
Abstract. Investigation of the efficacy and mechanisms of
human immuno-oncology agents has been hampered due to
species-specific differences when utilizing preclinical mouse
models. Peripheral blood mononuclear cell (PBMC)
humanized mice provide a platform for investigating the
modulation of the human immune-mediated antitumor
response while circumventing the limitations of syngeneic
model systems. Use of humanized mice has been stymied by
model-specific limitations, some of which include the
development of graft versus host disease, technical difficulty
and cost associated with each humanized animal, and
insufficient engraftment of some human immune subsets.
Recent advances have addressed many of these limitations
from which have emerged humanized models that are more
clinically relevant. This review characterizes the expanded
usage, advantages and limitations of humanized mice and
provides insights into the development of the next generation
of murine humanized models to further inform clinical
applications of cancer immunotherapeutic agents.

The therapeutic landscape of cancer has expanded from
radiation and chemotherapeutic intervention, and small-
molecule targeted agents to include immunotherapy, which can

encompass adoptive cell transfer, gene therapy, both local and
systemic immunostimulatory platforms, and modulation of
immunosuppression (1-5). The inherent specificity of
immunotherapeutics, while reducing off-target effects, often
results in altered function or efficacy in murine models due to
differences between human and murine immune systems (6, 7).
Additionally, utilization of human biologics in wildtype mice
can elicit an antibody-mediated mouse anti-human response,
ultimately resulting in rapid clearance of a human therapeutic,
which may alter or eliminate drug functionality within 4-7 days
post-initiation of treatment (8, 9). In order to circumvent the
mouse anti-human response, murine drug surrogates are often
created; however, function and mechanism are not always
identical to those of the original human drug. Further
complicating the investigation of human therapeutics in
syngeneic murine models are the inherent differences between
murine and human immunity (6, 10). In order to overcome
many of these limitations, humanized mouse models have been
developed that utilize human tumors and immune cells.
Humanized models allow for the in vivo investigation of
modulating the human immune response utilizing human
therapeutics to reduce human tumor burden in order to better
bridge the gap between rodent models and the clinic.  

Humanized Mouse Overview 

Humanized mice are created when live human cells are
introduced into an appropriate murine host. Engraftment of
human cells into recipient mice elicits a xenogeneic response.
Immunocompetent animals rapidly clear engrafted human
tissue; as such, immunodeficient lines are utilized as recipients
of human immune and tumor cells. Varying degrees of
immunodeficiency result in different levels of graft acceptance
and tolerance (Figure 1). The most commonly used recipient
animals are those deficient in T- and B-cells via either the
severe combined immunodeficiency (SCID) mutation or
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knockout of recombination-activating genes (RAG). Increased
tolerance of human xenografts is obtained in animals also
deficient in interleukin-2 receptor gamma chain (IL2rγ)
function. IL2rγ chain deficiency eliminates “leakiness” of the
SCID mutation as well as natural killer (NK) and NK T-cell
development. Mice deficient in IL2rγ chain additionally lack
IL2, IL4, IL7, IL9, IL15, and IL21 signaling (11, 12). Mice
lacking T- and B-cells, and IL2rγ are found on several
backgrounds, including Balb/c and C57BL/6; however, the
non-obese diabetic (NOD) mouse adds an additional level of
immune tolerance, including CD47 polymorphisms (13),
reduced compliment activity (14), as well as defective
macrophage and dendritic cell (DC) function (15). The three
most common murine lines used for the acceptance of human
immune cells are: (a) NSG, which harbors the SCID mutation
and knockout of Il2rg (16); (b) NRG, which exhibits knockout
of Rag and II2rg chain genes (17); and (c) NOG, which
harbors the SCID mutation and knockout of the cytoplasmic
domain of IL2rγ (18). While differences do exist among these
three lines, they are functionally similar and can often be used
interchangeably in humanized mouse studies. For the purposes
of this review, we describe utilization and phenotypes observed
in the NSG line; however, the description and relevance can
also often be applied to both NRG and NOG lines.  

There are three primary types of humanized murine
models which are characterized by the method and type of
cells utilized to engraft human immune cells: (a) Bone
marrow, liver, thymus (BLT); (b) CD34+/haematopoietic
stem cells (HSCs); and (c) human peripheral blood
mononuclear cells (PBMCs). 

BLT and CD34+/HSC Models

The BLT model consists of transplantation of a small section
of human fetal thymic and liver tissue under the kidney
capsule of immunodeficient recipient mice, followed by
injection of liver and/or bone marrow-derived autologous
fetal CD34+ stem cells (19, 20). 

The CD34+/HSC model is created by injection of isolated
human donor CD34+ cells from granulocyte colony-
stimulating factor mobilized peripheral blood, cord blood, or
bone marrow aspirates into irradiated recipient mice (21, 22).

The BLT and HSC models exhibit a number of notable
limitations, including: (a) Technical difficulty in creating
each animal (19); (b) necessity to irradiate recipient animals,
NOD mice are particularly sensitive to radiation (22); (c)
expense; (d) necessity of human fetal tissue; (e) difficulty in
using fresh/not frozen tissue (23); (f) difficulty in collecting
materials from human donors; (g) 12 to 15 weeks required
for animals to develop an adequate peripheral immune
compartment (24); (h) deficient lymphoid structures (25); (i)
incomplete myeloid compartment (26); and (j) inability to
facilitate human B-cell class switching (27). Taken together,
many of these challenges may limit widespread use and
clinical relevance of the BLT and HSC models in the context
of cancer immunotherapy. 

The PBMC Model 

The PBMC model consists of injection of gradient-isolated
human PBMCs into recipient animals. A heterogenous
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Figure 1. Modifications and their effects on humanized mouse models. Genetic modifications of immunodeficient recipient mice result in better
human immune engraftment, functionality, or resistance to graft versus host disease (GvHD). DC: Dendritic cells; GM-CSF: granulocyte-
macrophage colony-stimulating factor; IL: interleukin; LTi: lymphoid tissue inducer; MDSCs: myeloid-derived suppressor cells; NK: natural killer.



population of immune cells that does not undergo isolation
by magnetic or fluorescence-activated sorting is injected via
intrasplenic, intraperitoneal, or intravenous route into
recipient animals. One of the primary limiting factors in the
PBMC model is the development of a lethal human anti-
mouse graft versus host disease (GvHD), which will be
discussed in more detail later. While some groups have noted
a modest qualitative difference in the humanization process
based on the route of PBMC engraftment, there is not a clear
consensus as to which route – intrasplenic, intraperitoneal, or
intravenous – is superior (22). The number of injected
PBMCs varies based on the study; however, most groups
report successful engraftment utilizing 5×106-2×107 PBMCs
per recipient mouse. Although functional differences have
been reported when utilizing too few PBMCs (28), it is as yet
unclear if there is an advantage or if acceleration of GvHD
occurs when injecting larger numbers. Recipient animals may
be irradiated or not, and while a phenotypic difference has
been noted based on radiation status, a definitive advantage
is either uncertain or likely contextual. It remains possible
that in the PBMC model, circulating CD34+ cells from
human donors are better able to engraft in irradiated
recipients and additional haematopoietically derived subsets
may have the opportunity to develop. Due to the longer time
requirements of HSC engraftment and immune cell
development, and the shorter lifespan of PBMC-engrafted
mice, circulating donor CD34+ cells may have limited
relevance in the PBMC model. Owing to the radiosensitivity
of recipient NOD.scid mice (29) and the potential for
accelerated GvHD, it is likely that avoiding irradiation may
be preferred. PBMCs may be injected after freezing or
injected fresh from human donors. While differences may be
observed in some myeloid and B-cell lineages at the time of
injection, appropriate freeze/thawing of adoptively transferred
cells prior to injection does not appear to change survival or
phenotypes of T-cells post engraftment (28, 30).

Advances in humanized mouse platforms for the investigation
of clinical immunotherapeutic efficacy. One notable strength
of the PBMC model is the ease and speed at which mice can
be created and utilized. Circulating human immune cells are
detected in recipient animals within 2 weeks post-PBMC
engraftment, with an adequate peripheral human immune
compartment being observed within 3 weeks (28). Some
myeloid, NK, and NK T-cells remain for days to weeks but
largely disappear as they lack appropriate survival signals,
although exogenous or transgenic expression of various
cytokines can aid in their survival (31). While B-cells expand
and persist, they never reach human healthy donor
frequencies (32). B-Cell class switching is limited; however,
transferred plasma cells remain and produce human IgG (27). 

Varying degrees of immune activity are observed in
humanized mice within the immuno-oncology setting. Data

support a model where varied antitumor activity is
observed in response to immunomodulatory drugs that are
dependent on the immune cell donor (28, 33). This varied
response is consistent with results obtained in the clinic
where most recipients of a therapeutic respond to varying
degrees. These data support the likelihood that utilizing
small numbers of immune donors in humanized immuno-
oncology studies may not be representative of all or even
most patient populations. In order to account for variation
in donor PBMC response, multiple independent studies
should be conducted utilizing different donor PBMCs. A
large enough pool of donors would ensure that an observed
effect would be drug- and not donor-specific. Few groups
have used panels of HSC donors in order to examine a
varied response at least due in part to the difficulty and
expense in collecting CD34+ cells. The PBMC model has
the advantage of being comparatively simple, fast, and
inexpensive. Investigators are better able to confirm a
general effect across multiple donors. 

Human PBMCs injected into recipient mice rapidly
expand due to a likely combination of homeostatic
proliferation (34) and a xenogeneic response to murine
antigens (35), which results in mice harboring
physiologically relevant numbers of immune cells within 3
weeks post injection of human PBMCs (28, 35, 36). In
contrast, the HSC model requires months to develop
equivalent levels of human immune engraftment. The rapid
engraftment, and thus rapid availability of use, make the
PBMC model feasible and accessible for use in personalized
medicine, where a patient treatment regimen may be
investigated in murine surrogates prior to being administered
in the clinic. This approach is discussed later in more detail. 

Factors Affecting Immune Activity 
in Humanized Mice

Individual patient responses to immunotherapeutic
modulation may be dependent on a number of factors,
including patient age, prior therapy, and the development of
T-cell exhaustion. These factors should be taken into account
in any investigation into immunotherapeutic efficacy. Each
factor is discussed in detail below.  

Patient age strongly influences the efficiency of an
antitumor immune response. In the context of T-cells,
phenotypic changes in thymic output, T-cell activity, and T-
cell receptor repertoire usage and promiscuity are associated
with age (37-40). As a result, HSC models that utilize a
young thymus, whether human or mouse, may not produce
clinically relevant T-cells for immuno-oncology studies, in
which patients are skewed heavily towards older populations.
In contrast, the PBMC model can recruit immune cell donors
from older populations, which may be more representative
of immune phenotypes in target demographics.
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Therapeutic modulation of the immune landscape can
result in lasting changes to immune functionality. For
example, chemotherapy may induce long-term changes in
CD8+ T-cell numbers, senescence, and efficiency of response
(41, 42). Programmed cell death protein-1 (PD1) checkpoint
inhibition can lead to therapeutic resistance to modulating
the PD1–programmed cell death protein-1 ligand axis (43,
44). Additionally, patients who have undergone remission
may have acquired specific immune phenotypes as a result
of tumor clearance. Tumor progression after initial control
may pose significant challenges in exploring and modeling
future treatment options. PBMC humanized mice can utilize
cells from donors who have experienced these clinical
manifestations; as a result, researchers will be better able to
investigate treatment options for these patient populations.  

T-Cells undergoing chronic activation develop reduced
immune activity and are identified by up-regulation of PD1,
T-cell immunoglobulin and mucin-domain containing-3
(TIM3; hepatitis A virus cellular receptor 2), T-cell
immunoreceptor with Ig and ITIM domains (TIGIT), and
cytotoxic T-lymphocyte-associated protein 4 (CTLA4),
among others (45, 46). Development of T-cell exhaustion has
been shown to be an important mechanism of tumor escape;
as such, much emphasis has been placed on reinvigorating
the T-cell response to control tumor growth. In patient
populations, T-cell exhaustion is frequently observed in the
tumor microenvironment [reviewed in (47)], as well as subtle
markers of T-cell exhaustion in the periphery (48).
Humanized mice frequently develop exaggerated levels of T-
cell exhaustion, which provide a larger target for
immunotherapeutic modulation. In particular, the PBMC
model offers greater up-regulation of markers of phenotypic
exhaustion both in the tumor microenvironment and
periphery (28, 49). Increased presence and faster up-
regulation of exhaustion markers assist in the ability to
screen for effective immunomodulatory agents. 

Development of Humanized Mouse 
Models that Mitigate GvHD

One of the challenges in developing humanized mouse
models is the onset of GvHD and its influence on any
biological measurement. Whether severe or mild, the
development of GvHD is a state of active response and thus
adds an additional variable to any line of investigation
looking to modulate the immune response. The NSG, NRG,
and NOG lines all natively express murine major
histocompatibility complex (MHC), and in the presence of
human T-cells restricted by human leukocyte antigen (HLA),
such as in the PBMC and BLT models, a xeno-MHC
mismatch occurs that drives GvHD development (50). CD8+
T-cells mediate GvHD in PBMC humanized mice, while
CD4+ T-cells alone are not sufficient to cause this disease

(51). The HSC model relies on human T-cell selection and
development in the murine thymus, resulting in T-cells likely
restricted by murine MHC (50, 52, 53). The absence of a
xeno-MHC mismatch in the HSC model likely confers a
degree of tolerance and thus delays the development and
severity of GvHD. The BLT model is engrafted with human
thymic tissue, where human thymic epithelial cells are
utilized to select and mature autologous thymocytes in vivo,
resulting in T-cells restricted by human MHC. A number of
factors likely play a role in tolerizing T-cells to murine
epitopes, including human T-cell selection utilizing murine
DCs as well as peripheral tolerance mechanisms (53). As
discussed, tolerance in the HSC and BLT models is
incomplete and GvHD eventually develops 24 weeks after
engraftment of human tissues (54, 55).   

The development of lethal GvHD is one of the primary
limiting factors in humanized mouse models. NSG mice
engrafted with human PBMC typically develop overt signs of
acute GvHD beginning at 3-4 weeks post injection (56). A
number of variants of the parental NSG, NRG, and NOG
lines have been developed that eliminate murine MHC and
delay onset of GvHD. NSG beta 2 microglobulin (B2m)−/−
mouse, which is deficient in MHC class I via genetic deletion
of B2m gene, exhibits development of GvHD delayed by at
least 2 weeks when compared to the parental NSG strain (28,
57). Associated with the deletion of B2m is the absence of the
neonatal Fc receptor (FcRn), which results in reduced
stability of circulating antibodies (58, 59) and should be
considered in any study investigating the effects of antibody-
based immunotherapeutics. Similarly, animals deficient in
murine MHC class I, H2Kd and H-2Db, have been created
and have delayed development of GvHD in the presence of
human PBMCs, without exhibiting reduced antibody stability.
Mice deficient in MHC class I exhibit a reduced capacity to
stimulate human CD8+ T-cell proliferation (60), while still
exhibiting high levels of CD8 activation (28). Similarly,
animals deficient in murine MHC class II have lower capacity
to stimulate human CD4+ T-cells (60); however, they do not
exhibit a delay in the development of GvHD (50). Animals
deficient in both murine MHC class I (either via B2m or
Kd/Db) and MHC class II exhibit a further delay and
reduction of GvHD severity (57, 61). It has been noted that
models injected with human PBMCs and deficient in murine
MHC class I express constitutively high levels of circulating
human interferon gamma (IFNγ); however, animals deficient
in both murine MHC class I and II have much lower and
more physiologically relevant levels (unpublished data). A
recent study by Pyo et al. compared levels of serum cytokines
from PBMC-engrafted parental NSG mice and their
corresponding human donors (62). Cytokine levels were
remarkably similar, with a few notable exceptions, including
IFNγ, granulocyte-macrophage colony-stimulating factor
(GM-CSF), and IL10. Complete characterization and
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comparison of the steady-state human and murine cytokine
levels in PBMC-engrafted mice deficient in either or both
murine MHC class I and II would be helpful in identifying
models most relevant to a particular study.

Immunodeficient lines deficient in either murine MHC
class I or II are better recipients of mature human PBMCs as
a function of reduced and delayed development of GvHD. In
contrast, MHC-deficient lines exhibit unique challenges in
the HSC model. Mechanisms of central tolerance rely on
thymocyte interactions with thymically expressed peptides
and MHC (63, 64). In the HSC model, animals deficient in
murine MHC class I are unable to produce mature human
CD8+ T-cells (65), likewise those animals not expressing
murine MHC class II are unable to select mature human
CD4+ T-cells (66). Presumably, human HSC-injected animals
deficient in both murine MHC class I and II have greatly
reduced numbers of circulating mature human T-cells. The
BLT model does not rely on the endogenous murine thymus,
and as such should have no defect in thymic output when
utilizing MHC deficient recipient mice. As discussed, BLT
mice slowly develop chronic GvHD; while not yet reported
in the literature, the BLT model may benefit from utilizing
MHC-deficient recipient animals by further delaying or
eliminating GvHD. 

Possible Variations on the NSG/NRG/NOG Lines 
to Be Exploited in the PBMC Model for More
Efficient Immune Cell Engraftment and Survival

In addition to the development of GvHD, some humanized
mouse models exhibit many important deficiencies,
including: (a) Lack of efficient myeloid engraftment, (b)
limited antigen-presenting cell activity, (c) poor NK and NK
T-cell survival, (d) lack of lymph node and germinal center
formation, (e) lack of B-cell class switching, and (f) low
frequency of forkhead box protein P3 (FOXP3) regulatory
T-cells. While many of these challenges have been addressed
in the CD34+ HSC model utilizing novel variants of
NSG/NRG/NOG mice, and are described here, there is a lack
of published data investigating the effects of these novel
lines in PBMC humanized models. Utilizing these transgenic
lines may not completely correct the deficiencies noted in
the PBMC model; it is likely, however, that they may
improve and expand overall immune functionality to better
model the human immune response and may be exploited to
further investigate in vivo immunotherapeutic modulation for
direct clinical benefit. 

NK cells. NK cells are largely deficient from the parental
NSG/NRG/NOG humanized mouse models primarily due to
species specificity of both IL2 and IL15. Human and mouse
IL15 share approximately 65% homology (67), whereas
murine IL2 has little effect on human cells (68). NK cells

require constitutive IL2 for survival (69, 70) and IL15 for
efficient activity and proliferation (71). Circulating T-cells
from PBMC humanized models likely produce adequate
amounts of IL2 for NK cell survival; the lack of a human
myeloid compartment, however, results in insufficient human
IL15 production and reduced NK cell numbers. In a study
by Chen et al., exogenous expression of human IL15 via tail
vein injected plasmid increased NK cell numbers and activity
in the periphery of HSC engrafted mice. Importantly,
exogenous expression of additional human cytokines
increased myeloid cell frequency and function (72).
Subsequently, the NSG hIL7/hIL15 knock-in mouse was
recently produced that stably overcomes the lack of human
IL15 (73) and increases the frequency and functionality of
human NK cells following HSC engraftment. 

There has been limited exploration of human IL15
supplementation in the PBMC model in the immuno-
oncology setting; nevertheless, a recent study utilizing
PBMC humanized mice in the HIV literature demonstrated
increased perforin and granzyme production as well as NK
lytic activity in response to an IL15 superagonist (74). While
this study provides proof of concept that human NK activity
and survival can be augmented via the addition of human
IL15, the low frequency of NK cells in donor PBMCs might
be a potential limiting factor in fully populating the NK
compartment in humanized mice. Injection of either
additional isolated autologous NK cells, or NK cell lines
such as NK92 or high avidity NK (haNK) (70, 75, 76), may
assist in NK engraftment and investigation into activity in
the immuno-oncology setting. 

Myeloid cells. PBMC humanized mice display a low
frequency of human myeloid cells, which is further reduced
over time either due to senescence of the original population
and failure to self-renew, or a lack of an appropriate cytokine
milieu for survival and expansion. HSC engrafted
NSG/NRG/NOG mice harbor some myeloid populations,
albeit at lower than physiologically relevant levels. Low
homology between murine and human cytokines necessary
for survival of certain cellular subsets results in a necessity
of species-specific cytokines such as GM-CSF, IL3, FMS-
related receptor tyrosine kinase 3 (FLT3) ligand, colony-
stimulating factor (CSF), IL2, and KIT ligand/Steel factor
(SCF) (77, 78). Myeloid survival and proliferation can be
rescued in HSC humanized mice via the addition of
exogenous GM-CSF or FLT3 ligand (79, 80). Subsequently,
several transgenic mouse lines have been designed to provide
those necessary cytokines to enhance in vivo myeloid cell
survival. The NSG-SGM3 mouse provides transgenic
expression of human IL3, GM-CSF, and SCF. NSG-SGM3
animals engrafted with CD34+ cells isolated from cord blood
develop more psychologically relevant numbers of human
monocytes, granulocytes, neutrophils (81), DCs, regulatory
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T-cells (Tregs) (82), and NK cells (83, 84), all of which are
normally greatly reduced in or absent from the engrafted
parental NSG strain. Unfortunately, these animals frequently
develop severe anemia/leukopenia, and exhibit progenitor cell
exhaustion (81) and shortened survival and immune
longevity. These adverse events may ultimately limit the use
of CD34+ engrafted NSG-SGM3 mice in immuno-oncology
studies. Alternatively, NSG-SGM3 animals engrafted with
human PBMCs may have reduced development of anemia
and leukopenia, although this may be attributed to the
shortened life of PBMC-engrafted animals through the
development of GvHD. Additionally, one would expect
higher engraftment and survival of myeloid and FOXP3 Tregs
in PBMC-engrafted NSG-SGM3 when compared with the
engrafted parental NSG line. To date, this model has not been
well characterized. A short-term comparison described few
cellular differences between NSG and NSG-SGM3 animals
engrafted with the same PBMC donor (85); however, the
authors reported heightened and more clinically reflective
cytokine production in PBMC engrafted NSG-SGM3 animals
in response to immunotherapeutic modulation. With further
investigation, immunotherapeutic modulation of PBMC-
engrafted NSG-SGM3 mice may provide a platform with
which to investigate and predict the development of cytokine-
release syndrome using a humanized platform. Additionally,
investigators characterized T-cell responses in PBMC-
engrafted NSG-SGM3 animals (86). While not in the
immuno-oncology setting, the investigators reported
modulated T-cell activation and IL17 production in the
context of antiretroviral therapy and HIV infection. 

An additional NOD line with high levels of myeloid cell
development following CD34+ engraftment is the huNOG-
EXL model, which transgenically expresses human GM-CSF
and IL3, while also harboring functional deletion of the
IL2rγ chain cytoplasmic domain (87). Phenotypes
developing from CD34 engraftment are similar to those seen
in the NSG-SGM3 model; however, a modest delay may
exist in the development of anemia in the huNOG-EXL
model, although a direct comparison utilizing identical donor
material has yet to be described. 

A similar line, termed the MISTRG, was created on the
129xBalb/c background harboring knockout of Rag2 and
Il2rg while transgenically expressing human GM-CSF,
CSF1, IL3, thrombopoietin (TPO), and signal-regulatory
protein alpha (SIRPa) (88). Similar myelopoiesis to the
NSG-SGM3 and huNOG-EXL lines was observed when
engrafted with human CD34+ cells. The authors reported
increased M2 macrophage infiltration, which they concluded
contributes to increased growth of Me290 subcutaneous
melanoma tumors. The contribution of either transgenically
expressed human cytokines or increased presence of human
myeloid cells and the role they play in tumor growth in
humanized systems still need to be better characterized.

Additionally, further investigation may also elucidate
additional mechanisms of tumor growth and identification of
targets to exploit in the clinic. 

Lack of lymph node development and B-cell class switching
More recently, the NOG IL6 model was created (89), which
exhibits myeloid development after CD34+ engraftment. The
authors described increased myeloid-derived suppressor cell
and tumor-associated macrophage development and
infiltration into HSC4 subcutaneous tumors. HSC4 tumor
growth was accelerated in NOG IL6 animals when compared
with the NOG parental strain. The authors concluded this
occurred as a direct effect of IL6 on tumor cells, although it
remains possible that tumor-infiltrating lymphocytes may
also contribute, as suggested in the MISTRG/Me290 model
(88). Similarly, the MISTRG-6 mouse was created, which
transgenically expresses human IL6 on the previously
described MISTRG background. The authors described class
switching and increased antigen-specific IgG production in
response to peptide immunization in the HSC model (90).  

One consequence of the murine Il2rg chain knockout is a
lack of lymph node development. A recent study described
the development of a novel line termed the NOG-pRORγt-
γc/GM3 Tg mouse, wherein murine IL2rγ is transgenically
expressed in NOG mice under the lymphoid tissue inducer-
specific retinoic acid receptor-related orphan receptor gamma
t (RORγt) promoter, in addition to transgenic expression of
IL3 and GM-CSF. Localized expression of the murine IL2rγ
chain ultimately results in the development of lymph node
architecture, which following HSC engraftment can be
populated by human immune cells (91). In addition to the
expected increased numbers of DC, macrophage, and NK
cells, the authors noted increased CD4+ IL21 production, as
well as B-cell class switching and antigen-specific IgG
production in response to vaccine. Further increased lymph
node development was reported with the addition of
transgenic expression of thymic stromal lymphopoietin;
however, a high frequency of severe thymomas was also
reported. While thymoma development will limit broad use,
it may be interesting to determine if this phenotype can be
exploited as a spontaneous humanized model for thymoma. 

Next-generation Humanized Models 
for Use in Personalized Medicine

The evolution of humanized mouse models has accelerated
in recent years. The addition of the Il2rg knockout to mouse
lines deficient in B- and T-cells, such as the NSG/NRG/NOG
lines, provided a more tolerant recipient mouse for accepting
human xenografts. Models were further improved by
removing murine MHC expression, which resulted in human
immune xenografts being more tolerant to the murine host
by delaying GvHD. The absence of murine MHC, however,
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does not completely prevent a xenogeneic response to
murine tissues. A failure to recognize “self” via matched
human MHC expression still leads to a mounting
inflammatory response. Additional models have been created
that have eliminated either murine MHC I or MHC class II,
expressing human HLA class I or II in its place. Utilization
of these lines in the immuno-oncology setting has been
limited due to knockout and expression of either class I or
II, which results in durable tolerance to only the single
modified locus and the continued development of GvHD. 

To date, a single mouse line, termed HUMAMICE,
eliminates both murine MHC class I, via B2m knockout, and
MHC class II, while simultaneously expressing HLA-A2
(class I) and HLA-DR1 (class II) (92) on the C57BL/6
background. HUMAMICE harbor a knockout for murine
perforin, IL2rγ chain, and are T- and B-cell deficient via
Rag2 knockout. Efficient human T- and B-cell engraftment
occurs post injection of human PBMCs without overt GvHD.
Reported B-cell phenotypes in PBMC-engrafted
HUMAMICE were moderately different from PBMC-
engrafted NSG mice. Increased frequency of B-cells capable
of IgG production following vaccination with a hepatitis B
vaccine was reported. Due to the limited number of PBMC
donors used, it is unclear if these are donor- (i.e. previous
antigen exposure) or model-specific phenotypes. While not
reported, it would be interesting to introduce human CD34+
HSCs into HUMAMICE to determine whether Tregs, and
both CD4+ and CD8+ T-cells restricted by human MHC class
I and II can be de novo generated in the murine thymus. A
number of caveats are likely present for HUMAMICE,
including: (a) Being constructed on the C57BL/6 background
does not exploit the previously discussed advantages of the
NOD background in harboring xenografts; (b) B2m−/−
results in reduced antibody stability, including of
administered therapeutics; (c) although the authors did not
report myeloid and NK engraftment, in the absence of the
appropriate cytokine milieu, it is unlikely that these
populations would differ from those of the NSG models; and
(d) while IgG production was reported in response to
hepatitis B virus vaccination, this may have been due to
production via existing plasma cells from donor PBMCs and
not class switching. Despite these limitations, HUMAMICE
provide proof of concept that knockout of murine MHC I
and II and subsequent expression of human HLA class I and
II provide a platform for the generation of humanized mouse
models that at a minimum better resist GvHD.

Future Directions for PBMC Humanized Models

Throughout this review we have described a constellation of
genetic alterations that have improved or can improve
humanized mouse models (Figure 1). Combinations of
individual genetic modifications within a single mouse have

proven efficacious in further improving models; for instance,
adding IL6 expression to the MISTRG mouse enhanced the
humoral response while maintaining myeloid engraftment of
the MISTRG parental line (90). Additional combinations
may prove beneficial in enhancing engraftment and
performance in PBMC humanized models. 

Further enhancement of the current PBMC mouse model
may be achieved by incorporating expression of human class
I and II HLA on the NSG MHC class I/II knockout
background. This novel mouse may better resist GvHD when
engrafted with MHC-matched PBMCs, express B2m/FcRN
resulting in circulating antibody stability, harbor the NSG
defective macrophage and DC compartment, and express the
human immune-tolerant Sirpa polymorphism that is
characteristic of the NOD background. 

As discussed, the addition of human cytokine expression
within PBMC humanized models has not thus far been
reported to provide a demonstrative benefit; however, this
may primarily be due to the limited number of reported
investigations. A few studies have provided a glimpse into
the benefits of utilizing human cytokines in PBMC
humanized mouse models. For instance, the addition of an
exogenous IL15 superagonist in PBMC-engrafted mice
increased NK activation (74); however, changes in peripheral
NK numbers were not reported. In an additional study,
investigators transferred human PBMCs to NSG SGM3
mice, and reported T-cell activation and IL17 production,
although no data were provided describing the effects on the
myeloid compartment (86). Both the NK and myeloid
compartments constitute a small fraction of what would have
been initially engrafted; in the presence of the appropriate
cytokine milieu it is likely though that increased survival of
myeloid cells may be observed. Proliferation and expansion
may remain deficient and an alternative approach to
increasing numbers or expanding the NK and myeloid
compartments may need to be explored. The addition of IL6
in PBMC humanized mice may aid in B-cell class switching
and activity. Stable gene expression of the aforementioned
cytokines would likely result in the most robust overall
effect; however, injection of recombinant proteins (74) or
transient vector-driven expression (57, 72) may yield a
desired effect. Lastly, lymph node development through
lymphoid tissue inducer-specific expression of the IL2rγ
chain may assist in appropriate antigen presentation and T-
cell priming in PBMC humanized mice. 

Many of the initial limitations with humanized mouse
models have begun to be addressed leading to more
clinically relevant models. The field has reached a point
where model specific artifacts have been reduced, resulting
in a more accurate bridge between the clinic and murine
models. Investigators have replicated patient outcomes to
chemotherapeutics in patient-derived xenograft (PDX)
recipient animals (93, 94), thus providing proof of concept
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that murine surrogates might predict patient-specific
response. These studies open the door for a personalized
medicine approach wherein murine surrogates might screen
patient-specific response to identify more effective treatment
options. Chemotherapeutic PDX tumor resistance has been
confirmed to occur (95). Further investigation may help to
determine if patient-specific resistance and escape may be
modeled in murine surrogates to predict progression in the
clinic and to identify second- and third-line treatment
options. Limiting the use of PDX models in personalized
medicine is a 4-8-month requirement to generate each
patient-specific line (96). Many PDX attempts fail to
generate a stable line, and while this may not reduce the
utility of the platform when successful, it is an additional
consideration when exploring approaches to personalized
medicine. An additional caveat of PDX models is
heterogeneity within patient tumors. Primary and metastatic
sites exhibit varying degrees of therapeutic sensitivity, in
addition to often dramatic differences within a particular
tumor site [reviewed in (97)]. Variability may be difficult to
model in a PDX system when a xenograft line is created
from a small amount of tumor tissue. 

To date, modeling patient-specific immune responses in
murine models has been difficult. The CD34 and BLT
models are less likely to be utilized in developing surrogates
for personalized medicine due to many of the limitations
listed early in this review, including difficulty in obtaining
patient HSCs and the time required to establish a human
immune system in recipient animals. PBMC models, while
narrower in scope of immune engraftment, provide a more
rapid model, when urgency may be a paramount
consideration. It remains possible that exploiting many of the
additional murine variant lines may broaden immune
engraftment in the PBMC model and enhance relevance.
Additionally, patient PBMCs can be easily obtained, with
donor immune status at the time of collection remaining
intact, thus providing a more clinically relevant model when
compared to HSC-engrafted mice in which immune cells
must become educated within the surrogate mouse. 

Investigators have begun combining PDX tumors with
patient-derived immune cells. This approach is being
validated, where murine avatars are created and treated
alongside their source patient (98, 99). These studies may
provide insight into the interplay between tumor and
autologous immune cells, providing additional mechanisms
and targets to exploit for further clinical benefit. Continued
development of this platform may present a new era of
personalized medicine where a patient’s disease state,
including both tumor and immune profile, may be modeled
in a murine surrogate. Conservation of both tumor and
immune phenotypes may increase the likelihood of
successful modulation of the patient’s immune response,
resulting in a more durable and robust response to treatment. 

Conclusion

PBMC humanized mouse models provide an in vivo platform
with which to investigate immunotherapeutic modulation of
human immune cells and their needed machinery to facilitate
the control or clearance of human tumors. Genetic
enhancements of recipient mice have reduced model specific
limitations while increasing physiological and clinical
relevance. The humanized mouse platform continues to
advance such that investigation of immunotherapeutics may
become more predictive of clinical outcome, thus providing
the possibility of utilizing humanized mice for more direct
and personal patient care decisions. 
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