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Abstract
With the increase in knowledge resulting from the sequencing of the human genome, the genetic basis for the underlying 
differences in individuals, their diseases, and how they respond to therapies is starting to be understood. This has formed 
the foundation for the era of precision medicine in many human diseases that is beginning to be implemented in the clinic, 
particularly in cancer. However, preclinical testing of therapeutic approaches based on individual biology will need to be 
validated in animal models prior to translation into patients. Although animal models, particularly murine models, have 
provided significant information on the basic biology underlying immune responses in various diseases and the response to 
therapy, murine and human immune systems differ markedly. These fundamental differences may be the underlying reason 
why many of the positive therapeutic responses observed in mice have not translated directly into the clinic. There is a criti-
cal need for preclinical animal models in which human immune responses can be investigated. For this, many investigators 
are using humanized mice, i.e., immunodeficient mice engrafted with functional human cells, tissues, and immune systems. 
We will briefly review the history of humanized mice, the remaining limitations, approaches to overcome them and how 
humanized mouse models are being used as a preclinical bridge in precision medicine for evaluation of human therapies 
prior to their implementation in the clinic.

Introduction

Precision medicine as defined by NIH is “an emerging 
approach for disease treatment and prevention that takes into 
account individual variability in genes, environment, and 
lifestyle for each person. This approach will allow clinicians 
and researchers to predict more accurately precise treatments 
and prevention strategies for a particular disease in indi-
vidual patients” (https ://ghr.nlm.nih.gov/prime r/preci sionm 
edici ne/defin ition ). An example of precision medicine that 
has been followed for many years is how bacterial infections 
are treated. Diagnosis of a bacterial infection is commonly 

followed by exposure of the pathogen to a number of anti-
biotics known to be effective against that bacterial species. 
The antibiotic(s) that is most effective against the bacteria 
in the lab tests is prescribed to the patient, making this a 
“precision medicine” approach based on knowledge of the 
bacteria and the mechanism of action of the antibiotic. How-
ever, this could also be considered “personalized medicine”. 
These two terms have significant overlap and are often used 
interchangeably. We will use the term precision medicine for 
the variability of human immune responses in disease and in 
response to therapies.

The ability to fully utilize precision medicine is limited 
by logistical and ethical restrictions of performing experi-
ments in humans, particularly in children (Davis 2012). Any 
therapies or treatments that are being considered for “preci-
sion medicine” need to be tested in preclinical models prior 
to their translation into the clinic. For this, many investiga-
tors have turned to animal models as surrogates of human 
immunology, each with its advantages and disadvantages 
(Perrin 2014). Mice are the most widely used animal mod-
els for the study of immunology and have provided many 
fundamental insights into how mammalian immune systems 
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develop and the interactive function of the many immune 
cell populations (Rosenthal and Brown 2007). Observations 
in mice, however, often do not directly translate into the 
clinic (Warren et al. 2014). This is particularly striking in 
murine models of cancer. For example, there are multiple 
murine models available for the study of cancer, and funda-
mental information about tumors and immune system inter-
actions have been discovered. However, as recently reviewed 
(Landgraf et al. 2018) “…murine cancer models often still 
do not recapitulate basic tumour biology, tumour-microen-
vironment interactions, drug responses and therapy resist-
ance when compared with human disease (Ellis and Rear-
don 2009).” The “disconnect” between therapies that are 
effective in mice but not in humans is likely due to multiple 
differences in murine and human genomes, molecular and 
metabolic pathways, and in immune systems, particularly 
in their innate immune systems (DeBerardinis and Chandel 
2016; Hagai et al. 2018; Kawai and Akira 2010; Mestas and 
Hughes 2004; Pavlova and Thompson 2016; Rosenthal and 
Brown 2007; Seok et al. 2013; Takao et al. 2015; Takao and 
Miyakawa 2015; Warren et al. 2014).

Mice and humans display multiple discrepancies in their 
genetics and in their immune systems, suggesting a possi-
ble fundamental reason for the lack of direct translation of 
some findings in mice to patients, particularly with respect 
to innate immune responses (Hagai et al. 2018; Mestas and 
Hughes 2004; Sato et al. 2014; Seok et al. 2013; Takao 
et al. 2014, 2015; Takao and Miyakawa 2014, 2015; Warren 
et al. 2014). An example is that human endothelial cells can 
express MHC class II, a molecule important in antigen pres-
entation, whereas murine endothelial cells do not, providing 
a unique source of antigen-presenting cells (APC) in humans 
not present in mice (Choo et al. 1997). In another example, 
genomic mouse inflammatory responses do not mimic the 
genomic responses observed during human inflammation 
(Takao and Miyakawa 2015), although this has been debated 
in the literature (Seok et al. 2013; Takao et al. 2015; War-
ren et al. 2014). The data analyses of both groups, however, 
show that there is only a 5.9–15.0% overlap between these 
genomic responses. Furthermore, there are many differ-
ences in expression of toll-like receptors (TLRs) on innate 
immune cells. Although TLR1-TLR9 are identical, TLR 
10 is not active in mice and TLR11, TLR12, and TLR13 
have been lost from the human genome (Kawai and Akira 
2010), suggesting fundamental differences in the molecular 
components of innate immunity. In addition, many of the 
immune-modulating drugs entering the clinic are human-
specific, including monoclonal antibodies (mAbs) that can-
not be evaluated in standard mouse models due to species 
specificity (Donini et al. 2018; Klausen et al. 2019; Lee et al. 
2018; Wilkinson and Leishman 2018).

An emerging technology that addresses the species speci-
ficity of the human immune system and human biology is the 

creation of immunodeficient mice engrafted with functional 
human immune systems, i.e., “humanized mice”. Human-
ized mice permit the investigation of functional human cells 
and tissues and allow potential therapies to be tested for 
safety and efficacy without putting patients at risk prior to 
the introduction of new therapeutics into the clinic.

Brief history of humanized mice

Humanized mice have become important pre-clinical tools 
due to improvements over the last 30 years in the immu-
nodeficient mice used for human cell and tissue engraft-
ment, particularly in the engraftment of a functional human 
immune system (Shultz et al. 2012, 2007). The immuno-
deficient CB.17-Prkdcscid (scid) strain of mice described 
in 1983 (Bosma et al. 1983) was used in 1988 to engraft 
human hematopoietic stem cells (HSCs) (Kamel-Reid and 
Dick 1988; McCune et al. 1988) and human peripheral 
blood mononuclear cells (PBMCs) (Mosier et al. 1988) 
The CB.17-scid strain has a defect in the Prkdc gene, which 
encodes the catalytic subunit of the DNA-dependent pro-
tein kinase, leading to defects in DNA repair, preventing 
the recombination of T cell and B cell receptors and a loss 
of adaptive immunity (Blunt et al. 1996). However, engraft-
ment with human hematopoietic and immune cells was 
extremely low in CB.17-scid mice, limiting its utility for 
the study of human immune systems.

In the mid 1990s, the NOD-scid strain was described 
(Koyanagi et al. 1997; Shultz et al. 1995), and this strain 
showed enhanced engraftment of human HSC, PBMC and a 
variety of human cancers, particularly hematopoietic cancers 
(Greiner and Shultz 1998; Shultz et al. 2007). The improved 
engraftment was thought to be due to the relative deficien-
cies in host innate immunity, particularly defects in NK cells 
whose function hindered human hematopoietic and immune 
cell engraftment (Shultz et al. 1995). It was later discovered 
that a key component of the NOD strain, in addition to its 
depressed innate immune system and NK cell defects, was 
its novel allele at the signal regulatory protein alpha (Sirp-
a) locus. Sirp-α is expressed by cells of the myeloid line-
age including macrophages (Barclay and Brown 2006), and 
binds to CD47, which is expressed on most hematopoietic as 
well as non-hematopoietic cells (Brown and Frazier 2001). 
Sirp-α/CD47 interaction provides a “do not eat me” signal 
to the macrophage (Barclay and Brown 2006). NOD strain 
mice have a Sirp-α polymorphism that is very similar to 
that of humans that provides a “do not eat me” signal when 
engrafted with human cells. Although much improved over 
that of the CB.17-scid strain, the NOD-scid host was still 
unable to support robust human T cell development follow-
ing engraftment of human HSC (Shultz et al. 2007).

In the early 2000s, a major breakthrough occurred in the 
creation of humanized mice based on a targeted mutation in 
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the interleukin-2-receptor γ-chain (IL2rg) locus (also known 
as γc and CD132) (Cao et al. 1995; DiSanto et al. 1995; 
Jacobs et al. 1999; Ohbo et al. 1996). When the IL2rgnull 
mutation was combined with the Prkdcscid or recombination 
activating gene 1 or 2 null mutations (Rag1null and Rag2null) 
in mice to create the NOD.Cg-PrkdcscidIl2rgtm1Wjl (NSG) 
(Shultz et al. 2005), the NODShi.Cg-PrkdcscidIl2rgtm1Sug 
(NOG) (Ito et al. 2002), NOD.Cg-Rag1tm1MomIL2rgtm1Wjl 
(NRG) (Pearson et al. 2008), and the C;129S4-Rag2tmFwa1Il-
2rgtm1Sug BRG strains (Traggiai et al. 2004), these mice were 
observed to support increased levels of human hematopoi-
etic and immune cell engraftment, although the NSG and 
NRG strains supported higher levels of engraftment than 
the BRG strain (Brehm et al. 2010). Moreover, the NSG and 
NRG strains were found to support the growth of hemato-
logical cancers that could not grow in CB.17-scid or NOD-
scid mice (Shultz et al. 2014). The IL2r γ-chain gene is a 
key molecule in the high-affinity signaling receptors for IL2, 
IL4, IL7, IL9, IL15, and IL21, leading to severe defects in 
both adaptive and innate immunity, and when combined with 
the Prkdcscid or the Rag1null or Rag2null mutations, create 
severely immunodeficient murine hosts that can be engrafted 
with functional human immune systems (Sugamura et al. 
1996). However, when the IL2rγnull mutation was combined 
with immunodeficient C57BL/6 or BALB/c strain mice, 
much lower human cell engraftment was observed (Brehm 
et al. 2010; Legrand et al. 2011; Yamauchi et al. 2013). This 
was largely due to fact that the Sirp-α polymorphisms in 
these mice are very different to that of humans (Barclay and 
Brown 2006). This was proven by generating NOD-Sirp-α 
congenic C57BL/6-Rag2null IL2rγnull (B6RGS) (Yamauchi 
et al. 2013), NOD Sirp-α congenic BALB/c Rag2null IL2rγnull 
(BRGS) (Legrand et al. 2011), and human Sirp-α transgenic 
BALB/c Rag2null IL2rγnull (BRGS) (Strowig et al. 2011) 
mice, which allowed high levels of human cell engraftment 
to be achieved. There are now multiple strains of mice with 
the IL2rgnull combined with either the Prkdcscid or the Rag-
1null or Rag2null mutations (reviewed in (Brehm et al. 2016; 
Kenney et al. 2016; Theocharides et al. 2016; Walsh et al. 
2017)). An overview of the published strains of immuno-
deficient IL2rgnull mice and their availability is shown in 
Table 1.

Model systems for engrafting human immune systems

There are three basic approaches to engrafting a human 
immune system into immunodeficient mice, all first reported 
in 1988 using CB.17-scid mice as hosts.

Hu‑PBL‑SCID

The simplest method for establishing a human immune sys-
tem in immunodeficient mice is the engraftment of human 

peripheral blood mononuclear cells (PBMCs), termed the 
human peripheral blood lymphocyte SCID (Hu-PBL-SCID) 
model (Mosier et al. 1988). In this model, human lympho-
cytes engraft and rapidly expand, leading to engraftment 
of predominately mature CD3+ T cells with few myeloid 
or B cells observed by 10–14 days after engraftment (Ito 
et al. 2009; King et al. 2009). In addition to the homeo-
static expansion of the T cells in the immunodeficient host, 
the majority of the T cells that engraft appear to be xeno-
reactive leading to the rapid development of a lethal graft-
versus-host disease (GVHD). This model is used to study 
human T cell activation and effector function and to evaluate 
immunosuppressive drugs.

Hu‑SRC‑SCID

The engraftment of human HSCs into CB-17-scid mice was 
termed the human SCID repopulating cell SCID (Hu-SRC-
SCID) model (Kamel-Reid and Dick 1988), but the SCID-
repopulating cell is now known to be a human CD34+ HSC. 
Human CD34+ HSCs can be obtained from multiple 
sources, including G-CSF-mobilized blood, bone marrow, 
umbilical cord blood, or fetal liver (Shultz et al. 2012). The 
efficiency of engraftment is highest when using fetal liver or 
cord blood CD34+ cells, but less efficient when using G-CSF 
mobilized blood or bone marrow CD34+ cells (reviewed in 
Brehm et al. 2016; Shultz et al. 2012). Hu-SRC-SCID mice 
develop all lineages of hematopoietic cells, including T cells, 
B cells, NK cells, myeloid cells, and precursors for red blood 
cells (RBCs), megakaryocytes and granulocytes. However, 
myeloid cell development is not robust, likely due to the lack 
of species-specific factors (Theocharides et al. 2016). Fur-
thermore, the human RBCs, and platelets circulate poorly 
in humanized mice, likely due their rapid removal from the 
circulation by murine macrophages (Hu and Yang 2012; 
Suzuki et al. 2007; Willinger et al. 2011).

SCID‑hu and BLT

Implantation of 16–22-week gestation fragments of human 
fetal liver and thymus in the subrenal capsular space is 
termed the SCID-hu model (McCune et al. 1988). In this 
model, a thymic organoid develops. In the bone mar-
row–liver–thymus (BLT) model, CD34+ fetal liver cells 
from the same donor are injected intravenously into sub-
lethally-irradiated recipients of fetal liver and thymus frag-
ments (Lan et al. 2006; Melkus et al. 2006). In BLT mice, 
the development of a human thymus organoid and the gen-
eration of a robust peripheral immune system are observed. 
Although the BLT model was first described in the original 
SCID-hu publication (McCune et al. 1988), development 
of a peripheral immune system was not observed, likely 
due to the suboptimal mouse strain (CB.17-scid) used in 
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those experiments. When using NOD-scid mice, periph-
eral immune systems develop, including a human mucosal 
immune system (Denton et al. 2012; Kalscheuer et al. 2012) 
that permits mucosal routes of HIV infection to be investi-
gated (Sun et al. 2007).

Limitations of current humanized mouse models 
and approaches to overcome them

While humanized mice have been used effectively to model 
human immunity, there remain a number of limitations. We 
will briefly review some of the limitations in each model 
system and approaches to overcome them.

Hu‑PBL‑SCID

The PBMC-engraftment model has been used for the investi-
gation of GVHD (Ito et al. 2009; King et al. 2009) and other 
T cell-mediated immune responses such as allograft rejec-
tion (for review see Kenney et al. 2016). However, a major 
limitation of the model is the underlying xenogeneic GVHD 
that invariably leads to death (Ito et al. 2009; King et al. 
2009). We have reported that the majority of this human 
T cell xeno-reactivity is directed against the murine MHC 
class I and class II molecules (King et al. 2009). To address 
this, investigators have developed strains of immunodefi-
cient mice that lack both murine MHC class I and class II. 
NOG mice deficient in MHC class II (IAnull) were crossed to 
NOG-B2Mnull mice to create a NOG mouse deficient in both 
MHC class I and class II (Yaguchi et al. 2018). These mice 
displayed little GVHD when engrafted with human PBMC. 
Furthermore, when immunized with influenza vaccine, the 
mice developed antigen-specific human B cells. When chal-
lenged with HLA-A2 cytomegalovirus peptide, the devel-
opment of antigen-specific human T cells was observed 
(Yaguchi et al. 2018). Our laboratories developed two NSG 
strains deficient in murine MHC class I and class II, the 
NOD.Cg- B2m tm1Unc Prkdcscid H2dlAb1Ea Il2rgtm1Wjl/Sz/SzJ, 
abbreviated as NSG-B2Mnull (IA IE)null and NOD.Cg-Prk-
dcscid H2Ab1em1Mwv H2K1tmiBpe H2D1tmiBpeIl2rgtm1Wjl/Sz/SzJ, 
abbreviated as,NSG-(Kb Db)null (IAnull) mouse strains (Brehm 
et al. 2018). These mice readily engraft with mature human 
T cells that are capable of mediating allograft rejection of 
human islets in the absence of the confounding effects of 
GVHD. The major difference between these NSG-based 
strains is their clearance of human IgG. The neonatal Fc 
receptor (FcRN) is responsible for prolonging the half-life 
of IgG in the blood (Roopenian and Akilesh 2007), and its 
expression requires B2M (Raghavan and Bjorkman 1996). 
In the NSG-B2Mnull (IA IE)null strain, FcRN is not expressed 
and human IgG half-life in the circulation is extremely short 
as compared to that observed in NSG-(Kb Db)null (IAnull) 
mice, which have IgG half-life circulation that is comparable 

to that observed in NSG mice (Brehm et al. 2018). Thus, 
when testing any mAb-based therapeutics in the NOD-
based MHC class I and class II knockout mice, it will be 
important to use the NSG-(Kb Db)null (IAnull) strain. It has 
also recently been reported that when PBMC are engrafted 
into NOG mice transgenically expressing human IL4, that 
GVHD symptoms are significantly depressed. Moreover, 
immunization of these mice with the HER2 multiple antigen 
peptide (CH401MAP) or keyhole limpet hemocyanin (KLH) 
led to induction of antigen-specific IgG antibody produc-
tion (Kametani et al. 2017). These new models will provide 
opportunities to investigate mature human T cell function in 
humanized mice in the absence of the confounding effects 
of GVHD.

Hu‑SRC‑SCID

Human HSC-engrafted immunodeficient IL2rγnull mice can 
develop a complete hematopoietic system, including human 
T cells, B cells, and innate immune cells, although the B 
cells appear to be immature and it is difficult to generate 
class switching (Brehm et al. 2016; Shultz et al. 2012). 
Moreover, the human T cells are educated on the murine 
MHC and thus the majority of these T cells are H2-restricted 
(Watanabe et al. 2009). This H2-selection makes interactions 
between T cells and HLA-expressing human antigen-pre-
senting cells (APCs) difficult. To overcome this, investiga-
tors have generated a number of transgenic HLA-expressing 
immunodeficient IL2rγnull mice that can be engrafted with 
HLA-matched HSCs to permit the development of human 
HLA-restricted T cell responses (Akkina et al. 2016; Brehm 
et al. 2016, 2013, 2014; Legrand et al. 2009; Shultz et al. 
2012; Theocharides et al. 2016; Walsh et al. 2017). In addi-
tion to the generation of HLA transgenic mice, investigators 
have used AAV vectors to induce the expression of HLA-
class I (HLA-A2) (Huang et al. 2014) in NSG mice engrafted 
with HLA-A2 CD34+ HSCs. In this study, HLA-restricted 
human CD8+ T cells were observed following immuniza-
tion with malaria or HIV antigens. In another study, AAV 
vectors were used to express HLA class II (DR1 or DR4) 
in NSG mice engrafted with HLA-matched CD34+ HSCs 
(Sharma et al. 2016). Following infection with respiratory 
syncytial virus (RSV), the virus was cleared faster than in 
NSG mice not transduced with HLA class II AAV vectors. 
Furthermore, anti-RSV antibodies and RSV-specific T cell 
production of interferon γ were observed (Sharma et al. 
2016). AAV vector delivery of HLA molecules will allow 
rapid development of HLA-expression in the next genera-
tion immunodeficient strains of mice that have been and 
are continually being created without the need for creating 
new transgenic mice or backcrossing to achieve transgenic 
expression of HLA in each strain (Table 1).
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A second major limitation is the lack of cytokines that 
promote growth and differentiation of human HSC and 
immune systems in mice. Many of the cytokines required for 
human hematopoietic and immune cell development cannot 
be replaced by murine cytokines due to species-specificity 
(Brehm et al. 2016; Shultz et al. 2012; Theocharides et al. 
2016). To address this, human cytokines have been deliv-
ered into humanized mice by transgenic expression of cDNA 
constructs and BACs, knock-in technology, viral expression 
vectors and by plasmid delivery using hydrodynamic injec-
tions. Each of these approaches has their own unique limita-
tions (for reviews, see Akkina et al. 2016; Brehm et al. 2016; 
Shultz et al. 2012; Theocharides et al. 2016).

Of particular interest are innate immune cytokines that 
are species-specific leading to suboptimal human myeloid 
and NK cell development in all of the standard humanized 
mouse models (Brehm et al. 2016; Shultz et al. 2012; Theo-
charides et al. 2016). To address this, a number of human 
cytokine-expressing mice have been developed (Table 1). 
Many of these cytokine expressing models of humanized 
mice have been described in reviews (Akkina et al. 2016; 
Brehm et al. 2016; Shultz et al. 2012; Theocharides et al. 
2016). We will focus on the more recent cytokine expressing 
humanized mouse models created to enhance the develop-
ment of human immune cells.

An important advancement for humanized mouse mod-
els is the generation of immunodeficient mice that have 
enhanced development of human innate immune cells 
such as myeloid cells and macrophages. Although human 
myeloid cells develop in human HSC-engrafted immuno-
deficient IL2rγnull mice, myeloid development is suboptimal 
and few mature human macrophages are generated (Brehm 
et al. 2016; Rongvaux et al. 2013; Shultz et al. 2012). A 
NOG model transgenically expressing human GM-CSF and 
IL3 has been reported to have increased levels of human 
myeloid cells when engrafted with human HSCs (Ito et al. 
2013). A recent model has been developed that transgeni-
cally expresses human M-CSF, IL3, Sirp-alpha, and TPO on 
a (129xBALB/c) strain with mutated Rag2null and IL2rγnull 
genes and is termed MISTRG (Rongvaux et al. 2014). These 
mice develop robust populations of human myeloid cells. 
Another model is a NSG strain that transgenically expresses 
SCF, GM-CSF, and IL3, the NOD.Cg-PrkdcscidIl2rgtm1Wjl 
Tg(CMV-IL3,CSF2,KIL)1Eav/MloySzJ strain, abbreviated 
as (NSG-SGM3), which demonstrates increased levels of 
human myeloid cells when engrafted with human HSCs. 
These mice also generate increased numbers of regulatory T 
cells (Billerbeck et al. 2011; Covassin et al. 2013; Jangalwe 
et al. 2016). However, few mature human macrophages 
develop in NSG-SGM3 mice, which has been overcome in 
NSG-Tg(huCSF1) strain (Lee et al. 2013).

We have combined the NSG-SGM3 with the NSG-
Tg(huCSF1) strain to generate NSG-SGM3 CSF1 (QUAD) 

mice. Engraftment of QUAD mice with human CD34+ 
HSCs results in increased human CD33+ myeloid devel-
opment (Fig. 1a), higher levels of mature CD14+ mac-
rophages (Fig.  1b) and increased human inflammatory 
cytokine release 6 h following injection with 15 µg of LPS 
(Fig. 1c) as compared with NSG and NSG-SGM3 human 
HSC-engrafted mice.

In HSC-engrafted immunodeficient IL2rγnull mice, both 
plasmacytoid (CD123+) and myeloid (CD11c+) dendritic 
cells (DCs) are detected (Akkina et al. 2016; Brehm et al. 
2016; Shultz et al. 2012; Theocharides et al. 2016). Based 
on the observation that administration of recombinant Flt3-
ligand increased the CD141+ and myeloid CD1c+ DCs as 
well as increased the level of plasmacytoid DCs (Ding et al. 
2014), investigators have performed hydrodynamic injec-
tion of Flt3 and GM-CSF into NOD-scid Jak3null mice to 
increase these human DC populations (Iwabuchi et al. 2018). 
To further enhance human DC development, the receptor 
for Flt3-ligand, Flk2/Flt3 was knocked out in BRG mice to 
create space for human DCs. Engraftment of these mice with 
human HSCs plus administration of recombinant Flt3-ligand 
enhanced human DC development (Li et al. 2016).

Another innate immune cell population that displays 
suboptimal development in HSC-engrafted immuodeficient 
mice is the human NK cell. It has been shown that injection 
of recombinant IL15/IL15-receptor complexes enhances the 
development of human NK cells in HSC-engrafted BRG 
mice (Huntington et al. 2009). Based on these observations, 
human IL15 transgenic mice have been developed. A NOG-
Tg(huIL15) mouse has been reported with the human IL15 
cDNA expressed under the control of the CMV promoter 
(Katano et al. 2017). The level of circulating IL15 in these 
mice is ~ 50 pg/ml and these mice support long term survival 
of peripheral blood -erived human NK cells that are able to 
impede the growth of the NK-cell sensitive K562 leukemia 
cell line. Another model is based on a human IL15 knock-in 
into a (129 × BALB/c)F1 human Sirp-α transgenic mouse 
(Herndler-Brandstetter et al. 2017). These mice have very 
low circulating levels of IL15 but following stimulation with 
poly I:C, they express high levels (~ 200–400 pg/ml). These 
mice develop robust levels of functional human NK cells 
that can mediate antibody-dependent cellular cytotoxicity 
against the human NK-resistant Raji cell line (Herndler-
Brandstetter et al. 2017).

Additional strains have been created that transgenically 
express human IL6. Using knock-in technology, transgenic 
IL6 mice were constructed in (129 × BALB/c) F1 embry-
onic stem cells (ESCs), and the mice were intercrossed to 
create a (129 × BALB/c)F1-Rag2null IL2rγnull (BRG) strain 
that expresses the human Sirp-α and is homozygous for the 
IL6 transgene (termed RG SKI IL6) (Yu et al. 2017). When 
engrafted with human HSCs, immunization with ovalbu-
min (OVA) generated human IgG anti-OVA antibodies. In 
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another model, a NOG-Tg(huIL6)-transgenic mouse was 
created using human IL6 cDNA under the control of the 
cytomegalovirus (CMV) promoter (Hanazawa et al. 2018). 
When engrafted with human CD34+ cells, significant levels 
of HLA-DR-negative human monocytes were observed in 
the NOG-Tg(huIL6) transgenic mice, but not in NOG mice. 
Engraftment with a human head and neck squamous cell 
carcinoma-derived cell line resulted in intra-tumor infiltrat-
ing human CD163+ macrophages that secreted arginase-1, 
IL10, and VEGF, suggesting they were immunosuppres-
sive tumor-associated macrophages (TAMs) (Hanazawa 

et al. 2018). Finally, an additional IL6 transgenic strain 
was created in the laboratory of Dr. Shultz on the NSG 
background using a human IL6 BAC. These mice readily 
engrafted with human umbilical cord blood-derived CD34+ 
HSCs, with levels similar to that observed in the RG SKI 
IL6 mice (Yu et al. 2017). Higher levels of CD3+ T cells 
in the blood as compared to HSC-engrafted NSG non-IL6 
transgenic mice were observed (Fig. 2). IL6 is known to 
be a driver of IL17 cell differentiation (Fig. 3, Gaffen et al. 
2014). To determine whether IL17 cells were preferentially 
generated in HSC-engrafted NSG-Tg(huIL6) mice, CD4+ 

A B

C

Fig. 1  Human CD33+ (a) and CD14+ (b) myeloid cells in NSG 
strains of mice 12 weeks after irradiation (200  cGy) and engraft-
ment with  105 human CD34+ HSCs as determine by flow cytometry. 

Plasma concentrations of human cytokines 6 h after injection of 15 
µg of LPS as determined by a BD cytometric bead array (c). Each 
symbol represents an individual mouse. N = 3 experiments



132 L. D. Shultz et al.

1 3

A
B

Fi
g.

 2
  

D
ev

el
op

m
en

t o
f 

hu
m

an
 C

D
45

+
 c

el
ls

 (
a)

 a
nd

 C
D

3+
 T

 c
el

ls
 (
b)

 in
 th

e 
bl

oo
d 

of
 H

SC
-e

ng
ra

fte
d 

N
SG

 a
nd

 N
SG

-T
g(

hu
IL

6)
 m

ic
e.

 S
ix

-w
ee

k-
ol

d 
m

ic
e 

w
er

e 
irr

ad
ia

te
d 

w
ith

 2
00

 c
G

y 
an

d 
en

gr
af

te
d 

w
ith

 5
0,

00
0 

hu
m

an
 C

D
34

+
 c

or
d 

bl
oo

d-
de

riv
ed

 C
D

34
+

 H
SC

s. 
A

t v
ar

io
us

 ti
m

es
, t

he
 le

ve
ls

 o
f h

um
an

 c
el

ls
 in

 th
e 

bl
oo

d 
w

er
e 

de
te

rm
in

ed
 b

y 
flo

w
 c

yt
om

et
ry

. E
ac

h 
sy

m
bo

l r
ep

re
se

nt
s a

n 
in

di
vi

du
al

 m
ou

se
. N

 =
 2 

ex
pe

rim
en

ts



133Humanized mouse models of immunological diseases and precision medicine  

1 3

spleen cells were stimulated with PMA and ionomycin. 
NSG-Tg(huIL6) mice generated higher levels of Th17 cells 
than did NSG CD4+ spleen cells (Fig. 4, p = 0.037). HSC-
engrafted NSG-Tg(huIL6) mice also had higher plasma 
levels of IgM (9.1 ± 1.7 × 104 ng/ml, N = 11) as compared 
to NSG mice (3.0 ± 0.8 × 104 ng/ml, N = 10, p = 0.007) as 
well as higher levels of IgG (2.0 ± 0.2 × 103 ng/ml, N = 11, 
and 0.6 ± 0.2 × 103 ng/ml, N = 10, respectively, p = 0.001), 
15  weeks after HSC engraftment. When infected with 
Dengue virus, Dengue-specific IgG was observed in NSG-
Tg(huIL6) mice (N = 2) but not in Dengue virus-infected 

NSG mice (N = 3) (data not shown). Combined, these data 
suggest that HSC-engrafted human IL6-expressing immu-
nodeficient mice will be useful models for the elicitation 
of antigen-specific antibody responses, investigation of the 
development of human Th17 cells, and the immunosuppres-
sive mechanisms associated with TAMs.

Finally, in most HSC-engraftment models, pre-condition-
ing of the host, usually using low doses of irradiation, is 
required for engraftment of human HSCs and development 
of a human immune system (Akkina et al. 2016; Brehm 
et al. 2016; Shultz et al. 2012; Theocharides et al. 2016). 
However, it has been reported that NSG mice transgeni-
cally expressing membrane-bound human stem cell factor 
(SCF) can be engrafted with human HSCs in the absence 
of irradiation preconditioning (Brehm et al. 2012). More 
recently, a NSG model based on a W41 mutation resulting 
in a reduction of function in the murine Kit gene has been 
reported (Rahmig et al. 2016). The Kit gene regulates HSC 
survival, and homozygosity for the KitW41 mutation leads to 
a deficiency in murine HSCs, creating space for the engraft-
ment of human HSCs in the absence of any pre-conditioning 
(Broudy 1997). These mice develop a human hematopoietic 
and immune system similar to that observed in NSG mice 
preconditioned with irradiation and engrafted with human 
HSC. Interestingly, it has been reported that HSC engraft-
ment of the NSG-KitW41/W41 strain leads to better RBC and 
platelet development in the bone marrow than is observed 
in irradiated NSG mice (Rahmig et al. 2016).

BLT

Human BLT mice on the NSG background develop robust 
human immune systems, including robust mucosal immune 

Fig. 3  Cytokine involvement 
in the differentiation of various 
CD4+ T cell subsets

Fig. 4  Development of Th17 T cells in NSG (filled circles) and NSG-
Tg(huIL6) (open squares) mice
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systems (Denton et  al. 2012; Kalscheuer et  al. 2012). 
Because human T cell development occurs in the autolo-
gous HLA-expressing thymus, HLA-restricted T cells can be 
elicited by infection or immunization (Melkus et al. 2006). 
However, these mice are prone to development of a wasting 
GVHD-like disease in most (Covassin et al. 2013; Greenblatt 
et al. 2012; Lockridge et al. 2013) but not all (Onoe et al. 
2011) laboratories. A new model of humanized BLT mice 
has been developed based on disruption of the Sirp-α/CD47 
axis (Lavender et al. 2014, 2013). Genetic crosses between 
C57BL/6-CD47KO mice and C57BL/6-Rag2null IL2rγnull 
mice resulted in Triple KO (TKO) mice. TKO-BLT mice 
develop robust peripheral immune systems. Moreover, it has 
been reported that these mice do not develop the wasting 
GVHD-like disease observed in NSG mice (Lavender et al. 
2013, 2014). However, availability of human fetal tissues is 
limited, the generation of BLT mice requires technical surgi-
cal skills, and there is the potential of constraints on the use 
of human fetal tissue in research in the US (Editorial 2017; 
Wadman 2015). To begin to address this, a new “BLT-like” 
model has been described wherein neonatal human thymus, 
removed prior to cardiac surgery, and cord blood-derived 
CD34+ HSCs are used to set up a model similar to that of 
the BLT (Brown et al. 2018). This model would address 
the potential ethical constraints associated with using fetal 
tissues in research. Fragments of the recovered thymi were 
frozen for use. Co-engraftment of NSG mice with these thy-
mus fragments and either autologous cord blood-derived 
CD34+ HSCs or allogeneic CD34+ HSCs, in combination 
with injection of anti-human CD2 mAb to deplete passen-
ger thymocytes led to the generation of a peripheral human 
immune system similar to that observed in the BLT model. 
These mice were able to mount immune responses such as 

rejection of a C57BL/6 skin graft and a delayed hypersen-
sitivity response (Brown et al. 2018). However, the thymic 
organoid was extremely small as compared to a fetal thy-
mus organoid. The engraftment of a mucosal immune sys-
tem, which is present in BLT mice, was not investigated 
(Brown et al. 2018). This model is still in the early stages 
of development and validation, and it is not known whether 
it will be a viable alternative to the BLT model or another 
humanized mouse model with its own associated strengths 
and weaknesses.

Lymph node development

A common limitation in all of the humanized immunodefi-
cient IL2rγnull mouse models is the poor lymphatic architec-
ture and suboptimal lymph node development and organiza-
tion that are observed (Kenney et al. 2016; Rongvaux et al. 
2013; Shultz et al. 2012; Theocharides et al. 2016).

The factors and steps important in the development of 
lymphoid structures and organization are summarized in 
Fig. 5. CXCL13 secreted by mesenchymal cells in the lymph 
node anlage stroma interacts with its receptor, CXCR5, on 
lymphoid tissue-inducer (LTi) cells (Marchesi et al. 2009). 
This signaling leads to LTi cell induction of mesenchymal 
cells in the lymph node anlage to develop a formed cell clus-
ter that differentiates into lymphoid tissue organizer (LTo) 
cells, which are important in attracting and retaining hemat-
opoietic cells in the lymph node (Weih and Caamano 2003). 
The importance of CXCL13 is based on the report that mice 
that lack CXCL13 signaling to LTi cells demonstrate loss 
of all peripheral lymph nodes except for mesenteric, facial, 
and cervical lymph nodes (Bar-Ephraim and Mebius 2016), 
similar to what is observed in NSG mice (Ito et al. 2002; 

Fig. 5  Lymphoid structure 
development. Lymph node 
anlage mesenchymal cells (MC) 
secrete CXCL13 that activates 
lymphoid tissue-inducer (LTi) 
cells, which in turn induces 
the development of lymphoid 
tissue organizer (LTo) cells and 
creation of lymphoid structures. 
CXCL13 also recruits T helper 
follicular (Thf) CD4 cells and 
follicular DCs to the lymphoid 
structure that are important in 
the organization of lymphoid 
organs. Many of the signal-
ing pathways important in this 
cascade are dependent on the 
IL2rγ-chain which is absent in 
IL2rγnull mice
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Manz 2007; Rongvaux et al. 2014; Shultz et al. 2012, 2005; 
Traggiai et al. 2004). This also results in “empty” periph-
eral lymph nodes due to their failure to attract and become 
engrafted with immune cells (Carragher et al. 2004; van de 
Pavert et al. 2009; Weih and Caamano 2003). CXCL13 also 
induces CD4 cell development into follicular helper T cells 
(Thf) cells during antigen stimulation (Crotty 2014; Ueno 
et al. 2015). Thf cells provide stimulatory signals to B cells 
to mediate positive selection of high-affinity B cells and the 
differentiation of plasma cells in the germinal centers (Crotty 
2014; Sage and Sharpe 2016). CXCL13 stimulation of fol-
licular DCs is also important in organization of lymphoid 
structure in the spleen (Neely and Flajnik 2015, 2016). Many 
of these events are dependent on the IL2rγ-chain which is 
absent in IL2rγnull mice.

A number of laboratories have begun to address poor 
lymph node development in HSC-engrafted IL2rγnull mice 
with limited success to date. One of the essential cells for 
lymph node development is the LTi cell whose development 
and function is in part dependent on signaling through the 
high-affinity IL7 receptor (Bar-Ephraim and Mebius 2016). 
The IL2rγ chain is an essential part of the IL7 receptor, 
and in IL2rγnull mice, LTi cell development is impaired and 
lymph node development is suboptimal. To address this, one 
laboratory developed a transgenic NOG mouse in which the 
entire BAC mouse Rorg locus was used with the first exon of 
the Rorg replaced with the murine Il2rg gene. This allowed 
reconstitution of the γc molecule in LTi cells, but not in the 
rest of the hematopoietic cells. These mice displayed lymph 
node development and when engrafted with human CD34+ 
HSCs, and demonstrated an increase in T cell engraftment 
and serum Ig levels. To test for antigen-specific responses, 
the mice were crossed with the NOG-GM-CSF/IL3 stock 
to generate a NOG-RORγt-γc GM3 strain. Immunization 
with OVA led to increased antigen-specific anti-OVA IgG 
antibody. However, the production of IgG antibody, although 
detectable, was still relatively low and while T and B cell 
lymph node organization was improved, it was still relatively 
underdeveloped (Takahashi et al. 2018).

Another molecule important in LTi development and 
function is thymic stromal lymphopoietin (TSLP). TSLP 
signals through an IL7-like receptor that is created by the 
alpha chain of the IL7 receptor and a γc-like chain termed 
TSLPR such that signaling by TSLP is IL2rγ-chain (i.e., 
IL7) independent. The role of TSLP in lymph node develop-
ment was highlighted using IL7 and IL2rγc knockout mice, 
which have severe deficiencies in lymph node development 
(Adachi et al. 1998; Cao et al. 1995). Transgenic expression 
of TSLP restored lymph node development, and this effect 
was dependent on increased numbers of LTi cells (Chappaz 
and Finke 2010). Based on this data, the murine Tslp gene 
under the control of a keratin 14 promoter was transgeni-
cally expressed in BRG mice (Li et al. 2018). These mice 

demonstrated restoration of murine LTi cells with improved 
lymph node development. Engraftment of human CD34+ 
HSCs led to lymph node engraftment with B cell-like areas 
within follicle-like structures and diffuse T cell distribution. 
Following immunization with keyhole limpet hemocyanin 
(KLH) antigen-specific IgG and T cell responses could be 
detected. However, these responses still remained relatively 
low (Li et al. 2018). These data suggest that restoration of 
LTi function either in the NOG-RORγt-γc GM3 strain or the 
BRGS strain transgenically expressing TSLP are beneficial 
but not sufficient for robust lymph node development and 
organization.

Potential uses of humanized mice in precision 
medicine

From the perspective of using humanized mice to investigate 
mechanisms underlying human immune diseases, humanized 
mice can be important preclinical models prior to clinical 
studies in humans and be a useful tool in designing precision 
medicine approaches. We will highlight some areas in which 
humanized mice are being used to study and predict human 
immune responses.

With the recent Nobel Prize in Physiology or Medicine 
in 2018 awarded to James Allison and Tasuku Honjo “for 
their discovery of cancer therapy by inhibition of negative 
immune regulation,” cancer immunotherapy has come of 
age. Clinically, the major breakthrough in the treatment of 
human tumors came with the development of the check-
point blockade mAb ipilimumab (Yervoy) for the treatment 
of melanoma (Lipson and Drake 2011), followed by tremen-
dous advances in the use of PD-1/PD-L1 blockers such as 
pembrolizumab for non-small cell lung cancer (NSCLC) 
and other cancers. There are currently more than 3000 
active clinical trials testing immunotherapy treatments and 
> 1100 drug combination studies involving PD-1 or PD-L1 
(Kaiser 2018). Disappointingly, only ~ 20–30% of patients 
overall respond (Kaiser 2018). The mechanisms underlying 
whether the patient responds or is non-responsive to check-
point blockade therapy will be extremely difficult to identify 
in the clinical trials. To study potential mechanisms, many 
investigators have used immunodeficient mice engrafted 
with human tumors and human immune systems (Shultz 
et al. 2014).

Will humanized mice recapitulate the variable response 
of humans to checkpoint blockade therapy observed in the 
clinic? We have shown the effectiveness of pembrolizumab 
in adult NSCLC, sarcoma, and triple-negative breast can-
cer (TNBC) patient-derived xenograft (PDX) tumors in 
HSC-engrafted NSG mice (Wang et al. 2018). In both the 
TNBC and the NSCLC models, pembrolizumab significantly 
delayed tumor growth. Of interest was the HSC donor vari-
ability in response to pembrolizumab. In both bladder cancer 
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and NSCLC-engrafted mice, we observed in one HSC donor 
that pembrolizumab inhibited growth while a second HSC 
donor did not lead to growth inhibition of the same tumor 
(Wang et al. 2018). These data suggest that the PDX-human-
ized mouse model may reflect the variable response of adult 
patients to treatment with checkpoint inhibitors and may rep-
resent an approach to identify the underlying basis for this 
variability that could be translated to the clinic.

PDX-engrafted immunodeficient mice have been used for 
precision medicine in clinical trials (Hidalgo et al. 2011). 
In one study, the response of tumors from 14 patients were 
tested in immunodeficient mice with 232 different drug com-
binations. An effective treatment regimen was identified for 
12 patients. One died before receiving treatment and durable 
responses were observed in 11 patients. No effective treat-
ment was found for two patients. This work formed the basis 
of a company whose efforts were summarized in an article 
in the journal Science in 2014 (Couzin-Frankel 2014). How-
ever, it remains to be determined whether translation of this 
approach directly into the clinic will be predictive of clinical 
outcome. NCI has recently indicated a particular interest in 
this question and in a recent RFA, PAR-17-244 announced 
in November 16, 2018, a stated goal was: “develop and test 
novel “humanizing” approaches for mammalian models as 
recipients of human transplants from tumors, metastatic 
deposits, or early lesions”. One goal of this PAR is to solicit 
projects proposing to determine whether immunodeficient 
mice engrafted with human immune systems and human 
tumors will be a predictive preclinical model, particularly 
with respect to immunotherapies, for accelerating translation 
of new drugs to the clinic.

One of the major problems translating new mAb-based 
therapies into the clinic is the potential for development of 
a cytokine release syndrome (CRS). Following the severe 
reaction of volunteers to a mAb-based drug called TGN1412 
(TeGenero) in 2006 (Suntharalingam et al. 2006), there has 
been a major effort to develop an animal model that would 
be predictive for CRS. In this study, even testing the drug 
in non-human primates (NHP) failed to reveal its poten-
tial to induce CRS in humans as the target molecule is not 
expressed on the NHP T cell population that is responsi-
ble for the human CRS response to TGN1412 (Weissmul-
ler et al. 2016). In vitro cytokine release assays have been 
developed, but they may fail to accurately predict CRS in 
the clinic (Thorpe et al. 2013). A number of laboratories 
have attempted to develop a humanized mouse model of 
CRS based on injection of PBMC. One of the first attempts 
used the CB17-scid mouse that did generate a low inflam-
matory response following injection of OKT3 (Malcolm 
et al. 2012). Another laboratory used PBMC-engrafted NSG 
mice, and OKT3 injection led to relatively robust levels of 
IFNγ (Brady et al. 2014). Finally, PBMC-engrafted NRG 
mice lacking murine MHC class II and injected with OKT3 

gave high levels of IFNγ and IL2 but only low levels of other 
inflammatory cytokines (Weissmuller et al. 2016). Although 
these models have provided “proof of principle” that human-
ized mice could ultimately be used to model CRS, a robust 
humanized mouse model for CRS remains to be developed.

Additional humanized mouse models for studies of drug 
therapy for anaphylactic reactions (Bryce et al. 2016; Burton 
et al. 2017) have been described that can be used as models 
for testing the efficacy of drugs to prevent anaphylactic reac-
tions. Similarly, a number of laboratories are attempting to 
develop humanized mouse models of type 1 diabetes (T1D). 
These include engraftment of autoreactive T cell clones 
from individuals with T1D into HLA-matched recipients 
(Unger et al. 2012) as well as autoreactive TCR transduced 
CD4 (Ali et al. 2016) or CD8 (Babad et al. 2015) T cells 
injected into NSG-HLA-matched transgenic mice. In addi-
tion, human autoantigen-pulsed CD4 cells from T1D donors 
injected into streptozotocin-treated NSG-HLA-DR4 trans-
genic recipients developed insulitis but not overt diabetes 
(Viehmann Milam et al. 2014). In a complex BLT-engraft-
ment model of streptozotocin-treated NSG-HLA-DQ8 mice 
that are also recipients of autologous BLT-derived CD8 T 
cells transduced with an anti-insulin TCR and immunized 
with insulin, 4 of 7 mice developed hyperglycemia, sug-
gesting the development of an anti-insulin T cell response 
capable of killing the beta cells (Tan et al. 2017). However, 
a simple, reproducible precision medicine humanized mouse 
model of T1D remains to be developed.

Humanized mice will be important in the field of regener-
ative medicine as human ESC and induced pluripotent stem 
cells (iPSC) are considered for cell and tissue replacement in 
the clinic. Immunodeficient mice will be the “go to” animal 
model for testing the safety and efficacy of human cells and 
tissues derived from ESC and iPSC prior to advancing to 
the clinic. This could represent true “precision medicine” 
as each cell treatment theoretically could be an individual’s 
own cells and tissues derived from their iPSCs. There have 
been great strides in making this a reality, particularly in 
the diabetes field. Numerous laboratories have reported on 
the ability to make beta-like cells from ESCs and iPSCs and 
have used immunodeficient mice to test their in vivo func-
tionality (Hosoya 2012; Maehr et al. 2009; Nair and Hebrok 
2015; Nostro et al. 2015; Pagliuca et al. 2014; Rezania et al. 
2013; Shahjalal et al. 2014; Zhang et al. 2009). However, to 
test their function in the presence of an allogeneic or autolo-
gous T1D autoimmune immune system, humanized mice are 
currently the only preclinical animal model available as any 
other immunocompetent animal model would effectively be 
testing a potent xenogeneic response rather than an alloge-
neic or autoimmune response to the human cells.

iPSCs will also be important in developing animal models 
of human disease. Again, taking T1D as an example, the 
NIH Human Islet Research Network (HIRN) consortium 
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posted an RFA on December 17, 2018, to create animal 
models of T1D in the Consortium on Modeling Autoim-
mune Interactions (HIRN-CMAI, RFA-18-013). A number 
of groups that are part of the current HIRN-CMAI consortia 
are developing humanized mouse models of T1D based on 
the use of iPSCs derived from T1D individuals. For this 
model, T1D iPSCs are differentiated into the three key cell 
components underlying the cellular basis for human T1D; 
the target beta cell, HSCs that will generate an autoreac-
tive immune system, and thymic epithelial cells (TECs) that 
will educate the autoreactive T cells that mediate the final 
destruction of the beta cells (Fig. 6). The T1D iPSC-derived 
HSCs will also generate additional immune cells such as 
NK cells, macrophages, and antigen-presenting cells thought 
to be important in the disease process. Although “proof of 
principle” experiments have succeeded in generating human 
ESC-derived HSCs that can engraft into immunodeficient 
mice (Sugimura et al. 2017), additional advances are needed 
to allow these stem cell-derived HSCs (SC-HSC) to gener-
ate robust human immune systems in the recipients. While 
waiting for robust immune system development in immuno-
deficient mice using SC-HSCs, T1D patient bone marrow 
has been used as a source of the autoimmune-prone HSC 
(Kalscheuer et al. 2012). These three cell components, SC-
beta cells, SC-HSCs, and SC-TECs could then be engrafted 
into a single immunodeficient mouse to permit investigation 
of the disease process in vivo and provide a mechanistic 
understanding of the causes and progression of T1D (Fig. 6). 
These insights would make it possible to design therapeu-
tic approaches that target cells, genes, or antigens that can 
induce tolerance, prevent recurrence, and possibly prevent 
the disease outright. Since an iPSC-based model system 
could be established using iPSCs derived from individu-
als with any immune-mediated disease, such an approach 
could lead to a true patient-specific precision medicine for a 
variety of human diseases.

Conclusions

As our understanding of the genetic basis for human dis-
eases continues to increase, humanized mice are poised to 
have a critical role for the evaluation of the biology associ-
ated with each disease, and for designing specific therapies 
and evaluating their efficacy prior to translation into the 
clinic. It must be cautioned, however, that humanized mice 
are models of human disease and as with all models, they 
have strengths as well as weaknesses. None of the currently 
available humanized mouse models completely recapitulate 
the human immune system (Brehm et al. 2016; Shultz et al. 
2012). However, with an understanding of their strengths 
and weaknesses, humanized mice can be used as pre-clinical 

models to address specific questions in human biology and 
to guide precision medicine approaches in the clinic.
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