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Abstract

Mice are the most commonly used model organisms to study human disease. Many genetic human
diseases can be recapitulated by modifying the mouse genome, which permits testing of existing
and novel therapeutics, including combinatorial therapeutics, without putting humans at risk.
Specifically, the development of “humanized” mice, i.e., severely immunodeficient mice engrafted
with functional human hematopoietic and immune cells and tissues, has revolutionized our ability
to study and model human diseases in preclinical /n vivo systems. Until recently it has been
challenging to develop strains of humanized mice with targeted mutations or that transgenically
express human genes with site-specific mutations, permitting optimal growth of functional human
cells and tissues. However, recent advances in targeted nuclease-based genetic engineering have
enabled precise modification and development of humanized mouse models at an unprecedented
pace. These modifications permit optimal growth of functional human cells and tissues and can
replicate human genetically determined diseases.
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Introduction

The human genome contains more than 20,000 protein-coding genes, with a total of at least
five times that number of gene products, microRNAs, and long non-coding RNAs (Pan et al.,
2008). A major effort in biomedical research has been the identification of these genes,
determination of the gene products, and evaluation of their complex interactions in the
context of human disease. To probe such complex systems directly in humans is challenging
both in the biological complexity of the systems and because of ethical constraints. A
working compromise is a surrogate mammalian species with physiology similar to that of
humans, permitting modeling of complex human diseases. The most obvious choice is the
study of non-human primates (Vallender and Miller, 2013). However, the use of such species
is often not acceptable; for example, NIH has phased out funding of chimpanzee research
using invasive approaches (Grimm, 2016). Therefore, biomedical research has turned to non-
primate mammals, especially mice.
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Advantages of the mouse as a model of human diseases include its small size, high
fecundity, and minimal housing requirements (Vandamme, 2015). Although the mouse, with
these combined attributes, is a powerful model organism for understanding the complexity
of various human physiological processes, certain limitations must be overcome; for
instance, mice are not susceptible to certain human-specific infectious agents, and mouse
models do not faithfully recapitulate human tumor immunology or hematopoietic cell
differentiation and maturation. Moreover, novel therapeutics developed to treat human
diseases are highly human-specific and not effective in mice.

A sophisticated approach for overcoming the challenge of species differences is to
“humanize” those biological systems we wish to understand in the mouse (lto et al., 2002;
Shultz et al., 2005), i.e., replacing selected components of a mouse genome with the
corresponding human genes such that the desired biological changes are effected. This
process begins with selection of a strain that has been genetically modified, with minimal
selected modifications, to generate an immunocompromised mouse with the capacity to
serve as a functional model for engraftment of human cells or tissues without rejection (Ito
et al., 2012; Shultz et al., 2007). Such a base background model platform can then be
reiteratively/sequentially modified by gene ablation and/or the addition of human genes to
provide functional support for the maintenance of human cells, tissues, and organ fragments
without rejection (Brehm et al., 2014; Shultz et al., 2012).

A crucial advance in the development of humanized mice was the generation of
immunodeficient strains carrying a targeted mutation of the //2rg gene. These //2rg™/
strains facilitated the /n vivo examination of human immune system development by
supporting functional human hematopoietic stem cell (HSC) reconstitution (lto et al., 2002;
Shultz et al., 2005). Subsequently, human immune system-engrafted immunodeficient
112rg™" mouse strains have enabled functional examination of human hematopoiesis
(Ishikawa et al., 2005). Humanized mice have also been used extensively to study tumor
progression and metastasis, regeneration, type | and type Il diabetes, and infectious diseases
(Brehm et al., 2014; Greiner et al., 2011; Walsh et al., 2017; Wege et al., 2011; Zhou et al.,
2014). To understand the development and glimpse the future potential of such humanized
immunodeficient mouse models, we focus here on the methodologies and technologies that
have facilitated their development to become powerful tools in many areas of biomedical
research.

Development of immunodeficient l12rg"u mice

The most commonly used mouse strains used to support the development of a human
hematopoietic and immune system in vivo are NOD.Cg- Prkdcsc@//2rg!™Iwl (NSG),
NODShi.Cg-Prkdcs@1{2rg™m15t9 (NOG), and C;129S4-Rag2MIFIVy[orgimIFIV (BRG) (Ito et
al., 2002; Shultz et al., 2005; Song et al., 2010; Traggiai et al., 2004). Importantly, all three
strains carry a targeted mutation in the //2rg gene, leading to severe impairments in not only
murine B and T cell development and function, but also natural killer (NK) cell development
(Ito et al., 2012; Shultz et al., 2012). Here, we focus on the development of humanized mice
through the lens of the immunodeficient mouse strain NSG, the most widely used
immunodeficient //2rg"“" mouse model, and how this was achieved through progressive
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refinement and incorporation of genetic modifications using a succession of major genetic
engineering breakthroughs.

The history of the strain can be traced to the discovery of the spontaneous Prkdcsc? (scid)
mutation in CB17 mice, which leads to severe combined immunodeficiency. The scid
mutation blocks the development of functional T and B cells (Bosma et al., 1983; Mosier et
al., 1988) while maintaining a normal hematopoietic microenvironment. Subsequent studies
showed that CB17-scid mice could also support the engraftment of human peripheral blood
mononuclear cells (PBMCs) and HSCs (Lapidot et al., 1992; McCune et al., 1988).
However, HSC engraftment and subsequent hematopoietic reconstitution levels remained
low, with engrafted cells failing to generate a functional human immune system (Greiner et
al., 1998). This poor HSC engraftment was attributed to remaining innate immunity,
including NK cells and macrophages that destroy human HSC xenografts (Christianson et
al., 1996; Greiner et al., 1998).

A major development was the creation of an immunodeficient non-obese diabetic (NOD)-
scid mouse, which involved backcrossing of the CB17 sc/id mutation onto the NOD/ShilLtSz
background, a polygenic model for type 1 diabetes (Shultz et al., 1995). The resulting strain
NOD.CB17-Prkadc5°?J now combined desired additional attributes, showing deficits in its
innate immune system, i.e., decreased NK cell activity and compromised macrophage
function. This combination of mutations and polygenic modifiers resulted in support of
higher levels of human HSC and PBMC engraftment compared with CB17-scid mice
(Hesselton et al., 1995; Lowry et al., 1996; Pflumio et al., 1996).

Although the development of humanized mice had initially relied primarily upon
spontaneous mutations, this changed with the ability to target genes in validated germ-line-
potential mouse embryonic stem (ES) cells. This technology eventually led to the
development of immunodeficient mice carrying a disrupted interleukin-2 receptor gamma
(/L2rg) chain locus (Ishikawa et al., 2005; Ito et al., 2002; Shultz et al., 2005; Traggiai et al.,
2004). The /L 2rg chain was targeted because it is a component of the IL-2, IL-4, IL-7, IL-9,
IL-15, and IL-21 receptors that is necessary for their function, and its absence leads to
defective signaling through these receptors, resulting in severe immune-system impairment
and prevention of NK cell development. Targeting of the /L 2rg chain was achieved via in
vitro madification of 129P2/OlaHsd-derived ES cells by homologous recombination
targeting and disruption of the /LZ2rg locus. This eventually led to the creation of the
B6.129S4-//2rg"™IWJl|} strain (Cao et al., 1995). Subsequently, the //2rg"™ Wi/ mutated allele
was extensively backcrossed onto the NOD.CB17-PrkdcS¢id] strain, followed by genetic
selection for the required alleles, i.e., homozygous for the PrkdcSc/ allele and homozygous
(females) or hemizygous (males) for the //2rg"™W/! targeted allele. The resulting strain—
NOD-scid /L. 2rg™" (NSG)—supports heightened levels of human hematopoietic and
lymphoid cell engraftment compared with previously described humanized mouse strains
(Ishikawa et al., 2005; Shultz et al., 2005).
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Humanization of NSG mice

Three basic methods are currently used for producing a functional human immune system in
NSG mice (Ito et al., 2012; Rongvaux et al., 2013; Shultz et al., 2012). A simple approach
for generating a human immune system is by intraperitoneally or intravenously injecting
PBMCs (Mosier et al., 1988) into sublethally irradiated adult NSG mice. Although within
one to two weeks human T and B cells are detected in the circulation, a major limitation is
that engrafted mice succumb to a xenogeneic graft-versus-host disease (GVHD) (King et al.,
2009). Another approach involves injection of human CD34* HSCs, obtained from fetal
liver, umbilical cord blood, or bone marrow, or following mobilization into sublethally
irradiated newborn or adult NSG mice (Lapidot et al., 1992). Despite successful
development of a human immune system, a limitation of this model is that human T cells are
educated in the mouse thymus in the context of mouse major histocompatibility complex
(MHC) antigens (Watanabe et al., 2009). A third method, termed the bone marrow, liver,
thymus (BLT) approach, involves subrenal capsule transplantation of fragments of human
fetal liver and thymus into sublethally irradiated adult NSG mice, followed by intravenous
injection of CD34* HSCs isolated from the same fetal liver (Lan et al., 2006; McCune et al.,
1988; Melkus et al., 2006). In contrast to the second approach, where human T cells undergo
selection on the mouse thymus, in the BLT model human T cells are educated on an
autologous human thymus (Rongvaux et al., 2013; Shultz et al., 2012). The third approach is
superior to the other two, as it provides the most robust engraftment of a human immune
system; however, engrafted mice succumb to a wasting syndrome similar to GVHD
(Covassin et al., 2013; Greenblatt et al., 2012).

Limitations of NSG mice

The murine immune system is severely compromised in NSG mice, enabling generation of a
functional human immune system following injection of human CD34* HSCs or peripheral
blood lymphocytes. Yet, the remaining innate immunity mediated by macrophages and other
myeloid cell populations interfere significantly with survival and expansion of engrafted
human cells (Rongvaux et al., 2013; Shultz et al., 2012). Additionally, many human cytokine
receptors are not activated by their mouse cytokine equivalents, leading to poor development
of the xenografts (Brehm et al., 2014). These limitations provide opportunities to further
refine and optimize NSG mice using novel genetic engineering technologies.

Optimization of humanized mice

Knock-in technologies and transgenic expression of either cONA constructs expressing
human genes or human-gene-containing bacterial artificial chromosomes (BACs) have been
utilized to advance the development of humanized mice (Rathinam et al., 2011; Rongvaux et
al., 2011; Willinger et al., 2011). A simple approach for expressing human genes in
immunodeficient mice is to utilize human cDNA constructs. For instance, to supply needed
human growth factors, novel NSG strains have been developed using cDNA constructs that
transgenically express the human cytokines interleukin-3 (IL3), granulocyte-macrophage
colony-stimulating factor (GM-CSF), and stem cell factor (SCF, or c-kit ligand) (Brehm et
al., 2012). The resulting triple-transgenic NSG-SGM3 mouse strain combines the phenotype
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of the immunodeficient NSG mouse with human cytokines, facilitating robust engraftment
of multiple human hematopoietic lineages (Billerbeck et al., 2011; Nicolini et al., 2004).
However, this approach is not optimal for development and function of engrafted human
cells, owing to the expression of human genes at non-physiological levels (Shultz et al.,
2012).

A second approach is to utilize large human-gene-containing fragments (10 to 100 kb)
derived from BACs. Such larger constructs often contain appropriate locus control regions
(LCR) enabling copy-dependent, tissue-appropriate expression of human genes at
physiological levels (Shultz et al., 2012). Nonetheless, in both of the above-mentioned
approaches, if the mouse homolog of a human cytokine transgene is intact, the expressed
mouse cytokine may interfere or compete with the transgenically expressed human cytokine.

A third approach, knock-in technology, circumvents the competition issue, as it replaces the
mouse gene with the equivalent human gene. For instance, transgenic expression of human
granulocyte-macrophage colony-stimulating factor via the use of knock-in technology to
insert the human CSFI gene, which encodes this cytokine, increases the frequencies of
human monocytes in BRG mice engrafted with human HSCs (Rathinam et al., 2011). On the
other hand, knock-in of human thrombopoietin (74P0) in BRG mice resulted in reduced
numbers of mouse platelets, as the levels of human THPO were too low to support murine
thrombocytopoiesis (Rongvaux et al., 2011).

Because many strains of genetically modified immunodeficient //2rg”“" mice have been
developed and made available using the above-mentioned technologies (Shultz et al., 2012),
and several methods exist for humanization of immunodeficient //2rg™/ mice, researchers
must exercise prudence in selecting the appropriate model system for their experimental
needs.

Further refinement of next-generation NSG mice using targeted nucleases

In recent years the development and use of exquisitely controllable targeted nucleases has
led to a major transformation in the creation of genetically modified animals. This began
with the advent of zinc finger nucleases (ZFN), followed by transcription activator-like
effector nucleases (TALEN) and, most recently, clustered regularly interspaced short
palindromic repeats (CRISPR) with its CRISPR-associated system 9 (CRISPR-Cas9) (Gaj et
al., 2013). ZFN and TALEN are based on the use of customized modular DNA-binding
proteins that can be assembled to bind to desired DNA target sequences. Upon their binding,
a double-stranded DNA (dsDNA) break is created at the target site by an associated
nuclease. In contrast, CRISPR-Cas9 comprises a hon-specific endonuclease (Cas9) and an
RNA molecule that contains 17-20 nucleotides of the matching target sequence that guides
and activates the nuclease. Upon binding to its genomic target, the complex initiates a
dsDNA break (Jinek et al., 2012). The CRISPR-Cas9 system has become the simplest of
three to design and use. In all three approaches, the dsDNA breaks are repaired rapidly in
cells by an error-prone process, nonhomologous end-joining (NHEJ) repair, which leads to
the creation of indels (+/- 1 bp additions, with 10s to 100s of base pairs deleted), often
leading to gene disruption. If the DNA break occurs in the presence of donor DNA with
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homology to the targeted region, a slower, homology-directed repair (HDR) process can
occur that leads to incorporation of donor DNA, including any contained nested
nonhomologous sequences, into the genome (Gaj et al., 2013). The crucial and revolutionary
element of all three approaches is the ability to use them directly in zygotes; i.e., the gene-
editing components can be microinjected, for example, as RNAs (plus/minus donor DNA),
directly into a zygote isolated from any mouse strain, yielding a high targeting frequency in
the mice (Shen et al., 2013; Wang et al., 2013). The approach is also rapid, as animals with
homozygous modification can be obtained in about six months.

Our research group began using targeted nucleases to modify immunodeficient mouse
strains by microinjection into zygotes in 2012 with a simple knockout of the Fa/1gene in
NOD-Rag1™! 11 2rg™!! (NRG) mice by NHEJ. Subsequently, we progressed to using
TALEN and CRISPR for both gene knockout and knock-in (see Table for summary). From
these data it is obvious that NHEJ and HDR occur at high efficiency in the NSG/NRG
strains, opening their genomes to rapid genetic modifications. Genes chosen for targeting
were selected either on the basis of ideas to improve HSC reconstitution (e.g., BAFF is also
known as B lymphocyte stimulator (BLyS)); for the study and use of xenografts derived
from normal tissues and tumors (e.g., Fah, Hprd); or to further increase the versatility of the
strains by enabling larger-scale genetic modifications. Knock-ins have focused on subtle
gene-editing events where 1 to ~50 bp are changed, enabling seamless repair and
modification of the loci to generate gain-of-function or hypomorphic alleles. Importantly, all
the above approaches permit sidestepping of complex breeding strategies and working with
ES cells, which prevents random transgenesis while facilitating rapid sequential refinement
of complex models.

Alternative approaches for generation of next-generation NSG models

Site-specific recombinases, regarded as tools for ‘cut-and-paste’ genome editing, are
enzymes that mediate precise integration between two DNA strands (donor and host)
containing recombination sites by bringing them into close proximity via covalent
interactions (Hollis et al., 2003). Such recombinases have been used for precise integration
of DNA of interest into the mouse genome with high efficiency. The only components
required for site-specific recombination are a circular donor vector with a recombination
site, a target sequence with a recombination site, and the recombinase mRNA or protein.
Therefore, genetically modified mice can be generated by pronuclear injection of these
components into mouse zygotes. For instance, bacteriophage integrase ¢C31, which,
together with all other integrases is a type of site-specific recombinase, has been used to
generate transgenic mice via pronuclear injection with up to 40% efficiency (Tasic et al.,
2011). Importantly, this process does not trigger cellular repair and enables unidirectional
insertion of tens of kilobase pairs of DNA, which is currently not possible using nucleases
(Olorunniji et al., 2016). A drawback of the use of integrases is that, in contrast to nuclease-
mediated one-step insertion of DNA into mouse zygotes, integrase-mediated integration of
recombinant DNA is a two-step process. It requires prior insertion of a recombination site
into specific loci in the mouse genome, though this integration can be easily achieved using
the CRISPR/Cas9 system. Furthermore, although the use of site-specific recombinases can
result in precise integration of DNA, there are known drawbacks including low efficiency,
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off-target activity, and toxicity (Olorunniji et al., 2016). Nevertheless, integrases can be a
potential alternative strategy for precise and efficient integration of large chunks of DNA
(>10 kb).

Although ES cells have fallen from favor in the direct modification of mouse strains, they
may still have potential uses. Because targeted nucleases demonstrate limited efficiency for
insertion of large fragments of DNA, NSG ES cells may be useful for this purpose, as they
allow selection of rare modification events and their complete characterization before
attempting germ-line transmission. NSG ES cell lines have been made and validated (Landel
et al., 2013) (Laura Reinholdt, The Jackson Laboratory, personal communication), and may
eventually enable very large-scale modification of the NSG genome.

Conclusions

A mouse is not a human. Nevertheless, over the years mice have been invaluable tools for
modeling human diseases and identifying the underlying mechanisms. To overcome certain
limitations of mouse models in studying human tumor immunology, infectious diseases,
autoimmunity, and hematopoietic cell differentiation and maturation, immunodeficient
mouse models bearing mutations in the IL2 receptor common gamma chain (/L2rg™/) have
been developed. The most widely used immunodeficient /L2rg"™ strains are NSG, NOG,
and BRG mice, which enable engraftment of not only human hematopoietic stem cells but
also normal as well as malignant human tissues. These immunodeficient mice, when
engrafted with a human immune system, resulting in what are commonly known as
humanized mice, faithfully recapitulate human biological systems and serve as valuable
preclinical tools in biomedical research. Furthermore, these small animal models are
replacing non-human primates for the study of human diseases. Until recently it has been
challenging to modify the genomes of humanized NSG, NOG, and BRG mice; however, the
availability of site-specific nucleases and recombinases is enabling the development of next-
generation humanized mice to progress at an unparalleled pace. With the continued
development of new gene-editing technologies and other new approaches, future generations
of humanized mice will undoubtedly make an even greater impact on the understanding of
human diseases and the development of new therapies.
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