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Benefits and limitations of
humanized mouse models for
human red blood cell-related
disease research
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Humanized mouse models with functional human genes, cells, and tissues are
typically used for in vivo studies of diseases. Decades of studies on humanized
mouse models have improved our understanding of hematopoiesis, infectious
diseases, cancer biology, innate and adaptive immunity, and regenerative
medicine. This review discusses the establishment and development of
humanized mouse models and how they are used to model red blood cell-
related diseases facilitating research in several biomedical disciplines.
Furthermore, we provide approaches to overcome the limitations of these models.
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1 Introduction

Hematopoietic stem cell (HSC) differentiation produces various components of human
blood through a complex and delicate process. The components produced vary according to
the body’s needs and are flexible, requiring HSCs to have compatible properties. HSCs can
differentiate and develop into myeloid and erythroid precursor cells, forming the terminal
cells in the blood system. Moreover, HSCs are responsible for the production and long-term
maintenance of the blood system (1). Erythrocytes are the most important components of
human blood, developing mainly through the differentiation of HSCs in the bone marrow, a
process called erythropoiesis. Erythropoiesis involves the differentiation of megakaryocyte-
erythroid precursor cells in the bone marrow to form reticulocytes, which migrate to
peripheral blood to differentiate and form mature erythrocytes (2). Erythropoiesis is a
delicate and complex process in which a slight abnormality in gene regulation can lead to the

Abbreviations: huRBC, human red blood cell; HSC, hematopoietic stem cell; SCD, sickle cell disease; PBL,
peripheral blood lymphocyte; SCID, severe combined immunodeficiency; IL, interleukins; HLA, human
leukocyte antigen; SCF, stem cell factor; GM-CSF, granulocyte-macrophage-colony stimulating factor; M-
CSF, macrophage-colony stimulating factor; CVF, cobra venom factor; ICAM, intercellular cell adhesion

molecules; NOD, non-obese diabetic; RAG, recombination-activating gene.
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development of erythroid-related severe diseases, such as [-
thalassemia, hereditary hemolytic anemia, and sickle cell disease
(SCD) (3-5). Species-specific differences in the erythropoietic
program (6) demand in vivo animal models of human
erythropoiesis (7), especially mouse models; however, no
humanized immunodeficient mouse models exist with persistent,
mature human red blood cell (huRBC) reconstitution in peripheral
blood (8, 9). Preclinical analysis of hematopoietic and RBC disorders,
such as hereditary hemolytic anemia and SCD, requires mature RBCs
in circulation for pathologic manifestations and therapies research.

Over the decades, scientists have developed various humanized
mouse models for studying RBC-related diseases and exploring new
therapies. In vivo animal models have contributed to understanding the
molecular mechanisms underlying erythropoiesis and its associated
disorders (10, 11). Inbred mice have identical backgrounds and short
reproductive cycles and are supported by complementary transgenic
technologies, making them extremely important animal models in
immunology, medicine, biology, and related research fields. However,
because of the significant genetic differences between rodents and
humans, the immune system of mice strongly rejects foreign cells
and tissues. Therefore, some essential research objects, such as the
human immune deficiency virus, cannot infect mouse cells, and the
hepatitis B virus cannot replicate in ordinary mice. Consequently,
humanized mouse models possessing the human immune system
have been developed to mimic our immune functions and
physiological and pathological manifestations. After > 30 years of
experimental research and technological development, humanized
mouse models have been gradually improved and applied in many
fields, such as infection, immunity, and hematological system
disease research.

Developing a humanized mouse model with high levels of huRBC
reconstitution facilitates studying erythropoiesis and huRBC-related
diseases. It has been demonstrated that the robust rejection of
huRBCs mediated by mouse macrophages is the major obstacle
inhibiting their reconstitution in humanized mouse models.
Furthermore, we found that mouse complement C3 could directly
opsonize huRBCs and mediate their phagocytosis by mouse
macrophages (11). Recently, scientists established a new humanized
mouse model based on huHepMISTRGFah™~ mice with a better and
longer huRBC reconstitution; additionally, they used this model
mimic human SCD (10).

This review provides an overview of humanized mouse
development and describes these models specifically for studying
huRBC-related diseases. Moreover, we discuss existing and
developing approaches to further advance humanized mouse
models to suit intended clinical applications.

2 Evolution of humanized
mouse models

Humanized mouse models are constructed by transplanting
functional human cells, tissues, or organs into mice. These animal
models can be used for preclinical in vivo studies of human diseases.
Humanized mouse models have been widely used in many research
areas, such as cancer, infectious diseases (12), and acquired
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immunodeficiency syndrome (13). However, evolutionary
differences cause the recipient mouse’s immune system to strongly
reject the foreign cells or tissues of the human donor. Therefore, the
mouse’s immune system must first be destroyed to prevent this
rejection. Consequently, using immunodeficient mice as recipients
is the basis for constructing humanized mouse models. Furthermore,
the generation of new strains of immunodeficient mice is an essential
driving force for the continuous optimization of humanized
mouse models.

2.1 Development of humanized
mouse models

The earliest immunodeficient mice were nude mice with a FOXN1
gene defect preventing them from developing thymus. Therefore, they
lack mature T cells and their associated immune rejection but possess
B and natural killer (NK) cells, consequently rejecting human-derived
cells. Later, the severe combined immunodeficient (SCID) mouse
model was developed. This strain of mice is defective in T and B cells
(14); hence human cells can be transplanted into it. The peripheral
blood lymphocytes (PBL)-SCID and SCID-Hu mouse models we will
discuss are both constructed with SCID mice.

The first breakthrough was the appearance of the Prkdc*™ (DNA
activated, protein kinase, catalytic polypeptide; severe combined
immunodeficiency, abbreviated as scid) mutation in CB17 mice
(C.B17-SCID mice) (15). The first models of humanized mouse
models were reported in 1988 by three independent groups who
transplanted human hematopoietic cells into immunodeficient mice
(16-18). Two of these studies used C.B17-SCID mice as recipients for
human peripheral blood (17) or human fetal tissues (16). C.B17-SCID
mice (C.B17-Prkdc*“™) possess a genetic autosomal recessive
mutation (scid) affecting both B and T lymphocytes. Additionally,
they contain normal NK cells, macrophages, and granulocytes (15).
However, engraftment occurred at a low level, and the transplanted
human cells failed to generate an immune response. Limitations
hampering human cell engraftment in C.B17-SCID mice include T
and B cell leakiness and high levels of host NK cells, limiting the
transplantation of human HSCs (19). Additionally, scid mutation
resulted in defective DNA repair and increased radiosensitivity (20).

Immunodeficient mouse strains have been gradually developed
and optimized, as shown in Figure 1 (TIMELINE). In 1995, the
advent of non-obese diabetic SCID (NOD/SCID) mice was notably a
second breakthrough involving the transfer of scid mutation onto a
NOD background (NOD.CB17-Prkdc*?) (21). Backcrossing of the
scid mutation onto the NOD genetic background resulted in an
immunodeficient recipient in which increased levels of human
engraftment were achieved (22). Animals homozygous for the scid
mutation have impaired T- and B- cell development, and NOD
background results in deficient NK cell function. Therefore, the
NOD/SCID mice have the following characteristics (23): (a) lack of
complement C5; hence, complement activation is inhibited; (b)
deficient level and decreased killing function of NK cells; (c) lack of
T and B cells and antibodies in body fluids. The optimal method for
constructing a humanized mouse model is to irradiate NOD/SCID
mice with sublethal doses and transplant the human embryonic liver
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FIGURE 1
TIMELINE: Critical Events in the Development of Humanized Mice.

and thymus tissue blocks under the kidney capsule, followed by tail
vein injection of homologous human embryonic liver-derived CD34"
HSCs. The transfused human HSCs produce large numbers of B and
myeloid cells, whereas T cells develop in the transplanted thymus
(24). However, some human cells, such as erythrocytes, do not
reconstitute well due to strong rejection by the immune system of
immunodeficient mice. Notably, NOD/SCID mice have additional
shortcomings; for example, they are sensitive to radiation and can
only receive small irradiation doses. Moreover, leakage of T and B
cells occurs in older NOD/SCID mice, and their survival period is
only approximately 8 months.

In a new immunodeficient mouse model, the recombination-
activating gene (RAG)-deficient mouse, targeted mutations at RAG1
(25) and RAG2 (26) loci can prevent mature T and B cell development
(27), allowing the mouse to receive transplanted human cells, without
causing radiosensitivity or leakiness. However, their high NK cell
activity limits the reconstitution of human HSCs. To optimize RAG-
deficient mice and reduce their NK cell-killing function, scientists
have modified mouse genes, further optimizing the strain. In addition,
major histocompatibility complex-I molecules are essential for NK
cell development, containing an important component, B2m. [32
-microglobulin is required for the expression of MHC class I
molecules and the lack of MHC class I molecules in NOD/SCID
B2m”" mice prevents NK-cell development (28). Therefore, the
constructed novel immunodeficient NOD/SCID B2m”" mice do not
have the functional NK cells present in NOD/SCID mice (29); hence,
they can be applied for higher levels of humanized cell reconstitution.

The third breakthrough was the humanization of immunodeficient
mice homozygous for targeted mutations at the interleukin (IL)-2
receptor Y-chain locus (IL2rg; also known as the common cytokine-
receptory-chain, yc, and CD132) in the mid-2000s (30, 31). V., is a
component of the receptors for ILs-2, 4, 7, 9, 15, and 21; the IL-2
receptor gamma chain (IL2Ry) is a common signaling component of
these ILs (32). The absence of IL2Ry blocks NK cell development owing
to the ablation of ILs-7 and 15 signaling, which researchers have
exploited to enhance the transplantation of humanized cells with the
advancement of technology (33). In addition, this mutation results in
poor lymph node development and organization.

Mice with mutations in IL2rg can be selectively bred with those
with mutations in RAGI1, RAG2, NOD, SCID, and other genes to
generate new immunodeficient mice that are more suitable for
transplantation of human cells (34). Such new immunodeficient
mouse lines include NOD.Cg—PrkchCidIIngtml Wil (NSG) mice (35),
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NODShi.Cg-Prkdc *““Ii2rg "™'5*¢ (NOG) mice (30), NOD.Cg-
Rag1™™Mem [12pg!™IWil (NRG) mice (36), Rag2” %" mice (37),
C.Cg-Rag2"™ '™ [12rg" 1548 (BRG) mice (31), and C.Cg-Ragl
tmiMom1opg tmIWil (BRG) mice (36).

The three major mouse strain platforms used are NSG, NOG, and
BRG mice. The acronym BRG usually relates to the BALB/c-Ragl ~/~
or BALB/c-Rag2 ~“strains and the IL2rg " mutation. Regarding the
different mice backgrounds, RG mice included the NRG and BRG.
The NRG and BRG backgrounds are usually NOD and BALB/c mice,
respectively. Several strains of BRG and NSG mice are available from
the Jackson Laboratory, and NOG mice from Taconic. The
characteristics and derivation of each immunodeficient mouse
model from immunodeficient IL2rg null mice are reviewed in Table 1.

* More evidence has shown that mouse models differ in their
ability to support and maintain the engraftment of functional
human immune cells. For instance, NSG mice support higher
levels of human HSCs engraftment in the bone marrow than
NOG mice (38). Furthermore, NSG and NRG mice support
higher levels of human HSCs engraftment and T cell
development than BRG mice (36). Therefore, the choice of a
specific mouse model affects the engraftment of transplanted
human HSCs and the immune system. The major genetic
factor that contributes to the capacity of NOD to support
higher levels of human engraftment was identified. A strain-
specific polymorphism in the NOD Sirpa gene encodes a
variant of the SIRPo protein that cross-reacts with the
human form of its ligand-CD47 (39, 40). The SIRPo. proteins
expressed by C57BL/6 and BALB/c mice have much less
homology to human SIRPo (39). The NOD Sirpa
polymorphism confers phagocytic tolerance for the human
xenograft. Appropriate interaction of SIRPo. on host
macrophages with human CD47 on engrafted hematopoietic
cells is important for hematopoietic cell survival, and therefore
expression of human or NOD mouse (human-like) SIRPa is a
major determinant for the engraftment and survival of human
hematopoietic cells in mice (39). Expression of NOD SIRPo. in
the Balb/c background is sufficient to confer phagocytic
tolerance and to support enhanced human cell engraftment
(41). In BRG mice transgenically expressing human SIRPo,
engraftment is increased to the levels achieved in NSG, NOG
and NRG mice, indicating that SIRPa is a causal factor in the
control of engraftment levels (42). One NSG mouse strain
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TABLE 1 Immunodeficient Mice for Establishing Humanized Mice.

10.3389/frhem.2022.1062705

Immunodeficient =~ Common Characteristics Reference

Mouse Strain Name

C. B 17-Prkdc* C.B17-SCID Deficiency in B and T lymphocytes. (15)
They have normal NK cells, macrophages, and granulocyte.

NOD. CB 17- Prkdc* NOD/SCID Deficiency in B and T lymphocytes. (23)
They have a very low level and decreased killing function of NK cells.

NOD. Cg- Prkdc* NOD/ Deficiency in B and T lymphocytes. (29)

Bam"™1Ure SCIDB2m-/- = They have no functional NK cells.

NOD. Cg- NSG Deficiency in B lymphocytes, T lymphocytes, and NK cells. The II12rg targeted mutation is a complete null, so IL- (35)

Prkdc= 4 i2rg ™1 Will 2Ry is not expressed and thus cannot bind cytokines.

NOD.ShiCg- Prkdc*4 NOG Deficiency in B lymphocytes, T lymphocytes, and NK cells. The II2Rg chain lacks the intracytoplasmic domain; it (30)

Ii2rg"™sue is expressed and will bind cytokines but not signal.

NOD. Cg-Rag NRG Deficiency in B lymphocytes, T lymphocytes, and NK cells. The II2Rg targeted mutation is a complete null, so IL- (36)

iMooy gtmI Wil 2Ry is not expressed and thus cannot bind cytokines.

Stock (H2%)- Rag2yc"” Deficiency in B lymphocytes, T lymphocytes, and NK cells. Generated on a mixed background homozygous for (37)

Rag.Z‘mle"‘IIng'le'f the H2¢ allele; the II2Rg targeted mutation is a complete null.

C. Cg-Rag 1"!Mom BRG Deficiency in B lymphocytes, T lymphocytes, and NK cells. This strain is generated on a BALB/c background and (36)

Ti2rg™iWit has the Rag 17 mutation; the IL-2R 7 chain lacks the intracytoplasmic domain.

C. Cg-Rag 2"™iFwa BRG Deficiency in B lymphocytes, T lymphocytes, and NK cells. This strain is generated on a BALB/c background and (31)

Ii2rg"™sus has the Rag2” mutation; the IL-2R 7 chain lacks the intracytoplasmic domain.

transgenically expressing human SIRPo is currently under
development and will enable the identification of additional
strain-specific factors important in human HSC engraftment
(43).

Based on the types of human-derived cells or tissues transplanted
into the strains of immunodeficient mice for humanized mouse
model construction, these models can be divided into four classical
types (shown in Table 2), discussed below.

2.1.1 Hu-PBL-SCID mouse model

The Hu-PBL-SCID mouse model is constructed by injecting
mature human PBLs intraperitoneally or via the tail vein into adult
SCID mice (44). Furthermore, this model can be generated using non-
irradiated mice or mice that have received a sublethal irradiation dose;
additionally, clonal expansion of pre-existing T cells injected into the
mice can be found. After 1-week, small numbers of human myeloid,
B, and other immune cells are detected in these mice. The
transplanted human-derived immune cells in the mice survive for
several weeks, during which they exhibit their normal activities. The
Hu-PBL-SCID mouse model was first constructed using C.B17-SCID
mice (17), which do not produce strong graft-versus-host reactions
and have the following characteristics: (a) the mice can secrete specific
antibodies; (b) human B, T, and mononuclear cells can be detected in
mice; and (c) B cell lymphomas caused by Epstein-Barr virus infection
can develop in mice. Currently, optimized forms of Hu-PBL-SCID
mice are being used: NSG or RG immunodeficient mice. The
materials required to construct the Hu-PBL-SCID mouse model
(including the mature human PBLs) are readily available. However,
this model has some obvious disadvantages: (a) the reconstitution of
human-derived lymphocytes is unstable and occurs at a low level; (b)
mice injected with a large number of human-derived cells can develop
Epstein-Barr virus-related B-cell lymphoma; (c) there is no normal

Frontiers in Hematology

lymphoid tissue in the mice after the reconstitution of human-derived
cells, and the spleen has a defective vesicular germinative structure;
(d) there is significant allograft rejection in the mice. Furthermore,
within a few weeks after transplantation of human-derived cells,
many mice die due to graft-versus-host disease; hence, the
experimental and observation periods are short. These
disadvantages limit the widespread use of this model, although it is
ideal for studying graft-versus-host disease in vivo.

2.1.2 SCID-Hu mouse model

In 1988, a team led by McCune et al. achieved the first
xenotransplantation of human cells or tissues without destroying
the immune system of recipient mice. This was performed by
injecting human CD34" embryonic liver cells into mice and
transplanting human embryonic thymus and lymph nodes. This
model is called the SCID-Hu mouse model. In this model, a
human-derived embryonic thymus provides a site for developing
human T cells, human-derived embryonic liver cells provide
hematopoietic precursor cells, and human-derived lymph nodes
provide a site for T and B cell interaction. The human-derived
embryonic thymus transplanted into the subrenal capsule of the
recipient immunodeficient mice gradually grows, and over time,
human T cells appear in the peripheral blood, and significant levels
of human IgG antibody secretion occur, all indicating the presence of
human T and B cell interaction and, consequently, T cell-dependent
antibody production in this humanized mouse model.

In summary, this model is constructed by transplanting an
embryonic thymus containing human HSCs under the kidney
capsule of SCID mice and injecting human CD34" embryonic liver
cells into mice to establish a humanized mouse model with a
functional human thymus (45). In SCID-Hu mice, human
thymocytes and premature T cells are first produced and mainly
colonize the human thymus/liver-like organs, inhibiting peripheral
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TABLE 2 Four Classical Types of Humanized Mouse Models.

Model Hu-PBL-SCID SCID-Hu
Mouse C.B17-SCID C.B17-SCID NOD/SCID
Strains NSG NSG

BRG NOG

NRG BRG

NRG
Humanized = Human PBMC L.p,, Subcapsular
Method iv. Coimplantation human cavity injection
CD34" fetal liver cells, thymus
K ‘ and lymph nodes
/

Advantages  Fast to establish «Human thymocytes and initial

«Easy techniques T cells are first produced hematopoietic cells

«Used in modelling «Used to study the

GVHD pathogenesis of HIV, HTLV

and other viruses reconstitution

Drawbacks «Lack Band myeloid eDevelopment of human-

cell engraftment derived T cells is extremely weeks

«Engrafted T cells are  unstable

activated «The level of human-derived

«May develop GVHD  cell reconstitution is low.

«Only suitable for «The duration of human- megakaryocytes.

short-term derived T cells is short

experiments (<3

circulation of T cells. As the first humanized mouse model, SCID-Hu
mice have the following shortcomings: (a) the development of
human-derived T cells is extremely unstable, (b) the level of
human-derived cell reconstitution is low, and (c) the lifespan of
human-derived T cells is short. However, this model can still be used
to study the pathogenesis of the human immune deficiency virus, the
human T-lymphotropic virus, and other viruses. Furthermore, the
emergence of the SCID-Hu mouse model laid an excellent foundation
for optimizing new humanized mouse models (46).

2.1.3 Hu-HSC mouse model

SCID-Hu and Hu-PBL-SCID mouse models can be constructed
using C.B17-SCID mice. However, in the absence of human
cytokines, the level of human bone marrow cell reconstitution in
these models is low. With technological advances, NOD/SCID mice
have been introduced to effectively solve this problem. The Hu-HSC
mouse model is constructed by injecting human CD34" HSCs into
newborn or adult immunodeficient mice via the tail vein or bone
marrow cavity. Human CD34" HSCs can be obtained from cord
blood, bone marrow, embryonic liver tissue cells mobilized by
granulocyte colony-stimulating factor, or peripheral blood cells.
Cord blood and embryonic liver are the most commonly used, as
they are more likely to produce cells that can colonize
immunodeficient mice. In the Hu-HSC humanized mouse model,
human-derived T cells can differentiate and develop in the mouse
thymus and undergo positive and negative selection with mouse
major histocompatibility complex (H2) restriction. However, this
limits the human leukocyte antigen (HLA)-restricted interactions of
human antigen-presenting cells with human T cells in peripheral
tissues. This model can be constructed in two main ways, with
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Human CD34" HSCs i.v., or bone marrow

o f

«Multilineage development of

«Generation of a naive immune system
eInjection to pups increase human cell

«Cell differentiation takes a minimum of 10

«Engrafted human T cells are H2-restricted
«Contains low levels of human RBCs,
polymorphonuclear leukocytes, and

10.3389/frhem.2022.1062705

Hu-HSC BLT

NOD/SCID
NSG

NOG

BRG

NRG

Subcapsular Coimplantation human CD34" fetal
liver cells, thymus, combined human CD34"*
HSCs i.v.

@ . e

«Complete and fully functional human immune
system

«HLA-restricted T cells

«Development of a mucosal system similar to
humans

«Highest level of human cell reconstitution
among all the models

«Time-consuming and difficult as surgical
implantation is required

«Cell differentiation takes a minimum of 10 weeks
+Weak immune responses to xenobiotics

«Poor class switching

«May develop GVHD

significant differences between them. In the first approach, adult
NOD/SCID, NSG, or NOG mice are irradiated with sublethal doses
and then injected with human HSCs, which subsequently produce a
variety of human hematopoietic precursor cells but rarely produce
human-derived T cells. The transplantation can be optimized using
neonatal IL—ZYC'/ “mice, including NOG, RG, and NSG mice. A second
approach in which neonatal NSG, NOG, or RG mice are irradiated at
sublethal doses and intrahepatically injected with human HSCs allows
for better human cell transplantation with the concomitant
production of human B, T, NK, and dendritic cells and
macrophages (47). Hu-HSC humanized mouse models are widely
used in studies of cell-mediated immune responses, human
hematopoietic system development, human immune deficiency
virus, Epstein-Barr virus, and other viral infectious diseases.

2.1.4 FLC (BLT) mouse model

Scientists optimized SCID-Hu and Hu-HSC-SCID to construct a
new humanized mouse model, the FLC mouse model. In the SCID-
Hu mouse model, human T cells can differentiate and develop
because of the transplantation of a human embryonic thymus;
however, T cell development is unstable and weak. Moreover, in
the Hu-HSC-SCID mouse model, human CD34" HSCs are
transplanted into mice after sublethal irradiation doses, generating
many human myeloid and B cells; however, the model lacks T cell
development. Therefore, these two models can complement each
other. Some researchers have combined the advantages of the two by
irradiating NOD/SCID mice with sublethal irradiation doses,
transplanting human embryonic thymus and homologous
embryonic liver tissue under the kidney capsule, and injecting
human CD34" HSCs isolated from the homologous embryonic liver
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through the tail vein of mice, thus constructing a new humanized
mouse model (24). They found that the spleen and lymph nodes of
mice in this humanized mouse model were enlarged and that the
reconstitution of human T cells was significantly increased to
approximately 20% after 12 weeks. Additionally, other cells, such as
human B and mononuclear cells, were present in large numbers.
Furthermore, in the spleens of the mice, human T cells were
distributed around the central splenic artery, and there were
scattered clusters of human B cells near the human T cells.
Moreover, they found that human IgM and IgG were produced (at
approximately 150 ug/mL after 16 weeks) in the FLC mouse model.
These results indicate that human T and B cells can interact in the
mice’s secondary immune tissues. Furthermore, they observed
antibodies switching from IgGl to IgG4, with time and frequency
extremely similar to those observed in the natural state human
immune system. This study was the first to report a humoral
immune response in a humanized mouse model, and Melkus et al.
replicated this result in a subsequent study; they named the new
model the BLT mouse model, derived by transplanting bone marrow,
liver, and thymus. In early BLT mouse models, the immunodeficient
mice used were NOD/SCID mice; however, with technical
optimization and improvement, NOG, NSG, or RG mice are now
more often used (48, 49). In the modified BLT mouse model, more
humanized T/B cells, dendritic cells, macrophages, and NK cells are
generated, and the transplantation of an autologous human thymus
allows for improved development of homologous human T cells with
appropriate restriction. Compared with the SCID-Hu humanized
mouse model, the BLT mouse model has an improved capacity to
develop humanized hematopoietic and immune systems.
Additionally, T cells develop in the human thymus with HLA
restriction, thus optimizing transplantation effects.

2.2 Human growth factors and
cytokines involved in humanized mouse
models establishment

Due to the differences between mice and humans in the growth
factors and cytokines required for hematopoietic development, there
are several major limitations inherent in humanized mice. Scientists
are currently focused on ensuring the development and maintenance
of human cells in the murine microenvironment, and human growth
factors and cytokines are essential to achieve this.

Technologies to deliver human species-specific factors into mice
to enhance human hematopoiesis and immune system development
are diverse. The simplest approach is to inject human cytokines as
recombinant proteins or through the hydrodynamic injection of
plasmids. Erythropoietin is an important cytokine in terminal RBCs
differentiation; however, mouse erythropoietin cannot sufficiently
cross-react with the respective human receptor (50). IL-3 is a
growth factor that stimulates hematopoiesis; the administration of
human IL-3 to patients increases the number of reticulocytes and
platelets (51, 52). In a humanized mouse model, human erythroid
lineage cells can develop in the mouse bone marrow; however, mature
huRBCs are deficient in peripheral blood. Notably, the provision of
human erythropoietin and IL-3 can improve human erythropoiesis
(53). Several factors contribute to adequate T cell homeostasis in
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circulation, including human T cell survival in the presence of mouse
macrophages, such as ILs-7 and 15 (54). IL-7 is a central cytokine
involved in hematopoietic cell development; the injection of its
recombinant form transiently affects thymic lymphopoiesis but does
not improve peripheral T cell homeostasis (35, 55). Higher levels of
human DCs can be obtained by the hydrodynamic injection of
plasmids encoding human granulocyte-macrophage colony-
stimulating factor (GM-CSF), IL-4, and Fms-like tyrosine kinase 3
ligand (FIt3L) (56).

With the increasing feasibility of genetic engineering, different
protocols have been used to deliver a variety of human cytokines in
humanized mice, especially NSG and BRG mice. Three main genetic
engineering technologies have been applied: transgenic expression of
bacterial artificial chromosomes, transgenic expression of cDNA
constructs driven by tissue-specific or ubiquitous promoters, and
knock-in technology. Furthermore, stem cell factor (SCF) is critical
for HSC engraftment, proliferation, development, and survival.
Scientists found that human membrane-bound SCF increases the
levels of HSC engraftment in non-irradiated NSG mice. The
transgenic expression of this SCF under a cytomegalovirus
promoter in NSG mice resulted in a higher engraftment level after
human Hematopoietic stem and progenitor cell (HSPC)
transplantation, even without recipient pretreatment (57, 58).
Notably, GM-CSF was initially classified as a hematopoietic growth
factor (59). The transgenic expression of cytokines, known to support
human myelopoiesis, can improve the major deficiencies in the
development of human myeloid cells in humanized mice.
Transgenic mice expressing human GM-CSF, SCF, and IL-3 under
the control of a ubiquitous cytomegalovirus promoter are generated
from an NSG background (60). Furthermore, the knock-in
humanization of the two adjacent genes encoding GM-CSF and IL-
3 has a critical effect on the lung alveolar macrophages, primarily due
to the humanization of GM-CSF (61). CSF-1 and macrophage-CSF
(M-CSF) are early cytokines that promote hematopoiesis, and in the
hematopoietic system, CSF-1/M-CSF is believed to act specifically on
myeloid progenitors.

Similarly, the knock-in replacement of the gene encoding mouse M-
CSF by its human counterpart leads to improved engraftment of
functional CD33"CD14" monocytes in the tissues of recipient mice
(62). Furthermore, the most noticeable effect of IL-3 transgenesis in
NSG mice is in human T cell improvement, especially the regulatory T
cells (60). Additionally, the transgenic expression of membrane human
SCF has a positive effect on myelopoiesis, particularly on the
development of mast cells (58). Studies on dengue virus showed that
human T cells developed after engraftment of HLA-A2 transgenic NSG
mice with HLA-A2(+) human cord blood HSCs and were able to secrete
IFN-y, IL-2, and TNF-o. in response to stimulation with dengue virus
(63). Furthermore, MISTRG mice carry knock-ins for human cytokines
granulocyte-monocyte and M-CSF, IL-3(I), thrombopoietin, signal
regulatory protein o, and the receptor for the “do not eat me” signal
regulatory protein CD47 in the Rag2 ™~ Il2rg '~(RG) background (64).
Based on these mice, scientists deleted the fumarylacetoacetate hydrolase
(FAH) gene using CRISPR-Cas9 technology in MISTRG to generate
MISTRGFah ~~(MISTRGFah) mice and then humanized the liver of this
model. Scientists have established a new humanized mouse model based
on huHepMISTRGFah ' “mice with a better and longer huRBC
reconstitution and used the model to mimic human SCD (10).
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TABLE 3 Improvement of Humanized Mice by Exogenous Cytokine Administration.

Cytokine (s) Mouse Strain Lineages Delivery Target Reference
1L-7 NSG Lymphoid Fc-fusion Protein Enhanced thy mopoiesis in mice engrafted as adults. (35)
M-CSF NSG Myeloid/DC Hydrodynamic Increased monocytes or macrophages. (56)
Flt31+GM-CSF+IL-4 NSG Myeloid/DC DNA Increased DCs. (56)
IL-3+EPO NSG Erythropoiesis Hydrodynamic Improve human RBCs. (53)
1L-7 BRG Lymphoid DNA Enhanced thymopoiesis and pDC numbers. (55)
NSG, NOD/LtSz-scidlerg'/ " Mice; BRG, BALB/C-RagZ'/'l12rg'/'Mice; DC, dendritic cell; EPO, erythropoietin; GM-CSF, granulocyte/macrophage colony-stimulating factor; IL, interlukin; M-
CSF, macrophage colony stimulating factor.

Table 3 lists the cytokines delivered exogenously into humanized
mice by injection of recombinant cytokines and hydrodynamic
injection of plasmid DNA. Table 4 shows the genetic expression of
human growth factors and cytokines in the genomes of the
immunodeficient mice.

3 Erythrocyte-related diseases

Erythropoiesis is a delicate and complex process in which a small
abnormality in gene regulation can lead to the development of
erythroid-related severe diseases such as B-thalassemia, hereditary
hemolytic anemia, and SCD (3-5). Although allogeneic HSC
transplantation can cure erythroid-related severe diseases caused by
abnormality in gene regulation, immune-related complications, such
as graft-versus-host disease, limit their clinical application (3, 4).
Theoretically, gene therapy that modifies HSCs can be performed for
certain hematological diseases (3, 5). However, gene therapy in
humans is associated with numerous adverse effects and risks, such
as the induction of in vivo mutations by gene editing techniques, and
ultimately, death (65, 66). Therefore, an in vivo animal model for
preclinical studies of human erythrocyte-related diseases is essential.

Malaria is another RBC-related disease caused by Plasmodium
parasites, threatening hundreds of millions in underdeveloped
countries yearly. Natural Plasmodium infection involves the hepatic
and RBC phases, and human liver chimeric mice can be used to study

these phases (67, 68). Human HSC-transplanted mice have few
circulating huRBCs due to phagocytosis by mouse macrophages,
thereby limiting Plasmodium falciparum infection; consequently,
RBCs should be administered daily (69). Human liver chimeric
Fah”"Rag2”"IL2rg”"NOD and thymidine kinase NOG mice
engrafted with human hepatocytes and transfused with human
RBCs enable complete replication of P. falciparum infection (70,
71). In these studies, exogenous huRBC transfusion was required.
Therefore, a humanized mouse model with continuous reconstitution
of huRBCs is urgently needed.

3.1 HuRBC reconstitution in humanized
mouse models

In 2011, Yang et al. found that macrophages in immunodeficient
mice are a key factor in the rejection of human erythrocytes and that
clodronate liposomes application to remove macrophages made it
possible to optimize the level of human erythrocyte reconstitution in
humanized mice; the proportion of reconstituted human erythrocytes
in this model was approximately 3% (53). Furthermore, in 2013, Chen
et al. applied plasmids encoding human IL-15 and FIt3L to enhance
human NK cells in mice and administered a sufficient amount of
human erythrocytes daily to study erythrocyte-related diseases, such
as malaria (72). However, on stopping the administration, mice did
not produce human erythrocytes; hence, this method cannot be used

TABLE 4 Improvement of Humanized mice by genetic expression of cytokines or HLA molecules.

Protein (s) Expressed Expression Reference
Method
Membrane-bound SCF NSG CMV Transgenic High engraftment without irradiation, development of (57, 58)
human mast cells.
SCF/GM-CSF/IL-3 NSG CMV Transgenic Terminal myeloid differentiation (60)
Increased regulatory T cells.
Loss of functional HSCS.
HLA-A2 NSG Transgenic HLA-restricted response to DENY (63)
Expression
CSF-1/M-CSF BRG Knock-in Increased numbers of monocyte/macrophage (62)
GM-CSF/IL-3 BRG Technology Replacement of alveolar macrophages. (61)
M-CSF/II-3/thrombopoietin/signal regulatory BRG Knock-in Improve human RBCS reconstitution (10)
protein alpha
NSG, NOD/LtSz—scidlerg" " Mice; BRG, BALB/c—RagZ"'I 12rg"'Mice; SCF, stem cell factor; CMV, cytomegalovirus; DENV;GM-CSF-1, Colony Stimulating Factor-1; M-CSF, macrophage colony
stimulating factor; HLA, human leukocyte antigen; HSC, hematopoietic stem cell, IL, interleukin.
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to study the differentiation of human HSCs into erythrocytes and
their development in humanized mice. Furthermore, in a 2014 study
on malaria, Chen et al. used clodronate liposomes to remove mouse
macrophages and antibodies to neutralize mouse neutrophils, thereby
inhibiting human erythrocyte rejection. Additionally, they applied
high-pressure injection of plasmids expressing human erythropoietin
and IL-3, promoting human erythrocytes reconstitution in
humanized mice (73). However, the percentage of reconstituted
human erythrocytes in this humanized mouse model was not very
high (1.6-4%). In 2014, Wathsala et al. used gene editing to construct
humanized mice by transplanting HLA-adapted human HSCs into
HLA-DR4. RagKO.IL2RycKO.NOD (DRAG) mice and the
percentage of reconstituted human erythrocytes in this model was
low (0.2-1%) (74). In 2017, Bing’s research showed that macrophages,
neutrophils, endothelial cells, and complement C3 play important
roles in rejecting human erythrocytes in NOD/SCID mice.
Complement C3 depletion in the serum of mice that had already
been depleted of macrophages with cobra venom factor (CVF)
increased the proportion of reconstituted human erythrocytes in
human HSC-transplanted mice. We found that the simultaneous
application of CVF to deplete mouse complement C3 and clodronate
liposomes to deplete mouse macrophages resulted in a two-fold
increase in the proportion of reconstituted human erythrocytes in
humanized mice compared with the application of clodronate
liposomes alone (11). In 2021, Song et al. reported a new
humanized mouse model in which combined human liver, and
cytokine humanization improved erythropoiesis and RBC
reconstitution in the circulation based on MISTRG mice. They used
this model to mimic human SCD (10); however, the reconstitution
rate was not ideal. The human erythrocyte reconstitution rate in these
humanized mouse models is insufficient; therefore, further
clarification of the mechanism of human erythrocyte rejection in
humanized mice is necessary to develop a better-humanized
mouse model.

Platelets are produced by the fragmentation of megakaryocytes
and the differentiation of megakaryocyte-erythroid precursor cells in
the bone marrow (75); Thrombopoietin(TPO) plays a major role in
this process. Similar to erythrocytes, human megakaryocytes are
detectable in the bone marrow of humanized mice; however,
human platelets are not detectable in the peripheral blood of
humanized mice. Moreover, TPO-based humanization did not
significantly increase the number of platelets in the peripheral
blood; however, applying clodronate liposomes to remove
phagocytes significantly increased the platelet level (58, 76).

3.2 Factors affecting human erythrocyte
reconstitution in humanized mouse models

The lack of human erythrocyte reconstitution in humanized mice
has plagued researchers in erythrocyte-related diseases for many
years. The reason why human T, B, NK, and myeloid cells can be
reconstituted, but human erythrocytes are absent in humanized mice
remains to be determined. The rejection of human erythrocytes by the
mouse immune system is the primary factor affecting their
reconstitution in humanized mice. The mouse immune system
mainly includes the complement system and innate immune cells,
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including macrophages, neutrophils, and endothelial cells. Our
previous studies showed that the rejection of human erythrocytes
by mouse macrophages was a key factor in the defective
reconstitution of human erythrocytes in humanized mice. In recent
research, we found that another key factor is the allogeneic rejection
of human erythrocytes by neutrophils and endothelial cells in
immunodeficient mice (11).

3.2.1 Complement

Complement is an important component of the innate immune
system that recruits immune cells, participates in the clearance of
exogenous microorganisms and necrotic cells by antibodies and
phagocytes (77), and is essential for maintaining host homeostasis.
Complement activation in the human body occurs mainly through
three traditional pathways: the classical, the lectin, and the alternative
complement activation pathways. The common product of all three
pathways is complement C3, which plays an important role in
complement activation and regulation (77). Bing’s research has
shown that mouse complement C3 can bind directly to the surface
of human erythrocytes, condition human erythrocytes, and promote
their adhesion to/phagocytosis by mouse phagocytes in the absence of
antibodies (11). Furthermore, combined sequential injections of
clodronate liposomes and CVF increased the proportion of
reconstituted human erythrocytes in humanized mice. This suggests
that the effect of mouse complement C3 on human erythrocytes plays
an important role in promoting human erythrocyte rejection in
immunodeficient mice.

3.2.2 Macrophages

As innate immune cells, macrophages have strong phagocytic
functions and are primarily responsible for clearing cell debris,
apoptotic, necrotic, and cancerous cells. Additionally, they are
involved in exogenous cell rejection, especially foreign cells (78).
Notably, macrophages, neutrophils, and immature dendritic cells are
all professional phagocytic cells. CD47 is a molecule expressed on the
surface of almost all cells and binds specifically to the SIRPa. receptor
expressed on the phagocyte’s surface (including macrophages and
dendritic cells), thereby serving as an immunosuppressive”do not eat
me” signal to phagocytes (79). When there is no or weak cross-
reactivity between CD47 molecules on xenogeneic donor cells and
SIRPa. molecules on recipient macrophages, xenogeneic donor cell
rejection by macrophages occurs (80). However, SIRPo. gene
polymorphisms in different strains of mice and cross-reactivity
between SIRPo. molecules on NOD mouse-derived cells and CD47
on human cells prevent macrophages in NOD/SCID and NOD/SCID
2rg”" mice from rejecting most human nucleated cells (39).
Furthermore, our previous studies demonstrated that NOD/SCID
mouse macrophages strongly reject human erythrocytes by a
mechanism independent of the CD47-SIRPo interaction and that
the removal of mouse macrophages in humanized mice using
clodronate liposomes is sufficient to reconstitute mature human
erythrocytes in mice (58). Bing’s recent findings suggest that
complement C3 plays an important mediating role in human
erythrocytes rejection by macrophages in humanized mice and that
the removal of complement C3 by CVF injection after clodronate
liposome treatment further increases the proportion of huCD235a*
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human erythrocytes in the peripheral blood by approximately two to
three-fold (11). These studies suggest that mouse macrophages reject
human erythrocytes in a complement-dependent manner and that
this rejection is a key factor in the defective reconstitution of human
erythrocytes in humanized mice.

3.2.3 Neutrophils

In addition to macrophages, neutrophils are professional
phagocytes with certain phagocytic functions (81). In a recent
study, Bing showed that CD11b*"F4/80°'LY6G™ neutrophils from
mice also adhere to human erythrocytes in the presence of mouse
serum, and this adhesion disappears when the serum is treated with
heat shock (11), suggesting that mouse neutrophils reject human
erythrocytes in a complement-dependent manner.

3.2.4 Endothelial cells

Endothelial cells are widely distributed in organisms in areas, such
as the blood-brain barrier, liver, spleen, kidney, heart, small
capillaries, lymph nodes, and lymphatic vessels. Furthermore, they
are arranged throughout the circulatory and lymphatic systems and
vital organs (82). In addition to maintaining homeostasis, regulating
blood flow, and exchanging nutrients (82), endothelial cells are part-
time phagocytes with adhesive phagocytic functions that can adhere
to abnormal erythrocytes, platelets, and leukocytes (83-85).
Impairment of endothelial cell function leads to several human
disorders, including hypertension and atherosclerosis (82), atypical
hemolytic uremic syndrome, and acute and chronic kidney
injury (86).

Endothelial cells have structural and functional differences in
different organs and tissues; the ones easily isolated are generally
selected for relevant experiments in vitro. Researchers have assumed
that the basic properties of all endothelial cells are similar, which is
sufficient to ensure that the endothelial cells used in in vitro
experiments have similar activity to in vivo endothelial cells (87). In
humanized mice, the blood supply to the lungs and liver is
uninterrupted; therefore, they are constantly in contact with human
erythrocytes, resulting in rejection. The endothelial cells of the lungs
and liver can express vascular cell (CD106), endothelial-leukocyte (E-
selectin, CD62E), and intercellular cell adhesion molecules-1 (CD54),
among many other markers of endothelial cell activation, resulting in
a rejection response to foreign antigens. Furthermore, the liver is the
main endocytosis site in the organism (85), and hepatic sinusoidal
endothelial cells can recognize and process antigens through
scavenger receptors and other means. Additionally, these play an
important phagocytic role in rejecting xenogeneic red cells (88).

Normal human erythrocytes can deform and do not adhere to
resting endothelial cells. However, when erythrocytes are abnormal,
or xenografts of RBCs are performed, activation and adhesion of
endothelial cells to RBCs may occur (84, 88). Markers of endothelial
cell activation include vascular cell adhesion molecule-1, E-selectin,
and intercellular cell adhesion molecule-1. Under normal conditions,
endothelial cells are in a quiescent state (the average lifespan of
endothelial cells is approximately 1 year (87). However, in the
presence of foreign antigens or disease conditions, endothelial cells
are activated, resulting in elevated expression of activation markers,
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which initiate and mediate the rejection and adhesion/phagocytosis of
antigens or abnormal cells (89, 90). Furthermore, endothelial cells can
adhere to/or phagocytose abnormal human erythrocytes via the
following pathways. In SCD, abnormally elevated intercellular cell
adhesion molecule-4 on human erythrocytes can bind directly to o, 33
integrins on endothelial cells, thus mediating endothelial cell adhesion
to abnormal human erythrocytes (91). Lutheran/basal cell adhesion
molecule(Lu/BCAM) on human erythrocytes can bind to laminin-5
on endothelial cells to produce adhesion in patients with SCD and
erythroblastosis (92, 93). Although Lu/BCAM is expressed on human
erythrocytes, it is not found on mature erythrocytes in mice,
indicating species variability (93). When human erythrocytes have
abnormal morphology, such as during apoptosis, phosphatidylserine,
normally located inside the erythrocyte membrane, is exposed on the
erythrocyte’s surface and acts as a regulatory “eat me” signal.
Phosphatidylserine binds to the lactic agglutinin MFG-E8, which
binds at the other end to 0,5 and o, f35 integrins on the endothelial
cells. The other end of MFG-E8 binds to o35 and 0,5 integrins on
endothelial cells, thereby mediating endothelial cell adhesion and
phagocytosis of human erythrocytes (94, 95). MFG-ES8, also known as
SEDI, is a secreted glycoprotein produced by a variety of phagocytes,
including activated macrophages and immature dendritic cells (94).
Furthermore, CXCL16/SR-PSOX acts as a chemokine (in its free form
and on endothelial cells) and as a scavenger receptor that binds
directly to phosphatidylserine on erythrocytes, thereby promoting
endothelial cell adhesion to abnormal human erythrocytes (96).

3.3 Development challenges in huRBC
disease research

Humanized mouse models with huRBC reconstitution can be
applied to malaria, SCD, aplastic anemia, and many other huRBC-
related diseases (67, 97). For example, malaria is mainly transmitted
through the bites of mosquitoes infected with Plasmodium, which
reproduces in the human liver and is released into the bloodstream,
infecting human erythrocytes. Therefore, the optimal choice is a
humanized mouse model that simulates the stages of Plasmodium
reproduction and its release into the bloodstream with human liver
tissue and erythrocyte reconstitution (68). Currently, two main
approaches are combined by scientists to construct mice with huRBCs:
continuous infusion of huRBCs and transplantation of human HSCs in
mice. For example, one group used plasmids encoding human IL-15 and
FIt3L to enhance human NK cells in mice, followed by continuous daily
infusion of large amounts of huRBCs to study malaria (72). However,
once human erythrocytes were withdrawn, mice no longer had human
erythrocytes in their bodies. Although we improved human erythrocyte
reconstitution in humanized mouse models, clodronate liposomes
injection was required, which has certain toxic side effects in
immunodeficient mice. Furthermore, high doses of clodronate
liposomes cause the death of immunodeficient mice in a short period;
hence the observation window is insufficient. Therefore, a humanized
erythrocyte mouse model that can consistently carry high proportions of
human erythrocytes at different stages is urgently needed, and scientists
are working to develop such a model.
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4 Discussion

Over the past decades, humanized mouse models have developed
rapidly, making experimental operations more convenient and
economical. These mouse models have become an important
animal model in biomedicine for the preclinical detection of
diseases, thereby benefiting humans.

Recently, technology related to humanized mouse models has
rapidly progressed, with newer models being easier and less
expensive to use in experiments. Consequently, humanized mouse
models have become important for the preclinical assessment of
human diseases in biomedicine. However, these models have certain
limitations, such as cross-reactivity between rodents and humans and
limited development, differentiation, and migration of human HSCs in
a heterogeneous environment in mice.

Genetic modification of immunodeficient mice can greatly improve
the extent to which humanized mouse models can mimic human
diseases; however, many shortcomings still exist to overcome.
Nevertheless, to some extent, optimization of xenograft methods,
transplantation strategies, and human cell sources have been
achieved. Furthermore, additional modifications to key pathways in
recipient mice during the transplantation process may improve
humanized mouse model construction adaptability. For example,
immunodeficient mice can express human cytokines, such as
MISTRG mice expressing human IL-6 (98). Similarly, humanized
mice expressing human IL-8 can promote myeloid cell production (99).

Irradiation of immunodeficient mice can produce bone marrow
suppression; however, it induces damage, leading to inflammatory
responses and death. Fundamentally, the cytokine receptor c-kit is
essential for normal bone marrow hematopoietic function and
facilitates the self-renewal of HSCs in the microenvironment.
Mutations partially disrupting the c-kit-mediated signaling pathway
affect HSCs and erythroid precursor cells, allowing erythropoiesis to
occur without irradiation (9, 100-102).

Presently, huRBC reconstitution in humanized mice is still not
ideal, and the exploration of the mechanisms underlying these
reconstitution defects is ongoing. A humanized mouse model with
stable and highly reconstituted RBCs is the goal of future research.
The development of mice with humanized RBCs will rely on gene
editing techniques, such as the knockout of certain targeted genes or
the breeding of new strains of immunodeficient mice. Experts in
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