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the study of human immunodeficiency virus-1 (HIV-1) and other human-specific infectious
agents. However, there remain a number of opportunities to further improve humanized
mouse models for the study of human-specific infectious agents. This is being done by the
implementation of innovative technologies, which collectively will accelerate the develop-
ment of new models of genetically modified mice, including; i) modifications of the host
to reduce innate immunity, which impedes human cell engraftment; ii) genetic modification
to provide human-specific growth factors and cytokines required for optimal human cell
growth and function; iii) and new cell and tissue engraftment protocols. The development of
“next generation” humanized mouse models continues to provide exciting opportunities for
the establishment of robust small animal models to study the pathogenesis of human-specific
infectious agents, as well as for testing the efficacy of therapeutic agents and experimental
vaccines.
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1. Introduction

There are a number of human-specific infectious agents
for which small animal models are critically needed to
permit efficient and cost-effective evaluation of disease
pathogenesis, therapeutic responses in vivo, and for the
development of new vaccines, all without putting individ-
uals at risk. Since many of these agents only infect human
cells and tissues (Baumler and Fang, 2013; Wolfe et al.,
2007), traditional small animal models such as mice and rats
cannot be used as hosts for infection. In addition to the
human-specific nature of many infectious agents, there are
also cell and tissue-specific requirements for infection
(Baumler and Fang, 2013; Wolfe et al., 2007). For example,
Neiserria gonorrhoeae infects only human epithelial cells due
to their requirement for binding to human CEACAM1
glycoprotein to enter the cell, a protein that differs between
humans and other species (Voges et al., 2012). Thus,
development of new small animal models for the study of
these human-specific and cell and tissue-specific agents
requires engraftment into animals of multiple types of human
cells and tissues, including those from human hematopoietic
and immune systems. The development of “next generation”
humanized mice will accelerate investigation of currently
known human-specific infectious agents including, for exam-
ple, human immunodeficiency virus type 1 (HIV-1) and will
support rapid identification and study of new emerging
human-specific infectious agents for example the Middle East
respiratory syndrome coronavirus (MERS-CoV, http://www.
who.int/csr/don/2013_05_22_ncov/en/index.html).

2. Human immune system engrafted humanized mice

For the engraftment of functional human immune system
in immunodeficient mice, three major model systems, de-
scribed below, are commonly used. The protocols for estab-
lishing each of these models have been reviewed recently
(Shultz et al., 2012; Rongvaux et al., 2013; Ito et al., 2012).
Each of the model system has its strengths and limitations for
the study of human immunobiology. It is these limitations
that provide fresh opportunities for improvements in the
models for the study of human infectious diseases and for the
evaluation of vaccines.

2.1. Hu-PBL-SCID

The simplest approach to engraft a human immune system
is by injection of human peripheral blood lymphocytes (PBLs)
into adult immunodeficient mice, and is termed the Hu-PBL-
SCID model (Mosier et al, 1988). In this system, PBLs are
injected intraperitoneally or intravenously into non-irradiated
or conditioned, usually sublethally-irradiation conditioning,
recipients. The primary population of engrafting cells is the
T cell (Mosier et al., 1988; King et al., 2009; Ito et al., 2002). All
introduced T cells rapidly acquire an activated phenotype after
one week, and few B cells, myeloid cells or other immune cells
can be detected (Ito et al., 2002; King et al., 2009). This model is
used to study effector T cell activity, and resulting Hu-PBL-SCID
mice have been shown to be capable of mediating human skin
and islet allograft rejection (King et al., 2008; Racki et al., 2010).
However, the model is limited with the window for experi-
mental observation being relatively short as all engrafted mice
will develop a lethal xenogeneic graft-versus-host disease
(GVHD) within a few weeks (Ito et al., 2002; King et al., 2009).

2.2. Hu-SRC-SCID

A second model, known as Hu-SRC-SCID, is established
by the injection of human CD34" hematopoietic stem cells
(HSCs), defined functionally as scid-repopulating cells (SRCs),
into newborn or adult immunodeficient recipients (Lapidot
et al., 1992). Human HSCs are usually obtained from the bone
marrow, umbilical cord blood, granulocyte-colony stimulating
factor (G-CSF) mobilized peripheral blood or fetal liver, with
fetal liver and cord blood being the most commonly used
as sources as they are more efficient in repopulating immuno-
deficient mice than adult HSCs (Matsumura et al., 2003;
Lepus et al, 2009). In the Hu-SRC-SCID model complete
human hematopoietic and immune systems develop, however
human T cells undergo thymic education through positive and
negative selection on mouse thymus and are mouse MHC
(H2)-restricted, precluding appropriate HLA-restricted inter-
action of human antigen-presenting cells (APCs) and human
T cells in peripheral tissues (Watanabe et al, 2009). The
Hu-SRC-SCID model has been used extensively for the study of
human hematopoiesis, cell-mediated immunity, as well as
infectious diseases such as HIV and Epstein-Barr Virus (EBV)
(Shultz et al., 2012; Rongvaux et al., 2013; Ito et al., 2012).
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2.3.BLT

A third model system which overcomes some of the
challenges seen in those above is established by subrenal
capsule transplantation of fragments of human fetal liver and
thymus into adult immunodeficient mice. This is accompa-
nied by intravenous injection of autologous CD34" HSC from
the same fetal liver (McCune et al., 1988), and is termed the
bone marrow/liver/thymus (BLT) model (Lan et al., 2006;
Melkus et al., 2006). Engraftment of mice using the BLT model
allows for the development of a complete human hematopoietic
and immune system develops, and the human T cells are
educated on a human thymus and are HLA-restricted (Rongvaux
et al, 2013; Shultz et al, 2012). Of the three models, the BLT
model system provides the most robust human immune system
engraftment, and has become the model system of choice
for studies of infectious agents targeting the human hematopoi-
etic or immune systems. BLT mice also develop human mucosal
immune systems, permitting the study of mucosal immunity
following, for example, HIV infection via oral, vaginal or rectal
routes (M. Chateau et al, 2013; M.L. Chateau et al., 2013;
Denton and Garcia, 2012). A caveat of the BLT model is the
eventual development of a wasting syndrome resembling a
GVHD and has been reported by many (Greenblatt et al.,, 2012;
Lockridge et al., 2013; Covassin et al., 2013; Ali et al., 2012) but
not by all (Onoe et al.,, 2011) laboratories. In one report, HSCs
allogeneic to the thymus were injected along with anti-CD2 to
remove any pre-existing mature T cells, and no GVHD was
observed (Kalscheuer et al., 2012). The variability in GVHD
development among different research groups may be due to
varying levels of mature T cells in the inoculum or colony
variables, for example variable microbiome flora, antibiotic
administration, or exposure to other variables such as bedding.
The mechanism underlying the development of this wasting
syndrome remains an open question, but based on observa-
tions in the Hu-PBL-SCID model of GVHD (King et al., 2009), it
may be due to loss of tolerance of the human immune system
to murine MHC antigens.

ull mouse strains

3. Immunodeficient IL2r

There have been three major advances in the develop-
ment of small animal models that can be engrafted with
functional human cells, tissues, and immune systems. First, the
discovery of the immunodeficient C.B-17-Prkdc*® (CB17-scid)
mouse in 1983 (Bosma et al, 1983) which provided the
foundation for subsequent descriptions of human hematopoi-
etic and immune cell engraftment in 1988 (Mosier et al., 1988;
McCune et al., 1988). These reports soon led to the establish-
ment of the first small animal models for the study of HIV
infection (Namikawa et al., 1988; Mosier et al., 1991). How-
ever, only low levels of human hematopoietic and immune cell
engraftment could be established in CB17-scid mice, severely
limiting its utility. Subsequent development of NOD-scid mice
in the mid-1990's (Shultz et al., 1995; Koyanagi et al., 1997)
permitted much higher levels of human hematopoietic and
immune cell engraftment, however complete restoration of the
human immune system and development of human T cells
from HSC were not achieved (Shultz et al.,, 2012; Rongvaux
et al., 2013; Ito et al,, 2012). A breakthrough in the field came
with the development of immunodeficient scid, Rag1™¥, or

Rag2™!" mice in the early 2000s bearing targeted mutations in
the IL2 receptor common gamma chain (IL2rg™") (Ito et al,
2002; Shultz et al, 2005; Traggiai et al, 2004). The IL2r
common gamma chain is required for high-affinity signaling
for the IL2, L4, IL7, IL9, IL15, and IL21 cytokine receptors
(Rochman et al., 2009). Blocking high-affinity signaling through
these receptors severely dampens innate immunity, promoting
heightened engraftment of functional human cells. IL2rg™"
immunodeficient mice show multiple deficiencies in innate
immunity, and completely lack natural killer (NK) cells that
require IL15 for their development and function (Ito et al., 2002;
Shultz et al., 2005; Traggiai et al., 2004). NK cells are one of the
primary host innate immune factors that hinder human cell
engraftment (Shultz et al.,, 2003 ). Importantly, NOD-scid I[2rg"™"
mice do not develop mouse thymic lymphomas (Shultz et al.,
2005; Kato et al, 2009), which are dependent on IL2, and
achieve a normal life span approaching 2 years. This is in
contrast to NOD-scid mice that have a relatively short lifespan
due to the development of thymic lymphomas and begin to die
starting at 5 months of age (Shultz et al, 1995). Although
immunodeficient mice bearing the IL2rg"™" gene permitted for
the first time the establishment of “humanized mice” bearing
a complete human immune system following the engraftment
of human HSCs, it was found that NK cell deficiency is not
the sole factor regulating engraftment. Depletion of NK cells
in NOD-scid or C57BL/6-scid mice following treatment with
anti-CD122 monoclonal antibody surprisingly did not lead to
the high levels of human engraftment levels and immune
function that are attained in immunodeficient IL2rg™ mice
(Christianson et al., 1996; Shultz et al., 2003). Although some
reports suggest that in the BLT model, similar engraftment levels
are observed in NOD-scid and NSG mice (Brainard et al., 2009;
Denton et al., 2012), other reports continue to demonstrate
superior engraftment in NSG mice as compared to NOD-scid
mice in this model (Stoddart et al., 2011). Again the reason for
these observational differences is not understood.

There are now three major strains of immunodeficient
I.2rg™" mice commonly used by investigators. NOD.Cg-Prkdc*
112rg™ ™! (abbreviated as NOD-scid II2ry™" or NSG) (Shultz
et al, 2005; Ishikawa et al., 2005), NOD.Cg-Prkdc*[[2rg™1sus
(NOG) (Ito et al., 2001; Yahata et al., 2003), and C.129(Cg)-
Rag2™m1FwadprgtmiCen (abbreviated as BALB/c-Rag2™ I2ry™! or
BRG) mice (Traggiai et al., 2004). The origins, similarities, and
differences of these three strains of immunodeficient IL2rg"™"
mice have been extensively reviewed, and each strain has
advantages and disadvantages, depending upon the engraft-
ment model system used to establish humanized mice (Shultz
et al,, 2007, 2012; Rongvaux et al., 2013; Ito et al., 2012).

4. Opportunities for improvement of humanized
mouse models

The development of immunodeficient IL2rg™¥ mice has
been important for studies of regenerative medicine, immu-
nity, hematopoiesis, cancer and infectious diseases (Shultz
et al.,, 2012; Rongvaux et al.,, 2013; Ito et al., 2012). However,
there are many opportunities to further improve these
models for the study of infectious agents. For example, for
the studies of human immunity, opportunities include en-
hancement of human primary and recall humoral immune
responses, promotion of more efficient class switching and
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immunoglobulin G antibody production, and the generation
of memory T cells. These opportunities also include im-
provement in the formation of lymphoid structures and
development of germinal centers, which are currently poorly
developed in immunodeficient IL2rg™" mice. The lack of
the IL2rg expression leads to a decrease in mouse lymphoid
tissue inducer (LTi) cells as well as poorly developed lymph
nodes. Discovery of approaches to increase the numbers and
function of LTi cells should lead to enhanced lymph node
structure and improve immune responses. Additional future
directions include provision of human-specific growth fac-
tors and cytokines that are required for optimal human cell
engraftment and function within the model animal (Shultz
et al, 2012; Rongvaux et al.,, 2013; Ito et al,, 2012). New
techniques for engraftment of human cells and tissues such as
human hepatocytes, are being developed and once established,
will optimize the study of infectious agents such as Plasmodium
falciparum that infect hepatocytes as part of their life cycle
(Vaughan et al., 2008). Finally, recently developed novel tech-
nologies permit rapid genetic modification of mice, accelerat-
ing the generation of new models of immunodeficient I[2rg™"
mice needed to capitalize on the discovery of new approaches
to enhance the engraftment and function of human tissues
(see below).

Overall, improvements in humanized mouse models en-
compass further reductions in murine host innate immunity
while simultaneously enhancing human innate and adap-
tive immunity and reducing the development of xenogeneic
GVHD.

4.1. Reduction of murine innate immunity and GVHD

Although the introduction of the IL2rg™" gene into scid,
Rag1™!" or Rag2™!" background severely cripples host innate
immunity thereby enhancing human cell engraftment and
function, a number of remaining host innate immune factors
still need to be manipulated in order to achieve optimal human
cell engraftment. Furthermore, in all models of human immune
system engraftment, particularly in the Hu-PBL-SCID model,
development of a lethal xenogeneic GVHD limits long-term
studies and this needs to be addressed (Ito et al., 2002; King
et al., 2009).

One of the major factors that regulate human cell en-
graftment in immunodeficient IL2rg™¥ strains is the signal
regulatory protein alpha (SIRPA)-CD47 receptor-ligand in-
teraction. SIRPA is highly expressed on macrophages, den-
dritic cells and neutrophils, cells of the innate immune
system that have phagocytic activity and function to clear
infectious agents, dead and dying cells, and foreign cells
including xenogeneic human cells transplanted into murine
recipients (Tsai and Discher, 2008; Matozaki et al., 2009;
Barclay and Brown, 2006). The ligand for SIRPA is CD47,
which is ubiquitously expressed on almost all cells of the
body including hematopoietic and lymphoid cells (Yamauchi
et al., 2013). Appropriate signaling through the SIRPa-CD47
complex provides a negative regulatory signal to phagocytic
cells, in essence a “do not eat me” signal. This signaling
complex is critical for regulating the engraftment of human
cells in immunodeficient IL2rg™" mice (Yamauchi et al,,
2013; Takenaka et al., 2007). NSG mice have a NOD strain-
derived polymorphism of SIRPa that closely resembles that of

human SIRPa, permitting appropriate recognition of human
CD47 on hematopoietic cells and enhancing engraftment
efficiency (Takenaka et al., 2007). In contrast, BALB/c and
C57BL/6 mice have SIRPa polymorphisms that are not closely
related to human SIRPa, impeding appropriate signaling
through the SIRPa receptor and limiting human hematopoi-
etic cell engraftment due to the ineffective negative regula-
tory signaling in host innate immune cells (Yamauchi et al.,
2013).

Transgenic expression of human SIRPA in BRG (Strowig
et al, 2011) or NOD Sirpa in B6.Cg-Rag2™fwa[2rgm!t
(Yamauchi et al., 2013) mice increases human hematopoietic
cell engraftment (Yamauchi et al., 2013). Moreover, C57BL/6
and BALB/c mice have intact hemolytic complement permit-
ting study of the involvement of the complement cascade in
immune responses as complement activity is readily detect-
able in vivo (Yamauchi et al., 2013). In contrast, immunode-
ficient IL2rg™!" strains based on the NOD background lack
hemolytic complement due to a 2-bp deletion in the coding
region of the hemolytic complement (Hc) gene that encodes
the C5 complement component (Shultz et al., 1995). This
mutation prevents the formation of the C5b-9 membrane
attack complex. To address this, we have recently back-
crossed the intact Hc gene from the CBA/J strain to generate
NSG mice that have an intact complement system (LDS,
unpublished data). Moreover, it was recently reported that
B6.Cg-Rag2™! [L2rg™!" cD47™" mice also have elevated
human hematopoietic cell engraftment levels in the BLT
model system (Lavender et al., 2013). B6.Cg-Rag2™! [[2rg™!
CD47™" mice in addition to having an intact complement
system also appeared to develop more appropriate lymphoid-
like structures in the BLT model, which is in contrast to the
observations in NSG and NOG mice (Greenblatt et al., 2012;
Lockridge et al., 2013; Covassin et al., 2013; Ali et al., 2012).
B6.Cg-Rag2™! IL2rg"! cD47™!" mice show no signs of a
wasting GVHD-like syndrome at 29 weeks after engraft-
ment (Lavender et al., 2013). Our laboratories are currently
developing NSG-Tg(SIRPA) CD47"™!"P! mice as well as NSG-
CD47"™1P'Tg(huCD47) mice to determine whether these
genetic modifications of the SIRPa-CD47 pathway enhance
the development of lymphoid structures and reduce the
development of xenogeneic GVHD in the BLT model.

Extending these observations and supporting the impor-
tance of the SIRPa-CD47 pathway to cell types other than
hematopoietic cells, it was also shown that intrasplenic in-
jection of human hepatocytes transduced to express murine
CD47 increases human hepatocyte engraftment in BALB/c-
Tg(Alb1-Plau)144Bri mice (Waern et al., 2012).

An alternative approach to potentially reduce the devel-
opment of xeno-GVHD is to eliminate the murine targets of
the human xeno-GVHD response. Using in vitro xeno-mixed
lymphocyte reactions, we have determined that a major
component of this xenogeneic response is directed at murine
MHC class I and class Il molecules (King et al., 2008). Further-
more, xeno-GVHD is delayed in the Hu-PBL-SCID model
when NSG class I or class II deficient recipients are used as
recipients (King et al., 2008). To determine whether human
CD4 T cell xeno-reactivity is predominately directed at murine
MHC class II, we injected purified human CD4 T cells into NSG
MHC class Il knockout mice. In this model system, the de-
velopment of xeno-GVHD is significantly delayed, suggesting
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that the xeno-GVHD response of human CD4 T cells is
predominately directed at the murine MHC class II loci
(Covassin et al., 2011). Similar results are obtained when
enriched human CD8 T cells are injected into NSG class |
deficient recipients (MAB, unpublished data). However, when
NSG MHC class I or NSG MHC class II deficient mice are used
in the BLT model, little to no delay of the development of
the wasting syndrome was observed (Covassin et al., 2013).
To investigate further the role of murine MHC class I and class II
in the development of xeno-GVHD in the Hu-PBL-SCID model
and the wasting syndrome in the NSG-BLT model, we are
generating NSG mice that are deficient in both MHC class I and
class II using two approaches. First, we are crossing NSG beta-2
microglobulin knockout mice with NSG mice deficient in
the MHC class II I-A locus. However, in our hands, NSG mice
deficient in beta-2 microglobulin exhibit poor breeding
characteristics. To address this issue, we are also generating
NSG class I/l knockout mice using a second approach.
NOD.Cg-Prkdc*@I2rgmWit H2-K1™1BPe H2_p1tmIBPe Sz ab-
breviated as (NSG-(K’D?)™"), mice do not express murine
MHC class I molecules and are excellent breeders. We are
now using TALEN technology to rapidly target and disrupt
the murine I-Ab MHC class II allele in NSG-(K”D”)"“# mice
(Gaj et al., 2013).

Additional approaches to prevent or reduce the elimina-
tion of human cells by host macrophages include restricting
their phagocytic ability or eliminating them from the host. The
use of liposome-encapsulated CLZMDP (clodronate liposomes)
to kill macrophages in vivo has been used to increase en-
graftment and survival of human RBCs, which macrophages
normally remove rapidly from the circulation (Hu et al., 2011).
However, this treatment is toxic when given long term, and is
also toxic to any engrafted human macrophages. To address
this, we are currently developing a number of NSG models that
permit reduction of host macrophages. For example, we are
analyzing NSG mice that express the diphtheria toxin receptor
under control of the CD11b or CD11c promoters to specifically
delete murine myeloid and dendritic cell populations. This
would permit interactions of infectious agents with human
macrophage populations without the confounding effects of
activity due to murine host macrophages.

Another host factor that complicates the study of innate
immune responses to infectious agents is the murine ex-
pression of Toll-like receptors (TLRs) on host cells. Almost all
infectious agents have pathogen-associated molecular pat-
terns (PAMPs) that react with pattern recognition receptors
(PRRs) on host innate immune cells, including PRRs of the
TLR family (Kawai and Akira, 2010; Hoebe et al., 2006).
Furthermore, TLR receptors can differ between mice and
humans as mice express TLR11 which is not present in humans
(Savva and Roger, 2013). Thus, the study of innate immune
responses of the human myeloid cells to infectious agents is
confounded by the corresponding innate immune response
of the host myeloid cells. To address this, we are generating
NSG mice deficient in TLR4, MYD88 cytosolic adapter protein,
and type 1 interferon (IFN) receptors. We have also developed
NSG mice deficient in the neutrophil cytosolic factor 1 (Ncf1) by
crossing NSG mice with NOD-Cg.Ncf1™ mice (Thayer et al,,
2011). This gene controls superoxide production by macro-
phages and neutrophils and is responsible for much of their
cytotoxic activity (Nauseef, 2008).

4.2. Enhancement of human innate and adaptive immunity

There are a number of species-specific factors that are
important in cell development and function that differ between
mouse and human and many of these have been described in
recent reviews (Shultz et al., 2012; Rongvaux et al., 2013; Ito
et al,, 2012). A number of technical approaches can be used to
either supply, “knockout” or “knockin” these factors and target
mouse host gene encoding factors that interfere with human
cell engraftment or function (Fig. 1).

One of the opportunities in the generation of immune
system engrafted humanized mice is to enhance the develop-
ment and function of human innate immune cells. For example,
few human myeloid cells are found in the circulation of human
HSC engrafted NSG mice (Tanaka et al., 2012), and the myeloid
cells that are present phenotypically immature and exhibit
functional impairments (Gille et al., 2012). To begin to address
this, investigators have administrated recombinant human
G-CSF to increase human myeloid cells in the circulation,
including granulocytes and macrophages that are rarely ob-
served in the blood of human HSC-engrafted mice (Tanaka
et al, 2012; Rathinam et al., 2011). Transgenic mice express-
ing human IL3 and granulocyte/monocyte-colony stimulating
factor (GM-CSF) also show enhanced human myeloid cell
levels in the circulation (Willinger et al, 2011). Another
approach is to introduce into mice by hydrodynamic shock
expression plasmids containing IL4 and GM-CSF leading to
increased numbers of human dendritic cells (Chen et al,, 2012).
Next generation models of humanized mice will provide
factors that are important for human myeloid, granulocyte,
and dendritic cell development and will improve further
human innate immunity. To enhance human adaptive immu-
nity, a number of approaches can be used. The first challenge
is that many of the cytokines needed for the development
and function of human immune cells are species-specific, and
human cytokines need to be provided for optimal immune
system development (for review, see (Shultz et al, 2012;
Rongvaux et al.,, 2013; Ito et al., 2012)). As described in these
recent reviews, there has been great progress in providing
these factors to immunodeficient IL2rg™ NSG, NOG, and BRG
mice. In particular, interest has centered on providing factors
that enhance human hematopoiesis such as human stem cell
factor (Brehm et al., 2012; Takagi et al., 2012) or thrombopoietin
(Rongvaux et al.,, 2011) both of which are important in the
development and function of human hematopoietic immune
systems.

As noted above, one opportunity for improvement in
human immune cell engrafted immunodeficient IL2rg™" mice
is to enhance the ability of the engrafted immune system to
mount primary and secondary immune responses. Following
immunization, only sporadic reports suggest that antibody
class switching during an immune response from IgM pro-
duction to IgG production with affinity maturation occurs.
Further, this has been primarily reported in mice transgenically
expressing the human HLA class Il molecule DR4 (Danner et al.,
2011; Suzuki et al., 2012). Most human B cells in HSC-engrafted
humanized mice are of the “immature” or “transitional”
phenotype in that they express high levels of CD5, which is
in contrast to that normally observed in humans (Biswas et
al., 2011; Matsumura et al., 2003; Watanabe et al., 2009).
Approaches to enhance B cell differentiation and function
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human cells can be overcome by transgenic expression of human HLA molecules, cytokines, and other species-specific factors and by targeting mouse genes to

eliminate host MHC antigens and other genes to further reduce innate immunity.

include provision of such factors as recombinant BLyS (BAFF)
(Schmidt et al., 2008), however NSG transgenically expressing
human BLyS do not show enhanced human B cell function
(LDS and MAB, unpublished observations). This difference in
observations may be due to the high level of mouse BLyS in
immunodeficient mice which can bind to the human BLyS
receptor but cannot signal following binding (Schmidt et al.,
2008). In essence this becomes a “decoy” molecule blocking the
human BLyS from signaling human B cells. The inability of
transgenically expressed human BLyS to support human B cell
development and survival is being investigated by further
genetic crosses with NSG BLyS knockout mice.

Additional opportunities focus on improvements in the
organization of lymphoid structures and germinal centers in
humanized immunodeficient IL2rg™! mice, which lack well-
organized lymphoid tissues (Shultz et al., 2012; Rongvaux
et al., 2013; Ito et al., 2012). Lymphoid tissue inducer (LTi)
cells are members of an emerging family of innate lymphoid
cells (ILCs) that are crucial for lymph node development. LTi
cells are hematopoietically derived CD4"CD3 ™~ IL7-receptor-
o™ cells (Eberl et al., 2004). They are absent in immunode-
ficient IL2rg™" mice due to the lack of signaling through the
IL7 receptor. Their role in activating mesenchymal cells in
the lymph nodes and Peyer's patch appears to be mediated
through their expression of membrane-bound LTa 13, (Yoshida
et al.,, 1999; Mebius et al., 1997), which binds to VCAM1, ICAM1,
and LTPR expressed by mesenchymal cells (Honda et al., 2001).
Approaches to activate the mesenchymal cells through these
receptors in the absence of LTi cells may be an alternative
approach for inducing the development of lymph node anlagen
in immunodeficient IL2rg™" mice.

However, simple induction of lymph node anlagen may
not be sufficient for the development of desired structural
components of lymph nodes and splenic germinal centers
in humanized mice. A second population important in the
formation, structure, and maintenance of lymph nodes and
spleen germinal centers is the follicular dendritic cells (FDCs)

(Aguzzi et al, 2013). These cells are stromal in origin
(Krautler et al., 2012), so in immunodeficient IL2rg™! mice
that have been engrafted with HSC, the FDCs are of mouse
origin. These cells are required for bridging innate and adap-
tive B cell immune responses by stimulation via TLRs (Aguzzi
et al,, 2013). FDCs require B cell provision of tumor necrosis
factor (TNF) and lymphotoxin (LT) for their development and
maintenance (Mackay et al., 1997; Allen and Cyster, 2008;
Ware, 2005), and it is currently not known whether the
predominantly human CD5" B cell population generated in
humanized mice following HSC engraftment can provide this
help. FDCs also have an important role in the recruitment of
follicular helper T cells. Alternative approaches to enhance
FDC development and maintenance in humanized mice are
an opportunity to optimize adaptive immune responses by
the engrafted human immune system.

MHC molecules are required for normal T cell develop-
ment and function, and also for the appropriate interaction
with antigen-presenting cells involved in the generation of
an adaptive immune response. In humans, the MHC complex
is termed HLA, and a number of immunodeficient IL2rg™"
HLA transgenic mice have been generated. Almost all HLA
transgenic mice have been generated exclusively on the NSG
strain with just a few on the NOG strain. For HLA class I, the
majority of experimental effort has focused on the HLA-A2
molecule as an ~30-40% of Caucasians in North America
express this HLA class I molecule (for reviews, see (Shultz et
al.,, 2012; Rongvaux et al., 2013; Ito et al., 2012)). Published
work using NSG-HLA-A2 transgenic mice in the Hu-SRC-
SCID model has shown that human T cells can develop
HLA-A2 restricted responses to EBV infection (Shultz et al.,
2010; Strowig et al., 2009). A number of HLA-class II trans-
genic humanized mice have also been generated and NOD-
Rag1"™Memj[ 2rg'mIWil H] A-DR4 transgenic mice engrafted with
HLA-DR4 HSC appear to exhibit increased antibody responses
(Danner et al., 2011; Suzuki et al., 2012). Crossing NSG mice
expressing human HLA class I and class II with NSG murine
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MHC class I/l knockout mice that we have generated will
permit the development of human T cells in NSG recipients
restricted exclusively to the appropriate HLA.

5. Development of new human cell and tissue engraftment
models for the study of human-specific infectious agents

Infectious agents of interest include bacterial, viral, and
protozoan agents, and models to study each of these agents
are highly dependent on the human cells and tissues required
for cell entry, replication, and pathogenesis of each of the
specific infectious agents (Wolfe et al., 2007; Baumler and
Fang, 2013). For example, humans are the only known
reservoir for Salmonella enterica serovar Typhi (Salmonella
typhi) (Selander et al., 1990). Recently two reports used im-
munodeficient mice engrafted with HSCs to develop models
of S. typhi (Libby et al., 2010; Song et al., 2010). In one model
based on NSG mice (Libby et al., 2010), infection with S. typhi
leads to progressive lethal infection (Libby et al., 2010).
In contrast, infection of HSC engrafted BRG mice although
leading to high organism levels does not appear as lethal as
that observed in HSC-engrafted NSG mice (Song et al., 2010).
This illustrates two important points. First, humanized mice
can be used to study the pathogenesis of human-specific
infectious agents such as S. typhi, and second, subtle but
important genetic differences exist between model systems,
and depending on the question being addressed, one system
may be better suited to the experimental use than the other.

There are a number of human-specific infectious agents
that can now be studied in small animal models due to the
availability of humanized mice. These include hepatitis viruses,
HIV, cytomegalovirus (CMV), Epstein-Barr virus (EBV), dengue
virus, Neiserria gonorrhoeae and Neisseria meningitides, measles
virus, and P. falciparum (for reviews, see (Shultz et al., 2012;
Rongvaux et al.,, 2013; Ito et al., 2012; Brehm et al., 2013a,b;
Tager et al.,, 2013; Denton and Garcia, 2012; Ikeno et al., 2013)).
However, the humanized mouse model used to study each
infectious agent is likely to depend on tissue tropism. For this,
approaches to engraft various human tissues into humanized
mice are critical (Fig. 2). For example, humanized mouse
models engrafted with human immune systems have been
developed as HIV infected cells of the lymphoid system such as
CD4 + T cells and macrophages (Brehm et al, 2013a,b). The
hepatitis viruses require human hepatocytes as their target cell,
and approaches to engraft human hepatocytes into immuno-
deficient mice genetically modified to enhance xenogeneic
human hepatocyte engraftment have been developed
(Washburn et al,, 2011; Dandri et al., 2001; Kosaka et al.,
2013; Azuma et al., 2007; Brezillon et al., 2011; Lutgehetmann
et al,, 2011; Mercer et al., 2001; Brown et al., 2012; Morosan
et al,, 2006; Bissig et al., 2010; Vaughan et al,, 2012). More
recently, it has been reported that humanized mice can be
engrafted with human hepatocytes and human HSC from the
same donor, permitting a model system in which hepatitis
virus infection can be studied in the liver in the presence of an
autologous human immune system (Bility et al., 2012).

For infectious organisms such as P. falciparum, both the
human liver and the circulating human RBCs are required for
a complete life cycle to occur (Tuteja, 2007). Human RBCs
are present at only very low levels in the circulation of HSC-
engrafted NSG mice, in large part due to their removal by

NSG mouse engrafted with human cells and tissues

iPS cell and
ESC-derived
cells

Hematopoietic

stem cells \

Intestine

Tonsils /

Splenocytes Skin

islets

Fig. 2. NSG mice and recently developed NSG-based models can support
engraftment with multiple types of human cells and tissues. These engrafted
human cells support infection with many different human pathogens.

host macrophages (Hu et al., 2011). As mentioned above,
genetic modifications of the host are being developed to
diminish mouse macrophage activity in HSC-engrafted hu-
manized mice. In the short term however, the daily injection
of human RBCs into NSG mice can lead to high circulating levels
of human RBCs that support the erythrocyte portion of the
P. falciparum life cycle (Jimenez-Diaz et al., 2009). The engraft-
ment of human RBCs can also be enhanced by the injection of
clodronate-loaded liposomes to kill host macrophages (Arnold
et al, 2011). The use of daily injections of RBCs into human
hepatocyte-engrafted mice would permit both the erythrocyte
and hepatocyte-dependent parts of the P. falciparum life cycle
in humanized mice to occur and be open to investigation.

Not all infectious agents target hematopoietic origin cells
such as macrophages, lymphocytes or RBCs. For example,
many infectious agents target stromal cells. For example
N. meningitidis targets human nasopharyngeal epithelial
cells (Stephens and Farley, 1991). An adaptation of human-
ized mice to study N. meningitidis uses engrafted human skin
onto immunodeficient mice. This can be used as a model to
study the pathogenesis of local vascular damage and the
development of purpura (Melican et al., 2013). Another
approach may be to engraft human nasal polyps (Bernstein
et al., 2012), which would provide the preferred natural cell
niche for the organism. Similar approaches may also be used
for the study of the human-specific agent N. gonorrhoeae,
which has a target niche preference for urogenital tracts
(Hill et al., 2010). In addition, human cytomegalovirus
infects human endothelial cells, and a humanized mouse
model of CMV infection has been established by
transplanting human CMV-infected internal mammary ar-
teries into C57BL/6-Rag2™" IL2rg™!" mice that were then
engrafted with HLA-matched PBLs (Abele-Ohl et al., 2012).
The human PBLs infiltrated the grafts and created vascular
lesions, similar to the pathogenesis observed in transplant
arteriosclerosis.
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Humanized mouse models are also needed for studies
of viruses such as JC virus (JCV), a polyomavirus that causes
progressive multifocal leukoencephalopathy (PML) (Tan and
Koralnik, 2010). JCV is a highly species-specific virus and
active replication is only permissive in the human host. The
initial site of infection may be the tonsils, and tonsil material
from humans can be engrafted into humanized mice to serve
as a site of infection for this virus (Duchosal et al., 2000;
Yamanaka et al., 2001; Vallet et al., 2005). The gastrointes-
tinal tract can also serve as a site of infection, and human
intestine transplanted humanized mice could potentially be
developed (Buisine et al., 2003). Of concern is that the FDA
has issued a warning for PML by JCV infection that may
be associated with four commonly used drugs: Rituxan,
natalizumab (Tysabri, which is a last resort medicine for
severe cases of multiple sclerosis), efalizumab (Raptiva), and
brentuximab vedotin. Understanding the activation and
pathogenesis of JCV is a high priority to permit the use of
these drugs for therapy. Towards this goal, the development
of the BLT humanized mouse model has permitted the eval-
uation of a JC virus-specific human immune response that
may be important for understanding how the human immune
system responds to this virus (Tan et al,, 2013).

An emerging infectious agent threat is the Middle East
respiratory syndrome coronavirus (MERS-CoV, http://www.
who.int/csr/don/2013_05_22_ncov/en/index.html). This virus
has a tropism for nonciliated bronchial epithelial cells, and
engraftment of human epithelial tissues such as human skin
into immunodeficient mice (Racki et al., 2010; Kirkiles-Smith
et al,, 2009) may possibly establish this as a humanized mouse
model for this emerging disease. Engraftment of tissues such as
human pulmonary tissue (Peault et al., 1994) would provide a
humanized mouse model not only for MERS-CoV but also for
other coronaviruses and for other infectious agents that target
lung epithelium. For infectious agents such as Salmonella that
can cross the intestinal epithelium and are internalized by
macrophages, neutrophils and dendritic cells, engraftment of
human small intestine along with human hematopoietic stem
cells into immunodeficient mice (Buisine et al., 2003) may
represent a novel approach for studying this infectious agent in
humanized mice.

An interesting approach to more closely recapitulate the
pathogenesis of virus infection is to modify the way the
infectious agent is delivered. In studies of dengue virus, NSG
mice were engrafted with cord blood-derived CD34% HSC,
and dengue infected Aedes aegypti mosquitoes were allowed
to bite the HSC-engrafted mice. The infected mice exhibited
higher and more sustained viremia, erythema, and thrombo-
cytopenia than did mice infected by direct intradermal
injection (Cox et al., 2012). This use of this model will permit
the factors that increase virulence following a mosquito
bite, including potential factors in the saliva of the infected
mosquito to be investigated.

Mycobacterium tuberculosis (TB) infects 8.6 million people
annually and kills 1.3 million people (Tuberculosis Fact sheet,
2012, World Health Organization, Geneva, Switzerland;
http://www.who.int/tb/publications/global_report/en/). In-
creased understanding of the human immune response to TB
infection is critical to the development of effective vaccines.
Adaptive human immune responses to TB have recently been
demonstrated in NSG-HLA-A2 mice following intravenous

infection with BCG using the BLT engraftment model (Lee et
al., 2013). Other studies using BLT engrafted NSG mice infected
intranasally with a strain of TB that expresses red tomato
fluorophore have demonstrated the development of organized
granulomatous lesions and other pathologic changes reminis-
cent of human TB infection (Calderon et al., 2013).

Humanized mice are also being used for the study of
infectious agents classified as BSL4. Ebola virus can cause
severe hemorrhagic fever in humans with a lethality rate of
up to 90% (World Health Organization Fact Sheet No. 103,
2012, http://www.who.int/mediacentre/factsheets/fs103/en/).
Human lymphocytes undergo apoptosis after Ebola virus in-
fection. Using the NSG Hu-PBL model it was found that human
lymphocytes underwent apoptosis after infection with mouse
adapted Ebola virus but not after infection with wild-type
Ebola virus (Bradfute et al., 2012), suggesting that the path-
ogenesis of Ebola infection can be studied in humanized mice.

Clearly, as cell and tissue tropism is identified for existing
and newly emerging human-specific infectious agents, new
humanized mouse models engrafted with appropriate target
tissues are needed to be developed. The goal, however, will
be to engraft the target cell or tissue in the presence of an
autologous human immune system (Fig. 2). With the devel-
opment of technologies for the generation of human induced
pluripotent stem (iPS) cells (Romano et al., 2014; Bayart and
Cohen-Haguenauer, 2013), this may become a future reality.
For example, human hepatocytes have been generated from
human iPS cells (Yoshida et al., 2011; Medine et al.,, 2013;
Yanagida et al., 2013). However, current efforts to generate
functional human HSCs from iPS cells that can generate com-
plete human hematopoietic and immune systems in immu-
nodeficient mice have, to date, not been successful (Klump
et al.,, 2013). However, progress is continuing on identifying
the final steps of in vitro differentiation that will be required
for successful generation of true HSCs from human iPS cells.
Once established this will be a major step forward in human-
ization approaches.

6. New technology available for manipulation of the
mouse genome

Approximately a decade ago, a genetic engineering revo-
lution began based on designer DNA nucleases capable of
high efficiency precision modification of the genome (Lloyd
et al., 2005; Porteus and Carroll, 2005). Over the last few
years the development of these targeting nucleases has
accelerated becoming the dominant biotechnology advance
of the early 21st century. Using Zinc Finger Nucleases (ZFN) it
became possible to target and modify the genome directly in
mammalian oocytes (Carbery et al., 2010; Cui et al.,, 2011).
The concept and capabilities to genetically target and modify
almost any region in the genome rapidly engendered the
development of transcription activator-like effector nuclease
(TALEN) technology (Moscou and Bogdanove, 2009; Boch
et al,, 2009; Hockemeyer et al., 2011), and in 2012-13 the
development of CRISPR (Clustered Regularly Interspaced
Short Palindromic Repeats CRISPR/Cas9) technology (Jinek
et al, 2012; Wang et al., 2013). Such tools now allow the
exquisite efficient manipulation of the genome (Gaj et al.,
2013). Here we briefly outline the basic commonalities and
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unique aspects of these approaches and their capabilities to
create and improve humanized mouse models (Table 1).

The common key advance in these approaches is their
efficiency in precisely targeting almost any genomic region
based on its DNA sequence (Fig. 3). This efficiency has risen
to such levels that the use of embryonic stem cell (ESC) as
intermediates to create precise genetic modifications in mice
is, in general, no longer necessary, with modifications now
being done directly in fertilized oocytes (Carbery et al., 2010).
As indicated in Fig. 3, these modifications can include dele-
tion of the targeted region, or at a lower frequency, the
targeted integration of novel sequences into the region;
e.g. one base, Frt/Cre sites or whole genes (Gaj et al., 2013).
Crucially, by avoiding the use of ESC, the process can now
be executed in a mouse strain/background that precisely fits
the experimental design needs. Further, this now allows the
rapid direct sequential modification of previously modified
and characterized mouse strains. Thus by building on the
past animal model data, these approaches facilitate a more
rapid development and adoption by the community of the
resulting genetically modified mouse lines. For example, we
have used these approaches on NOD, NRG and NSG strains
directly in oocytes, greatly speeding advances in their use for
human xenotransplantation (unpublished observations). The
general approach is outlined in Fig. 4, and involves introduc-
ing into fertilized oocytes a protein, or more commonly an
mRNA encoding for ZFN or TALEN which targets the genomic
region of interest, or for CRISPR, mRNA encoding Cas9 plus
a signal guide RNA (sgRNA) designed to complex with Cas9
protein, guiding and specifying its target (Carbery et al,, 2010;
Hockemeyer et al., 2011; Jinek et al., 2012).

The key challenge in using these approaches is achieving
reproducibly high efficiencies of the desired genetic modifi-
cation. This is especially relevant to modification requiring
knockins where efficiency of the correct integration event
is lower than that of non-homologous end joining (NHE])
events. When using fertilized oocytes as the starting material,

Table 1

if efficiency of the correct targeted modification falls below
~3% the cost to make modified animals can become prohibi-
tive due to the numbers of oocyte donors required. ZFN, TALEN
and CRISPR are available from commercial vendors in various
formats and restrictions. However TALEN and especially CRISPR
can be constructed in a standard molecular lab. Assistance for
TALEN and CRISPR construct design can be found on the web
where a number of computer programs/sites exist; e.g. http://
zifit.partners.org/ZiFiT/ or http://crispr.mit.edu. Further, many
of the genetic elements required to build TALEN and CRISPR
nucleases are available via https://www.addgene.org.

Although these systems are moderately simple for a
molecular lab plus microinjection group to establish, as with
all new technologies they also engender a host of new
challenges (Table 1). These can range from difficulty in making
high quality mRNA, the ability to microinject, especially if
pronuclear injection is required, to screen for the correct event
in founder animals. For example, a common and unexpected
occurrence we and others have reported is that often founder
animals are somatic and germ line (gamete) mosaics. This is
thought to be due to the nuclease activity occurring post one
cell (oocyte) stage; for example at 2, 4 or even 8 cell stage, with
blastomeres having independent genetic modification events.
The resulting animal of this event is often a mosaic of possibly
quite different and independent genetic modification events.
This can lead to the identification of founders with a correct
event (in their tail derived DNA), but upon breeding they
produce offspring with perhaps a whole series of different
genetic modifications; i.e. tail derived DNA is not always the
same as the gametes (Sung et al,, 2013). However, as these
approaches mature and the actual mechanisms involved in
nuclease meditated homologous recombination are more fully
understood, it is expected that modification events will rise to
100% in all somatic and germ cells.

An issue often raised in the use of nuclease modification
is the possibility of off-target damage to the genome caused
by lack of specificity (Wang et al., 2013; Sander et al., 2013;

Resource comparison, plus pros and cons for approaches to create genetic modified animals.

Approach Resources/time Approx. Major pros Major cons Key ref's
to genetically time
modified founder
ESC $$$$5$ >12 months Can fully characterize multiple Needs ESC tissue culture facility. Doetschman et al. (1987),
ESC lines before making mice. Very limited genetic backgrounds Capecchi (1989)
Can select for very rare events, available as ESC.
including large (>10 kb) modifications. ~ Low efficiency of correct event
Germline transmission required
ZFN $$$% <6 months  Works directly in oocytes. Not easy to design or make Carbery et al. (2010),
Highly characterized. Large modifications at low efficiency ~ Gaj et al. (2013),
Readily available Some limitations on targeting Orlando et al. (2010),
Thought to be quite specific. sequence Carbery et al. (2010)
TALEN $$$ <5 months  Works directly in oocytes. Requires an experienced molecular Moscou and Bogdanove
Moderately simple to design and make, group to build and QC. (2009), Boch et al.
or are readily available. Large modifications at low efficiency (2009), Gaj et al. (2013),
Broad targeting capability. Hockemeyer et al. (2011)
Thought to be quite specific.
CRISPR $ <4 months  Works in oocytes. The short targeting sequence may Wang et al. (2013), Gaj

Very simple to design and make,

or readily available.

Moderately broad targeting capability.

lead to off-target effects.

et al. (2013), Sander et al.
(2013), Yang et al.
(2013), Cho et al. (2014)

Note: for producing deletion mutations, nucleases are microinjected into the oocyte cytoplasm. For knockins, the nuclease plus homologues DNA is microinjected
into the pronucleus, although some groups have indicated that this is not an absolute requirement (Yang et al., 2013).
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Fig. 3. Simple schematic representation of ZFN, TALEN and CRISPR modes of action. Starting with genomic DNA target sequence, nucleases are introduced into
cells or oocytes. These can be, on the left ZFN or TALEN composed of a pair of proteins each designed to bind a defined 16-20 bases, each unit also carries an
obligate homo or heterodimer of the Fokl nuclease, which upon dimerization leads to a double stranded cut (ds-cut) in the intervening DNA spacer sequence. Or,
on the right the protein Cas9 which causes a double stranded break at the target site when complexed with a signal guide RNA (sgRNA) defining a 17-20bp target
sequence (plus a trinucleotide 5’NGG, protospacer adjacent motif (PAM) which is recognized by Cas9).Upon a double stranded DNA break occurring, a repair
process is initiated leading to, in the absence of homologous DNA, nonhomologues end-joining (NHE]) repair and the deletion of one, to many hundreds of bases,
i.e. targeted deletion mutation; or if the presence of DNA with homology to the target cut site, homologous recombination or homologous directed repair (HDR)
can occur providing precise DNA/gene sequence integration (Gaj et al., 2013; Orlando et al., 2010). Both NHEJ and HDR have been highly successful mouse in
directing oocytes of multiple backgrounds, although at the time of writing the frequency of homologous recombination is general less than of NHE] (Gaj et al.,

2013; Low et al., 2014; Yang et al., 2013).

Yang et al., 2013). This is a valid concern, especially in the
case of CRISPR where the recognition site is ~20 nucleotides
which has a degree of non-specific wobble at the 5’ end can
be detected (Fu et al., 2013; Hsu et al., 2013; Pattanayak et al.,
2013). However, this challenge has to be viewed in the
context of previous genetic engineering approaches based on
ESC or random transgenesis both of which were not immune
to collateral genome damage. The adage “buyer beware”
is relevant here and it is strongly encouraged that good
breeding records be maintained so that if untoward effects
are seen that they can be examined and the potential off-
target effect can be eliminated (or more rarely, confirmed).
Although we have focused on the genetic modification
and humanization of mice, these approaches can also be used
with any DNA organism where the embryonic stage or germ
cells can be accessed, ranging from maize (Shukla et al.,
2009) to parasitic protozoans (malaria) (Smidler et al., 2013),
to rat (Mashimo et al., 2010) and human (Urnov et al., 2005).

This opens a whole vista of possibilities in the development
of humanized animal models.

7. Conclusions

Humanized mice are rapidly becoming important tools
for the study of human-specific infectious agents. Models for
many of the human agents are now available for the study
of the pathogenesis of the infectious agent, for the evaluation
of drug efficacy, and for the development and testing of
vaccines. However, there remain opportunities to optimize
further the immunodeficient host, increase the robustness of
engrafted human immune systems, further identify novel
models for engraftment of non-hematopoietic human cells
and tissues as targets for the infectious agents, and for the
implementation of novel technologies for rapidly generating
new genetically modified hosts. Targeted nuclease based
genetic engineering will greatly speed their development
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Fig. 4. Sequence of events for gene modification using targeted nucleases.
A) ZFN and TALEN are introduced into fertilized oocytes generally as mRNAs
encoding the binding site and nucleases (ZFN and TALEN) or for CRISPR, the
Cas9 nuclease and its signal-guide RNA (sgRNA). B) Microinjected oocytes
are introduced into pseudopregnant host females and carried to term. C) The
resulting offspring is screened for the desired genetic modification event,
generally by PCR and sequencing. D) Mice carrying desired modification
events are bred to ensure germline transmission and eliminate any possible
mosaicism.

allowing rapid sequential modification of preexisting estab-
lished strains. The use of humanized mice as small animal
models for the study of human-specific agents will likely
provide novel insights into the biology of the agents that
might otherwise not be available.
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