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Inhibition of Immune Tolerance Unmasks
Drug-Induced Allergic Hepatitis
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I
n 1980 Vergani et al. reported that patients with
halothane-induced liver injury had antibodies
against the cell membrane fraction of hepatocytes

taken from rabbits anesthetized with halothane.1 There
followed extensive studies by Lance Pohl’s group to
characterize the covalent binding of the reactive metab-
olite of halothane to hepatic proteins and the specific-
ity of the antibodies induced by this covalent
binding.2 There were also multiple attempts by several
groups over the subsequent three decades to produce
an animal model of halothane-induced hepatitis; how-
ever, none were able to reproduce the delayed onset
and other characteristics typical of serious halothane-
induced hepatitis in humans. In fact, until recently
there were no reproducible animal models of delayed-
onset idiosyncratic drug-induced liver injury (IDILI).3

Drugs that cause serious IDILI always cause mild
liver injury with a higher incidence than severe injury,
and this injury often resolves despite continued treat-
ment with the drug; this is referred to as “adaptation.”
The general characteristics, in particular the delay in
onset of mild injury, are similar to those of severe
injury caused by the same drug. This suggests that the
mechanisms are similar and, in the case of lumira-
coxib, that the human leukocyte antigen (HLA) associ-
ation for mild injury is the same as for severe injury.4

This strongly suggests that the injury is immune-
mediated, and furthermore, the mechanism for mild
injury is the same as that for severe injury. This
implies that adaptation involves immune tolerance.
The liver, in particular, responds to most antigens with

immune tolerance, presumably because it is exposed to
many antigens from the gut and modified proteins
from reactive metabolites formed from food, and toler-
ance is the appropriate response unless these antigens
are associated with significant cell damage. This sug-
gests that overcoming immune tolerance may be a key
factor in the development of animal models of IDILI.

In the current issue of HEPATOLOGY, Chakraborty
et al.5 report the first animal model of halothane-
induced IDILI with the delayed onset that is character-
istic of halothane-induced IDILI as well as that caused
by most other drugs. This was accomplished by deplet-
ing myeloid-derived suppressor cells (MDSCs). The
basis for this strategy was the finding that treatment of
mice with halothane led to a marked increase in
MDSCs in the liver. In the model, the initial treat-
ment with halothane after depletion of MDSCs led to
an acute increase in alanine aminotransferase, which
rapidly resolved. A second treatment with halothane
again led to an acute increase in alanine aminotransfer-
ase, but this was followed 9 days later by another
marked increase in alanine aminotransferase in those
animals in which MDSCs were depleted. The delayed
liver injury was also accompanied by an infiltration of
eosinophils in the liver. This is very similar to the pat-
tern of halothane-induced IDILI in humans, which
almost always occurs after two or more exposures to
halothane and is often accompanied by eosinophilia.6

Not surprising for a model of an idiosyncratic drug
reaction, not all of the animals developed this delayed-
onset injury.

This is the second recent animal model of IDILI
reported in HEPATOLOGY that was achieved by impair-
ment of immune tolerance. In the other report, toler-
ance was impaired by blocking CTLA-4 and PD-1,
and the drug involved was amodiaquine.7 In fact, there
are many redundant mechanisms of immune tolerance
involving multiple cell types and molecules; therefore,
there are many ways in which immune tolerance can
be modified. It should be noted that, although the
liver injury in both of these models was quite signifi-
cant, overt liver failure was not the result in either
model; and this is likely due, at least in part, to this
redundancy in mechanisms of immune tolerance.
These two successful models are likely to lead to many
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future studies to test other methods to manipulate the
immune response. It is revealing to compare these two
models. In the halothane model the injury was accom-
panied by eosinophilia and was abrogated by depleting
CD4 T cells but not by depleting CD8 T cells. In the
amodiaquine model, the injury was not accompanied
by eosinophilia and was abrogated by depleting CD8
T cells (J. Uetrecht, unpublished observation). In
humans IDILI can take many different forms, with
different drugs and with the same drug in different
individuals. The most common severe form is not
associated with eosinophilia, and liver histology sug-
gests that it is mediated by CD8 cytotoxic T cells.
Also common is an immunoallergic pattern with
eosinophilia as observed in this halothane model. Also,
IDILI can have a very long delay in onset and features
typical of idiopathic autoimmune hepatitis. Autoanti-
bodies are often observed in IDILI associated with hal-
othane8 and other drugs9 even if the IDILI does not
have the typical characteristics of autoimmune hepati-
tis. The picture that emerges is that some drugs can
induce an immune response, which usually resolves
with immune tolerance, and only in rare cases does it
lead to severe IDILI, as depicted in Fig. 1. The pattern
of that immune response and injury depends on both
the drug and the individual involved. The same drugs
can often cause other types of idiosyncratic drug reac-
tions that presumably reflect where the reactive metab-
olite is formed; in the case of amodiaquine, covalent
binding also occurs in neutrophils, and amodiaquine
can also cause agranulocytosis.

Although immune tolerance is a critical factor in
the determination of who will develop IDILI, it is
unlikely that patients who develop IDILI have the
same degree of impaired immune tolerance as the ani-
mals in these models. However, as mentioned, there
are multiple cells and molecules involved in immune
tolerance; therefore, the risk factors for IDILI are likely
multifactorial. One molecule involved in immune tol-
erance is interleukin-10. It has been reported that
polymorphisms in interleukin-10 in which there is a
decrease in its production were associated with IDILI
with lower eosinophil counts, and the mortality
appeared to be higher,10 suggesting that lower levels of
interleukin-10 shifted the immune response toward a
CD8-mediated liver injury. It is likely that there are
many other genetic polymorphisms that affect the
immune response to a drug and IDILI risk. The
immune response represents a balance, and it is
unknown what factors in humans lead to a stronger
response that does not resolve with immune tolerance.
The IDILI caused by some drugs is associated with

specific HLA genotypes; but in most cases no strong
HLA association has been found, and even when a
strong HLA association is present, most patients with
the required HLA phenotype who are treated with the
associated drug do not develop IDILI.11 Environmen-
tal factors must also be involved. It is surprising that,
in most cases, a preexisting liver disease or inflamma-
tory condition such as inflammatory bowel disease in
which the liver is exposed to large amounts of lipo-
polysaccharide does not appear to be a major risk fac-
tor. The immune system of an individual is shaped by
everything that it has ever been exposed to, and some
pathogens may prime the immune system such that it
responds to drug-modified proteins and results in a
pathogenic response to the drug. Much of this is spec-
ulation; however, such animal models will allow us to
test such hypotheses.

This new strategy for developing animal models of
idiosyncratic drug reactions by manipulation of the
immune system provides a very powerful tool for
detailed mechanistic studies. In turn, such studies are

Fig. 1. Conceptual overview of immune-mediated IDILI. Although
some IDILI does not appear to involve reactive metabolites, most IDILI
appears to involve the formation of a reactive metabolite in the liver
that covalently binds to proteins leading to peptides presented by HLA
molecules. In some cases a specific HLA is required to induce an
immune response, but some reactive metabolites bind to so many
proteins that a specific HLA may not be required. These modified pro-
teins, presumably accompanied by some cell damage, can elicit an
immune response. In most cases either there is an insignificant
immune response or the immune response is so effectively tolerized
that no significant liver injury results. In some cases the immune
response leads to mild injury, but immune tolerance leads to adapta-
tion so that the injury resolves despite continued treatment. The mech-
anisms of immune tolerance are highly redundant, involving MDSCs, T-
regulatory cells, several checkpoint molecules such as PD-1 and CTLA-
4, and many other cells and molecules. It is only rarely that the
immune response is so strong that immune tolerance fails to prevent
severe liver injury, which can take several forms such as cytotoxic T
cell–mediated liver injury, immunoallergic liver injury, or autoimmune
liver injury.
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likely to lead to methods to predict which drug candi-
dates are likely to cause IDILI and better treatments of
IDILI when it does occur. This is likely to be of
increasing importance as new drugs are developed that
target the immune system, especially anticancer drugs
designed to impair immune tolerance. Such drugs
are likely to lead to drug interactions and to unmask
the potential of other drugs to cause idiosyncratic
reactions.
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