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Abstract

Mesenchymal stromal/stem cells (MSCs) have introduced as a cornerstone of regenerative medicine, owing to their
immunomodulatory properties and therapeutic potential in autoimmune and inflammatory disorders. Although,
their clinical application is often restricted due to immune rejection and heterogeneity in immunoregulatory
responses. The advent of Clustered Regularly Interspaced Short Palindromic Repeats/CRISPR-associated protein

9 (CRISPR/Cas9) technology has revolutionized MSC engineering, enabling precise genetic modifications to
enhance their immunological efficacy. This review explores how CRISPR-mediated editing of MSCs can mitigate
immunogenicity, amplify anti-inflammatory functions, and repurpose MSCs for targeted immunotherapy. Key
strategies include knockout of 32-microglobulin to evade T-cell recognition, augmentation of anti-inflammatory
mediators like interleukin (IL)-10 and TNF-alpha stimulated gene/protein 6 (TSG-6), and disruption of pro-
inflammatory pathways such as toll-like receptor 4 (TLR4)/NF-kB. In addition, CRISPR-engineered MSCs demonstrate
promise in reshaping tumor microenvironments and combating bacterial infections through enhanced innate
immunity. Despite challenges including off-target effects and delivery optimization, CRISPR-tailored MSCs represent
a transformative approach to overcoming immunological barriers, paving the way for universal, off-the-shelf
therapies in rheumatoid arthritis, cancer, and beyond.
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Introduction

In recent years, cell-based therapeutic approaches have
gained prominence as an innovative strategy, draw-
ing considerable research interest due to its regenera-
tive potential [1]. A central component of this approach
involves mesenchymal stromal/stem cells (MSCs)—a
unique population of multipotent stromal cells known
for their self-renewing capability, plasticity, and adherent
growth. These cells, primarily found in mesenchymal tis-
sues, are defined by their surface marker profile, includ-
ing high surface expression of CD105, CD90, and CD73,
alongside minimal or absent levels of hematopoietic and
immunogenic markers such as human leukocyte antigen
(HLA)-DR, CD11b/CD14, CD34, CD45, and CD79a/
CD19 [2, 3]. MSCs are a fundamental component of
regenerative medicine and cell-based therapies [4]. The
processes through which MSCs implement their effects
include their remarkable multipotency, broad tissue
repair capabilities, and, most significantly, their potent
intrinsic immunomodulatory properties [5, 6]. These
plastic-adherent stem cells, which can be isolated from
various tissues, exert their therapeutic effects through
a variety of mechanisms [7]. These mechanisms include
differentiation, paracrine signaling, and direct cell-to-
cell interactions [8, 9]. Collectively, these mechanisms
dampen excessive inflammation, promote tissue repair,
and maintain immune homeostasis [10—12]. While MSCs
inherently possess low immunogenicity, the full thera-
peutic potential of allogeneic MSCs often encounters
significant limitations stemming from the complex and
dynamic immune responses in pathological microenvi-
ronments [13, 14]. These responses can compromise the
survival, engraftment, and desired functional outcomes
of the MSCs [15]. The inherent heterogeneity of MSC
populations, coupled with their variable responsiveness
to diverse disease cues and potential vulnerability to hos-
tile inflammatory microenvironments, often necessitates
strategies to augment their therapeutic robustness and
precision [16].

Gene editing represents a transformative biotech-
nology that enables precise modifications of genomic
sequences, including insertions, deletions, and base sub-
stitutions, offering unprecedented control over genetic
material [17, 18]. This technology holds prominent thera-
peutic potential, especially for monogenic disorders and
diseases driven by aberrant gene expression, as it allows
direct intervention at the genetic level [19].

The Clustered Regularly Interspaced Short Palin-
dromic Repeats/CRISPR-associated protein 9 (CRISPR/
Cas9) system, now a cornerstone of genetic engineer-
ing, originated as an adaptive immune mechanism in
bacteria and archaea, defending against viral and plas-
mid invasions [7, 8]. During initial exposure to for-
eign DNA, prokaryotes integrate short segments of the
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invader’s sequence into their CRISPR arrays. Upon re-
exposure, these sequences are transcribed and processed
into single-guide RNAs (sgRNAs), which direct Cas9 to
cleave complementary invading DNA. Target recogni-
tion by sgRNAs depends on protospacer-adjacent motifs
(PAMs), typically guanine-rich sequences such as the
NGG motif recognized by Streptococcus pyogenes Cas9
(SpCas9) [9]. The ubiquity of NGG sites across diverse
genomes has propelled CRISPR/Cas9’s widespread adop-
tion in biomedical research, agriculture, and therapeutic
development [10-14]. The emergence of research in gene
editing has given rise to a novel editing platform known
as CRISPR/ Cas9 [20]. In contrast to earlier platforms
such as zinc finger nucleases (ZFNs) and transcriptional
activator-like nucleases (TALENS), this platform applies
a programmable guide RNA (gRNA) to direct Cas9 to
specific genomic locations, thereby significantly elevat-
ing the efficiency and versatility of editing in compari-
son to previous platforms [21]. By simply redesigning
the gRNA sequence, CRISPR/Cas9 can be directed to
virtually any genomic locus, enabling precise correction
of disease-causing mutations or silencing of pathogenic
genes [22]. This capability provides a wide variety of
genetic manipulations, such as targeted gene knockout,
precise gene insertion (knock-in), and gene expression
modulation (CRISPR activation, CRISPRa; or repression,
CRISPRi) without altering the underlying DNA sequence
[23]. However, its efficacy may be limited in highly con-
densed chromatin regions [24]. Despite this constraint,
CRISPR-based therapies show remarkable promise for
treating cancers, cardiovascular disorders, sickle cell
anemia, and neurodegenerative diseases, heralding a
new era in precision medicine [25, 26]. While the major-
ity of applications of MSC engineering have utilized the
canonical CRISPR/Cas9 system for targeted DNA cleav-
age, additional CRISPR platforms are increasingly being
explored (Table 1). Catalytically dead Cas9 (dCas9) has
been demonstrated to facilitate transcriptional regula-
tion without the requirement of DNA cleavage, thereby
providing a versatile tool for gene activation or repres-
sion [27]. Cas12 (Cpfl), with its distinct PAM recognition
and staggered DNA cleavage, offers alternative editing
options [28]. Casl3, a specific RNA targeting mecha-
nism, enables the transient modulation of gene expres-
sion and the regulation of post-transcriptional processes
[29]. More recently, CIRTS (CRISPR-Cas—inspired RNA
targeting system) has emerged as another RNA-targeting
platform with potential applications in MSC engineering
[30]. The incorporation of these systems serves to expand
the CRISPR toolkit, thereby potentially unveiling novel
pathways for the refinement of MSC functions within
both immunological and regenerative contexts.

The necessity of CRISPR in advancing MSC-based
therapies stems from its unparalleled ability to overcome
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Table 1 Overview of different CRISPR platforms and their potential applications in cell engineering

CRISPR Editing / Function Key Features Evidence in MSCs Refs.

System

Cas9 DNA double-strand break Most widely used; NGG PAM  Applied for knockout of immunogenicity-related genes [31,
(knockout/knock-in) requirement (32M, CIITA) in MSCs — reduced HLA expression and lower 32]

immunogenicity

dCas9 Transcriptional repres- Catalytically inactive Cas9 Used in MSCs to activate anti-inflammatory genes (e.g., IL-10, [33-

(CRISPRi/a)  sion (CRISPRI) or activation fused to repressors/activators ~ TSG-6) 35]
(CRISPRa)

Cas12a DNA cleavage with staggered  Distinct PAM (TTTV); shorter No direct data in MSCs yet; validated in mammalian cells, [36,

(Cpf1) ends gRNAs; sticky-end cuts potential for MSC editing 371

Cas13 RNA targeting and cleavage Targets RNA instead of DNA;  No direct MSC data; high potential for modulation of cytokine  [29]

transient and reversible or immune transcripts
CIRTS RNA binding/editing Cas-independent, synthetic No direct MSC data; potential tool for immune transcriptome [38]

RNA-targeting system

regulation in MSCs

key challenges. It permits for the precise and efficient
modifying MSCs to enhance specific therapeutic traits,
standardize cell product quality, and, crucially, overcome
immunological barriers that hinder their efficacy [39]. By
precisely altering genes involved in immune recognition,
inflammatory signaling, or production of immunomodu-
latory mediators, CRISPR offers a powerful means to
fine-tune MSCs’ interaction with the host immune sys-
tem, rendering them more resilient, less immunogenic,
or more potently immunomodulatory for specific dis-
eases [40, 41]. This profound capability renders CRISPR
an indispensable tool for realizing the therapeutic prom-
ise of MSCs in the complex realm of immune-mediated
disorders and regenerative medicine [42].

The present narrative review aims to comprehensively
explore the cutting-edge applications of CRISPR/Cas9 in
engineering MSCs, with a specific focus on the profound
impact of these genetic modifications on their immuno-
logical attributes. The subsequent discussion will explore
the application of CRISPR technology in the context
of immune evasion, anti-inflammatory responses, the
repurposing of MSCs for targeted anti-tumor immunity,
and the identification of novel immunological applica-
tions. This exploration will contribute to the advance-
ment of next-generation MSC-based immunotherapies.

Overcoming immunogenicity and immune
rejection: engineering “Immune Stealth” MSCs
MSCs can be administered in either an autologous
manner, in which the cells are derived from the same
individual, or an allogeneic manner, in which the cells
are derived from a donor and administered to a differ-
ent recipient. While autologous MSCs generally avoid
immune rejection, allogeneic MSCs are more practical
for clinical use as “off-the-shelf” products. However, they
raise critical questions regarding immunogenicity and
host immune responses [43]. A paramount challenge in
the broad application of allogeneic MSC therapies is the
potential for host immune recognition and subsequent

rejection, despite their inherently low immunogenicity
[44]. This rejection is primarily induced by the expression
of Major Histocompatibility Complex Class I (MHC-I)
molecules on the MSC surface, which, particularly upon
upregulation in inflammatory microenvironments, can
trigger alloreactive T-cell responses [45, 46]. CRISPR/
Cas9 technology has introduced as a transformative
approach to precisely address this immunological barrier,
enabling the creation of “immune stealth” MSCs designed
to evade host immune surveillance (Fig. 1).

A prominent strategy involves the targeted knockout of
beta-2 microglobulin (f2M), the crucial light chain of the
MHC-I complex [47]. Studies have compellingly demon-
strated that CRISPR-mediated deletion of f2M in various
MSC sources, including umbilical MSCs (UMSCs) and
induced pluripotent stem cell (iPSC)-derived MSCs, sig-
nificantly abrogates HLA class I surface expression [48,
49]. This genetic modification profoundly impacts MSCs’
interaction with the host immune system: by largely
eliminating MHC-I presentation, these p2M-deficient
MSCs become less recognizable to alloreactive CD8 + T
cells, leading to a marked suppression of T-cell prolifera-
tion, activation, and infiltration into transplanted tissues.
For instance, in models of cardiac repair, f2M-deleted
UMSC:s effectively suppressed CD8 + T cell activation
and infiltration, modulated the immune microenviron-
ment by reducing pro-inflammatory mediators like IFN-y
and TNF-a, and consequently enhanced stem cell sur-
vival and engraftment [49]. Another study conducted
by Kwon et al. developed an approach to generate iPSC-
derived MSCs with a disrupted HLA-I gene [50]. First,
dermal fibroblasts were reprogrammed into iPSCs using
Yamanaka’s four factors (Oct4, Sox2, KIf4, c-Myc). Sub-
sequently, CRISPR/Cas9-mediated gene editing was
employed to knockout the polymorphic HLA-A, B, and
C alleles. These edited iPSCs were then differentiated
into MSCs using standard MSC culture conditions, yield-
ing pseudo-homozygous HLA class I knockout iPSC-
derived MSCs (KO iMSCs). The resulting KO iMSCs
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Fig. 1 CRISPER/Cas9-based approaches to reduce the immunogenicity of MSCs

retained multipotency, demonstrated in vivo safety, and
maintained the capacity for chondrogenic differentiation.
Importantly, unlike complete HLA class I-null cells, KO
iMSCs evaded natural killer (NK) cell-mediated cytotox-
icity. These findings suggest that KO iMSCs could serve
as an immunologically compatible, “off-the-shelf” cell
therapy product. The ability to generate such hypoimmu-
nogenic MSCs without impairing their crucial reparative
functions or differentiation potential represents a signifi-
cant leap towards successful allogeneic transplantation
without the need for extensive HLA matching. Further-
more, Romano et al. reveal the specific genetic modifica-
tion involved using a single guide RNA (sgRNA) targeting
the third exon of the CIITA gene. This process resulted
in the insertion of a single nucleotide on both alleles.
This insertion led to a frameshift mutation, which con-
sequently generated a premature stop codon. The func-
tional consequence of this knockout is the loss of CIITA
protein, which is necessary for the expression of MHC
class II molecules. The removal of MHC class II from the
cell surface of engineered iPSCs has been demonstrated
to facilitate their evasion of immune detection and rejec-
tion by the host’s immune system. This approach offers a
promising solution for the production of “off-the-shelf”
allogeneic cell products. The study confirmed that the
resulting cell line maintained typical pluripotent mor-
phology, expressed pluripotency markers, and could dif-
ferentiate into all three germ layers, all while having a
normal karyotype [51]. In a separate study, researchers
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employed the CRISPR-Cas9 system to excise the major
histocompatibility complex (MHC) class I and II genes,
specifically B2M and CIITA. Furthermore, the murine
protein CD47 was incorporated into the cells to impede
xenograft formation, and hSEAP was added to monitor
cell trafficking in vivo. The results of the in vivo experi-
ments demonstrated that, despite these genetic modifica-
tions, the cells were completely rejected within 11 days
after transplantation into mice with an active immune
system. T-lymphocyte infiltration was clearly observed
on day 8. The study’s findings indicate that the deletion
of the B2M and CIITA genes, in conjunction with the
expression of CD47, is inadequate in preventing graft
rejection within a foreign and immune-active environ-
ment. These results suggest the involvement of additional
mechanisms in the process of graft rejection [52].

In addition to MHC-I modulation via p2M knockout,
co-stimulatory molecules such as CD80 (B7-1), CD86
(B7-2), and CDA40 represent key targets for enhancing
MSC immune evasion [53]. These molecules are gener-
ally expressed at low basal levels on MSCs; however, they
can be upregulated in inflammatory microenvironments,
thereby promoting T-cell activation and alloreactivity
through interactions with CD28/CTLA-4 (for CD80/
CD86) and CD40L (for CD40) on T cells [54]. In order to
counteract the aforementioned process, the use of immu-
nosuppressive MSCs has been proposed. The mecha-
nism of action of these cells involves the downregulation
of CD80, CD86, and CD40 expression in dendritic cells
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(DCs). This process has been shown to inhibit the mat-
uration of DCs and to suppress the production of pro-
inflammatory cytokines, such as IL-12. The net effect of
these processes is to foster an anti-inflammatory milieu
and to reduce immunogenicity. For instance, MSCs have
been demonstrated to maintain DCs in an immature state
by suppressing MHC-II, CD80, CD86, and CD40, thereby
constraining T-cell priming and effector responses.
CRISPR/Cas9 provides a precise mechanism for
amplifying this natural process through targeted gene
knockouts [55]. While direct applications in MSCs are
in their nascent stages, analogous strategies in dendritic
cells (DCs)—a pivotal player in MSC-immune cross-
talk—demonstrate feasibility. Specifically, the simulta-
neous CRISPR-mediated knockout of CD80, CD86, and
CD40 in DCs using nanoparticle-delivered Cas9/sgRNA
complexes has triggered Treg expansion and prevented
autoimmune responses in type 1 diabetes models by
impairing co-stimulation and antigen presentation [56].
The extension of this concept to MSCs has the potential
to synergize with B2M editing, resulting in the creation
of hypoimmunogenic stealth cells that exhibit minimal
T-cell engagement. Preliminary evidence suggests that
such multiplex edits preserve the multipotency of MSC
while enhancing the efficacy of allogeneic engraftment,
thereby paving the way for off-the-shelf therapies [55].
Furthermore, the safe and efficient delivery of CRISPR
components is critical for minimizing unintended
immune responses to the gene-editing machinery itself
[57]. Innovations in non-viral delivery methods, such as
ribonucleoprotein (RNP) complexes and advanced elec-
troporation techniques, including tube electroporation,
have proven instrumental in achieving high editing effi-
ciencies with minimal toxicity [58, 59]. These approaches
are crucial for ensuring the overall immunocompat-
ibility of the engineered MSC product, avoiding poten-
tial immune reactions against residual viral vectors or
off-target effects that could compromise the cell’s thera-
peutic efficacy or safety in clinical applications. In this
regard, a novel tube electroporation method has been
developed in Xu et al. study that significantly enhances
the efficiency of homology-directed repair (HDR) and
overall gene ablation in these difficult-to-transfect cell
types while maintaining minimal toxicity [59]. Of par-
ticular significance is the demonstration of the platform’s
immunological implications through successful gene
editing in key immune cells. The method demonstrated a
high success rate in the knockout of f2M in MSCs (37.3%
to 80.2%), a target that has been identified as being rel-
evant for modulating cellular immunogenicity and trans-
plantation outcomes. Furthermore, the efficient ablation
of PD-1 in primary human T cells (42.6% to 58.6%)
underscores its direct applicability in cancer immuno-
therapy, offering a robust strategy to overcome immune
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checkpoint inhibition, akin to established antibody treat-
ments. This high-efficiency, low-toxicity gene delivery
system represents a substantial advancement toward
the clinical translation of precision gene-edited cellular
immunotherapies.

In another study, Han et al. used CRISPR/Cas9 tech-
nology to delete the p2M gene to reduce the immuno-
genicity of hMSCs [40]. In this study, they systematically
compared plasmid DNA and RNP delivery methods for
CRISPR-Cas9 genome editing in MSCs. Their results
demonstrate that RNP-mediated editing achieves signifi-
cantly higher indel (insertion-deletion)) frequencies with
minimal cellular toxicity compared to plasmid-based
approaches. Flow cytometry results showed a decrease in
MHC-I expression on the surface of edited MSCs. Also,
to evaluate the immunological function, modified MSCs
were co-cultured with CD8* T cells. The results high-
lighted that the death rate of modified MSCs was much
less than that of the control group, and T cell proliferation
was also suppressed. Among the canonical immunosup-
pressive mediators of MSCs, indoleamine 2,3-dioxygen-
ase (IDO) and prostaglandin E2 (PGE2) play central roles
in dampening immune activation. IDO contributes to
suppression of T-cell and NK-cell function through tryp-
tophan depletion and kynurenine accumulation, while
PGE2 modulates cytokine production and reduces cyto-
toxic activity [60, 61]. Examination of the levels of IDO-1
and PGE2 in the supernatant by ELISA and Western blot
showed a significant increase compared to normal MSCs,
which is directly related to the immunosuppressive abil-
ity [40]. Finally, this study showed that deletion of f2M
in MSCs not only significantly reduced the stimulation
of the host immune system, but also increased their sur-
vival in an inflammatory environment. This property is
very valuable for applications in cell therapies, transplan-
tation, and autoimmune diseases. By focusing on both
precise genomic modification and immunologically inert
delivery, CRISPR/Cas9 engineering is paving the way for
truly allogeneic and widely applicable MSC therapies.
Recent studies have increasingly unveiled the potential of
CRISPR-engineered MSCs to bolster their inherent anti-
inflammatory and immunomodulatory properties. These
advancements offer novel strategies to address immuno-
logical challenges across various diseases [62].

Augmenting MSCs' intrinsic anti-inflammatory and
Immunomodulatory capacities

Enhancing anti-inflammatory cytokine and protein
secretion

As shown in the Table 2, CRISPR/Cas9 engineering
has endowed MSCs with the ability to profoundly reca-
librate inflammatory microenvironments. For instance,
CRISPRa of Interleukin (IL)-10), a pivotal anti-inflam-
matory mediator, in bone marrow-derived MSCs led
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Table 2 CRISPR enhancement of MSC Immunomodulatory & Anti-Inflammatory functions
Target/Pathway Gene type / Direction Cell Source Functional/Mo-  Immunological / Thera- Disease Refs.
Category of regula- lecular Change peutic Effect Model
tion (CRISPR
strategy)
IL-10 Cytokine Overexpression  BM-MSCs 1 1L-10 secretion 1L TNF-q, IL-1B, IL-6, Diabetic [63]
(anti-inflammatory) MCP-1; reduced CD68+/  myocardial
CD11b+macrophage infarction
infiltration; enhanced anti-
inflammatory phenotype
TSG-6 Cytokine-like protein  Overexpression — Generic 1 Anti-inflammato- | IL-8 & COX-2 in disc Interverte- [35]
/ EV cargo / EV enrichment MSCs ry EV cargo (miR- cells; attenuated disc bral discitis
1463, TSG-6,1L-10)  inflammation
Keap1 (Nrf2 Signaling regula- Knockout Rat Nrf2 pathway 1 Oxidative stress resis- Oxida- [65]
pathway) tor (oxidative stress (Keap1 deletion  AD-MSCs activation; 1 antioxi- tance; 1 survival in inflam-  tive stress
sensor) — constitutive dant enzymes matory microenvironment; models
Nrf2 activation) promotion of anti-inflam-
matory phenotype
TLR4 Pattern-recognition Knockout / Human AD- | NF-kB signaling 1 IL-6, TNF-a, MCP-1; | Myocardial  [67]
receptor (innate downregulation & cardiac cardiac fibrosis & inflam- infarction
immunity) MSCs matory infiltration
TLR3 / IFN- / JAK1 Pattern-recognition Knockout / hUCB-MSCs | Senescence-as- Preserved immuno- Senescence  [68]
axis receptor / signaling ~ modulation sociated secretory  modulatory function after  prevention
pathway phenotype (SASP)  expansion
miR-2861 Non-coding RNA Overexpression  Human | HDAC4/5 Acquisition of immuno- Inflam- [71]
(mMiRNA) MSCs — epigenetic privileged phenotype; 1 matory
reprogramming osteogenic potential conditions
CD14 Pattern-recognition Overexpression  BALB-MSCs 1 LPS recognition; | E. coli growth; enhanced Bacterial [72]
receptor (LPS accelerated NF-kB  antibacterial response infection
receptor) activation
STNFR1 feedback Soluble cytokine Overexpression  hUC-MSCs  TNF-a-responsive Neutralized TNF-q; | Spinal cord  [73]
receptor (inducible) STNFR1 secretion iNOS +macrophages; 1 injury
motor function
PDGF-B Growth factor Overexpression  hBM-MSCs 1 Angiogenesis; 1 Accelerated wound Diabetic [74]
BDNF expression healing; | chronic wounds

inflammation

AD-MSCs: Adipose-derived MSCs, BM-MSCs: Bone marrow-derived MSCs, CCL2: C-C motif chemokine ligand 2, CXCL12: C-X-C motif chemokine ligand 12, EVs:
Extracellular vesicles, hUCB-MSCs: Human umbilical cord blood MSCs, hUC-MSCs: Human umbilical cord MSCs, IL: Interleukin, KO: Knockout, Nrf2: Nuclear factor
erythroid 2-related factor 2, PD-L1: Programmed death-ligand 1, RNP: Ribonucleoprotein, SASP: Senescence-associated secretory phenotype, TSG-6: TNF-a

stimulated gene/protein 6

to a dramatic decrease in pro-inflammatory cytokine
levels, specifically IL-1f, IL-6, TNF-«, and MCP-1, in
cardiac tissue following diabetic myocardial infarction
[63]. Furthermore, the engineered MSCs effectively sup-
pressed the recruitment of inflammatory CD68+/CD11b
+ cells and CD68 + macrophages into the infarct region,
thereby mitigating the detrimental immune cell accumu-
lation associated with post-MI injury. Beyond this pro-
found immunomodulation, the treatment concurrently
improved critical cardiac function indicators (e.g., EF and
ES), diminished cellular apoptosis, and promoted angio-
genesis, collectively driving enhanced cardiac repair. It is
important to note that these findings were derived from
preclinical animal models (primarily murine models of
M]I, and therefore, they should be interpreted with cau-
tion in terms of clinical translation. While these results
support the therapeutic potential of CRISPR-engineered
MSCs, challenges such as off-target genome edits,

long-term safety in vivo, and scalability for clinical-grade
manufacturing remain significant. In addition, a limited
number of independent groups have validated these find-
ings, thereby underscoring the necessity for replication
across various laboratories and models. A comprehensive
review of the extant literature reveals that the current
body of research underscores the promising potential of
CRISPR technology to enhance the reparative capacity of
MSCs. However, a thorough examination of these stud-
ies also illuminates the necessity of addressing significant
translational and safety challenges prior to the realization
of clinical applications.

Extending the therapeutic efficacy of MSC-derived
extracellular vehicles (EVs) as potent immunomodulatory
agents, another study masterfully leverages CRISPR-Cas9
activation to induce the expression of TNFu-stimulated
gene/protein 6 (TSG-6) in MSCs [35]. This approach,
critically, operates by activating gene expression without
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direct DNA cleavage, offering a significant safety advan-
tage over traditional gene knockout or knock-in strat-
egies, thereby minimizing potential immunogenic
responses associated with genomic alterations. The
strategic overexpression of TSG-6 profoundly repro-
grams the anti-inflammatory cargo within MSC-derived
EVs. In robust functional assays utilizing human inter-
vertebral disc (IVD) cells—a critical target for inflam-
matory interventions—pre-stimulated with the potent
pro-inflammatory cytokine IL-1B, treatment with EVs
from TSG-6-activated MSCs (MSCa EVs) elicited a sig-
nificant attenuation of inflammatory responses. This
was evidenced by a marked decreased expression of key
pro-inflammatory genes, notably IL-8 and COX-2, when
compared to control EVs. These findings firmly establish
that EVs generated from MSCs with augmented TSG-6
expression serve as powerful, non-cellular anti-inflam-
matory biotherapeutics. Their capacity to precisely mod-
ulate and control inflammation positions them as highly
promising therapeutic modalities for conditions such as
intervertebral disc degeneration and other inflammatory
musculoskeletal and neurological diseases, capitalizing
on their enhanced immunological signaling. This method
represents a novel approach to enhance EV application
from MSCs with the aim of improving immunogenicity
and therapeutic efficacy.

Targeting inflammatory signaling pathways

CRISPR/Cas9 enables the precise targeting of inflam-
matory signaling pathways within MSCs [64]. Hu et al.
investigated a CRISPR/Cas9-based strategy to enhance
the intrinsic anti-oxidative capacity of rat adipose-
derived MSCs (Ad-MSCs) by disrupting the Keapl gene
[65]. Normally, Keapl sequesters Nrf2 in the cytoplasm,
inhibiting its crucial role as a master regulator of anti-
oxidant and anti-inflammatory genes [66]. By targeting
either the start codon or a critical interaction site (376th
codon) of Keapl with CRISPR/Cas9, the researchers
successfully induced Nrf2 nuclear localization, thereby
activating its protective pathways. Genetically modified
Ad-MSCs demonstrated significantly enhanced resis-
tance to oxidative stress, evidenced by reduced malondi-
aldehyde (MDA) content and modulated expression of
apoptotic (Bax-1) and anti-apoptotic (Bcl-2) genes after
hydrogen peroxide treatment [65].

In another study, Schary and colleagues edited human
adipose and cardiac-derived MSCs applying the CRISPR/
Cas9 system to delete the TLR4 gene, a key player in
inflammatory pathways [67]. CRISPR transfer was per-
formed non-virally (electroporation), and the editing
rate was reported to be up to 68%. After TLR4 knockout,
these cells still retained MSC markers including CD73,
CD90, and CD105. Molecular analyses showed that TLR4
deletion significantly reduced NF-kB signaling and the
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expression levels of pro-inflammatory mediators such as
IL-6, TNF-a, and MCP-1 in MSC cells. Flow cytometry
results also confirmed the reduction of TLR4 levels on
the cell surface and the reduction of inflammatory secre-
tory activity. In animal experiments, these edited MSCs
were injected into a mouse model of myocardial infarc-
tion and resulted in increased survival by 90%, reduced
cardiac fibrosis, improved left ventricular function indi-
ces (EE, FS), and reduced inflammatory cell infiltration.
Histopathological findings also showed reduced scarring
and preservation of heart wall thickness. This highlights
that even without altering other MSC properties, their
therapeutic potential can be enhanced by inhibiting a
single inflammatory receptor like TLR4.

Furthermore, the therapeutic promise of hUCB-MSCs
in immunomodulation and regenerative medicine is sig-
nificantly constrained by their propensity for in vitro
senescence, a process driven by a critical immunologi-
cal axis [68]. This study elucidates that the continuous
ex vivo expansion of hUCB-MSCs induces a detrimental
upregulation of toll-like receptor 3 (TLR3), a pivotal pat-
tern recognition receptor that, when activated, initiates a
potent autocrine IFN-p signaling loop. This self-reinforc-
ing IFN-p signaling cascade subsequently activates JAKI,
a key mediator in cytokine-driven immune responses,
ultimately driving the senescence phenotype in hUCB-
MSCs. Furthermore, this TLR3-mediated senescence is
profoundly associated with the acquisition of a Senes-
cence-Associated Secretory Phenotype (SASP), charac-
terized by the release of pro-inflammatory cytokines and
chemokines. This shift fundamentally compromises the
MSCs’ intrinsic immunomodulatory capabilities and can
even induce a pro-inflammatory state, thereby under-
mining their therapeutic potential. Disrupting this TLR3/
IEN-B/JAK1 pathway offers a compelling strategy to pre-
serve MSC immune functionality and enhance their clin-
ical viability.

Epigenetic reprogramming for immune-privileged
phenotypes

CRISPR has been employed for targeted epigenetic mod-
ulation in MSCs to overcome immunological barriers
[69]. HDAC4, a class Ila histone deacetylase, modulates
inflammatory and metabolic pathways through histone
and non-histone protein deacetylation, with multi-level
regulation making it a promising therapeutic target [70].
By upregulating miR-2861 in human MSCs, precise
control over immunomodulatory HDACs (HDAC4/5)
was achieved. This miR-2861-mediated HDAC suppres-
sion created an immunoprivileged MSC phenotype, evi-
denced by reduced HDACS5 expression and enhanced
osteogenic potential [71]. Importantly, this CRISPR
approach avoided plasmid-associated cytotoxicity while
establishing stable epigenetic reprogramming, resulting
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in an MSC population with improved immunomodula-
tory capacity that maintained functionality under inflam-
matory conditions [71].

Repurposing MSCs for potent anti-tumor
immunotherapy

Eliminating immunosuppressive capabilities

In contrast to the use of MSC-mediated immunosuppres-
sion in transplantation or autoimmune disorders, where
such immunosuppression is therapeutically desirable, in
the field of oncology, this same property can facilitate
tumor progression by dampening anti-tumor immunity
[75]. Consequently, CRISPR-based strategies have been
investigated for their potential to eliminate or reverse
the immunosuppressive phenotype of MSCs within the
tumor microenvironment [62]. Among the various tar-
gets of interest, PD-L1 has received particular attention,
as its expression on MSCs contributes to T-cell inhibi-
tion and immune escape mechanisms [76]. The repro-
gramming of MSCs to enhance T-cell activation and
IFN-y secretion can be achieved by deleting or modu-
lating PD-L1, thereby augmenting anti-tumor immune
responses.

In a study, Dunavin and colleagues administered the
CRISPR/Cas9 gene editing technique to delete the PD-L1
gene in MSCs extracted from umbilical cord Wharton’s
jelly [77]. PD-L1 is among the best-known immunosup-
pressive agents that, by interaction to the PD-1 receptor
expressed on T cells, reduces their activity and turns off
the immune response against tumors [78]. Therefore, the
presence of PD-L1 in MSCs could help create an immu-
nosuppressive microenvironment around tumors [79].
The researchers used CRISPR to delete a significant por-
tion of the PD-L1 gene and then examined the effect
of this modification on the function of MSCs and their
secreted exosomes on the activation of immune cells,
specifically CD4* (T helper) and CD8" (cytotoxic T cells)
[77]. The results showed that the edited MSCs were no
longer able to inhibit T cell activation. In other words, the
natural inhibition previously exerted by MSCs was signif-
icantly reduced after PD-L1 deletion [77]. In examining
the function of the immune system, it was observed that
the phosphorylation of key signaling proteins including
Zap-70 and Syk was improved in T cells, which indicates
the restoration of the immune system’s response capac-
ity. Also, the secretion of IFN-y, one of the important
cytokines in the anti-tumor response, was significantly
increased in CD8* T cells. This confirms that the deletion
of PD-L1 in MSCs can lead to an increase in the power
of the immune system in fighting cancer cells. Another
important point is that the exosomes secreted from the
edited MSCs also maintained this property and were no
longer suppressive of the immune response, which also
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indicates the importance of using MSC secretory prod-
ucts in anti-cancer therapies [77]. As previously men-
tioned, the targeting of regulatory molecules by CRISPR
could serve as a promising approach towards activat-
ing MSCs. However, this strategy represents a double-
edged sword: while PD-L1 deletion enhances immune
activation in cancer settings, it may compromise MSC
survival and efficacy in contexts like allogeneic trans-
plantation or chronic inflammatory diseases (e.g., rheu-
matoid arthritis) [79]. In such scenarios, the expression
of PD-L1 by MSCs is critical for the maintenance of their
immunomodulatory functions, including the suppres-
sion of excessive inflammation through interactions with
PD-1 on immune cells. Consequently, the therapeutic
application of PD-L1-edited MSCs must be meticulously
tailored to the disease context, balancing immune activa-
tion with the need for MSC persistence and immunoreg-
ulatory effects.

Modulating tumor microenvironment and immune cell
trafficking

CRISPR-mediated genetic modifications of MSCs can
actively modulate the tumor microenvironment and
immune cell trafficking [80]. CXCL12/SDF-1 has been
identified as a pleiotropic mediator of macrophage plas-
ticity, dynamically regulating their polarization along the
M1-M2 spectrum in a microenvironment-dependent
manner, with significant implications for both neoplas-
tic and autoimmune pathologies [81, 82]. Babazadeh
and et al. applied CRISPR/Cas9 technology to delete
the CXCL12 gene in bone marrow-derived MSCs [83].
They aimed to investigate the role of this chemokine
(CXCL12) in altering the phenotype of macrophages and
their effect on tumor growth. After generating CRISPR-
modified MSCs (CXCL12-/-), they were co-cultured
with bone marrow-derived macrophages (BMDM) in a
co-culture medium to examine their effect on the immu-
nological phenotype. In the presence of normal MSCs
(CXCL12+/+), macrophages were driven towards the
M2 phenotype. Increased expression of cytokines IL-4,
IL-10, TGF-B and the marker CD206 (M2-specific) and
decreased expression of IL-6, TNF-a and iNOS (M1-spe-
cific) were observed. On the other hand, in the presence
of CRISPR-modified MSCs (CXCL12-/-), the pheno-
type of macrophages shifted towards M1, i.e. increased
expression of inflammatory cytokines and decreased
expression of suppressor factors were observed, and also,
the phagocytic activity of macrophages was increased. In
addition, co-culture of 4T1 mammary tumor cells and
macrophages primed by (CXCL12-/-) or (CXCL12+/+)
To investigate the behavior of tumor cells in the face of
primed macrophages, limiting dilution assays were per-
formed in BALB/c mice. The results showed that mac-
rophages primed with normal MSCs (CXCL12+/+) led
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to increased tumor formation and increased tumor size.
In contrast, macrophages primed with modified MSCs
caused a significant reduction in the size and number
of tumor cells. Also, in the 3D culture of 4T1 cells with
primed macrophages, the number and size of tumor
spheroids (MCTS) in the face of macrophages primed
with CXCL12-/- showed a significant reduction com-
pared to macrophages primed with CXCL12+/+.

CCL2 is crucially involved in the process of prostate
cancer bone metastasis by recruiting tumor cells to the
osseous microenvironment, activating PI3K/Akt-medi-
ated proliferation, and inducing cytoskeletal remodel-
ing through p70-S6 kinase phosphorylation [84, 85]. Bui
et al. used CRISPR/Cas9 technology to delete the CCL2
gene in mouse bone marrow-derived MSCs to investigate
its effect on prostate cancer growth [86]. After generat-
ing CCL2-/- MSCs, they co-injected them with prostate
cancer cells (TRAMP-C2) in a syngeneic mouse model.
The findings showed that deletion of CCL2 led to a severe
reduction in the migration of macrophages and mono-
cytes into tumor tissue, resulting in a significant reduc-
tion in tumor size and weight. To analyze the immune
populations in tumor tissue, markers CD45, CD11b, and
Ly6G were used to examine monocytes and neutrophils.
The results showed an increase in CD45*CD11b*Ly6G~
cells, i.e., anti-tumor monocytes, in tumors of ani-
mals receiving modified MSCs. The increase in
CD45*CD11b*Ly6G~ (mononuclear immune cells) in
the tumor environment supported an inflammatory and
anti-cancer environment. Also, deletion of CCL2 via
CRISPR/Cas9 inhibited the migration of macrophages
into the tumor area, which resulted in a reduction in
tumor diameter and weight in prostate syngeneic mice.
In conclusion, the results of this study demonstrated that
modified MSCs are able to alter the immune balance of
the tumor microenvironment to induce a more potent
anti-tumor response. In a separate study, research-
ers Tang et al. investigated a novel strategy for enhanc-
ing antitumor activity. This approach utilizes genetically
engineered induced pluripotent stem cell-derived mesen-
chymal stem cells (iMSCs) to address the aforementioned
challenges. Researchers created a homogeneous stem cell
line called NKG2D-CAR-iMSCs. To achieve this objec-
tive, the researchers engineered induced pluripotent
stem cells (iPSCs) by inserting a chimeric antigen recep-
tor (CAR) containing the NKG2D extracellular domain
into the B2M gene locus. These modified iPSCs were
then differentiated into NKG2D-CAR-iMSCs. The results
demonstrated significant advancements in the precision
of tumor targeting. In a laboratory setting, the NKG2D-
CAR-iMSCs demonstrated enhanced migration toward
and adhesion to various solid tumor cells that expressed
NKG2D ligands. This enhanced targeting was substan-
tiated by RNA sequencing, which revealed that genes
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associated with cell adhesion and migration were signifi-
cantly overexpressed in the modified cells [87]. In a living
model involving A549 xenograft mice, the NKG2D-CAR-
iMSCs demonstrated a significant 57% increase in their
capacity to home to tumors when compared to standard
iMSCs. The study’s findings indicate that the NKG2D-
CAR modification effectively enhances the targeting
specificity of iMSCs in both in vitro and in vivo settings.

Smart therapies with feedback-controlled
immunomodulation

Innovative approaches involve engineering MSCs with
feedback-controlled CRISPR systems to achieve targeted
anti-inflammatory effects. hUC-MSCs have been engi-
neered using a CRISPR/Cas9 plasmid to self-regulate
and feedback the secretion of soluble TNF-a receptor
protein (STNFR1) in response to increased TNF-a [73].
The aim of this design was to reduce inflammation in
spinal cord injury (SCI). MSCs were administered indi-
rectly via secreted exosomes; these EVs were conjugated
with the CAQK peptide to target the spinal cord injury
site. In vitro and in vivo experiments demonstrated that
these engineered EVs efficiently accumulated in spinal
cord tissue, neutralized TNF-a, reduced inflammatory
cytokines, and reduced the presence of iNOS* macro-
phages at the injury site. ELISA and immunofluorescence
data confirmed the increase in sSTNFR1 and the decrease
in TNF-a. In an animal model, treatment with these EVs
resulted in significant improvements in motor function
and neuronal regeneration. The innovative aspect of this
study was the use of a feedback-controlled CRISPR plas-
mid system that is activated only in the presence of TNE-
a. This approach produced a targeted anti-inflammatory
effect without the need for direct MSC injection, demon-
strating that MSC exosomes can serve as smart CRISPR
carriers for neuro-inflammatory therapies.

While CRISPR-mediated strategies in transplanta-
tion and autoimmune diseases are primarily designed to
reduce immunogenicity and enhance immunosuppres-
sive or tolerogenic properties of MSCs, the therapeutic
goal in oncology is fundamentally different (Table 3). In
the tumor microenvironment, the inherent immuno-
suppressive functions of MSCs are often deleterious,
as they can facilitate tumor progression and immune
evasion. Consequently, engineering approaches in this
context focus on eliminating or reversing these immuno-
suppressive properties to potentiate anti-tumor immu-
nity. As mentioned, the deletion of PD-L1 in MSCs has
been demonstrated to enhance T cell activation and
increase IFN-y secretion, thereby promoting anti-tumor
responses. However, this modification also introduces a
critical trade-off: loss of PD-L1 simultaneously increases
MSC immunogenicity, which may compromise their per-
sistence and survival in vivo. Furthermore, the knockout



Dashti et al. Stem Cell Research & Therapy (2025) 16:592

Page 10 of 16

Table 3 Context-Dependent effects of CRISPR-Edited MSCs by therapeutic goal

Therapeutic Goal Genetic Modification  Advantages Challenges Primary Context Refs.
Target
Immune Evasion B2M Knockout 1 MHC-l; enhanced MSC sur- Potential NK-cell Allogeneic transplan- [34,
(Transplantation/Autoimmunity) vival; reduced T-cell rejection activation tation, rheumatoid 36,
arthritis 37]
IL-10 Overexpression 1 Anti-inflammatory effects; |~ May suppress anti- ~ Autoimmune dis- [42]
pro-inflammatory cytokines tumor immunity eases (e.g, rheumatoid
arthritis)
PD-L1 Overexpression 1 Immunosuppression; May promote Transplantation, chronic [57]
protects MSCs from immune  tumor growth inflammation
rejection
Immune Activation (Cancer PD-L1 Knockout 1 T-cell activation (CD4*/CD8*); | MSC survival Tumor microenviron- [54,
Therapy) 1 IFN-y; enhanced anti-tumor  in inflammatory ment reprogramming  57]
immunity settings
CXCL12  Knockout 1 M1 macrophage polarization; Limited role Cancer immunotherapy [61]
| tumor growth in non-cancer
settings

of CXCL12 and CCL2 has been shown to reduce the
recruitment of immunosuppressive myeloid cells, thereby
reprogramming the tumor microenvironment toward a
more immunostimulatory state. Collectively, these find-
ings demonstrate that the CRISPR-based engineering
of MSCs for cancer therapy constitutes a conceptually
antithetical strategy in comparison to immune-stealth
approaches in transplantation or autoimmune disorders.
It is imperative to acknowledge this contrast and the con-
comitant trade-offs to comprehensively grasp the con-
text-dependent nature of CRISPR applications in MSCs.

Other CRISPR-based functional enhancements of
MSCs

Antimicrobial-related” vs. “tissue repair-related”

CD14, initially characterized as a monocyte marker, is
a 55-kDa GPI-anchored PRR that recognizes diverse
microbial products including LPS [88, 89]. It exists in
both membrane-bound and soluble forms, mediating
pathogen recognition and immune responses [90]. CRIS-
PRa has been successfully leveraged to augment antibac-
terial immunity in MSCs [72]. MSCs exhibit considerable
heterogeneity in their antibacterial capacities, a factor
limiting their therapeutic consistency. This study identi-
fied that MSCs with superior antibacterial activity, such
as C57BL/6-derived MSCs (C57-MSCs), possess elevated
baseline expression of CD14, a crucial co-receptor for
lipopolysaccharide (LPS) recognition. Conversely, BALB/
c-derived MSCs (BALB-MSCs) showed attenuated anti-
bacterial responses and lower CD14 levels.

Leveraging CRISPRa, endogenous CD14 expression
was successfully augmented in BALB-MSCs. This tar-
geted genetic modification significantly enhanced the
antibacterial properties of BALB-MSCs, even without
LPS priming, mirroring the robust activity observed
in natural C57-MSCs. Mechanistically, CD14 over-
expression accelerated the kinetics of NF-kB nuclear

translocation in response to LPS, indicating a more rapid
initiation of downstream immune signaling pathways.
Single-cell transcriptional profiling further confirmed
this expedited LPS response at a global molecular level.
Transcriptomics and membrane surface proteomics
analysis revealed that the edited MSCs had higher levels
of CD14, which induced a faster response to LPS. Also,
specific bacteria (e.g., E. coli) showed a significant reduc-
tion in growth after exposure to CD14-enhanced MSCs
in culture medium, indicating the efficacy of this novel
treatment. These findings underscore the potential of
CRISPR-based approaches to precisely modulate MSC
phenotypes, thereby augmenting their intrinsic immuno-
logical responsiveness for therapeutic applications.
CRISPR-engineered MSCs, even those primarily target-
ing regenerative outcomes, can indirectly contribute to
immune regulation by resolving inflammation more rap-
idly or enhancing tissue repair in inflammatory contexts
[91]. Genetically engineering hBM-MSCs offers a prom-
ising avenue to enhance their therapeutic efficacy for
wound healing [74]. This study describes a novel platform
utilizing CRISPR/Cas9 and recombinant adeno-associ-
ated virus serotype 6 (rAAV6) for precise, targeted gene
insertion into hBM-MSCs, ensuring stable overexpres-
sion of desired therapeutic proteins without altering fun-
damental MSC characteristics. Applying this innovative
approach, hBM-MSCs were engineered to constitutively
overexpress and secrete platelet-derived growth factor B
(PDGE-B), a crucial regulator of tissue repair. Subsequent
evaluation in a diabetic murine excisional wound model
demonstrated that a single, local administration of these
PDGEF-B-secreting hBM-MSCs significantly accelerated
wound closure kinetics and reduced the overall time to
complete wound healing compared to control groups.
Also, increased blood vessel growth (angiogenesis) was
observed in the repaired tissue, which was confirmed by
CD31 staining. These findings highlight the potential of
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CRISPR-based gene editing to enhance the regenerative
capacity of MSCs, thereby offering a more potent cell-
based therapy for challenging wound healing scenarios.
Also, hMSCs hold considerable promise for treating
neurodevelopmental disorders, particularly when engi-
neered to enhance specific therapeutic protein secre-
tion [92]. A study conducted by kim et al. investigates
the efficacy of hMSCs overexpressing Brain-Derived
Neurotrophic Factor (BDNF) in improving outcomes
in mouse models of Rett Syndrome, a severe neuro-
logical condition characterized by motor, cognitive, and
respiratory deficits [93]. While hMSCs possess inherent
immunomodulatory properties, the primary focus of this
research centers on the neurotrophic benefits derived
from enhanced BDNF secretion. The engineered BDNF-
secreting hMSCs demonstrated significant therapeu-
tic effects, including improvements in motor function,
normalization of respiratory patterns, and amelioration
of anxiety-like behaviors and learning/memory impair-
ments in the Rett Syndrome mouse models. These find-
ings underscore the potential of genetically modified
MSCs as a neurotrophic delivery platform to directly
address neurological dysfunctions. Although hMSCs

Table 4 Key challenges and potential CRISPR-Based solutions for
the clinical translation of MSC therapies

Challenge Functional Therapeutic Refs.
Change Effect
Immune rejection of B2M/CIITA Reduced T-cell/  [48,

allogeneic MSCs knockout; HLA-E/  NK-cell mediated 49,

HLA-G knock-in;  clearance; en- 51]
PD-L1 or CD47 hanced immune
overexpression evasion

Donor heterogeneity &  IL-10 or IDO More consistent  [34,

immunomodu-  40]
latory activity

across donors
Increased oxida-  [65]
tive stress resis-

tance; improved
persistence in

inconsistent potency overexpression;
stabilization of

PGE2 pathway
Keap1 knock-
out — Nrf2
activation; TSG-6
overexpression

Limited survival
in inflammatory
microenvironments

Vivo
Tumor-promoting PD-L1,CXCL12, 0or Enhanced anti- [77,
immunosuppression CCL2 knockout tumor immune 83,
responses; 86]
reduced M2
macrophage

recruitment

Controlled elimi-  [107,
nation of MSCsin  108]
case of adverse
events; reduced
tumorigenicity

Long-term fate & uncon-
trolled biological activity

Incorporation

of suicide genes
(iCasp9, HSV-TK)
as safety switches

risk
Scalability & regulatory ~ Creation of Improved repro-  [112,
barriers universal donor ducibility; com- 113]
MSC lines with pliance with GMP

standardized edits manufacturing
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generally exhibit immunomodulatory capacities, this
specific investigation did not delve into a detailed immu-
nological mechanism, but rather highlighted the direct
neuroprotective and restorative roles of BDNF.

Challenges and outlook

Despite the remarkable progress, the clinical translation
of CRISPR-engineered MSCs faces several challenges
(Table 4). These include ensuring long-term genomic sta-
bility and preventing off-target edits, which could lead
to unintended immunogenic responses or altered cel-
lular functions (Fig. 2) [94, 95]. The development of safe
and efficient non-viral delivery methods, such as elec-
troporation and ribonucleoprotein (RNP) complexes, is
crucial for minimizing immunogenicity and cytotoxicity
associated with viral vectors, a key advantage for clinical
safety and long-term therapeutic success [96]. Regulatory
aspects for genetically modified cell therapies are also
complex, requiring rigorous safety and efficacy testing.
Future directions will likely involve further refining gene-
editing precision, developing more sophisticated feed-
back-controlled systems for localized and on-demand
immunomodulation, and exploring combination thera-
pies where CRISPR-engineered MSCs work synergisti-
cally with other treatments to address complex immune
disorders and enhance therapeutic efficacy [97-99].
The ability to generate MSCs with low immunogenicity
through B2M deletion, while retaining their stem poten-
tial and differentiation capabilities, holds great promise
for allogeneic cell transplantation without the need for
HLA matching [47]. Furthermore, advancements in sin-
gle-cell genetic engineering of MSCs, as demonstrated by
the precise deletion of the RANKL gene without affecting
other MSC properties, could be instrumental for future
therapeutic cell production [100].

Another critical challenge for the clinical translation of
CRISPR-engineered MSCs is the uncertainty regarding
their long-term fate after administration [101]. Although
MSCs are generally considered safe, genetic modifica-
tions may alter their persistence, differentiation poten-
tial, or immune interactions [102]. Potential risks include
uncontrolled proliferation, phenotypic drift, genomic
instability, tumorigenic transformation, and unintended
immune activation [103, 104]. Furthermore, the process
of CRISPR-based editing itself introduces the possibility
of off-target mutations, which could further compromise
genomic integrity and long-term safety [105]. These con-
cerns underscore the pressing need for precise preclinical
studies with prolonged follow-up to assess the durability
and safety of engineered MSCs in vivo. In order to miti-
gate the aforementioned risks, the incorporation of sui-
cide genes or inducible safety switches has been proposed
[106]. Although suicide genes such as HSV-TK were
originally developed for cancer gene therapy to induce
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tumor cell death, they have been increasingly adopted
as safety switches in cell-based therapies [107]. When
suicide genes integrated into engineered MSCs, these
systems enable the controlled elimination of the admin-
istered cells in the event of adverse outcomes, thereby
mitigating the risks of uncontrolled biological activity
[108]. For instance, the inducible caspase-9 (iCasp9) sys-
tem has been demonstrated to induce rapid apoptosis of
engineered cells upon administration of a small-molecule
dimerizer [109]. Similarly, the herpes simplex virus thy-
midine kinase (HSV-TK) approach has been shown to
confer selective sensitivity to ganciclovir [107]. These
strategies, which have already been validated in adoptive
T-cell therapies, are increasingly recognized as important
safeguards for stem cell-based interventions [110]. It is
imperative that these risks be acknowledged collectively
and that robust safety circuits be developed to ensure the
responsible and clinically viable application of CRISPR-
modified MSCs.

In other hand, the majority of current evidence is
derived from preclinical in vitro and animal models, with
limited independent validation across diverse experi-
mental settings. Human clinical data remain scarce, with
most MSC-related CRISPR applications still in early pre-
clinical stages, far from clinical translation. For instance,
the SAGESI Phase 1 trial (NCT06506461), initiated by St.
Jude Children’s Research Hospital in March 2025, evalu-
ates the safety and efficacy of autologous CRISPR/Cas9-
edited CD34 + hematopoietic stem and progenitor cells

(HSPCs) in 25 young adults (18-24 years) with severe
sickle cell disease (SCD) [111]. HSPCs are mobilized with
motixafortide or plerixafor, edited ex vivo to induce fetal
hemoglobin (HbF) via BCL11A targeting, and infused
post-busulfan conditioning. Primary endpoints include
neutrophil/platelet engraftment by days + 42/+60, multi-
lineage engraftment at 1 year, and off-target editing risks
over 3 years, while secondary endpoints assess reductions
in vaso-occlusive events, hemoglobin/HbF increases, and
transfusion needs. Although focused on HSPCs, this trial
highlights the translational potential and challenges of
CRISPR-based cell therapies, such as off-target effects
and engraftment variability, which are equally relevant to
MSC engineering. The paucity of MSC-specific clinical
trials and the need for long-term safety data underscore
the importance of rigorous validation and robust clinical
studies to bridge the gap between promising preclinical
results and therapeutic applications.

Conclusion

The review meticulously delineates the manner in which
CRISPR/Cas9 gene editing has fundamentally trans-
formed the therapeutic potential of MSCs. While MSCs
are recognized for their regenerative capacities, their
profound immunomodulatory properties are particu-
larly vital for allogeneic (off-the-shelf) applications. His-
torically, a significant impediment to the widespread
implementation of allogeneic MSC therapy has been
host immune rejection, primarily driven by MHC-I
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expression. The precise CRISPR/Cas9-mediated knock-
out of P2M represents a significant advancement. This
modification effectively eliminates MHC-I expression,
rendering the MSCs largely “invisible” to alloreactive
T-cells and significantly suppressing immune responses.
This is a critical step towards realizing truly univer-
sal allogeneic MSC therapies, which has the potential
to eliminate the significant burden of HLA matching.
The emphasis on non-viral delivery methods, such as
RNP complexes and advanced electroporation, ensures
high editing efficiency with minimal toxicity, address-
ing critical safety concerns. Notably, the deletion of
B2M has been observed to augment the production of
immunosuppressive factors, such as IDO-1 and PGE2.
This observation signifies a substantial synergistic effect,
wherein engineered MSCs not only evade detection but
also proactively enhance their intrinsic immunoregula-
tory capacity. This dual benefit is instrumental in ensur-
ing the sustained therapeutic efficacy of the cells.

Beyond enabling immune evasion, the review dem-
onstrates CRISPR’s ability to profoundly enhance and
precisely modify MSCs’ intrinsic anti-inflammatory and
immunomodulatory functions. The strategic application
of CRISPRa to upregulate anti-inflammatory cytokines
like IL-10 in MSCs exemplifies a sophisticated approach
to actively reprogram pathological microenvironments,
reducing pro-inflammatory cytokines and promoting
tissue repair. Leveraging CRISPRa to enhance TSG-6
expression in MSCs, thereby enriching the anti-inflam-
matory cargo of their EVs, presents a particularly prom-
ising non-cellular biotherapeutic strategy, capitalizing on
MSCs’ natural communication pathways with potentially
reduced risks. Furthermore, CRISPR’s precision in tar-
geting specific inflammatory signaling pathways within
MSCs is remarkable. Disrupting Keapl to activate the
master anti-oxidant regulator Nrf2, or the deliberate
deletion of the TLR4 gene, fundamentally reconfigures
the MSCs’ inflammatory response threshold. This shows
a profound ability to transform an otherwise reactive cell
into one inherently more resilient to inflammatory cues,
leading to tangible therapeutic gains. The ability to pre-
serve MSC viability and function during ex vivo expan-
sion by modulating pathways like TLR3/IFN-f/JAK1, and
the application of epigenetic reprogramming via CRIS-
PRa, further underscore the depth of control achieved in
enhancing MSC immunomodulation.

The most conceptually groundbreaking aspect of this
review is the potential of CRISPR to repurpose MSCs in
ways that counter their traditional immunosuppressive
tendencies, especially in the context of anti-tumor immu-
notherapy. This finding marks a significant departure
from the prevailing view that MSCs can, on occasion,
inadvertently promote tumor progression. As elucidated
by Dunavin et al,, the deletion of PD-L1 in MSCs is an
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exacting process. This meticulous procedure re-engi-
neers the cells to release the “brakes” on anti-tumor T
cell activation. The result is enhanced IFN-y secretion
and restored immune surveillance. The critical find-
ing that PD-L1-deficient MSC-derived exosome retains
this activating property is highly significant, as it opens
promising avenues for safer, more manageable cell-free
cancer immunotherapies. Furthermore, the deliberate
CRISPR-mediated modulation of chemokine expression,
such as the deletion of CXCR12 or CCL2, illustrates a
sophisticated strategy to actively sculpt the tumor micro-
environment. By directly influencing the recruitment and
polarization of immune cells, such as macrophages (shift-
ing them towards an M1, anti-tumor phenotype), these
engineered MSCs transition from a state of mere passive
presence to a state of active participation in orchestrat-
ing a potent anti-tumor immune response. This paradigm
shift indicates that MSCs are not merely a delivery vehi-
cle; rather, they are an intelligent, programmable thera-
peutic agent that can be meticulously tailored to modify
intricate immunological landscapes.

Despite the transformative potential of CRISPR/Cas9
for engineering MSCs into precision immunotherapies,
significant challenges persist. Current evidence largely
stems from preclinical in vitro and animal models, with
scarce human clinical data and limited independent vali-
dation, hindering clinical translation. Additional hurdles,
including off-target effects, long-term genomic stabil-
ity, and complex regulatory frameworks, underscore the
need for rigorous clinical trials. Nevertheless, CRISPR/
Cas9’s unparalleled capacity to create tailored cell prod-
ucts positions it as a foundational technology for next-
generation MSC-based therapies, urging researchers to
prioritize robust human studies to bridge the preclinical-
clinical gap.

Abbreviations

MSCs Mesenchymal stromal/stem cells

IFN-y Interferon-gamma

B2M Beta-2 Microglobulin

MHC-I Major Histocompatibility Complex Class |
RNP Ribonucleoprotein

HLA Human Leukocyte Antigen

TGF-B Transforming Growth Factor-beta

IDO Indoleamine 2,3-dioxygenase

PGE2 Prostaglandin E2

HLA-G Human Leukocyte Antigen-G

PD-L1 Programmed Death-Ligand 1

CXCR4 C-X-C Motif Chemokine Receptor 4
ccL2 C-C Motif Chemokine Ligand 2

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats
Cas9 CRISPR-associated protein 9

RNA Ribonucleic Acid

DNA Deoxyribonucleic Acid

EVs Extracellular Vesicles

IL-10 Interleukin-10

TSG-6 TNF-a Stimulated Gene/Protein 6

COX-2 Cyclooxygenase-2

Keap1 Kelch-like ECH-associated protein 1

Nrf2 Nuclear factor erythroid 2-related factor 2
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AD-MSCs Adipose-derived mesenchymal stromal/stem cells
TLR4 Toll-like Receptor 4
NF-kB Nuclear Factor kappa-light-chain-enhancer of activated B cells

IL-6 Interleukin-6

Indel Insertion-deletion

TNF-a Tumor Necrosis Factor-alpha

MCP-1 Monocyte Chemoattractant Protein-1

TLR3 Toll-like Receptor 3

IFN-B Interferon-beta

JAK1 Janus Kinase 1

hUCB-MSCs  Human Umbilical Cord Blood Mesenchymal stromal/stem
Cells

SASP Senescence-Associated Secretory Phenotype

miR-2861 microRNA-2861

HDAC4/5 Histone Deacetylase 4/5

D14 Cluster of Differentiation 14

LPS Lipopolysaccharide
BM-MSCs Bone marrow-derived mesenchymal stromal/stem cells
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