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Abstract

Chimeric mice, which have human hepatocytes engrafted in their liver, have been used to study
human drug metabolism and pharmacodynamic responses for nearly 20 years. However, there are
very few examples where their use has prospectively impacted the development of a candidate
medication. Here, three different chimeric mouse models and their utility for pharmacology
studies are evaluated. Several recent studies indicate that using these chimeric mouse models
could help to overcome traditional (predicting human-specific metabolites and toxicities) and 215t
Century problems (strategies for personalized medicine and selection of optimal combination
therapies) in drug development. These examples suggest that there are many opportunities in
which the use of chimeric mice could significantly improve the quality of preclinical drug
assessment.
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Modeling Human Drug Metabolism and Drug Response

As the time, cost and regulatory hurdles for testing new drug candidates in human subjects
have increased, a greater emphasis has been placed on developing preclinical methodologies
that more predictive information about human drug metabolism or pharmacodynamic
responses. Inter-species differences in drug metabolism create qualitative and quantitative
differences between the drug metabolites produced in humans and animal species. As a
consequence, the results obtained from /n vitro systems and from /in vivo animal testing have
not always accurately predicted human human-specific drug metabolic pathways 1-3. The
inability to pre-clinically identify human-specific drug metabolites is particularly
problematic because it is most often a drug metabolite, and not the parent drug itself, that is
responsible for an unexpected drug-induced toxicity 4 . Thus, interspecies differences in
drug metabolism have limited the utility of animal toxicology studies. In addition, two
relatively new challenges for 215t century drug development have also appeared. (i) To
implement ‘personalized medicine’ strategies, drug development is coupled with the
production of diagnostic tests whose results will guide drug or dose selection, which should
minimize the toxicity or increase the efficacy of the new medication 6. Identification and
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characterization of pharmacogenetic factors affecting drug response is the major barrier to

implementation of these strategies ’. (ii) In several therapeutic areas (e.g. Hepatitis C Virus
(HCV) infection), where there are multiple therapeutic options, identification of optimized

combinations of therapies has become a new challenge.

To address these issues, chimeric mice with ‘humanized livers’ have been produced by
transplantation of human liver cells into mice that have two significant genetically
engineered modifications. First, defects in their immune system enable them to accept
transplanted human liver cells. Second, a gene knockout or an expressed transgene causes
damage to endogenous murine liver cells, which facilitates engraftment of the transplanted
human liver cells. Together, these genetic modifications enable transplanted human liver
cells to re-populate the liver of these mice, where they can synthesize human proteins and
mediate human drug biotransformation reactions. This review evaluates the advantages and
limitations of the different chimeric mouse models based upon the differences in the
underlying genetically engineered modifications. Recent results obtained using these
chimeric models indicate that they can be used to address both conventional (prediction of
human-specific metabolites and toxicity) and emerging 215t century (development of
pharmacogenomic and optimized combination strategies) problems in drug development.

Different engineering leads to different performance

When considering their utility for drug development, it is important to recognize that the
chimeric mice with different genetically engineered modifications will have intrinsically
different properties. Based on the genetic engineering modifications that confer
immunodeficiency and cause damage to endogenous murine liver cells, there are three
different types of chimeric mouse models (Table 1). Chimeric mice were first generated by
Brinster and colleagues in 1991 when a transgene with an albumin promoter that directed
the liver-specific expression of a urokinase-type plasminogen activator (UPA) was
introduced into an immunodeficient mouse with a DNA-dependent protein kinase (SCID)
mutation 8. Expression of the uPA transgene induced progressive liver failure and death
within weeks, which is probably caused by uPA-mediated activation of an enzyme
(plasminogen) that regulates the activity of matrix metalloproteinases that are critical for
liver cell growth. Multiple investigators subsequently demonstrated that
immunocompromised uPA/SCID mice could be repopulated with human hepatocytes, and
the chimeric mice could produce known human-specific drug metabolites after treatment
with test compounds (*-13). Although many pioneering studies were performed using this
model, it has significant limitations. The ongoing uPA-induced liver toxicity can alter cell
growth and gene expression in the liver, which renders this model less suitable for longer-
term toxicology studies or for studies that evaluate stem/progenitor cell development. The
liver damage and systemic toxicity has other important consequences that include: a poor
breeding efficiency, renal disease, and a very narrow time window for transplantation before
the mice succumb to their bleeding diathesis. Another limitation comes from the selective
pressure to remove the cells expressing the uPA transgene, which favors the re-growth of
endogenous mouse liver cells that have deleted the transgene 14. In addition, the SCID
mutation only affects the adaptive immune system, and these mice sometimes require an
anti-serum to neutralize NK cells and/or an anti-complement agent to enable the survival of
the transplanted human cells 11,

A second type of chimeric mouse (Rag2”~ I12rg™~ Fah—/- or FRG) uses a gene knockout in
an enzyme that catalyzes the final step in tyrosine degradation (fumarylacetoacetate
hydrolase, Fah) to cause damage to endogenous mouse liver cells 1°. Accumulation of the
substrate (fumarylacetoacetate) leads to oxidative damage and hepatocyte death. Faf-/-also
leads to tyrosine accumulation, which is not directly toxic to the liver, but tyrosinemia can
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cause dermatologic and neurodevelopmental problems in humans. FRG mice contain two
other gene knockouts that inactivate both the innate (//2rg™") and adaptive (Rag2™")
immune systems. FRG mice have two advantages over uPA/SCID mice: additional
immunosuppressive therapy is not required and they do not have the systemic morbidities
seen in UPA mice. However, the FRG model has three limitations: (i) ongoing Fah—-/-
induced liver toxicity is inherent in the design of the model; (ii) they develop carcinomas,
which is a known consequence of the type | tyrosinemia produced by Fa# mutations 16; and
(iii) their long-term survival requires treatment with a drug (2-(2-nitro-4-
trifluoromethylbenzoyl)-1,3-cyclohexadione or NTBC) that inhibits 4-
hydroxyphenylpyruvate oxidase 1° and prevents fumarylacetoacetate accumulation, which is
required to suppress liver toxicity and the development of liver tumors.

To overcome the limitations inherent in UPA/SCID and FRG mice, a third chimeric mouse
model was recently produced. In this model, a herpes simplex virus type 1 thymidine kinase
(TK) transgene was expressed within the liver of a highly immunodeficient mouse strain
(NOG) 17 to produce the TK-NOG transgenic mouse 18 (Figure 1). NOG mice have
mutations that inactivate both the innate (//2rg™") and adaptive (SC/D) immune

responses 17. A brief exposure to a nontoxic dose of ganciclovir causes the rapid and
temporally controlled ablation of mouse liver cells expressing the transgene (Figure 2). Of
note, the TK-NOG mouse is only exposed to gancyclovir for a very short period of time
prior to cellular transplantation. Because of the temporally limited nature of the period of
gancyclovir administration, the TK-transgene expressing liver cells are not subjected to a
continuous selection pressure that leads to ablation of transgene expressing cells, as occurs
in the uPA/SCID mouse. The most unique feature of TK-NOG mice (relative to the uPA/
SCID and FRG models) is that the time-limited toxicity enables the transplanted human liver
cells to develop into a mature “human organ” with a 3-dimensional architecture and to
maintain a gene expression pattern that is characteristic of mature human liver. The absence
of ongoing liver toxicity enabled the humanized liver to be stably maintained for >6 months
without exogenous drug treatments. The chimeric TK-NOG liver expresses mRNAS
encoding human cytochrome P450 (CYP450) enzymes, transporters and transcription
factors affecting drug metabolism at levels that were equivalent to those in the donor human
hepatocytes. Moreover, there was extensive human hepatic CYP3A4 protein expression, and
chimeric TK-NOG mice could mediate human-specific drug biotransformation reactions 18,
TK-NOG mice were used to predict the pattern of human drug metabolism and the
occurrence of a human drug-drug interaction (prior to human exposure) for a drug in
development 19, and to identify human genetic factors affecting the metabolism of clinically
important drugs 20.

There are no available studies comparing the properties of the 3 different types of chimeric
mice, but their intrinsic properties, which are determined by the genetically engineered
modifications, enable their relative utility for future studies to be assessed. The significant
underlying differences in the construction of these models will have a greater impact when
the current focus on acute human drug metabolite studies recedes, and chimeric mice are
used for long-term studies that examine pharmacodynamic responses or toxicologic
mechanisms, or when liver progenitor cells are used to produce disease models or for
assessment of pharmacogenetic factors. The residual immunity and the ongoing liver and
systemic toxicity associated with the uPA/SCID model will limit its utility, whereas the
increased level of immune deficiency and the decreased level of systemic toxicity will
increase the utility of FRG mice for long-term studies. However, the FRG mouse still has
ongoing liver toxicity that is suppressed by administration of an exogenous medication,
which is also required to suppress tumor development. In my opinion, there are several
important factors that favor the use of TK-NOG mice for the longer-term studies that will
become a major component of future academic research and for studies of importance to
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drug development. Liver damage is induced in a temporally controlled manner over a very
limited time period, and is not an ongoing process. Both the innate and adaptive immune
responses are compromised; so additional immunosuppression is not required. No
exogenous drugs are required to promote its survival.

Looking towards the future, advances in tissue bioengineering may facilitate the production
of new types of chimeric mice. Conventionally cultured human hepatocytes rapidly lose key
liver functional properties, and they cannot mediate the multi-step drug biotransformation
reactions performed by the 3-dimensional organ, which has limited the utility of /in vitro
systems for preclinical drug development. However, as one example of progress in the tissue
bioengineering field, a polymer scaffold was recently developed that enabled cultured
human hepatocytes to retain their functional properties. Moreover, detectable amounts of the
human-predominant metabolites of debrisoquine (4-hydroxy) and coumarin (7-hydroxy)
were found in the urine of mice whose subcutaneous tissue was implanted with these
encapsulated human hepatocytes 21, Thus, tissue bioengineering methods may facilitate the
production of chimeric mice, or could even produce an ex vivo system that resembles human
liver.

Areas of opportunity for 21st Century drug development

At present, there are no regulatory requirements for using chimeric mouse data, nor does any
pharmaceutical company routinely use chimeric mice to evaluate candidate medications
prior to human clinical studies. Nevertheless, given the high failure rate of new compounds,
using chimeric mice to characterize drug candidates could improve many traditional and
newly emerging problem areas for drug development. One traditional problem is that
existing /n vitro systems and /in vivo animal testing results have not always accurately
predicted human human-specific drug metabolic pathways for candidate medications 13
owing to inter-species differences in drug metabolism. Analysis of drug metabolism in
chimeric mice can (at least partly) address this issue. High levels of human liver
reconstitution can be obtained with any of the chimeric model systems, and all three models
have been able to produce human-specific drug metabolites for test drugs 2118111222102324
Moreover, the hepatic clearance and pharmacokinetic properties of selected drugs in
chimeric mice have been shown to resemble that of humans 25 26,

The vast majority of studies performed using chimeric mice have examined whether known
human drug metabolites or human patterns of drug metabolism were reproduced in chimeric
mice. However, there is much less information about the prospective utility of chimeric
mouse data for drug development, nor do we know if they can reliably predict the pattern of
human drug metabolism. In one study, the results obtained using chimeric mice could not
fully predict the pattern of human drug metabolism for two of the three structurally distinct
compounds that were assessed 27. However, a recently published study demonstrated that
chimeric TK-NOG mouse data had significant utility for evaluation of a drug (clemizole) in
development for treatment of HCV infection 1°. Clemizole was recently discovered to be a
potent inhibitor (IC50 24 nM) of the interaction between a HCV protein (NS4B) and HCV
RNA. Clemizole had a human-specific pattern of metabolism in humanized TK-NOG mice
that was substantially different from that in rodents 1°, and the chimeric mouse data had
significant utility for it development. First, the human-specific metabolite had significant
anti-HCV activity, which was an important feature that favored its continued development.
A drug-drug interaction between clemizole and a CYP3A4 inhibitor (ritonavir) was also
modeled in humanized TK-NOG mice, which enabled development of a ritonavir co-
administration strategy to increase its efficacy. Moreover, the inter-species differences in the
drug metabolites indicated that there would be potential problems with rodent toxicity
studies for this drug. Rodent toxicology testing would provide a false assurance of drug
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safety if toxicities were caused by the human predominant metabolite, or would raise a false
safety concern if a rodent-predominant metabolite caused toxicity. Although this study
provides only a single example, it indicates how chimeric mouse data can impact the
preclinical assessment of a drug candidate.

Chimeric mice should also be used for pharmacodynamic studies. The ability to control
many confounding variables and ready access to tissue are features of chimeric mice that
favor their use for pharmacodynamic studies. Hepatitis B virus (HBV) and HCV infection
provides an ideal area for pharmacodynamic studies in chimeric mice. Multiple investigators
have demonstrated that chimeric mice can be infected with these viruses, and that anti-viral
efficacy can be assessed 28, However, because many new types of direct-acting anti-viral
agents (DAAA) are emerging, a major challenge is to identify optimal combination therapies
for HCV infection. This could be accomplished through expensive clinical trials that require
a long time period for completion, and which require multiple cycles for testing different
dose combinations. However, it was recently demonstrated that administration of two
DAAA and interferon-a for 4 weeks could eradicate HCV in infected uPA/SCID mice,
while mono-therapy with any of these agents was much less (or in-) effective 2°. These
results mimicked those obtained in human clinical studies. This extremely promising result
demonstrates how pharmacodynamic studies using different drug combinations in chimeric
mice could be used to guide the design of human clinical trials. Alternatively, studies in
chimeric mice could be quickly performed to assess aberrant outcomes in human subjects.
The use of chimeric mice for these studies could greatly accelerate the development of
optimized combination therapies for HCV. Moreover, pharmacodynamic studies could be
performed in chimeric mice to test drugs for other human-specific hepatotropic infectious
agents (i.e. Dengue), which would accelerate the development of entirely new classes of
drugs.

Looking forward, there are two emerging areas in 215t Century drug development where
using chimeric mice can help. The first is in ‘personalized medicine.” Simulation studies
have demonstrated that the use of pharmacogenetic information for drug selection 30 or dose
adjustment / can improve drug efficacy and reduce drug toxicity, and many companies are
co-developing drugs with predictive genetic tests. However, large and costly human clinical
studies are required for testing pharmacogenetic hypotheses, which has been a major barrier
to the implementation of genetically based ‘personalized medicine’ 3. Also, multiple
confounding variables (other medications, dietary differences, disease severity) can make it
difficult to identify pharmacogenetic variables in human cohorts. However, it was recently
demonstrated that chimeric TK-NOG mice could be used to identify human CYP450 alleles
affecting the metabolism of two medications 20. Remarkably, analysis of the variance in this
model system indicated that allelic affects could be identified using chimeric mice that were
reconstituted with hepatocytes obtained from a relatively small number (3—10 per genotype)
of human donors. For certain compounds, this innovative model system could enable human
pharmacogenetic analyses to be efficiently performed with control of all confounding
environmental variables. At present, the drugs analyzed in chimeric mice must have human-
predominant metabolites, and the allelic variants affecting its metabolism must be
reasonably common in the population. However, advances in cellular reprogramming
methodology, which enable induced liver cells to be prepared from individuals with rare
genotypes, will expand the breadth of human pharmacogenetic studies that can be performed
in chimeric mice.

Secondly, drug-drug interactions (DDIs) have created major problems for patients and for
regulatory authorities, since more than 30% of the US population over 57 years of age take
five or more prescription drugs at a given time 32 The available /n vitro or in vivo animal
models have been unable to predict the occurrence of many of clinically important DDIs,
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which only became apparent after drug development was completed 33. However, a recent
study using chimeric TK-NOG mice correctly predicted that a DDI involving a candidate
medication would occur in humans 1°. Thus, chimeric mice can be used to assess and model
DDils for selected candidate medications that are metabolized by human-specific pathways.

It is also important to point out that there are inherent limitations associated with drug
metabolism or toxicity studies performed using any chimeric model. Chimeric mice have
both human and mouse liver tissue. Because mouse liver has a much higher rate of drug
metabolism, even a small percentage of remnant mouse liver will introduce a significant
amount of murine drug metabolism into the system, which could confound toxicologic or
other analyses performed using chimeric mice. The variable extent of liver humanization
introduces an additional complicating factor, which can affect the results obtained in studies
using chimeric mice. The small blood volume of a mouse limits the number of repeat
samples that can be obtained from a single mouse within a limited time interval. Human-
predominant drug metabolites will have to be identified by a careful comparison of the drug
metabolite profiles using a sufficient number of control and chimeric mice. In addition,
extra-hepatic human-specific factors affecting drug metabolism or clearance cannot be
identified in chimeric mice. Furthermore, since we have not fully characterized the extent of
biliary tract humanization in chimeric mice, we do not know how accurately they can predict
the clearance of drugs that depend upon human-specific transporter-mediated hepatobiliary
clearance. However, the evidence that at least one drug has a humanized profile of liver
excretion in chimeric mice 34 suggests that chimeric mice could be useful for this purpose.
Finally, because chimeric mice are immunocompromised, they cannot be used to analyze
immune-mediated drug toxicities.

Moving forward

Because the liver is affected by many drug-induced toxicities, toxicology studies in chimeric
mice could have a large impact on drug development. However, we do not yet have
definitive examples of drug-induced toxicities that were detected in chimeric mice, but not
in conventional rodent models. Analysis of acetaminophen-induced liver toxicity in chimeric
UPA/SCID mice demonstrated that the murine and human liver cells were differentially
susceptible to this toxicity 3°. Although this provides some suggestive evidence, there is a
glaring lack of toxicity data for other drugs in chimeric mice. Many drug candidates induced
minimal toxicity in preclinical animal studies, but caused significant un-anticipated hepatic
toxicities in humans. The most striking example is provided by a nucleoside analogue
(fialuridine or FIAU), which had great potential for treatment of HBV infection. FIAU had
potent anti-viral activity /n vitro and caused minimal toxicity in preclinical animal studies.
However, seven of the 15 subjects in the clinical trial unexpectedly developed severe liver
failure after three months of FIAU treatment 36, which led to 5 deaths and two participants
required liver transplants. After a decade of research, an inter-species difference in the
mitochondrial expression of nucleotide transporter (A/£ENT1) was identified as the probable
mechanism for the inter-species difference susceptibility to FIAU-induced toxicity 37. It is
of crucial importance to determine if FIAU toxicity (or that of other drugs with un-
anticipated human-specific toxicity) could be detected in chimeric mice. Because drug-
induced toxicity studies require a longer dosing period (weeks to months) and liver histology
is analyzed, these studies will place additional demands on the chimeric models. To
minimize confounding effects, the chimeric model should not have ongoing model-related
liver toxicity, nor should it require exogenous drugs (for immune suppression or to promote
survival). Related to this, several drugs (e.g. bosentan) have caused un-anticipated
cholestatic toxicity due to inter-species differences in liver transporters 38, Therefore, a more
thorough characterization of biliary transporter expression, canalicular function and
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measurement of hepatic clearance for a larger set of test drugs in chimeric mice are also
needed.

Concluding remarks

Chimeric mice with humanized livers have great potential — so far unrealized — to improve
modern drug development by alerting researchers to the possibility of adverse hepatic events
early in the development process. Recent publications have demonstrated that studies
performed using chimeric mice can predict the pattern of human drug metabolism, and in a
few limited cases, human drug responses. However, to impact drug development, studies
performed in chimeric mice must shift away from the short-term dosing studies that measure
the production of human drug metabolites, which have been the focus of chimeric mouse
studies over the past decade. To increase their utility for drug development, it will be
important to perform longer-term studies in chimeric mice examining whether human-
specific drug-induced toxicities (i.e. FIAU) can be detected, or that characterize the
pharmacodynamic effects of drugs (or drug combinations) on infectious agents (HCV).
Although these longer term studies are more complex and costly than the studies currently
performed in chimeric mice; they will provide very valuable information for drug
development, they can be performed under conditions where confounding variables can be
controlled, and at a fraction of the cost of similar studies in human subjects.
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Figure 1.
The production, maintenance and assessment of humanized TK-NOG mice. NOG mice were

produced by Dr. Mamoru Ito and colleagues at the Central Institute for Experimental
Animals (Tokyo, Japan), who crossed NOD-Shi mice with the SC/D mutation with an
112rg™~ knockout mouse 17. A thymidine kinase transgene with an albumin promoter was
placed in a NOG mouse to produce the TK-NOG mouse 18 (upper panel). Because TK-NOG
mice express the thymidine kinase transgene only in liver, administration of 2 doses of (25
mg/kg) gancyclovir, 7 and 5 days prior to human hepatocyte transplantation leads to injury
of the mouse liver. The presence of jaundice in a ganciclovir-treated TK-NOG mouse
(shown on left), but not in a treated NOG mouse (shown on right), is indicative of the
transgene-dependent and drug-induced liver damage (right upper panel). Because TK-NOG
mice have defective innate and adaptive immune responses, they are maintained within a
germ-free environment in ‘biobubbles’; and access is limited to personnel wearing sterile
gowns, gloves and masks (lower panel).
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Figure 2.

Ganciclovir conditioning and human hepatocyte transplantation of TK-NOG mice. The basic
protocol is diagramed in the upper panel, showing the timeline in which the transplanted
human hepatocytes to engraft within the liver of TK-NOG mice. The level of human
hepatocyte engraftment is determined by serially measuring the amount of human serum
albumin, which initially appears 4 weeks after transplantation and then increases in amount
over the next 4-6 weeks. The absence of ongoing toxicity in this model is demonstrated by
the ability of four chimeric TK-NOG mice (each represented by a different color) to stably
maintain a high level of human biosynthetic function and their body weight for 8 months
after transplantation (lower panel). 7he data in the bottom panel of Figure 2 are reproduced
with permission from ref [18].
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