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ABSTRACT: Idiosyncratic drug reactions are unpredictable
adverse reactions. Although most such adverse reactions appear
to be immune mediated, their exact mechanism(s) remain elusive.
The idiosyncratic drug reaction most associated with serious
consequences is idiosyncratic drug-induced liver injury (IDILI).
We have developed a mouse model of amodiaquine (AQ)-induced
liver injury that reflects the clinical characteristics of IDILI in
humans. This was accomplished by impairing immune tolerance by
using PD-1−/− mice and an antibody against CTLA-4. PD-1 and
CTLA-4 are known negative regulators of lymphocyte activation,
which promote immune tolerance. Immune checkpoint inhibitors
have become important tools for the treatment of cancer.
However, as in our model, immune checkpoint inhibitors increase
the risk of IDILI with drugs that have an incidence of causing liver injury. Agents such as 1-methyl-D-tryptophan (D-1-MT), an
inhibitor of the immunosuppressive indoleamine 2,3-dioxygenase (IDO) enzyme, have also been proposed as anti-cancer treatments.
Another possible risk factor for the induction of an immune response is the release of danger-associated molecular patterns
(DAMPs). Acetaminophen (APAP) is known to cause acute liver injury, and it is likely to cause the release of DAMPs. Therefore,
either of these agents could increase the risk of IDILI, although through different mechanisms. If true, then this would have clinical
implications. We found that co-treatment with D-1-MT paradoxically decreased liver injury in our model, and although APAP
appeared to slightly increase AQ-induced liver injury, the difference was not significant. Such results highlight the complexity of the
immune response, which makes potential interactions difficult to predict.

■ INTRODUCTION

Idiosyncratic drug reactions (IDRs) are adverse drug reactions
that do not occur in most patients treated with a drug, and in
general, do not involve the therapeutic effect of the drug.
However, they can be life threatening and represent a
significant source of morbidity and mortality. Their unpredict-
able nature also results in a significant risk to drug
development. Mechanistic studies are exceedingly difficult
because it is virtually impossible to perform prospective clinical
studies. In addition, IDRs are also idiosyncratic in animals,
which has precluded most practical animal models. Although
the mechanisms of IDRs are not well understood, multiple
lines of evidence indicate that most IDRs are mediated by the
adaptive immune system.1 This provides one explanation for
their idiosyncratic nature. The most common immune IDR
leading to drug candidate failure is idiosyncratic drug-induced
liver injury (IDILI). The major immune response in the liver is
immune tolerance presumably because it is exposed to many
“foreign” and inflammatory molecules from the intestine.2 We
were able to develop an animal model of IDILI with

characteristics very similar to IDILI in humans by the
inhibition of immune tolerance. This was accomplished by
blocking specific immune checkpoints: programmed cell death
protein-1 (PD-1) and cytotoxic T-lymphocyte-associated
protein-4 (CTLA-4), two molecules that inhibit T cell
activation.3,4 This strategy was originally developed to promote
an immune response to tumors, and it represents a major
development in cancer chemotherapy. In our model, we used
the combination of PD-1−/− mice and anti-CTLA-4 antibodies.
In this model, amodiaquine (AQ) produces delayed-onset liver
injury that is immune mediated and blocked by anti-CD8 T
cell antibodies. This model also unmasks the ability of other
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drugs to cause liver injury, although the injury is milder with
other drugs.3,5,6

Much of the idiosyncratic nature of IDILI is presumably due
to interindividual differences in the immune response including
human leukocyte antigen (HLA) genotypes and different T
cell receptor repertoires; however, it is likely that other factors
play a role. It is somewhat surprising that few genetic factors
other than HLA genotypes have been associated with a clear
increased risk of IDILI.7 One recent finding is an increased risk
of IDILI in patients with a missense variant in PTPN22,
rs2476601.8 PTPN22 encodes the protein lymphoid protein
tyrosine phosphatase, which is involved in immune tolerance,
and the same missense variant is associated with an increased
risk of various autoimmune diseases.
It is important to determine what risk factors make some

individuals more susceptible to IDRs such as IDILI because it
could improve drug safety. In the current study, we used our
impaired immune tolerance model to test whether co-
administration of other agents could increase the risk or
severity of IDILI. One agent, 1-methyl-D-tryptophan (D-1-
MT), inhibits indoleamine 2,3-dioxygenase (IDO), which is
involved in immune tolerance.9 IDO is a cytoplasmic, heme-
containing dioxygenase. It mediates the first and rate-limiting
step in the oxidative catabolism of the essential amino acid,
tryptophan, to catabolites of the kynurenine pathway.10−13

IDO has two isoforms, IDO1 and IDO2, but the former is the
better-characterized isozyme. IDO is known to be involved in
immunomodulation via its ability to dampen T cell responses
and initiate pathways related to immune tolerance. Tryptophan
deficiency and downstream kynurenine-derived analogues in
the local microenvironment are hypothesized to generate

immunosuppression and tolerance toward foreign antigens by
blocking T cell responses and proliferation (Figure 1).14−16

Many IDO inhibitors have been proposed for the treatment of
different cancers, and as such, the inhibition of IDO is a
possible target for circumventing immune tolerance. Therefore,
D-1-MT may increase the severity of IDILI in our impaired
immune tolerance model.
Although the detailed steps involved in the initiation of an

immune response that leads to IDILI are unknown, a
prominent hypothesis is the danger hypothesis. Simply stated,
if something is “foreign” but does not cause any cellular
damage, then it will be ignored by the immune system. Drugs,
or their reactive metabolites, have the potential to cause
damage leading to the release of danger-associated molecular
pattern (DAMP) molecules. DAMPs activate antigen-present-
ing cells, and the ability of a drug or its reactive metabolites to
produce DAMPs may be one factor that determines whether it
will cause IDILI. It is also possible that some other co-existing
factor could cause cellular damage and increase IDILI risk.
Based on the danger hypothesis, perhaps IDILI could be
exacerbated by co-administered drugs that cause direct liver
injury and the release of DAMPs. Acetaminophen (APAP) is
one of the most widely used over-the-counter analgesics.
Although it usually requires an overdose of APAP to cause liver
failure, even therapeutic doses can lead to some degree of acute
liver injury.17 APAP administration leads to an intrinsic form of
drug-induced liver injury characterized by an immediate liver
injury, which is not idiosyncratic.18 With APAP, acute liver
injury occurs via the formation of its reactive metabolite, N-
acetyl-p-benzoquinone imine (NAPQI). This leads to cell
damage and, by extension, the release of DAMPs that may

Figure 1. IDO- and cell-mediated immunosuppression. Tryptophan is an essential amino acid that is catalyzed by the IDO enzyme into kynurenine.
The kynurenine pathway is immunosuppressive in nature because the catabolites have inhibitory effects on lymphocytes, and the depletion of
tryptophan leads to T cell cycle arrest and reduced proliferation. PD-1 and CTLA-4 are immune checkpoint molecules expressed on T cells, which
also negatively regulate T cell immunity upon recognition of their cognate ligands on antigen-presenting cells. D-1-MT is an inhibitor of the IDO
enzyme.
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increase the risk of delayed-onset IDILI caused by drugs such
as AQ. The liver injury caused by APAP can be distinguished
from AQ-induced liver injury because the injury caused by AQ
is delayed (Figure 2). There are also other drugs that might
have similar effects as APAP and increase the risk of IDILI
caused by co-administered drugs. However, the use of APAP in
a wide range of clinical settings makes it a good candidate for
this study. In short, the concomitant use of a drug that can
cause direct liver injury may result in the release of DAMPs,
which may potentiate the adaptive immune response and
increase the risk of IDILI caused by co-administered drugs.

■ RESULTS
D-1-MT Decreased AQ-Induced Liver Injury in Female

PD-1−/− Mice. As we had previously observed, AQ treatment
led to a delayed onset increase in serum alanine transaminase
(ALT) (Figure 3). Also, as we had previously observed, the
increase in ALT caused by AQ was greater in the PD-1−/−

mice co-treated with anti-CTLA-4 than in wild-type (WT)
mice with maximal increases at the 21−35 day time points.
However, addition of D-1-MT appeared to attenuate rather
than accentuate this increase. Consistent with the changes in
ALT and previous observations, significant hepatic necrosis
was only observed in the PD-1−/− mice with the addition of
anti-CTLA-4 (Figure 4), and this injury was dampened by co-
administration of D-1-MT. The inflammatory infiltrates
associated with the liver injury appear to be concentrated
around the transitional and pericentral (zones 2 and 3) regions
of the liver where CYP enzymes are heavily expressed.19

APAP-Induced Acute Liver Injury Appeared to
Increase the Subsequent AQ-Mediated Injury in PD-
1−/− Mice, but the Effect was Not Significant. A
preliminary study was conducted to confirm that an APAP

Figure 2. APAP and liver injury. APAP is metabolized into NAPQI, which covalently binds to proteins and causes hepatocellular damage. Binding
of APAP to protein has been found to correlate with APAP-induced liver injury. Damaged cells produce DAMPs, which activate antigen-presenting
cells and may increase the risk of IDILI caused by co-administered drugs. Using PD-1−/− mice and anti-CTLA-4, the inhibitory signal can be
blocked, leading to activation of T cells. Damaged hepatocytes can release additional DAMPs that lead to a cascade of events that may potentiate
the drug-mediated liver injury.

Figure 3. D-1-MT decreases the liver injury caused by AQ in the
impaired immune tolerance model but not the milder injury in wild-
type mice. D-1-MT represents treatment with D-1-MT (4 mg/mL in
drinking water), AQ represents treatment with AQ (0.2% w/w in the
diet), and WT is short for wild-type animals. All PD-1−/− animals
received weekly intraperitoneal injections of anti-CTLA-4 (300 μg/
dose) along with the starting injections on days −3 and −1 prior to
drug treatment with AQ and/or D-1-MT. ALT activity levels from
day 21 to day 35 were significantly higher in the PD-1−/− mice treated
with AQ and anti-CTLA-4 in comparison to those in which D-1-MT
was added. The data represent the mean ± SEM, and statistical
significance was tested using a two-way ANOVA with Tukey’s
multiple comparisons test; *p < 0.05 or **p < 0.01 between AQ +
anti-CTLA-4 (PD-1−/−) and D-1-MT + AQ + anti-CTLA-4 (PD-
1−/−) animals (n = 3 mice/group).
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dose of 300 mg/kg caused significant liver injury in wild-type
animals (Figure 5). The first dose was administered intra-

peritoneally on day 0, and the second dose was given at 48 h;
mice were bled for serum prior to the second injection. ALT
activity levels were elevated at 24 h and decreased by day 2.
The levels of ALT did not rise after the second dose of APAP;
on the contrary, levels slowly returned to baseline levels.
A seven-week study was subsequently conducted with the

use of AQ in the diet to observe the extent of liver injury with
the co-administration of APAP. APAP treatment did not
accentuate the small increase in ALT caused by AQ in wild-
type mice (Figure 6). Although no significant differences were
detected across weeks or at any single time point, a trend
toward an APAP-exacerbated increase in ALT caused by AQ in
PD-1−/− mice co-treated with anti-CTLA-4 was observed. A
second dose of APAP did not appear to produce any additional
effect. As with the D-1-MT study, inflammatory infiltrate and
hepatic necrosis were only observed in the PD-1−/− mice
treated with anti-CTLA-4 and AQ in the transitional and
pericentral regions of the liver (Figure 7).

■ DISCUSSION
IDRs such as IDILI are unpredictable adverse reactions. The
major genetic risk factors are HLA genotypes; however, even if
a patient carries such a risk factor, it is unlikely that they will
develop IDILI when treated with the associated drug.

Therefore, such genetic risk factors are of limited value in
preventing IDILI. There must be other risk factors, and a
better understanding of such factors could be used to improve
drug safety. It is known that immune checkpoint inhibitors not
only unmask the ability to cause immune mediated liver injury
in our model but also increase the risk of IDILI in patients
being treated for cancer.20

IDO has been suggested as a target for cancer chemo-
therapy.21 In the present study, the addition of D-1-MT, which
would be expected to further impair immune tolerance,
paradoxically appeared to attenuate the liver injury in the
PD-1−/− anti-CTLA-4 model with decreases in ALT levels.
However, D-1-MT co-treatment did not prevent the PD-1−/−-
treated animals from developing increases in ALT and
inflammatory infiltrates in the liver, which appear to be
concentrated around the zonal areas of the liver involved in
drug metabolism. This suggests that in both studies utilizing
AQ, hepatic biotransformation to the reactive imidoquinone
metabolite was an important mechanism underlying its
contribution to idiosyncratic hepatotoxicity involving an
immune response.22 These results are consistent with more
recent outcomes in the clinical development of IDO inhibitors
for the treatment of cancer. A phase III trial assessing the
combination of epacadostat, a small molecule inhibitor of IDO,
and anti-PD-1 in patients with melanoma was halted after the
combinational therapy failed to achieve its primary endpoint.23

On the other hand, a separate study reported that α-
galactosylceramide-induced liver injury was exacerbated in an
IDO−/− mouse.24 Furthermore, co-administration of anti-
CTLA-4 and epacadostat in PD-1−/− mice was found to
synergistically induce liver injury and immune cell infiltration
without the use of a drug associated with IDILI.25 As the
present study is exploratory in targeting different pathways in
immune tolerance, it is plausible that the use of different IDO
inhibitors could produce different results. Overall, the immune
response has many redundant feedback mechanisms that can
lead to paradoxical effects.
The APAP experiment was designed to test whether co-

administration of a cytotoxic drug could increase the severity
of IDILI. Most IDILI appears to involve the formation of a
reactive metabolite in the liver that covalently binds to
proteins. This could cause the release of DAMPs and provoke
an immune response, leading to liver injury.26 APAP forms a
reactive imidoquinone metabolite and causes direct liver
injury; however, it strangely does not cause IDILI. In a
randomized controlled trial, the treatment of healthy adults
with 4 g of APAP led to elevations in serum ALT levels, which

Figure 4. Amodiaquine only caused significant histological evidence of liver injury in the impaired immune tolerance model. Treatment with D-1-
MT and AQ led to a slight increase in inflammatory foci. H&E-stained histology samples of the liver (10× magnification) in wild-type animals show
normal liver architecture. In both groups treated with AQ in the PD-1−/− animals, there is evidence of infiltrating lymphocytes surrounding the
central vein/portal triad. The bulk of the inflammatory foci appear to be in the transitional and pericentral (zones 2 and 3) regions of the liver
section.

Figure 5. As expected, acetaminophen (300 mg/kg) caused an acute
increase in serum ALT levels in wild-type female C57BL/6 mice
treated with acetaminophen (300 mg/kg) at 0 and 48 h. Increases
were seen on day 1 after the initial dose of acetaminophen, and this
elevation in ALT levels decreased on days 2 and 3. A second dose of
acetaminophen on day 2 did not produce an increase in ALT levels.
The data represent the mean ± SEM, and statistical significance was
tested using a one-way ANOVA with Tukey’s multiple comparisons
test; *p < 0.05 (n = 3 mice/group).
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persisted in the absence of measurable APAP levels and
suggests continual hepatocyte damage with inflammatory
immune responses.17 PD-1−/− mice treated with an initial
administration of APAP were found to have an increased trend
in ALT levels at later time points, which may be indicative of
an increased immune response to AQ. However, the difference
was not statistically significant. It was also not clinically
significant in that the injury was still not sufficient to result in
liver failure. In addition, APAP did not increase the mild injury
that occurs in wild-type animals, which appears to be mediated
by NK cells. These results suggest that other factors that cause
liver damage could increase the risk of IDILI. Hyman
Zimmerman famously said that pre-existing liver disease did
not increase the risk of IDILI. Inflammatory conditions such as
inflammatory bowel disease also do not appear to increase the
risk of IDILI. However, it is likely that the truth is very
complex, and some types of liver injury may increase the risk of

IDILI with some drugs. Timing of the liver injury or
inflammatory condition relative to drug administration is also
likely to be important. This study was designed to test the
effects of injury during the period of initiation of an immune
response. It is possible that administration of APAP at a later
time point would have had different effects; however, the
resolution phase of injury is dominated by a tolerogenic
response. In addition, it would have been difficult to
differentiate APAP acute toxicity from AQ-induced immune
toxicity if the APAP were administered during later time points
that coincide with AQ-induced liver injury. Ultimately, the
major risk factor for most IDRs is probably a combination of
HLA and T cell receptors with high affinities for one of the
drug-modified proteins formed by the drug.

Figure 6. Treatment with intraperitoneal injections of APAP (300 mg/kg/dose) appeared to further increase serum ALT levels in PD-1−/− female
C57BL/6 mice treated with amodiaquine (0.2% w/w) in the diet, but the difference was not statistically significant. “APAP only” is acetaminophen
(given as two doses at 0 and 48 h) and “APAP + AQ” is acetaminophen (given as two doses at 0 and 48 h) with AQ in the diet; WT is short for
wild-type mice. In the APAP-treated PD-1−/− animals, APAP was administered intraperitoneally as a single dose (at 0 h) or two doses (at 0 and 48
h) for comparison. In the PD-1−/− groups, all animals received AQ in the diet and weekly intraperitoneal injections of anti-CTLA-4 (300 μg/dose)
along with the starting injections on days −3 and −1 prior to drug treatment with APAP and AQ. The data represent the mean ± SEM. No
significant differences were detected in any of the groups using a two-way ANOVA with Tukey’s multiple comparisons test; n = 3 mice/group.

Figure 7. H&E-stained histology samples of the liver (10× magnification) in wild-type and PD-1−/− animals. In both groups treated with AQ in the
PD-1−/− animals, there is evidence of infiltrating lymphocytes surrounding the central vein/portal triad. Areas typical of acetaminophen-induced
necrosis with variable amounts of inflammatory infiltrates and early repair in zone 3 regions were observed. No differences were seen between the
single and two doses of acetaminophen; therefore, the last pane displays the results from two acetaminophen doses. The bulk of the inflammatory
foci appears to be in the transitional and pericentral (zones 2 and 3) regions of the liver section.
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■ CONCLUSIONS

IDILI remains a major issue in the development of new drugs
and as a source of patient morbidity/mortality. Its mechanism
is not fully elucidated; however, we have developed a PD-1−/−

mouse model of IDILI with the use of AQ that replicates the
clinical features of mild IDILI in patients. To further our
understanding of the complex interplay between the immune
system and IDILI, this study investigated the use of two
different compounds to modify the immune response. APAP, a
widely used drug that is known to cause hepatotoxicity, was
used to test if the release of DAMPs from acute liver injury
would increase activation of antigen-presenting cells and
synergistically increase the immune response that leads to
AQ-induced liver injury. The use of D-1-MT to inhibit the
production of kynurenine was used to test whether further
inhibition of immune tolerance would increase AQ-induced
liver injury. Results show that D-1-MT paradoxically decreased
AQ-induced liver injury, whereas the co-administration of
APAP and AQ led to slight increases in ALT that were
statistically non-significant. In summary, the immune response
is complex, and various tolerogenic mechanisms are likely in
place to prevent the body from worsening its response to liver
injury.

■ MATERIALS AND METHODS

Animals. Female wild-type and PD-1−/− C57BL/6 mice,
between 8 and 10 weeks of age (20−25 g), were housed in
groups of three to four per experimental group. Wild-type
C57BL/6 mice were purchased from Charles River Labs
(Montreal, QC, Canada). PD-1−/− mice (generated by the
developer, Dr. Tasuku Honjo, from Kyoto University; donated
by Dr. Pamela Ohashi from the University Health Network)
were bred and housed in the Division of Comparative
Medicine (University of Toronto; Toronto, ON, Canada)
under a 12 h lights ON/OFF cycle. Food and water were
provided ad libitum. Animals were euthanized via CO2
asphyxiation at the endpoint. All animal protocols were
approved by the University of Toronto Animal Care
Committee and conducted in the Division of Comparative
Medicine animal facility accredited by the Canadian Council
on Animal Care. All procedures were in accordance with the
Guide for the Humane Use and Care of Laboratory Animals.
Experimental Design. D-1-MT was obtained from

Toronto Research Chemicals (Toronto, ON, Canada). It was
dissolved in distilled water at a concentration of 4 mg/mL
supplemented with 0.2% sucrose to increase palatability, and
the pH was adjusted to 8. To avoid degradation by light, the
D-1-MT solution was shielded using aluminum foil and
presented ad libitum to the mice starting on day 0 of the
experiments. The D-1-MT was replaced twice weekly with a
freshly made solution. Groups that did not receive D-1-MT
were provided with distilled water. Amodiaquine (AQ; IPCA
Laboratories; Mumbai, India) was thoroughly mixed with the
rodent meal (Harlan Laboratories; Indianapolis, IN, USA) at a
concentration of 0.2% (w/w) using a food processor. The
drug−food mix was provided in small jars ad libitum to the
mice. Control mice received a regular rodent meal in the same
containers. APAP was administered intraperitoneally at a dose
of 300 mg/kg dissolved in warm saline solution at 0 and 48 h.
PD-1−/− mice received weekly intraperitoneal injections of the
anti-CTLA-4 antibody (clone 9D9 from BioXCell; West
Lebanon, NH, USA) at a dose of 300 μg in phosphate

buffered saline (Sigma; St. Louis, Missouri, USA) on days −3
and −1 before the start of drug treatment (i.e., day 0) and then
weekly. This regimen was based on the half-life of the 9D9
antibody, which is approximately 1.5 weeks.3,27 ALT levels
were determined using the Infinity ALT Liquid Stable Reagent
(Thermo Scientific; Waltham, Massachusetts, USA).

Histology. The distal end of the left lateral lobe of the liver
was collected at the endpoint. Identical portions of the liver
and spleen samples isolated at necropsy were placed in 10%
neutral buffered formalin (Sigma-Aldrich; Oakville, ON,
Canada). Embedding, sectioning, staining with H&E, and
scanning of the stained slides were conducted by the
HistoCore (7-323) at the Princess Margaret Hospital/
University Health Network and the University of Toronto
(Toronto, ON, Canada).

Statistical Analysis. All data were presented as the means
± standard error of the mean (SEM). One-way or two-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc
test was used to assess for statistical significance (*p < 0.05)
using GraphPad Prism 6 (San Diego, CA, USA).
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■ ABBREVIATIONS
ALT alanine transaminase
APAP acetaminophen
ANOVA analysis of variance
AQ amodiaquine
CTLA-4 cytotoxic T-lymphocyte-associated protein 4
D-1-MT 1-methyl-D-tryptophan
DAMP danger-associated molecular pattern
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HLA human leukocyte antigen
IDILI idiosyncratic drug-induced liver injury
IDO indoleamine 2,3-dioxygenase
IDR idiosyncratic drug reaction
NAPQI N-acetyl-p-benzoquinone imine (iminoquinone me-

tabolite of acetaminophen)
PD-1 programmed cell death 1
SEM standard error of the mean
WT wild-type
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