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Abstract
Cancer immunotherapy is a type of treatment that restores and stimulates human immune system to inhibit
cancer growth or eradicate cancer. It serves as one of the latest systemic therapies, which has been approved to
treat different types of cancer in patients. Nevertheless, the clinical response rate is unsatisfactory and the
response observed is mostly a partial response in patients. Despite the continuous improvement and identification
of novel cancer immunotherapy, there is a pressing need to establish a robust platform to evaluate the efficacy and
safety of pre-clinical drugs, simulate the interaction between patients’ tumor and immune system, and predict
patients’ responses to the treatment. In this review, we summarize the pros and cons of existing immuno-
oncology assay platforms, especially the humanized mouse models for the screening of cancer immunotherapy
drugs. In addition, various emerging trends and progress of utilizing humanized mouse models as the screening
tool are discussed. Of note, humanized mouse models can also be used for further development of personalized
precision medicines to treat cancer. Collectively, these highlight the significance of humanized mouse models as
the important platform for the screening of next generation cancer immunotherapy in vivo.
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troduction
ver the past decade, various types of cancer therapy (such as surgery,
emotherapy, radiotherapy, bone marrow transplantation, hormone
erapy, targeted drug therapy and cryoablation treatment) have been
plied to treat cancer, albeit these therapies are often associated with
fferent side effects and limited responses in controlling tumor
owth as reported in many clinical cases [1,2]. Moreover, patients’
mune system, which plays a crucial role in the progression of
ncer, is not taken into consideration in these treatments. In recent
ars, cancer immunotherapy has been extensively studied in
cology and oncopharmacology research, and the recent success of
mune checkpoint blockades (ICBs) and chimeric antigen receptor
AR) T-cell therapy in the clinic also reveals the significance of
ncer immunotherapy [3]. Currently, more than 3000 kinds of
ncer immunotherapy, including ICBs, cancer vaccines, oncolytic
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rus, cytokine therapy, cell therapy (CAR-T, TCR-T and CAR-NK),
d the combination of immunotherapy that targets multiple
mune components are under rapid development, and some of
e treatments are further assessed in clinical trials [4]. In view of the
astic increase in the demand for cancer immunotherapy, it is
pected that the market of cancer immunotherapy will reach more
an US$100 billion by 2024 [5]. Although there are several
omising drugs in the pipeline, it is still an unprecedented challenge
pharmaceutical industry due to the extremely high cost and failure
te in clinical trials. Therefore, a robust and reliable platform is
sential for screening single or combinatorial cancer immunotherapy
ugs, which can minimize the discrepancy between the findings from
periments and clinical trials, and predict patients’ response to the
ncer treatment.
In 1777, the first attempt of cancer vaccine was performed by
jecting malignant tissue [6]. Ever since then, a huge number of
eories in cancer immunotherapy have been introduced, which are
companied by the development of numerous immuno-oncology
says to validate the novel concepts [6]. Nevertheless, due to different
itations, including ethical and economic issues, as well as the

ringent patient selection criteria in clinical trials, most of these
muno-oncology assays have to be performed in pre-clinical
age, which can be categorized into in vitro and in vivo platforms
general [7–13].
For in vitro studies, two-dimensional (2D) or three-dimensional
D) co-culture systems, using either cells or organoids are well-
tablished, which allow us to evaluate large number of drugs via high
roughput screening, and these systems are relatively less costly and
ss time-consuming when compared to animal studies [7–10,14].
egardless of the advantages of the in vitro systems, a lack of tumor-
ecific 3D complex structure hampers the studies of crosstalk among
ncer immunotherapy drugs, tumor cells, non-tumor cells and the
icroenvironment, such as the presence of abnormal vascularization
d drug barrier [15]. To overcome the limitation of the in vitro
stems, different animal models, including Caenorhabditis elegans,
osophila, dog, monkey and mouse model have been established,
d mouse cancer model is the most commonly used platform for
sting cancer immunotherapy among these models [16–21].
owever, the interaction between human immune response and
man tumor cannot be investigated using wildtype or immunode-
cient mouse models, and the clinical relevance for screening the
man-specific cancer immunotherapy drugs is hindered [20].
ecently, several reports have demonstrated the crosstalk between
man immune response and human tumor using humanized mouse
ncer models, which provide a promising tool in pre-clinical cancer
munotherapy research [12,13,22]. Therefore, further characteri-
tion and continuous improvement of the humanized mouse cancer
odels, especially the development of autologous human immune
stem and tumor in humanized mice, are critical for the evaluation of
vel cancer immunotherapy agents and personalized precision
edicines.
In this review, the existing and ongoing development of cancer
munotherapies will be briefly summarized. Moreover, the recent
vances in immuno-oncology assays will be reviewed, and we will
cus on the applications of humanized mouse cancer models for
ustration. Of equal importance, we will discuss the future
rspectives on the development of humanized mouse cancer models,
d utilize the unique model for the evaluation of next generation
ncer immunotherapy.
ancer Immunotherapy

mune Checkpoint Blockades
ICBs are a new class of cancer immunotherapy drugs that are
signed to increase anti-cancer effects in patients via suppressing
ultiple immune checkpoints, particularly in cytotoxic T lympho-
tes. Apart from the former cell type, the immune checkpoints are
so expressed in different immune cell types, including B cells,
tural killer cells (NKs), monocytes, tumor-associated macrophages
AMs), myeloid-derived suppressor cells (MDSCs) and dendritic
lls (DCs). The immune checkpoints primarily exhibit immuno-
ppressive and effector functions, as well as reducing tissue damage
e to uncontrolled T-cell responses [23,24]. Nonetheless, increasing
idences have revealed that the expression levels of various immune
eckpoints, such as CTLA-4, PD-1, TIM-3, BTLA and LAG-3 were
sregulated in the tumor-infiltrated T cells [25]. As a result, the T
lls were exhausted, and the anti-cancer functions of the immune
stem were weakened. ICBs could remove these inhibitory signals,
store the T cells from their exhausted status and recover their
totoxicity on tumor cells [26]. In 2011, Yervoy (or ipilimumab),
veloped by Bristol-Myers Squibb, was the first ICB to be FDA-
proved for treating metastatic melanoma. To date, more than 110
B-related drugs have been developed for clinical trials, or FDA-
proved to treat cancer patients [27].

doptive Cell Therapy
Adoptive cell therapy (ACT) is an immune cell-mediated
munotherapy that destructs tumor cells. In general, various
mune cell subsets are isolated from patients or donors, genetically
odified and expanded. Subsequently, these cells are transferred back
the patients to elicit the anti-cancer responses [28,29]. The initial
udy of the ACT was described in 1988, using the adoptive transfer
primary tumor-infiltrating lymphocytes (TILs) to treat patients

ith metastatic melanoma [30,31]. Over the past decades, several
rategies have been developed and more diverse immune cell subsets,
ch as non-specific lymphokine-activated killer (LAK) cells, adoptive
cells, chimeric antigen receptor (CAR)-T, T cell receptor (TCR)-
gineered T cells and CAR-NK cells are involved in the ACT
2–34]. Despite the promising therapeutic values of the ACT, the
ti-tumor effects of the LAK cells and TILs are non-specific. In
dition, the major obstacles of the ACT include limited expansion
pacity and drug targeting efficiency of the effector cells. To
ercome these barriers, TCR-engineered T cells, CAR-T and CAR-
K cells are developed, which target specific antigens on cancer cells
5]. TCR-engineered T cells are generated via transfecting cloned
tigen-specific TCR genes into the T cells isolated from cancer
tients, using either lentivirus or retrovirus, to eradicate specific
mor cells. Due to the expression of antigen-specific genes, TCR-T
lls showed optimistic results in sarcoma, metastatic melanoma,
mphoma and leukemia patients [36–41]. Concurrently, CAR-T
lls are developed to overcome the limitations raised by MHC
striction in the TCR-based cancer immunotherapy. CAR-T cells
mpose of an antigen-binding single-chain variable fragment (scFv)
main, a signal transduction domain and a transmembrane domain,
hich allow the CAR-T cells to recognize tumor cells in MHC-
restricted manner [42,43]. In addition to the advantages of CAR-T
lls, CAR-NK cells have also attracted great interest in clinical
ttings due to their conceivable cytotoxicity against tumor cells, and
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e infused CAR-NK cells will not induce graft-versus-host disease in
ncer patients [34].

ancer Vaccines
Cancer vaccines refer to the administration of tumor-associated
tigens to restore and stimulate specific anti-cancer immune
sponses [44]. Based on their application, the vaccines can be
vided into preventive or therapeutic vaccines [45], which can be
rther grouped into virus, peptide, DNA or DC vaccines, depending
the sources of the antigens [46–48]. Until now, FDA has approved
veral cancer vaccines for clinical uses such as Provenge, hepatitis B
rus (HBV) vaccines and human papilloma virus vaccines.
6,49,50]. Meanwhile, many potential cancer vaccines are currently
der investigation in clinical trials, including DNA-containing
osomes and nanoparticles (DNA vaccines), and gp100 peptide
eptide vaccines), which may lead to significant clinical benefits in
e future [51–53].

ncolytic Virus
Oncolytic virus immunotherapy represents a class of immuno-
erapy that utilizes genetically engineered or naturally occurring
ruses. These viruses preferentially lyse cancer cells and elicit adaptive
ti-tumor immunity by activating DCs with damage-associated
olecular patterns and tumor-associated antigens, while causing
inimal side effects to normal cells [54]. T-VEC is the most
equently used oncolytic virus for melanoma treatment in patients,
hich was approved by US FDA in 2015, and approved by Europe
A in 2016 [55]. Recently, a growing number of oncolytic viruses
ve been investigated in clinical trials, and some of the viruses are
nding for FDA approval [56–63].

ytokine Therapy
Cytokine therapy can result in tumor destruction through different
echanisms. On one hand, the cytokines act on the tumor cells
rectly to inhibit their proliferation by inducing apoptosis,
ppressing angiogenesis and modulation of their differentiation.
n the other hand, the anti-cancer immune response can be triggered
the administration or blockade of specific cytokines which

terfere with the corresponding signaling pathways [64,65].
lthough cytokine therapy alone showed favorable anti-cancer
sponses in some studies, a combination of cytokine therapy with
her immunotherapy, such as ICBs, adoptive cell therapy and cancer
ccines may plausibly improve the efficacy of the anti-cancer effects
6,67].

argeting Immunosuppressive Tumor Microenvironment
Tumor microenvironment plays a crucial role in cancer growth,
velopment and metastasis. Depleting various immunosuppressive
llular elements from the tumor microenvironment, such as tumor-
ecific regulatory T cells, type 2 helper T cells, regulatory B cells,
nate lymphoid cells, type 2 granulocytes (Neu2), DC of type 2,
AM and MDSC were reported to restore and re-activate the anti-
ncer immune responses [68–70].

ombinational Immunotherapy
Earlier clinical reports have demonstrated the capability of single
ncer immunotherapy agent to treat patients, whereas a subgroup of
tients with advanced stage of cancers may not respond well to the
ngle-agent treatment. Hence, there is an increasing trend to
mbine different immunotherapy drugs, or treatments (chemother-
y and radiotherapy) to enhance the anti-tumor efficacy, through the
ssible synergistic effects of these treatments. Currently, different
Bs, such as anti-PD-1 and anti-CTLA4 antibodies were combined
d administered to cancer patients. The results from these
mbinational therapies are encouraging and more combination
gimens warrant further studies, which may improve the overall
tcome of patients with multiple types of cancers [71,72].

muno-oncology Assay Platforms
espite a vast number of drug candidates for cancer immunotherapy,
is challenging to identify the most efficacious drug and optimal dose
treat patients [73]. Moreover, the concept of personalized precision
ncer treatment imposes another obstacle for the treatment option.
ue to the heterogeneity of individual’s tumor, tumor microenvi-
nment and the immune system, there is a considerable variation in
dividual’s responses, including the anti-cancer effects and the side
fects towards the same treatment [74]. Therefore, continuous
velopment and improvement of immuno-oncology assay methods
e essential to expedite evaluation of single or combinational
munotherapy in cancer research, or predict the clinical outcome of
individual cancer patient.

Vitro Platforms
ajority of cancer immunotherapy agents were first characterized and
aluated in vitro using 2D and 3D models [10]. Human cancer cell
es, cancer cells-derived organoids, primary tumor cells or patient-
rived tumor organoids are either cultured alone, or co-cultured with
man peripheral blood mononuclear cells (PBMCs), TILs, CAR-T,
CR-T or CAR-NK cells for screening the efficacy of the cancer
munotherapy (Figure. 1). For the 2D screening system, specific
ncer cells or organoids are co-cultured with the immune cells on flat
shes [75,76]. Subsequently, cancer immunotherapy agents are
ded to examine the phenotypic modulation of cells and the
derlying molecular mechanisms, through various immune cell
says (for T cells, NK cells, macrophages, DCs and neutrophils) and
mor cell assays. However, the 2D system represents an artificial and
mplified cultural environment, while the 3D system is capable of
flecting the complexity of tumors in patients, since the tumors also
nsist of immune cells, stromal cells, epithelial cells and endothelial
lls [77]. The 3D culture system can be classified as scaffold system
d scaffold-free system. The former system supports cell growth,
oliferation and survival through a specific extracellular matrix
CM), such as hydrogel. The essential nutrients and growth factors
e supplemented to the cells through some small pores in the ECM,
hich is similar to their primary microenvironment in vivo [78]. In
ntrast, 3D scaffold-free system generates spheroids and cell
gregates by forced-floating, hanging drop or agitation-based
chnology in the absence of ECM, which provides a better
ysiological model when compared to the scaffold system.

Vivo Models
he aforementioned in vitro platforms allow us to promptly evaluate
e efficacy of cancer immunotherapy drugs. However, the in vitro
odels barely reproduce the complexity of tumor microenvironment,
hich consists of human tumor cells, immune cells and stromal cells.
ence, there is an urgent need to develop sophisticated in vivo
odels that can mimic the tumor microenvironment in patients for
e assessment of novel cancer immunotherapy agents (Figure. 1).
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yngeneic and Genetically-Engineered Mouse Tumor Models
Over decades, syngeneic mouse tumor models are the major in vivo
odel for tumor immunology and immunotherapy studies, where
ese models are established by either subcutaneous or intravenous
jection of mouse tumor cell lines into inbred mouse strains
mmunocompetent mice) [20,79,80]. As a result, these models can
used for studying the efficacy of the anti-tumor immune responses,
ithout the adoptive transfer of immune cells into the mice prior to
e studies. The advantages of these models are that they are easy to be
ndled, can be rapidly and reproducibly expanded in large numbers,
d produce relatively consistent results for the evaluation of various
ctors that influence the efficacy of immunotherapy [79,80].
ble 1. Current Humanized Mouse Tumor Models for Human Cancer Immunotherapy

pe of models Main advantages

umanized Oncology Models Human Tumor Cell Lines engrafted
into immunodeficient mice

Easy to handle and c
and reproducibly exp
in large numbers.

Lower variants
Human PDX Tumor engrafted into
immunodeficient mice

Patient tumor heterog

Similar responses as p
certain anti-cancer dr

umanized Immune-Oncology
Models

PBMCs & Tumor Cell
Lines or PDX Tumor

Human immune tum
microenvironment

Patient tumor heterog

Same immune system
cancer patients

HSCs & Tumor Cell Lines
or PDX Tumor

Human immune tum
microenvironment

Patient tumor heterog

Without risk of GVH
Generation of genetically-engineered mouse tumor models require
ther tissue-specific promoters to drive the expression or activation of
cogenes (such as Kras) or recombinase enzymes (including Tet-on/
f, tamoxifen-inducible Cre recombinase and CRISPR-Cas9
chnology) that remove tumor suppressor genes (such as Tp53),
d these models have been widely used to evaluate targeted therapy
other immunotherapeutic modalities [20,81]. Yet, a lack of

nomic heterogeneity of the mouse tumors, and the discrepancy of
mor microenvironment between mouse and human are the major
veats of these models. Remarkably, significant differences exist
tween the immune system in mouse and human, which may
ssibly reduce the clinical relevance of the syngeneic and genetically
Main disadvantages Applications in immunotherapy

an be rapidly
anded

Lack of human immune tumor
microenvironment.

Lack of human tumor heterogeneity.

Adoptive cell therapy

Oncolytic virus

Cytokine therapy
eneity

atients to
ugs.

Lack of human immune
tumor microenvironment.

Adoptive cell therapy

Oncolytic virus

Cytokine therapy
or

eneity

from

Graft-versus host reaction (GVHR)
and short survival time.

Immune checkpoint blockades

Cancer vaccines

Cytokine therapy

Combinational immunotherapy
or

eneity

R

High cost and limited
number of HSCs

Different immune system
from cancer patients

Immune checkpoint blockades

Cancer vaccines

Cytokine therapy

Combinational immunotherapy
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gineered mouse tumor models in the cancer immunotherapy
udies [82].

umanized Mouse Tumor Models
Humanized mouse tumor models can be divided into humanized
cology models and humanized immune-oncology models (Table 1).

umanized Oncology Models
The humanized oncology models are established by the injection or
graftment of human cancer cell lines (from human tumor or
cogene-generated) or human PDX tumor into immunodeficient
ice, including but not limiting to athymic nude mice, severe
mbined immunodeficiency (SCID) mice, non-obese diabetic
OD) mice and NOD scid gamma (NSG) mice [20,83,84].
ecently, the models have been used to screen the immunotherapy
ents against cancers, such as monoclonal or bispecific antibody
erapies, CAR-T cells, oncolytic virus and cytokine therapies
4–87]. In human CCR9+ T cell acute lymphoblastic leukemia
LL) immunodeficient mouse model, 92R monoclonal antibody
rongly inhibits tumor growth via binding to the CCR9 N-terminal
main [88]. In another study, human NPM1 gene in acute myeloid
ukemia (AML) cells was genetically modified by lentiviruses and the
utant cells (NPM1c+) were engrafted into immunodeficient mice
r evaluating the efficacy of CD3 and CD123 bispecific antibody
njugates [89]. Previous studies also demonstrated the anti-HCC
fect of anti-GPC3 CAR-T cells therapy in immunodeficient mouse
CC-PDX model [90], and the efficacy of anti-CD19 CAR-T cells
erapy against B-cell lymphoma in immunodeficient mice [91].
milarly, anti-HER2 CAR-T cells therapy could be used to treat
Bs-resistance melanoma in mice [92]. Apart from CAR-T cells
erapy, it was reported that the delivery of oncolytic virus, using
odified neural stem cells was more efficient and able to extend the
rvival of mice in mouse glioma-PDX model (GBM43 and GBM)
3]. The interactions of multiple kinds of oncolytic vaccinia virus
ith tumor are also analyzed in A549-bearing immunodeficient mice
4]. It was also revealed that combination therapy using
mozolomide (chemotherapy drug) and ibudliast (macrophage
igration inhibitory factor inhibitor) prolonged the survival of
ice in glioblastoma-PDX model [95]. However, the major
awback is that ICBs or cancer vaccines cannot be evaluated in
ese models due to the absence of human immune microenviron-
ent. Therefore, there is a growing interest in developing human
mune-oncology models for the studies of cancer immunotherapy.

umanized Immune-Oncology Models
Humanized immune-oncology models are generated by the
graftment of human cancer cell lines or human PDX tumors into
e immunodeficient mice bearing HLA-matched human immune
stem. The human immune system of these models could be
nerated by the transplantation of human PBMCs or hematopoietic
em cells (HSCs).

uman PBMCs Models
To reconstitute the human immune system, human PBMCs or
ature immune cell subsets are injected into the irradiated NOG or
SG mice by intravenous injection. Human T cells, B cells, NK cells
d DCs can be detected in the circulation, and monoclonal
tibody, cytokine therapy (IL-2), ICBs and DC-based vaccine have
en successfully evaluated in these models [22,96,97]. In PBMC-
manized mouse model (PBMCs from healthy donors), the
ministration of human monoclonal antibody anti-CAIX, combined
ith IL-2 could inhibit the progression of renal cell carcinoma via
ducing human NK and T cells responses [98]. Anti-tumor activity
nivolumab, atezolizumab, pembrolizumab and urelumab was also
served in the PBMC-humanized mouse model [22,99,100].
tilizing autologous PBMCs and glioma-PDX, personalized
mune-oncology models were established and could be used for
aluating personalized ICBs [101]. Multiple DC vaccine formula-
ns were compared in PBMC-humanized mouse model and
sessed for MART-1-specific immune responses and suppressive
nctions on melanoma [102]. Nevertheless, the development of
aft-versus host reaction (GVHR) and poor survival of the mice
nfines the use of these models to evaluate the effectiveness of cancer
munotherapy [103].

uman HSCs Models
The barriers of GVHR can be overcome by the establishment of
man immune system using human CD34+ HSCs. The stem cells
n adapt mouse environment under mouse MHC education and
velop into a well-reconstituted human immune system without the
sk of GVHR in immunodeficient mice. These mouse models have
en used to generate more stable humanized immune-oncology
odels successfully [12,13]. In the FL (fetal liver)-HSC-generated
manized mice, human helper T cells, cytotoxic T cells, B cells,
onocytes, NK cells and DCs were detected in the circulation [13].
he number and proportion of cytotoxic T cells and NK cells
creased during HCC-PDX progression [13]. Intriguingly, TILs
olated from the tumors displayed tumor-educated phenotypes,
cluding increased immune checkpoints expression and an impaired
tokines and cytotoxic proteins production. The presence of more
pe 2 monocytes (M2) and multiple MDSCs could also mimic the
mune responses in patients [13]. In the same study, the side effects
ICBs were demonstrated, which is in line with some of the clinical
udies [13]. Alternatively, in the CB (Cord Blood)-HSC-generated
manized mouse model, nivolumab inhibited the growth of MDA-
B-231 cells and CRC172 cells by enhancing anti-tumor T cell
sponse, increasing GrB+ or IFN-γ+ CD8+ cells in tumors and
ducing frequency of HLA-DRlow myeloid cells in vivo [104].
eanwhile, combination of HDAC inhibitors OKI-179 and
volumab further inhibited tumor growth when compared to the
ministration of nivolumab alone, which also indicated that HDAC
hibitors could improve anti-tumor immune responses in vivo [104].
o date, a growing number of reports have shown that human PDX
mors were regressed in the humanized mice following anti-PD1 and
ti-CTLA4 therapies [12,13,22], suggesting that the humanized
mune-oncology models may serve as the emerging platform for the
udy of cancer immunotherapy or combinational immunotherapy.

uture Directions of Studying and Developing
umanized Mouse Immune-Oncology Models

uture Applications of Humanized Mouse Immune-Oncology
odels
The current humanized mouse cancer models are frequently used
examine the efficacy and the safety of ICBs. Beside T cells, multiple
mune cell subtypes, such as monocytes and NK cells also showed
e tumor-educated phenotypes in tumor microenvironment. These
enotypes may contribute to tumor progression and may plausibly
the drug targets in the future [13]. Moreover, these models can be
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ed to explore the potential combinations of immunotherapy to treat
tients and predict the outcomes.

ext-Generation Humanized Mouse Immune-Oncology Models
The main drawback of the current human HSC-derived immune-
cology models is that the human tumor and immune system are
t usually from the same donors, thus they are only HLA partially
atched. We anticipate that the future directions for immune-
cology study and drug testing is to develop HLA fully matched and
rsonalized humanized mouse models. The possible option is to
atch PDX tumors with the same patient derived HSCs. This
quires the resources of human HSCs derived from induced
uripotent stem cells (iPSC), peripheral blood or bone marrow.
esides immune cells, iPSCs have the possibility to further
fferentiate into vascular cells and fibroblasts, which may increase
e similarity of the patients’ tumor microenvironment in the
manized mice [105–108]. However, a major challenge of iPSC-
rived HSCs is their low in vivo repopulating ability which results in
e difficulty of forming functional immune system in immunode-
cient mice [109,110]. In addition, it is imperative to develop fully
LA-matched humanized mouse immune-oncology models using
tients’ HSCs from their PBMCs or bone marrow cells [111,112].
hese models may reflect patients’ immune responses more
curately when compared to the current partially HLA-matched
odels. Nevertheless, human bone marrow cells have limited capacity
develop into immune cells in humanized mice, which may lead to
sufficient number of fully HLA-matched humanized mice for
ncer immunotherapy studies.
In addition, further improvement of mouse environment is
arranted to optimize human immune cell development and
nctionality in humanized mice. For instance, many cytokines and
owth factors do not cross react between mouse and human, which
ad to the sub-optimal development of specific human immune cell
pes in humanized mice, such as human NK cells and macrophages
e to the lack of human interleukin (IL)-15 and macrophage colony-
imulating factor (M-CSF), respectively [113]. Furthermore, the
sidual mouse immune components, which mainly consist of
acrophages and granulocytes may also interfere the responses.
fforts have been made to improve the human immune elements in
e humanized mice, such as transgenically expression of different
man growth factors and cytokines [112,114], hydrodynamic tail
in injection of plasmid DNA encoding human cytokines [113],
ntivirus or adeno-associated virus delivery of cytokines [115–117]
d replacing the host genes with human counterparts [118–120].
sing genetically engineering technology, NSG-SGM3 mice (genet-
ally engineered to produce IL-3, granulocyte/macrophage colony-
imulating factor (GM-CSF) and Steel factor (SF)), NSGW41 mice
itW-41J allele), MISTRG (co-expressed M-CSF, IL-3, GM-CSF
d thrombopoietin) and NSG-IL-15 (high expression of human IL-
) were established for improving the development and differenti-
ion of HSCs, NKs and monocytes/macrophages [121,122].
dditionally, overexpression of human IL-2, IL-7, IL-15 and SF in
manized mice by hydrodynamic injection of vector, lentivirus or
eno-associated virus also contributes to the development of human
SCs [96,113,118]. Yet, there is still room for further characterization of
ese methods and exploration of new factors can help to achieve fully
nctional human immune system in humanized mice, which is valuable
r the subsequent validation of single-agent or combinational
munotherapies in the humanized mouse immune-oncology models.
Taken together, humanized mouse cancer models are becoming
ore and more commonly used to evaluate the efficacy and safety of
ncer immunotherapy in vivo. Timely improvement of these models
essential as more novel immunotherapy drugs or combinations of
munotherapy have been explored. Besides, next generation
manized mouse immune-oncology models, which closely simulate
e interaction between the tumor and immune system in cancer
tients have to be generated, so as to increase the clinical relevance of
munotherapy and enhance the development of personalized
ecision medicines.
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