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While chemotherapies remain the mainstay treatments for many cancers, the advent of new molecular techniques
has opened doors for more targeted modalities towards cancer cells. Although immune checkpoint inhibitors (ICIs)
have demonstrated therapeutic efficacy in treating cancer, adverse side effects related to excessive inflammation
are often reported. There is a lack of clinically relevant animal models to probe the human immune response
towards ICl-based interventions. Humanized mouse models have emerged as valuable tools for pre-clinical

research to evaluate the efficacy and safety of immunotherapy.

humanized mouse model cancer immunotherapy

| 1. Introduction

Most cancers are classified into immune-hot and immune-cold groups based on their immune infiltrations, with
immunotherapy showing more significant effects on the supposedly immune-hot groups as seen in the case of
melanoma W. Despite the safety of some drugs in certain cancers, they may cause adverse reactions or
unsuccessful treatment in others. For example, lung airways or gut-associated lymphoid tissues have different
immune environments from those of the liver or pancreas; this could be a reason for the failure of targeted
therapies [2. A well-developed humanized mouse model can overcome these limitations and serve as a preclinical
platform for testing the safety and efficacy of new and existing drugs, along with characterising adverse events and
identifying the best sequence of immunotherapy agents for therapy. Using a humanized mouse model allows
researchers to test the antitumour cytotoxic responses of immune cells and assess the safety of a drug in the
presence of both tumours and immune systems. Performing a pharmacokinetic (PK) and/or bioavailability study in
humanized mice over time, and with different dosages, can help clinical scientists evaluate the stability of a given
drug in patients and safely identify an evidence-based dosing regimen for that drug B, As different patients may
respond differently to the same drug, using peripheral blood mononuclear cells (PBMCs) from patients that are to
be treated could be used to predict the reactions of these patients to the drug, thus presenting a path to

personalised medicine.

Essentially, a humanized mouse model is one that has human immune cells engrafted into immunodeficient mice.
There are three commonly known methods of generating these humanized models (Figure 1), which include
inoculation with PBMCs, inoculation with CD34+ hematopoietic stem cells (HSCs) alone, or simultaneously
engraftment with human foetal liver and thymic tissue (BLT) into the sub-renal capsules of immunocompromised
mice. Engraftment with purified human PBMCs via intraperitoneal injection into homozygous severe combined

immunodeficient model (SCID) mice was first performed in 1988 . Over time, immunodeficient models were
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improved (Table 1), and advanced NSG (ll2rgnull) mice, which show a high chimerism rate, the development of
human erythropoiesis and thrombopoiesis, and the formation of haemato-lymphoid compartments, have become
the bases for the development of today’s humanized mice models 2],
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Figure 1. Methods of generating humanized mice. Humanized mouse models may be generated in three ways: (a)
By the intra-hepatic injection of adult or foetal HSCs in immunodeficient mice, (b) by administering human PBMCs
via tail-vein injections, and (c) through the simultaneous transplantation of human foetal liver and thymus tissue
under kidney capsules and the intravenous injection of human CD34+ HSCs in immunodeficient mice.

Table 1. Most commonly used immunodeficient mice models. Much progress has been made in the development
of immunodeficient models for the engraftment of human immune cells. While earlier models also supported the
engraftment of PBMCs and HSCs, the reconstitution and chimerism in these models were low, possibly due to the
effects of residual murine cells. This table summarises the most commonly used immunodeficient models for

different applications along with their distinct characteristics.

Models Mutations Advantages Disadvantages Refs.

Leakiness due to age
Reduced lifespan

Protein kinase DNA- Lack humoral and cell-mediated Presence of murine NK
SCID activated catalytic immunity s (4l
i Prki A f B T cell .
peptide gene (Prkdc) bsence of B and T cells Complementation of
activity

NOD/SCID Signal regulatory High affinity to human Residual NK cell (8Il
protein alpha (Sirpa) CD47Tolerance of host activity, and some other [10]
macrophages to the human innate compounds of (1]

cellsimmunological multi- the immune system,
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Models Mutations Advantages Disadvantages Refs.
dysfunction, including defective NK fail to develop mature (L2
cell activitySupport higher levels of monocytes, which (3]
human engraftments eventually become
thymic lymphomas with
age
Recombination- No leakiness Limited Iymphmd
BRG - . reconstitution (4]
activating gene 1 Absence of functional B and T .
Ragl/2 (Ragl) or 2 (Rag2) cellsLonger lifespans Residual NK cell
g g g P activity
Absence of functional receptors for
Interleukin-2 receptor cytokines like IL-2 and IL-7 Weak human myeloid
NOG gamma chain (/L2ry) Could hamper the development of reconstitution [Sl]
NSG null phenotype and host NK cells Lack of human thymus (L2
Prkdc mutation Highest rate of human cell tissue L)
(NOD/SCID-IL2Ry ™) engraftments Radiation sensitivity
Longer lifespans
RAG1/2 null mutation Higher radiation dose
and Interleukin-2 itioni
. Improved myeloid engraftmentCan for preconditioning
receptor gamma chain : Lack of human thymus [16]
NRG tolerate chemotherapy at higher .
(IL2ry) null doses tissue
(NOD/RAGl/Z'/'- Possible background
IL2Ry ™) activity
Triple knockout
Expand human hepatocytes Remnant mouse L7l
FRG Fah/Rag2/IL-2ry hepatocytes [18]

robustly
Gene and cell therapy

Background activity

The possibility of PBMCs and tumour tissues originating from the same patients proved to be a key advantage of
the Hu-PBMC model, but resulted in only a partial reconstitution of the human immune system in the peripheral
blood of the mice, with most cells being CD3+ T cells that eventually interacted with major histocompatibility
complex (MHC) molecules in mice and led to graft-versus-host disease (GvHD) 4. This incomplete reconstitution
could be improved via the engraftment of HSCs characterised by the expression of the cell surface marker CD34,
which is obtained from umbilical cord blood, peripheral blood, or the foetal liver. These models showed higher
leukocyte reconstitution and greater engraftment efficacy than other sources and provided insights into the
organisation of the human stem-cell hierarchy and bases for functional assays, which had been difficult to achieve
with the earlier models 22, However, their use was impeded as mice from the NOD/SCID strain appeared to
develop a limited number of B and T cells, in a phenomenon called leakiness, during aging 29. These mice also
had higher levels of host murine NK cells, with significantly low human NK cell counts—possibly to compensate for
the lack of lymphocytes—which eventually hampered the engraftment of human cells 19, Human T cells undergo
the process of human leukocyte antigen (HLA)-restriction and T cell selection in the thymus, which enables the T-
cell receptor (TCR) to recognise and bind to certain MHC molecules that present foreign antigens and initiate a T-
cell immune response. NSG mice, however, express the H2 complex, not HLA molecules, on their thymic epithelial
cells, and thus the T cells in the HSC model lack HLA-restriction. This can be overcome with the advancement of
the BLT mouse model, allowing for T cell maturation in an autologous human thymus, overcoming the murine H2

restriction, and promoting human T cells that are capable of HLA-restricted antigen-specific reactions [22122],
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Despite these ideal conditions, the BLT model is technically challenging to develop and may lead to immunologic
rejection due to the existence of mismatched HLA between immune cells and tumour tissues. The discussed

models also lack human NK cells, and the need for foetal tissue has raised several ethical issues.

A broad spectrum of specific humanized oncology models has been generated, including those for human
nasopharyngeal cancer (NPC) 28] hepatocellular carcinoma (HCC) [24, gastric carcinoma 22, colon carcinoma 23,
prostate cancer (28] bladder cancer 24, head and neck squamous cell carcinoma (HNSCC) 28] lymphoma 22, and
melanoma BYEL, These can be either cell-line-derived (CDX) or PDX models. Researchers lab has been at the
forefront of establishing cancer-specific humanized mouse models in Southeast Asia and has demonstrated the
importance of specificity in these models, pointing out that the immune system can have different effects on the
TMEs of different cancers. For example, the growth of the tumour in the NPC humanized model in the presence of
the human immune system is significantly inhibited, whereas in the HCC model, the size and weight of tumours are

increased as compared to what one would find in the immunodeficient mice [23124],

Humanized mouse models allow detailed studies of the TME and tumour cells’ interactions with the human immune
system, providing deeper insight into the mechanisms of tumour progression, metastasis, and development of
immunotherapies. They have been used in studies on different immunotherapies including antibody-based ICI,
adoptive cellular therapy (ACT, which encapsulates methods like CAR-T and CAR-NK cell therapy), cytokine

manipulation, cancer vaccination, and the development of oncolytic viruses (Figure 2).
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Figure 2. Use of humanized mouse models to test current immunotherapies in cancer research. Many

immunotherapies, including ICls, ACT, cytokine-based therapies, and therapies using cancer vaccines and
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oncolytic viruses, are currently being studied using humanized mouse models. These models provide platforms for
testing the efficacy and safety of the commonly known therapies mentioned in the figure in human-like systems.

Created by BioRender.com.

2. Humanized Mouse Models for Testing ICls and Antibody-
Based Drugs

Increasingly, evidence of dysregulated levels of immune checkpoints in tumour-infiltrated T cells has been noted,
thus posing these cells as attractive targets for immunotherapies. These checkpoints include cytotoxic T-
lymphocyte antigen 4 (CTLA-4), programmed cell death protein 1 (PD-1), lymphocyte activation gene 3 (LAG-3),
and T-cell immunoglobulin and mucin domain 3 (TIM-3), as seen in Figure 3 2,
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Figure 3. Current immune checkpoint inhibitors (ICIs) used in cancer research. The most commonly used ICls,
including anti-PD-1, anti-PD-L1, anti-CTLA-4, and anti-LAG-3. The figure demonstrates the molecular and cellular
interactions between the T cells and cancer cells and the immune response activation upon antibody

administration.

ICIs form a part of monoclonal antibody (mAb) targeted therapy. Humanized mouse models play an important role
in the preclinical study and testing of ICIs and their interactions with tumour-infiltrating lymphocytes (TILs), thus

helping in predicting the efficacy of these drugs as seen in Table 2.

The HCC and NPC humanized mouse models established in researchers lab were able to successfully validate
existing anticancer and combinatorial therapies 2311241331 These models successfully showed that cancer cells

educate the immune cells and condition the TME to suppress the immune system and aid in tumorigenesis. The
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HCC model also replicated the immunotoxicity caused by ipilimumab (anti-CTLA-4 antibody) in patients 24, while
an exploration of the NPC model highlighted similarities between clinical data from patients and the results from
this model 2334 Both models indicated the presence of an exhaustive phenotype 24! with the presence of TILs
and the upregulation of inhibitory receptors, thus establishing a human-specific platform for drug testing and a path

to using these models for discovering new therapeutic strategies and drug combinations.

Further, a PDX humanized model for non-small cell lung cancer (NSCLC) has indicated the hCD8 T-cell-mediated
efficacy of pembrolizumab (anti-PD-1 antibody) and shown the significant growth inhibitory effect of pembrolizumab
on these tumours B2, Similarly, a sarcoma PDX humanized mouse model showed consistently elevated levels of
hCD8+ T cells and their subsets, implying the effect of these cells in antitumour activity, with reductions in tumour
size 281, This model also recapitulated the sarcoma TME as seen in clinical findings and predicted the NK-related
factors that affect the survival of patients [2€. These findings show the importance of these models in verifying
cellular and molecular targets for drug development and hint towards the mechanisms associated with their
actions.

Table 2. Safety and efficacy profiles of a few ICl-based therapies. A brief description of some cancers that were

modelled in humanized mice and used for testing the safety and efficacy of human-specific ICI-based drugs.

Mouse model Target SafetyEfficacy Model Description Refs.
CDX-model with intraperitoneal injection of
Colon cb137 v v . _E ect 125!
and PD-1 PBMCs in Rag2™"IL2Rynull strain
PDX-model with intraperitoneal injection of
Gastric €D137 v v . _P_ 1ect (25]
and PD-1 PBMCs in Rag2™"IL2Rynull strain
1 PD-1 and PDX-model with intrahepatic injection of human (24]
HCC v v . ) 33]
CTLA-4 CD34+ HSCs in NSG mice
NPC 2 PD-1 and N v PDX-model with mtrahepatlc |nject.|on of human 23]
CTLA-4 CD34+ HSCs in NSG mice
Lvmphoma PD-1 and N N CDX-model with subcutaneous engraftment of [27]
ymp CTLA-4 human PBMCs in NOG mice (28]
PDX-model with intravenous injection of human 36]
sarcoma DL v v CD34+ CB cells in NSG mice
CDX and PDX-models with intravenous injection 3
3 -
NScLe PD-1 v v of human CD34+ HPSCs in NSG mice 9
CDX and PDX-models with intravenous injection
PD-L1 v v of either PBMCs or human CD34+ HSCs in NSG (49]
mice
Bladder PD-1 J J PDX-model with intravenous injection of human [35]

CD34+ HPSCs in NSG mice
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Mouse model Target SafetyEfficacy Model Description Refs.
TNBC 4 PD-1 v J CDX and PDX-models with intravenous injection [35]

of human CD34+ HPSCs in NSG mice

Lung PD-1 N N CDX-model with intravenous injection of CD34+ [41]
adenocarcinoma human HSCs in NOG and NOG-FcyR‘/‘ mice
PD-L1 J J CDX-model with intravenous injection of cord- [42]
blood derived CD34+ human HSCs in NSG mice
CDX-model with intravenous injection of CD34+
5 . [41]
HNSCC Pb-1 i u human HSCs in NOG and NOG-FcyR"‘ mice
Ovarian PD-L1 N CDX-model with intravenous injection of fetal [42]
carcinoma liver-derived CD34+ human HSCs in NOG mice

| O O4dICLy dllUu CilILaly FIUIHIIY Ul AU 1T rulndilizeu viouse
I Models

1 HCC Hepatocellular Carcinoma. > NPC Nasopharyngeal Carcinoma. 3 NSCLC Non-Small Cell Lung Cancer. *
VWIB Cheipig e gative Byt Canceal iS¢t SEditiead AGT Nesk SjnarhcusdeinGmdimuraawith respect to cancer
immunotherapy. It has indeed shown promising results, especially with respect to metastatic melanoma 2! and B-
cell malignancies 441, This method involves identifying and isolating immune cells or lymphocytes from a patient,
expanding them ex vivo, and then infusing them back into the cancer patient, targeting the tumour cells, and
resulting in antitumour activity. However, treatment-related toxicities have limited their widespread implementation
in therapeutic regimes, with experimental studies being irreproducible in patients. With the use of humanized

mouse models, these challenges are being addressed with enhanced treatment efficacy prediction.

3.1. CAR-T Cells

CARs are constructed by integrating the single-chain fragment variable (scFv) domain of an antibody with the TCR
constant domain, presenting the TCRs with high affinity and specificity for target antigens. This allows the
activation of modified T cells in an MHC-independent manner, thus bypassing the challenge posed by tumour
escape 43, CAR-T therapy, especially when involving anti CD19-CAR-T cells, has shown impressive results in
clinical trials involving B-cell malignancies 48471 and multiple myeloma [“8l. However, only approximately half the
patients in these trials were shown to respond, while some acquired resistance and suffered major toxicities
including CRS, neurologic toxicity, and B-cell aplasia, thereby limiting the potential of this therapy #4!. A humanized
mouse model could be used not only to design innovative CAR constructs and develop novel CAR-T cell therapies

but also to evaluate their safety and efficacy against disease.

Considering the severe toxicities of CRS in ACT, murine models mimicking CRS in patients have been developed
to generate a better understanding of CRS pathophysiology and thereby improve the safety, and reduce the
toxicities, of CAR-T therapies. A study using SCID-beige mice to model CRS reported serum cytokine levels that
were similar to those reported in clinical studies and established the important role of macrophage-derived IL-6, IL-
1, and nitric oxide (NO) in the pathophysiology of CRS 49, Genetically engineered CAR-T cells that constitutively

produce IL-1 receptor antagonist were shown to protect from CRS-mortality along with maintaining the antitumour
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efficacy in NSG mice; this finding is useful when attempting to identify a new target for CRS and also to design a
novel CAR construct 49, This genetic engineering technology can be boosted by silencing unwanted or faulty
genes to provide optimal therapeutic effects. This technique was recently employed to silence PD-1 expression in
CAR-T cells and has showed improved polyfunctionality of CAR-T in vitro and in PDX models B9, The functionality
of silencing PD-1 and gene editing techniques can be further investigated in humanized mouse models. As such,
gene-edited CAR-T cells with disrupted PD-1 signalling were shown to have enhanced activity in humanized CDX-
derived glioblastoma mouse models 11, The utilised method prompts the development of allogeneic CAR-T cells to

provide off-the-shelf therapy rather than relying on autologous CAR-T cells.

Following these studies, a B-cell acute lymphoblastic leukaemia (ALL) humanized mouse model was used to
generate CD-19-targeted CAR-T cells from human autologous mature T cells and successfully recapitulated the
response seen in patients, demonstrating its efficacy and providing an insight into a potential mechanism behind
CRS, with granulocyte macrophage colony-stimulating factor (GM-CSF), a pro-inflammatory cytokine, playing a key
role in CRS following CAR-T therapy 2. Such models can be highly valuable in evaluating the efficacy of various
CAR-T cells in the treatment of other malignancies, improving safety and reducing resistance by illustrating the

underlying mechanisms of newly established treatments.

3.2. CAR-NK Cells

The potential of CAR-NK cells in allogenic cell therapy has emerged in recent years due to the desired properties
of these cells such as lower incidence of GvHD, accessibility, and short lifespan in vivo, making them more

manageable than CAR-T cell therapy as part of an alternative approach to cancer treatment 53,

Researchers lab employed third-generation CAR NK92 cell line, which has been shown to target programmed cell
death ligand-1 (PD-L1) and display improved cytotoxicity and apoptosis in various human cell lines that express
PD-L1, in the NPC humanized mouse model in order to optimise the use of these cells in treating solid cancers and
potentially induce their antitumour activity B4l Indeed, the injection of HSC-derived primary CAR-NK (CAR-pNK)
cells in humanized mice showed the stimulation of the antigen processing and presenting pathways, indicating the
activation of the host immune system despite the presence of exhaustive TILs. Furthermore, treatment regimens
involving CAR-pNK cells and nivolumab (anti-PD-1 antibody) were designed, and these showed synergistic
antitumour responses in the humanized mice, thus demonstrating that CAR-NK therapy can be further pursued for

the treatment of NPC and potentially other solid tumours B4,

Another study using genetically engineered cord-blood-derived CAR-NK cells expressing IL-15 and an inducible
caspase-9 suicide gene showed improved antitumour toxicity in a CDX lymphoma humanized mouse model.
Interestingly, the activation of the suicide gene was able to eliminate the CAR-NK cells in vivo efficiently and rapidly
in cases of associated toxicities, and the expression of IL-15 helped in the conservation and proliferation of the
stem cell memory T-cell phenotype with an improved antitumour function. These anti-CD19 CAR-NK cells are
currently being evaluated in clinical trials, thus establishing the humanized mouse model as a bridge to

translational medicine 33,
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4. Improving Cytokine-Based Immunotherapy Using
Humanized Mouse Models

Cytokines evoke biological functions in the immune system and can enhance the proliferation and survival of T
cells and NK cells upon activation. Cytokines like IL-2 have pleiotropic functions, such as proliferating CD8+ T cells
and enhancing the cytotoxic activity, while also stimulating regulatory T cells (Tregs), which are associated with the
suppression of antitumour response 28, Cytokine-mediated immunotherapy using an antitumor cytokine called
interferon-alpha 2 (IFN-02) was the first immunotherapy agent approved by the Food and Drug Administration
(FDA) in 1986, and it is understood that the use of humanized mice was extremely limited at the time. IL-2 is one of
the few cytokines that has been approved in immunotherapy by the FDA, first for the treatment of metastatic renal
cell carcinoma in 1992 and then for the treatment of metastatic melanoma in 1998 7. Since these studies were
conducted prior to the discovery of fully humanized mice, they showed the survival of human and murine T cells in
vitro and in wild-type mice and were translated into clinical testing, where they resulted in dose-related toxicities
like fever, chills, malaise, and mild hepatic dysfunction while having no effect on tumour regression 28!, Several

other studies followed suit, having similar conclusions [22691[61]

To improve the efficacy of these cytokine-mediated therapies using humanized mouse models, others have
explored the potential of a humanized mouse model of ovarian cancer to study the TME and to test the efficacy of
IL-12 targeted immunotherapy. While these studies showed no significant decreases in tumour progression upon
treatment with liposome-mediated cytokines, they showed elevations in the levels of IFN-y in the experimental
mice, indicating that T lymphocytes and possibly NK cells are both viable and responsive to IL-12 stimulation and

thereby providing evidence of the potential of this treatment [€2],

5. Immune Response of Cancer Vaccines in Humanized
Mouse Models

Following the coronavirus disease 2019 (COVID-19) pandemic, the importance of vaccines has been highlighted.
Scientists have been trying to integrate the theory of vaccinations into the treatment and prevention of cancers.
Similar to COVID-19 vaccines, cancer vaccines aim to train the body’s immune system to identify and destroy
potentially harmful tumour cells, and can be divided into virus-, peptide-, nucleic-acid-, or cell-based vaccines
depending on preparation method. Prophylactic vaccines targeting human papilloma virus and hepatitis B virus
(HBV) have gained FDA-approval and are widely implemented in clinics to prevent malignancies associated with

viral pathogens [83], while therapeutic vaccines are still underway.

Tumour progression is often accompanied by the presence of somatic mutations. When these mutations occur in
protein-coding genes, they introduce non-synonymous polymorphisms which may give rise to novel tumour
neoantigens 84, Tumour antigens recognised by T lymphocytes are essential for ensuring cancer vaccine efficacy
and to activate the immune system. These mainly include tumour-associated antigens or tumour-specific antigens.
Humanized mouse models can be utilised to screen for such neoantigens and further design optimal targeted

vaccines. Multiple dendritic cell (DC) vaccines have been generated and studied in humanized mice. One study
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compared three DC vaccine formulations using a melanoma antigen recognised by T-cells 1 (MART-1) as an
antigen, allowing for the selection of the combination that was most robust and showed an enhanced immune
response in a 3-day period (62!, Additionally, a novel mAb (HUMAbO06-11) against HBV, which is a commonly
known cause of HCC, was developed in a human liver chimeric mouse model. This mAb protected humanized
mice from an active HBV infection, inhibited viral entry, and assisted in clearing the virions from circulation, thus
establishing its prophylactic effects €8, These studies highlighted the use of humanized mouse models in
proposing novel candidates for future clinical translation and selection of the most optimum therapeutic regimen of

cancer vaccines.

6. Targeted Tumour Lysis by Oncolytic Viruses (OVs) Using
Humanized Mice

OV immunotherapy enlists organisms that identify, infect, and lyse tumour cells in the TME, aiming to halt or
decrease tumour progression by activating DCs with damage-associated molecular patterns (DAMPSs) and tumour
antigens while sparing surrounding healthy cells. These organisms could be either genetically engineered or
naturally occurring viruses. Their use in clinics is gaining importance, with the first FDA approval for oncolytic
vaccines being granted in 2015 2. They can be used as single agents or in combination with other therapies and
have contributed to tumour cell death and increased the overall efficacy of immunotherapies 7. However, the
clinical manifestations of this therapy are highly variable, demonstrating a need for the humanized mouse model.
While the injection of OVs into solid tumours in mouse models has been tested and has showed promising results
(681691 studying the interaction between the virus-colonised tumours and human immune system is highly important
in order to understand the optimal mode of action of this therapy, which has emphasised the importance of the

humanized mouse model.

A humanized glioma-PDX mouse model has demonstrated not only the efficacy of using OVs, such as CRAd-S-
pK7, for malignant gliomas, but also a novel intranasal delivery system using CXCR4-enhanced neural stem cells

that leads to the tumour-specific delivery of OVs and extends the survival time of test animals 9.

The interactions of the oncolytic vaccinia virus with tumours were analysed using humanized mice bearing A549
(human lung carcinoma) cell lines. This model demonstrated successful selection, infection, and replication of the
virus in the tumours in vivo post administration of the GLV-2b372 oncolytic vaccinia virus strain in the humanized
tumour-bearing mice, and further indicated targeted tumour cell lysis. Additional studies have investigated the
combination of OVs with ICls in syngeneic murine models and have demonstrated robust immune-mediated

antitumour activity 2, with improved results to be established using humanized mouse models.

| 7. Combination Therapy with ICls

Despite the advantages of immunotherapy, there are some sub-groups that do not respond favourably to a single

cancer immunotherapy agent. The treatment of solid cancers has proven to be a challenge with their varied
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populations, poor tissue penetration, and heterogenous populations, leading to drug resistance mechanisms being
developed. For such cases, combining different immunotherapy drugs or administering therapeutic antibodies in
conjunction with chemotherapeutics and other modes of treatment has been shown to be more effective in
enhancing antitumour efficacy 2. Clinical trials testing the effects of combination therapy involving two ICls, anti-
CTLA-4 and anti-PD-1, have shown promising results in cancers like melanoma and have already been approved
by the FDA for clinical use 3, and other trials using combinations of relatimab (anti-LAG-3 antibody) and
nivolumab are already underway 4. However, these combinatorial therapies often exhibit adverse immune-related
side effects due to a lack of proper understanding of the synergy between the incorporated compounds and their
possible overlap in other cellular mechanisms. This has hampered the development of new combination therapies

and provides an avenue for the humanized mouse model to be of use.

The NPC humanized mouse model was used to test the efficacy of a combination treatment of nivolumab and
ipilimumab and showed results consistent with those seen in donor patients 23, The association of the Epstein—
Barr Virus (EBV) with NPC and other cancers like Burkitt's Lymphoma, Hodgkin Lymphoma, and NK/T cell
lymphoma led to a study using HSC-humanized NRG mice injected intravenously with EBV and targeted with
adoptively transferred T cells specific for EBV alone and in combination with nivolumab 2. The upregulation of
checkpoint inhibitors in the study model indicated a strong affinity for combination therapy, which was associated
with significantly increased survival and reduced tumour burden in tumour-bearing mice, establishing the

importance of combination therapy.

Using the HCC immune system—humanized mouse model, researchers lab showed that combination therapy in the
form of dual and triple therapy could be used to validate anti-HCC effects and side effects in humanized mice.
Triple therapy using pembrolizumab, bevacizumab (anti-vascular endothelial growth factor (VEGF)), and the Stat
inhibitor C188-9 resulted in an improved combinatorial effect, with the lowest level of proliferation and evidence of
reduced angiogenesis, thus significantly increasing the efficacy of the anti-HCC response compared with the
results of traditional therapy (22l Another study using HCC-PDX humanized mouse model demonstrated the anti-
HCC effect of anti-GPC3 CAR-T cell therapy [Z8, providing more evidence on the importance of these models for

the testing of novel combinatorial therapeutic strategies.

More recent studies have demonstrated the immunosuppressive and exhaustive phenotypes of ovarian cancers
and demonstrated the efficacy of using dual blockade with anti-LAG-3 and anti-PD-1 in murine models with a
significantly higher number of T cells in the TME, enhanced CD8+ TIL functions, and a reduced subset of Treg cells
71, One of the more promising results for treating ovarian cancer was discovered by combining a PD-1/CTLA-4

dual blockade with the adoptive transfer of autologous TILs in humanized PDX-ovarian cancer models.

A prior study using a humanized mouse model engrafted with triple-negative breast cancer (TNBC) cell lines
showed the relevance of combination therapy for the treatment of TNBC with nivolumab and OKI-179 (histone
deacetylase inhibitor) [Z8. This treatment significantly inhibited tumour growth and allowed for the dose modification
of nivolumab after a certain period. Hence, it not only provided new therapeutic approaches to TNBC but also

validated the efficacy of humanized mouse models in the evaluation of immunotherapy and of combination
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therapies. Combination therapy has been applied in the humanized oncology model by showing the use of
temozolomide (a chemotherapy drug) and ibudliast (a macrophage migration inhibitory factor inhibitor) in extending

the survival of mice in a glioblastoma-PDX model [,

The extensive range of studies using these models for testing and evaluating the different components of
immunotherapy proves the impact of these models in advancing the field of personalised medicine and oncology
(Table 3). The use of human PBMCs and human HSCs helps not only to create a platform to study and understand
the effect of these immunotherapies, but also to discover new targets that could be utilised to develop anticancer

agents and provide personalised immune-oncology models.

Table 3. The use of humanized mouse models in different immunotherapies, Summarising their applications and
safety and efficacy profiles along with indications on how they can be improved to overcome their current

limitations and provide an enhanced platform for drug testing and development.

Humanized Mouse Safety & Further Lo
W 97 Model Application Efficacy Modifications Sl UR
. . Improved . Undefined
. Help in discovering . Immune-transgenic .
Antibody-based compared to wild resistance
new targets for ICls . models .
type mice mechanisms
. Hints towards Higher safety Improved NK cell CR.S.and. .
Adoptive Cell : . . . neurotoxicity, limited
possible mechanisms and efficacy model for cytotoxic .
Therapy . . effect on solid
underlying CRS standards activity
tumours
- . Fully humanized
Gaining popularity to . .
. 9 pop y Potential to models with e
Cytokine prevent tumour . : . Lack of specificity
improve improved cytokine
growth .
transgenic models
Prophylactic and Dose escalation .
. . . . Dual humanized . .
. therapeutic vaccines studies provide Scarcity of suitable
Cancer vaccines . . . mouse models for .
are being established improved safety . neoantigens
. . . specific viral cancers
using this model and efficacy
. . Improved safety Need for improved
. Discovering novel i : . .
Oncolytic . and efficacy Dual humanized delivery strategies,
. delivery systems and
viruses : . when translated mouse models tumour
targeting tumour lysis o .
to clinic heterogeneity
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