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Summary

Drug-induced liver injury remains one of the major complications during patient treat-
ment and accounts for more than 10% of all cases of acute liver failure. Accordingly,
drug withdrawals from the global market still occur frequently. Standard diagnosis and
prediction of DILI involves assessment of alanine aminotransferase (ALT) combined
with careful evaluation and exclusion of other underlying liver impairments as current
gold standard. However, the predictive value of this assessment method is rarely DILI-
specific. Current efforts in investigating clinical DILI studies revealed potential new
DILI protein biomarkers including glutamate dehydrogenase (GLDH), high-mobility
group protein B1 (HMGB1), full-length and caspase-cleaved keratin 18 (K18, ccK18),
macrophage colony stimulating factor 1 receptor (MCSF1R), and osteopontin (OPN).
As potential mechanistic markers for immune response and hepatocyte apoptotis and
necrosis upon drug treatment, these proteins may increase the specificity of DILI diag-
nosis and potentially have higher predictive value for DILI diagnosis. The use of these
proteins as potential DILI biomarkers in animal studies, thus, their translatability from
human to animal for preclinical studies, is of particular interest to intervene earlier in
drug development with improved DILI diagnosis. Furthermore, serum and plasma are
both used as clinically relevant samples but their comparability regarding preanalytical
matrix and sampling effects is not completely examined for the proteins under investi-
gation.
Immunoaffinity liquid chromatography tandem mass spectrometry (IA-LC-MS/MS)
was used to develop multiplexed assays for quantification of the potential DILI biomark-
ers. The multiplexed assays were used to elucidate matrix and sampling effects in
human plasma and serum samples. Sandwich immunoassays were compared with IA-
LC-MS/MS read-out. Furthermore, the effect of drugs and compounds, which are
known to induce hepatic injury, was examined in preclinical studies in rat models to
test for biomarker translatability. Acetaminophen (APAP), 4,4’-methylene dianiline
(DAPM), thioacetamide, bromobenzene, and carbon tetrachloride (CCl4) were used
for this purpose. APAP, thioacetamide, and bromobenzene were tested for dose effects,
while time-dependent effects were monitored for DAPM and CCl4 and daily drug treat-
ment was tested for CCl4.
HMGB1 and MCSF1R were affected the most by matrix effects in serum and plasma.
Serum HMGB1 levels were significantly higher than plasma levels by up to 12-fold,
whereas MCSF1R content was higher in plasma than in serum by about 20%. Analyte
release within the first 60 min between sample collection and centrifugation was ob-
served for HMGB1 in serum with up to 200% increase during the sampling procedure.
Other analytes showed either no significant change over time or remained within 10%
of the base level. IA-LC-MS/MS provided a powerful tool to investigate the protein
sequence of MCSF1R in rat plasma revealing more experimental evidence for the unre-
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viewed protein sequence with Uniprot ID D4ACA7 compared to the reviewed protein
sequence with Uniprot ID Q00495. However, chromatographic and stability-related
challenges were observed with the initially targeted K18 and ccK18 peptides for mea-
surement. Therefore, ELISA kits were used for read out of matrix and sampling effects
for K18 and ccK18. The IA-LC-MS/MS approach was better applicable to quantify
OPN in serum and plasma due to better correlation compared to the sandwich im-
munoassay approach. K18 and one of the investigated HMGB1 peptides were found
to be susceptible to tryptic side-reactivity, likely produced by autolytic production of
pseudotrypsin with chymotryptic-like activity. Addition of PMSF before proteolysis
was found to rescue the according K18 and HMGB1 peptides. Analysis of preclin-
ical studies with the presented drugs and compounds confirmed GLDH as potential
marker for acute hepatic cell death. Furthermore, OPN levels were shown in con-
cordance with GLDH levels except for CCl4 treatment, where GLDH levels further
increased with longer treatment time, while OPN remained at the same level. Since
elevated OPN concentration upon drug treatment was observed in this animal model,
OPN may serve as translational immune response marker for DILI. HMGB1 might be
rather a biomarker for liver fibrosis than for acute liver failure since APAP and DAPM
treatment showed steady HMGB1 levels, whereas thioacetamide and CCl4 as known
fibrosis-inducing agents resulted in elevated HMGB1 levels. Corresponding to previous
RNA expression results, GLDH was observed predominantly in liver followed by kidney
and brain tissue.
In summary, this work contributes to better understanding for the use of trypsin
in IA-LC-MS/MS assays and for matrix and sampling effects on the potential DILI
biomarkers. Most importantly, translational value of GLDH and OPN as potential
DILI biomarker in rats as animal model is supported by the observed results, while
HMGB1 as marker for acute liver injury is further under question.
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Zusammenfassung

Medikamenteninduzierte Leberschädigung (drug-induced liver injury, DILI) ist nach
wie vor eine der größten Nebenwirkungen bei der Behandlung von Patienten und macht
mehr als 10% aller Fälle von akutem Leberversagen aus. Dementsprechend kommt es
immer noch häufig zu Rücknahmen von Arzneimitteln vom Weltmarkt. Der Goldstan-
dard zur Diagnose und Vorhersage von DILI umfasst insbesondere die Bestimmung der
Alaninaminotransferase (ALT) in Verbindung mit einer sorgfältigen Bewertung und
dem Ausschluss anderer zugrundeliegender Leberschäden. Die Vorhersage für DILI
nach dieser Mess- und Bewertungsmethode ist jedoch selten spezifisch. Aktuelle Unter-
suchungen klinischer DILI-Studien ergaben potenzielle neue Proteinbiomarker für DILI,
darunter glutamate dehydrogenase (GLDH), high-mobility group protein B1 (HMGB1),
keratin 18 (K18 in voller Länge und ccK18 als durch Kaspase gespaltenes Produkt),
macrophage colony stimulating factor 1 receptor (MCSF1R), and osteopontin (OPN).
Diese Proteine könnten möglicherweise durch ihre Funktion als potenzielle mechanis-
tische Marker sowohl für die Immunreaktion, als auch für Apoptose und Nekrose von
Hepatozyten bei medikamentöser Behandlung eine bessere Diagnose und Vorhersage
spezifisch für DILI liefern. Die Verwendung dieser Proteine als potenzielle Biomarker
für DILI in Tierversuchen und damit ihre Übertragbarkeit vom Menschen auf das Tier
für präklinische Studien ist von besonderem Interesse, um mit einer verbesserten Di-
agnose von DILI in Fällen von Leberschädigung früher in der Arzneimittelentwicklung
einzugreifen. Sowohl Serum als auch Plasma werden als klinische Probenmatrix ver-
wendet, aber ihre Vergleichbarkeit hinsichtlich präanalytischer Matrix- und Proben-
bearbeitungseffekten ist nicht vollständig untersucht.
Basierend auf der Methode immunoaffinity liquid chromatography tandem mass spec-
trometry (IA-LC-MS/MS) wurden Assays zur multiplexen Quantifizierung der poten-
ziellen Biomarker für DILI entwickelt. Diese Assays wurden zur Aufklärung von Matrix-
und Probenbearbeitungseffekten in humanen Plasma- und Serumproben verwendet.
Herkömmliche Sandwich-Immunassays wurden mit den Ergebnissen der IA-LC-MS/MS-
Methode verglichen. Um die Übertragbarkeit von Biomarkern zu testen, wurde die
Wirkung von Arzneimitteln und Reagenzien, von denen bekannt ist, dass sie Leber-
schäden hervorrufen, in präklinischen Studien mit Ratten als Tiermodell untersucht.
Acetaminophen (APAP), 4,4’-Methylendianilin (DAPM), Thioacetamid, Brom-benzol
und Tetrachlorkohlenstoff (CCl4) wurden hierfür verwendet. APAP, Thioacetamid und
Brombenzol wurden auf Dosiseffekte hin getestet, während für DAPM und CCl4 zeitab-
hängige Effekte und für CCl4 eine tägliche Medikamentenbehandlung untersucht wur-
den.
HMGB1 und MCSF1R waren am stärksten von Matrixeffekten in Serum und Plasma
betroffen. Die Konzentrationen von HMGB1 im Serum waren signifikant höher als in
Plasma, und zwar um das bis zu 12-fache, während die Konzentration von MCSF1R in
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Plasma um etwa 20% höher war als in Serum. Ein Anstieg von bis zu 200% wurde
für HMGB1 in Serum innerhalb der ersten 60 min zwischen Probenentnahme und
Zentrifugation beobachtet, während andere Biomarkerkonzentrationen entweder keine
signifikante Veränderung über diese Zeitspanne hinweg zeigten oder innerhalb von
10% Varianz blieben. IA-LC-MS/MS stellt eine leistungsfähige Methode zur Unter-
suchung der Proteinsequenz von MCSF1R in Rattenplasma dar, mithilfe derer ex-
perimentelle Beweise für die Proteinsequenz mit der Uniprot-ID D4ACA7 gesammelt
wurden, die als nicht geprüft gilt, als im Vergleich zur Proteinsequenz mit der Uniprot-
ID Q00495. Bei den ursprünglich zur Untersuchung herangezogenen Peptiden K18
und ccK18 gab es allerdings chromatografische und stabilitätsbedingte Herausforderun-
gen zur Messung, weshalb ELISA-Kits zum Auslesen von Matrix- und Probenbear-
beitungseffekten für K18 und ccK18 verwendet wurden. Der IA-LC-MS/MS-Ansatz
war für die Quantifizierung von OPN aufgrund der Serum- /Plasmakorrelation der
Ergebnisse besser geeignet als der Sandwich-Immunassay-Ansatz. K18 und eines der
untersuchten HMGB1-Peptide erwiesen sich als anfällig für eine tryptische Nebenreak-
tion, die wahrscheinlich durch die autolytische Produktion von Pseudotrypsin, welches
eine chymotryptischer Aktivität aufweist, hervorgerufen wird. Die Zugabe von PMSF
vor der Proteolyse konnte die entsprechenden Peptide für K18 und HMGB1 wieder-
herstellen und im Falle von K18 sogar messbar machen. Die Analyse der präklinis-
chen Studien mit den untersuchten Arzneimitteln und Reagenzien bestätigte GLDH
als potenziellen Marker für den akuten Leberzelltod. Außerdem zeigte sich, dass die
Konzentration von OPN sich analog zur Konzentration von GLDH verhält, mit Aus-
nahme während der Behandlung mit CCl4. Hierbei erhöhte sich die Konzentration
von GLDH mit verlängerter Behandlungszeit immer weiter, während der OPN-Gehalt
gleich hoch blieb. Da in diesem Tiermodell eine erhöhte Konzentration von OPN bei
medikamentöser Behandlung beobachtet wurde, könnte OPN als translationaler Im-
munreaktionsmarker für DILI dienen. HMGB1 stellt eher einen Biomarker für Leberfi-
brose als für akutes Leberversagen dar, da die Behandlung mit APAP und DAPM einen
gleichbleibenden HMGB1-Gehalt ergab, während Thioacetamid und CCl4 als bekannte
Fibrose-induzierende Mittel zu erhöhter HMGB1-Konzentration in Plasma behandelter
Ratten führten. In Übereinstimmung mit früheren RNA-Expressionsergebnissen wurde
GLDH vorwiegend in der Leber, gefolgt von Nieren- und Hirngewebe, nachgewiesen.
Zusammenfassend lässt sich sagen, dass diese Arbeit zu einem besseren Verständnis der
Verwendung von Trypsin in der IA-LC-MS/MS-Methodik und der Auswirkungen von
Matrix und Probebearbeitung auf die potenziellen Biomarker für DILI beiträgt. Vor
allem aber wird der Wert von GLDH und OPN als potenzielle Biomarker für DILI in
Ratten als Tiermodell durch die hier erzielten Ergebnisse unterstützt, während HMGB1
als Marker für akute Leberschäden in Frage gestellt wird.
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1 Introduction
1.1 Liver - organ of detoxification and toxification

The liver combines vital metabolic functions within its organ structure ranging from
carbohydrate and fatty acid metabolism to ureagenesis1. Hepatocytes take over these
functions building up to 90% of the liver mass. This cell type clusters in chords form-
ing hexagonal structures around the central veins of the liver, termed liver lobules2

(Figure 1). Each lobule comprises three zones with a gradient in oxygen and nutrients
going from saturated at the portal vessel (zone 1) to low saturation at the central vein
(zone 3) and shows a differential gene expression in hepatocytes within these zones.
Genes for gluconeogenesis or β-oxidation for fatty acid break-down are primarily ex-
pressed in the periportal region, whereas genes for glycolysis and fatty acid synthesis
are expressed in the pericentral region2,3.

Figure 1: Structural organization of liver lobules. The liver is structurally formed in clusters
of liver lobules. Hexagonal liver lobules consist of hepatic cords with blood flow from portal vessels
(red) to the central vein (blue). Three zones of hepatic cells form the liver lobule ranging from the
periportal, oxygen- and nutrient-rich site (zone 1) to the pericentral site, which is low in oxygen and
nutrients (zone 3). Hepatocytes cluster along the portal circulation, while immune cells (Stellate and
Kupfer cells) circulate within the blood flow. Adapted from Cunningham & Porat-Shliom2.
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Oxygen and nutrient-rich blood flows from the portal vein at the corners of the lobules
towards the central vein. These corners comprise the portal triad consisting of the portal
vein, the hepatic artery and the bile duct1. Within the portal circulation, immune cells
such as Stellate and Kupffer cells are present, which are involved in promoting collagen
organization in the liver (Stellate cells) or in promoting the inflammatory response as
macrophages of the liver (Kupffer cells)4,5. Cholangiocytes are responsible for forming
a barrier of epithelial cells between hepatocytes and the bile duct6. Bile is primarily
produced in hepatocytes as a product of fatty acid and carbohydrate metabolism and
consists of water, lipids, bile acids, and bilirubin7. Cholesterol is converted in hepato-
cytes to bile acids to facilitate lipid adsorption during digestion8. After bile secretion
from hepatocytes via the bile canaliculus into the bile duct, cholangiocytes modify the
bile composition mainly by increasing the bicarbonate concentration in bile. Bile is
further delivered to the gallbladder or duodenum by the biliary system9. Bile acid
can also be transported from hepatocytes back to plasma and is further eliminated in
the kidney by renal elimination via urine excretion. Under normal conditions, biliary
excretion is the major pathway for bile acids. As end product of heme catabolism,
bilirubin is conjugated in hepatocytes with glucuronic acid and subsequently excreted
into plasma or bile10. In plasma, bilirubin is taken up again by hepatocytes. In bile,
conjugated bilirubin hydrolyzes again into unconjugated bilirubin and is further pro-
cessed by gut microbiota in the intestine resulting finally in excretion via the intestine.
About one fifth of the unconjugated bilirubin from intestine reenters the enterohepatic
circulation to be processed again by hepatocytes.
Along with its function to maintain metabolic processes related to homeostasis, the
liver plays the body’s key role in xenobiotic biotransformation of chemical compounds
or drugs. After the initiating step of xenobiotic uptake, its biotransformation can
be divided into three phases I, II, and III2,11 (Figure 2). During phase I, functional
groups are introduced to the molecule by oxidation, reduction, or hydrolytic processes11.
This step is mediated by members of the cytochrome P450 superfamiliy (CYPs), other
monooxigenases, oxidoreductases, or peroxidases resulting in production of more po-
lar and reactive metabolites. Further solubilization and detoxification is achieved by
conjugation of, for instance, glutathione (GSH), glucuronic acid, or acetyl groups to
the reactive metabolite. Enzymes such as glutathione S-transferases, N-acetyl trans-
ferases, or UDP-glucurono-syltransferases mediate these processes termed phase II of
xenobiotic metabolism12. Urinary or biliary excretion of metabolites during phase
III is mediated by transporters such as ATP binding cassette or solute carrier (SLC)
transporters13. Drug turn-over according to the biotransformation processes mainly
takes place in pericentral hepatocytes but can be dynamically modulated by induction
of the corresponding genes2,14. When the elimination of reactive metabolites is dis-
turbed or drug excess leads to accumulation of reactive metabolites, toxification and
resulting liver injury occurs.
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Figure 2: Biotransformation in the liver. During phase I, xenobiotics are chemically modified via
various functionalization routes by hydrolysis, oxidation, or reduction mediated mainly by members
of the cytochrome P450 superfamily. The resulting reactive metabolites are then conjugated in phase
II with glutathione, glucuronic acid, or acetyl groups by transferases, whereby the metabolites are
detoxified and their solubility is increased. Conjugated metabolites are eliminated by urinary or biliary
excretion during the phase III reaction, which is enabled by transporters. Adapted and modified from
Esteves et al.11.

1.2 Drug-induced liver injury - DILI

Drug-induced liver injury (DILI) can be categorized in three types comprising intrin-
sic, idiosyncratic, and indirect DILI15,16. While intrinsic DILI is predictable and dose-
dependent, idiosyncratic DILI occurs rarely and dose-independent. Indirect DILI was
recently proposed as unintended liver injury upon drug administration, which might be
a synergetic effect of underlying chronic liver or inflammatory disease16. Mechanistic
classification of DILI is rather challenging since multiple mechanism are involved in
liver injury induced by drugs. Russmann et al.17 summarized the series of mechanism
during liver toxification in a 3-step model (Figure 3). Reactive metabolites can cause
direct cell stress during biotransformation in hepatocytes by binding to all forms of
macromolecules including lipids, enzymes or nucleic acid or by depletion of substrates
required for conjugation, e.g., glutathione. When reactive metabolites bind to enzymes
of the respiratory chain of mitochondria, they can directly inhibit mitochondria leading
to lack in ATP and accumulation of reactive oxygen species (ROS). Furthermore, spe-
cific immuno response can be triggered within the first step of this model by activation
of cytotoxic T-cells. Reactive metabolites forming protein adducts can be presented by
major histocompatibility complexes (MHC) resulting in neoantigen presentation and
subsequent T-cell activation18.
The proposed liver-injury initiating pathways lead to mitochondrial permeability tran-
sition (MPT), thus, permeability of the outer mitochondrial membrane, either by di-
rect mitochondrial inhibition or indirectly by intrinsic or extrinsic pathways defining
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the second step of DILI. Severe intracellular stress triggers activation of pro-apoptotic
members of the B-cell lymphoma 2 (Bcl-2) protein family resulting in MPT19. Once
activated, the extrinsic pathway via immune response leads to death receptor-mediated
activation of MPT20. The immune response can be enhanced when hepatic cytokines
are out of balance making hepatocytes more affected by cell death promoted by tumor
necrosis factor alpha (TNFα) during immune response. When MPT is triggered, apop-
tosis or necrosis form the third step of this model. Depending on how fast mitotoxicity
is triggered, ATP might still be available in the injured hepatocyte leading to apoptosis.
If no ATP is available, hepatocytes will undergo necrosis, leading to further stimulating
the immune response by cytokine secretion and neoantigen presentation via Kupffer

Figure 3: Mechanistic 3-step model for drug-induced liver injury. The first step of this model
involves activation of at least one of multiple pathways. Reactive metabolites can induce direct cell
stress by binding to macromolecules in hepatocytes, can inhibit the mitochondrial respiratory chain,
or trigger specific immune response against hepatocytes. In all cases, permeability of the the outer
mitochondrial membrane is induced in a second step termed mitochondrial permeability transition
(MPT). Initiation of MPT leads to apoptosis or necrosis, depending on if enough ATP is prevalent
to move towards apoptosis. Hepatocytes with cytokine production out of balance may enhance the
reaction during immune response. Necrotic cells lead to further activation of the immuno response by
release of pro-inflammatory cytokine or neoantigen presentation after their uptake by Kupffer cells.
Adapted and modified from Russmann et al.17.

cells, which are involved in clearance of necrotic hepatocytes. Idiosyncratic DILI is
considered to be more represented by the immune response pathway21 since genetic
variability in human leukocyte antigen (HLA) was linked to adverse reactions during
hepatotoxicity22,23. However, their use for DILI prediction remains under question
since HLA gene sequencing is not applied before general drug administration in clinics.
Prediction of DILI is still challenging since the mechanisms for DILI are versatile and
may mimic acute or chronic liver disease. Over the past years, DILI was recognized as
the major cause for acute liver failure (ALF) at least in western countries24,25. About
11% of ALF cases were determined as idiosyncratic DILI cases in the USA within
the year 201324. Furthermore, more than 30% of the drug withdrawals between 1975
and 2007 accounted for DILI making it one of the major reasons for failure in drug
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development26. Diverse animal models are used for preclinial investigation of DILI
including rat, mouse, cat, and dog animal models27. However, translational value
between human patients and animal models remains challenging due to differences
in proteins across species causing, e.g., altered drug turn-over rates, changed protein
binding capability during xenobiotic biotransformation, or differential CYP expression
due to carnivore or herbivore diet27,28.

1.2.1 Effects of DILI-related drugs or compounds on the liver

The high percentage in DILI cases for ALF cannot only be caused by idiosyncratic
DILI, therefore translatability of intrinsic DILI from clinic to preclinial animal models
and vice versa is still valuable to improve drug development. Several compounds and
drugs are known to cause DILI of which the mechanism is by far best understood for ac-
etaminophen (APAP), commonly known as paracetamol. APAP or paracetamol can be
freely purchased on the market and is used as analgesic with a maximum dosage of 4 g
per day for adults29. Due its dose-dependent hepatotoxic effect, APAP is in particular
useful to investigate intrinsic DILI. The conversion of APAP to the reactive metabolite
N-acetyl-p-benzoquinone imine (NAPQI) is catalyzed by P450 cytochrome enzymes
and conjugated with GSH30. In excessive doses of APAP, GSH is depleted and reactive
NAPQI is not metabolized rapidly enough. NAPQI then binds especially mitochon-
drial proteins31, e.g., by binding to complex I/II of mitochondrial electron transport
chain, ultimately producing more oxidative stress by H2O2 production, which promotes
further GSH depletion32. As a result, mitochondrial membrane potential is lost and
hepatocytes undergo necrosis as mode in cell death33. This manifests as hepatitis with
impaired liver functionality due to damaged hepatocytes. Rapidly dying hepatocytes
can then result in total liver failure.
Carbon tetrachloride (CCl4) is another cell stress-inducing compound with a reactive
metabolite produced during biotransformation causing hepatocellular damage. CYPs
convert CCl4 to the trichloromethyl radical CCl3 , which can bind to proteins, lipids,
or nucleic acid producing oxidative stress in hepatocytes followed by cell death and
subsequent inflammation34. Furthermore, CCl4 mediates liver fibrosis by activation of
hepatic stellate cells (HSCs) via released cytokines as key players during hepatic cell
death, which is induced by CCl335,36. Activated HSCs transdifferentiate to myofibrob-
lasts which are responsible for production of extracellular matrix (ECM) proteins such
as type-I collagen37. Excessive HSC activation leads to excessive ECM production re-
sulting in impaired liver function, which is termed liver fibrosis38. Chronic liver fibrosis
can turn into irreversible scarring of the liver structure by impaired blood flow, which
is then termed cirrhosis. Overexposure to CCl3 can lead to hepatocellular carcinoma
because of its binding to nucleic acid thereby inducing mutagenesis. Based on this
carcinogen feature and its role in ozone depletion, its former use as organic solvent or
precursors for refrigerants is not pursued anymore39.
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Acute toxicity can be investigated by the organic compound 4,4’-methylene dianiline
(DAPM), which is used in polymer chemistry for industrial production of polyurethan
foams40. It was found to induce biliary injury by damaging epithelial cells of the bile
duct41. Hereby, the bile flow is impaired and bile acids accumulate in hepatocytes and
systemic circulation by increased levels in enterohepatic circulation instead of biliary
excretion manifesting as cholestatic liver disease (cholestasis)9. Chronic cholestasis can
lead to fibrosis followed by cirrhosis and ultimately leading to liver failure. Under non-
chronic conditions, hepatocytes undergo transdifferentiation into biliary epithelial cells
for recovery from DAPM-induced damage42.
Initially used as fruit preservative and fungicide, thioacetamide was early recognized as
hepatotoxicant43. Thioacetamide is metabolized by CYPs by a 2-step mechanism to
thioacetamide sulfoxide followed by production of the reactive metabolite thioacetamide
sulfdioxide. Subsequently to binding hepatocellular macromolecules, the liver cells
undergo hepatic apoptosis and necrosis and thioacetamide was shown to induce liver
fibrosis44,45. Bromobenzene is used as additive to motor oils and industrial solvent
and is known for hepatotoxic effects due to formation of bromobenzene 3,4-epoxide as
reactive metabolite during biotransformation46,47. Hepatocellular damage is induced by
GSH depletion, followed by increased oxidative stress resulting in hepatocyte necrosis48.
In general, antibiotics and anti-inflammatory analgesic drugs are highly associated with
DILI with amoxicillin-clavulanate and ximelagatran as prominent examples with known
DILI cases15,49. DILI remains one of the main reasons for drug withdrawals from the
market. Since DILI phenotypes can cover cell death of hepatocytes, inflammation,
fibrosis, or cholestasis and histopathologic evaluation is not sufficient for specific DILI
indication50, biomarkers improving DILI diagnosis are required.

1.2.2 Current and potential DILI biomarkers

The current gold standard for DILI assessment is provided by measurement of ala-
nine amino transferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP), total bilirubin (TBIL) and application of Hy’s law21. ALT is responsible for
L-alanine conversion to α-ketoglutarate conversion during gluconeogenesis in hepatic
mitochondria and its vice versa reaction during glycolysis in muscle tissue51. Its preva-
lence in liver is highest followed by kidney or other tissue such as muscle or heart in
humans. Accordingly, AST catalyzes the transamination between L-aspartate to α-
ketoglutarate. However, AST is more widely expressed than ALT in other tissues such
as kidney, muscle, or heart. ALP includes enzymes, which hydrolyze phosphate esthers
at alkaline pH in a variety of metabolic functions such as bone mineralization or bile
modification, as such expressed predominantly in bone marrow and in epithelial cells
of the bile duct52,53. Hence, elevated ALP represents a marker for cholestasis, when
the bile duct flow is impaired. However, elevated ALP levels were associated with preg-
nancy or metastatic cancer and were demonstrated to be age-dependent53,54. The sum
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of conjugated and unconjugated bilirubin, which is represented by TBIL, can serve as
marker for impaired liver function since bilirubin uptake in hepatocytes and bilirubin
elimination via biliary excretion are impaired, thus, serum levels of total bilirubin are
increased10.
All of the presented markers can be elevated in hepatic damage events other than DILI
such as muscle impairement, metastatic cancer, alcoholic liver disease, or bone disease.
Furthermore, ALT levels may reflect hepatocellular injury well, but they are also in-
creased after treatment with heparins or statins55,56. Taken together, these markers
are not specific for DILI. Dr. Hyman Zimmerman found that between 10% and 50%
of patients were affected with liver transplant or death during DILI, when the follow-
ing criteria where met, summarized as "Hy’s law" for DILI prognosis57. When ALT
or AST levels are higher then 3-fold of the upper limit of normal (ALT or AST >
3 x ULN) and jaundice and / or elevated levels of serum TBIL (TBIL > 2 x ULN) are
diagnosed, then the drug under investigation induces hepatocelluar injury. This applies
when cholestatic injury can be excluded by ALP measurement with ALP < 2 x ULN
and when other interfering diseases such as viral hepatitis, alcoholic liver disease, or
bone disease can be excluded for the investigated subject. Hy’s law currently serves
as the best clinical model to predict severe DILI although specificity is low. Hy’s law
is generally accepted as basic rule to classify DILI and was extended resulting in the
following classification criteria21,58 (Table 1). The R factor was introduced by Aithal
et al.58 to differentiate drug-induced hepatocellular, cholestatic, and mixed liver injury
by dividing the measured ALT value with the measured ALP value. Hepatocellular
liver injury is met when Hy’s law regarding ALT, AST and TBIL is fulfilled or when
R is ≥ 5. Cholestatic liver injury can be expected when ALP values are > 2 x ULN
or R ≤ 2. Hepatocellular injury mixed with cholestatic injury can be expected when
R is between 2 and 5. However, determination of ULN remains challenging for global
clinical DILI studies since reference values were determined country-wise59. Clinical
studies rely on ALT, AST, ALP, and TBIL measurement before start of the study to
account for the right ULN values. Still, the lack in specificity and prediction value for
adverse DILI remains low.

Table 1: Classification for drug-induced liver injury (DILI). R = ALT / ALP

Hepatocellular DILI Cholestatic DILI Mixed DILI

ALT or AST > 3 x ULN ALP > 2 x ULN 2 < R < 5
and TBIL > 2 x ULN or R ≤ 2

or R ≥ 5

Emerging potential DILI biomarkers with higher specificity and predictive value have
been proposed from investigations of human DILI studies21,60. These potential biomark-
ers include proteins from apoptotic and necrotic processes as well as from immune re-
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sponse. The proteins glutamate dehydrogenase (GLDH), high-mobility group protein
B1 (HMGB1), and keratin 18 (K18) are considered to be released in circulation dur-
ing hepatocellular necrosis, while caspase-cleaved keratin 18 (ccK18) is released during
apoptosis21 (Figure 4). Together, their assessment may serve for early damage de-
tection induced by DILI. Macrophage colony stimulating factor 1 receptor (MCSF1R)
and osteopontin (OPN) are involved in activation of innate immune cells triggered by
necrosis.
GLDH is especially expressed in mitochondria of pericentral-located hepatocytes due
to its function in amino acid oxidation und the urea cycle by catalyzing the reaction
between L-glutamate and α-ketoglutarate61. Similarly to ALT, lower levels of GLDH
can be found in other tissue such as brain and kidney62. Clinical studies with pa-
tients exhibiting APAP-induced liver injury showed, that GLDH and ALT levels in
serum at least showed comparable DILI diagnosis value or that GLDH even outper-
forms ALT60,63. Patients with underlying muscle damage showed elevated ALT levels
in otherwise healthy subjects and in subjects with liver injury, whereas GLDH was only
elevated in serum of patients with liver injury63,64. GLDH levels were not affected by
the underlying muscle injury in subjects without liver injury.
Intracellular HMGB1 acts as nuclear DNA-binding factor and regulates transcription
by structural bending of DNA. HMGB1 comprises two nuclear localization sequences,
which are masked when acetylated, in turn, leading to secretion of HMGB1 into extra-
cellular matrix65,66. Secreted HMGB1 acts as cytokine promoting macrophage activa-
tion including HSCs and Kupffer cells67. When released from necrotic cells, HMGB1
promotes innate immune response by acting as damage-associated molecular pattern
(DAPM). HMGB1 was associated with acute liver disease and fibrosis in human studies
and animal model67.
Clusters of the protein K18 form the intermediate filament in single-layered epithelial
cells and is predominantly expressed in inner organs68. Despite its prevalence in other
organs such as kidney, K18 was demonstrated as predictive marker for adverse DILI
outcome including death or liver transplant69. MicroRNA-122 (miR-122), a small, non-
coding RNA expressed specifically in hepatocytes, was also found with predictive value
in the same study. However, large inter- and intra-individual variability of miR-122
levels was demonstrated among serum samples of healthy volunteers60. Release of the
fragment ccK18 is a result of intermediate filament fragmentation mediated by caspase-
3 during apoptosis. Together with K18, ccK18 forms the "apoptotic index" where levels
of ccK18 and K18 are divided to account for keratin released rather by apoptosis than
by necrosis. The apoptotic index might be used to diagnose more severe injury, which
is reflected by apoptosis70. However, background differences across various kits for K18
and ccK18 measurement impair its predictive value60.
OPN is a multifunctional protein involved in bone remodeling by serving as structural
protein71 and is involved in processes of the immune system. OPN promotes immune
cell infiltration in the liver by acting as cytokine72. It is expressed and secreted from
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macrophages and T-cell and further activates macrophages by binding to integrins
and the CD44 hyaluronic acid receptor73. The predictive value of OPN measurement
for potential adverse DILI outcome was demonstrated in a clinical study with DILI
patients60.
MCSF1R is a tyrosine kinase receptor specific to macrophages and was observed in
plasma samples of patients treated with ximelagatran74. Thereby, receptor shedding
after macrophage activation was hypothesized as reason for finding MCSF1R in this
body fluid. A predictive value for DILI with fatal outcome was attributed to elevated
MCSF1R levels in patients of clinical studies60. Interestingly, MCSF1R was shown
elevated in flupirtine treated patients compared to MCSF1R levels in plasma of pa-
tients with APAP-induced hepatotoxicity presenting MCSF1R as potential marker for
idiosyncratic DILI. K18, HMGB1, OPN, and MCSF1R are supported by the United
States Food and Drug Administration (FDA) for further investigation and exploratory
use of these proteins as DILI biomarkers75. GLDH entered recently the biomarker qual-
ification program for DILI due to its superiority in specific DILI diagnosis for patients
with underlying muscle impairment compared to ALT as biomarker64,76.

Figure 4: Current and potential biomarkers of DILI. Current DILI diagnosis is performed
by the combined analysis of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and
total bilirubin levels (TBIL) as international normalized ratio (INR) to classify and predict DILI.
MicroRNA (miR-122), a hepatocyte-specific non-coding RNA, was shown to specificly indicate hep-
atic stress, but was later abandoned as supported biomarker due to high inter-variability between
healthy volunteers. Glutamate dehydrogenase (GLDH), high-mobility group protein B1 (HMGB1),
and keratin 18 (K18) are released during necrosis, while caspase-cleaved keratin 18 shows apoptotic
hepatocyte death, together considered as early damage detection for DILI. Immune activation medi-
ated by activated macrophages via osteopontin (OPN) and macrophage colony stimulating factor 1
receptor (MCSF1R) might be assessed for prediction of adverse DILI outcome, ultimately serving as
factors to determine the risk in DILI progression. Taken from Andrade et al.21.
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1.3 Mass spectrometry for protein analysis

Proteins serve multiple functions ranging from structure formation and enzymatic con-
version of substrate to signal transfer as cytokines within cells, tissue or body fluids.
The entity of all proteins within the subject of investigation was termed proteome77

and its analysis is part of the research field of proteomics. Over the past two decades,
mass spectrometry (MS) emerged as tool for protein analysis with regard to complex
protein profiling78, post-translational modifications (PTMs)79, and protein interaction
studies80,81. One strategy in form of top-down proteomics is to analyze intact proteins
by direct injection into mass spectrometers and investigating the entire protein’s mass
and its fragments82. While this approach enables the investigation of proteins of even
more than 100 kDa and especially facilitates analysis of the entire protein sequence and
PTMs, top-down proteomics is mainly limited to purified proteins or low complex pro-
tein mixtures. In contrast, bottom-up proteomics provides the advantage to analyze
highly complexe mixtures by identification of numerous proteins on the basis of their
unique peptides83. Within this commonly used protein profiling technique, proteins are
fragmented into peptides by proteolysis. The most commonly used protease is trypsin,
which cleaves proteins usually after lysine or arginine generating 10 to 20 amino acid
long peptide fragments84. The peptide mixture is analyzed using liquid chromatogra-
phy coupled to mass spectrometry (LC-MS). Peptides are subjected to tandem MS and
the resulting fragment spectra are matched to theoretical spectra for identification. By
read-out of the mass-to-charge ratio (m/z) of proteotypic peptides, which are unique
in their composition of amino acids, proteins can be identified by their corresponding
unique peptide85. Thereby, the proteome can be studied in non-targeted approach to
study complex interaction networks or in targeted approach by focusing on a subset
of proteins to elucidate their function or to quantify them in a highly sensitive and
selective manner.

1.3.1 Targeted and non-targeted proteomics

Both targeted and non-targeted proteomics have their value in studying the proteome
of organisms. Non-targeted proteomics is in particular useful to build knowledge on
whole metabolic or signaling pathways and functions of proteins within these pathways.
Shotgun proteomics can be used hereby to monitor as many as possible peptides from
a proteolyzed sample mixture. The peptides are monitored in form of precursor ions
(MS1) with the mass analyzer of a high performance mass spectrometer und subsequent
fragmentation of these precursors into ion fragments, which are termed transitions
(MS2 or MS/MS)83 (Figure 5A). The acquired fragment spectra with the respective
transition intensities are then matched against spectra from corresponding in silico
databases to identify unique peptides representing the identified proteins. Over the
recent years, advances in prefractionation of peptides by liquid chromatography coupled
to a mass spectrometer enabled identification of over 16,000 proteins in mammalian
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Figure 5: Peptide identification via full-scan MS and parallel reaction monitoring (PRM).
(A) MS spectra of precursor ions are monitored and precursors are selected for fragmentation. MS
spectra of the resulting transitions are recorded and identified during database search by matching
to in silico MS spectra. (B) Precursors of target peptides and their corresponding internal stable
isotope-labeled standard peptide (red) are selected for fragmentation during parallel reaction moni-
toring (PRM). MS spectra of the resulting transitions are recorded and compared between target and
reference peptide for identification and quantification.

tissue by this approach86. This technique is summarized as liquid chromatography
tandem mass spectrometry (LC-MS/MS) including precursor and transition monitor-
ing with several coupled mass analyzers in a mass spectrometer. Reproducible peptide
measurement with this method based on data-dependent acquisition (DDA) is rather
limited since it is driven by stochastic prevalence of peptides due to the selection of
precursor ions starting with the most intense ions in a sample. In contrast, all pre-
cursors within a defined m/z range can be selected for simultaneous fragmentation
with the more recently introduced MS technique termed data-independet acquisition
(DIA)87. Since all precursors are fragmented within this method, the resulting MS2
spectra are highly complex and require complex data processing including matching
against spectral libraries acquired in preceeding DDA measurements. This method is
termed SWATH MS when synthetic peptides are used to build a spectral library in pre-
ceeding targeted LC-MS/MS measurements88. More reproducible protein identification
within each measurement run is better provided by targeted proteomics. In contrast to
monitoring as much peptides as possible as in shotgun proteomics, targeted proteomics
involves selection of a subset of peptides for MS read-out. This has the advantage of
measuring the peptides of interest within each run regardless of the prevalence of other
peptides. One prominent method for targeting peptides is parallel reaction monitoring
(PRM). A pre-specified set of precursor ions is determined with an inclusion list to
direct the mass spectrometer towards selection of these precursors (Figure 5B). Once
the precursor with the correct m/z is selected, this precursor is fragmented in the mass
spectrometer and all available transitions (MS/MS) are monitored89. By addition of
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stable isotope-labeled reference peptides as internal standards, identification of unique
peptides is provided with high confidence. Compared to other targeted methods in pro-
teomics such as selected reaction monitoring (SRM), where transitions are determined
a priori and measured one by one, PRM enables simultaneous monitoring of all possible
transitions89,90. Changes in transitions across matrices, thus, their influence on peptide
quantification, can be monitored easier by PRM with less method development89,91.

1.3.2 Instrumentation

In targeted as well as in non-targeted proteomics, peptide mixtures of proteolyzed
samples are separated by liquid chromatography based on their hydrophobicity us-
ing reversed-phase chromatography by ultra-high performance liquid chromatography
(UHPLC) instruments in nanoflow mode92,93. Online coupling of LC systems to their
respective mass spectrometers is commonly enabled by electrospray ionization (ESI)94.
Hereby, charged peptides are ionized under high voltage and their transfer from liquid
to gas phase is induced. After entering the mass spectrometer, these precursor ions are
focused by electronic lenses and prefiltered through an inject flatapole and an active
beam guide into a quadrupole as presented by Scheltema et al.95 (Figure 6A).
Within the quadrupole, precursor ions can be filtered by their m/z ratio and sent
to the HCD cell, where the ions are fragmented, for instance by higher-energy col-
lisional dissociation96 (HCD). Peptides are fragmented via HCD by mainly breaking
the amide bonds between amino acids resulting in C-terminal y-ions and N-terminal
b-ions97 (Figure 6B). When fragments are monitored which overlap in their amino
acid sequence, the exact amino acid sequence can be deduced from the corresponding
mass difference. Peptide fragments are bundled in the C-trap and further injected in
the orbitrap mass analyzer and mass spectra are recorded (Figure 6A). The moni-
tored intensity of the transitions can be used for quantification via PRM, while either
transitions or precursor ions can be used for quantification via full-scan MS.
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Figure 6: Overview of mass spectrometer instrumentation and peptide fragmentation.
(A) After entering the mass spectrometer, precursor ions are focused by electronic lenses and pre-
filtered by an inject flatapole and a guiding bent flatapole. Precursor filtering is performed in the
quadrupole and fragmentation is induced in the HCD cell by higher-energy collisional dissociation
(HCD) when a MS/MS event is triggered. Mass spectra of precursors (MS1) and transitions (MS/MS
or MS2) are recorded in the orbitrap mass analyzer. (B) Peptides are commonly fragmented by break-
ing the amide bond between adjacent amino acids during the HCD process. Adapted from Scheltema
et al.95 and Steen & Mann97

1.3.3 Plasma proteomics

One major obstacle of non-targeted bottom-up proteomics is the limited sensitivity
either when mixtures are highly complex, thus, comprising numerous peptides that
require fast and precise data acquisition via MS, or when samples have an enormous
dynamic range of up to 1011 in protein concentration as it is for plasma or serum
specimen98(Figure 7). Functional proteins such as albumin, which is responsible for
maintaining homeostasis in blood, or immunglobulins (IgGs) are highly abundant mak-
ing it more complicated to assess tissue leakage or signaling proteins within the lower
ng/mL or pg/mL range of blood specimen. Peptides of such high abundant proteins
may mask low abundant peptides since common orbitrap mass analyzers reach only a
dynamic range of about 5,000 due to limitations in number of analyzed ions per run99.
Depletion techniques utilizing immunoprecipitation with antibodies against abundant
proteins100 are quantitatively not reliable for low abundant proteins101 and plasma
fractionation for deep plasma proteomics102 is work-intensive making it less accessible
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Figure 7: Dynamic range of the plasma proteome. Protein concentration ranges over several
orders of magnitude (1011) in plasma with high abundant functional proteins, tissue leakage proteins
in the lower ng/mL range and signal proteins in the lower pg/mL range. Taken from Geyer et al.98

for high-throughput plasma proteome profiling. Apart from LC-MS-based read-out,
plasma is commonly investigated using sandwich immunoassays by capturing plasma
proteins with two antibodies and colorimetric analysis summarized as enzyme-linked
immunosorbent assays (ELISAs)103–105. The target protein is bound at two sites by a
solid-phase coupled capture antibody and a detection antibody. Commonly, horseradish
peroxidase is coupled to the detection antibody, which converts its chromogenic sub-
strate, if the target protein is present in the sample of interest and is bound between
both antibodies. The converted substrate is then measured colorimetrically, e.g., using
a photometer. This method is easily accessible but struggles for example with lack
of concordance across different kits, physiologically present autoantibodies, and with
cross reactivity to other proteins106,107. Combining peptide-tageted antibody enrich-
ment with LC-MS/MS measurement enables highly selective and sensitive identification
of proteins of interest based on their unique peptides. This peptide-targeted approach is
termed stable isotope standards and capture by anti-peptide antibodies (SISCAPA)108.
As part of the field of immunoaffinity liquid chromatography tandem mass spectrom-
etry (IA-LC-MS/MS)109, this method combines the sensitivity of immunoassays with
highly selective read-out by mass spectrometry. Thyroglobulin, a tumor marker for
thyroid carcinoma which is known for difficult quantification due to the presence of
autoantibodies in serum, could be detected with this approach with a detection limit
of 2.6 ng/mL110. Group-specific antibodies can be used to maximize the number of
peptides enriched per antibody known as concept of triple X proteomics (TXP)111–113.
Hereby, peptides with the same short C-terminal peptide sequence are enriched with
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one antibody and the peptides of interest are monitored by mass spectrometry. How-
ever, the high protein content and potential non-specific antibody binding still make
plasma and serum difficult body fluids to study.

1.4 Accurate quantification & validation

1.4.1 Quantification strategies

Robust plasma protein quantification remains challenging and accurate protein quan-
tification strategies are required. LC-MS provides several approaches for quantitative
protein analysis including label-free methods and methods relying on sample labeling
or addition of stable isotope-labeled standards. Label-free protein quantification can
be used for relative quantification of peptides on the precursor level114 or by counting
fragment spectra115. Quantification on the precursor level involves normalization of
the measured precursor intensity to the total measured peptide intensity in a MS run,
thereby generating normalized label-free quantification (LFQ) intensities. The LFQ
intensities of peptides eluting at the same time between different runs can then be
compared. However, label-free quantification does not account for variability in sample
preparation, differences in total peptide intensity introduced by sample fractionation,
or use of different software116. Therefore, the use of stable-isotope labels is preferred
for accurate peptide quantification. When comparing different sample conditions in cell
culture, stable isotope-labeling with amino acids in cell culture (SILAC) is the method
of choice by introducing isotopically labeled amino acids via the cell growth medium in
the conditions to be compared117,118. By use of either isotope-labeled lysine or arginine,
three conditions can be compared in total119. Samples can be mixed after harvesting,
processed and peptide intensities obtained from the LC-MS/MS measurements are then
compared, thus, studying the relative abundance of proteins. Similarly, proteins can be
chemically labeled by dimethyl labeling120, samples can be mixed and set in relation
by comparing precursor intensities of non-labeled and labeled peptides.
Up to 10 conditions or samples can be multiplexed in one MS run by isobaric labeling
of peptides after proteolysis using isobaric tags for relative and absolute quantification
(iTRAQ) or tandem mass tags (TMT)121,122. Thereby, peptides can be distinguished
on their MS2 level by different reporter ions released during fragmentation, hence,
resulting in fragments with different m/z ratios. Isobaric labeling is a widely used
method to quantify peptides on their MS2 level in deep proteome profiling86,123. In
summary, the presented methods enable quantification of proteins in proteome-wide
investigations using LC-MS, while confident analyte identification and quantification
in targeted proteomics is provided by addition of stable isotope-labeled standards (SIS)
as strategy for absolute quantification (AQUA) presented by Gerber et al.124. Known
amounts of synthetic isotope-labeled peptides are thereby added as internal standards
to the samples of interest. Endogenous peptides and their corresponding peptide ana-
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log elute at the same time within the LC system and the peptide intensity ratios are
formed to normalize against the intensity of the internal standard. When antibodies
are used for enrichment of endogenous and synthetic peptides, this approach resem-
bles common protein quantification methods such as sandwich immunoassays in form
of ELISAs best. In both approaches, analytes in unknown samples are enriched by
antibodies and quantified based on calibration curves of known analyte material either
in form of proteins (ELISA) or peptides (SISCAPA as part of IA-LC-MS/MS).

1.4.2 Validation strategies

Moving from biomarker identification towards biomarker validation for confident and re-
liable protein quantification for clinically relevant proteins as biomarkers is considered
as the next step in clinical proteomics125. Analytical method validation is generally
recommended by institutions represented by the FDA and the European Medicines
Agency (EMA)126,127. Parameters for analytical method validation comprise and are
not limited to the assessment of accuracy and precision of calibration curves and quality
control samples, effect of sample dilution in substitute matrix (parallelism), and repro-
ducibility of sample measurement126–128. Accuracy is determined by how close the
measured value represents the theoretically aimed value, whereas precision describes
the agreement between several independent measurements represented by the coeffi-
cient of variation (CV) in percent. Furthermore, analytical methods should be tested
for their upper and lower limits of calibration (ULOQ, LLOQ), matrix effects and sam-
ple and reagent stability should be investigated. Ideally, analytes in unknown samples
should be measured within the calibration range combined with evaluation of quality
control samples within each run to increase the confidence of protein quantification for
the corresponding assay.
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2 Aims of the thesis
The main aim of this thesis was to further elucidate the potential of emerging new
protein biomarkers to evaluate drug-induced liver injury (DILI). Candidate biomarkers
were found to exceed the potential of the current DILI marker alanine aminotrans-
ferase (ALT) for diagnosis or even prediction of DILI in human DILI studies60. Hereby,
the performance of these candidate biomarkers in combination is fairly little exam-
ined in preclinical studies with animals such as rats. Hence, the impact of known
liver injury inducing agents on a subset of these biomarkers was aimed to investigate
in preclinical studies with rats including acetaminophen (APAP), 4,4’-methylene di-
aniline (DAPM), thioacetamide, bromobenzene, and carbon tetrachloride (CCl4). To
enable accurate quantification of these biomarkers, method development was required
to determine OPN, MCSF1R, GLDH, HMGB1, K18, and ccK18 protein concentration
in serum or plasma. Biofluids such as serum or plasma are widely used to investi-
gate the stated biomarkers but there is growing concern whether some of them can be
compared across studies based on different sample matrices129–131. Thus, preanalytical
effects such as matrix or sampling effects during serum and plasma production were of
interest within this thesis. Immunoaffinity liquid chromatography tandem mass spec-
trometry (IA-LC-MS/MS) was employed to enrich unique peptides of the proteins of
interest with antibodies and to measure these proteins highly specific by mass spec-
trometry in peptide-targeted mode. The following objectives were established on the
basis of the stated aims:

1. Method development for DILI-related protein quantification using IA-LC-MS/MS

1.1. Optimization of the IA-LC-MS/MS method for quantification of potential
DILI biomarkers in human and rat specimen regarding peptide and antibody
features.

1.2. Investigation on the impact of trypsin on peptide release and recovery.
1.3. Comparison of MCSF1R rat protein variants based on their amino acid se-

quence.
1.4. Partial method validation of DILI-related protein quantification in rat plasma

and liver tissue.

2. Study of preanalytical matrix and sampling effects in human serum and plasma
specimen regarding DILI biomarker quantification

2.1. Examination of differences between matrices such as EDTA plasma and two
commonly types of serum collection tubes (with gel and without gel) regard-
ing candidate DILI biomarkers.
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2.2. Identification of time-dependent changes in DILI biomarker concentration
during benchtop incubation between sample collection and centrifugation.

2.3. Comparison between the IA-LC-MS/MS method and sandwich immunoas-
says or enzymatic assays for DILI-related protein quantification.

3. Study of translational protein biomarkers for DILI investigation in preclinical
studies including rat animal models
3.1. Analysis of candidate DILI protein biomarkers in EDTA plasma of rats

treated with APAP, DAPM, thioacetamide, bromobenzene, and CCl4.
3.2. Analysis of candidate DILI protein biomarkers in liver tissue of rats treated

with APAP and DAPM.
3.3. Comparison of DILI protein biomarker content in various rat tissues to eval-

uate their tissue specificity.
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3 Material and Methods
3.1 Material

All reagents were prepared in demineralized water if not specified otherwise. Compo-
nents for UHPLC buffers were purchased in LC-MS grade quality.

3.1.1 Consumables

Table 2: Consumables

Consumable Manufacturer

0.2 mL PCR reaction vessels 8-tube strips Eppendorf, Hamburg, Germany
0.2 mL Skirted 96-well robotic PCR plate Thermo Fisher Scientific, Waltham, USA
1.5 mL reaction vessel Eppendorf, Hamburg, Germany
15 mL PP reaction vessel Greiner Bio-One, Frickenhausen, Germany
50 mL PP reaction vessel Greiner Bio-One, Frickenhausen, Germany
96 PLATE+ GL 7MM RD V 220UL PP,
glass-coated plates

Thermo Fisher Scientific, Waltham, USA

Acclaim PepMap100 C18 µ-precolumn, 0.3 mm,
I.D. x 5 mm, 5 µm

Thermo Fisher Scientific, Waltham, USA

Acclaim PepMap RSLC C18, 75 µm I.D. x
150 mm, 2 µm

Thermo Fisher Scientific, Waltham, USA

Axygen AxySeal sealing film Corning, New York, USA
BD Vacutainer® serum and plasma tubes BD, Franklin Lakes, USA
DURAN Laboratory bottle with DIN thread,
GL 45, 250 mL; 500 mL, 1000 mL

Duran Group GmbH, Wertheim/Mainz,
Germany

epT.I.P.S. Standard 0.5 - 20 µL Eppendorf, Hamburg, Germany
epT.I.P.S. Standard 100 - 5000 Eppendorf, Hamburg, Germany
epT.I.P.S. Standard 2 - 200 µL Eppendorf, Hamburg, Germany
epT.I.P.S. Standard 50 - 1000 µL Eppendorf, Hamburg, Germany
Micro Amp 8-CAP Strip Thermo Fisher Scientific, Waltham, USA
KingFisher™ 96 tip comb Thermo Fisher Scientific, Waltham, USA
Micro insert, clear glass, 15 mm opening VWR, Radnor, USA
Micromat CLR, 96 RD flat, clear silicone Thermo Fisher Scientific, Waltham, USA
Microtiter plate, 96 well, PS, F-Bottom, clear Greiner Bio-One, Frickenhausen, Germany
Nitrile gloves VWR, Radnor, USA
pH indicator paper range 1-14 Carl Roth, Karlsruhe, Germany
Pierce™ Protein G Magnetic Beads Thermo Fisher Scientific, Waltham, USA
Pipette tips GPS LTS 20 µL Mettler Toledo, Columbus, USA
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Consumable Manufacturer

Pipette tips GPS LTS 250 µL Mettler Toledo, Columbus, USA
Pipette tips GPS LTS 300 µL Mettler Toledo, Columbus, USA
Pipette tips GPS LTS 300 µL Mettler Toledo, Columbus, USA
Steel balls Qiagen, Düsseldorf, Germany
Sterile filter, 0.2 µm Sarstedt, Nümbrecht, Germany
Syringe, 30 mL B. Braun, Melsungen, Germany
Screw caps, 9 mm, natural rubber red-orange VWR, Radnor, USA
Vial short thread, 1.5 mL, amber glass with
label

VWR, Radnor, USA

Viper Inline Filter Thermo Fisher Scientific, Waltham, USA

3.1.2 Chemicals and reagents

Table 3: Chemicals and reagents

Substance Manufacturer

3-[(3-Cholamidopropyl)
dimethylammonio]-1-propanesulfonate
(CHAPS)

Carl Roth, Karlsruhe, Germany

Acetic acid (HAc) Carl Roth, Karlsruhe, Germany
Acetonitrile (ACN), ultrapure LC-MS grade WICOM
Ammonia solution 25%, Rotipuran Carl Roth, Karlsruhe, Germany
Ammonium bicarbonate (ABC) Sigma-Aldrich,
St. Louis, USA Albumin fraction V,
protease-free, for matrix preparation (BSA)

Carl Roth, Karlsruhe, Germany

Calcium chloride dihydrate Carl Roth, Karlsruhe, Germany
Custom-made polyclonal antibody sera Pineda GmbH, Berlin, Germany
Custom-made monoclonal antibodies ASKA Biotech GmbH, Berlin, Germany
Custom-made synthetic isotope-labeled and
non-labeled peptides

INTAVIS AG, Tübingen, Germany

Dimethyl sulfoxide (DMSO) Thermo Fisher Scientific, Waltham, USA
Disodium phosphate (Na2HPO4 x 2 H2O) Carl Roth, Karlsruhe, Germany
Ethanol, >99.8%, p.a. Carl Roth, Karlsruhe, Germany
Ethylenediaminetetraacetic acid (EDTA) Carl Roth, Karlsruhe, Germany
Ethanol (EtOH) >99.8%, p.a. Carl Roth, Karlsruhe, Germany
Formic acid 99.0%, Optima™ (FA), LC-MS
grade

Fisher Scientific

Hydrochloric acid 37% fuming (HCl) Carl Roth, Karlsruhe, Germany
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Substance Manufacturer

Iodoacetamide (IAA) SigmaAldrich, St. Louis, USA
Methanol, ROTISOLV ≥99.98%, LC-MS grade Carl Roth, Karlsruhe, Germany
Nα-benzoyl-L-arginine-4-nitroanilide
hydrochloride

SigmaAldrich, St. Louis, USA

Nα-tosyl-L-lysine chloromethyl ketone
hydrochloride (TLCK)

SigmaAldrich, St. Louis, USA

N-Octyl β-D- glucopyranoside (NOG) Carl Roth, Karlsruhe, Germany
NP40 Surfact Amps Detergent Solution Thermo Fisher Scientific, Waltham, USA
N-p-tosyl-L-phenylalanine chloromethyl ketone
(TPCK)

SigmaAldrich, St. Louis, USA

N-Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide SigmaAldrich, St. Louis, USA
Phenylmethanesulfonyl fluoride (PMSF) Thermo Fisher Scientific, Waltham, USA
Phosphate-buffered saline (PBS) Thermo Fisher Scientific, Waltham, USA
Sodium chloride (NaCl) Carl Roth, Karlsruhe, Germany
Sodium dodecyl sulfate (SDS) SigmaAldrich, St. Louis, USA
Sodium hydroxide ≥99% (NaOH) Carl Roth, Karlsruhe, Germany
Technical buffer solutions pH 4.01, pH 7.00,
pH 9.21

Mettler Toledo, Columbus, USA

Triethanolamine hydrochloride
(TEA/TEA-HCl)

Carl Roth, Karlsruhe, Germany

Trifluoroacetic acid (TFA), HPLC-MS
Optigrade

VWR, Radnor, USA

Tris-(2-carboxyethyl)-phosphin (TCEP) Carl Roth, Karlsruhe, Germany
Tris-(hydroxymethyl)-aminomethane
hydrochloride (Tris-HCl)

Carl Roth, Karlsruhe, Germany

Water, ultrapure LC-MS grade Honeywell, Charlotte, USA

3.1.3 Solutions and buffers

Table 4: Solutions and buffers

Solution or buffer Components Use

ABC buffer 50 mM ABC buffer Immunoprecipitation
ABCC 0.03% CHAPS in ABC buffer Immunoprecipitation
HAc 50 mM HAc in H2O Proteolysis
Digestion buffer
(TEA-NOG)

0.5% NOG in 100 mM TEA Proteolysis

Eluent A 0.1% FA in H2O LC elution solvent
Eluent B 0.1% FA + 80% ACN in H2O LC elution solvent
Eluent C 10% 2-propanol in H2O LC needle wash solvent
FA solution 1% FA in H2O Immunoprecipitation
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Solution or buffer Components Use

IAA stock 1 M IAA in H2O Proteolysis
Loading buffer 0.05% TFA + 2% ACN in H2O LC loading solvent
Lysis buffer 1% NP40, 0.01% SDS, 0.15 M NaCl,

0.01 M Na2HPO4 x 2 H2O, 2 mM EDTA,
2.5 Units/mL Benzonase in H2O, pH 7.2

Lysis & total protein
determination

PBSC 0.03% CHAPS in PBS Immunoprecipitation
PMSF stock 0.2 mM PMSF in EtOH Proteolysis
Rear seal wash buffer 10% methanol in H2O LC rear seal wash solvent
TCEP stock 1 M TCEP in H2O Proteolysis
Tris-HCl working buffer 100 mM Tris-HCl, pH 8.0 Enzyme activity assay
Tris-HCl working buffer
with CaCl2

100 mM Tris-HCl, 10 mM CaCl2, pH 7.8 Enzyme activity assay

3.1.4 Enzymes, proteins, and kits

Table 5: Enzymes, proteins, and kits

Enzymes, proteins, and kits Provider

Antibody and protein kits for OPN & MCSF1R R&D, Minneapolis, USA
ccK18 ELISA, Apoptosense® Peviva (VLVbio), Nacka, Schweden
Chymotrypsin, sequencing-grade Promega, Walldorf, Germany
GLDH, recombinant protein (human) ProSpec-Tany TechnoGene Ltd., Ness-Ziona,

Israel
GLDH activity assay kit SigmaAldrich, Munich, Germany
HMGB1 ELISA IBL, Hamburg, Germany
HMGB1, recombinant protein (rat, used for
human & rat)

HMGBiotech, Milano, Italy

K18, recombinant protein (human) OriGene Technologies, Inc., Rockville, USA
K18 ELISA, EpiDeath® Peviva (VLVbio), Nacka, Schweden
MCSF1R, recombinant protein (human) R&D, Minneapolis, Canada
MCSF1R, recombinant protein (rat) Sino Biological Inc., Beijing, China
OPN, recombinant protein (human) SigmaAldrich, Munich, Germany
OPN, recombinant protein (rat) SigmaAldrich, Munich, Germany
Pierce™ Bicinchoninic acid protein assay
(BCA) kit

Thermo Fisher Scientific, Waltham, USA

Pierce™ Bovine Serum Albumin Standard
(BSA) for total protein determination

Thermo Fisher Scientific, Waltham, USA

Pierce™ Protein G magnetic beads Thermo Fisher Scientific, Waltham, USA
Trypsin, modified, TPCK treated Worthington Biochemical Corporation,

Lakewood, USA
Trypsin Gold, mass spectrometry-grade Promega, Madison, USA

26



3 Material and Methods

3.1.5 Samples

Table 6: Samples

Sample Provider Use

Hepatoma G2 cell pellets Workgroup Rothbauer,
University of Tuebingen,
Germany

Method development

Human EDTA plasma Biotrend, Köln, Germany Method development
Human serum and
EDTA plasma

Genentech, San
Francisco, USA

Matrix and sampling comparison

Primary human
hepatocytes

hepacult GmbH,
Martinsried, Germany

Method development

Rat EDTA plasma Biotrend, Köln, Germany Method development
Rat EDTA plasma MSD, Landsdale, USA DILI investigation (1,000 mg/kg APAP,

thioacetamide, bromobenzene, CCl4)
Rat EDTA plasma and
liver tissue

Sanofi, Montpellier,
France

DILI investigation (1,500 mg/kg APAP,
DAPM)

3.1.6 Laboratory equipment

Table 7: Laboratory equipment

Apparatus and type Manufacturer

Analytical balance CPA225D-0CE Sartorius Stedim Biotech, Göttingen, Germany
Analytical balance, Explorer scale OHAUS Waagen, Bad Hersfeld, Germany
AU analyzer Beckman Coulter, Brea, USA
Ball mill, Micro-Dismembrator U Sartorius Stedim Biotech, Göttingen, Germany
Centrifuge, Mini Star VWR, Radnor, USA
Chromatography system, UltiMate 3000
RSLCnano

Thermo Fisher Scientific, Waltham, USA

FlexMap3D instrument Luminex xMAP, Luminex Corp., Austin, USA
DynaMag- 15 Magnet Thermo Fisher Scientific, Waltham, USA
Magnet KingFisher™ 96 PCR head Thermo Fisher Scientific, Waltham, USA
Magnetic particle processor,
KingFisher™96-purification system

Thermo Fisher Scientific, Waltham, USA

Mass spectrometer, Q Exactive Plus™ Thermo Fisher Scientific, Waltham, USA
Microplate reader, BioTek ELx808 BioTek, Bad Friedrichshall, Germany
Microplate reader, FLUOstar Optima BMG Labtech, Ortenberg, Germany
Mixer, Vortex-Genie 2 Scientific Industries, Bohemia, USA
Multichannel Electronic Pipette, E4 XLS,
100 - 1200 µL

Mettler Toledo, Columbus, USA

Multichannel pipette, Pipet-Lite XLS, 2 - 20 µL Mettler Toledo, Columbus, USA
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Apparatus and type Manufacturer

Multichannel pipette, Pipet-Lite XLS,
20 - 300 µL

Mettler Toledo, Columbus, USA

Multichannel pipette, Pipet-Lite XLS, 5 - 50 µL Mettler Toledo, Columbus, USA
pH-meter, 766 Calimatic Knick, Berlin, Germany
Pipette 2 - 20 µL, Eppendorf Research plus Eppendorf, Hamburg, Germany
Pipette 10 - 100 µL, Eppendorf Research plus Eppendorf, Hamburg, Germany
Pipette 100 - 1,000 µL, Eppendorf Research plus Eppendorf, Hamburg, Germany
Pipette 20 - 200 µL, Eppendorf Research plus Eppendorf, Hamburg, Germany
Pipette 50 - 5,000 µL, Eppendorf Research plus Eppendorf, Hamburg, Germany
Refrigerated microcentrifuge 5417R Eppendorf, Hamburg, Germany
Sample mixer, HulaMixer Thermo Fisher Scientific, Waltham, USA
Single Channel Electronic Pipette, E4 XLS,
20 - 300 µL

Mettler Toledo, Columbus, USA

SWC Safety Weighing Cabinet Sartorius Stedim, Biotech, Göttingen, Germany
Thermo Mixer Comfort Eppendorf
Universal 320/320R centrifuge with plate rotor Hettich
Water purification system, Milli Q Plus Sartorius Stedim, Biotech, Göttingen, Germany

3.1.7 Databases and software

Table 8: Databases and software

Databases and software Distributor

Chromeleon version 6.8 or later Thermo Fisher Scientific, Waltham, USA
Gen version 5.1.10.8 BioTek, Winooski, USA
Inkscape version 0.92 GNU GEeneral Public License
Microsoft Office Home and Business 2016 Microsoft, Redmond, USA
Origin version 2017 OriginLab, Northampton, USA
PeptideCutter SIB Swiss Institute of Bioinformatics,

Lausanne, Switzerland
ProtParam SIB Swiss Institute of Bioinformatics,

Lausanne, Switzerland
Skyline version 19.1 or later MACOSS Lab, Department of genome sciences,

University of Washington, Seattle, USA
Tune 2.8 Thermo Fisher Scientific, Waltham, USA
UniProtKB Protein knowledgebase UniProt Consortium
Xcalibur 4.0 Thermo Fisher Scientific, Waltham, USA
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3.2 IA-LC-MS/MS assays for DILI biomarker quantification

Assays for protein biomarker quantification in human or rat samples were established
using the IA-LC-MS/MS method (Figure 8). Depending on the specimen, this method
included sample lysis and total protein determination (tissue and cell pellets) and pro-
teolysis followed by peptide-targeted immunoprecipitation using antibodies (tissue and
cell pellets, serum and plasma). For all types of specimen, read-out by LC-MS/MS was
performed. The following assays were qualified or partially validated: multiplex human
(MPh-dev) and multiplex rat (MPr). Depending on the assay, several workflow steps
could vary as described in section 3.2.1 to 3.2.12.

Figure 8: General IA-LC-MS/MS workflow for various specimen. Tissue and cell specimen
were lyzed and total protein content was determined. Tissue and cell lysates as well as serum or
plasma specimen were proteolyzed, synthetic peptides were added as internal standards, and peptide-
targeted immunoaffinity enrichment was performed. Read-out was performed with LC-MS. Adapted
from Anselm et al. 2021.

3.2.1 Surrogate matrix

A surrogate matrix was used as general calibration curve matrix or for dilution of
recombinant proteins to mimic the protein content in serum or plasma samples. The
surrogate matrix consisted of bovine serum albumin (BSA) with a concentration of
60 µg/µL in sterile filtered phosphate-buffered saline (PBS). This matrix and protein
concentration was chosen, since serum albumin is the highest abundant protein in
serum or plasma and the approximate total protein concentration in serum or plasma
samples between 60 µg/µL to 80 µg/µL133. The surrogate matrix was stored in aliquots
at approx. -20 °C up to 6 months. Hereafter, this matrix is termed surrogate matrix
or BSA control. Surrogate matrix was processed in the same way as the corresponding
volume of unknown test samples and used as matrix for calibration and blank samples
for all assays. For validated assays, surrogate matrix was also spiked in tissue or cell
lysate samples during processing to provide matrix conditions comparable to serum or
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plasma. Unknown serum or plasma samples and quality control samples were prepared
without surrogate matrix.

3.2.2 Samples for method development and method validation

Between 1 µL and 15 µL plasma sample was tested for sample processing during method
development. Cell pellets from hepatoma G2 (HepG2) non-treated or treated with
100 nM taxol for 18 h were kindly provided by Dr. Björn Tränkle (workgroup of Prof.
Dr. Rothbauer, University of Tuebingen) and processed for method development.
Several types of samples were prepared to address different parameters following "Bio-
analytical Method Validation Guidance for Industry" published by the United States
Food and Drug Administration126 (FDA).
Quality control (QC) samples were prepared and processed according to unknown
plasma samples and were used to assess the general assay performance regarding in-
ter / intra assay accuracy and precision. QC samples were prepared from endogenous
plasma samples spiked with recombinant protein or liver tissue lysate depending on
protein availability and the assay. Detailed QC sample composition is shown in Table
9. QC samples presented in Anselm et al. 2021 are also listed here and QC samples
were termed differently as in the publication (QCL = QC1, QCM = QC2, QCH = QC3).
Calibration samples (calibrators S1-S8, blank B) were prepared as described below (see
section 3.2.5 and 3.2.10) for general analyte quantification and for addressing intra /
inter accuracy and precision.

Table 9: Composition of quality control (QC) samples

Assay Sample Composition

MPh-dev

QC1 - Human EDTA plasma (Biotrend, Köln, Germany)

QC2 - Human EDTA plasma, 2,160.00 ng/mL rec. MCSF1R, 283.21 ng/mL
rec. OPN, 33.17 ng/mL rec. HMGB1, 447.79 ng/mL rec. GLDH

QC3 - Human EDTA plasma, 6,480.00 ng/mL rec. MCSF1R, 2,832.10 ng/mL
rec. OPN, 333.71 ng/mL rec. HMGB1, 4,477.87 ng/mL rec. GLDH

MPr

QC1 - Rat EDTA plasma (MSD, Kenilworth, USA); 18.83 ng/mL rec. rat
MCSF1R, 12.44 ng/mL synthetic ccK18 peptide

QC2 - Rat EDTA plasma, 150.67 ng/mL rec. rat MCSF1R, 454.67 ng/mL rec.
rat OPN, 46.64 ng/mL synthetic ccK18 peptide, 0.5 µg rat liver tissue
lysate (Sanofi, Montpellier, France)

QC3 - Rat EDTA plasma, 1,506.67 ng/mL rec. rat MCSF1R, 4546.67 ng/mL
rec. rat OPN, 466.38 ng/mL synthetic ccK18 peptide, 8 µg rat liver tissue
lysate
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Parallelism was tested using at least six samples with high endogenous protein levels.
Plasma samples were diluted serially three times 1:2 in surrogate matrix (P1-6_dil1-4)
for assay validation. Liver tissue was spiked with up to 8 µg into surrogate matrix
and serially diluted three times 1:2 in surrogate matrix (PT1-6_dil1-4) for testing
parallelism in case of MPr.

3.2.3 Samples for matrix and sampling comparison

Samples for matrix and sampling comparison were provided by the Genentech (San
Francisco, USA) employee sample donation program. Information consent form, sam-
pling procedures, forms, and recruitment material was approved by the Western Insti-
tutional Review Board. Samples were kindly prepared by Connie Mahood using the
following sample tubes: EDTA plasma: BD Vacutainer® #367844; serum without gel:
BD Vacutainer® #366668; serum with gel: BD Vacutainer® #367981. For each time
point to be investigated, serum with gel, serum without gel, and EDTA plasma was
drawn from each healthy volunteer (HV), in total ten HVs. After collection and gen-
tle inversion (5 - 8 times), the tubes were kept up right at room temperature (RT) for
15 min, 30 min, or 60 min prior to centrifugation at 1,600 rpm for 10 min at RT to test
different benchtop intervalls (Figure 9).

Figure 9: Sample preparation for matrix and sampling comparison. EDTA plasma, serum
without gel and serum with gel samples were collected from ten healthy volunteers. Benchtop stability
was tested by incubating samples 15 min, 30 min, and 60 min at RT between collection and centrifu-
gation. Read-out was performed with various assay types including IA-LC-MS/MS assays, sandwich
immunoassays and enzymatic activity assays. Taken from Anselm et al. 2021.
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For storage at -80 °C, the plasma or serum supernatants were transferred carefully
to cryo tubes. Apart from analysis by the IA-LC-MS/MS method (MCSF1R, OPN,
HMGB1, GLDH), these samples were also analyzed using sandwich immunoassays
(K18, ccK18, MCSF1R, OPN, HMGB1), and enzyme activity-based assay (GLDH)
as described below (see sections 3.3 and 3.4.1).

3.2.4 Samples for translational DILI biomarker investigation in preclinical
studies

EDTA plasma specimen of research animals from carbon tetrachloride (CCl4), thioac-
etamide, bromobenzene, and acetaminophen (APAP) studies for DILI investigation
were kindly provided by Merck Sherp & Dohme (MSD, Landsdale, USA). The respec-
tive vehicle solutions without drug or compound were administered to the rat control
groups. Study details are summarized in Table 10.

Table 10: Study set-up DILI rat, MSD

Study # Compound Rat strain Animal # Dosing Day of
sam-
pling

06-2502 Thioacetamide Sprague-Dawley

4 Control (water)

25 50 mg/kg
5 100 mg/kg
3 200 mg/kg

08-2532 Bromobenzene Wistar-Han
5 Control (corn oil)

34 300 mg/kg
4 750 mg/kg

13-1140 APAP Sprague-Dawley

5 Control (0.5% (w/v)
methylcellulose) 25 1,000 mg/kg

08-9942 CCl4 Sprague-Dawley

3

Control (corn oil)

3
3 4
4 8
4 15

3

120 mg/kg/day

3
3 4
4 8
6 15

Further EDTA plasma and liver specimen of research animals for DILI investigation
were kindly provided by Sanofi (Montpellier, France). The animals were housed in a
facility accredited by the Association for Assessment and Accreditation of Laboratory

32



3 Material and Methods

Animal Care International. The study and all procedures were in accordance with the
Directive 2010/63/EU of the European parliament and the related French transposition
texts, and were approved by the Sanofi Animal Care and Use Committee. Several
groups of male Sprague-Dawley rats (9-10 weeks old) of the study NTD0644 were
treated either with APAP or with DAPM according to the following specifications.
The corresponding vehicle solutions without drug or compound were administered to
the rat control groups. Six animals were dosed once with 1,500 mg/kg APAP and were
sacrificed at 24 h post dose together with six control animals without treatment. EDTA
plasma and liver specimen were collected. Liver samples were preserved in RNAlater-
like buffer for RNA analysis (performed at Sanofi). Furthermore, 18 animals were dosed
once with 250 mg/kg DAPM (plus 18 animals as control). Blood sampling and animal
sacrificing was performed 3 h, 24 h, and 96 h after dosing for 6 animals of each group.
Liver samples were provided from the animal group with 24 h treatment time after
dosing.

3.2.5 Proteotypic peptides of DILI biomarkers

In preparation for the IA-LC-MS/MS assay development, proteotypic peptides were
selected and purchased. Labeled and non-labeled reference peptides were supplied by
INTAVIS AG (Tübingen, Germany) in a purity of at least 95%. Isotope-labeled pep-
tides comprised either arginine (13C6 / 15N4) or lysine (13C6 / 15N2) at their C-terminus
depending on the tryptic cleavage site. When no C-terminal K or R was available,
then N-terminal leucine (13C6 / 15N1) was used. Peptides were reconstituted in 100%
DMSO. The peptide solutions were then diluted in ultrapure LC-MS-grade water to a
final DMSO concentration of 20% to a peptide stock concentration of 1 mmol/L and
stored at approximately -20 °C. Exact peptide concentrations were determined by amino
acid analysis (enantiomer labeling) at C.A.T. GmbH & Co (Tübingen, Germany).
Stable isotope-labeled standard (SIS) peptides were used as internal standards spiked
in a constant concentration to all samples prior to the immunoprecipitation (calibrator,
QC, and unknown samples). The SIS peptide stock solutions were mixed in PBSC and
were further diluted in PBSC to the corresponding SIS working solution. The first
dilution of SIS peptide mix was aliquoted and stored at -20 °C for further usage (see
3.2.10).
Synthetic non-labeled peptides were reconstituted, quantified and stored as described
above for SIS peptides. The non-labeled peptides were mixed in PBSC and serially
diluted 1:3 in PBSC to establish calibration curves (calibrators S1-S8). The first di-
lution of non-labeled peptide mix was aliquoted and stored at -20 °C for further usage
(see 3.2.10). Labeled peptides for normalized collision energy (NCE) testing were di-
luted either in loading buffer or in 1% FA, prepared in glass vials and measured via
LC-MS/MS (see 3.2.11).
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3.2.6 Capture antibodies for peptide enrichment

In preparation for the IA-LC-MS/MS assay development, polyclonal antibodies were
generated by SIGNATOPE GmbH for peptid-specific enrichment. Monoclonal anti-
bodies were generated and provided by ASKA Biotech GmbH (Berlin, Germany) using
monoclonal mouse hybridoma. Polyclonal antibodies were kindly prepared by Cornelia
Sommersdorf (SIGNATOPE GmbH, Reutlingen, Germany) according to the antibody
generation protocol described elsewhere111. Briefly, peptides with a chosen amino acid
length (either at least four amino acids from the C-terminus or the full peptide length)
and a spacer sequence were conjugated to the protein keyhole limpet hemocyanin.
Rabbits were immunized for about 70 days at Pineda GmbH (Berlin, Germany) using
this conjugate. Polyclonal antibodies were then purified by affinity chromatography.
Sepharose, presenting the peptide antigen via a spacer, linker, and ovalbumin, served
as the column material.

3.2.7 Tissue and cell lysis

Sample preparation for tissue or cell pellet samples started with lysis to extract pro-
teins. Liver tissues were homogenized using a ball mill (Sartorius Stedim Biotech,
Göttingen, Germany). Briefly, fresh frozen liver samples were added to cryo vials and
weighed. Then, 7 mm steel balls (Qiagen, Düsseldorf, Germany) were added and the
samples were kept frozen in liquid nitrogen. Homogenization was performed in the ball
mill for 2 min at 2,000 rpm.
After homogenization, tissue samples were treated accordingly to the general lysis pro-
cedure for cell pellets as follows. A 20-fold weight (volume) of lysis buffer was added
compared to the sample weight. For cell pellets, the approximate volume of cell pellet
was estimated by eye and the double volume of lysis buffer was added. Samples with
lysis buffer were incubated in a sample mixer (HulaMixer, Thermo Fisher Scientific,
Waltham, USA) for 1 h at 4 °C. Intensive vortexing was performed every 15 min dur-
ing this incubation time. Samples were then centrifuged for 10 min at 13,000 rpm at
4 °C. Supernatants were transferred in fresh tubes, aliquoted, and stored at -80 °C until
analysis. No lysis was required for serum or plasma samples. Tissue and cell lysis was
performed with the support of Cornelia Sommersdorf (HepG2 cells, liver), Katharina
Bendel (other tisse), or Helen Hammer (primary human hepatocytes).

3.2.8 Total protein determination

The protein concentration in tissue or cell lysate samples was determined according to
the bicinchoninic acid (BCA) method135 using the Pierce™ Bicinchoninic acid protein
assay kit (Thermo Fisher Scientific, Waltham, USA). The assay was performed accord-
ing to the manufacturer’s instructions with the following modifications. The calibrators
were prepared by spiking diluted lysis buffer (20% lysis buffer in demineralized water)
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with BSA according to the concentration levels proposed by the manual (25 µg/mL
to 2,000 µg/mL). No total protein determination was performed for serum or plasma
samples since the total protein concentration in these samples is mainly determined
high abundant proteins such as serum albumin and globulis (IgG)133. Thus, total pro-
tein concentration in serum or plasma samples was assumed 60 µg/µL as described in
section 3.2.1.

3.2.9 Proteolysis of tissue, cells, plasma, and serum

For enzymatic fragmentation of intact proteins to peptides (digestion / proteolysis),
samples were mixed with digestion reagents and digested by trypsin as follows. All
incubation steps were performed at 700 rpm shaking in a Thermo Mixer Comfort. Di-
gestion buffer (0.5% NOG in 100 mM TEA) and plasma samples (1 µL to 15 µL) were
mixed to give a final volume of 110 µL per well in a 96-well microtiter plate, closed with
microcap strips and proteins were denatured at 99 °C for 5 min. Accordingly, digestion
buffer, 15 µL surrogate matrix and liver tissue or lysate (1 µg to 8 µg) were mixed to give
a final volume of 110 µL and heated for preparation of lysate samples. After cooling
the samples down to room temperature (RT), protein disulfide bonds were reduced by
adding 10 µL 60 mM TCEP for a final concentration of 5 mM TCEP and an incubation
at RT for 5 min. For alkylation of cysteine residues, the samples were complemented
with 10 µL 130 mM IAA for a final concentration of 10 mM IAA and incubated at RT
in the dark for 20 min. Trypsin was added for proteolytic protein digestion in a trypsin
to protein ratio of 1:20. The pH was confirmed at about pH 8 with pH indicator paper.
Proteolysis with trypsin was performed at 37 °C for 16 h. The reaction was stopped
by a heating step to 99 °C for 5 min, cool-down to RT, and subsequent addition of
PMSF (final 10 mM). Samples were diluted at least 10-fold during the proteolysis step
by subsequent addition of proteolysis reagents, i.e., 15 µL sample volume resulted in a
final digestion volume of 150 µL. A volume of 15 µL surrogate matrix (60 µg/µL BSA
in PBS) was used for proteolysis to prepare calibration samples, which were finalized
in the following peptide immunoaffiniy enrichment procedure. The following proteoly-
sis parameters were investigated during method development for the proteins K18 and
HMGB1. For testing impact of trypsin concentration, the trypsin to protein ratio was
decreased to 1:100. Proteolysis times from 0 h, 2 h, 4 h, 6 h to 16 h were tested for di-
gestion kinetics. PMSF was added directly before trypsin addition in peptide recovery
experiments to reduce cleavage within the sequence of the K18 and HMGB1 peptides.
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3.2.10 Peptide immunoaffinity enrichment (immunoprecipitation)

Proteolyzed samples were further used for peptide-specific immunoaffinity enrichment
as follows. Immunoprecipitation (IP) reagents including peptide solution and anti-
body solution were added to the digested samples in the 96-well microtiter PCR plate.
Peptide solutions were prepared as described in section 3.2.5. A volume of 10 µL
SIS working solution (internal standard) was added to the digested surrogate matrix
(for calibrators), QC samples, and unknown samples resulting in definded SIS peptide
amounts in fmol per well. A volume of 10 µL calibrator was added to the samples
with proteolyzed surrogate matrix to complete calibration samples. A volume of 10 µL
PBSC was added to proteolyzed surrogate matrix to generate blank samples (B).
Antibody mixtures were prepared in PBSC and between 10 µL to 25 µL antibody mix-
ture was added depending on the total antibody concentration. Depending on the
assay, CHAPS was added to give a final concentration of 0.03% as a detergent to re-
duce surface tension, since this is a prerequisite for the magnetic bead transfer by the
following automatic magnetic bead transfer steps in the magnetic bead processor.
Additionally to the described sample plate, bead (source) plate and wash plates in
96-well format were prepared as follows. Pierce™ Protein G magnetic beads (Thermo
Fisher Scientific, Waltham, USA) were washed and prepared in PBSC according to
the manufacturer’s instructions using a magnet (DynaMag- 15 Magnet, Thermo Fisher
Scientific, Waltham). Usually, a volume of 2 µL bead suspension was used per 1 µg anti-
body. To increase sensitivity, more bead suspension was added depending on the assay.
PBSC and bead suspension were added up to 100 µL volume per well in the source plate.
The immunoprecipitation procedure with two wash steps in PBSC (0.03% CHAPS in
PBS) and three wash steps in ABCC (0.03% CHAPS in 50 mM ABC buffer) were per-
formed in semi-automated format in a magnetic bead processor (KingFisher™, Thermo
Fisher Scientific, Waltham, USA). During a total run time of 2 h 45 min, the plates were
processed by bead transfer to the corresponding plates and the respective incubation
steps (see procedure Table 11). Peptide elution from their corresponding antibody
was performed in 1% formic acid (FA). The obtained elution was transferred to a new
96-well plate to avoid remnants of beads (transfer plate), subsequently pipetted into
a glass-coated 96-well plate, and closed with a silicone mat (for MPr). Alternatively,
samples were pipetted from the transfer plate into glass inserts in glass vials (for MPh-
dev).
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Table 11: Semi-automated procedure for immunoprecipitation in a magnetic bead processor

Step number Plate description Solvent / condition Volume (µL)

1 Sample Samples, peptides, antibodies max. 195
2 Source Bead suspension in PBSC 100
3 Washing PBSC 100
4 Washing PBSC 100
5 Washing ABCC 100
6 Washing ABCC 100
7 Washing ABCC 100
8 Elution 1% FA 20

3.2.11 LC-MS/MS and MS data public access

After immunoprecipitation, sample read-out was performed using an liquid chroma-
torgraphy (LC) system coupled to a mass spectrometer (MS). The peptide eluates were
loaded onto a nanoflow UHPLC system (Ultimate 3000 RSLCnano, Thermo Fisher Sci-
entific) with an injection volume of 5 µL per sample. Peptide trapping was performed
with loading buffer as mobile phase (2% acetonitrile (ACN) and 0.05% trifluoroacetic
acid (TFA)) on a precolumn (Acclaim PepMap100 C18, µ-precolumn, Thermo Fisher
Scientific, Waltham, USA). Chromatographic peptide separation was performed on an
analytical column (Acclaim PepMaP RSLC C18, Thermo Fisher Scientific Waltham,
USA) with a flowrate of 1 µL/min at 55 °C column oven temperature. During a total
run time of 10 min, peptides were separated within a 5.75 min gradient from 4% to
40% eluent B (80% ACN), the analytical column was washed with 99% eluent B and
equilibrated again to 4% eluent B (96% eluent A: 0.1% FA). LC needle wash was per-
formed with eluent C (10% 2-propanol) and the rear seal wash buffer (10% methanol).
Between each run, 2 min equilibration was set resulting in a total run time of 12 min
per sample. Final read-out of peak intensities was performed with a mass spectrometer
(QExactive Plus™, Thermo Scientific, Waltham, USA). PRM was chosen for targeted
MS data acquisition and MS parameters were set as follows: resolution of 35,000, max-
imum injection time of 60 ms, automatic gain control (AGC) target of 2x105, peptide
isolation window of 1.4 m/z, MSX count of 2. For precursor selection, an inclusion
list was used with the corresponding mass-to-charge (m/z) values for non-labeled and
labeled peptides. Peptide isolation time was scheduled to maximize data points for
the chromatographic peaks when more than three peptides were part of the inclusion
list (at least ten data points per peak). Charge state and normalized collision energy
(NCE) was optimized for all peptides.
Full-scan MS analysis was performed for measurement of the rat MCSF1R peptides
during method development. The same LC conditions from above were combined with
the following full-scan MS parameters. A resolution of 70,000, a maximum injection
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time of 100 ms, an isolation window of 2 m/z and an AGC target of 3x106 were applied
to measure the top 10 peptides per MS cycle.
The mass spectrometry data for matrix and sampling comparison of human serum and
plasma specimen134 have been deposited the ProteomeXchangeConsortium (http://pro-
teomecentral.proteomexchange.org) via the PRIDE partner repository136 with the data
set identifier PXD028274.

3.2.12 General MS data analysis and quantification

Chromatograms were recorded using the software XCalibur version 4.0 or later, raw
data was imported to the software Skyline137 version 19.1 or later and peak areas were
determined for each analyte and isotope-labeled analog. The summed peak areas of at
least four fragment ions were used for calculation. For assays under development, either
peak areas under the curve (AUC) (non-labeled peptide) or AUC ratios (endogenous or
non-labeled peptide vs. labeled standard peptide) were reported. For MPh-dev and the
validated assay MPr, peptide quantification was based on the calibration curve S1-S8
plus blank (B). This calibration curve was obtained by the AUC ratio (synthetic non-
labeled vs. labeled analog) using a logistic fit model. Protein concentrations in EDTA
plasma were calculated by converting measured absolute peptide amount (fmol) into
ng/mL considering the molecular weight of the corresponding protein and the corre-
sponding sample volume (1 µL to 15 µL). Quantification results for liver tissue samples
in fmol were calculated in ng and normalized to total protein input for proteolysis (ng
analyte / µg total protein). The protein molecular weight values were calculated by
the amino acid sequence only because not all relevant protein weights were available
at Uniprot (e.g., shedded MSCF1R part or caspase-cleaved K18). The corresponding
amino acid sequences were used from UniProt138 (FASTA sequence) and the theoretical
molecular weight was calculated using the corresponding amino acid sequence with the
online tool ProtParam139.

3.2.13 Data analysis for validation experiments

Several analysis parameters were investigated for partial validation experiments for
the assay MPr following the recommendations of the FDA guideline126. Analytes were
quantified according to the general analysis method described above (see section 3.2.12)
and the obtained results were used for the following calculations. In general, three in-
dependent runs were applied per validation criterion for partial validation.
QC samples were characterized by repeated multiple measurements (n = 3). The nomi-
nal values of the corresponding protein concentrations in each QC sample (QC1, QC2,
and QC3) were determined by calculating the mean from three runs with two process-
ings and measurements per QC level and run. Inter assay accuracy and precision over
the calibrator concentration range was assessed by the repeated analysis of calibration
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samples (S1-S8, B), and QC samples in three independent runs. Accuracy was de-
termined as the relative deviation of the measured concentration from the respective
nominal concentration (Equation 1). Precision was determined as the standard devia-
tion of the individual measurements at one concentration level relative to the arithmetic
mean value (Equation 2).

accuracy (%) = concentrationmeasured − concentrationnominal

concentrationnominal
∗100 (1)

precision (% CV ) = standard deviation measured

arithmetic meanmeasured
∗100 (2)

Intra assay accuracy and precision were calculated from the sixfold measurement of QC
samples on one sample plate. The mean accuracy of the measurement should not exceed
±20% CV from the determined nominal value (except at LLOQ & ULOQ, ±25%, see
below). Intra assay precision should not exceed 20% (except at LLOQ & ULOQ, 25%).
Total error (TE) sets precision and accuracy into relation and was calculated as follows
to determine the quantification limits (Equation 3).

Total error (% TE) = % precision + |% accuracy| (3)

The lower limit of quantification (LLOQ) was derived as the lowest concentration level
which could be measured with an accuracy of ±25%, a mean precision of better than
CV ≤25%, and total error of ≤40%. Furthermore, the LLOQ should be higher than the
mean blank signal per batch summed with six times standard deviation of the blank
signal. The upper limit of quantification (ULOQ) was defined as the highest concen-
tration level which could be measured with an accuracy of ±25%, a mean precision of
better than CV ≤25%, and total error of ≤40%.
For parallelism, the accuracy between back-calculated diluted samples and undiluted
sample was determined using Equation 1 for at least six animal samples.
For reproducibility, the percentage difference of the results of at eight animals from
two independent measurement runs was investigated according to the recommendation
from the European Medicines Agency127 (EMA) with the following Equation 4.

difference(%) = concentrationreplicate1 − concentrationreplicate2
concentrationmean

∗100 (4)
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3.2.14 Replicates and statistical analysis

All samples were processed (digest & IP) and measured by LC-MS/MS three times
during early method development. Samples at a later development stage (MPh-dev)
or validated assay (MPr) were processed and measured twice. Only samples with a
coefficient of variation (% CV) below 30% were reported in ng/mL and results with a
CV below were shown as half the corresponding LLOQ values (LLOQ/2) as proposed
by Wakefield & Racine-Poon140.
All statistical tests were performed using the software OriginPro (version 2017) and
figures were edited using the software Inkscape (version 0.92). Regression analyses
were performed by assessing the regression coefficient adjusted relative to the number
of samples (adjusted R2). The strength of correlation was assessed during method de-
velopment for endogenous analyte in 1 µL to 15 µL plasma sample or for correlation of
analyte concentrations in matched serum and plasma samples or method comparison
(see 3.2.3 and 4.4.3). The levels in strength of correlation were termed according to
the guide proposed by Mukaka in 2012141.
Significant increase or decrease in analyte levels between sample collection and cen-
trifugation time from matched human serum and plasma specimen (see 3.2.3) were
investigated with a one-way repeated measures analysis of variance (ANOVA) test and
Bonferroni correction (significance level: p < 0.05). Results from samples with a bench-
top time of 15 min were used as reference value (100%). Matching serum and EDTA
plasma samples from the same donor were investigated using paired t-tests (significance
level: p < 0.05).
Since different animals were tested for each condition or investigated time period for
drug or compound treatment, the nonparametric Mann-Whitney test was applied to
assess statistically significant difference (significance level: p < 0.05).

3.3 Sandwich immunoassays for DILI biomarker quantification

Samples for matrix and sampling comparison (see 3.2.3) were investigated with various
sandwich immunoassays including enzyme-linked immunosorbent assay (ELISA) kits
and bead-based sandwich immunoassays depending on assay availability. Both assays
involved a two-step procedure using two antibodies (capture & detection) and read-out
via absorbance or fluorescence measurement (Figure 10). All samples were analyzed
once due to sample availability and the procedures were kindly performed by Cornelia
Sommersdorf (SIGNATOPE GmbH, Reutlingen). Statistical analysis was performed
by me.
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Figure 10: General sandwich immunoassay workflow for protein quantification. ELISAs:
absorbance at 450 nm, bead-based sandwich immunoassays: Fluorescence of phycoerythrin (PE).
Adapted from Anselm et al. 2021.

3.3.1 ELISAs for quantification of HMGB1, K18, and ccK18

ELISA kits were used for quantification of the proteins HMGB1 (IBL, Hamburg, Ger-
many, #ST51011), K18 (Peviva (VLVbio), Nacka, Schweden, EpiDeath® #10020) and
ccK18 (Peviva (VLVbio), Nacka, Schweden, Apoptosense® #10011) in samples for ma-
trix and sampling comparison (3.2.3) according to their manufacturer’s instructions.
Briefly, antibody-coated microtiter strips were incubated with 50 µL neat sample for
HMGB1 or 25 µL neat sample for K18 or ccK18 for their according assay incubation
times. Calibrators and blank samples were generated and added according to the kit
protocol. The high sensitivity calibration range was used for the HMGB1 ELISA. En-
dogenous plasma samples (HMGB1) or samples provided with the kit (K18, ccK18)
were used as batch control samples. After antibody and sample incubation, enzyme-
conjugated antibodies were added to the microtiter strips followed by addition of color
solution. After reaction stop using the stop solution, read-out was performed by mea-
suring the absorbance at 450 nm using a microplate reader (BioTek ELx808, BioTek,
Bad Friedrichshall, Germany). Analyte quantification was performed based on the ac-
cording calibration curves and reported in ng/mL (HMGB1) or picomole per liter (K18,
ccK18).

3.3.2 Bead-based sandwich immunoassays for quantification of OPN and
MCSF1R

Bead-based sandwich immunoassays were performed for quantification of the proteins
OPN and MCSF1R in single analyte format. Antibodies and protein stocks for prepara-
tion of the calibration curves were used from the corresponding kits (R&D, Minneapolis,
Canada: OPN: DuoSet #DY1433, MCSF1R: DuoSet #DY329) and adapted to the Lu-
minex bead-based assay platform (Luminex xMAP, Luminex Corp., Austin, USA) as
described by Poetz et al. in 2018. Briefly, capture antibodies were coupled to magnetic
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polystyrene beads and detection antibodies were biotinylated. Unknown samples were
diluted 1:100 for MCSF1R and 1:10 for OPN. Endogenous human plasma samples were
used as batch control samples. Capture antibody beads were incubated with unknown
samples, calibrators, blanks and controls for 2 h followed by further incubation with
the biotinylated detection antibodies for 2 h. Phycoerythrin (PE)-conjugated strepta-
vidin was added for 45 min and read-out of the fluorescence signal was performed on
a FlexMap3D instrument (Luminex xMAP, Luminex Corp., Austin, USA) according
to the manufacturer’s instructions. Analyte quantification was performed based on the
respective calibration curves and reported in pg/mL.

3.4 Enzyme activity-based assays

Since no sandwich immunoassay was available for GLDH quantification in plasma or
serum, an enzyme activity-based assay (see below 3.4.1) was used for GLDH activity
measurement in serum samples for matrix and sampling comparison (see 3.2.3). Activ-
ity of alanine amino-transferase (ALT) was measured in serum specimen according to
the procedure described below (3.4.2). Furthermore, tryptic and chymotryptic activity
of trypsin was investigated using the corresponding activity assays (3.4.3).

3.4.1 Enzyme activity assay for GLDH

An enzyme activity assay kit (SigmaAldrich, Munich, Germany, #MAK099-1KT) was
used to assess GLDH activity in serum samples for matrix and sampling comparison
(see 3.2.3). The procedure was performed according to the manufacturer’s instruc-
tions with a sample volume of 25 µL serum per sample. Plasma was not measured
since the manufacturer established this assay only for serum samples. GLDH activity
was assessed by enzymatic conversion of the substrate glutamate to α-ketoglutarate
generating NADH from NAD+ and H+ (Figure 11) by GLDH. A probe reacted then
with NADH resulting in a probe product having a maximum absorbance at 450 nm
using a microplate reader. Calibration curves were prepared as recommended by the
manufacturer using specified concentrations of NADH (provided by the kit) and endoge-
nous plasma was used as batch control samples for both measured batches. Results
were reported in enzyme activity per time in U/L. Reaction times were determined for
optimal absorbance signal of the unknown samples to be within the assay’s working
range between 2 and 10 nmole NADH per well. A reaction time of 30 min (batch 1) or
40 min (batch 2) was chosen to determine the GLDH activity per batch, respectively.
Serum samples were collected and measured at Sanofi for GLDH activity with the same
method using a Roche Cobas 6000 c501 system (Roche Diagnostics, Basel, Switzerland)
for read-out and data were kindly provided by Sanofi for further analysis.
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Figure 11: General enzyme activity assay workflow for GLDH. GLDH converts glutamate
enzymatically to α-ketoglutarate generating NADH from NAD+ and H+. NADH reacts with a probe
and the product can be read out with an absorbance at 450 nm. Adapted from Anselm et al. 2021.

3.4.2 Enzyme activity assay for ALT

Alanine aminotransferase (ALT) activity was measured in animal serum samples on
Beckman Coulter AU analyzers (Brea, USA). The underlying coupled enzyme assay
was proposed by Wroblewski & Ladue143 and modified as recommended by the Inter-
national Federation of Clinical Chemistry144. Briefly, L-alanine and α-oxoglutarate is
transformed to pyruvate by ALT under usage of glutamate. NADH and generated pyru-
vate is then converted by lactate dehydrogenase to NAD+. The decrease in absorbance
at 340 nm (by conversion of NADH to NAD+) is proportional to ALT activity. The
analyses were performed at the sample collection sites of Sanofi and MSD, respectively.
ALT data in U/L were kindly provided and statistically analyzed by me.

3.4.3 Tryptic and chymotryptic activity assays

Chymotryptic activity of trypsin was tested by tryptic and chymotryptic activity assays
as described by DelMar et al. in 1979145 with the following modifications. For testing
tryptic activity of trypsin, microtiter plate wells were prepared with Tris-HCl working
buffer (100 mM tris-HCl, pH 8.0) and trypsin substrate (100 nmol per well Nα-Benzoyl-
L-arginine-4-nitroanilide hydrochloride, SigmaAldrich, #B3133-100MG). Wells without
substrate or without substrate and enzyme served as negative controls. Read-out was
performed at 405 nm (absorbance of the product 4-nitroaniline) with a microplate reader
(FLUOstar Optima, BMG Labtech, Ortenberg, Germany) before enzyme addition to
obtain absorbance of blanks without enzyme. Trypsin of the following manufacturers
were added to each well except the corresponding negative control wells: 1 µg trypsin
provided by Worthington Biochemical Corporation, #LS003744; 1 µg trypsin (Trypsin
Gold, mass spectrometry-grade) provided by Promega,#V5280. Buffer, substrate and
enzyme solution was added up to 100 µL. Read-out was performed at the following
time points after trypsin addition: 0 min, 5 min, 10 min, 15 min, 20 min, 25 min, 30 min,
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60 min, 120 min, 180 min, 240 min, 960 min, 1,020 min, 1,080 min. Inhibitors were pre-
pared freshly before usage in the following solutions or buffers: PMSF in EtOH, N-p-
tosyl-L-phenylalanine chloromethyl ketone (TPCK) (SigmaAldrich, #T4376-100MG) in
tris-HCl working buffer, Nα-tosyl-L-lysine chloromethyl ketone hydrochloride (TLCK)
(SigmaAldrich, #T7254-100MG) in 1 mM HCl (due to instability in working buffer). In-
hibitors were added 20 min after trypsin addition (final concentrations per well: 1 mM
PMSF, 100 µM TPCK, 100 µM TLCK). Inbetween read-out time points 30 min and
1,080 min, the plate was covered with a sealing film and incubated at 25 °C shaking at
450 rpm in a Thermo mixer comfort. Enzyme substrates were dissolved in 100% DMSO
and then further diluted in their corresponding working buffer for usage during the as-
say. The complete activity test set-up with trypsin was also investigated in presence of
15 µL human plasma per well.
For testing chymotryptic activity of trypsin, several workflow steps were modified as
follows. Tris-HCl working buffer with CaCl2 (100 mM tris-HCl, 10 mM CaCl2, pH 7.8)
and a substrate specifically cleavable by chymotryptic activity were used (100 nmol per
well N-succinyl-Ala-Ala-Pro-Phe-p-nitroanilide, SigmaAldrich, #S7388-100MG). The
same inhibitors were added after 180 min instead of 20 min due to lower chymotryptic
activity. As described for trypsin, tryptic and chymotryptic activity was tested accord-
ingly using 1 µg chymotrypsin (sequencing-grade, #V1062, Promega) as control.

The obtained absorption results were used for calculating the nmol substrate conversion
per time intervall (min) as follows. Absorption values were corrected by their blank
value (Equation 5). Samples comprising the corresponding buffer and substrate be-
fore time point 0 min were considered as blanks. The optical path length (Equation 6)
was determined by the well dimensions given by the microtiter plate (Greiner Bio-One,
Frickenhausen, Germany) and the used reaction volume. Concentrations of converted
substrate were then calculated according to the law of Beer-Lambert146 using the ex-
tinction coefficient of 4-nitroaniline (8,800 M−1cm−1) and considering the optical path
length (Equation 7). This extinction coefficient was used for both activity calculations
since 4-nitroaniline is the reaction product after cleavage of both types of substrates.
Concentration results were multiplied with 100 µL well volume for plotting converted
substrate in nmol against time intervall in min.

Acorrected = Ameasured −Ablank (5)

Acorrected: Blank-corrected absorption

Ameasured: Measured absorption of sample after enzyme addition

Ablank: Absorption of blank (working buffer with substrate & without enzyme)
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l = V

π ∗ r2 (6)

l: Optical path length (cm)

V : Well volume (cm3)

r : Well radius (cm)

c = A

ϵ ∗ l
∗1000 (7)

c: Concentration of measured substance (mM)

A: Blank-corrected absorption

ϵ: Extinction coefficient of measured substance (M−1cm−1)

l: Optical path length (cm)
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4 Results
4.1 General factors influencing IA-LC-MS/MS assays applied

to plasma analyses

4.1.1 Optimization of peptide measurement by parallel reaction
monitoring

The general workflow for the IA-LC-MS/MS assay approach mainly used in this work
included proteolytic digestion of proteins into peptides, immunoaffinity enrichment us-
ing antibodies for capturing peptides of interest and read-out by LC-MS/MS using
the targeted acquisition mode parallel reaction monitoring (PRM). Specimen such as
serum or plasma were directly proteolyzed (Figure 12), whereas tissue or cell pellet
samples required lysis and total protein determination extending the processing time
from 23 hours by approximately 5 hours to 28 hours until start of LC-MS/MS read-out.
This assay approach was developed on the basis of the SISCAPA method108 and a
detailed step-by-step presentation of this peptide-targeting method was published in

Figure 12: General IA-LC-MS/MS workflow for serum or plasma specimen. This workflow
included proteolysis of proteins to peptides, enrichment with peptide-targeted antibodies in 96-well
format and read-out by LC-MS/MS. A total processing time of 23 h with approximately 4 h hands on
time is required and measurement time per sample is only about 12 min. Processing time is increased
by about 5 h when tissue or cells are measured due to sample lysis and total protein determination
(not shown here). Taken from Anselm et al. 2021132.
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Anselm et al. 2021132. Measurements during development were analyzed either by
peak intensity of the non-labeled peptide or by the peak intensity ratio between non-
labeled peptide and labeled peptide standard. Non-labeled peptide was either a product
from digested endogenous or recombinant protein or was synthesized for preparation
of a calibration curve. The peak intensity is displayed generally as area under the
curve (AUC), whereas peak intensity ratio is termed ratio AUC. The following peptides
were targeted for measurement of DILI-relevant proteins in biofluids and tissue or cell
specimen from human or rat (Table 12). Only parts of the full molecular weights
of MCSF1R and K18 annotated in Uniprot were used to calculate from peptide to
protein since only the shedded receptor part of MCSF1R or the caspase-cleaved part
of K18 (for ccK18) were of interest for these particular proteins. Peptides were chosen
based on their sequence length and their position within the protein. For instance, the
MCSF1R peptides were chosen to be in the extracellular receptor part of the protein
for accessibility in serum and plasma specimen. The ccK18 peptide was chosen based
on the specific caspase 3 cleavage site147.

Table 12: General parameters of proteins related to DILI and relevant peptides

Protein
name

Species Uniprot
ID1

MW
(Da)

Peptide aa
position

OPN Human P10451 35,401 YPDAVATWLNPDPSQK 36-51
Rat P08721 33,228 HSDAVATWLKPDPSQK 36-51

HMGB1
Human P09429 24,878 GEHPGLSIGDVAK 115-127
Rat P63159 24,747 GEHPGLSIGDVAK 115-127
Human P09429 24,878 RPPSAFFLFCSEYRPK 97-112

GLDH Human P00367 55,973 HGGTIPIVPTAEFQDR 481-496
Rat P10860 61,377 HGGTIPVVPTAEFQDR 481-496

K18

Human P05783 47,897 AQIFANTVDNAR 138-149
Rat Q5BJY9 47,761 AQIFANSVDNAR 131-142
Human P05783 47,897 LLEDGEDFNLGDALDSS- 383-407

-NSMQTIQK

ccK18
Human P05783 18,1182 LLEDGEDFNLGDALD 383-397
Human P05783 3,7263 SSNSMQTIQK 398-407
Rat Q5BJY9 3,7293 SSNSMQTVQR 391-400

MCSF1R

Human P07333 56,9824 VIPGPPALTLVPAELVR 198-214
Rat Q00495 57,6604 ESTSTGIWLK 185-194
Rat D4ACA7 60,4154 AHNNVGNSSQFFR 529-541
Rat D4ACA7 60,4154 ESTSIGIR 228-236
Rat D4ACA7 60,4154 VILQSQLPIGTLK 168-179

1 Data based on UniProt release 2021_06 (rat) and Uniprot release 2019_04 (human)
2 Middle part of caspase-cleaved keratin 18
3 C-terminal part of caspase-cleaved keratin 18
4 Shedded soluble receptor part of MCSF1R
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General factors regarding assay conditions can influence the measurement of each
peptide, thus, several optimization steps were required for quantification via IA-LC-
MS/MS. First of all, each peptide required optimization of the normalized collision
energy (NCE) for optimal peptide fragmentation in the MS instrument. Thus, all pep-
tides were measured with a NCE range between 10 and 35 as shown exemplary for the
human MCSF1R peptide in Figure 13 and optimal NCEs were summarized for each
peptide in Table 13. Not only fragment intensity was important for peptide quantifi-
cation, but also the fragment pattern after collision was considered when deciding for
an optimal NCE (Figure 13). More fragments show a higher intensity with a NCE
of 25 compared to 20 in case of the MCSF1R peptide (y6+, y13++, y15++), hence,
providing more specificity to measure the peptide of interest.

Figure 13: Impact of normalized collision energy (NCE) on peptide detection and quan-
tification. Exemplary fragment pattern and peak intensities produced by MS/MS measurement of
the human MCSF1R peptide using a NCE ranging from 10 to 35 (n = 3 for each NCE with 100 fmol
peptide on column per run). Highest summed peak intensity: NCE of 20. Best peak pattern: NCE of
25 (framed).

Furthermore, double and triple charged precursor ions were tested and the precursor
ions with highest resulting peak intensities were chosen (Table 13). The fragments (at
least four) with highest peak intensity were listed as well and were chosen for peptide
quantification to further increase the specificity of peptide quantification. Usually,
peptides were isotopically labeled with C-terminal lysine or arginine due to the cleavage
specificity of trypsin. However, no lysine or arginine could be chosen for isotope-labeling
of the ccK18 peptide due to its characteristic C-terminal caspase-cleavage site (-DALD).
Thus, leucine was chosen for labeling and isotope-labeled amino acids were chosen for
both N-terminal leucines to increase peptide mass and the difference between labeled
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and endogenous peptide. In this case, b-ions were chosen for peptide quantification due
to the labeled N-terminus instead of labeled C-terminus.

Table 13: Precursor ions and fragments selected for peptide quantification. Isotope-labeled amino
acids shown in bold

Protein Peptide Precursor (m/z) NCE Fragments for
non-

labeled
labeled quantification

OPN

YPDAVATWLNPDPSQK 901.44++ 905.45++ 25 y4+, y6+, y7+,
y11+

HSDAVATWLKPDPSQK 593.97+++ 596.64+++ 25 y4+, y6+, y7+,
y8+, y15++

HMGB1

GEHPGLSIGDVAK 640.34++ 644.34++ 25 y7+, y9+, y10+,
y10++, y11++

RPPSAFFLFCSEYRPK 668.01+++ 670.68+++ 25 y4+, y7+, y8+,
y8++

GLDH

HGGTIPVVPTAEFQDR 869.45++ 874.45++ 25 y8+, y9+, y11+,
y12+, y14+

HGGTIPVVPTAEFQDR 593.97+++ 596.64+++ 20 y6+, y8+, y8++,
y9++

ccK18

LLEDGEDFNLGDALD 818.37++ 825.39++ 10 b10+, b13+,
b12++, b13++,
b14++

SSNSMQTIQK 569.27++ 574.27++ 20 y5+, y6+, y7+,
y8+, y8++

K18

AQIFANTVDNAR 660.34++ 665.34++ 20 y7+, y8+, y9+,
y10+, y10++

AQIFANSVDNAR 653.33++ 658.34++ 20 y7+, y8+, y9+,
y10+, y10++

LLEDGEDFNLGDALDSS-
NSMQTIQK

914.09+++ 916.76+++ 20 y4+, y7+, y8+,
y10+, y11+,
y12+

MCSF1R

VIPGPPALTLVPAELVR 871.53++ 876.54++ 25 y6+, y7+, y9+,
y13++, y15++

ESTSTGIWLK 561.30++ 565.30++ 20 y5+, y6+, y7+,
y8+

ESTSIGIR 431.74++ 436.74++ 20 y3+ to y7+,
y3++ to y7++

AHNNVGNSSQFFR 739.35++ 744.35++ 25 y8+, y9+, y10+,
y11+, y12++
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4.1.2 K18 and ccK18 peptide stability and chromatographic performance

A set of calibration samples comprising a dilution curve of non-labeled synthetic peptide
in constant stable isotope-labeled standard (SIS) peptide concentration was tested for
quantification performance of the peptides. Calibrators were tested in serial 1:3 dilution
starting from 1,000 fmol for ccK18. Major carryover was observed when measuring wash
runs (0.1% FA, 1 µL on column) after calibrators for the ccK18 peptide with the C-
terminus ending in -DALD (Figure 14A, B).

Figure 14: Carryover or intensity loss of ccK18 or K18 peptide. (A, B) Calibrators (0.05 fmol
to 1,000 fmol non-labeled peptide in 35 fmol standard per IP well, n = 3) and wash runs (0.1%FA, n = 1)
were measured for the ccK18 peptide. (A) Peptide ratios of calibrators and wash runs or (B) intensity
of non-labeled peptide (5 µL calibrator eluate on column, 1 µL wash on column). (C, D) Calibrator for
the K18 peptide with non-labeled peptide was measured within a time period of 12 months. Peptides
were stored in stock solution (20% DMSO). Peaks of non-labeled peptide of (C) 250 fmol non-labeled
peptide per IP well with 5 µL calibrator eluate on column and (D) 500 fmol non-labeled peptide per
IP well with 5 µL calibrator eluate on column after 12 months storage of stock are shown.
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This was observed either with AUC ratios (Figure 14A) or with plain intensity signals
(Figure 14B). A complete loss of signal was observed after 12 months for the long K18
peptide comprising the non-cleaved caspase-cleavage site (Figure 14C, D). Moreover,
precipitations were observed in the stock solution indicating aggregated peptide. This
was observed for the available analog peptide from other species and also to a certain
extent for the ccK18 peptide stock (peptide ending in -DALD). No reproducible re-
sults with regard to calibration curves could be generated for these peptides (data not
shown).
Due to the observed carryover of the ccK18 peptide (-DALD) and the instability of
the long K18 peptide, the peptides SSNSMQTIQK / SSNSMQTVQR (ccK18, human,
rat) and AQIFANTVDNAR / AQIFANSVDNAR (K18, human, rat) were further inves-
tigated for the respective proteins (see 4.1.4 and 4.2). ELISA kits were available for
human specimen and quantification of K18 and ccK18 was continued with the ELISA
approach for human samples involving investigation of matrix and sampling effects (see
4.3).

4.1.3 Effect of antibody and spiked internal standard amount on peptide
recovery

Two major parameters influencing peptide quantification are antibody (AB) and stable
internal standard (SIS) amount per sample well during peptide enrichment. Endoge-
nous HMGB1 peptide was initially hardly detectable in human plasma. First, this
peptide was tested in 1 µL to 15 µL human plasma (n = 3 per volume) with varying
AB and internal standard amount per IP well (Figure 15). Increasing AB amount
improved recovery of endogenous HMGB1 leading to reproducible measurement us-
ing 5 µg AB even in 5 µL human plasma (Figure 15C). However, due to higher AB
amount also the blank signal increased more than 2-fold in comparison to 1 µg AB.
The blank sample comprised surrogate matrix with 15 µL of 60 mg/mL BSA in PBS to
mimic the protein content of 15 µL plasma sample. Second, SIS amounts of 2 fmol and
10 fmol per well resulted in improved AUC ratios using the lower amount of standard
(Figure 15E). Surprisingly, also the blank signal (BSA control) increased using 2 fmol
internal standard (Figure 15E) compared to 5 fmol internal standard (Figure 15D).
Two different AB purification Lots were used for optimizing AB (Figure 15A-C) and
SIS amounts (Figure 15D,E), hence, the ratios and background of (Figure 15C) and
(Figure 15D) cannot be compared directly. A combination fo 5 µg AB and 5 fmol SIS
per IP was selected for further HMGB1 measurement, because a stable signal of en-
dogenous HMGB1 could be measured even in 1 µL plasma (Figure 15D). Furthermore,
a fold change of 6 was observed when using 5 fmol SIS between endogenous HMGB1
signal in 15 µL plasma compared to the BSA control, which shows higher sensitivity
than using 2 fmol SIS with a fold change of 4.8 for the same signal-to-noise comparison.
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Figure 15: Impact of antibody (AB) and internal standard amount on HMGB1 peptide
quantification in human plasma. The HMGB1 peptide GEHPGLSIGDVAK was measured in 1 µL
to 15 µL human plasma (n = 3 per volume) with increasing AB amount from 1 µg to 5 µg (A-C) and
decreasing internal standard amount (D, E). Endogenous peptide signals improve with increasing AB
or decreasing SIS amount. BSA control = blank with 15 µL surrogate matrix comprising 60 mg/mL
BSA in PBS.

To determine the optimal sample volume, different volumes of plasma from a healthy
volunteer were analyzed (Figure 16A-D). In total, 15 µL plasma was digested in a
final digestion volume of 150 µL and the equivalent volumes compared to 1 µL, 5 µL,
10 µL, and 15 µL, were used for the peptide enrichments, e.g., 100 µL digestion product
was used for IP to enrich peptide from 10 µL plasma sample. Peptide enrichment was
multiplexed for the shown peptides by adding all antibodies in one IP well. Regression
analysis showed good regression coefficients (R2 = 0.99) for all investigated analytes
indicating well performing peptide enrichment throughout 1 µL to 15 µL plasma. A
sample volume of 15 µL was used for all further experiments to provide maximum
sensitivity in case unknown samples have less endogenous peptide than the plasma
sample used here.
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Figure 16: Endogenous DILI-related proteins measured by IA-LC-MS/MS in human
plasma. (A) MCSF1R (2.5 µL AB, 25 fmol SIS), (B) OPN (2.5 µL AB, 25 fmol SIS), (C) GLDH
(2.5 µL AB, 10 fmol SIS), and (D) HMGB1 (5 µL AB, 5 fmol SIS) could be measured in at least 5 µL to
15 µL human plasma (n = 3 per volume). Only MCSF1R could be measured in 1 µL plasma, whereas
OPN, GLDH, and HMGB1 peptide signals were close to or the same as the ratio in the BSA control
(surrogate matrix).

4.1.4 Impact of trypsin on peptide release and recovery

K18 and ccK18 were hardly detectable in plasma presumably due to its high dynamic
range in protein concentration caused by high content of serum albumin or IgG and low
concentration in relevant DILI analytes. Liver cell line lysate (HepG2) was expected to
have high concentrations in K18 since this protein is part of the intermediate filament
in one-layered epithelial cells of inner organs such as the liver. To determine whether
K18 quantification was affected by plasma protein content, 20 µg HepG2 lysate was
measured in the presence and absence of 15 µL plasma (Figure 17). The AUC ratio
of the K18 peptide AQIFANTVDNAR was about 70-fold less in plasma-spiked lysate
than in non-spiked HepG2 lysate. Non-spiked plasma showed an AUC ratio similar to
the blank AUC ratio (BSA control). This was investigated further by measuring
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Figure 17: Loss of endogenous K18 peptide in plasma. K18 peptide AQIFANTVDNAR re-
covery was compared in non-spiked HepG2 cell lysate (20 µg) and spiked into plasma (20 µg lysate in
15 µL plasma) measured with 10 fmol SIS and 5 µg AB (n = 3 per sample). A 70-fold decrease was
observed in the spiked plasma sample. K18 recovery in non-spiked plasma was comparable to the
observed AUC ratio of the BSA control.

Figure 18: Impact of sample matrix on K18 and HMGB1 peptide recovery. Loss of pep-
tide was confirmed for (A) the K18 peptide (5 fmol SIS, 5 µg AB) and (B) the HMGB1 peptide
RPPSAFFLFCSEYRPK (4 fmol SIS, 5 µg AB) by measurement of 10 µg primary human hepatocytes
(PHH, n = 3) without plasma or spiked in 15 µL plasma. (C) Recovery of the HMGB1 peptide GEH-
PGLSIGDVAK was improved by spiking lysate in plasma (4 fmol SIS, 5 µg AB).
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primary human hepatocytes (PHH) of three donors spiked in plasma and non-spiked
(Figure 18A). PHH were selected for investigation to resemble liver cells better than
HepG2 cells. The loss in K18 signal in plasma was observed for all three PHH samples
but with a fold change of about 6 instead of 70, which might be caused by the change
in type of lysate. The internal standard amount of the K18 peptide was decreased from
10 fmol to 5 fmol to increase sensitivity. Nevertheless, the AUC ratios in BSA control
and plasma without lysate was still similar. In addition to the K18 peptide, both
HMGB1 peptides were investigated in the experimental set-up with PHH cells in the
course of investigating HMGB1 recovery during method development (Figure 18B,
C). Similar to the K18 results, peptide loss was observed for the HMGB1 peptide
RPPSAFFLFCSEYRPK in samples with plasma (Figure 18B). In contrast to this,
recovery of the HMGB1 peptide GEHPGLSIGDVAK was even increased when PHH
was measured spiked in human plasma (Figure 18C).
The major difference in digestion procedure between plasma-spiked and non-spiked
PHH lysate was the increased trypsin amount per IP well to proteolyze the plasma-
spiked samples with a trypsin to protein ratio of 1:20 (45 µg trypsin versus about 900 µg
plasma protein plus 20 µg PHH lysate compared to 0.5 µg trypsin versus 10 µg PHH
lysate).
Therefore, the effect of different trypsin to protein ratios (1:20 and 1:100) was investi-
gated by digesting PHH lysate accordingly (Figure 19). The investigated K18 peptide
and the HMGB1 peptide RPPSAFFLFCSEYRPK showed again a similar response to
decreasing the trypsin amount compared to total protein amount for each of the three
PHH lysates (Figure 19A, B). In contrast to the K18 peptide and the HMGB1 peptide
ending in -YRPK, less endogenous HMGB1 peptide GEHPGLSIGDVAK was observed
with less trypsin in relation to total protein amount (Figure 19C).
Due to the contrary effect of trypsin amount on the recovery of both HMGB1 peptides,
digestion kinetics were investigated by digesting HepG2 lysate for K18 (Figure 20A)
or 200 fmol recombinant HMGB1 protein (Figure 20B, C), both spiked in plasma and
processed in triplicates. Recombinant protein was used for HMGB1 since the experi-
ments were performed at a later time point and HepG2 lysate was used due to sample
availability. Peptide loss over 16 h proteolysis time was observed for the K18 peptide
and the HMGB1 peptide RPPSAFFLFCSEYRPK, whereas the highest concentration
of the HMGB1 peptide GEHPGLSIGDVAK was observed after 16 h proteolysis. The
samples for a proteolysis time of zero hours were prepared by adding 10 mM PMSF di-
rectly before trypsin addition. Peptide ratios above an AUC ratio of 4 were measured in
samples with zero proteolysis time for the K18 peptide and the HMGB1 peptide RPP-
SAFFLFCSEYRPK (Figure 20A, B). However, almost no peptide from recombinant
protein was observed for the HMGB1 peptide GEHPGLSIGDVAK in the corresponding
sample.
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Figure 19: Different effect of trypsin to protein ratio on K18 and HMGB1 recovery.
Primary human hepatocytes (PHH, 10 µg per sample, n = 3) were proteolyzed with trypsin to protein
ratios of 1:20 and 1:100. Using less trypsin resulted in improved recovery of (A) the K18 peptide
AQIFANTVDNAR and (B) the HMGB1 peptide RPPSAFFLFCSEYRPK. (C) Less trypsin during
proteolysis resulted in less endogenous HMGB1 peptide GEHPGLSIGDVAK.

Figure 20: Digest kinetics for the K18 and HMGB1 peptides. HepG2 lysate (10 µg) spiked
in 15 µL plasma was used for K18 assessment and recombinant protein (200 fmol) spiked in 15 µL
plasma was used for HMGB1 assessment (5 fmol SIS for K18, 4 fmol SIS for HMGB1. 5 µg AB for
all peptides). Peptide loss between 0 h and 16 h (n = 3 per time point) was observed for (A) the
K18 peptide AQIFANTVDNAR and (B) the HMGB1 peptide RPPSAFFLFCSEYRPK, whereas the
highest recovery for the HMGB1 peptide GEHPGLSIGDVAK was observed after 16 h (C).
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Since both trypsin-to-protein ratio and proteolysis time affected the peptide recovery
of K18 and HMGB1, contamination of chymotrypsin or tryptic side reactivity was
assumed as a possible reason for peptide loss. Hence, all three peptides were inves-
tigated in silico for chymotryptic cleavage sites by the online tool PeptideCutter139

(Figure 21A-C). Furthermore, the corresponding synthetic isotope-labeled HMGB1
and K18 peptides were treated with trypsin and the theoretically possible chymotryp-
tic fragments and the full length peptides were then targeted as precursor ions by MS
(Figure 21D-F). Digestion solution without peptide and trypsin and samples without
trypsin treatment (only peptide) or without added peptide (only trypsin) served as con-
trols. Loss of full-length peptide was observed for the K18 peptide and the HMGB1 pep-
tide RPPSAFFLFCSEYRPK (Figure 21D, E). The recovery of full length HMGB1
peptide GEHPGLSIGDVAK after trypsin treatment was not clear due to the high
standard deviation (Figure 21F). The measured three replicates provided an AUC
range between 1x106 and 1x107 possibly caused by instable MS measurement since this
analysis was based on raw signals without normalization. However, AUC measurement
without ratios is required in this case since internal standards were not available for the
precursors with chymotryptic cleavage sites. Peptide fragments matching to the chy-
motryptic cleavage sites were detected in the trypsin treated sample for the HMGB1
peptide RPPSAFFLFCSEYRPK (Figure 21E). Especially the fragments RPPSAF-
FLF and RPPSAFFLFCSEY were represented.

Figure 21: Full-length and chymotryptic fragments of the K18 and HMGB1 peptides on
MS/MS level. (A - C) Chymotryptic fragments of the K18 and HMGB1 peptides were investigated
in silico using the PeptideCutter environment139. (D - F) An amount of 100 fmol labeled peptide
(trypsin treated or controls) was loaded on LC column and peptide fragments and the full length
peptides were targeted by PRM. Peptide fragments were observed in presence of trypsin for the HMGB1
peptide RPPSAFFLFCSEYRPK (E).
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Fragments for the K18 peptide and the HMGB1 peptide GEHPGLSIGDVAK could
not be confirmed in the samples comprising peptide and trypsin (Figure 21F). The
fragment AQIF was observed in the K18 peptide sample (Figure 21D). However, the
fragment ions b2 and b3 were measured for this peptide, which are too short for reliable
confirmation of this fragment. Due to the chymotryptic N-terminal fragments observed
for the HMGB1 peptide RPPSAFFLFCSEYRPK, the tryptic and chymotryptic activ-
ity of trypsin was then investigated (Figure 22A, B) and chymotrypsin was used as
control (Figure 22C, D). This was performed using the method described by DelMar
et al. in 1979. In case of an IA-LC-MS/MS approach, autolytic trypsin fragments are
not impacting the MS analysis since they are removed during the immunoaffinity step.
Hence, we are using a non-stabilized trypsin for digesting the high protein amounts
in plasma (Worthington trypsin). We compared the chymotryptic activity of trypsin
produced by Worthington with mass spectrometry-grade trypsin Gold from Promega,
which is modified to increase resistance against autolytic digestion. Trypsin from both
providers is treated with TPCK, a chymotrypsin-specific inhibitor148. The conversion
of 100 nmol trypsin substrate (Nα-Benzoyl-L-arginine-4-nitroanilide hydrochloride) or
chymotrypsin-specific substrate (N-Succinyl-Ala-Ala-Pro-Phe-p-nitroanilide) was mon-
itored for 20 h. Various inhibitors including the general serine protease inhibitor PMSF,
TPCK, and the trypsin-specific inhibitor TLCK148 were tested for their impact on sub-
strate conversion by trypsin or chymotrypsin. Blanks without substrate or without
enzyme and substrate were carried as negative controls.
Less trypsin substrate was converted by Worthington trypsin than Promega Gold
trypsin in presence of TLCK (Figure 22A). Other inhibitors did not affect the conver-
sion of trypsin substrate. Chymotrypsin substrate was also converted but at a smaller
conversion rate, which is why the inhibitors were added 180 min after start instead
of 20 min after start as for the trypsin substrate. Promega Gold trypsin indicated a
higher chymotryptic activity in general than Worthington trypsin (Figure 22B). In-
terestingly, chymotryptic activity was affected the most by the trypsin-specific inhibitor
TLCK, followed by the serin protease inhibitor PMSF. TPCK did not affect the con-
version of chymotrypsin substrate by both types of trypsin. PMSF and TLCK had an
inhibitory impact on the conversion of chymotrypsin substrate by Worthington trypsin
comparable to the effects observed for Promega Gold trypsin.
Chymotrypsin was used to study substrate and inhibitor specificity as a control. The
inhibibtors PMSF, TPCK, and TLCK were added directly before substrate addition
for maximum effect. The results showed that the trypsin substrate is indeed trypsin-
specific since no substrate could be converted by chymotrypsin (Figure 22C). Almost
the complete added chymotrypsin substrate was converted by chymotrypsin, even in
presence of PMSF, TPCK, or TLCK. The inhibitors did not affect chymotrypsin sub-
strate conversion by chymotrypsin (Figure 22D). The corresponding activity tests in
presence of 15 µL plasma showed a slower conversion of tryptic substrate by trypsin
and no signs of chymotryptic activity by trypsin (appendix Figure 49).
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Figure 22: Conversion of trypsin and chymotrypsin substrate and its inhibition.
(A) Trypsin substrate and (B) chymotrypsin substrate was converted in the presence of 1 µg trypsin
(provided by Worthington or Promega Gold, n = 3 per condition, 100 nmol substrate per well). The
following inhibitors were added to trypsin substrate or chymotrypsin substrate wells 20 min or 180 min
after start, respectively: 1 mM PMSF, 100 µM TPCK, 100 µM TLCK. TLCK inhibited the conversion
of chymotrypsin stubstrate the most. (C) Trypsin substrate was not converted in the presence of 1 µg
chymotrypsin. (D) The conversion of chymotrypsin substrate in the presence of 1 µg chymotrypsin
was not affected by inhibitors (added before start, n = 3 per condition). Blanks included samples
without substrate and samples without enzyme and substrate.

Blank samples containing plasma but no trypsin or inhibitor showed neither tryptic
nor chymotryptic activity (appendix Figure 49). In order to investigate the observed
inhibitory effects on potential chymotryptic activity of trypsin, the impact of PMSF
addition was tested on the recovery of the K18 peptide AQIFANTVDNAR and both
HMGB1 peptides (Figure 23). PMSF was used since this reagent is easier accessi-
ble than TLCK. Concentrations of 1 mM to 10 mM PMSF were added directly before
trypsin addition to plasma samples spiked with 200 fmol recombinant protein (n = 3 per
PMSF level). BSA and addition of EtOH without PMSF to plasma served as controls.
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Increasing the PMSF concentration before proteolysis resulted in improving recovery of
the K18 peptide and the HMGB1 peptide RPPSAFFLFCSEYRPK (Figure 23A, B).
However, PMSF addition resulted also in considerable loss of the HMGB1 peptide GEH-
PGLSIGDVAK with increasing PMSF concentration (Figure 23C). The observed res-
cue of the K18 and HMGB1 peptides AQIFANTVDNAR and RPPSAFFLFCSEYRPK
was further investigated in rat plasma and liver samples of preclinical studies provided
by Sanofi. Due to a change in one amino acid within the K18 peptide sequence between
the protein sequences of human and rat, the peptide AQIFANSVDNAR was used for
quantification in rat samples. The HMGB1 sequence is highly conserved, thus, the
same peptide was used in rat samples.

Figure 23: Effect of PMSF addition before proteolysis on K18 and HMGB1 peptide
recovery. Recovery of 200 fmol recombinant protein in 15 µL plasma was tested (K18: 5 fmol SIS,
HMGB1: 4 fmol SIS, K18 & HMGB1: 5 µg AB, n = 3 per condition). Peptide rescue was confirmed
for (A) the K18 peptide AQIFANTVDNAR and (B) the HMGB1 peptide RPPSAFFLFCSEYRPK
by PMSF addition before proteolysis. (C) Addition of PMSF before proteolysis resulted in loss of the
HMGB1 peptide GEHPGLSIGDVAK.
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Plasma samples of the study groups control and DAPM treated (250 mg/kg, sampling
24 h after treatment) were measured for K18 supplemented with and without 4 mM
PMSF before proteolysis (Figure 24A, B). A peptide recovery plateau was reached
with this PMSF concentration, therefore, further peptide rescue experiments were per-
formed with this concentration. All control sample results remained below the BSA
control blank even with PMSF addition (Figure 24A). Peptide rescue with PMSF
was shown for 6 / 6 plasma samples of the treated rat group since higher AUC ratios
than the blank ratio were observed compared to only 2 / 6 plasma samples above blank
without PMSF (Figure 24B).

Figure 24: K18 peptide rescue in rat plasma and rat liver tissue. (A, B) Rat plasma (15 µL)
and (C, D) rat liver samples (8 µg tissue lysate in 15 µL surrogate matrix) of control and DAPM
treated rats (24 h after treatment) were measured without and with addition of 4 mM PMSF before
proteolysis (5 fmol SIS, 5 µg AB, n = 2 replicates per sample, 6 samples per group). The K18 peptide
could be rescued in the plasma samples of treated animals since all signals are above the blank signal
when digested with PMSF (B).
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One sample showed less K18 peptide ratios in the sample with PMSF compared to the
same sample without PMSF. K18 could be monitored in all liver rat samples compared
to the BSA control independent of PMSF addition. Nevertheless, K18 peptide recovery
was greatly increased by PMSF addition with a fold change of 11.8 ±2.1 or 11.5 ±1.1
(mean ±SD) for control or treated group, respectively (Figure 24C, D).
Similar results were observed for the HMGB1 peptide RPPSAFFLFCSEYRPK in rat
plasma and rat liver from control and treated rats (Figure 25). HMGB1 was mea-
surable in all samples and the peptide recovery was improved by PMSF with a fold
change of 3.3 ±0.3 or 3.6 ±0.7 (mean ±SD) for plasma samples of the control or treated
group, respectively (Figure 25A, B). The recovery was increased in liver samples by
2.6 ±0.5-fold or 2.8 ±0.3-fold for control or treated group (Figure 25C, D).

Figure 25: Improvement of HMGB1 peptide measurement in rat plasma and rat liver
tissue. (A, B) Rat plasma (15 µL) and (C, D) rat liver samples (8 µg tissue lysate in 15 µL surrogate
matrix) of control and DAPM treated rats (24 h after treatment) were measured without and with
addition of 4 mM PMSF before proteolysis (4 fmol SIS, 5 µg AB, n = 2 replicates per sample, 6 samples
per group). Recovery of the HMGB1 peptide was improved in both samples types.
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Due the different proteolysis strategy, K18 could not be added to the multiplex for DILI
analyte measurent in rat samples. Therefore, validation of the multiplexed method for
DILI biomarker quantification in rat specimen was focused on the HMGB1 peptide
GEHPGLSIGDVAK together with the other DILI-related proteins MCSF1R, OPN,
GLDH, and ccK18 (see 4.2).

4.1.5 New insights into the rat MCSF1R protein sequence

Due to different peptide sequences between different species within the corresponding
protein regions of MSCF1R, two peptides were used for quantification in human, mouse,
and rat plasma (Figure 26). Endogenous MCS1F1R could be measured readily in
human plasma with the peptide VIPGPPALTLVPAELVR (Figure 26A). The analog
peptide sequence in rats and mice is theoretically truncated to VHPEPPQIK, LEPSK,
and LVR by tryptic cleavage sites (Uniprot ID Q00495 for rat and P09581 for mouse).
Therefore, the peptide ESTSTGIWLK was initially targeted in rat and mouse specimen
using IA-LC-MS/MS. The corresponding antibody was specificly produced against the
entire peptide sequence for highest possible specificity. Endogenous MCSF1R could
be measured in 1 µL to 15 µL mouse plasma with this AB-peptide combination, even
with 50 fmol internal standard (Figure 26B). Endogenous rat MCSF1R could not
be detected even with the minimum amount of 1 fmol internal standard per IP well
(Figure 26C). Tests with altered IP conditions such as longer peptide enrichment
time from 1 h to 3 h or even overnight could not recover the peptide in rat plasma (data
not shown), which was easily detectable in mouse plasma.

Figure 26: MCSF1R analyses in human, mouse, and rat plasma. MCSF1R could be quantified
in 1 µL to 15 µL (A) human plasma and (B) mouse plasma. Another peptide was targeted in mouse
plasma than in human plasma because the corresponding mouse / rat MCSF1R sequence comprises
two tryptic cleavage sites compared to the human MCSF1R sequence. Due to sequence identity, the
same peptides were targeted to measure MCSF1R in mouse and rat plasma, but MCSF1R could not
be measured in rat plasma (C).
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Therefore, a proposed isoform of rat MCSF1R with the Uniprot ID D4ACA7 with unre-
viewed status was investigated. Database search on the online platform PeptideAtlas149

revealed the experimentally identified peptides for both MCSF1R rat sequences with
Uniprot IDs Q00495 and D4ACA7 (Figure 27). The underlying experimental evidence
is a comprehensive in-depth analysis of rat liver tissue by proteomics using various pro-
teolytic enzymes presented by Low et al. in 2013150. The sequence coverage of MCSF1R
rat with Uniprot ID Q00495 was shown about 4%, whereas one fourth of the complete
MCSF1R rat protein sequence with Uniprot ID D4ACA7 was identified.

Figure 27: MCSF1R rat sequence comparison. Sequence comparison between (A) reviewed
(Uniprot ID Q00495) and (B) unreviewed (Uniprot ID D4ACA7) protein sequence was performed via
PeptideAtlas149. Experimentally identified peptides are displayed in red. The initially investigated
peptide in the reviewed protein sequence (Uniprot ID Q00495) and its analog peptide within the
unreviewed protein sequence (Uniprot ID D4ACA7) are framed in blue (A, B).

The analog peptide of MCSF1R with Uniprot ID D4ACA7 (ESTSIGIR) shows a C-
terminus truncated by two amino acids compared to MCSF1R with Uniprot ID Q00495
(ESTSTGIWLK). Trypsin cleaves this corresponding peptide two amino acids up-
stream due to the exchanged tryptophane with arginine. Furthermore, one threonine
is part of the sequence instead of isoleucine compared to the MCSF1R sequence with
Uniprot ID Q00495.
In order to test endogenous MCSF1R in rat plasma, several peptides were selected as
candidates for quantification of MCSF1R with the Uniprot ID D4ACA7. Peptide selec-
tion was approached by digesting and measuring commercially available recombinant
MCSF1R via full-scan MS mode. Recombinant MCSF1R protein (2 µg) was digested
in solution with a 1:20 trypsin to protein ratio (Worthington trypsin), acidified with
100% FA after digestion and 130 ng digested product was loaded on column for MS
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read-out. Full-scan mode provided several precursor peaks covering the MCSF1R pro-
tein sequence with Uniprot ID D4ACA7 (Figure 28A). The peptide ESTSIGIR and
two other peptides were confirmed via PRM measurement with well observed fragment-
patterns (Figure 28A). These peptides were selected for PRM measurement based on
in-house available antibodies with at least two matching amino acids to enable pep-
tide enrichment from plasma. The annotated MS/MS spectrum of the peptide AHN-
NVGNSSQFFR shows a good coverage with most of the y- and b-ions of this peptide
confirmed (Figure 28B).

Figure 28: MS and MS/MS measurement of recombinant MCSF1R rat with the protein
sequence according to Uniprot ID D4ACA7. (A) The peptide pattern of digested recombinant
MCSF1R rat protein (130 ng on column) was well observed using full-scan LC-MS (left) and three
peptides were picked for measurement by PRM (right). (B) Almost all peptide fragments (y-, b-ions)
were observed on the MS/MS level of the peptide AHNNVGNSSQFFR (this spectrum was obtained
during full-scan LC-MS).
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Peptide enrichment was tested by spiking 50 fmol or 1,000 fmol recombinant MCSF1R
into rat plasma and measuring with the IA-LC-MS/MS method (Figure 29). Sur-
rogate matrix and non-spiked plasma served as controls. Two generated polyclonal
antibodies were available for enrichment of each of the peptides VILQSQLPIGTLK,
AHNNVGNSSQFFR, and ESTSIGIR. There was no antibody available with an epi-
tope matching 100% to the targeted peptides, but enrichment is known to be possible
even with less then four matching amino acids151. Furthermore, the same antibody
that was used to capture endogenous ESTSTGIWLK in mouse plasma, was tested here
for capturing ESTSIGIR and ESTSTGIWLK from digested recombinant MCSF1R. In-
ternal standards were not available for spiking, thus, peak intensity of the non-labeled
peak was investigated. High background signals were observed for VILQSQLPIGTLK
(Figure 29, blue). The peptide ESTSTGIWLK was not enriched from the digested
recombinant MCSF1R with a sequence according to Uniprot ID D4ACA7 (Figure 29,
orange). To confirm this antibody’s enrichment ability, isotope-labeled peptide ESTST-
GIWLK was spiked (5 fmol) and captured (see AUC signal, dashed line). The peptide
ESTSIGIR could not be enriched from digested recombinant protein using the antibody
with the epitope ESTSTGIWLK (Figure 29, dark blue). Notable peak intensity was
observed for the peptide AHNNVGNSSQFFR in the samples with spiked recombinant
protein (Figure 29, purple). A fold change of 17 between the signals from 1,000 fmol
versus 50 fmol spiked sample was found, which was roughly expected.

Figure 29: Immunoaffinity enrichment of peptides from recombinant MCSF1R rat
(Uniprot ID D4ACA7). Several peptides were targeted with polyclonal antibodies for peptide
enrichment from 15 µL plasma spiked or non-spiked with recombinant MCSF1R protein (50 fmol and
1,000 fmol spiked MCSF1R, 5 µg AB per IP well, n = 2 per test condition). Furthermore, 5 fmol SIS
peptide ESTSTGIWLK was spiked in 15 µL plasma and enrichment was performed with the AB with
the epitope "ESTSTGIWLK". The peptide AHNNVGNSSQFFR from digested recombinant MCFS1R
(purple) and the SIS peptide ESTSTGIWLK were enriched (dashed line). Two polyclonal ABs gener-
ated against the same epitope were tested (plain and shaded colors).
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Especially one of the two available ABs with the epitope "DFFR" was thereby able to
enrich this peptide from plasma (Figure 29, purple, plain). On the basis of these find-
ings, the peptide AHNNVGNSSQFFR was used to validate the method for MCSF1R
quantification (see 4.2) and was used for measurement of rat specimen from preclinical
DILI studies (see 4.4).

4.1.6 DILI biomarker quantification in human and rat specimen

At a more advanced development stage, IA-LC-MS/MS assays required calibration
curves for precise and accurate calculation of the peptide concentration in unknown
samples. The calibration samples consisted of digested surrogate matrix spiked with
a constant isotope-labeled peptide concentration and varying concentration levels of
non-labeled synthetic peptides. The curve was generally prepared with non-labeled
synthetic peptides serially diluted 1:3. Due to the enrichment step with antibodies, such
calibration curves could have a logistic or a more linear character, exemplary shown for
the GLDH and MCSF1R rat peptides in Figure 30. With calibration curve obtained
from the measured calibrator AUC ratios, calibrator levels could be back-calculated us-
ing logistic fit models for both types of curves (Figure 30A, B). The back-calculated
curves showed acceptable results for 8 / 8 GLDH calibrators and 6 / 8 MCSF1R calibra-
tors marking the lower and upper limit of quantification (LLOQ, ULOQ), respectively
(Figure 30A, B, see acceptance criteria in 3.2.13). The lowest MCSF1R calibrator
could not be back-calculated with the curve fit, thus, missing in the plot (Figure 30B).
Using the logistic fit models, quality control (QC) samples with plasma and lysate or
recombinant protein along with unknown samples could be accurately back-calculated
within the calibration range between LLOQ and ULOQ (R2 = 0.99). Multiplexed assays
for analyte quantification in human or rat samples were developed and the specifications
were summarized in the following overview (Table 14). DILI analytes in human sam-
ples were measured with the assay termed MPh-dev and matrix and sampling effects
were investigated with this assay (see below 4.3). Assay performance was monitored
and qualified across experiments using calibration curves and QC samples. Synthetic
peptides were available but not quantified by amino acid analysis (ASA) at that time.
Apart from this qualification, no further validation experiments were performed for this
assay at that time, hence, the assay extension "dev" for MPh-dev under development.
Assay performance for the DILI-related peptides from rat was evaluated by method val-
idation and this multiplexed assay was termed MPr (see 4.2). The detergent CHAPS
was used initially for MPh-dev to prevent remnants of beads in the sample plate, but
was later not included in processing for MPr because the detergent NOG from digestion
buffer seemed to sufficiently prevent bead remnants. Weighting for preparation of the
calibration curve was refined during method validation for MPr compared to MPh-dev
(Table 14).
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Figure 30: Exemplary calibration curves and QC samples with raw data and back-
calculated values for the GLDH and MCSF1R rat peptides. Synthetic non-labeled peptide
was diluted in a peptide solution with constant isotope-labeled standard peptide concentration to pre-
pare calibration curves for (A) the GLDH rat and (B) the MCSF1R rat peptides. The AUC ratios
were plotted exemplary for both peptides and ratios measured from contrived QC samples are dis-
played in the calibration ranges. Logistic fits were used to back-calculate calibrators and QC samples.
See run 1 under 4.2 for the corresponding curve data.
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4.2 Method validation of IA-LC-MS/MS assay for protein
quantification in rat specimen

In order to accurately quantify DILI-relevant analytes in rat speciment, several aspects
of method validation were performed on the basis of FDA recommendations126 result-
ing in partial validation of the IA-LC-MS/MS assay MPr proposed in Table 14 (see
above 4.1.6). This partial validation included evaluation of accuracy and precision of
calibrator and QC sample values for inter assay variation, accuracy and precision of
QC sample values for intra assay variation, parallelism of endogenous sample diluted
in surrogate matrix, and reproducibility of sample measurement. Preclinical rat sam-
ples were under investigation here instead of clinical samples, hence, three independent
accuracy and precision runs were performed instead of the proposed six runs, thus,
being a partial validation. Contrived QC samples with rat plasma, liver tissue lysate,
and recombinant protein were used to assess accuracy and precision. The respective
QC and calibrator sample preparation was described in Table 9 (see 3.2.2). An assay
run always comprised a calibration curve in duplicates (from digest to MS read-out),
three QC levels each processed in duplicates and samples to be investigated (e.g., from
parallelism, reproducibility, or unknown samples). Limits of quantification were de-
termined on the basis of accuracy and precision experiments with calibration samples
and QC samples measured in three independent runs. Acceptance criteria for limits of
quantification, parallelism, and reproducibility were defined in section 3.2.13. Nominal
values for QC samples were determined with three independent QC sample sets (data
not shown). A preliminary experiment with 0.5 µg to 5 µg cell lysate from taxol treated
HepG2 cells showed enrichment of endogenous human ccK18 peptide SSNSMQTIQK
spiked in 20 µg BSA or in human EDTA plasma (appendix Figure 50). Hence, the
peptide SSNSMQTVQR was included in the MPr assay to target ccK18 in rat samples.

4.2.1 Accuracy & precision

Calibrators S1 to S8 with synthetic non-labeled and labeled peptide spiked in digested
surrogate matrix were measured in three independent runs in duplicates per run. Blank
samples comprised only the labeled standard peptide. Calibrator AUC ratios are shown
here exemplary for GLDH and MCSF1R (Table 15, 16). Further peak area data
for OPN, HMGB1, and ccK18 are listed in the appendix (Table 26 to Table 28).
The measured ratio at S8 for GLDH was still above the blank signal plus six times
the blank standard deviation, which means even at low concentration level, measured
signal could be distinguished from the blank signal. The ratios at their respective
LLOQs were also for the other analytes above the blank signal plus six times the
blank standard deviation (Table 26 to Table 28). From each independent run, a
calibration curve was established and the respective calibrators were back-calculated
in fmol peptide using the curve. Protein concentrations were calculated by converting
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the measured absolute peptide amount (fmol) per IP well into protein concentrations
(ng/mL) considering the molecular weight of the corresponding protein and the 15 µL
sample volume. Back-calculated calibrator results were summarized for GLDH and
MCSF1R in Table 17 and Table 18. Results for OPN, HMGB1 and ccK18 were
listed in the appendix (Table 29 to Table 31). The assay range met the acceptance
criteria when comprising calibration samples S1-S8 in case of GLDH, S1-S7 for OPN,
and S1-S6 for MCSF1R, HMGB1, and ccK18. The lower and upper calibrators marking
the calibration range with accurate quantification are termed lower and upper limit of
quantification (LLOQ, ULOQ; marked in bold in each data table). Calibrators in the
lower calibration ranges of MCSF1R, OPN, HMGB1, and ccK18 exceeded the accuracy
and precision criteria, thus, these calibrators were not included in the curve fits.

Table 15: Peak area ratio data of calibrators and blank for GLDH (MPr), ratio = area under the
curve (AUC) of non-labeled peptide peak over isotope-labeled peptide peak. LLOQ/ULOQ ratios
labeled in bold

Run Unit B S8 S7 S6 S5 S4 S3 S2 S1

1 ratio 0.01 0.20 0.58 1.74 5.27 15.7 44.8 126 430
1 ratio 0.03 0.20 0.60 1.80 5.66 15.3 42.2 126 397
2 ratio 0.00 0.14 0.45 1.45 4.22 13.3 36.2 123 368
2 ratio 0.02 0.13 0.46 1.44 4.36 12.8 34.4 113 305
3 ratio 0.00 0.19 0.56 1.66 5.81 16.1 49.3 127 356
3 ratio 0.01 0.18 0.55 1.70 5.70 15.0 43.6 130 441

Mean value, n=6 ratio 0.01 0.17 0.53 1.63 5.17 14.7 41.7 124 383
SD ratio 0.01 0.03 0.06 0.15 0.71 1.32 5.58 5.63 50.6
blank + 6x SD ratio 0.07 - - - - - - - -

Table 16: Peak area ratio data of calibrators and blank for MCSF1R (MPr), ratio = area under
the curve (AUC) of non-labeled peptide peak over isotope-labeled peptide peak. LLOQ/ULOQ ratio
labeled in bold

Run Unit B S8 S7 S6 S5 S4 S3 S2 S1

1 ratio 0.00 0.02 0.10 0.54 1.61 4.44 12.3 23.4 32.4
1 ratio 0.00 0.04 0.19 0.57 1.61 4.35 11.0 23.3 32.3
2 ratio 0.00 0.01 0.10 0.45 1.64 4.53 13.7 24.6 29.9
2 ratio 0.00 0.01 0.15 0.49 1.61 4.88 12.8 24.1 29.9
3 ratio 0.00 0.01 0.09 0.50 1.77 5.73 12.6 25.7 32.8
3 ratio 0.00 0.00 0.10 0.45 1.93 5.52 12.2 26.5 34.2

Mean value, n=6 ratio 0.00 0.02 0.12 0.50 1.70 4.91 12.4 24.6 31.9
SD ratio 0.00 0.01 0.04 0.05 0.13 0.59 0.90 1.28 1.70
blank + 6x SD ratio 0.00 - - - - - - - -
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Table 17: Calibrator validation results for GLDH (MPr). TE = total error. LLOQ/ULOQ labeled
in bold

Run Unit S8 S7 S6 S5 S4 S3 S2 S1

1 ng/mL 2.65 8.26 25.6 78.5 236 678 1,928 6,606
1 ng/mL 2.66 8.63 26.5 84.5 230 639 1,923 6,103
2 ng/mL 2.63 8.70 27.6 78.1 239 635 2,153 6,840
2 ng/mL 2.46 8.97 27.5 80.7 231 604 1,979 5,559
3 ng/mL 2.84 8.24 24.5 85.7 237 726 1,890 5,580
3 ng/mL 2.69 8.18 25.2 84.1 221 642 1,934 7,048

Mean value, n=6 ng/mL 2.66 8.50 26.2 81.9 232 654 1,968 6,289
SD ng/mL 0.12 0.32 1.24 3.25 6.50 42.5 95.1 640
CV % 5 4 5 4 3 7 5 10
Nominal value ng/mL 2.81 8.42 25.3 76 227 682 2,046 6,138
Accuracy % -5 1 4 8 2 -4 -4 2
TE % 10 5 8 12 5 11 9 13

Table 18: Calibrator validation results for MCSF1R (MPr). TE = total error. LLOQ/ULOQ labeled
in bold

Run Unit S8 S7 S6 S5 S4 S3 S2 S1

1 ng/mL # # 12.7 41.3 114 355 1,023 3,020
1 ng/mL # 1.83 13.7 41.3 111 308 1,009 2,988
2 ng/mL # # 11.4 47.0 108 347 1,059 2,934
2 ng/mL # # 13.0 43.0 116 316 993 2,969
3 ng/mL # # 10.4 41.8 131 313 1,034 2,510
3 ng/mL # # 8.93 45.4 126 300 1,114 3,363

Mean value, n=6 ng/mL - - 11.7 42.7 118 323 1,039 2,964
SD ng/mL - - 1.79 1.63 8.97 22.4 43.3 272
CV % - - 15 4 8 7 4 9
Nominal value ng/mL 1.38 4.14 12.4 37.3 112 336 1,007 3,021
Accuracy % - - -6 15 5 -4 3 -2
TE % - - 21 18 1 3 11 7 11
#Calibrators could not be back-calculated with curve fit

Accuracy and precision results for QC samples are shown here for GLDH and MCSF1R
in Tables 19 and 20 and listed in the appendix for OPN, HMGB1, and ccK18
(Table 32 to Table 35). Intra and inter assay accuracy and precision within the
acceptance criteria was given for all analytes at each QC level except for HMGB1.
The first QC1 replicate for HMGB1 inter assay accuracy and precision (Table 32)
was below LLOQ (out of calibration range for this batch). Since the assay showed
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robust performance in this range for intra assay QC1 sample accuracy and precision
(Table 34) as well as for calibrator accuracy and precision (Table 30), the results for
HMGB1 were considered as acceptable.

Table 19: QC inter assay validation results for GLDH and MCSF1R (MPr)

GLDH MCSF1R
Run Unit QC1 QC2 QC3 QC1 QC2 QC3

1 ng/mL 22.0 181 2,138 18.4 145 1,489
1 ng/mL 22.9 230 2,373 17.0 135 1,393
2 ng/mL 26.8 260 2,196 16.5 133 1,541
2 ng/mL 26.7 255 2,113 18.1 128 1,637
3 ng/mL 22.5 248 2,140 15.6 114 1,319
3 ng/mL 20.3 238 1,857 16.1 169 1,733

Mean value, n=6 ng/mL 23.5 235 2,136 17.0 137 1,519
SD ng/mL 2.64 28.6 166 1.10 18.6 153
CV % 11 12 8 7 14 10
Nominal value ng/mL 23.2 241 2,110 17.4 127 1,308
Accuracy % 1 -2 1 -3 8 16
TE % 13 15 9 9 22 26

Table 20: QC intra assay validation results for GLDH and MCSF1R (MPr)

GLDH MCSF1R
Run Unit QC1 QC2 QC3 QC1 QC2 QC3

Measurement 1 ng/mL 20.6 192 2,172 17.3 126 1,233
Measurement 2 ng/mL 23.2 219 2,110 18.1 129 1,361
Measurement 3 ng/mL 19.6 235 2,105 18.2 135 1,194
Measurement 4 ng/mL 19.7 215 2,548 18.8 123 1,461
Measurement 5 ng/mL 19.9 209 2,316 16.7 124 1,234
Measurement 6 ng/mL 21.9 214 2,096 19.0 126 1,250

Mean value, n=6 ng/mL 20.8 214 2,225 18.0 127 1,289
SD ng/mL 1.45 13.9 178.6 0.87 4.28 101
CV % 7 7 8 5 3 8
Nominal value ng/mL 23.2 241 2,110 17.4 127 1,308
Accuracy % -10 -11 5 3 1 -1
TE % 17 18 13 8 4 9
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4.2.2 Parallelism of endogenous analyte diluted in surrogate matrix

Parallelism was addressed by the analysis of plasma or liver samples diluted in surro-
gate matrix to determine whether plasma or liver can be diluted in case the results
of undiluted samples exceed the determined calibration range, thereby exceeding the
ULOQ. Parallelism was assessed using six plasma samples with high endogenous DILI
biomarker levels (15 µL plasma per sample) and six liver tissue samples (8 µg lysate in
15 µL surrogate matrix per sample) three times diluted 1:2 in surrogate matrix (P1-
6_dil1-4, PT1-6_dil1-4). A minimum of two serial dilutions within the assay range was
needed to evaluate parallelism of endogenous analyte in a given sample. Parallelism
is given if the obtained calculated protein concentration meets the general acceptance
criteria for at least two dilutions within the assay range for 80% of a minimum of six
samples. The measured protein concentration of the diluted samples should be multi-
plied with the corresponding dilution factor and should be within an accuracy of ±20%
of the reference value (the corresponding undiluted sample). Plasma samples and liver
tissue samples were evaluated separately. Parallelism of plasma samples diluted in sur-
rogate matrix could be confirmed for GLDH, OPN, and HMGB1 within the acceptance
criteria until a dilution of 1:8 (Table 21 and appendix Tables 36, 37).

Table 21: Parallelism of endogenous GLDH in plasma samples diluted in surrogate matrix (MPr)

Parallelism samples P1-P6 (plasma) diluted in surrogate matrix
Dilution factor (DF) Unit 1 (undiluted) 2 4 8

P1 measured value ng/mL 298 149 81.4 42.4
P1 x DF ng/mL 298 298 326 339
Accuracy % 0 0 9 14

P2 measured value ng/mL 1,396 713 335 173
P2 x DF ng/mL 1,396 1,426 1,341 1,382
Accuracy % 0 2 -4 -1

P3 measured value ng/mL 1,361 670 361 177
P3 x DF ng/mL 1,361 1,340 1,445 1,415
Accuracy % 0 -2 6 4

P4 measured value ng/mL 250 110 61.5 29.1
P4 x DF ng/mL 250 220 246 233
Accuracy % 0 -12 -2 -7

P5 measured value ng/mL 433 217 113 60.5
P5 x DF ng/mL 433 435 453 484
Accuracy % 0 0 5 12

P6 measured value ng/mL 444 222 113 53.7
P6 x DF ng/mL 444 443 452 430
Accuracy % 0 0 2 -3
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Parallelism of MCSF1R and ccK18 in plasma samples could not be assessed since
endogenous samples were not available with high analyte concentration (for dilution
up to at least 1:4). Parallelism of liver tissue samples diluted in surrogate matrix was
well observed for GLDH until a dilution of 1:8, whereas not one dilution step was
possible for HMGB1 (appendix Tables 38, 39). Therefore, always the same liver
protein amount must be processed for HMGB1 within one study to ensure correct
sample comparison within a study.

4.2.3 Reproducibility of quantification of endogenous analyte

At least six plasma and liver tissue samples from individual animals were tested undi-
luted in two independent runs to evaluate the reproducibility of sample measurement.
The percentage difference of the results between the first and the second analysis was
determined as described above (see 3.2.13). The acceptance criteria were fulfilled when
results from two independent runs were below CV≤30% in 80% of the samples.
Well performing assay reproducibility was confirmed in plasma for GLDH, OPN, and
HMGB1 (Table 22, appendix Tables 40, 41). Reproducibility for ccK18 and MCSF1R
in plasma could not be assessed since the measured sample levels were below the lower
limit of quantification (data not shown). Assay reproducibility for GLDH and HMGB1
was also well observed in liver tissue (appendix Tables 42, 43). OPN, MCSF1R,
and ccK18 showed signals below lower limit of quantification in liver tissue (data not
shown).
All validation results were summarized in Table 23 and the MPr assay was used for
measurement of preclinical study samples of rats (plasma and liver) treated with several
drugs and compounds (see 4.4).

Table 22: Reproducibility of endogenous GLDH levels in rat plasma (MPr)

Reproducibility samples of animals 1 to 8
Run Unit 1 2 3 4 5 6 7 8

Run 1 ng/mL 13.7 14.0 10.6 9.32 13.4 11.6 11.0 3.48
Run 2 ng/ml 17.3 16.9 12.4 11.7 16.5 14.1 14.5 5.02

Difference % 23 19 16 22 21 20 27 36
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4.3 Matrix and sampling effects on quantification of potential
human protein biomarkers of DILI

This chapter was adapted from Anselm, V., Sommersdorf, C., Carrasco-Triguero, M.,
Katavolos, P., Planatscher, H., Steinhilber, A., Joos, T., Poetz, O., Matrix and Sam-
pling Effects on Quantification of Protein Biomarkers of Drug-Induced Liver Injury.
Journal of Proteome Research. 20(11):4985-4994. doi:10.1021/acs.jproteome.1c00478
(Nov 2021).

Serum and plasma specimen are both clinically relevant types of matrices commonly
collected when biomarkers are investigated in blood of patients. Independent of the
analyses method, the type of sample matrix or preanalytical factors such as stability
during serum and plasma preparation could impact analyte concentration in specimen.
Thus, comparability of analyte quantification in serum and plasma and benchtop sta-
bility between sample collection and centrifugation were investigated in the following.
Matched samples including EDTA plasma, serum, and serum gel (serum collection
tubes with gel) samples from 10 healthy volunteers (donor 1 to donor 10) were used for
matrix comparison regarding DILI biomarker concentration. Furthermore, each sample
type was collected three times per subject and the incubation times of 15 min, 30 min,
or 60 min at room temperature between sample collection and centrifugation were in-
vestigated.
K18 and ccK18 were measured by immunoassays and MCSF1R, OPN, HMGB1, and
GLDH levels were measured by IA-LC-MS/MS using the assay MPh-dev. Samples were
measured in duplicates with the IA-LC-MS/MS assay and in singlicates with ELISAs
due to limited sample volume. An IA-LC-MS/MS assay was not available for K18 or
ccK18 due to the presented peptide instability and chromatographic performance (see
4.1.2). The impact of trypsin (see 4.1.4) was not recognized at the time of measure-
ment of this study, hence, ELISAs were used for K18 and ccK18 quantification.

4.3.1 Effects of sample matrix on DILI biomarkers

All samples showed detectable levels of the analytes except for K18 where all the sam-
ples comprised undetectable levels (Figure 31). Detailed median sample results and
results from the corresponding calibration curves and QC samples are listed in the
appendix (Tables 44 to 48). Only analyte results which were measured within the
corresponding calibration ranges were displayed. Differences between matrices were
investigated by paired t-test with significance level p < 0.05. For better overview, sta-
tistical and mean differences were listed in Tables 24 and 25. The carried calibration
curves and QC samples showed good accuracy (within ±20% accuracy of the nom-
inal values) and precision (CV < 20%) across the measured sample plates (appendix
Tables 45 to 48). Donor 2 showed outliers in ccK18 levels consistently throughout
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Figure 31: DILI biomarker in serum gel, serum, and EDTA plasma. Matched samples from
10 healthy volunteers were investigated. Sample tubes were incubated between 15 min and 60 min
at RT between sample collection and centrifugation. The multiplexed assay MPh-dev was used to
measure MCSF1R, OPN, HMGB1, and GLDH by IA-LC-MS/MS. K18 and ccK18 were measured by
immunoassays, but K18 was undetectable in all donors.

Table 24: Statistical comparison between DILI biomarker concentration in matched serum gel, serum,
and EDTA plasma samples (paired t-test, significance level p < 0.5 shown in bold). Time = benchtop
time

Matrix Time p-value
(min) MCSF1R OPN HMGB1 GLDH ccK18

Serum gel 15 6.55E-01 9.08E-01 9.39E-01 1.92E-01 5.87E-01
vs 30 2.46E-01 3.08E-01 2.87E-01 1.66E-01 2.99E-01
Serum 60 9.74E-01 1.00E+00 9.79E-01 4.05E-01 5.26E-01

Serum gel 15 1.59E-03 2.87E-03 2.94E-02 8.99E-01 4.51E-02
vs 30 3.09E-05 1.64E-01 8.94E-03 6.77E-01 8.93E-02
EDTA plasma 60 7.40E-05 4.07E-02 1.48E-03 4.46E-01 6.46E-02

Serum 15 3.35E-05 2.20E-04 2.12E-02 7.77E-01 8.05E-02
vs 30 2.65E-07 2.22E-02 1.27E-02 6.56E-01 1.02E-03
EDTA plasma 60 6.12E-05 4.05E-02 1.83E-02 5.37E-01 6.29E-02
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Table 25: Mean difference between DILI biomarker concentration in matched serum gel, serum, and
EDTA plasma samples measured by IA-LC-MS/MS. Time = benchtop time

Matrix Time Mean difference
(min) (ng/mL) (pM)

MCSF1R OPN HMGB1 GLDH ccK18

Serum gel 15 -4.14 -0.08 0.03 -0.37 9
vs 30 -12.2 -1.54 0.70 -0.72 -42
Serum 60 0.21 0.00 0.03 0.22 10

Serum gel 15 -81.4 6.72 1.75 0.18 60
vs 30 -121 1.51 3.44 -0.25 51
EDTA plasma 60 -86.7 3.22 3.82 0.40 96

Serum 15 -86.7 5.63 1.37 0.45 55
vs 30 -109 3.05 2.68 0.47 92
EDTA plasma 60 -86.9 3.22 3.79 0.19 86

all matrices and donor 3 showed consistent outlier results for GLDH in all matrices
(Figure 31). GLDH levels were below the lowest calibration standard (2.56 ng/mL)
in all samples of donor 7 (data not shown). In total, 11 samples were below the low-
est calibration standard for HMGB1 (0.19 ng/mL). A sample of donor 4 with 15 min
benchtop time was not available. Only duplicate samples with a precision below 30%
CV were further analyzed.
Significant differences between matrices were especially observed for MCSF1R, HMGB1,
and OPN (Table 24). MCSF1R revealed higher concentration in EDTA plasma com-
pared to serum or serum gel for all investigated benchtop times (mean difference 81.35 -
120.70 ng/mL Table 25, p = 1.59E-3 to p = 2.65E-7). In contrast to this, HMGB1
showed significantly lower concentrations in EDTA plasma compared to serum or serum
gel for all benchtop times with a mean difference of 1.37 - 3.82 ng/mL (p = 2.94E-2 to
p = 1.48E-3). This represents a 4- to 12-fold mean difference compared to the median
HMGB1 concentration in EDTA plasma (0.29-0.35 ng/mL).
OPN levels were significantly decreased in plasma compared to serum or serum gel
(p = 4.07E-2 to p = 2.20E-4) but this only accounted about 10% compared to the mea-
sured values (about 3 - 4 ng/mL mean difference compared to about 30 - 40 ng/mL OPN
levels (Table 25, appendix Table 44). GLDH levels were comparable in all investi-
gated matrices. Significantly elevated ccK18 concentration was indicated only for two
benchtop time comparisons, in serum gel compared to EDTA plasma (15 min bench-
top time, p = 4.51E-02) and serum compared to EDTA plasma (30 min benchtop time,
p = 1.03E-03).
Individual matching of results across the different matrices was investigated by correlat-
ing analyte concentrations from matching samples. Two donors showed 4- and 20-fold
increase in ccK18 or GLDH concentration compared to the other donors. Thus, these
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results were confirmed as outliers based on Tukey’s method152 for all matrices and the
donors were excluded from correlation to avoid bias in the analyses (donor 2 for ccK18
and donor 3 for GLDH).
Comparing all DILI biomarkers in matched samples revealed a generally positive cor-
relation across all matrices except for HMGB1 and ccK18 (Figure 32). MCSF1R
and OPN provided the best correlation (R2 = 0.78 to 0.92) when comparing all results
from the three matrices. However, concentration of the analytes differed if results for
the matrices were compared. In the case of MCSF1R, the data obtained from plasma
and serum from the same assay shows an off-set of about 90 ng/mL (about 20% differ-
ence) between the two matrices, while OPN concentrations show a moderate matrix-
dependent differences of about 3 ng/mL (about 10% difference) (appendix Table 44).
GLDH concentrations correlated moderately between EDTA plasma and serum gel
or serum samples (R2 = 0.47), whereas a high positive correlation was observed be-
tween serum and serum gel results (R2 = 0.89). HMGB1 levels between EDTA plasma
and serum gel or serum samples did not correlate (R2 = -0.02 or -0.01). Further-
more, HMGB1 levels between serum gel and serum showed a low positive correlation
(R2 = 0.37) and a negligible to low positive correlation was seen for ccK18 across all
matrices (R2 = 0.25 to 0.33).
DILI biomarkers measured with the MPh-dev assay were also investigated by im-
munoassays (MCSF1R, OPN, HMGB1) and enzymatic activity (GLDH) for comparison
between IA-LC-MS/MS and standard methods (see below, detailed method compari-
son 4.3.3). According to the vendor’s instruction manual of the enzymatic activity kit,
GLDH was measured only in serum and serum gel samples. Correlation of biomarker
concentration between matched samples was comparable to the IA-LC-MS/MS results
for MCSF1R, HMGB1, and GLDH (Figure 33). OPN concentration did not match
between EDTA plasma and serum or serum gel using the immunoassay read-out (R2 = -
0.04 to 0.11). However, OPN results between serum and serum gel seem to match better
(R2 = 0.64). Correlation between the IA-LC-MS/MS and immunoassay methods is pre-
sented below (see 4.3.3).
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Figure 32: Correlation of DILI biomarker concentrations in serum gel, serum, and EDTA
plasma of matched samples by IA-LC-MS/MS (MPh-dev) and ELISA (ccK18). Analyte
levels in EDTA plasma samples were compared to results from serum (column 1) and serum gel (column
2). Furthermore, serum with and without gel in the collection tubes was compared (column 3). Donor
3 and donor 2 were excluded from correlation to avoid a bias towards these samples with high analyte
levels for GLDH or ccK18, respectively.
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Figure 33: Correlation of DILI biomarker concentrations in matched serum gel, serum,
and EDTA plasma samples measured by immunoassays and enzyme activity. MCSF1R,
OPN, and HMGB1 levels were assessed with sandwich immunoassays. GLDH activity was measured
only in serum and serum gel samples according to the vendor’s instruction manual of the enzymatic
activity assay kit.
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4.3.2 Effects of sample benchtop time on DILI biomarkers

Benchtop time between sample collection and centrifugation was investigated with one-
way repeated measures ANOVA with Bonferroni correction to reveal potential sampling
time-dependent changes in DILI biomarker concentrations (significance level: p < 0.05).
Analyte concentrations, which were measured with 15 min benchtop time, were consid-
ered as the reference time point and set as 100%. The difference in analyte concen-
trations between 15 min to 30 min, 15 min to 60 min, and between 30 min to 60 min
was calculated in percent. The mean differences in analyte concentration across the
tested samples from 10 healthy volunteers (HVs) are displayed in percent for the inves-
tigated time intervals (Figure 34). Each DILI biomarker (rows) was investigated in
serum gel (column 1), serum (column 2), and EDTA plasma (column 3). Positive mean
differences show an increase in analyte level over time and negative mean differences
show decreased analyte levels. Depending on the analyte, changes in DILI biomarker
concentrations over time were observed.
Especially HMGB1 levels changed over time in serum gel and serum samples (see wider
mean difference scale and the observed wide mean difference bars). A significant in-
crease in HMGB1 concentration was observed between serum gel samples with 15 min
and 60 min benchtop time (p = 7.83E-03). HMGB1 levels increased over this time pe-
riod of 45 min by 112% ±126% (mean ±SD) in serum gel and remained comparably
steady in EDTA plasma with a mean decrease of -8% ±36% (mean ±SD).
The mean differences in OPN, MCSF1R, and GLDH concentrations remained within
±25% across all time intervalls and matrices. Nonetheless, significantly less OPN con-
centration was observed in serum gel samples with 60 min benchtop time compared to
samples with 15 min benchtop time (p = 3.52E-02).
The protein levels of ccK18 showed a higher variation over time based on the higher
mean difference (wider bars) in serum gel or serum compared to plasma. However, the
mean % differences across benchtop time points were not statistically significant.
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Figure 34: Change in analyte concentrations during benchtop stability between 15 min
and 60 min benchtop time. One-way repeated measures ANOVA testing with Bonferroni correction
(p < 0.05) was used to test significant changes in DILI analyte concentrations over time in all sample
types. Incubation time intervals (15 - 30 min, 15 - 60 min, 30 - 60 min) between sample collection and
centrifugation were investigated for the samples obtained from 10 HVs. Positive mean difference reveals
an increase in analyte level over time and negative mean differences show decreased analyte levels over
time. Measurement results of IA-LC-MS/MS (MPh-dev) and ELISA (ccK18). Note: HMGB1 data
are shown with a larger difference range in the diagram due to stronger observed changes.
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4.3.3 Correlation between standard methods and IA-LC-MS/MS

DILI-related biomarkers were measured in serum gel, serum, and EDTA plasma sam-
ples from 10 donors using the MPh-dev assay for OPN, MCSF1R, HMGB1, and GLDH
with quantification based on the IA-LC-MS/MS method and the ELISA kits for quan-
tification of ccK18 and K18. The same samples were measured using single-analyte
immunoassays (Luminex: OPN and MCSF1R; ELISA: HMGB1) and an enzymatic
activity assay (GLDH) as available standard methods to assess the impact of the quan-
tification approach on biomarker concentration. The extent of correlation between pro-
tein quantification with IA-LC-MS/MS compared to immunoassay or enzymatic assay
was investigated for all samples. Results of serum gel, serum, and EDTA plasma mea-
surements collected for all benchtop incubation times were included in this comparison
(Figure 35). The measured MCSF1R results showed a moderate positive correlation
(R2 = 0.64) between results from the IA-LC-MS/MS method and the immunoassay
method. Very high correlation was observed for HMGB1 assessed via IA-LC-MS/MS
and ELISA (Figure 35, R2 = 0.91).

Figure 35: IA-LC-MS/MS and immunoassay or enzyme assay method comparison. DILI
biomarker results of samples across all matrices measured with different methods were compared
(MCSF1R: immunoassay vs IA-LC-MS/MS, n = 89; HMGB1: ELISA vs IA-LC-MS/MS, n = 78; OPN:
immunoassay vs IA-LC-MS/MS, n = 82; GLDH: enzyme activity vs IA-LC-MS/MS, n = 47). No IA-
LC-MS/MS assay was available for K18 and ccK18. Donor 3 was excluded from GLDH result corre-
lation to avoid a bias towards samples with high GLDH levels.
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HMGB1 levels in EDTA plasma appear in the lower ng/mL concentration range mea-
sured with both methods. Consistenly lower OPN concentrations were measured in
serum gel and serum samples by quantification via the immunoassay compared to quan-
tification via IA-LC-MS/MS. Thus, no correlation was observed between results of both
methods (R2 = 0.02). Furthermore, only a low positive correlation was observed when
comparing only EDTA plasma samples between both methods (R2 = 0.37, plot not
shown here, excluded donor 10 (60 min), n = 29). Donor 3 (60 min) with 106 ng/mL
OPN concentration was excluded for this correlation analysis to avoid bias towards
higher OPN concentration. The measured GLDH activity did not correlate with GLDH
protein concentration across serum gel and serum samples (R2 = 0.17). Results of donor
3 were excluded for GLDH method correlation analysis to avoid bias towards higher
GLDH concentration.

4.4 Translational protein biomarkers for DILI investigation in
preclinical studies with APAP, DAPM, thioacetamide,
bromobenzene, and CCl4

This chapter was adapted from the manuscript Anselm, V., Meisinger, T., Laurent,
S., Sautier, L., Poetz, O., Elevated GLDH and OPN levels in plasma of rats treated
with APAP or DAPM. (in preparation)

The impact of drugs or compounds known to induce liver injury was investigated in
animals including APAP, DAPM thioacetamide, bromobenzene, and CCl4. Rats were
treated with single drugs or compounds according to the summary given in 3.2.4.
EDTA plasma samples were kindly provided by Sanofi and MSD. Furthermore, rat
liver specimen for the APAP and DAPM studies were provided by Sanofi. Studies
with APAP, thioacetamide, and bromobenzene included dose-ascending or escalation,
whereas the effects of DAPM and CCl4 were investigated over time. Each collaboration
partner provided samples from APAP studies, Sanofi with 1,500 mg/kg APAP dosage
and MSD with 1,000 mg/kg APAP dosage. CCl4 was dosed daily. Control animals
received the corresponding vehicle solutions without drug or compound at the same
time as the treated animals. Enzyme activity of ALT was measured in serum samples
at the corresponding collection site, the data was kindly provided by the collaborators
and then analyzed by me. All samples were analyzed using the developed multiplex
IA-LC-MS/MS assay MPr including measurement of OPN, GLDH, HMGB1, MCSFR,
and ccK18. Due to limited sample volume, K18 could not be analyzed. EDTA plasma
(2 x 15 µL per sample) and liver tissue samples (2 x 8 µg per sample in 15 µL surrogate
matrix) were processed and measured in duplicates with the respective calibration
curves and QC samples. Only results with CV below 30% were taken into account.
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Results below LLOQ were generally not back-calculated in fmol or ng/mL but reported
as AUC ratios. Data points for the potential DILI biomarkers OPN, GLDH, HMGB1,
and MCSF1R measured in rat EDTA plasma were displayed color-coded according to
the respective ALT activity result (Figures 37, 39, 42, and 44). A common reference
range for ALT values in rats could not be used since reference ranges in literature vary
between 10 - 40 U/L and 52 - 224 U/L153,154. Hence, the lowest ALT activity range used
for color-coding was calculated based on the range in ALT activity measured in all
samples of control animals of the here presented studies (6 - 91 U/L).

4.4.1 ALT

Significantly higher enzymatic ALT activity was observed in serum of rats treated with
all tested drugs (Figure 36, Mann-Whitney test). ALT activity is significantly elevated
in serum of rats treated either with 1,000 mg/kg or 1,500 mg/kg APAP (Figure 36A,
B). Thereby, a median ALT activity of 87 U/L and 169 U/L was observed compared
to the control groups with 34 U/L or 27 U/L, respectively (n = 5 - 6 per group). Fur-
thermore, a dose-dependent increase in ALT activity was monitored for thioacetamide
(Figure 36C). Significant increase was observed between the control group and the 50
or 100 mg/kg treated group (p < 0.05). Dosage with 300 mg/kg bromobenzene resulted
in exceedingly high ALT activity (median 2,412 U/L) and an ALT activity of 610 U/L
(median) was observed with a higher dose of bromobenzene (750 mg/kg) (Figure 36D).
ALT activity was still about 27-fold higher with high-dose bromobenzene treatment
compared to the control group (23 U/L ALT activity). A single dose with 250 mg/kg
DAPM resulted in significantly increased ALT activity (300 U/L) in rats after 24 h
compared to the control group with 53 U/L ALT activity (Figure 36E, p < 0.01). A
significantly increased ALT activity of 134 U/L was also observed 96 h after DAPM
treatment compared to the control group. Furthermore, a significantly increased ALT
activity was observed when comparing samples of rats 3 h after treatment with 24 h or
96 h after treatement (p < 0.01). The control group seems to have slightly higher ALT
activity 24 h after dosage with vehicle solution compared to the 96 h control group.
Daily dosing with CCl4 resulted in time-correlated elevations of ALT activity when
comparing control samples with samples of treated animals (8 day treatment, 15 day
treatment). Furthermore, an increased activity was observed when comparing animals
treated for 15 days with animals treated for 4 days or 8 days (Figure 36F). Moreover,
a small significant change in ALT activity was observed between the control animals
treated for 8 days and 15 days with vehicle solution. Samples of study day 3 were not
analyzed for ALT activity.
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Figure 36: Enzymatic ALT activity in serum of preclinical DILI studies with rats. Serum
samples were analyzed for ALT activity in U/L at Sanofi and MSD (n = 3 to 6 animals per group).
Data for analysis was kindly provided by Sanofi (B, E) and MSD (A, C, D, F). CCl4 was dosed daily.
Each data point represents a sample from an individual animal, time-course experiments were also
performed with individual animals per monitored time interval, thus, results are not paired. Mann-
Whitney significance test (*p < 0.05, **p < 0.01) with comparison between control and treated (black)
or within the respective groups (blue). Day of treatment: study day 1. Day of sampling: DAPM &
CCl4: as shown; APAP: study day 2; thioacetamide: study day 2; bromobenzene: study day: 3.

89



4 Results

4.4.2 OPN

OPN protein concentration was measured in EDTA plasma and liver samples of the
preclinical studies using the MPr assay. Treatment with APAP (1,500 mg/kg), thioac-
etamide, DAPM, and CCl4 led to elevated OPN levels in rat plasma (Figure 37).
One sample of the bromobenzene study (300 mg/mL bromobenzene) and three samples
of the thioacetamide study (100 and 200 mg/kg thioacetmide) were measured above
ULOQ (3,540 ng/mL), thus, these samples were diluted 1:8 in surrogate matrix and re-
processed. OPN was significantly increased in samples of rats treated with 1,500 mg/kg
APAP (Mann-Whitney test, p < 0.05, Figure 37B), but was not significantly increased
in samples of rats treated with 1,000 mg/kg APAP (Figure 37A).
A dose-dependent significant increase in OPN plasma concentration between thioac-
etamide treated rats (50 and 100 mg/kg) and control rats was observed (p < 0.05)
(Figure 37C). Furthermore, elevated OPN levels were observed in the groups treated
with 100 mg/kg or 200 mg/kg thioacetamide compared to the animal group treated
with 50 mg/kg thioacetamide. Treatment with thioacetamide caused generally high
elevations of OPN plasma concentration (up to 7,300 ng/mL).
No significant increase was observed in animals treated with bromobenzene (Figure
37D). However, the OPN increase in samples collected of bromobenzene treated an-
imals was almost up to 20-fold, 4,000 ng/mL OPN in treated samples compared to
200 - 300 ng/mL control samples. The outlier results for the bromobenzene control
group with high OPN plasma value was confirmed by reprocessing (OPN concentration
in run1: 2,479 ng/mL; in run2: 2,358 ng/mL, -5% difference).
Treating rats with a single dose of DAPM resulted in a significant increase from
192 ng/mL (median) OPN concentration in EDTA plasma of control animals to a mea-
dian of 475 ng/mL OPN concentration in EDTA plasma of treated animal within 24 h
(p < 0.01, Figure 37E). Shortly after treatment (3 h), OPN levels were still within the
normal range. OPN levels were 96 h after treatement at a median level of 297 ng/mL,
which is less then the measured OPN levels in samples of the 24 h after treatment
group. Daily administration of 120 mg/kg CCl4 resulted in significant increases of
OPN concentration 8 days and 15 days after treatment compared to control (p < 0.05)
(Figure 37F). Furthermore, 15 days of CCl4 treatment led to elevated OPN levels
when compared to 3 days or 4 days of treatment.
OPN concentration was increased along with higher ALT activity especially for thioac-
etamide, bromobenzene, DAPM, and CCl4 treatment. The observed outlier of the
bromobenzene control group observed for OPN did not correlate with high ALT activ-
ity. No significant difference was detected in OPN concentration between the results
of CCl4 study day 8 and 15, whereas higher ALT activity was measured in the 15 day
treatment group compared to 8 days of daily dosing.
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Figure 37: OPN concentration in EDTA plasma of preclinical DILI studies with rats.
OPN concentration was analyzed in rat plasma samples using the IA-LC-MS/MS assay MPr (n = 3
to 6 animals per group). (A - F) Data points are colored by their corresponding sample result for
ALT activity. CCl4 was dosed daily. Each data point represents a sample from an individual animal,
time-course experiments were also performed with individual animals per monitored time interval,
thus, results are not paired. Mann-Whitney significance test (*p < 0.05, **p < 0.01) with comparison
between control and treated (black) or within the respective groups (blue). Day of treatment: study
day 1. Day of sampling: DAPM & CCl4: as shown; APAP: study day 2; thioacetamide: study day 2;
bromobenzene: study day: 3.
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OPN measurement was performed on liver tissue samples which were obtained from the
studies including APAP (1,500 mg/kg) and DAPM (24 h after treatement) (Figure 38).
The measured OPN peptide ratio was below the LLOQ ratio for all samples. The
shown LLOQ ratio was determined during validation of the MPr assay across three
independent runs with two calibration curves per run (Table 26). Thus, OPN was not
measureable in liver tissue samples in quantifyable amounts.

Figure 38: OPN concentration in liver tissue of preclinical DILI studies with rats.
(A, B) OPN concentration was analyzed in 8 µg rat liver tissue samples using the IA-LC-MS/MS
assay MPr for the available studies with APAP and DAPM (n = 6 animals per group). AUC ratios of
the measured OPN peptide and the corresponding LLOQ ratio from MPr validation are shown. Day
of treatment: study day 1. Day of sampling: APAP: study day 2; DAPM: 24 h.

4.4.3 GLDH

Along with the IA-LC-MS/MS assay MPr, GLDH protein concentration was mea-
sured in rat EDTA plasma samples of the preclinical DILI studies under investigation.
Changes in GLDH concentration were observed for all studies except with bromoben-
zene (Figure 39). One sample of the thioacetamide study and three samples of the
bromobenzene study exceeded the ULOQ for GLDH (6,138 ng/mL). Hence, these sam-
ples were diluted 1:8 in surrogate matrix and reprocessed. GLDH protein concentration
increased by 19-fold when treated with 1,000 mg/kg APAP (Figure 39A) or by about
4-fold for the higher APAP dosage of 1,500 mg/kg (Figure 39B) with generally higher
GLDH concentration when treated with the higher APAP dosage. However, the median
of GLDH concentration in control EDTA plasma samples differed between the study
from MSD (median 13.9 ng/mL GLDH) and the study from Sanofi (median 199 ng/mL
GLDH) by a fold change of 14.
A significant increase in GLDH levels was indicated after thioacetamide treatment in
a dose-dependent manner (p < 0.05, Figure 39C). The increase was observed between
control group and 50 mg/kg (91-fold change) or 100 mg/kg (356-fold change) thioac-
etamide treated group. Furthermore, a significant increase was indicated between sam-
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Figure 39: GLDH concentration in EDTA plasma of preclinical DILI studies with rats.
GLDH concentration was analyzed in rat plasma samples using the IA-LC-MS/MS assay MPr (n = 3
to 6 animals per group). (A - F) Data points are colored by their corresponding sample result for
ALT activity. CCl4 was dosed daily. Each data point represents a sample from an individual animal,
time-course experiments were also performed with individual animals per monitored time interval,
thus, results are not paired. Mann-Whitney significance test (*p < 0.05, **p < 0.01) with comparison
between control and treated (black) or within the respective groups (blue). Day of treatment: study
day 1. Day of sampling: DAPM & CCl4: as shown; APAP: study day 2; thioacetamide: study day 2;
bromobenzene: study day: 3.
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ples of low-dose (50 mg/kg) and higher-dose (100 mg/kg and 200 mg/kg) treated rats
with fold changes of 4 and 2, respectively. The GLDH protein concentration in rat
plasma was highly affected by administration of thioacetamide or bromobenzene since
the levels increased up to about 9,000 ng/mL GLDH (Figure 39C, D). However, one
sample in the control group of the bromobenzene study resulted in similarly high GLDH
concentration. Reprocessing of this sample confirmed the obtained high GLDH level
(run1: > ULOQ, run2 (diluted and back-calculated with dilution factor): 8,697 ng/mL).
No significant differences were observed throughout the bromobenzene study for GLDH.
It is not clear whether samples were mixed up during shipment for this study, thus, no
further statistical testing without outliers were performed for this compound.
A single-dose treatment with 250 mg/kg DAPM resulted in elevated levels of GLDH
24 h after treatment compared to control (p < 0.01, Figure 39E). Elevated levels were
still observable 96 h after DAPM treatment (p < 0.05). Within the treated groups, a
fast increase could be observed between 3 h and 24 h after treatment (p < 0.01), which
resulted then in significant recovery of GLDH levels 96 h compared to 24 h after treat-
ment(p < 0.05).
After 8 days and 15 days of CCl4 treatment, GLDH levels rise significantly compared to
samples of non-treated animals (p < 0.05, Figure 39F), which was also the case when
comparing samples of rats treated for 15 days with treatment for 3 days or 4 days.
Comparable to higher ALT activity, higher GLDH protein levels were observed in the
CCl4, thioacetamide, DAPM, and bromobenzene studies. The outlier in GLDH con-
centration observed in the bromobenzene control group was not confirmed with high
ALT activity.
GLDH activity was measured in rat serum for the animal studies with DAPM and
APAP (1,500 mg/kg) at Sanofi (Figure 40). GLDH activity was significantly elevated
in serum of APAP-treated as well as of DAPM-treated animals when compared to their
respective control group (Figure 40A, B). GLDH activity and GLDH protein concen-
tration of the corresponding samples was compared by linear regression using results
of the treated animal groups (above LLOQ of 5 U/L). Results of control groups were
excluded since most of the results were below LLOQ and outliers of the treated groups
were excluded according to Tukey’s method152. A moderate correlation was observed
between the GLDH activity and GLDH protein concentration of the corresponding
samples (Figure 40C).
Rat liver tissue samples of the studies including APAP (1,500 mg/kg) and DAPM (24 h
after treatement) dosage were examined by digesting 8 µg tissue material in surrogate
matrix and measurement with the MPr assay. GLDH was well observed in rat liver
tissue with between 2 to about 9 ng GLDH per total protein amount (Figure 41).
However, no significant differences were observed in any of the here investigated stud-
ies (Mann-Whitney significance test).
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Figure 40: GLDH activity results in studies with APAP (1,500 mg/kg) and DAPM and
correlation with protein concentration data. (A, B) GLDH activity in rat serum was measured
at Sanofi (n = 6 animals per group). Results below LLOQ were represented in pink as LLOQ/2
according to Wakefield’s method140. Each data point represents a sample from an individual animal,
time-course experiments were also performed with individual animals per monitored time interval,
thus, results are not paired. Mann-Whitney significance test (*p < 0.05, **p < 0.01) with comparison
between control and treated (black) or within the respective groups (blue). Day of treatment: study
day 1. Day of sampling: APAP: study day 2; DAPM: as shown. (C) GLDH activity and protein
concentration was compared with all results of the treated animal groups excluding outliers according
to Tukey’s method152 (n = 18).
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Figure 41: GLDH concentration in liver tissue of preclinical DILI studies with rats.
(A, B) GLDH concentration was analyzed in 8 µg rat liver tissue samples using the IA-LC-MS/MS
assay MPr for the available studies with APAP and DAPM (n = 6 animals per group). GLDH could
be quantified in all liver tissue samples in ng GLDH per µg total protein. Day of treatment: study
day 1. Day of sampling: APAP: study day 2; DAPM: 24 h.

4.4.4 HMGB1

HMGB1 protein concentration was measured in EDTA plasma samples of rats treated
with drugs and compounds including APAP, thioacetamide, bromobenzene, DAPM,
and CCl4. Several samples showed HMGB1 protein concentrations below the LLOQ
(1.70 ng/mL). Hence, half of the LLOQ value was used for plotting and statistical anal-
ysis of results for HMGB1 plasma levels below LLOQ. Significant increases in HMGB1
levels were observed for thioacetamide, bromobenzene, DAPM, and CCl4 treatment
according to the Mann-Whitney significance test (Figure 42). APAP treatment did
not result in significant changes of HMGB1 levels between control and treated groups
(Figure 42A, B).
HMGB1 protein concentration was highly affected in the thioacetamide treated groups
compared to the respective control group (p < 0.05, Figure 42C). All treated groups
showed elevated HMGB1 levels compared to control and the median increased up to
35-fold between the non-treated group (0.85 ng/mL) and the high-dose treated group
(200 mg/kg thioacetamide, 29.5 ng/mL HMGB1). Furthermore, a dose-dependent in-
crease in HMGB1 plasma concentration was observed between samples of rats treated
with 50 mg/kg and 100 mg/kg or 200 mg/kg thioacetamide and between samples of rats
treated with 100 mg/kg and 200 mg/kg thioacetamide. Bromobenzene resulted in ele-
vated HMGB1 levels betwen high-dose samples (750 mg/kg bromobenzene) and control
samples (Figure 42D). In case of DAPM, the only significant elevation of HMGB1
concentration was observed 3 h after dosing with DAPM compared to the correspond-
ing control group (Figure 42E).
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Figure 42: HMGB1 concentration in EDTA plasma of preclinical DILI studies with rats.
HMGB1 concentration was analyzed in rat plasma samples using the IA-LC-MS/MS assay MPr (n = 3
to 6 animals per group). (A - F) Data points are colored by their corresponding sample result for ALT
activity. CCl4 was dosed daily. Each data point represents a sample from an individual animal, time-
course experiments were also performed with individual animals per monitored time interval, thus,
results are not paired. Mann-Whitney significance test (*p < 0.05) with comparison between control
and treated (black) or within the respective groups (blue). Day of treatment: study day 1. Day of
sampling: DAPM & CCl4: as shown; APAP: study day 2; thioacetamide: study day 2; bromobenzene:
study day: 3.
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Treatment with 120 mg/kg CCl4 per day resulted in significant elevations of HMGB1
protein concentration 8 days and 15 days after treatment compared to control (p < 0.05)
(Figure 42F). Moreover, HMGB1 levels were significantly elevated 15 days after daily
CCl4 treatment in comparison to HMGB1 levels in the samples of animals with 4 days
or 8 days of daily CCl4 administration. Elevated levels in HMGB1 concentration along
with increased ALT activity were measured in the study samples with thioacetamide,
bromobenzene, and CCl4. Likewise, an increase in HMGB1 concentration could be
monitored between 8 day and 15 day CCl4 treatment. Results of both biomarkers are
especially not comparable within the DAPM study, since HMGB1 protein concentra-
tion did not increase over time, whereas higher ALT activity was monitored over time
after DAPM dosing.
Rat liver tissue samples were available of the studies with APAP (1,500 mg/kg) and
DAPM (24 h after treatement). According to the MPr assay workflow, 8 µg tissue mate-
rial was digested in surrogate matrix and HMGB1 levels were quantified. HMGB1 could
be measured in all available rat liver tissue samples (Figure 43). Consistent protein
amounts between 0.2 and 0.8 ng HMGB1 per total protein amount were demonstrated
but significant differences between samples of control and treated animals could not be
confirmed according to the Mann-Whitney significance test.

Figure 43: HMGB1 concentration in liver tissue of preclinical DILI studies with rats.
(A, B) HMGB1 concentration was analyzed in 8 µg rat liver tissue samples using the IA-LC-MS/MS
assay MPr for the available studies with APAP and DAPM (n = 6 animals per group). HMGB1 was
quantified in all liver tissue samples in ng HMGB1 protein per µg total protein amount. Day of
treatment: study day 1. Day of sampling: APAP: study day 2; DAPM: 24 h.

4.4.5 MCSF1R

MCSF1R protein was quantified in preclinical DILI samples using the multiplexed IA-
LC-MS/MS assay MPr. In total, five samples showed MCSF1R levels above the LLOQ
(12.4 ng/mL). Thus, AUC ratios of the MCSF1R peptide measured with CV < 30%
in duplicate samples and the corresponding LLOQ ratio from MPr validation were
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presented (Figure 44, LLOQ ratio: Table 16). MCSF1R results of the studies with
APAP (1,000 mg/kg), thioacetamide, and bromobenzene are not shown because the cor-
responding QC sample results for MCSF1R were not within ±30% of the nominal QC
values (failed QC accuracy for the measured batch). These samples could not be repro-
cessed due to limited sample volume. The measured MCSF1R peptide signals did not
reveal changes in peptide ratios after APAP (1,500 mg/kg) treatment (Figure 44A).
Significantly elevated MCSF1R peptide ratios were observed when comparing ratios
between control and DAPM treated animal samples (96 h) or between 24 h and 96 h af-
ter DAPM treatment (Mann-Whitney test, p < 0.05, Figure 44B). One of the samples
with 96 h after DAPM treatment reached a MCSF1R peptide ratio above the LLOQ

Figure 44: MCSF1R peptide ratio in EDTA plasma of preclinical DILI studies with rats.
MCSF1R content was analyzed in rat plasma samples using the IA-LC-MS/MS assay MPr (n = 3
to 6 animals per group). (A - C) AUC ratios of the MCSF1R peptide measured with CV < 30%
in duplicate samples and the corresponding LLOQ ratio from MPr validation are presented. Data
points are colored by their corresponding sample result for ALT activity. CCl4 was dosed daily.
Each data point represents a sample from an individual animal, time-course experiments were also
performed with individual animals per monitored time interval, thus, results are not paired. Mann-
Whitney significance test (*p < 0.05) with comparison between control and treated (black) or within
the respective groups (blue). Day of treatment: study day 1. Day of sampling: DAPM & CCl4: as
shown; APAP: study day 2.
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ratio. Daily treatment with CCl4 resulted also in increased MCSF1R peptide ratios
compared to the control group (Figure 44C). The first of four samples above the
LLOQ ratio within this study was observed on the fourth study day. Significant in-
crease in ratios was seen for MCSF1R on the 15th study day after daily treatment
compared to the corresponding control group (p < 0.05). In addition, MCSF1R results
were elevated within the treated animal group between 3 days and 15 days after daily
treatment (p < 0.05). Along with elevated ALT activity in specimen of animals treated
with DAPM or CCl4, MCSF1R concentration was increased in EDTA plasma. This
effect was observed especially 96 h after DAPM administration or after 15 days of daily
CCl4 dosing. The corresponding liver tissue samples of the APAP (1,500 mg/kg) and
DAPM studies did not indicate any MCSF1R peptide ratios close to the LLOQ ratio
(Figure 45). All ratios were close to zero, hence, no MCSF1R could be measured in
liver tissue samples with this assay.

Figure 45: MCSF1R peptide ratio in liver tissue of preclinical DILI studies with rats.
(A, B) MCSF1R concentration was analyzed in 8 µg rat liver tissue using the IA-LC-MS/MS assay
MPr for the studies including APAP and DAPM (n = 6 animals per group). All measured MCSF1R
peptide ratios were below the LLOQ ratio which was determined during method validation. Day of
treatment: study day 1. Day of sampling: APAP: study day 2, DAPM: 24 h.

4.4.6 ccK18

Analysis of EDTA plasma samples and the corresponding liver tissue samples of the
preclinical DILI studies with the assay MPr included also read-out of ccK18 levels.
Endogenous ccK18 could not be measured in any of the EDTA plasma or liver tissue
samples (Figures 46A - C and 47A, B). Only AUC ratios were shown when du-
plicate measurements could be measured with a precision below 30% CV. Since this
requirement failed for more than 80% of the ccK18 results of the APAP (1,000 mg/kg),
thioacetamide, and bromobenzene studies, the according data was not shown. The
respective ALT activity color-coding was not applied for ccK18 results since all AUC
ratios were close to zero.
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Figure 46: ccK18 peptide ratio in EDTA plasma of preclinical DILI studies with rats.
ccK18 content was analyzed in rat plasma samples using the IA-LC-MS/MS assay MPr (n = 3 to 6
animals per group). (A - C) AUC ratios of the ccK18 peptide measured with CV < 30% in duplicate
samples and the corresponding LLOQ ratio from MPr validation are presented. CCl4 was dosed daily.
Day of treatment: study day 1. Day of sampling: DAPM & CCl4: as shown; APAP: study day 2.

Figure 47: ccK18 peptide ratio in liver tissue of preclinical DILI studies with rats.
(A, B) ccK18 content was analyzed in 8 µg rat liver tissue using the IA-LC-MS/MS assay MPr for
the studies including APAP and DAPM (n = 6 animals per group). Results of the measured ccK18
peptide ratios were below the LLOQ ratio. Day of treatment: study day 1. Day of sampling: APAP:
study day 2, DAPM: 24 h.

101



4 Results

4.5 Specificity of DILI protein biomarkers in rat tissue

The investigated potential DILI biomarkers are proposed to come from underlying
mechanisms such as hepatocellular apoptosis, necrosis, and inflammation155. To in-
vestigate tissue specificity of the potential DILI biomarkers, various types of rat tissue
were investigated for DILI biomarker content. Types of tissue ranging from brain, lung,
kidney to ovaries were lyzed according to the procedure described for liver tissue lysis,
total protein content was determined and 8 µg tissue was proteolyzed in 15 µL surrogate
matrix according to the liver tissue proteolysis. Pancreas samples from three animals
were available. GLDH and HMGB1 could be measured in all investigated types of
tissue (Figure 48A, B), whereas OPN, MCSF1R, and ccK18 were not measurable.
Only AUC values measured for OPN below LLOQ were shown since more than 80%
of the samples measured in duplicates resulted in measurement with CV below 30%
(Figure 48C), which was not the case for MCSF1R or ccK18 measurements. GLDH
was highly abundant in liver, followed by kidney, pancreas and brain. HMGB1 showed
concentration values above the ULOQ for ovaries and lung tissue. Tissue was not di-
luted for these samples since parallelism of liver tissue samples diluted in surrogate
matrix failed.
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Figure 48: Specificity of DILI biomarkers in rat tissue. (A) GLDH and (B) HMGB1 con-
centration could be measured in various rat tissue samples (n=3 for pancreas, n=1 for other tissue,
duplicate measurement for each tissue sample). HMGB1 concentration in ovaries and lung tissue was
measured above ULOQ. (C) OPN was measured consistently below LLOQ in all tissue samples. Du-
plicate measurements for quadriceps, liver, heart, duodenum, and spleen tissue showed more than 30%
CV. MCSF1R and ccK18 results are not shown because more than 80% of the sample replicates were
measured below LLOQ and with a CV above 30%.
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5.1 IA-LC-MS/MS assays applied to analyses in plasma

5.1.1 Combining sensitivity and selectivity in IA-LC-MS/MS assays

Plasma remains a challenging type of specimen for protein analysis, yet this type of
body fluid is readly accessible and often sampled for diverse analyses regarding pa-
tient health and disease156. Common analysis approaches include measurement of
enzyme activity and assessment of protein concentration using immunoassays, e.g.,
sandwich immunoassays. This type of immunoassay struggles with lack of concordance
across different platforms, presence of autoantibodies, saturation of reagent antibod-
ies, protein denaturation, protein degradation, and cross-reactivity all possibly leading
to falsified analyte quantification106. An emerging approach for protein quantification
is provided by immunoaffinity-mass spectrometry (IA-MS)109 termed IA-LC-MS/MS
when coupled to liquid chromatography and read-out based on MS2 fragments. Using
this approach only one antibody is required to enrich and quantify proteins on the
peptide-level in plasma as opposed to two required antibodies for sandwich immunoas-
says (e.g., ELISA103,157 or Luminex technology158). Furthermore, autoantibodies may
mask biomarker quantification on protein level making it impossible to quantify, for ex-
ample, HMGB1 or thyroglobulin with a sandwich immunoassay in plasma110,159. This
shows the need for alternative approaches such as peptide-based approaches that do
not require enrichment via the protein’s structure, e.g., the IA-LC-MS/MS method.
This method is sensitive enough to measure MCSF1R, HMGB1, OPN, and GLDH in
at least 5 µL human plasma (Figure 16) in 96-well format with a total plate process-
ing time of 23 h and 12 min measurement time per sample (Figure 12). This results
in less than one hour processing and measurement time per sample when considering
36 samples being processed in duplicates along with calibration curve and QC sam-
ples. Plasma proteome profiling by Geyer et al. showed in 2016 about 300 reproducibly
measurable plasma proteins without use of antibodies. Among these proteins, only
MCSF1R could be quantified in 9 of 15 runs by label-free quantification (LFQ). Pep-
tide pre-fractionation increased the number of identified proteins to more than 1,000.
This deep plasma proteome profiling enabled LFQ-based quantification of OPN and
HMGB1. Furthermore, GLDH peptides were identified in plasma using this approach
but could not be quantified. In comparison, MCSF1R and OPN could be quantified
with internal peptide standards in all 89 human plasma and serum samples, which were
investigated for matrix and sampling comparison (section 4.3). HMGB1 and GLDH
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were quantified in at least 80% of these measured samples, thereby showing the depth
of sensitivity introduced by IA-LC-MS/MS compared to standard plasma proteome
profiling102,160. Especially increasing the antibody amount and decreasing the inter-
nal standard peptide amount seem beneficial for better assay sensitivity (Figure 15).
Both approaches for increasing sensitivity hold the concept of increasing the number of
antibody binding sites for endogenous peptides from the protein of interest. On the one
hand, more antibodies can simply bind more peptides, on the other hand, less inter-
nal standard peptides result in more free binding sites for endogenous peptides during
competition for antibody binding sites. However, the antibody amount can only be
increased in reasonable extent due to limited antibody availability and due to limited
transfer capacity of the semi-automated procedure used here for peptide enrichment
since a maximum amount of 25 µg antibody can be transferred using 50 µL of bead
suspension (data not shown here). Alternatively, an immunoprecipitation approach
using antibodies coupled to columns can be employed for affinity enrichment. Coupling
can involve binding of the Fc region of the antibody by protein G or by strepatavidin
capturing of biotinylated antibody. Depending on the size of the column, the binding
capacity can be increased and online peptide enrichment can be performed before MS
read-out. However, high background signals due to the high binding capacity also in-
corporating unspecific binding or carryover are common issues when using columns for
peptide enrichment109. The internal standard peptide amount can only be decreased
to improve the signal-to-noise ratio as long as the peak intensity is still sufficient to
be read-out with MS. The peak intensity depends on the ionization efficiency of the
peptide, which is in turn determined by its amino acid composition with basic amino
acids having higher ionization efficiency161.
However, focusing on peptides also has certain pitfalls which have to be considered for
using the IA-LC-MS/MS technique. Peptide properties such as hydrophobicity influ-
ence the performance in chromatography as shown for the ccK18 peptide (Figure 14).
Due to carryover and peptide aggregation, quantification of ccK18 and K18 was not
possible using IA-LC-MS/MS, which is why ELISA kits were required to quantify these
proteins for matrix and sampling comparison (section 4.3). The elution time of both
investigated peptides were both after minute six of the gradient (K18: elution time at
6.1 min Figure 14; ccK18: elution time at 6.8 min, peak not shown), which is techni-
cally already within the wash phase of the gradient with 99% of eluent B (LC elution
solvent). The later the elution time compared to the gradient, the more hydrophobic is
the structure eluted from the chromatographic column162. Furthermore, both peptides
comprise many leucines, which is a very hydrophobic amino acid. However, accord-
ing to Kyte and Doolittle163, the investigated peptides show a hydrophobicity score
of -0.4 and -0.7. It was expected, that such late eluting peptides would have a higher
hydrophobicity score. Since especially the ccK18 peptide LLEDGEDFNLGDALD com-
prises 40% of hydrophobic amino acids, the high percentage of hydrophobic amino acids
compared to the total length of the peptide might cause the long retention time on the
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column with C18-material.
Additionally to physical or chemical peptide properties, selecting the right peptide for
protein quantification is highly important also in biological context. Protein sequence
parts need to be targeted that are available in the investigated context, such as for
MCSF1R it was highly important to target a peptide which is theoretically part of the
external receptor area and might be shedded during activation of the receptor74. In case
of OPN, a truncated protein variant produced by activated thrombin had to be taken
into account which is elaborated below in section 5.2. Post-translational modifications
(PTMs) and single nucleotide polymorphisms (SNPs) also alter the mass-to-charge ra-
tio of endogenous peptide, thereby altering the enrichment efficiency164 and required
mass-to-charge ratio to be targeted for MS read-out. Since this quantification approach
depends on internal standard peptides as reference peptides, any change of the endoge-
nous peptide properties would exclude them from quantification.
Considering selectivity, the IA-LC-MS/MS approach has the advantage that potential
cross-reactivity between antibodies and similar proteins can be completely neglected.
For instance, HMGB1 and HMGB2 are highly similar, forcing high caution when se-
lecting the right antibodies for HMGB1 or HMGB2 identification and quantification165.
Using MS as read-out, the antibody for enrichment would be irrelevant, when either
HMGB1- or HMGB2-specific peptides are chosen for quantification. Both peptides
selected for HMGB1 in this work are specific for this protein (Table 12). Moreover,
the ability of mass spectrometers to measure their target in the low ppm area has
the advantage to confirm endogenous proteins highly selective based on their amino
acid sequence. With this MS feature, isoforms of the MCSF1R rat sequences with
Uniprot ID Q00495 and D4ACA7 were investigated since endogenous MCSF1R was
easily accessible in mouse plasma, but not in rat plasma (Figure 26). The experimen-
tal evidence for the unreviewed MCSF1R rat sequence with Uniprot ID D4ACA7150

seemed more reliable due to a higher coverage of experimentally identified peptides
compared to the reviewed sequence with Uniprot ID Q00495 (Figure 27). Hence,
this protein was followed up to be enriched on the peptide level by in-house available
antibodies (Figures 28 and 29). A different antibody than initially planned was used
targeting the peptide sequence AHNNVGNSSQFFR (Uniprot ID D4ACA7) instead of
ESTSTGIWLK (Uniprot ID Q00495). This was done because the corresponding se-
quence ESTSIGIR could not be enriched with the available antibody immunized against
the sequence ESTSTGIWLK (Figure 29) presumably due to the shorter C-terminus.
Especially the two C-terminal amino acids of a peptide sequence are crucial for peptide
antibody binding, since the immunogens used for AB production were conjugated via
the N-terminus to the carrier protein, thus, not being accessible for binding151. Hence,
antibodies in animals are produced rather against the C-terminal peptide site than the
N-terminal site. Targeting the peptide AHNNVGNSSQFFR (Uniprot ID D4ACA7)
enabled quantification of endogenous MCSF1R in plasma of rats treated with drugs or
compounds, which is further discussed below in section 5.3.5.
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A partial method validation of this multiplexed IA-LC-MS/MS measurement approach
showed that synthetic peptides and contrived QC samples could be measured with ac-
ceptable accuracy and precision across three independent runs for MCSF1R, GLDH,
OPN, HMGB1, and ccK18 (Table 23). Endogenous GLDH, OPN, and HMGB1 could
be reproducibly measured in plasma samples of control animals (Tables 22, 40, 41),
whereas MCSF1R was only observed in plasma of drug- or compound-treated animals
and ccK18 could not be measured endogenously at all (sections 4.4.5 and 4.4.6, respec-
tively). The peptide SSNSMQTVQR was selected to quantify rat ccK18 since prelimi-
nary experiments with taxol-treated HepG2 cell lysate showed increased concentration
of human ccK18 peptide SSNSMQTIQK whether lysate was spiked in plasma or in
20 µg BSA (appendix Figure 50). Taxol-treated HepG2 cells were used because taxol
is known to induce apoptosis, in turn leading to caspase-3-mediated cleavage of keratin
18 in these treated cells166,167. Since the endogenous human ccK18 peptide could be
quantified although several serine phosphorylation sites are known for this peptide168,
and the N-terminal site of the caspase-cleavage site of K18 seem to be hydrophobic
for measurement via LC-MS (Figure 14), the C-terminal site was considered as the
next option to target caspase-cleaved K18. However, phosphorylation occupancy of
peptides may differ depending on the biological condition169. Therefore, the antibody,
which was immunized against the sequence SSNSMQTIQK, may not able to enrich the
phosphorylated rat-specific peptide. This peptide could possibly be phosphorylated to
a larger extent in rats than in human samples measured here (appendix Figure 50),
hence, decreasing the enrichment efficiency of endogenous rat peptide. Alternatively,
the rat-specific peptide sequence may have a different amino acid composition as re-
ported or comprises amino acid positions with potentially not known SNP, both leading
to failing read-out of endogenous rat ccK18. Furthermore, this peptide-antibody com-
bination might not provide a sufficient sensitivity to quantify endogenous ccK18 in rat
samples.
Testing parallelism by diluting plasma or liver tissue samples in surrogate matrix showed
that the same liver tissue amount should be used in case of HMGB1 quantification
(Table 39), whereas plasma could be diluted 1:8 if required (Table 37). Parallelism
of GLDH and OPN in plasma was demonstrated and samples comprising high GLDH
and OPN concentration could be diluted in surrogate matrix to be quantified within the
calibration range (see sections 4.4.2 and 4.4.3). Taken together, this partial validation
demonstrated that the analytes OPN, HMGB1, GLDH, and MCSF1R under investiga-
tion in DILI-related rat samples can be quantified confidently in a multiplexed fashion
with only 30 µL sample volume (15 µL per replicate). In case of ccK18, endogenous
available peptide could not be confirmed with this assay (see 4.4.6).
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5.1.2 Peptide rescue by inhibition of trypsin side reactivity

The peptide initially investigated for the analysis of K18 (LLEDGEDFNLGDALDSSNS-
MQTIQK) was not suitable for measurement since the stock solution of the standard
peptide was not stable under the storage conditions (Figure 14). The other peptide
investigated for the analysis of K18 (AQIFANTVDNAR) showed a particularly weaker
recovery in plasma compared to the recovery in cell lysate (Figure 17). The type of
matrix was seen to influence the performance in recovery not only for this K18 pep-
tide but also for two HMGB1 peptides under investigation (Figure 18). In case of
the K18 peptide and one of the HMGB1 peptides (RPPSAFFLFCSEYRPK), spiking
in plasma reduced their recovery by at least 4-fold compared to spiking in cell lysate.
Quantification of the other HMGB1 peptide (GEHPGLSIGDVAK) performed better in
plasma than in cell lysate. The ratio between trypsin and protein content was found to
drive the observed peptide recovery (Figure 19). Interestingly, the longer the digestion
procedure was, the less K18 peptide or HMGB1 peptide RPPSAFFLFCSEYRPK was
observed by 2- to 3- fold (Figure 20). In contrast, peptide release was improved with
longer proteolysis time for the HMGB1 peptide GEHPGLSIGDVAK. Adding 10 mM
PMSF seemed to be insufficient to rapidly inactivate the release of the K18 peptide and
the HMGB1 RPPSAFFLFCSEYRPK since considerable peptide signal was observed
at a proteolysis time of zero hours. There is a time frame of about 5 min between
subsequent PMSF and trypsin addition until the 5 min heating step at 99 °C, which
might be suffient for release of the observed peptides by the high trypsin amount in
this test set-up. Moreover, incomplete trypsin inhibition or denaturation would also
lead to an extended incubation of 2 h instead of 5 min during the immunoprecipitation.
Further investigations revealed that addition of trypsin to synthetic peptides resulted
in a decrease of the full length K18 peptide signal and the HMGB1 peptide signal
for RPPSAFFLFCSEYRPK (Figure 21). Additionally, N-terminal fragments were
monitored for the peptide RPPSAFFLFCSEYRPK cleaved after phenylalanines possi-
bly indicating break-down products suggesting chymotryptic cleavage activity. Tryptic
cleavage after lysine and arginine was considered almost 100% specific as shown by
Olsen et al.84 in 2004. However, tryptic side-reactivity, autolytic trypsin reactivity,
and contamination of trypsin with chymotrypsin are discussed in literature to cause
peptide cleavage driven other than specificly after lysine or arginine170–172. Picotti
et al.170 characterized a tryptic digest of five bovine standard proteins in depth and
revealed numerous peptide by-products. Perutka & Šebela171 analyzed three forms of
trypsin (α-, β-, ψ- trypsin) including pseudotrypsin (ψ- trypsin), which was first de-
scribed by Keil-Dlouhá et al. in 1971173. This described form of trypsin is produced by
tryptic autolysis and shows chymotrypsin-like activity including cleavage after Phe and
Tyr additionally to the common tryptic cleavage specificity after Arg and Lys174. How-
ever, pseudotrypsin is not sensitive to tosyl phenylalanyl chloromethyl ketone (TPCK),
a chymotrypsin-specific inhibitor148. Burkhart et al.172 compared trypsin of different
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providers coming to the conclusion that different levels of contamination with chy-
motrypsin may influence the degree of non-specific cleavage. Moreover, Fang et al.175

suggested chymotryptic activity in plain human serum possibly by freely circulating
proteases.
The here observed release of K18 and HMGB1 peptides led to the question what is in-
deed causing peptide recovery in opposing directions even when released from the same
protein as in the case of HMGB1. It was not clear if the plasma matrix itself, contami-
nation with chymotrypsin or tryptic side-reactivity, e.g., in form of pseudotrypsin, influ-
enced the peptide recovery. Therefore, chymotryptic and tryptic activity was closely in-
vestigated with the conversion of trypsin176- or chymotrypsin145,177- specific substrates
and the effect of various enzyme-specific inhibitors here on (Figure 22). Worthington
trypsin and mass spectrometry-grade Promega Gold trypsin were compared. Trypsin
from both providers are chromatographically purified and treated with TPCK. The
Promega trypsin is additionally modified by reductive methylation to improve autolytic
resistance178. Substrate conversion and the influence of inhibitors was also investigated
for chymotrypsin since this enzyme is considered as contaminant of trypsin from natu-
ral sources. Several conclusions were drawn from the activity test results presented in
Figure 22 and appendix Figure 49: (i) Trypsin showed chymotryptic activity, higher
for Promega trypsin than for Worthington trypsin. (ii) Conversion of trypsin and
chymotrypsin substrate could be inhibited by the trypsin-specific inhibitor TLCK (iii)
PMSF was also able to inhibit conversion of chymotrypsin substrate but in lesser extent
than TLCK. (iv) Tryptic activity in plasma was quenched presumably due to the high
amount of protein (about 900 µg in 15 µL plasma and 1 µg trypsin). (v) Chymotryptic
activity in plasma itself was not observed as opposed to the suggested chymotryptic
activity in serum175. (vi) Neither trypsin nor chymotrypsin were inhibited by TPCK.
It was surprising that chymotrypsin could not be inhibited by TPCK at the conditions
investigated with 1 µg enyzme amount per well, buffer pH at 8.0, and at an inhibitor
concentration of 100 µM TPCK, which is within the common working concentration
of this inhibitor. The pH should have been possibly adjusted to 7.0 because the rate
of inhibition was seen to be majorly influenced by the pH with a decrease of the in-
activation rate by TPCK of about 50% when adjusting pH conditions by 0.5 up or
down179. Approximately 0.04 nmol chymotrypsin was treated with 10 nmol TPCK per
well, which is enough inhibitor per enzyme ratio but chymotrypsin seemed to convert
substrate faster than being inhibited by TPCK at pH 7.8. The steep curves observed
for substrate conversion by chymotrypsin may indicate that the reaction between chy-
motrypsin and substrate might be too fast for inhibition of chymotrypsin by PMSF or
TPCK. Preincubation of chymotrypsin with these irreversible inhibitors could result in
more successful inhibition of chymotrypsin substrate conversion.
The most striking results on two different platforms were first, the observed chymotryp-
tic fragments on MS level (Figure 21) and second, the inhibition of trypsin to convert
chymotrypsin substrate by the inhibitor TLCK (Figure 22). Since the here observed
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chymotrypsin-like activity was inhibited with the trypsin-specific inhibitor TLCK, pseu-
dotrypsin might be the most-likely reason for cleavage of the K18 peptide and the
HMGB1 peptide RPPSAFFLFCSEYRPK. To finally rule out chymotrypsin contam-
ination as reason for chymotryptic activity, recombinant trypsin should be tested for
chymotryptic activity.
The effect of PMSF was exploited to rescue the K18 peptide in plasma samples of
DAPM-treated rats (Figures 24). The recovery of K18 in liver tissue could be im-
proved by about 12-fold by this approach. Furthermore, the rescuing effect by PMSF
was confirmed in plasma and liver tissue samples as well for the HMGB1 peptide RPP-
SAFFLFCSEYRPK but only with a fold change increase between 2- and 4- fold (25).
This HMGB1 peptide is possibly more prone to pseudotryptic activity and could be
more susceptible to remaining active pseudotrypsin. PMSF was used instead of TLCK
since TLCK is highly instable in solution, thus, handling with PMSF was considered
more practical. Addition of lower trypsin amounts added at several time points may also
recover the K18 peptide sufficiently but the resulting fold change should be compared
with the PMSF approach. Further assay validation of this adjusted IA-LC-MS/MS
workflow could provide an reliable assay to quantify K18 in rat plasma, which would
answer the current demand for a K18 assay to be used for rat specimen180.

5.2 Matrix, sampling, and methodological effects on
quantification of human protein biomarkers of DILI

This chapter was adapted from Anselm, V., Sommersdorf, C., Carrasco-Triguero, M.,
Katavolos, P., Planatscher, H., Steinhilber, A., Joos, T., Poetz, O., Matrix and Sam-
pling Effects on Quantification of Protein Biomarkers of Drug-Induced Liver Injury.
Journal of Proteome Research. 20(11):4985-4994. doi:10.1021/acs.jproteome.1c00478
(Nov 2021).

Diverse DILI studies involve analysis of different sample types such as plasma or
serum60,181,182. Plasma comprises anticoagulants to prevent blood clotting, whereas
serum includes this process step in its preparation workflow183,184. Plasma has been
evaluated for quality marker panels showing that published biomarkers might be rather
artefacts caused by sample handling or processing160. A major variable during plasma
or serum preparation across several collection sites is the benchtop time between sam-
ple collection and centrifugation of sample collection tubes. It can range from direct
centrifugation after sample collection (in case of plasma) up to a whole day bench-
top time prior to centrifugation depending on the specimen handling by the medical
staff185,186. The time frame between 15 min and 60 min between sample collection and
centrifugation was chosen to investigate potential immediate effects within the first
hour of sampling, which is expected to cover the complete clotting time in serum185.
It is understood that 15 min incubation deviates from the recommended clotting time
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of at least 30 min for serum but this short time was selected based on the investiga-
tion of plasma and serum in combination to cover recommended prompt centrifugation
in case of plasma and clotting time of up to 60 min for serum. HMGB1 and OPN
were investigated previously for matrix and sampling dependent differences129–131,187.
However, it was not clear if MCSF1R, GLDH, K18, and ccK18 protein concentration
might be influenced by matrix or sampling effects. Therefore, potential changes in pro-
tein concentration caused by these effects were investigated here additionally for these
biomarkers.
Weng et al.129 reported in 2018 higher HMGB1 concentrations in serum compared to
plasma within their study and summarized this as well from literature. Ottestad et
al.187 found in 2020 that HMGB1 levels in plasma increased exponentially over time
when incubated for more than 6 h at room temperature prior to centrifugation. In an-
other study by Lehner et al.188 in 2012, HMGB1 levels were shown to increase in serum
after 6 h incubation at room temperature prior to centrifugation. Taken together, it
remained unclear if the differences occur in serum with or without gel as well and if
HMGB1 was released over benchtop time especially within the time frame of less than
6 h incubation before centrifugation of serum. With this work, higher median levels in
HMGB1 concentration were observed in serum samples compared to plasma across all
tested benchtop times (Figure 31, Table 25) confirming the reported higher HMGB1
concentrations in serum compared to plasma129. Furthermore, it was shown that al-
ready within a time frame of 45 min, significant elevation of HMGB1 concentration
occurs in serum (Figure 34). Overall, the mean differences are consiberably high
for HMGB1 concentration in serum going up over time to more than 200% increase
in HMGB1 concentration. Most important, this increase in HMGB1 concentration
was observed in both types of serum tubes, with gel and without gel. However, only
a low positive correlation of HMGB1 concentration with R2 = 0.37 was seen between
these matched serum samples (Figure 32) although no general significant differences
were observed between these serum types by proteome profiling performed by Geyer
et al.160. A rather random release of HMGB1 in serum samples might occur during
platelet aggregation as HMGB1 was demonstrated to promote this step189 causing el-
evated HMGB1 levels in serum over time. Since no signifcant changes were observed
for plasma within 60 min of sampling time prior to centrifugation, the use of plasma
is recommended for HMGB1 quantification. However, sampling should not take more
than 6 h according to the elevated plasma HMGB1 concentration observed after this
sampling time by Ottestad et al.187. Both investigated quantification methods, IA-
LC-MS/MS and the ELISA kit, can be used to determine HMGB1 levels due to the
observed high correlation of HMGB1 concentration results (Figure 35).
MCSF1R shows reproducibly higher levels of about 90 ng/mL in plasma compared to
serum (Figure 31, Table 25) without any change in MCSF1R levels during a sampling
time of up to 60 min (Figure 34). Despite of this difference of about 20% compared to
total MCSF1R concentration, the MCSF1R results correlated highly between EDTA
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plasma and serum regardless if gel was included in serum or not (Figure 32). Based
on this finding, it is recommended to only compare studies for MCSF1R that include
the same sample matrix. Results from serum and plasma samples should not be eval-
uated in comparison. These results extend the knowledge on MCSF1R as candidate
DILI biomarker since the impact of matrix and sampling effects on MCSF1R were not
investigated prior to this work. MCSF1R results from IA-LC-MS/MS and sandwich
immunoassay measurement correlated only moderately which might be caused by the
used internal standard without prior amino acid quantification (Figure 35).
OPN measurement is highly comparable in serum and plasma using the IA-LC-MS/MS
method (Figure 31, Figure 32) with a small decrease in serum gel OPN concentra-
tion between 15 min and 60 min benchtop incubation time (Figure 34). The decrease
was significant but rather small (maximum 10%) compared to the median OPN con-
centration in healthy volunteer plasma or serum (Table 44). Due to the observed
low percent difference throughout all matrices, the matrix and sampling impact on
OPN concentration in clinical sample testing is expected to be low for measurements
with the IA-LC-MS/MS assay. Interestingly, the well observed correlation between
plasma and serum OPN results is not reflected in OPN quantification using the sand-
wich immunoassay method (Figure 33). Plasma and serum OPN concentration does
not correlate in matched samples, whereas serum and serum gel shows a moderate pos-
itive correlation. Furthermore, method comparison showed that OPN quantification
results were not comparable between the investigated methods (Figure 35). Serum
results were consistently lower by 5- to 25-fold compared to plasma OPN levels con-
firming previously reported higher OPN concentration in plasma than in serum130,131.
Since even OPN plasma results do not match between the two quantification meth-
ods (Figure 35) and different types of plasma or ELISA kits were seen to influence
the OPN concentration190, OPN quantification may has to be considered cautiously
when using sandwich immunoassays. The concept of protein-targeted quantification to
enrich OPN using antibodies against the protein as opposed to the peptide-targeted
quantification with IA-LC-MS/MS assay might be a reason for the observed differences
between the methods under investigation. The protein’s structure and its prevalence
in endogenous conditions might influence the enrichment efficiency during the capture
and detection step of the sandwich immunoassay method. Numerous phosphorylation
sites of OPN and their interaction with calcium determine the protein structure of
OPN, thus, making its structure sensitive to the present calcium concentration191. The
calcium concentration in the sample is determined by the presence of anticoagulants
such as EDTA, which decrease the present calcium concentration by forming chelate
complexes with calcium192. Changes in the calcium concentration would result in con-
formational changes in the structure of OPN, making it either more or less accessible for
the antibodies in use for protein enrichment. Since the OPN concentration in plasma is
higher than in serum when measured in protein-targeted mode, it might be that OPN
is more accessible with less prevalent calicum ions as it is the case in EDTA plasma.
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The differences in various types of plasma could also be explained by this hypothesis
because the final calcium concentration in plasma depends on the type of anticoagulant
such as EDTA, citrate, or heparin193. Moreover, different ELISA kits usually include
antibodies from different providers, thus, the antibodies might differ in their affinity
and specificity to capture OPN across ELISA kits.
Apart from the calcium-sensitive protein structure, thrombin-activated cleavage of OPN
is likely to alter the accessibility of OPN between serum or plasma when measured in
protein-targeted approach with antibody enrichment. OPN comprises a thrombin cleav-
age site within the SVVYGLR motif resulting in a neoepitope at R168 after cleavage,
which is then converted from R168 to L168 by thrombin-activated carboxypeptidase
B194. This truncated form has been discussed in view of liver fibrosis showing that
cleaved OPN promotes activation of hepatic stellate cells195. Since thrombin is a key
player during the clotting process, it is likely that higher thrombin activity results in
higher concentration of truncated OPN which might be less recognized by antibodies
used in ELISA kits or sandwich immunoassays, in turn, resulting in less serum OPN
than in plasma. Both hypotheses might apply depending on the specificity of the cor-
responding antibody used for protein enrichment. An advantage of the IA-LC-MS/MS
method used in this work is the peptide-targeted approach of enrichment regardless
of the corresponding protein structure. If the appropriate peptide is selected for en-
richment, this approach might be less prone to matrix-induced changes in the protein
conformation as pointed out here with the well observed correlation between serum and
plasma results for OPN (Figure 32).
GLDH protein concentration or GLDH activity was not affected whether gel was present
in serum tubes or not and matched samples correlated well by their GLDH concen-
tration or activity independent of the measurement approach (Figures 32 and Fig-
ure 33). Although there was no significant difference between plasma and serum
GLDH concentration using the IA-LC-MS/MS approach (Table 24), only a low pos-
itive correlation was shown between matched EDTA plasma and both types of serum
samples (Figure 32). GLDH protein concentration did not change within a benchtop
time of 60 min (Figure 34), thus, sampling could be excluded as source for the differ-
ence in GLDH concentration between matched plasma and serum samples. Based on
the observed matrix differences, studies with GLDH protein measurement only should
be compared when the underlying sample type is the same and the same sample type
should be used within one study. There are several studies investigating GLDH ac-
tivity in plasma196 and serum64,197, although the benchmark assay manufactured by
Randox Labs Ltd (Roche) and other commercial activity kits such as the one used
here (SigmaAldrich, Cat# MAK099) recommend using serum. GLDH activity results
from plasma should be considered carefully and no comparison across studies is recom-
mended until comparability of GLDH activity in serum and plasma is evaluated in the
future.
When comparing protein and activity data for GLDH measured in human serum and
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plasma, no correlation was observed (Figure 35). Furthermore, donor 3 showed about
20-fold higher GLDH protein concentration across all serum and plasma samples inde-
pendent of the benchtop time (Figure 31). Enzyme activity results were all within the
assay range of 2 and 10 U/L for all donors without any outlier, which is consistent with
previously measured GLDH activity in normal healthy volunteer serum60,63. Substrate
concentration and reaction rate are known to be in non-linear regression context to
each other198. It might be that the fold change in the reference range of GLDH protein
concentration is wider (e.g. between 2 and 100 ng/mL) compared to the GLDH activity
reference range of 1 to 10 U/L63, which might be reflected in this non-linear regression
model. Much higher elevated GLDH levels would then be required to be measurable
with higher GLDH activity. To confirm this hypothesis, comparison of GLDH concen-
tration and activity results with more subjects are required in the future. Measurement
of GLDH protein concentration could be beneficial to evaluate DILI events in the fu-
ture possibly by earlier onset of elevated GLDH levels after drug-treatment compared
to GLDH activity. Additionally, long-term stability of GLDH on the peptide level
might exceed reproducible measurement of GLDH activity in serum samples, which is
currently accepted for storage at 4 °C for 14 days or storage at -80 °C for 36 months76.
K18 and ccK18 could not be measured with the IA-LC-MS/MS approach due to the
peptide features presented in section 4.1.2. Therefore, the impact of matrix and sam-
pling on K18 and ccK18 was assessed by ELISA measurement. Unexpectedly, there
was no correlation observed between ccK18 activity when comparing serum samples
with or without gel as well as when comparing EDTA plasma with both types of serum
(Figures 32). Furthermore, relatively wide mean differences of up to 80% were espe-
cially observed in serum during benchtop time investigation (Figure 34). This shows a
tendency towards increasing ccK18 activity with longer incubation time between sam-
ple collection and centrifugation, although statistically not significant. Especially due
to the lack in correlation between serum gel and serum samples, the question arises
if ccK18 can be measured reliably in serum without this potential matrix artefact.
Since the ccK18 activity remains more stable in plasma than in serum (Figure 34),
plasma is recommended as matrix of choice for studies involving ccK18. In contrast to
ccK18, the ELISA’s sensitivity was not sufficient to measure K18 in plasma or serum
of healthy volunteers. Therefore, matrix and sampling effects could not be evaluated
for this biomarker.
Taken together, the usage of plasma is recommended for investigation of these po-
tential DILI biomarkers mainly based on the low to non-existent correlation between
serum HMGB1 and ccK18 in tubes with and without gel. Furthermore, plasma is more
reliable compared to the observed statistically significant increase in HMGB1 concen-
tration in serum samples by up to 200% when incubated for as short as 60 min before
centrifugation.
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5.3 Translational protein biomarkers as potential DILI
markers in preclinical studies

This chapter was adapted from the manuscript Anselm, V., Meisinger, T., Laurent,
S., Sautier, L., Poetz, O., Elevated GLDH and OPN levels in plasma of rats treated
with APAP or DAPM. (in preparation)

The effect of known DILI-inducing drugs and agents on the clinical DILI marker ALT
and on emerging protein biomarkers in rat plasma was investigated by measurement
of ALT activity and protein concentration determination using the multiplexed IA-LC-
MS/MS assay MPr for OPN, GLDH, HMGB1, MCSF1R, and ccK18 quantification.
Results for K18 measurement revealed that the proteolysis conditions used for the
MPr assay could not be applied to quantify K18 (see sections 4.1.4 and 5.1.2), thus,
extending the MPr multiplex by K18 was not possible. Due to limited sample avail-
ability, DILI-related samples were measured only by the MPr assay and ALT activity
measurement was conducted. Each potential translational DILI biomarker is discussed
in relation to ALT in the following sections 5.3.1 to 5.3.6. The panel of potential
biomarkers and their preclinical value is discussed in section 5.3.7.

5.3.1 ALT

Alanine aminotransferase (ALT) activity was significantly elevated in serum of rats
treated with APAP. The median ALT activity doubled from 87 U/L with 1,000 mg/kg
APAP treatment to 169 U/L with 1,500 mg/kg APAP treatment in independent studies
(Figure 36). Concordingly to the study presented by McGill et al.199, Sprague-Dawley
rats were administered with APAP and sampling was performed 24 h after treatment
for this work. However, McGill et al. observed no significant difference between treated
and control even with APAP treatments up to 2,000 mg/kg (n = 3 - 4 per group). Fur-
thermore, histological investigation of the corresponding rat livers did show only little
to no injury. Mice were treated in the same experimental set-up by McGill et al. with
300 mg/kg APAP resulting in considerable increase in ALT activity and large areas of
liver necrosis in histological examination. The results obtained from the mice specimen
in this study coincide with a previous study showing that APAP treatment induces
hepatocellular injury in form of necrosis rather than apoptosis33. Based on the result
of McGill et al., it was postulated that mitochondrial damage and oxidative stress was
greatly observed in mice but not in rats27,200. It was concluded that rats are highly re-
sistant to APAP-induced liver injury compared to mice. However, other studies showed
increasing ALT activity already within 3 h after administration of 300 mg/kg APAP to
rats201, significantly elevated ALT levels 24 h after treatment with 500 mg/kg APAP202,
and elevated ALT activity in specimen of rats treated with 1,000 or 1,500 mg/kg APAP
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24 h after administration203. Interestingly, our two studies with different APAP con-
centration were performed at two different collaboration sites (Sanofi and MSD) and
both study results showed significant differences in ALT activity between control and
treated groups (Mann-Whitney test, p < 0.05) as opposed to the study by McGill et
al.199. Within our studies, ALT serum activity spread over the range between 41 and up
to 1,985 U/L for the treated animals. Thus, future studies investigating hepatocellular
damage by APAP measuring ALT activity could include more animals to account for
such a wide-spread ALT activity upon treatment which might be a reason why McGill
et al. did not observe liver injury effects in rats induced by APAP.
Reactive conversion products of thioacetamide converted by cytochrome P450 enzymes
can drive hepatoxicity204,205. Elevated ALT activity could already be observed in
this study in serum of animals treated with 50 mg/kg thioacetamide (Figure 36).
The widespread results for ALT activity and the low number of animals treated with
200 mg/kg thioacetamide might be the reason why no significant difference was ob-
served here between serum of control and high-dose thioacetamide treated animals.
Thioacetamide was also previously seen to induce increased ALT activity in Wistar or
Sprague-Dawley rats dosed with 300 mg/kg206,207. Liver damage induced by thioac-
etamide might be mediated by TNF-α as key player resulting in hepatocellular necrosis
according to Lin et al.207.
Tremendous ALT activity was shown in samples of rats treated with the mid-dose of
bromobenzene (300 mg/kg) but significantly less ALT activity was observed for higher
dose of bromobenzene (750 mg/kg, Figure 36). Tanaka et al.208 demonstrated with
ALT activity measurements that rats acquired resistance after repeated bromobenzene
treatment. Tanaka et al.209 showed later that this repeated treatment with bromoben-
zene also caused increased expression levels of the gene abcc3 (multidrug resistance
protein; MRP3), which may contribute to bromobenzene resistance by facilitated drug
elimination in the liver within the phase III reaction210. Multidrug resistance proteins
(MRP) are known as subfamily of ATP binding cassette transporters being part of the
phase III reaction during xenobiotic metabolism13. The high dosage with bromoben-
zene might be sufficient to induce a similar effect of resistance, which would explain
the recovery in ALT levels between high-dose and mid-dose levels of bromobenzene.
Coinciding with the results presented here, a toxicology report46 provided by the U.S.
Environmental Protection Agency (EPA) showed high ALT values in serum of rats
treated with 400 mg/kg bromobenzene, whereas considerably lower ALT activity was
observed when treated with 600 mg/kg. Interestingly, the reported mean ALT activity
was about 900 U/L, which is considerably lower than the here observed median of 2,412
U/L. There is possibly already bromobenzene resistance observable with 400 mg/kg
compared to the dosage used here with 300 mg/kg bromobenzene.
Dosage with DAPM resulted in a significant increase in ALT activity when comparing
control and treated groups 24 h and 96 h after DAPM administration as well when com-
paring these samples from treated group to the serum samples drawn 3 h after DAPM
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treatment (Figure 36). Furthermore, a tendency of ALT recovery can be seen after
96 h compared to the 24 h group. These results could reflect the initial impairment of
biliary epithelial cells resulting in impaired bile duct flow, in turn leading to cholestasis
and hepatocellular necrosis41,211. The bile duct then recovers by transdifferentiation of
hepatocytes to biliary epithelial cells42, which could possibly be reflected by the lower
ALT activity measured 96 h after DAPM treatment.
CCl4 induces mitochondrial damage and oxidative stress resulting in hepatocellular
necrosis mediated by its reactive metabolite produced during biotransformation35. This
compound can be used to model chronic liver injury in animal studies212,213. Daily
dosage CCl4 resulted in a stepwise increase of serum ALT activity of treated animals
(Figure 36). Significantly higher ALT activity was observed in test groups starting
from 8 days treatment with CCl4 compared to the control group. Furthermore, ALT
activity was even significantly increased between 8 and 15 days of CCl4 treatment.

5.3.2 OPN

Among its various functions, OPN is actively involved in inflammatory processes such
as chemotaxis and cell activation since it is released as cytokine by macrophages, den-
drites, or other immune cells214. Elevated OPN concentrations were observed in rat
plasma for all drugs and compounds (Figure 37). Hepatocellular damage as well as
biliary injury seem to induce increased OPN concentration in rat plasma of treated
animals. This was previously confirmed for patients with acute liver failure induced
by hepatocyte necrosis181. A tendency of increasing OPN concentration could be seen
with 1,000 mg/kg APAP dosage compared to the control group, but a significant in-
crease was first observed with 1,500 mg/kg APAP (Figure 37A, B). Higher APAP
concentrations seem to be required to induce significant OPN response compared to
the already observable significant ALT response on 1,000 mg/kg APAP (Figure 36).
The highest measured OPN value within the APAP studies was also measured in the
sample with highest ALT activity in serum of APAP treated animals, which presum-
ably reflects higher immune response caused by more necrotic liver cells. He et al.215

presented a dual role of OPN being both protective and harmful during APAP toxicity.
Hepatic OPN exhibits its protective role by inhibiting APAP metabolism via prevent-
ing an increased expression of cytochrome P450 enzymes that are involved in APAP
turn over, thus, decreasing the rate of reactive metabolite NAPQI. According to He
et al., OPN shows its harming role by later promoting toxicity during inflammatory
stage by proinflammatory cytokine expression and enhancing inflammatory infiltration,
ultimately leading to cell death of stressed hepatocytes. Hepatic OPN could not be
observed in liver tissue of rats treated with APAP and DAPM (Figure 38). The MPr
assay seems not sensitive enough to quantify OPN in 8 µg liver tissue protein. OPN was
previously measured between 2-8 pg analyte per gramm tissue using an ELISA kit216.
PTMs are not reported for the peptide used for OPN quantification (Table 12), hence,
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tissue specific changes in the PTM-state of the peptide are not likely to cause this lack
in measurable OPN peptide in liver tissue.
Interestingly, the OPN concentration in rats treated with thioacetamide increased with
higher fold change compared to the controls (more than 10-fold with 100 mg/kg thioac-
etamide) than the observed changes in ALT activity with almost all treated samples
remaining below 500 U/L ALT activity (Figure 37C). OPN was indeed to be up-
regulated during thioacetamide-induced liver fibrosis in rats216,217 confirming the here
observed OPN response to thioacetamide treatment of rats (Figure 37C). The in-
flammatory reaction might be induced more by thioacetamide than by APAP since
exceedingly high OPN concentration was measured compared to the APAP-induced in
OPN concentration.
Similar to the OPN results from thioacetamide treatment, bromobenzene treatment
resulted in exceedingly high OPN levels, especially within the animal group dosed with
300 mg/kg bromobenzene (Figure 37D). However, no significant difference was ob-
served presumably due to outlier in the control group with about 2,500 ng/mL OPN
compared to the usual 200 ng/mL OPN in healthy animal plasma. Since this sample
was measured twice, a sample mix up at our site is not likely. Similar to ALT, a de-
crease in OPN concentration could be observed for the high-dose treated group but not
as clear as for the ALT results. The resistance mechanism induced by bromobenzene
treatment might be indicated also by OPN, but not as strongly as by ALT activity.
The two samples with the highest ALT activity within the high-dose animal group
displayed also the highest OPN concentration. However, these results have to be con-
sidered carefully since significant differences in OPN concentration were not observed
within this study.
A single dose of DAPM showed elevated OPN concentration 24 h after dosing which
then recovery for three of five animals after 96 h (Figure 37E). Such a variability in
concentration of more than 3-fold within one group was not seen for ALT activity in
the 96 h-animal group (Figure 36E). A longer monitoring would have been interesting
for the animals with higher OPN concentration to see if there is an adverse outcome
potentially predicted by these prolonged elevated OPN levels. OPN was previously
associated as potential predictor of liver failure in clinical studies60,182.
Treatment with CCl4 resulted in higher OPN plasma concentration of rats which were
treated for 8 days and 15 days (Figure 37F). Interestingly, the increase between day 8
and day 15 regarding ALT activity was not pointed out by OPN concentration since the
OPN levels were comparable between both groups. OPN was also previously linked to
liver fibrosis in mice by OPN-mediated activation of hepatic stellate cells during CCl4
treatment218.
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5.3.3 GLDH

GLDH can be found in high amounts in liver tissue (Figure 48) since this protein is
a mitochondrial protein involved in the urea cycle61. A similar GLDH concentration
was measured in all liver tissue samples of control and treated animals of the APAP
(1,500 mg/kg) and DAPM studies. Since GLDH protein is suggested to be released by
necrotic hepatocytes into the blood stream155, there would be a decrease in necrotic
areas of the liver tissue. However, the same amount of liver protein is used for pro-
teloysis irrelevant of the area of necrosis, therefore, a change in GLDH concentration
is rather expected in plasma (Figure 39) than in liver lysate (Figure 41).
Consistent with the ALT activity results of the APAP studies presented in this work
(Figure 36A, B), the GLDH concentration increased significantly in plasma of rats
treated either with 1,000 mg/kg or with 1,500 mg/kg APAP (Figure 39A, B). The
observed GLDH concentration pattern in the high-dose treated group was comparable
with the ALT activity in the same samples (Figure 39B). The fold change in GLDH
protein concentration between treated and control within the 1,000 mg/kg APAP study
was about 19-fold, which is considerably higher and by two days earlier than the GLDH
activity with fold change of maximum 10 with 1,000 mg/kg APAP observed by Thulin
et al.203. Furthermore, GLDH activity peaked in plasma of humans three days after
hospitalization and abnormal liver function tests197. However, the control sample base-
line in the study with 1,500 mg/kg APAP was about 10-fold higher than the baseline
of the 1,000 mg/kg APAP study, which in turn, resulted in a smaller fold change of 4-
fold for the 1,500 mg/kg APAP treated animals compared to the control animals. This
might have been a result of different diet or vehicle administration between the two
APAP studies from Sanofi and MSD. Further investigation of GLDH baseline across dif-
ferent collection sites should be investigated for clarification. Studying GLDH activity
in serum revealed an even higher significant difference in GLDH activity (Figure 40)
than GLDH protein concentration (Figure 39) with both measured in samples col-
lected 24 h after treatment with 1,000 mg/kg APAP. Similarly, a stronger significance
was observed for changes in GLDH activity after DAPM treatement compared to the
measured GLDH concentration. The concordance of GLDH activity and protein con-
centration should be investigate further to shed more light on the here moderately
observed correlation with higher sample numbers than n = 18 (Figure 40C).
Thioacetamide showed great impact on the GLDH concentration in plasma starting al-
ready with administration of 50 mg/kg thioacetamide (Figure 39C). Similar to OPN,
the fold change in GLDH concentration between control (median 30 ng/mL GLDH)
and treated groups, e.g., 3,298 ng/mL GLDH with 100 mg/kg thioacetamide, was by
one magnitude higher than observed for the ALT activity results (100-fold for GLDH
compared to 10-fold for ALT). Giffen et al.219 demonstrated an increase in GLDH
activity of more than 60-fold in plasma of rats 30 h after treatment with 150 mg/kg
thioacetamide showing less fold change with higher drug dosing.
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The corresponding sample showed an exceedingly high GLDH concentration in the con-
trol group of the bromobenzene study as observed with OPN results (Figures 39D and
37D). Three of four samples showed a GLDH concentration above 5,000 ng/mL in the
animal group treated with 300 mg/kg bromobenzene and three of four samples showed
the tendency to recover with regard to GLDH concentration with high-dose bromoben-
zene. Every test group in this study comprises outliers according to Tukey’s method152,
which is why conclusions on GLDH concentration upon bromobenzene treatment are
limited. In a study with rats treated with 1,500 mg/kg bromobenzene, GLDH activity
increased from a fold change of 50 to more than 300 between treated and non-treated
rat plasma samples within 31 h and 54 h after treatment219. Such a high dose would
have been expected to result in a bromobenzene resistance as it was seen for ALT208,209

and corresponding to the here observed tendency towards recovery for OPN and GLDH
levels (Figures 39D and 37D).
GLDH concentration increased significantly 24 h after DAPM treatment and recov-
ered again after 96 h (Figures 39E). Such a significance in recovery was not observed
for ALT activity or OPN concentration, but was better observed with GLDH activity
(Figure 40). An increase of GLDH concentration was observed starting from day 8
in the CCl4 study comparable to the OPN and ALT results (Figure 39F). Coinciding
with the ALT activity results, the GLDH concentration in rat plasma significantly in-
creased between day 8 and day 15 of the study. Overall, GLDH reflected the ranking
in ALT activity values very well in most cases when comparing results from the same
samples, e.g., the highest ALT activity was almost always observed in samples with
the highest GLDH concentration (except for two samples of the CCl4 study and the
bromobenzene study). This supports the opinion that GLDH and ALT are at least well
comparable as biomarkers for DILI studies in rats220.

5.3.4 HMGB1

HMGB1 is considered to be released during hepatocellular necrosis and may act as
damage-associated molecular pattern to promote further cell death155. However in
the studies investigated here, HMGB1 plasma levels in rats treated with APAP were
not consistently different from their respective control groups (Figure 42A, B). For-
mer studies reported HMGB1 involvement in clinical APAP hepatotoxicity and in pre-
clinical studies with mice221,222. Acetylated HMGB1 as well as total HMGB1 con-
centration were shown significantly increased in APAP overdose patients and loss of
oxidized HMGB1 was believed to show the involvement of HMGB1 in induction of
inflammation during APAP toxicity but both studies were retracted due to scientific
misconduct223,224. Despite that active HMGB1 secretion was shown in vitro in studies
involving APAP225,226, it remains questionable if this marker can be used in vivo for
acute liver injury studies. In our studies involving acute liver toxicity via APAP or
DAPM treatment, HMGB1 levels were not increased compared to their corresponding
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control groups (Figure 42A, B, E). High HMGB1 concentration did not always match
with high ALT activity (Figure 42A, B, E). Additionally, HMGB1 concentration was
seen to be highly influenced by the matrix and the sampling procedure (section 4.3)
which supports the doubt that HMGB1 can serve as reliable biomarker for acute liver
injury.
HMGB1 results from the bromobenzene study showed similar response in both bro-
mobenzene dosing groups (Figure 42D), which does not fit to bromobenzene resis-
tance reported in literature and reflected here by significant changes in ALT208,209.
Interestingly, HMGB1 shows its most significant response in studies with the com-
pounds thioacetamide and CCl4, which are used to model liver fibrosis in animal
studies227 (Figure 42C, F). This observation supports a study by Arriazu et al.218

who showed that HMGB1 mediates liver fibrosis together with OPN, which acts up-
stream of HMGB1. Mice were treated with CCl4 to induce liver fibrosis in this study.
Furthermore, HMGB1 was observed elevated in plasma of thioacetamide treated rats207

with both studies supporting the involvement of HMGB1 in fibrosis.
Similar to GLDH in liver tissue, HMGB1 concentration was not significantly different
in liver specimen of the studies with DAPM, or with 1,500 mg/kg APAP, presumably
since always the same liver amount was processed and by necrosis depleted HMGB1
from liver tissue would not be measurable (Figure 43). Investigation of acetylated
HMGB1 in hepatocytocellular macrophages, thereby acting as cytokine66, would have
been interesting but early experiments in this direction with acetylated HMGB1 showed
only a small protein and peptide enrichment efficiency (data not shown), hence, this
was not followed up.

5.3.5 MCSF1R

The soluble receptor part of MCSF1R could be detected endogenously in samples of
treated animals within the DAPM and CCl4 studies (Figure 44B, C). The peptide
sequence targeted with this IA-LC-MS/MS assay is part of the unreviewed MCSF1R
rat sequence with the Uniprot ID D4ACA7 and our findings support previously iden-
tified MCSF1R in rat specimen by mass spectrometry150 (see above 5.1.1).
Notably, two samples showed a MCSF1R concentration above the LLOQ in the animal
group treated for 15 days with CCl4. Furthermore, the median ratio AUC is highest in
this group which might indicate prolonged activation of macrophages, thus, resulting
in increased plasma MCSF1R levels by shedding the extracellular receptor part74,228.
Moreover, the animal group with the longest recovery time after single-dosing with
DAPM showed a significantly increased median MCSF1R ratio AUC compared to the
control group or the group with sampling 24 h after DAPM treatment possibly also
showing prolonged activated macrophage response.
Treatment with APAP seemed not to trigger elevated MCSF1R plasma concentration
in treated animals (Figure 44A). This might aggree with the demonstrated elevated
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MCSF1R levels in human plasma of patients treated with flupirtine, a drug known
for idiosyncratic DILI, as opposed to the MCSF1R results of APAP-related clinical
samples within the same DILI study60. However, it is also possible that this assay is
not sensitive enough to quantify significant changes within the APAP study. Com-
pared to the base level of MCSF1R concentration in human plasma or serum specimen
(Figure 31), it was already surprising to find very low concentration of MCSF1R in
rat plasma. This might be caused by a potential glycosylation site within the pep-
tide AHNNVGNSSQFFR (Uniprot ID D4ACA7). The corresponding sequence in the
reviewed sequence THNSVGNSSQYFR with Uniprot ID Q00495 shows a N-linked gly-
cosylation site (position 491) found by sequence analysis due to the consensus sequence
for N-linked glycosulation in this area229 (Asn-Xaa-Ser/Thr). Since this consensus se-
quence is also present in the peptide AHNNVGNSSQFFR, it might be that endogenous
MSCF1R is glycosylated within this part, however, the N-glycosylation site occupancy
is not known. In this case, the assay results could be influenced. Either the enrichment
efficiency between glycosylated peptide and antibody is impaired or the mass-to-charge
ratio is altered by the glycosylation site resulting in a different peptide mass compared
to the internal standard, thus not being measureable with this particulary assay set-
up. The concentration of hepatic macrophages was appearently not high enough to
allow measurement of endogenous MCSF1R in liver tissue lysate (Figure 45). Since
MCSF1R is mainly expressed by macrophages, it is not surprising that samples con-
taining primarily hepatocytes from rat liver tissue do not comprise sufficient amounts
of MCSF1R peptide for measurement.

5.3.6 ccK18

Caspase-cleaved keratin 18 (ccK18) is a known marker for apoptosis and leaks into
circulation during this process147. As part of the apoptotic index, quantification of
ccK18 might shed light on the prognosis of drug-induced liver injury155. Measurement
of rat liver tissue as well as rat plasma measurement of the investigated studies did not
reveal any ccK18 signals above the LLOQ (Figures 46 and 47). The analog human
peptide could be measured in cell lysate of taxol-treated HepG2 cells, therefore, lacking
ccK18 signal was not expected, neither in liver tissue nor in plasma of treated animals.
Further assay implications were discussed above in section 5.1.1.

5.3.7 Relationship between potential biomarkers and their preclinical
value for DILI

DILI is well investigated as seen from the many studies involving the investigated
proteins measured with different approaches in form of protein concentration or activ-
ity (see sections 5.3.1 to 5.3.6). The most effects across the investigated potential
biomarkers were observed for ALT, OPN, GLDH, HMGB1, and MCSF1R in the CCl4
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study, where all potential biomarkers were observed significantly elevated in plasma
samples of treated animals compared to controls. The reactive metabolites produced
during biotransformation of CCl4 seem to influence these biomarkers possibly caused
by a combination of induced liver fibrosis and hepatocellular injury35,218,227. MCSF1R
was shown to increase specificity to predict severe DILI or even serve as marker for id-
iosyncratic DILI60. However, this should be carefully considered for rats since DAPM
and CCl4 both resulted in significantly increased signals for MCSF1R in plasma samples
of treated animals. GLDH was most specificly observed in liver tissue (Figure 48),
which underlines the function of GLDH as mitochondrial matrix protein involved in
the urea cycle. However, GLDH was also quantified in kidney but about 3-fold less
than in liver tissue. This was also observed with RNA expression patterns presented in
the Human Proteome Atlas230. Thioacetamide and bromobenzene were both observed
to induce kidney injury231,232, which might explain the high fold change in increased
GLDH concentration upon treatment with these compounds. Further studies with kid-
ney injury-inducing drugs such as cisplatin233 could reveal if GLDH indeed may serve
as liver-specific biomarker. Alternatively, GLDH could indicate a combinatory dam-
age of liver and kidney depending on the GLDH levels to be measured. Results from
this work support the response of GLDH on the hepatotoxicity-inducing drug APAP
in humans63,64, mice196, and rats203 but contradict a study199 where mitochondrial
toxicity induced by APAP was not observed for rats. Whether GLDH can be used as
marker for mitotoxicity, is not clear yet, since release of GLDH protein into circulation
may occur by any type of drug-induced necrosis or apoptosis. GLDH shows greater
potential to show acute liver injury in a time-resolved manner since significant recovery
was observed for GLDH (Figure 39) as opposed to ALT activity and OPN protein
concentration (Figures 36 and 37). Interestingly, OPN concentration was not elevated
when comparing CCl4 study days 8 and 15 (Figure 37), but the GLDH concentra-
tion was elevated with longer daily CCl4 treatment (Figure 39). This may suggest
that immune response is not triggered more intensively between these study days, but
hepatic necrosis may continue within this time frame resulting in more and more in-
creasing GLDH protein in circulation. A combinatory assessment of these potential
biomarkers could reflect drug-induced apoptosis and necrosis by GLDH additionally
with inflammatory response by OPN assessment. Since OPN displays major issues
when quantifying different sample matrices with ELISA kits (see section 5.2), it could
be of advantage to measure both analytes with the presented IA-LC-MS/MS technique
in multiplexed manner on the peptide level. Following to this work, animal studies
including drugs with known idiosyncratic DILI outcome such as flupirtine60 will be
interesting to shed light on the influence of these drugs on the investigated biomarkers
in preclinical studies.
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Candidate biomarkers for evaluation of DILI in human- and rat- derived body fluid
or liver tissue samples were investigated in terms of quantification method, matrix
and sampling effects, and change in biomarker concentration upon drug or compound
treatment of rats as animal models. These candidate biomarkers included the proteins
MCSF1R, OPN, GLDH, HMGB1, K18, and ccK18. The following conclusions were
drawn based on the results presented in this work:

1. Method development for DILI-related protein quantification using IA-LC-MS/MS

1.1. IA-LC-MS/MS assays can be improved in their sensitivity by increasing the
antibody amount or decreasing the internal standard peptide amount for en-
richment. A multiplexed IA-LC-MS/MS assay MPh-dev could be developed
to quantify MCSF1R, OPN, HMGB1, and GLDH in human serum or plasma.

1.2. Pseudotrypsin (ψ-trypsin) produced by autolysis and its chymotrypsin-like
activity should be taken into account when investigating proteins on their
peptide level. Peptides susceptible to this activity could be rescued by PMSF
addition before start of proteolysis. Endogenous K18 could be observed by
this approach in plasma of DAPM-treated rats.

1.3. The unreviewed MCSF1R rat protein sequence with Uniprot ID D4ACA7
represents more likely the endogenously prevalent protein sequence instead
the MCSF1R sequence with Uniprot ID Q00495 due to more experimental
evidence in this work and in literature.

1.4. Partial method validation of DILI-related protein quantification with the
multiplexed assay MPr demonstrated reproducible measurement of OPN,
HMGB1, GLDH in rat plasma and GLDH and HMGB1 in rat liver tissue.
Detectable levels of MCSF1R were observed later in plasma samples of ani-
mals treated with DILI-related drugs or compounds. Endogenous ccK18 was
only detected in cell lysate of taxol-treated human HepG2 cells and could not
be quantified in rat-related samples.

2. Study of preanalytical matrix and sampling effects in human serum and plasma
specimen regarding DILI biomarker quantification

2.1. Matched samples did not correlate in HMGB1 and ccK18 concentration be-
tween EDTA plasma or serum. Comparability was also not given for serum
collected with tubes with gel or without gel, which calls into question the
results of previous HMGB1 and ccK18 studies based on serum, since the
concentration of these analytes in this matrix seems rather random. Corre-
lation was given for MCSF1R and OPN in all matrices but MCSF1R shows
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consistently about 20% higher concentration in EDTA plasma compared to
serum. GLDH protein concentration is most comparable in serum with and
without gel. Taken together, studies investigating these proteins should be
compared only when the same underlying sample type was used.

2.2. In general, plasma showed more stable protein biomarker levels within the
first hour of benchtop time prior to sample centrifugation for HMGB1 and
ccK18. Especially HMGB1 concentrations in serum increased up to 200%
within this time frame. No impact of sampling time was observed for GLDH,
MCSF1R, or OPN. In summary, plasma is recommended as matrix of choice
to study the investigated proteins.

2.3. The IA-LC-MS/MS method and sandwich immunoassays are comparable for
HMGB1 and MCSF1R. OPN protein concentration is highly influenced by the
matrix in use when quantified on the protein level with sandwich immunoas-
says. GLDH activity and protein concentration did not correlate. Potential
earlier onset of GLDH protein concentration compared to GLDH activity in
plasma samples of DILI-related patients or animals might be investigated in
future studies.

3. Study of translational protein biomarkers for DILI investigation in preclinical
studies including rat animal models
3.1. The developed IA-LC-MS/MS assay could be used to quantify OPN, GLDH,

and HMGB1 plasma samples of the investigated studies. Endogenous MCSF-
1R was confirmed in plasma samples of rats treated with DAPM or CCL4,
whereas no endogenous ccK18 peptide could be measured. GLDH reflected
the response in ALT activity as gold standard for drug treatment best. Ad-
ditionally to GLDH as marker for hepatic cell death, OPN may complement
DILI research as biomarker for liver failure in rat animal studies because a re-
sponse of GLDH and OPN concentration was observed on drug treatment for
almost all of the investigated studies. These potential biomarkers are worth
to be explored in preclinical studies involving drugs known to cause idiosyn-
cratic DILI and they are worth to be tested as panel for prediction of liver
failure in animal models. HMGB1 seems rather a biomarker for liver fibrosis
than hepatocellular or biliary injury in the investigated animal studies.

3.2. GLDH and HMGB1 were confirmed in rat liver tissue, but endogenous OPN,
MCSF1R, and ccK18 could not be measured. Either lacking assay sensitiv-
ity or the absence of endougenous peptide may caused this. No significant
differences were observed for GLDH and HMGB1 content between specimen
of control and treated animal groups.

3.3. HMGB1 can be measured endogenously across all investigated tissue samples,
thus, HMGB1 measurement would not be specific for liver injury. GLDH pro-
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6 Conclusions

tein content showed a similar pattern in distribution across the investigated
tissue types as observed with RNA expression. Liver tissue beares the most
GLDH content, followed by kidney and brain tissue. Drugs known to cause
specificly kidney or brain injury can be used to test further specificity of
GLDH as liver injury marker when using plasma specimen.
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Appendices

A.A Tryptic and chymotryptic activity in plasma

Figure 49: Tryptic and chymotryptic activity in plasma. (A) Trypsin substrate and (B) chy-
motrypsin substrate was converted in the presence of 15 µL human plasma and 1 µg trypsin (provided
by Worthington or Promega Gold, n = 3 per condition, 100 nmol substrate per well). The following
inhibitors were added to trypsin substrate or chymotrypsin substrate wells 20 min or 180 min after
start, respectively: 1 mM PMSF, 100 µM TPCK, 100 µM TLCK. Blank + plasma sample included
plasma and substrate but no trypsin or inhibitors. Further blanks without spiked plasma (grey) in-
cluded samples without substrate and samples without trypsin and substrate.

A.B Endogenous human ccK18 peptide

Figure 50: Enriched endogenous human ccK18 from cell lysate of taxol-treated HepG2
cells. Cell lysate from taxol-treated HepG2 cells was spiked either in 20 µg BSA or in 15 µL human
plasma (n = 2; 0.5 µg to 5 µg total protein amount from lysate). The human ccK18 peptide SSNSMQ-
TIQK was targeted for enrichment with 5 µg AB and 5 fmol spiked internal standard.
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A.C Partial validation results for the IA-LC-MS/MS assay MPr

Table 26: Peak area ratio data of calibrators and blank for OPN (MPr), ratio = area under the curve
(AUC) of non-labeled peptide peak over isotope-labeled peptide peak. LLOQ/ULOQ ratios labeled
in bold

Run Unit B S8 S7 S6 S5 S4 S3 S2 S1

1 ratio 0.01 0.03 0.08 0.22 0.73 2.05 5.53 16.8 54.8
1 ratio 0.01 0.04 0.09 0.25 0.69 2.09 6.03 18.6 60.9
2 ratio 0.01 0.03 0.09 0.27 0.76 2.29 6.94 19.9 59.5
2 ratio 0.01 0.04 0.09 0.26 0.77 2.39 6.55 20.0 62.6
3 ratio 0.01 0.04 0.09 0.26 0.82 2.24 6.97 20.3 58.0
3 ratio 0.01 0.03 0.09 0.27 0.75 2.28 6.70 21.2 66.4

Mean value, n=6 ratio 0.01 0.03 0.09 0.26 0.75 2.23 6.45 19.5 60.4
SD ratio 0.00 0.01 0.01 0.02 0.04 0.13 0.57 1.55 3.97
blank + 6x SD ratio 0.02 - - - - - - - -

Table 27: Peak area ratio data of calibrators and blank for HMGB1 (MPr), ratio = area under the
curve (AUC) of non-labeled peptide peak over isotope-labeled peptide peak. LLOQ/ULOQ ratios
labeled in bold

Run Unit B S8 S7 S6 S5 S4 S3 S2 S1

1 ratio 0.19 0.19 0.27 0.47 0.97 2.68 6.81 19.9 66.5
1 ratio 0.18 0.22 0.25 0.48 0.94 2.45 6.81 20.8 66.0
2 ratio 0.17 0.21 0.26 0.52 1.00 2.83 8.58 22.4 64.0
2 ratio 0.16 0.20 0.28 0.47 1.01 3.05 8.05 20.6 63.0
3 ratio 0.13 0.18 0.25 0.42 1.06 2.61 7.53 23.3 68.4
3 ratio 0.18 0.18 0.26 0.46 1.00 3.04 9.02 25.3 72.9

Mean value, n=6 ratio 0.17 0.20 0.26 0.47 1.00 2.78 7.80 22.1 66.8
SD ratio 0.02 0.01 0.01 0.03 0.04 0.24 0.92 2.05 3.53
blank + 6x SD ratio 0.30 - - - - - - - -

148



Table 28: Peak area ratio data of calibrators and blank for ccK18 (MPr), ratio = area under the curve
(AUC) of non-labeled peptide peak over isotope-labeled peptide peak. LLOQ/ULOQ ratios labeled
in bold

Run Unit B S8 S7 S6 S5 S4 S3 S2 S1

1 ratio 0.00 0.00 0.03 0.09 0.31 0.89 2.75 7.76 26.9
1 ratio 0.00 0.01 0.03 0.09 0.34 0.92 3.16 8.51 27.9
2 ratio 0.00 0.01 0.03 0.11 0.32 1.02 3.11 8.92 24.0
2 ratio 0.00 0.00 0.03 0.08 0.31 1.07 2.72 8.94 23.0
3 ratio 0.00 0.00 0.01 0.09 0.30 0.99 2.56 8.58 25.1
3 ratio 0.00 0.00 0.01 0.08 0.32 1.04 3.13 8.72 23.5

Mean value, n=6 ratio 0.00 0.00 0.02 0.09 0.32 0.99 2.91 8.57 25.1
SD ratio 0.00 0.00 0.01 0.01 0.01 0.07 0.26 0.44 1.95
blank + 6x SD ratio 0.01 - - - - - - - -

Table 29: Calibrator validation results for OPN (MPr). LLOQ/ULOQ labeled in bold

Run Unit S8 S7 S6 S5 S4 S3 S2 S1

1 ng/mL # 5.44 15.7 51.8 141 369 1,082 3,391
1 ng/mL # 6.44 17.6 48.8 144 401 1,193 3,757
2 ng/mL 1.19 4.89 15.1 44.0 133 405 1,162 3,460
2 ng/mL 1.67 4.70 14.9 44.7 139 382 1,164 3,644
3 ng/mL 1.66 5.07 14.9 46.8 129 399 1,159 3,303
3 ng/mL 1.18 4.67 15.3 43.0 131 383 1,207 3,776

Mean value, n=6 ng/mL 1.42 5.20 15.6 46.5 136 390 1,161 3,555
SD ng/mL 0.28 0.67 1.06 3.33 6.04 13.9 43.4 199
CV % 19 13 7 7 4 4 4 6
Nominal value ng/mL 1.62 4.86 14.6 43.7 131 393 1,180 3,540
Accuracy % -12 7 7 6 4 -1 -2 0
TE % 31 20 14 14 8 4 5 6
#Calibrators excluded from curve fit due to non-acceptable CV of back-calculated S8 value in the corre-

sponding batch
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Table 30: Calibrator validation results for HMGB1 (MPr). LLOQ/ULOQ labeled in bold

Run Unit S8 S7 S6 S5 S4 S3 S2 S1

1 ng/mL # # 1.92 5.60 17.7 45.6 130 417
1 ng/mL # # 2.03 5.43 16.1 45.6 136 414
2 ng/mL 0.22 0.51 1.89 4.50 15.1 50.2 139 418
2 ng/mL 0.19 0.58 1.59 4.60 16.4 47.0 127 411
3 ng/mL 0.17 0.57 1.55 5.21 14.1 41.9 131 399
3 ng/mL 0.16 0.61 1.78 4.87 16.5 50.3 143 426

Mean value, n=6 ng/mL 0.19 0.57 1.79 5.04 16.0 46.8 134 414
SD ng/mL 0.03 0.04 0.19 0.45 1.25 3.20 6.01 9.11
CV % 15 8 11 9 8 7 4 2
Nominal value ng/mL 0.19 0.57 1.70 5.09 15.3 45.8 138 412
Accuracy % -1 0 6 -1 5 2 -2 0
TE % 16 8 16 10 12 9 7 3
#Calibrators excluded from curve fit due to non-acceptable accuracy values in the corresponding batch

Table 31: Calibrator validation results for ccK18 (MPr). LLOQ/ULOQ labeled in bold

Run Unit S8 S7 S6 S5 S4 S3 S2 S1

1 ng/mL # 0.42 1.49 5.08 13.8 41.3 112 370
1 ng/mL # 0.51 1.58 5.48 14.3 47.2 122 384
2 ng/mL # 0.53 1.60 4.73 14.4 42.8 125 382
2 ng/mL # 0.43 1.21 4.52 15.1 37.6 125 363
3 ng/mL # § 1.32 4.49 14.4 36.7 123 386
3 ng/mL # § 1.25 4.73 15.2 44.8 125 360

Mean value, n=6 ng/mL - 0.47 1.41 4.84 14.5 41.7 122 374
SD ng/mL - 0.05 0.17 0.38 0.51 4.09 5.16 11.3
CV % - 12 12 8 4 10 4 3
Nominal value ng/mL 0.17 0.51 1.53 4.60 13.8 41.4 124 373
Accuracy % - -7 -8 5 5 1 -2 0
TE % - 19 20 13 9 10 6 3
#Calibrators excluded from curve fit due to non-acceptable CV of mean raw data in the corresponding batch
§ Calibrators excluded from curve fit due to non-acceptable accuracy in the corresponding batch
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Table 32: QC inter assay validation results for OPN and HMGB1 (MPr)

OPN HMGB1
Run Unit QC1 QC2 QC3 QC1 QC2 QC3

1 ng/mL 130 314 1,962 # 23.1 192
1 ng/mL 124 327 2,018 2.18 21.1 204
2 ng/mL 119 274 1,885 1.96 18.2 186
2 ng/mL 112 291 1,889 2.10 18.2 183
3 ng/mL 104 263 1,755 1.92 15.2 175
3 ng/mL 111 272 1,831 2.16 16.1 181

Mean value, n=6 ng/mL 117 290 1,890 2.06 18.7 187
SD ng/mL 9.72 25.6 93.0 0.12 3.07 9.86
CV % 8 9 5 6 16 5
Nominal value ng/mL 113 275 1,832 1.96 18.5 182
Accuracy % 3 6 3 5 1 3
TE % 11 14 8 11 17 8
#First replicate of QC1 run 1 was out of batch calibration range

Table 33: QC inter assay validation results for ccK18 (MPr)

ccK18
Run Unit QC1 QC2 QC3

1 ng/mL 8.70 19.3 201
1 ng/mL 9.41 19.3 187
2 ng/mL 8.42 15.6 160
2 ng/mL 8.38 17.4 167
3 ng/mL 10.8 17.1 192
3 ng/mL 9.43 17.3 184

Mean value, n=6 ng/mL 9.19 17.7 182
SD ng/mL 0.92 1.40 15.6
CV % 10 8 9
Nominal value ng/mL 8.99 15.9 175
Accuracy % 2 11 4
TE % 12 19 12
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Table 34: QC intra assay validation results for OPN and HMGB1 (MPr)

OPN HMGB1
Run Unit QC1 QC2 QC3 QC1 QC2 QC3

Measurement 1 ng/mL 133 261 1,873 2.35 19.7 187
Measurement 2 ng/mL 123 309 2,090 1.96 19.7 196
Measurement 3 ng/mL 124 293 1,956 1.96 21.3 195
Measurement 4 ng/mL 131 308 1,958 2.37 20.7 188
Measurement 5 ng/mL 121 298 1,894 2.19 21.7 182
Measurement 6 ng/mL 121 304 2,008 2.38 21.7 197

Mean value, n=6 ng/mL 125 295 1,963 2.20 20.8 191
SD ng/mL 5.53 17.9 78.7 0.20 0.93 6.14
CV % 4 6 4 9 4 3
Nominal value ng/mL 113 275 1,832 1.96 18.4 182
Accuracy % 11 7 7 12 12 5
TE % 15 14 11 12 12 5

Table 35: QC intra assay validation results for ccK18 (MPr)

ccK18
Run Unit QC1 QC2 QC3

1 ng/mL 10.8 19.6 198
1 ng/mL 9.56 17.7 177
2 ng/mL 9.66 19.3 197
2 ng/mL 10.5 19.4 199
3 ng/mL 9.04 15.9 188
3 ng/mL 9.68 16.8 178

Mean value, n=6 ng/mL 9.86 18.1 190
SD ng/mL 0.63 1.56 9.88
CV % 6 9 5
Nominal value ng/mL 8.99 15.9 175
Accuracy % 10 14 8
TE % 16 22 13
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Table 36: Parallelism of endogenous OPN in plasma samples diluted in surrogate matrix (MPr)

Parallelism samples P1-P6 (plasma) diluted in surrogate matrix
Dilution factor (DF) Unit 1 (undiluted) 2 4 8

P1 measured value ng/mL 246 127 68.5 34.0
P1 x DF ng/mL 246 255 274 272
Accuracy % 0 4 11 11

P2 measured value ng/mL 344 162 85.0 40.4
P2 x DF ng/mL 344 325 340 323
Accuracy % 0 -6 -1 -6

P3 measured value ng/mL 398 198 105 50.7
P3 x DF ng/mL 398 396 420 406
Accuracy % 0 0 6 2

P4 measured value ng/mL 195 88.0 46.5 23.0
P4 x DF ng/mL 195 176 186 184
Accuracy % 0 -10 -5 -6

P5 measured value ng/mL 209 104 54.4 27.1
P5 x DF ng/mL 209 207 217 217
Accuracy % 0 -1 4 4

P6 measured value ng/mL 680 372 178 85.8
P6 x DF ng/mL 680 743 711 687
Accuracy % 0 9 5 1
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Table 37: Parallelism of endogenous HMGB1 in plasma samples diluted in surrogate matrix (MPr)

Parallelism samples P1-P6 (plasma) diluted in surrogate matrix
Dilution factor (DF) Unit 1 (undiluted) 2 4 8

P1 measured value ng/mL 39.1 20.1 10.3 5.43
P1 x DF ng/mL 39.1 40.1 41.1 43.4
Accuracy % 0 3 5 11

P2 measured value ng/mL 19.3 9.81 5.25 2.65
P2 x DF ng/mL 19.3 19.6 21.0 21.2
Accuracy % 0 2 9 10

P3 measured value ng/mL 17.8 8.40 4.60 2.30
P3 x DF ng/mL 17.8 16.8 18.4 18.4
Accuracy % 0 -6 3 3

P4 measured value ng/mL 18.5 8.29 4.66 2.49
P4 x DF ng/mL 18.5 16.6 18.7 19.9
Accuracy % 0 -10 1 8

P5 measured value ng/mL 81.3 39.9 21.3 11.4
P5 x DF ng/mL 81.3 79.7 85.4 91.0
Accuracy % 0 -2 5 12

P6 measured value ng/mL 44.9 24.0 11.2 5.50
P6 x DF ng/mL 44.9 47.9 44.6 44.0
Accuracy % 0 7 -1 -2
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Table 38: Parallelism of endogenous GLDH in liver tissue samples diluted in surrogate matrix (MPr)

Parallelism samples PT1-PT6 (liver tissue) diluted in surrogate matrix
Dilution factor
(DF)

Unit 1 (undiluted) 2 4 8

PT1 measured value ng analyte / µg
total protein

7.46 3.38 1.85 0.88

PT1 x DF ng analyte / µg
total protein

7.46 6.76 7.41 7.08

Accuracy % 0 -9 -1 -5

PT2 measured value ng analyte / µg
total protein

8.35 4.36 2.08 0.97

PT2 x DF ng analyte / µg
total protein

8.35 8.73 8.33 7.72

Accuracy % 0 4 0 -8

PT3 measured value ng analyte / µg
total protein

5.96 2.57 1.37 0.63

PT3 x DF ng analyte / µg
total protein

5.96 5.14 5.47 5.02

Accuracy % 0 -14 -8 -16

PT4 measured value ng analyte / µg
total protein

5.89 2.85 1.34 0.64

PT4 x DF ng analyte / µg
total protein

5.89 5.70 5.36 5.09

Accuracy % 0 -3 -9 -14

PT5 measured value ng analyte / µg
total protein

3.94 2.08 0.98 0.53

PT5 x DF ng analyte / µg
total protein

3.94 4.16 3.92 4.26

Accuracy % 0 6 0 8

PT6 measured value ng analyte / µg
total protein

5.02 2.41 1.18 0.61

PT6 x DF ng analyte / µg
total protein

5.02 4.83 4.72 4.87

Accuracy % 0 -4 -6 -3
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Table 39: Parallelism of endogenous HMGB1 in liver tissue samples diluted in surrogate matrix
(MPr). Accuracy exceeding the acceptance criteria (±20% accuracy compared to undiluted sample)
are labeled in bold

Parallelism samples PT1-PT6 (liver tissue) diluted in surrogate matrix
Dilution factor
(DF)

Unit 1 (undiluted) 2 4 8

PT1 measured value ng analyte / µg
total protein

0.45 0.30 0.17 0.09

PT1 x DF ng analyte / µg
total protein

0.45 0.59 0.67 0.70

Accuracy % 0 31 47 55

PT2 measured value ng analyte / µg
total protein

0.49 0.33 0.17 0.09

PT2 x DF ng analyte / µg
total protein

0.49 0.66 0.67 0.76

Accuracy % 0 36 38 56

PT3 measured value ng analyte / µg
total protein

0.46 0.27 0.16 0.09

PT3 x DF ng analyte / µg
total protein

0.46 0.54 0.65 0.74

Accuracy % 0 17 40 59

PT4 measured value ng analyte / µg
total protein

0.44 0.28 0.17 0.08

PT4 x DF ng analyte / µg
total protein

0.44 0.55 0.67 0.67

Accuracy % 0 25 52 52

PT5 measured value ng analyte / µg
total protein

0.49 0.26 0.16 0.08

PT5 x DF ng analyte / µg
total protein

0.49 0.52 0.63 0.67

Accuracy % 0 6 28 37

PT6 measured value ng analyte / µg
total protein

0.45 0.27 0.17 0.08

PT6 x DF ng analyte / µg
total protein

0.45 0.54 0.66 0.67

Accuracy % 0 21 47 49

156



Table 40: Reproducibility of endogenous OPN levels in rat plasma (MPr)

Reproducibility samples of animals 1 to 8
Run Unit 1 2 3 4 5 6 7 8

Run 1 ng/mL 141 166 179 130 174 177 275 125
Run 2 ng/ml 121 155 154 112 169 164 253 117

Difference % -15 -6 -15 -14 -3 -8 -8 -7

Table 41: Reproducibility of endogenous HMGB1 levels in rat plasma (MPr)

Reproducibility samples of animals 1 to 8
Run Unit 1 2 3 4 5 6 7 8

Run 1 ng/mL 27.0 65.5 130 56.4 26.5 69.3 7.29 6.15
Run 2 ng/mL 29.4 30.5 134 64.5 31.9 74.1 8.44 6.27

Difference % 9 -73 3 13 18 7 15 2

Table 42: Reproducibility of endogenous GLDH levels in liver tissue (MPr)

Reproducibility samples of animals 1 to 6
Run Unit 1 2 3 4 5 6

Run 1 ng analyte / µg total protein 1.12 1.21 1.15 1.09 1.22 1.12
Run 2 ng analyte / µg total protein 1.37 1.60 1.43 1.33 1.33 1.35

Difference % 20 28 21 19 9 19

Table 43: Reproducibility of endogenous HMGB1 levels in rat liver tissue (MPr)

Reproducibility samples of animals 1 to 6
Run Unit 1 2 3 4 5 6

Run 1 ng analyte / µg total protein 7.46 8.35 5.96 5.89 3.94 5.02
Run 2 ng analyte / µg total protein 5.26 6.73 4.62 4.68 3.79 4.27

Difference % -35 -22 -25 -23 -4 -16
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A.D Matrix and sampling comparison results for MPh-dev

Table 44: DILI biomarker concentration in matched serum gel, serum, and EDTA plasma samples.
IA-LC-MS/MS assay MPh-dev and ELISA (ccK18). Time = benchtop time

Matrix Time
(min)

median (ng/mL) median
(pM)

MCSF1R OPN HMGB1 GLDH ccK18

Serum 15 458 ± 81.3 42.8 ± 10.2 1.56 ± 1.75 2.60 ± 21.3 216 ± 188
gel 30 413 ± 77.4 37.1 ± 8.50 2.09 ± 2.95 3.40 ± 19.6 237 ± 213

60 410 ± 102 39.4 ± 9.14 3.55 ± 2.71 3.28 ± 19.4 205 ± 278

15 460 ± 94.8 39.0 ± 7.63 1.46 ± 1.15 3.04 ± 22.5 216 ± 177
Serum 30 435 ± 90.9 41.2 ± 9.26 1.54 ± 2.46 3.52 ± 20.9 290 ± 206

60 392 ± 97.6 39.7 ± 9.05 2.18 ± 4.20 3.41 ± 18.8 242 ± 275

EDTA 15 525 ± 102 38.3 ± 6.59 0.30 ± 0.17 3.18 ± 17.8 155 ± 141
plasma 30 539 ± 111 38.7 ± 8.51 0.35 ± 0.10 4.16 ± 18.0 157 ± 193

60 491 ± 109 32.6 ± 9.77 0.29 ± 0.11 3.58 ± 18.2 183 ± 168
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