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Abstract

In the past decade our understanding of idiosyncratic drug induced liver injury (IDILI) and the 

contribution of genetic susceptibility and the adaptive immune system to the pathogenesis of this 

disease process has grown tremendously. One of the characteristics of IDILI is that it occurs rarely 

and only in a subset of individuals with a presumed susceptibility to the drug. Despite a clear 

association between single nucleotide polymorphisms in human leukocyte antigen (HLA) genes 

and certain drugs that cause IDILI, not all individuals with susceptible HLA genotypes develop 

clinically significant liver injury when exposed to drugs. The adaptation hypothesis has been put 

forth as an explanation for why only a small percentage of susceptible individuals develop overt 

IDILI and severe injury, while the majority with susceptible genotypes develop only mild 

abnormalities that resolve spontaneously upon continuation of the drug. This spontaneous 

resolution is referred to as clinical adaptation. Failure to adapt or defective adaptation leads to 

clinically significant liver injury. In this review we explore the immuno-tolerant 

microenvironment of the liver and the mechanisms of clinical adaptation in IDILI with a focus on 

the role of immune-tolerance and cellular adaptive responses.
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Introduction

Understanding the pathogenesis of drug-induced liver injury (DILI) has greatly advanced in 

the recent years largely due to the contribution of genetic studies and improved animal 

models. DILI can occur as a result of dose related direct drug toxicity, as seen with 

acetaminophen, mitochondrial poisons, or certain chemotherapy drugs. On the other hand, 

the majority of DILI due to many drugs occurs in only a small proportion of patients and is 

therefore considered idiosyncratic due to individual susceptibility. Although not dose related 

in a strict sense, these reactions largely occur in drugs given at daily doses of greater than 

Address Correspondence to: Neil Kaplowitz: kaplowit@usc.edu, University of Southern of Southern California, Department of 
Medicine, Division of GI-Liver, 2011 Zonal Ave HMR 101, Los Angeles CA 90033, Tel: +1-323-442-5576 Fax: +1-323-442-3243. 

Conflict of Interest: No direct conflicts with this review. However, NK consults for the following pharmaceutical companies: Takeda, 
GSK, Pfizer, Daiichi-Sankyo, Johnson& Johnson, Geron and Ono.

HHS Public Access
Author manuscript
Liver Int. Author manuscript; available in PMC 2017 February 01.

Published in final edited form as:
Liver Int. 2016 February ; 36(2): 158–165. doi:10.1111/liv.12988.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



50–100 mg suggesting a threshold exposure is required for either cumulative damage or 

eliciting an immune response. Much attention has been directed at understanding 

idiosyncratic DILI (IDILI) and the role of an immune pathogenesis. One of the characteristic 

features of IDILI is that mild injury (e.g. ALT< 3 upper limit of normal) occurs far more 

frequently than severe and that in most instances mild injury subsides despite continuation 

of the drug. We refer to this phenomenon as clinical adaptation, not to be confused with 

various biochemical adaptive responses (e.g., ER and mitochondrial unfolded protein 

responses, cellular stress responses such as activation of the mitogen activated protein 

kinase, MAPK, pathway). Consequently, the hypothesis has emerged that severe IDILI 

resulting in jaundice and liver failure, may be due to defective clinical adaptation or failure 

to dampen the initiating mechanisms of injury due to diminished adaptive responses.

The liver is an immune-privileged organ

The liver has evolved as an immune-privileged organ with striking capacity for immune-

tolerance (1). Ingested antigens are constantly introduced to the liver where they are 

metabolized and either enter the systemic circulation or lymphatics or get excreted via the 

biliary system (2). Given the perpetual need for clearance of unwanted and harmful 

compounds, immune-tolerance is a necessary adaptation to protect hepatocytes from damage 

resulting from a constant inflammatory state in the liver. Immune-tolerance induced outside 

of primary lymph organs such as the Thymus is referred to as peripheral immune-tolerance. 

The liver manages to control the level of inflammatory activity by the induction of 

peripheral immune-tolerance towards incoming antigens (1). The role of the liver in 

inducing peripheral immune-tolerance to antigens has been well studied. For example, 

portovenous application of an immunogenic antigen, such as 1-chloro 2,4-dinitrobenzene, to 

adult dogs before subcutaneous injection suppresses the expected allergic skin reaction and 

the formation of specific circulating antibodies(3). Furthermore, diversion of portal flow 

from the liver abolishes this protective effect (3–5). The tolerogenic capacity of the liver has 

been a focus of scientific interest since early experimental transplantation studies in the 

1960s demonstrated allogeneic liver grafts can be established and maintained in animal 

models without immunosuppression (6). Human Leukocyte Antigens (HLA) matching is not 

necessary for successful liver allograft transplantation and liver transplantation is the only 

solid organ transplant in which complete weaning of immunosuppression can be achieved in 

up to 20% of patients, a phenomenon known as spontaneous operational tolerance (7). It is 

important to point out that despite this high tolerogenic capacity to foreign antigens the liver 

also fights incoming pathogens via induction of an effective immune response when 

necessary.

The mechanisms of immune-tolerance can be broken down to the following key events: 

control of antigen presentation, clonal deletion (apoptosis of antigen-specific T cells) and 

immune deviation (switching from Th2 to Th1 predominance) (1). Liver Sinusoidal 

Endothelial Cells (LSECs) are scavenger cells and take up antigens in the sinusoids for 

processing and antigen-presentation and they can induce proliferation and cytokine 

expression in CD4+ T cells resulting in their activation (8, 9). Kupffer cells (KC) are 

resident liver macrophages that are strategically located in the periportal sinusoids of the 

liver to phagocytose and eliminate unwanted antigens entering the liver. KC also play a key 
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role in the regulation of the immune response, or lack there of, to maintain homeostasis in 

response to the liver’s constant exposure to gut-derived antigens. The tolerogenic liver 

microenvironment is largely dependent on the autocrine and paracrine effects of cytokines 

secreted by the KC as well as the constant effect of low levels of LPS stimulation on 

immune cells and antigen presenting cells, in particular the KCs and LSECs (10–12). 

Cytokines such as IL-10, TGF-β, TNF-α and prostaglandins expressed by either KC and 

LSECs (constitutively or in response to LPS) result in down regulation of leukocyte 

adhesion to LSECs, expansion of regulatory T cells (T-regs), and abrogation of T cell 

activation that contributes to the immune-tolerant environment in the liver (10–16). T-regs 

are key regulatory subpopulation of CD4+ T cells that can curb both innate and adaptive 

immune responses, contributing to immune-tolerance in the liver. The impairment or 

deficiency of T-regs has been implicated in autoimmune hepatitis (17, 18). Furthermore, 

KCs have been shown to stimulate the expansion of IL-10 producing T-regs to induce 

immune-tolerance in the liver (18, 19). Hepatic stellate cells have a capacity to serve as 

antigen presenting cells, expand T-regs, and promote T cell apoptosis (via B7-H1, PDL-1) 

or inhibit cytotoxic CD8+ T cells, and therefore may also play a role in the tolerogenic liver 

microenvironment (20–22).

Since diversion of portal flow results in the loss of immune-tolerance (3–5) and intestinal 

LPS accompanies ingested antigens in the portal vein, LPS may play a role in modulating 

immune-tolerance. Supporting this hypothesis are observations that mice unresponsive to 

LPS (C3H/HeJ), lack tolerance to dietary antigens (23). Another proposed mechanism of 

peripheral immune-tolerance induction by the liver is the phenomenon of clonal deletion or 

induction of antigen-specific T cell apoptosis in the liver (24). While the elimination of T 

cell populations seems an attractive explanation, it does not seem to be the whole story since 

tolerance can be transferred from one animal to another. This can be achieved by adoptive 

transfer of γδ T cells, which suggests that the mechanism of this phenomenon is more 

complex and that tolerance is mediated, at least in part, by immune deviation as opposed to 

mass T cell elimination (25, 26).

Immune mediated IDILI

Unlike classic direct-acting hepatotoxins (e.g. acetaminophen), IDILI is largely dose 

independent above a threshold dose and is unpredictable with a variable and somewhat long 

latency. The exact pathophysiology of IDILI is likely multi-factorial involving drug/

pharmacological factors (lipophilicity, dose, etc), environmental factors, and host factors 

(genetics, immunity, possibly microbiome) (27, 28). IDILI occurs only in a small subset of 

individuals exposed to a drug reflecting the fact that individual host factors contribute to the 

injurious outcome. In the past decade polymorphisms in Human Leukocyte Antigens (HLA) 

molecules have been linked to many drugs that cause IDILI raising the interesting possibility 

that the immune system is involved in the pathophysiologic process leading to liver injury 

(29). Interestingly, DILI due to certain drugs such as halothane, dihydralazine and 

anticonvulsants can present with classic allergic features such as rash and eosinophilia and 

in many cases the liver injury recurs with re-challenge (30). Other notable drugs that can 

exhibit increased eosinophil counts and an immuno-allergic phenotype are: trimethoprim/

sulfamethoxazole, cefazolin and ciprofloxacin (31). Severe allergic skin reactions such as 
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toxic epidermal necrosis (TEN) and Stevens Johnson syndrome (SJS) have also been 

described with IDILI and carry a poor prognosis (31). Furthermore, drugs or drug-protein 

adducts from IDILI compounds can activate peripheral blood lymphocytes (lymphocyte 

stimulation test), supporting the notion that host immune factors contribute to IDILI (32, 

33). DILI can mimic, induce or unmask autoimmune hepatitis (AIH). Classical examples 

include nitrofurantoin and minocycline, two drugs that are frequently associated with the 

induction of antinuclear antibodies and the histological appearance of AIH (31). Despite 

these examples of an obvious role for drug allergy, most examples of IDILI occur in the 

absence of systemic immuno-allergic features; nevertheless, many are strongly HLA-linked 

suggesting a liver specific immune response. Additionally, since not all drug sensitivities are 

restricted to one or a few HLA haplotypes, more promiscuous immune reactions are very 

likely to occur and one cannot discount an immune mechanism (because no single HLA 

allele is associated with risk).

Phenomenon of Adaptation

Drugs that cause IDILI often induce mild abnormalities in liver tests among the general 

population which resolve with continued exposure, a phenomenon known as adaptation. A 

classic example of adaptation was described by Mitchell et al. in a seminal paper in 1975 

where patients in a psychiatric hospital with a tuberculosis outbreak were treated with 

isoniazid (INH) and followed prospectively with liver enzymes every four weeks (34). 

Blood was collected prior to initiation of treatment with INH up to one week after 

termination of the study but results were not analyzed until many months after they were 

collected. INH resulted in elevated liver enzymes in 38% of patients, and interestingly this 

subsided in the majority of patients despite continued treatment with INH (Fig.1A), 

including several who developed concomitant hyperbilirubinemia (Hy’s Law, Fig 1B) (34, 

35). Although INH toxicity can result in severe liver injury and even liver failure (36), no 

cases of liver failure were reported in this study. In light of current knowledge about 

potential immunologic mechanisms of INH hepatotoxicity, adaptation becomes a likely 

explanation for these findings (35, 36). Clinical adaptation, in this context may be related to 

the development and induction of a state of immune-tolerance against the drug or its 

metabolite as a hapten/immunogen. Since most IDILI is likely immune mediated, the 

presentation of overt liver injury in certain individuals with predisposition might be thought 

of as “defective adaptation”(37).

HLA associations clearly point to the involvement of the adaptive immune system in IDILI. 

However only a small percentage of patients with known genetic polymorphisms or known 

drug risk alleles develop toxicity, underscoring the complexity and multi-factorial nature of 

IDILI (38). For example, lumiracoxib, a cyclooxygenase-2 inhibitor and analgesic, was 

withdrawn from the market due to safety concerns and reports of IDILI (39). A 

pharmacogenetic retrospective case control study was conducted to look for HLA 

associations between 41 patients with lumiracoxib toxicity (ALT or AST >5 times the upper 

of limit of normal) and 176 matched lumiracoxib treated patients without liver injury. 

Several single nucleotide polymorphisms (SNP) in the MHC II region of chromosome 6 

(6p21.32) were associated with IDILI from the drug. Four alleles were highly associated 

with toxicity, and interestingly these alleles lie on a common haplotype (HLA-DRB1*1501- 
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HLA-DQB1*0602-HLA-DRB5*0101-HLA-DQA1*0102) that has been associated with 

multiple sclerosis (39, 40). It has been hypothesized that a lumiracoxib metabolite acts as a 

“hapten” causing a T cell immunogenic response by reacting with certain HLA complexes 

(39). Interestingly the positive predictive value of the SNP alleles for lumiracoxib DILI was 

low due to the high frequency of the allele. These results demonstrate that being positive for 

a known associated SNP or risk allele is not sufficient to induce hepatotoxicity and in 

addition to genetic susceptibility other factor(s), such as defective adaptation, must be 

present for ensuing toxicity. However, in the absence of HLA risk alleles, IDILI usually 

does not occur underscoring that HLA restricted susceptibility is critical.

The unpredictable and experimentally irreproducible nature of idiosyncratic hepatotoxicity 

has made it particularly difficult to study in animal models. Recently two independent 

groups have used the concept of defective adaptation to develop mouse models for IDILI 

(41, 42). Metushi et al. examined toxicity from amodiaquine in female mice defective in two 

genes implicated in immune-tolerance: Casitas B-lineage Lymphoma (Cbl-b1), an E3 

ubiquitin ligase; and programmed cell death 1 (PD-1), a negative regulator of T cell 

activation (41). Mice knockout for either Cbl-b1 or PD-1 exhibited liver injury with 

amodiaquine greater than that of wild type mice. However, the injury resolved upon 

continued treatment with amodiaquine. In other words the mice “adapted”. The authors 

speculated that since there are multiple pathways involved in immune-tolerance, interference 

with additional pathways is necessary to circumvent adaptation and induce persistent and 

more severe toxicity. They then blocked cytotoxic T-lymphocyte-associate protein 4 

(CTLA4), a key inducer of immune-tolerance, by using an anti-CTLA4 antibody. Indeed, 

treatment of PD-1−/− mice with CTLA4 antibody prior to amodiaquine resulted in more 

severe injury both histologically and with greater ALT elevation, and this did not resolve 

with continuous exposure to the drug (41). The authors observed an increase in CD8+ T cells 

and macrophages and an increased response in regulatory T cells presumably in an attempt 

to dampen and control the injury. Subsequently they depleted CD8+ T cells in this model 

and showed prevention of injury. Thus, the immune injury was mediated by cytotoxic CD8+ 

T lymphocytes (43). This work demonstrates the many redundancies built into ensuring an 

immune-tolerant state in the liver, as the combination of PD-1 knockout along with 

inhibition of CTLA4 was necessary to overcome or break the immune-tolerance. This may 

also explain the relative rarity of clinically overt IDILI, as multiple drug, host, and immune 

factors need to line up for the toxicity event to occur.

Chakraborty el al, examined halothane induced allergic hepatitis in mice with compromised 

immune-tolerance due to depletion of myeloid derived suppressor cells (MDSCs). Halothane 

re-exposure in humans often causes an allergic drug induced liver injury with rash and 

eosinophilia. In this model, female BALB/cJ mice received two doses of halothane fourteen 

days apart to sensitize them to the drug. In normal mice, an acute direct toxicity occurred 

after each dose, which rapidly subsided. The authors had noted that intra-peritoneal 

halothane induced infiltration of leukocytes in the liver, a significant proportion of which 

were CD11b and Gr1high positive (42). CD11b+Gr1high MDSCs isolated from halothane 

treated mice had a significant immune-suppressive effect on CD4+ and CD8+ T cells in a 

dose dependent manner. To examine the functional relevance of these cells, mice were given 
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antibody to Gr1 which resulted in depletion of the CD11b+Gr1high immune-suppressor cells 

and accompanied by increased liver injury 9 days post halothane re-challenge (after the 

second dose). The hapten-drug metabolite, which is the immune target, persisted after the 

initial bouts of hepatitis resolved, allowing a rebound in injury when the tolerance was 

abrogated. Anti-Gr1 treated mice showed delayed severe inflammation, necrosis and 

increased eosinophil infiltration and T cell response to halothane and its metabolite (42). In 

order to demonstrate which T cell population contributes to the injury phenotype, mice were 

treated with anti-CD4 and anti-CD8 antibodies prior to halothane rechallenge, interestingly 

only anti-CD4 antibody abrogated the response to halothane. In contrast to the amodiaquine 

model, in this instance injury was mediated by antibody dependent cytotoxicity.

These recent studies demonstrate the importance of immune-tolerance in protecting against 

IDILI. While different tolerance pathways were targeted in each work, both animal models 

achieved an IDILI phenotype by manipulating the liver’s capacity for immune-tolerance. 

This also demonstrates that despite the manipulation of a common concept to replicate an 

IDILI model, each drug had a unique signature of injury. For example eosinophilia is a 

feature of halothane that is not seen in amodiaquine DILI. Interestingly CD4+ T cell 

depletion abrogated the toxic phenotype in halothane DILI while the same was true of 

depletion of CD8+ T cells in the amodiaquine model (44). These differences may point to 

the different underlying mechanisms of injury and signaling pathways involved in each 

model. In addition, these two distinct models demonstrate that the regulation of immune-

tolerance is multi-factorial and involves multiple pathways. Furthermore, tolerance is 

dynamic in both modulating the severity of the initial injury in the long latency amodiaquine 

model and the duration of the injury in both models.

The exact underlying mechanism of defective clinical adaptation in IDILI remains 

unknown; however, many interesting associations have been made. For example, 9 out of 

the top 10 agents causing IDILI in the DILIN database are antimicrobials and as previously 

discussed LPS plays an important role in inducing immune-tolerance (31). Given the strong 

evidence for the tolerogenic properties of LPS on antigen presentation and cytokine 

secretion, it is intriguing to hypothesize that the antibiotic effects on gut microflora and 

changes in LPS exposure may contribute to defective adaptation. The changes in gut 

microbiota may also have effects on the phenotypes and functions of regulatory immune 

cells in the liver immune system e.g. KC polarization (pro- or anti-inflammatory), T-reg 

expansion/frequency, hepatic stellate cells, etc. Furthermore, it is important to point out that 

the microbiome can influence drug toxicity and the liver not only by the tolerogenic 

properties of LPS, but by affecting drug metabolism (45).

IL-10 is a key immunomodulatory cytokine which functions to inhibit antigen specific T cell 

activation. IL-10 polymorphisms have been associated with susceptibility to diclofenac DILI 

(46). In this small cohort of patients treated with diclofenac, all patients with DILI had 

positive serum adducts for diclofenac and a strong association was noted in polymorphisms 

resulting in low IL-10 (Odds Ratio of 2.8) suggesting an immune mediated role for toxicity 

and supporting the hypothesis that loss of immune-tolerance may be an contributing factor 

to the disease process (46). Another intriguing association with regards to clinical adaptation 

is the observation by the Spanish DILI network that patients with worse outcomes carried 
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IL-10 polymorphisms resulting in lower IL-10 levels (47). Since IL-10 is a potent anti-

inflammatory cytokine, it functions to induce immune-tolerance by acting directly on 

macrophages reducing IL-8, IFN-γ, IL-12 levels as well as inhibiting T cell activation (48, 

49). IL-10 is also a major effector cytokine by which T-regs exert their inhibitory effects in 

both the innate and adaptive immune responses. Thus lower, ineffective IL-10 may be a 

surrogate for a state of defective clinical adaptation in certain patients. It is important to 

point out that these are only associations and intriguing as hypotheses but no evidence of 

causality exists.

Clinical Implications

The clinical implications of IDILI in the context of defective immune-tolerance are 

becoming increasingly important. One intriguing clinical context is cancer immunotherapy 

targets and their potential adverse effects. Recently much attention has been directed 

towards “immune check point therapy” as an important tool to combat cancer, especially 

those neoplasms well versed in immune evasion such as melanoma (50). There are currently 

three FDA approved antibodies that aim to inhibit T cell immune-tolerant states in order to 

increase effective anti-tumor T cell responses. These drugs include ipilimumab (anti-

CTLA4), as well as, pembrolizumab and nivolumab (anti-PD-1). Ipilimumab, an anti-

CTLA4 antibody has been FDA approved since 2011 for metastatic melanoma (51). 

Hepatitis with features of autoimmunity and responsiveness to steroids has been reported at 

a rate of 3–9% with ipilimumab and one case of fatal fulminant liver failure (steroid 

refractory) has been described (51–53). Histologic features of AIH such as hepatocyte 

rosettes, interface hepatitis, confluent necrosis, increased eosinophils, granulomas, 

lymphoplasmacytic infiltrate have been reported in cases of ipilimumab DILI (54, 55). 

Similar side effects have been reported with the PD-1 inhibitors (56). Though difficult to 

ascertain, we can hypothesize that ipilimumab induced autoimmune hepatitis may in fact be 

an IDILI manifestation. Ipilimumab can block the liver’s capacity for immune regulation 

and adaptation, thus rendering it susceptible to a whole host of antigens and haptens that can 

elicit an immune response. In this scenario it would be extremely difficult to tease out the 

inciting antigen, especially in cases of poly-pharmacy or auto-immunity.

Immune-independent Factors

Despite immune mechanisms driving DILI, it is likely that other intrinsic or environmental 

factors modulate adaptation. As listed in Table 1, a number of biochemical and organelle 

stressors can elicit adaptive responses that can dampen or turn off injury, perpetuating stress. 

Alternatively, if these responses are maladaptive injury may worsen and ultimately even 

lead to liver failure. Independent of the immune system most drugs are converted to reactive 

metabolites and if the reactive metabolite binds to its CypP450, it can inactivate it (suicide 

substrate) suppressing further production of a toxic metabolite. Oxidative stress due to 

effects of drugs on mitochondria can elicit an adaptive anti-oxidant defense, which enhances 

GSH synthesis and expression of phase 2 detoxification enzymes; thus, the ability to 

mitigate oxidative stress contributes to clinical adaptation in immune-independent toxicity.
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Alternatively, intracellular adaptive responses when not successful in restoring homeostasis 

might sensitize “stressed hepatocytes” to greater immune-mediated toxicity and T cell or 

cytokine induced apoptosis. Similar hypothesis can be generated for adaptation to ER stress, 

commonly seen as response to covalent binding, as well as adaptive responses to 

mitochondrial stress. In both instances the cell responds to organelle specific stress through 

unfolded protein responses (ER or mitochondria), which up regulate the transcription of 

chaperones and improve protein folding. In addition damaged mitochondria elicit other 

adaptive responses such as mitophagy to remove them or biogenesis to replace them. 

Finally, a key factor in severity and clinical adaptation might be the ability to regenerate or 

an effect of the culprit drug/metabolite on the liver’s regenerative responses.

In summary, idiosyncratic drug induced liver injury is the result of a complex interplay 

between potentially immunogenic drugs or metabolites and the host’s immune response. In 

most instances, the liver’s natural propensity to maintain a state of immune-tolerance results 

in adaptation to foreign antigens, even in individuals with HLA associations favoring an 

immunogenic response (Figure 2). Recently, animal models have elegantly demonstrated 

that blocking adaptive compensatory mechanisms through any number of pathways can 

result in IDILI when exposed to certain drugs or immunogens. Defective adaptation in 

humans has not been extensively studied but some clinical studies have implicated 

associations between IDILI and levels of immune tolerogenic cytokines such as IL-10 (46, 

47). Interestingly, the association of LPS with immune-tolerance in the liver raises the 

possibility of the contribution of the microbiome to protection against immunogenicity and 

the fact that many top IDILI drugs are antibiotics makes this hypothesis even more 

plausible. Whatever the trigger for immune deregulation, it is clear that T cell response is 

key to the development of toxicity and prevention or suppression of T cell activation may be 

the pivotal event. Drugs that induce immune-tolerance such as the CTLA-4 agonists, 

abatacept, are indicated for rheumatoid arthritis and are currently in clinical trials for 

transplant immunosupression. Interestingly, abatacept itself has been implicated in case 

reports causing DILI, underscoring the delicate balance between pro and anti-immune 

pathways (57, 58). The recent spotlight on the role of immune-tolerance, as a key pathogenic 

contributor to the development of IDILI brings up intriguing implications regarding 

diagnosing and predicting IDILI and future areas of investigation. One could speculate that 

approaches comparing gene expression profiles in study subjects that adapt vs those who 

develop overt injury (non-adaptors) may help uncover new and relevant pathways. Closely 

examining for mutations in genes relevant to immune-tolerance and monitoring the study 

subjects’ gene expression profiles before, during or after recovery may aid in determining 

which pathways are actively participating in the adaptors vs non-adaptors. Aside from 

potential acquired and genetic variation of regulatory factors in immune-tolerance, there are 

many potential physiological responses, which may dampen or worsen the severity of liver 

injury at the outset, or lead to persistence of injury or subsequent adaptation. Among these 

are responses to oxidative stress, ER, mitochondrial stress as well as the liver’s regenerative 

capacity. All of these adaptive stress responses are potentially influenced by: genetics, 

epigenetics, concomitant diseases and medications, infections, inflammation as well as diet 

and the microbiome. Clearly, a very complex picture emerges with a rich landscape of 

factors, which can influence the various outcomes in IDILI, be it no injury, mild injury, very 
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severe injury, or clinical adaptation and its failure. This complex interplay explains the rarity 

of clinically significant and severe IDILI.
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Key Points

• IDILI can result in mild abnormalities in liver tests in individuals with HLA 

associations favoring an immunogenic response.

• In most people, liver test abnormalities are transient and resolve with continued 

exposure, a phenomenon known as clinical adaptation.

• In a minority of patients, “defective adaptation” leads to persistent liver injury 

and ultimately results in clinically significant hepatotoxicity.

• Various host genetic and immune factors can contribute to effective or 

ineffective adaptation.
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Figure 1. 
Clinical Adaptation to INH. Aspartate Aminotransferase (AST) levels of eight patients 

described in the original paper by Mitchell et al (Ref. 34) as plotted by Dr. John Senior 

(FDA). A) Data from cases with AST > 60 and bilirubin >1.2 mg/dl are included. Three 

patients with elevated bilirubin >2 times upper limit of normal (Hy’s law cases) are noted 

with an *. Notice the early rise in AST in the first few weeks on the drug followed by 

normalization of serum AST despite continued INH therapy. B) AST and Bilirubin trends of 

the three Hy’s Law cases. AST: Aspartate amino transferase.
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Figure 2. 
Role of Adaptation in IDILI. Certain drugs produce reactive metabolites, which can act as 

haptens or antigenic peptides. When subjects with susceptible HLA haplotypes are exposed 

to these antigenic peptides some immediately become tolerant and others develop mild 

injury, which can resolve with continued exposure to the drug, a phenomenon known as 

adaptation. In rare instances due to defective adaptation, mild liver injury can progress to 

severe IDILI and acute liver failure. SNP: Single Nucleotide Polymorphism, HLA: Human 

Leukocyte Antigen, IDILI: Idiosyncratic Drug Induced Liver Injury, ALF: Acute Liver 

Failure.
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Table 1

Cellular adaptive responses

Dampening reactive metabolite production or exposure

Enhanced detoxification/antioxidant defense (e.g. Nrf2)

Mitochondrial adaptation: mitophagy, biogenesis, fission/fusion

Upregulation of chaperones: ER-UPR and mitochondrial UPR

Anti-inflammatory balance (innate immunity)

Regeneration
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