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Abstract
Drug induced liver injury (DILI) is a common condition of increasing incidence. Many environmental and genetic factors are involved in its pathogenesis, and immunological mechanisms are also thought to contribute to the development and severity of DILI. This review summarizes current understanding of the immunological pathogenesis of DILI and discusses the perspective for clinical applications.  
© 2014 Baishideng Publishing Group Inc. All rights reserved. 
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Core tip: Drug-induced liver injury (DILI) is a common liver disease that occurs frequently after drug ingestion. DILI can be classified as predictable or idiosyncratic. The former is dose dependent, has a short latency period, and results from direct toxicity of the drug or its metabolite(s). Idiosyncratic DILI may be more problematic because it is usually unpredictable and is found more frequently in the clinical setting. This type of DILI is due to an allergic reaction or the toxicity of metabolites generated via individual drug metabolism reactions. Various factors, such as environmental, genetic and immunological reactions, may be associated with adduct formation and the onset of DILI. This review summarizes current knowledge on the immunological aspects of DILI, including its pathogenesis, diagnosis and treatment.
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INTRODUCTION

Drug-induced liver injury (DILI) is a common liver disease that occurs frequently after drug ingestion including herbal medicine. Its incidence is reported to be increasing[1]. Clinical manifestations of DILI vary from transient mild elevation of liver enzymes to fulminant liver failure leading to death. DILI can be divided into three types according to the pattern of liver injury; hepatocellular [alanine aminotransferase (ALT) ≥ 3 upper limit of normal (ULN) and ALT/ alkaline phosphatase (ALP) ratio ≥ 5], cholestatic (ALP ≥ 2 ULN and ALT/ALP ratio ≤ 2), and mixed type (2 <ALT/ALP ratio <5)[2]. In addition, DILI can be classified as predictable or idiosyncratic[3]. The former is dose dependent, has a short latency period, and results from direct toxicity of the drug or its metabolite(s); e.g., acetaminophen. Idiosyncratic DILI may be more problematic because it is usually unpredictable and is found more frequently in the clinical setting. This type of DILI is due to an allergic reaction or the toxicity of metabolites generated via individual drug metabolism reactions. Various factors, such as environmental, genetic and immunological reactions, may be associated with adduct formation and the onset of DILI. This review will summarize current knowledge on the immunological aspects of DILI, including its pathogenesis, diagnosis and treatment.      
IMMUNOLOGICAL PATHOGENESIS OF DRUG-INDUCED LIVER INJURY 
DLII is thought to occur through direct toxic or allergic effects of drugs. However, there is another mechanism, in which DILI is induced by toxic or reactive metabolites produced through abnormal metabolism. Most drugs are fat-soluble, with the liver being the main organ for their biotransformation and elimination. Drug elimination by the liver may be determined by several reactions, such as hepatic blood flow, hepatic metabolism and biliary extraction. Drug metabolism in the liver largely depends on the hydroxylation activity of cytochrome P (CYP) 450 enzymes (Phase 1 reaction); the products are unstable or reactive metabolites; and the process is affected by various factors, such as genetic alterations[4]. The hydroxylated metabolites are then conjugated by gluconization, sulfonization, glutathionization, or acetylation (Phase 2 reaction), followed by their transport to the extracellular space as water-soluble, stable and detoxified products (Phase 3 reaction). These final metabolites are excreted into the urine or bile juice. During this process, most of the targets for immune attack are thought to be unstable and reactive metabolites conjugated with intracellular proteins or macromolecules. These newly formed antigens are recognized by immune cells. Activation of the immune system generates autoantibodies and cell-mediated immune responses, leading to injury to hepatocytes
 ADDIN EN.CITE 

[5]
 (Figure 1).    
Animal models of the immunological pathogenesis of DILI 

Immunological mechanisms leading to DILI have been widely explored using experimental animal models and predictable drugs such as acetaminophen. In DILI, the balance between pro- and anti-inflammatory responses resulting from the activation of the innate immune system in the liver determines tissue susceptibility and the severity of liver injury[6].
Model of acetaminophen-induced liver injury in mice

Acetaminophen induced liver injury (AILI) involves glutathione depletion and covalent binding of a metabolite of acetaminophen to mitochondrial protein, both essential mechanisms of hepatocyte death. Acetaminophen hepatotoxicity is dependent upon its metabolic transformation to the reactive metabolite N-acetyl-p-benzo-quinone imine (NAPQI) by CYP450
 ADDIN EN.CITE 

[7]
. Following the phase 2 process of conjugation detoxification, NAPQI becomes covalently bound to hepatic mitochondrial protein, leading to cell death. Cell damage induces the release of damage-associated molecular patterns (DAMPS), such as HMGB-1 and heat shock proteins (HSP), which then activate the innate immune system
 ADDIN EN.CITE 

[8]
. 
In animal models of AILI, innate immune cells such as macrophages and NK/NKT cells play a pivotal role in protection against acetaminophen
 ADDIN EN.CITE 

[9-11]
. Depletion or inactivation of hepatic macrophages markedly reduced the severity of AILI by inhibiting cytokine production, especially of tumor necrosis factor (TNF)-, soon after acetaminophen administration
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[12]
, but induced more severe liver injury at later times, possibly due to the suppression of delayed production of prostaglandin by hepatic macrophages
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[9]
. These macrophages were shown to be derived from circulating monocytes that infiltrate the liver, but not from resident Kupffer cells
 ADDIN EN.CITE 

[13]
, with TNF-regarded as an essential participant in the macrophage dependent etiology of AILI
 ADDIN EN.CITE 

[14-16]
. 

In contrast, the administration of anti-NK1.1 antibody to deplete NK and NKT cells protected mice from AILI, probably due to a reduction in IFN-concentrations[10]. Starvation-induced ketone production has been observed in NKT cell-deficient mice, resulting in increases in CYP2E1-mediated reactive metabolites and enhanced susceptibility to AILI
 ADDIN EN.CITE 

[11]
. More recently, however, NK and NKT cells were shown to contribute to protection against AILI only in the presence of dimethyl sulfoxide
 ADDIN EN.CITE 

[17]
, suggesting NK and NKT cells may have little involvement in protecting these mice against AILI. NK/NKT cells are generally regarded as being involved in the immunopathogenesis of AILI, with IFN- being a key molecule. Various cytokines and chemokines are produced in response to IFN- with these factors promoting neutrophil infiltration
 ADDIN EN.CITE 

[10, 18]
. NKT cells have also been reported involved in a mouse model of halothane-induced liver injury by recruiting neutrophils to the liver, with these neutrophils playing a pathogenic role in liver injury
 ADDIN EN.CITE 

[19]
. In contrast, eosinophil depletion was found to reduce the severity of halothane-induced liver injury in a mouse model, whereas depletion of neutrophils failed to reduce the severity of liver injury
 ADDIN EN.CITE 

[20]
. This study found that eosinophils accumulated exclusively around areas of hepatocellular necrosis, suggesting a pathogenic role of eosinophils in liver injury similar to that observed in many patients with DILI
 ADDIN EN.CITE 

[20]
. Recently, regulatory T-cells were also reported to reduce the severity of trifluroacetyl chloride-induced DILI by decreasing the hepatic levels of pro-inflammatory cytokines[21].
Dendritic cells (DCs) have also been reported to play a protective role in AILI. Hepatic DCs have been reported to suppress the severity of AILI, at least in part, by preventing NK cell activation and inducing neutrophil apoptosis
 ADDIN EN.CITE 

[22]
. 
 In contrast, interleukin (IL)-10 null mice were found to be more susceptible to AILI, suggesting that a counter-regulatory anti-inflammatory response also modulates liver injury
 ADDIN EN.CITE 

[23]
. Furthermore, receptors involved in the innate immune system, such as toll-like receptors (TLR)-4 and 9 have been found to play roles in promoting inflammatory responses and subsequent pathogenesis of AILI
 ADDIN EN.CITE 

[24, 25]
. Collectively, the innate immune system is closely associated with the onset and severity of AILI, which may explain, at least in part, the pathogenesis of AILI in mice. 
Mouse DILI model except for acetaminophen toxicity

Cytokines and immune cells have been reported associated with the pathogenesis of DILI but not of AILI. For example, IL-4 was reported to mediate dicloxacillin-induced liver injury in a mouse model
 ADDIN EN.CITE 

[26]
, and IL-17 and IL-1 were found to be involved in the onset of diclofenac-induced liver injury in mice 
 ADDIN EN.CITE 

[27]
. Diclofenac has been reported to inhibit TNF-induced survival signals through nuclear factor-B and to sensitize hepatocytes to apoptosis
 ADDIN EN.CITE 

[28]
. Thus, the activation of the innate immune system in the liver may play an important role in immune-mediated idiosyncratic DILI
 ADDIN EN.CITE 

[6, 29]
.

   Although experimental data support the hypothesis that DILIs are induced through the activation of the innate immune system within the liver, different cell populations may be involved in each DILI. Moreover, these data are derived from mice with a uniform genetic background and environment. 
Immunological pathogenesis of DILI in humans
In contrast to mice, genetic background and environment are diverse in humans, and most patients who develop this disease are receiving multiple drugs. The conditions under which DILI develops are therefore more complex in humans, making the diagnosis of DILI and the analysis of immunological mechanisms more difficult. 

The pathogenesis of DILI in humans may be influenced by a variety of genetic and environmental effects on drug metabolism and immunological responses. These factors may, in turn, be associated with the onset and severity of DILI in humans (Figure 2)[30]. 
Cytokines
Pro- and anti-inflammatory responses have been observed in patients with DILI. For example, a study of 111 patients with DILI due to acetaminophen overdose included measurements of the plasma concentrations of cytokines such as IL-6, IL-8, IL-10 and monocyte chemoattractant protein (MCP)-1
 ADDIN EN.CITE 

[31]
. In that study, the concentrations of IL-6, IL-8, and MCP-1 were elevated in patients with elevated serum ALT
 ADDIN EN.CITE 

[31]
, with MCP-1 concentration most closely associated with the severity of toxicity. Thus, the hepatotoxicity in patients with acetaminophen overdose is thought to be due to the direct toxicity of the acetaminophen metabolite, whereas the severity of toxicity may be immunologically determined. 

The expression of various cytokines and their association with the severity of liver injury have been reported in patients with acute liver failure[32]. For example, IL-6 and TNF-have been associated with disease progression, whereas IL-10 was associated with disease protection. A study of 39 patients with acute liver failure due to DILI found that serum IL-17 and IL-21 concentrations were elevated[33] and that autoantibodies were more frequently found in patients with than without DILI, suggesting that autoimmune responses are involved in its pathogenesis[34]. Elevation of the serum cytokines, IL-1, IL-10, IL-12, IL-13, and TNF- preceded an increase in liver enzymes in a patient with DILI[35]. Moreover, CD8+ T cells were reported to produce IFN- when peripheral mononuclear cells of patients with the hepatocellular type of DILI were stimulated with the causative drug (Figure 3A and B). In contrast, CD14+monocytes from patients with the cholestatic type of DILI were found to produce TNF- upon stimulation by lysates of HepG2 cells that were incubated with the causative drug (Figure 3C and D)
 ADDIN EN.CITE 

[36]
. Thus, the mechanisms responsible for two types of DILI, hepatocellular and cholestatic, may be different, with the immune system activated by both the drug itself and its reactive metabolites. 
Assessments of genetic factors in patients with DILI found that the low IL-10 producing haplotype was more prevalent, but genetic polymorphisms in IL-10, IL-4 and TNF- were not related to the risk of developing DILI
 ADDIN EN.CITE 

[37]
. In contrast, IL-10 polymorphisms were reported associated with the incidence of docetaxel-induced liver injury
 ADDIN EN.CITE 

[38]
. Thus, the balance between pro- and anti-inflammatory cytokines plays a significant role in the pathogenesis of DILI, and the pattern of pro- and anti-inflammatory cytokines may be a candidate biomarker of DILI. 
Autoantibody production
Inhalation of the anesthetic halothane has been explored as an immunoallergic response model. Patients with halothane-induced liver injury were found to produce autoantibodies that recognize autoantigens and neoantigens created by trifluoroacetylation of hepatic proteins. Incubation of halothane-pretreated rabbit hepatocytes with the sera of patients with halothane-induced fulminant hepatitis increased susceptibility to lymphocyte cytotoxicity
 ADDIN EN.CITE 

[39]
. Halothane is metabolized by CYP2E1 to form the reactive metabolite acyl halide, which may trigger immune responses. Anti-CYP autoantibodies induced by drugs have also been found in patients with idiosyncratic drug reactions to dihydralazine
 ADDIN EN.CITE 

[40]
 and tinelic acid[41].  
Monocyte activation

Recently, human monocytic cells have been reported activated by hepatotoxic drugs, such as amiodarone and its metabolite, when co-incubated with CYP3A4 supersomes
 ADDIN EN.CITE 

[42]
.  
HLA genotype and T cell response
Since antigenic peptides are presented on human leukocyte antigen (HLA) molecules, HLA haplotype has been shown associated with the development of various diseases. For example, 57% of Belgian patients with amoxicillin-clavulanate-induced liver injury had the DRB1*1501 allele compared with 11% of the general population
 ADDIN EN.CITE 

[43]
, with the same allele found in 70% of Scottish patients with amoxicillin-clavulanate-induced liver injury
 ADDIN EN.CITE 

[44]
. Furthermore, 53% of patients in the UK had the HLA-DRB1*15 allele, compared with 30% of the general population
 ADDIN EN.CITE 

[45]
. Conversely, 9.8% of patients with DILI had the DRB1*07 allele, compared with 29% of the general population 
 ADDIN EN.CITE 

[45]
. Study of a Spanish cohort did not show a significant association between DILI and the DRB1*15 allele, but found that the frequency of DQB1*06 was significantly higher in these patients than in the general population
 ADDIN EN.CITE 

[46]
. A recent genome-wide association study in a European cohort with amoxicillin-clavulanate-induced liver injury showed that multiple HLA genotypes could affect susceptibility to the onset of the disease
 ADDIN EN.CITE 

[47]
. Although several single nucleotide polymorphisms (SNPs) within the HLA were found associated with DILI, the strongest association was observed in SNPs within HLA-DRB1 and an independent association was found with HLA-A*0201. Moreover, HLA-A*0201, DQB1*0602 and amoxicillin-clavulanate-induced liver injury were found to be associated with PTPN22, a gene associated with the development of various autoimmune diseases
 ADDIN EN.CITE 

[47]
. Importantly, only SNPs inside the HLA region were significantly associated with amoxicillin-clavulanate-DILI. 

Recently, activation of T-cells with a particular HLA genotype has been explored in patients with DILI. Flucloxacillin (Flux)-induced liver injury has been strongly associated with the HLA-B*5701 allele, with approximately 85% of these patients having at least one copy of HLA-B*5701
 ADDIN EN.CITE 

[48]
. Flux has been reported to activate naïve CD8+ T-cells when DCs present the drug antigen in patients with HLA-B*5701. Following drug stimulation, T-cells expressing CCR4 and CCR9 were found to secrete IFN-, T-helper 2 cytokines, perforin, granzyme B, and FasL 
 ADDIN EN.CITE 

[49]
, with the activation of CD8+ T cells restricted to those with the HLA-B*5701 allele[50]. Hypersensitivity reactions without the formation of conjugates, in which drugs can activate the immune system directly and pharmacologically, have been observed in these types of allergic reaction
 ADDIN EN.CITE 

[51, 52]
, consistent with earlier results[37]. These findings suggest that the HLA genotype and its SNPs contribute significantly to susceptibility to DILI, possibly through abnormal antigen presentation to T cells.
  Collectively, various immunological mechanisms, including innate and acquired immunity, are involved in the pathogenesis of DILI. The balance between pro- and anti-inflammatory cytokines may affect the onset and severity of DILI. 
IMMUNOLOGICAL DIAGNOSIS OF DRUG-INDUCED LIVER INJURY

Because there are no standard criteria for the diagnosis of DILI, various clinical scales have been developed. The Naranjo Adverse Drug Reactions Probability Scale (NADRPS) was proposed for the assessment of adverse drug reactions in 1981[53]. The NADRPS has been widely used to diagnose DILI due to its simplicity and wide applicability, despite it not being developed specifically for the diagnosis of DILI. The Roussel Uclaf Causality Assessment Method (RUCAM) diagnostic scale, first proposed in 1993[2], has been used to classify the pattern of liver injury into hepatocellular, cholestatic, or mixed type. The RUCAM is based on seven criteria, including temporal relationship, clinical course (response after withdrawal of drug), risk factors, concomitant drugs, exclusion of other non-drug etiologies, likelihood of a reaction based on package labeling, and re-challenge. This method has been widely used as a standardized scale with high reliability, reproducibility and specificity. 
The more recently described M and V clinical diagnostic scale (CDS) simplified the RUCAM scale by using only five criteria[54]. This scale emphasizes immunoallergic reactions, such as extrahepatic manifestations[55]. Lymphocyte proliferation in response to drugs was observed in over 50% of patients with DILI[54]. In Japan, the diagnostic scale similar to the RUCAM scale includes drug-lymphocyte stimulation tests (DLST) in the diagnosis [56]. Thus, although the diagnosis of DILI is mainly dependent on the course of the disease and the causative drug, some immunological methods have been utilized in its diagnosis because immunological mechanisms are involved in its pathogenesis.　

Although these methods of causality assessment for DILI are useful in most of the clinical setting, there may be some pitfalls in the diagnosis of DILI induced by herbal medicine
 ADDIN EN.CITE 

[57, 58]
. Hepatotoxicity due to herbs has not been fully recognized and the risk may be underestimated. There is a variety of the quality of herbal products, which may makes the evaluation of the causality for DILI by herbs complicated
 ADDIN EN.CITE 

[58]
. Furthermore, various extracts from herbs have been reported to have immunomodulatory effects via cytokine production, toll-like receptor binding, and induction of signal transduction via T-cell receptor or dendritic cell maturation
 ADDIN EN.CITE 

[59-62]
, all of which could be associated with the immunological basis for DILI caused by herbs. 
 One of the most popular additional diagnostic tests for DILI is the DLST[63]. In this test, lymphocytes collected from the heparinized peripheral blood of patients are incubated with dilutions of the suspected drug, with lymphocyte proliferation evaluated by 3H-thymidine uptake. DLST is widely used in Japan and is incorporated in Japanese diagnostic criteria for DILI (DDW-J scale). However, the sensitivity of this test is below 50% and the lymphocyte response to the suspected drug may not necessarily be related to the liver injury. Another test using the peripheral blood of patients is the leukocyte migration test (LMT), which has been reported more useful than DLST
 ADDIN EN.CITE 

[64]
. This test measures the chemotaxis of granulocytes in response to chemotactic factors produced by mononuclear cells after incubation with the suspected drug. Furthermore, a cytokine production test showed high diagnostic sensitivity
 ADDIN EN.CITE 

[36]
. In this analysis, a mixture of a HepG2 cell extract and culture medium, which retain metabolic enzyme activities such as CYP450 are incubated with dilutions of the suspected drug, followed by incubation with peripheral blood lymphocytes isolated from patients suspected of having DILI. Intracytoplasmic cytokines, such as IFN-, TNF-and IL-2, of the lymphocytes are finally evaluated by flow cytometry. Although these tests are useful for the diagnosis or identification of a single causative drug, they are not simple to perform and may not be suitable for routine examinations.
 Thus, immunological methods detecting lymphocyte reactivity against a causative drug or its derivatives may be helpful for the diagnosis of DILI. At this time, however, this method is not applicable to all types of DILI. 
IMMUNOLOGICAL TREATMENT OF DRUG-INDUCED LIVER INJURY

The main treatment strategy for DILI is cessation of the causative drug. Early recognition of the adverse effects of a drug is most important in managing DILI and in preventing severe liver injury. Although few specific treatments for DILI have proven beneficial, there are two exceptions; N-acetylcysteine for acetaminophen toxicity and L-carnitine for valproic acid overdose
 ADDIN EN.CITE 

[65, 66]
. 
Patients should be assessed carefully by serial biochemical tests. Severe hepatocellular injury may develop into acute liver failure, and the only effective therapy for the latter may be liver transplantation. Patients with severe liver injury, particularly those with jaundice, should be managed carefully and considered for referral to a liver transplant specialist. Some treatments that can modulate immune functions have been tried in clinical settings, although there is no consensus on their use. 
Corticosteroids are of unproven benefit for DILI, but may be used to treat patients with hypersensitivity reactions
 ADDIN EN.CITE 

[67]
. The combination of a corticosteroid and ursodeoxycholic acid has been reported safe for patients with DILI, leading to a more rapid reduction in bilirubin and transaminases 
 ADDIN EN.CITE 

[68]
. 
CONCLUSION


Various immunological mechanisms are involved in the pathogenesis of the unpredictable type of DILI. To date, however, analyses of these mechanisms have been unsatisfactory, and additional studies are required to better understand the pathogenesis of DILI and its diagnosis, to predict the extent of injury in each subject and to manage these patients. 
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Figure 1 Hypothetical schema of the immunological pathogenesis of drug induced liver injury (ref.5 with modifications). 1Genetic polymorphism.
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Figure 2 Contribution of environmental and genetic factors to drug metabolism and immune response in drug induced liver injury[30].
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Figure 3 Cytokine production by immune cells after stimulation with suspected drug alone or suspected drug-pulsed HepG2 lysates in patients with drug induced liver injury[36]. A, B: The percentages of CD8+ cells that are IFN-+ after stimulation with the suspected drug alone in patients with hepatocellular type (A) and cholestatic type (B) liver injury; C, D: Fold expansions of TNF-cells (stimulation index) in CD14+ cells after stimulation with untreated HepG2 lysates (C) or the suspected drug-pulsed HepG2 lysates (D) in patients with cholestatic type liver injury. n.s.: Not significant.
