediated ASP+ uptake in PHH 
spheroids. A, PHH spheroids were treated with 100 µM of six drugs with known 
OCT1 inhibitory effects and ASP+ uptake was measured. Values are given as per-
centage of untreated uptake. B, Uptake of ASP+ alone and together with inhibitory 
drugs was monitored for 25 minutes.  

Proteomics-informed deconvolution in human liver 
tissue (Paper VI) 
To investigate whether observed inter-individual variability in human liver 
tissue could be caused by varying cell type compositions, we attempted to 
deconvolute global proteomics data obtained from a collection of human liver 
proteomes. First, we investigated the possibility of deconvoluting simple mix-
tures containing three different cell lines (HEK 293, Caco-2, and A549) in 
different predefined mixtures. Second, we examined the possibility of decon-
volution in in silico mixtures of primary human liver cells (endothelial cells, 
hepatocytes, Kupffer cells and stellate cells). Third, deconvolution on global 
proteomics data from human liver tissues was performed. 

Nearly 7500 proteins were identified via global proteomics analysis of the 
three selected cell lines (Figure 18). More than 90% of these proteins were 
found in all three cell lines and only around 80 proteins, or 3% of the total 
proteome, were unique for each cell line, which is conform with previous find-
ings suggesting that less than 5% of all proteins are tissue-specific.114 The con-
centrations of the ranked proteins showed a very similar distribution in the cell 
lines. 

 
Figure 18. Global proteomics on three different cell lines used for deconvolution. A, 
Number of proteins detected and quantified using nano-LC-MS/MS for each cell 
line. B, Shared proteins in the different cell lines. C, Ranked protein abundance for 
each of the three cell lines.  

Three different algorithms (LLS, MuSiC, and Linseed) were used to attempt 
to deconvolute different mixtures of the three cell lines. MuSiC and Linseed 
calculated the proportions in the different mixtures accurately, while the LLS 
method did not properly discern the different cell proportions in several sam-
ples (Figure 19). Various biases have previously been observed when using 
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transcriptome data and been associated with cell type-specific RNA con-
tent,122 but here, for MuSiC and Linseed, no systematic over- or underpredic-
tion of a specific cell type could be observed. The absence of such bias could 
be explained by the similar size of the cell lines,143–145 because size correlates 
with protein content.146,147 Furthermore, the protein abundance is measured as 
the amount of a given protein divided by the total amount of all protein, pos-
sibly correcting for protein content variations.  

 
Figure 19. Proteomics-based deconvolution of mixed samples for the three cell 
lines. The proportions of the different cell lines in samples A-T (20 samples) are 
shown by the line. Dots indicate the predicted proportion of the cell lines for the 
three algorithms.  

Next, proteomics data from four isolated primary human liver cells were used 
to produce a total of 100 in silico samples with varying proportions of the 
different cell types. All three algorithms produced estimates of the cell type 
proportions resembling the theoretical ones, and Lin’s concordance correla-
tion coefficient was close to one (Figure 20). MuSiC and Linseed outper-
formed the LLS algorithm in this case as well. 

 

 
Figure 20. Proteomics-based deconvolution of in silico mixtures of the four major 
liver cell types isolated from human liver. The figure shows the predicted versus ac-
tual cell type proportions in 100 samples for the three deconvolution algorithms. The 
four isolated cell types are hepatic stellate cells (SCs), Kupffer cells (KCs), Hepato-
cytes (HCs), and endothelial cells (ECs). Lin’s concordance correlation coefficient is 
given in the figures.  



 

 48 

Because both our in vitro and in silico deconvolution results for cell lines and 
primary human liver cells were encouraging, global proteomics data from 56 
human liver tissue samples from the COCKTAIL study136,148 were deconvo-
luted. Since LLS did not perform well and MuSiC is a partial deconvolution 
algorithm that requires data on the purified cell types in the samples, Linseed 
was chosen for the tissue studies.  

Linseed produced eight different annotated groups, four of which were 
hepatocytes, endothelial cells, stellate cells and erythroid cells. One group 
(group 5) comprised of a mixture of Kupffer cells, T cells, and NK cells. The 
last three groups contained extracellular proteins from the lumen, space of 
Disse, and bile canaliculi/ducts, respectively.  

To assess the produced proportions, average values were compared to pre-
viously published data.7 The proportions were similar to those of the volume 
of each corresponding group (Figure 21). 

 
Figure 21. Proteomics-based deconvolution of human liver tissue using Linseed. 
Proteomes from 56 human liver samples were deconvoluted. The numbers in the pie 
chart on the left (values from the literature) are volumes corresponding to the con-
tent of each group.7 The pie chart to the right shows the average composition of the 
56 deconvoluted human liver samples. The table in the middle shows the propor-
tions of each deconvoluted group. 

A few of the liver samples deviated in their deconvoluted proportions. Patient 
23 had a high proportion of the group corresponding to immune cells. Blood 
samples collected at the time of surgery revealed that patient 23 had the high-
est values of all patients for interleukins, chemokines, and TNF-α (Figure 22). 
Interestingly, the patient had normal levels of C-reactive protein (CRP) and 
displayed no signs of inflammation during surgery. However, the patient had 
a history of weekly gallstone (cholestasis) attacks, and several of the immune 
response markers have been connected to cholestasis.149 

Two other patients (39 and 44) showed a higher proportion of stellate cells. 
Stellate cells produce ECM proteins in the liver and surplus ECM leads to 
fibrogenesis. We therefore looked at the clinical, non-invasive FIB-4 scores 
meant to detect advanced fibrosis.150 Both of these patients showed values of 
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FIB-4 that were inconclusive and no visible indications of fibrosis were ob-
served during surgery.151 Therefore, the composition of ECM proteins in the 
proteomes was examined. Fibrillary collagen levels (collagens 1, 3, and 5) 
were much higher in these two patients with a higher proportion of stellate 
cells (Figure 22B). Disease progression from mild to moderate and then finally 
advanced fibrosis is associated with an increase in fibrillar collagens.152 

Deconvolution of proteomics data could be a useful tool rather like a mo-
lecular microscope for revealing information on cellular composition and ex-
tracellular compartments. Tissues with altered cell type proportions were in 
agreement with clinical blood markers and disease markers in extracellular 
tissue. Deconvolution of proteomics data can possibly be used to identify dis-
ease markers and/or mechanisms in new proteomics data and in retrospective 
analysis of database-deposited proteomics data.  
 

 
Figure 22. Investigation of livers with divergent proportions. A, Immune response 
markers measured from blood sample for the 56 patients. B, Fibrosis markers from 
the proteomics dataset. A,B, Coloured symbols are values of patients of interest, 
while grey symbols are values obtained from other patients. Deconvolution of the 
liver sample from patient 23 showed an increase in immune cells, and patients 39 
and 44 showed elevated levels of stellate cells.  
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Conclusions 

This thesis is a proteomics-based investigation with the goal of better under-
standing inter-individual variability in liver tissue and variability in in vitro 
models used to study liver function. In particular, proteomics and functional 
informed analyses of liver-relevant ADME proteins provided explanations for 
the variability between in vitro models and in vivo hepatic drug disposition. 
Additionally, conditions for maintenance and optimization of primary human 
hepatocyte 2D and 3D cultures were established. Finally, deconvolution of 
global proteomics data from human liver tissue provided a useful tool that can 
be used as a molecular microscope for investigating cellular composition, ex-
tracellular compartments, and for exploring cell-type-specific events.  

 
The conclusions of this thesis are summarized here: 

 
 Explaining the inter-individual variability of important ADME proteins 

requires multi-omics approaches, because variation in protein expression 
cannot only be explained by genotype.  

 Proteomics and functional analyses of isolated human hepatocytes re-
vealed size-dependent characteristics similar to the differences observed 
between zones in the liver lobule. 

 Proteomics-informed analyses of batch-to-batch variability in hepatocytes 
allowed us to develop an apoptosis inhibition protocol to restore hepato-
cyte function.  

 Proteomics, functional, and biochemical analyses of human hepatocytes 
cultured in 3D spheroids revealed media-dependent differences in hepatic 
drug disposition studies, as well as that fasting glucose and insulin levels 
provide a more hepatocyte-like phenotype. 

 High-throughput 3D cultured primary human hepatocytes can be used to 
quantify and visualise uptake of the model substrate ASP+ with accuracy 
similar to 2D monolayers. 

 Deconvolution of proteomic datasets yields information on cell-type pro-
portions in human liver tissue, and proteomic-based deconvolution can 
reveal information about extracellular compartments. Furthermore, 
changes in the deconvoluted cell-type proportions correlated with clinical 
markers from blood samples.  
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Populärvetenskaplig sammanfattning 

Under läkemedelsutvecklingsprocessen undersöks läkemedlets upptag, för-
delning, nedbrytning, eliminering samt toxiska egenskaper. Många av dessa 
processer sker i levern. För att minimera behovet av djur- och människor stu-
dier kan studier av dessa egenskaper göras i laboratoriemiljö med hjälp av 
cellbaserade modeller som simulerar funktionen av levern, ofta används en 
mänskliga hepatocyter. Det finns många olika sätt att använda cellbaserade 
modeller av hepatocyter och de kommer med olika fördelar och nackdelar. 
Målet med denna avhandling var att undersöka, jämföra och förbättra cellba-
serade modeller av hepatocyter och leverprover.  

Först så mättes mängden av proteiner involverade i läkemedels fördelning 
i 149 lever prover. Analysen visade att vår arvsmassa inte kunde förklara va-
riationen mellan proverna. Därför så undersöktes proteinet NTCP, som trans-
porterar gallsyror och läkemedel, i detalj. Vi kunde se att miljöfaktorer, så som 
alkohol och rökning, och hur DNA läses av oberoende av DNA sekvensen, så 
kallad epigenetik, påverkar hur mycket NTCP som finns i levern.  

Därefter så isolerades hepatocyter från mänsklig lever och förvarades i väl-
digt låga temperaturer, så kallad kryokonservering. Ett känt problem när man 
förvarar hepatocyter är att vissa av dessa celler kan ta skada och inte går att 
använda. Ett protokoll för att lindra den skada som skett utvecklades. Detta 
protokoll hjälpte även de celler som har svårt att bilda cell-cell kontakter. 

Sedan så karakteriserades 3 dimensionell odling av hepatocyter. Karakteri-
seringen visade att olika odlingslösningar, som vanligtvis användes i hepato-
cytodlingar, gav väldigt olika resultat med olika egenskaper på hepatocyter. 
Detta betyder att man får olika resultat i studier om man använder olika typer 
av odlingslösningar för hepatocyter. Genom att jämföra med nyligen isolerade 
hepatocyter kunde vi se att lösningar som har insulin samt sockernivåer lik-
nande dem vi har i kroppen vid fasta gör att hepatocyter beter sig mer likt hur 
det gör i kroppen. Vi lyckades även utföra upptagsstudier av modelläkemedel, 
som vanligen görs i 2 dimensionella odlingar, i 3 dimensionella odlingar.  

Slutligen undersöktes om man kan bestämma vilka celler, vad cellerna gör 
och hur stor del av cellerna som finns i vävnadsprover genom att mäta protei-
ner.  Proportioner av olika celltyper från mänsklig lever kunde beräknas och 
stämde bra med värden som andra har sätt tidigare med hjälp av andra meto-
der. Förutom att beräkna proportioner av celltyper kunde även proportionen 
av vävnad som är utanför celler beräknas. Detta har inte observerats tidigare 



 

 52 

när man gjort beräkningarna med hjälp av mRNA. Leverprover som hade av-
vikande proportioner i jämförelse med de andra undersöktes vidare. Dessa 
prover kunde associeras med sjukdomsförlopp med hjälp av tester utförda på 
blodprover samt protein uttryck.  

Sammanfattningsvis så bidrar denna avhandling till en ökad förståelse, för-
bättringar samt nya tillämpningsområden för laboratoriemodeller och vävna-
der som används under läkemedelsutvecklingsprocessen. 
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