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Dear Editor,
Ischemic stroke, a well-known age-related disorder (Cai 
et al., 2022b), resulting from the occlusion of cerebral 
blood vessels and the ensuing neuronal damage, has 
emerged as a leading cause of mortality and disability 
worldwide (Zhang and Chopp, 2009). It represents a sig-
nificant global health challenge. The pursuit of innova-
tive treatment strategies for ischemic stroke has become 
an urgent scientific priority. Stem cell therapy has gained 
prominence as a promising therapeutic modality for 
attenuating ischemic brain injury and facilitating repair 
in affected regions (Zhu et al., 2023). Among these, mes-
enchymal stem cells (MSCs) have garnered particular 
attention for their potential in ischemic stroke therapy, 
attributed to their capacity to secrete therapeutic bio-
molecules that provide neuroprotection, stimulate angi-
ogenesis, and modulate immune responses (Stonesifer et 
al., 2017). Despite their promise, a multitude of challenges 
impede the realization of MSCs’ therapeutic potential. 

For instance, the variability in the sources of primary 
MSCs presents challenges in reliably obtaining a suffi-
cient quantity of cells for transplantation. Additionally, 
as the number of passages increases, MSCs exhibit 
increased cellular senescence and a diminished capacity 
for differentiation. Moreover, the harsh microenviron-
ment within the recipient ischemic tissue often leads to 
inadequate retention and survival of transplanted cells 
at the target site (Cai et al., 2022a; Stonesifer et al., 2017). 
Consequently, developing strategies to provide superior 
cell materials is essential for enhancing the therapeutic 
efficacy of MSC-based treatments. Recent studies have 
shown that targeted gene editing in stem cells can boost 
their functionality, leading to improved post-transplant 
survival and therapeutic benefits (Cai et al., 2022a). 
Our previous studies have highlighted that activating 
Forkhead box O3 (FOXO3), a gene linked to longevity, in 
MSCs derived from human embryonic stem cells (hESCs) 
reduces cellular senescence, boosts self-renewal, and 
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strengthens stress resistance (Lei et al., 2021; Yan et al., 
2019).

In our study, we demonstrated that intracerebral 
implantation of FOXO3-engineered human mesen-
chymal stem cells (F3-MSCs) advances functional 
recovery in mice after ischemic stroke induced by middle- 
cerebral-artery-occlusion (MCAO). The therapeu-
tic efficacy of MSCs was primarily attributed to their  
paracrine signaling. Indeed, exosomes secreted by 
F3-MSCs demonstrated a comparable ability to modu-
late the microenvironment and promote the recovery at 
the lesion region, indicating that these extracellular ves-
icles play an important role in mediating the beneficial 
effects of MSC therapy. By collectively mitigating post-
stroke inflammation, regulating scar tissue formation, 
stimulating neovascularization, and enhancing neuro-
genesis, this intervention represents an advancement in 
the treatment of ischemic stroke.

Initially, to evaluate the therapeutic potential of 
F3-MSCs in ischemic stroke, we developed a permanent 
unilateral MCAO mouse model (Fig. 1A). This model 
emulates the pathophysiological conditions of human 
ischemic stroke and is widely employed in preclinical 
research for its fidelity to the human condition (Iadecola 
and Anrather, 2011; Stonesifer et al., 2017). Consistently, 
our observation revealed a reduction in cerebral blood 
flow on the operated side of the MCAO mice monitored 
by a laser speckle flowmetry when contrasted with the 
sham-operated group (Fig. 1B). It is well-documented 
that the motor and sensory functions serve as indicators 
of their neurological status, and these can be assessed 
through the cylinder test and the adhesive removal test, 
respectively. In the behavioral assessments, we discerned 
that the mice exhibited impaired coordination in their 
limb movements and diminished sensory capabilities on 
the side contralateral to the insult (Fig. 1C and 1D).

Next, we derived wild-type (WT)-MSCs and F3-MSCs 
through directed differentiation of WT-hESCs and 
FOXO3-genetically modified hESCs. The genetic modifi-
cation was achieved by utilizing gene editing technique 
to substitute two critical FOXO3 phosphorylation sites 
with alanine residues (S253A and S315A) (Fig. S1A and 
S1B), as previously described (Lei et al., 2021; Yan et al., 
2019). The genetically modified FOXO3 was rendered 
refractory to AKT-mediated phosphorylation at the 
S253 and S315 sites, resulting in its sustained nuclear 
activity. In alignment with the forementioned studies 
(Lei et al., 2021; Yan et al., 2019), our F3-MSCs demon-
strated enhanced self-renewal capacity and alleviated 
senescence compared to their wild-type counterparts 
(WT-MSCs) (Fig. S1C–E). Next, we aimed to quantify the 
in vivo retention capabilities of F3-MSCs subsequently to 
intracerebral implantation immediately after ischemic 
stroke caused by MCAO (Fig. 1A). We introduced a lenti-
viral construct expressing luciferase into both WT-MSCs 

and F3-MSCs before implanting them into MCAO mouse 
models (Fig. 1E). The bioluminescence, serving as a 
proxy for cell retention, was monitored using an in vivo 
imaging system (Fig. 1E). At the initial timepoint post- 
transplantation, the bioluminescent signals were 
observed to be comparable in animals that received 
either F3-MSCs or WT-MSCs, indicating similar ini-
tial engraftment (Fig. 1E). As the observation period 
extended, the F3-MSCs group demonstrated a more pro-
nounced luminescent signal, suggesting an enhanced 
retention profile over the WT-MSCs group (Fig. 1E). The 
luminescence of the WT-MSCs group gradually dimin-
ished, becoming virtually undetectable by day six (D6) 
following transplantation (Fig. 1E). In contrast, the lumi-
nescent signal from the F3-MSCs group remained above 
the threshold of detection up to D8 post-transplantation, 
thereby highlighting the superior retention of F3-MSCs 
(Fig. 1E). These observations indicate the heightened 
retention and survival of F3-MSCs within the ischemic 
brain, reinforcing their potential as a therapeutic inter-
vention for ischemic stroke.

Subsequently, we explored the capacity of F3-MSCs 
to enhance neurological recovery at D7 post-stroke (Fig. 
1A). Our data initially revealed that F3-MSCs enhance 
limb motor control function post-stroke, outperform-
ing the vehicle control group (Fig. 1C). Additionally, cell 
therapy with both WT-MSCs and F3-MSCs ameliorated 
the impairments in limb sensory function induced by 
MCAO at D7 post-surgery, with F3-MSCs demonstrating 
a more pronounced therapeutic effect (Fig. 1D). Further, 
we endeavored to ascertain whether the implanta-
tion of F3-MSCs could provide neuroprotection against 
ischemic stroke. Consistent with our hypothesis, we 
observed a reduction in MCAO-induced cellular apopto-
sis, as evidenced by TUNEL staining in the mouse brain 
at D7 following MSC implantation (Fig. 1F). Notably, the 
F3-MSCs group exhibited a diminished level of apoptosis 
compared to the vehicle group (Fig. 1F). These findings 
suggest that F3-MSCs possess the capacity to attenuate 
apoptosis in the brain of MCAO mice, which may pro-
mote the recovery of neurological function following 
ischemic stroke.

The activation of local microglia and the secretion 
of inflammatory cytokines are recognized as principal 
inflammatory responses correlated with brain injury fol-
lowing a stroke (Iadecola and Anrather, 2011; Stonesifer 
et al., 2017). Given the potent immunomodulatory attrib-
utes of MSCs, we aimed to assess the impact of F3-MSCs 
treatment on local inflammatory processes. At one-week 
post-stroke induction, the transplantation of WT-MSCs 
and F3-MSCs resulted in a reduction in IBA-1-positive 
microglia counts within the peri-infarct border-zone, 
compared to the vehicle treatment group (Fig. 1G). CD68, 
a marker for macrophage lineage cells (Ma et al., 2024), 
is predominantly expressed in microglia associated with 
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Figure 1.  Intracerebral implantation of F3-MSCs improves cell engraftment and promotes post-stroke functional recovery.  
(A) Schematic diagram of experimental design for MSC implantation and phenotypical analysis. (B) Representative cerebral blood 
flow images of sham group and MCAO mice. Laser speckle flowmetry was measured immediately post-stroke. Ratios of blood flux 
were quantified and are presented as mean ± SEMs. n = 10 mice for each group. (C) Behavior analysis by the cylinder test at D7 post-
stroke. Impaired forelimb use ratios (impaired forelimb/unimpaired forelimb) were quantified and are shown as the mean ± SEMs. 
n = 8 for sham group; n = 6 for the other groups. (D) Behavior analysis by the adhesive removal test at D7 post-stroke. The contact 
time (left) and removal time (right) were quantified and are shown as the mean ± SEMs. n = 8 for sham group; n = 6 for the other 
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brain parenchyma. It labels lysosomes and is recognized 
as an indicator of activated phagocytic microglia (Sun 
et al., 2023). Accordingly, we found that the F3-MSCs-
treated group showed a reduction in the accumulation 
of activated microglia caused by MCAO compared to 
the vehicle group at the D7 post-stroke, as indicated 
by a decrease in the number of CD68-positive reactive 
cells (Fig. 1H). Furthermore, the expression levels of pro- 
inflammatory cytokines, including tumor necrosis factor- 
alpha (TNF-α) and interleukin-1 beta (IL-1β), were  
elevated following MCAO (Fig. 1I and 1J). Contrasting the 
vehicle group, MSC implantation lowered the expression 
of pro-inflammatory factors, and F3-MSC treatment out-
performed in mitigating inflammation (Fig. 1I and 1J).

Astrocytes represent the most populous glial cell type 
within the central nervous system (CNS), fulfilling pivotal 
roles in maintaining CNS homeostasis, providing nutri-
tional support, and offering protection, thereby playing a 
crucial part in the physiological and pathological mech-
anisms of numerous nervous system disorders (Aging 
Biomarker Consortium et al., 2023; Tan et al., 2023). In 

the aftermath of stroke injury, astrocytes become acti-
vated, serving a protective function by circumscribing 
the injured, infarcted region during the initial phase 
(Zhang and Chopp, 2009). However, it is important to 
recognize that astrocytes, key players in both reactive 
gliosis and glial scar formation, have the capacity to 
suppress axonal elongation and impede neuronal regen-
eration (Rust et al., 2024). Indeed, upon assessing post-
stroke glial scar formation following the transplantation 
of MSCs, as indicated by glial fibrillary acidic protein 
(GFAP) immunostaining, we observed a reduced area of 
glial scarring in the MSCs-implanted group compared to 
the vehicle group at D7 post-operation, with the F3-MSC 
group showing a superior effect (Fig. 1K). This finding 
suggests a potential regulatory effect of F3-MSCs on 
reactive gliosis and the associated glial scar formation.

In addition to mitigating a range of injuries induced 
by stroke, the implantation of MSCs can also augment 
the intrinsic regenerative capacity of the affected tissue. 
Notably, neovascularization post-stroke is recognized as 
a crucial factor closely linked to the prognosis of stroke 

groups. (E) MSC retention evaluation using in vivo bioluminescence imaging of luciferase-labeled MSCs. C57/B6J mice with MCAO 
were subjected to intracranial injection of luciferase-labeled WT-MSCs or F3-MSCs. Luciferase activity was detected and quantified 
using an in vivo imaging system. Quantitative data of luciferase activity are presented as the mean ± SEMs. n = 8 for each group. 
(F) Analysis of TUNEL-positive apoptotic cells in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative 
fluorescence images. Right, TUNEL-positive cells were quantified as fold changes, which were normalized to that of the vehicle 
group. Data are presented as the mean ± SEMs. n = 4 for sham group; n = 6 for the other groups. Scale bar, 100 μm. The white dotted 
line denotes the lesion border after ischemic stroke; # indicates the stroke lesion region. (G) Analysis of IBA-1-positive microglia in 
peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative fluorescence images. Right, IBA-1-positive cells were 
quantified as fold changes, which were normalized to that of the vehicle group. Data are presented as the mean ± SEMs. n = 4 for 
sham group; n = 6 for the other groups. Scale bar, 100 μm. The white dotted line denotes the lesion border after ischemic stroke; # 
indicates the stroke lesion region. (H) Analysis of CD68-positive activated microglia in peri-infarct border zone of mouse brain at 
D7 post-stroke. Left, representative fluorescence images. Right, CD68-positive cells were quantified as fold changes, which were 
normalized to that of the vehicle group. Data are presented as the mean ± SEMs. n = 4 for sham group; n = 6 for the other groups. 
Scale bar, 100 μm. The white dotted line denotes the lesion border after ischemic stroke; # indicates the stroke lesion region. (I and J) 
Analysis of the expression of IL-1β (Ι) and TNF-α (J) in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative 
fluorescence images. Right, IL-1β-positive (Ι) and TNF-α-positive (J) cells were quantified as fold changes, which were normalized to 
that of the vehicle group. Data are presented as the mean ± SEMs. n = 4 for sham group; n = 6 for the other groups. Scale bar, 100 
μm. The white dotted line denotes the lesion border after ischemic stroke; # indicates the stroke lesion region. (K) Analysis of GFAP-
positive astrocytes in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative fluorescence images. Right, the 
thickness of astrocytic scars was quantified as fold changes, which were normalized to that of the vehicle group. Data are presented 
as the mean ± SEMs. n = 4 for sham group; n = 6 for the other groups. Scale bar, 100 μm. The white dotted lines denote the border of 
the scar after ischemic stroke; # indicates the stroke lesion region. (L) Analysis of the CD31-positive endothelial cells in peri-infarct 
border zone of mouse brain at D7 post-stroke. Left, representative fluorescence images. Right, CD31-positive cells were quantified 
as fold changes, which were normalized to that of the vehicle group. Data were quantified and are presented as the mean ± SEMs. 
n = 4 for sham group; n = 6 for the other groups. Scale bar, 100 μm. The white dotted line denotes the lesion border after ischemic 
stroke; # indicates the stroke lesion region. (M) Representative cerebral blood flow images of mice in sham group, as well as MCAO 
mice injected with vehicle, WT-MSCs and F3-MSCs. Laser speckle flowmetry was measured at D7 after operation. Ratios of blood 
flux were quantified and are presented as mean ± SEMs. n = 6 mice per group. (N) Analysis of the DCX-positive cells in peri-infarct 
border zone of mouse brain at D7 post-stroke. Left, representative fluorescence images. Right, DCX-positive cells were quantified as 
fold changes, which were normalized to that of the vehicle group. Data are presented as the mean ± SEMs. n = 4 for sham group; n = 6 
for the other groups. Scale bar, 100 μm. The white dotted line denotes the lesion border after ischemic stroke; # indicates the stroke 
lesion region. (O) Analysis of the NeuN-positive mature neurons in peri-infarct border zone of mouse brain at D7 post-stroke. Left, 
representative fluorescence images. Right, NeuN-positive cells were quantified as fold changes, which were normalized to that of the 
vehicle group. Data are presented as the mean ± SEMs. n = 4 for sham group; n = 6 for the other groups. Scale bar, 100 μm. The white 
dotted line denotes the lesion border after ischemic stroke; # indicates the stroke lesion region. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, 
not significant (two-tailed Student’s t test).
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Figure 2.  Intracerebral administration of F3-Exo promotes post-stroke functional recovery. (A) Schematic diagram of experimental 
design for exosome injection, phenotypical, and transcriptomic analysis. (B) The cylinder test at D7 post-stroke. Impaired forelimb 
use ratios (impaired forelimb/unimpaired forelimb) were quantified and are shown as the mean ± SEMs. n = 10 for sham group; n = 8 
for the other groups. (C) The adhesive removal test at D7 post-stroke. The contact time (left) and removal time (right) were quantified 
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patients (Rust et al., 2024; Zhang and Chopp, 2009). To 
assess this, we examined post-stroke neovasculariza-
tion following the implantation of MSCs through CD31 
immunostaining. As anticipated, animals that received 
F3-MSCs exhibited an enhanced CD31-positive cells sur-
rounding the lesion site at D7 post-stroke induction, in 
contrast to those treated with vehicle (Fig. 1L). In cor-
roboration, the implantation of F3-MSCs also led to an 
elevated restoration of cerebral blood flow which had 
been compromised by MCAO compared to the vehicle 
group, as measured by laser speckle flowmetry (Fig. 1M). 
Collectively, these findings indicate that F3-MSC trans-
plantation promotes angiogenesis, thereby underscor-
ing the therapeutic potential of these cells in enhancing 
post-stroke recovery.

On another front, it is well established that in the 
wake of brain injury, neural stem cells and their prog-
eny neuroblasts within the subventricular zone undergo 
escalated proliferation, followed by migration toward the 
site of injury, and ultimately differentiate into functional 
neurons (Rust et al., 2024; Zhang and Chopp, 2009). With 

this in mind, we proceeded to explore the potential of 
F3-MSCs transplantation to augment the endogenous 
reparative capacity and stimulate neurogenesis in the 
post-stroke context. This was accomplished by assessing 
the expression of doublecortin (DCX), a marker indica-
tive of neural precursors (Yang et al., 2024), and neuronal 
nuclei (NeuN), a marker for mature neurons, through 
immunostaining techniques (Fig. 1N and 1O). Our find-
ings revealed an increment in the count of DCX-positive 
cells in the peri-infarct border zone of animals that 
underwent F3-MSCs implantation, as compared to those 
administered vehicle at D7 post-operation (Fig. 1N). 
Additionally, an increased proportion of NeuN-positive 
neurons was observed following MSCs implantation, 
with the F3-MSCs treatment group demonstrating a 
pronounced increase (Fig. 1O). These results collec-
tively suggest an enhancement of neurogenesis within 
a murine model of ischemic stroke following F3-MSCs 
transplantation.

The findings presented collectively suggest that the 
administration of F3-MSCs holds promise for their 

and are shown as the mean ± SEMs. n = 10 for sham group; n = 8 for the other groups. (D) Analysis of TUNEL-positive apoptotic cells 
in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative fluorescence images. Right, TUNEL-positive cells 
were quantified as fold changes, which were normalized to that of the vehicle group. Data are presented as the mean ± SEMs. n = 4 
for each group. Scale bar, 100 μm. The white dotted line denotes the lesion border after ischemic stroke; # indicates the stroke lesion 
region. (E) Analysis of IBA-1-positive microglia in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative 
fluorescence images. Right, IBA-1-positive cells are quantified as fold changes, which were normalized to that of the vehicle group. 
Data are presented as the mean ± SEMs. n = 4 for each group. Scale bar, 100 μm. The white dotted line denotes the lesion border after 
ischemic stroke; # indicates the stroke lesion region. (F) Analysis of CD68-positive activated microglia in peri-infarct border zone of 
mouse brain at D7 post-stroke. Left, representative fluorescence images. Right, CD68-positive cells were quantified as fold changes, 
which were normalized to that of the vehicle group. Data are presented as the mean ± SEMs. n = 4 for each group. Scale bar, 100 μm. 
The white dotted line denotes the lesion border after ischemic stroke; # indicates the stroke lesion region. (G and H) Analysis of the 
expression of IL-1β (G) and TNF-α (H) in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative fluorescence 
images. Right, IL-1β-positive (G) and TNF-α-positive (H) cells were quantified as fold changes, which were normalized to that of the 
vehicle group. Data are presented as the mean ± SEMs. n = 4 for each group. Scale bar, 100 μm. The white dotted line denotes the 
lesion border after ischemic stroke; # indicates the stroke lesion region. (I) Analysis of GFAP-positive astrocyte cell in peri-infarct 
border zone of mouse brain at D7 post-stroke. Left, representative fluorescence images. Right, the thickness of astrocytic scars was 
quantified as fold changes, which were normalized to that of the vehicle group. Data are presented as the mean ± SEMs. n = 4 for each 
group. Scale bar, 100 μm. The white dotted lines denote the border of the scar after ischemic stroke; # indicates the stroke lesion region. 
(J) Analysis of the CD31-positive endothelial cell in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative 
fluorescence images. Right, CD31-positive cells were quantified as fold changes, which were normalized to that of the vehicle group. 
Data are presented as the mean ± SEMs. n = 4 for each group. Scale bar, 100 μm. The white dotted line denotes the lesion border 
after ischemic stroke; # indicates the stroke lesion region. (K) Representative cerebral blood flow images of MCAO mice injected with 
vehicle, WT-MSCs and F3-MSCs and sham group. Laser speckle flowmetry was measured at D7 post-stroke. Ratios of blood flux were 
quantified and are presented as mean ± SEMs. n = 10 for sham group; n = 8 for the other group. (L) Analysis of the DCX-positive cells 
in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative fluorescence images. Right, DCX-positive cells were 
quantified as fold changes, which were normalized to that of the vehicle group. Data are presented as the mean ± SEMs. n = 4 for each 
group. Scale bar, 100 μm. The white dotted line denotes the lesion border after ischemic stroke; # indicates the stroke lesion region. 
(M) Analysis of the NeuN-positive mature neurons in peri-infarct border zone of mouse brain at D7 post-stroke. Left, representative 
fluorescence images. Right, NeuN-positive cells were quantified as fold changes, which were normalized to that of the vehicle group. 
Data are presented as the mean ± SEMs. n = 4 for each group. Scale bar, 100 μm. The white dotted line denotes the lesion border 
after ischemic stroke; # indicates the stroke lesion region. (N) Venn diagram showing the numbers of upregulated MCAO DEGs, the 
downregulated F3-Exo DEGs, and the overlapping rescue down DEGs. The proportion of rescue down DEGs was also indicated. (O) 
Representative Gene Ontology (GO) terms enriched in rescue down DEGs based on functional enrichment analysis (P.adjust < 0.05). 
The length of the bar represents the −log10 (P.adjust) value. (P) Heatmaps showing the scaled expression levels of genes related to 
three representative functional terms. (Q) The expression changes of indicated genes were verified by RT-qPCR analysis. n = 4 mice 
per group. Data are shown as the mean ± SEMs. (R) The schematic illustration showing the therapeutic effects of F3-MSCs and their 
derived exosomes in MCAO mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant (two-tailed Student’s t test).
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multifaceted therapeutic potential in facilitating post-
stroke recovery. It is acknowledged that the benefi-
cial impact of transplanted MSCs in ischemic stroke is 
primarily due to their paracrine-mediated actions or 
bystander effects, which are induced by a wide array 
of secreted bioactive molecules, rather than direct cell 
replacement within the infarcted regions (Hermann et 
al., 2024; Stonesifer et al., 2017). Accordingly, we pro-
ceeded to assess the capacity of exosomes derived from 
F3-MSCs to foster brain regeneration in the same mouse 
model of ischemic stroke via paracrine mechanisms (Fig. 
2A). Consistently, exosomes originating from F3-MSCs, 
referred to as F3-Exo (Fig. S2A), enhanced the recovery of 
motor and sensory functions, as evidenced by improved 
limb use in the cylinder test and the adhesive removal 
test conducted at D7 post-MCAO, compared to those in 
vehicle group (Fig. 2B and 2C). Concurrently, a reduction 
in the number of TUNEL-positive apoptotic cells was 
observed in the MCAO mice treated with F3-Exo (Fig. 
2D). This discovery implies that F3-Exo may ameliorate 
the effects of ischemic stroke by diminishing cell death 
within the impacted areas of the brain. Our study further 
confirmed the therapeutic efficacy of F3-Exo in mitigat-
ing post-stroke inflammation and glial scarring, while 
simultaneously promoting angiogenesis and neurogen-
esis (Fig. 2E–M). Specifically, F3-Exo treatment resulted 
in a reduction of activated microglia, as indicated by 
the decreased positivity for IBA-1 and CD68 (Fig. 2E and 
2F), along with diminished levels of pro-inflammatory 
cytokines TNF-α and IL-1β in the peri-lesional region 
at D7 post-MCAO (Fig. 2G and 2H), outperforming both 
the vehicle and exosomes originating from WT-MSCs 
(WT-Exo) groups. Furthermore, F3-Exo mitigated glial 
scar formation in MCAO mice brains, evidenced by a 
reduction in the thickness of GFAP-labeled astrocyte glial 
scar at D7 post-MCAO when compared to vehicle-treated 
mice (Fig. 2I). Additionally, treatment with F3-Exo led 
to an increase in CD31-positive endothelial cells and 
improved cerebral blood flow, as measured by immunos-
taining and laser speckle imaging (Fig. 2J and 2K). It also 
led to increased numbers of DCX-positive neuroblasts 
and NeuN-positive neurons in the peri-infarct border 
zone at D7 post-stroke (Fig. 2L and 2M), compared the 
effects of vehicle treatment.

To further elucidate the molecular changes within the 
ischemic lesion following the intervention, we collected 
corresponding brain tissue samples from groups that 
received either F3-Exo or vehicle treatment, as well as 
from the sham-operated group. Subsequently, we con-
ducted bulk RNA sequencing analysis on these sam-
ples. This process allowed us to identify differentially 
expressed genes (DEGs) between the vehicle and sham 
groups, and between the F3-Exo-treated group and the 
vehicle group, which we termed “MCAO DEGs” and “F3-Exo 
DEGs”, respectively (Table S1; Fig. S2B–S2F). Consistent 

with the phenotypes associated with ischemic stroke, the 
upregulated MCAO DEGs were predominantly involved 
in inflammatory responses, apoptosis, and gliogenesis, 
whereas the downregulated genes were linked to dendrite 
development (Fig. S2D). Next, our transcriptomic anal-
ysis also indicated that F3-Exo treatment counteracted 
the inflammation, apoptosis, and gliogenesis induced 
by MCAO, while also fostering neuronal differentiation 
(Fig. S2D). Upon conducting an integrative comparative 
analysis of these DEGs, we discovered a subset of genes, 
which we named “rescue DEGs” that were partially 
restored by F3-Exo intervention (Fig. 2N). This gene set 
included 546 DEGs that were upregulated by MCAO and 
subsequently downregulated by F3-Exo administration, 
with functions related to inflammation, apoptosis, and 
extracellular matrix (ECM) organization, which is pivotal 
for gliogenesis (Fig. 2O). Among these genes, we observed 
that metalloproteinase family members, such as Mmp3 
and Mmp13, which are capable of degrading the ECM and 
are also biomarkers for reactive neurotoxic astrocytes, 
were downregulated by F3-Exo (Fig. 2P). Additionally, 
genes associated with fibrosis, including Fn1, and Col1a1, 
were also upregulated by MCAO but subsequently res-
cued by F3-Exo treatment (Fig. 2P). We further validated 
several of these gene expression changes using RT-qPCR 
(Fig. 2Q), substantiating the beneficial effects exacted by 
F3-Exo. Interestingly, 15 rescue up DEGs were identified 
that also contributed to alleviating the pathological phe-
notypes. For instance, Ackr2, known as an interceptor 
and chemokine-scavenging receptor, was downregulated 
following MCAO but was upregulated following F3-Exo 
administration (Fig. S2E). In summary, F3-Exo possesses 
the capacity to suppress the transcriptional expression 
of genes associated with apoptosis, inflammation, and 
gliogenesis, while simultaneously promoting neovascu-
larization and neurogenesis in the affected tissues. This 
dual action is instrumental in mitigating the pathologi-
cal phenotype of infarcted tissues, offering a promising 
therapeutic strategy for ischemic stroke recovery (Fig. 
2R).

The therapeutic efficacy of MSCs is largely attrib-
uted to their ability to engage in paracrine signaling 
(Hermann et al., 2024; Stonesifer et al., 2017). MSCs 
secrete exosomes, which are nanoscale, membrane- 
encapsulated vesicles (30–100 nm) that facilitate inter-
cellular communication by conveying a spectrum of 
intricate biological molecules, such as growth factors, 
soluble proteins, cytokines, mRNAs, and miRNAs. These 
exosomes serve as conduits for MSCs to deliver thera-
peutic molecules to target cells, thus engaging in gene 
regulation and therapeutic action (Hermann et al., 2024). 
In our study, we discovered that exosomes derived from 
F3-MSCs contribute to the therapeutic process by pro-
moting functional recovery following MCAO. This finding 
aligns with the restorative impact observed with direct 

https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf004#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf004#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf004#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf004#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf004#supplementary-data
https://academic.oup.com/proteincell/article-lookup/doi/10.1093/procel/pwaf004#supplementary-data
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MSC transplantation, suggesting that the therapeutic 
mechanism of MSCs in ischemic stroke might be medi-
ated by the release of their exosomes. However, some 
studies have indicated that variations in environmental 
conditions can influence the composition, biogenesis, 
and secretion of exosomes, thereby altering their biolog-
ical functions (Hermann et al., 2024). As such, the precise 
proteins or nucleic acids contained in F3-Exo that are 
responsible for the therapeutic effects in ischemic stroke 
require further investigation to elucidate their specific 
contributions to the treatment process.

Furthermore, we have utilized the intracranial direct 
injection transplantation method, which offers superior 
therapeutic benefits. However, its limitations, including 
the inability to maintain a consistent drug concentration 
and the invasive nature of the procedure, have hindered 
its broader clinical adoption (Stonesifer et al., 2017). The 
intravenous injection approach presents a more feasi-
ble alternative for transplantation, yet it also introduces 
distinct challenges. Notably, it struggles with poor distri-
bution specificity, often resulting in unintended accumu-
lation in off-target organs such as the liver and spleen. 
Additionally, the low efficiency of crossing the blood-
brain barrier to achieve effective concentration at the 
target lesion can necessitate higher graft injection doses, 
potentially leading to increased side effects. Therefore, 
refining clinical treatment protocols—by optimizing 
drug delivery methods, dosages, and administration 
timing—could boost the efficacy of MSC and exosome 
therapies. Further, it has been reported that stem cells 
and their exosomes also have potential for treating con-
ditions beyond ischemic stroke, including Alzheimer’s 
disease, intracerebral hemorrhage, and traumatic brain 
injury (Hermann et al., 2024; Rust et al., 2024; Stonesifer 
et al., 2017). Therefore, FOXO3-engineered MSCs, along 
with their exosomes, may also emerge as a promising 
therapeutic strategy for these complications.

In conclusion, we discovered that the implantation of 
F3-MSCs yielded superior therapeutic outcomes com-
pared to WT-MSCs in mice afflicted with ischemic stroke. 
Initially, we noted that the intracranial transplantation 
of F3-MSCs enhanced early cell engraftment. The appli-
cation of F3-MSCs and their exosomes amplified the effi-
cacy of treatment for cerebral infarction, characterized 
by improvements in behavioral performance, a decrease 
in cell apoptosis, a reduction in inflammation and glial 
scar formation, the facilitation of angiogenesis, and 
the stimulation of neurogenesis. Our research suggests 
that FOXO3-engineered MSCs and their corresponding 
exosomes have a promising potential to be developed 
into therapeutic strategies for treating ischemic stroke.

Supplementary data
Supplementary data is available at Protein & Cell online 
https://doi.org/10.1093/procel/pwaf004.
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