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Robust neurogenesis in chronic stroke monkeys following
mesenchymal stem cell transplantation plus intermittent theta-

burst stimulation

Yuan-Huan Ma'?3, Geng-Bin Chen', Man-Feng Wu', Ge Li% Yu Zhang®, Jian-Ping Lv>, Min Wen?, Lei Cai*, Cai-Ling Zhang',
Jun-Bo Jiang', Ke Zhang®, Ke-Jun Zhang’, Ying Liu’, Zhou Liu®, Jia-Lin Chen’, Tuo Lin', Li-Xin Wang®, Guang-Qing Xu®%,

Xiang Zeng”™ and Yue Lan'™

A significant population of chronic stroke patients urgently requires more effective therapies because of functional plateaus and
limited intervention options. Intermittent theta-burst stimulation (iTBS) has been increasingly adopted in chronic-phase ischemic
stroke management. However, the efficacy decreases over time. Mesenchymal stem cells (MSCs) have emerged as a promising
therapeutic strategy for chronic stroke management through multiple mechanisms. Whether combined MSC transplantation and
iTBS confers superior synergistic efficacy warrants further investigation. In this study, human umbilical cord-derived MSCs were
stereotactically injected into the penumbra of the brain parenchyma adjacent to infarct sites in cynomolgus monkeys with chronic-
stage middle cerebral artery occlusion (MCAO)-induced ischemic stroke. iTBS commenced at 1 week post-transplantation

(5 sessions/week until week 17). Behavioral tests, electrophysiological recordings, functional magnetic resonance imaging (fMRI),
magnetic resonance spectroscopy (MRS), and plasma proteomic analysis were conducted longitudinally, with terminal histological
and spatial proteomic analysis at week 17. The results indicated that combined MSC/iTBS therapy enhanced motor function,
reduced cortical excitation thresholds, shortened motor-evoked potential (MEP) latency, increased neural activity intensity/
synchronization, strengthened functional connectivity, and optimized motor cortex metabolism. In addition to the commonly
attributed therapeutic mechanisms of MSCs and iTBS, the combined therapy additionally triggered neurogenesis and stem cell
chemotaxis, which was potentially mediated by iTBS-enhanced CXCL12 secretion from MSCs. Therefore, MSC/iTBS combination
therapy can effectively treat chronic stroke through multiple mechanisms, particularly involving the activation of endogenous
neural stem cells (NSCs), representing a promising interdisciplinary treatment strategy.

Signal Transduction and Targeted Therapy (2026)11:153

INTRODUCTION

Ischemic stroke, also known as cerebral infarction, is a prevalent
condition with a high incidence and significant disability rate. It
has emerged as a major global public health challenge, impacting
millions of individuals and imposing a substantial burden on
society and the families of those affected.' Stroke is recognized as
the third leading cause of mortality worldwide and the fourth
leading cause of disability-adjusted life-years (DALYs), which
quantify the overall disease burden by combining both premature
death and disability due to illness.> Approximately 50% to 80% of
individuals poststroke experience upper limb dysfunction, with
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the majority confronting long-term disability challenges.®> Conse-
quently, enhancing motor function in stroke survivors, improving
their quality of life, and alleviating the societal burden represent
acute medical priorities. With the ongoing refinements in stroke
treatment technology, there has been a significant reduction in
stroke-related mortality rates.* Concurrently, the incidence of
individuals transitioning into the chronic phase of stroke has been
on an upward trajectory. The initial six months post-stroke are
often regarded as the critical period for optimal functional
recovery in patients.” Beyond this acute phase and upon entering
the chronic stage, the prospects for functional improvement have
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become increasingly challenging.® Therefore, the substantial
population of patients with chronic stroke urgently requires more
effective treatments.

Currently, rehabilitation therapy based on neuroregulatory
technology is widely used to treat chronic stroke. Transcranial
magnetic stimulation (TMS), a noninvasive neuromodulatory
rehabilitation therapy that modulates the excitability of neurons
at the site of stimulation, thereby influencing brain functional
connectivity and plasticity, has demonstrated its efficacy in the
treatment of stroke patients by promoting neural recovery and
enhancing rehabilitative outcomes.”® TMS has a variety of
regimens depending on the stimulation paradigm; for example,
theta burst stimulation (TBS) is an advanced method of
transcranial magnetic stimulation that was first introduced in
2005."° TBS consists of three high-frequency pulses delivered at
50Hz every 200 ms, typically within a cluster, mimicking the
brain’s natural oscillatory activity.' Compared with FTMS, TBS has
the advantages of a shorter stimulation time and lower stimula-
tion intensity.'? On the basis of the stimulation pattern, TBS is
categorized into two distinct modes: continuous theta burst
stimulation (cTBS), which typically exerts inhibitory effects on
cortical excitability, and intermittent theta burst stimulation (iTBS),
which generally enhances cortical excitability.'® Given its facil-
itatory effect, the iTBS mode has garnered significant interest in
stroke rehabilitation. A recent meta-analysis suggested that the
iTBS stimulation mode appeared to be a more appropriate rTMS
treatment strategy for upper limb dysfunction in chronic stroke
patients.”® Indeed, studies have shown that iTBS can increase the
expression of neurotrophic factors to mediate neural stem cell
(NSC) maturation and synaptic plasticity.'*'> Additionally, iTBS can
suppress neuroinflammation by modulating microglial polariza-
tion, reducing the levels of proinflammatory cytokines, such as IL-
1B and TNF-q, and increasing the levels of the anti-inflammatory
cytokine IL-10."® and decreasing IBA-1 and CD68 inflammatory cell
populations.'” This evidence highlights the potential therapeutic
mechanism of iTBS in the clinic. However, evidence that TMS can
improve motor dysfunction in the chronic phase of stroke (> 6
months) is insufficient.'®'® Therefore, more therapeutic strategies
with therapeutic effectiveness need to be developed to treat
patients with chronic stroke.

Stem cell-based cell therapies, particularly those involving
mesenchymal stem cell (MSC) transplantation, are emerging as
highly promising strategies for the treatment of stroke. The
potential of MSCs to modulate neuroinflammation, promote
neuroprotection and improve neurological function has garnered
significant interest in stroke treatment.’®?' For example, clinical
studies have shown significant improvements in neurological
function or neuroimaging indicators after MSC transplantation,
with no adverse effects reported.?*** Given the safety and
potential efficacy of MSC transplantation, whether its combination
with TMS may confer superior benefits for stroke treatment
warrants in-depth investigation.?*?* Indeed, donor MSCs do not
persist long-term in the organ parenchyma and are gradually
cleared by the host over time.?® It could be hypothesized that iTBS
may prolong the retention of MSCs to provide a critical
therapeutic window, allowing sufficient time for triggering
endogenous repair, such as the activation of endogenous NSCs
and neurogenesis. However, evidence from preclinical studies,
particularly those involving large animals, remains insufficient to
prove this point.

Nonhuman primates (NHPs) are highly similar to humans in
terms of genetics, neuroanatomy, physiology, immunology, and,
in particular, pathology and pathophysiology changes following
stroke, meaning that positive ﬁndings from even a small cohort
carry significant translational weight.?’*® In the present study, we
established a left middle cerebral artery occlusion (MCAO) model
in Macaca fascicularis to investigate the therapeutic potential of a
combined intervention of MSC transplantation and TMS for
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chronic stroke (2 years after model induction) treatment. In
addition, the underlying mechanisms mediating the therapeutic
benefits were also studied via a battery of tests, including
behavioral tests, electrophysiological recordings, functional mag-
netic resonance imaging (fMRI), magnetic resonance spectroscopy
(MRS), plasma proteomic analysis, and terminal histological and
spatial proteomic analysis. We sought to provide research
evidence from NHP models to justify the possibility of future
clinical use of the combined intervention of MSC transplantation
and TMS.

RESULTS
Survival of donor MSCs in the MCAO monkey brain
One month after left middle cerebral artery occlusion surgery, 3D-
TOF (time-of-flight) magnetic resonance angiography (MRA) was
employed to assess the occurrence of middle cerebral artery
occlusion in the monkey MCAO model. The results revealed the
absence of vascular signals from the left middle cerebral artery
and its branches on the affected side (Supplementary Fig. 1a). Two
years after the establishment of the stroke model, we drilled 9
holes in the skull of the left cerebral hemisphere at predefined
injection sites and delivered FITC-conjugated SPION-labeled MSCs
into the surrounding area of the injury area and subventricular
region through these perforations (Supplementary Fig. 1b, c).
Transcranial iTBS magnetic stimulation was performed five times
weekly, beginning one week after stem cell transplantation
surgery, and the entire experiment lasted until the end of week
17 postsurgery (Supplementary Fig. 1d). Assessments were
conducted at various time points before and after treatment,
with the detailed specific measurements depicted in the gray box
in the lower panel of Supplementary Fig. 1. All three MCAO
monkeys (IDs: 11688, 11692, 11685) successfully recovered from
the stem cell transplantation procedure, and no postoperative
complications, such as cerebral hemorrhage or death, were
observed. Monkeys 11688 and 11692 showed an uneventful
recovery, regaining their preoperative general condition and
dietary intake by the fifth postoperative day. Monkey 11685
experienced a transient neurological deficit characterized by mild
weakness and a slower recovery of its general condition,
particularly in alertness and activity levels, which began to
improve by the seventh day and resolved completely by the
end of the second week.

iTBS was applied one week after MSC transplantation and
continued until the experimental endpoint at the 17" week. Serial
MRI examinations were performed at baseline (1 week before
transplantation) and at, refs. >3 and'” weeks after transplanta-
tion to assess longitudinal changes in the brain condition and
track the distribution of the transplanted cells (Fig. 1a). Prior to
transplantation, the SPION-labeled stem cells emitting green
fluorescence were observed via fluorescence microscopy (Fig. 1b,
white arrows). The presence of iron nanoparticles within the cells
was validated by Prussian blue staining, which revealed blue
particle deposition in the cytoplasm (Fig. 1c, black arrows).
Transmission electron microscopy revealed the presence of iron
nanoparticles with typical high electron density in the cytoplasm
(Fig. 1d, red arrows). These results confirmed that the MSCs were
effectively labeled with FITC-conjugated SPIONs, allowing in vivo
tracking of the transplanted stem cells. Before MSC transplanta-
tion, MRI-T2 imaging revealed homogeneous signals within the
brain parenchyma of all monkeys. Postoperative MRI assessments
conducted in the first week following surgery revealed the
emergence of multiple distinct low-intensity regions at the
injection sites in the brains of all monkeys that received MSC
transplantation. As the transplanted cells were labeled with
SPIONs, which typically manifest as regions of signal void or
hypointensity on MRI due to their ability to decrease the signal
density, the areas of low density indicated by the arrows
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correspond to the distribution of the transplanted cells (Fig. 1e,
white arrows). The spatial relationships among transplanted stem
cells, cerebral ventricles, and infarcts were delineated through
three-dimensional (3D) reconstruction of MR images, with the
lateral ventricles being pseudocolored blue, the infarctions red,
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and the transplanted cell regions white, respectively. MRl imaging
from the 1°' week after surgery revealed that the transplanted
MSCs were positioned in the area between the lesioned area and
the lateral ventricles (Fig. 1f, pink arrows), which was in line with
the transplantation plan, suggesting the success of stereotactic
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Fig. 1 Brain MRI and 3D reconstruction, Prussian blue staining and fluorescence microscopic imaging of brain sections. a Timeline diagram of
MRI and morphological detection. b MSCs labeled with FITC-conjugated SPIONs exhibit green fluorescence under a fluorescence microscope.
c Prussian blue staining reveals extensive blue particle deposition within cells (black arrows). d Transmission electron microscopy reveals the
presence of iron nanoparticles inside cells (iii, red arrows). e MR images of three monkeys before and after cell transplantation surgery. The left
panel shows the pretransplantation MR images, whereas the right panel shows the posttransplantation MR images. High-magnification
images are highlighted within a pink box, and the hypodense areas are indicated by arrows. f Three-dimensional (3D) brain reconstructions of
three monkeys before and after cell transplantation surgery. The infarcted injury area is denoted in red, the lateral ventricles are denoted in
blue, and the stem cells transplanted are denoted in white. The region enclosed by the box is magnified, with arrows indicating the area of
stem cell transplantation (pink arrows). g Representative MR images of hypo-intense signals representing transplanted stem cells in the
monkey brain at weeks 1, 5,9, 13, and 17 after stem cell transplantation. h Bar chart showing the quantification results of hypo-intense signals
at various time points throughout the study (* p < 0.05 vs. week 1; # vs. week 5; t vs. week 9; & vs. week 13, n=3). i Panoramic view of a
Prussian blue-stained monkey brain section (light microscopy). Successively higher-magnification images of areas boxed reveal Prussian blue-
positive MSCs. j Panoramic view of a monkey’s brain under a fluorescence microscope. The boxed region is then shown at progressively
higher magnifications, revealing the fine details of the green fluorescent MSCs. Scale bars = 20 pm in (b, c); 5 mm in the upper-left images of
(i, j); 1 mm in the upper-right images of (i, j); 200 pm in the lower-left images of (i, j); 40 pm in the lower-right image of (i); and 20 pm in the

lower-right image of (j)

<

injection. MRI imaging at 1, 5, 9, 13, and 17 weeks post-surgery
revealed that the hypo-intense signals in the brains of the three
monkeys gradually diminished over the four months, with
hypointense shadows still present by the 17" week (Fig. 1g, h;
Supplementary Fig. 2). Notably, for animal 11,685, the signal
became exceedingly faint by the 17" week. This situation
determines the time point for the acquisition of brain tissue for
subsequent morphological analysis for donor function.

Prussian blue staining revealed multiple blue areas in the
hemispheres of the injury/graft side at low magnification and
several blue-stained cells in each cell cluster at high magnification.
A close look suggested that these cells presented large cell bodies
with two to several cell processes. These findings suggest that
these cells contain a significant amount of iron nanoparticles,
indicating the presence of donor cells (Fig. 1i). Additionally, many
green fluorescent cells were also observed in the brain sections on
the injury/graft side via fluorescence microscopy (Fig. 1j,
Supplementary Fig. 3). Taken together, these results suggested
the survival of donor cells for up to 17 weeks in the brains of all
three monkeys. Therefore, the paradigm to detect the viability of
transplanted MSCs within the monkey brain through MRI data,
Prussian blue staining of monkey brain tissue, and the morpho-
logical presence of green fluorescent cells was proven to be
effective.

Improvement in upper limb motor function recovery and
metabolic alterations in the sensorimotor cortex

To evaluate the therapeutic benefits of MSC transplantation
combined with iTBS on upper limb motor deficits in monkeys
following chronic stroke, we performed a series of behavioral
assessments at 6 months, 5 months, and 1 week before
transplantation, followed by further evaluations at 5, 9, 13, and
17 weeks after transplantation. The behavioral assessment
included scores and completion times for both left and right
upper limb performance on the hill staircase task and the valley
staircase task. Additionally, the assessment included the utilization
rate and completion time of the affected upper limb (right hand)
in performing the object retrieval task.

The baseline data revealed a plateau in the upper limb
motor function score of the affected upper limb from 6 months
to 1 week prior to cell transplantation. A slight decline in
motor function score was noted in the contralateral upper limb
(Fig. 2a, b). Similarly, no significant changes in completion time in
the hillside staircase task were observed in the affected upper
limb before cell transplantation, whereas there was an increase in
the time needed for the contralateral upper limb to complete this
task (Fig. 2a, b). Additionally, in the object retrieval task, there was
no significant change in the utilization rate or completion time of
the affected upper limb (Fig. 2c). Furthermore, in the valley
staircase task, the performance score of the affected upper limb
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decreased, whereas that of the contralateral upper limb remained
unchanged (Fig. 2d). The time required to complete this task was
increased for both sides of the limbs (Fig. 2d).

Compared with pretransplantation at baseline (1 week prior to
cell transplantation), the combination of intraparenchymal MSC
transplantation and iTBS resulted in a measurable increase in the
upper limb motor function of monkeys with chronic stroke. The
results of the hill staircase task revealed that the scores for the
affected upper limbs partially improved at week 9 posttransplan-
tation compared with those at the prior time point (week 5
posttransplantation), with no further increases at weeks 13 or 17.
The scores of the hill staircase task for the contralateral upper
limbs decreased at week 9 posttransplantation, returned to
baseline levels by week 13, and maintained this trend through
week 17 (Fig. 2e, f). There was no significant change in the hill
staircase task completion time for the affected upper limb,
whereas the completion time for the contralateral upper limb
decreased continuously (Fig. 2e, f). In the object retrieval task, a
measurable increase in the success rate of the affected upper limb
was observed, and the task completion time decreased signifi-
cantly (Fig. 2g). In the valley staircase task, the scores for the
affected upper limbs increased to a limited extent, whereas the
scores for the contralateral limb remained unchanged (Fig. 2h).
There was no significant alteration in the completion time of the
affected upper limb in the valley staircase task; however, the
completion time of the contralateral upper limb was significantly
reduced (Fig. 2h). Representative behavioral videos before and
after treatment are provided in the supplementary materials
(Supplementary Videos 1-3).

Magnetic resonance spectroscopy (MRS) leverages the mag-
netic resonance chemical shift to identify and quantify the
molecular constituents of biological tissues, allowing a preliminary
assessment of metabolite levels within the bilateral sensorimotor
cortex (SMC) (the orange area in Fig. 2i). In this exploratory
analysis, we captured metabolic changes at multiple time points
before and after treatment, including the concentrations of total
N-acetylaspartate (tNAA), total choline (tCho), microtubule-
associated protein tau (Tau), and phosphocholine (PCh), which
are pivotal for neural injury repair. The MRS profiles of the left and
right SMC regions demonstrated metabolic chemical shifts specific
to this brain area. tNAA typically peaks at approximately 2.0 parts
per million (ppm), tCho at nearly 3.2 ppm, and PCh at 3.2 ppm,
closely resembling tCho, albeit with a marginally distinct peak
shape. Additionally, the level of the tau protein, which is
associated with microtubules, peaked at approximately 1.3 ppm
(Fig. 2j, k). Statistical analysis revealed a significant increase in
tNAA concentrations within the left SMC, with an initial increase
from 7.39 + 0.88 mmol/L before treatment to 11.32 + 1.317 mmol/L
one week post-treatment. A significant decline was observed
immediately, with levels decreasing to 4.08 + 0.83 mmol/L at week
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right SMC region revealed different patterns. Initially, the tNAA

5. By the ninth week, tNAA levels had rebounded to match the
first week post-treatment values at 10.10+1.01 mmol/L, and by

the

week after

h

concentration tended to decrease, but at the 17"

treatment, it had recovered to the same level as before treatment;

decrease to

a slight

despite

seventeenth  week,

the concentration of tNAA on the noninjured side did not

’

that is

8.5 +3.14 mmol/L, they remained elevated compared with pre-
treatment levels. The analysis of the tNAA concentration in the

Statistical analysis revealed

change significantly (Fig. 2i, m).
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Fig. 2 Effects of MSC transplantation and transcranial iTBS on motor function and metabolites in the sensorimotor cortex (SMC) in monkeys
with chronic stroke. a Schematic diagram of pretreatment behavior assessment time points for MCAO stroke monkeys. b This panel consists of
a schematic diagram of the hill staircase task and four bar graphs depicting pretreatment performance (scores for each upper limb and
bilateral completion time) at 6 months, 5 months, and 1 week. ¢ Schematic diagram of the object retrieval task, along with two bar graphs
showing the pretreatment utilization rate of the affected upper limb and the task completion time at 6 months, 5 months, and 1 week.
d Schematic diagram of the valley staircase task. The four bar graphs show the pretreatment scores for the right and left upper limbs and the
task completion times for both limbs at 6 months, 5 months, and 1 week. e Time point diagram of behavior assessment in MCAO stroke
monkeys after treatment. f Schematic diagram of the hill staircase task. Accompanying bar graphs show the scores for the right and left upper
limbs and the task completion times at 1 week before treatment and at 5, 9, 13, and 17 weeks after treatment. g Schematic diagram of the
object retrieval task, with accompanying line graphs showing the utilization rate of the affected upper limb and the task completion time at
1 week before treatment and at 5, 9, 13, and 17 weeks after treatment initiation. h Schematic diagram of the valley staircase task. The four
accompanying graphs show the scores and the task completion times for the right and left upper limbs, respectively, from 1 week before
treatment to 17 weeks after treatment initiation. i MRI of the monkey brain, with the orange areas highlighting the SMC regions on both the
left and right hemispheres. j, k MRS spectra of the left and right SMCs, illustrating the characteristic peaks for tNAA, tCho, Tau, and PCh across
their respective chemical shifts. I-o Serial quantification of tNAA, tCho, Tau, and PCh levels in the left SMC across five time points:
pretreatment at baseline and week 1, week 5, week 9, and week 17 posttreatment. p-s Quantified levels of tNAA, tCho, Tau, and PCh in the
right SMC. Bars represent measurements at pretreatment baseline and at 1, 5, 9, and 17 weeks post-treatment (*p < 0.05, **p <0.01,

#% p<0.001; n = 3)

<

dynamic tCho changes in the bilateral SMC: the left SMC
concentration increased from 2.70 + 0.38 mmol/L (pretreatment)
to 3.72+056 mmol/L at 1 week post-treatment, decreased to
258+ 048 mmol/L by week 5, and then increased to
4.29 +0.60 mmol/L by week 17 (p <0.05 vs. baseline). Similarly,
the right SMC showed parallel trends—elevating at 1 week,
decreasing by week 5, and peaking at 3.98 + 0.38 mmol/L by week
17 (p<0.05 vs. pretreatment 3.06 +0.38 mmol/L), with both
hemispheres exhibiting an increasing trend in the late phase
(Fig. 2n, 0). Tau concentrations in bilateral SMCs exhibited parallel
dynamics: minimal fluctuations occurred at pretreatment and at 1
and 5 weeks post-treatment, followed by a significant increase at
week 9 (p<0.001). Despite a modest decline by week 17, the
levels remained substantially elevated compared with those at
baseline in both the left (13.66 +3.80 vs. 5.11 + 2.00 mmol/L) and
right (8.29 £ 2.14 vs. 3.4 £ 1.13 mmol/L; p < 0.001) SMCs (Fig. 2p, q).
The trend of Pch concentration was also similar on the left and
right sides, with a decrease observed at the initial three time
points: pretreatment, one week post-treatment, and five weeks
post-treatment. PCh concentrations continued to increase on the
left side by the seventeenth week post-treatment, whereas
concentrations on the right side stabilized at the levels observed
at the ninth week. Compared with the pretreatment measure-
ments, both sides presented significantly elevated levels (left side:
1.52 +£0.78 mmol/L compared with 0.77 + 0.32 mmol/L; right side:
0.72 £ 0.36 mmol/L compared with 0.36 +0.18 mmol/L, p <0.05;
Fig. 2r, s). Taken together, the longitudinal MRS data revealed
dynamic fluctuations in key metabolites but demonstrated an
overall positive trend relative to preintervention levels.

We further analyzed fluctuations in the concentrations of
multiple metabolites in the stem cell injection site area (ISA,
highlighted by the orange region in Supplementary Fig. 4a). This
assessment included the quantification of aspartic acid (Asp),
lactate (Lac), glutamine (GIn), gamma-aminobutyric acid (GABA),
Glucosae (Glc), inositol (Ins), and glycerophosphocholine (GPC)
contents. The spectrogram showed characteristic peaks for several
metabolites: Asp typically peaked between 2.2 and 2.5 ppm, Lac at
approximately 1.3 ppm, GIn at approximately 2.1 ppm, GABA at
approximately 1.9 ppm, and Glc at approximately 4.7 ppm.
Additionally, Ins was observed between 3.3 and 3.4 ppm, and
GPC was observed at approximately 3.2 ppm (as depicted in
Supplementary Fig. 4b). The results revealed that the Asp
concentration within the ISA increased from a pretreatment level
of 49.52 +10.55 mmol/L to 72.43 + 27.64 mmol/L one week post-
treatment, with this concentration being sustained through the
seventeenth week of the study (Supplementary Fig. 4c). Lactate
(Lac) levels exhibited an inverse trend, beginning at
1823 +12.18 mmol/L  pretreatment and  declining to
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3.26 + 0.64 mmol/L one week after treatment (Supplementary
Fig. 4d). The GABA concentration slightly increased one week after
treatment, with a continuous increasing trend observed at the 5™
and 9 weeks. By the 17" week, the GABA levels stabilized and
remained relatively high compared with the values measured
before treatment (Supplementary Fig. 4e). However, differences in
these four metabolites, including Asp, Lac, and GABA, did not
reach statistical significance. The concentration of Glc in the ISA
significantly changed from a pretreatment level of
8.47 +2.78 mmol/L to 14.47 + 4,08 mmol/L at the 17" week after
treatment (p < 0.001, Supplementary Fig. 4f). The changes in Ins
and GPC at the ISA were similar to those of Glc, with notable
increases in concentration during the initial week post-treatment,
a decrease in the 5™ week, and a slight increase in the 9" and 17t
weeks. Despite these fluctuations, the levels of Ins and GPC
remained relatively elevated relative to pretreatment measure-
ments. However, these differences did not reach statistical
significance (Supplementary Fig. 4g, h). We also evaluated
changes in the GIn concentration between the ISA and the
contralateral symmetric area (CSA). The results revealed that the
GIn concentrations on both sides increased from the 1°° week
post-administration, with similar levels observed. The ISA side
reached its peak at the 9™ week and declined by the 17" week
but remained higher than the pretreatment levels. In contrast, the
GIn concentrations on the CSA side began to decrease from the
5 week and continued to decrease to pretreatment levels
(Supplementary Fig. 4i). However, the changes in GIn did not
reach statistical significance.

The above results indicated that after receiving the MSC
transplantation combined with iTBS regimen, all monkeys showed
improvements in behavioral scores, reduced task completion
times, and increased success in the tested tasks. Moreover, this
treatment strategy affected metabolite levels in the SMC and ISA
areas of chronic stroke monkeys.

Increased cortical excitability and nerve conduction velocity

Electrophysiological assessments of cortical excitability and nerve
conduction velocity were conducted to measure alterations in the
resting motor threshold (RMT) and latency both before and after
transplantation. The RMT reflects the excitability of corticospinal
projections during relaxation and is conventionally defined as the
minimum stimulation intensity necessary to consistently elicit an
MEP of at least 50 microvolts (V) in at least half of the tests.?® For
monkey 11688, both hemispheres were capable of eliciting motor
evoked potentials (MEPs), with a pretransplantation resting motor
threshold (RMT) at 50% of the maximum stimulator output (MSO).
Following the combined therapy, there was a noticeable trend
toward a reduction in RMT in both hemispheres. Notably, the left
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hemisphere (injury side) exhibited a more pronounced decrease,
with the RMT decreasing from 50% to 20% of the MSO at the final
assessment point at the 17th week post-transplantation (Fig. 3a,
b). The latency was assessed via 60% MSO, and the results
indicated a reduction in the latency of evoked MEPs in the left
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hemisphere following the combined therapy (Fig. 3¢, d). In the
right hemisphere, the RMT decreased from 30% to 27% of the
MSO (Fig. 3e, f), and the MEP latency also decreased (Fig. 3g, h).

For monkeys 11692 and 11685, MEPs could not be elicited even
at 100% MSO in the injured hemisphere before treatment.
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Fig. 3 Electrophysiological improvement in chronic stroke monkeys after combination therapy with stem cell transplantation and iTBS.
a, e Three-dimensional histograms depicting the relationships among time points, RMT, and latency in the left and right hemispheres of
monkey ID 11688, respectively. The X-axis corresponds to the time point, the Y-axis corresponds to the RMT, and the Z-axis corresponds to
latency. The intensity levels of stimulation (% of MSO) are indicated by different colors, with color intensity correlating with stimulus intensity.
Notably, data points represented solely by color without corresponding bar heights indicate instances where MSO of the specified intensity
was applied but failed to elicit MEP. b, f Variations in RMT at each time point before and after treatment on the left and right sides, respectively.
¢, g The latency change curves plotted at each time point on the left and right sides, respectively. d, h Representative images of MEP
waveforms captured at the initial time point (1 week prior to treatment) and at the final time point (17 weeks post-treatment) on the left and
right sides, respectively. i, m Three-dimensional histograms of the time point, RMT, and latency within the left and right hemispheres of
subject monkey ID 11692, respectively. j, n RMT changes at each time point before and after treatment for monkey ID 11692. k, o Latency
changes in the left and right hemispheres over time in monkey ID 11692. |, p Representative images of MEP waveforms for monkey ID 11692
captured at 1 week prior to treatment and 17 weeks post-treatment. q, u Three-dimensional histograms of the time point, RMT, and latency
within the left and right hemispheres of monkey ID 11685, respectively. r, v RMT changes at each time point before and after treatment for
monkey ID 11685. s, w Latency of the left and right hemispheres over time for monkey ID 11685. t, x Representative images of MEP waveforms
for monkey ID 11685 on the left and right sides, respectively. y Statistical plots displaying RMT at various time points in both the left and right
hemispheres of all monkeys. z Statistical plots of latency at each time point in both the left and right hemispheres of all monkeys. (*p < 0.05,

*p < 0.01, ***p < 0.001; n = 3)
<

However, by week 5 posttreatment, MEPs could be evoked at 85%
or 40% MSO for 11692 and 11685, resEectlver (Fig. 3i-l; g-1). At
the final assessment time point (the 17" week), the RMT of the left
hemisphere had decreased to 70% or 13% for 11692 and 11685,
respectively (Fig. 3j, r). Owing to the failure to induce MEPs,
latency was not detected in the injured hemisphere at 1 week
before treatment for either 11692 or 11685 (highlighted in red,
Fig. 3, t). MEP induction was successfully achieved in the lesioned
cerebral hemisphere at 5 weeks post-treatment for 11692, with an
initial latency of 19.34 milliseconds (ms). The latency was
subsequently reduced to 1756 ms following 17 weeks of
treatment for 11692 (Fig. 3k, I). However, there was a mild change
in the latency of the left hemisphere for 11685 at subsequent time
points (Fig. 3s). In the contralateral hemisphere, the RMT also
decreased from 50% to 30% or 20% to 8% of the MSO for 11692
and 11685, respectively (Fig. 3m, n; u, v). The latency also
decreased from 14.50 ms to 14.16 ms or 12.36 ms to 10.98 ms for
11692 and 11685, respectively (Fig. 30, p; w, x).

Data from three monkeys, including RMT and latency values for
both the injured and contralateral hemispheres, were subjected to
statistical analysis. The results revealed a statistically significant
reduction in the RMT of the injured hemisphere from one week
prior to treatment to all posttreatment time points assessed (the
5t 9™ 13" and 17" weeks; Fig. 3y, left panel). On the
contralateral side, the analysis revealed that the decrease in RMT
was statistically significant between the 1°* week before trans-
plantation and 17 weeks after transplantation (Fig. 3y, right panel).
The latency analysis revealed a statistically S|%n|ﬁcant reduction in
latency on the injured side between the 9" week and the 17"
week post-transplantation (Fig. 3z, left panel). On the contralateral
side, latency was significantly reduced at weeks 13 and 17
posttransplantation relative to that at the prior three time points
(Fig. 3z, right panel). The above results revealed that, in monkeys,
the treatment resulted in a better electrophysiological presenta-
tion characterized by a decreased RMT and a shortened latency.

Enhancement in brain activity intensity, neuronal activity
consistency, and brain functional connectivity

To explore the mechanisms underlying the motor function
recovery and electrophysiological improvements associated with
the treatment, functional magnetic resonance imaging (fMRI) was
utilized to assess alterations in neural activity intensity, neural
activity synchronization, and brain functional connectivity within
the cerebral cortex of monkeys before and after transplantation.
Regional neural activity intensity was quantified via Amplitude of
Low-Frequency Fluctuations (ALFF), which denotes the aggregate
power of the BOLD (Blood Oxygen Level Dependent) signal within
the low-frequency bandwidth of 0.01--0.1 Hz. The results indicated
a posttreatment enhancement of neural activity within the
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primary motor cortex, as reflected by an intensified ALFF (red
hotspot in Fig. 4a) in the corresponding region. The ALFF values
were standardized via the z score method to obtain zALFF values,
reducing interindividual physiological variability and enhancing
the comparability of the results. Statistical analysis of the zALFF
values in the left primary motor cortex of three monkeys across
various time points posttreatment revealed alterations. Initially,
the zALFF value was 0.32+0.11 in the first week prior to
treatment. This value increased to 0.59+0.28 in the first week
after treatment. However, a decrease was observed in the fifth
week, with the zALFF value decreasing to 0.42 +0.39. The zALFF
value subsequently increased again, reaching 0.69 +0.42 by the
ninth week post-treatment, and further increased to 1.00 + 0.43 by
the seventeenth week. Notably, the changes observed at these
three time points were statistically significant, indicating a
progressive increase in neural activity in the left primary motor
cortex following treatment (Fig. 4f, left panel). In the right primary
motor cortex, the zALFF values exhibited minimal variation, with a
pretreatment mean of 0.42 + 0.37, which marginally increased to a
mean of 054+0.16 by the 17" week post-treatment. No
statistically significant difference was found in the values of each
timepoint group during this time, suggesting little change in right-
sided nerve activity (Fig. 4f, right panel).

Neural activity synchronization was assessed via Regional
Homogeneity (ReHo), which quantifies the temporal similarity of
BOLD signal time series within a voxel and its surrounding voxels,
thereby reflecting the coherence of neural activity across brain
regions. Detection results at various time points before and after
treatment revealed an increase in neural activity synchronicity
within the primary motor cortex following the combination
therapy, as indicated by an increased ReHo value (as shown by
the red hot spot in Fig. 4b) in the pertinent region. Consistently,
the z score standardization method was also applied to normalize
the ReHo values, resulting in zReHo, which then facilitated
subsequent statistical analyses. Statistical analysis of the zReHo
values in the left primary motor cortex revealed a significant
upward trend. Prior to treatment, the mean zReHo value was
0.51 £ 0.08. This value rose to 0.73 £0.18 in the first week after
treatment, indicating an early response to the therapeutic
intervention. The increase continued to 0.76 +0.33 by the fifth
week post-treatment and further increased to 0.93 £0.27 by the
ninth week. The most substantial increase was observed at the
seventeenth week, when the zReHo value reached 1.28 + 0.37. The
statistical significance of these changes was evident when the
ReHo values from one week prior to treatment were compared
with those at five, nine, and seventeen weeks post-treatment
(Fig. 4qg, left panel). On the right side, similar to the zALFF value,
the zReHo value exhibited a modest increase, starting at
0.41 + 0.24 before the intervention and increasing to 0.56 + 0.24

Signal Transduction and Targeted Therapy (2026)11:153
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by the seventeenth week post-treatment. Despite this slight
upward trend, no statistically significant differences were detected

among these groups (Fig. 4g, right panel).

The functional connectivity of the whole brain was assessed by
examining the correlation strength between various brain regions.

Signal Transduction and Targeted Therapy (2026)11:153

By utilizing a correlation matrix—a visual representation that
maps the functional connectivity patterns—our analysis revealed
distinct changes in these patterns. Typically, a red color indicates a
positive correlation, suggesting that the activities of the two brain
regions rise or fall in concert. Conversely, blue signifies a negative

SPRINGER NATURE



Robust neurogenesis in chronic stroke monkeys following mesenchymal stem...

Ma et al.

10

Fig. 4 fMRI and DTI analyses of chronic stroke monkeys at multiple time points before and after combined therapy intervention. a ALFF
images of the primary motor cortex at pretreatment (1 week before treatment), week 1 (one week post-transplant surgery), week 5 (five weeks
post-transplant surgery), week 9 (nine weeks post-transplant surgery), and week 17 (seventeen weeks post-transplant surgery). f Bar chart
showing the quantification results of ALFF in the left and right primary motor cortex. b ReHo images of the primary motor cortex at
pretreatment, week 1, week 5, week 9, and week 17. g Bar chart displaying the quantification results of ReHo in the left and right primary
motor cortex. ¢ Correlation matrix plot of the primary motor cortex at the five time points demonstrating changes in both positive and
negative whole-brain functional connectivity (FC). h Bar chart showing the quantification results of positive whole-brain FC pairs (r > 0.6) and
negative whole-brain FC pairs (r < —0.4). d Brain network map showing changes in functional connectivity (FC) strength in the S1, M1, and
PMC regions of the left and right hemispheres at 5 time points. i Bar chart displaying the quantification results of sensory-motor-related
functional area-positive FC pairs. j Bar chart displaying the quantification results of the correlation between the left and right M1 regions. k Bar
chart displaying the quantification results of the correlation between the left PMC and M1 regions. | Bar chart displaying the quantification
results of the correlation between the right PMC and M1 regions. e DTI tractography visualization of nerve fiber bundles in the sensorimotor
cortex. m Bar chart displaying the quantification results of FA in the left and right sensorimotor cortices. (*p < 0.05, **p < 0.01, ***p < 0.001;

n=3)

«

correlation, where an increase in activity in one region is
associated with a decrease in the other (Fig. 4c). Statistical
evaluation of the correlation strength among 70 gray matter
regions (listed in Supplementary Table 2) at multiple time intervals
before and after treatment revealed a dynamic shift in con-
nectivity. Posttreatment, there was an initial decline in positive
correlation (r=0.6) during the first week, followed by a marked
increase at both the fifth and ninth weeks. This was succeeded by
a subsequent decrease by the seventeenth week (Fig. 4h, left
panel). In contrast, negative correlations (r < —0.4) experienced a
significant decrease in the first week, a slight rebound at the fifth
and ninth weeks, and a persistent decline by the seventeenth
week (Fig. 4h, right panel).

The functional connectivity within the sensorimotor (SM) brain
region, encompassing the primary somatosensory cortex (S1),
primary motor cortex (M1), and premotor cortex (PMC) in both
hemispheres, was evaluated by analyzing the correlation
strength among these areas (Fig. 4d). Each node corresponds
to S1, M1, and PMC in both the left and right hemispheres of the
brain. The lines interconnecting these nodes denote the
functional linkages between these regions. The color gradient
of these lines signifies the magnitude of connectivity, with
redder hues indicating stronger connections and bluer tones
suggesting weaker connections. Statistical analysis of the
functional connectivity within sensory-motor-related regions at
various time points before and after treatment revealed no
significant alterations from pretreatment levels through the fifth
week post-treatment. A notable increase in connectivity was
observed at the ninth week. Although a decrease was noted at
the seventeenth week, connectivity levels remained elevated
compared with those at the pretreatment baseline (3.67 £ 1.33
vs. 6.33 + 2.85, n = 3). There were significant differences in these
changes (p < 0.05; Fig. 4i). The functional connectivity between
the left and right M1 regions exhibited a modest trend toward
enhancement. Specifically, the measure increased from a
pretreatment value of 0.63+0.07 to 0.74+0.07 by the seven-
teenth week post-treatment. Notably, the statistical analysis
revealed significant differences in functional connectivity
between the fifth week and the seventeenth week after
treatment (p < 0.05; Fig. 4j). The functional connectivity between
the left PMC region and the ipsilateral M1 revealed an increasing
trend, with a pretreatment connectivity measure of 0.37 £0.11,
which increased to 0.59+0.12 by the seventeenth week post-
treatment. Significant differences were observed when the
connectivity at one week post-treatment was compared with
that at weeks five, nine, and seventeen, suggesting a progressive
strengthening in the functional linkage between these regions
over the treatment duration (p <0.05; Fig. 4k). The functional
connectivity between the right premotor cortex (PMC) and
primary motor cortex (M1) significantly increased from
0.47 £0.14 before treatment to 0.60+0.13 at week 17 after
treatment. Statistically significant differences were observed
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when week 1 was compared with weeks 5, 9, and 17, indicating
robust enhancement in connectivity over time (p < 0.05; Fig. 4l).

In addition to fMRI, diffusion tensor imaging (DTI) was
employed to monitor and visualize neural fiber tracts within the
brain, thereby evaluating the impact of the combined therapeutic
approach on white matter fiber restoration in chronic stroke
monkeys. The depicted colored lines correspond to neural fiber
bundles, with their density and continuity indicative of the
structural integrity and connectivity of white matter. Traditionally,
red denotes the anterior—posterior orientation, green signifies the
left-right trajectory, and blue represents the superior—inferior
direction (Fig. 4e). Fractional anisotropy (FA) values were
calculated via DSI-Studio software to analyze the DTl scans. As a
quantitative measure of white matter tract integrity, FA values
increase with greater directional consistency, which is indicative of
more efficient neural transmission. The results indicate a modest
increase in FA values within the left sensorimotor cortex over the
course of treatment, transitioning from a pretreatment value of
0.25+£0.02 to 0.27 £ 0.01 by the seventeenth week post-treatment.
A statistically significant difference was observed between the FA
values at week 9 and week 17 posttreatment (p < 0.001; Fig. 4m,
left panel). The FA value in the right sensorimotor area also slightly
increased, increasing from a pretreatment value of 0.21 £0.01 to
0.24+0.01 in the initial week following treatment, with this
increase being statistically significant. Subsequently, there was a
minor reduction, with the FA value decreasing to 0.22+0.01 by
the seventeenth week post-treatment but remaining marginally
above the baseline level (Fig. 4m, right panel).

These findings indicate that the synergistic application of MSC
transplantation and iTBS enhances neural activity intensity, neural
synchronization, and positive functional connectivity within the
sensorimotor cortex in chronic stroke monkeys. Additionally, this
combined therapy augments the directional coherence of white
matter tracts, which is conducive to more efficient neural
conduction.

Plasma proteomics and brain spatial proteomics reveal the
activation of neurogenesis and chemotaxis signaling after
treatment

Plasma samples were collected from the monkeys one week
before and 17 weeks after treatment. These samples were
subjected to comprehensive proteomic analysis to assess changes
in the protein expression profile induced by the treatment.
Compared with pretreatment levels, a total of 50 differentially
expressed proteins were identified (Supplementary Fig. 5a).
Hierarchical clustering heatmap analysis of the differentially
expressed proteins revealed that the treatment significantly
upregulated plasma proteins associated with neural activation,
synaptic formation, anti-inflammation and immunomodulation.
Quantitative analysis revealed notable upregulation of proteins
associated with neural activation and synaptic formation (Reelin,
Coronin-1A, and Fibulin 5), cytokine and adhesion molecules

Signal Transduction and Targeted Therapy (2026)11:153
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(insulin-like growth factor |, leucine-rich alpha-2-glycoprotein 1, enrichment analysis of the differentially expressed proteins

and beta-2-microglobulin), and anti-inflammatory and immuno- revealed that combination therapy triggered the activation of
modulatory proteins (granulin precursor, protein S100 A9, and several signaling cascades related to neural activation and
grancalcin) after treatment (Supplementary Fig. 5b, c). Further- regeneration. These included pathways related to the IL-17

more, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway signaling pathway, pluripotency of stem cells, the AMPK signaling
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Fig. 5 Pathways activated by neurogenesis and chemotaxis in the posttreatment brain identified by spatial proteomic profiling. a Schematic
diagram of the spatial proteomics workflow. Specific regions of interest (ROls) were microdissected from the ipsilateral injury/transplantation
site (left hemisphere) and the contralateral uninjured symmetrical site (right hemisphere). These ROIs were defined as the parenchyma
surrounding the MSC transplantation sites and the chronic infarct area. b H&E-stained brain sections from all three monkeys before and after
microdissection, illustrating the precise areas of tissue microdissection. ¢ Volcano plot depicting differentially expressed proteins in the
ipsilateral injury/transplantation site group compared with the contralateral control group. Proteins are color-coded as follows: significantly
upregulated (orange), significantly downregulated (black), and nonsignificant (gray). d Hierarchical clustering heatmap displaying the
expression patterns of differentially expressed proteins related to chemotaxis, cytokine signaling, neural stem cells and neurogenesis. Relative
protein expression is color-coded: orange indicates upregulation, and blue indicates downregulation. The rows represent individual proteins,
and the columns represent the microdissected tissue samples from the left and right hemispheres. e Bar chart of the results of the GO
enrichment analysis. Differentially expressed proteins related to chemotaxis and neurogenesis were significantly enriched. Representative
terms from each ontology are shown: molecular function (MF, magenta), biological process (BP, orange), and cellular component (CC, gray).
f KEGG pathway enrichment analysis of differentially expressed proteins. The bubble color intensity represents the statistical significance
(P-value), whereas the bubble size corresponds to the number of proteins mapped to each pathway. g PPl network of enriched functional sets.
Six significantly enriched functional sets were constructed, with their node sizes scaled to the number of member proteins. Individual proteins

(nodes) are mapped between sets and colored by their logzFC to visualize expression changes. Scale bar =5 mm in (b)

<

cascade, the Ras signaling axis, the MAPK signaling route, and the
PI3K-Akt pathway, among others (Supplementary Fig. 5d). Gene
Ontology (GO) enrichment analysis indicated that combination
therapy significantly altered the proteomic profile across key
functional categories. Specifically, we observed significant enrich-
ment in molecular functions (MFs) related to chemokine activity,
biological processes (BP) governing nerve growth factor signaling
and neuronal differentiation, and cellular components (CCs)
comprising synaptic and axonal structures (shown in gray boxes
in Supplementary Fig. 5e). Protein interaction network analysis
revealed that the differentially expressed proteins were predomi-
nantly associated with neurotrophic signaling, neuronal survival,
nerve regeneration, cytokine activity, anti-inflammatory and
immune regulatory processes, synaptic formation and plasticity,
and signal transduction. Furthermore, these proteins exhibited
significant interactions with one another, indicating complex
interplay in the biological network (Supplementary Fig. 5f). Plasma
proteomic analysis revealed a significantly altered protein expres-
sion profile after treatment. In addition to mechanisms commonly
attributed to MSCs—including cytokine secretion, anti-
inflammatory activity, and immune modulation—the changes
involved pathways associated with neurogenesis and chemotaxis.

Spatial proteomic analysis of brain tissue sections was
performed to investigate the mechanisms underlying molecular
changes following the combined treatment directly. Specifically,
defined tissue regions were microdissected from both the
ipsilateral injury/transplantation site in the left hemisphere and
the contralateral uninjured symmetric site in the right hemisphere
of each animal for mass spectrometry-based proteomic sequen-
cing (Fig. 5a). H&E staining confirmed the tissue morphology and
precise resection areas (Left/blue box: injury/transplantation site;
Right/red box: contralateral control site; 11688: 9.9 mm?, 11692:
9.6 mm?, 11685: 9.9 mm?; Fig. 5b). Proteomic comparison of the
left hemisphere injury/transplantation site against the contral-
ateral control site revealed substantial alterations, revealing
788 significantly upregulated and 321 downregulated proteins
(Fig. 5¢). Hierarchical clustering of these differentially expressed
proteins revealed a distinct upregulation of proteins implicated in
chemotaxis, cytokine signaling, neural stem cells, and neurogen-
esis (Fig. 5d). Consistent with the GO enrichment results from
plasma proteomics, the differentially expressed proteins identified
via spatial proteomics were significantly enriched in GO terms
related to chemotaxis and neurogenesis. These included terms
associated with MF terms such as chemokine binding and
chemokine receptor binding; BP terms including neurofilament
assembly, chemokine production, cell chemotaxis, and neuronal
differentiation; and CC terms related to integrin complexes, the
extracellular matrix, and synapses (as shown in the gray box in
Fig. 5e). KEGG pathway analysis confirmed the activation of key
signaling pathways previously suggested by plasma proteomics—
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such as the PI3K-Akt, MAPK, stem cell pluripotency, mTOR, and
AMPK pathways—and uniquely revealed additional enrichment in
extracellular matrix-receptor interactions, cell adhesion molecules,
axon regeneration, the synaptic vesicle cycle, and neurotrophin
signaling pathways (Fig. 5f). Finally, protein—protein interaction
(PPI) network analysis revealed that these differentially expressed
proteins were associated primarily with functional clusters of
chemotactic activation, extracellular matrix organization, neural
activation, synaptogenesis and plasticity and exhibited significant
interconnectivity, indicating that a complex, coordinated mole-
cular network underlies the treatment response (Fig. 5g).

Neural stem cell activation, chemotaxis, and neuronal
differentiation

Histological analysis of brain sections was used to assess
neurogenesis within the brain parenchyma following treatment.
In a Nestin-immunofluorescent coronal section of the monkey
brain (Fig. 6a), a central dashed line distinguishes the left (L, injury/
transplantation site) and right (R, contralateral) hemispheres.
Immunofluorescence staining revealed the absence of Nestin-
positive cells in the right hemisphere of the monkey brain
(Fig. 6b). In contrast, in the left hemisphere, which corresponds to
the region of stroke injury and the site of MSC transplantation, a
substantial number of Nestin-positive neural stem cells were
observed (Fig. 6¢). At higher magnification, Nestin-positive red
fluorescence was localized to the cytoplasm, with the nuclei
counterstained with the nuclear dye Hoechst (arrows, Fig. 6c). In
the Musashi-1 immunofluorescence monkey brain coronal section,
the central dashed line distinguishes the left (L) and right (R)
hemispheres (Fig. 6d). On the right side, no Musashi-1 (Msi-1)-
positive cells were detected (Fig. 6e), whereas on the left side,
which corresponds to the region of injury and MSC transplanta-
tion, many Msi-1-positive neural stem cells were observed (Fig. 6f).
Under higher magnification, Msi-1-positive cells presented red
fluorescence localized to the cytoplasm, with nuclei stained with
Hoechst (arrows, Fig. 6f). A coronal section of the monkey brain
was analyzed for Pax-6 expression, in which the left (L) and right
(R) hemispheres are delineated by a central dashed line (Fig. 6g).
Consistent with the pattern observed, while immunofluorescence
staining revealed no paired box 6 (Pax6)-positive neural stem cells
in the right hemisphere of the monkey brain (Fig. 6h), a substantial
population of such cells was detected in the left hemisphere
(Fig. 6i). Upon microscopic examination at higher magnification,
Pax6-positive cells displayed red fluorescence that was localized to
the nucleus and colocalized with Hoechst nuclear dye (arrows,
Fig. 6i). Subsequent quantitative analysis of Nestin-, Msi-1-, and
Pax6-positive neural stem cells across the left and right hemi-
spheres revealed that the relative fluorescence density of these
markers was significantly greater in the left hemisphere than in
the right hemisphere (p<0.001, Fig. 6j). Our analysis of
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Fig. 6 Immunohistochemical staining of monkey brain tissue and plasma differential protein enrichment and interaction analysis. The ROls
shown in (a, d, g) were strategically defined in the parenchyma surrounding the MSC transplantation sites and the chronic infarct area.
a Panoramic coronal section of a monkey brain immunostained for Nestin. b High-magnification view within the boxed area of the right
hemisphere in (a). ¢ High-magnification view within the boxed area of the left hemisphere in (a). Details of the boxed area showing Nestin-
positive cells (arrows). d Msi-1 immunofluorescence staining of monkey brain coronal sections. e, f High-magnification views within the boxed
areas of the right and left hemispheres in (d), respectively. Detailed view of the boxed region showing Msi-1-positive cells (arrows). g Pax6
immunofluorescence staining of coronal sections. h, i Enlarged view within the boxed area of the right and left hemisphere in (g), respectively.
High-magnification image of the boxed region in (g), highlighting Pax6-positive cells (arrows). j Bar chart showing the quantification of the
relative densities of Nestin, Msi-1, and Pax6 (***p <0.001; n=3). k A network diagram of proteins associated with neurogenesis was
constructed via enrichment analysis. Each node is color-coded on the basis of its Log2FC value. | Protein—protein interaction network map
associated with stem cell activation; the color represents the Log2FC value. m High-power immunofluorescence staining of NeuroD-positive
cells in brain tissue (arrows). Inset: Low-magnification image with the red rectangle denoting the high-power imaging region. Higher-
magnification view of the boxed area in (m) showing the nuclear localization of NeuroD. n DCX-positive cells at high magnification (arrows).
Inset: Low-magnification image with the red box indicating the imaged region. Higher-magnification view of the boxed area in (n), confirming
cytoplasmic DCX localization. Scale bars =5 mm in (a, d, g); 200 um in (b, ¢, e, f, h, i); 40 um in the right panels of (c, f, i, m, n)
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differentially expressed proteins associated with neural stem cell
activation further supported the above results. The analysis
revealed substantial upregulation of numerous proteins linked
to stem cell activation, suggesting an enhanced role in this
biological process. Moreover, these proteins exhibited a notable
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degree of interaction (Fig. 6k). Enrichment analysis facilitated the
construction of a protein interaction network map associated with
neurogenesis functions. The findings revealed that the majority of
neurogenesis-related proteins were upregulated, indicating
increased activity in this biological process. Furthermore, these
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Fig. 7 Immunohistochemical staining of SDF1 and its receptors, Luminex liquid suspension chip detection and proteomic analysis. a Network
diagram of chemotactic-associated proteins. Nodes are color-coded on the basis of their log2-fold change (log2FC) values. b SDF1 (CXCL12)
immunofluorescence staining in monkey brain tissue showing SDF1-positive cells within the brain tissue (arrows). The inset box in the lower
left corner is a low-magnification panoramic view. ¢ CXCR4 (a recipient of CXCL12) and Nestin immunofluorescence staining of monkey brain
tissue. The inset box in the lower left corner is a low-magnification panoramic view. High-magnification laser confocal orthogonal image of
the boxed region showing the colocalization of CXCR4 and Nestin (arrow). d CXCR7 (another recipient of CXCL12) and Nestin
immunofluorescence staining of monkey brain tissue. The inset box in the lower left corner is a low-magnification panoramic view. High-
magnification laser confocal orthogonal image of the boxed region showing the colocalization of CXCR7 and Nestin (arrow). e Schematic
diagram of the magnetic stimulation of MSCs in vitro. f Chemokine protein levels in the supernatant of MSCs from the Ctrl (control) and Sti
(stimulation) groups were measured via a Luminex liquid suspension chip, and the color represents the Log2FC value. g Bar chart showing the
concentrations of the top ten chemokines with the greatest expression level differences between the two groups. h Violin plot showing the
CXCL12 concentration in the two groups (*p < 0.05; n = 3). i KEGG pathway enrichment analysis of the differentially expressed proteins in the
MSCs of the two groups. j The protein—protein interaction network diagram showing the functional set and signaling pathways enriched with
the differentially expressed proteins. The node size represents the number of candidate proteins, and the color gradient indicates the log2-
fold change (log2FC) in the expression level. Scale bars =200 pm in the upper-left image of (b), the left panels of (¢, d); 40 um in the upper-

right image of (b), and the bottom panel of (b); 20 um in the right panels of (c, d)
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proteins exhibited a significant degree of interaction, suggesting
that a complex network of communication may be critical for the
regulation of neurogenesis during this process (Fig. 6l).

We subsequently identified a significant population of cells
within the transplantation region of the monkey brain that
expressed early neuronal markers, including NeuroD (neurogenic
differentiation 1) and DCX (doublecortin). Immunofluorescence
analysis revealed that NeuroD-positive cells exhibited red
fluorescence within the nucleus (indicated by the arrow in
Fig. 6m), and high-magnification images revealed colocalization
with the nuclear dye Hoechst (Fig. 6m). A large number of DCX-
positive cells were also detected (indicated by the arrows in Fig.
6n), showing red fluorescence in the cytoplasm under high-power
microscopy, and the nuclei were labeled with Hoechst (Fig. 6n).
The positive staining of NeuroD and DCX, which are markers of
immature neurons, further supports the neuronal differentiation
progression of activated neural stem cells during neurogenesis
induced by mesenchymal stem cell transplantation combined
with magnetic stimulation intervention.

Immunofluorescence histochemical staining and proteomic
analyses revealed that the treatment stimulated endogenous
neural stem cell activation, neurogenesis, and neuronal differ-
entiation in chronic stroke monkeys.

iTBS enhances MSC chemokine secretion

Differential protein enrichment analysis conducted before and
after treatment revealed the upregulation of the expression of
chemokine-associated proteins, notably CXCL12 (C-X-C motif
chemokine ligand 12), also referred to as stromal cell-derived
factor-1 (SDF-1), which is implicated in stem cell recruitment.
Furthermore, intricate interactions have been identified among
these chemotaxis-related proteins, suggesting that these chemo-
kines may play critical roles in the migration and activation of neural
stem cells (Fig. 7a). The expression of SDF-1 in the transplanted
MSCs in the brain tissue was further detected by immunofluores-
cence staining, and the results revealed that a significant number of
the transplanted MSCs expressed SDF-1 (CXCL12), which mani-
fested as positive red fluorescence, and were colabeled with the
green fluorescence carried by the transplanted cells, resulting in a
yellow fluorescence signal, as indicated by the arrows (Fig. 7b).
Moreover, the expression of the chemokine CXCL12 receptor was
detected in neural stem cells subjected to injury/transplantation.
Confocal orthogonal images of the immunofluorescence staining
results revealed that Nestin-positive neural stem cells also
expressed CXCR4 and CXCR7 (both of which are receptors for
CXCL12, as indicated by the arrows in Fig. 7c, d).

These findings suggest that the activation and aggregation of
neural stem cells at the injury/transplantation site following
treatment may be attributed to the chemotactic influence of the
transplanted MSCs. To further depict the possible effects of
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magnetic fields on MSCs, a battery of in vitro tests were carried
out. First, the potential toxic side effects of iTBS magnetic
stimulation on SPION-loaded MSCs were ruled out by PI dye (a
fluorescent nucleic acid-binding dye used to label apoptotic and
necrotic cells) (Supplementary Fig. 6a). The results revealed
virtually no Pl-positive cells in the iTBS, SPIN, or iTBS+SPION
groups (Supplementary Fig. 6b-d). In contrast, many Pl-positive
cells appeared in the erastin group, a classic ferroptosis inducer
used as a positive control to trigger extensive MSC death
(Supplementary Fig. 6e). The differences between the erastin
group and the other three groups were statistically significant
(Supplementary Fig. 6f). These results indicate the safety of iTBS
for SPION-loaded MSCs. Next, cytokine Luminex liquid suspension
chip detection and proteomic detection of cells were conducted
to explore the possible molecular mechanism of iTBS in cultured
MSCs (Fig. 7e). The Luminex liquid suspension chip results
revealed that magnetic stimulation significantly enhanced the
secretion of chemokines by MSCs. A heatmap analysis revealed
that the levels of numerous chemokines were elevated in the
stimulated (Sti) group compared with the nonstimulated control
(Ctr) group (Fig. 7f). Quantitative analysis via a bar chart (Fig. 79)
revealed the upregulation of ten key chemokines, including
CXCL12, a key mediator of stem cell recruitment, in the stimulated
group. This factor alone resulted in a marked 2.5-fold increase in
secretion following stimulation (p < 0.05, Fig. 7h). The mechanism
by which magnetic stimulation increases the ability of MSCs to
secrete chemokines is unclear. We subsequently conducted
proteomic analysis on the MSCs in the two groups and KEGG
pathway enrichment analysis of the differentially expressed
proteins. The results indicated that magnetic stimulation triggered
the energy metabolism pathway, the PPAR signaling pathway, the
MAPK pathway, the ErbB pathway, etc. (Fig. 7i). The protein—protein
interaction networks of the proteins related to these pathways were
analyzed, and the results revealed that the differentially expressed
proteins were related mainly to energy metabolism, cytoskeleton
regulation, the PPAR pathway, the MAPK pathway, and ErbB
pathway signal transduction. These proteins exhibited significant
interactions with each other, indicating that complex biological
network interactions are involved in the regulation of MSCs by
magnetic stimulation (Fig. 7j).

These results indicate that magnetic fields increase the
expression and secretion of CXCL12, a potential cytokine that
can activate the chemotaxis of NSCs expressing CXCR4 and
CXCR7, from MSCs.

DISCUSSIONS

The aim of this study was to investigate the therapeutic effects
and mechanisms of human umbilical cord-derived MSC trans-
plantation combined with iTBS intervention in nonhuman
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primates with chronic-stage ischemic stroke. Ischemic stroke is
characterized by irreversible damage to nerve tissue following the
death of brain cells in the affected area due to a disruption or
reduction in the blood supply to the brain. Further neurological
recovery is often limited in the chronic stage of stroke once a
plateau is reached. However, even marginal improvements in
functional outcomes can profoundly influence the quality of life of
patients with chronic stroke; therefore, new treatments are
warranted. In this study, the results revealed that following the
combined intervention of MSC transplantation and iTBS, the
monkeys exhibited notable behavioral improvements compared
with their pretreatment state. Specifically, there was a significant
reduction in the resting motor threshold and latency of cortical
evoked potentials. Concurrently, the intensity of brain activity, the
consistency of neuronal activity, and brain functional connectivity
were markedly enhanced, indicating positive therapeutic out-
comes. Further exploration of the underlying mechanism revealed
that this combined treatment modality further facilitated chemo-
kine secretion, playing a pivotal role in activating and recruiting
endogenous neural stem cells to the injury site. These results
suggest that the synergistic interaction between MSC transplanta-
tion and iTBS stimulation could trigger a cascade of beneficial
events, thereby promoting neural repair and functional recovery.
The findings from the present study, which involve a clinically
relevant chronic stroke NHP model, may offer some value for
future clinical translation.

Mesenchymal stem cells, with their unique multidirectional
differentiation potential, immune regulation, and paracrine func-
tions, offer a new avenue for nerve regeneration and repair.>° The
long-term survival of MSCs in vivo after transplantation is
challenging to achieve. Many preclinical studies have utilized
various tracking methods to observe only the short-term survival
of transplanted cells, which typically lasts less than two weeks.?' In
this study, the long-term survival of MSCs (over four months) was
successfully achieved, as confirmed by tracking transplanted stem
cells via SPION labeling technology in vivo. This tracking
technology has been employed in several studies to track
transplanted stem cells and has yielded promising results.3%33
During the experiment, we utilized MRI to visualize the density
shadows of stem cells labeled with SPIONs, which enabled us to
track their locations and monitor changes over time in vivo. At the
17™ week post-transplantation, the density of the stem cells had
decreased. Accordingly, we concluded the experiment at this
specific time point, which offered significant guidance for
establishing the experimental endpoint. After the animals were
perfused for sampling, we obtained morphological evidence of
the survival of the transplanted stem cells at more than four
months post-transplantation via Prussian blue staining and
fluorescence observation. We tracked the survival of transplanted
mesenchymal stem cells through the aforementioned multimodal
tracing methods, which provide critical analytical means for
comprehensively analyzing the relationship between donor
survival and neurological functional improvement while offering
crucial morphological evidence for in-depth investigations of the
key mechanisms by which mesenchymal stem cells repair chronic
stroke brain tissue. Indeed, the unequivocal survival of donor cells
provides analyzable histological specimens essential for under-
standing their distribution within the brain parenchyma and their
interactions with brain tissue components, particularly neural stem
cells closely associated with regeneration. Notably, MRI revealed
that the transplanted MSCs largely remained at the injection site,
with no evidence of extensive migration. The observation of
limited donor MSC migration is consistent with other studies of
local intraparenchymal MSC transplantation.>**> Therefore, the
therapeutic function of MSCs is likely mediated mainly by the role
of MSCs residing in the damaged niche.

The sequence and timing of therapeutic interventions are
critical for neural plasticity and functional recovery. The sequential
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application of MSC transplantation followed by iTBS aligns with
the ‘three-step model’ proposed by Wahl and Schwab for
poststroke treatment regimens,**3” which highlights that
growth-promoting interventions should precede activity-
dependent training rather than be applied simultaneously to
avoid aberrant axonal branching and poor outcomes. In line with
this principle, in this study, iTBS was applied one week after MSC
delivery to allow sufficient time for the donor cells to establish a
pro-regenerative microenvironment before subsequent iTBS-
initiated neuromodulation. The sequential application of these
treatments may help stabilize functional connections to avoid
maladaptive rewiring. Notably, the findings from this study
suggest that properly timed MSC and iTBS interventions can
effectively reopen the therapeutic window for neural plasticity
even at the chronic stage of central nervous system injury.

The MEP test revealed that the treatment decreased the resting
motor threshold (RMT) and shortened the latency time in all
monkeys. A lower RMT means that the cortex is more excitable,
which is a good sign of neural function recovery.® Notably, two
monkeys (11692 and 11685) did not show MEPs before treatment,
even when 100% MSO was applied. However, their MEPs were
detectable from the 5 week after treatment until the end of the
study. Indeed, MEPs are tightly linked to motor recovery in the
clinic. Patients without evoked MEPs often have less favorable
motor outcomes than those with MEPs3%*° Additionally, the
shortened latency of MEPs after treatment represented acceler-
ated nerve conduction®' and likely improved neural function
outcomes.®® This result may imply regeneration and repair of
nerve fibers, leading to rebuilding of the interrupted motor
pathways. Indeed, fMRI confirmed that the intensity of neural
activity, neural synchronization, and active functional connectivity
in the sensorimotor cortex were significantly enhanced after
treatment. Additionally, DTl revealed increased directional con-
sistency of white matter tracts. Studies have shown that iTBS can
increase the number of newly formed oligodendrocytes,*
increase the length of internodes, and increase myelination,*
which in turn increases the speed of action potential conduction.
On the other hand, although the RMT and latency eventually
decreased at the end of this study, their values fluctuated at
different time points after treatment. This may be due to
neuroplasticity or readjustment of neural function during circuit
repair.***> Similarly, neural activity, synchronization, and func-
tional connectivity, as evaluated by fMRI, also fluctuated at
different time points after treatment but improved gradually and
steadily until the end of the study. The process of self-repair and
changes in neuroplasticity in the brain is inherently dynamic.*
Additionally, rebalancing neural circuits within local circuits or
between cerebral hemispheres as interrupted following stroke is a
lengthy and gradual process.*’4®

MRS revealed bilateral sensorlmotor cortex upregulation of
tNAA (neuronal integrlsy marker,*’) tCho (membrane stability/
acetylcholine precursor Tau (mlcrotubule stabilization enhan-
cing synaptogenesis,®') and PCh (phospholipid metabolism
intermediate.”®) Posttreatment PCh elevation indicates enhanced
membrane repair, which contrasts with stroke-induced decreases
in phospholipid metabolism impairment.>> A decrease in the level
of Lac (a glycolytic end-product that accumulates in hypoxia>*)
suggested improved tissue oxygenation, potentially mediated by
MSC-induced angiogenesis®> and cytokine effects.>® Concurrent
Asp/GABA elevation reflects bidirectional neuromodulation,
whereas GIn upregulation implies astrocyte-supported Glu/GIn
cycle enhancement via MSC metabolic support.®”

Plasma proteomics and, in particular, brain spatial proteomics
analysis revealed that the therapeutic mechanism of the MSC-iTBS
strategy involves not only cytokines, anti-inflammatory and
immune regulation, neural activation and synaptic formation but
also neurogenesis and chemotactic recruitment mechanisms.
Enrichment analysis of chemotaxis-related proteins revealed that
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many proteins were upregulated and interacted with each other.
Among these, CXCL12 (also known as stromal cell-derived factor-1,
SDF-1) stands out as a key chemokine involved in the chemotaxis
of neural stem cells (NSCs).>® A study involving intravenous
autologous MSC transplantation in patients with severe middle
cerebral artery infarction reported increased serum CXCL12 levels
posttransplantation, with clinical improvement associated with
elevated SDF-1 levels.> CXCL12 is a cytokine involved in the
secretion profile of MSCs.>® Our assays revealed CXCL12 expres-
sion in transplanted MSCs and concurrent expression of its
receptors CXCR4/CXCR?7 in activated endogenous NSCs, indicating
a potential role for MSC-derived CXCL12 in mediating NSC
migration. The Luminex liquid suspension chip also validated
the significant upregulation of CXCL12 in cultured MSCs following
magnetic stimulation. In addition, studies have shown that
mesenchymal stem cells (MSCs) positively influence neural stem
cells (NSCs), increasing their proliferation rate and activating their
biological behaviors through the Notch-1 signaling pathway.®®
These findings suggest that the transplanted MSCs in this study
may activate endogenous NSCs in stroke animals. Further
examination of NSCs in monkey brain tissue revealed a significant
number of Nestin-, Msi-1-, and PAX6-positive NSCs at the
transplant/injury site, with numbers significantly differing from
those on the contralateral side. Accordingly, many differentially
expressed proteins related to neurogenesis and stem cell
activation were enriched and closely related to two functional
modules. Research has indicated that iTBS can promote the
differentiation of human induced pluripotent stem cells into
neurons.®' Indeed, a significant number of naive neurons positive
for Neuro D and DCX were detected in monkey brain tissue,
possibly because the transplanted MSCs promoted the prolifera-
tion of many endogenous neural stem cells, whereas iTBS
promoted their differentiation into neurons. Although the
upregulation of early-stage markers indicates successful activation
of the neurogenic niche, definitively establishing the functional
integration and causal role of new neurons would require further
investigation in future studies. Therefore, through both cell culture
models and brain tissue section analyses, we demonstrated that
magnetic stimulation effectively enhances CXCL12 production in
transplanted MSCs. This phenomenon may constitute a key factor
enabling donor cells to chemically induce the migration of NSCs
from subventricular and local stem cell pools.

The robust endogenous neurogenesis observed in this study is
likely attributed to the strategic multisite transplantation of MSCs,
which effectively engaged neural stem cells (NSCs) from multiple
origins. While the subventricular zone (SVZ) represents a canonical
neurogenic niche for cortical repair after stroke,®>%* accumulating
evidence underscores the critical role of locally derived injury/
ischemia-induced stem/progenitor cells (iSCs/iNSPCs) residing
within the parenchyma.’*®> Recent studies have indicated that
in mouse models of ischemic stroke, MSCs transplanted into the
peri-ischemic areas preferentially activate local residing iSCs/
iNSPCs rather than distant SVZ-derived NSCs.°® These findings
demonstrate that the types of activated endogenous stem/
progenitor cells are niche dependent and differ according to the
MSC transplantation site. Accordingly, our experimental design, in
which MSCs are administered at the SVZ margin, the ischemic
penumbra, and the intermediate point, was explicitly designed to
establish a comprehensive “recruitment field” capable of harnes-
sing NSCs from both sources. We hypothesized that transplanted
MSCs located near the SVZ predominantly facilitate the activation
of SVZ-derived NSCs.%* Concurrently, transplanted MSCs within
the peri-infarct penumbra are inferred to primarily activate local
iSCs/iINSPCs. NSCs from both sources may subsequently contribute
to repopulating damaged tissue following CXCL12-guided ectopic
migration, a mechanism supported by the finding that iTBS-
stimulated MSCs significantly upregulate CXCL12 secretion. The
functional improvement observed in all the subjects suggested
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that the synergistic MSC/iTBS intervention created a proregenera-
tive microenvironment across the lesioned hemisphere. Within
this milieu, the summed output of NSCs from different origins
underpinned sustained neurological recovery, highlighting the
therapeutic advantage of multiple-point MSC microinjection.

Importantly, repeated surgical procedures and anesthetic
exposures may act as potential confounders of functional recovery
following the combination treatment of MSC transplantation and
iTBS. Studies have shown that surgical procedures and anesthesia
can induce neuroinflammation, impair neurogenesis and hinder
neurological recovery.’~% Therefore, despite the observation of
definitive, progressive, and sustained functional improvement, the
real therapeutic efficacy of the combined treatment may have
been compromised by these potential confounders, particularly
repeated anesthesia. On the other hand, patients are free of the
burden of additional anesthesia. Therefore, combination treat-
ment is likely to present a safe profile and greater benefit in the
clinic.

This study has several limitations that should be addressed.
First, despite alignment with the exploratory scope and ethical
imperatives of NHP research,’®”" the sample size is small. Future
studies with larger cohorts are therefore necessary to confirm the
robustness, effect size, and reproducibility of combined MSC/iTBS
therapy. Second, this study employed a within-subjects (self-
controlled) design. Consequently, it cannot be differentiated
whether the observed recovery stems from a synergistic interac-
tion or merely additive effects of the combined therapy. Future
studies utilizing a full factorial design are needed to delineate the
specific contributions and synergies of each component. Third,
key challenges for clinical translation include the inherent
invasiveness of the injection protocol and the lack of long-term
safety assessment within 17-week study. Although the absence of
acute adverse events (e.g., seizures, significant inflammation) is an
encouraging preliminary finding, successful translation may
ultimately depend on developing minimally invasive delivery
techniques and obtaining data from extended safety studies.
Despite these limitations, the internal consistency of the data
across complementary measures and the profound translational
relevance of the NHP model provide a strong rationale for the
observed therapeutic effects. These promising results warrant
further investigation in expanded preclinical cohorts as a critical
step toward potential clinical translation.

In conclusion, in an NHP model, the combined application of
MSC transplantation and iTBS intervention promoted multimodal
recovery from chronic stroke. This combination treatment regimen
achieved long-term MSC survival in the injured-side brain
parenchyma and led to measurable improvements in motor
function. It concurrently elevated cerebral cortical excitation
thresholds, reduced MEP latency, augmented neural activity
intensity and synchronization patterns, reinforced positive func-
tional brain connectivity, and improved metabolic activity within
the motor cortex. The underlying mechanisms may be mediated
by cytokine-mediated signaling, anti-inflammatory and immuno-
modulatory effects, neural circuit activation through synaptic
plasticity enhancement, chemotactic recruitment of endogenous
neural stem cells, and their subsequent proliferation and
differentiation. Magnetic stimulation effectively enhances the
production of CXCL12 from MSCs, which could be a pivotal factor
by which donor cells chemically induce the migration of
endogenous NSCs in the subventricular stem cell pool and local
NSCs. This investigation developed an innovative interdisciplin-
ary therapeutic strategy for chronic stroke management that
integrates MSC-based cellular therapy with iTBS transcranial
magnetic neuromodulation. Through multilevel analysis of
therapeutic outcomes and potential mechanisms, this work
establishes both a novel treatment paradigm and a translational
framework for clinical applications in chronic stroke
rehabilitation.
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MATERIALS AND METHODS

Ethics approval

All animal-related research activities in this study were approved
by the Animal Care and Use Committee of the Guangdong
Laboratory  Animal Monitoring Institute  (Approval No.
IACUC2020158).

Experimental animals

Three male Macaca fascicularis macaques (10-12 years, 6.8-9.5 kg;
IDs: 11685/11688/11692) sourced from the Huazhen Animal
Breeding Farm (Conghua) were subjected to left MCAO modeling
via electrocoagulation. After the procedure, the monkeys were
individually housed at Guangdong Animal Monitoring Institute
under controlled conditions: 19-23 °C, 40-70% humidity, a 12 h
light/dark cycle (08:00-20:00 light phase), and two daily commer-
cial pellet feedings (~09:00/16:00) supplemented with fresh
produce provided in the afternoon.

Experimental procedure

Initially, the MCAO stroke model was established in Macaca
fascicularis. Regular postoperative care and rehabilitation proce-
dures were applied. In the chronic phase of stroke (24 months
after stroke), GMP-grade, biolabeled human umbilical cord-
derived MSCs were stereotaxically injected into the penumbra
area of the brain following MRI-based diagnosis. Starting three
days before the transplantation surgery, daily subcutaneous
injections of cyclosporine were applied to reduce immune
rejection to the donor cells. Transcranial iTBS commenced 1 week
post-transplantation at 5 sessions per week until the experimental
endpoint (17 weeks post-transplantation). Behavioral studies were
evaluated at the following time points: the 6™ month, 5% month,
and 1° week before the start of treatment (serving as baseline)
and at the 5™, 9™ 13™ and 17" weeks after treatment. MRI
analysis was performed 1 week before treatment (baseline) and at
the 1%, 5™, 9™ 13" and 17" weeks after treatment. Electro-
physiological analysis was performed 1 week before treatment
(baseline) and at the 5%, 9, 13", and 17" weeks after treatment.
MRS, fMRI, and DTl were performed at the 1 week before
treatment (baseline) and at the 1%, 5™, 9™ and 17" weeks after
treatment. Plasma samples were collected at the 1°* week before
treatment (baseline) and at the 17" week after treatment. Brain
tissue samples were obtained at the end of the study (i.e, the 17"
week after treatment).

MCAO stroke model

Preoperative preparations for Macaca fascicularis macaques
included 12h of fasting and aseptic site preparation (shaving/
povidone-iodine disinfection). Anesthesia was maintained with
1.5-3% isoflurane in 100% O,, with continuous monitoring of vital
signs (heart rate, blood pressure, respiratory rate, and tempera-
ture). Mechanical ventilation stabilized respiratory parameters
with adjunctive intravenous saline/5% glucose, maintaining fluid—
electrolyte balance. A left pterional approach was initiated with
monopolar electrocautery for scalp incision, followed by scalpel
dissection through the muscular layers to expose the skull. Under
microscopic guidance, a craniotomy was performed via a high-
speed drill with bone flap removal. The left middle cerebral artery
was isolated at the lateral sulcus with microscissors, occluded by
bipolar electrocautery, and transected to ensure complete
occlusion. Layered closure of the muscle and skin was used to
perform the procedure. Subsequently, 20 ml of a 20% mannitol
solution was administered intravenously to mitigate the risk of
cerebral edema. After the procedure, the monkeys received
postoperative care for two weeks, which included the adminis-
tration of ampicillin (0.1 g/kg, intramuscular injection, twice daily)
to prevent infection, tramadol (0.5 ml/day, intramuscular injection)
to alleviate pain, mannitol (0.2-2 g/kg, intravenous injection) to
reduce cerebral edema, and parenteral nutrition.
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Culture and labeling of human MSCs

In this study, we utilized clinical-grade human umbilical cord MSCs
that adhered to good manufacturing practice (GMP) standards
provided by the National Institute of Stem Cell Clinical Research,
Guangdong Provincial Hospital of Chinese Medicine, a facility
conducting stem cell clinical trials accredited by the National
Health Commission of China. Human umbilical cord-derived MSCs
at passages 7-9 were used in this study, and the preparation
method was consistent with that used in a previous study.*
Briefly, the cells were digested in 0.25% trypsin/0.02% EDTA,
centrifuged (1000 rpm, 5min), and subcultured at 1:8 upon
reaching 80% confluence. The donor MSCs were prelabeled with
FITC-conjugated SPIONs before transplantation,®® and 10nM
(20 pg/mL) FITC-conjugated SPIONs (SunLipo NanoTech, China)
were added to the cell suspension and incubated for 30 minutes.
After centrifugation, the cells were washed with Hank's solution
three times and then subjected to the next step for testing or
transplantation. This labeling technology combines the advan-
tages of magnetic and fluorescent labeling. Superparamagnetic
iron nanoparticles have low signals in MR-T2 images, allowing
noninvasive and accurate tracking and monitoring of stem cells in
living individuals after transplantation. In addition, during
morphological analysis, the transplanted cells could be visualized
by FITC-emitting green fluorescence or Prussian blue staining to
probe the iron nanoparticles.

Transmission electron microscopy

Transmission electron microscopy (TEM) was performed on two-
dimensional cultured MSCs to observe the presence of SPIONs
within the cells. MSCs were cultured on glass slides. After the
culture medium was removed, the cells were fixed with a solution
of 4% paraformaldehyde (PFA) and 3.5% glutaraldehyde for
30 minutes. The subsequent steps included gradient ethanol
dehydration, acetone replacement, and Epon infiltration. The resin
block was then inverted on the slide for polymerization at 60 °C for
48 h. After the slide was peeled off, the sample was cut into
ultrathin sections via an ultramicrotome. These sections were
mounted on copper grids and stained with lead uranyl acetate.
The samples were then observed and photographed via a
transmission electron microscope (FEI TECNAI-G2 SPIRIT).

MSC transplantation surgery

Preterm MCAO monkeys were fasted for 12hours and then
anesthetized via intramuscular injection of a ketamine-xylazine-
atropine cocktail (10 mg/kg, 2 mg/kg, or 0.05mg/kg). Following
midline craniotomy, stereotaxically guided injections were admi-
nistered at nine coordinates determined by the Macaca fascicularis
brain atlas and T2-MRI. The sites targeted the SVZ margins,
ischemic penumbra, and intermediate points between them and
were supplemented rostrocaudally (£2 mm) to form a 3 x 3 grid.
At each site, 8l of stem cell suspension (1.6x 10° cells) was
injected via a Hamilton microliter syringe, with needles retained
in situ for 3 min post-injection. Anesthesia was maintained with
1.5-3% isoflurane/100% O,, supplemented by intravenous 20%
mannitol (20 ml) for intracranial pressure control. Vital signs were
continuously monitored during surgery. Postinjection, the punc-
ture sites were sealed with bone wax, followed by layered closure
of the muscle/skin. Postoperative care included thermoregulation
until consciousness recovery and twice-daily ampicillin sodium
(0.1 g/kg) for 5 days.

Transcranial magnetic stimulation

A two-week period of behavioral training and acclimation to the
TMS facility was implemented before starting the experiment. To
apply TMS, awake monkeys were fastened to a special seat, and
iTBS (intermittent theta-burst stimulation) was administered to the
hotspot on the injured side via a figure-eight coil (1.96 T, YRD
CCY1, Wuhan Yiruide Medical Equipment, China). iTBS employs a
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sequence of stimuli characterized by bursts of three pulses, each
administered at a frequency of 50 Hz. These bursts are delivered
repetitively at a frequency of 5 Hz, with each burst occurring every
200 milliseconds, creating a high-frequency stimulation pattern.
Each cycle of iTBS lasted for 2 s, followed by an 8-second interval.
The entire protocol encompasses a total of 600 pulses distributed
across 20 cycles, with the complete treatment lasting approxi-
mately 200 s. The stimulation intensity was adjusted to fall within
the range of 70% of the resting motor threshold (RMT).

Behavioral evaluation

The behavioral evaluation of stroke monkeys includes three items:
the hill-staircase task (Supplementary video 1), the valley-staircase
task (Supplementary video 2), and the object retrieval task
(Supplementary video 3). Behavioral equipment developed by
the team of the Guangdong Laboratory Animal Monitoring
Institute was used to evaluate the unilateral motor ability of the
animals. The equipment consists of two parts, the hill staircase and
the valley staircase, and the design is based on the work of
Marshall and Mcentire.”>”3 The experiment was conducted three
times daily for 5 days to obtain the average score. The object
retrieval task apparatus, engineered by the Guangdong Provincial
Laboratory Animal Monitoring Institute, refers to the design of
Mcentire and colleagues’® and consists of a test cage, an
adjustable transparent resin barrier, a transparent square con-
tainer with a one-way opening, and a transparent workbench. The
task was used to record the mean time for successful retrieval with
the right hand and measure the frequency of right-hand use. The
detailed experimental procedures for the three tasks are provided
in the Supplementary Materials.

Electrophysiological detection

Electrophysiological assessments were conducted with a CCY-IA
magnetic field stimulator (Yiruide). Following anesthesia admin-
istration, surface electrodes were then applied to the belly and
tendon of the first dorsal interosseous muscle with conductive gel,
while a ground electrode was placed on the contralateral upper
limb. Upon initiation of the EMG recording device, the stimulation
sequence began with single-pulse stimulation, incrementally
mapping the cortical regions that elicit significant motor-evoked
potentials (MEPs) starting at 60% of the maximum stimulator
output (MSO). Once an effective stimulus site was identified, it was
marked (i.e., the hotspot), and the stimulus intensity was gradually
titrated down to ascertain the resting motor threshold (RMT). If no
MEP was detectable at 60% MSO, the attempt was made at 100%
MSOQ; if the MEP could still not be elicited, it was recorded as an
MEP absence (MEP negative). To facilitate subsequent statistical
analyses, MEP-negative data were set, at the time of analysis, to an
RMT value of 100% MSO. In this study, considering the reduction
in cortical excitability due to anesthetic agents, the RMT criterion
was defined as the minimum stimulus intensity that must produce
at least three MEPs in a series of five consecutive stimuli, with each
MEP having an amplitude of at least 50 uV. The RMT and latency
(LA) were meticulously recorded and analyzed.

Brain imaging

The neuroimaging data were collected via a 3.0T magnetic
resonance imaging (MRI) scanner (United Imaging, China) at the
Guangdong Provincial Laboratory Animal Monitoring Institute.
Prior to the imaging procedure, the monkeys were subjected to a
12 h fast. Anesthesia was administered via intramuscular injection
of a ketamine-xylazine-atropine cocktail. Upon achieving deep
anesthesia, the monkeys were secured in an eight-channel
monkey head coil, integrated with a stereotactic apparatus, and
positioned prone on the scanning platform to initiate the MRI
scan. This study utilized the brain atlas delineated by Ballanger
et al., encompassing 79 distinct brain regions (listed in Supple-
mentary Table 1), with an emphasis on the analysis of 70 gray
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matter regions. In the context of resting-state functional magnetic
resonance imaging (rs-fMRI), the primary variables of interest were
the amplitude of low-frequency fluctuations (ALFF), regional
homogeneity (ReHo), and functional connectivity (FC). For
diffusion tensor imaging (DTI), the principal analytical focus is
on fractional anisotropy (FA). The detailed data collection and
processing procedures of brain imaging for the monkeys are
provided in the Supplementary Materials.

Magnetic resonance spectroscopy

Magnetic resonance spectroscopy (MRS) employs magnetic
resonance phenomena and chemical shift effects to conduct a
quantitative analysis of metabolites within biological tissues. Using
the open-source R-based toolbox spant (version 2.18.0, available
at https://martin3141.github.io/spant/index.html), we performed
coil combination, phase alignment, and repeat averaging. The
preliminary processing steps involved coil combination, phase
alignment, and repeated averaging to refine the data. The key
methodological steps included spectral alignment, referencing the
spectra to the total N-acetylaspartate (tNAA) peak at 2.01 ppm,
and water signal removal via the Hankel singular value decom-
position (HSVD) filter to mitigate residual water signals. Adaptive
baseline correction was implemented through the application of
the adaptive baseline fitting algorithm (ABF), facilitating fully
automated routine MRS analysis. The absolute metabolite
concentrations of total N-acetylaspartate (tNAA), total choline
(tCho), total tau (Tau), and total phosphorylcholine (PCh) within
the bilateral sensorimotor cortex (SMC) were quantified. Addition-
ally, the absolute levels of aspartate (Asp), glutamate and
glutamine combined (Glx), gamma-aminobutyric acid (GABA),
myo-inositol (Ins), lactate (Lac), glutamine (GIn), glucose (Glc), and
glycerophosphocholine (GPC) at the injection site area were
analyzed.

Plasma collection and proteomics

After anesthesia, ~8 mL of blood/monkey was collected via
femoral venipuncture under sterile conditions. The blood was
transferred to EDTA tubes and centrifuged at 3000 RPM (4°C,
20 min). The plasma was aspirated to avoid the buffy layer,
aliquoted into sterile tubes, and stored at —80 °C for proteomic
analysis. Aseptic techniques were maintained throughout. 4D-DIA
quantitative proteomics analysis of posttreatment vs. baseline
plasma protein profiles. The samples were subjected to high-
abundance protein depletion via a Bio-Rad ProteoMiner™: 100 pL
of plasma was incubated with the microspheres (2 h), centrifuged,
and the pellet was washed with PBS, treated with 1% TFA,
lyophilized, and resuspended in urea (-80°C storage). Peptides
were separated via an EASY nLC 1200 UHPLC coupled to a Q
Exactive HF-X Orbitrap (nanospray source) operating in top-40
DDA mode (Orbitrap MS: 120K resolution, 350-1500 m/z).
Spectronaut v15.7 processed MS/MS data against the Macaca
fascicularis UP000233100 proteome (50,205 sequences). For the
differentially expressed proteins, |FC|> 1.2 and p<0.05
were used.

Brain tissue harvesting and immunofluorescence staining

At the endpoint (17 weeks post-transplantation), monkeys under
deep anesthesia underwent transcardial perfusion with 2000 mL
of saline for blood clearance followed by 4% paraformaldehyde
(PFA) infusion (30 min of fixation). The brains were extracted,
postfixed in 4% PFA, and stored at 4 °C for histological analysis.
Following graded sucrose dehydration (20%-30% until tissue
sinking), coronal sections were dissected via a monkey brain
matrix guided by imaging-identified stem cell injection/infarction
areas, embedded in OCT compound (Tissue-Tek, Japan) and
cryosectioned at 35 um thickness. The sections were rinsed with
0.01 M PBS and blocked with 10% goat serum at 37 °C for 1 h. The
sections were incubated with primary antibodies at 4 °C overnight,
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equilibrated at RT for 30 min, and then rinsed 3 x5 min in PBS.
After washing, the sections were incubated with species-
fluorescent secondary antibodies at 37 °C for 1hr. Nuclei were
counterstained with Hoechst 33342 (37 °C, 15 min), removed, and
rinsed 3x5min in PBS. The samples were mounted with
coverslips by mounting medium and imaged via a tissue slide
scanner (TissueFAXS, TissueGnostics, Austria). All the antibodies/
reagents used are detailed in Supplementary Table 2.

Prussian blue staining

The Prussian blue reaction, a histochemical staining technique,
was employed to detect iron ions within the donor cells in the
tissue samples. This method capitalizes on the interaction
between iron ions and potassium ferrocyanide present in the
staining solution, resulting in the formation of an insoluble blue
iron-ferrocyanide complex that can be observed. Given that the
transplanted MSCs were laden with SPIONs, the brain sections
were subjected to Prussian blue staining via a Prussian Blue Iron
Stain Kit (Solarbio, China) to visualize the engrafted cells. The steps
were as follows: the sections were washed with PBS 3 times for
5min each and then incubated with Perls’ solution at 37 °C for
20 min. The reaction was stopped by rinsing with distilled water,
followed by counterstaining with eosin solution at room
temperature. The samples were subsequently dehydrated via a
graded ethanol series, clarified with xylene, and sealed with
neutral balsam. Finally, the sections were examined via a tissue
slide scanner.

Spatial proteomic analysis of FFPE tissue sections

Formalin-fixed, paraffin-embedded (FFPE) tissue sections of
monkey brains were prepared for spatial proteomic analysis.
Sections were collected onto slides, air-dried, and subsequently
processed at 65°C for 60min to enhance tissue adhesion.
Deparaffinization and rehydration were performed by sequential
immersion in the following solutions: xylene (twice for 2 min
each), 100% ethanol (twice for 1 min each), 95% ethanol, 85%
ethanol, 75% ethanol, 50% ethanol, and finally ddH,0. Following
rehydration, the sections were subjected to hematoxylin and eosin
(H&E) staining. Briefly, the slides were incubated with hematoxylin
for 7 min, bluing buffer for 2 min, and counterstained with eosin
for 40 s. The residual stain was removed by rinsing with water. The
H&E-stained sections were then incubated at 37 °C for 5 min and
immediately visualized via a digital slide scanner (VS200,
OLYMPUS) at 20x magnification. Given that macaque brain tissues
were formaldehyde fixed and mounted on slides, a low-resolution
spatial proteomics approach was adopted. To ensure precise and
cell type-specific sampling, the contours of the regions of interest
were first defined on the digital H&E images via the PALM (Zeiss)
laser microdissection system. These defined regions were then
used as a precise guide for subsequent manual dissection with a
scalpel. The dissected tissue fragments were carefully collected
into corresponding tubes for further proteomic analysis. Proteins
were extracted and digested with trypsin, and the resulting
peptides were analyzed via liquid chromatography-tandem mass
spectrometry (LC-MS/MS) in data-independent acquisition (DIA)
mode on an Orbitrap Astral mass spectrometer. The resulting
mass spectrometry data were processed via the DIA-NN search
engine (v.1.8) against the Macaca fascicularis protein database
(Macaca_fascicularis_9541_PR_20241023. fasta), and subsequent
bioinformatic analysis was subsequently performed to identify the
differentially expressed proteins and their associated biological
pathways.

Magnetic stimulation and luminex liquid suspension chip
detection in vitro

To quantify the effects of iTBS on MSC chemokine secretion via a
Luminex assay (Bio-Rad #171AK99MR2), 2 x 10° MSCs/well were
seeded in 6-well plates. The stimulation group (Sti group, n=3)
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received 40% MSO iTBS (3 sessions/day x 3 days), whereas the
control group (Ctr group) received acoustic sham stimulation. The
supernatants were centrifuged (10 min), and 50 pL aliquots were
subjected to sequential antibody incubation and streptavidin-PE
(SA-PE) conjugation. Chemokine concentrations were quantified
via a Bio-Plex 200 (Luminex Corporation, Austin, TX, USA) with
standard curve interpolation after fluorescence detection.

Proteomics in vitro

To elucidate the alterations in the protein expression profiles of
MSCs induced by magnetic stimulation, MSCs from each group
(n=3) were harvested after iTBS as described in Section 2.16,
followed by scraping to prepare samples for proteomic analysis.
The workflow involved sequential steps, including protein
extraction, enzymatic digestion, and peptide desalting, culminat-
ing in LC-MS analysis. Peptides were separated via an ES906 C18
column (PepMap™ Neo UHPLC;, 150 umx 15cm, 2pum) with
gradient elution (Buffer A: 0.1% FA/water; Buffer B: 0.1% FA/84%
ACN) interfaced with an Orbitrap Astral MS. ESl-ionized peptides
were subjected to DIA analysis. For the differentially expressed
proteins, |FC| > 1.2 and p < 0.05 were used.

Morphological quantification

Image) software (National Institutes of Health, Bethesda, Maryland,
USA) was used to quantify the hypo-intense regions representing
transplanted stem cells in the MR images. For each monkey, the
section with the largest hypo-intense region was selected for
analysis, and the hypo-intense region identified in the box of the
same size as the region of interest (ROI) was defined. The number
of pixels within each slice ROl was measured via ImageJ software
and was normalized by the total number of pixels in the box. The
resulting percentage was used for statistical analysis to compare
the values across different time points.

To assess endogenous neural stem cells in the brain, the nestin-,
musashi-1 (Msi1)-, and Paired Box 6 (Pax6)-positive areas were
quantified via ImageJ software. For each monkey, three brain
slices containing the injury site were selected, and five random
fields were identified in both the left and right hemispheres within
each slice. The immunopositive areas were converted into ROIs
under 200x magnification. Image) software was employed to
measure the pixel count within the ROIs for each slice. Next, the
fluorescence density of the Nestin, Msil-, and Pax6-
immunostained regions was calculated for each image and
normalized to the total pixel count within the image. Ultimately,
a statistical analysis was conducted to compare the fluorescence
density values between the left and right hemispheres.

Statistical analysis

SPSS statistics software 26.0 was used for the statistical analysis of
longitudinal metrics, including behavioral scores, brain imaging,
and electrophysiological records, which were collected at both
pretreatment and posttreatment time points. The data are
presented as the means + standard errors of the means (SEMs).
For the comparison of multiple groups, generalized estimating
equations (GEEs) were utilized, followed by post hoc analyses via
the least significant difference (LSD) test. Paired t tests were
applied to assess differences between the two groups, with
statistical significance defined as p<0.05. The results were
graphically represented via Origin (OriginPro 2021) and GraphPad
Prism 9.0 software.
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