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Abstract

The use of genetic engineering has vastly improved our capabilities to create animal models
relevant in preclinical research. With the recent advances in gene-editing technologies, it is now
possible to very rapidly create highly tunable mouse models as needs arise. Here, we provide an
overview of genetic engineering methods, as well as the development of humanized neonatal Fc
receptor (FcRn) models and their use for monoclonal antibody in vivo studies.

1 Introduction

Currently, the mouse is still the preferred animal model used in drug discovery and
development. The advance of the mouse as a primary scientific tool really began with the
ability to generate inbred strains. In contrast to outbred, inbred strains can provide
repeatedly genetically consistent animals, where each mouse within a strain is an essentially
genetically identical unit over place and time. Inbred strains were developed about 1909 by
C.C. Little, with DBA being the first created in 1929/1930, leading to two of the still most
widely used inbred strains DBA/1 and DBA/2 [1]. Since then, more than 450 inbred strains
have been established, with many more substrains covering a vast genetic diversity. The use
of inbred strains in experimental systems enables the experimenter to distinguish between
genetic influences, versus environmental effects, providing a highly controlled and defined
experimental system. Further, the resulting genetic uniformity offered within each strain
simplifies their use and experimental interpretation in drug discovery, development, and
toxicological studies. This is exemplified by the work of Michael Festing, who has
demonstrated that using multiple inbred strains versus outbred strains provides superior
toxicological data, which can be used to unravel underlying genetic factors and improve
therapeutic options or approaches [2, 3]. In drug discovery, there is a long history of taking
advantage of inbred strains, each with its unique phenotype and disease predispositions.
Prime examples include DBA2/J, which develop glaucoma and the NOD/ShiLtJ strain,
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which becomes type 1 diabetic. These and many other inbred strains as models of disease
have yielded valuable insights in understanding human disease [4-6].

With the recent striking advances of genetic engineering and assisted reproductive sciences
(ARTS), it has become possible to routinely generate transgenic mice, with modifications
ranging from transgenic animals with randomly integrated DNA to the precise tailoring of
their genome. The creation of transgenic mice was first achieved in the 1970s using viral
transfection; however, this approach was often hampered due to silencing of introduced
transgenes by de novo DNA methylation post-insertion [7]. With the development of DNA
pronuclear injection techniques in the early 1980s, the field took off, initiating the
development of thousands of transgenic models expressing foreign genes, including the
introduction of many human gene constructs into the mouse genome [8-11]. The next major
breakthrough in this field was the development of embryonic stem (ES) cells combined with
gene targeting approaches developed by Capecchi and Smithies, facilitating the precise
manipulation of genes and the creation of animals transmitting these [12, 13]. Initially, these
modifications were limited to DNA deletions but this was soon followed by precise DNA
insertion or replacement. Further progress in this field included the development of tissue-
specific expression systems and inducible gene expression systems (e.g. Cre/loxP, TET-
system, CRE-ERT2 system) [14-16]. The strength of ES cell-derived transgenic animals is
that this allows the pre-screening of the molecular events in cell culture and the
characterization and confirmation of cell clones carrying the desired genetic changes. By
this method, only ES cell clones with the desired genetic manipulation are selected to create
mice. This latter process involves creating chimeric animals made by combining ES cells
with host embryos, and then breeding these chimeras to test for germline transmission of the
introduced ES cells with its specific genetic change.

However, recently a series of novel strategies have been developed allowing precise genetic
engineering to be carried out directly in the fertilized oocyte with high efficiency,
sidestepping strain and time constraints intrinsic to the ES cell route. These recent additions
to the genetic engineering arsenal include zinc finger nucleases (ZFN), transcription
activator-like (TAL) effectors and Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR/Cas9), each of which is briefly discussed below [17-30]. Collectively,
this means that we now have a powerful toolbox allowing the direct manipulation of the
genome of mice, providing the tailoring of their genome to specific experimental needs upon
demand.

In this review, we highlight an example of a genetically modified mouse, centered on
neonatal Fc receptor (FCcRn) biology, and discuss how this has been achieved to date,
focusing especially on its uses in pharmacokinetic studies. The FcRn is responsible for
recycling of immunoglobulins G (IgG) and albumin, and provides the observed long half-
life in vivo. FcRn belongs to the major histocompatibility complex (MHC) class | proteins
forming a heterodimer with beta-2 microglobulin light chain [31, 32]. The Fc fragment
(fragment crystallizable) of 1gGs bind to FcRn at low pH (~pH 6.0), but is released upon
neutral pH ~7.2 [33-36]. In vivo, extracellular proteins, including 1gGs, enter cells by fluid
phase endocytosis as part of the normal protein turnover. Within the cell at low pH, 19G
complexes with FcRn and is recycled to the plasma membrane where the 1gGs are released
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at neutral pH. This recycling process essentially protects 1gG from catabolic degradation.
The exact mechanisms involved have been extensively reviewed [36-39]. In a similar way,
FcRn also recycles albumin [40]. Other roles for FcRn include transepithelial transport,
antigen presentation, plus cross-presentation in macrophage and dendritic cells [39, 41-45].

In 2001, Ober et al. described significant species differences in FcRn between human and
mouse, highlighting limitations when mice are used as models to study human IgG half-life
[46]. Their main finding was that human FcRn does not bind mouse 1gGs, while, in contrast,
mouse FcRn binds human IgG as well as mouse, and in fact actually shows a higher affinity
for human IgG than does human FcRn. As such, standard mice are not a good predictor of
pharmacokinetics when used to analyze the serum half-life of human IgGs or when assaying
their efficacy. To address this issue, genetic engineering approaches were used to create a
set of humanized transgenic mice to more closely mimic the human condition [47-52].
These models are discussed in further detail in the following sections.

2 Mouse as Model

The mouse is a well established model for research, drug discovery, and development, with
a continually increasing number of genetically engineered models being made available.
With international efforts such as the Knockout Mouse Project (KOMP) as part of the
International Knockout Mouse Consortium (IKMC), model development has received major
funding, supporting the creation of ES cells with targeted knockout mutations for all genes,
and the development of mice from such [53-56]. By August 2013, over 18,000 ES cells with
targeted events have been made available, from which more than 2,400 mouse strains have
been created. This ultimately will lead to an abundance of genetically engineered mice
covering all known genes. However, when choosing mouse models for use in drug
development, a number of properties need to be considered, including: (i) homology of gene
and protein between mouse and human, (ii) similarity of pathway, (iii) translation of the
disease or aspects of it from mouse to human, and (iv) experimental design. Further, when
considering using models from any organism, it must be remembered that a model is just a
model, at best a partial reflection of reality, and that the results and how far they are
applicable depend on the validity and individual properties of each model. However, with
the advent of new genetic engineering technologies, we now have available a highly
versatile arsenal of tools enabling the generation of new models and/or the further
enhancement of current models, allowing sequential improvement and building upon
existing models [30, 57].

2.1 Genetic Engineering of Mice

The current toolbox to genetically engineer mice includes standard random transgenics
generated by injection of DNA into fertilized oocytes, and ES-cell derived transgenics,
through to sophisticated direct gene editing systems using nucleases.

2.1.1 Transgenic Mice—Transgenic mice were first generated in 1982, and the basic
technology has changed little since [11]. For this approach, DNA is microinjected into the
pronucleus or cytoplasm of fertilized oocytes. After bringing to term, the resulting offspring
are screened for the presence and then expression of the injected DNA gene constructs (Fig.
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1). Founder animals are then crossed to establish either hemizygous or homozygous mouse
lines.

A key advantage of this method is that it is applicable to DNA covering a vast range of
sizes; e.g. from oligonucleotides to bacterial artificial chromosomes (BACSs). Further, it can
be practiced on practically any available mouse strain where oocytes can be isolated. With
the availability of tissue-specific and inducible promoters (e.g. Cre/loxP, tetracycline/
doxycycline-inducible systems), expression of genes can also be directed and specific
aspects of a gene function studied [58]. Commonly, many transgenic mice are made using
complementary DNA (cDNA) from the gene of interest, linking it either to a ubiquitous or
tissue-specific promoter. This approach was used, for example, when generating the Tg276
humanized FcRn mouse (see below). For gene expression to more closely resemble normal
physiology it is often necessary to use large genomic fragments, e.g. BACs or cosmids,
which include their often poorly defined but functional regulatory elements. It was this
approach that was used to generate the Tg32 humanized FcRn mice. A drawback of this
serendipitous random transgenesis approach is that gene expression levels are not
predictable due to position integration effects. Further, as is the nature of the approach, there
is also no control of how many copies integrate (in tandem or throughout the genome).
Lastly, random transgene integration can lead to disruption of endogenous genes, resulting
in phenotypes independent on transgene expression. However, due to the simplicity of this
approach and associated speed in generating a potential new model, pronuclear DNA
microinjection is still a widely used method to generate new animal models.

2.1.2 Knockout Mice via ES cells—The development of ES cells in the 1980s, with
their capability to contribute to the germline of the mouse embryo, more precise genetic
manipulation became available [59]. The major breakthrough in 1987 was the advent of
homologous recombination in ES cells, whereby it now became possible to precisely delete
selected sequences and create knockout mice [12, 13]. The ES field then rapidly developed,
with the defined introduction of DNA into chosen locations, enabling replacement of mouse
sequences with, for example, human, creating so-called knock-ins.

The overall procedure became well established and moderately reliable. First, a DNA
construct or vector containing the desired modification and selection or resistance marker
was assembled. This is electroporated into ES cells, which are selected for DNA uptake
using a resistance gene, for example, neomycin with the selection drug G418 (geneticin).
Surviving ES clones are screened by polymerase chain reaction (PCR) and/or Southern blot
to detect the desired homologous recombination event. Correctly targeted ES clones are then
expanded for blastocyst injection or morula aggregation. The host embryos carrying ES cells
are then implanted into pseudopregnant animals, which are brought to term to generate
chimeric mice, which are bred for germline transmission of the ES cells. Often, ES cell
germline transmission is observed by the use of coat color, taking advantage of the
difference in coat color of ES cells versus host embryo. The ES-derived offspring are then
genotyped to determine which are carrying the selected genetic modification and are then
bred to homozygosity (Fig. 2).
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This approach, although functional, has a number of shortcomings, including possible low
ES cell targeting frequency, requiring the screening of many ES cell clones. Further and
highly time consuming processes involved in germline transmission of genetically modified
ES cells is not a guarantee of success. ES cells are often maintained in culture for many
passages, leading to a loss of germline competency. Although this can be overcome by
selecting several correctly targeted ES cell clones or using a number of different ES cell
lines, this is resource and time consuming. In comparison with the development of DNA
microinjected transgenics, the ES cell route to heterozygous mice is longer due to this need
to generate chimeras, and then the chance that these fail germline transmission. This can add
easily 6 months to a project and, worse, a level of uncertainty and complete failure.
However, perhaps more crucially, the variety and number of ES backgrounds available,
although improving, is still a major limiting factor that can only be mitigated by time-
consuming backcrossing to the desired strain background necessary (Table 1).

2.1.3 Zinc Finger Nuclease Technology—ZFN proteins are composed of two
sequence-specific DNA binding domains that are linked to a DNA cleavage domain, Fokl,
which is functionally an obligate dimer, requiring both DNA binding domains to be active.
These are introduced by microinjection into the fertilized oocytes as messenger RNA
(mRNA), encoding the ZFN directed towards a selected sequence, where the mRNA is
translated to DNA binding proteins, which find their target sequence and, upon dimerization
of the Fokl monomers, cause a double-stranded break at the preselected sequence site [30,
60]. The cell, or in this case the fertilized oocyte, responds to the break by initiating an error
prone DNA repair process known as non-homologous end joining (NHEJ) repair, leading
occasionally to the addition of one to two bases at the site of the break, or more often to the
deletion of one to many hundreds of bases. When using mouse oocytes, this event can be
found in 20-75 % of offspring [22] and appears relatively refractive to genetic background.
Additionally, if homologous DNA is present during this process, e.g. by co-microinjection
of a DNA oligonucleotide or a targeting vector, it can, albeit at a lower frequency
incorporate into the target region and provide transgenic animals containing the targeted
insertion. Reported frequencies for targeted integration events have been from 1.7 to 4.5 %
for mouse oocytes [28, 61]. The process of generating mice follows the same scheme as
shown in Fig. 1. However, ZFNs have some disadvantages, including difficulty to design
and assemble, and therefore generally need to be purchased from a proven provider, such as
Sigma, with their attached limited terms of use. As such, the timeline to produce them is a
function of an external supplier; however, once acquired, the microinjection into oocytes is
fast, with founder animals being ready to screen a few weeks post-birth. However, at the
time of writing, ZFNs appear to have limitations in the DNA regions where they can
successfully target compared with more recent developments such as TAL and CRISPR/
Cas9.

2.1.4 TAL/ITALEN Technology—TAL effector nucleases (TALEN) essentially operate
in a similar way to ZFN. However, TALE are characterized by a central repeat domain of 34
residues, which recognizes a DNA target sequence and can be easily assembled to target
specific DNA loci.
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By combining a pair of TALE each with a Fokl nuclease monomer, specific DNA sequences
can be targeted. TALEN are designed to bind 14-18 bp of the target sequence with an
intervening spacer sequence of 16-19 bp, followed by a further 14-18 bp, the target
sequence. A major benefit over ZFN includes their ease of construct using web-available
computer software and from readily available units in a matter of 3—7 days (plus a further
week to quality control and make mRNA for injection). Further, they are available from a
variety of providers. However, their key advantage is that almost any DNA region can be
targeted [30, 62—64]. Upon microinjection of mMRNA encoding TALEN into mouse fertilized
oocytes NHEJ events can range from 4.8 % [29] to in excess of 80 % (Wiles MV,
unpublished data). Such high rates of double-stranded breaks greatly facilitate homologous
recombination when donor DNA is present, leading to the replacement of specific DNA
sequences at or near the target site (Wiles MV, unpublished data) [29]. In summary, TALEN
can be relatively easily produced and can target practically any site in the genome. The
production of TALENS is faster than of ZFNs, and the timelines from injection into zygotes
are the same. To date, the concern regarding off-target events has not generated a major
obstacle.

2.1.5 CRISPR/Cas Technology—At the time of writing, the first reports of genetic
engineering directly in mouse oocytes using CRISPR have been published. Their mode of
operation is strikingly different from ZFN and TALEN, using an RNA with 18-20 bases
defining the targeting or ‘guide’ (SgRNA) to direct a nonspecific nuclease (Cas9) to the
desired target DNA. These have been used with great success directly in mouse fertilized
oocytes with a high frequency of NHEJ events (i.e. gene disruption) [20]. Further, these
double-stranded breaks are amenable to homologous recombination if donor DNA is present
[21, 65, 66]. Like the TALEN, they are also simple to construct, and in fact may be simpler,
being amiable to direct synthesis approaches (i.e. from inception to sgRNA for injection
could be 3 days or less). Such simple technology is also considerably cheaper and faster than
either TALEN or ZFN. However, their range of targeting is slightly less than TALEN due to
the need for a ‘proto-spacer adjacent motif’ (PAM) with a 3 nucleotide conserved sequence.
There is also a suggestion that, due to the more limited length of the targeting guide RNA,
there are potentially increased off-target effects, i.e. double-stranded breaks at other sites
[67]. At this time, it appears that the generation of CRISPR is even faster, simpler, and
cheaper than of TALEN, and therefore may become the preferred method. However, with the
limited published data, it is too early to say which of these technologies will become the
front-runner, or if they will be quickly superseded by other approaches.

2.2 Humanized FcRn Mice

The humanized FcRn mice were established on the C57BL/6J background in a sequential
manner, starting with the creation of a mouse strain carrying a deletion in the mouse FcRn
gene, followed by introduction of the human FcRn gene. Currently, there are two major
mouse lines used: so-called Tg276 and Tg32 (The Jackson Laboratory stock number 004919
and 014565). With further backcrossing and sequential alterations, the number of lines
increase, and it is important to properly reference such in publications to ensure that results
will be reproducible.
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2.2.1 FcRn-null Mice—To generate the null FcRn strain, a targeting vector was
constructed to delete 1588 nucleotides of the mouse FcRn gene, including the promoter
sequence 5’ at the transcriptional start site, exon 1 and most of exon 2. The ES cell line
ESV/J-1182, derived from the mouse strain 129X1/SvJ, was used. After characterization of
ES cell clones by Southern blot analysis, a correct clone was chosen for injection into
C57BL6/J (B6) host blastocysts to generate chimeras. Male chimeras were crossed to B6
females to obtain germline, establishing mice heterozygous for the FcRn knockout. As these
mice had a mixed background consisting of 129X1/SvJ and C57BL6/J, the FcRn knockout
carrier mice were backcrossed 11 times to B6 mice, resulting in over 99.8 % identity to
C57BL6/J. These were then crossed to generate a homozygous FcRn null mouse strain. The
FcRn knockout is viable and shows no overt phenotype with the exception of low 1gG and
albumin serum levels due to the expected lack of FcRn recycling [48, 51].

2.2.2 Humanized Tg276 FcRn Mice—To create the humanized FcRn (hFcRn) mouse
strain Tg276, human cDNA was cloned and put under the control of a human
cytomegalovirus immediate early promoter/enhancer plus a chicken beta-actin/rabbit beta-
globin hybrid promoter (CAG). This construct was pronuclear microinjected into B6
fertilized oocytes and the resulting offspring screened for expression of the transgene. One
of the founder animals expressing hFcRn, Tg276, was inter-crossed with FcRn-null mice,
generating a strain lacking mouse FcRn but expressing hFcRn [48, 50]. In this strain, as
predicted from the use of the strong ubiquitous CAG promoter driving hFcRn expression,
hFcRn is almost ubiquitously expressed (Roopenian DC, unpublished data). Clinical
chemistry analysis of this mouse revealed that albumin levels have been restored to normal;
however, endogenous IgG levels are low and similar to the FcRn-null mice [51]. This mouse
strain is called B6.Cg-Fcgrt<tm1Dcr>Tg(CAG-FCGRT)276Dcr/Dcr] with The Jackson
Laboratory stock number 004919. This strain is commonly referred to as Tg276. This strain
can be either homozygous or hemizygous for the hFcRn transgene, and shows an expression
dose effect for hFcRn expression. To date, in most studies for comparing Fc-engineered
monoclonal antibodies (mAbs), the hemizygous version has been used.

2.2.3 Humanized Tg32 FcRn Mice—The creation of the Tg32 hFcRn mouse used a
human 33 kb cosmid clone containing the complete human FCGRT gene, including
approximately 10 kb of 5’ flanking sequences and 10 kb of 3’ flanking sequences,
pronuclear microinjected into fertilized B6 mouse oocytes. The offspring were analyzed for
the presence and expression of the transgene. Several lines were established and then
backcrossed to the FcRn-null mice. Several mouse lines expressing hFcRn while lacking
mouse FcRn were developed. One of the lines further described here is Tg32 hFcRn [47, 48,
50]. In this strain, albumin levels are slightly above the B6 wild-type level, probably due to
the higher hFcRn expression level, and endogenous 1gG levels are low and similar to the
FcRn-null mice [51]. As transgene expression is driven by the human FcRn promoter, a
more restrictive expression pattern is predicted and has been observed resembling the human
expression profile (Roopenian DC, unpublished data). The official name for this mouse
strain is B6.Cg-Fcgrt<tm1Dcr>Tg(FCGRT)32Dcr/Dcrd (The Jackson Laboratory stock
number 014565). This strain can be either homozygous or hemizygous for the hFcRn
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transgene, and again shows a dose effect of the transgene regarding hFcRn expression. In
most studies, the hemizygous version has been used.

2.2.4 Immunodeficient hFcRn Models—Both hFcRn mouse models Tg276 and Tg 32
have been backcrossed to immune-deficient mice to allow their use for xenograft studies.
For the severe combined immunodeficiency (SCID) mice, the strain B6.CB17-
Prkdc<scid>SzJ mice (The Jackson Laboratory stock humber 001913) was used. The new
immunodeficient strains have the official names B6.Cg-
Fcgrt<tm1Dcr>Prkdc<scid>Tg(CAG-FCGRT)276Dcr/DcrJ (The Jackson Laboratory stock
number 021146) and B6.Cg-Fcgrt<tm1Dcr>Prkdc <scid>Tg(FCGRT)32Dcr/DcrJ (The
Jackson Laboratory stock number 018441).

In addition, Tg276 was backcrossed to Ragl-null mice (The Jackson Laboratory stock
number 002216), and the new resulting strain is called B6.Cg-
Ragl<tm>Mom<Fcgrt>tm1Dcr[Tg(CAG-FCGRT)276Dcr/DcrJ (The Jackson Laboratory
stock number 16919) [52].

2.3 Pharmacokinetic Studies Using hFcRn Mice

2.3.1 Monoclonal Antibodies—The main use of these mouse models is for
pharmacokinetic studies, especially for Fc-engineered antibodies, where half-life extension
is one of the desired features in engineered mAbs. A study published by Petkova et al. [49]
elegantly demonstrated the importance of model selection and where an improper model, for
example in this case wild-type B6 mice, can lead to the wrong conclusion, and therefore
incorrect prioritization when ranking preclinical candidates. We compared the half-life of
wild-type trastuzumab and three Fc-engineered variants in B6 mice, FcRn-null, Tg276
(homozygous and hemizygous) and Tg32 (hemizygous) mice. In this case, the best
discrimination between the variants was observed in the Tg276 model, while the wild-type
B6 mice did not differentiate between the mAbs tested. In another example, Zalevsky et al.
used the Tg276 hemizygous hFcRn model for ranking of Fc-engineered antibodies derived
from bevacizumab and cetuximab. They observed good discrimination between the variants,
allowing them to rank these according to in vivo serum half-life and further showed a high
correlation to non-human primates [52]. More recently Tam et al. [68] published an
extensive study comparing seven mAbs in the Tg32 hemizygous hFcRn model, and
correlated this to non-human primate and human clinical data. These studies clearly
establish the robustness of these mouse models for PK analysis and critically, their
translation to non-human primates and humans.

2.3.2 Fc-Fusion Proteins—With the understanding of FcRn recycling, the idea of
prolonging half-life by fusing short-lived proteins or small molecules to the Fc domain of
antibodies is apparent. It is here, in the development of these new and powerful therapeutics
that these humanized FcRn mice will be of use in the investigation of the pharmacokinetics
and efficacy of Fc-fusion molecules. One published example uses the recombinant factor
VIlI-Fc fusion protein, and shows a twofold increase in serum half-life for the factor VIII
Fc-fusion protein versus factor V111 protein [69]. With further development of Fc-containing
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compounds, these mice strains will increasingly act as powerful predictors for serum
pharmacokinetics in humans.

2.3.3 Albumin—In humans, albumin has a serum half-life of ~3 weeks, making it an
attractive conjugate candidate to extend the half-life of short-lived drug compounds, such as
small molecules, peptides, and proteins. This approach can use intact aloumin protein or
albumin fragments capable of binding to FcRn or aloumin mimetics [70-77]. To understand
this, it needs to be remembered that binding affinities and kinetics of human FcRn versus
mouse FcRn are different, and that endogenous mouse albumin can interfere with in vivo
studies when using the currently available humanized FcRn models [78]. For example,
Andersen et al. observed, in hFcRn transgenic mice, that mouse serum albumin interacts
strongly with hFcRn. They estimated that this interaction can be up to 100-fold stronger
when compared with mouse serum albumin binding to mouse FcRn [78]. This could lead to
human serum albumin compounds being outcompeted by the presence of endogenous mouse
albumin. To improve this situation further, development of the current hFcRn models are
underway, deleting the murine albumin and adding the human albumin gene to provide a
more appropriate model for the class of albumin-based therapeutics. This will use the new
genetic engineering techniques, allowing the sequential modification of the current models,
i.e. we can build on the current models, keeping the historic data obtained to date, allowing a
rapid translation and comparison with the new results. Overall, this will allow a swifter
building of stronger preclinical models, advancing drug development.

3 Efficacy Models

While the hFcRn mice are mostly used for pharmacokinetic studies, it should not be
overlooked that these models are easily adaptable for efficacy testing. This is possible now
that mAbs can be assayed in a better hFcRn context, reflecting the physiological half-life of
the mAD tested instead of an (artificially) extended half-life in mice expressing mouse FcRn.

3.1 Cancer Xenograft Models

Tumor xenograft studies using cell lines or primary tumor material in immunodeficient mice
are a well established model to test efficacy of anti-tumor agents. This has to be conducted
in the right FcRn context for Fc-based or albumin-based compounds, the Tg276 and Tg32
mice have been backcrossed to the immunodeficient SCID background (Prkdc<scid>/SzJ)
mice. The derived immunodeficient strains B6.Cg-Fcgrt<tm1Dcr>Prkdc<scid>Tg (CAG-
FCGRT)276Dcr/DcrJ (Stock number 021146) and B6.Cg-
Fegrt<tm1Dcr>Prkdc<scid>Tg(FCGRT)32Dcr/DcrJ (Stock number 018441). For Tg276, a
Ragl-null variant is also available, with the strain name B6.Cg-Ragl<tm1-
Mom>Fcgrt<tm1Dcr>Tg(CAG-FCGRT)276Dcr/DcrJ and stock number 016919.

Xenograft studies have been performed with 016919 mice hemizygous for the Tg276 hFcRn
transgene, testing a set of anti-vascular endothelial growth factor (VEGF) mAbs and anti-
epidermal growth factor receptor (EGFR) mAbs. Zalevsky et al. [52] compared two well
studied antibodies, bevacizumab and cetuximab, to Fc-engineered versions developed using
the Xtend technology, which increases the affinity to FcRn. Here, xenografts with the
human ovarian carcinoma SKOV-3 cell line were established for subsequent treatment with
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the wild-type and Xtend variant of bevacizumab, and human epidermoid carcinoma A431
cells for treatment with the wild-type and Xtend variant of cetuximab [52]. When comparing
the Xtend variants with wild-type mAbs, the Xtend-engineered mAbs showed superior
efficacy along with their superior half-life. This demonstrates the utility of this model
approach.

3.2 Arthritis Model

To create this model, the hFcRn Tg32 model was inter-crossed with the Fc-gamma-RI1B-
null mice to create mice lacking mouse FcRn and Fc-gamma-RI1B expression, while
expressing hFcRn. Mice are injected over 7 days with plasma isolated from a patient with
active rheumatoid arthritis [49, 79]. Arthritis can be scored using well established factors,
including ankle and joint swelling, histopathology, and inflammatory biomarkers. Petkova et
al. treated such mice with high levels of Hu4D5 (trastuzumab) wild-type and two Fc-
engineered variants of Hu4D5, three or five times over 8 days or 14 days, respectively, as it
has been known for high doses of 1gG (e.g. 20 mg per 20 g body weight) to saturate the
FcRn protection pathway, resulting in relief of the pathogenic activity of IgG auto-
antibodies [80]. In this experiment, one Fc-engineered variant, the triple amino acid
exchange T307A/E380A/N434A antibody, showed the most effective reduction in ankle
swelling, with superior performance when compared with the wild-type mAb, correlating
with the increased half-life of this antibody, and improved efficacy of FcRn blocking can be
achieved [49].

4 Conclusion

The examples of the humanized FcRn mouse models described here show how genetic
engineering has and will continue to open the field, creating superior models for preclinical
analysis. Further, using these novel approaches, it is now possible to further fine-tune well
established models directly in the zygote without losing the genetic and historical context.
Previously, genetic engineering approaches required extensive backcrossing and
intercrossing, often introducing genomic regions from other strain backgrounds, which are
then difficult to correct, especially when such are linked to genetic changes made originally
in ES cells. 1t is well known in the field that, even after extensive backcrossing, for example,
129 genomic sections from the ES cell genome are persistent in the congenic strain and as
such may influence the phenotype of such models.

The herein described hFcRn mouse models are currently the only rodent models available to
perform predictive pharmacokinetic studies for Fc-based compounds, and especially human/
ized mAbs. These models alleviate the screening of Fc-engineered proteins regarding their
optimal half-life, and can serve as predictors of pharmacokinetics to guide human clinical
studies. Further refinement will also make them valuable for albumin-based substances.
With these new tools, we can expect an explosion of genetically modified mice in the near
future. With careful characterization, these will yield more appropriate preclinical models,
supporting more rapid and relevant drug discovery and development.
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Process for creating transgenic mice, by injection of DNA, RNA, or oligonucleotides into
the pronuclei or cytoplasm of fertilized oocytes. This process can be used for random
transgenics, ZFN, TALEN, or CRISPR. CRISPR Clustered Regularly Interspaced Short
Palindromic Repeats, TALEN transcription activator-like effector nucleases, ZFN zinc finger
nucleases
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Process for creating mice via the ES cell route, by injecting EScells into blastocysts. ES
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Genetic engineering—approximate timelines. Note, shorter timeline assumes access to an efficient core

facility

Random transgenesis  ES cell-mediated transgenesis ZFN TALEN CRISPR
Time frame to 6-9 months 12-18 months 6-9 months 6-9 months 5-9 months
heterozygous
animal or founder
animal
Construct Easy Easy Difficult Easy Very easy
Cell type Fertilized oocytes ES cells Fertilized oocytes  Fertilized oocytes  Fertilized oocytes
Controlled copy No Yes Yes Yes Yes
number integration
Random insertion Yes Yes nfa nfa nfa
Targeted deletion No Yes Yes Yes Yes
Targeted integration ~ No Yes Yes Yes Yes
Strain background All Very limited All All All
Cost $ $38$ $3$ $$ $$

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats, ESembryonic stem, TALEN transcription activator-like effector nucleases,

ZFN zinc finger nucleases
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