
From inbred wild-type to more advanced
genetically-engineered strains, mouse models
enable researchers to gain important insights

into the complex biological underpinnings of
human cancer. 
Among those, spontaneous and genetically engi-

neered immunodeficient strains can be adminis-
tered in both primary human tumour tissue and
cancer cell lines such that they grow to become one
of the most widely used in vivo tools for target val-
idation and efficacy. Yet the immunodeficient
nature of these host mouse models is also a hin-
drance to researching monoclonal antibody
immuno-therapies that depend upon an intact
immune system to combat tumour growth. This
has driven the need for even more advanced mod-
els that combine a human immune system as well
as human tumours in a living system. With the
immense potential of immunotherapies, there is an
ever greater dependence on the translational rele-
vance of in vivo studies. While somewhat counter-
intuitive, the development of an even more severely
immune-deficient rodent host has enabled human
hematopoietic stem cell (HSC) engraftment to
grow and repopulate the ‘empty’ host with human
immune cells. When combined with human
tumour tissue or cell line engraftment, a model for
human immune cell function in the context of
tumour growth is established. 
A review of the current landscape of immunode-

ficient models, methods to overcome cross-species
barriers and the value of combining human
immune system mice with PDX (patient-derived
xenograft) models illustrates how these models can
greatly further immuno-oncology research. 

Current state of 
immunodeficient models
Over the past 50 years, numerous immunodeficient
mouse strains have been generated to model
human immunity and disease. As a result of both
increased understanding of basic immunological
processes and advances in gene targeting technolo-
gy, each successive generation of animals has incor-
porated additional defects that further disable the
host immune function. Modern immunodeficient
strains of mice have enabled greater success in
human cell and tissue engraftment. Their commer-
cial availability has also given the biopharmaceuti-
cal industry convenient access to the latest in vivo
oncology models for pre-clinical studies.
The immune system is a highly complex network

of cells and tissues that is tasked with the detection
and elimination of foreign pathogens, toxins and
malignant cells1. Early generations of immunodefi-
cient mice, such as the athymic nude2 and scid
strains3, carried single-gene mutations that disrupt-
ed components of adaptive immunity. The adaptive
arm of the immune system mediates a highly-specif-
ic response through antibody-releasing B-cell
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(humoral) and T-cell effector mechanisms. While
the Foxn1 mutation carried by the nude mouse
leads to impaired T-cell development, the scid
mutation promotes a more severe immunodeficien-
cy, which is characterised by loss of both T- and B-
cell function. 
Despite the wide use of these strains in immuno-

logical and cancer research, the presence of innate
immunity in these models prohibits major success-
es in human cell engraftment4. In contrast to the
adaptive immune system, the innate arm serves as
a non-specific defence mechanism that is rapidly
mobilised at the site of infection or inflammatory
damage2. Physical barriers (eg skin), cellular com-
ponents (eg phagocytic cells, natural killer (NK)
cells and granulocytes) and circulating proteins (eg
hemolytic complement proteins) co-ordinate the
innate immune response. A key development in the
generation of immunodeficient mice has been the
advent of the NOD-SCID strain5. In addition to
impairing B- and T-cell function, introduction of
the non-obese diabetic (NOD) background renders
these animals highly immunodeficient by disrupt-
ing the innate immune system. NOD-SCID mice
exhibit reduced function of NK cells, macrophages

and antigen-preventing cells (APCs) and a lack of
hemolytic complement. Positional genetics has also
revealed that the NOD strain carries a variant
allele of the SIRP-� gene6. SIRP-� (signal-regulato-
ry protein alpha) is an inhibitory protein that inter-
acts with CD47 expressed on the surface of
macrophages to prevent phagocytosis.
Consequently, the SIRP-� polymorphism leads to
enhanced binding to human CD47 and reduced
phagocytosis of engrafted cells. 
Although a clear improvement over previous

generations of immunodeficient mice, the NOD-
SCID mouse has some disadvantages. NOD-SCID
mice are difficult to engraft with human CD34+
HSCs, and the development of spontaneous
murine lymphomas results in a reduced lifespan of
the host mouse. While NK cell function is
impaired, a low but detectable level of residual
activity remains5. These drawbacks led to the gen-
eration of advanced NOD-SCID animals that carry
mutations in the interleukin-2 receptor common
gamma chain (Il2rg) gene (ie the CIEA NOG®
mouse and the NSG™). Loss of the common
gamma chain impairs signalling from at least five
different interleukins (IL-2, IL-4, IL-7, IL-15 and

Lineage commitment after
hematapoeitic stem cell (HSC)
engraftment into NOG mice is

controlled by molecular
interactions between the host
mouse and the engrafted cells.
Cross-species differences limit

the full differentiation into
immune sublineages. A series
of human cytokine transgenic

NOG mice represent
improvements to the host

system and rescue the lineage
differentiation pathways for

myeloid cells (hGM-CSF/hIL3
NOG), monocytes (hIL-6

NOG) and NK cells (hIL2-
NOG and hIL-15 NOG).
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IL-21). The loss of IL15 signalling is particularly
important because it completely abolishes NK cell
development4. As a result, these super-immunode-
ficient mice are far more suitable hosts for human
HSC engraftment. They also lack spontaneous
murine lymphomas due to the defect in IL-2 sig-
nalling, which extends their lifespan well beyond
the original NOD-SCID strain and allows for long-
term studies. 
Developed at the Central Institute for

Experimental Animals (CIEA) in Japan and first
published in 2002, the NOD-SCID-based strain
carrying an Il2rg mutation was called NOD-Shi-
scid-Il2rgamma(null) or NOG7. The CIEA NOG®
mouse, now distributed exclusively for CIEA by
Taconic Biosciences, carries a truncating mutation
in the cytoplasmic tail of Il2rg. This genetic modifi-
cation disrupts key intracellular signalling path-
ways required for the development and function of
multiple immune cell populations. A similar strain,
the NSG™, was developed independently by the
Jackson Laboratory and was published three years
later, in 20058. The NSG™ mouse carries a com-
plete null mutation of the Il2rg gene, which pre-
vents both cytokine ligand binding and signal trans-
duction. Given the superior level of human cell and
tissue engraftment achieved through the Il2rg muta-
tion, the NOG and NSG strains are now considered
as the optimal hosts for the generation of human
immune system engrafted mouse models4,9.
Many methodologies have been established that

facilitate the generation of human immune system
engrafted mice4,10. Each methodology has advan-
tages, disadvantages and intended uses depending
on the area of research. Although initially devel-
oped for simpler immunodeficient models, the pro-
tocols for human immune system engraftment are
now commonly applied to super-immunodeficient
strains, including NOG and NSG. For studies of
mature immune cell populations, peripheral blood
mononuclear cells (PBMCs) can be transplanted
into adult mice through intravenous, intraperi-
toneal, or intrasplenic routes and used to evaluate
function of memory and effector T-cells, APCs and
NK cells11. The resulting model is a short-term one
best suited for studies related to vaccine and T-cell
immune responses and graft versus host disease
(GvHD). 
Methods have also been established to enable

the development of a multi-lineage immune system
in mice. A technically challenging but powerful
model is the bone marrow, liver, thymus (BLT)
mouse12. Generation of this model involves
engraftment of human liver and thymus tissue
under the kidney capsule followed by transplanta-

tion of autologous liver-derived CD34+ HSCs. The
resultant hematopoietic-lymphoid system permits
development of T- and B-cells, monocytes,
macrophages and dendritic cells and has been
extensively used to study microbial pathogenesis,
vaccine response and CD4 T-helper-cell biology. 
Probably the most widely-used method for

humanising models is through tail-vein injection of
CD34+ HSCs into pre-conditioned (irradiated)
juvenile mice13. Because of the multi-lineage capac-
ity of HSCs, this system has been extensively used
to investigate normal hematopoiesis. Multiple cell
lineages are detected 12-16 weeks post-engraftment
and remain stable in the blood, bone marrow,
spleen and thymus. CD4+ and CD8+ T-cells suc-
cessfully differentiate on the NOG background4,
but human myeloid lineages, differentiating from
the common myeloid progenitor, are poorly repre-
sented, and the frequency and function of the lym-
phoid-derived NK cell lineage are also sub-optimal. 
The aforementioned methods of obtaining

human immune system engrafted models have
been applied to the CIEA/Taconic NOG platform,
including the huPBMC-NOG mouse, the BLT-
NOG mouse, and the CD34+ engrafted huNOG
mouse. Advanced humanised mice that support the
development of additional cell lineages, such as the
recently-released huNOG-EXL model, have also
been generated. The Jackson Laboratory, for
instance, offers humanised models similar to those
offered by CIEA/Taconic, including NSG-back-
ground humanised mice that have been engrafted
with human PBMCs (huPBMC) or CD34+ HSCs
(huCD34). 

Advances in human 
immune system models
An emerging arena for the application of human-
ised immune system mice is the field of immuno-
oncology. The interplay of the immune system with
tumour cells is now widely recognised as an impor-
tant feature of cancer that can be exploited thera-
peutically. However, these interactions are complex
and involve multiple immune cell types, some of
which are poorly developed in current human
immune system engrafted mice. In order to realise
the full potential of these models, a system is
required that permits more comprehensive down-
stream lineage commitment following HSC
engraftment. 
The restricted development of certain cell lineag-

es, especially those of the myeloid family, is due in
part to cross-species differences that lead to the poor
binding of host-mouse cytokines by human progen-
itor cell cytokine receptors4,11. To overcome this
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limitation, CIEA has recently modified and
improved upon the core NOG model by introducing
human transgenes that encode multiple cytokines
critical to myeloid differentiation (ie GM-CSF and
IL-3)14. This second-generation NOG strain, called
NOG-EXL (extended lineage), exhibits an increase
in total CD45+ leukocyte number, a number that
can also be detected earlier than in non-transgenic
NOG mice (as early as six weeks). 
The presence of human cytokines in the

huNOG-EXL mouse supports increased differenti-
ation of the human myeloid lineage. Moreover, fur-
ther analysis of the granulocyte sub-lineage of
huNOG-EXL mice revealed efficient development
of basophils, eosinophils, immature neutrophils
and mast cells. Differentiation of the monocyte
sub-lineage is also improved in the huNOG-EXL
model, as a greater frequency of macrophages are
evident in non-lymphoid tissues including the
lungs, liver and the spleen compared to core NOG
mice engrafted in the same way. The functional
capacity of these expanded lineages was demon-
strated by challenging huNOG-EXL mice with sev-
eral allergens, a process that resulted in a strong
mast-cell-mediated response14.
The Jackson Laboratory also offers NSG mouse

strains genetically modified to express various
human cytokines. These include mice that express
human stem cell factor (hSCF)15,16 and a multi-
allelic strain that combines hSCF expression with
IL-3 and GM-CSF human growth factors (NSG™-
3GS, as well as NSG™-SGM3)17. As with the
NOG-EXL model, both transgenic strains show
improved myeloid lineage commitment, however
the circulating concentration of cytokines in the
blood is very different and can be potentially con-
founding for various long-term applications. The
huNOG-EXL host mouse expresses between 0.03
and 0.08ng/ml of human GM-CSF/ and IL3
cytokines compared to 2-4ng/ml in the NSG™-
SGM3. Although a direct comparison of these
transgenic NOG and NSG™ models has not been
carried out, the huNOG-EXL’s lack of hSCF, which
is an established mediator of mast cell differentia-
tion, does not impair development of this sub-lin-
eage. This is likely due to sufficient cross-reactivity
of host-mouse SCF with human Kit receptors
expressed on HSCs in huNOG-EXL mice14.

Human immune system models for
immuno-oncology applications
The ability of tumour cells to evade immune detec-
tion is a hallmark of cancer and plays an important
role in disease progression and treatment resist-
ance18. Stimulating anti-tumour immunity as a

therapeutic strategy is therefore being actively pur-
sued throughout the biopharmaceutical industry.
To maximise the potential of translational success
in new immunotherapies, a robust pre-clinical in
vivo model is needed. A currently popular system
involves transplantation of murine tumour cell
lines into immunocompetent hosts. These syngene-
ic models are technically simple, have low associat-
ed costs and can be used to examine tumours with
low and high immunogenicity. However, pre-clini-
cal efficacy testing is challenging because mouse
cell molecular targets are not always recognised by
humanised monoclonal antibodies. Moreover,
rapid tumour growth observed in these models can
lead to an exhausted T-cell phenotype resulting in
an artificial reflection of human immunity19. As a
result, the generation of novel mouse models that
harbour tumours and immune cell populations of
human origin would greatly benefit the field of
immuno-oncology. 
Over the past several years, PDX models have

been extensively used in cancer research20. Unlike
the traditional xenograft model in which conven-
tional cancer cell lines are transplanted into nude
mice, the PDX platform utilises fresh patient-
derived materials that are passaged in vivo into
highly immunodeficient animals. While the NOD-
SCID strain is suitable for some tumour types,
higher engraftment rates are commonly observed
using more advanced NOG and NSG super-
immunodeficient models21. When used at low pas-
sage (<6-10), PDX models have been shown to be
more effective in representing parental tumours at
the genetic and histological level20. Importantly,
these models also maintain tumour heterogeneity
and exhibit similar response rates to standard
treatment regimens found in the clinic21. However,
the application of PDX models to the rapidly
growing field of immuno-oncology poses a signifi-
cant challenge because the mechanism of action of
immunotherapies requires a functional human
immune response. Finding strategies that meet this
challenge is an active area of investigation.
Although the idea of harnessing the power of the

immune system to fight cancer is not new22, clini-
cal success has driven increasing momentum. A
major focus has been the development of immune
checkpoint inhibitors. Immune checkpoints are
critical signalling pathways that mediate self-toler-
ance and regulate the duration and intensity of
immune response23. Two major checkpoint path-
ways that have been exploited therapeutically are
Cytotoxic T-cell lymphocyte antigen 4 (CTLA4)
and programmed cell death protein 1 (PD1).
CTLA4 is a cell-surface receptor that is expressed
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exclusively on T-cells and that serves to dampen T-
cell activation through inhibition of the CD28 co-
stimulatory molecule24. Although the exact mech-
anism behind the expression remains unclear,
CTLA4 and CD28 share the CD80 and CD86 lig-
ands expressed on antigen-presenting cells (APCs).
Because CTLA4 has a higher ligand binding affin-
ity, it may out-compete CD28 and attenuate T-cell
activation23. For therapeutic purposes, a number
of monoclonal antibodies have been produced that
target CTLA4 and PD1 to enhance anti-tumour
immunity. The most well-known CTLA4 check-
point inhibitor is Ipilimumab (Yervoy), the first
drug of its class to gain FDA approval25. 
The second major immune checkpoint, PD1,

serves both to regulate the inflammatory immune
response in peripheral tissues during infection and
to limit autoimmunity23. PD1 is a cell-surface recep-
tor expressed on T-cells but also found in a broader
range of immune cell populations, including B-cells
and NK cells. Binding of PD1 to its ligands (PDL1
or PDL2) inhibits intracellular kinase signalling
leading to reduced T-cell activity26. Deregulation of
the PDL1 or PDL2 expression pathway (eg, through
up-regulation of PD1 ligand expression on tumour
cells) can lead to escape from recognition in the
tumour microenvironment and thus represents a key
immune resistance mechanism27. The anti-PD1
monoclonal antibodies Pembrolizumab (Keytruda)
and Nivolumumab (Opdivo) have recently obtained
US FDA (Food & Drug Administration) approval
for use in treating non-small cell lung cancer
(NSCLC) and renal cancer28.
Despite these advances, questions remain about

the potential effectiveness of combining human
immune system engrafted mice with PDX models
in immuno-oncology research. While PDX tumour
growth in immunodeficient animals has been well
characterised, it was, until recently, unknown
whether mice repopulated with functional human
immune cells can tolerate the tumour grafts. To
address this question, Champions Oncology
implanted tumour fragments derived from NSCLC
patients into huNOG (CD34+ humanised) and
NOG (immunodeficient) mice. The results revealed
similar tumour growth kinetics in both models. In
a second experiment, the company investigated the
utility of the huNOG model in immunotherapies.
Tumour-bearing huNOG mice were treated with
Ipilimumab, the approved CTLA4 checkpoint
inhibitor, and tumour size was subsequently moni-
tored. Remarkably, more extensive tumour regres-
sion was observed in the treated cohort than in the
untreated control animals. In addition to the dra-
matic anti-tumour effect, a measurable increase in
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T-cell proliferation was detected in Ipilimumab-
treated mice. 
Taken together, these initial studies indicate that

the presence of a human immune system does not
lead to rejection of tumours in PDX models and
that an appropriate immune response can be elicit-
ed following administration of an immune check-
point inhibitor. Future studies that involve testing
the efficacy of new checkpoint inhibitors and com-
bination therapies (eg standard-of-care chemother-
apeutics combined with other classes of
immunotherapeutic agents) will no doubt provide
critical insight into the value of these models as a
pre-clinical tool in immuno-oncology research.
The tumour microenvironment is a complex tis-

sue containing heterogeneous cell populations that
regulate tumour progression29. Tumour-infiltrat-
ing myeloid-derived suppressor cells (MDSCs) are
a mixed population of immature myeloid progeni-
tors, including granulocyte and monocyte precur-
sors, that potently inhibit T-cell activation30.
Given the immunosuppressive function of MDSCs,
it may be a worthwhile anti-cancer strategy to tar-
get that cellular subset, especially in combination
with T-cell activating immunotherapies31.
The huNOG-EXL model, which permits

myeloid lineage commitment, is well-suited to such
studies. In preliminary work at CIEA, huNOG-
EXL mice were engrafted with a human cancer cell
line, allowed to grow for 14 days, then
homogenised and assayed by flow cytometry for
the presence of tumour-infiltrating suppressive
myeloid cells. The utility of this model was sup-
ported when CD11b+ MDSCs and tumour-specific
IL-4Ra+ tissue associated macrophages (TAMs)
were readily detected at increased levels in tumours
but not in normal splenic tissue. In view of these
early results, the huNOG-EXL mouse may provide
a much-needed model for examining the potential
of targeting immunosuppressive cells in the tumour
microenvironment and thereby inducing anti-
tumour immunity. In addition, this model could be
used in combination with advanced technologies
such as high-throughput proteomics to identify
new immune checkpoint targets for immunothera-
py drug development.

Conclusions
Much progress has been made in the generation
of highly immunodeficient mice, including
xenograft models and models that enable efficient
humanisation of immune systems. With recent
breakthroughs in immuno-oncology, the com-
bined use of these models has great potential for
the discovery and development of new

immunotherapies. By improving the predictability
of clinical outcomes, the time and cost associated
with late-stage drug development failures can be
reduced. The ultimate goal of these models, how-
ever, is to identify therapeutic agents that can be
swiftly translated into effective clinical treatments
for patients living with cancer.                   DDW
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