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Predicting which drugs might have the potential to cause drug-induced liver injury (DILI) is highly complex and the current methods, 2D cell-based models and animal tests, are not sensitive enough to prevent some costly failures in clinical trials or to avoid all patient safety concerns for DILI post-market. Animal-based methods are hampered by important species differences in metabolism and adaptive immunity compared to humans and the standard 2D in vitro approaches have limited metabolic functionality and complexity. On 24 April 2023 the Alliance for Human Relevant Science (https://www.humanrelevantscience.org/) hosted a workshop at the Royal Society, London entitled Drug-Induced Liver Injury (DILI): Can Human-Focused Testing Improve Clinical Translation? The conclusion was that complex in vitro models (CIVMs) provide a significant step forward in the safety testing paradigm. This perspective article, written by the participants, builds on those discussions to provide a ‘state of play’ on liver CIVMs with recommendations for how to encourage their greater uptake by the pharmaceutical industry.
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1 THE IMPORTANCE OF DILI
DILI is a multifactorial, potentially life-threatening adverse reaction to drugs and other chemicals (Fernandez-Checa et al., 2021). Patients typically present with non-specific symptoms such as weakness, poor appetite, nausea, abdominal pain, fever and may be hospitalised with jaundice and rash (Lu et al., 2016). The most severe and clinically concerning consequence of DILI is acute, life-threatening liver failure, which has a high fatality rate unless treated by liver transplantation. DILI is however associated with many hundreds of drugs that remain on the market, including well known painkillers, such as acetaminophen and diclofenac, antibiotics, such as amoxicillin-clavulanate and flucloxacillin, as well as many Chinese herbal medicines (Lu et al., 2016). DILI remains the most common cause of acute liver failure in Western countries (Torgersen et al., 2024), with acetaminophen overdose being responsible for 39% of all cases (Ostapowicz et al., 2002).
DILI is a leading reason for the failure of new drugs to obtain regulatory approval and for drug withdrawals post-market (Lee and Yoo, 2024). Redfern et al. (2010) found that DILI accounted for 13% of the safety reasons leading to failure in clinical trials. Since 2022 at least nine drugs were on clinical hold due to DILI risk (Jadalannagari and Ewart, 2024). In two separate large-scale reviews Onakpoya et al. (2016) and Siramshetty et al. (2016), found that hepatoxicity was the most common toxicity type responsible for the withdrawal of drugs from the market (18% and 21% of cases, respectively).
2 CHALLENGES IN PREDICTING DILI
2.1 DILI mechanisms and clinical presentation
One of the major problems with predicting DILI in humans is that the underlying mechanisms are complex and are not fully understood (Weaver et al., 2020; Andrade et al., 2019). DILI has been classified traditionally into two types, direct (or intrinsic) and idiosyncratic (or iDILI). Intrinsic DILI is dose dependent and tends to have a rapid onset (typically within several days). Acetaminophen is the classic example of a drug that causes intrinsic DILI; it is safe when used at clinically approved doses but at excessive doses is metabolized within hepatocytes to a chemically reactive and cytotoxic intermediate. For the many hundreds of licensed drugs other than acetaminophen that cause DILI, the clinical presentation however is not overtly dose dependent, often has delayed onset (many weeks, or months) and is idiosyncratic (Andrade et al., 2019; Di Zeo-Sánchez et al., 2022). iDILI arises in patients given clinically approved drug doses and occurs very infrequently, due to a combination of chemical insults to liver cells plus susceptibility factors that arise only in some individuals. Chemical insults to liver cells may arise in multiple ways, which include chemically reactive metabolite formation, mitochondrial injury and/or bile salt accumulation within hepatocytes due to inhibition of the Bile Salt Export Pump (BSEP) (Kenna and Uetrecht, 2018). Numerous drug associations between iDILI risk and genetic polymorphisms in drug metabolizing enzymes and/or human leukocyte antigens (HLA) have been identified, as have adaptive immune responses and/or drug metabolites in susceptible patients (Daly, 2023; Aithal, 2019). In view of this, plus the low frequency and delayed onset of iDILI, it has been proposed that development of adaptive immune responses plays a key role in iDILI development (Kenna and Uetrecht, 2018; Andrade et al., 2019; Di Zeo-Sánchez et al., 2022) and the term immune-mediated or imDILI as a form of iDILI has begun to be used (Tasnim et al., 2021).
Genome-wide association studies have identified several gene variants associated with iDILI (Nicoletti et al., 2017) so screening patients for these gene variants post-market could reduce iDILI cases (Aithal and Grove, 2015). For example, Koido et al. (2020) developed a polygenic risk score (PRS) to predict the susceptibility to DILI in patients treated with various antibiotics. This was replicated in vitro using primary hepatocytes and stem cell-derived organoids from multiple donors with in silico screening then used to identify compounds that elicited transcriptomic signatures present in the hepatocytes from individuals with an elevated PRS. This is paving the way for a “polygenicity-in-a-dish” or a “village-in-a-dish” strategy that could be used prior to clinical trials to stratify patients into different risk categories (Neavin et al., 2023). However, because the incidence of iDILI is low for most drugs, currently pre-prescription genotyping is not considered cost-effective (Krantz et al., 2024).
2.2 Limitations of animal safety studies for DILI assessment
Whilst tests conducted in animals prior to clinical trials are reportedly good at correctly identifying drugs with low DILI risk, they are notoriously bad at identifying liver-toxic drugs as such. Indeed Ballet (2015), noted that “most compounds associated with iDILI give negative results in animal toxicology studies”. In other words, animal tests for DILI have high specificity and low sensitivity.
A large retrospective review by the pharmaceutical industry found that the positive concordance between liver toxicity in animal tests and human DILI in clinical trials was 55% (Olson et al., 2000). However, a more recent study by the industry found the positive concordance with human liver toxicities was only 33% (rats), 27% (dogs), and 50% (monkeys) (Monticello et al., 2017). The diabetic drug, troglitazone (Rezulin®) is an example of the consequences of the poor sensitivity of animal safety tests for the assessment of human iDILI risk. Troglitazone was withdrawn from the US market in 2000 after causing at least 89 patient cases of acute liver failure, of whom 78 died or needed a liver transplant (Graham et al., 2003). Animal safety tests prior to clinical trials of the drug presumably did not detect evidence of concerning liver adverse effects and subsequently published human and animal trials have also given inconsistent results, highlighting the difficulty in predicting iDILI even in humans and the need for a more mechanistic approach (Dirven et al., 2021).
One important reason for the poor human DILI predictivity of animal safety tests is likely to be the substantial differences in drug metabolism and disposition between animals and humans (Martignoni et al., 2006; O’Brien et al., 2004). These arise in part due to species-specific differences in expression of cytochromes P450 (CYPs) and other important drug metabolising enzymes, plus genetic variabilities in the human population (Bailey et al., 2014; Martignoni et al., 2006). Whilst ADME data can be used to select the most appropriate species for tests, this may not always be possible, for example Turpeinen et al. (2008), found significant variation in the profile of CYP activity between species, with rats being the most divergent from humans. Since the production of chemically reactive drug metabolites is an important DILI mechanism that may cause both intrinsic DILI (Weaver et al., 2020) and iDILI (Kenna and Uetrecht, 2018), animal-based safety tests may have limited value specifically for assessment of human DILI risk.
Species-specific differences in sensitivity to adverse effects of drug metabolites may also arise. Russomanno et al. (2023) used a systems approach to demonstrate that, despite being given the same burden of the acetaminophen metabolite, rats were far less sensitive than mice to liver injury caused by acetaminophen due to their more robust basal and adaptive stress response capacity. Species differences in drug transporters in the liver also have been identified, which can result in marked species differences in drug exposure within liver cells. Notably, deaths of clinical trial patients due to intrinsic DILI caused by the test anti-viral drug fialuridine were later linked to species differences in the equilibrative nucleoside transporter, which resulted in markedly higher mitochondrial drug exposure within hepatocytes in humans than in mice or rats (Lee et al., 2006).
Species variability in drug disposition may result in drug exposures in animal safety studies that are insufficient to enable reliable assessment of both intrinsic and iDILI (Di Zeo-Sánchez et al., 2022; Dirven et al., 2021; Ballet, 2015; Weaver et al., 2020). In addition, the restricted timescale of the animal repeat dose tests conducted prior to initial clinical trials (several weeks at most) is insufficient to explore risk of iDILI that may arise in susceptible humans only after many weeks or months (Olson et al., 2000; Ng et al., 2012). Species variability also has been observed in the sensitivity of the biomarkers that are used to assess DILI. Plasma levels of aminotransferase enzymes that are released from damaged cells are used routinely to detect injury to the hepatobiliary system in humans. However Olson et al. (2000), reported that these enzymes are relatively insensitive markers of DILI in animals.
The animals used in tests are genetically very similar (Le Bras, 2024) and so, even if there were not the species differences, there is not enough genetic variation in the animals to explore genetic variability as a DILI susceptibility factor (Ballet, 2015). Turpeinen et al. (2008) observed that the widest interindividual variability in liver microsomes was found in humans and monkeys. This lack of genetic variability is exacerbated by the necessarily small numbers of animals used in tests, which could therefore not be expected to explore risk of iDILI that may occur very infrequently in human patients (i.e. 1 in 10,000 patients for flucloxacillin) (Williams et al., 2013; Ballet, 2015).
3 FROM 2D TO 3D: MOVING TOWARDS A MORE PHYSIOLOGICALLY-RELEVANT DILI MODEL
3.1 Types of CIVM
Over the last 10 years, there has been a dramatic uptake in the use of in vitro methods in biomedical research and testing (Taylor et al., 2024). Technological developments have created more complex in vitro models (CIVMs), including spheroids, organoids, 3D tissues, organ-on-a-chip and microphysiological systems (MPS) (Ekert et al., 2020). The US Food and Drug Administration (FDA) IQ MPS Affiliate, under the umbrella of the Innovation and Quality (IQ) consortium of pharmaceutical and biotechnology companies, have defined CIVMs as “systems having a multi-cellular environment within a biopolymer or tissue-derived matrix, a 3D structure potentially including two or more of the following: mechanical factors such as stretch or perfusion (e.g., breathing, gut peristalsis, flow), incorporating primary or stem cell-derived cells, and/or including immune system components” (Baran et al., 2022).
The design of liver-focussed CIVMs can vary massively—from plate format and high-throughput to media circulation (single-pass, circulated) and cell source (e.g., cell line, primary, iPSC) (see review by Jadalannagari and Ewart (2024). For example, Emulate’s Liver-Chip microfluidic model includes primary human hepatocytes (PHHs) “sandwiched” with primary liver sinusoidal endothelial, stellate and Kupffer cells in an adjacent channel, separated by a porous membrane, with media flow (Ewart et al., 2022). CN-Bio’s PhysioMimixⓇ MPS platform includes PHH and Kupffer cells seeded into scaffolds to induce the formation of a liver sinusoid type structure, also with media flow (Novac et al., 2022). Cyprotex utilises ultra-low attachment plates for the formation of primary human liver microtissues (hLiMTs) consisting of primary human hepatocytes and non-parenchymal cell fractions in a static model (Walker et al., 2020).
3.2 Advantages of CIVMs beyond 2D cell-based models
CIVMs involve more complex designs, mimicking actual liver structure including 3D cultures with the aid of supportive environments such as scaffolds, fibroblasts and perfusion of media (Tasnim et al., 2021), making them more physiologically relevant than 2D models (Weaver et al., 2020; Bell et al., 2018). There is evidence that this leads to better predictive power; Proctor et al. (2017) reported higher sensitivity (52% compared to 33%) using the 3D In Sphero InSight™ Human Liver Microtissue system compared to a 2D PHH system. One reason for this might be that 3D cultures are more metabolically active and stable than 2D. This applies to cell lines such as HepaRG and HepG2 (Sison-Young et al., 2015) and PHHs (Donato et al., 2022; Proctor et al., 2017; Bell et al., 2018), which both lose their phenotype and metabolic functionality, for example, CYP450 activity, within days. The EU-funded ToxRisk project demonstrated that HepG2 cell lines shared only 7 out of 20 human liver specific pathways compared to 19 using 3D liver hLiMTs (Gupta et al., 2021). The National Toxicology Program (NTP) of National Institutes of Health (NIH) showed that HepaRG spheroids exhibit physiologically relevant levels of CYP activity and maintained a stable phenotype for at least 28 days in culture (Ramaiahgari et al., 2017). And CN-Bio’s PhysioMimixⓇ MPS platform of PHHs has been demonstrated to be capable of expressing CYP enzymes over 28 days (Novac et al., 2022). With functional lifespans of up to 4 weeks, CIVM systems are closer to mimicking clinical trial timescales (Walker et al., 2020) but do not yet provide an advantage in that respect over animal based non-clinical trial timescales. Furthermore, they produce key biomarkers of liver functionality, such as albumin, alanine transaminase (ALT) and urea, at levels greater than 2D models and comparable to those seen clinically (Baudy et al., 2020; Novac et al., 2022; Ewart et al., 2022).
Although the most abundant cell type in the liver is the hepatocytes, non-parenchymal cells (NPCs), which include Kupffer cells, hepatic stellate cells, and liver endothelial cells, account for 20% of the liver mass. Co-cultures of hepatocytes with these NPCs not only provide a more physiologically relevant system, but also stabilise the isolated heptaocyte phenotype, prolonging its longevity (Tasnim et al., 2021). Medium flow and oxygen transport generated by pumps (Wilkinson, 2023) also enhance the formation of liver organoid-like structures, increasing their lifespan (Ramachandren et al., 2015). This may arise by flow influencing the levels of extracellular matrix (ECM)-associated proteins which encourage the further development and differentiation of the organoid structure (Michielin, et al., 2020). Further development of CIVMs can bring the systems even closer to functional human livers. For example Tomlinson et al. (2019), replicated the three main zones along a liver sinusoid by elevating the cells to different heights within three chambers of the Quasi-VivoⓇ system effectively altering their exposure to oxygen levels corresponding to those found in vivo. They reported better functionality of the liver cells in the system as a result. The, inclusion of immune cells may also offer greater predictive power in view of the role of immune responses in iDILI but this is only just beginning to be explored by CIVM developers (Di Zeo-Sánchez et al., 2022). Any potential benefit by the inclusion of cholangiocytes (liver epithelial cells) in CIVMs has also not been yet fully explored. Furthermore, whilst there is, as with 2D models, the option to include PHHs or hLiMTs from many donors to address the genetic variability of iDILI, this is also not yet commonplace (Di Zeo- Sánchez et al., 2022).
3.3 Reproducibility and predictivity of CIVMs
There is growing evidence of the enhanced predictive capability of CIVMs (see Walker et al., 2020), including greater sensitivity, predicting DILI across many drugs that were considered safe in animal tests. Comparing the models fairly, however, is fraught with difficulty due to differences in their construction and liver cell components, including the number of donors, duration of exposures and endpoints. The IQ MPS Affiliate has helped by providing guidance on the best approaches to benchmark complex liver models, including key performance metrics and a list of 20 reference compounds (Baudy et al., 2020).
Although there are papers reporting aspects of model reproducibility (Rubiano et al., 2021; Lim et al., 2023; Eckstrum et al., 2022; Bell et al., 2018), it is still early days in terms of published evidence for the intra and inter laboratory reproducibility and predictivity of CIVMs using an agreed reference compound set (Di Zeo-Sánchez et al., 2022). To date only Emulate (Ewart et al., 2022) have published the sensitivity and specificity of their Liver-Chip using the IQ MPS Affiliate compounds plus an additional sub-set of drugs with a high DILI score that had not been detected in spheroids or animal tests. Emulate report a sensitivity of 87% and specificity of 100%, including the detection of troglitazone toxicity.
Several research groups are now proposing strategies to integrate CIVMs into the drug development pipeline alongside existing assays to improve prediction and reduce attrition, including the FDA (Ribeiro et al., 2019), the EU funded Innovative Medicines Initiative Mechanism-Based Integrated Systems for the Prediction of Drug-Induced Liver Injury (IMI MIP-DILI) (Weaver et al., 2020) and CIVM developers (Levner and Ewart, 2023; Walker et al., 2020).
4 THE OUTLOOK FOR CIVMS
The evidence for the greater sensitivity of various CIVMs for the prediction of DILI compared to the current methods warrants their greater adoption. It has been estimated that the greater precision of models such as Emulate’s Liver-Chip would generate a $3 billion productivity gain for the pharmaceutical industry by identifying failing drug candidates earlier on in the pre-clinical process (Ewart et al., 2022). Their use would also be consistent with efforts in the US and Europe towards the full replacement of animal testing (see EC, 2023 and US Congress, 2022). Accelerating this need is the ever-increasing number of biological drugs being developed; over the last 10 years, the percentage of biologics approved by the FDA has increased from 16% in 2012 to 40% in 2022 (FDA, 2022). These new drug modalities, which include antibody, cell, and gene therapies, are generally highly specific for human genetic and protein sequences, necessitating the need for ever more human-relevant technologies for safety prediction.
However, a decade after their introduction, routine use of CIVMs by the pharmaceutical industry is still disappointingly limited (Jadalannagari and Ewart, 2024). We suggest three major reasons for this.
1. The fact that animals are used for other aspects of toxicity such that CIVMs used for DILI could only be a partial replacement for the required regulatory tests (scientific barrier).
2. Their relatively high cost, particularly upon set-up (economic barrier).
3. No clear way forward in terms of regulatory qualification (regulatory barrier).
We suggest some solutions to these economic, regulatory and scientific barriers in Table 1.
TABLE 1 | Suggestions to address the economic, regulatory and scientific barriers limiting greater uptake of CIVMs.
[image: Table 1]Without characterisation and evidence of performance for a defined regulatory need, new methods will struggle to be approved by regulators and adopted by drug developers. A potential solution is continued cooperation between regulatory agencies and the pharmaceutical industry, academia, and developers to produce guidelines on the qualification of these methods (Ekert et al., 2020). There has been a workshop with the FDA and the IQ MPS Affiliate (Baran et al., 2022) and Emulate’s Liver-Chip has become the first organ-on-a-chip to be accepted into the Innovative Science and Technology Approaches for New Drugs (ISTAND) Pilot Program, receiving FDA support in the journey towards becoming a qualified Drug Development Tool (DDT) (FDA US Food and Drug Administration, 2024). This is a start but more collaboration and outputs—such as guidelines and agreed reference compound lists—are needed (Di Zeo-Sánchez et al., 2022).
We believe that economics will eventually be the driver of change in the pharmaceutical industry, especially as throughput increases and set-up costs decrease, but only after some of the scientific and regulatory barriers have been overcome. Unfortunately, since animal tests potentially address—albeit inadequately—toxicities in all organs, replacement of an animal test for DILI will not result in automatic replacement of the standard animal tests conducted to address drug safety, reducing the economic attractiveness of these alternative methods to drug companies. However, given the compelling evidence of their advanced physiological relevance to human livers and the growing evidence of their predictive power, there is never a better time to seriously consider their implementation in the standard drug testing paradigm.
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