Gene signatures reduce the stress of preclinical drug hepatotoxicity screening
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Drug-induced liver injury (DILI) is a multi-factorial process, with a diverse clinical presentation, that remains a barrier to the development of safe and effective new medicines. Improvements in preclinical screening for DILI liabilities, together with a more conservative approach to handling relatively mild cases of liver injury during clinical trials, have resulted in no drug being licenced within the past 10 years and subsequently withdrawn due to hepatotoxicity. However, unexpected liver injury in clinical trials is still a cause of patient morbidity and drug attrition, whilst it is possible that some promising drug candidates are being screened out of stringent testing programmes when they could be developed into safe human therapies. Further advances in the preclinical detection of compounds carrying a DILI liability should therefore reduce patient harm and improve the efficiency of the drug development process. 

In a recent series of linked publications (1-3), a team at Merck & Co described the development and use of a mechanism-based gene signature approach for identifying compounds that trigger the activation of cellular stress responses coordinated by the closely-related transcription factors Nrf2 and Nrf1, reflecting a DILI risk associated with the formation of chemically reactive metabolites (CRMs). Typically, the hepatic covalent binding burden of a drug is determined using in vitro or in vivo radiolabel and nucleophile trapping methods, but the Merck team found these approaches could not adequately distinguish compounds that are hepatotoxic from those that are safe in the clinic, even after taking into account the maximum human daily dose (1). As the Nrf2/1-driven stress responses are triggered as part of the cellular adaptation to chemical insult, they have for some time been considered more reflective of the consequence (risk), as opposed to the mere occurrence (hazard), of CRM formation. However, until now, this concept has not been examined in a comprehensive and systematic manner in the context of DILI.

Building on the computational modelling of a large in-house rat liver RNA-seq data set, the Merck team identified gene signatures representative of a host of xenobiotic nuclear receptors, the innate immune response and stress responsive transcription factors (2). In the latter case, a 46-gene signature (termed the bioactivation liver response assay, or BA-LRA) reflecting Nrf2/1 activity was developed and incorporated into a standard 4-day rat study design in which test compounds were administered orally at 300-750 mg/kg/day to maximise hepatic exposure to the associated reactive metabolite(s). The resulting BA-LRA scores were then multiplied by the recommended maximum daily dose across 116 DILI positive and negative compounds.  A low sensitivity (32 %) for the identification of clinical DILI liability was observed, although this was not surprising given the diverse set of DILI mechanisms represented in the drug panel. However,  very high specificity (92 %) and positive predictive values (83 %) were reported, suggesting false positive detection rates would be low, which is ideal in the early stages of drug discovery.

[bookmark: _GoBack]In an extension of the in vivo rat liver assay, the Merck team developed a 10-gene signature that could reflect Nrf2/1 activation in primary rat hepatocytes cultured in the HEPATOPAC platform, in which micro-patterned hepatocyte ‘islands’ are surrounded by stromal cells. Using a 9-day repeat-dose treatment protocol, the concentration-dependent response of the in vitro BA-LRA was interpreted in the context of projected human liver exposure, and this approach demonstrated 81 % sensitivity and 90 % specificity for detecting CRM-forming drugs known to carry a high risk of clinical DILI (3). The authors also highlighted their efforts to develop a version of the in vitro BA-LRA for use in primary human hepatocyte culture systems. Whilst this preliminary element of the work was performed with cells from only one or two individual donors, it provides a bridge to future studies using pooled donor lots or cells from individuals with relevant demographic and clinical features, as well as genotypes associated with certain forms of DILI. We previously reported that Nrf2-associated gene activation in primary human hepatocytes has high specificity and positive predictive values for identification of CRM formation and clinical DILI risk (4). Hence, this aspect of the work, aligned with recent advances in the use of complex human liver models for identifying clinical DILI liabilities that were missed by conventional toxicology approaches (5), holds promise for improving the translational relevance of preclinical DILI screening. 

Given that a number of drugs terminated due to clinical liver toxicity triggered a BA-LRA response in the absence of overt liver injury in the rat (1), it appears that this species is highly adept at defending against CRM formation. Indeed, the Merck team observed that conserved in vitro BA-LRA gene expression responses were generally stronger in rat hepatocytes compared with human cells (3). Such quantitative differences in stress response capacity between species could contribute to the relatively poor ability of rats to identify drugs that are hepatotoxic in humans, in comparison with other preclinical species, when relying on traditional DILI indicators (6). The use of gene expression responses, which occur (in a temporal sense) closer to the molecular initiating event than traditional clinical chemistry or histopathological measures of hepatic insult, could help to overcome this limitation by indicating a biochemical risk that could translate to overt toxicity in less resistant species (Fig. 1).

A limitation of the in vivo BA-LRA is that, at least in the standard 4-day study format, it was unable to identify correctly the clinical DILI liabilities of some CRM-associated drugs, including amiodarone, nitrofurantoin and acetaminophen (1). Yet, in the latter case, for which clinical DILI is overwhelmingly associated with acute overdose, a positive BA-LRA score was noted after 1 day of dosing, suggesting that the false negative result after 4 days is related to adaptation within the rat liver. Hence, it may be necessary to alter the in vivo dosing timeframe for some drugs. This, together with the large investment of time and resource needed to implement the BA-LRA approach, may limit its widespread adoption as a standard screen across the industry. However, the BA-LRA was able to identify the clinical DILI risk associated with several drugs that were not flagged in the standard human hepatocyte covalent binding assay. As an example, the Merck team used the in vivo BA-LRA to guide the development of back-up molecules for two calcitonin gene-related peptide receptor antagonists that provoked unexpected hepatotoxicity in clinical trial participants (1). One of these back-up compounds, ubrogepant (Ubrelvy™), was recently licenced with an acceptable clinical safety profile. In addition, the in vitro BA-LRA was able to distinguish liver-safe and hepatotoxic structural analogues (e.g. clozapine and olanzapine) (3), suggesting that this higher throughput approach could be used as a second stage screen for probing a compound’s chemical space and determining whether the structural bases of efficacy and toxicity can be dissociated, particularly in the case of compounds flagged in standard, frontline CRM screens. 

Taken together, the approach pioneered by Merck is likely to be seen as valuable by some companies in selected settings, which in itself would be regarded as a major achievement in an industry that has, to date, been largely reluctant to embrace gene expression technology within drug safety screening (7). Validation of the performance of the BA-LRA with other proprietary compound sets and specific case studies will be an important step towards this goal. Nevertheless, there is potential that these and other advances will provide greater mechanistic information and improved prediction of human DILI risk, thereby lowering the incidence of unexpected DILI in clinical trials and improving the ability to select liver safe compounds for further development as new medicines.  
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Fig. 1 – Measuring the response of Nrf2/1-associated genes activated by chemical, oxidative and proteotoxic stresses could flag CRM hazards during toxicology studies in the rat. The robust stress response and adaptive capacity of the rat liver may result in some CRM-forming compounds seeming liver safe when traditional markers of overt liver damage are used to predict human risk. Yet some patients may exhibit relatively low hepatic stress response and adaptive capacities, increasing their susceptibility to CRM insult and resulting liver toxicity. 
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