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Teaser: The accurate use of genetically and chimeric liver humanized mouse models has great potential to improve the prediction of clinical drug pharmacokinetics, drug-drug interaction and drug safety.
Abstract
Genetically humanized mice for proteins involved in drug metabolism and toxicity and mice engrafted with human hepatocytes are emerging and promising in vivo models for an improved prediction of the pharmacokinetic, drug-drug interaction and safety characteristics of compounds in humans. The specific advantages and disadvantages of these models should be carefully considered when using them for studies in drug discovery and development. Here an overview on the corresponding genetically and chimeric liver humanized mouse models described to date is provided and illustrated with examples of their utility in drug metabolism and toxicity studies. We compare the strength and weaknesses of the two different approaches, give guidance for the selection of the appropriate model for various applications and discuss future trends and perspectives. 

Introduction

Two fundamentally different approaches of generating humanized mouse models have been explored by various researchers: (1) The introduction of human genes into the mouse genome in order to generate genetically humanized mouse models, and (2) The transplantation of human cells into competent recipients resulting in tissue humanized mouse models (Figure 1). Both approaches have been used for a variety of applications. For example, genetically humanized mice have been described for components of the immune and hematopoietic system, as models for human aneuploidy and to reflect human diseases, for efficacy testing, for cancer research and to enable infections with human pathogens[1]. In a similar manner, tissue humanized mice were used for studies in human haematopoiesis, immune responses, autoimmunity, infectious diseases, cancer and regenerative medicine [2]. 
Another emerging and promising application of these models is in studies related to drug metabolism and toxicity. The prediction of human responses from traditional preclinical in vivo studies in this field is often limited by the significant species differences in the proteins involved in drug absorption, distribution, metabolism and excretion (ADME) 
 ADDIN EN.CITE 
[3-5]
. Whereas the overall pathway of drug metabolism and disposition is highly conserved (Figure 2), the substrate specificity, multiplicity and expression level of individual proteins mediating these processes can vary significantly between species. Such species differences have been described for all major components of the pathway of drug metabolism and disposition, i.e. xenobiotic receptors [6], cytochromes P450 
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[4,7]
, phase 2 enzymes [8] and transporters [9]. 
One approach to minimize the impact of species differences is to replace single or multiple mouse genes with their human counterparts. A great variety of such genetically humanized mouse models expressing human instead of mouse receptors, drug metabolizing enzymes and transporters have been described (see below) 
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[10,11]
. A second way to overcome the limitations associated with traditional animal models takes advantage of the predominant role of the liver in drug metabolism and detoxification. Hence, different mouse models with human hepatocytes engrafted in their livers have been created (see below) 
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[12-15]
. Varying degrees of engraftment have been achieved, with up to >95% repopulation with human hepatocytes reported in such liver humanized mouse models. Both genetically and chimeric liver humanized mouse models have been shown to have value for various applications in drug metabolism and toxicity. However, to our knowledge no attempt has been made so far to directly compare the advantages and disadvantages of each approach for this type of application and to give guidance for the selection of the appropriate model for specific studies in this field.

Here we present an overview of the pros and cons and the promises and limitations of genetically and liver humanized mouse models for studies in drug metabolism and toxicity. The different models developed to date are described and an assessment comparing the two approaches in general, rather than evaluating specific models from each category, is made. Our analysis comes together with a comprehensive, but not exhaustive, description of proof-of-concept studies showing the applications of these mice, and recommendations on model selection for studies in drug metabolism and toxicity are provided. Finally the authors’ personal perspectives on likely future developments and trends in this field are given.
Genetically humanized mouse models for proteins involved in drug metabolism and disposition
A large collection of genetically humanized mouse models of proteins involved in drug metabolism and disposition, i.e. xenobiotic receptors, drug metabolizing enzymes and transporters, have been generated by various groups (Table 1) 
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[10,11,16,17]
. The methods which were applied by the different researchers to generate these mice varied significantly and included random insertions of human transgenes into the mouse genome, freely segregating mouse or human artificial chromosomes (MACs or HACs) or targeted integrations at predefined positions. These approaches were combined, or not, with deletions of the corresponding murine genes with the human transgenes expressed either off heterologous promoters, the corresponding mouse promoters or the cognate human promoters. The description of the technical details, advantages and disadvantages of each of these approaches is beyond the scope of this article and the reader is referred to other reviews on this subject 
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[1,18]
. 

Genetically humanized mice have been described for the four major xenobiotic receptors involved in drug metabolism, the aryl hydrocarbon receptor (AHR), the constitutive androstane receptor (CAR), the peroxisome proliferator-activated receptor alpha (PPARα) and the pregnane X receptor (PXR) [10]. Furthermore, genetically humanized mouse models expressing the key human phase 1 enzymes of the cytochrome P450 (CYP) family, such as CYP1A1/1A2, CYP2A6, CYP2C9, CYP2C18/2C19, CYP2D6, CYP2E1, CYP3A4, CYP3A7, and the phase 2 enzymes UDP glucuronosyltransferase (UGT) 1A and 2B7 and arylamine N-acetyltransferase (NAT) 2 have been generated [11]. In contrast, drug transporter humanized mice so far have only been described for the organic anion-transporting polypeptides (OATP) 1A2, 1B1 and 1B3, the multidrug resistance protein (MRP) 2 [11] and proton-coupled oligopeptide transporter (PEPT) 1 [19]. The small number of transporter models described thus far probably reflects the fact that membrane transporters have been recognized only recently as key determinants of the pharmacokinetic, safety and efficacy profiles of drugs 
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[20]
. 
Complex, multiple humanized mouse models

An interesting path forward aiming to overcome some of the limitations associated with single gene humanizations is the combination of individual genetic modifications into complex, multiple humanized mouse models. In this context, double humanized PXR/CAR [21], CYP2D6/CYP3A4 [22]  and PXR/CYP3A4 [23] as well as quadruple humanized PXR/CAR/CYP3A4/3A7 [24] mice have been generated. Clinical drug-drug interactions of three different PXR-activators with triazolam, a fast clearance drug metabolized primarily by CYP3A4, were quantitatively predicted in the latter model [24], while the accuracy of such predictions over a wide range of compounds with different properties requires further assessment.
Fortunately, from a humanization perspective, though many proteins can be involved in drug metabolism and disposition, only a small fraction of those are of key importance for the vast majority of drug reactions. For example, while there are fifty seven cytochrome P450 enzyme in humans [25], it has been estimated that ~95% of human phase 1 drug metabolism is mediated by either CYP3A4/5, CYP2D6, CYP2C9/2C19 or CYP1A1/1A2 [26]. Accordingly, many important aspects of human drug metabolism can be studied with the humanization of a few key proteins and the further combination of such multiple cytochrome P450 humanized mice with appropriate humanizations of drug transporters may provide useful models for pharmacokinetic studies. As further discussed below, it should be noted however that drug metabolism and disposition can be complex and involve various non-humanized proteins, so that extrapolations to humans should be made prudently and on a case by case basis only.
Chimeric liver humanized mouse models 
Different groups have successfully generated chimeric liver humanized mouse models. While the technical strategies differ for each model, the underlying principle in order to achieve efficient repopulation of the mouse liver with human hepatocytes is the same in all cases. Namely, these mice carry deficiencies in certain components of the immune system to avoid rejection of the human cells, and the mouse hepatocytes are ablated by genetic modifications which result in toxicity within the murine liver cells.
A detailed description of each liver humanized mouse model is beyond the scope of this manuscript and we refer the reader to previous reviews for further information 
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[13,27,28]
, with the main features of the three most intensively studied models to date summarized below. 

The first of these was the urokinase-type plasminogen activator (uPA)/severe combined immunodeficient (SCID) mouse model which was developed in the 1990s 
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[29-31]
 and, because of its pioneering position, has been most widely published so far. Mouse hepatocyte ablation in the uPA/SCID model is achieved through the constitutive hepatic expression of the liver toxic serine protease uPA.
The so-called FRG model was first described in 2007 and combines immune-deficiency mediating mutations, in the recombination activating gene (Rag) 2 and the gamma chain of the interleukin 2 receptor (Il2rg), with a functional knockout of the fumarylacetoacetate hydrolase (Fah) gene [32]. The latter gene codes for an enzyme in the tyrosine catabolic pathway and its mutation leads to an intracellular accumulation of a toxic intermediate in hepatocytes. Unlike the uPA/SCID model, the onset and severity of hepatocellular injury in FRG mice is controllable through the administration and withdrawal of the protective drug 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC), which blocks an upstream enzyme in the tyrosine pathway and thereby prevents accumulation of the toxic intermediate.
More recently, another chimeric liver humanized mouse model with inducible liver injury was described [33]. Mouse hepatocyte ablation in this TK-NOG model was achieved through the liver specific expression of the herpes simplex virus 1 thymidine kinase (HSVtk) in severely immunodeficient NOG mice and administration of ganciclovir (GCV), utilizing the fact that HSVtk converts the otherwise non-toxic GCV into a toxic intermediate.
Two further examples of yet less extensively studied chimeric liver humanized mice are the recently described AFC8 
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[34]
 and Alb-TRECK/SCID 
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[35]
 models. A brief comparison of the major features of the different liver humanized models is given in Table 2. Figure 3 compares the process of liver reconstitution in the to date most frequently used models uPA/SCID, FRG and TK-NOG. The replacement index (RI) is the percentage of human hepatocytes in the liver of transplanted chimeric mice, and this can be determined by measuring the concentrations of human serum albumin levels in the chimeric mice. RIs of up to 95% have been reported in most of these models. 
Dual chimeric liver and immune system humanized mice

Analogous to the combination of single genetic modifications into more complex, multiple humanized mouse models, described above, it is also of interest to merge different cellular based humanization approaches in a single organism. This was recently achieved by dual humanization of both liver and hematopoiesis in an FRG model combined with the signal regulatory protein α (Sirp α) allele of the non-obese diabetic (NOD) mouse strain [36]. Due to the suitability of the FRG model for reconstitution with human hepatocytes (see above) and the NOD background for generation of human hematopoietic chimeras, human liver repopulation of >80% and hematopoietic chimerism of 40-80% in bone marrow was obtained in the combined FRG/NOD model. The authors speculated that these double-chimeric mice might serve as a new model for disease processes that involve interactions between hepatocytes and hematolymphoid cells. Dual  liver and immune system humanization was also described in a uPA based mouse model [37]. Given the involvement of the immune system in the downstream sequelae of the biotransformation of drugs leading to reactive metabolites [38] it is not difficult to envisage applications in this area as well.
Advantages and disadvantages of genetically and chimeric liver humanized mouse models 
Both genetically and chimeric liver humanized mouse models have immanent advantages and disadvantages, and the pros and cons of these approaches are summarized in Table 3 and further explained below.
Advantages of genetically humanized mice

A clear advantage of the genetically humanized compared to chimeric mice is the ease of maintaining the models by simple breeding or cryopreservation (of embryos or sperms) without the need for surgical procedures. In contrast, every chimeric liver humanized mouse needs to be individually transplanted and the humanization cannot be propagated to the next generation. This differentiator inevitably affects two other distinguishing features between genetically and chimeric liver humanized mice, namely the difference in cost of production and the variability between individual mice.  With regards to the former, the generation of chimeric liver humanized mice is significantly more expensive compared to genetically humanized animals. Apart from the necessity of individual surgery, the high procurement costs of human hepatocytes and the overproduction of animals which do not meet the required quality standards, e.g. regarding the degree of humanization, contribute to this expense. Prices from typical vendors are therefore usually at about a few hundred dollars per genetically humanized mouse, but more in the range of a few thousand dollars for a chimeric liver humanized animal. Furthermore, chimeric liver humanized mice are more heterogeneous than genetically humanized models, due to the varying degree of liver humanization. While it is possible to set a threshold for a reconstitution level, e.g. >90%, it might be necessary to use larger groups per treatment in order to obtain statistical significance with chimeric liver humanized mice. 

Another benefit of genetically humanized mice is the possibility to express the human transgene in a variety of organs, e.g. where they are naturally expressed. Though the liver is the dominant organ of drug metabolism and disposition for many compounds, extrahepatic metabolism and transport can make major contributions to the fate of a drug in the human body [39]. A limitation of the chimeric liver humanized mice in this regard is the liver-restricted humanization and the potential contribution of both hepatic human and non-hepatic mouse components to drug metabolism and disposition. Accordingly, chimeric liver humanized have little value where extrahepatic factors of drug metabolism and disposition require investigation, such as, for example, the role of transporters expressed in the intestine, kidney, testis or blood-brain barrier in the tissue distribution and clearance of drugs 
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[20]
. Furthermore, chimeric mice need to be used with caution where extrahepatic tissues make major contributions to the metabolism and disposition of a particular compound, as exemplified by the important role of the intestine in CYP3A4-mediated metabolism of various drugs, such as docetaxel, triazolam and lopinavir 
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[40-42]
.
For a given humanized gene, the genetically humanized mice also have the advantage of its expression in all liver cells, while the residual mouse hepatocytes in the chimeric liver humanized mice will express the murine version of this particular gene. This can have important consequences, if, for example, the metabolism of a compound is dominated by one particular drug metabolizing enzyme and if the rate of metabolism of this compound differs between mouse and human hepatocytes. This potential drawback of chimeric mice can be illustrated by the hypothetical situation where, if the intrinsic clearance of a drug in mouse liver was 10-fold higher than for human then, even in situations where the liver was 90% humanized, there would be an equal contribution of mouse and human hepatocytes to its clearance. A prime example is the anti-arrhythmic drug propafenone, which is metabolized by human CYP2D6 and mouse Cyp2d enzymes at different turnover rates and to distinct metabolites. Due to the significantly preferred metabolism of propafenone by mouse over human enzymes, the residual mouse hepatocytes in a highly chimeric liver humanized mouse model obscured the effect of the human cells to the extent that the human-specific metabolites could not be detected [43]. Such an obscuration is unlikely to occur in a recently described genetically humanized mouse model with a replacement of the mouse Cyp2d genes with human CYP2D6 [44]. 
For some applications the availability of genetic knockout controls for a given human gene are beneficial, e.g. to assess the relevance of the corresponding human gene product in the metabolism, disposition or toxicity of a drug. Such controls, which only lack the human gene but are otherwise genetically identical to the humanized model, are available for most genetically humanized mice. In contrast, for chimeric liver humanized mice the sourcing of human hepatocytes with a complete functional deletion of a particular gene of interest often will be difficult, costly or even unfeasible. However, one possibility to overcome this limitation of chimeric liver humanized mice is the use of chemical inhibitors which specifically block the activity of the corresponding gene product.
Finally, it should be noted that genetically humanized mice for proteins involved in drug metabolism and disposition are usually healthy and phenotypically indistinguishable from the corresponding wild type controls, with the rare exception of a phenotypic alteration caused by mutation of the mouse gene(s) and lack of compensation by the human counterpart(s) (e.g. [45]). In contrast, the mandatory immune deficiency of chimeric liver humanized mice is a deviation from a normal health status by definition, which might or might not be an issue, depending on the purpose of the study.
Advantages of chimeric liver humanized mice

Genetically humanized mouse models are clearly outcompeted by chimeric liver humanized mice when it comes to the degree of humanization on the single hepatocyte level. As in this case humanization is achieved by the transplantation of human hepatocytes, all genes, proteins and pathways are of human origin per se, while even in the most complex, multiple genetically humanized mouse model only a few genes have so far been modified. On the single cell level, genetically humanized mouse models therefore suffer from the contribution of potentially mouse specific pathways of drug metabolism and disposition. In a similar manner as the aforementioned obscuration of human-specific responses by residual mouse hepatocytes or extrahepatic organs in the chimeric liver humanized mice, genetically humanized mice bear the risk of such an undesirable contribution of mouse components in every single cell of the transgenic organism.

Model selection of chimeric liver humanized mice is also considerably more straightforward compared to genetically humanized mouse models. Apart from the choice of models from different vendors (Table 2) and potential subgroups of models, e.g. FRG versus FRG/NOD, one model in principle fits all purposes. In case of genetically humanized mice the experimenter has to select the appropriate model from a large collection of different strains (Table 1) and, for a given compound, this selection usually requires certain information or a hypothesis about the involved pathways of drug metabolism and disposition.
A particularly useful feature of chimeric liver humanized mouse models is the relative ease of generating donor variability. Hepatocytes from donors with specific features, such as natural polymorphisms in drug metabolizing enzymes or transporters or from diseased patients, can be selected for transplantation and, if desired, compared to animals reconstituted with control hepatocytes. An interesting approach in this regard is the recently described transplantation of hepatocytes derived from human induced pluripotent stem cells (iPSCs) in order to generate chimeric liver humanized mice 
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[46-48]
, as this potentially provides access to a very large pool of donors and allows for the deliberate introduction of targeted mutations. It should be noted, however, that the level of reconstitution achieved with human iPSCs is still low compared to primary human hepatocytes and needs to be improved for wider application of this approach. While it is in principle possible to mimic donor variability by genetic humanization, as previously demonstrated in genetically humanized mouse models expressing different polymorphic variants of CYP2D6 [44], the effort to generate and maintain such mice is very high.
It should also be noted that the chimeric liver humanized mouse models do have unique utilities beyond the use in drug metabolism and toxicity studies. For example, chimeric liver humanized mice have been used extensively to study infectious diseases involving the liver, such as malaria 
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 or hepatitis 
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[51-53]
. Due their host specificities the corresponding pathogens are unable to infect mouse hepatocytes, but the transplantation with human cells render the chimeric liver humanized mice susceptible. Accordingly, genetically engineered mouse models for proteins involved in drug metabolism and disposition are usually resistant to infections with these pathogens, though the transgenic expression of certain human factors can confer susceptibility to the mouse cells 
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[54]
. Furthermore, while the immune-deficiency of the chimeric liver humanized mice can be disadvantageous for certain applications, it can have its benefits for other other studies. As described above for the dual liver and immune system reconstitution [36], chimeric liver humanized mice are generally transplantable with various human cell types, including human cancer cells. Transplantation of human liver cancer cells into chimeric humanized liver mice allows the study of these cells in a contextual and physiological environment [55]. The loop between studies in infectious diseases and oncology on the one hand and drug metabolism on the other is thus closed enabling drug efficacy testing in such liver chimeric mouse models. In addition to the susceptibility of these mice to liver pathogens and cancer cells, they also provide a human-like drug metabolism profile, at least as far as the liver is concerned. The anti-infective and anti-cancer characteristics of a test compound can therefore be studied in the context of human (liver) metabolism.
An attractive concept related to the chimeric liver humanized mice is the possibility to use the same human hepatocytes for in vitro and in vivo applications and thereby to maximize the consistency between these studies. In fact, it has been shown that primary human hepatocytes can be serially transplanted into the FRG model and it is thereby possible to expand the pool of available human cells for in vitro applications [32]. The combined use of human hepatocytes and chimeric liver humanized mice can help to establish more accurate in vitro-in vivo correlations and to improve the extrapolation to the clinical situation. Equivalent to the use of human hepatocytes derived from chimeric liver humanized mice, it is possible to extract mouse hepatocytes derived from genetically humanized mouse models for in vitro studies [56]. Human extrapolations from the concomitant use of genetically humanized mice and derived hepatocytes might be possible as well, provided that there is a reasonable agreement between results obtained from the humanized mouse hepatocytes and human liver cells.
A limiting factor which applies to the genetically but not chimeric liver humanized mice is the risk of compensatory gene expression changes in alternative mouse pathways as a consequence of the genetic modification. An example is the profound up-regulation of mouse Cyp2c enzymes in a Cyp3a gene cluster knockout mouse model [57]. While it was subsequently found that other detoxifying systems were induced in these knockout mice as well, the transgenic expression of human CYP3A4 in the liver or intestine normalized the expression of most of these genes [58]. When a knockout is used as a control for a genetically humanized mouse model, it is therefore recommended to take potential changes in the expression of mouse pathways into account, specifically if these pathways can contribute to the metabolism and disposition of the compound under investigation. Changes in the expression of proteins involved in drug metabolism and disposition, in particular genetically humanized mouse models or even in the mouse or human hepatocytes of chimeric liver humanized mice, cannot be ruled out, but all published data available so far indicate that this might not be of general concern. The rigorous application of mRNA and protein quantification approaches in the validation of these models will undoubtedly shed further light on the relevance of such changes. 
Applications of genetically and chimeric liver humanized mouse models in drug metabolism, disposition and toxicity
As discussed earlier, genetically and chimeric liver humanized mice do have various applications in drug metabolism, disposition and toxicity. There was no intent to give an exhaustive summary of the numerous reports describing such applications (see refs 
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[1,10,11,16,17]
 for reviews on genetically modified and 
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[13,27,28]
 for chimeric liver humanized mouse models), but instead a concise description of the general principles and concepts is provided.
A list of selected examples for the use of genetically and chimeric liver humanized mice for studies in drug metabolism, disposition and toxicity is provided in Table 4. Within this field, genetically and liver humanized mice have been used for drug-drug interaction (DDI) studies, to assess the role of individual proteins in drug metabolism, disposition or toxicity, for general toxicity testing, for studies to predict the human hazard to rodent non-genotoxic liver carcinogens, for studies related to human metabolites, for drug clearance predictions and to understand the relative contribution of liver and gut CYP3A4 to the metabolism of a compound. 
DDIs have been studied extensively in both genetically and liver humanized mice. DDIs can be caused either through induction or inhibition of a drug metabolizing enzyme (DME) or transporter by a (predator) drug, which is given in combination with a (victim) drug that is metabolized by the affected DME or transporter (Figure 2). Induction usually works via the activation of a xenobiotic receptor by the predator drug, which then enhances the expression of DMEs and transporters. Inhibition results from the competitive or allosteric binding of the predator drug to these proteins. The interaction of a drug with xenobiotic receptors as well as with DMEs and transporters can vary significantly between species, such that extrapolation to humans based on preclinical in vivo DDI studies in wild type animals is often difficult 
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[4,9]
. On the other hand, the prediction of clinical DDIs solely from in vitro experiments and in silico modelling can be challenging as well [59]. Accordingly, genetically humanized mouse models for key proteins involved in drug metabolism and disposition and chimeric liver humanized mouse models provide a powerful bridge from in vitro to in vivo. Due the important role of CYP3A4 in drug metabolism, many studies in humanized mouse models have focussed on DDIs mediated by this enzyme, either related to the induction of CYP3A4 via PXR (or CAR) 
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[23,24,60-63]
, or its inhibition by competitive or time-dependent inhibitors 
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[40,42,64-66]
. Nevertheless, in vivo DDI studies involving other human xenobiotic receptors 
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[67,68]
 and DMEs 
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[44,45,69]
 have been described as well. Of particular interest are studies where humanized mouse models allowed for the quantitative prediction of clinically relevant DDIs 
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[24,60]
. 
Genetically humanized mouse models are particularly suited to assess the role of individual proteins in drug metabolism, disposition or toxicity. This is due to the fact that these mice are humanized for one or a few proteins only and that wild type controls as well as corresponding knockout models, which neither express the mouse nor the human protein, are usually available. This allows for the dissection of the role of the particular human protein. This approach has been applied to assess the contribution of various xenobiotic receptors 
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[21,68,70-73]
, cytochromes P450 
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[41,44,45,74,75]
, phase 2 enzymes 
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[76,77]
 and transporters 
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[56,78-80]
 to the metabolism, disposition and toxicity of a wide range of different compounds. The lack of specific knockout controls makes the use of chimeric liver humanized mice less straightforward for this type of application, though the selective inactivation of a given protein by chemical inhibitors provides a potential opportunity to overcome this limitation. 
Unforeseen toxicity, including hepatotoxicity, is a major concern in drug development, because many compounds fail at late clinical stages, or are either withdrawn after launch or acquire “black box” warning limiting their clinical use, as a consequence of such issues [81]. Obviously, preclinical in vivo studies in wild type animals often do not adequately predict such adverse events reliably. Differences in the pathways of drug metabolism and disposition, or differential susceptibilities of mouse and human cells to drug-induced toxicity, are potential factors which can contribute to the deficiency of traditional in vivo toxicological approaches to predict these failures. While both genetically and chimeric liver humanized mice can help to overcome species differences in drug metabolism and disposition, only the latter offer the opportunity to assess the susceptibility of human cells, i.e. hepatocytes, to the toxicity of a compound. Accordingly, chimeric liver humanized mice lend themselves to testing for human hepatotoxicity. The power of this approach was impressively demonstrated by the successful prediction of the human susceptibility to two hepatotoxic compounds that were not recognized as such by traditional preclinical toxicology studies 
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[82,83]
. However, as well the successes of the chimeric mice the utility of genetically humanized mouse models for xenobiotic receptors and cytochromes P450 in predicting human hepatotoxicity has also been demonstrated 
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[68,71,84-86]
. Clearly, if the human protein is expressed in other organs than the liver, genetically humanized mouse models can also be used to assess drug-toxicity in extra-hepatic tissues, as recently demonstrated by the protective role of human MRP2 against cisplatin-mediated nephrotoxicity [80].
A special application of genetically and chimeric liver humanized mice in the field of toxicology is for human risk assessment of rodent non-genotoxic liver carcinogens. Many compounds which induce liver tumours in rats or mice do not show the same response in humans [87]. The relevance of drug-induced rodent liver tumour formation to humans is therefore questionable. Furthermore, many rodent non-genotoxic liver carcinogens induce their effects through interaction with the nuclear receptors PXR, CAR or PPARα and it was speculated that these receptors are responsible for the differential carcinogenic response between rodents and humans 
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[88]
. Genetically humanized mouse models for PXR/CAR [89] and PPARα 
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[70,72,73]
 as well as chimeric liver humanized mouse models 
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[90,91]
 demonstrated a more human-like hyperplastic response to the rodent non-genotoxic liver carcinogens phenobarbital (CAR activator) and WY-14,643 (PPARα activator), respectively. However, it should be noted that recent studies have questioned the simple hypothesis that the genetic humanization of PXR/CAR is sufficient to confer human-like liver tumour formation susceptibility in response to phenobarbital to these genetically humanized mice 
 ADDIN EN.CITE 
[92,93]
.

Drug metabolites can be associated with drug toxicity and therefore need to be considered for safety testing [94]. According to the regulatory guidance on metabolites in safety testing (MIST) emanating from the FDA and the International Conference on Harmonization (ICH) human metabolites may require separate safety assessment if they are not formed in sufficient concentrations in the plasma of the species used during the preclinical safety assessment of the candidate drug [95]. Genetically and chimeric liver humanized mouse models have been proposed as potential solutions, when the formation of a unique or disproportionate metabolite in humans prevents the use of wild type animals for such studies 
 ADDIN EN.CITE 
[96,97]
. Apart from the aspect of safety assessment, it is preferable to have a solid understanding of the major drug metabolite profile in humans in order to be aware of potential concerns and, if necessary, mitigate such risks early on in the drug development process. While in vitro approaches, e.g. exploiting human hepatocytes, are routinely used to identify human metabolites, these methods frequently fail to accurately predict the formation or abundance of a human metabolite in the clinic [98]. There are numerous reports for the use of genetically 
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[74,85,99-101]
 and chimeric liver humanized mice 
 ADDIN EN.CITE 
[43,66,102-109]
 to identify selected human metabolites or to establish a human metabolite profile and these models are promising complements to traditional in vitro assays. Whether or not they will be suitable for the long term (greater than 1 month) toxicity studies required for drug registration has, however, yet to be established. Chimeric liver humanized mouse models have also been used to study the nonspecific binding of human proteins by reactive intermediates from idiosyncratic hepatotoxicants 
 ADDIN EN.CITE 
[110,111]
. Therefore, these models might help to understand the mechanism of toxicity of such compounds or to evaluate hepatotoxic potential before first test in man. 

Despite the potential utility of humanized mouse models to support various aspects of toxicity testing, their limitations in terms of costs, lack of historical background data or fragility of immunocompromised animals will most likely restrict the use of these models to case by case rather than generic applications for the foreseeable future.
The accurate prediction of drug clearance in humans is of critical importance in drug development, but has remained a challenging endeavour to date 
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[112,113]
. The approach of using humanized mouse model to improve human clearance predictions is relatively new and only few studies have been published recently. One example described the successful use of a genetically humanized CYP3A4 mouse to predict the hepatic clearance of CYP3A4 substrates in humans [112]. In another study chimeric liver humanized mice were used to predict the hepatic clearance and half-life of selected drugs metabolized by cytochrome P450 as well as non-P450 enzymes 
 ADDIN EN.CITE 
[113]
. The authors from the latter study concluded that rank order of human clearance and half-life could be accurately determined and, though the prediction of absolute values may not be possible, the approach could be a useful adjunct to in vitro technologies to semi-quantitatively predict the pharmacokinetic characteristics of compounds in humans. The utility of chimeric liver humanized mice to evaluate human pharmacokinetics and toxicokinetics of drugs and their metabolites was further substantiated by two recent studies using such mice in combination with a simple physiologically based pharmacokinetic (PBPK) modelling approach 
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[114,115]
.
A special application is the use of specific genetically humanized mouse models to assess the relative contribution of liver and gut CYP3A4 to the metabolism of a compound. This has become possible through the availability of humanized mice which express human CYP3A4 selectively in the liver, or in the gut, or together in both organs [41]. By using these mouse models it was demonstrated that intestinal CYP3A4 plays a predominant role in the first-pass metabolism of docetaxel, triazolam and lopinavir after oral administration of these compounds 
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[40-42]
.
Guidance for the selection of genetically and chimeric liver humanized mouse models for studies in drug metabolism and toxicity
There are no universal rules for the selection of genetically and/or chimeric liver humanized mouse models for studies in drug metabolism and toxicity, but such decisions need to be made on a case-by-case basis, taking various factors into account. Nevertheless, it is possible to provide some guidance for the selection of the sort of approach that can be used.
As a general rule of thumb we would argue that the advantages of chimeric liver over genetically humanized mice increase the more the liver supersedes the relevance of other organs, and the more enzymes or pathways involved in drug metabolism, disposition and toxicity there are that need to be considered. On the other hand, genetically humanized mouse models may have benefits where extra-hepatic organs are involved (either with or without contributions from the liver) and where drug metabolism, disposition and toxicity are predominantly mediated by a single or a few proteins. For example, genetically humanized mice are gaining increasing traction for studies related to drug transporters. Due to the fact that these proteins are often involved in extra-hepatic tissue distribution, for example in the intestine, kidney or blood-brain-barrier, chimeric liver humanized mice have little value for such studies, except for studies targeted on hepatic uptake or efflux.
From the applications perspective, there is a smooth transition from preferred uses of genetically humanized mice, via applications practicable in both types of models, to studies favourably conducted in chimeric liver humanized mice. The first category is clearly represented by studies aimed to assess the relative contribution of liver and gut CYP3A4 to the metabolism of a compound, which is only feasible in specific genetically humanized CYP3A4 models. Furthermore, genetically humanized mice are usually preferred for the assessment of the role of individual proteins in drug metabolism, disposition or toxicity, due to the fact that the availability of knockout and wild type controls enables the dissection of the function of a particular human protein. As explained above, transporter studies are usually a domain of genetically humanized mice as well.
On the other hand, chimeric liver humanized mice are the first choice for the identification of unknown human metabolites or to establish a human metabolite profile. Essentially chimeric liver humanized mice can be used to study the liver metabolism of all types of small molecules and without any knowledge of the enzymes involved in their turnover. From the safety assessment perspective genetically humanized mice might come into play if the enzyme accounting for the formation of the respective metabolite has been identified and a corresponding transgenic model is available. Another obvious preferred field of activity for chimeric liver humanized mice is in hepatotoxicity testing. Intuitively, the possibility to study the susceptibility of human hepatocytes to the toxicity of a compound appears to be of greater human relevance than assessing this effect on mouse hepatocytes from a genetically humanized mouse model. Recent studies in chimeric liver humanized mice with known human hepatotoxins have confirmed the value of this approach 
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[82,83]
. Furthermore, the availability of dual liver/immune system humanized mice 
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 might provide an additional benefit for compounds which exert their hepatotoxic effect via an interaction of the liver and immune system or where changes in the expression of drug metabolizing enzymes or transporters by infections alters drug metabolism and disposition [116]. Compared to that, the use of genetically humanized mouse models in hepatotoxicity testing is more limited, but might add value in understanding the involved mechanism of action. Furthermore, genetically humanized mice offer the opportunity to study drug toxicity in extra-hepatic tissues.
Model selection is more challenging for applications which are practicable and potentially valuable in both type of models and where decisions need to be made on a case-by-case basis. These decisions need to take the knowledge about the characteristics of the test compound into account. In the case of DDI studies this includes information about the pathways of drug metabolism, disposition and clearance known to be involved, and the expected clinical co-medications. If, for example, the major pathway of test compound clearance is via hepatic metabolism, in vitro studies indicate the involvement of multiple DMEs and the expected clinical co-medication involves either inhibitors or inducers of these DMEs, chimeric liver humanized mice might be the preferred model. If, under otherwise identical conditions, a single enzyme such as CYP3A4 dominates the metabolism of the test compound, genetically and liver humanized mice might be equally suited. If, in the latter case, both the test compound and the inhibitor/inducer are given via oral administration and gut metabolism significantly contributes to first-pass metabolism of the test compound, a genetically humanized mouse might be selected. The intention of these examples is to sensitize the reader to the necessity to carefully consider various aspects in order to enable informed decisions to be made about the model of choice and to maximize the predictability of the study.
In case of human risk assessment of rodent non-genotoxic carcinogens, the predictability of PXR/CAR genetically humanized mice is currently not clear 
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, while all available data indicate a good accordance in the responses of humans and PPARα-humanized mice to PPARα agonists 
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. The limited results from chimeric liver humanized mice treated with CAR and PPARα activators look promising 
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[90,91]
, but long-term studies will be required in order to assess whether the tumorigenic risk in humans is accurately predicted. 
The authors of this article doubt the general predictability of human drug clearance by currently available humanized mouse models with high accuracy, and rather take the position that this application is restricted to compounds which fulfill certain criteria. The prediction of human clearance of compounds which are primarily metabolized by CYP3A4 appears to be possible with reasonable accuracy in genetically humanized CYP3A4 mice [112] and this concept might be extendable to substrates of other cytochromes P450 and their respective genetically humanized mouse models. However, accurate predictions for compounds with complex pathways of clearance appear unachievable in genetically humanized mice. Data from chimeric liver humanized mouse models might contribute to clearance predictions when contextualized with corresponding in vitro data 
 ADDIN EN.CITE 
[113]
, however, this approach appears inappropriate if non-hepatic, for example renal, clearance is a major factor. Furthermore, the residual mouse hepatocytes in chimeric liver humanized mice can significantly obscure the contribution of the human cells to drug clearance, specifically for compounds which are more rapidly metabolized by murine DMEs. The endeavour to predict human drug clearance by utilizing genetically or chimeric liver humanized mouse models and the selection of the appropriate model therefor requires a profound understanding of the characteristics of a compound and is only feasible on a case-by-case basis.
Trends and perspectives
Genetically and chimeric liver humanized mouse models are emerging and promising tools for improved prediction of the pharmacokinetic, DDI and safety characteristics of compounds in humans. From the previous sections it should have become evident that these models are just at the beginning to fulfill their potential for these applications and more work will be required for their wider acceptance. However, some of the trends and perspectives on the path to achieving this goal are clear.
While the various potential applications of genetic and chimeric liver humanized mice in drug, metabolism, disposition and toxicity are reasonably well defined now (Table 4), it appears that more data will be required to demonstrate the robustness and accuracy in predicting clinical outcomes for each of these uses. For example, initial studies with selected compounds indicate the utility of both genetically and chimeric liver humanized mice in quantitatively predicting clinical DDIs 
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[24,60]
, but the robustness of such predictions over a wide range of different compounds with distinct characteristics is currently unclear. In a similar manner, the successful prediction of human hepatotoxicity with selected compounds in chimeric liver humanized mice is promising 
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, but how well will these mice predict the human susceptibility for compounds with different mode of actions? Further, how reliably will genetic and chimeric liver humanized mice predict the human hazard to a rodent non-genotoxic carcinogen? Our view is that it will not only be necessary to determine the promise of these tools, but also to clearly define their limitations, so that studies can be designed with a maximum likelihood of success. It can be expected that the increasing use of genetically and chimeric liver humanized mice by academia and industry and the growing number of publications will help to establish a solid database.
In our opinion humanized mice will not be stand-alone tools to predict human outcomes in normal case, but that results obtained from such studies will need to be contextualized with in silico predictions, in vitro data and, if available, clinical results. Accordingly, these in vivo models will be a complement to established technologies, rather than a replacement. We anticipate an increasing combined use of these different approaches, either to select the most promising drug candidates, to increase the confidence before first test in man, to determine accurate starting doses for clinical studies or to explain unexpected clinical findings. Where meaningful, one important aspect and likely future trend will be the increasing inclusion of data from humanized mouse models for quantitative predictions of human outcomes. The integration of modules for humanized mouse models into commercially available PBPK modelling simulators might be a possible trend in the future.
In the case of genetically humanized mouse models for proteins involved in drug metabolism and disposition, we do see three major trends for the future: (1) A continuation of the generation of more complex, multiply-humanized mice, which will allow the study of the interaction of compounds with various pathways of drug metabolism and disposition in a single mouse model; (2) The availability of an increasing number of transporter humanized mouse models, which will satisfy the growing demand to consider the role of transporters in drug pharmacokinetics, DDI and toxicity; (3) The use for efficacy testing, either by combination with genetically engineered disease models or chemically induced disease phenotypes, in order to assess drug efficacy on a human metabolic background.
For chimeric liver humanized mice we anticipate the following major developments: (1) An increasing robustness in the generation of mice highly reconstituted with human hepatocytes (>90%), though it is not foreseeable that full reconstitution will be achieved in the near future; (2) An elimination of mouse specific pathways of drug metabolism and disposition in the liver (and maybe in other organs) by corresponding genetic alterations, as in the recently described chimeric liver humanized model carrying a deletion of the mouse Cyp3a gene cluster 


[117] ADDIN EN.CITE ; (3) A robust availability of liver humanized mouse models with additional cellular humanizations, similar to the recently described dual liver/immune system reconstitution [36]; (4) A higher degree of reconstitution with hepatocytes derived from human iPSCs.

It also appears conceivable to aggregate genetically and chimeric liver humanized mouse models in order to combine the benefits of both approaches, though this endeavour will be technically challenging and laborious.
Furthermore, it is possible to predict that genetically and chimeric liver humanized rats will become available in the near to medium-term future. The application of gene editing technologies has enabled the efficient generation of knockout rats 
 ADDIN EN.CITE 
[118,119]
 and it is only a question of time to combine rats which are deficient for proteins involved in drug metabolism and disposition with corresponding genetic humanizations. Nevertheless, it should be noted that it is still a very long way to establish a comparable panel of genetically humanized rat models as it currently exists in the mouse field. First attempts to generate chimeric liver humanised rats have been made as well 
 ADDIN EN.CITE 
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. Further optimisation will be required to achieve a robust and efficient repopulation of rat liver with human hepatocytes, but there is reason to believe that this can be accomplished within the next few years.
Genetically and chimeric liver humanized mice are neither officially accepted by regulatory authorities nor is their use for any particular application explicitly recommended.  Accordingly, the current use of these in vivo models is more targeted on decision making rather than on regulatory purposes. It is conceivable that the use of these tools for specific applications may become part of regulatory guidelines in the future, but this requires a much more extensive validation of these tools than available to date and it will certainly take many years from now. Nevertheless, at various conferences and in peer-reviewed publications [94] representatives from the FDA have taken an open-minded attitude towards the use of humanized mouse models to support regulatory submissions, if scientifically reasonable. In such cases sponsors are encouraged to involve the regulators in the early phases of the project. It is therefore not unlikely that data from studies in genetically humanized mouse models for genes involved in drug metabolism and disposition or chimeric liver humanized mice will be included occasionally as supporting information in regulatory submissions.
We want to conclude this review by advising investigators not to imprudently use genetically and chimeric liver humanized mouse models to predict clinical outcomes. Essentially, these models are still mice and studies need to be well-thought-out and carefully executed. If so, genetically and chimeric liver humanized mice do have significant potential to increase the predictability of clinical drug pharmacokinetics, DDIs and toxicity and to contribute to improve the success rates in drug development.
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Figure Legends
Figure 1.  Concept of generating genetically and tissue humanized mouse models. The principle of genetic humanization (upper panel) is illustrated by a homozygous replacement of a murine gene (white bars) with the the corresponding human gene (grey bars). For the sake of simplicity other approaches of genetic humanization, such as random transgenesis or introduction of a freely segregating human chromosome, are not shown. Tissue humanization (lower panel) is exemplified by the replacement of mouse hepatocytes (white circles) with human hepatocytes (grey circles) in chimeric liver humanized mice. Some residual mouse hepatocytes are usually maintained after transplantation with human hepatocytes, as indicated by the remaining white circles in the chimeric liver humanized mice.

Figure 2. Protein network defining the major pathways of drug metabolism and disposition. The boxes highlight the different protein families of the network with some of the major members listed in brackets. The arrows illustrate the sequence of events. For a given xenobiotic all or only parts of these events may occur. For simplicity certain factors, such as co-activators or repressors of xenobiotic receptors, as well as cellular compartments are not shown. Reprinted with permission from [11].
Figure 3.  Comparison of mouse hepatocyte ablation and transplantation with human cells between uPA-SCID, FRG and TK-NOG. Ablation of mouse hepatocytes (white circles) in uPA-SCID (upper panel) is constitutive and non-controllable. Mouse hepatocyte ablation in FRG (middle panel) is prevented by NTBC and triggered by the removal of the compound. In TK-NOG (lower panel) the mouse hepatocytes are healthy by default and their ablation is induced via treatment with ganciclovir. The dying mouse hepatocytes are indicated by the dashed white circles. The remaining solid white circles indicate surviving residual mouse hepatocytes. After transplantation human hepatocytes (grey circles) repopulate the mouse livers.
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Table 1. Genetically humanized mouse models for proteins involved in drug metabolism and disposition
	
	Human gene(s)
	References

	Xenobiotic receptors
	AHR
	


[68] ADDIN EN.CITE ; 


[67] ADDIN EN.CITE 

	
	CAR
	
 ADDIN EN.CITE 
[123]
; [21]

	
	CAR/PXR
	[21]

	
	PPARα
	[70]; 
 ADDIN EN.CITE 
[73]


	
	PXR
	[124]; [125]; [63]; [126]; [21]; [127]; [128]

	Drug metabolizing enzymes
	CYP1A1/1A2
	


[129,130] ADDIN EN.CITE ; [75]

	
	CYP2A6
	[131]

	
	CYP2A13/2B6/2F1
	[132]

	
	CYP2C9
	[45]

	
	CYP2C18/2C19
	[133]

	
	CYP2D6
	[134]; [44]

	
	CYP2E1
	[135]; [86]

	
	CYP3A4
	


[64,136] ADDIN EN.CITE ; [137]; [41]; [138]; [24]; [65]

	
	CYP3A4/2D6
	[22]

	
	CYP3A7
	[139]

	
	NAT2
	[140]; [77]

	
	UGT1A
	
 ADDIN EN.CITE 
[141]
;  
 ADDIN EN.CITE 
[142]


	
	UGT2B7
	[143]

	Drug transporters
	MRP2
	[144]

	
	OATP1A2
	[79]

	
	OATP1B1
	


[145] ADDIN EN.CITE 

	
	OATP1B3
	


[145] ADDIN EN.CITE 

	
	OATP1B1/1B3
	[56]

	
	PEPT1
	[19]

	Composite models
	PXR/CYP3A4
	[23]

	
	CAR/PXR/CYP3A4/3A7
	[24]


Updated from [1].
Table 2.  Selected chimeric liver humanized mice.
	Model
	Genetic cause of mouse hepatocyte ablation
	Control of mouse hepatocyte ablation
	Immune deficient background
	Reference

	uPA-SCID
	uroplasminogen activator (uPA)
	None
	SCID
	


[29,146] ADDIN EN.CITE 

	FRG
	Fumarylacetoacetate hydrolase deficiency
	± NTBC

± low tyrosine diet
	Il2rg-/-
Rag2-/-
	[32]

	TK-NOG
	Herpes simplex virus thymidine kinase
	± ganciclovir
	Il2rg-/-
SCID
	[33]

	AFC8
	FK508-caspase 8 fusion
	± AP20187
	Il2rg-/-

Rag2-/-
	


[34] ADDIN EN.CITE 

	Alb-TRECK/SCID
	Human heparin-binding EGF-like receptor
	± diphtheria toxin
	SCID
	


[35] ADDIN EN.CITE 


SCID, severe combined immunodeficiency; NTBC, 2-(2-nitro-4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione; Il2rg, common γ-chain of the interleukin 2 receptor; Rag2, Recombination activating gene 2; EGF, Epidermal Growth Factor.

Table 3.  Advantages and disadvantages of genetically and chimeric liver humanized mice.
	Genetically humanized mice
	Liver chimeric mice

	Advantages

· Permanent model without recreation

· Low cost of production
· High consistency between individual mice
· Human gene expressed in various organs
· Human gene expressed in all liver cells
· Availability of knockout controls
· Usually healthy
	Disadvantages
· Continuous recreation required
· High cost of production
· Varying degree of humanization
· Humanization restricted to the liver
· Residual mouse hepatocytes express murine gene
· Knockout controls usually not available
· Immune compromised

	Disadvantages
· Expression of selected human genes only
· Different genes of interest require different mouse lines
· High effort to generate donor variability
· No infection with human specific pathogens
· Non-transplantable with human cells

· More challenging human extrapolation through in vitro-in vivo correlations

· Potential compensatory gene expression changes 
	Advantages
· Human hepatocytes express all human genes
· One mouse line fits different purposes
· Ease of generating donor variability
· Susceptible to human specific pathogens
· Transplantable with various human cells
· Combined use with human hepatocytes supports extrapolation to humans

· No compensatory gene expression changes reported
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