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ABSTRACT
Background Idiosyncratic drug-induced liver injury
(iDILI) is a frequent cause of acute liver injury and a
serious problem in late stage drug-development. Its
diagnosis is one of the most challenging in hepatology,
since it is done by exclusion and relies on expert
opinion. Until now no reliable in vitro test exists to
support the diagnosis of iDILI. In some instances it is
impossible to determine the causative drug in
polymedicated patients.
Aim To investigate if monocyte-derived hepatocyte-like
(MH) cells might be a tool supporting clinical judgment
for iDILI diagnosis and causality assessment.
Methods This prospective study included 54 patients
with acute liver injury and intake of at least one drug.
Thirty-one patients were diagnosed with iDILI based on
causality likelihood. MH cells were generated from every
patient and in vitro toxicity of the respective drugs was
assessed by lactate-dehydrogenase release. The results
from MH cells and RUCAM, the most widely used
scoring system as methods to support clinical judgement
were compared.
Results MH cells showed enhanced toxicity in 29 of
the 31 patients with iDILI, similar to RUCAM score. MH
cells exhibited negative results in the 23 non-DILI cases,
whereas RUCAM indicated possible iDILI in six cases.
Analysis of the comedications also showed superior
specificity of MH cells. No MH cell toxicity of the drugs
showing toxicity in patients with iDILI was observed in
MH cells of healthy donors.
Conclusions In this pilot study in vitro testing using
MH cells derived from patients with acute liver injury
was able to identify patients with iDILI with an excellent
sensitivity and a higher specificity than RUCAM, the
most widely used current causality assessment score.
Therefore, MH cells could be useful to identify the
causative drugs even in polymedicated patients by
adding objective data to causality assessment.
Trial registration number : NCT02353455

INTRODUCTION
Drug-induced liver injury (DILI) is a rare event
with a huge impact on healthcare: It is by far the
most common cause for acute liver failure in the
USA and in Europe.1 2 Apart from its clinical rele-
vance, DILI is also a major issue during the devel-
opment of novel drugs and one of the most
common causes for drug withdrawals, restrictions
and project terminations.3

DILI is commonly classified as either dose-
dependent (intrinsic) or idiosyncratic. The most
important example for intrinsic DILI is

acetaminophen (APAP).4 Since dose-dependent tox-
icity can be reproduced in animals and in vitro
models, the underlying mechanisms of
APAP-hepatotoxicity are increasingly better under-
stood.4 5 Idiosyncratic DILI (iDILI) is responsible
for about 10–15% of acute liver failures in the
USA6 but the mechanisms leading to this reaction
are only poorly identified. iDILI is characterised by
variable latency to onset (weeks to months), lack in
clear dose-dependency and rare incidence (eg, 1 in
10.000).7 Multiple approaches have been made to
identify iDILI potential of a drug in early preclin-
ical development: cell based assays using primary
human hepatocytes, immortalised hepatocytes,
hepatoma cell lines or stem cell derived hepato-
cytes.8–10 Yet, current in vitro and animal models
have only limited possibilities of individualisation

Significance of this study

What is already known on this subject?
▸ Idiosyncratic drug-induced liver injury (iDILI) is

the most challenging diagnosis in hepatology
requiring exclusion of other causes for liver
injury.

▸ The gold standard for iDILI diagnosis and
causality assessment is expert opinion.

▸ Methods to positively diagnose iDILI cases and
to identify the causative agent are urgently
needed.

What are the new findings?
▸ In this pilot study monocyte-derived

hepatocyte-like (MH) cells were generated from
blood of patients with acute liver injury.

▸ MH cells showed sensitive and highly specific
toxicity responses towards the implicated drugs
in iDILI cases.

▸ MH cell toxicity identified the causative agent
in iDILI cases with higher specificity than
RUCAM, the most widely used scoring system.

▸ No MH cell toxicity was observed in cells
derived from patients with acute liver injury not
caused by DILI or from healthy donors.

How might it impact on clinical practice in
the foreseeable future?
▸ MH cell testing can help to further clarify iDILI

suspicion.
▸ Positive identification of iDILI cases by MH cells

may facilitate the development of drug specific
iDILI biomarkers.
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and predictive value for iDILI. Therefore, iDILI often is not
detected before late stage clinical trials or marketing of the
drug. Most regulatory actions on drugs related to hepatotoxicity
in the recent years have been due to iDILI and often only few
cases (3–20 patients) were observed.

In addition to being a risk for patients and a threat for drug
development, iDILI is also a very challenging diagnosis. It requires
exclusion of other possible aetiologies for acute liver injury and
expert opinion,11 based on patient data and the typical ‘signatures’
associated with iDILI by a certain drug. Additional causality assess-
ment methods, such as the RUCAM score12 13 were designed in
an attempt to provide a more objective method supporting or
excluding DILI suspicion and supporting causality assessment in
case of polymedication. Most recently expert opinion systems14

have been proposed as a gold standard in the absence of a suitable
in vitro test. However, in the case of novel drugs a typical signature
of injury is mostly not available, increasing the difficulty to find
the right diagnosis. Polymedication is a huge challenge in patients
with suspected DILI, since it may be impossible to identify the
causative agent in this setting.15

Since immune mechanisms seem to be important in
iDILI,16 17 immunological tests have been developed to support
clinical expertise with in vitro tests.18 In Japan, the drug
lymphocyte stimulation test, measuring proliferation of patient
lymphocytes upon stimulation with the suspected drug and its
metabolites is part of the causality assessment. Further methods
are in development, such as the lymphocyte migration test or
cytokine release of CD14 positive cells from patients with iDILI
when incubated with lysates of drug-pulsed HepG2 cells.19 Yet,
the use of the drug lymphocyte stimulation test is limited by
low sensitivity and false positive results.20 21 The use of patient
derived hepatocytes for testing of individual susceptibility and
causality is extremely limited by invasiveness, especially in the
setting of drug-induced liver failure. To our best knowledge,
there are no data available for the use of primary hepatocytes,
3D systems, spheroids or stem-cell derived hepatocytes from
patients with iDILI in individual causality assessment.

There is evidence that monocytes and monocyte derived cells
are linked to liver injury and regeneration: In the setting of APAP
toxicity the course of liver injury is influenced by recruitment of
monocytes/macrophages to the liver22–24 and there is also evidence
that these cells may acquire hepatocyte characteristics.25 We there-
fore have developed a standardised method to generate monocyte-
derived hepatocyte-like (MH) cells, which exhibit several donor
specific hepatocyte characteristics: MH cells are derived from per-
ipheral monocytes and retain several of their characteristics (eg,
low level expression of CD14). Additionally, MH cells show indu-
cible activities of CYP450 enzymes 1A2, 2C9, 3A4 reflecting the
activities in primary human hepatocytes of the same donor.26

Additional data on phase II metabolism as uridine diphosphate
(UDP)-glucuronosyltransferase activity as well as expression of
several sulfotransferases and glutathione-S-transferases have been
obtained. MH cells also express transporter proteins involved in
excretion of xenobiotics (data on phase II and transporter activities
are given in online supplementary figure S1). In order to investi-
gate novel methods to diagnose iDILI and assign causality by the
reactions of patient derived cells, we investigated whether
hepatocyte-like cells derived from patient monocytes are capable
of reflecting clinical iDILI in vitro.

PATIENTS AND METHODS
Patients
Patients with acute liver injury and intake of at least one drug at
onset of liver injury were prospectively included in this study.

Acute liver injury was defined26 as elevation of alanine amino-
transferase activity (ALT) ≥5×ULN (upper limit normal), alka-
line phosphatase activity (AP) ≥2×ULN or ALT ≥3×ULN
accompanied by total bilirubin (Bili) ≥2×ULN. After informed
consent of the patients, data on gender, age, ethnicity, height,
weight, alcohol and nicotine consumption as well as the results
of the clinical investigations were recorded in order to comply
with recommendations from expert consensus meetings.28 29 A
detailed history of each patient was obtained including
comorbidities, previous and current prescription medications,
over-the-counter drugs and herbals/dietary supplements. The
onset of liver injury was defined as the first documented abnor-
malities in liver parameters or unequivocal symptoms of liver
disease, such as jaundice or dark urine. ALT, aspartate amino-
transferase activity, AP and total bilirubin (Bili) are expressed as
x-fold ULN. These ULN values were for aspartate aminotrans-
ferase activity and ALT 35 U/L for women and 50 U/L for men,
for AP 105 U/L for women and 135 U/L for men and 1 mg/dL
(17.1 mmol/L) for total bilirubin. Unspecific symptoms such as
nausea, abdominal pain or fatigue were also recorded. The time
course and outcome of liver injury in relation to discontinuation
of the suspected medications were documented. Liver injury
was classified using R-values (R=ratio ALT×ULN/AP×ULN) as
‘hepatocellular’ (R≥5), ‘mixed’ (R>2 and R<5) and ‘cholestatic’
(R≤2), respectively. The RUCAM Score was calculated for up to
five drugs in each patient. Data on typical signatures of the
respective drugs were used for diagnostic assessment of the
patients whenever available. These data were obtained from the
LiverTox website30 or using case reports (PubMed). Fifty-four
patients were included in the study, 31 iDILI cases and 23 cases
with other cause of liver injury (non-DILI): acute hepatitis A
(n=2), acute hepatitis E (n=1), idiopathic autoimmune hepatitis
(n=4), Morbus Still of the adult (n=1), coeliac disease (n=1),
alcoholic steatohepatitis (n=5), extrahepatic cholestasis (n=3),
acute heart failure/cardiac shock (n=3), secondary sclerosing
cholangitis (n=3).

The diagnosis of iDILI and causality assessment was based on
clinical judgement and the results of RUCAM and MH cells as
two possibilities to support the clinical assessment were compared.
Likelihood of iDILI causality for each drug was classified as ‘defin-
ite’ (no other cause for liver injury and a clear role of the respective
drug), ‘highly likely’ (no other cause for liver injury but atypical
signature and/or intake of at least one other drug with compatible
signature), ‘probable’ (no compelling evidence for liver injury
other than iDILI, but atypical presentation and polymedication),
‘possible’ (other cause of liver injury likely, but drug toxicity
cannot be excluded from presentation and signature) or ‘unlikely’
(other cause of liver injury very likely, no compatible drug signa-
ture) in analogy to previously published classification systems.31

The diagnosis of iDILI was assigned for cases with a likelihood of
‘definite’, ‘highly likely’ or ‘probable’ (table 1).

Blood sampling, cell generation and toxicity testing
Patient blood for cell generation was collected in standard
haematology EDTA-tubes (Saarstedt, Germany) and stored at 2–
8°C for up to 48 h. Monocytes were isolated using gradient cen-
trifugation and adherence separation. MH cells were generated
as described.26 MH cells of healthy donors were generated from
residual blood that could be obtained anonymously after
thrombocyte donation in the department of transfusion medi-
cine, University Hospital Munich. After the generation process,
MH cells were incubated with the respective drugs in 96-well
plates using 1×Cmax and 10×Cmax. Data on drug pharmacokin-
etics were obtained from literature and drug information sheets.
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After 48 h cytotoxicity was determined by release of lactate-
dehydrogenase (LDH): LDH-activity was measured in cell
lysates and supernatants using the Cyto Tox 96 non-radioactive
assay (Promega, USA). The assay was performed as end point
measurement after initial experiments in MH cells showed
similar results for kinetic and end point determination (data not
shown). The LDH assay has been chosen for this study since it
reflects actual loss in cell integrity and its results allowed best
comparison between the individual patients. Other end points
that were evaluated included Caspase, ATP-content, CellTiter
Blue and JC-1 (5,50,6,60-tetrachloro-1,10,3,30-tetraethylbenzimi-
dazolylcarbocyanine iodide) staining for mitochondrial toxicity
(data not shown). LDH-release was calculated as ratio
LDHsupernatant/(LDHlysate+LDHsupernatant). Results were normal-
ised to vehicle control (0%) and positive control (100%) (lysis
with 1% TWEEN®20 (Polyethylene glycol sorbitan monolau-
rate)). To compensate for individual differences in the assays,
toxicity was expressed as toxicity/(2×SD of vehicle control).
Figure 1A shows an example of LDH-release in MH cells of a
patient with iDILI, the corresponding toxicity is shown in figure
1B. To allow a better interpretation of the results, the respective
drugs were tested in MH cells of healthy donors, as exemplified
in figure 1C. The data presented on MH cell toxicity are results
obtained at 10×Cmax except for simvastatin, atorvastatin, lamo-
trigine, fluspirilene, piperacilline/tazobactam and roxithromycin.
The latter drugs showed dose dependent toxicity in MH cells at
10×Cmax and 1×Cmax was used for analysis. The incubation of
MH cells and measurement of toxicity was performed inde-
pendently of assessment of causality likelihood and RUCAM.

Data analysis and statistics
Data are shown as median and range, statistical analysis was per-
formed with analysis of variance (ANOVA), Welch test and
Brown Forsythe test where appropriate using SPSS software
(V.22.0.0.1, IBM). Significant differences were assumed at
p<0.05. The cut-off values for RUCAM (≥6) and MH cells
(≥2) were determined from the study population and chosen
for providing maximal sensitivity and specificity in the cases
investigated in this study.

RESULTS
Patient characteristics
Characteristics of the study population are summarised in table 2.

No significant differences were found for gender distribution,
ethnicity, age, height, weight and body mass index. The pre-
dominant pattern of liver injury in both groups was hepatocellu-
lar (iDILI 71% vs non-DILI 57%, not significant; p>0.05).
A minor proportion in either group took only one single drug
(iDILI 8/31 and non-DILI 7/23; 25% vs 30%, n.s.). More than

one comedication was present in 58% of patients (14/31) in the
iDILI group versus 52% (12/23) in the non-DILI group (n.s.;
figure 2).

Eighty-four different medications were tested in patients with
iDILI and 62 in the non-DILI group (see online supplementary
tables S1A,B). Most frequently agents suspected causative in
iDILI cases were non-steroidal anti-inflammatory drugs
(NSAIDs) (8/31; 25.8%), oral anticoagulants (4/31; 12.9%),
anti-infectives (2/31; 6.5%), immunomodulators (2/31; 6.5%)
and antithyroid medications (2/31; 6.5%) (see online
supplementary table S2).

The criteria for ‘Hy’s law’ (ALT ≥3×ULN and total bilirubin
≥2×ULN)32 33 were fulfilled in 19 iDILI cases (61.3%) and 16
non-DILI cases (69.6%; n.s.). A summary of the laboratory find-
ings is given in table 3 together with the calculated R-ratios at
onset and peak level of total bilirubin.

The RUCAM score was calculated for each case and for up to
five medications in order to investigate iDILI-diagnosis and
causality for the implicated agents. However, in nine of the
iDILI cases RUCAM score did not differ between the drug with
the highest causality likelihood and at least one comedication.
In five of these cases analysis of drug information and signature
did not allow to assign causality to a single agent.

Toxicity testing in patient-derived MH cells
MH cells were generated from patients with iDILI and those
without DILI and toxicity of drugs 1–5 were compared with
RUCAM score results. Since the gold standard for the diagnosis
of iDILI is expert opinion, we analysed 11 iDILI cases and 12
non-DILI cases in which a definite diagnosis could be identified
without any reasonable doubt (likelihood ‘definite’ for iDILI
cases and ‘unlikely’ for non-DILI cases, respectively). In case of
iDILI this included that the causative agent had a typical signa-
ture. Moreover in two cases a positive rechallenge was observed.
The results of the RUCAM score and toxicity testing for the
drug with the highest causality likelihood in the respective
patient are presented in figures 3A, B. In this subgroup, toxicity
testing in MH cells showed high sensitivity and specificity. Only
in one case with unequivocal iDILI no increased toxicity at
10×Cmax could be observed. In the 12 non-DILI cases there
was no increased MH cell toxicity of the involved compounds,
whereas RUCAM indicated possible iDILI in two patients (one
coeliac disease and one M. Still of the adult).

Following this subgroup analysis, the results of MH cell tox-
icity and RUCAM score were compared in the total study popu-
lation (figure 4A, B, results for the drug with the highest
causality likelihood in the respective patient).

Targeting the issue of polymedication, MH toxicity in iDILI
cases was compared with the calculated RUCAM scores.

Table 1 Classification system used to diagnose iDILI and non-DILI and to assess causality likelihood for the respective drugs in the individual
patients

iDILI Non-DILI

Diagnosis classification ‘definite’ ‘highly likely’ ‘probable’ ‘possible’ ‘unlikely’

Other causes of liver
injury

Definitely
excluded

Definitely excluded Unlikely Probable Highly
probable

Drug signature Typical Atypical
OR
comedication with compatible
signature

Atypical
AND comedication with compatible
signature

Compatible with
iDILI

Atypical

iDILI, idiosyncratic drug-induced liver injury.
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Similar to the comparison of MH cell testing and RUCAM
for iDILI diagnosis, we first analysed the subgroup of patients
with iDILI in whom clinical likelihood as gold standard sup-
ports causality of one drug in the presence of at least one come-
dication: This subgroup consisted of 15 patients with iDILI
taking 57 drugs (42 comedications). Sixteen of the 42 comedi-
cations reached RUCAM ≥6 (38%), whereas only two comedi-
cations where tested positive with MH cells (5%).

In the analysis of the whole study population, MH cell tox-
icity also showed better concordance with causality likelihood
than RUCAM for DILI-drugs and for the respective comedica-
tions (drugs with the greatest likelihood for causality in patients
with iDILI are listed in online supplementary table S2). The
results of RUCAM score and MH testing for the respective
comedications are shown in figures 5A, B (results for all
comedications).

The RUCAM score assessed positive causality for 27 of the
53 comedications (51%) and additionally was false positive for
2 of the comedications in non-DILI cases (clinical diagnosis of
alcoholic steatohepatitis, but drug and comedications as cause
for liver injury could not be ruled out definitely). MH cell
testing showed toxicity in only four of the comedications in

iDILI cases and no MH cell toxicity was observed in non-DILI
cases. These findings suggest that MH cell testing could improve
causality assessment of iDILI in the presence of comedication.

From the four patients testing positive for two drugs in MH
cells, in one case a combination medication of synthetic oestro-
gen and gestagen was the putative DILI drug and the in vitro
reaction could be seen for both components. Another patient
had intake of two different neuroleptics and showed a transient
increase of ALT (maximal 3.4×ULN) without clinical symptoms
when taking a drug with less likely causality (risperidone). He
experienced clinical significant liver injury (abdominal pain,
nausea, ALTmax 19.8×ULN; no bilirubin increase) after starting
treatment with the drug with highest causality likelihood (olan-
zapine). In the other two cases all medications have been discon-
tinued and no additional information like, for example,
rechallenge is available to support the interpretation of the test
results.

Since MH cell testing is independent from clinical causality
assessment, the test should provide additional information sup-
porting clinical judgement. Figure 6 depicts the comparison of
correct and incorrect results of RUCAM and MH cells for all
drugs and comedications in the total study population in

Figure 1 (A) Example of monocyte-derived hepatocyte-like (MH) testing of patients with idiosyncratic drug-induced liver injury (iDILI).
Lactate-dehydrogenase (LDH) release from a patient with indomethacin as likely cause of iDILI. Indomethacin at 1×Cmax and 10×Cmax induces
significant increase in LDH release. (triplicates±SD; *p<0.05 vs control). (B) Example of a spiderweb graph of toxicity results in a patient with iDILI.
Grey circle represents cut-off (2× double SD of control). Indomethacin as the likely cause of iDILI in this case (causality likelihood: highly likely
RUCAM: 8), induces toxicity of 80% (MH: 7.2) at 10×Cmax. No toxicity of the comedication levofloxacin is observed in MH cell testing.
Indomethacin at 100 mM did not induce any toxicity in healthy controls (n=25, data not shown). Diclofenac and phenprocoumon, drugs that caused
iDILI in other patients did not cause toxicity in this patient. (C) Example of MH testing of indomethacin toxicity in MH cells of healthy donors
(n=22), the indomethacin patient with iDILI and patients with iDILI with other causes than indomethacin (n=8). MH cells of the indomethacin
patient with iDILI show individual susceptibility.
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relation to the respective causality likelihood. Performance of
RUCAM is best in more unequivocal situations (‘definite’,
‘highly likely’ and ‘unlikely’). If causality likelihood is less dis-
tinct (‘probable’ and ‘possible’), RUCAM shows a relevant per-
centage of incorrect results. MH cell testing by contrast yields a
stable high rate of correct test results throughout the causality
likelihood scale providing additional information even in more
ambiguous cases.

Since iDILI is a rare event any useful test should provide
excellent specificity. Therefore, we also tested several drugs that
showed toxic effects in MH cells of the iDILI cases (phenpro-
coumon, metamizole, diclofenac, indomethacin and

carbimazole) from 25 up to 81 healthy donors. In these healthy
donors a median toxicity of 0.19 was observed (minimum:
0.01, maximum: 1.85). As an example, the results for diclofenac
are shown in figure 7. Moreover, no MH toxicity of diclofenac
was observed in the non-DILI cases and iDILI cases with
another drug as causative agent. These results provide further
evidence for reflection of individual susceptibility to drugs by
MH cells. As shown for diclofenac, none of the other drugs
with positive results in MH cells from patients with iDILI did
induce toxic responses in MH cells in this group of healthy
donors.

DISCUSSION
As yet, the diagnosis of iDILI is a diagnosis of exclusion. Thus,
additional methods are needed which positively support a suspi-
cion of iDILI and at the same time provide sufficient specificity.
This also will improve understanding of underlying mechanisms,
since false positive iDILI cases in research may lead to indistinct
results on the search for novel safety biomarkers and can cause
costly failure in drug development.34 35

In the present study we investigated the use of patient derived
hepatocyte-like cells from monocytic origin as an individual
model for iDILI and as a possible tool to support diagnosis and
causality assessment. The study included 54 patients with acute
liver injury of whom 31 were diagnosed with iDILI. The agents
most likely implicated in DILI episodes were NSAIDs, oral
anticoagulants (all cases phenprocoumon), anti-infectives,
immunomodulators and antithyroid medications. These findings
are consistent with previous reports showing NSAIDs, anti-
infectives and immunomodulatory drugs as frequent causes of
iDILI.36–40 Phenprocoumon is an oral anticoagulant used pre-
dominantly in Germany, yet also linked to iDILI with a potential
autoimmune mechanism.41 42 Metamizole has been rarely
linked to liver injury, yet immunological mechanisms are
suspected.43

In our study, clinical judgement of causality likelihood was
used as standard for iDILI diagnosis and causality assessment.

Table 2 Case characteristics expressed as median and range
(minimum and maximum)

Characteristic iDILI (n=31)
Non-DILI
(n=23) p Value

Age, years 55 (14–79) 55 (22–74) n.s.
Female, N(%) 15 (48%) 9 (39%) n.s.
Ethnicity
Caucasian, N(%) 30 (97%) 23 (100%) n.s.
Hispanic, N(%) 1 (3%)

BMI (kg/m2) 22.0 (16.8–
34.7)

25.4 (19.2–
40.8)

n.s.

Latency*, days 36 (1–370) 22 (0–1470) n.s.

Latency to blood sample, days 10 (2–254) 11 (3–338) n.s.
Pattern of liver injury at onset
Hepatocellular, N(%) 22 (71%) 13 (57%) n.s.
Mixed, N(%) 2 (7%)
Cholestatic, N(%) 7 (23%) 10 (43%)

Outcome
Remission, N(%) 22 (71.3%) 18 (78.3%) n.s.
Chronicity, N(%) 1 (3.2%) 4 (17.3%)
Death from liver disease, N(%) 1 (3.2%)
Death, not liver related, N(%) 1 (3.2%) 1 (4.3%)
Liver transplant, N(%) 6 (19.4%)

*Latency: time to onset of liver injury from start of the drug most likely causal
according to RUCAM and injury pattern. Latency from liver injury to blood sampling
was less than 21 days in 23 patients with iDILI (74%) and in 18 non-DILI cases
(78%).
BMI, body mass index; iDILI, idiosyncratic drug-induced liver injury.

Figure 2 Medications in patient groups. In the idiosyncratic
drug-induced liver injury (iDILI) group 74% of patients were taking
more than one medication versus 70% in the non-DILI group (n.s.).

Table 3 Laboratory parameters from cases expressed as x-fold
upper limit normal (ULN)

iDILI (n=31) Non-DILI (n=23)

Median Min Max Median Min Max p Value

ALT Onset 27.8 0.8 108.2 15.1 0.9 107.5 0.58
Max 35.5 1.8 108.2 26.0 1.1 107.5 0.31
PTBL 19.3 0.8 80.0 9.3 0.9 84.7 0.69

AST Onset 12.8 1.0 202.2 9.1 0.9 139.2 0.40
Max 17.8 1.7 202.2 13.0 0.9 139.2 0.33
PTBL 6.2 1.0 42.4 5.2 1.1 63.1 0.94

AP Onset 1.6 0.5 5.3 1.6 0.6 8.6 0.60
Max 2.0 1.0 9.0 2.0 1.0 33.8 0.10
PTBL 1.7 0.5 9.0 1.9 0.5 33.8 0.12

Bili Onset 2.2 0.0 48.8 7.0 0.3 27.3 0.70
Max 3.2 0.5 50.9 11.0 0.7 41.9 0.30

R- Onset 21.8 0.3 76.0 12.7 0.2 66.2 0.51
PTBL 13.5 0.3 76.0 7.0 0.1 47.4 0.40

Onset: values at first diagnosis of liver enzyme abnormalities.
max: maximal levels.
PTBL: values at the peak of total bilirubin levels
ALT, alanine aminotransferase; AST, aspartate aminotransferase; AP, alkaline
phosphatase; Bili, total bilirubin; iDILI, idiosyncratic drug-induced liver injury; R, ratio
ALT×ULN/AP×ULN.
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Analysis of the results was done using two different approaches:
To analyse the utility of RUCAM and MH cell testing to
support the diagnosis of iDILI, results for single drugs with the
highest causality likelihood in the individual patients were used
(figures 3 and 4). In order to gain information on the capability
to discriminate the causative agent in individual patients, all
drugs were used for the analysis, resulting in up to five RUCAM
scores and MH signals per patient (figures 5 and 6). In the
latter analysis, the correctness of RUCAM test results were
dependent on clinical causality likelihood, while MH cell testing
yielded stable test correctness regardless of causality likelihood.
Thus, MH cell testing could add objective test results to
improve causality assessment in complex cases.

This study provides evidence that MH cells can help to posi-
tively diagnose iDILI with a similar sensitivity as clinical causal-
ity assessment in 29 of the 31 patients. Importantly, specificity
of our in vitro test seems to be superior to RUCAM, even with
the cut-off ≥6, as chosen in this study. RUCAM of 3–5 indicates
‘possible’ DILI and using a cut-off ≥3 would increase sensitivity
to 100% in our population, yet specificity would be reduced to
17%. Thus, high specificity could be an additional benefit of
MH testing in the diagnostic workup of suspected iDILI cases,
since false positives are a relevant problem in drug development

and impair the discovery and validation of novel safety biomar-
kers.44–46

Expert opinion is the gold standard for diagnosis of iDILI
and has been shown to provide better differentiation than
RUCAM.31 However, in a small proportion of cases a definite
diagnosis cannot be established, especially in polymedication
when clinical presentation and drug information do not provide
additional clues to the causative agent.47 In the population
investigated in this study more than 70% of patients were taking
two or more drugs, underlining the need for methods that allow
reliable causality assessment. In four of the cases in this study
the causative agent could not be definitely identified at the
initial presentation, yet in two cases positive rechallenge was
observed. In these two cases the MH cell test provided positive
results for the respective drug. Moreover, a subgroup analysis in
15 polymedicated iDILI cases showed that MH cell testing can
identify the causative agent more reliably than RUCAM. These
findings might have impact on patient care and late stage drug
development.

The lack of MH cell toxicity of several drugs tested in up to
81 healthy donors further suggests excellent sensitivity and spe-
cificity of the test. However, since the samples of healthy
donors were obtained anonymously, there is no clinical

Figure 3 (A) RUCAM scores from 11 unequivocal idiosyncratic drug-induced liver injury (iDILI) cases and 12 patients with liver injury due to other
causes (non-DILI). (B) Test results from patient-derived monocyte-derived hepatocyte-like (MH) cells exposed to the suspected DILI drugs. Maximum
result obtained from non-DILI cases was 1.8. MH cells of one patient with iDILI did not show toxicity in MH cells after 48 h incubation. Dots
represent the drug with the highest causality likelihood in the respective patient.

Figure 4 (A) RUCAM scores for the drug with highest causality likelihood from 31 idiosyncratic drug-induced liver injury (iDILI) and 23 non-DILI
cases. Two of the patients with iDILI and six of the patients without DILI were wrongly classified by RUCAM. (B) Test results from patient derived
monocyte-derived hepatocyte-like (MH) cells exposed to the drugs with the highest causality likelihood. In MH cells of two patients with iDILI no
toxicity was observed. Dots represent the drug with the highest causality likelihood in the respective patient.
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information on drug intake or liver injury that could be com-
pared with the in vitro results in MH cells from these healthy
donors. However, the results of this pilot study should be vali-
dated in a larger and independent patient group. It will be
necessary to also include patients who tolerate potential iDILI
drugs without signs of liver injury.

Our present investigations focused on the correspondence of
MH cells toxicity with iDILI diagnosis and clinical causality
likelihood. The toxicity induced in MH cells derived from
patients with iDILI by the suspected causative agents could be
due to the individual metabolic capabilities of these cells.26

Current concepts of iDILI suggest that altered dose response
could lead to subclinical hepatocyte damage triggering an
immune response that most likely determines the severity of the
injury. An important observation is that short-term incubation
using 10×Cmax sufficed to induce toxicity in MH cells of most
patients with iDILI, whereas the latency of the clinical event was
weeks to months. It can be hypothesised that MH cells reflect
metabolic upstream events of iDILI without modelling the
response of the adaptive immune system. This is supported by
the finding that in most iDILI cases 10×Cmax was necessary to
induce a toxic response. Therefore, MH cells could reflect
altered dose response of the patient and thus perhaps model the
initial damage. Due to differences of exposure of hepatocytes in
vivo and MH cells in vitro (eg, accumulation of toxic

metabolites due to lack of removal from culture media) the
effect may be observed earlier in the in vitro model. MH cells
might also retain functions of innate immune cells that could
contribute to their toxicity response. It remains to be investi-
gated if the test performs equally well in iDILI cases where the
main mechanism of damage is mediated by adaptive immunity,
for example, amoxicillin/clavulanate.

Thorough investigation of the underlying mechanisms was
beyond the scope of this manuscript. However, if it could be
shown that the mechanisms in MH cells relate to the clinical
situation these findings could have major impact on the under-
standing of iDILI and furthermore allow the development of
novel tests for iDILI potential in drug development.

Our study provides evidence that MH cells could be a useful
tool in future research on iDILI and might provide significant
improvement in clinical diagnosis or exclusion of iDILI.
Moreover, MH testing may allow identification of the causative
agent in polymedication by supporting the clinical judgement
with additional unprecedented information that cannot be
matched by RUCAM. The MH cell test seems to be an improve-
ment in diagnosis or exclusion of iDILI in individual patients,
allowing correct assessment of causality in polymedicated
patients. Despite the 2 week interval between blood sampling
and MH cell assay results, the test may still have relevance for the
clinical scenario and consequences for future medication of the

Figure 5 (A) RUCAM score results for comedications in idiosyncratic drug-induced liver injury (iDILI) and non-DILI cases. Twenty-seven of 53
comedications are classified by RUCAM as potentially causative for iDILI. (B) Test results derived from patients with iDILI monocyte-derived
hepatocyte-like (MH) cells exposed to the respective comedications in iDILI and non-DILI cases. In four iDILI cases MH cell toxicity is also found for
comedications, whereas no toxicity of comedication is observed in non-DILI cases.

Figure 6 (A) Correct and incorrect RUCAM score results versus causality likelihood: Correctness of RUCAM score results depends on clinical
causality likelihood, with effective classification for ‘definite’, ‘highly likely’ and ‘unlikely’ drugs, whereas in drugs with ‘probable’ or ‘possible’ there
is a relevant percentage of wrong test results. (B) Correct and incorrect monocyte-derived hepatocyte-like (MH) test results versus causality
likelihood: MH testing is independent on clinical causality likelihood, producing stable results.
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patient. Especially in polymedication MH cell testing may help
to clarify causality and avoid inadvertent rechallenge of patients.

Our data provide evidence that MH cell testing can be used
to diagnose or exclude iDILI in individual patients and more-
over could be of great value for causality assessment in iDILI.
We see three major applications of the test: (1) In the clinical
setting MH cell testing can help to support the diagnosis and
identify the causative drug in polymedication, thus preventing
inadvertent re-exposure with impact on patient care. (2)
Pharmacovigilance can be supplemented with unprecedented
information on drug causality leading to improved assessment
of risk and benefit in a regulatory setting or even allowing defin-
ition of high-risk populations for a given drug. (3) Clinical
development of novel drugs is often halted if a liver signal
occurs, especially when no or little previous information on
liver safety of the drug complicate clinical judgement on causal-
ity.48 49 MH cell testing could help to diagnose or exclude iDILI
without the need for a typical drug signature and support caus-
ality assessment to differentiate between effects of the study
drug or comedication.
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