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Medical research is changing into direction of precision therapy, thus, sophisticated preclinical models are urgently
needed. In human pathogenic virus research, the major technical hurdle is not only to translate discoveries from
animals to treatments of humans, but also to overcome the problem of interspecies differences with regard to
productive infections and comparable disease development. Transgenic mice provide a basis for research of
disease pathogenesis after infection with human-specific viruses. Today, humanized mice can be found at the very
heart of this forefront of medical research allowing for recapitulation of disease pathogenesis and drug

mechanisms in humans.

human pathogenic viruses transgenic mice humanized mouse models

| 1. Introduction

In times of a global pandemic, it is more obvious than ever that human pathogenic viruses are a major threat to
global health. The emergence of human pathogenic viruses such as SARS-CoV-2 (severe acute respiratory
syndrome coronavirus 2) or Zika virus highlights the urgent need of representative preclinical models to study virus
entry, replication and spread within an organism as tools to develop efficient antiviral therapies and vaccinations.
Aside from that, also several well-known human pathogenic viruses that are characterized in molecular detail like

influenza virus, human immunodeficiency virus (HIV) or hepatitis viruses still remain a huge threat to public health.

Mechanisms of infection, replication and disease pathology differ widely among different viruses. Suitability of cell
culture systems or organoids to obtain comprehensive knowledge about viral characteristics or to test antiviral
approaches is highly limited due to the lack of a functional immune system and vasculature. Thus, animal models
still represent a unique opportunity to study viral replication processes and antiviral agents in vivo. Rodent models,
and especially mice, are widely accepted and the preferred preclinical systems as they are readily available and
exhibit low maintenance costs. However, viruses coevolve with their host organisms and, thus, often show a
restricted species specificity frequently complicating the research of human pathogenic viruses in mouse models.
This narrow host range is often based on the lack of surface entry receptors necessary for virus infection or due to
remarkable differences in murine and human innate immune responses upon viral infection. Accompanying this,
tissue tropism of human pathogenic viruses can differ significantly in mice causing differences in virus-induced
pathology (Figure 1). Hence, mouse models often demonstrate limited susceptibility or permissiveness and, thus,
results obtained from studies in murine models cannot necessarily be extrapolated to humans, which particularly

complicates the validity of drug development and vaccination studies.
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Figure 1. Reasons underlying restricted species specificity of human pathogenic viruses and solutions provided by
the use of transgenic and humanized mouse models. Schematic overview of limitations in the use of mouse
models for research of human pathogenic viruses (left) and examples of different transgenic/humanized mouse
models providing solutions to overcome the respective restrictions (right). Associated boxes (limitations/solutions)
are indicated by the use of the same color. MV: Measles virus; PV: Poliovirus; HIV: Human immunodeficiency virus;

IAV: Influenza A virus; HBV: Hepatitis B virus; HCV: Hepatitis C virus.

Genetically modified and transgenic mouse models represent a sophisticated possibility to overcome interspecies
differences in human pathogenic virus research such as species specificity and tissue tropism, allowing to
investigate the function of specific human entry receptors, host factors or innate and adaptive immune responses in
immunocompetent organisms. These models were of significant importance for scientific progress within the last
decades and provided immeasurable insights into virus biology and disease pathogenesis. A decisive milestone
was the development of immune system or tissue-humanized mouse models facilitating infection and replication of
human pathogenic viruses in a humanized system. With recent advances in human cell or tissue engraftment in
transgenic humanized mice, antiviral strategies and vaccines against many human pathogenic viruses already
have been or will be evaluated in the future, towards identification of new drug innovations to treat and control

human pathogenic infectious diseases.

This review aims to provide an overview of different options to genetically engineer and humanize mice. We will
discuss several examples of human pathogenic viruses that have been studied in translational, human-relevant

preclinical systems (see Table 1). 2. Transgenic Mice Expressing Viral Genes

Due to the absence of permissive mouse models for several human viruses, transgenic mouse strains were

developed incorporating essential individual viral genes or even whole virus genomes within their own genome to
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investigate virus pathogenicity and characterize specific properties of viral genes.

Some of the most intensively studied transgenic mouse models expressing viral genomes have been generated to
analyze hepatitis B and C virus (HBV, HCV)-induced liver pathology and virus replication. Hepatitis B and C
infection share a common phenotype of liver pathology induced by chronic necroinflammation resulting in liver
cirrhosis and hepatocellular carcinoma (HCC). HBV cccDNA (covalently closed circular DNA) persists in infected
host cells and the virus can uniquely integrate its genome into the DNA of the infected cell. Most integration events
retain the HBx antigen . In sharp contrast, HCV is a positive-strand RNA virus that replicates through a negative-
stranded intermediate in the cytoplasm. Persistence of HCV is thus facilitated by RNA intermediates that remain in
infected host cells. Since murine hepatocytes do not express HBV- and HCV-specific receptors, intrahepatic

infection and virus spread cannot be analyzed in wild type mice 22,

In order to study the role of individual HBV genes in the development of hepatopathology, immunotolerant HBV-
transgenic mice were generated by germline modifications. While the expression of the viral envelope protein did
not induce hepatocellular cytopathology, adoptive transfer of virus—antigen primed splenocytes resulted in
hepatocellular injury and immunopathology caused by MHC I-restricted antigen-presentation to CD8+ T
lymphocytes and envelope-specific antibodies [, These data provided the first hints for virus-induced
immunopathology based on adaptive immune responses directed against hepatocytes expressing viral genes.
Many transgenic lineages that express individual HBV genes such as the envelope B8, core & precore & and X
[L0ILL] genes under the control of HBV- or murine liver-specific promoters have been described in the last decades.
This led to substantial improvement in understanding the properties of the respective viral genes. Afterwards,
transgenic mouse models were generated expressing the full viral replicon, which resulted in high-yield HBV
replication in murine kidneys and liver 22, Using these HBV transgenic mice, efficacy of antiviral agents such as
HBV-specific inhibitors, small interfering RNAs (siRNAs), and cytokines have been tested [1SIL4UISI16]  Other
transgenic mice, induced by microinjection of viral persistence-inducing replication intermediate cccDNA 71181 of
by adeno-associated virus in vivo transduction of the HBV replicon, were used to study antiviral agents or
vaccination approaches for acute or chronic infections 1920 More recent approaches used HBV transgenic mice

to investigate the therapeutic potential of CRISPR/Cas9 techniques for use in chronic HBV gene therapy [22122],

Several groups have generated transgenic mice expressing individual HCV proteins or viral polyproteins to study
the effect on liver pathology, steatosis and HCC manifestations [23)[241[251[26]127][28][29] However, since the
overexpression of HCV proteins in these transgenic mice differs compared to low level expression during natural
infection, it is unclear whether the obtained findings are transferable to the pathology observed in humans B9,
Along that line, it was shown that inflammation-associated hepatocarcinogenesis depends on the host genetic
background of the respective transgenic mouse model Bl Thus, these models helped to elucidate the
pathophysiology of HCV gene products, but they are limited by their inability to support HCV replication based on
the lack of negative-stranded RNA expression. Compared to transgenic mouse models for HBV, expression of the
HCV genome did not result in viral progeny production or virus genome replication. Thus, these models do not

allow investigation of antiviral agents or vaccination approaches.
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Since murine hepatocytes do not express the respective virus entry receptors for HBV and HCV, the
abovementioned studies did neither allow for virus infection studies nor resemble the whole infection process via
the natural route and virus spread as observed within human tissues. Though limited in their applicability for virus
infection studies, these models were groundbreaking for initial hepatotropic virus research related to the

mechanisms of HBV and HCV pathogenesis.

In line with HBV and HCVtg mice, several attempts have been made to generate HIVtg mice resulting in substantial
understanding of virus—host interactions and clinical manifestation of acquired immune deficiency syndrome (AIDS)
symptoms or the development of Kaposi's sarcoma B32331341(351(36])  However, HIVtg mice showed discrepancies in
tissue- and immunopathology (reviewed in BZ)). Along that line, mice do neither express respective entry receptors
nor the co-factors needed for efficient viral replication, and, thus, do not allow analyses of virus replication, antiviral

strategies or vaccination approaches [28l,

| 2. Future Directions

Successful establishment of transgenic and especially transgenic humanized mice provided immeasurable
opportunities to advance medical research on infectious diseases that were previously inaccessible. The
transgenic mouse models described in this review are, amongst others, groundbreaking for the understanding of
human pathogenic virus infections and their disease pathology. Along that line, these mouse models provide the
possibility to study emerging virus-induced diseases, as discussed for SARS-CoV-2. Since some viruses have the
unique ability to cross species boundaries and adapt to new hosts, humanized mouse models will continue to play
a crucial role in understanding newly emerging or human-adapting viruses, in the future. However, existing models
are still far from being perfect. A mouse model that can be applied to study all known and newly emerging human
pathogenic viruses while completely mimicking virus-induced disease pathogenesis does not exist and researchers
still need to consider the scientific questions in the respective areas of the disease to select the best suitable
animal model. While virus entry receptor or antiviral host factor humanized mice are a great model to study virus
infection, replication and the role of single human genes involved in antiviral immune responses, they are not
suitable to evaluate disease pathogenesis or efficacy of antiviral approaches as the complexity of human immune
responses is not necessarily reflected. Especially the analysis of possible vaccination candidates or antiviral
approaches additionally requires immune system humanized mice. Amongst these, HUMAMICE are highly
sophisticated humanized models that allow e.g., to study antigen specificity of human immune cells, however,
without additional humanization, these animals are not susceptible for infection with human pathogenic viruses
such as SARS-CoV-2.

The ideal future model for most human pathogenic virus infections will be an animal model with a reconstituted
human immune system presenting antigens in the human HLA context, constitutively expressing human cytokines
necessary for efficient immune cell development. In addition, specific human organs or humanized cell types would
be needed to mimic viral transmission routes and disease pathology. Such a model does not exist yet, but with the
current advances in technology it might be only a matter of time to have it available to study human specific virus

infection complexity and to develop more efficient vaccine and treatment strategies. Furthermore, there still is the
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sustained need to identify and replace human-specific factors that are absent in mice but are needed for optimal
human cell differentiation and function to decrease or even prevent the development of graft versus host disease

that still occurs in many of the human immune system engrafted models.

Thus, key improvements in specific areas are still required, however, with careful characterization, the future will
yield more appropriate preclinical models, supporting more rapid and relevant translational drug discovery and

development.
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