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Abstract

:

Idiosyncratic drug-induced liver injury (IDILI) remains a significant problem for patients and drug development. The idiosyncratic nature of IDILI makes mechanistic studies difficult, and little is known of its pathogenesis for certain. Circumstantial evidence suggests that most, but not all, IDILI is caused by reactive metabolites of drugs that are bioactivated by cytochromes P450 and other enzymes in the liver. Additionally, there is overwhelming evidence that most IDILI is mediated by the adaptive immune system; one example being the association of IDILI caused by specific drugs with specific human leukocyte antigen (HLA) haplotypes, and this may in part explain the idiosyncratic nature of these reactions. The T cell receptor repertoire likely also contributes to the idiosyncratic nature. Although most of the liver injury is likely mediated by the adaptive immune system, specifically cytotoxic CD8+ T cells, adaptive immune activation first requires an innate immune response to activate antigen presenting cells and produce cytokines required for T cell proliferation. This innate response is likely caused by either a reactive metabolite or some form of cell stress that is clinically silent but not idiosyncratic. If this is true it would make it possible to study the early steps in the immune response that in some patients can lead to IDILI. Other hypotheses have been proposed, such as mitochondrial injury, inhibition of the bile salt export pump, unfolded protein response, and oxidative stress although, in most cases, it is likely that they are also involved in the initiation of an immune response rather than representing a completely separate mechanism. Using the clinical manifestations of liver injury from a number of examples of IDILI-associated drugs, this review aims to summarize and illustrate these mechanistic hypotheses.
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1. Introduction


Idiosyncratic drug-induced liver injury (IDILI) represents a major problem for multiple stakeholders. It has surpassed viral hepatitis as a major cause of acute liver failure in North America [1]. It also adds a significant risk to drug development because it is only detected late in phase III clinical trials or even after a drug has been marketed. It is likely that a, if not the, major cost of drug development is the need to treat thousands of patients in clinical trials to ensure that a drug does not cause an unacceptable risk of idiosyncratic drug reactions, with IDILI being a major idiosyncratic reaction leading to drug candidate failure. Many attempts have been made to develop in vitro assays that predict the risk of a drug causing idiosyncratic reactions [2]. These assays also increase the cost and time required to bring drug candidates forward for clinical testing, but none have proven to be reliable. In vitro assays cannot duplicate the complexity of IDILI and, without a better understanding of the mechanisms of idiosyncratic drug reactions, it is unlikely that this situation will improve. Given its idiosyncratic nature, mechanistic studies of IDILI are very difficult. Animals can also develop IDILI, but it is also idiosyncratic in animals. Most of the animal models that have been studied represent acute toxicity caused by high doses of drug and do not represent the mechanism of IDILI. It is essential to start with the clinical characteristics of IDILI; any hypothesis that is inconsistent with these characteristics is very unlikely to be true. Thus, the goals of this review are to highlight current evidence for IDILI mechanistic hypotheses using a number of example drugs and to suggest how such hypotheses could be tested. These hypotheses may also allude to strategies that could be useful in the prevention or treatment of IDILI.




2. Clinical Characteristics


The clinical characteristics of IDILI provide important clues to the mechanisms underlying IDILI. The primary characteristics of IDILI are its idiosyncratic nature and the delay between starting the drug and the onset of evidence of liver injury. The typical time to onset is 1–3 months, but cases can occur slightly earlier, and some cases can occur after more than a year of therapy [3]. In some cases, the onset of IDILI can be more than 3 weeks after discontinuation of therapy [4]. There are exceptions: IDILI caused by telithromycin and fluoroquinolones can have a rapid onset on first exposure [5,6]. However, this is quite uncommon and may indicate that the mechanism in this case is significantly different. Classically, the time to onset is much shorter on rechallenge suggestive of immune memory, but that is not always the case, and it is not uncommon that rechallenge actually does not lead to liver injury [7]. These are the same characteristics as other idiosyncratic adverse drug reactions that affect other organs such as the skin and blood cells [8]. In many cases these other idiosyncratic adverse drug reactions are known to be immune mediated. There has been more reluctance to consider IDILI immune mediated, and IDILI was previously classed as either representing immune or metabolic idiosyncrasy [9]. IDILI is often classed as dose-independent; that is simply not true, and in general idiosyncratic drug reactions are uncommon with drugs given at a dose of 10 mg/day or less [10]. What is true is that the dose response curve for the therapeutic effects of a drug and the risk of IDILI may be in a different range, and there may not be a significant difference in risk within the therapeutic range of a drug.



The major risk factor that has been identified for IDILI caused by some drugs is the association with specific HLA haplotypes [11]. This is also true for other types of idiosyncratic drug reactions [12]. Additional genetic risk factors are polymorphisms in other immune-related genes such as a missense variant in protein tyrosine phosphatase non-receptor type 22 (PTPN22) [13] and a variant interleukin (IL)-10 allele [14]. It has been proposed that different environmental and disease states can affect the risk of IDILI. However, Hyman Zimmerman famously stated that pre-existing liver disease did not affect the risk of IDILI. One might expect that inflammatory conditions such as Crohn’s disease would increase the risk of IDILI, but if there is such an effect, it is not obvious. The microbiome does appear to affect the risk of immune checkpoint inhibitor-induced idiosyncratic reactions [15]. Undoubtedly, there are environmental and disease conditions that affect the risk of IDILI [16], but in most cases the evidence is not clear, and there do not appear to be obvious pre-existing conditions or environmental factors that predict IDILI risk.



IDILI can be classified as hepatocellular, cholestatic, or mixed. This classification is based on the ratio of alanine transaminase (ALT) to alkaline phosphatase expressed as times the upper limit of normal. If the ratio is greater than 5 it is considered hepatocellular; if less than 2 it is considered cholestatic; and if between 5 and 2 it is considered mixed [3,17]. Another type of IDILI is autoimmune DILI, which is similar to idiopathic autoimmune hepatitis with prominent autoantibodies and a predominance in females; however, the autoantibody profile is somewhat different [18]. The typical histology features interface hepatitis and a plasma cell infiltrate. The time to onset for autoimmune IDILI is usually longer than for other forms of IDILI, often more than a year, but it is different for different drugs [19]. The major type of IDILI leading to liver failure is hepatocellular IDILI; therefore, most of the discussion will be focused on this type of IDILI. Even though there are common features to IDILI caused by different drugs, there are also significant differences. These differences also provide important mechanistic clues, and this section illustrates some of these key nuances though the discussion of specific example drugs that are associated with the risk of IDILI.



2.1. Halothane


One of the first drugs to be associated with serious IDILI was halothane. It is used as a general anesthetic; therefore, unlike most drugs, exposure to halothane is relatively brief. More than 80% of the cases occur after more than one exposure, and in the few cases where it occurred after the first exposure, the time between exposure to halothane and the onset of liver injury was longer, i.e., from about 6 days to about 12 days [9]. There are also cases in which anesthesiologists developed halothane IDILI from occupational exposure to repeated, but much lower, levels of halothane. Even though liver injury does not usually occur with the first exposure, many patients do develop a fever on first exposure. In general, fever is mediated by cytokines, especially IL-6 and IL-1β, which is an indication of an immune response. Halothane is metabolized to a reactive metabolite: trifluoroacetyl chloride [20]. Isoflurane has a similar structure and is metabolized to the same reactive metabolite; however, the extent of reactive metabolite formation is less with isoflurane, and isoflurane is associated with a lower risk of IDILI than halothane [21]. This suggests that the trifluoracetyl chloride is responsible for halothane IDILI. Halothane-induced liver injury is often associated with eosinophilia, and sometimes with a rash [22]. These characteristics are usually taken as evidence for an immune mechanism. In addition, patients who developed halothane IDILI were found to have antibodies against trifluoroacetylated proteins as well as autoantibodies against native proteins including cytochromes P450 [23]. Children appear to be at a lower risk of halothane IDILI, and obesity appears to increase the risk [9]. It is likely that obese patients are exposed to a larger quantity of halothane, because halothane is quite lipophilic, and it requires a larger quantity of halothane to achieve the same level of halothane in the brain to induce anesthesia. The incidence also appears to be higher in women than men. Halothane is rarely used today because of safer alternatives.



The characteristics of halothane IDILI strongly suggest an immune mechanism in which the reactive metabolite produces drug-modified proteins, and in some cases, this results in an adaptive immune response leading to serious liver injury. The initial exposure is too short to develop a significant adaptive immune response, which requires expansion of the lymphocytes that are specific for the drug-modified proteins, but it is sufficient to produce memory T cells that can respond more rapidly on rechallenge. Attempts have been made to reproduce this liver injury in animals. A study by Furst et al., found that halothane produced significant liver injury in guinea pigs and a positive lymphocyte transformation test [24]. Repeated exposures appeared to lead to some degree of immune tolerance. More recently, a study by Chakraborty et al., found that depletion of myeloid-derived suppressor cells increased halothane-induced liver injury in mice and produced a reasonable animal model of halothane IDILI [25]. As the combination of clinical characteristics and animal data led to the conclusion that halothane IDILI is immune mediated, halothane IDILI was used as a classic example of “immune idiosyncrasy” [9].




2.2. Isoniazid


Another drug that is well known to cause IDILI is isoniazid. Due to the relatively high incidence of isoniazid IDILI, patients being treated with isoniazid are usually monitored with monthly ALT measurements to decrease the risk of liver failure. If a patient does develop an increase in ALT, if the ALT is not too high, it is usually possible to treat through it (a classic example of “adaptation”), and if the drug is stopped, it is usually possible to restart with a lower dose without causing serious liver injury [26]. However, rechallenge of a patient with a history of serious isoniazid IDILI can result in a very rapid onset of severe liver injury [27].



Studies in rats performed more than 4 decades ago found that high doses of isoniazid caused acute liver injury in rats, and this injury appeared to be due to bioactivation of N-acetylhydrazine, a metabolite of isoniazid [28]. However, given the acute nature of the liver injury in rats, it is likely that the mechanism in this animal model is different from isoniazid IDILI in humans. Due to the results in rats suggesting that N-acetylhydrazine was an essential intermediate in the bioactivation of isoniazid, studies were performed in humans to determine if acetylation phenotype was a risk factor for isoniazid IDILI. The first studies reported that patients with the rapid acetylator phenotype were at increased risk [29]. However, later studies suggested that, if anything, patients with the slow acetylator genotype are at increased risk of isoniazid IDILI, but the relationship remains controversial [30]. Furthermore, in mice and humans, the major reactive metabolite appears to involve direct oxidation of isoniazid to a reactive diazo metabolite [31].



As isoniazid IDILI is less commonly associated with fever, rash, or eosinophilia, and patients who developed isoniazid IDILI could usually be rechallenged without recurrence of liver injury, it was believed that isoniazid IDILI was not immune mediated [9]. The fact that it was initially believed that rapid acetylators were at increased risk led to isoniazid IDILI being characterized as “metabolic idiosyncrasy”. However, as mentioned, the association with acetylator phenotype is controversial, and if there is an effect it is too small to explain the idiosyncratic nature of isoniazid IDILI. In addition, the absence of fever, rash, and eosinophilia should not be used as evidence against an immune mechanism; most immune responses such as the response to viral hepatitis B are not associated with fever, rash, and eosinophilia. Subsequent studies have shown that patients who have a small increase in ALT also have an increase in Th17 cells and T cells expressing IL-10 [32]. In addition, most patients who develop isoniazid-induced liver failure have antibodies against isoniazid-modified proteins or native cytochromes P450 [33]. Furthermore, patients with isoniazid IDILI were found to have a positive lymphocyte transformation test [34] and isoniazid-specific T cells [35]. Although isoniazid IDILI is less frequently associated with eosinophilia than halothane IDILI, it is not rare [36], and isoniazid treatment is associated with other types of immune responses such as drug-induced fever and a drug-induced lupus-like autoimmune syndrome [37]. Taken together, these results strongly suggest that isoniazid IDILI is also immune mediated. Although isoniazid IDILI has been reported to be associated with the HLA-DQA1*0102 haplotype, the odds ratio was only 4, and the results have not been replicated [38]. The fact that there does not appear to be a strong HLA association may be because of the large number of proteins that are modified by the reactive metabolite of isoniazid as discussed later. This provides a large number of possible drug-modified peptides and increases the chance that there will be multiple HLA haplotypes that can recognize one of these peptides. In contrast, there is no example of IDILI in which a single genetic polymorphism in a metabolic pathway explains the idiosyncratic nature of IDILI caused by that drug. Interindividual differences in drug metabolism undoubtedly play a role in the idiosyncratic nature of IDILI, but it appears that it is a relatively small role [30]. On the other hand, if reactive metabolite formation required a specific enzyme, and a patient was deficient in that enzyme they should be protected. Such an occurrence is likely to be relatively rare, and most patients do not develop IDILI when treated with a drug; therefore, such a relationship would be hard to detect. It also would not explain the idiosyncratic nature of IDILI. Therefore, the term metabolic idiosyncrasy as a general category of IDILI should probably be abandoned.




2.3. Amodiaquine


Amodiaquine can cause agranulocytosis in addition to IDILI, and sometimes both in the same patient [39]. This is presumably because it is oxidized to an iminoquinone reactive metabolite by both cytochromes P450 in the liver [40], and also by myeloperoxidase in neutrophils and neutrophil precursors [41]. Anti-drug antibodies were observed in patients with amodiaquine idiosyncratic drug reactions including IDILI, which suggests that these idiosyncratic reactions are immune mediated [42]. However, the relatively high risk of idiosyncratic reactions associated with amodiaquine has limited it use, and to our knowledge, no studies have been performed to determine whether there is an association with specific HLA genotypes have been performed.



Most drugs that cause IDILI do not cause delayed-onset liver injury in animals at doses that result in what would be a therapeutic blood level in humans, but amodiaquine is an exception. Treatment of either mice or rats with amodiaquine leads to a delayed onset mild liver injury [43]. This injury appears to be mediated by NK or NKT cells because depletion of these cells is protective in mice. Impairment of immune tolerance by using a combination of PD-1ȡ/− mice and anti-CTLA-4 markedly increases this delayed onset liver injury and produces an animal model with liver histology that closely mimics IDILI in humans [44]. PD-1 and CTLA-4 are immune checkpoint molecules that are expressed on T cells that limit immune responses to prevent damage to the host, but they can also prevent the immune system from destroying cancer cells [45]. Therefore, immune checkpoint inhibitors have been developed to treat cancer; however, they also increase the risk of IDILI as discussed later. Although the liver injury in this model does not result in liver failure, the injury is substantial, and there is an increase in bilirubin. The injury in this model involves CD8+ T cells, and depletion of these cells is protective [46]. We have used this model of impaired immune tolerance to explore other factors involved in IDILI [46,47,48,49,50,51]. In addition, the impaired immune tolerance model unmasks the ability of other drugs to cause liver injury; however, with the other drugs that have been tested, the liver injury is milder [52].




2.4. Nevirapine


Nevirapine can cause both IDILI and severe skin rashes. In this case, it appears that the ability of nevirapine to cause two different types of idiosyncratic reactions is because it can form two different reactive metabolites: a reactive quinone methide in the liver [53] and a benzylic sulfate in the skin [54]. The quinone methide is a suicide substrate for cytochromes P450, leading to initial inhibition followed by induction of P450 synthesis, while sulfotransferase in the skin forms 12-hydroxynevirapine sulfate, which can react with protein as the sulfate is a good leaving group [54]. Nevirapine also causes an immune mediated skin rash in female brown Norway rats, which is one of the few animal models of an idiosyncratic drug reaction that is similar to the idiosyncratic reaction that the drug causes in humans [55]. Nevirapine IDILI is presumably caused by the quinone methide. The HLA associations for nevirapine-induced serious skin rashes and liver injury are different. Specifically, several HLA haplotypes, including HLA-C*0401, are associated with an increased risk of toxic epidermal necrolysis [56], while HLA-DRB1*0101 is associated with an increased risk of nevirapine IDILI [57]. That is not surprising because the reactive metabolites are different, and the spectrum of proteins modified are likely to be different because they are formed in different tissues. Nevirapine is one of the drugs that can cause immune mediated liver injury in the impaired immune tolerance model [52].




2.5. Flucloxacillin


The dominant IDILI phenotype leading to liver failure is hepatocellular; however, some drugs are associated with a cholestatic IDILI phenotype. One such drug is flucloxacillin. Flucloxacillin IDILI is strongly associated with the HLA-B*5701 haplotype with an odds ratio of 80.6, which is compelling evidence that flucloxacillin IDILI is immune mediated [58]. In addition, activation of fluoxetine-specific T cells is HLA-B*5701 restricted [59]. However, even if a patient expresses that haplotype and is treated with flucloxacillin, there is less than a 1/500 chance that they will develop serious IDILI. One factor that probably influences what type of idiosyncratic drug reaction a drug causes is where the reactive metabolite is formed. In most cases, the reactive metabolite is formed by cytochromes P450 and binds to intracellular hepatic proteins. Therefore, the drug-modified proteins will be processed and presented on the cell surface in the context of MHC-I as discussed below. That is likely to lead to a CD8+ T cell response, which can result in hepatocellular damage. Therefore, why does flucloxacillin cause cholestatic liver damage? In contrast to most drugs, flucloxacillin is chemically reactive because it is a β-lactam, and it does not require bioactivation. In addition, flucloxacillin is a substrate for multidrug resistance-associated protein 2 (MRP2), which concentrates the drug in bile epithelia [60]. That is presumably why flucloxacillin causes a cholestatic form of IDILI. Other drugs that cause cholestatic IDILI such as terbinafine and chlorpromazine form reactive glutathione adducts that are likely to be substrates for transporters that concentrate them in bile epithelia [61,62].




2.6. Valproate


It has been proposed that one mechanism by which drugs can cause IDILI involves mitochondrial injury as discussed below. However, most IDILI is not associated with characteristics associated with mitochondrial injury (e.g., lactic acidosis). An exception is valproate IDILI, which is quite different from the IDILI caused by other drugs. There are essentially three somewhat different clinical pictures: the most frequent is chronically evolving liver failure with hepatic encephalopathy; less common is hyperammonemia with less evidence of hepatocellular injury; and least common is an acute Reye’s-like syndrome [9]. It is not clear whether these different clinical presentations indicate that the mechanisms involved are markedly different or whether there is a common mechanism that results in different clinical presentations in different patients. Hyperammonemia is common and out of proportion to the level of liver injury. Histology is most commonly characterized by microvesicular steatosis with varying degrees of necrosis.



The incidence of IDILI caused by many drugs, such as isoniazid and halothane, is higher in older patients, with children being relatively resistant. However, another unique feature of valproate IDILI is that the risk is higher in children, especially infants age 2 or younger [9]. Other risk factors are several inborn errors of metabolism such as medium chain acyl co-enzyme A (Co-A) dehydrogenase deficiency, and ornithine transcarbamylase deficiency, and polytherapy with anticonvulsants that induce cytochromes P450 [63]. Valproate IDILI often occurs after a febrile illness, which may put additional stress on metabolic pathways. Another risk factor for valproate IDILI that has been reported is a heterozygous genetic variation in mitochondrial DNA polymerase γ (POLG) [64]. This association has been used to exclude patients with this genotype from receiving valproate. However, this association has also been disputed [65]. Although the number of cases was too small to clearly show that this genetic variation is not a risk factor, the study by Hynynen et al., study does demonstrate that most patients with this genetic variation do not develop serious IDILI when treated with valproate.



The chemical structure of valproic acid can be characterized as dipropylacetic acid. The normal metabolism of fatty acids is β-oxidation, but the β-position is where valproate is branched, which would block oxidation to form acetate. Therefore, when valproate forms a Co-A ester it may block oxidation of fatty acids, and this is a plausible mechanism of the microvesicular steatosis [66]. It has also been postulated to deplete Co-A. Valproate is also oxidized to 4-ene and 2, 4-diene metabolites. The 4-ene metabolite is structurally very similar to hypoglycin A, which is the agent responsible for Jamaican vomiting sickness, a condition similar to Reye’s syndrome [9]. Reye’s syndrome also occurs almost exclusively in childhood and is associated with the use of aspirin for a febrile illness. Aspirin is another carboxylic acid that can damage mitochondria [67]. It can form a Co-A ester, but it cannot undergo β-oxidation analogous to a fatty acid. The 2,4-diene metabolite is chemically reactive and forms a glutathione adduct [68].



In summary, valproate IDILI is distinct from other IDILI. There are multiple lines of evidence that suggest it involves mitochondria. Valproate affects several metabolic pathways, and it very well may represent “metabolic idiosyncrasy” with no immune component. However, there does not appear to be a single genetic polymorphism that represents a clear cause of valproate idiosyncrasy, and it is still possible that valproate IDILI has an immune component.




2.7. Minocycline


Minocycline can produce typical hepatocellular IDILI, but it can also produce autoimmune IDILI [19]. The autoimmune-type of IDILI often occurs after a year or more of treatment and has a more chronic course. There is a marked female preponderance, and another risk factor is the HLA-B*3502 haplotype [69]. It is usually associated with antinuclear antibodies and elevated IgG serum levels [19]. The typical histology is characterized by the presence of plasma cells and interface hepatitis. Autoimmune IDILI usually responds well to corticosteroids and is less likely to recur than idiopathic autoimmune hepatitis when the steroids are stopped. Minocycline can also cause other types of autoimmune reactions such as a lupus-like syndrome [70]. Minocycline is structurally different from other tetracycline antibiotics in having a dimethylamine group para to a phenolic group, which permits it to be oxidized to a reactive metabolite [71]. Other drugs commonly associated with autoimmune IDILI are nitrofurantoin and α-methyldopa.




2.8. Biologics


Although biologics are generally expected to have fewer off-target effects due to their specific mechanisms of action, multiple biologics have been associated with IDILI. The small molecule drugs discussed above likely cause IDILI due to their bioactivation into reactive metabolites, but biologics may induce IDILI because biologics are themselves foreign proteins which may induce an immune response, or because the biologics exert effects on the immune system itself. Indeed, anti-drug antibodies have been identified during treatment with many biologics. However, these antibodies tend to be neutralizing, and the major concern is usually reduced efficacy, although hypersensitivity reactions may also be predicted by the detection of anti-drug antibodies [72]. Two classes of biologics are particularly implicated in IDILI, the immune checkpoint inhibitors and tumour necrosis factor-alpha (TNF-α) inhibitors, although other biologics also carry risk of causing hepatotoxicity, some of which are discussed below.



The immune checkpoint inhibitors have emerged as a cause of IDILI as their use has become widespread in oncology. Since checkpoint inhibitors disrupt immune tolerance, it is not surprising that immune-related adverse effects caused by checkpoint inhibitors can affect any organ; indeed, our own work discussed above has shown that liver injury is unmasked in animal models of checkpoint inhibition. The incidence of hepatotoxicity caused by checkpoint inhibitors varies depending upon the drug (or combination thereof), the dose, and the cancer being treated [73,74]. Anti-CTLA-4 IDILI appears more common than anti-PD-1 IDILI, while combination immunotherapy has the highest incidence [73]. One study found that increases in ALT were higher in patients being treated for hepatocellular carcinoma compared to those being treated for melanoma or non-small cell lung cancer, but there was no difference in discontinuation of therapy or death [75]. It is possible that this finding is due to the fact that those with hepatocellular carcinoma have underlying liver dysfunction; it could also be true that the increased ALT might even function as a marker of efficacy in this setting due to the destruction of malignant hepatocytes. Interestingly, while it seems reasonable that the disruption of immune tolerance by these therapies may lead to autoimmune reactions, hepatotoxicity caused by immune checkpoint inhibitors has both features that overlap with or are distinct from those of autoimmune hepatitis. For instance, liver injury associated with anti-PD-1 checkpoint treatment appears to lack certain features of autoimmune hepatitis, such as anti-nuclear antibodies, hypergammaglobulinemia, and a predominance in females [74]. Histologically, autoimmune hepatitis is often characterized by infiltrating plasma cells, while checkpoint inhibitor-induced liver injury is characterized by an infiltrate of predominantly histiocytes [74]. While autoimmune hepatitis and anti-PD-1 liver injury are characterized by both infiltrating CD4+ and CD8+ T cells, anti-CTLA-4 liver injury is predominantly characterized by CD8+ T cell infiltration [76,77]. It is also interesting to note that rechallenge with checkpoint inhibitors following initial injury can be safe [76,78,79]. This suggests that factors extrinsic to the treatment and patient genetics, such as the immune status of the patient or environmental factors, may also play a role in the development of hepatotoxicity in response to checkpoint inhibitors.



While it is reasonable that checkpoint inhibitors may cause IDILI by reducing inhibition of the immune response, the TNF-α inhibitors are indicated in many inflammatory autoimmune conditions like rheumatoid arthritis, in which they are expected to be immunosuppressive. It is therefore less intuitive that this class of biologics might also carry the risk of causing IDILI, but it is clear that they do. The presentation of liver injury mediated by anti-TNF-α agents often appears to be autoimmune-like itself, with the presence of autoantibodies and a predominance in females [80]. Less commonly, the pattern of liver injury can also be hepatocellular without features of autoimmunity or cholestatic injury [81]. Several possible explanations have been proposed for the mechanisms underlying anti-TNF-α associated liver injury, including suppression of cytotoxic T cell-mediated suppression of autoreactive B cells or suppression of regulatory T cell expansion, which could increase autoimmunity [82,83]. However, cross-reactivity appears to be low between agents in this class [84], which suggests that TNF-α inhibition itself may not be the mechanism (or the only mechanism) of injury, but perhaps the structures or specific effects of the individual molecules themselves. It has been speculated that infliximab carries a higher risk of causing liver injury due to the fact that it is a chimeric antibody [85]. Clearly, the mechanisms underlying anti-TNF-α therapy-related liver injury are complicated and likely multifaceted.



Rituximab is an anti-CD20 antibody that depletes B cells and is indicated for use in multiple malignancies and autoimmune conditions. While mild-moderate ALT elevations are fairly common during rituximab treatment (10–15%) [86], clinically apparent hepatotoxicity due to rituximab is quite rare [87]. The exception is hepatotoxicity due to latent viral reactivation, usually hepatitis B [88]. Although rituximab is also a chimeric mouse/human antibody like infliximab, the two antibodies clearly have different propensities to cause liver injury.



Daclizumab is an antibody against CD25, the alpha subunit of the IL-2 receptor. It was initially approved to treat and prevent acute cellular rejection following solid organ transplantation and was more recently approved to treat relapsing-remitting multiple sclerosis. In both cases, it is intended to be immunosuppressive by inhibiting lymphocyte activation. Daclizumab carried a black box warning for hepatotoxicity and was ultimately withdrawn from the market due to several cases of serious inflammatory brain disorders [89]. While daclizumab is expected to inhibit T cell activation, this also includes inhibition of regulatory T cells. Therefore, the effects of daclizumab could also involve immune activation in addition to suppression of cellular immunity.



Just as there are different patterns of liver injury in response to different small molecule drugs, there are different patterns of liver injury in response to different biologics. The mechanisms that underlie biologic-related IDILI are still largely unknown and may result from the interaction of multiple factors including their effect on the immune system and their structures.





3. Mechanistic Hypotheses


From the clinical presentations of IDILI described above, there are clearly common characteristics to the IDILI caused by different drugs. Primary among these common characteristics are their idiosyncratic nature, and the usual delay between starting the drug and the onset of liver injury. Such characteristics are typical of an immune reaction. Yet, there are variations on that theme with different drugs and even with the same drug in different patients. There is clear evidence of an immune mechanism for the IDILI caused by many drugs, and the commonality of characteristics suggest that most IDILI is immune mediated. There is no example of IDILI that is clearly not immune mediated; however, there are usually exceptions to any “rule”; therefore, it would not be surprising if there are cases of IDILI that are not immune mediated. Other mechanisms have been proposed for IDILI, but such hypotheses, if true, are more likely to be complementary to an immune mechanism rather than excluding an immune mechanism as discussed below.



3.1. Immune Mechanisms


There are multiple lines of evidence that indicate most IDILI is immune mediated. This evidence includes HLA associations [11], associations with other immune-related genes, clinical characteristics, and histology as detailed above in Section 2. Although not all IDILI has been linked to specific HLA haplotypes, this is often due to the availability of sufficient cases required to perform the genetic studies. In other cases, the lack of an HLA association may have to do with the nature of the reactive metabolite involved as discussed below. Given the evidence that most IDILI is immune mediated, the next question is how does a drug induce an immune response which, in some patients, leads to IDILI? As discussed below, in many cases, it appears to be a chemically reactive species, either the drug as in the case of flucloxacillin, or more commonly a reactive metabolite as in the case of halothane. Such reactive species modify proteins and other macromolecules, and this results in “foreign” molecules or neoantigens. Neoantigens can be taken up by antigen presenting cells, processed to peptides, and presented in the context of major histocompatibility complex-II (MHC-II, the human form of MHC is HLA) to CD4+ helper T cells (Th) that express a T cell receptor that can “recognize” this peptide. This is referred to as signal 1 of T cell activation. However, this signal will not activate the T cell unless the antigen presenting cell has been activated and expresses costimulatory molecules such as CD80, CD86, and CD40. This co-stimulation is referred to as signal 2. The presence of cytokines also influences T cell activation and is referred to as signal 3. Signal 3 is required for proliferation of the T cells that recognize the drug-modified peptides, and it also determines what type of helper T cell is produced. The major types of helper T cells are Th1 cells that promote a cell-mediated adaptive immune response and Th2 cells that promote an antibody-mediated adaptive immune response. It is, of course, more complex, and there are other types of CD4+ T cells including, but not limited to, Th17 cells that are generally proinflammatory, and Tregs that promote immune tolerance.



Signal 1 and signal 3 are relatively straight forward. An important question is what generates signal 2. The danger hypothesis posits that unless a foreign substance causes some type of injury or cell stress, the immune system will ignore it [90]. Cell injury can cause the release of damage-associated molecular pattern molecules (DAMPs). DAMPs act through pattern recognition receptors (PRRs) such as Toll-like receptors to activate antigen presenting cells. There are many molecules that can act as DAMPs including HMGB1, heat shock proteins, ATP, etc., [91]. A major mode of transfer of DAMPs from where they are formed to immune cells appears to be exosomes [92].



Although CD4+ helper cells are required for an immune response, the major effector cells are CD8+ cytotoxic T cells and B cells, the latter of which become plasma cells that produce antibodies following activation. Most immune responses are a combination of cell- and antibody-mediated immune response, and anti-drug or autoantibodies are sometimes observed in cases of IDILI; however, the histology of most IDILI suggests that it is the cell-mediated immune response that is responsible for most of the liver damage [93]. In addition, as mentioned above, neoantigens formed in hepatocytes by reactive metabolites are presented in the context of MHC-I (HLA class-I in humans) because, while all nucleated cells express MHC-I, MHC-II (HLA class II in humans) expression is largely restricted to antigen presenting cells. MHC-I binds to CD8, which is consistent with the histology of IDILI that is characterized by numerous CD8+ T cells [93]. In addition, many of the HLA associations that predict the risk of IDILI associated with a specific drug are HLA class I alleles [11], which again suggests that a Th1 and CD8+ cell-mediated adaptive immune response causes most of the liver injury in IDILI. It is interesting that patients who develop peripheral eosinophilia or liver eosinophilia appear to have a milder IDILI course [36]. Eosinophils are dependent on IL-5, which is a Th2 cytokine, and the milder course may be due to a greater Th2 rather than Th1 type of immune response.



If drug-modified proteins are presented in the context of MHC-I, which binds to CD8, how do T helper cells, which express CD4 and bind to MHC-II, become activated? In general, antigen presenting MHC-II+ cells do not contain significant concentrations of cytochromes P450, which is the major enzyme involved in the production of reactive metabolites. Antigen presenting cells could take up apoptotic hepatocytes and present fragments of them in the context of MHC-II; however, the turnover of hepatocytes is generally quite low. The drug could cause enough cell damage to increase the rate of hepatocyte turnover, but most drugs that cause IDILI do not appear to cause much overt toxicity. Under inflammatory conditions, hepatocytes can express MHC-II, but most IDILI appears to occur in the absence of a major inflammatory stimulus. The most likely explanation is that the hepatocytes release the drug-modified proteins in exosomes, which are taken up by antigen presenting cells and presented in the context of MHC-II. Exosomes appear to represent a major mechanism for communication between cells, and drug-modified proteins have been detected in exosomes [94]. This represents the most likely mechanism for activation of T helper cells. Exosomes can also contain DAMPs, and this could represent a mechanism for activation of antigen presenting cells [92].



If most IDILI is mediated by the adaptive immune system, it provides an easy answer to the question of what makes IDILI idiosyncratic. If the immune response involves drug-modified proteins, then there must be drug-modified peptides that are recognized by MHC-I, MHC-II, and T cell receptors on both helper T cells and effector T cells. Similar to the association of idiosyncratic drug reactions with specific HLA haplotypes, there is also evidence for an association with specific T cell receptors [95]; however, this is more difficult to study. The number of different MHC-I molecules expressed by an individual is 6, and that for MHC-II is 8. This limited number of MHC molecules is presumably why the IDILI associated with several drugs is associated with specific HLA haplotypes. In contrast, the number of possible T cell receptors is almost limitless because they are the product of random gene recombination. However, the number of T cells is not unlimited, and the number of T cells stays relatively constant throughout life. Therefore, if new memory T cells are produced in response to a new pathogen, other memory T cells have to die to make room for them, and the T cell repertoire of an individual changes over time in response to what they are exposed to. Structurally different antigenic molecules can bind to the same T cell receptor by binding in different orientations and sites of interaction. This is referred to a heterologous immunity, and this greatly increases the number of antigenic molecules that can be recognized [96]. However, it can also result in unanticipated cross reactivity to structurally different molecules. Thus, if a drug-modified peptide is recognized by a memory T cell that is the result of a response to a pathogen, it can increase the immune response to the corresponding drug [97]. There is evidence that drug reaction with eosinophilia and systemic symptoms (DRESS) involves cross reactivity between memory cells specific for human herpes virus and the drugs that cause DRESS, and DRESS is frequently associated with reactivation of the virus [98]. This appears to be because the immune response in DRESS includes an increase in T regulatory cells (Treg) to decrease tissue damage, and this allows the virus to proliferate.



The immune response is a delicate balance between an active immune response and immune tolerance. Antigen recognition is relative; the stronger the affinity of the drug-modified peptide for the T cell receptor and HLA, the stronger the immune response is likely to be, and the less co-stimulation required to overcome immune tolerance. In addition, memory T cells that have been primed by a pathogen are likely to result in a stronger immune response, as appears to be the case of DRESS as described above. It is likely that almost everyone has MHC-I, MHC-II, and T cell receptors that have some affinity for one or more of the many drug-modified peptides that can be formed by the reactive metabolite of a drug, or the drug itself if no chemically reactive species is involved. Even when there is a strong HLA association with IDILI caused by a specific drug, most patients will not develop IDILI when treated with that drug. In addition, with many drugs there will be some patients who do not have that HLA haplotype associated with an increased risk and still develop IDILI [16]. Each immune response likely involves multiple T cells with varying affinities for the drug or drug-modified peptide.



The immune response is extremely complex with many checks and balances to prevent the immune response from causing too much damage to the host. In particular, the dominant immune response in the liver is immune tolerance because it is exposed to many inflammatory molecules from the intestine, and a strong immune response to all of these molecules would cause liver damage [99]. There are multiple mechanisms that limit the immune response including Tregs and myeloid-derived suppressor cells, cytokines such as IL-10, and other molecules including immune checkpoints such as PD-1 and CTLA-4. Even when drugs produce liver injury, it more commonly resolves despite continued treatment. This is referred to as adaptation, but it presumably represents immune tolerance. Exosomes also appear to be important in transferring molecules involved in immune tolerance [100]. In the PD-1ȡ/− impaired immune tolerance model described above, we have shifted the balance away from immune tolerance, which resulted in significant liver injury caused by several drugs that cause IDILI in humans. However, without high affinity binding of the drug-modified peptide to MHC and T cell receptors, the immune response was limited, and it did not result in liver failure. In fact, with most drugs the injury resolved despite continued treatment, again presumably because of immune tolerance. Immune checkpoint inhibitors also increase the risk of IDILI caused by co-administered drugs in humans [101], but again it is a delicate balance, and the risk does not increase to 100%. This may also be why inflammatory diseases such as Crohn’s disease do not appear to markedly increase the risk of IDILI, i.e., such inflammatory conditions presumably also increase factors that promote immune tolerance to limit the damage done by the disease. There are probably many factors that cause immune dysregulation that can influence the risk that a patient will develop IDILI [16].



Although most of the liver damage appears to be mediated by the adaptive immune system, activation of the adaptive immune system requires an innate immune response to activate antigen presenting cells and produce inflammatory cytokines. While the adaptive immune response is idiosyncratic because it requires specific MHC and T cell receptors, the innate immune response is activated by reactive metabolites and DAMPs and is unlikely to be idiosyncratic. For example, clozapine can cause idiosyncratic agranulocytosis and IDILI. Although most patients do not have an idiosyncratic reaction to clozapine, most patients do have an innate immune response, often with a transient increase in serum IL-6 levels and a paradoxical neutrophilia [102]. We find a similar response in rats treated with clozapine [103]. We also found that the supernatant from hepatocyte spheroids incubated with nevirapine activated inflammasomes in antigen presenting cells [104]. This is presumably because the hepatocytes released DAMPs into the media. The ability of a drug to produce a clinically silent innate immune response in patients, and even in animals, may provide a way to predict which drug candidates will cause a significant risk of IDILI when many patients are treated. The proposed steps in the immune response to drugs that can cause IDILI are summarized in Figure 1.




3.2. Reactive Metabolites


There is a large amount of circumstantial evidence to suggest that most IDILI is caused by reactive metabolites [105]. The fact that most drug metabolism occurs in the liver provides a reason for the liver to be a common site of idiosyncratic drug reactions. Most reactive metabolites are formed by cytochromes P450, although other enzymes can also form reactive metabolites. Reactive metabolites provide an obvious source of signal 1, and they can also cause cell damage or stress leading to the production of signal 2. The association between covalent binding and the risk of IDILI led some drug companies to screen drug candidates for their degree of covalent binding [106]. It was found that correcting for the daily dose of the drug increased the correlation between the amount of covalent binding and IDILI risk; however, the correlation was far from perfect [107]. By definition, covalent binding leads to neoantigens, which can generate signal 1; however, it is likely that different reactive metabolites vary in their ability to cause the release of DAMPs that can generate signal 2. The ability of a drug to cause mild injury and the release of DAMPS may be the most important variable that determines whether a reactive metabolite is likely to cause IDILI. For example, it appears that reactive metabolites such as acyl glucuronides are less likely to cause IDILI than other reactive metabolites; however, this is controversial [108]. In addition, other characteristics of the covalent binding may also be important. For example, the major reactive metabolite of isoniazid binds to lysine amino groups and appears to covalently bind to most proteins [31]. This will lead to a very large number of drug-modified peptides that can be recognized by the immune system. Moreover, acetylhydrazine and hydrazine, two metabolites of isoniazid, are also metabolized to reactive metabolites, which also would likely react with proteins to form different drug-modified proteins. This may be why no strong HLA associations have been found for the risk of isoniazid IDILI, and an increase in ALT occurs in about 20% of patients treated with isoniazid. Other reactive metabolites are “softer” and react selectively with thiols. If a reactive metabolite is less reactive, non-covalent interactions may also determine which proteins are modified. For example, the reactive metabolites of clozapine and vesnarinone are “soft” electrophiles, which react selectively with thiol nucleophiles. They also are both bioactivated by myeloperoxidase and have similar half-lives, at least in solution. Therefore, it would be expected that they would modify similar proteins. However, we found that the spectrum of modified proteins was quite different, presumably because non-covalent interactions prior to the irreversible covalent binding significantly affected to which proteins they bind [109]. If the number of proteins that a reactive metabolite modifies is limited, it would limit the number of drug-modified peptides that could bind to MHC proteins, and this may make it more likely that there will be a strong HLA association with the risk of IDILI for that drug.




3.3. Non-Covalent Interactions: The p-i Hypothesis and Modified Binding of Endogenous Peptides


Although there is a large amount of circumstantial evidence that reactive metabolites are involved in the mechanism of IDILI, there is little direct evidence. It is hard to imagine that halothane IDILI does not involve a reactive metabolite. However, it is always dangerous to extrapolate very far from direct evidence, and association does not prove causation. In addition, there are a few drugs such as ximelagatran that cause IDILI but do not appear to form a reactive metabolite. Therefore, it is likely that even if reactive metabolites are responsible for most IDILI, there are likely to be exceptions. Even if ximelagatran does not form a reactive metabolite, the mechanism of ximelagatran IDILI appears to be immune mediated because it is associated with HLA -DRB1*07 and HLA-DQA1*02. These are MHC-II molecules. As mentioned, the dominant immune response in the liver is immune tolerance. If ximelagatran does not form a reactive metabolite, why does it cause liver injury and not some other type of idiosyncratic drug reaction such as a skin rash? In fact, ximelagatran did appear to cause a skin rash in some workers involved in the production of the drug [4]. In addition, there were hints that ximelagatran is concentrated in the liver, presumably by a transporter. In fact, many drugs are concentrated in the liver, and this is likely another factor that makes the liver a frequent target of idiosyncratic drug reactions.



If ximelagatran does not form a reactive metabolite that can generate signal 1, how does it cause IDILI? There are two related hypotheses that have been proposed by which a non-covalent interaction can induce an immune response, i.e., the p-i hypothesis and the modified binding of endogenous peptide hypotheses. The p-i hypothesis proposes that non-covalent interactions with the MHC/T cell receptor complex can initiate an immune response [110]. This is based on the observation that in some cases, peripheral mononuclear cells from patients with a history of an idiosyncratic reaction to a drug can be activated by the parent drug in the absence of any metabolism. However, this assumes that the cells respond to the same molecules as what induced the immune response in the first place. Although this sounds plausible, it is not always true. For example, nevirapine causes an immune mediated skin rash, specifically in female Brown Norway rats, that is very similar to the rash that it causes in humans [55]. This is one case in which it could be clearly demonstrated that a specific reactive metabolite is responsible for an idiosyncratic drug reaction because the reactive metabolite responsible is a reactive benzylic sulfate formed in the skin, and a topical sulfotransferase inhibitor prevented the covalent binding and rash where it was applied [54]. Even though we know that a reactive metabolite is responsible, peripheral mononuclear cells from sensitized animals respond to the parent drug with the production of INF-γ [111]. In a similar way, cells from patients with a history of overt isoniazid IDILI respond to the parent drug even though it is very likely that reactive metabolites are responsible for the liver injury [34]. In contrast, cells from patients with a history of transient increases in ALT only responded to drug-modified proteins. This is presumably because a strong immune response leads to proliferation of T cells with many different T cell receptors, and in some cases, there are T cells that recognize the parent drug even though it was a drug-modified protein that initiated the immune response. However, these findings do not falsify the p-i hypothesis, it just means that one must be cautious.



A related mechanism was discovered in the study of abacavir-induced hypersensitivity reactions. It was found that there is a very strong association between the risk this idiosyncratic reaction and HLA-B*5701. It was also found that abacavir binds very tightly to this MHC-I molecule and changes the endogenous peptides to which MHC-I binds [112,113]. Since the immune system has never “seen” these peptides before, they are recognized as foreign. That can account for signal 1, but it is less clear what produces signal 2, although abacavir does form a reactive metabolite [114]. The mechanism of abacavir-induced hypersensitivity appears to be uncommon. Ximelagatran has a structure similar to a peptide and appears to have a high affinity for the two associated HLA molecules [115]. This may explain the mechanism of ximelagatran IDILI, but there is no direct evidence to confirm this mechanism. An HLA-DR7 and HLA-DQ2 transgenic mouse model was generated and treated with ximelagatran, but no liver injury was observed [116]. A plausible explanation is that even though the presence of ximelagatran may change the peptides that would bind to these MHC-II molecules, the mice did not have the T cell receptors required to recognize them.



Pyrazinamide and allopurinol cause IDILI with clear HLA associations, but they also do not appear to form chemically reactive metabolites. Their structural resemblance to purine and pyrimidine bases, respectively, may be involved, but that is highly speculative.




3.4. BSEP Inhibition


A genetic deficiency in bile salt export protein (BSEP, ABCB11) is associated with severe cholestatic liver injury resulting in liver failure in infancy [117]. The biochemical characteristics include a markedly elevated alkaline phosphatase and serum bile salts, but a normal γ-glutamyl transpeptidase. Other variants are much more benign even though there can be an almost complete absence of detectable BSEP [118]. It is stated that BSEP inhibition is one mechanism by which a drug can cause IDILI [119]; however, it has also been stated that in vitro measures of BSEP inhibition are not useful predictors of IDILI [120]. It was reported that a common polymorphism in BSEP (1331T > C → V444A) was observed more frequently in patients with cholestatic IDILI; however, most patients who developed cholestatic IDILI did not express this variant [121]. In addition, this was not observed in a Japanese population [122]. There are several other transporters and molecules involved in the control of bile salt production and transport as well as compensatory mechanisms that complicate the picture [123]. Another complication is that a metabolite, such as the sulfate conjugate of troglitazone, may have a greater effect on BSEP than the parent drug [124]. Unfortunately, virtually all of the data to indicate that BSEP inhibition is a significant factor in the mechanism of IDILI comes from in vitro studies at high concentrations of drug, and there is little clinical evidence to indicate that inhibition of BSEP is significant in patients. One obvious experiment would be to determine if drugs that inhibit BSEP in vitro produce an increase in bile salts in patients who take the drug. One paper by Fattinger et al., found that the mean level of serum bile salts increased when patients treated with bosentan developed liver injury, but it did not occur in all patients, and it was not clear that the increase occurred before the onset of liver injury [125]. In the same paper, co-treatment with glyburide, which also inhibits BSEP, appeared to increase the incidence of bosentan-induced liver injury. Many of the drugs that inhibit BSEP are associated with a hepatocellular type of liver injury rather than cholestatic as would be expected if the injury were due solely to BSEP inhibition. It is more likely that BSEP inhibition is one of many factors that can cause cell stress resulting in the release of DAMPs and contribute to immune mediated liver injury in susceptible patients. However, we simply do not have sufficient clinical evidence to determine the significance of BSEP inhibition in the mechanism of IDILI.




3.5. Mitochondrial Injury


It is clear that valproate IDILI involves mitochondria as described above. Another example is fialuridine, a drug developed to treat hepatitis B. Unfortunately, it inhibited the synthesis of mitochondrial DNA in humans, which resulted in serious toxicity involving the liver and other organs. The liver injury was characterized by lactic acidosis and microvesicular steatosis, which is consistent with mitochondrial injury [126]. However, this liver injury was not idiosyncratic and involved other organs as well. Other reverse transcriptase inhibitors can also cause mitochondrial injury leading to effects on various organs including the liver [127]. Mitochondria are also a key target in the mechanism of acetaminophen-induced liver injury [128]. Linezolid can also cause adverse reactions, including lactic acidosis, which apparently involves the inhibition of mitochondrial protein synthesis [129]. It has been proposed that inhibition of the mitochondrial electron transport chain is one mechanism by which drugs can cause IDILI, and in vitro assays to test for this effect have been used to screen drug candidates for the risk that they will cause IDILI [2]. The classic drugs that inhibit the mitochondrial electron transport chain are the biguanides, phenformin and metformin, and their major serious toxicity is lactic acidosis. However, they rarely, if ever, cause liver injury. It was reported that the combination of rotenone, the classic agent used to inhibit the first step in the mitochondrial electron transport chain, and isoniazid, a drug associated with a significant risk of IDILI, caused hepatocyte cell death in vitro at concentrations that alone were not toxic [130]. Based on this observation, it was proposed that drugs that inhibit the mitochondrial electron transport chain could act synergistically in patients to cause IDILI. When we tested this combination in vivo in mice it was lethal. When we decreased the dose of rotenone so that it was not lethal, it did not lead to liver injury [47]. When we tested the combination in our impaired immune tolerance model, the addition of rotenone did not increase the immune mediated liver injury caused by isoniazid. From these results, we conclude that inhibition of the mitochondrial electron transport chain is not a significant mechanism of IDILI. Probably the more important observation is that metformin not only does not cause IDILI, it does not appear to increase the risk of IDILI caused by co-administered drugs. That does not mean that other types of mitochondrial injury do not play a role in the mechanism of IDILI. Most IDILI does not have features characteristic of mitochondrial injury such as lactic acidosis and microvesicular steatosis. That suggests that when mitochondria are involved in the mechanism of IDILI, mitochondrial injury is not the sole mechanism. On the other hand, mitochondria can be critical sources of reactive oxygen production and source of DAMPs that promote an immune response [131]. It is likely that mitochondria play a role in the mechanism of some IDILI other than valproate, but we have virtually no clear data as to how often or exactly what role they play.




3.6. Unfolded Protein Response


Covalent binding of a drug to proteins has the potential to change their conformation and lead to an unfolded protein response. This can cause cell stress, which in turn, could promote activation of an immune response [132]. It has been proposed that the unfolded protein response plays a role in the mechanism of IDILI. We performed a preliminary in vivo experiment with a drug that undergoes extensive covalent binding in the liver and found no evidence of the unfolded protein response. This should not be considered significant evidence against the hypothesis; however, it did make us question the hypothesis. Even though drug covalent binding is easy to detect with a good anti-drug antibody, the absolute amount of covalent binding is very small, and it may not be significant relative to other causes of unfolded protein such as viral infections [132]. Therefore, this also remains an unsubstantiated hypothesis.




3.7. Reactive Oxygen Species/Oxidative Stress


Reactive oxygen species can cause liver injury [133], and this has been proposed as a mechanism for IDILI [134]. Most of the reactive metabolites that we study are formed by two electron oxidations to form electrophiles that can covalently bind to proteins. However, many nitrogen-containing drugs can also undergo one electron oxidations to form free radicals that are unlikely to covalently bind to proteins, but they can initiate free radical chain reactions and formation of reactive oxygen species. Probably the best examples are drugs that contain a primary aromatic amine functional group. Examples include sulfonamide antibiotics, dapsone, aminoglutethimide, and procainamide. Although these drugs are associated with a variety of idiosyncratic drug reactions, with the exception of sulfamethoxazole, IDILI is uncommon. Other drugs such as chlorpromazine also have the potential to produce free radicals in addition to electrophilic reactive metabolites [135]. Oxidative stress has the potential to cause the release of DAMPs, although there are many protective mechanisms, especially in the liver, that minimize the damage caused by such species. Oxidative stress can be produced by neutrophils and mitochondria [136]. A heterozygous superoxide dismutase 2 model was produced in which the animals developed delayed onset liver injury when treated with troglitazone [137]; however, others were not able to reproduce this model [138]. Bile acids also appear to cause oxidative stress [139]. As with many other plausible hypotheses, it is untested and there are insufficient data to link reactive oxygen species to the mechanism of IDILI.





4. Clinical Challenges


The ultimate goal is to minimize the impact of IDILI on patients. This could be accomplished by either prevention or effective treatment of IDILI. A better understanding the mechanisms of IDILI is likely to facilitate achieving these goals.



4.1. Diagnosis


The first challenge is the diagnosis of IDILI. IDILI can mimic other types of liver injury, and if cases are misdiagnosed, it can lead to false conclusions about which drugs can cause IDILI and what characterizes IDILI caused by specific drugs. Unfortunately, there is no test that can be used to differentiate IDILI from other forms of liver injury [140]. The two most common methods that have been used to diagnose IDILI are a panel of 3 experts to adjudicate cases and the Roussel Uclaf Causality Assessment Method (RUCAM) [141]. RUCAM has the advantages of being objective and not requiring experts; however, it has the disadvantage that it cannot easily incorporate characteristics of the IDILI caused by different drugs. Since there is no test that can provide a definitive diagnosis, it is not possible to compare the accuracy of the two methods. The mechanisms of liver injury produced by different causes are likely to be similar; therefore, it may never be possible to develop a simple blood test to differentiate IDILI from other causes of liver injury. Theoretically, a test specific to the drug such as a lymphocyte transformation test could differentiate IDILI from other causes of liver injury. However, the lymphocyte transformation test has never been standardized or validated, and it appears to be associated with a high number of false negatives. If the immune response is directed against drug-modified proteins rather than the parent drug it is not surprising that there would be false negatives. Therefore, even with a better mechanistic understanding of IDILI, it may be impossible to develop a simple and reliable test to diagnosis IDILI; it would be better to focus on prevention and treatment.




4.2. Prevention


There are two ways to prevent IDILI: develop drugs that are not associated with a significant incidence of IDILI (design safer drugs), or since most patients that take a drug that can cause IDILI do not develop significant liver injury, predict which patients will actually develop IDILI (design safer patients).



As discussed above, it is likely that most IDILI is immune mediated or at least has a significant immune component. However, due to the patient-specific risk factors that contribute to the idiosyncrasy of the severe adaptive immune system-mediated reactions, they are not usually detected during preclinical development. As mentioned, although there are many methods that have been used to screen drug candidates to predict risk, none have proven to be accurate. It is likely that drugs have to cause some type of mild cell damage in order to release DAMPs and induce an immune response. Drugs are dirty, i.e., they have many biological effects other than the desired therapeutic effect, e.g., BSEP inhibition, and it is likely that it would be almost impossible to screen drug candidates for all the effects that may cause the release of DAMPs or otherwise influence the risk that a drug candidate will be associated with a relatively high IDILI risk. In addition, although it is a plausible hypothesis, it has not been clearly demonstrated that BSEP inhibition is linked to IDILI risk. A better strategy would be to study downstream events that may be common to drugs that cause IDILI. Assays to measure the release of DAMPs might be one way to screen drug candidates. However, there are many different types of DAMPs, and it is not yet clear if there are different patterns of DAMP release that may be associated with an increased IDILI risk. Downstream of the release of DAMPs is an innate immune response, which is required for the idiosyncratic adaptive immune response that actually causes liver injury. As mentioned earlier, the innate immune response to drugs that can cause IDILI is unlikely to be idiosyncratic; therefore, it could be studied in patients who will not develop IDILI, and in most cases, even in animals. It is clear that some drugs that cause IDILI do produce a clinically silent innate immune response in most patients and animals as discussed above, but this has received very little attention. Further research may reveal that there are common innate immune pathways that accurately predict IDIL risk. There may be just a few such pathways that could even be screened with in vitro assays such as the activation of inflammasomes by the supernatant from an incubation of a drug with macrophages [104]. However, it may be quite complex with many different mechanisms by which a drug can produce an innate immune response, and it may require in vivo models that measure several innate immune parameters to detect the range of patterns of innate immune response activation. To validate the precision and reliability of such an approach, it would first require extensive investigation of how drugs that are known to cause IDILI affect the innate immune response in both humans as well as relevant animal models. Since different drugs may cause different innate immune responses, it would require the study of multiple drugs that cause IDILI as well as the study of drugs that are not associated with a significant risk of IDILI. The study of the immune response to drugs is likely to make the process of drug development safer, but it is not a trivial task.



With respect to designing safer patients, one way to predict which patients may be at an increased risk for developing IDILI is genetic screening for implicated HLA haplotypes. While this has been demonstrated to be effective in some cases, such as screening for the HLA-B*57:01 haplotype to prevent abacavir hypersensitivity [142], this is not practical in most cases, and many drugs associated with the risk of IDILI do not have known HLA associations. Few other genetic markers or environmental factors have been found to substantially increase risk, and none could practically be used clinically. It is possible that the intensity of an early innate immune response would predict which patients would later have a strong adaptive immune response that leads to IDILI. We saw this with an animal model of penicillamine-induced autoimmunity, which included liver injury. Even though the animals were inbred, only half of the treated animals developed the syndrome after 3 weeks of treatment, and although all of the animals had a transient increase in IL-6 one day after starting penicillamine, the serum IL-6 was much higher in the animals that later developed autoimmunity and liver injury [143]. However, it seems unlikely that such a method would work in most cases or be practical.



Another method that may markedly decrease risk is slow dose titration. Dose titration has been proposed as a general method to improve drug safety [144], but this may be of special importance in the case of idiosyncratic drug reactions such as IDILI. Again, using the penicillamine model, a low dose of penicillamine for 2 weeks completely prevented the autoimmune syndrome and liver injury; one week of low dose treatment was not sufficient [145]. This was immune tolerance because it could be transferred to naïve animals with spleen cells from tolerized animals. Dose titration decreases the risk of idiosyncratic reactions to lamotrigine [146] and nevirapine [147], but it is not completely protective. It is possible that a more gradual dose escalation would be more effective in preventing idiosyncratic reactions such as IDILI. In recent clinical trials of cenobamate there were 3 cases of drug reaction with eosinophilia and systemic symptoms (DRESS) with one death. It was recommended that the dose be started at 12.5 mg/day based on the drugs given at a dose of 10 mg/day or less are unlikely to cause serious idiosyncratic drug reactions [10]. The dose was then doubled every 2 weeks until a therapeutic dose of about 200 mg/day was achieved [148]. This appeared to overt a significant risk of DRESS, and cenobamate was approved in late 2019 with a mandate for this strict dosing regimen [149]. It is possible that this practice could be extended to prevent IDILI; however, it is necessary to test this hypothesis with additional high-risk drugs. Ultimately, achieving any of these goals first requires a more comprehensive understanding of the basic mechanisms underlying IDILI.




4.3. Treatment


The first step in the treatment of IDILI is discontinuation of the drug involved. In most cases the patient will recover, and no specific treatment is required. In fact, if the IDILI is very mild, the patient may “adapt”, and it may be possible to treat through the liver injury if the drug is considered essential. Presumably, this adaptation represents immune tolerance. However, serious IDILI often progresses after the drug is stopped. This is made obvious by the fact that halothane IDILI is not clinically evident until about a week after halothane exposure, and there are examples where the onset of IDILI occurs more than 3 weeks after drug treatment has been stopped [4]. In principle, this provides a window in which treatment may prevent the development of liver failure. There is some evidence that N-acetylcysteine may be helpful even in DILI cases that are not caused by acetaminophen [150]. Ursodeoxycholic acid is often used to treat cholestatic IDILI and carnitine is used to treat valproate IDILI [151]. However, such treatments are not very effective for preventing liver failure. If IDILI is mediated by the adaptive immune system, immunosuppression might be effective. Corticosteroids are often used, but there is no evidence that they decrease mortality or liver transplantation. One study of the effect of steroids found no benefit; however, the study involved liver failure patients with a variety of etiologies [152]. Steroids have not proven to be effective in other types of immune mediated idiosyncratic reactions such as toxic epidermal necrolysis [153]. The one exception is autoimmune IDILI, which responds well to corticosteroids [154]. Corticosteroids are also recommended for IDILI caused by immune checkpoint inhibitors [155]. If the most serious cases of IDILI are mediated by CD8+ T cells, then agents that target these cells could be effective. Cyclosporin does appear to decrease the mortality associated with toxic epidermal necrolysis, which is also mediated by CD8+ T cells [156]. Another idiosyncratic drug reaction that is mediated by T cells is aplastic anemia. It is known that antithymocyte globulin and cyclosporin are effective for the treatment of aplastic anemia whether it is idiopathic or drug-induced [157]. Mycophenylate and cyclosporin have been suggested for treatment of IDILI caused by immune checkpoint inhibitors, but there is little data to indicate whether they are effective or not [155]. A very interesting therapeutic possibility is the use of Tregs, which can be expanded ex vivo [158]. The development of an effective treatment for serious IDILI would certainly be welcomed; however, it would be difficult to perform the clinical trial required to demonstrate that it is effective.





5. Conclusions


There are multiple lines of evidence that most IDILI is mediated by the adaptive immune system, especially CD8+ T cells. Presumably, the major factors that make IDILI idiosyncratic is the requirement for HLA class I and class II and T cell receptors that have a high affinity for the drug, or more likely, one of the many drug-modified peptides formed by a reactive metabolite of the drug. It is likely that everyone has HLA class I and class II and T cell receptors that will recognize one of the many drug-modified peptides that can be produced; however, the affinity can vary widely and have a large effect on the balance between whether a patient develops IDILI or immune tolerance. In addition, memory T cells that have been primed by a pathogen that happen to cross react with the drug or drug-modified peptides are more likely to lead to serious IDILI. Other factors that can affect this balance include genes that affect the immune response, immune checkpoint inhibitors, or other factors that cause immune dysregulation.



The adaptive immune response requires an innate immune response to generate signals 2 and 3. The innate immune response is likely caused by some type of mild cell damage or stress that leads to the release of DAMPs. This cell damage may also be caused by a reactive metabolite, but it could also be caused by a variety of biochemical effects of the drug such as BSEP inhibition. The innate immune response is likely to be clinically silent but unlikely to be idiosyncratic. There are often differences between humans and animals, but many aspects of drug metabolism and immune response are similar; therefore, the innate immune response to a drug may often be similar in animals, as we see in the case of clozapine. This would allow careful studies of the innate immune response to drugs, which could then be extended to humans to make certain that observations represent mechanisms in humans. The immune response is extremely complex with many checks and balances and involves many different cytokines, chemokines, and other molecules, as well as many types of immune cells that change their phenotype over time. Our current understanding of the immune response to drugs is very superficial, and the study of the early steps in the immune response to drugs could have a profound effect on our understanding of the mechanisms of IDILI. This mechanistic understanding, in turn, is likely to markedly facilitate drug development and improve drug safety.
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	APC
	antigen presenting cell
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	adenosine triphosphate



	ALT
	alanine transaminase



	BSEP
	bile salt export protein



	Co-A
	co-enzyme A



	CTLA-4
	cytotoxic T-lymphocyte-associated protein 4



	DAMPs
	damage-associated molecular patterns



	DRESS
	drug reaction with eosinophilia and systemic symptoms



	HMGB1
	high mobility group box 1
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	human leukocyte antigen



	IL
	interleukin
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	idiosyncratic drug-induced liver injury



	MHC
	major histocompatibility complex



	MRP2
	multidrug resistance-associated protein 2



	NK
	natural killer



	NKT
	natural killer T cell



	p-i
	pharmacological interaction



	PRRs
	pattern recognition receptors



	PD-1
	programmed cell death protein 1



	POLG
	mitochondrial DNA polymerase γ



	PTPN22
	protein tyrosine phosphatase non-receptor type 22



	Th
	helper T cell



	TNF-α
	tumour necrosis factor-alpha







References


	



Ostapowicz, G.; Fontana, R.J.; Schiødt, F.V.; Larson, A.; Davern, T.J.; Han, S.H.; McCashland, T.M.; Shakil, A.O.; Hay, J.E.; Hynan, L.; et al. Results of a Prospective Study of Acute Liver Failure at 17 Tertiary Care Centers in the United States. Ann. Intern. Med. 2002, 137, 947–954. [Google Scholar] [CrossRef]

	



Aleo, M.D.; Luo, Y.; Swiss, R.; Bonin, P.D.; Potter, D.M.; Will, Y. Human drug-induced liver injury severity is highly associated with dual inhibition of liver mitochondrial function and bile salt export pump. Hepatology 2014, 60, 1015–1022. [Google Scholar] [CrossRef]

	



Chalasani, N.; Bonkovsky, H.L.; Fontana, R.; Lee, W.; Stolz, A.; Talwalkar, J.; Reddy, K.R.; Watkins, P.B.; Navarro, V.; Barnhart, H.; et al. Features and Outcomes of 899 Patients with Drug-Induced Liver Injury: The DILIN Prospective Study. Gastroenterology 2015, 148, 1340–1352.e7. [Google Scholar] [CrossRef]

	



Keisu, M.; Andersson, T.B. Drug-induced liver injury in humans: The case of Ximelagatran. In Mechanisms of Adverse Drug Reactions; Uetrecht, J.P., Ed.; Springer: Heidelberg, Germany, 2010; pp. 407–418. [Google Scholar]

	



Clay, K.D.; Hanson, J.S.; Pope, S.D.; Rissmiller, R.W.; Purdum, P.P., 3rd; Banks, P.M. Brief communication: Severe hepatotoxicity of telithromycin: Three case reports and literature review. Ann. Intern. Med. 2006, 144, 415–420. [Google Scholar] [CrossRef] [PubMed]

	



Orman, E.S.; Conjeevaram, H.S.; Vuppalanchi, R.; Freston, J.W.; Rochon, J.; Kleiner, D.E.; Hayashi, P.H.; DILIN Research Group. Clinical and Histopathologic Features of Fluoroquinolone-Induced Liver Injury. Clin. Gastroenterol. Hepatol. 2011, 9, 517–523.e3. [Google Scholar] [CrossRef] [PubMed]

	



Lee, W.M.; Larrey, D.; Olsson, R.; Lewis, J.H.; Keisu, M.; Auclert, L.; Sheth, S. Hepatic Findings in Long-Term Clinical Trials of Ximelagatran. Drug Saf. 2005, 28, 351–370. [Google Scholar] [CrossRef]

	



Uetrecht, J.; Naisbitt, D.J. Idiosyncratic Adverse Drug Reactions: Current Concepts. Pharmacol. Rev. 2013, 65, 779–808. [Google Scholar] [CrossRef]

	



Zimmerman, H. Hepatotoxicity: The Adverse Effects of Drugs and Other Chemicals on the Liver; Lippincott Williams & Wilkins: Philadelphia, PA, USA, 1999. [Google Scholar]

	



Uetrecht, J.P. New Concepts in Immunology Relevant to Idiosyncratic Drug Reactions: The “Danger Hypothesis” and Innate Immune System. Chem. Res. Toxicol. 1999, 12, 387–395. [Google Scholar] [CrossRef]

	



Daly, A.K.; Day, C.P. Genetic association studies in drug-induced liver injury. Drug Metab. Rev. 2012, 44, 116–126. [Google Scholar] [CrossRef]

	



Daly, A.K. Pharmacogenomics of adverse drug reactions. Genome Med. 2013, 5, 5. [Google Scholar] [CrossRef] [PubMed]

	



Cirulli, E.T.; Nicoletti, P.; Abramson, K.; Andrade, R.J.; Bjornsson, E.S.; Chalasani, N.; Fontana, R.J.; Hallberg, P.; Li, Y.J.; Lucena, M.I.; et al. A Missense Variant in PTPN22 is a Risk Factor for Drug-induced Liver Injury. Gastroenterology 2019, 156, 1707–1716.e2. [Google Scholar] [CrossRef]

	



Aithal, G.P.; Ramsay, L.; Daly, A.K.; Sonchit, N.; Leathart, J.B.S.; Alexander, G.; Kenna, J.G.; Caldwell, J.; Day, C.P. Hepatic adducts, circulating antibodies, and cytokine polymorphisms in patients with diclofenac hepatotoxicity. Hepatology 2004, 39, 1430–1440. [Google Scholar] [CrossRef]

	



Dubin, K.; Callahan, M.K.; Ren, B.; Khanin, R.; Viale, A.; Ling, L.; No, D.; Gobourne, A.; Littmann, E.; Huttenhower, B.R.C.; et al. Intestinal microbiome analyses identify melanoma patients at risk for checkpoint-blockade-induced colitis. Nat. Commun. 2016, 7, 10391. [Google Scholar] [CrossRef] [PubMed]

	



Naisbitt, D.J.; Olsson-Brown, A.; Gibson, A.; Meng, X.; Ogese, M.O.; Tailor, A.; Thomson, P. Immune dysregulation increases the incidence of delayed-type drug hypersensitivity reactions. Allergy 2019, 75, 781–797. [Google Scholar] [CrossRef]

	



Bénichou, C. Criteria of drug-induced liver disorders. J. Hepatol. 1990, 11, 272–276. [Google Scholar] [CrossRef] [PubMed]

	



Lammert, C.; Zhu, C.; Lian, Y.; Raman, I.; Eckert, G.; Li, Q.; Chalasani, N. Exploratory Study of Autoantibody Profiling in Drug-Induced Liver Injury with an Autoimmune Phenotype. Hepatol. Commun. 2020, 4, 1651–1663. [Google Scholar] [CrossRef]

	



De Boer, Y.S.; Kosinski, A.S.; Urban, T.J.; Zhao, Z.; Long, N.; Chalasani, N.; Kleiner, D.E.; Hoofnagle, J.H. Features of Autoimmune Hepatitis in Patients with Drug-induced Liver Injury. Clin. Gastroenterol. Hepatol. 2017, 15, 103–112.e2. [Google Scholar] [CrossRef]

	



Satoh, H.; Fukuda, Y.; Anderson, D.K.; Ferrans, V.J.; Gillette, J.R.; Pohl, L.R. Immunological studies on the mechanism of halothane-induced hepatotoxicity: Immunohistochemical evidence of trifluoroacetylated hepatocytes. J. Pharmacol. Exp. Ther. 1985, 233, 857–862. [Google Scholar]

	



Christ, D.D.; Satoh, H.; Kenna, J.G.; Pohl, L.R. Potential metabolic basis for enflurane hepatitis and the apparent cross-sensitization between enflurane and halothane. Drug Metab. Dispos. 1988, 16, 135–140. [Google Scholar] [PubMed]

	



Inman, W.H.W.; Mushin, W.W. Jaundice after Repeated Exposure to Halothane: An Analysis of Reports to the Committee on Safety of Medicines. BMJ 1974, 1, 5–10. [Google Scholar] [CrossRef] [PubMed]

	



Martin, J.L.; Kenna, J.G.; Martin, B.M.; Thomassen, D.; Reed, G.F.; Pohl, L.R. Halothane hepatitis patients have serum antibodies that react with protein disulfide isomerase. Hepatology 1993, 18, 858–863. [Google Scholar] [CrossRef] [PubMed]

	



Furst, S.M.; Luedke, D.; Gaw, H.-H.; Reich, R.; Gandolfi, A. Demonstration of a Cellular Immune Response in Halothane-Exposed Guinea Pigs. Toxicol. Appl. Pharmacol. 1997, 143, 245–255. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, M.; Fullerton, A.M.; Semple, K.; Chea, L.S.; Proctor, W.R.; Bourdi, M.; Kleiner, D.E.; Zeng, X.; Ryan, P.M.; Dagur, P.K.; et al. Drug-induced allergic hepatitis develops in mice when myeloid-derived suppressor cells are depleted prior to halothane treatment. Hepatology 2015, 62, 546–557. [Google Scholar] [CrossRef] [PubMed]

	



Agal, S.; Baijal, R.; Pramanik, S.; Patel, N.; Gupte, P.; Kamani, P.; Amarapurkar, D. Monitoring and management of antituberculosis drug induced hepatotoxicity. J. Gastroenterol. Hepatol. 2005, 20, 1745–1752. [Google Scholar] [CrossRef] [PubMed]

	



Maddrey, W.C.; Boitnott, J.K. Isoniazid Hepatitis. Ann. Intern. Med. 1973, 79, 1–12. [Google Scholar] [CrossRef]

	



Mitchell, J.R.; Zimmerman, H.J.; Ishak, K.G.; Thorgeirsson, U.P.; Timbrell, J.A.; Snodgrass, W.R.; Nelson, S.D. Isoniazid Liver Injury: Clinical Spectrum, Pathology, and Probable Pathogenesis. Ann. Intern. Med. 1976, 84, 181–192. [Google Scholar] [CrossRef] [PubMed]

	



Mitchell, J.R.; Thorgeirsson, U.P.; Black, M.; Timbrell, J.A.; Snodgrass, W.R.; Potter, W.Z.; Jollow, H.R.; Keiser, H.R. Increased incidence of isoniazid hepatitis in rapid acetylators: Possible relation to hydranize metabolites. Clin. Pharmacol. Ther. 1975, 18, 70–79. [Google Scholar] [CrossRef]

	



Daly, A.K. Are Polymorphisms in Genes Relevant to Drug Disposition Predictors of Susceptibility to Drug-Induced Liver Injury? Pharm. Res. 2017, 34, 1564–1569. [Google Scholar] [CrossRef] [PubMed]

	



Metushi, I.G.; Nakagawa, T.; Uetrecht, J. Direct Oxidation and Covalent Binding of Isoniazid to Rodent Liver and Human Hepatic Microsomes: Humans Are More Like Mice than Rats. Chem. Res. Toxicol. 2012, 25, 2567–2576. [Google Scholar] [CrossRef]

	



Metushi, I.G.; Zhu, X.; Chen, X.; Gardam, M.A.; Uetrecht, J. Mild Isoniazid-Induced Liver Injury in Humans Is Associated with an Increase in Th17 Cells and T Cells Producing IL-10. Chem. Res. Toxicol. 2014, 27, 683–689. [Google Scholar] [CrossRef]

	



Metushi, I.G.; Sanders, C.; Lee, W.M.; Uetrecht, J.; The Acute Liver Study Group. Detection of anti-isoniazid and anti-cytochrome P450 antibodies in patients with isoniazid-induced liver failure. Hepatology 2014, 59, 1084–1093. [Google Scholar] [CrossRef] [PubMed]

	



Warrington, R.J.; Tse, K.S.; Gorski, B.A.; Schwenk, R.; Sehon, A.H. Evaluation of isoniazid-associated hepatitis by immunological tests. Clin. Exp. Immunol. 1978, 32, 97–104. [Google Scholar] [PubMed]

	



Usui, T.; Meng, X.; Saide, K.; Farrell, J.; Thomson, P.; Whitaker, P.; Watson, J.; French, N.S.; Park, B.K.; Naisbitt, D.J. From the Cover: Characterization of Isoniazid-Specific T-Cell Clones in Patients with anti-Tuberculosis Drug-Related Liver and Skin Injury. Toxicol. Sci. 2016, 155, 420–431. [Google Scholar] [CrossRef]

	



Björnsson, E.; Kalaitzakis, E.; Olsson, R. The impact of eosinophilia and hepatic necrosis on prognosis in patients with drug-induced liver injury. Aliment. Pharmacol. Ther. 2007, 25, 1411–1421. [Google Scholar] [CrossRef]

	



Salazarx-Paramo, M.; Rubin, R.L.; La Torre, I.G.-D. Systemic lupus erythematosus induced by isoniazid. Ann. Rheum. Dis. 1992, 51, 1085–1087. [Google Scholar] [CrossRef]

	



Sharma, S.K.; Balamurugan, A.; Saha, P.K.; Pandey, R.M.; Mehra, N.K. Evaluation of Clinical and Immunogenetic Risk Factors for the Development of Hepatotoxicity during Antituberculosis Treatment. Am. J. Respir. Crit. Care Med. 2002, 166, 916–919. [Google Scholar] [CrossRef]

	



Neftel, K.A.; Woodtly, W.; Schmid, M.; Frick, P.G.; Fehr, J. Amodiaquine induced agranulocytosis and liver damage. BMJ 1986, 292, 721–723. [Google Scholar] [CrossRef] [PubMed]

	



Harrison, A.C.; Kitteringham, N.R.; Clarke, J.B.; Park, B. The mechanism of bioactivation and antigen formation of amodiaquine in the rat. Biochem. Pharmacol. 1992, 43, 1421–1430. [Google Scholar] [CrossRef]

	



Lobach, A.R.; Uetrecht, J. Involvement of Myeloperoxidase and NADPH Oxidase in the Covalent Binding of Amodiaquine and Clozapine to Neutrophils: Implications for Drug-Induced Agranulocytosis. Chem. Res. Toxicol. 2014, 27, 699–709. [Google Scholar] [CrossRef]

	



Clarke, J.; Neftel, K.; Kitteringham, N.; Park, B. Detection of Antidrug IgG Antibodies in Patients with Adverse Drug Reactions to Amodiaquine. Int. Arch. Allergy Immunol. 1991, 95, 369–375. [Google Scholar] [CrossRef] [PubMed]

	



Metushi, I.G.; Cai, P.; Dervovic, D.; Liu, F.; Lobach, A.; Nakagawa, T.; Uetrecht, J. Development of a novel mouse model of amodiaquine-induced liver injury with a delayed onset. J. Immunotoxicol. 2014, 12, 247–260. [Google Scholar] [CrossRef] [PubMed]

	



Metushi, I.G.; Hayes, M.A.; Uetrecht, J. Treatment of PD-1(ȡ/−) mice with amodiaquine and anti-CTLA4 leads to liver injury similar to idiosyncratic liver injury in patients. Hepatology 2015, 61, 1332–1342. [Google Scholar] [CrossRef]

	



Callahan, M.K.; Wolchok, J.D. At the Bedside: CTLA-4- and PD-1-blocking antibodies in cancer immunotherapy. J. Leukoc. Biol. 2013, 94, 41–53. [Google Scholar] [CrossRef] [PubMed]

	



Mak, A.; Uetrecht, J. The Role of CD8 T Cells in Amodiaquine-Induced Liver Injury in PD1ȡ/− Mice Cotreated with Anti-CTLA-4. Chem. Res. Toxicol. 2015, 28, 1567–1573. [Google Scholar] [CrossRef]

	



Cho, T.; Wang, X.; Uetrecht, J. Rotenone Increases Isoniazid Toxicity but Does Not Cause Significant Liver Injury: Implications for the Hypothesis that Inhibition of the Mitochondrial Electron Transport Chain Is a Common Mechanism of Idiosyncratic Drug-Induced Liver Injury. Chem. Res. Toxicol. 2019, 32, 1423–1431. [Google Scholar] [CrossRef]

	



Mak, A.; Johnston, A.; Uetrecht, J. Effects of immunization and checkpoint inhibition on amodiaquine-induced liver injury. J. Immunotoxicol. 2017, 14, 89–94. [Google Scholar] [CrossRef]

	



Mak, A.; Cho, T.E.; Uetrecht, J. The Effects of Immune Modulators on Amodiaquine-Induced Liver Injury. Chem. Res. Toxicol. 2018, 31, 739–744. [Google Scholar] [CrossRef] [PubMed]

	



Mak, A.; Cho, T.; Uetrecht, J. Use of an animal model to test whether non-alcoholic fatty liver disease increases the risk of idiosyncratic drug-induced liver injury. J. Immunotoxicol. 2018, 15, 90–95. [Google Scholar] [CrossRef]

	



Mak, A.; Uetrecht, J. Involvement of CCL2/CCR2 macrophage recruitment in amodiaquine-induced liver injury. J. Immunotoxicol. 2019, 16, 28–33. [Google Scholar] [CrossRef] [PubMed]

	



Mak, A.; Uetrecht, J. The Combination of Anti-CTLA-4 and PD1ȡ/− Mice Unmasks the Potential of Isoniazid and Nevirapine to Cause Liver Injury. Chem. Res. Toxicol. 2015, 28, 2287–2291. [Google Scholar] [CrossRef] [PubMed]

	



Sharma, A.M.; Li, Y.; Novalen, M.; Hayes, M.A.; Uetrecht, J. Bioactivation of Nevirapine to a Reactive Quinone Methide: Implications for Liver Injury. Chem. Res. Toxicol. 2012, 25, 1708–1719. [Google Scholar] [CrossRef]

	



Sharma, A.M.; Novalen, M.; Tanino, T.; Uetrecht, J.P. 12-OH-Nevirapine Sulfate, Formed in the Skin, Is Responsible for Nevirapine-Induced Skin Rash. Chem. Res. Toxicol. 2013, 26, 817–827. [Google Scholar] [CrossRef] [PubMed]

	



Shenton, J.M.; Teranishi, M.; Abu-Asab, M.S.; Yager, J.A.; Uetrecht, J.P. Characterization of a Potential Animal Model of an Idiosyncratic Drug Reaction: Nevirapine-Induced Skin Rash in the Rat. Chem. Res. Toxicol. 2003, 16, 1078–1089. [Google Scholar] [CrossRef]

	



Cornejo Castro, E.M.; Carr, D.F.; Jorgensen, A.L.; Alfirevic, A.; Pirmohamed, M. HLA-allelotype associations with nevirapine-induced hypersensitivity reactions and hepatotoxicity: A systematic review of the literature and meta-analysis. Pharm. Genom. 2015, 25, 186–198. [Google Scholar] [CrossRef] [PubMed]

	



Hirasawa, M.; Hagihara, K.; Abe, K.; Ando, O.; Hirayama, N. Interaction of Nevirapine with the Peptide Binding Groove of HLA-DRB1*01:01 and Its Effect on the Conformation of HLA-Peptide Complex. Int. J. Mol. Sci. 2018, 19, 1660. [Google Scholar] [CrossRef] [PubMed]

	



Daly, A.K.; Donaldson, P.T.; Bhatnagar, P.; Shen, Y.; Pe’er, I.; Floratos, A.; Daly, M.J.; Goldstein, D.B.; John, S.L.; Nelson, M.R.; et al. HLA-B*5701 genotype is a major determinant of drug-induced liver injury due to flucloxacillin. Nat. Genet. 2009, 41, 816–819. [Google Scholar] [CrossRef]

	



Monshi, M.M.; Faulkner, L.; Gibson, A.; Jenkins, R.E.; Farrell, J.; Earnshaw, C.J.; Alfirevic, A.; Cederbrant, K.; Daly, A.K.; French, N.; et al. Human leukocyte antigen (HLA)-B*57:01-restricted activation of drug-specific T cells provides the immunological basis for flucloxacillin-induced liver injury. Hepatology 2013, 57, 727–739. [Google Scholar] [CrossRef] [PubMed]

	



Waddington, J.C.; Ali, S.-E.; Penman, S.L.; Whitaker, P.; Hamlett, J.; Chadwick, A.; Naisbitt, D.J.; Park, B.K.; Meng, X. Cell Membrane Transporters Facilitate the Accumulation of Hepatocellular Flucloxacillin Protein Adducts: Implication in Flucloxacillin-Induced Liver Injury. Chem. Res. Toxicol. 2020, 33, 2939–2943. [Google Scholar] [CrossRef] [PubMed]

	



Iverson, S.L.; Uetrecht, J.P. Identification of a Reactive Metabolite of Terbinafine: Insights into Terbinafine-Induced Hepatotoxicity. Chem. Res. Toxicol. 2001, 14, 175–181. [Google Scholar] [CrossRef]

	



Wen, B.; Zhou, M. Metabolic activation of the phenothiazine antipsychotics chlorpromazine and thioridazine to electrophilic iminoquinone species in human liver microsomes and recombinant P450s. Chem. Interact. 2009, 181, 220–226. [Google Scholar] [CrossRef] [PubMed]

	



König, A.S.; Siemes, H.; Bläker, F.; Boenigk, E.; Gross-Selbeck, G.; Hanefeld, F.; Haas, N.; Kohler, B.; Koelfen, W.; Korinthenberg, R.; et al. Severe Hepatotoxicity During Valproate Therapy: An Update and Report of Eight New Fatalities. Epilepsia 1994, 35, 1005–1015. [Google Scholar] [CrossRef]

	



Stewart, J.D.; Horvath, R.; Baruffini, E.; Ferrero, I.; Bulst, S.; Watkins, P.B.; Fontana, R.J.; Day, C.P.; Chinnery, P.F. Polymerase gamma gene POLG determines the risk of sodium valproate-induced liver toxicity. Hepatology 2010, 52, 1791–1796. [Google Scholar] [CrossRef]

	



Hynynen, J.; Pokka, T.; Komulainen-Ebrahim, J.; Myllynen, P.; Kärppä, M.; Pylvänen, L.; Kälviäinen, R.; Sokka, A.; Jyrkilä, A.; Lähdetie, J.; et al. Variants p.Q1236H and p.E1143G in mitochondrial DNA polymerase gamma POLG1 are not associated with increased risk for valproate-induced hepatotoxicity or pancreatic toxicity: A retrospective cohort study of patients with epilepsy. Epilepsia 2018, 59, 2125–2136. [Google Scholar] [CrossRef]

	



Bjorge, S.M.; Baillie, T.A. Inhibition of medium-chain fatty acid beta-oxidation in vitro by valproic acid and its unsaturated metabolite, 2-n-propyl-4-pentenoic acid. Biochem. Biophys. Res. Commun. 1985, 132, 245–252. [Google Scholar] [CrossRef]

	



Pessayre, D.; Mansouri, A.; Haouzi, D.; Fromenty, B. Hepatotoxicity due to mitochondrial dysfunction. Cell Biol. Toxicol. 1999, 15, 367–373. [Google Scholar] [CrossRef]

	



Baillie, T.A. Metabolism of valproate to hepatotoxic intermediates. Pharm. World Sci. 1992, 14, 122–125. [Google Scholar] [CrossRef] [PubMed]

	



Urban, T.J.; Nicoletti, P.; Chalasani, N.; Serrano, J.; Stolz, A.; Daly, A.K.; Aithal, G.P.; Dillon, J.; Navarro, V.; Odin, J.; et al. Minocycline hepatotoxicity: Clinical characterization and identification of HLA-B∗35:02 as a risk factor. J. Hepatol. 2017, 67, 137–144. [Google Scholar] [CrossRef]

	



Knowles, S.R.; Shapiro, L.; Shear, N.H. Serious adverse reactions induced by minocycline. Report of 13 patients and review of the literature. Arch. Dermatol. 1996, 132, 934–939. [Google Scholar] [CrossRef]

	



Mannargudi, B.; McNally, D.; Reynolds, W.; Uetrecht, J. Bioactivation of Minocycline to Reactive Intermediates by Myeloperoxidase, Horseradish Peroxidase, and Hepatic Microsomes: Implications for Minocycline-Induced Lupus and Hepatitis. Drug Metab. Dispos. 2009, 37, 1806–1818. [Google Scholar] [CrossRef] [PubMed]

	



Garcês, S.; Demengeot, J. The Immunogenicity of Biologic Therapies. Curr. Probl. Dermatol. 2018, 53, 37–48. [Google Scholar] [CrossRef]

	



Nadeau, B.A.; Fecher, L.A.; Owens, S.R.; Razumilava, N. Liver Toxicity with Cancer Checkpoint Inhibitor Therapy. Semin. Liver Dis. 2018, 38, 366–378. [Google Scholar] [CrossRef]

	



Nishida, N.; Kudo, M. Liver damage related to immune checkpoint inhibitors. Hepatol. Int. 2019, 13, 248–252. [Google Scholar] [CrossRef] [PubMed]

	



Brown, Z.J.; Heinrich, B.; Steinberg, S.M.; Yu, S.J.; Greten, T.F. Safety in treatment of hepatocellular carcinoma with immune checkpoint inhibitors as compared to melanoma and non-small cell lung cancer. J. Immunother. Cancer 2017, 5, 93. [Google Scholar] [CrossRef]

	



De Martin, E.; Michot, J.-M.; Papouin, B.; Champiat, S.; Mateus, C.; Lambotte, O.; Roche, B.; Antonini, T.M.; Coilly, A.; Laghouati, S.; et al. Characterization of liver injury induced by cancer immunotherapy using immune checkpoint inhibitors. J. Hepatol. 2018, 68, 1181–1190. [Google Scholar] [CrossRef] [PubMed]

	



Johncilla, M.; Misdraji, J.; Pratt, D.S.; Agoston, A.T.; Lauwers, G.Y.; Srivastava, A.; Doyle, L.A. Ipilimumab-associated Hepatitis: Clinicopathologic Characterization in a Series of 11 Cases. Am. J. Surg. Pathol. 2015, 39, 1075–1084. [Google Scholar] [CrossRef] [PubMed]

	



Cheung, V.; Gupta, T.; Payne, M.; Middleton, M.R.; Collier, J.D.; Simmons, A.; Klenerman, P.; Brain, O.; Cobbold, J.F. Immunotherapy-related hepatitis: Real-world experience from a tertiary centre. Front. Gastroenterol. 2019, 10, 364–371. [Google Scholar] [CrossRef] [PubMed]

	



Simonaggio, A.; Michot, J.M.; Voisin, A.L.; Le Pavec, J.; Collins, M.; Lallart, A.; Cengizalp, G.; Vozy, A.; Laparra, A.; Varga, A.; et al. Evaluation of Readministration of Immune Checkpoint Inhibitors After Immune-Related Adverse Events in Patients with Cancer. JAMA Oncol. 2019, 5, 1310–1317. [Google Scholar] [CrossRef]

	



Ghabril, M.; Bonkovsky, H.L.; Kum, C.; Davern, T.; Hayashi, P.H.; Kleiner, D.E.; Serrano, J.; Rochon, J.; Fontana, R.J.; Bonacini, M. Liver Injury from Tumor Necrosis Factor-α Antagonists: Analysis of Thirty-four Cases. Clin. Gastroenterol. Hepatol. 2013, 11, 558–564.e3. [Google Scholar] [CrossRef]

	



Björnsson, E.S. Drug-induced liver injury: An overview over the most critical compounds. Arch. Toxicol. 2015, 89, 327–334. [Google Scholar] [CrossRef]

	



Eriksson, C.; Engstrand, S.; Sundqvist, K.G.; Rantapää-Dahlqvist, S. Autoantibody formation in patients with rheumatoid arthritis treated with anti-TNF alpha. Ann. Rheum. Dis. 2005, 64, 403–407. [Google Scholar] [CrossRef]

	



Lopetuso, L.R.; Mocci, G.; Marzo, M.; D’Aversa, F.; Rapaccini, G.L.; Guidi, L.; Armuzzi, A.; Gasbarrini, A.; Papa, A. Harmful Effects and Potential Benefits of Anti-Tumor Necrosis Factor (TNF)-α on the Liver. Int. J. Mol. Sci. 2018, 19, 2199. [Google Scholar] [CrossRef]

	



Parekh, R.; Kaur, N. Liver Injury Secondary to Anti-TNF-Alpha Therapy in Inflammatory Bowel Disease: A Case Series and Review of the Literature. Case Rep. Gastrointest. Med. 2014, 2014, 1–5. [Google Scholar] [CrossRef]

	



French, J.B.; Bonacini, M.; Ghabril, M.; Foureau, D.M.; Bonkovsky, H.L. Hepatotoxicity Associated with the Use of Anti-TNF-α Agents. Drug Saf. 2016, 39, 199–208. [Google Scholar] [CrossRef]

	



LiverTox.nih.gov. Available online: https://livertox.nlm.nih.gov/Minocycline.htm (accessed on 5 January 2021).

	



Del Prete, C.J.; Cohen, N.S. A Case of Rituximab-Induced Hepatitis. Cancer Biotherapy Radiopharm. 2010, 25, 747–748. [Google Scholar] [CrossRef]

	



Tsutsumi, Y.; Yamamoto, Y.; Ito, S.; Ohigashi, H.; Shiratori, S.; Naruse, H.; Teshima, T. Hepatitis B virus reactivation with a rituximab-containing regimen. World J. Hepatol. 2015, 7, 2344–2351. [Google Scholar] [CrossRef]

	



End of the road for daclizumab in multiple sclerosis. Lancet 2018, 391, 1000. [CrossRef]

	



Matzinger, P. Tolerance, danger and the extended family. Annu. Rev. Immunol. 1994, 12, 991–1045. [Google Scholar] [CrossRef]

	



Zindel, J.; Kubes, P. DAMPs, PAMPs, and LAMPs in Immunity and Sterile Inflammation. Annu. Rev. Pathol. Mech. Dis. 2020, 15, 493–518. [Google Scholar] [CrossRef] [PubMed]

	



Fleshner, M.; Crane, C.R. Exosomes, DAMPs and miRNA: Features of Stress Physiology and Immune Homeostasis. Trends Immunol. 2017, 38, 768–776. [Google Scholar] [CrossRef] [PubMed]

	



Foureau, D.M.; Walling, T.L.; Maddukuri, V.; Anderson, W.; Culbreath, K.; Kleiner, D.E.; Ahrens, W.A.; Jacobs, C.; Watkins, P.G.; Fontana, R.J.; et al. Comparative analysis of portal hepatic infiltrating leucocytes in acute drug-induced liver injury, idiopathic autoimmune and viral hepatitis. Clin. Exp. Immunol. 2015, 180, 40–51. [Google Scholar] [CrossRef] [PubMed]

	



Ogese, M.O.; Jenkins, R.E.; Adair, K.; Tailor, A.; Meng, X.; Faulkner, L.; Enyindah, B.O.; Schofield, A.; Diaz-Nieto, R.; Ressel, L.; et al. Exosomal Transport of Hepatocyte-Derived Drug-Modified Proteins to the Immune System. Hepatology 2019, 70, 1732–1749. [Google Scholar] [CrossRef]

	



Ko, T.-M.; Chung, W.-H.; Wei, C.-Y.; Shih, H.-Y.; Chen, J.-K.; Lin, C.-H.; Chen, Y.-T.; Hung, S.-I. Shared and restricted T-cell receptor use is crucial for carbamazepine-induced Stevens-Johnson syndrome. J. Allergy Clin. Immunol. 2011, 128, 1266–1276.e11. [Google Scholar] [CrossRef]

	



Welsh, R.M.; Selin, L.K. No one is naive: The significance of heterologous T-cell immunity. Nat. Rev. Immunol. 2002, 2, 417–426. [Google Scholar] [CrossRef] [PubMed]

	



Pavlos, R.; White, K.D.; Wanjalla, C.; Mallal, S.A.; Phillips, E.J. Severe Delayed Drug Reactions: Role of Genetics and Viral Infections. Immunol. Allergy Clin. North Am. 2017, 37, 785–815. [Google Scholar] [CrossRef] [PubMed]

	



Ganeshanandan, L.; Lucas, M. Drug Reaction with Eosinophilia and Systemic Symptoms: A Complex Interplay between Drug, T Cells, and Herpesviridae. Int. J. Mol. Sci. 2021, 22, 1127. [Google Scholar] [CrossRef] [PubMed]

	



Tiegs, G.; Lohse, A.W. Immune tolerance: What is unique about the liver. J. Autoimmun. 2010, 34, 1–6. [Google Scholar] [CrossRef]

	



Holman, N.S.; Church, R.J.; Nautiyal, M.; Rose, K.A.; Thacker, S.E.; Otieno, M.A.; Wolf, K.K.; Lecluyse, E.; Watkins, P.B.; Mosedale, M. Hepatocyte-Derived Exosomes Promote Liver Immune Tolerance: Possible Implications for Idiosyncratic Drug-Induced Liver Injury. Toxicol. Sci. 2019, 170, 499–508. [Google Scholar] [CrossRef]

	



Ribas, A.; Hodi, F.S.; Callahan, M.; Konto, C.; Wolchok, J. Hepatotoxicity with Combination of Vemurafenib and Ipilimumab. N. Engl. J. Med. 2013, 368, 1365–1366. [Google Scholar] [CrossRef]

	



Pollmacher, T.; Hinze-Selch, D.; Mullington, J. Effects of Clozapine on Plasma Cytokine and Soluble Cytokine Receptor Levels. J. Clin. Psychopharmacol. 1996, 16, 403–409. [Google Scholar] [CrossRef] [PubMed]

	



Lobach, A.R.; Uetrecht, J. Clozapine Promotes the Proliferation of Granulocyte Progenitors in the Bone Marrow Leading to Increased Granulopoiesis and Neutrophilia in Rats. Chem. Res. Toxicol. 2014, 27, 1109–1119. [Google Scholar] [CrossRef] [PubMed]

	



Kato, R.; Uetrecht, J. Supernatant from Hepatocyte Cultures with Drugs That Cause Idiosyncratic Liver Injury Activates Macrophage Inflammasomes. Chem. Res. Toxicol. 2017, 30, 1327–1332. [Google Scholar] [CrossRef]

	



Park, B.K.; Kitteringham, N.R.; Maggs, J.L.; Pirmohamed, M.; Williams, D.P. The Role of Metabolic Activation In Drug-Induced Hepatotoxicity. Annu. Rev. Pharmacol. Toxicol. 2005, 45, 177–202. [Google Scholar] [CrossRef] [PubMed]

	



Evans, D.C.; Watt, A.P.; Nicoll-Griffith, D.A.; Baillie, T.A. Drug−Protein Adducts: An Industry Perspective on Minimizing the Potential for Drug Bioactivation in Drug Discovery and Development. Chem. Res. Toxicol. 2004, 17, 3–16. [Google Scholar] [CrossRef] [PubMed]

	



Obach, R.S.; Kalgutkar, A.S.; Soglia, J.R.; Zhao, S.X. Can In Vitro Metabolism-Dependent Covalent Binding Data in Liver Microsomes Distinguish Hepatotoxic from Nonhepatotoxic Drugs? An Analysis of 18 Drugs with Consideration of Intrinsic Clearance and Daily Dose. Chem. Res. Toxicol. 2008, 21, 1814–1822. [Google Scholar] [CrossRef]

	



Uetrecht, J. Are drugs containing a carboxylic acid functional group associated with a significant risk of idiosyncratic drug reactions. J. Mod. Med. Chem. 2020, 8, 56–64. [Google Scholar] [CrossRef]

	



Gardner, I.; Popovic, M.; Zahid, N.; Uetrecht, J.P. A Comparison of the Covalent Binding of Clozapine, Procainamide, and Vesnarinone to Human Neutrophils in Vitro and Rat Tissues in Vitro and in Vivo. Chem. Res. Toxicol. 2005, 18, 1384–1394. [Google Scholar] [CrossRef] [PubMed]

	



Pichler, W.J. Pharmacological interaction of drugs with antigen-specific immune receptors: The p-i concept. Curr. Opin. Allergy Clin. Immunol. 2002, 2, 301–305. [Google Scholar] [CrossRef]

	



Chen, X.; Tharmanathan, T.; Mannargudi, B.; Gou, H.; Uetrecht, J.P. A Study of the Specificity of Lymphocytes in Nevirapine-Induced Skin Rash. J. Pharmacol. Exp. Ther. 2009, 331, 836–841. [Google Scholar] [CrossRef]

	



Norcross, M.A.; Luo, S.; Lu, L.; Boyne, M.T.; Gomarteli, M.; Rennels, A.D.; Woodcock, J.; Margulies, D.H.; McMurtrey, C.; Vernon, S.; et al. Abacavir induces loading of novel self-peptides into HLA-B*57: 01: An autoimmune model for HLA-associated drug hypersensitivity. AIDS 2012, 26, F21–F29. [Google Scholar] [CrossRef] [PubMed]

	



Ostrov, D.A.; Grant, B.J.; Pompeu, Y.A.; Sidney, J.; Harndahl, M.; Southwood, S.; Oseroff, C.; Lu, S.; Jakoncic, J.; De Oliveira, C.A.F.; et al. Drug hypersensitivity caused by alteration of the MHC-presented self-peptide repertoire. Proc. Natl. Acad. Sci. USA 2012, 109, 9959–9964. [Google Scholar] [CrossRef] [PubMed]

	



Walsh, J.S.; Reese, M.J.; Thurmond, L.M. The metabolic activation of abacavir by human liver cytosol and expressed human alcohol dehydrogenase isozymes. Chem. Interactions 2002, 142, 135–154. [Google Scholar] [CrossRef]

	



Kindmark, A.; Jawaid, A.; Harbron, C.G.; Barratt, B.J.; Bengtsson, O.F.; Andersson, T.B.; Carlsson, S.; Cederbrant, K.E.; Gibson, N.J.; Armstrong, M.; et al. Genome-wide pharmacogenetic investigation of a hepatic adverse event without clinical signs of immunopathology suggests an underlying immune pathogenesis. Pharm. J. 2007, 8, 186–195. [Google Scholar] [CrossRef] [PubMed]

	



Lundgren, H.; Martinsson, K.; Cederbrant, K.; Jirholt, J.; Mucs, D.; Madeyski-Bengtson, K.; Havarinasab, S.; Hultman, P. HLA-DR7 and HLA-DQ2: Transgenic mouse strains tested as a model system for ximelagatran hepatotoxicity. PLoS ONE 2017, 12, e0184744. [Google Scholar] [CrossRef]

	



Whitington, P.F.; Freese, D.K.; Alonso, E.M.; Schwarzenberg, S.J.; Sharp, H.L. Clinical and Biochemical Findings in Progressive Familial Intrahepatic Cholestasis. J. Pediatr. Gastroenterol. Nutr. 1994, 18, 134–141. [Google Scholar] [CrossRef]

	



Kubitz, R.; Keitel, V.; Scheuring, S.; Köhrer, K.; Häussinger, D. Benign Recurrent Intrahepatic Cholestasis Associated with Mutations of the Bile Salt Export Pump. J. Clin. Gastroenterol. 2006, 40, 171–175. [Google Scholar] [CrossRef] [PubMed]

	



Morgan, R.E.; Trauner, M.; Van Staden, C.J.; Lee, P.H.; Ramachandran, B.; Eschenberg, M.; Afshari, C.A.; Qualls, C.W.; Lightfoot-Dunn, R.; Hamadeh, H.K. Interference with Bile Salt Export Pump Function Is a Susceptibility Factor for Human Liver Injury in Drug Development. Toxicol. Sci. 2010, 118, 485–500. [Google Scholar] [CrossRef]

	



Chan, R.; Benet, L.Z. Measures of BSEP Inhibition In Vitro Are Not Useful Predictors of DILI. Toxicol. Sci. 2018, 162, 499–508. [Google Scholar] [CrossRef] [PubMed]

	



Lang, C.; Meier, Y.; Stieger, B.; Beuers, U.; Lang, T.; Kerb, R.; Kullak-Ublick, G.A.; Meier, P.J.; Pauli-Magnus, C. Mutations and polymorphisms in the bile salt export pump and the multidrug resistance protein 3 associated with drug-induced liver injury. Pharmacogenet. Genom. 2007, 17, 47–60. [Google Scholar] [CrossRef] [PubMed]

	



Kagawa, T.; Hirose, S.; Arase, Y.; Oka, A.; Anzai, K.; Tsuruya, K.; Shiraishi, K.; Orii, R.; Ieda, S.; Nakazawa, T.; et al. No Contribution of the ABCB11 p.444A Polymorphism in Japanese Patients with Drug-Induced Cholestasis. Drug Metab. Dispos. 2015, 43, 691–697. [Google Scholar] [CrossRef]

	



Deferm, N.; De Vocht, T.; Qi, B.; Van Brantegem, P.; Gijbels, E.; Vinken, M.; De Witte, P.; Bouillon, T.; Annaert, P. Current insights in the complexities underlying drug-induced cholestasis. Crit. Rev. Toxicol. 2019, 49, 520–548. [Google Scholar] [CrossRef]

	



Funk, C.; Pantze, M.; Jehle, L.; Ponelle, C.; Scheuermann, G.; Lazendic, M.; Gasser, R. Troglitazone-induced intrahepatic cholestasis by an interference with the hepatobiliary export of bile acids in male and female rats. Correlation with the gender difference in troglitazone sulfate formation and the inhibition of the canalicular bile salt export pump (Bsep) by troglitazone and troglitazone sulfate. Toxicology 2001, 167, 83–98. [Google Scholar] [CrossRef] [PubMed]

	



Fattinger, K.; Funk, C.; Pantze, M.; Weber, C.; Reichen, J.; Stieger, B.; Meier, P.J. The endothelin antagonist bosentan inhibits the canalicular bile salt export pump: A potential mechanism for hepatic adverse reactions. Clin. Pharmacol. Ther. 2001, 69, 223–231. [Google Scholar] [CrossRef]

	



McKenzie, R.; Fried, M.W.; Sallie, R.; Conjeevaram, H.; Di Bisceglie, A.M.; Park, Y.; Savarese, B.; Kleiner, D.; Tsokos, M.; Luciano, C.; et al. Hepatic failure and lactic acidosis due to fialuridine (FIAU), an investigational nucleoside analogue for chronic hepatitis B. N. Engl. J. Med. 1995, 333, 1099–1105. [Google Scholar] [CrossRef] [PubMed]

	



Brinkman, K.; Hofstede, H.J.t.; Burger, D.M.; Smeitink, J.A.; Koopmans, P.P. Adverse effects of reverse transcriptase inhibitors: Mitochondrial toxicity as common pathway. AIDS 1998, 12, 1735–1744. [Google Scholar] [CrossRef] [PubMed]

	



Hinson, J.A.; Roberts, D.W.; James, L.P. Mechanisms of acetaminophen-induced liver necrosis. In Adverse Drug Reactions; Handbook of Experimental Pharmacology; Springer: Berlin, Germany, 2009; pp. 369–405. [Google Scholar] [CrossRef]

	



Palenzuela, L.; Hahn, N.M.; Nelson, R.P., Jr.; Arno, J.N.; Schobert, C.; Bethel, R.; Ostrowski, L.A.; Sharma, M.R.; Datta, P.P.; Agrawal, R.K.; et al. Does linezolid cause lactic acidosis by inhibiting mitochondrial protein synthesis? Clin. Infect. Dis. 2005, 40, e113–e116. [Google Scholar] [PubMed]

	



Lee, K.K.; Fujimoto, K.; Zhang, C.; Schwall, C.T.; Alder, N.N.; Pinkert, C.A.; Krueger, W.; Rasmussen, T.; Boelsterli, U.A. Isoniazid-induced cell death is precipitated by underlying mitochondrial complex I dysfunction in mouse hepatocytes. Free. Radic. Biol. Med. 2013, 65, 584–594. [Google Scholar] [CrossRef] [PubMed]

	



Mills, E.L.; Kelly, B.; O’Neill, L.A.J. Mitochondria are the powerhouses of immunity. Nat. Immunol. 2017, 18, 488–498. [Google Scholar] [CrossRef] [PubMed]

	



Smith, J.A. A new paradigm: Innate immune sensing of viruses via the unfolded protein response. Front. Microbiol. 2014, 5, 222. [Google Scholar] [CrossRef]

	



Ramachandran, A.; Jaeschke, H. Oxidative stress and acute hepatic injury. Curr. Opin. Toxicol. 2018, 7, 17–21. [Google Scholar] [CrossRef]

	



Antherieu, S.; Azzi, P.B.-E.; Dumont, J.; Fromenty, B.; Robin, M.-A.; Guillouzo, A.; Abdel-Razzak, Z.; Guguen-Guillouzo, C. Oxidative stress plays a major role in chlorpromazine-induced cholestasis in human HepaRG cells. Hepatology 2013, 57, 1518–1529. [Google Scholar] [CrossRef] [PubMed]

	



van Zyl, J.M.; Basson, K.; Kriegler, A.; van der Walt, B.J. Activation of chloropromazine by myeloperoxidase system of the human neutrophil. Biochem. Pharmacol. 1990, 40, 947–954. [Google Scholar] [CrossRef]

	



Magnani, N.D.; Marchini, T.; Calabró, V.; Alvarez, S.; Evelson, P. Role of Mitochondria in the Redox Signaling Network and Its Outcomes in High Impact Inflammatory Syndromes. Front. Endocrinol. 2020, 11, 568305. [Google Scholar] [CrossRef]

	



Ong, M.M.; Latchoumycandane, C.; Boelsterli, U.A. Troglitazone-Induced Hepatic Necrosis in an Animal Model of Silent Genetic Mitochondrial Abnormalities. Toxicol. Sci. 2006, 97, 205–213. [Google Scholar] [CrossRef]

	



Fujimoto, K.; Kumagai, K.; Ito, K.; Arakawa, S.; Ando, Y.; Oda, S.-I.; Yamoto, T.; Manabe, S. Sensitivity of Liver Injury in Heterozygous Sod2 Knockout Mice Treated with Troglitazone or Acetaminophen. Toxicol. Pathol. 2009, 37, 193–200. [Google Scholar] [CrossRef] [PubMed]

	



Masubuchi, N.; Sugihara, M.; Sugita, T.; Amano, K.; Nakano, M.; Matsuura, T. Oxidative stress markers, secondary bile acids and sulfated bile acids classify the clinical liver injury type: Promising diagnostic biomarkers for cholestasis. Chem. Interact. 2016, 255, 83–91. [Google Scholar] [CrossRef] [PubMed]

	



Watkins, P.B. How to Diagnose and Exclude Drug-Induced Liver Injury. Dig. Dis. 2015, 33, 472–476. [Google Scholar] [CrossRef] [PubMed]

	



Danan, G.; Teschke, R. RUCAM in Drug and Herb Induced Liver Injury: The Update. Int. J. Mol. Sci. 2015, 17, 14. [Google Scholar] [CrossRef]

	



Phillips, E.; Mallal, S. Successful translation of pharmacogenetics into the clinic: The abacavir example. Mol. Diagn. Ther. 2009, 13, 1–9. [Google Scholar] [CrossRef]

	



Zhu, X.; Li, J.; Liu, F.; Uetrecht, J.P. Involvement of T Helper 17 Cells in D-Penicillamine–Induced Autoimmune Disease in Brown Norway Rats. Toxicol. Sci. 2011, 120, 331–338. [Google Scholar] [CrossRef]

	



Schuck, R.N.; Pacanowski, M.; Kim, S.; Madabushi, R.; Zineh, I. Use of Titration as a Therapeutic Individualization Strategy: An Analysis of Food and Drug Administration–Approved Drugs. Clin. Transl. Sci. 2019, 12, 236–239. [Google Scholar] [CrossRef]

	



Masson, M.J.; Uetrecht, J.P. Tolerance induced by low dose D-penicillamine in the brown Norway rat model of drug-induced autoimmunity is immune-mediated. Chem. Res. Toxicol. 2004, 17, 82–94. [Google Scholar] [CrossRef] [PubMed]

	



Wong, I.C.; Mawer, G.E.; Sander, J.W. Factors Influencing the Incidence of Lamotrigine-Related Skin Rash. Ann. Pharmacother. 1999, 33, 1037–1042. [Google Scholar] [CrossRef] [PubMed]

	



Kiertiburanakul, S.; Sungkanuparph, S.; Malathum, K.; Watcharananan, S.; Sathapatayavongs, B.; Charoenyingwattana, A.; Mahasirimongkol, S.; Chantratita, W. A Model and Risk Score for Predicting Nevirapine-Associated Rash among HIV-infected Patients: In Settings of Low CD4 Cell Counts and Resource Limitation. Open AIDS J. 2009, 3, 24–30. [Google Scholar] [CrossRef] [PubMed]

	



Sperling, M.R.; Klein, P.; Aboumatar, S.; Gelfand, M.; Halford, J.J.; Krauss, G.L.; Rosenfeld, W.E.; Vossler, D.G.; Wechsler, R.; Borchert, L.; et al. Cenobamate (YKP3089) as adjunctive treatment for uncontrolled focal seizures in a large, phase 3, multicenter, open-label safety study. Epilepsia 2020, 61, 1099–1108. [Google Scholar] [CrossRef]

	



FDA. FDA Approves New Treatment for Adults with Partial-Onset Seizures. 2019. Available online: https://www.fda.gov/news-events/press-announcements/fda-approves-new-treatment-adults-partial-onset-seizures (accessed on 8 January 2021).

	



Tujios, S.R.; Lee, W.M. Acute liver failure induced by idiosyncratic reaction to drugs: Challenges in diagnosis and therapy. Liver Int. 2018, 38, 6–14. [Google Scholar] [CrossRef] [PubMed]

	



Stine, J.G.; Lewis, J.H. Current and future directions in the treatment and prevention of drug-induced liver injury: A systematic review. Expert Rev. Gastroenterol. Hepatol. 2016, 10, 517–536. [Google Scholar] [CrossRef]

	



Karkhanis, J.; Verna, E.C.; Chang, M.S.; Stravitz, R.T.; Schilsky, M.; Lee, W.M.; Brown, R.S.; Acute, L.F.S.G. Steroid use in acute liver failure. Hepatology 2014, 59, 612–621. [Google Scholar] [CrossRef]

	



Mockenhaupt, M. Stevens-Johnson syndrome and toxic epidermal necrolysis: Clinical patterns, diagnostic considerations, etiology, and therapeutic management. Semin. Cutan. Med. Surg. 2014, 33, 10–16. [Google Scholar] [CrossRef] [PubMed]

	



Weber, S.; Benesic, A.; Rotter, I.; Gerbes, A.L. Early ALT response to corticosteroid treatment distinguishes idiosyncratic drug-induced liver injury from autoimmune hepatitis. Liver Int. 2019, 39, 1906–1917. [Google Scholar] [CrossRef]

	



Andrade, R.J.; Chalasani, N.; Björnsson, E.S.; Suzuki, A.; Kullak-Ublick, G.A.; Watkins, P.B.; Devarbhavi, H.; Merz, M.; Lucena, M.I.; Kaplowitz, N.; et al. Drug-induced liver injury. Nat. Rev. Dis. Prim. 2019, 5, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Papp, A.; Sikora, S.; Evans, M.; Song, D.; Kirchhof, M.; Miliszewski, M.; Dutz, J. Treatment of toxic epidermal necrolysis by a multidisciplinary team. A review of literature and treatment results. Burns 2018, 44, 807–815. [Google Scholar] [CrossRef] [PubMed]

	



Young, N.S.; Calado, R.T.; Scheinberg, P. Current concepts in the pathophysiology and treatment of aplastic anemia. Blood 2006, 108, 2509–2519. [Google Scholar] [CrossRef] [PubMed]

	



Todryk, S.; Jozwik, A.; De Havilland, J.; Hester, J. Emerging Cellular Therapies: T Cells and Beyond. Cells 2019, 8, 284. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 22 02954 g001 550] 





Figure 1. Proposed general mechanism of idiosyncratic drug-induced liver injury (IDILI). The following are the proposed sequence of steps in the mechanism of IDILI: In order to produce an immune response, the drug must interact with MHC-II to produce signal 1 (the human form of MHC is HLA). (1) In most cases this involves the formation of a reactive metabolite by hepatocytes that covalently binds to proteins. These modified proteins can act as neoantigens that are presented by antigen presenting cells (APCs) that express MHC-II. These neoantigens are released by hepatocytes, probably packaged in exosomes. However, there are examples in which the drug does not appear to form a reactive metabolite and may interact non-covalently with MHC-II or the MHC-T cell receptor complex. In order to produce an immune response, the drug must also activate antigen presenting cells. (2) This involves the release of damage-associated molecular pattern molecules (DAMPs) such as heat shock proteins and HMGB1. The production of DAMPs can also be caused by a reactive metabolite that causes cellular dysfunction, although in some cases the release of DAMPs may involve some other mechanism such as inhibition of the bile salt export pump by the parent drug. The DAMPs are released from hepatocytes, most likely in exosomes, and activate antigen presenting cells through pattern recognition receptors. The DAMPs also lead to the recruitment of other innate immune cells. (3) The neoantigens are taken up by antigen present cells to produce signal 1, and activation of these cells by DAMPs leads to expression of costimulatory molecules such as CD80 and CD40, which provide signal 2 to CD4+ helper T cells. (4) The helper T cells are activated by the combination of signal 1 and signal 2 provided by the antigen presenting cell. The helper T cells produce cytokines that facilitate and shape the immune response. Th1 helper T cells promote a cell-mediated adaptive immune response, and Th2 helper T cells promote an antibody-mediated adaptive immune response. Most adaptive immune responses are a combination of both cell and antibody immune responses. (5a) However, because the dominant presentation of intracellular antigens such as the neoantigens produced by reactive metabolites is through MHC-I, which binds to CD8 on cytotoxic T cells, the dominant adaptive immune response in IDILI is usually a cell-mediated immune response. The first steps in this mechanism likely occur in most patients; however, unless the drug, or more likely drug-modified peptides, are recognized by MHC-II, MHC-I, and T cell receptors, there will be no adaptive immune response and no liver injury. The activated antigen presenting cells can also activate CD4+ Treg that dampen the immune response as well as release of cytokines such as IL-10 that also dampen the immune response. (5b) Therefore, unless the binding of the drug, or more likely a drug-modified peptide is very strong, the adaptive immune response will end in immune tolerance, which prevents or limits liver injury. 
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