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ABSTRACT

Introduction and aim. Systemic lupus erythematosus (SLE) is a complex autoimmune illness characterized by widespread im-
mune dysregulation and involvement of several organ systems. Conventional mouse models, although crucial for understand-
ing basic immunopathogenic pathways, inadequately mimic human-specific immunological responses, hence constraining
translational relevance. This review offers a comprehensive understanding of humanized NSG mice in systemic lupus erythe-
matosus research, outlining techniques for engraftment, model-specific immune reconstitution characteristics, and their re-
spective applications in simulating acute and chronic disease phenotypes.

Literature search. A comprehensive analysis of studies published between 2017 to 2025 was conducted in PubMed, Scopus,
Web of Science and Google Scholar database. After removing the duplicates, a total of 87 articles were employed to finalize
this study.

Analysis of literature. Humanized NSG mice successfully recapitulate major immunopathological features of systemic lupus
erythematosus. Among numerous approaches, CD34* hematopoietic stem cell models best mimic chronic phenotype, while
PBMC and pristane-based systems mimic acute and environmentally triggered forms. Recent advances include cytokine knock-
in and HLA transgenic derivatives improving immune reconstitution and translational dependability.

Conclusion. This review provides the first integrative synthesis of humanized NSG mouse models applied to SLE, highlighting
their translational potential and methodological advancements from 2017-2025. Collectively, these innovations establish hu-
manized NSG mice as essential preclinical tools bridging experimental immunology with precision medicine in lupus research
and therapy development.
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Introduction

Systemic lupus erythematosus (SLE), is a chronic au-
toimmune illness that is characterized by the dysregu-
lation of the immune system and the development of
pathogenic autoantibodies.! These autoantibodies target
nuclear and cytoplasmic antigens resulting in inflam-
mation and multi-organ damage.>* At the clinical lev-
el, SLE is characterized by a wide variety of symptoms,

including but not limited to fatigue, joint pain, malar
rash, photosensitivity, and more serious consequences
such as lupus nephritis, neuropsychiatric lupus, and he-
matological abnormalities.* Multiple factors contribute
to the development of SLE, which is characterized by
a complex interaction between genetic predisposition,
epigenetic alterations, environmental stressors, and hor-
monal variables.>® Numerous susceptibility loci related
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with immune regulation have been found through the
use of genome-wide association studies (GWAS). These
loci include genes that are involved in the type I inter-
feron pathway, the HLA complex, and the clearance of
apoptotic cells within the body.” Certain environmental
triggers, such as ultraviolet radiation, infections (espe-
cially the Epstein-Barr virus), and certain medications,
have the potential to initiate or aggravate illness flares
in SLE, while the higher prevalence in females high-
lights the potential role of estrogen.®® SLE is marked by
aloss of immunological self-tolerance, leading to the ac-
tivation of autoreactive T and B cells and interferon-al-
pha (IFN-a), responsible for producing immunological
complexes, causing tissue deposition, and activating the
complement cascade, resulting in chronic inflammation
and organ dysfunction.'®" Preclinical models are indis-
pensable for the investigation of disease mechanisms
and the development of therapeutics. The replication of
key features such as lymphoproliferation, autoantibody
production (e.g., anti-dsDNA, anti-Sm), and lupus-like
kidney pathology has substantially advanced our un-
derstanding of SLE in classical murine models such as
MRL/lpr, NZB/W F1, and BXSB.!>** Despite their signif-
icant contributions, classical rodent models are severely
constrained by the fundamental differences between the
immune systems of mice and humans, as well as the cy-
tokine signaling and gene expression profiles.'*** In light
of these constraints, a paradigm shift has transpired to-
wards the utilization of humanized mouse models, par-
ticularly the NOD-scid IL2RyAnull (NSG) strain, which,
owing to its severely compromised adaptive and innate
immunity, has become the benchmark for facilitating
the engraftment of the human immune system.'*” Hu-
manized NSG mice are progressively utilized to emulate
human-specific characteristics of SLE, including autore-
active immune responses, cytokine synthesis, and tissue
injury. They provide a significant platform for investi-
gating disease mechanisms, discovering novel therapeu-
tic targets, and evaluating therapy efficacy and safety."
In spite of availability of numerous murine model of
SLE, no previous review has yet systematically explored
the recent advancements in humanized NSG mice and
their role in elucidating SLE immunopathogenesis and
therapeutic modelling.

Aim

This review aims to provide a thorough understanding of
humanized NSG mice in SLE research, detailing the tech-
niques for engraftment, model-specific immune reconsti-
tution characteristics, and their applications in simulating
acute and chronic disease phenotypes. Additionally, com-
parative insights into limitation, challenges recent im-
provements, and future views are also included.

Literature search

A comprehensive literature study was conducted to iden-
tify peer-reviewed studies published between January
2017 and May 2025. This evaluation includes electronic
journal articles obtained from esteemed databases such
as PubMed, Google Scholar, Web of Science, and Sco-
pus. The search methodology incorporated Medical Sub-
ject Headings (MeSH) alongside relevant free-text terms,
including “systemic lupus erythematosus” or “SLE,” “Hu-
manized NSG mice;” “SLE animal model,” and “immu-
nological biomarkers,” as well as other specialized search
expressions (Fig.1). Articles not in English, together with
conference abstracts, editorials, and opinion pieces, were
excluded. Following the screening and elimination of du-
plicates, a total of 87 pertinent publications were chosen
to inform this comprehensive review.

Titles identified from = Pupllcatejlﬂes
database (PubMed, removed = 219
Google Scholar, WOS
& Scopus) =537
Total abstract
ﬂ excluded =183
Abstract screened Exclusion criteria
=318 —= (Trrelevant, case
reports, editorials,
conference papers,
and opinions)
Article excluded
Article selected = 135 | == =48
(Not in English,
H not accessible)
Article included in
comprehensive review
=87

Fig. 1. Schematic representation of the literature search
and selection process used in this comprehensive review

Analysis of the literature

Background of NSG mice

The NSG mouse strain is a triple-immunodeficient
model that serves as a crucial platform in translation-
al biomedical research, especially for the reconstitu-
tion of the human immune system. This model contains
compound mutations in the Prkdc gene, which is re-
sponsible for the severe combined immunodeficiency
(scid) phenotype.'® The Prkdc mutation leads to a mal-
functioning V(D)] recombination system, resulting in
the cessation of mature T and B cell maturation, there-
fore compromising the mouse adaptive immune sys-
tem.? The precise deletion of the interleukin-2 receptor
common gamma chain (I12rg) gene, referred to as IL-
2Ry7null, disrupts signaling through essential interleu-
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kins (e.g., IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21) that
are vital for lymphoid lineage development and homeo-
stasis, especially regarding the maturation and cytolyt-
ic function of natural killer (NK) cells.?! The combined
impact of these mutations results in a significant immu-
nological deficiency, marked by both adaptive and in-
nate immune failure, which incapacitates the host from
initiating alloimmune or xenogeneic immune respons-
es. This immunological niche establishes a xenotolerant
milieu that facilitates the effective and durable engraft-
ment of human hematopoietic stem and progenitor
cells (HSPCs) or peripheral blood mononuclear cells
(PBMC:s).? Post-transplantation, human cells differen-
tiate into several immune cell types, facilitating the de-
velopment of a human-like immune system in mice, so
allowing researchers to examine human-specific immu-
nological responses.” Furthermore, the absence of mu-
rine major histocompatibility complex (MHC) reduces
graft-versus-host and host-versus-graft immunological
reactions, facilitating prolonged engraftment, enduring
hematopoietic production, and effective immunological
responses.”* Thus, NSG mice function as a biological-
ly pertinent surrogate model for assessing human he-
matopoiesis, immunopathology, tumor immunoediting,
infectious disease dynamics, and immunotherapeutic
strategies in physiologically relevant contexts.”
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Fig. 2. Schematic representation of human PBMC isolation
and engraftment in NSG mice
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Fig. 3. Schematic representation of human CD34* HSC
isolation and engraftment in NSG mice

Types of humanizations

PBMC engraftment

PBMC engraftment is a humanization technique in-
volving the intravenous injection of isolated human im-
mune cells predominantly lymphocytes (T cells, B cells),
monocytes, and natural killer (NK) cells into immuno-
deficient mice, such as NSG mice.?® Peripheral blood
mononuclear cells (PBMCs) are often extracted from
the peripheral blood of healthy donors or patients us-
ing density gradient centrifugation (Fig. 2) and are sub-
sequently delivered intravenously, commonly via the
lateral tail vein of the mice.”” The significant immuno-
deficiency of NSG mice allows engrafted human cells
to survive, multiply, and partially reconstitute elements
of the human immune system within the mouse host.
Post-xenotransplantation, human immune cells in-
vade peripheral lymphoid organs, with functional hu-
man T cells identifiable within 1-2 weeks.?® The PBMC
model is ideally suited for brief immuno-oncology or
infectious disease research that use fast T-cell kinetics
without necessitating extended immune monitoring.”

CD34* hematopoietic stem cell engraftment

Hematopoietic stem cells (HSCs) are multipotent, im-
mature cells that possess the ability for self-renewal and
differentiation into all blood cell lineages, encompass-
ing erythrocytes, leukocytes, and thrombocytes.* The
expression of the surface glycoprotein CD34 is a defin-
ing property of early HSCs and progenitor cells, serving
as a crucial marker for their identification and isolation.
CD34 facilitates the selective enrichment of these cells
from sources including bone marrow, umbilical cord
blood, or mobilized peripheral blood (Fig. 3), hence
aiding their application in transplantation, regenerative
medicine, and the generation of humanized mice mod-
els.®! During the engraftment of CD34* hematopoietic
stem cells (HSC), human CD34-positive stem and pro-
genitor cells are transplanted into a recipient, typical-
ly an immunodeficient host such as NSG mice. These
cells migrate to the bone marrow, establish residence
within hematopoietic niches, and differentiate into all
principal blood and immune cell lineages.* In the con-
text of mobilized peripheral blood, donors undergo
pre-treatment with granulocyte colony-stimulating fac-
tor (G-CSF), a cytokine that promotes the release of he-
matopoietic stem cells (HSCs) from the bone marrow
into peripheral circulation, thereby enabling their col-
lection via apheresis.*> Among these sources, umbilical
cord blood is preferred for its accessibility, significant
proliferative capacity, and reduced occurrence of graft-
versus-host disease. Fetal liver-derived HSCs, however
less prevalent due to ethical and logistical issues, have
high engraftment efficiency and robust hematopoietic
reconstitution.* This model recapitulates key aspects of
human hematopoiesis and adaptive immunity, provid-
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ing a strong foundation for exploring immunological
development, autoimmune disease mechanisms, immu-
notherapy effectiveness, and host-pathogen interactions
in settings that closely resemble physiology.”

Development of humanized NSG mice for SLE

PBMC engraftment protocols: acute SLE modelling via
mature immune cell transfer

Peripheral blood mononuclear cells (PBMCs), compris-
ing a diverse array of immunocompetent cells such as
T lymphocytes, B lymphocytes, monocytes, and natural
killer (NK) cells, are extracted from lupus patients ex-
periencing active disease flares via Ficoll-Hypaque den-
sity gradient centrifugation.’® This xenotransplantation
model facilitates rapid immune cell reconstitution, gen-
erally occurring within 7 to 14 days following injection.
Flow cytometric assessment of human leukocyte anti-
gens (CD45+, CD3+, CD19+, HLA-DR+) in peripheral
circulation and lymphoid tissues is utilized to confirm
engraftment kinetics and lineage-specific reconstitu-
tion.”” This model resembles acute lupus and facilitates
the examination of early immunological irregularities,
including skewed TCR repertoires, hyperactive CD4+ T
cells, and atypical B cell activation.’® Furthermore, hu-
man-specific proinflammatory cytokines (e.g., IFN-a,
IL-6, TNF-a) and immunoglobulins (IgG, IgM, in-
cluding anti-dsDNA autoantibodies) are identifiable in
recipient serum, acting as surrogate biomarkers for dis-
ease progression.” This substantial T-cell proliferation
is often accompanied by the emergence of xenogene-
ic Graft-versus-Host Disease (xeno-GVHD), a notable
confounder in longitudinal investigations. Xeno-GVHD
results from the alloreactive T-cell identification of mu-
rine major histocompatibility complex (MHC)-deficient
tissues within 4-6 weeks, causing multisystem inflam-
matory disease; this timeframe is ideal for assessing the
development of immunological dysregulation associat-
ed with SLE before the onset of GVHD.*

CD34+ hematopoietic stem cell (HSC) engraftment:
chronic SLE and immune ontogeny

The transplantation of human CD34" hematopoietic
stem and progenitor cells (HSPCs) into immunodefi-
cient NSG mice has become an effective method for re-
constituting a functional human immune system. This
model provides a distinctive platform to investigate the
chronic immunopathology of SLE and the development
of human immune responses in vivo.** As previous-
ly mentioned, the pretreatment of donors with granu-
locyte colony-stimulating factor (G-CSF) is crucial for
mobilizing hematopoietic stem cells (HSCs) into the pe-
ripheral circulation for effective collection.** Before HSC
transplantation, recipient NSG mice undergo myeloab-
lative conditioning usually through sublethal total body
irradiation (100-250 cGy) or chemotherapeutic agents

like busulfan to eliminate endogenous hematopoietic
cells and create vacant niches in the bone marrow mi-
croenvironment, thus promoting successful engraft-
ment of human stem cells.” Following engraftment,
CD34" progenitors migrate to the mouse bone mar-
row and gradually develop into all principal hematopoi-
etic lineages, encompassing lymphoid (T, B, NK cells)
and myeloid (monocytes, dendritic cells, granulocytes)
compartments.** This framework promotes the ad-
vancement of efficient hematopoiesis, immunoglobulin
class switching, and the generation of antigen-specific
immune responses. Unlike the PBMC-based paradigm,
the engraftment kinetics are markedly prolonged, with
complete immune reconstitution often requiring 8 to 12
weeks.*® The danger of xeno-GVHD is significantly re-
duced due to the naivety of the newly produced immune
cells and the lack of pre-primed alloreactive T-cell sub-
sets.* This method is especially beneficial for modelling
the chronic nature and systemic signs of SLE.* It facil-
itates longitudinal investigations of immunological de-
velopment, encompassing B cell tolerance checkpoints,
somatic hypermutation, class-switch recombination,
and the manufacture of high-affinity autoreactive an-
tibodies.** When hematopoietic stem cells (HSCs) are
obtained from lupus patients or individuals with es-
tablished predisposing genotypes (e.g., IRF5, STAT4,
PTPN22 variants), the resulting human immune system
(HIS) mice display patient-specific immune signatures,
including modified interferon signaling pathways, plas-
ma blast hyperplasia, and deficiencies in regulatory T
cells (Tregs).**° The lack of GVHD facilitates the long-
term observation of autoimmune development, thera-
peutic intervention, and relapse.”!

Pristane-induced lupus in humanized NSG mice: a du-
al-hit model of autoimmunity

Pristane (2,6,10,14-tetramethylpentadecane), an en-
vironmentally significant hydrocarbon oil, serves as a
strong lupus-inducing drug in mouse models by elicit-
ing type I interferon responses through the activation
of plasmacytoid dendritic cells (pDCs) and Toll-like
receptor 7 (TLR7) signaling.”> When injected intra-
peritoneally to humanized NSG mice, namely those re-
constituted with CD34+ HSCs, pristane functions as
an immunological adjuvant that enhances the autoim-
mune phenotype by provoking abnormal activation of
human immune elements.*® This combinatorial system
simulates gene-environment interactions crucial to SLE
pathogenesis, offering a precise platform to assess en-
vironmental triggers of illness onset and exacerbation.
It amplifies the histological and serological characteris-
tics of lupus, encompassing glomerulonephritis, vascu-
litis, and circulating immune complexes enriched with
anti-RNP and anti-Sm antibodies.** Moreover, the pris-
tane model highlights the synthesis of human IFN-a
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and BAFF (B-cell activating factor), thereby enhancing
B cell viability and autoantibody production.® Through
the integration of genetic humanization and an environ-
mental stimulus, the pristane-induced model provides
a more authentic approach to examining the intricate
etiology of lupus.* Table 1 presents a comparative anal-
ysis of various humanized mouse models employed in
SLE research. Each row delineates a specific model type,
encompassing the origin of human cells, techniques of
engraftment, dynamics of immune reconstitution, and
principal scientific applications.

Table 1. A comparison of humanized mouse models in SLE

research

Parameter PBMCengraftment (D34* HSCengraftment  Pristane-induced
model model humanized model
Source of human  Peripheral blood from  Cord blood, fetal liver, (D34* HSCs or PBMCs
cells healthy donors or SLE bone marrow, or
patients mobilized peripheral
blood
Engraftment site  Intravenous (tail vein) ~ Neonatal intrahepatic or Intravenous (IV) +
and route adultintravenous  Intraperitoneal (Pristane)
Cell types Matureimmune cells  Hematopoieticstem/  Same as PBMCor (D34,
introduced (Tcells, Beells, NK  progenitor cells ((D34*) plus environmental
cells, monocytes) modulation
Engraftment Rapid (1-2 weeks Delayed (8—12 weeks  Variable (depends on cell
onset/time to post-injection) post-conditioning) source)
reconstitution
Immune Partial (T cells Multilineage (T, B, NK, Multilineage +
components dominate) myeloid) environmental trigger-
reconstituted induced activation
Immune PrimarilyT-cell ~ Comprehensive immune  Immune response shaped
reconstitution reconstitution system development by both human cells
and pristane-induced
inflammation
Lymphoid organ Limited (no Robust (thymicT-cell ~ Variable; may enhance
development thymopoiesis or development, splenic  inflammatory signaling
germinal centers) architecture) pathways
GVHD risk High (xeno-GVHD Low to negligible Moderate
within 3—5 weeks)
Conditioning None Required (irradiation or ~ Required (same as PBMC/
requirement busulfan) (D34*) + pristane
injection
Duration of Short-term (typically ~ Long-term (monthsto  Intermediate to long-term
usefulness <6 weeks) overayear)
Suitability for Limited (T-cell biased, ~ High (endogenous High (accelerated
autoimmunity artificial) repertoire, physiological  autoimmunity, gene-
models development) environment interactions)
Timeframe for 4-6 weeks >6 months Variable depending on
study use design
Best/key T-cell cytotoxicity, ~ Vaccine response, chronic ~ Accelerated lupus onset,
applications earlyimmune lupus phenotypes, IFN-I pathway, gene-

activation, xeno-GVHD  personalized immune

studies

modeling

environment interaction
studies

Limitations and challenges of humanized NSG mice for
SLE modeling

Incomplete immune system reconstitution and function-
al disparity

Although CD34* HSC engraftment enables multilin-
eage differentiation, the resulting immune system is still

immature in both quantity and function.” Central and
peripheral tolerance mechanisms are compromised by
lymphoid tissue architecture, germinal center develop-
ment, and thymic selection deficiencies. Human B cells
in NSG mice generally have inadequate class-switch re-
combination and somatic hypermutation, reducing the
model’s ability to recreate SLE’s high-affinity, patho-
genic autoantibody profiles.”® The lack of a completely
functional human complement system makes model-
ling immune complex-mediated end-organ damage like
glomerulonephritis more difficult.”

Xenogeneic graft-versus-host disease and temporal con-
straints

Despite its rapidity, PBMC-based humanization is hin-
dered by the premature onset of xenogeneic graft-ver-
sus-host disease (xeno-GVHD) occurring within 4-6
weeks post-engraftment. This prevents long-term au-
toimmune progression and treatment efficacy stud-
ies.®® The alloreactivity of mature human T cells to mice
MHC-deficient tissues induces multisystem inflamma-
tion that resembles yet obscures lupus pathophysiology.
Lupus-specific immune responses and generic xeno-
geneic reactivity are obscured by this immunological
confounder.!

Lack of human lymphoid organogenesis and microenvi-
ronmental support

NSG mice lack organized secondary lymphoid organs
such lymph nodes and functional Peyer’s patches. This
anatomical gap hinders antigen presentation, T-B cell
collaboration, and lymphoid follicle growth. Therefore,
autoreactive germinal center reactions and memory re-
sponses are greatly reduced.®* As the murine stromal
and cytokine environment is unsuitable for human he-
matopoiesis and immune cell function, transgenic or
cytokine knock-in strains (e.g., NSG-SGM3, MISTRG)
are needed to provide complexity and variety."

Limited recapitulation of SLE heterogeneity

Despite better translational platforms than convention-
al mouse strains, humanized NSG mice still approxi-
mate complicated SLE. Gene and epigenetic variability
in human SLE is difficult to recreate in single donor
cell-engrafted mice.** These models cannot reproduce
clinical SLE’s polygenic vulnerability, stochastic disease
flares, and sex-biased prevalence. This restricts research
on patient-specific responses and sex hormone-driven
immunomodulation, which are critical to SLE patho-
genesis.®

Technical, ethical, and economic barriers

Humanized NSG mice development is difficult and re-
source-intensive, requiring quality human biological
components, careful pathogen screening, and special-



186

European Journal of Clinical and Experimental Medicine 2026; 24 (1): 181-191

ized animal facilities. Variations in engraftment, my-
eloablation, and donor cell survival can dramatically
impact immunological outcomes.® Ethical problems of
using human fetal tissues and regulatory monitoring of
human-animal chimaeras further limit these models’
acceptability and scalability.”

Recent advances in humanized NSG mice models for
SLE research

Cytokine knock-in and transgenic NSG derivatives
Transgenic NSG substrains, such as NSG-SGM3, MIS-
TRG, and NSG-IL15, exhibit enhanced hematopoiet-
ic production and functional maturity of humanized
immune subsets. These strains have human cytokine
knock-ins for SCF, GM-CSE, IL-3, M-CSEF, and thrombo-
poietin to establish a xenocompatible cytokine milieu.®®
Myelopoiesis, dendritic cell formation, and monocyte/
macrophage activity have improved, which are essential
for accurately recreating SLE’s myeloid-driven inflam-
mation and interferon-driven immunopathology.®

HLA-transgenic NSG mice and autoreactivity modeling
Recent research has focused on developing HLA-re-
stricted NSG mice models that express human MHC
molecules (e.g., HLA-DR, HLA-A2). These models en-
able HLA-restricted positive and negative T cell selec-
tion during human hematopoiesis under self-MHC
limitations.” This breakthrough is crucial for investigat-
ing the autoreactive T cell repertoire, antigen-specific
tolerance breakdown, and pathogenic T follicular help-
er (Tth) cells, a key component of lupus pathogenesis.”*
These platforms provide unmatched insights into auto-
immunity’s genetic and structural foundation, especially
in HLA-associated disease susceptibility regions.”

Multi-donor and patient-derived xenografts for precision
modeling

Recent studies have used pooled PBMC or CD34* HSC
engraftments from various lupus patients to create a
mosaic immune system that accounts for genetic and
epigenetic variation.” Patient-derived xenograft (PDX)
systems have also been modified for lupus modelling,
notably using cells from high-risk polymorphism carri-
ers (e.g., IRF5, STAT4, TNFAIP3, TYK2). These meth-
ods enable personalized lupus sub phenotype modelling
and stratified therapy response evaluation.”

Human immune system organoids and hybridized mu-
rine platforms

The BLT (bone marrow-liver-thymus) paradigm shows
how HSCs can be co-engrafted with human immuno-
logical organs such thymic tissue or mesenteric lymph
node fragments.” These designs improve human immu-
nological ontogeny, T cell education, and mouse tertiary
lymphoid structure creation.”® Hybrid animals with hu-

man liver or renal tissues can also examine organ-specific
lupus symptoms including lupus nephritis and neuro-
psychiatric SLE in humanized inflammatory situations.
Disease modelling and treatment trials become much
more physiologically relevant using these methods.”

Human microbiota and environmental triggers in NSG
mice models

Recent advances have included human microbiota
transplantation (HMT) in NSG mice due to the involve-
ment of microbial dysbiosis and environmental stresses
in lupus flares. Mucosal immunity and systemic im-
mune calibration are modulated by this host-compati-
ble microbial ecology.” To replicate gene—environment
interactions that cause lupus onset and exacerbation,
UV radiation, TLR agonists, and pristane are being in-
tegrated into humanized systems. These combinatorial
systems connect reductionist concepts to real-world au-
toimmune triggers.”

Advanced imaging and intravital immunophenotyping
Modern imaging methods like intravital two-photon
microscopy, bioluminescence imaging, and PET are
being used on humanized NSG mice models. During
lupus development, these methods provide spatiotem-
poral visualization of immune cell trafficking, tissue
infiltration, and microenvironmental interactions.®*!
Combining high-dimensional flow cytometry and sin-
gle-cell transcriptomics allows real-time cellular and
molecular dynamics analysis at unprecedented granu-
larity.®? As shown in Fig. 4, a narrative illustration em-
phasizes recent advances in humanized NSG mouse
models for SLE, particularly their role in improving im-
mune system reconstitution and disease modeling.

Advanced imaging /

. . Cytokine knock-
immunophenotyping %

in / transgenic
strains
Microbiota /
environmental
triggers

Organoid /
hybridized
platforms

Patient-derived / multi-donor xenografts

Fig. 4. Narrative illustration emphasizing recent advances
in humanized NSG mice models for SLE

Future prospect

Recent advancements in biotechnology may signifi-
cantly enhance the immunological accuracy and trans-
lational applicability of humanized NSG mice utilized
in the research of SLE.” Engraftment with human thy-
mic tissue can facilitate genuine thymopoiesis and cen-
tral tolerance, whereas genetically modified strains like
NSG-SGM3 and MISTRG, which express human cyto-
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kines, are anticipated to enhance hematopoietic recon-
stitution and the efficacy of antigen-presenting cells.®
Integrative multi-omics methodologies, encompass-
ing genomes, epigenomics, and spatial transcriptomics,
provide robust instruments to elucidate organ-specific
immunological anomalies implicated in lupus pathogen-
esis.* Furthermore, the utilization of artificial intelligence
and machine learning facilitates data-driven simulations
and automated histopathological evaluations, enhancing
model refinement and improving therapy predictions.®
The development of individualized humanization proto-
cols utilizing autologous hematopoietic cells or cells from
other ethnic backgrounds facilitates the modelling of in-
dividual immunological profiles and genetic vulnerabili-
ties.® To translate these innovations into well recognized
preclinical platforms effectively, It is imperative to ad-
dress ethical and regulatory components, Good Labora-
tory Practice (GLP) adherence, and improve scalability
through automation and biofabrication.®” Fig. 5 provides
a narrative-based overview of the emerging applications
and future prospects of humanized NSG mouse models
in SLE research. These novel methodologies integrate ex-
perimental immunology with precision medicine, her-
alding a new era for lupus research.

Cytokine-
augmented
strains

Multi-omics
integration

Fig. 5. Narrative illustration highlighting the future
prospects of humanized NSG mice models in SLE research

Conclusion

The development of humanized NSG (NOD-scid IL-
2Ry/null) mice has significantly transformed the study
environment for SLE, providing an exceptional platform
for replicating human-specific immune dynamics with
translational significance. These models facilitate the
engraftment of patient-derived PBMCs or CD34* hema-
topoietic stem cells, offering mechanistic insights into
autoimmunity that surpass the constraints of conven-
tional murine systems. Despite significant obstacles, in-
cluding poor immune development, xeno-GVHD, and
inadequate lymphoid architecture, constant advances
are enhancing model accuracy. Innovations like human
cytokine knock-in strains, co-engraftment of thymic
and organoid tissues, HLA-transgenic platforms, and
integrative omics technologies synergistically enhance
the functional and structural complexity of these mod-

els. The integration of Al-driven analytics and person-
alized engraftment procedures is enhancing precision
modelling, facilitating individualized evaluations of
pathogenesis and therapy effectiveness. With the pro-
gression towards standardization, ethical transparency,
and scalable biomanufacturing, humanized NSG mice
are set to become essential instruments in connecting
laboratory testing with clinical application in lupus re-
search. These advanced platforms clarify the complex
foundations of SLE and outline a progressive approach
for creating targeted, patient-focused immunotherapies.
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