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ABSTRACT

Interactions between hepatocytes and immune cells as well as inflammatory episodes are frequently
discussed to play a critical role in the alteration of the individual susceptibility to idiosyncratic drug-
induced liver injury (iDILI). To evaluate this hypothesis and to face the urgent need for predictive
in vitro models, we established two co-culture systems based on two human cell lines in presence or
absence of pro-inflammatory factors (LPS, TNF), i.e. hepatoma HepG2 cells co-cultured with monocytic
or macrophage-like THP-1 cells. HepG2 monocultures served as control scenario. Mono- or co-cultures
were treated with iDILI reference substances (Troglitazone [TGZ], Trovafloxacin [TVX], Diclofenac [DcL],
Ketoconazole [KC]) or their non-iDILI partner compounds (Rosiglitazone, Levofloxacin, Acetylsalicylic
Acid, Fluconazole). The liver cell viability was subsequently determined via WST-Assay. An enhanced
cytotoxicity (synergy) or a hormetic response compared to the drug effect in the HepG2 monoculture
was considered as iDILI positive. TGZ synergized in co-cultures with monocytes without an additional
pro-inflammatory stimulus, while DcL and KC showed a hormetic response. All iDILI drugs synergized
with TNF in the simple HepG2 monoculture, indicating its relevance as an initiator of iDILI. KC showed a
synergy when co-exposed to both, monocytes and LPS, while TVX and DcL showed a synergy under the
same conditions with macrophages. All described iDILI responses were not observed with the correspond-
ing non-iDILI partner compounds. Our first results confirm that an inflammatory environment increases
the sensitivity of liver cells towards iDILI compounds and point to an involvement of pro-inflammatory

factors, especially TNF, in the development of iDILI.
© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

rare but severe adverse drug reactions. The prognosis for patients
suffering from iDILI is very poor, ranging from 60 to 70% mortal-

Idiosyncratic drug-induced liver injury (iDILI), which accounts
for up to 17% of all cases of acute liver failure [1,2], remains a seri-
ous problem for public health due to the inability to predict those

Abbreviations: CD, cluster of differentiation; DAMP, damage-associated molec-
ular pattern; EC, effective concentration; EpCAM, epithelial cellular adhesion
molecule; HSP, heat shock protein; iDILI, idiosyncratic drug-induced liver injury;
JNK, c-Jun N-terminal kinase; LPS, bacterial lipopolysaccharide; NF-kB, nuclear fac-
tor kappa B; NPC, non-parenchymal cell; NSAID, nonsteriodal anti-inflammatory
drug; PAMP, pathogen-associated molecular pattern; SD, standard deviation; TNF,
tumor necrosis factor.
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ity without liver transplantation [3]. In addition, iDILI is the most
frequent cause for the non-approval of a drug or its withdrawal
from the market [4-6] and therefore represents a major issue for
the drug development process and the marketing of drugs that are
safe for the broad population. Consequently, the US Food and Drug
Administration (FDA) demanded the majority of post-marketing
restrictions (e.g. black box warnings) for drugs that induce idiosyn-
cratic reactions [7]. What makes idiosyncratic reactions so difficult
to predict, are their elusive characteristics [8]. A very low incidence
of about 19 cases per 100,000 per year [9] makes it nearly impossi-
ble to recognize iDILI during pre-marketing trials, which typically
cover only 1000-3000 subjects for a new drug application. Only
the most evident hepatotoxicants can be expected to show cases
of such severe outcomes as iDILI in those small subject numbers.

2214-7500/© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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Therefore, it is also understandable that iDILI cannot be predicted
from regulatory animal toxicity studies. At present, iDILI can only
be identified when a lot more patients are exposed to a certain
drug post-marketing. Moreover, idiosyncratic reactions occur spo-
radically and show a variable onset relative to the start of exposure,
this meaning that some patients develop toxicities soon after the
start of exposure and some not until after a longer exposure period
[10]. Drug concentrations that are able to induce iDILI are in the
therapeutic dose range and are generally safe to the majority of
the population. In addition, iDILI reactions are reported to be of a
more dose-independent nature and unrelated to the pharmacologic
action of the drug, but appear to reflect host factors and individ-
ual susceptibility [11,4,12]. To date it is not clear which factor(s)
cause(s) this individual susceptibility and why some individuals
develop iDILI and some do not. It seems possible that the suscep-
tibility of a patient is triggered by an erratically occurring event
that appears during the running drug therapy. In this case, the
low incidence as well as the sporadic occurrence of iDILI would be
explained. Whether the susceptibility factors are based on genetic
differences or environmental factors is not yet understood, but it
is most likely that the underlying mechanisms are multifactorial
[8]. Amongst the variety of hypotheses that aim to explain the ori-
gin of iDILI, the inflammatory stress hypothesis has become the
most studied and most promising approach. Roth et al. [13] sug-
gested, that a mild inflammatory stress might render an individual
susceptible to develop hepatotoxicity at an otherwise safe dose of
the drug. Because inflammation often occurs in humans, but errat-
ically and to a varying degree throughout the whole lifespan of
an individual, it fulfills the requirements for a susceptibility factor
that might account for iDILI. Therefore, a promising interplay to be
studied in connection with inflammation-associated iDILI is that of
liver parenchymal cells (PCs) and non-parenchymal immune cells
(NPCs), such as liver resident macrophages (Kupffer cells) and infil-
trating monocytes. It is well known that in particular Kupffer cells
have a central function in hepatotoxicity by initiating and assem-
bling local and systemic responses to liver injury and, together with
recruited monocytes, rule the complex process of inflammation
[14,15]. Xenobiotics can activate Kupffer cells directly or indirectly
upon an initial hepatic insult, thereby resulting in the release of
a variety of inflammatory mediators such as cytokines (e.g. TNF
and interleukins), which can trigger a secondary response that
appears to exacerbate the initial hepatocyte damage [14,11,16].
Moreover, an existing moderate inflammation due to the acti-
vation of Kupffer cells via e.g. bacterial lipopolysaccharide (LPS)
appears to sensitize hepatocytes to toxic substances and can lower
the threshold for hepatotoxicity [17,11]. An increasing number of
recently developed in vivo and in vitro models for the prediction
of (i)DILI incorporate immune cells and/or pro-inflammatory fac-
tors such as LPS and TNF, thus attempting to provide evidence for
the inflammatory stress hypothesis. Most in vivo studies are based
on rodents which are co-exposed to idiosyncratic drugs and LPS
to induce a mild inflammatory background during drug exposure
[18-20,17,21]. In vitro models are either based on the parenchymal
cellitself and a co-exposure to pro-inflammatory factors [22-24] or
a co-culture of hepatocytes and macrophages or monocytes includ-
ing pro-inflammatory factors in most but not all cases [25-27]. All
these studies confirm the suggestion that inflammation and the
involved immune cells play a role in the development of iDILL
Unfortunately, most published studies are limited to one drug or
one exposure scenario and are therefore not suitable for the estab-
lishment of a general iDILI testing approach that is applicable to
structurally and mechanistically diverse iDILI compounds. In vivo
animal studies in general lack predictability for hepatotoxicity in
humans [28], mainly due to interspecies variations, and do not
allow a reasonably high throughput for the screening of drugs in the
preclinical development process. A simple well-controlled in vitro

system, which saves time, money and animals, would strongly
improve the early screening process for iDILI. In addition, a sys-
tem that combines parenchymal with non-parenchymal cells and
thereby allows intercellular communication is required to reflect
multicellular phenomena like drug-induced toxicity and to under-
stand how these interactions contribute to hepatotoxicity. Only a
co-culture model can help to determine whether the communi-
cation to immune cells is necessary to predict iDILI or if (single)
secreted pro-inflammatory factors might suffice to mirror iDILI
in single PC cultures in vitro. Importantly, co-cultures represent a
closer approximation to the in vivo situation and therefore have a
higher relevance than models that are only based on the PC itself
[29].

To this end, we developed an inflammatory in vitro liver co-
culture model combining the human hepatoma cell line HepG2
with monocytic or macrophage-like THP-1 cells separated by a
porous membrane. Monocytes were added to mimic the infiltra-
tion of immune cells during liver injury and inflammation and
the macrophage-like cells as a surrogate for Kupffer cells. For
the validation of this liver model we tested a panel of four drug
pairs (Troglitazone — Rosiglitazone; Trovafloxacin - Levofloxacin;
Diclofenac - Acetylsalicylic acid and Ketoconazole — Fluconazole),
each consisting of a drug that is known to induce iDILI or a non-
iDILI partner compound from the same substance class that has
no potential to induce iDILI as a control [30,4,8,31,32]. Drugs were
tested in mono- or co-culture and in the presence or absence of a
pro-inflammatory background (induced by LPS or TNF) for compar-
ison, resulting in nine different exposure scenarios per examined
drug. Based on these tests, we aimed to identify whether the
addition of immune cells and/or an additional pro-inflammatory
environment to liver cell cultures could improve the detection of
iDILI drugs and therefore represent a more sensitive liver model for
the prediction of iDILI.

2. Materials and methods
2.1. Materials

All drugs except Diclofenac sodium salt were purchased from
Sigma (Taufenkirchen, Germany). Diclofenac sodium salt (DcL)
was obtained from Cayman Chemical (Ann Arbor, MI, USA).
Lipopolysaccharides (LPS) from Escherichia coli 0111:B4 and phor-
bol 12-myristate 13-acetate (PMA) were purchased from Sigma
and dimethyl sulfoxide (DMSO) from Carl Roth GmbH +Co. KG
(Karlsruhe, Germany). DMEM (low glucose), fetal bovine serum
(FBS), trypsin/EDTA (0.25%/0.02%) and phosphate buffered saline
(PBS) were obtained from Biochrom GmbH (Berlin, Germany). Gen-
tamycin (50 mg/mL) and UltraPure™ 0.5M EDTA solution were
bought from Thermo Fisher Scientific (Waltham, MA, USA). Accu-
tase solution was purchased from PromoCell GmbH (Heidelberg,
Germany). Human TNF-a, premium grade, was obtained from
Miltenyi Biotec GmbH (Bergisch Gladbach, Germany). Cell Prolif-
eration Reagent WST-1 was purchased from Roche Deutschland
Holding GmbH (Penzberg, Germany) and the DuoSet” ELISA for
human CXCL8/IL-8 from R&D Systems (Minneapolis, MN, USA).
The antibodies (mouse anti-human CD32-PE; mouse anti-human
CD11b-APC; mouse anti-human CD14-APC) and the fixative for
FACS measurements were obtained from Beckman Coulter (Brea,
CA, USA), while the mouse anti-human EpCAM-FITC (CD326)
and mouse anti-human CD45-BV510 were from BD Biosciences
(Franklin Lakes, NJ, US). Isotype controls (EpCAM-FITC: mouse IgG1
FITC; CD14-BV510: mouse IgG1 BV510; CD11b-APC: mouse IgG1
APC; CD14-APC: mouse IgG2a APC) were purchased from BD Bio-
sciences (Franklin Lakes, NJ, US). Mouse IgG2a PE, the isotype
control for CD32-PE, was bought from eBioscience (San Diego, CA,
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USA). Titriplex® IlI for the FACS buffer was obtained from Merck
KGaA (Darmstadt, Germany) and the BD Horizon™ Brilliant Stain
Buffer as well as the Human BD Fc Block™ from BD Biosciences.
The THP-1 cell line (ACC 16) and the HepG2 cell line (ACC 180)
were purchased from the Deutsche Sammlung von Mikroorgan-
ismen und Zellkulturen GmbH (DSMZ) (Braunschweig, Germany).
The Falcon Cell Culture Inserts (0.4 wm pore size) and the cor-
responding Falcon™ Companion Plates for Cell Culture Inserts
and Transwell® Permeable Supports (3 wm pore size) incl. corre-
sponding Corning® Costar® cell culture plates were purchased from
Corning Life Sciences (Amsterdam, The Netherlands) in the 12-well
format. 48-Well plates were obtained from Sigma.

2.2. Selection, classification and pharmacokinetic properties of
iDILI drugs

Drugs with the potential to induce the severe idiosyncratic form
of DILI were selected by literature research. For the establishment
and a first validation of our in vitro model four iDILI drugs, namely
Troglitazone (TGZ), Trovafloxacin (TVX), Diclofenac (DcL) and Keto-
conazole (KC) were investigated. Non-iDILI partner compounds of
the corresponding iDILI drug were used as ‘control’ drugs for the
comparison of a treatment that leads to iDILI with a treatment
that lacks the potential to induce the idiosyncratic form of DILI.
The selected non-iDILI partner compounds belong to the same
substance class as its corresponding iDILI drug and show, when-
ever possible, a similar chemical structure, to exclude a substance
class-specific effect. The four non-iDILI partner compounds were
Rosiglitazone (RGZ), Levofloxacin (LVX), Acetylsalicylic acid (ASS)
and Fluconazole (FC).

The selected compounds and their non-iDILI partner com-
pounds, some of which induce DILI but not the idiosyncratic form,
were classified according to two classification models (Table 1).
Firstly, Chenetal. [34] (Table 1(a)) developed a classification model
that utilizes FDA-approved labels and the severity of the DILI reac-
tion to subdivide drugs into three LTKB classes: most, less or no
DILI concern. Secondly, according to Xu et al. [33] (Table 1(b)) a
drug was considered as DILI positive if it was either withdrawn,
not marketed in the US, received a Black Box Warning (BBW) or
Warnings and Precautions (WP) or had a significant number (>10)
of clinical reports of serious hepatotoxicity that meet the criteria
of Hy’s Law [36], while DILI negative drugs do not meet any of the
above-mentioned criteria. According to both classification models,
all selected iDILI compounds are classified as DILI positive and are
of most DILI concern. Non-iDILI partner compounds were classified
as DILI negative, except for FC, which was DILI positive and of most
DILI concern.

Table 1

To make sure that the drugs were tested in vitro in a ther-
apeutically relevant dose range, a concentration of 100-fold
the average plasma maximum concentration (Cpax) Was never
exceeded (Table 1) and concentrations of up to 100-fold Cpax
were considered as therapeutically relevant, as previously dis-
cussed by Xu et al. [33] and applied by Cosgrove et al. [22] in their
iDILI study. Crax values were obtained from a list compiled by Xu
et al. [33], based on values obtained in humans at commonly rec-
ommended therapeutic doses, as well as by literature searches.
Non-iDILI partner compounds were dosed in about the same or
higher Cnax-ratio(s) as their corresponding iDILI compound.

2.3. Cell culture and exposure protocol

2.3.1. Permanent culture

The human monocytic cell line THP-1 [37] was grown in
suspension in DMEM medium supplemented with 10% v/v heat-
inactivated (h.i.) FBS and 5 pg/mL gentamycin. Cells were grown
permanently at a concentration of 0.8-1 x 10° cells/mL, which was
crucial because lower cell densities are known to diminish the
responsiveness to PMA [38]. THP-1 cells were sub-cultured three
times a week and were used for a maximum of three months.
The human hepatoma cell line HepG2 [39] was grown in DMEM
medium supplemented with 10% v/v FBS and 5 .g/mL gentamycin.
HepG2 cells were sub-cultured twice a week, using 0.05% EDTA in
PBS before trypsinization to ensure cell dissociation and homoge-
neous cell seedings. Cells were used at passages 8-28.

2.3.2. THP-1 differentiation

Differentiation of THP-1 cells into their mature macrophage-like
state was induced by exposing THP-1 monocytes to 50 nM PMA in
growth medium for 72 h and an additional resting phase in PMA-
free growth medium for another 24 h to enhance the differentiation
status of the cells [40]. Thereafter up to 99% of the cells became
adherent and showed typical macrophage-like morphology. At this
stage, cells were used for co-culture experiments or FACS measure-
ments. For additional information on the differentiation protocol
and the PMA-concentration selection see Supplementary Methods
1.

2.3.3. Monocultures

For the treatment of monocultures, for the preparation of
dose-response curves or for the comparison with the co-cultures,
7.5 x 10° HepG2 cells in 1.5 mL cell culture medium were seeded
into 12-well plates from Corning” Costar® or Falcon™. After 24 h,
cells reached 95-100% confluency and were ready for exposure. For
the dose-response curves, 3 x 10° (drugs, LPS)or 5 x 10° (TNF) THP-

Detailed information on the reference substances used in this study. Listed are the iDILI drugs with their corresponding non-iDILI partner compound from the same substance
class. Cmax values were taken from Xu et al. [33] if not stated otherwise. WDN = Withdrawn; BBW = Black Box Warning; WP = Warnings and Precautions; N/Av = Not available.

DILI classification

Substance class Drug iDILI/non-iDILI FDA status™ (a) (b) Crmax (jug/mL) 100 X Crax (M) Used conc. (WM)
Thiazolidine-dione TGZ iDILI WDN Most DILI-concern positive 2.82 639 32 (5%Cmax)

RGZ Non-iDILI WP N/Av negative 0.37 104 32 (31XCnax)
Fluoro-quinolone TVX iDILI WDN Most DILI-concern positive 2.09 408 25 (6XCrmax)

LVX Non-iDILI WP N/Av negative 5.70 1577 25 (2xCrax)
NSAID DcL iDILI WP Most DILI-concern positive 2.37 744 125 (17XCnax)

ASS Non-iDILI N/Av N/Av negative 1.00 552 125 (23xCax)
Imidazole KC iDILI BBW Most DILI-concern N/Av 4.22%* 794 20 (2xCmax)

FC Non-iDILI WP Most DILI-concern positive 2.70 882 20 (2xCmax)

ALTKB class (Liver Toxicity Knowledge Base; developed by FDA) was taken from Chen et al. [34].
YDILI classification according to Xu et al. [33]; drugs are classified as positive or negative for DILL
*FDA-approved labels were taken from DailyMed (http://dailymed.nlm.nih.gov/dailymed/index.cfm).

**Cmax value was taken from Huang et al. [35].
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(a) Co-culture with THP-1 monocytes

Porous membrane (3 um) HepG2

(b) Co-culture with THP-1 macrophages

Porous membrane (0.4 pm) HepG2

Fig. 1. Schematic construction of the two in vitro co-culture liver inflammation models combining human hepatoma (HepG2) cells with human (a) monocytic or (b)
macrophage-like (THP-1) cells. The cells are separated by a porous membrane (0.4 or 3 wm pore size) at a 1 mm distance.

1 monocytes were seeded and exposed simultaneously in 0.5 mL in
48-well plates. For the same purpose, 7.5 x 10* THP-1 macrophages
were exposed in the membrane-insert system in a final volume
of 2.0mL. For each exposure to drugs and/or pro-inflammatory
factors in mono- as well as co-cultures, the medium was sub-
stituted by a protein-reduced exposure medium (DMEM + 2% h.i.
FBS + 5 g/mL gentamycin), resembling a more physiologically rel-
evant test environment, as the albumin concentration in human
blood is approximately 2% [41]. Exposure medium contained the
indicated concentrations of the drug and/or the pro-inflammatory
factor or vehicle.

2.3.4. Co-culture

For co-cultures, HepG2 cells were seeded into the lower com-
partment of the membrane-insert systems (12-well) at a density
of 7.5x10° one day before the co-culture system was estab-
lished and the exposure was planned. THP-1 differentiation was
started 4d (72h+24h) before. At the day of exposure, adher-
ent THP-1 macrophages (7.5 x 10* cells) on the membrane in the
Falcon-insert or THP-1 monocytes in suspension (3 x 10° cells for
co-cultures without additional stimulation of the cells and co-
exposure to LPS or 5 x 10° cells for co-cultures with co-exposure
to TNF) were transferred into the Transwell® Permeable Supports
(membrane with a 3 wm pore size) and were added to the HepG2
cells (Fig. 1aand b). Cells were thereby separated by a porous mem-
brane, which allowed the exchange of e.g. secretion products. In the
upper compartment, the insert, 0.5 mL exposure medium and in the
lower compartment 1.5 mL exposure medium were present (final
volume: 2.0 mL). The ratio of THP-1 macrophages to HepG2 cells
was therefore 1:10, which perfectly correlates with the Kupffer cell
(liver resident macrophage) content of about 10% in the human liver
[42]. THP-1 monocytes represented a greater part (29-40% of all
cells in the system) in our model, which reflects the high influx of
monocytes into the liver during liver injury and inflammation [43].
The effect of the immune cells themselves on the HepG2 cell via-
bility was evaluated to further characterize our co-culture model
systems (see Supplementary Results 1).

2.4. Cytotoxicity

To prepare stock solutions, all drugs were dissolved in DMSO
except for DcL, which was dissolved in PBS. LPS was reconstituted
in non-supplemented DMEM and TNF in aqua dest. Stock con-
centrations were 30 mg/mL for TGZ and RGZ, 50 and 36 mg/mL
for TVX and LVX, 9 and 40 mg/mL for DcL and ASS as well as 20
and 33 mg/mL for KC and FC. The LPS stock concentration was
1 mg/mL and that of TNF 100 ng/mL. Aliquots of the stocks were
stored at —20°C until use. The maximal final DMSO concentra-
tion was 0.56% for the preparation of the dose-response curves
and 0.056% for the co-culture experiments. Cells were treated with
the indicated drug concentrations in single culture or co-culture
as previously described. Drug concentrations for the co-culture

experiments were selected based on the criteria that they were
high enough to induce a moderate drug-only toxicity of about 20%
(=EC80, the concentration at which 80% of the cells are still viable)
in the HepG2 cells and simultaneously did not lead to a total loss
of the viability of the more sensitive THP-1 cells. In addition, a pos-
sible masking of effects, when choosing too high concentrations,
was also taken into account. The criteria were fulfilled by all drugs
except for DcL, which showed no cytotoxicity in HepG2 cells at
the used concentration. Non-iDILI partner compounds were dosed
at the same concentration that was selected for the corresponding
iDILI compounds. For all experiments in which a co-exposure with a
pro-inflammatory factor was conducted, non-toxic concentrations
of 1 wg/mL LPS and 10 ng/mL TNF were used. Cells were treated for
the indicated times, but not longer than for 48 h.

As a measure of viability, the metabolic activity of HepG2
cells was examined by using the WST-1 assay according to the
manufacturer’s protocol. Briefly, inserts with THP-1 monocytes or
macrophages as well as the exposure medium were removed and
the remaining HepG2 cells on the bottom of the plate were incu-
bated with 10% of the tetrazolium salt in fresh exposure medium
for 30 min at 37 °C. The formed water-soluble formazan was mea-
sured with the SpectraMax 340 PC (Molecular Devices, CA, US) at
450 nm. Two to three biological replicates from the same 12-well
plate were measured with three technical replicates per biological
replicate.

2.5. Flow cytometry

Flow cytometric measurements were performed using a ten
color, three laser Navios™ 10/3 flow cytometer (Beckman Coul-
ter GmbH, Krefeld, Germany). THP-1 monocytes in suspension
were collected by centrifugation (800 rpm, 5 min, 4 °C), while PMA-
differentiated adherent THP-1 macrophages were collected by
detaching them gently by a 5 min incubation with accutase solu-
tion, thereby leaving the cell surface proteins intact. After being
washed in ice-cold PBS, 3-6 x 10° cells were dissolved in FACS
buffer (PBS supplemented with 2 mM Titriplex® Il and 5% h.i. FBS)
and centrifuged (400g, 5 min, 4 °C). Cell pellets were resuspended in
100 L Horizon™ Brilliant Stain Buffer with Human BD Fc Block™
in order to minimize non-specific binding of immunoglobulins to
Fc receptors and incubated for 10 min at 4°C. Thereafter, the cor-
responding amount of antibody was added (20 p.L for EpCAM-FITC
and CD32-PE; 10 p.L for CD14-APC and CD11b-APC; 5 pL for CD45-
BV510; volumes per 1x 10% cells) and the cell suspension was
incubated for another 20 min at 4°C. After adding 1 mL of FACS
buffer to the stained cell suspension, cells were washed by cen-
trifugation at 400g for 5 min at 4 °C. Subsequently, cells were fixed
in FACS buffer containing 10% fixative for 15 min at RT. Thereafter,
the pelleted cells (400g, 5min, 4°C) were resuspended in 0.5 mL
FACS buffer and 100,000 events were recorded. Additionally sin-
gle stained compensation controls and isotype controls for each
conjugated antibody were measured simultaneously. All data were
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Fig. 2. Dose-dependent cytotoxicity of four iDILI drugs. HepG2 cells and THP-1 monocytes were exposed to increasing concentrations of the respective drug (A=TGZ; B=TVX;
C=DcL; D=KC) or the vehicle for 24 h. DMSO concentration never exceeded 0.56%. Thereafter, the metabolic activity of the cells was assessed by performing the WST-1 assay.
Data are expressed as% of vehicle control activity and are depicted in an overlay for better comparison. Red lines indicate the concentrations at which a moderate toxicity
of 20% (EC80) was observed; blue lines indicate the viability of each cell type at the concentration used for the co-culture experiments. All data (n=3-4) are presented as
mean + SD. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

analyzed using the Kaluza® Flow Analysis Software (Beckman Coul-
ter GmbH, Krefeld, Germany).

2.6. Statistics

All experiments were repeated at least three times and all data
were recorded as mean =4 SD. Statistical analyses were performed
using Prism 4 software version 4.03 (GraphPad Software Inc., CA,
USA). The statistical tests used to evaluate the results of each exper-
iment are mentioned in the figure legends. When comparing three
or more groups, one-way ANOVA was performed with Tukey’s post
hoc analysis to compare pairs of group means. In order to compare
the mono- with the co-cultures under the different experimental
conditions, a two-way ANOVA followed by the Bonferroni post hoc
test was performed. When using unpaired two-tailed Student’s t
test, a parallel performed F-test was used to decide whether the
test had to be repeated on the basis of Welch’s correlation. This
was the case when variances of the groups were tested as being
not equal. A p-value of <0.05 was considered significant.

3. Results

3.1. Concentration selection of iDILI drugs for optimal dosage in
co-culture experiments

During the development of the present in vitro model system
for the prediction of inflammation-associated iDILI, in which we
co-exposed human HepG2 cells to known iDILI drugs or their cor-

responding non-iDILI partner compound and immune cells and/or
pro-inflammatory factors, it became clear that the concentration
selection of the iDILI drug was crucial to obtain clear synergistic
or hormetic effects. It was assumed that at least HepG2 cells had
to exhibit a modest drug-only cytotoxicity of about 20% (EC80) to
obtain clear-cut effects (data not shown). This preceding damage
seemed to be necessary to elicit a decrease of the threshold for
hepatotoxicity. The dose-response relationship of the four iDILI
drugs was recorded in HepG2 cells and THP-1 monocytes and
depicted in an overlay for better comparison (Fig. 2). It was further
assumed that THP-1 macrophages are as sensitive or even more
sensitive as THP-1 monocytes to iDILI drugs, so that no additional
dose-response curves were obtained for this cell type, and this
assumption was taken into account for the concentration selection.

Single cell types were treated with increasing concentrations of
the respective iDILI drug for 24 h and cytotoxicity was measured
by using the WST-1 assay (Fig. 2). The evaluation of the EC50 val-
ues revealed clear discrepancies of cytotoxicity profiles between
both cell types for all iDILI drugs, except for TGZ. Generally, THP-1
cells respond more sensitively to the drugs than HepG2 cells. Con-
sequently, for the concentration selection compromises had to be
made, in most cases to the detriment of the viability of the THP-1
cells (compare Table 2). The concentration selection for DcL and KC
especially appeared to be more difficult. For both drugs, the EC80
values in HepG2 cells, which are crucial as previously mentioned,
were far apart from the THP-1 EC80 values. Therefore, the highest
possible concentrations that induced a cytotoxic effect in HepG2
cells and did not decrease the THP-1 viability by more than 70-80%
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Table 2

EC50 and EC80 values for HepG2 cells and THP-1 monocytes. The third row per drug
depicts the viability of the respective cell type after a 24 h exposure to the indicated
concentration of the iDILI drug, expressed as% of the vehicle control activity.

Drug Concentration THP-1 HepG2
TGZ EC50 42 pM 40 pM
EC80 27 puM 34 M
Used conc. (32 M) ~70% ~85%
TVX EC50 60 uM 370 pM
EC80 23 uM 100 uM
Used conc. (25 wM) ~76% ~92%
DcL EC50 76 uM 775 pM
EC80 30 M 604 uM
Used conc. (125 pM) ~30% ~100%
KC EC50 12 uM 24 uM
EC80 7 M 18 uM
Used conc. (20 wM) ~20% ~80%

200 -
150

100

xmeans

50 1

EpCAM CD45 CD32 CD11b CD14

Il THP-1 monocytes
[ THP-1 macrophages - flask
iz THP-1 macrophages - membrane

Fig. 3. Cell surface marker expression in THP-1 monocytes and macrophages.
Expression levels of the marker proteins were examined by flow cytometry and are
depicted as Xmeans, the averaged and weighted logarithm of the fluorescence inten-
sity. All data (n=3) are presented as mean + SD. Statistical analysis was performed
using a one-way ANOVA and the Tukey post hoc test. * indicates the significance in
comparison to monocytes. p<0.05*; p<0.01**; p<0.001***.

after 24 h exposure had to be chosen. Only then one can assume that
THP-1 cells remained functional during exposure. The metabolic
activity of HepG2 cells was not affected by the selected DcL con-
centration. However, HepG2 cells showed morphological changes
(Supplementary Fig. 1), which indicated that liver cells were dam-
aged to a certain extent. The selected concentrations (TGZ, 32 wM;
TVX, 25 wM; DcL, 125 wM; KC, 20 uM), all of which led to a mod-
est cytotoxicity in the HepG2 cells, were used in all subsequent
experiments. Non-iDILI partner compounds were used at the same
concentrations at which their corresponding iDILI drug was tested.
The tested concentrations did not show any cytotoxicity in both
cell lines except for RGZ in THP-1 monocytes, which caused a minor
viability loss of 10% (Supplementary Fig. 2).

3.2. Verification of the immune cell functionality and
concentration selection of pro-inflammatory factors for the
optimal cell stimulation

To verify the differentiation status of the cells and to check
whether THP-1 macrophages, which differentiated on the insert
membranes, showed the same quality as cells differentiated in nor-
mal cell culture flasks, the expression of differential cell surface
markers in THP-1 macrophages and monocytes was analyzed by
flow cytometry (Fig. 3). Besides typical monocytic and macrophage
markers, we also tested the cells regarding the expression of the

epithelial surface marker EpCAM to make sure that the used immor-
talized THP-1 cell line had not transformed. EpCAM expression was
not detected in THP-1 monocytes and macrophages. CD45, a sur-
face marker present in almost all haematolymphoid cells including
monocytes and macrophages, was detected in both cell types. PMA-
differentiated THP-1 cells showed a significant higher expression of
CD45 than THP-1 monocytes. Moreover, a significant up-regulation
of the macrophage-markers CD14 and CD11b was observed in
THP-1 macrophages, while the monocyte-marker CD32 was down-
regulated. No significant differences between THP-1 macrophages
differentiated and cultured on the membranes and in the cell cul-
ture flasks were observed.

The concentrations of LPS and TNF used for the co-exposure
experiments in mono- or co-cultures were derived from initial dose
titration studies performed in single cultures of the three cell types.
Concentrations of 1 ug/mL and 10 ng/mL were chosen in the case of
LPS and TNF, respectively. The concentrations induced a stable pro-
inflammatory state in the cells, were located in the linear increasing
segment of the stimulation curves, so that a further stimulation via
a drug or DAMPs will not be masked, and reflect the levels humans
are exposed to during inflammation [44,45]. For more detail see
Supplementary Results 2.

3.3. AlliDILI drugs, but not their non-iDILI partner compounds,
show immune cell- and/or pro-inflammatory factor-dependent
synergistic or hormetic effects, each of them in at least two
exposure scenarios

To determine whether the exclusive addition of immune cells or
anadditionally induced acute inflammatory stress might render liv-
ers cells more sensitive to iDILI drugs, we exposed (i) HepG2 single
cultures, (ii) co-cultures of HepG2 cells with THP-1 monocytes and
(iii) co-cultures of HepG2 cells with THP-1 macrophages to a total of
four iDILI/non-iDILI partner compounds and co-exposed them with
or without a pro-inflammatory factor (LPS, TNF). Hence, each drug
was examined on the basis of nine different exposure scenarios.
After the respective exposure period, the viability of the HepG2 cells
was assessed. The monoculture of HepG2 cells was always tested
in parallel as a control scenario and to examine whether the pro-
inflammatory factor alone could induce synergistic effects. In case
that the iDILI drug showed no synergetic or hormetic effect in one
of exposure scenarios, the corresponding non-iDILI drug was not
tested in this particular exposure scenario because a comparison
was not needed. All results are listed as an overview in Table 3.

To determine whether the presence of immune cells alone is suf-
ficient to sensitize liver cells to known iDILI drugs, HepG2 cells were
co-cultured with 3-5 x 10°> THP-1 monocytes and treated with the
iDILI/non-iDILI drugs for 24 h or 48 h (Fig. 4). The exposure of the co-
cultures to TGZ led to a significant decrease in HepG2 viability when
compared to the moderate toxic effect of TGZ in HepG2 monocul-
tures after 24 h. Importantly, this synergistic effect was enhanced
at higher THP-1 cell numbers, but was not further increased after
a 48 h exposure. RGZ at the same concentration did not cause any
significant cell death after 24 h and only negligible effects in the
co-culture with 5 x 10° THP-1 monocytes (Fig. 4A). A significant
increase in metabolic activity, the so-called hormesis Mattson et al.,
2008, was observed in co-cultures treated with DcL and KC if com-
pared to the treated HepG2 monocultures. This effect was also
enhanced by higher numbers of immune cells. Furthermore, the
increased cytotoxicity of both drugs seen in the HepG2 monocul-
tures after a prolonged exposure of 48 h, was even compensated
by the immune cells in the co-culture, reaching activity levels that
were seen in HepG2 single cultures after only 24 h exposure. In both
cases, THP-1 monocytes seemed to act protective against drug-only
toxicities. The non-iDILI partner compounds ASS and FC at the same
concentrations did not induce comparable effects and showed via-



A. Granitzny et al. / Toxicology Reports 4 (2017) 89-103 95

Table 3

Mono- and co-culture experiments of HepG2 cells with human (a) monocytic or (b) macrophage-like (THP-1) cells. Cells were exposed to known iDILI substances and their
corresponding non-iDILI partner compound. Results are based on the assessment of the viability of the HepG2 cells after 24 h or 48 h exposure to 32 WM TGZ/RGZ, 25 uM
TVX/LVX, 125 uM DcL/ASS or 20 M KC/FC with or without a co-exposure to a pro-inflammatory stimulus (LPS, 1 wg/mL, or TNF, 10 ng/mL) compared to the vehicle control.
Green check marks (/) indicate synergistic effects (increased cytotoxicity) between the drug and the co-cultured cells and/or the pro-inflammatory factor; Violet arrows
() indicate an increased metabolic activity of the HepG2 cells; Black crosses (X) indicate no effect and (./.) indicates not performed experiments. Each experiment was
performed at least three times. Evaluation of the significance of the effects was performed using a two-way ANOVA and the Bonferroni post hoc test or a one-way ANOVA
and the Tukey post hoc test (see single graphs per experiment for significance levels). Mono = Monoculture of HepG2; Co = Co-culture of HepG2 with the indicated THP-1 cell

type.

(a) Co-culture with THP-1 monocytes
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Fig. 4. Identification of immune cell-dependent synergistic effects of iDILI drugs on HepG2 cell viability without further stimulation of the immune cells. Mono- and co-
cultures of HepG2 cells with different numbers of THP-1 monocytes were exposed to (A) 32 wM TGZ/RGZ, (B) 25 wM TVX/LVX, (C) 125 M DcL/ASS and (D) 20 wM KC/FC or
the respective vehicle control for 24 h or 48 h. Thereafter, the metabolic activity of the HepG2 cells was assessed as a viability parameter. All data (n=3-9) are presented
as% of the vehicle control activity and mean & SD. The statistical analysis was performed using a one-way ANOVA and the Tukey post hoc test or Student’s t test (unpaired,
two-tailed). * indicates the level of significance when compared to the HepG2 monoculture at the corresponding point in time and for the corresponding drug. # indicates
the level of significance when compared to the 24 h value for the corresponding drug. p<0.05*/#; p<0.01**/##; p<0.001***/###_
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bilities at the control levels (Fig. 4C&D). The iDILI drug TVX did not
show any clear synergistic or hormetic effects, except for a slight
but significant increase in metabolic activity after 48 h exposure.
LVX, as in the case of all other non-iDILI partner compounds, did
not induce considerable effects (Fig. 4B).

The co-exposure of each iDILI drug with the pro-inflammatory
factor TNF for 24h resulted in a significant synergistic effect
by inducing enhanced cellular death in the HepG2 monoculture
(Fig. 5A1-D1), while the corresponding non-iDILI partner com-
pounds showed no effect (Fig. 5A2-D2). These synergistic effects
were not intensified by the addition of THP-1 monocytes. In con-
trast, the enhanced toxicity of DcL and KC was compensated in the
co-culture system. TNF exposure in the co-culture system alone had
a slight but significant detrimental effect on HepG2 cells, thereby
inducing a moderate preceding damage. Synergies observed in the
case of TVX and DcL were stronger than in the case of TGZ and KC.

The co-exposure with LPS identified two out of four iDILI drugs
(TVX and KC) that induced a significantly enhanced cell death in
HepG2 cells after 48 h treatment (Fig. 6B1&D1). While TVX showed
a synergy in the HepG2 monoculture, which was not intensified by
immune cells, KC showed a synergy only in the presence of both, the
immune cells and the pro-inflammatory factor. The corresponding
non-iDILI partner compounds LVX and FC did not show any relevant
effects. In the co-culture system LPS alone only affected HepG2 cell
viability to a minor extent without reaching significance.

To determine whether the use of the more mature THP-
1 macrophages could be advantageous in the prediction of
inflammation-associated iDILI, we examined the effect of a co-
exposure of the iDILI drugs with LPS when co-culturing HepG2
cells with 7.5 x 10* THP-1 macrophages (Fig. 7). In this setting,
the cell number of THP-1 macrophages was about one quarter the
cell number used for the co-cultures with THP-1 monocytes, but
resembles the optimal macrophage to hepatocyte ratio. Despite
the small cell numbers, all tested iDILI drugs showed the same
immune cell-dependent effects that were seen in the co-culture
experiments with the THP-1 monocytes (synergy for TGZ, horme-
sis for DcL and KC). Most importantly, two iDILI drugs, namely
TVX and DcL, showed synergistic effects in the presence of the
THP-1 macrophages as well as the pro-inflammatory factor LPS. No
synergies were observed when one of the conditions was missing
(Fig. 7B&C). These two synergies were not observed in the exposure
scenarios with the THP-1 monocytes.

3.4. Each iDILI drug synergizes with TNF in HepG2 monocultures

Our experiments show that all tested iDILI drugs synergized
with TNF in HepG2 monocultures. To verify these TNF-dependent
synergistic effects, we co-exposed HepG2 cells with increasing
concentrations of the corresponding iDILI drug, including concen-
trations that were lower or higher than the single concentrations
used for the co-culture experiments, and TNF. The statistical anal-
yses revealed significant differences between the two treatment
groups (with and without TNF) for all iDILI drugs tested (Fig. 8). Fur-
thermore it was shown, that DcLat a concentration as low as 50 M,
was not able to induce a synergistic effect when co-exposed with
TNF. While the extent of the synergetic effect was relatively consis-
tent with increasing concentrations for three out of the four tested
iDILI drugs, the co-exposure of TVX with TNF produced synergies
that were dose-dependently increased (Fig. 8B). The synergistic
effects of TVX and DcL were again shown to be stronger than those
of TGZ and KC. This observation also correlated with alterations in
the morphology of the HepG2 cell cultures that were exposed to
both, TVX or DcL and TNF, indicating pronounced hepatocellular
injury (Supplementary Fig. 1).

4. Discussion

Due to its low predictability idiosyncratic drug-induced liver
injury (iDILI) represents not only a major issue for the pharmaceu-
tical industry but also for the broad population, which is exposed
to drugs with severe side effects. Unfortunately, up to now, no
valid liver models that are able to predict those rare side effects
in the preclinical screening procedure are available. Based on a
study by Edling et al. [25] reporting that co-cultures of human
hepatoma cells and monocytes might be a better system to pre-
dict the cytotoxicity mediated by potential hepatotoxins and recent
studies indicating that inflammatory episodes, immune cells and of
these secreted factors are involved in the development of iDILI (e.g.,
[11,46,22], we established and evaluated an immune competent
human in vitro hepatocyte-NPC co-culture model system between
human HepG2 and monocytic or macrophage-like THP-1 cells for
the prediction of inflammation-associated iDILI.

Our co-culture model was established on the basis of the human
HepG2 cell line and offers the advantage that it does not rely on
the use of human primary hepatocytes, which although being the
‘gold standard’ for the prediction of hepatotoxicity, are only avail-
able to alimited extent and show strong donor-to-donor variations.
Although HepG2 cells are known to exhibit only little metabolic
competence and hence an immune response to protein adducts
withreactive drug metabolites cannot be depicted in this co-culture
model, we were mainly interested in the effects of the parent com-
pound on the different cell types itself. In this regard we aimed to
investigate whether the parent compound can induce an immune
cell-mediated response that is damaging to the liver cells or can
act on the liver cells during an existing inflammation in such way,
that the liver cells are rendered sensitive to e.g. cytotoxic cytokines
released from the immune cells as then shown by a loss of viability
of the liver cells. Other working groups showed that all used iDILI
drugs in this study are able to influence intracellular signaling path-
ways (e.g. JNK- and Nf-kB-activation) in HepG2 cells [47,48,24,23],
which might influence the response of liver cells to inflammatory
secretion products. In addition, Gerets et al. [49] found out that a
high metabolic capacity in liver cell lines does not necessarily cor-
relate with a high sensitivity for the detection of hepatotoxic drugs.
Moreover, human primary hepatocytes can only be obtained by a
complicated procedure including an enzymatic digestion, which
can alter the cellular phenotype [50]. This is also the case for pri-
mary liver macrophages (Kupffer cells), which, due to the tissue
disintegration, can release damage-associated molecular patterns
(DAMPs), which may induce a DAMP-induced activation of the iso-
lated cells [51]. Although we wanted to achieve a pro-inflammatory
environment in our co-culture model, it is crucial that the immune
cells are not in a pronounced inflammatory status, which may
mask the effect of a weak stimulus from e.g. a drug. Our differ-
entiation protocol for THP-1 cells on membrane-inserts resulted
in macrophages with an only moderate basal inflammatory state,
but showed a strong inflammatory response to the endotoxin LPS,
a pathogen-associated molecular pattern (PAMP), and to the pro-
inflammatory cytokine TNF, a DAMP. The differentiated state of the
THP-1 macrophages was confirmed by their distinct surface marker
expression and we were able to show, that in spite of the differ-
ent culture conditions of macrophages in a cell culture flask and
on membranes, there are no significant differences regarding the
differentiation status between macrophages differentiated and cul-
tured in a cell culture flask and those differentiated and cultured
on the used membrane-inserts. Therefore, PMA-differentiated THP-
1 macrophages prepared according to our differentiation protocol
can be used in co-culture without any limitations. Furthermore,
PMA-differentiated THP-1 cells were found to show significant
expression of Toll-like receptors and nucleotide-binding oligomer-
ization domain (NOD)-like receptors for the recognition of both
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Fig. 5. Identification of immune cell and/or TNF-dependent synergistic effects of iDILI drugs on HepG2 cell viability. Mono- and co-cultures of HepG2 cells with THP-1
monocytes were exposed to (A1-2) 32 wM TGZ/RGZ, (B1-2) 25 wM TVX/LVX, (C1-2) 125 wM DcL/ASS or (D1-2) 20 wM KC/FC with or without co-exposure to 10 ng/mL TNF or
the corresponding vehicle control for 24 h. Thereafter, the metabolic activity of the HepG2 cells was assessed by performing the WST-1. All data (n=3-4) are presented as%
of the vehicle control activity and mean =+ SD. The statistical analysis was performed by using a two-way ANOVA and the Bonferroni post hoc test or one-way ANOVA and
the Tukey post hoc test. * indicates the level of significance when compared to the HepG2 monoculture at the corresponding exposure scenario when not stated otherwise.

p<0.05%; p<0.01**; p<0.001***,

PAMPs (e.g. LPS and exogenous stimuli) and DAMPs (e.g. HMGB1,
TNF) [52,53]. The products (e.g., TNF) secreted by PAMP- or DAMP-
activated macrophages are reported to contribute to hepatotoxicity
by acting directly on the hepatocyte to cause cell death or indi-

rectly by activating or recruiting other cells, such as monocytes
and neutrophils [14]. Moreover, monocytes also play an important
role in hepatotoxicity by linking the systemic and local hepatic
compartments during liver injury and mostly generate a more
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intense inflammatory response to danger signals (e.g., DAMPs) than
macrophages do [54,55]. All these responses are considered to
possibly contribute to iDILI and cannot be reproduced in systems

that only focus on the liver cell itself or incorporate incompetent
immune cells.

In general, all tested drug concentrations (TGZ, 32 uM; TVX,
25 uM; DcL, 125 uM; KC, 20 wM) reflect clinically relevant expo-
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sure levels, while not exceeding 100-fold the Cpax. In the present
study, we observed effects at lower exposure concentrations thanin
anumber of previous iDILI reports, thereby indicating that our liver
co-culture models seem to be more sensitive to (i)DILI. Exposure
concentrations used by other working groups were in the range
of 50-500 pM for TGZ [25,56-58], 100-800 M for TVX [59,22,26],
250-450 pM for DcL [60,61,23,20] and >20-75 pM for KC [62,23].

Generally, there are two assumptions related to the inflamma-
tory stress hypothesis: (1) A drug-only hepatotoxicity could be
enhanced by a secondary response of immune cells (resulting in
inflammation) or (2) a drug could increase an otherwise harmless
(already existing) inflammatory stress that hereuponresultsinliver
damage [46,17]. The first trigger requires the release of DAMPs by
the hepatocytes, which in turn affect the immune cell behavior. To
better understand the development of iDILI, it is helpful to have an
experimental model that depicts both mechanisms. In contrast to
studies that only focus on the liver cell itself, we compared both,
the effect on the single liver cell culture and the effect on the co-
culture. Thereby, it was possible to distinguish between the two
above-mentioned triggers.

The first trigger, a (moderate) drug-only hepatotoxicity, was
studied by exposing co-cultures of HepG2 cells and different num-
bers of THP-1 monocytes to the iDILI drugs and by comparing
the effects to those of HepG2 monocultures. No further pro-
inflammatory stimulus was set. Thereby, it was tested whether
the drug alone is able to induce stress signals that can initiate
a secondary (inflammatory) response, which in turn lowers the
threshold for hepatotoxicity and thus leads to a synergistic effect
resulting in cell death. We defined an effect as synergistic if the

drug-only toxicity in the HepG2 monoculture was increased by dif-
ferent circumstances, such as the addition of immune cells. Only
TGZ showed a synergy by the sole addition of monocytes, as previ-
ously described by Edling et al. [25] in a similar cell culture model.
However, we are the first to show that the increased HepG2 cell
death can be enhanced by the addition of higher monocyte num-
bers and is thus clearly immune cell-dependent. Therefore, TGZ
must be able to induce a cytotoxic response by THP-1 monocytes,
generated by a direct interaction or a secondary signal triggered
by the drug-induced liver cell injury and the release of intercellu-
lar DAMPs. Which DAMPs these might be, remains to be elucidated.
Several DAMPs, which can activate immune cells and induce a ‘ster-
ile’inflammation (inflammation in the absence of an infection) [63],
have been suggested to play a role in the development of liver
injury (HSPs, HMGB1, TNF) [64-66]. Kegel et al. [67] confirmed
that components released from hepatocytes due to the treatment
with subtoxic concentrations of hepatotoxic substances can acti-
vate the macrophage/monocytes system. We failed to identify the
cytokine pattern in the co-culture exposed to TGZ, although a
highly sensitive immunoassay (MSD® Multi-Spot Assay System;
V-Plex™) was used (data not shown), so that we cannot deter-
mine if the triggered immune-mediated cytotoxic response of TGZ
is of an inflammatory nature, as assumed. However, gene expres-
sion studies by Edling et al. [25] also indicate the involvement of
inflammation in the initiation of the synergistic effect. Further-
more, our results suggest that the higher the number of activated
immune cells during liver injury is, the more severe the outcome
becomes. Importantly, the non-iDILI partner compound of TGZ,
RGZ, did not show any adverse effects, i.e., our model is able to
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distinguish between an iDILI and a non-iDILI drug. In addition, we
demonstrate, that iDILI drugs not only induce synergistic effects but
also increase the metabolic activity of HepG2 cells. Such increases
might result from a so-called hormesis effect, meaning that the
liver cells are in an activated state trying to compensate damag-
ing processes [68,69]. When compensation fails, cell homeostasis
collapses and leads to cell death. A hormesis is often seen in dose-
response curves at concentrations close to the break-down of cell
health. Such hormetic effects, which were enhanced by increas-
ing the monocyte cell numbers, were shown in the case of DcL
and KC. In these cases, HepG2 cells are more stressed by the iDILI
drug in co-culture than in HepG2 monoculture. Unexpectedly, the
increased drug-only toxicity of DcL and KC was compensated in
the co-culture with THP-1 monocytes after a prolonged exposure of
48 h, thereby indicating a protective effect mediated by the immune
cells. However, this observation is in line with the finding that Kupf-
fer cells, besides their central contribution to liver injury, can also
be protective in many cases, including drug-induced liver injury
[14,53]. For example, Ju et al. [70] described a protective role of
Kupffer cells in acetaminophen-induced hepatotoxicity. ASS and
FC, as non-iDILI partner compounds of DcL and KC, did not show
a hormetic effect, again supporting the high predictability of our
model. TVX was the only drug in which case the sole addition of
immune cells was not sufficient to induce a synergistic or hormetic
effect after 24 h. Therefore, only TVX is not able to produce a stress
signal that was sufficient to initiate a secondary response that in
turn damaged or stressed the liver cells. In total, we show that
three out of four reference iDILI drugs were detected without an
additional pro-inflammatory stimulus, on the basis of the first trig-

ger. The above-mentioned effects were reproducible in co-cultures
with macrophages.

The second trigger, a concurrent inflammatory stress, was inves-
tigated by co-exposing co-cultures of HepG2 and THP-1 monocytes
to the iDILI drugs and non-toxic doses of the pro-inflammatory
stimuli TNF or LPS and comparing the effects to those obtained in
HepG2 monocultures. In summary, all reference iDILI drugs showed
a significant synergistic effect when co-exposing them to TNF in
the HepG2 monoculture for 24 h, while their corresponding non-
iDILI partner compounds did not induce any significant damage
under these conditions. This finding is in line with the results of
a few research groups, which mostly focus on only one iDILI drug
and often do not compare the results to a non-iDILI partner com-
pound. Synergies with TNF in vitro or in vivo were shown for TVX
[24,21], DcL [23,20] and KC [23]. We are the first to show a syn-
ergy in the case of TGZ and TNF as well. Importantly, TVX, which
did not show a synergy when HepG2 cells and THP-1 monocytes
were co-cultured, as well as DcL and KC, which showed a horme-
sis rather than a synergy, needed a concurrent inflammatory stress
in the form of the pro-inflammatory cytokine TNF to elicit a syn-
ergistic effect. Thereby, we demonstrate that TNF seems to be an
important initiator of and contributor to inflammation-associated
iDILI and that the simple co-exposure of a drug candidate with TNF
might be sufficient to predict iDILI with a great probability in the
early preclinical screenings. The verification of the TNF-dependent
synergistic effects of all four iDILI drugs on HepG2 viability by not
only exposing HepG2 monocultures to a single concentration, but to
increasing concentrations of the respective drug, confirmed the rel-
evance of TNF to predict inflammation-associated iDILI. There were
significant differences between the two treatment groups (with and
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without TNF) for each substance. In addition, recent studies sug-
gest that also iDILI reactions are dose-dependent, because drugs
at doses lower than 50 mg per day are very rarely associated with
iDILI [71] and a plasma Cypax total > 1 WM showed a good correlation
with an increased likelihood of (i)DILI [72]. Our data support this
hypothesis by showing that the onset of a synergy by DcL, in which
case doses >50 uM were necessary to elicit enhanced toxicities,
is dose-dependent. It is likely that in the case of the other three
iDILI drugs lower concentrations than those we looked at would
also not be able to induce a synergy. The synergistic effect of all
four drugs was not intensified in the co-culture system with THP-1
monocytes. It is possible that the TNF-stimulated monocytes were
not able to secrete significantly more TNF that would add to the
already existing TNF-concentration (10 ng/mL), and thereby could
not further contribute to the synergistic effect. Generally, one might
suppose that it is logical that the non-iDILI drugs show no effects
when co-exposed to TNF or immune cells, because they were tested
at concentrations that were non-toxic for the HepG2 cells. This
assumption, however, can be refuted by the example of DcL, which
was also tested at a non-toxic dose and showed clear synergistic
effects.

Synergies when co-exposed to LPS were found in the case of two
of the tested iDILI drugs (TVX and KC) after a pro-longed exposure of
48 h, while their corresponding non-iDILI partner compounds from
the same substance class (LVX and FC) did not show any effects. In
the case of TVX, the stimulus LPS was able to generate an environ-
ment that induces a synergy in the basic HepG2 monoculture. An
explanation for this observation might be the induction of TNF via
the LPS-stimulation of the HepG2 cells, which express the required
receptor TLR4 [73], albeit only to a limited extent. Potentially, the
secreted TNF can induce a synergy in the same way as it does in
the co-exposure scenario. However, this enhanced toxicity was not
further augmented by the monocytes in the co-culture system. In
contrast to TVX, the synergy in the case of KC was only observed
in the presence of both, the pro-inflammatory factor LPS and the
monocytes. In this case, not only the pro-inflammatory stimulus
was sufficient to induce a synergy but the LPS-activated mono-
cytes seem to set up the required environment that enables the
detection of the iDILI drug via a synergy. Under the same condi-
tions and only under these (both, co-culture with immune cells and
co-exposure to the pro-inflammatory stimulus LPS), a synergistic
effect was observed in co-cultures with macrophages after only a
24 h exposure to TVX or DcL. Hence, also in these two cases, the
immune cells are necessary to enhance the inflammatory stress on
the liver cells and to provide a pro-inflammatory environment that
leads to the development of an iDILI reaction. In the scientific liter-
ature, synergies with LPS in vitro or in vivo were reported for TVX
(e.g.,[18,26]),DcL[20] and KC [60]. However, this was only possible
in much more complex models, such as animal, primary co-culture
or ex vivo models. We demonstrate that these findings are repro-
ducible in a much more simple and feasible model. Interestingly,
most research groups that reported a synergistic effect with LPS in
their corresponding model, showed that the synergistic effect was
always accompanied by an elevated TNF level [18,60,20,26]. Taken
together, these results point out to the pro-inflammatory factor TNF
as an initiator for inflammation-associated iDILIL

Healthy hepatocytes as well as HepG2 cells are normally resis-
tant to TNF-induced toxicity [74], so that one can assume that
the hepatotoxicants sensitize hepatocytes to TNF-mediated cell
death by disturbing intracellular biochemical processes and induc-
ing various stress signaling or toxicity pathways. It is likely that the
induction of perturbing signaling pathways, albeit to a small extent,
might lead to an interaction and a crosstalk with the TNF signaling
pathway, thereby resulting in a severe outcome like cell death. To
date it is unclear, which and how drug-induced toxicity pathways
crosstalk and affect the TNF signaling cascade, rendering it toxic

to hepatocytes in (i)DILL Fredriksson et al. [23] carried out pio-
neering work in this research field by showing, that drug-induced
PERK/ATF4/CHOP-dependent ER stress/UPR program and oxida-
tive stress independently sensitize hepatocytes to TNF-mediated
hepatotoxicity by enhancing the activation of the apoptotic signal-
ing downstream of the TNF-R1 receptor. Thus, the elucidation of
the “toxic” crosstalk between cytokine- and drug-induced stress-
related signaling pathways is a promising approach that would
enhance our understanding of this type of iDILIL

5. Conclusion

In conclusion, we developed a promising in vitro test sys-
tem, based on the use of simple and convenient mono- and
co-culture models of immortalized liver and immune cell lines
for the detection of drugs that have the potential to induce
inflammation-associated iDILI. With our different exposure scenar-
ios, which mimic distinct in vivo conditions like a drug exposure
in an inflammatory environment during infection or a ‘sterile’
inflammation, it was possible to detect the selected reference iDILI
drugs in a minimum of two exposure scenarios. Furthermore, our
results support the inflammatory stress hypothesis and point to
an involvement of pro-inflammatory factors, especially the pro-
inflammatory cytokine TNF, in the development of iDILL
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