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ABSTRACT

Severe combined immunodeficiency disease (SCID),
characterized by profound immune system dysfunction,
can lead to life-threatening infections and death. Animal
models play a pivotal role in elucidating biological
processes and advancing therapeutic strategies. Recent
advances in gene-editing technologies, including zinc-
finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENs), CRISPR/Cas9, and base
editing, have significantly enhanced the generation of
SCID models. These models have not only deepened our
understanding of disease pathophysiology but have also
driven progress in cancer therapy, stem cell
transplantation, organ transplantation, and infectious
disease management. This review provides a
comprehensive overview of current SCID models
generated using novel gene-editing approaches,
highlighting their potential applications in translational
medicine and their role in advancing biomedical research.
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INTRODUCTION

Severe combined immunodeficiency disease (SCID) is a
hereditary disease marked by profound immune system
dysfunction (Cirillo et al., 2015). The estimated prevalence of
SCID ranges from 1 to 2 in 100 000 live births (Zhang et al.,
2023). Early clinical manifestations typically include recurrent
and severe infections, dysplasia, pneumonia, otitis media, skin
infections, and disseminated Bacillus Calmette-Guerin
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infection. A hallmark feature of SCID is the absence of T
lymphocytes in the peripheral blood and lymphoid tissues
(Chien et al., 2015). SCID can be broadly classified into two
subtypes: those with or without B lymphocytes. Approximately
23%-30% of SCID patients have detectable levels of natural
killer (NK) cells but no B and T lymphocytes. The absence of
functional T, B, and NK cells severely compromises immune
responses, necessitating robust animal models to investigate
disease mechanisms and therapeutic approaches (Kim et al.,
2021).

Immunodeficient animal models, which either harbor
congenital genetic mutations or exhibit immune deficiencies
induced through biotechnological methods, serve as
indispensable tools in biomedical research. These models are
widely applied in oncology, stem cell therapy, immune system,
and infectious disease studies (Kim etal, 2021). The
emergence of genome-editing technologies, including zinc
finger nucleases (ZFN), transcription activator-like effector
nucleases (TALEN), and clustered regularly interspaced short
palindromic repeats associated with protein-9 nuclease
(CRISPR/Cas9), has revolutionized the development of SCID
animal models by providing precise and efficient tools for
targeted genetic modification (Wang & Doudna, 2023; Wood
etal., 2011). Several SCID animal models have been
developed using mice (Mus musculus), rats (Rattus), and pigs
(Sus scrofa) (Boettcher etal,, 2020; He etal, 2019;
Mombaerts etal.,, 1992; Suzuki etal., 2012). Humanized
derivatives of these models, which incorporate human immune
components, have gained popularity in both academic and
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commercial settings. Despite these advancements, the
selection of appropriate SCID models for specific research
applications remains a complex and critical challenge.

This review presents a comprehensive analysis of the
development and application of SCID animal models
generated using advanced gene-editing technologies based
on DNA nucleases. It examines the characteristics of SCID
models created using different gene-editing approaches and
explores their potential future applications as experimental
models. Overall, the generation of SCID animal models
represents a critical resource for advancing disease research.

PATHOLOGICAL AND
CHARACTERISTICS OF SCID MODEL

IMMUNOLOGICAL

SCID is characterized by a range of clinical features, including

persistent diarrhea, persistent oral thrush, recurrent,
severe, or opportunistic infections, lymphadenopathy,
hepatosplenomegaly, erythrodermic rash (Omenn’s

syndrome), and lymphopenia (Rivers & Gaspar, 2015). A key
pathological hallmark of SCID, according to the 2022
diagnostic and classification criteria, is the significant
reduction or absence of autologous T cells. Genetic analyses
have identified pathogenic variants of SCID-associated genes
in 93% of patients, with seven genes (IL2RG, RAG1, ADA,
IL7R, DCLRE1C, JAK3, and RAG2) accounting for 89% of
typical SCID cases. Additionally, three genotypes (RAGT,
ADA, and RMRP) are implicated in 57% of leakage or atypical
SCID cases (Dvorak etal, 2023). The underlying
pathogenesis of SCID involves various genetic defects that
disrupt critical immune functions (Table 1), including
anomalies in cytokine signaling (IL2RG, JAK3, and IL7RA),
defects in V(D)J recombination, T cell receptor (TCR)
assembly (RAG1/RAG2, DCLRE1C, NHEJ1, LIG4, and
PRKDC), impaired survival of hematopoietic precursors (AK2),
accumulation of toxic metabolites (ADA), abnormalities in TCR
signaling (CD45, CD3D, CD3Z, CD35, CD3¢, and CORO1A),
and thymic abnormalities (FOXN17) (Kumrah et al., 2020).

NOVEL GENOME-EDITING TECHNIQUES
GENERATING SCID ANIMAL MODELS

FOR

revolutionized  the
by enabling precise

Gene-editing
development

technologies  have
of gene therapies

Table 1 SCID-related genes and their phenotypic changes

modifications of DNA sequences and gene functions,
facilitating the treatment of various diseases (Gaj et al., 2016).
Various gene-modified animal models, including transgenic,
gene knockout (KO), and gene insertion models, have been
constructed using genetic manipulation methods, such as
lentiviral vectors, transposons, embryonic stem cells, and
targeted nucleases (Doyle etal., 2012). However, the
application of traditional approaches to establish gene-edited
large animal models remains underexplored (Volobueva et al.,
2019). This gap highlights the critical importance of employing
gene-editing technologies to generate SCID animal models
(Figure 1).

DNA nuclease-based gene-editing techniques, such as
ZFN, TALEN, CRISPR/Cas9, base editing, and prime editing,
represent the forefront of genomic engineering (Newby & Liu,
2021). These technologies continue to advance, offering
increased efficiency, reduced costs, and an ever-expanding
range of applications. While base and prime editing operate
through distinct mechanisms, the other three technologies rely
on the repair of DNA double-strand breaks (DSBs) via
homologous recombination or non-homologous end-joining
(Zhou etal., 2022). The following sections review SCID
models constructed using specific gene-editing techniques
(Table 2).

SCID models constructed using ZFN

Before the emergence of ZFN technology, targeted genetic
engineering was highly challenging in both animal models and
human tissue culture systems (Palpant & Dudzinski, 2013). In
2010, researchers reported the first successful ZFN-based
construction of an X-linked SCID rat model via IL2RG gene
knockout (Mashimo etal., 2010). These rats exhibited
abnormal thymus and spleen development, significantly
reduced lymphocyte populations, and susceptibility to human
tumor cell xenotransplantation, leading to tumor formation.
Subsequent advancements included the generation of RAG1-
KO rats, which displayed a near-complete absence of
lymphocytes in the spleens and lymph nodes, and the
simultaneous knockout of PRKDC and IL2RG, resulting in
FSG rats with an immunodeficient phenotype.

ZFN technology has also demonstrated versatility in large
animal models. Notably, Yang etal. (2011) successfully
knocked out PPARG in pigs using ZFN, although the resulting
phenotypes were not described. Similarly, Watanabe et al.

Pathogenesis Gene name Phenotypic changes
Thymic abnormalities FOXN1 No hair, no thymus Lymphocyte reduction
IL2RG
Cytokine signaling anomalies JAK3 Lack of T and NK cells, dysfunction of B lymphocytes
IL7RA
RAG1/RAG2
DCLRE1C
V(D)J recombination and T-cell receptor defects NHEJ1 T and B cell deficiency
LIG4
PRKDC
Defective survival of hematopoietic precursors AK2 T, B, and NK cell deficiency
Toxic metabolite accumulation ADA T, B, and NK cell deficiency
CD45
TCR abnormalities CD3 T cell deficiency
CORO1A
Others B2M .
T and NK cell deficiency
PRF1
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In 2010, a SCID rat
model was successfully
constructed by knocking

out the IL2RG gene

using ZFN.

In 2013, a SCID rabbit
model was successfully
constructed by knocking

out the RAG1/RAG2
genes using TALEN.

In 2014, SCID rabbit and
monkey models were
successfully constructed
using CRISPR/Cas9,
respectively.

Figure 1 SCID animal models generated based on different DNA gene-editing techniques

Table 2 SCID animal models generated using different gene-editing techniques

Gene-editing technology Species Targeted genes References
ZFNs Rat (Rattus) IL2RG Mashimo et al., 2010
Rat (Rattus) RAG1 Zschemisch et al., 2012
Rat (Rattus) PPARG, IL2RG Mashimo et al., 2012
Pig (Sus scrofa) PPARG Yang et al., 2011
Pig (Sus scrofa) IL2RG Watanabe et al., 2013
Monkey (Callithrix jacchus) IL2RG Sato et al., 2016
TALENs Mouse (Mus musculus) IL2RG Xiao et al., 2015
Rat (Rattus) IL2RG Ménoret et al., 2018
Rat (Rattus) RAG2 Liu et al., 2015; Noto et al., 2018
Rabbit (Oryctolagus cuniculus) RAG1/RAG2 Song et al., 2013
Pig (Sus scrofa) RAG2 Lee etal., 2014
Pig (Sus scrofa) RAG1/RAG2 Huang et al., 2014
Monkey (Callithrix jacchus) IL2RG Sato et al., 2016
CRISPR/Cas9 Mouse (Mus musculus) FOXN1 Wei et al., 2017
Rat (Rattus) IL2RG, RAG2 Miyasaka et al., 2022
Rabbit (Oryctolagus cuniculus) RAG1, RAG2, IL2RG Yan et al., 2014
Rabbit (Oryctolagus cuniculus) FOXN1 Song et al., 2021
Rabbit (Oryctolagus cuniculus) FOXN1, RAG1, RAG2, IL2RG, PRKDC Song et al., 2017, 2018
Rabbit (Oryctolagus cuniculus) IL2RG Hashikawa et al., 2020
Pig (Sus scrofa) IL2RG Kang et al., 2016; Ren et al., 2020
Pig (Sus scrofa) DCLRE1C, IL2RG Boettcher et al., 2020
Monkey (Macaca fascicularis) PPARG, IL2RG Niu et al., 2014
Base Editor Pig (Sus scrofa) IL2RG, RAG1, RAG2 Xie et al., 2019

Monkey (Macaca fascicularis) IL2RG, RAG1

Zheng et al., 2023

(2013) established IL2RG-KO pigs, characterized by a
complete absence of thymus, T cells, and NK cells, closely
resembling the immunological profile of patients with X-linked
SCID. Sato etal. (2016) generated a marmoset model with
SCID by efficiently editing the IL2RG gene to produce an
immunodeficiency  phenotype, providing insights into
thymocyte development in primates and novel therapeutics for
human X-linked SCID. However, despite its relatively high
editing efficiency, ZFN technology has several limitations that
constrain its broader application, such as off-target effects,
potential for carcinogenesis, and cumbersome operation.

SCID models constructed using TALEN
TALEN technology offers several advantages over ZFN,

including easier design and construction and the ability to
target any genomic site with high precision and efficiency.
TALEN technology was first employed in 2013 to generate an
immunodeficient rabbit model via RAG7T and RAG2 knockout
(Song etal., 2013). Since then, TALEN has been utilized
across a wide range of applications, from creating genetically
modified crops and livestock to developing experimental
models in diverse organisms. TALEN became the first
genome-editing tool to achieve clinical success, curing
relapsed refractory CD19-positive acute lymphoblastic
leukemia, and further demonstrated its versatility with the
commercialization of the first genome-edited crop (Becker &
Boch, 2021; Menz et al., 2020; Qasim et al., 2017).

TALEN has played a pivotal role in constructing SCID
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mouse models with distinct immunodeficiency phenotypes
based on IL2RG gene editing. For example, Xiao et al. (2015)
utilized these models to validate ANGPTL7 as a regulator of
human hematopoietic stem and progenitor cell expansion and
regeneration. Ménoret et al. (2018) generated IL2RG-deficient
rats using TALEN, which exhibited more severe
immunodeficiencies compared to RAG7-deficient rats,
characterized by the partial loss of T, B, and NK cells. When
these IL2RG-deficient rats were crossed with RAG7-deficient
rats, the resulting offspring displayed severe
immunosuppression, with undetectable levels of T, B, and NK
cells (Ménoret etal.,, 2018). Previous studies have also
developed RAG2-KO rats using TALEN technology, which
demonstrated a deficiency in mature T and B cells, along with
a compensatory increase in NK cells, making them highly
susceptible to infections such as cowpox virus and
xenotransplantation of human tumor cells (Liu etal., 2015;
Noto etal., 2018). Song etal. (2013) successfully obtained
RAG-KO rabbits via microinjection of TALEN mRNA into
embryos, resulting in underdeveloped lymphoid organs, early
obstruction of T and B cell development, and obstacles in
V(D)J recombination.

TALEN technology has further been employed in large
animal models. For example, Huang et al. (2014) developed
RAG-KO pigs, which exhibited immune organ hypoplasia, an
inability to undergo V(D)J rearrangement, and a loss of mature
B and T cells. By targeting the RAG2 gene in pigs using
TALEN, Lee etal. (2014) produced an SCID model lacking
both T and B cells, with subsequent injection of human-
induced pluripotent cells inducing teratoma formation that
recapitulated various human tissues. Furthermore, Sato et al.
(2016) developed an immunodeficient marmoset model using
both ZFN and TALEN vectors with distinct DSB activities,
which improved editing efficiency and reduced the risk of
chimerism but also posed challenges due to its technical
complexity.

SCID models constructed using CRISPR/Cas9

CRISPR/Cas9 has become a widely used gene-editing
approach due to its high efficiency, single-guide RNA (sgRNA)
design, high specificity, and low off-target effects (Hochheiser
et al., 2018). Using this approach, Wei et al. (2017) generated
a novel nude NOD/SCID/IL2rg (NSIN) mouse strain by
knocking out Foxn1 in NOD/SCID/IL2rg™ (NSI) mice. The
absence of B, T, and NK cells in these mice impaired T cell
reconstruction and thymus regeneration ability following
allogeneic bone marrow nucleated cell transplantation while
enhancing engraftment of leukemia and solid tumor cells.
Similarly, Miyasaka etal. (2022) used CRISPR/Cas9 to
successfully edit IL2RG and RAG2 in rats, generating SRG
models that lacked mature T, B, and circulating NK cells. Yan
etal. (2014) also applied this technology to simultaneously
knockout RAG1, RAG2, and IL2RG in rabbits, although the
production of live immunodeficient animals was not reported.
Subsequent efforts have successfully produced
immunodeficient rabbits with mutations in FOXN1, RAGT,
RAG2, IL2RG, and PRKDC, which demonstrated reproductive
transmission and yielded F1 generation offspring (Song et al.,
2017, 2018). Notably, X-SCID rabbits generated by targeting
IL2RG alone showed T and B cell loss, thymic hypoplasia, and
improved outcomes in allogeneic skin tissue transplantation
(Hashikawa et al., 2020). With CRISPR/Cas9 tools, Song
etal. (2021) edited FOXNT in rabbits, producing hairless,
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thymus-free animals with severe immunodeficiency, suitable
for human stem cell xenotransplantation.

CRISPR/Cas9 has also shown remarkable utility in large
animal models. Notably, Boettcher etal. (2020) performed
site-specific CRISPR/Cas9 mutations in IL2RG from pigs with
an ART" genetic background, generating T'B'NK'SCID pigs
lacking T, B, and NK cells in their peripheral blood and
lymphoid tissues. Similarly, IL2RG-KO pigs generated using
CRISPR/Cas9 technology have been shown to exhibit a SCID
phenotype (Kang etal.,, 2016) and support the growth of
human melanoma-derived tumors (Ren et al., 2020). Niu et al.
(2014) employed CRISPR/Cas9 technology to precisely target
the PPAR-y and RAGT genes in crab-eating monkeys.
Ongoing efforts to optimize CRISPR/Cas9 for SCID model
development include the use of engineered Cas9 variants and
the identification of immune orthogonal orthologs to minimize
adverse events and improve editing outcomes (Uddin et al.,
2020).

SCID models constructed using base editing

Base editing systems, including cytosine base editors (CBE),
adenine base editors (ABEs), and guanine editors, enable
precise genetic modifications without causing DNA DSBs,
thereby avoiding activation of the DNA double-strand repair
mechanisms. Xie et al. (2019) first used base editing to mutate
IL2RG, RAG1, and RAG2 in pigs, generating an
immunodeficient model that exhibited severe infections and
high mortality. Similarly, Zheng etal. (2023) employed the
CBE4max system to inactivate IL2RG and RAG1 in monkeys,
establishing an immunodeficient model characterized by
lymphopenia, lymphoid organ atrophy, and a lack of mature T
cells. These base-edited monkeys supported the engraftment
and growth of human breast cancer cells, leading to tumor
formation.

Although base editing has shown promise, challenges
remain regarding off-target effects associated with
CRISPR/Cas9-based systems, including base and prime
editing technologies. These limitations continue to hinder the
therapeutic and clinical translation of CRISPR/Cas9-based
systems for treating diseases. Furthermore, the use of gene-
editing technology to generate SCID animal models requires
ongoing refinement to enhance their precision and
applicability.

COMPARISON OF GENE-EDITING TECHNIQUES AND
SPECIES IN GENERATING SCID MODELS

Comparison of gene-editing technologies

ZFN technology, despite being one of the earliest genome-
editing tools, faces significant challenges due to off-target
effects and associated cytotoxicity (Carroll, 2011).
Furthermore, the immune responses triggered by the
microinjection of mMRNA encoding ZFNs, along with
inefficiencies in the process and the generation of mutant
chimeras during SCID model construction, significantly limit
the applicability of this technology (Li et al., 2014; Mashimo,
2014). Additional factors such as strain variability, species
differences, chromatin structure, and technical manipulation
also impact its efficiency in genetic modification.

In contrast, TALEN technology employs a DNA binding
module that recognizes single nucleotides (Tsai et al., 2022),
offering greater precision and ease in targeting specific
genomic loci. TALEN was the first gene-editing tool that could
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be designed and constructed relatively easily for precise
genome editing. However, cytotoxicity and off-target effects
remain concerns, and the extensive molecular cloning and
sequencing required for constructing SCID models using
TALEN present certain limitations in terms of technical
manipulation and model construction cycle.

CRISPR/Cas9 has gained prominence due to its simplicity,
requiring only the design and synthesis of gRNAs targeting
specific genes (Bhatia et al., 2023). However, its reliance on
DSBs introduces risks, such as DNA damage (Haapaniemi
etal., 2018), chromosomal fragmentation and instability
(Wang et al., 2019), off-target effects (Zhang et al., 2015b),
and immunogenicity associated with Cas9 nucleases (Crudele
& Chamberlain, 2018; Mehta & Merkel, 2020). Thus, when
constructing SCID models with CRISPR/Cas9, considerations
extend beyond gene-editing efficiency to include the
evaluation of pathological phenotypes, immunological
changes, off-target effects, and cytotoxicity.

Base editing has the advantages of programmability and
flexibility, overcoming the limitations of traditional Cas9
nuclease gene editing (Porto etal., 2020). Optimized base
editing techniques allow precise targeting of immunodeficiency
genes, improving gene-editing efficiency. However,
comprehensive safety evaluations remain essential to address
potential off-target effects. Advances in sequencing
technologies and bioinformatics analysis are critical for
achieving the precision needed to assess and mitigate these
risks (Blattner et al., 2020).

Prime editing, although still in its infancy, represents a
promising development in gene editing. It has been
successfully applied in cell lines, post-mitotic neurons, mice,
organoids, and plants (Gao et al., 2021; Schene et al., 2020;
Xu et al., 2020). Despite these advances, prime editing faces
many obstacles, including off-target effects, delivery selection,
and immunogenicity. Notably, SCID models generated using
prime editing have not yet been reported.

SCID models generated using these technologies have
successfully replicated the phenotypes of immunodeficiency
diseases. As gene-editing methods continue to advance,
improvements in efficiency, ease of operation, and safety will
also occur. While CRISPR/Cas9 technology is currently the
most widely used due to its versatility, the appropriate gene-
editing technology should be selected according to the target
organism and specific gene to be edited. Simultaneously, the
exploration and development of alternative methods like base
and prime editing should not be overlooked. To address
possible off-target effects, robust evaluations are required,
including quantification of input DNA, unbiased bioinformatics
analysis, traceable validation methods, and sensitivity
assessments. In addition, while comparing different gene-
editing techniques for SCID model construction, the
appropriateness of the technical conditions during operation
and possible differences between species should be
considered.

Comparisons across species
Recent advancements in gene-editing techniques have
enabled the development of a diverse range of SCID animal
models, encompassing both large and small species. These
models are widely used in biomedicine, each offering unique
advantages, with a primary focus on mice, rats, rabbits, pigs,
and non-human primates (NHPs).

SCID mice: Small immunodeficient

animal  models,

particularly mice, are extensively utilized due to their short
reproductive cycles, high fertility rates, ease of husbandry, and
well-characterized genomes. The availability of mature gene
modification technologies further enhances their applicability.
Common SCID mouse models include SCID, NOD/SCID,
NOD-SCID-l12rgnull, NRG, and BRG mice (Shultz et al., 1995,
2007). The development of humanized mouse models,
achieved through homozygous mutations in PRKDC-SCID or
defects in RAG1/RAG2, has facilitated the effective
implantation of human immune system components and
xenografts. These humanized mouse models represent
innovative platforms for human tumor immunology research,
enabling study of the interaction between human tumors and
the immune system and evaluation of immunotherapy efficacy
(Cogels et al., 2021).

Despite significant advances in the translational potential of

humanized mice in clinical oncology, no mouse model can
fully replicate all aspects of human biology (Chuprin etal.,
2023). Additionally, some SCID mice develop immune leakage
as they age, although the underlying molecular mechanisms
remain unclear. Consequently, there is an urgent need to
develop immunodeficient models that more closely resemble
human physiology to address the limitations of existing
systems and improve translational research outcomes.
SCID rats: Before the advent of gene-editing technology,
progress in developing immunodeficient rat models was slow.
The emergence of these technologies has facilitated the
generation of many immunodeficient rat strains, providing a
valuable complement to mouse models. Existing
immunodeficient rat strains include X-SCID (IL2RG), RAG1-
KO (RAGT), SDR (RAG2), SCID (PRKDC), FSG (PRKDC,
IL2RG), NSGL (PRKDC, IL2RG, hSIRPa), SD-RG (RAGT,
RAG2, IL2RG), and SRG (RAG2, IL2RG) (Liu etal., 2015;
Mashimo et al., 2010, 2012; Ménoret et al., 2020; Noto et al.,
2020; Yang et al., 2018; Zschemisch et al., 2012).

SCID rats offer several advantages over mouse models.
Notably, they support the engraftment of a broader range of
human cells and tissues and have a longer lifespan, enabling
extended studies. Their larger size facilitates surgical
procedures and allows the collection of more experimental
samples, addressing several shortcomings of mice. In
addition, rats have been widely used in pharmacology and
toxicology experiments, enhancing their utility in translational
studies.

However, SCID rats have certain limitations. For instance,
human CD34* hematopoietic stem cells cannot be
successfully transplanted into FSG rats, hindering their use in
developing humanized immune systems. Furthermore,
PRKDC-KO rats exhibit growth inhibition (Mashimo etal.,
2012), which may affect experimental outcomes and limit their
application.

SCID rabbits: Genome-edited rabbit models hold significant
promise for advancing our understanding of disease
mechanisms and facilitating the development of novel gene
therapies (Hornyik et al., 2022). Rabbits possess a unique
immune system that makes them valuable for immunological
and microbiological studies. Their extensive B cell repertoire
enables the production of a diverse array of antibodies, and
their affinity optimization mechanisms are more effective than
those of rodents (Weber et al., 2017), making them particularly
useful for antibody production studies. Additionally, rabbits are
highly sensitive to a range of viruses and pathogenic bacteria,
making SCID rabbit models well-suited for studying human
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microbial infections and their associated diseases.

SCID pigs: Minipigs, widely used as non-rodent large
laboratory animals in biomedical research, possess
gastrointestinal, digestive, renal, and immune systems similar
to humans, making them valuable models for studying human
diseases. In addition, minipigs offer practical advantages over
NHPs, including easier handling, husbandry, sampling, and
drug administration. They are also free from zoonotic diseases
commonly associated with NHPs and pose fewer ethical and
conservation concerns. The availability of sexually mature
animals and ease of transportation further enhance their utility.

Miniature pigs are widely used in biomedicine, not only as

an ideal model for human diseases but also for organ
xenotransplantation, cardiovascular research, and
neurological studies. Compared with small animal models,
pigs exhibit higher sequence similarity with human
heterologous receptors, allowing for more accurate predictions
of pharmacological and pharmacokinetic responses. Using
advanced gene-editing techniques, researchers have
developed various immunodeficient pig models, which are
increasingly recognized as indispensable tools in translational
and preclinical research.
Non-human primates SCID models: The availability of
complete genome sequences has significantly advanced our
understanding of biological processes at the molecular level.
This has fueled the development of SCID models in NHPs,
which provide critical insights from a molecular and
developmental biology perspective (Nakamura et al., 2021).
Although NHP-SCID models are promising, they face certain
limitations, such as higher early infection mortality. This
challenge necessitates anti-infection measures to ensure
animal survival for meaningful studies. In addition, the problem
of chimerism in NHP-SCID models presents a significant
barrier to their use in pathophysiological studies.

In summary, SCID models derived from different species
exhibit distinct disease phenotypes due to variations in
anatomical, physiological, and genetic characteristics. While
humanized mouse models are the most widely used for
studying the human immune system, large-animal models,
such as pigs and NHPs, more closely replicate human
biological systems (Li & Lai, 2024; Rahman et al., 2023; Zhao
et al., 2019), offering higher translational relevance. However,
small animal models offer advantages such as shorter
reproduction cycles and lower costs, characteristics that
somewhat limit the widespread use of large animals. In
addition, large-animal models are constrained by higher
ethical and logistical considerations, including societal
acceptance and regulatory restrictions. The optimal approach
involves the joint use of different species to address specific
research goals. Selecting the appropriate species for SCID
model development should be guided by the experimental
design, research objectives, and practical considerations such
as cost and ethical implications.

SCID ANIMAL MODEL APPLICATIONS

The continuous development of targeted gene-editing
techniques has transformed the generation of SCID animal
models, expanding their  applications in  tumor
xenotransplantation, immunology, stem cell therapy, and
infectious disease treatment. These models provide invaluable
insights into SCID-related diseases and facilitate translational
biomedical research (Figure 2).
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Tumor xenotransplantation

SCID animal models are essential for studying tumor growth,
metastasis, and recurrence, as well as for evaluating
antitumor drug screening. Cell-derived xenograft models,
created by implanting tumor cell lines subcutaneously,
intravenously, or in situ into immunodeficient or humanized
animals, enable the study of subcutaneous or in situ tumor
growth (Tsumura et al., 2020). While traditional in vitro cell
lines lack the complexity of primary tumor microenvironments,
patient-derived xenograft (PDX) models have addressed this
limitation by transferring tumor tissues from patients into
immunodeficient animals, paving the way for personalized
therapeutic strategies (Yin et al., 2021). For example, IL2RG-
deficient rats can serve as hosts for human ovarian cancer
xenografts, with X-SCID rats developing tumors within 14 days
of cell injection (Mashimo et al., 2010). Similarly, SCID mice
subcutaneously inoculated with human medulloblastoma cells
have provided insights into the protective effects of human
protein analogs against TMZ-induced apoptosis in male germ
cells (Jia et al., 2019). Non-small cell lung cancer models have
also been developed by implanting in vitro tumor cells into
SCID mice, enabling researchers to evaluate disease
outcomes (Anderson et al., 2003). In addition, SCID mice
have been used to construct skin xenograft models, facilitating
the study of long-term ultraviolet irradiation effects (Hachiya
et al., 2009).

The continuous optimization of SCID models and the
anatomical limitations of small-animal systems have driven the
development of SCID models in larger species, such as
rabbits, pigs, and monkeys, using advanced gene-editing
techniques and enabling comprehensive evaluation through
tumor xenografts. For example, the breast cancer cell line
MDA-MB-231 was successfully transplanted into a
CRISPR/Cas9-generated immunodeficient monkey model
(Zheng etal.,, 2023). Similarly, FOXN1-KO naked rabbits
generated using CRISPR/Cas9-mediated editing have been
applied for teratoma detection, tissue engineering, and
vascular transplantation, while NOD/SCID//L2rg” mice have
facilitated in vivo monitoring and imaging of solid tumors (Wei
etal., 2017). Moreover, IL2RG” pigs created with
CRISPR/Cas9 support human tumorigenesis, forming
teratomas representing various human tissues when injected
with human-induced pluripotent stem cells (Lee et al., 2014).
Therefore, SCID models have significantly advanced our
understanding of tumorigenesis and the complex interactions
between tumors and host environments.

Immunotherapy

The successful transplantation of human tumors and active
human immune cells into SCID mice has been a cornerstone
for the development and use of humanized mouse models to
evaluate cancer therapy efficacy (Bankert et al., 2001). The
clinical success of immunotherapy has spurred interest from
academic researchers, as well as biotechnology and
pharmaceutical industries, in its potential role in cancer
treatment. However, given the high cost of clinical
development and the risk of inflammatory toxicity, robust
model systems are essential for preclinical research. These
systems include transplantable tumor models, transgenic or
gene knockout tumor-generating models, and humanized
mouse models inoculated with human tumor xenografts
(Dranoff, 2011). Selecting the most appropriate animal models
is critical for conducting systematic preclinical cancer
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immunotherapy studies.

Currently, cancer immunotherapies encompass oncolytic
viral therapies, cancer vaccines, cytokine therapies, adoptive
cell transplantation, and immune checkpoint inhibitors, all of
which have shown promise in clinical practice (Zhang &
Zhang, 2020). SCID models have been instrumental in
advancing basic and translational research in these areas. For
example, preclinical studies using NSG mice carrying human
tumors and treated with specific antibodies against human
CD47 have demonstrated effective tumor cell phagocytosis
and elimination, reinforcing CD47 as an effective target for
cancer treatment (Wilingham etal., 2012). Similarly, the
efficacy of CAR-T cell therapy for leukemia has been
evaluated using NSG mice engineered with T cells expressing
CD33-specific antigen receptors (Kenderian et al., 2015). In
addition, humanized peripheral blood mononuclear cell
(PBMC)-transfected MHC class l/llI-deficient NOG mice have
proven valuable for assessing human immune responses
(Yaguchi et al., 2018), providing a platform for testing cancer
immunotherapy drugs (Morillon et al., 2020). Therefore, the
generation of novel humanized SCID animal models with
reconstructed immune systems represents a significant
advancement in preclinical immunotherapy research, allowing
for comprehensive assessment of potential risks, such as
cytokine storms and localized effects of CAR-T cells on
tissues.

Stem cell therapy

SCID models, characterized by their immunodeficient status,
are ideal for studying stem cell therapy as they can receive
human cell transplants without triggering the immune system.
For example, NOD/SCID and NOD-SCID-IL2Rynull (NSG)
mouse models are commonly used to determine the
multispectral implantation potential and safety of candidate
classes of hematopoietic stem cells (HSCs) from different
sources. These models also serve as platforms for evaluating
gene-edited HSCs as potential therapies for human
immunodeficiency virus (HIV) (Holt et al., 2010; Li et al., 2013;
Lux et al., 2019; Watanabe et al., 2007). Similarly, SCID rats
have been used in preclinical studies involving human-induced
pluripotent stem cell-derived neural precursor cell
transplantation to model neonatal hypoxic-ischemic brain
injury (Beldick et al., 2018). X-SCID rats further demonstrate
their utility in stem cell research by tolerating transplants of
human dopaminergic neurons derived from artificial blood
stem cells without initiating an immune response, enabling
evaluation of human dopaminergic neuronal function in vivo
and providing a theoretical basis for stem cell therapies
targeting neurological diseases (Samata et al., 2015).

Beyond rodents, SCID models in larger species have
expanded the scope of stem cell research. In X-SCID dogs,
CD34* bone marrow cells have been shown to re-establish
normal B and T cell function (Bauer etal., 2013). SCID pig
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models have also been instrumental in advancing stem cell
research, ranging from HSC transplantation to regenerative
medicine (Boettcher etal., 2019). Humanized SCID models
are particularly valuable for studying rare genetic immune
system disorders, such as immune dysregulation,
polyendocrinopathy, enteropathy, X-linked syndrome (IPEX)
(Goettel etal., 2015), inflammatory bowel disease (Goettel
etal.,, 2019), and X-linked chronic granulomatous disease
(CGD) (Naumann etal., 2007). These models enable
preclinical evaluation of HSC-based gene therapies or in situ
gene correction studies, offering a safer alternative to direct
patient trials. Overall, humanized SCID animal models provide
a critical platform for preclinical studies of stem cell gene
therapies and in situ gene correction, while reducing risks to
patients.

Infectious diseases

Animal models are invaluable for testing the efficacy and
safety of experimental vaccines and therapies prior to human
studies (Sarkar & Heise, 2019). The heightened sensitivity of
SCID animals to environmental bacteria and viruses makes
them ideal for studying microbial infections and host-pathogen
interactions. For example, the development of a humanized
mouse model based on TK-NOG has advanced research into
hepatitis B virus (HBV) and hepatitis C virus (HCV) infections
(Kosaka et al., 2013). Likewise, SCID rats have been utilized
to monitor and manage symbiotic multi-tumor viruses through
T cell monitoring strategies (Besch-Williford etal., 2017;
Rigatti et al., 2016; Tanaka et al., 2018). X-linked SCID dogs
have been developed to analyze the progression of metastatic
squamous cell carcinoma (SCC) during advanced oncoviral
infection (Goldschmidt et al., 2006). SCID pigs have also been
used to study the replication dynamics of porcine reproductive
and respiratory syndrome virus (Chen etal, 2015).
Furthermore, SCID rats have been used to explore the role of
host immunity in regulating the carrying capacity of
Hymenolepis diminuta within the intestinal tract (Ohno et al.,
2018), with antibiotic interventions found to be useful for
managing Campylobacter bovis-associated clinical disease
(Pires etal, 2023). Additionally, SCID mouse models
engrafted with human lung tissue have been used to
investigate SARS-CoV-2 infection (Fu et al., 2021).

While SCID models are useful for infectious disease
research, their inability to fully replicate the complexity of the
human immune response limits their utility in studying
emerging infectious diseases. The prevention and control of
infectious diseases require multifaceted approaches, and
SCID models should be complemented with other research
systems to gain insights into complex disease mechanisms
and immune interactions.

SUMMARY AND FUTURE PERSPECTIVES

The continuous emergence of novel SCID models has driven
advancements in biomedical research. This review
systematically examined SCID animal models, including mice,
rats, rabbits, pigs, and monkeys, constructed using
CRISPR/Cas9 and other gene-editing technologies,
highlighting their potential applications and contributions.
CRISPR-based genome editing technologies include
CRISPR/Cas9, CRISPR-Cas12a, base editing, prime editing,
transcriptional regulation, and RNA editing, which provide
targeted and precise genome modification capabilities
(Pacesa et al., 2024). Compared to the more complex and off-
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target effects of ZFN and TALEN, CRISPR offers a simpler yet
highly versatile platform. However, limitations persist,
particularly regarding editing activity, specificity, and delivery.
Despite these challenges, the refinement of CRISPR-based
technologies has significantly advanced SCID model
development and disease research.

Currently, HSC transplantation remains the primary
treatment for patients with SCID. Recent progress in CRISPR
genome editing has shifted from preclinical studies based on
cellular and animal models to human clinical trials. Therefore,
the use of gene correction strategies has brought SCID gene
therapy closer to reality (lancu et al., 2023), consisting of the
extraction of leukocytes from the bone marrow of an affected
child, the correction of genetic defects via gene editing, and
the reinfusion of modified cells into the patient. These
developments emphasize the expanding utility of SCID
models in both therapeutic innovation and fundamental
disease research.

Species-specific  differences further underscore the
importance of selecting appropriate animal models for SCID
research. For instance, in the development of STING agonist-
based anticancer drugs, DMXAA and CMA demonstrated
robust antitumor activity in preclinical mouse and rat models
but failed in clinical trials due to their inability to effectively
activate human STING (Cavlar etal.,, 2013; Zhang etal.,
2015a).

These findings highlight the critical need for models that
closely mimic human genetic and immunological responses.
Large SCID animal models have become indispensable for
translational research due to their genetic, anatomical,
physiological, and phylogenetic similarites to humans.
Microinjection and somatic cell nuclear transfer (SCNT) are
the main methods for preparing gene-edited animal models
(Matoba & Zhang, 2018; Shakweer etal., 2023).
Microinjection, commonly used for small animal models such
as mice, rats, and rabbits, presents challenges, such as
chimeric outcomes and the inability to genotype animals until
after birth, making it less cost-effective for large animal
models. In contrast, SCNT permits genotype identification of
nuclear donor cell clones before birth, thereby reducing costs
and increasing efficiency. This method has been successfully
employed in generating gene-edited pigs, although it requires
a high level of technical expertise.

Pigs have emerged as highly suitable animal models for
studying human SCID (Igbal et al., 2019). In addition to their
application in SCID research, pigs have garnered significant
attention in organ transplantation and clinical applications.
Recent breakthroughs include successful pig-to-human
transplants of the heart (Griffith et al., 2022; Mohiuddin et al.,
2023), kidney (Stone, 2023), and liver (Mallapaty, 2024).
Notably, the first living pig kidney transplantation was
performed at Massachusetts General Hospital in 2024, with
the patient demonstrating positive recovery (Mallapaty &
Kozlov, 2024).

Given their phylogenetic relationship with humans, NHPs
provide another critical platform for SCID research, with gene-
editing technologies, such as CRISPR/Cas9 editing and single
nucleotide editing, significantly advancing the development of
SCID monkey models. Researchers have successfully
produced homozygous NHP  models, incorporating
reproductive techniques and F1 generation semen to establish
immunodeficient monkeys within a reasonable timeframe.
Furthermore, the ability to generate monkey embryos and
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offspring with specific gene mutations or insertions with high
efficiency has expanded the scope of NHP-based studies (Lu
et al.,, 2022; Qiu et al., 2019). Innovative techniques, such as
xenotransplantation of testicular tissue, have accelerated
sperm maturation, thereby shortening cycle time and
improving the utility of NHPs for both basic and biomedical
research (Liu etal., 2016; Yao etal.,, 2018). Additionally,
SCNT-based methods have proven invaluable for constructing
genetically modified NHP models (Liu etal., 2018, 2019),
including SCID monkeys. Despite the remarkable progress in
SCID animal model development, the effectiveness of genome
editing in such models must be further validated to ensure
reproducibility and reliability. Additionally, the ethical concerns,
high costs, and supply issues associated with large animal
models should be addressed to ensure broader application.

Although SCID models have become an indispensable tool
in biomedical research, their continued refinement is essential
to better simulate human diseases and evaluate treatments.
Enhancements, such as targeting multiple immunodeficiency-
related genes, could further amplify the immunodeficiency
phenotype, improving model fidelity for translational studies.
Large-animal SCID models hold particular promise for future
stem cell therapies, regenerative medicine, transplantation
studies, infectious diseases, immunology, and cancer therapy.
Nevertheless, challenges persist, including limited model
availability, high costs, the need for standardized protocols,
ethical concerns, improving the accuracy of disease
representation, and optimizing gene-editing and humanization
techniques for SCID models.

CONCLUSIONS

SCID animal models have become invaluable tools for
advancing our understanding of hematopoietic and immune
system regulation, offering insights into the cellular and
molecular mechanisms underlying various human diseases,
with unique applications in virology, regenerative medicine,
hematology, cancer, immunology, and immunodeficiency.
Compared to traditional models, SCID animal models
generated by gene editing more accurately replicate the
complex phenotypes associated with immunodeficiency and
provide a robust platform for studying disease
pathophysiology and translational biomedicine.
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