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Abstract

A lack of biomarkers that detect drug-induced liver injury (DILI) accurately continues to hinder early- and late-stage
drug development and remains a challenge in clinical practice. The Innovative Medicines Initiative's TransBioLine
consortium comprising academic and industry partners is developing a prospective repository of deeply phenotyped
cases and controls with biological samples during liver injury progression to facilitate biomarker discovery, evaluation,
validation and qualification.

In a nested case—control design, patients who meet one of these criteria, alanine transaminase (ALT) > 5 X the upper
limit of normal (ULN), alkaline phosphatase > 2 x ULN or ALT >3 ULN with total bilirubin >2 x ULN, are enrolled. After
completed clinical investigations, Roussel Uclaf Causality Assessment and expert panel review are used to adjudicate
episodes as DILI or alternative liver diseases (acute non-DILI controls). Two blood samples are taken: at recruitment
and follow-up. Sample size is as follows: 300 cases of DILI and 130 acute non-DILI controls. Additional cross-sectional
cohorts (1 visit) are as follows: Healthy volunteers (n=120), controls with chronic alcohol-related or non-alcoholic fatty
liver disease (n=100 each) and patients with psoriasis or rheumatoid arthritis (0= 100, 50 treated with methotrex-

ate) are enrolled. Candidate biomarkers prioritised for evaluation include osteopontin, glutamate dehydrogenase,
cytokeratin-18 (full length and caspase cleaved), macrophage-colony-stimulating factor 1 receptor and high mobility
group protein B1 as well as bile acids, sphingolipids and microRNAs. The TransBioLine project is enabling biomarker

fJane I. Grove and Camilla Stephens are joint first authors.

*Correspondence:

Guruprasad P. Aithal

guru.aithal@nottingham.ac.uk

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s41512-023-00155-z&domain=pdf
http://orcid.org/0000-0002-9950-7201
http://orcid.org/0000-0002-0796-9610
http://orcid.org/0000-0001-9586-4896
http://orcid.org/0000-0002-1565-0757
http://orcid.org/0000-0003-0440-7417
http://orcid.org/0000-0002-8392-0632
http://orcid.org/0000-0003-3447-264X
http://orcid.org/0000-0002-7321-0629
http://orcid.org/0000-0002-4136-7293
http://orcid.org/0000-0002-7363-7905
http://orcid.org/0000-0003-1844-7428
http://orcid.org/0000-0002-2495-5982
http://orcid.org/0000-0002-9390-2315
http://orcid.org/0000-0001-9659-1930
http://orcid.org/0000-0002-2365-2787
http://orcid.org/0000-0003-1955-6060
http://orcid.org/0000-0002-0757-4408
http://orcid.org/0000-0003-3924-4830

Grove et al. Diagnostic and Prognostic Research (2023) 7:18

Page 2 of 15

discovery and validation that could improve detection, diagnostic accuracy and prognostication of DILI in premarket-

ing clinical trials and for clinical healthcare application.

Introduction
Idiosyncratic drug-induced liver injury (DILI) is an
unpredictable and serious adverse event with an annual
incidence estimated to be 2.7, 19.1 and 23.8 per 100,000
in the USA, Iceland and China, respectively [1-3].
However, in people taking many common medications,
the incidence is substantially higher, for example in 156
per 100,000 users of amoxicillin-clavulanate and 5.5%
among individuals treated with an antituberculosis
fixed-dose combination therapies [4, 5]. Although rare,
DILI accounted for 11% of acute liver failure (ALF)
cases in the USA from 1998 to 2013 [6]. DILI occurs in
association with a large number of drugs, and emerg-
ing immunotherapy regimens devised for cancer treat-
ment are increasingly reported to be associated with
increased risk of DILI development [7]. Furthermore,
DILI shows heterogeneity in presentation with different
phenotypic categories described, which can be indistin-
guishable from other causes of liver injury [8].
Crucially, DILI has substantial impact during drug
development resulting in compound attrition, project
termination, prescribing restrictions and/or withdrawal
of promising innovative medicines [9-12]. A major
hurdle is a lack of regulatory-qualified safety biomark-
ers to enable robust prediction of clinical safety events
from preclinical data, assessment of risk in individual
patients and prognosis of clinical outcome, in addition
to a limited mechanistic understanding of toxicity. The
low incidence of DILI means that it may only be identi-
fied when a large number of people have been exposed
to the drug. Furthermore, the lack of specific tests can
result in a delayed or missed diagnosis [13, 14].
Recently, the Innovative Medicines Initiative’s (IMI)
Safer and Faster Evidence-based Translation (SAFE-
T) consortium and others have identified novel safety
candidate biomarkers for DILI [15], which have
received regulatory support from the US Food and
Drug Administration (FDA) [16]. However, none of
the new candidate biomarkers has achieved full quali-
fication yet; further confirmatory data are needed
to bolster the initial biomarker datasets to complete
the qualification process, necessitating additional
research studies [17]. This will permit context-of-
use evaluation of diagnostic (distinction of DILI from
alternative diagnoses such as autoimmune, viral and
ischaemic hepatitis) and prognostic biomarkers (pre-
dictors of development of jaundice, ALF, transplanta-
tion and death).

Regulatory acceptance of safety biomarkers for a
defined use in drug development requires large-scale
collaboration since DILI is rare and substantial sample
sizes are needed to ensure case and control numbers
are sufficient to test new biomarkers for qualification.
In order to develop a deeply characterised and compre-
hensively analysed cohort sufficient for robust analy-
sis, the TransBioLine consortium, a network of leading
European research and pharmaceutical institutions and
small-medium enterprises, has been established with a
dedicated work package to deliver this task, outlined in
this protocol.

We describe here the study protocol design to evalu-
ate, validate and qualify candidate DILI safety biomark-
ers suitable for use in premarketing clinical trials and
for clinical application.

Methods and analysis

Objectives

The primary aim is to evaluate diagnostic accuracy of
candidate blood biomarkers in identifying DILI cases.
The secondary aim is to evaluate the accuracy of candi-
date blood biomarkers in prognostication of DILI. This
will entail assessment and characterization of patients
with acute liver injury and grouping them into those
specifically attributed to DILI, distinct from those due
to alternate aetiology (‘acute non-DILI’). Other control
groups enrolled are healthy volunteers (HV), patients
with chronic liver disease (alcohol-related and non-
alcoholic fatty liver diseases; ARLD and NAFLD) and
chronic systemic diseases (psoriasis and rheumatoid
arthritis). We will collect biological samples and follow-
up the acute liver injury patients to enable subsequent
clinical categorisation of the disease aetiology and pro-
gression/outcomes (recovery, death or transplantation).
Biomarkers on their own, or in combination, which are
able to distinguish DILI from competing diagnoses, as
well as those able to identify DILI cases with adverse
prognosis (i.e. those who progress to death or trans-
plantation), will be validated. Finally, biomarker pan-
els will be put forward for qualification by regulatory
authorities in the particular context of use.

As a secondary objective, this study will generate a
repository of comprehensive biomarker data, patient
phenotype information and biological samples that can
facilitate future qualifications of other or refined con-
texts of use or additional biomarker candidates.
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Study design

A nested case—control observational study design has
been devised to prospectively identify and enroll a
cohort of patients with acute liver injury at presenta-
tion at secondary care centres in six European coun-
tries through attendance for standard clinical care
pathways (Fig. 1 and Table 1). Patients are assessed
clinically and through investigations (laboratory tests
and imaging) and sub-grouped as DILI (‘cases’) or
acute ‘non-DILI’ (‘controls’). Both cases and controls
are followed up to recovery or death or transplanta-
tion. Blood samples are obtained from both groups on
two occasions (at presentation and on follow-up). In
addition, we enroll HV, patients with ARLD or NAFLD
or systemic diseases (psoriasis and rheumatoid arthri-
tis) as further control groups and obtain samples from
them (1 visit). These control cohorts are included to
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establish utility of candidate biomarkers in distin-
guishing DILI from alternate common liver injuries
and to establish reference intervals.

Participants and recruitment

Ethical approvals were obtained from local ethical
review authorities for each of the recruiting loca-
tions (Table 1). The consortium also includes an ethi-
cal advisory board to oversee policies and activities.
Studies are conducted according to the Declaration of
Helsinki (Hong Kong Amendment) and Good Clinical
Practice (European guidelines) with all participants
providing written informed consent or with written
informed consent from a personal consultee in speci-
fied circumstances when participants lack capacity to
give informed consent. The inclusion and exclusion
criteria for each study cohort are detailed in Table 2.

potential causal agent (medication/supplement)

Identification of adult with suspected acute DILI:
ALT =5 ULN, or ALP =2 ULN, or ALT =3 ULN & TBL =2 ULN and

Chronic disease
control cohorts

Healthy adults:
Liver screen

|

Visit 1 (at presentation/onset of DILI):
Blood sampling and phenotypic data collection

|

Visit 2 (follow-up):
Blood sampling

|

Follow-up case until resolution, death or
transplantation:

Establish if alternate cause after clinical investigations

|

Establish diagnosis following case review:
Adjudication as DILI case or non-DILI cause or
exclusion (if uncertainty) by expert panel

(NAFLD; ARLD;
Psoriasis;
Rheumatoid Arthritis)
v v
Study visit Study visits
Blood samples and Blood samples and
phenotypic data demographic data

|
'

Biomarker analysis:

miRNA profiling, cytokeratin-18 (K18), caspase-cleaved K18, HMGB1, osteopontin,
MCSF1R, GLDH, bile acids, sphingolipids.
Liver function biomarkers: ALT, AST, bilirubin, ALP, albumin

|

Biomarker evaluation & qualification:
comparison of DILI with acute non-DILI disease & controls

Fig. 1 Study overview. Participants will be recruited to cohorts based on criteria detailed in Table 1. ARLD, alcohol-related fatty liver disease; ALP,
alkaline phosphatase; ALT, alanine transaminase; K18, cytokeratin-18; DILI, drug-induced liver injury; GLDH, glutamate dehydrogenase; HMGB1, high
mobility group box 1; MCSF1R, macrophage colony-stimulating factor 1 receptor; NAFLD, non-alcoholic fatty liver disease; TBL, total bilirubin; ULN,

upper limit of normal
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Table 1 Recruiting centres opened and ethical approvals

Page 4 of 15

Centre Location

Ethical approval

Addenbrooke’s University Hospital, Cambridge University
Hospitals NHS Trust Hospital

Hampshire Hospitals NHS Foundation Trust

Newcastle upon Tyne Hospitals NHS Foundation Trust
Ninewells Hospital, Tayside NHS Trust Dundee, UK
Nottingham University Hospitals NHS Trust

Queen Alexandra Hospital, Portsmouth Hospitals NHS Trust

Royal Cornwall Hospitals NHS Trust Treliske, UK
Royal Free Hospital London, UK
Royal Sussex County Hospital, Brighton and Sussex Univer-  Brighton, UK

sity Hospitals NHS Trust

University Hospitals Birmingham
University Hospitals Trust Southampton
Landspitali University Hospital

Malaga University Hospital Malaga, Spain

Munich University Hospital

Sahlgrenska University Hospital
University Hospital Bern

University Hospital Zurich
Pfizer Global Research & Development

Cambridge, UK

Basingstoke, UK

Nottingham, UK
Portsmouth, UK

Birmingham, UK

Reykjavik, Iceland

Munich, Germany

Gothenburg, Sweden
Bern, Switzerland

Zurich, Switzerland
Brussels, Belgium

UK Health Research Authority (Refs.: 15/YH/0294; GM010201;
14/EM/0145)

Newcastle upon Tyne, UK

Southampton, UK

Bioethics Committee Iceland (Ref.; 15-104-V1)

Biomedical Investigation Ethics Committee of Andalucia (Ref:
AND-HEP-2015-01)

Ethical Commission of Ludwig Maximilian University of Munich
(Project 85-16)

Swedish Ethics Review Authority (Ref.: 2022-04078-01)

Bern Cantonal Ethics Committee for Research (Ref.: 2016—
00932)

Zurich Cantonal Ethics Committee (Ref.: 2019-01451)
Ethics Committee Erasme Hospital (Ref.: P2019/530)

The recruitment period is planned from October 2019
to April 2024. The sample size was determined in con-
sultation with the funder, IMI.

Since DILI is rare and there are no established bio-
markers, the cohort size was derived based on fea-
sibility of enrolling cases of DILI as well as acute
non-DILI controls within the study period and was
informed by previous studies [15]. Based on previous
biomarker data comparing DILI with HV [15], our
cohort would be powered to detect a 20% change in
caspase-cleaved cytokeratin-18 (ccK18), a 10% change
in macrophage colony-stimulating factor 1 receptor
(MCSF1R) and an 18% change in osteopontin (OPN).
In addition, we have carried out power analysis using
area under the receiver operator characteristic (ROC)
curves (based on previous studies [15]) with assump-
tion that 10% of cases will have outcome of death/
transplantation. Using a sample size of 100 DILI cases
and 50 healthy volunteers, which would be appropri-
ate for a learning phase analysis (which could then be
followed by a validation phase), the minimum power
across all of the candidate biomarkers for diagnosis or
prognosis is 0.88.

Suspected DILI cases (subsequently sub-divided into DILI
and non-DILI)
Patients recruited are those who meet the criteria for
DILI, as defined by Aithal et al. [18] and endorsed by the
EASL DILI guidelines [8] (Table 2). Patients with acute
liver injury where there is a suspicion of DILI and who
meet the inclusion criteria are consecutively invited to
participate in the study. Suitable patients are identified
through referral from clinicians in the recruiting centres.
Patients are assessed clinically including investigations.
Cases are followed up until recovery, transplantation or
death. Once clinical follow-up is completed, the case is
centrally reviewed and classified as confirmed DILI or
non-DILI acute liver injury arising as a result of alternate
causes explaining the clinical manifestation including but
not limited to the following: acute viral hepatitis, acute
autoimmune hepatitis not previously diagnosed and
unrelated to the drug, hypoxic hepatitis or acute biliary
obstruction. The study pathway is outlined in Fig. 2.
Blood samples are taken at presentation and follow-up
after approximately 7 days, coinciding with clinical care
visits. Demographics and lifestyle data are also captured
at recruitment (Table 3). The suspected causal agent is
considered along with all other current medications and
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1. Adult presenting with features of suspected DILI in clinical pathway:
»Clinical investigations and blood sampling -liver function tests (ALT, ALP, TBL)

»>Referral to research team

2. Review case for likely eligibility (based on recent observations):
» assess whether anticipated to meet inclusion criteria at recruitment

3. Approach & Recruit (with informed consent) as soon as possible:
» clinical investigations to determine disease diagnosis continue

4. Study visit 1 — blood sampling & data collection
» ALT, ALP, TBL determined by clinical lab

5. Review eligibility based on clinical results
»Only those meeting criteria are resampled

6. Study Visit 2 — blood sampling & data collection
» After approximately 1 week (aligned with clinical visit)

7. Follow-up on clinical diagnosis & outcomes
»Expert panel review case and agree diagnosis: (DILI, non-DILI or exclude)

Fig. 2 Study procedures. Overview of the TransBioLine study recruitment pathway for suspected drug-induced liver injury (DILI) cases

comorbidities. The symptoms and nature of the adverse
event are recorded. To enable correct adjudication of the
enrolled cases (DILI and non-DILI controls), additional
information, such as extended medical history, imag-
ing tests, viral serology tests, autoantibody serology and
immunoglobulin levels and histological findings for cases
in which biopsy has been performed, is also collected.
Each case is followed until resolution or death, when
possible. Outcomes are recovery, death (liver related or
unrelated) or liver transplantation as determined by the
referring clinician. Adjudication (as DILI cases or acute
non-DILI controls) as well as outcome is completed prior
to biomarker analysis. Where outcomes are not available
within the study period, cases of DILI and acute non-
DILI controls are excluded from analyses related to the
evaluation of prognostic biomarkers.

Details of causality assessment and the adjudication
process have been described previously [7]. In brief,
investigations are followed by Roussel Uclaf Causality
Assessment Method [19] and an expert panel case review

including at least 3 experienced clinical hepatologists
from 3 different European academic centres. The panel
adjudicates episodes as DILI (case) or alternative diseases
(acute non-DILI control) or exclude where the investi-
gations are inconclusive or where any disagreement of
probable diagnosis occurs within the panel. A sample size
of 300 confirmed DILI cases is planned with at least 130
acute non-DILI controls, based on previous studies [15].

Healthy volunteers

A cohort of 120 adult HV attending 3 visits over 4 weeks
are planned to determine the biomarker reference ranges
[20]. Exclusion criteria are as follows: BMI>32 kg/m%
aspartate transaminase (AST), alanine transaminase
(ALT) level or total bilirubin (TBL) above upper limit
of normal (ULN); liver steatosis or fibrosis assessed by
FibroScan® transient elastography (controlled attenu-
ation parameter>260 dB/m after >4-h fasting) or any
known hepatic diseases. Due to the high prevalence of
undiagnosed fatty liver disease, it is necessary to ensure
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Table 3 Demographic and clinical data collected (where applicable)

Category

Data collected

Demographics
Anthropometrics
Health status

Liver episode

Results of routine clinical investigations: haematology, clinical biochemis-
try, immunology, and liver function (all with date of testing)

Clinical imaging results

Clinical tests to support diagnosis (routine diagnostics or local practice
for clinical care or research)

Extended clinical information including follow-up information for diagno-
sis and allocation to study sub-groups

Age at visit, sex at birth, self-reported ethnicity
Height, weight, waist circumference

Diabetes mellitus diagnosis, presence of hypertension, smoking status
(cigarettes per week), alcohol intake (gram per week), current pregnancy

Detection date, symptoms, drug/supplement treatments prior to liver
episode (dose and duration), whether biopsy was done, outcome

- Total protein, albumin, transferrin, ceruloplasmin, C-reactive protein

« Glucose, prothrombin time, international normalised ratio

« Urea, creatinine, sodium, potassium

« Alanine transaminase (ALT), aspartate transaminase (AST), gamma-
glutamyl transferase (GGT), alkaline phosphatase (ALP), total bilirubin (TBL),
conjugated bilirubin

« Iron, ferritin

« Thyroid-stimulating hormone

- Lactate dehydrogenase, creatine kinase, creatine kinase-MB

« Cholesterol, low-density lipoprotein, high-density lipoprotein, triglycerides
+Haemoglobin, platelets, erythrocytes, leukocytes, neutrophils, lympho-
cytes, monocytes, eosinophils, basophils

Transient elastography, ultrasound

- Viral serology tests

« Autoantibody serology

- Immunoglobulin levels

- Histological findings for any biopsy performed

- Comorbidities (past and current)

- Concomitant medications, herbal and/or dietary supplements
« Past alcohol history

« Hospitalisation

Data is captured for drug-induced liver injury cases and nondrug-induced acute liver injury cases and control groups using a standard case report file (CRF) using data
from clinical investigations (where available) or from research study visit. Headings are in bold

that HV have no liver disease as that may influence the
levels of candidate biomarkers and could affect the ref-
erence interval of the biomarker. For comparison, we
have a separate control group with well-defined ARLD
and NAFLD to assess this. Participants equally distrib-
uted across age ranges 18—40 years, 41-64 years and
65—80 years are planned with an equal male/female (self-
reported sex) ratio.

Chronic liver disease (ARLD/NAFLD)

A cohort of 200 patients diagnosed with chronic liver
disease is intended to provide a comparator to assess
biomarkers of acute liver injury (DILI in particular) in
contrast to common nonviral chronic liver diseases.
NAFLD and ARLD are the most common risk factors
for raised and fluctuating liver enzymes in the general
population [21, 22]. Patients attending secondary care
following a clinical diagnosis are recruited. Methods used
to confirm the diagnosis of chronic liver disease include
liver biopsy (histological evaluation), shear wave elastog-
raphy (controlled attenuation parameter for evaluation
of steatosis and liver stiffness for evaluation of fibrosis)
or ultrasound imaging (echo-characteristics of the liver
and evidence of portal hypertension). Other chronic

liver disease aetiology such as viral hepatitis, metabolic
liver diseases (hemochromatosis, alpha-1 antitrypsin
deficiency and Wilson’s disease) and autoimmune liver
diseases (autoimmune hepatitis, primary biliary chol-
angitis and primary sclerosing cholangitis) are excluded
through combination of standard blood and/or imag-
ing-based tests or liver biopsy as appropriate. Patients
with self-reported past/current consumption of alcohol
above UK recommended limits (112 g per week for men
and women) over past 2 years, or past sustained alcohol
excess, are included in the ARLD group and excluded
from the NAFLD group (Table 2).

Psoriasis or rheumatoid arthritis patient cohort

As a further comparator to identify biomarkers that are
drug-exposure specific (in the absence of liver injury),
we will enroll 100 patients with clinically diagnosed
psoriasis or rheumatoid arthritis who are offered meth-
otrexate treatment in clinical practice (Table 2). Metho-
trexate is an example of a common medication that is
associated with the spectrum of acute DILI, adaptation,
hyperbilirubinemia and chronic cumulative hepatotoxic-
ity such as liver fibrosis [18, 23]. We will characterise 50
patients on methotrexate therapy who have either liver
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injury (n=25) or no liver injury (n=25) in addition to 50
patients who have not taken methotrexate but have liver
injury (n=25) or without liver injury (n=25). Liver injury
will be indicated by liver enzymes (ALT, AST or alkaline
phosphatase (ALP)) levels above the ULN or clinically
significant fibrosis revealed by biopsy or imaging.

Data management

A list of demographics and clinical data collected in the
case report file (CRF) for the study is outlined in Table 3.
For healthy volunteers (HV), only age- and self-reported
sex is documented. For chronic liver disease, and psoria-
sis/rheumatoid arthritis control cohorts demographic,
health and clinical information is recorded, along with
current medications and comorbidities. The partici-
pant details and clinical diagnosis for each case are also
reviewed by the lead investigator. The information for
recruited participants is stored electronically and held on
local secure networks. Case report data is transferred to
the Clindex Data Management System (ABX-CRO, Dres-
den, Germany) where unique study and sample identifi-
ers are created facilitating sharing of pseudo-anonymized
data with consortium members through the TranSMART
platform (ITTM, Esch-sur-Alzette G.D. Luxembourg)
where it is linked with laboratory biomarker analysis
results. Study documentation will be monitored by ABX-
CRO to ensure ethical compliance and data integrity.

Sampling and biomarker analysis

Blood samples are collected and processed as outlined in
Fig. 3. Samples are stored at—80 °C in barcode-labelled
tubes linked to a unique sample identifier and study
participant code. They are shipped to ZeBanC (Charité,
Berlin, Germany) and subsequently redistributed to lab
facilities. Sample analysers will be blinded to the specific
sample group (DILI/non-DILI). An overview of the bio-
markers and analytical methods is shown in Table 4.

Protein analysis

To define the liver injury, established biochemistry tests,
ALT, ALP, TBL and albumin, along with glutamate dehy-
drogenase (GLDH), will be quantified in serum sam-
ples using clinical standard assays (Cobas 6000 system,
Roche). The candidate protein biomarkers with proposed
mechanistic roles in DILI [27] will be quantified from
EDTA-plasma without addition of additives or stabilis-
ers (Fig. 3; Table 4). High mobility group box 1 (HMGB1),
osteopontin (OPN), macrophage-colony-stimulating fac-
tor 1 receptor (MCSF1R) and GLDH will be analysed
by multiplex immunoprecipitation coupled to nano-
liquid chromatography and tandem mass spectrom-
etry read-out (IP-LC-MS/MS) (Ultimate 300 coupled to
Q-Exactive Plus, ThermoFisher) and quantified by adding
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13C/1°N -labelled peptide standards to the enzymati-
cally fragmented sample as described by Anselm et al.
[28]. The candidate biomarkers cytokeratin-18 (K18) and
caspase-cleaved K18 (ccK18) will be determined by sand-
wich immunoassays as described by the manufacturer
(Peviva, Sweden). All the candidate biomarker assays are
technically validated according to the FDA evidentiary
framework guidelines [29].

MicroRNA (miRNA) analysis

The miRNA profiles of 100 acute DILI samples and 120
HV will be determined by next-generation sequencing
(NGS) of RNA isolated (using either Qiagen miRNe-
asy Mini kit or Promega Maxwell® RSC miRNA Tissue
Kit) from platelet-poor plasma, which has been demon-
strated to have necessary stability and assay reproduc-
ibility across batches (TAmiRNA, Vienna). A mixture
of synthetic, non-mammalian, oligonucleotides (‘miND
spike-ins’) will be added to enable the conversion of read
counts into absolute values, independent of the library
composition and read count, using the established miND
bioinformatics pipeline [24]. This will facilitate data com-
parisons across independent datasets. A cut-off of<10
read counts will be applied to filter out low-abundant
miRNAs with low signal-to-noise ratio. Liver injury-spe-
cific markers will be identified through comparison with
the healthy volunteer cohort initially, to select ‘signature’
miRNAs having the highest discriminatory power. The
signature will be replicated using RT-qPCR to generate
data required for computational modelling of multivari-
ate classification algorithms.

Bile acid analysis

Bile acid profiles in EDTA-plasma from DILI patients and
acute non-DILI controls will be identified using liquid
chromatography-tandem mass spectrometry (6420 Tri-
ple Quad LC/MS, Agilent Technologies, Santa Clara, CA,
USA) using an adaptation [25] of a previously described
method [30]. Total levels, levels of individual, primary,
secondary bile acids and bile acid families will be ana-
lysed as well as their ratios (e.g. primary/secondary).

Sphingolipid analysis

Sphingolipids will be analysed in plasma by LC-MS. For
initial untargeted lipidomics, total lipids, extracted in a
mixture of methanol:methyl tert-butyl ether:chloroform
(4:3:3), will be separated on a C30 LC column using
10-mM ammonium acetate and 0.1% formic acid and
either acetonitrile:water (6:4) or isopropanol:acetonitrile
(9:1). Eluted lipids will be analysed on a Q Exactive
HRMS (ThermoFisher) in a positive and negative mode
using a heated electrospray ionisation (HESI). Identi-
fication will be based on the predicted mass, isotopic
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Samples
6ml Blood
12ml Blood
no
additives + K,EDTA
ambient on ice
30-45min Centrifuge 2,000g
. 10min 4°C
Coagulation within 1h
Centrifuge Centrifuge
2,000g 10min 10,000g 10min
4°C 4°C

—_4C

Serum

Plasma

Platelet-
Poor Plasma

Aliquots stored at -80°C
within 2.5h of collection

Shipment to central biobank on dry ice prior
to distribution to analytical laboratories

Fig. 3 TransBioLine sample processing. Blood is collected at visits in standard clinical blood containers. Link-anonymised aliquots of 0.5 ml
are stored in barcoded cryovials at —80 °C prior to transfer on dry ice to the central biobank (ZeBanC, Charité, Berlin, Germany). ALP, alkaline
phosphatase; ALT, alanine transaminase; DILI, drug-induced liver injury; TBL, total bilirubin

pattern, retention time and specific fragmentation pat-
terns. For quantification of selected sphingoid and deox-
ysphingoid bases, lipids will be extracted, hydrolyzed,
derivatized, separated on a C18 column and analysed as
above [26]. Data will be analysed using TraceFinder 4.1
(ThermoFisher).

Data analysis plan

R (R Core Team) or SAS software (Cary, NC, USA) will
be used for statistical analyses. Descriptive statistics,
median and interquartile range will be used to describe
continuous variables; frequency and percent will be used
to describe categorical variables. For consistency, the

absolute value of all biomarkers will be log-transformed.
Statistical significance is considered if p <0.05.

Reference intervals

Reference intervals (RI) will be established to assess the
variability of each biomarker measured within (using
longitudinal measures for all the visits) and across HV
to define properties of variability and reproducibility
in healthy subjects. The RI will be calculated according
to approved guidelines of the Clinical and Laboratory
Standards Institute. For normally distributed parameters
(i.e. when the normality test p-value is>0.3 on either the
raw or logarithmic scale), RI=mean+/—1.96 SD [31].
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Table 4 Biomarker assays

Biomarker Sample Assay method Laboratory

Alkaline phosphatase (ALP) Serum MLM Medical Labs (Ménchengladbach,
Bilirubin (TBL) Serum Germany)

Albumin Serum

Alanine transaminase (ALT) Serum

Glutamate dehydrogenase (GLDH) Serum

Cytokeratin-18 full length (K18) EDTA-plasma  Commercial sandwich immunoassay SIGNATOPE GmbH (Reutlingen, Germany)

Commercial sandwich immunoassay

Multiplex immunoprecipitation-nano-liquid
chromatography +tandem mass spectrom-

etry (IP-LC-MS/MS) with Orbitrap mass

(Peviva)
Cytokeratin-18 caspase-cleaved fragment EDTA-plasma
(cc-K18) (Peviva)
High mobility group box 1 (HMGB1) EDTA-plasma
Osteopontin (OPN) EDTA-plasma
Glutamate dehydrogenase (GLDH) EDTA-plasma
Macrophage colony-stimulating factor EDTA-plasma

1 receptor (MCSF1R)

MicroRNA profile in discovery cohort of 100 ‘Platelet-poor’

analyzer (Q-Exactive Plus, ThermoFisher)

lllumina NGS using RealSeg-biofluids serum/ TAMIRNA, Vienna, Austria
plasma miRNA library kit (Somagenics) [24]

Commercial RT-gPCR assay

Liquid chromatography mass spectrometry  University of Salamanca, Spain

(Triple Quad LC/MS, Agilent technologies)

DILI'and 100 HV EDTA-plasma
MicroRNA panel in validation cohort (identi-
fied candidate biomarkers from discovery
cohort)
Bile acids EDTA-plasma

[25]
Sphingolipids EDTA-plasma

Liquid chromatography-mass spectrometry — University of Zurich, Switzerland

(Q-Exactive HRMS, ThermoFisher) [26]

Headings are in bold

Abbreviations: LC Liquid chromatography, MS Mass spectrometry, NGS Next-generation sequencing, RT-gPCR Real-time quantitative polymerase chain reaction.

Sample preparation is described in Fig. 3

The inter- and intra-subject coefficients of variations will
be calculated to quantify variability over time periods
and between individuals. Differences due to sex and age
group will be evaluated. If there is evidence of differences
among the groups, then separate reference ranges may be
constructed. The impact of excluding potential outliers
identified using statistical criteria on the RI value will be
determined.

Biomarkers for DILI diagnosis and prognosis

A context of use will be defined for each biomarker; an
example is shown in Fig. 4. Biomarker differences in DILI
cases versus non-DILI controls at visit 1, and in the other
additional disease control groups (ARLD, NAFLD and
systemic diseases), will be determined using one-way
ANOVA with Tukey multiple comparison correction.
Correlation of each biomarker with ALT will be deter-
mined using Pearson’s r coefficients. ROC curve analysis
will be utilised to determine each of the candidate bio-
markers as well as their combinations for detection of
DILI patients and to assess performance of prognostic
biomarkers that identify likelihood of a clinical event or
disease progression.

The biomarkers will be considered indicative of DILI
diagnosis if both the area under the ROC curve (AUC)
and the lower end of the 95% confidence interval (CI)
are>0.75 [32]. For the ROC analyses, 100 HV will be
used as controls for biomarker qualification. In addition,
we will also evaluate the ability of biomarkers (single or
multiple in combination) to distinguish DILI from acute
non-DILI controls as well as other chronic liver and sys-
temic disease controls. The primary case cohort of inter-
est is the DILI cohort. Multivariate ROC (i.e. using a
composite measure of biomarkers) will be based on mul-
tiple logistic regression. Hierarchical clustering and prin-
cipal component analysis (PCA) will also be performed
for multivariate analysis and visualisation purposes. The
hierarchical clustering technique highlights the simi-
larities of biomarkers expression within and between
patients in the same or different groups, while PCA
allows us to understand the main variance and to gain
insight into high-dimensional biomarkers data.

ROC curve analysis will be used to determine which
biomarkers measured at the baseline visit can signifi-
cantly predict which patients with DILI diagnosis will
develop severe DILI/ALF independent of the final out-
come (death, liver transplantation or spontaneous
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Study drug administration

onitoring using standard biomarkers
as defined in protocol

Indication of liver injury based on current biomarkers
e.g. ALT 25x ULN, or ALP 22x ULN or ALT 23x ULN + TBL >2x ULN

Measure qualified new biomarker

No indication of DILI based
on current biomarkers
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Below threshold

A4

Dose maintained

h

Continue monitoring
(current biomarkers

Exceeds threshold

AV

Action: reduce drug dose (as defined in protocol
safety risk mitigation plan)

A4

Continue monitoring using current
and new biomarkers

e.g. ALT =20x ULN

~~

Normalised Further elevation of exceeds threshold i
: . Below threshold || + ; Biomarker
biomarkers biomarkers f“l;:g:aer:fe";“o” CR C

exceeding threshold

N~

e.g. ALT =220x ULN

N~

Fig. 4 lllustration of possible context of use for a new qualified safety biomarker. The flow diagram shows how adverse effects caused by study
drugs in premarketing clinical trials could be monitored using current biomarkers and using new biomarkers (or biomarker panel) to establish
whether administrated dose can safely continue or requires reduction. New biomarkers may be incorporated into clinical trials to anticipate early
risk for progression of hepatocellular injury to severe DILI in individuals where an initial DILI diagnosis has been established based on elevations
of current standard markers (e.g. alanine transaminase (ALT),>5x ULN, alkaline phosphatase (ALP) > 2 x ULN or ALT >3 x ULN and total bilirubin
(TBL) > 2x ULN). If biomarker elevation continues, or increases, the drug would be discontinued according to the safety risk mitigation plan;

but if levels normalise, drug administration would continue safely. ULN, upper limit of normal

recovery) or those who progress to a more severe state
during the episode. The ROC analysis will also be applied
to traditional biomarkers such as AST and TBL, and their
AUCs will be compared with those from candidate bio-
markers to see if there is a significant difference in the
prognostic value in identifying the development of ALF,
transplantation and death.

Dissemination
The objective of dissemination is to generate visibility
and convey the rationale of the project to stakeholders

(Table 5). The consortium intends to raise awareness of
the project and the findings for improving drug devel-
opment by increasing efficiency and developing safer
medicines.

Discussion

Qualification of previously identified biomarkers

This project builds on a previous effort undertaken by
the SAFE-T consortium in collaboration with the Predic-
tive Safety Testing Consortium and DILIN Network, to
qualify novel DILI protein biomarkers that did not reach
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Table 5 Dissemination activities
Target audiences Reached by

Consortium members
IMI Reporting
EFPIA/Industry

Electronic communication, newsletter, meetings (virtual and face-2-face)

Attendance at international conferences or symposia (by networking, poster or oral communica-

tions) and using publications

Scientific community (academic and industry)

Attendance at international conferences or symposia (by networking, poster or oral communica-

tions) and using publications

Health Policy-makers, Payers, Regulators, Health
professionals, Patient Federations

General public including patients

TransBioLine website (www.Transbioline.com), the general media, and articles in specialised journals.

Media and local engagement activities

Headings are in bold

Abbreviations: EFPIA European Federation of Pharmaceutical Industries and Associations, IMI Innovative Medicines Initiative

full qualification during the lifespan of the SAFE-T con-
sortium [15]. Six of the proteins identified in SAFE-T as
potential candidate biomarkers will be analysed further
in the current study, to determine their potential to be
fully qualified for use as DILI diagnostic and prognostic
biomarkers that can provide better identification of liver
profile elevations during drug development and in clinical
practice. The biomarker potential of these protein candi-
date biomarkers has also been reported by independent
studies. For example, a multivariate model including
GLDH and K18 in conjunction with miR-122 was able
to detect intrinsic DILI caused by acetaminophen better
than individual biomarkers alone [33]. However, limited
evaluations and validations are available on the effect of
these candidate biomarkers in idiosyncratic DILI and par-
ticularly their ability to distinguish DILI from other forms
of liver injury, a critical gap that this study intends to fill.

Identification of new biomarkers
This study will also explore the potential of bile acids,
sphingolipids and miRNAs as new DILI biomarkers,
individually or combined. Sphingolipids are abundant
in hepatocytes, and changes in hepatic levels have been
reported in response to drug toxicity [34]. Numerous
sphingolipid species can be quantified in plasma, sug-
gesting potential as disease biomarkers. In a model
of drug hepatotoxicity, human primary hepatocytes
exposed to different acetaminophen concentrations
have been reported to differ from control cells in the
level of various sphingolipids, such as ceramide and
sphingomyelin [35]. Differences in sphingolipid profiles
and potential for distinction of Polygonum multiflorum
DILI from alternate acute liver injury diagnoses have
been described in a small cross-sectional cohort [36].
Similarly, the utility of bile acids as biomarkers, both
individually and in combinations, has previously been
demonstrated in several studies comparing patients

with liver injury, liver impairment and HV [37-40].
Serum samples from patients with acetaminophen-
induced liver injury have been reported to display
a distinct profile of individual bile acids, including
increased glycodeoxycholic acid and decreased tau-
rocholic acid levels, compared to other forms of liver
injury [40]. Bile acids, metabolised from cholesterol in
the liver, are the main constituent of bile, being conju-
gated in the liver to form primary bile acids or metab-
olised by gut microbes to form secondary bile acids.
Circulating levels become elevated as a consequence of
impaired hepatic bile acid uptake, bile acid transport
or canalicular functioning. A recent systematic review
reported ‘a lack of solid evidence to support the use of
individual bile acids or bile acid ratios as biomarkers
of liver injury’ [41]. However, their analysis found that
bile acids did have a prognostic utility in intrahepatic
cholestasis of pregnancy. Prognostic potential of bile
acids in acetaminophen DILI was revealed by compari-
son with cholestatic liver injury patients where severity
of liver damage correlated with observed elevation in
serum concentrations [39]. Xie et al. have also iden-
tified bile acids associated with injury severity and
created a predictive model including glycochenodeoxy-
cholic acid, taurochenodeoxycholic acid and norcholic
acid associated with severe DILI [38]. Further in-depth
studies investigating the potential of bile acids as clini-
cal biomarkers with regard to idiosyncratic DILI are
thus merited.

As mediators of many cellular regulatory processes and
responses, miRNAs have been investigated and iden-
tified as potential organ-specific disease biomarkers.
Studies of DILI identified miR-122-5p, highly expressed
and predominant in the liver, as a potential hepatotoxic-
ity biomarker [42], and this was evaluated in the SAFE-
T cohort [15]. Applications of miRNAs as diagnostic
tools to support treatment decisions [43], predict liver
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function recovery [44] and biomarkers to obtain evidence
for intended as well as unintended (adverse or toxic)
effects [45, 46] of drug candidates are already underway.
An exploratory study on the potential for miRNAs as
prognostic DILI biomarkers reported that lower levels of
miR-122-5p, -4463 and -4270 are associated with death
within 6 months, and that miR-122-5p combined with
serum albumin have a sensitivity of 100% for predicting
survival [47]. Both miR-122-5p and miR-200a were found
to be promising biomarkers for liver injury resulting from
antiretroviral therapies [48]. A recent study also reported
that combined miR-122 and CK18 biomarkers showed
promise in diagnosis of DILI in patients having antituber-
culosis therapy [49].

Project strengths and limitations

The potential of this study to identify biomarkers that
have clinically-relevant diagnostic and prognostic value
would clearly represent a major breakthrough in the
management of DILIL This has been recognised by the US
FDA, which has accepted this study into its biomarker
qualification programme for further qualification of
HMGB1, OPN, MCSF1R, GLDH, K18, ccK18, bile acids
and sphingolipids, individually or as composite models as
part of the TransBioLine Consortium DILI work package,
with miRNAs expected to be subsequently added [50].

In this study, our approach is to use biomarkers to
‘detect’ signals that identify acute liver injury followed
by investigations to establish the diagnosis of DILI.
Church et al. reported AUCs of 0.99, 0.902 and 0.857,
for performance in DILI detection for ALT, ALP and
TBL, respectively [15]. These biomarkers when used as
prognostic markers for death/liver transplantation had
AUC:s of 0.606, 0.597 and 0.821, respectively, in the same
study. These authors did not investigate biomarker per-
formance in differentiating DILI from alternate causes.
A recent study found that traditional biomarkers (ALT,
ALP, AST and TBL) had AUCs of 0.53-0.65 for distin-
guishing DILI from ‘non-DILI’ cases [51]. Therefore,
currently, diagnosis of DILI is secured through exclu-
sion of alternative aetiology through extensive investiga-
tions and a causality assessment process. This approach
has been referred to as ‘screen and confirm, where liver
enzymes, as biomarkers with high sensitivity and utility
in clinical and trial settings to detect the initial injury
signal, are used as a screening modality [52]. New bio-
markers are needed to ‘confirm or refute’ the diagnosis
of DILI to enable drug administration to continue or
stop as appropriate for patient safety (Fig. 4). Therefore,
the design of our study is intended to identify biomark-
ers with application as a second step in the confirmation
of diagnosis of DILI among cases of acute liver injury
identified using current liver enzyme tests. This nested
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case—control design with enrolment of cases of acute
liver injury and classification of these as DILI cases
and acute non-DILI control groups mimics the clinical
context of use and can be used for diagnostic as well as
prognostic accuracy analyses [15, 51]. DILI cases with
information regarding the outcome, recover, death or
transplantation are used for the prognostic biomarkers.
Since we rely on traditional biomarkers for identification
of DILI cases, one disadvantage of this study design is
that any biomarkers which are earlier indicators of liver
injury than the traditional biomarkers may not be identi-
fied and would need to be utilised as parallel tests in the
context of use.

The strength of this study is the planned recruitment of
a large cohort of patients with extensive phenotyping and
follow-up and the rigorous distinction of DILI from possi-
ble alternate cause through case adjudication by an expert
panel of experienced hepatologists and clinical pharma-
cologists. The enrolment is integrated within the clini-
cal pathways, and the case—control data therefore closely
reflects clinical practice. However, considering the fact
that DILI is rare, and the majority of cases recover with-
out serious consequences, there is likely to be only a small
number of severe cases, such as those with acute liver
failure requiring liver transplantation. This may limit the
statistical power of the study, in particular when assess-
ing the prognostic value of the biomarkers in the evalua-
tion of potentially serious outcomes. Since many different
drugs, acting via different pathways, can result in DILI,
our cohort will have heterogeneity. Furthermore, idiosyn-
cratic DILI likely involves multiple mechanisms, and a
potential risk of the current approach is that not all puta-
tive mechanisms of DILI are reflected in the biomarkers
under study, such that certain forms of DILI may not be
picked up by the current biomarkers. This is particularly
pertinent for new drugs undergoing clinical trials. How-
ever, the provision of long-term biobanked samples pro-
vides a legacy available to test future biomarkers.

Conclusion

The TransBioLine DILI biomarker study is a con-
certed international effort to enable the exploration
and confirmation of new diagnostic and prognostic
biomarkers for DILI, by enabling biomarker discovery
and validation. If successful, biomarkers developed
will help mitigate safety issues during drug develop-
ment and in clinical practice and will accelerate drug
development. Continued collaboration will be neces-
sary to recruit a sufficient number of cases to perform
specific drug sub-group analyses and test emerging
biomarkers. Establishment of a bioresource and data
warehouse facility will support long-term partner-
ships for biomarker qualification.
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