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ABSTRACT

We have developed an animal model of amodiaquine-induced liver injury that has characteristics very similar to
idiosyncratic drug-induced liver injury (IDILI) in humans by impairing immune tolerance using a PD1~/~ mouse and
cotreatment with anti-CTLA-4. In order to test the usefulness of this model as a general model for human IDILI risk, pairs of
drugs with similar structures were tested, one of which is associated with a relatively high risk of IDILI and the other not.
One such pair is troglitazone and pioglitazone; troglitazone has caused fatal cases of IDILI while pioglitazone is quite safe.
Another pair is tolcapone and entacapone; tolcapone can cause serious IDILI; in contrast, although entacapone has been
reported to cause liver injury, it is relatively safe. PD1~/~ mice treated with anti-CTLA-4 and troglitazone or tolcapone
displayed liver injury as determined by ALT levels and histology, while pioglitazone and entacapone showed less signs of
liver injury. One possible mechanism by which drugs could induce an immune response leading to IDILI is by causing the
release of danger-associated molecular pattern molecules that activate inflammasomes. We found that the supernatants
from incubations of troglitazone, tolcapone, or entacapone with hepatocytes were also able to activate inflammasomes in
macrophages, while the supernatant from pioglitazone incubations did not. These results are consistent with an immune
mechanism for troglitazone- and tolcapone-induced IDILI and add to the evidence that this may be a general model for

IDILL
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drug reactions; immunotoxicology; liver; systems toxicology.

Idiosyncratic drug-induced liver injury (IDILI) remains a signifi-
cant issue in healthcare and drug development (Regev, 2014).
Identifying IDILI risk early on in drug development is critical to
minimize human exposure to drugs that cause liver injury and
to reduce the cost and time involved in drug development. It is
unlikely that specific biomarkers will be discovered without a
better mechanistic understanding of IDILI. Valid animal models
of IDILI would make controlled mechanistic experiments

possible, but idiosyncratic reactions are also idiosyncratic in
animals (Ng et al., 2012). Unfortunately, until recently animal
models of IDILI had characteristics very different from the char-
acteristics of IDILI in humans; therefore, the mechanisms are
presumably different. Specifically, the toxicity was acute rather
than delayed in onset, and it usually required concentrations of
the drug much higher than therapeutic concentrations. The
inflammagen model sought to induce an immune response to
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drugs by cotreatment with lipopolysaccharide (LPS). However,
the injury occurred within hours, and the histology was similar
to that of injury caused by higher doses of LPS rather than typi-
cal of IDILI (Luyendyk et al., 2003). Our attempts to develop ani-
mal models similar to IDILI in humans by activating the
immune system with agents such as LPS have failed, and this is
consistent with the clinical observation that inflammatory con-
ditions such as ulcerative colitis do not appear to increase the
risk of IDILIL.

The dominant immune response in the liver is immune tol-
erance, and most IDILI in humans resolves despite continued
treatment with the drug. This suggests that the resolution of in-
jury involves immune tolerance. Based on this hypothesis new
strategies were used to develop animal models of IDILL In one
case immune tolerance was impaired with an antibody to de-
plete myeloid-derived suppressor cells (MDSCs). Combined with
2 exposures to halothane, this produced liver injury similar to
the injury in patients who had been anesthetized with halo-
thane on multiple occasions (Chakraborty et al., 2015). In con-
trast we impaired immune tolerance by checkpoint inhibition;
specifically, we used PD-1"/~ mice and cotreatment with anti-
CTLA-4. This produced a model of amodiaquine-induced liver
injury very similar to IDILI in humans (Metushi et al. 2015). This
impaired immune tolerance model was also able to unmask the
IDILI potential of isoniazid and nevirapine (NVP), drugs also
known to cause IDILI in humans (Mak and Uetrecht, 2015a).

In this study, we tested whether this model could differenti-
ate drugs that cause IDILI from those that do not. One such pair
was troglitazone and pioglitazone. Both are thiazolidinedione
drugs used to treat diabetes, and where troglitazone causes liver
injury in humans and pioglitazone injury is quite rare (Senior,
2014). Another pair of drugs with similar structures is tolcapone
and entacapone, both are nitrocatechols used to treat
Parkinson’s disease. Although entacapone can cause mild liver
injury, only tolcapone is associated with a significant risk of
liver failure (Borges, 2003). Both troglitazone and tolcapone have
characteristics that suggest their drug-induced liver injury is
immune mediated.

We have also recently reported an in vitro test of the ability
of a drug to induce an immune response that could lead to an
idiosyncratic drug reaction (Weston and Uetrecht, 2014).
Specifically, inflammasome activation in macrophages appears
to be a major mechanism by which agents can initiate an im-
mune response and is measured by release of IL-1p. THP-1 mac-
rophages were treated with chemically reactive drugs known to
cause skin rashes and were distinguished from safe chemically
similar drugs by comparing IL-1f secretion. However, most
drugs that cause IDILI probably require reactive metabolite for-
mation in the liver, and THP-1 cells have little cytochrome P450
activity. Hepatocytes are the site of most reactive metabolite
formation, but they have less inflammasome activity. However,
it has been suggested that reactive metabolite formation by
hepatocytes leads to the release of danger-associated molecular
pattern molecules (DAMPs) that are responsible for activation of
antigen presenting cells. We recently demonstrated that, al-
though NVP does not directly activate macrophages, the super-
natant from the incubation of NVP with cultured hepatocytes
did activate THP-1 cells (Kato and Uetrecht, 2017). Oda et al.
(2016) used a similar strategy to test a large number of drugs
with mixed results; however, they did not try to determine a
dose response relationship that included the therapeutic con-
centration of the drug. In this study, we also tested the ability of
drugs to cause the release of DAMPs that could activate
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macrophages using the same 2 pairs of drugs that we used in
the in vivo studies.

MATERIALS AND METHODS

Animals and drug treatments. Female C57BL/6 mice (8-10 weeks of
age) were purchased from Charles River Laboratories (QC,
Canada). Female PD1~/~ mice between 10 and 12 weeks of age
were bred and housed as previously described (Metushi et al.,
2015). Troglitazone and pioglitazone (Daiichi Sankyo Co., Ltd,
Tokyo, Japan) were thoroughly mixed with rodent meal at a
concentration of 0.2% (w/w) and then provided to the mice ad li-
bitum. The troglitazone dose resulted in blood levels similar to
the therapeutic Cmax of troglitazone in humans, while the pio-
glitazone dose resulted in blood levels about 20x the therapeu-
tic Cmax of pioglitazone in humans (Supplementary Material 1).
Tolcapone (BOC Sciences, Shirley, New York) and entacapone
(Orion Pharma, Espoo, Finland) were also thoroughly mixed
with rodent meal at a concentration of 0.25% (w/w) and then
provided to the mice ad libitum. The tolcapone dose resulted in
blood levels about 2x the therapeutic Cmax of tolcapone in
humans, while this entacapone dose resulted in blood levels
similar to the therapeutic Cmax in humans (Supplementary
Material 1). Mice were split into 3 groups with 3 mice per drug
group; a control C57BL/6 mouse group (Control), a group of
C57BL/6 mice treated with troglitazone, pioglitazone, tolcapone,
or entacapone (Troglitazone, Pioglitazone, Tolcapone, or
Entacapone), and a group of PD1~/~ mice treated with anti-
CTLA-4 (clone 9D9; Bristol-Myers Squibb, Redwood City,
California) and troglitazone, pioglitazone, tolcapone, or entaca-
pone (PD1/anti-CTLA-4/Troglitazone, PD1/anti-CTLA-4/
Pioglitazone, PD1/anti-CTLA-4/Tolcapone, or PD1/anti-CTLA-4/
Entacapone). The anti-CTLA-4 antibody was administered as
previously described in Metushi et al. (2015). All animal proto-
cols used in this study were approved by the University of
Toronto Animal Care Committee and conducted in an animal
facility accredited by the Canadian Council on Animal Care.

ALT and drug blood levels. Blood was collected as previously de-
scribed (Metushi et al., 2015). Serum ALT levels (Thermo
Scientific; Middletown, Virginia) were measured as described by
the manufacturer to determine the extent liver injury. Serum
was also saved for analysis of serum drug concentrations,
which were measured as previously described with modifica-
tions (Lobach and Uetrecht, 2014). Troglitazone and pioglitazone
were used as their respective internal standards. Tolcapone and
entacapone were also used as their respective internal stand-
ards. The mobile phase consisted of 80: 20; methanol: 1 mM am-
monium formate (0.1% formic acid, v/v). A PE Sciex API 3000
quadrupole mass spectrometer with an electrospray ionization
source (Sciex, Concord, Ontario, Canada) was used in negative
mode, and an AQUA 5 pm C18 125 A 150 x 2 mm column
(Phenomenex, Torrance, California) was employed. The ions
monitored for troglitazone and pioglitazone were 440/397 and
355/312, respectively. The ions monitored for tolcapone and
entacapone were 304/287 and 272/255, respectively.

Histology. Liver and spleen samples were excised and placed in
10% neutral buffered formalin solution (Sigma; Ottawa,
Ontario, Canada). The samples were paraffin-embedded, sec-
tioned to 4 um, stained with H&E and then scanned (CFIBCR
Histology/Microscopy Core Unit; Toronto, Ontario, Canada).
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Isolation of mononuclear cells and flow cytometry. Mononuclear cells
were isolated from livers and spleens, stained with antibodies,
and then phenotyped by flow cytometry by a previously de-
scribed method (Mak and Uetrecht, 2015b). Mononuclear cells
were stained for macrophages (M1 and M2), MDSCs, CD8 T cells,
CD4 T cells, Th17 Cells, Treg cells, NK cells, NKT cells, and B
cells. Macrophages were characterized as CD11b + F4/80+ and
further characterized as M1 (CD11b + F4/80+ and iNOS+ or IL-
12+) or M2 (CD11b + F4/80+ and Argl+ or IL-10+). MDSC were
characterized as CD11b + Grl+, CD4 T-cells as CD3 + CD4+, CD8
T-cells as CD3 + CD8+, Th17 cells as CD4 + IL-17+, Treg cells as
CD4 + FOXP3+, NK cells as NK1.1 4+ CD3-, NKT cells as NK1.1 +
CD3+, and B-cells as CD45R+.

Cell culture. FLC-4 cells (JCRB0435; Hasumura et al.,, 1988) were
obtained from Health Science Research Resources Bank
(Osaka, Japan). Cryopreserved mouse (C57BL/6) hepatocytes
were purchased from Triangle Research Labs (Research
Triangle Park, North Carolina). THP-1 cells (JCRBO112) were
obtained from Japanese Collection of Research Bioresources
Cell Bank (Osaka, Japan). J774A.1 cells were purchased from
American Type Culture Collection (Manassas, Virgina). FLC-4
and J774A.1 cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM, 4.5 g glucose/l; Thermo Fisher Scientific,
Waltham, Massachusetts), and THP-1 cells were cultured in
Roswell Park Memorial Institute medium (Thermo Fisher
Scientific), all supplemented with 10% fetal bovine serum
(Sigma) at 37°C with 5% CO,. Mouse hepatocytes were cul-
tured in Hepatocyte Plating Medium (Triangle Research Labs)
at 37°C with 5% CO,.

FLC-4 or mouse hepatocyte cell suspensions (100 ul at 1.5 x
10* cells/ml) and the same volume of medium containing trogli-
tazone, pioglitazone, tolcapone, or entacapone were applied to
a Prime Surface 96 U plate (S-BIO; New Hampshire, USA) for 3D
culture. The cells in 96 U plate were cultured at 37°C with 5%
CO, for 7 days.

THP-1 cells (4 x 10° cells/ml) were differentiated in medium
containing phorbol 12-myristate 13-acetate (50 ng/ml; Sigma)
for 3 days on 24-well multiplate. After differentiation, each well
was washed by PBS (Sigma), medium (1 ml) was added on each
well, and incubated for 24 h at 37 °C with 5% CO,. Then the me-
dium was aspirated, culture medium including one of the drugs
or supernatant of FLC-4 cells was added, and incubated at 37°C
with 5% CO, for 18 h.

J774A.1 cells (4 x 10° cells/ml) were pre-incubated overnight
at 37 °C with 5% CO, and then stimulated with 500 ng/ml of LPS
(Sigma) for 6 h on 24-well multiplate. After LPS stimulation,
each well was washed by PBS (Sigma), medium (1 ml) was added
on each well, and incubated for 1 h at 37 °C with 5% CO,. Then
the medium was aspirated, culture medium including one of
the drugs or supernatant of mouse hepatocytes was added, and
incubated at 37 °C with 5% CO, for 18 h.

The troglitazone, pioglitazone, tolcapone, and entacapone
concentrations were set within the therapeutic range and
showed no effect on cell viability. Benzyloxycarbonyl-Val-Ala-
Asp-fluoromethylketone (ZVAD, 10 pg/ml; InvivoGen,
California) was used to inhibit caspase activity.

Measurement of IL-1p concentration in culture medium. Culture me-
dium of differentiated THP-1 and J774A.1 cells was collected,
transferred to a tube and stored at —80°C until analysis. IL-18
was measured in each culture medium sample using IL-18
ELISA kits (Thermo Fisher Scientific).
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Figure 1. Treatment of PD-17/~ mice with troglitazone, tolcapone, or entacapone
leads to a delayed onset increase in ALT. (A) Control, Control C57BL/6 mice;
Troglitazone, C57BL/6 mice treated with troglitazone only (n = 3); Pioglitazone,
CS57BL/6 mice treated with pioglitazone only (n=3); PD1/Troglitazone/
anti-CTLA-4, PD1~/~ mice treated with troglitazone and anti-CTLA-4 (n = 3); PD1/
Pioglitazone/anti-CTLA-4, PD1~/~ mice treated with pioglitazone and anti-CTLA-4
(n=3). (B) Control, Control C57BL/6 mice; Tolcapone, C57BL/6 mice treated with
tolcapone only (n=3); Entacapone, C57BL/6 mice treated with entacapone only
(n=3); PD1/Tolcapone/anti-CTLA-4, PD1~/~ mice treated with tolcapone and anti-
CTLA-4 (n=3); and PD1/Entacapone/anti-CTLA-4, PD1~/~ mice treated with enta-
capone and anti-CTLA-4 (n=3). ALT for PD1”/~ mice treated with anti-CTLA-4
and troglitazone were also significantly greater than troglitazone alone or piogli-
tazone alone at weeks 4 and 5. ALT for PD1”/~ mice treated with anti-CTLA-4 and
tolcapone were significantly greater than tolcapone alone or entacapone alone at
weeks 2-5. Values represent the mean + SE. Analyzed for statistical significance
by 2-way ANOVA. p < .05 was considered significant (p < .05;"p < .01; **p < .001;
#*p <.0001).

Caspase-1 activity of differentiated THP-1 cells. Caspase-1 activity
was measured using the Caspase-Glo 1 Inflammasome Assay
(Promega Corporation, Wisconsin). Caspase-Glo reagent was
added to each well and then incubated for 1 h at room tempera-
ture. Supernatant was transferred to 96-well white-plate and lu-
minescence was then measured with a plate reader.

Statistical analysis. Mean *= SEM values were calculated for each
experimental group. Statistical analyses were performed using
GraphPad Prism (GraphPad Software, San Diego, California).
Data were analyzed using a 2-way analysis of variance (ANOVA)
or a 1-way ANOVA. A p value < .05 was considered significant
(*p < .05; ™p < .01; ™*p < .001).

RESULTS

PD1~/~ Mice Treated With anti-CTLA-4 Plus a Drug Was Able to
Distinguish Between Drugs Known to Cause Liver Injury in Humans
and Safe Drugs

Wild type mice treated with troglitazone, pioglitazone,
tolcapone, or entacapone alone showed no increase in ALT
(Figure 1). PD1/~ mice treated with anti-CTLA-4 and either tro-
glitazone or tolcapone showed a delayed onset increase in ALT
that was significant compared with control (Figure 1). In con-
trast, PD1”~ mice treated with anti-CTLA-4 and pioglitazone
showed no significant increase in ALT, while PD17/~ mice
treated with anti-CTLA-4 and entacapone showed an increase
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Figure 2. Representative H + E stained liver sections, all at 10x with 40x inset, with scale in (A). (A) Control untreated C57BL/6 mice; (B) Troglitazone, C57BL/6 mice
treated with troglitazone only; (C) Pioglitazone, C57BL/6 mice treated with pioglitazone only; (D) PD1/Troglitazone/anti-CTLA-4, PD1~/~ mice treated with troglitazone
and anti-CTLA-4; (E) PD1/Pioglitazone/anti-CTLA-4, PD1~/~ mice treated with pioglitazone and anti-CTLA-4; (F) Tolcapone, C57BL/6 mice treated with tolcapone only;
(G) Entacapone, C57BL/6 mice treated with entacapone only; (H) PD1/Tolcapone/anti-CTLA-4 = PD1™/~ mice treated with tolcapone and anti-CTLA-4; and (1) PD1/
Entacapone/anti-CTLA-4, PD1~/~ mice treated with entacapone and anti-CTLA-4.

in ALT that was less than with tolcapone (Figure 1). The some of which were normal hematopoiesis (Figure 2A). A few
spleens appeared normal and histologically similar among the small focal inflammatory infiltrates were found in livers of
groups (data not shown). Livers of control untreated mice were wild type mice treated with troglitazone, pioglitazone, tolca-

histologically unremarkable with rare small focal infiltrates, pone or entacapone alone (Figs. 2B-E). By comparison, PD1 7~



416 | TOXICOLOGICAL SCIENCES, 2018, Vol. 161, No. 2

A PD1/Troglitazone/ B

Control anti-CTLA-4 Control

PD1/Troglitazone/ c
anti-CTLA-4

PD1/Troglitazone/

Control anti-CTLA-4

ax | o, las
PrEtE P

[ag]
o & = )
o 4
o e .
L 3 Control
8 B Troglitazone
Il Pioglitazone
E te ez M PD1Troglitazonefant-CTLA-4
£ 2 ™ B8 PD1Pioglitazone/ant-CTLA-4
a & 4
2
0
CDB Cells Treg Cells NK Cells
D PD1/Tolcapone/ E PD1/Tolcapone/
Control anti-CTLA-4 Control anti-CTLA-4

CD11b

Macrophage

PD1/Tolcapone/
F anti-CTLA-4 G

CD8
FOXP3

3 cControl

E3 Tolcapone

Il Entacapone

MW PD1Molcaponefant-CTLA-4
EA PD1/Entacapone/ant-CTLA-4

MDSC

PD1/Tolcapone/
anti-CTLA-4

CD8 Cells

Treg Cells

Figure 3. Flow cytometry analysis of mononuclear leukocytes in the liver. A representative zebra plot and the average of 3 animals is displayed. Mononuclear cells
with significant differences among the treatment groups compared with control are displayed (when the difference was not significant the data are not shown). (A)
CD8 T cells; (B) Treg cells; (C) NK Cells. Control, Control C57BL/6 mice; Troglitazone, C57BL/6 mice treated with troglitazone only; Pioglitazone, C57BL/6 mice treated
with pioglitazone only; PD1/Troglitazone/anti-CTLA-4, PD1~/~ mice treated with troglitazone and anti-CTLA-4; PD1/Pioglitazone/anti-CTLA-4, PD1~/~ mice treated with
pioglitazone and anti-CTLA-4. (D) Macrophages; (E) MDSCs; (F) CD8 T cells; (G) Treg cells. Control, Control C57BL/6 mice; Tolcapone, C57BL/6 mice treated with tolca-
pone only (n = 3); Entacapone, C57BL/6 mice treated with entacapone only; PD1/Tolcapone/anti-CTLA-4, PD1~/~ mice treated with tolcapone and anti-CTLA-4; and PD1/
Entacapone/anti-CTLA-4, PD1~/~ mice treated with entacapone and anti-CTLA-4. Values represent the mean + SE. Analyzed for statistical significance by 1-way

ANOVA. p < .05 was considered significant ("p < .05; *p < .01; **p < .001).

mice treated with anti-CTLA-4 and troglitazone had numerous
necroinflammatory foci characterized by macrophage infil-
trates associated with hepatocellular necrosis and neutrophils
(Figure 2F). PD1~/~ mice treated with anti-CTLA-4 and pioglita-
zone also had similar necroinflammatory foci (Figure 2G).
Livers of PD1~/~ mice treated with anti-CTLA-4 and tolcapone

had larger numbers of focal infiltrates characterized by macro-
phages with fewer necrotic hepatocytes and neutrophils
(Figure 2H). Livers of PD17/~ mice treated with anti-CTLA-4
and entacapone only showed a few small mixed cell foci
(Figure 2I). A table of detailed counts of foci is provided in
Supplemental Material 2.
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Figure 4. Incubation of J774A.1 or THP-1 macrophages with drugs except the highest concentration of troglitazone does not lead to the release of IL-1f3, but incubation
of these cells with supernatants from incubations of hepatocytes with troglitazone, tolcapone, or entacapone does. (A) J774A.1 cells treated with troglitazone or piogli-
tazone directly, or with hepatocyte supernatant from hepatocytes previously treated with troglitazone or pioglitazone. (B) THP-1 cells treated with troglitazone or pio-
glitazone directly, or with hepatocyte supernatant from hepatocytes previously treated with troglitazone or pioglitazone. (C) J774A.1 cells with tolcapone or
entacapone directly, or with hepatocyte supernatant from hepatocytes previously treated with tolcapone or entacapone. (D) THP-1 cells treated with tolcapone or enta-
capone directly, or with hepatocyte supernatant from hepatocytes previously treated with tolcapone or entacapone. Values represent the mean * SE. Analyzed for
statistical significance by 1-way ANOVA. p < .05 was considered significant (p < .05; *p < .01).

Troglitazone- and Tolcapone-Induced Liver Injury Was Characterized
by an Increase in Infiltrating CD8+ T Cells and Treg Cells Into the
Liver

Liver and spleen mononuclear cells were isolated and charac-
terized by flow cytometry to determine the immune cells asso-
ciated with the liver injury. There were no significant changes
in the percentage of immune cells in the spleen across groups
(data not shown). PD1~/~ mice treated with anti-CTLA-4 and
troglitazone showed a significant increased percentage of CD8
T cells and Treg cells in the liver compared with control (Figs.
3A and 3B). Additionally, PD1~/~ mice treated with anti-CTLA-4
and troglitazone or pioglitazone showed a significantly de-
crease in the percentage of NK cells in the liver (Figure 3C).
PD1~/~ mice treated with anti-CTLA-4 and tolcapone showed a
significantly increased percentage of macrophages, MDSCs,
CD8 T cells, and Treg cells in the liver compared with control
(Figs. 3D-G). In contrast to tolcapone, there was no change in
MDSCs or Tregs in entacapone-treated PD1~/~ mice, and the
increase in CD8 T cells was less than in tolcapone-treated
mice.

Troglitazone and Tolcapone Induced Increased IL-1p Production and
Caspase-1 Activity in Human and Mouse Macrophages

IL-1B production by macrophages and caspase-1 activity were
measured to determine the ability of troglitazone, pioglitazone,
tolcapone, and entacapone to trigger an immune response. FLC-
4 cells, a human hepatocyte cell line, or C57BL/6 hepatocytes
were incubated with troglitazone, pioglitazone, tolcapone, or
entacapone for 7 days. The resulting supernatant was then in-
cubated with human (THP-1 cells) or mouse (J774A.1 cells) mac-
rophages, respectively. IL-1p production from J774A.1 and
differentiated THP-1 cells was not changed when control me-
dium containing pioglitazone, tolcapone, or entacapone was
added (Figs. 4A and 4B). However, IL-1p production by differenti-
ated THP-1 cells was significantly increased when control me-
dium containing a concentration of troglitazone greater than
Cmax (30 uM) was added (Figure 4B). Using a higher concentra-
tion of the other drugs did not elicit a response. In contrast,
IL-1B production by differentiated THP-1 or J774A.1 cells was
significantly increased when hepatocyte supernatant from tro-
glitazone or tolcapone incubations was added, and this
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Figure 5. Incubation of J774A.1 or THP-1 cells with the supernatants from hepatocytes incubated with troglitazone, tolcapone, or entacapone but not pioglitazone leads
to activation of caspase-1 activity. (A) J774A.1 cells treated with hepatocyte supernatant from hepatocytes previously treated with troglitazone or pioglitazone. (B) THP-1
cells treated with hepatocyte supernatant from hepatocytes previously treated with troglitazone or pioglitazone. (C) J774A.1 cells treated with hepatocyte supernatant
from hepatocytes previously treated with tolcapone or entacapone. (D) THP-1 cells treated with hepatocyte supernatant from hepatocytes previously treated with tolca-
pone or entacapone. Values represent the mean + SE. Analyzed for statistical significance by 1-way ANOVA. p < .05 was considered significant (*p < .05; *p < .01).

production was inhibited by ZVAD (Figs. 4A-D). Conversely, IL-
1B production was not changed when hepatocyte supernatant
containing pioglitazone was added (Figs. 4A and 4B). IL-1p pro-
duction from differentiated THP-1 cells was also significantly
increased when hepatocyte supernatant containing entacapone
was added, although the highest added tolcapone concentration
induced IL-1p production significantly more than with entaca-
pone (Figure 4D). IL-1p production from differentiated J774A.1
cells treated with hepatocyte supernatant containing entaca-
pone was similarly elevated (Figure 4C).

Caspase-1 activity of differentiated THP-1 and J774A.1 cells
was also significantly increased when the supernatant from

hepatocytes incubated with troglitazone was added, and this
activation was inhibited by ZVAD (Figs. S5A and 5B). Caspase-1
activity was not changed when hepatocyte supernatant con-
taining pioglitazone was added to the cells (Figs. 5A and 5B).
As with the IL-1Bp production, caspase-1 activity was signifi-
cantly increased in both differentiated THP-1 and J774A.1 cells
in response to the addition of hepatocyte supernatant
containing tolcapone or entacapone (Figs. 5C and 5D). Again,
similar to IL-1B production, the caspase-1 activity in differen-
tiated THP-1 cells induced by the highest added tolcapone
concentration was significantly greater than with entacapone
(Figs. 5D).



DISCUSSION

In the current set of experiments we sought to extend the im-
paired immune tolerance model to see if it could differentiate
similar drugs, one that is associated with a significant risk of
IDILI and the other being relatively safe. The pairs we chose
were troglitazone/pioglitazone and tolcapone/entacapone.

It has been proposed that the IDILI caused by troglitazone is
due to inhibition of the bile salt export protein (Morgan et al.,
2010) and that IDILI caused by tolcapone is due to uncoupling
oxidative phosphorylation (Haasio et al,, 2002). However, the
clinical characteristics of the IDILI caused by troglitazone and
tolcapone are similar to other IDILI that is known to be immune
mediated. In fact clinical evidence suggests that most IDILI is
immune mediated, and in many patients the liver injury
resolves despite continued treatment, presumably due to im-
mune tolerance (Uetrecht, 2007). Therefore, the observation
that impairing immune tolerance unmasked the potential of
these 2 drugs to cause IDILI (Figure 1) suggests that they are also
immune mediated. Although the liver injury with these drugs
was not as serious as with AQ, there was an increase in liver in-
jury in animals with impaired immune tolerance. All 4 drugs
caused at least a small increase in CD8+ T cells (Figure 3). CD8+
T cells are cytotoxic cells that could be involved in causing the
liver injury from these mice. CTLA-4 alone has been reported to
cause a small increase in CD8+ T cells; therefore, the smaller
increases in the pioglitazone- and entacapone-treated mice
could be due to the CTLA-4 antibody alone. Troglitazone and
tolcapone also increased Treg cells (CD4 + FOXP3+); in addition,
tolcapone also increased MDSCs (Gr-1 + CD11b+), which are
antiinflammatory and are presumably a compensatory mecha-
nism that limits the liver damage (Figure 3). This also suggests
that immune tolerance is the dominant immune response to
these drugs. However, even though entacapone did cause mild
injury in this model, in contrast to tolcapone, it did not cause
any increase in Tregs or MDSCs. Thus it is possible that the
compensatory increase in Tregs and MDSCs is a better predictor
of severe liver injury in humans than simply the mild liver in-
jury seen in the PD17/~ mice. Even if the ultimate liver injury is
immune mediated, inhibition of the bile salt export pump or mi-
tochondrial injury could play a role in induction of an immune
response by causing the release of DAMPs as discussed below.

The dominant hypotheses for how a drug or reactive metab-
olite may induce an immune response leading to an idiosyn-
cratic drug reaction are the hapten and the danger hypotheses
(Uetrecht, 2007). In general, drugs alone do not induce a strong
immune response; therefore, they need to be bound to endoge-
nous proteins (hapten hypothesis). Additionally signal 2, which
is produced by costimulatory molecules on antigen presenting
cells is required to induce an immune response (danger hypoth-
esis) (Matzinger, 1994). Therefore, reactive metabolites of drugs
could bind to endogenous proteins and cause cell damage to
generate danger signals that activate inflammasomes (Bettigole
and Glimcher, 2015). Activation of the inflammasome results in
release of IL-1f. IL-1f is a strong proinflammatory molecule ca-
pable of promoting an immune response (Guo et al., 2015;
Heymann and Tacke, 2016). This experiment differs compared
with the previously described inflammasome experiment
(Weston and Uetrecht, 2014), which involved chemically reac-
tive drugs. The drugs studied in these experiments presumably
require bioactivation by cytochromes P450; therefore, the drugs
were first incubated with hepatocytes, and the supernatant
from these incubations were evaluated for their ability to acti-
vate inflammasomes. It is known that stressed hepatocytes
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have the potential to release DAMPs to alert the immune sys-
tem (Szabo and Petrasek, 2015). In this experiment, the superna-
tants from hepatocytes incubated with troglitazone, tolcapone,
or entacapone were found to activate differentiated THP-1 and
J774A.1 cells resulting in an increase in the release of IL-1p and
caspase-1 activation. In contrast, hepatocyte supernatant con-
taining pioglitazone did not activate differentiated THP-1 or
J774A.1 cells (Figs. 4 and 5). In humans, tolcapone has a longer
elimination half-life, a longer duration of action, and a better
bioavailability than entacapone (Forsberg et al., 2003). Therefore
plasma concentrations of tolcapone are significantly higher
(about 10-fold higher) than that of entacapone, but we used the
same concentrations in vitro, which may have overestimated
the risk of entacapone. This may also be one reason for the dif-
ference in risk of hepatotoxicity between tolcapone and entaca-
pone in humans; however, it is unlikely to completely explain
the difference in risk. Given these results, inflammasome acti-
vation may represent the basis for an in vitro assay to determine
IDILI risk, but entacapone represents a false positive, at least
for the risk of liver failure. On the other hand, IL-1f production
was significantly increased in THP-1 cells by troglitazone itself
(30 uM). It has been reported that troglitazone facilitates
caspase-8 and -9 activities by increasing the enzymatic activity
of protein-tyrosine phosphatase-1f8 on human glioma cells
(Akasaki et al., 2006). This causes down-regulation of FADD-
like IL-1B-converting enzyme-inhibitory protein and leads to
increase IL-1B production. Therefore in the current study, the
increase in IL-1p production by addition of troglitazone itself
may involve the same mechanism. Inflammasome activation
by DAMPs released by hepatocytes may represent the mecha-
nism by which reactive metabolites can induce an immune re-
sponse that in some patients leads to IDILI, but there may be
other mechanisms by which drugs directly activate
inflammasomes.

In summary, the impaired immune tolerance animal model
has shown potential as a general model of IDILI. Additionally
the in vitro inflammasome model provided one possible mech-
anism by which drugs can initiate an immune response that
can lead to IDILL. These studies add to our understanding of
the basic mechanisms of IDILI. However, the immune response
is exceedingly complex, and different drugs may initiate an
immune response by different mechanisms. Therefore, many
other drugs need to be studied, and no method is likely to per-
fectly predict IDILI risk. Nevertheless, with a better under-
standing of the range of mechanisms that can lead to IDILI it
may be possible to better predict the IDILI potential of drug
candidates.
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