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Umbilical mesenchymal stem cells s

mitigate T-cell compartments shiftand Th17/
Treg imbalance in acute ischemic stroke
via mitochondrial transfer
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Abstract

Background Acute ischemic stroke (AlS) initiates secondary injuries that worsen neurological damage and hinder
recovery. While peripheral immune responses play a key role in stroke outcomes, clinical results from immunotherapy
have been suboptimal, with limited focus on T-cell dynamics. Umbilical mesenchymal stem cells (UMSCs) offer
therapeutic potential due to their immunomodulatory properties. They can regulate immune responses and reduce
neuroinflammation, potentially enhancing recovery by fostering a pro-regenerative peripheral immune environment.
However, the effect of UMSCs on T-cell dynamics in AIS remains underexplored. This study investigates T-cell dynamics
following AlS and examines how UMSCs may mitigate immune dysregulation to develop better treatment strategies.

Methods AIS patients (NIHSS scores 0-15) were recruited within 72 h of stroke onset, with peripheral blood sam-
ples collected on Day 0 (enrollment) and Day 7. T-cell compartments were identified by flow cytometry, and plasma
cytokine levels were quantified using a cytometric bead array (CBA). Mitochondria in UMSCs were labeled

with MitoTracker. Peripheral blood mononuclear cells from patients were isolated, treated with lipopolysaccharide
(LPS), and cocultured with UMSCs in both direct contact and Transwell systems. Flow cytometry, CBA, RT-qPCR,

and immunofluorescence assays were used to detect T-cell compartments, gene expression markers for helper T (Th)
cell differentiation, cytokine profiles, mitochondrial transfer, reactive oxygen species (ROS) production, and mitochon-
drial membrane potential. Additionally, mitochondrial DNA in UMSCs was depleted. The effects of UMSCs and mito-
chondria-depleted UMSCs on ischemic stroke mice were compared through behavioral assessments and analysis

of the peripheral immune microenvironment.

Results In AlS, T-cell compartments underwent a phenotypic shift from naive to effector or memory states,

with a specific increase in Th17 cells and a decrease in regulatory T cells, leading to alterations in T-cell-mediated
immune functions. In an ex vivo co-culture system, LPS stimulation further amplified these disparities, inducing mito-
chondrial dysfunction and oxidative stress in T cells. Notably, UMSCs restored mitochondrial function and reversed
the shift in T-cell compartments through mitochondrial transfer. Critically, UMSC treatment significantly improved
both neurological deficits and peripheral immune disorders in ischemic stroke mice, whereas mitochondria-depleted
UMSCs failed to produce this effect.
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Conclusions Our comprehensive insights into the key attributes of T-cell compartments in acute ischemic stroke
and the immune regulatory mechanisms of UMSCs provide a crucial theoretical foundation for understanding periph-
eral immune disorders in ischemic stroke and the therapeutic potential of UMSC treatment.
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Background
Stroke is the second leading cause of death, with ischemic
stroke accounting for 80% of all incidents [1, 2]. Although
the primary injury following acute ischemic stroke (AIS)
is crucial, time-limited reperfusion therapies and poor
neurological outcomes underscore the urgent need for
new strategies to address secondary damage [3-5].
Immune responses play a crucial role in the etiol-
ogy and progression of AIS, sparking increasing interest
in their potential as biomarkers and therapeutic targets
[6-8]. T cells infiltrate within the first 24 h, peaking at
3—-14 days, and persisting up to day 140 [9-11]. In mouse
models and AIS patients, brain-infiltrating T cells exhibit

activated phenotype, sustaining intracranial inflamma-
tion and oxidative stress by secreting pro-inflamma-
tory cytokines [12]. Different T-cell subsets and their
cytokines have varying effects on microglia, which in
turn influence neuronal survival and tissue regeneration
[13]. Recent study shows that T cells can exert effect on
microglia even without infiltrating into the parenchyma
[14].

However, current clinical trials targeting T cells in AIS,
despite success in experimental models, have yielded
disappointing results [15]. This may be due to a focus
primarily on macroscopic changes in specific effector
immune cells, while T cells exhibit remarkable dynamism
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and heterogeneity [16]. Recently, the concept of the T
cell compartment has emerged, emphasizing the spe-
cialization of different T cell subsets and the plasticity of
naive T (Ty) cells throughout their lifecycle [17]. Along-
side this, T cell metabolic adaptation has gained increas-
ing attention, with mitochondria and their metabolites
playing a central role in T cell survival, differentiation,
reprogramming, and effector function [18-20]. The T cell
compartment has been shown to significantly modulate
self-antigen responses in chronic autoimmune diseases
[21-23]. Stroke is no exception, as it activates Ty cells
and alters effector T-cell responses [24—27], positioning
T-cell dynamics as ideal targets for complementary ther-
apies alongside time-sensitive intravascular treatments.

Stem cell therapy, with its broad therapeutic window,
exhibits robust anti-inflammatory effects, holding sig-
nificant potential for fostering an environment conducive
to nerve repair [28]. Umbilical cord mesenchymal stem
cells (UMSCs) are particularly valued for their distinct
advantages, including broad availability, ease of isolation,
low immunogenicity, and minimal ethical concerns [29].
UMSCs can diminish detrimental immune response,
thereby protecting against stroke [30—-32]. In a study of
five stroke patients treated with a single dose of allogenic
UMSCs, significant improvements in physiological motor
outcomes were observed over a 12-month follow-up
period [33]. Although MSCs persist only transiently after
intravenous infusion and are quickly cleared, extensive
evidence shows that they induce lasting immune regula-
tion [34, 35]. Recent research suggests that direct contact
between MSCs and target cells is a crucial mechanism for
their function, as MSCs can alleviate mitochondrial dys-
function in recipient cells through mitochondrial transfer
[36, 37]. Interestingly, UMSC-mediated mitochondrial
transfer plays a significant role in cell reprogramming
and immune function across various T-cell subsets [38—
42]. However, it remains unclear how UMSCs regulate
the peripheral T-cell compartments during stroke and
whether mitochondrial trafficking plays a critical role in
this process.

In this study, we investigate T-cell dynamics during
ischemic stroke and the role of UMSC:s. For the first time,
we demonstrate that UMSCs restore T-cell compartment
balance and mitochondrial function, with mitochondrial
transfer playing a pivotal role. This research provides
new insights into the role of UMSCs in T-cell-mediated
immune mechanisms during stroke recovery.

Methods

Patient enrollment and sample collection

Between October 2022 and November 2023, AIS patients
admitted to the First Affiliated Hospital of Dalian Medi-
cal University were enrolled within 72 h of symptom
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onset. Eligible patients were 18—80 years old (inclusive),
had a clinical diagnosis of AIS defined by a last known
normal score 6-72 h (inclusive) prior to the time of
enrollment, and had an NIHSS score of 0-15 points
(inclusive) at screening. Patients with scores exceeding
15 were excluded to ensure consistency in the cohort and
reduce confounding factors, as severe strokes are often
associated with systemic complications and higher vari-
ability in immune responses [43-45]. Before stroke, all
included patients were able to perform basic activities
of daily living without assistance. MRI or CT scans were
required for inclusion, with at least one acute infarct in
the internal carotid artery system supply area. The vas-
cular risk factor control (VRFC) group included partici-
pants with cardiovascular risk factors such as smoking,
drinking, hypertension, and diabetes mellitus. Control
participants were matched for age, sex, and vascular risk
factors, and had no history of cerebrovascular disease.
Exclusion criteria included ongoing therapy for infec-
tious diseases, clinical or subclinical signs of infection,
or the use of immunomodulatory drugs. The study was
approved by the Ethics Review Committee of the Stem
Cell Clinical Research Institution of the First Affili-
ated Hospital of Dalian Medical University (No. YJ-
GXB-2022-01, Dalian, China), and written informed
consent was obtained from all patients or their surro-
gates. EDTA-anticoagulated blood was drawn within 72
h of stroke onset (baseline) and again 7 days after stroke.
Blood from VREFC participants was collected only on the
day of enrollment. Sample size calculations indicated that
a minimum of 58 participants (19 controls and 39 AIS
patients) would be required to achieve 80% power and an
o level of <0.05 (GPower software, version 3.1). The final
study included 20 participants in the control group and
62 participants in the AIS group, thus meeting the statis-
tical requirements.

PBMC-UMSC ex vivo coculture system

Six patients with AIS were selected (see Table S1 for
patient information), and fasting venous blood was col-
lected within 72 h of onset. Human UMSCs were pre-
pared at the Stem Cell Clinical Research Center of the
First Affiliated Hospital of Dalian Medical University, as
previously described [46]. The cell quality was reviewed
and certified by the China National Medical Products
Administration. Before use, the biological characteristics
of UMSCs were further verified (Fig. S1) and confirmed
to meet the criteria for MSCs as defined by the Interna-
tional Society for Cell and Gene Therapy [47]. UMSCs
were seeded at 5x10° cells per well in regular 6-well
plates overnight at 37 °C. Peripheral blood mononuclear
cells (PBMCs) were isolated within 60 min of venipunc-
ture by density gradient centrifugation at 300xg for 30
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min using Ficoll-Paque PLUS (GE Healthcare, Sweden).
The collected PBMCs were either directly seeded onto
UMSCs (5x10° cells per well) in a direct contact cocul-
ture system (CC system) or seeded into a Transwell
chamber (0.4 um, Corning, USA) placed above UMSCs
in an indirect contact coculture system (TW system). The
cells were incubated in X-VIVO™ 15 medium (Lonza,
Switzerland) supplemented with 10% fetal bovine serum
(EBS, OriCell, China) and IL-2 (1x 10> U/mL, Proleukin,
USA) (Fig. 3A shows the experimental design). Lipopoly-
saccharide (LPS) from Escherichia coli O111:B4 (Sigma
Aldrich, USA) was added to the culture medium at a
concentration of 100 ng/mL, as previously described [48,
49]. The culture was maintained at 37°C with saturated
humidity and 5% CO, . After 72 h of coculture, both
PBMCs and the supernatant were collected for further
analysis.

Flow cytometry

For the identification of the patient’s T-cell phenotype,
whole blood was stained at room temperature for 30
min with various cocktails of fluorochrome-conjugated
antibodies (Table S2). Red blood cells were lysed by add-
ing lysing solution (BD Pharm Lyse, USA) according
to the manufacturer’s instructions. For the identifica-
tion of cocultured PBMCs, cells were collected, washed
twice with phosphate-buffered saline (PBS), resuspended
in staining buffer (BD Pharmingen, USA), and incu-
bated with the antibodies. For the identification of mice
immune cell phenotype, T cells were isolated from whole
blood using an isolation solution (ITBD Science, China)
and then stained with fluorochrome-conjugated antibod-
ies (Table S3) following the manufacturer’s instructions
(BD Biosciences, USA). Immunophenotyping panels
were adapted from previous publications [50, 51]. Sam-
ples were analyzed using a flow cytometer (SH800S,
Sony, Japan), and data were processed using FlowJo soft-
ware (Treestar, Inc., Ashland, OR, USA). T cells were
identified based on the following panels:

Human panel:

T-cell subsets: T cells, CD45*CD3"; helper T lym-
phocytes (Th cells), CD45*CD3*CD4"; and cytotoxic T
lymphocytes (Tc cells), CD45"CD3*CD8%; among Th
cells, we identified: Th1 cells, CXCR3*CCR67; Th2 cells,
CXCR3™CCR67; Th17 cells, CXCR3~CCR6%; and regula-
tory T (Treg) cells, CD25CD127"°".

T-cell compartments: naive T (Ty) cells,
CD3*CD45RA*CCR7"; central memory T (T, cells,
CD3*CD45RA™CCR7"; effector memory T (Tgy,) cells,
CD3*CD45RA™CCR7"; terminally differentiated effector
memory T (Tgyra) cells, CD3*CD45RA*CCR7".

Mouse panel:
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T-cell subsets: T cells: CD45*CD3%; Th cells:
CD457CD3+*CD4t; Tc cells: CD457CD3+*CD8*;
Th17  cells:  CD3*CD4'RORyt*;  Treg  cells:
CD3+tCD4*CD25YFOXP3™.

T-cell compartments: Ty cells, CD3*CD44-CD62L";
Tey cells,  CD3*CD44*CD62L*;  Tgy  cells,
CD3*CD447CD62L"; exhausted T cell (Tgy cells),
CD3*PD-1hieh,

Cytometric bead array (CBA) assay

For plasma collection, whole blood was centrifuged (3000
rpm, 4 °C, 15 min), and the samples were stored imme-
diately at -80 °C. The quantitative detection of cytokines
was performed via a CBA assay. The concentrations of
IL-2, IL-4, IL-6, IL-10, IL-17A, TNF-«, and IFN-y were
measured with a Human LEGENDplex" Kit (BioLeg-
end, USA) or Mouse Th1/Th2/Th17 Cytokine Kit (BD
Biosciences) following the manufacturer’s instructions.
Cytokine levels were analyzed using a flow cytometer
(SH800S).

Mitochondrial transfer assessment

To examine mitochondrial transfer, UMSCs were labeled
with 1 pyM MitoTracker® Deep Red FM (Invitrogen, USA)
according to the manufacturer’s instructions. After a
30-min incubation at 37°C, the cells were washed twice,
and LPS-induced PBMCs were seeded onto UMSCs
in either the CC or TW coculture system, as described
above. Based on previous studies showing 72 h as the
optimal time point for organelle transfer analysis [42],
this time point was used in our experiments. After 72
h, the efficiency of mitochondrial transfer from UMSCs
to PBMCs was assessed using confocal laser scanning
microscopy (Yokogawa, Japan) and flow cytometry
(SH800S).

Reactive oxygen species (ROS) and mitochondrial
membrane potential (MMP) measurement

Mitochondrial function in PBMCs was monitored by
assessing the MMP and ROS levels using a JC-1 assay
(JC-1 MitoMP Detection Kit, Dojindo, Japan) and a
ROS assay (ROS Assay Kit-Highly Sensitive DCFH-DA,
Dojindo). Briefly, after 72 h of coculture with UMSCs
under LPS stimulation, PBMCs were collected and incu-
bated with 2 pM 2’, 7’-dichlorofluorescein diacetate
(DCFH-DA) or JC-1 working solution at 37 °C accord-
ing to the manufacturer’s instructions. Finally, JC-1 and
ROS probe fluorescence was analyzed using flow cytom-
etry (SH800S) and confocal laser scanning microscopy
(Yokogawa).
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Reverse transcription-quantitative PCR (RT-qPCR)

The experiment was performed according to the manu-
facturer’s instructions. Briefly, PBMCs were collected
from the coculture system, and total RNA was extracted
(Accurate Biology, China). Complementary DNA (cDNA)
was then synthesized (Accurate Biology). RT-qPCR was
conducted using SYBR Green Pro Taq HS (Accurate Biol-
ogy) and specific primers for Th cell subset marker genes:
T-bet (for Th1), GATA3 (for Th2), RORyt (for Th17), and
FOXP3 (for Treg), as listed in Table S4. RT-qPCR was
performed on a BioRad CFX Thermal Cycler using the
following protocol: 1) 95°C for 30 min, 2) 95°C for 2 min,
and 3) 40 cycles at 95°C for 5 s and 60°C for 30 s. Relative
gene expression levels were calculated using the AACT
method, with GAPDH serving as the internal control.

Mitochondrial DNA (mtDNA) depletion and RT-qPCR
verification

A 1000 x stock of 2”,3”-dideoxycytidine (ddC, Sigma, Cat.
# D5782) was prepared in water and added to UMSCs
cultured in complete media to achieve a final concentra-
tion of 3 ug/mL, as previously described [52]. Cells were
passaged every 1-3 days, with fresh ddC added each
time. Following ddC treatment, RT-qPCR was performed
to quantify mtDNA-encoded MT-ND1, normalized to
nucleus-encoded B2M using primers listed in Table S4.
Samples were compared by calculating AACT and fold
differences.

Cerebral ischemia model and UMSC in vivo administration
All experimental studies were approved by the Ethics
Committee of the Animal Experiment Center of Dalian
Medical University and conducted following the Guide
for the Care and Use of Laboratory Animals of the
National Institutes of Health (Ethical No. AEE23127,
Feb. 28, 2023). Healthy male C57BL/6] mice (8—10 weeks
old, weighing 25-30 g) were purchased from the Animal
Experiment Center of Dalian Medical University. The
mice were housed and bred under specific pathogen-
free conditions in a temperature-controlled environ-
ment with a 12-h light/dark cycle at the animal central
laboratory. Mice were randomly assigned to one of the
following groups: Sham, MCAO, MCAO +UMSCs, or
MCAO+UMSCs (ddC) (n=5 mice/group) based on a
computer-generated block randomization list. Focal cer-
ebral ischemic stroke models were established as previ-
ously described [53]. Briefly, anesthesia was induced
with 2% isoflurane (RWD Life Science, China) and main-
tained during surgery with 1.5% isoflurane in regular
air. Focal cerebral ischemia was induced by inserting a
monofilament through the external carotid artery (ECA)
and internal carotid artery (ICA) to occlude the middle
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cerebral artery (MCA) for 45 min, followed by removal of
the filament to allow reperfusion. Sham surgery was per-
formed similarly, except without occlusion. After 2 h of
reperfusion, mice in the UMSC treatment group received
a tail vein injection of 100 pL containing 6 X 10° UMSCs
or mitochondria-depleted UMSCs (ddC). Mice in the
Sham and MCAO groups received the same volume of
saline via tail vein injection. Temporal muscle tempera-
ture was maintained at 37°C+0.5°C during surgery and
for up to 3 h post-surgery. This experiment was con-
ducted as a double-blind study during both behavioral
and experimental tests to minimize potential subjective
biases. No adverse events occurred, and no animals or
units were excluded.

5-Triphenyl tetrazolium chloride (TTC) staining

Three days after the onset of MCAO, the mice were
deeply anesthetized using 10% isoflurane in an induc-
tion chamber (as recommended by the AVMA Guide-
lines for the Euthanasia of Animals: 2020 Edition [54])
until complete loss of righting reflex and response to toe
pinch was observed. Following deep anesthesia, eutha-
nasia was confirmed by cervical dislocation. The brains
were removed from the skull and sliced into 2 mm coro-
nal sections. The slices were incubated in 2% TTC (Solar-
bio, China) solution at 37°C for 15 min, then stored in 4%
paraformaldehyde (Solarbio) for 24 h for later visualiza-
tion. The infarcted and ipsilateral hemisphere areas were
measured using Image] software (version 1.8.0, National
Institutes of Health, USA).

Mouse behavioral analysis

Longa test: The Longa test was scored on a five-point
scale: a score of 0 indicated no neurologic deficit, a score
of 1 (failure to extend left forepaw fully) a mild focal neu-
rologic deficit, a score of 2 (circling to the left) a mod-
erate focal neurologic deficit, and a score of 3 (falling to
the left) a severe focal deficit; rats with a score of 4 did
not walk spontaneously and had a depressed level of con-
sciousness [55].

Cylinder test: The cylinder test was conducted as
previously described [56] to monitor the severity and
recovery of sensorimotor deficits after focal cerebral
ischemia in mice. Briefly, mice were allowed to accli-
mate to the testing environment for 30 min under stable
conditions (appropriate temperature and humidity) in
a quiet laboratory setting. Each mouse was then gently
held by the tail and placed into a transparent glass cyl-
inder with a radius of 10 cm and a height of 30 cm. The
number of times the contralateral forelimb touched the
cylinder wall was monitored and recorded over a 5-min
period. Each mouse underwent the test three times. Data
were collected, and the percentage of touches on the
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impaired side was calculated using the formula: (number
of impaired side touches/total number of touches) x 100.

Statistical analysis

Comparisons of clinical data were performed using a gen-
eralized linear model. Continuous variables are presented
as the mean *standard deviation (SD) for normally dis-
tributed data, or as the median with interquartile ranges
(IQR) for non-normally distributed data. For continuous
data, either a t-test or Mann—Whitney U test was used
for two-group comparisons, and one-way ANOVA with
the LSD post hoc test or Welch’s t-test with Dunnett’s
post hoc test was used for multiple-group comparisons,
as appropriate. Correlation analysis was performed using
Spearman’s rank correlation test. All statistical analy-
ses were conducted using SPSS software version 20.0
(SPSS Inc., Chicago, IL, USA) and GraphPad Prism 9
(GraphPad Software, San Diego, CA, USA). A p-value
of <0.05 was considered statistically significant; ns indi-
cates not significant or p>0.05, *p<0.05, **p<0.01, and
***p <0.001.

Results

Baseline characteristics of the patient cohort

The stroke group consisted of 42 men and 20 women,
with an average age of 67.02 years (range, 45—80 years).
The control group included 10 men and 10 women,
with an average age of 64.65 years (range, 5077 years).
According to imaging results at enrollment, the infarc-
tion locations in stroke patients were all within the sup-
ply area of the ICA system. Differences in demographic
variables and clinical data between the two groups are
summarized in Table 1. Generalized linear model analysis
of all indicators revealed no statistically significant differ-
ences in baseline data between the two groups (p > 0.05).

T cells undergo phenotype changes leading to Th17/Treg
imbalance following stroke.

To characterize T-cell heterogeneity, we gated T cells
to identify Th and Tc cells, as well as Thl, Th2, Th17,
and Treg subsets within the Th cell population using
established markers (Fig. 1A, Table S2), and performed
correlation analysis with stroke severity (NIHSS score).
The statistical data are presented in Table S5. Quanti-
fication of the manually gated populations revealed a
modest decrease in T and Th cell populations, along
with an increase in Tc cell population in AIS patients
(Fig. S2A); however, after adjusting for baseline clini-
cal data, including age, sex, and comorbidities, the
difference was not statistically significant (p>0.05).
Moreover, a negative correlation was observed between
Tc-cell frequency and NIHSS score at the time of
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Table 1 Demographic and clinical characteristics of VRFC and
AlS patients

VRFCs (N=20) AIS patients (N=62) p-value

Age, years, mean (SD)  64.65 (8.59) 67.02(7.72) 0.175
Gender, male, n/N (%) 10/20 (50%) 42/62 (67.7%) 0.182
Smoker, n/N (%) 7/20 (35%) 33/62 (53.2%) 0.389
Drinker, n/N (%) 3/20 (15%) 19/62 (30.6%) 0.931
Hypertension, n/N 12/20 (60%) 46/62 (74.2%) 0.691
(%)
Diabetes mellitus, 9/20 (45%) 26/62 (41.9%) 0.581
n/N (%)
Stroke severity
(NIHSS)
Mild (0-4),n/N - 21/62 (33.9%) -
(%)
Moderate - 41/62 (66.1%) -

(5-15), n/N (%)
Triglyceride, medium 133 (0.96-1.7)  1.45(0.97-2.09) 0.262
(IQR)
Total cholesterol, 457 (1.54) 491 (1.23) 0.524
mean (SD)
HDL-C, mean (SD) 1.25(0.33) 1.16 (0.25) 0.906
LDL-C, mean (SD) 25(1.12) 2.79(0.8) 0430
WBC, mean (SD) 6.18 (0.93) 6.69 (1.42) 0.244
Neutrophils, 3.93(0.83) 432(1.16) 0.274
mean (SD)
Lymphocytes, 178 (1.36-2.2) 1.73(1.3-241) 0273
medium (IQR)
Monocytes, medium  0.37 (0.29-0.43) 0.34 (0.27-0.44) 0.407
(IQR)

Measurement data are expressed as the mean (SD) or median (IQR).
Enumeration data are presented as n/N (%), where n represents the actual
number, N represents the total number of observations with available data, and
% represents the percentage of n relative to N. p values represent comparisons
between groups via a generalized linear model. All indicators in the table were
included in the model during analysis

VRFC vascular risk factor control, AlS acute ischemic stroke, SD standard
deviation, /QR interquartile range, NIHSS National Institutes of Health Stroke
Scale, WBC white blood cell, HDL-C high-density lipoprotein cholesterol, LDL-C
low-density lipoprotein cholesterol

enrollment (r=0.288, p=0.023; Fig. S2D). As shown
in Fig. 1B, the frequencies of Th1l and Th2 populations
remained unchanged (p>0.05), whereas Th17 cells
significantly increased within 3 days of stroke onset
(p=0.020), which was positively correlated with stroke
severity (r=0.368, p=0.020; Fig. 1C), and returned to
baseline levels by day 7 (p=0.507). The Treg cell pop-
ulation gradually decreased over time and was signifi-
cantly lower 7 days after stroke onset compared to day
3 (p=0.029; Fig. 1B). However, after adjusting for con-
founding factors, the difference between the Treg levels
in AIS patients and controls was not statistically sig-
nificant (p=0.140). Given the instability and plasticity
of Th17 cells, which can undergo global genetic repro-
gramming and differentiate into Treg cells [57], we
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considered the Th17/Treg ratio as a combined measure
to investigate their role during acute stroke. Compared
to the control group, the Th17/Treg ratio was signifi-
cantly elevated within 3 days of stroke onset (p =0.001)
and remained elevated through 7 days, even after
adjustment for confounding factors (p =0.001; Fig. 1D).
This ratio was positively correlated with stroke severity
(r=0.388, p=0.002; Fig. 1D).

T-cell cytokine production is essential for T-cell
function and intercellular communication [58]. To
investigate stroke-induced changes in cellular immune
function, we quantified inflammatory cytokines in the
peripheral blood of AIS patients (statistical data are
shown in Table S6). The concentrations of IL-2, IL-4,
IL-6, IL-10, IL-17, IFN-y, and TNF-a from both the
control group and AIS patients within 3 days of stroke
onset were analyzed using a generalized linear model
(Fig. S3). Among these, only the IL-6 concentration
was significantly elevated in AIS patients (p=0.047;
Fig. 1F), even after accounting for confounding fac-
tors (p=0.019), and was positively correlated with
stroke severity (r=0.829, p<0.001; Fig. 1G). IL-6 lev-
els remained significantly higher at 7 days post-stroke
onset compared to control patients (p=0.008), and
were further elevated compared to the acute phase
of stroke (p<0.001). IL-10, which plays a crucial role
in limiting inflammation and maintaining immune
homeostasis by promoting the development of Treg
cells [59], did not show significant changes during AIS
(p>0.05; Figure S3C).

The polarization of Th cell populations, particularly
the increase in proinflammatory Th17 cells and a reduc-
tion in Tregs, has been linked to impaired immune
responses following stroke and increased susceptibility
to infections [60]. Moreover, stroke-induced systemic
immunosuppression further compromises the immune
response, exacerbating the risk of infections [61]. Stud-
ies have shown that stroke patients, particularly those

(See figure on next page.)
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who develop infections, exhibit a significant decrease
in CD4* Th cell counts alongside elevated plasma
IL-6 levels [62]. Overall, our findings suggest that an
increased Th17/Treg ratio and sustained IL-6 elevation
may serve as valuable indicators for immune monitor-
ing and potential biomarkers of stroke severity during
both the acute and subacute phases.

The post-stroke shift of naive T cells to effector

and memory states is correlated with clinical severity.

To investigate the dynamic characteristics of T-cell dif-
ferentiation following stroke, we characterized the T-cell
compartment based on CD45RA and CCR7 expres-
sion on CD4* and CD8" T cells (Table S2). As shown in
Fig. 2A, we identified Tgypa, Ty Tey, and Ty, in the
enrolled patients using well-established markers (sta-
tistical data are shown in Table S5) [50]. We found that
both CD4" and CD8* T-cell compartments shift from
the naive population to memory or terminally differ-
entiated effector populations. Specifically, as shown in
Fig. 2B, within the CD4" T-cell population, AIS patients
exhibited a significant decrease in the proportion of Ty
cells within 3 days of stroke onset compared to control
patients (p=0.023). Conversely, the proportion of Tgyra
cells increased significantly (p=0.007), and this increase
persisted into the subacute phase of ischemic stroke
(p=0.004). Within the CD8" T-cell population, as shown
in Fig. 2E, Ty cells also showed a significant decrease
within 3 days after stroke (p=0.020), while the T, cell
population remained elevated during the acute (p=0.006)
and subacute (p=0.046) phase of stroke. Additionally, the
frequencies of CD4* (r=-0.666, p<0.001; Fig. 2C) and
CD8* (r=-0.346, p=0.006; Fig. 2F) Ty cells were nega-
tively correlated with stroke severity. Although the CD4*
Ty cell population showed no significant change during
stroke, its frequency was positively correlated with stroke
severity (r=0.332, p=0.011; Fig. 2D). Research indicates
that the differentiation of Ty cells follows a linear lineage

Fig. 1 Longitudinal analysis of T-cell subsets and cytokine concentrations in the peripheral blood of patients post-stroke. A Representative FACS
plots showing the flow cytometric gating strategy used to identify T (CD3%), Th (CD3*CD4¥) and Tc (CD3*CD8") cells within the PBMC population,
as well as Th1 (CXCR3*CCR6), Th2 (CXCR3™CCR67), Th17 (CXCR3™CCR6™) and Treg (CD257CD1 27'9%) cells within the Th cell population. B Frequency
and distribution of Th cell subsets among CD4* T cells in VRFC and AlIS patients. Data are represented as percentages of total CD4* T cells. The pie
chart shows the mean relative proportions of different Th cell subsets within the CD4™ T cell population in VRFC and AlS patients. C Correlation
plots of the baseline Th17 cell percentage with NIHSS score. D Th17/Treg ratio in VRFC and AlS patients and its correlation with NIHSS score (E). F
IL.-6 concentrations in VRFC and AlS patients. G Correlation plots of the baseline IL-6 concentration with NIHSS score. Data in B and D are presented
as scatter plots showing mean with SD, while data in F are presented as scatter plots showing median with IQR. For correlations, the regression

line and standard error are shown. Statistical comparisons between AlS and VRFC patients were performed via generalized linear models,

adjusting for age, sex, smoking, drinking, hypertension, and diabetes mellitus. Statistical comparisons between baseline and 7-day data among AIS
patients were made using the Mann—-Whitney U test. Correlation analysis was conducted with Spearman’s rank correlation test. p values <0.05 are
considered statistically significant. ns indicates not significant or p>0.05; *p <0.05, **p < 0.01, and ***p < 0.001. Abbreviations: PBMC, peripheral
blood mononuclear cell; Th cell, helper T cell; Tc cell, cytotoxic T cell; Treg cell, regulatory T cell; IL, interleukin
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model: Ty—= Ty — Tem = Temra cells, eventually lead-
ing to cell death [63]. Therefore, our results demonstrate
that stroke rapidly alters the composition of the circulat-
ing T-cell compartment, driving a shift toward a more
activated and terminally differentiated state that reflects
the dynamic changes in T-cell responses throughout AIS.

UMSCs modulate T-cell differentiation and cytokine
secretion to restore immune homeostasis in LPS-induced
post-stroke inflammation

Systemic inflammation following stroke can impair post-
ischemic neurological recovery by enhancing sensitiza-
tion to brain antigens, leading to increased brain T-cell
infiltration and microvascular thrombosis [64]. UMSCs
represent promising therapeutic targets for stroke treat-
ment, as UMSC-mediated immune modulation has been
shown to directly influence T lymphocyte differentiation
and phenotype switching [29, 65]. To investigate whether
UMSCs could protect against T-cell mediated post-
stroke inflammation, PBMCs from AIS patients within
72 h of stroke onset were isolated and treated with LPS
in vitro to mimic the systemic inflammatory sequelae of
poststroke infection, as previously described [48]. These
PBMCs were then cocultured with UMSCs in either a
direct contact (CC) or indirect contact Transwell (TW)
system for 72 h (Fig. 3A).

Flow cytometry and RT-qPCR were used to identify
T-cell phenotypes (statistical data are shown in Table S7).
Compared to the negative controls (without LPS stimula-
tion), LPS did not affect the Th1 and Th2 cell populations
(p>0.05; Fig. 3C). However, LPS significantly increased
the Th17 cell population (p<0.001) while decreasing the
Treg cell population (p=0.029), thereby further enhanc-
ing the Th17/Treg cell imbalance (p=0.016; Fig. 3C). In
the CC coculture system, UMSCs reversed the T-cell dif-
ferentiation bias by downregulating the Th17 cell popu-
lation (p<0.001) and upregulating Treg cells (p<0.001),
thus restoring the Th17/Treg balance (p=0.003).

(See figure on next page.)
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However, this reversal was lost in the TW coculture
system, where a semi-permeable membrane barrier
separated the PBMCs from the UMSCs (Fig. 3B, C;
Table S7). As shown in Fig. 3D, RT-qPCR results of mas-
ter transcription factors involved in T-cell differentia-
tion confirmed the UMSC-mediated restoration of T-cell
phenotypes [58]. In the CC coculture system, the mRNA
expression of RORyt, associated with Th17 cells, was sig-
nificantly downregulated (p=0.003), while FOXP3, the
key transcription factor for Treg cells, was upregulated
(p=0.030). The expression of T-bet, linked to Thl cells,
remained unchanged (p=0.059), while GATA-3, asso-
ciated with Th2 cells, was upregulated following direct
coculture with UMSCs (p=0.019).

We further quantified cytokine concentrations in the
coculture system (statistical data are shown in Table S8).
The results revealed that LPS significantly altered
cytokine secretion in the PBMCs of AIS patients, lead-
ing to marked increases in IL-6 (p <0.001; Fig. 3E), IL-17
(p=0.006; Fig. 3G), TNF-a (p=0.011; Fig. 3H), and IFN-y
(p=0.003; Fig. 3I) compared to the negative control.
UMSC:s inhibited the LPS-induced increases in the IL-17
(p=0.018), TNF-a (p=0.047), and IFN-y (p=0.047) lev-
els in the coculture microenvironment in the CC cocul-
ture system, but further elevated IL-6 levels in both the
CC (p=0.032) and TW (p=0.001) coculture systems.

These results indicate that LPS disturbs the peripheral
immune microenvironment in AIS patients, promoting a
pro-inflammatory state by inducing Th/Treg imbalance
and enhancing pro-inflammatory cytokine secretion.
UMSC:s help restore immune balance by inhibiting T-cell
skewing toward Th17 differentiation and correcting the
dysregulation of cytokine production (except for IL-6) in
a contact-dependent manner.

To investigate whether the dramatic increase in IL-6
within the co-culture microenvironment has adverse
effects on PBMCs, we conducted protein quantification
analysis on PBMC proliferation, activation, inflammation,

Fig. 2 Characterization of T-cell compartment dynamics post-stroke and their correlations with stroke severity. A Representative FACS plots
showing the flow cytometric gating strategy used to identify T-cell compartments, including Ty, (CD45RA*CCR7"), Ty (CD45RA™CCR7Y), Tew
(CD45RA™CCR77), and Tgypa (CD45RATCCR77) cells within CD4* and CD8™ cells. B Frequency and distribution of T cell compartments among CD4*

T cells in VRFC and AlS patients. Data are represented as percentages of total CD4* T cells. The pie chart shows the mean relative proportions

of different T cell compartments within the CD4" T cell population in VRFC and AlS patients. Correlation plots of the baseline CD4* Ty (C) and CD4*
Tem (D) cell frequency with NIHSS score. E Frequency and distribution of T cell compartments among CD8* T cells in VRFC and AlS patients.

Data are represented as percentages of total CD8" T cells. The pie chart shows the mean relative proportions of different T cell compartments
within the CD8* T cell population in VRFC and AlS patients. F Correlation plots of the baseline CD8" Ty, cell frequency with NIHSS score. Data in B
and E are presented as scatter plots showing mean values with SD. For correlations, the regression line and standard error are shown. Statistical
comparisons between AIS and VRFC patients were performed via generalized linear models (age, sex, smoking, drinking, hypertension, and diabetes
mellitus were included in the model during analysis). Statistical comparisons between baseline and 7-day data among AlIS patients were made
using the Mann—Whitney U test. Correlation analysis was conducted with Spearman’s rank correlation test. p values < 0.05 are considered statistically
significant. ns indicates not significant or p > 0.05; *p <0.05, **p <0.01, and ***p <0.001. Abbreviations: Tgyza Cell, terminally differentiated effector
memory T cell; Ty, cell, effector memory T cell; T, cell, central memory T cell; Ty cell, naive T cell
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and the IL-6 downstream signaling molecule, signal
transducer and activator of transcription 3 (STAT3)
(Fig. S4B-D). Consistent with the increase in soluble
IL-6, LPS stimulation upregulated IL-6 expression in
PBMC:s. Interestingly, when UMSCs were cultured alone
in immune cell media, they responded to LPS stimu-
lation by secreting soluble IL-6 (Fig. S4I). In line with
our results, Cruz-Barrera et al. reported that UMSCs
actively secrete IL-6 during PBMC inflammatory chal-
lenges [66]. Although IL-6 levels were further elevated
in the presence of UMSCs, they did not exacerbate the
pro-inflammatory responsed in PBMCs, evidenced by
the downregulating of p-STAT3, cell proliferation marker
proliferating cell nuclear antigen (PCNA), the early acti-
vation marker CD25, and the systemic inflammatory fac-
tor high-mobility group box 1 (HMGB1) upon UMSCs
treatment (Figure S4E-G). Collectively, these results indi-
cate that the increase in soluble IL-6 in the in vitro co-
culture system may result from the co-reactive secretion
of PBMCs and UMSCs under LPS stimulation. While
UMSC:s alleviate LPS-induced pro-inflammatory effects,
the precise role of IL-6 self-secretion in this immune con-
text remains unclear and requires further investigation.

UMSCs rescue the broad T-cell compartment shift induced
by LPS in AlS patients in a cell contact-dependent manner
To investigate whether UMSCs protect against shifts in
the T-cell compartment, we analyzed the composition of
T-cell compartments under different in vitro coculture
systems (statistical data are shown in Table S7). As shown
in Fig. 4, both CD4* and CD8" T-cell compartments
underwent a broad shift from naive populations to more
differentiated Ty, and Ty cell phenotypes.
Specifically, in CD4" T-cells (Fig. 4A), LPS stimulation
activated Ty and T, cells, driving their differentiation
into effector populations, as evidenced by a significant
decrease in Ty (p=0.002) and Ty, (p<0.001) cells and
an increase in Ty (p<0.001) and Tpypa (2 <0.001) cells.
In the CC coculture system, UMSCs restored the balance

(See figure on next page.)
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of the T-cell compartments by preventing the activation
and polarization of Ty (p=0.001) and Ty (p=0.001)
cells, leading to a reduction in the populations of Ty
(»<0.001) and Tppga cells (p<0.001). This effect was lost
in the TW coculture system (p >0.05).

In CD8* T-cells, as shown in Fig. 4B, a similar trend
was observed. CD8" Ty cells (p<0.001) decreased sig-
nificantly, while Ty, cells increased (p=0.001) follow-
ing LPS stimulation. No significant change was observed
in CD8* Ty (p=0.853) and Tpypa cells (p=0.917). In
the CC coculture system, as expected, UMSCs effectively
corrected the imbalance in the CD8* T-cell compartment
by downregulating the Tp,, cells (»<0.001) and upregu-
lating the T\ cells (p<0.001) However, this effect was
absent in the TW coculture system.

In summary, our results demonstrate that LPS can fur-
ther mobilize T-cell reserves in the peripheral blood of
AIS patients, promoting the differentiation of T\ cells
into Ty and Tgyra cells. UMSCs effectively mitigate
this shift and restore balance within the T-cell compart-
ment through direct cell-cell interactions.

UMSCs protect against LPS-induced lymphocyte
dysfunction through mitochondrial transfer

and anti-oxidative stress

These findings suggest that UMSCs modulate the phe-
notype and function of LPS-induced PBMCs from AIS
patients in a cell contact-dependent manner, although the
underlying mechanism remains unclear. To further inves-
tigate how UMSCs protect against PBMC injury, we pre-
stained UMSCs with the MitoTracker fluorescent probe
and then cocultured them with unstained PBMCs for 72
h in both direct (CC) and indirect (T'W) contact systems,
as previously described [42]. After 72 h of ex vivo cocul-
ture, mitochondrial fluorescent signals from UMSCs
were detected in PBMCs within the CC coculture sys-
tem (Fig. 5A, B). This mitochondrial uptake was partially
blocked when the cells were separated by a 0.4 pm mem-
brane insert (Fig. 5A). To quantify mitochondrial transfer,

Fig. 3 UMSCs regulate LPS-induced Th-cell polarization and cytokine expression in PBMCs from AlIS patients through a contact-dependent
mechanism. A Schematic diagram of the ex vivo experimental setup. PBMCs were isolated from AlS patients within 3 d of stroke onset and then
cocultured with UMSCs under LPS stimulation for 72 h. PBMCs and coculture supernatants were collected separately for cell phenotype
identification and cytokine quantification. Experiments were conducted under both direct contact (CC) and indirect contact (TW) conditions
(N=6/group). B Frequency and distribution of Th cell subsets under LPS stimulation and UMSCs coculture. Data are represented as percentages

of total CD4* T cells. The pie chart shows the mean relative proportions of different Th cell subsets within the CD4* T cell population under different
coculture conditions. C Th17/Treg cell ratio under various coculture conditions. D Expression levels of key genes involved in Th cell differentiation
under CC coculture conditions. Concentration of IL-6 (E), IL-10 (F), IL-17 (G), TNF-a (H), and IFN-y (I) in different coculture systems. Statistical data are
presented as scatter plots showing mean values with SD. Multiple data comparisons were performed using one-way ANOVA with the LSD post hoc
test or Welch's t-test with Dunnett’s post hoc test, while two-group comparisons were conducted using a t-test, with p <0.05 considered statistically
significant. *p < 0.05, **p < 0.01, and ***p <0.001. Abbreviations: LPS, lipopolysaccharide; CC, contact coculture system; TW, Transwell coculture

system; IFN-y, interferon-gamma; TNF-q, tumor necrosis factor-alpha
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CD3* T cells were gated, and the proportion of PBMCs
with positive mitochondrial fluorescence was calculated.
Following 72 h of coculture, 84.22% of the T cells in the
CC system internalized UMSC-derived mitochondria,
while only 31.13% of T cells in the TW system exhibited
mitochondrial uptake (Fig. 5C). A significant difference
in mitochondrial uptake between the two systems was
observed (p <0.001; Fig. 5C).

We used JC-1 and ROS assays to evaluate PBMC mito-
chondrial function. As shown in Fig. 5D, LPS significantly
reduced MMP in PBMCs compared to the negative
control (p=0.002). This reduction was reversed when
PBMCs were cocultured with UMSCs in the CC cocul-
ture system (p<0.001); however, the reversal became
ineffective in the TW coculture system (p=0.997;
Fig. 5E). Furthermore, as shown in Fig. 5F, LPS-treated
PBMCs exhibited a dramatic increase in ROS expression
in T cells (p<0.001), with a corresponding increase in
overall T-cell ROS expression levels (p <0.001). However,
this increase was significantly reduced when PBMCs
were cocultured with UMSCs in the CC coculture system
(ROS* T cell population: p=0.001, ROS MFI: p=0.001;
Fig. 5G). No significant differences in ROS levels were
observed between LPS-treated PBMCs and those in
indirect contact with UMSCs (ROS* T cell population:
p=0.471, ROS MFL: p=0.842; Fig. 5G).

Collectively, the direct interaction between UMSCs
and PBMCs facilitates the internalization of UMSC-
derived mitochondria into T cells, which is associated
with improved MMP and reduced ROS production.
These findings suggest that mitochondrial transfer from
UMSCs plays a key role in their protective effects on
PBMCs, although the underlying mechanisms remain to
be fully elucidated.

UMSCs alleviate acute neurological deficits and peripheral
immune dysregulation after ischemic stroke,

with mitochondrial depletion abolishing these effects

To investigate the role of mitochondrial transfer in the
protective effects of UMSCs, mtDNA depletion was
achieved in UMSCs by treating them with the FDA-
approved ddC, reducing their mtDNA content by
50-80% (Fig. 6A). Morphological changes in UMSC cells
during mtDNA depletion are shown in Figure S5. As

(See figure on next page.)
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depicted in Fig. 6B, C57BL/6] mice underwent a 45-min
ischemic stroke via MCAO, followed by reperfusion. Two
hours post-reperfusion, the mice were randomly assigned
to receive one of the following treatments via tail vein
injection: 6x10°/kg normal UMSCs, mtDNA-depleted
UMSC:s, or saline as a control. After 72 h, the mice were
euthanized, and various endpoints were assessed. Statis-
tical data are provided in Table S9-13.

UMSC treatment significantly reduced the infarct
volume (p=0.017, Fig. 6E) compared to control mice,
whereas mtDNA-depleted UMSCs showed no signifi-
cant effect (p=1.000). The adoptive transfer of UMSCs
also potentiated short-term sensorimotor function, as
evidenced by a decreased Longa test score (p=0.003,
Fig. 6C) and an increased left forelimb touch frequency
in the cylinder test (p<0.001, Fig. 6D). In contrast,
mtDNA-depleted UMSCs improved performance only in
the cylinder test (p <0.001, Fig. 6D) but had no effect on
the Longa test score (p=1.000, Fig. 6C), suggesting that
mitochondrial transfer plays an important role in func-
tional recovery. Additionally, stroke-induced reduction
in spleen weight was observed in MCAO mice (p <0.001,
Fig. 6F), a sign of immune suppression often associated
with ischemic stroke. UMSC treatment mitigated this
reduction (p<0.001), whereas mtDNA depletion abol-
ished this effect (p=0.837).

T-cell phenotypes and cytokine production were also
assessed in MCAO mice. While the total T cell propor-
tion remained unchanged (Fig. S6A), the proportion of Th
cells significantly decreased (p=0.004, Fig. 6G), whereas
Tc cells increased (p=0.001) at day 3 post-stroke. UMSC
treatment did not significantly alter the proportions of
Th and Tc cells (p>0.05), but significantly reduced the
elevated Th17 (p=0.004) and Treg (p=0.003) cell popu-
lations (Fig. 6H). Unlike in AIS patients, the Th17/Treg
ratio did not change following UMSC treatment (p >0.05,
Fig. 6I). Consistent with findings in AIS patients, levels
of other cytokines in the peripheral blood of mice remi-
aned unchanged (p >0.05, Figure S6B-G), except for IL-6,
which was significantly upregulated following ischemic
stroke (p=0.007). UMSC treatment reduced IL-6 levels
(p=0.016), an effect that was reversed by mtDNA deple-
tion (p=0.992, Fig. 6]).

Fig. 4 UMSCs target LPS-induced T-cell compartments shift in PBMCs from AIS patients. Frequency and distribution of T cell compartments
among CD4" (A) and CD8* (B) T cells under various coculture conditions. Data are represented as percentages of total CD4* (A) and CD8" (B)

T cells. The pie charts show the mean relative proportions of different T cell compartments within the CD4* (A) and CD8" (B) T cell populations
across different coculture systems. Statistical data are presented as scatter plots with mean values and SD. Comparisons were performed using
one-way ANOVA with the LSD post hoc test or Welch's t-test with Dunnett’s post hoc test, with p <0.05 considered statistically significant. *p <0.05,

**p<0.01,and ***p<0.001
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Additionally, ischemic stroke-induced oxidative stress
in peripheral blood T cells of mice, as evidenced by a sig-
nificant upregulation in both the proportion (p=0.005)
and expression levels (p=0.010) of ROS-expressing cells
(Fig. 6K). UMSC treatment inhibited this oxidative stress
(ROS* T cell population: p=0.008; ROS MFIL: p=0.047),
but this protective effect was lost following mtDNA
depletion (p >0.05, Fig. 6K).

Taken together, our results indicate that mitochon-
drial depletion abolishes the protective effects of UMSCs
on both brain injury and the peripheral immune dysregu-
lation following MCAO.

Mitochondrial depletion inhibits UMSC-mediated reversal
of the T-cell compartment shift in ischemic stroke mice
To confirm the effect of UMSCs in vivo administration
on the dynamic differentiation of peripheral T cells fol-
lowing ischemic stroke, we analyzed the composition of
T cell compartments in the peripheral blood of mice. The
proportions of Ty, Tey, T cells, and Tpy cells were
detected by flow cytometry, with statistical data sum-
marized in Table S12. As shown in Fig. 7, consistent with
clinical data, both CD4" and CD8* T-cell compartments
in ischemic stroke mice underwent a shift from the naive
population to memory or effector populations.
Specifically, in CD4" T cells (Fig. 7A), the MCAO
group showed a significant decrease in T cells compared
to the sham group (p=0.046), while the proportions of
Teym @=0.025), Tey (p=0.002), and Ty (p<0.001) cells
were significantly increased. UMSC treatment effectively
reversed this shift, as indicated by the significant down-
regulation of Tp,; (p=0.012) and Ty cells (»=0.001),
along with a significant increase in the Ty (p=0.021)
cell population. While not statistically significant com-
pared to the MCAO group, UMSC treatment induced a
trend toward decreasing T cell populations (p =0.925).

(See figure on next page.)
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Notably, this effect was abolished when mtDNA was
depleted in UMSCs.

A similar pattern was observed in CD8* T cells
(Fig. 7B), where ischemic stroke caused a significant
decrease in the Ty cell population (p=0.022) and an
increase in Ty, (p=0.038) and Ty (»<0.001) cell pop-
ulations. UMSC treatment partially reversed this shift,
particularly by significantly downregulating Tpy cells
(p<0.001) and upregulating Ty cells (p=0.028). How-
ever, when mtDNA was depleted in UMSCs, the effects
were lost.

Overall, our findings demonstrate that UMSC treat-
ment effectively mitigates peripheral immune dysregu-
lation following ischemic stroke by reversing the shift in
T-cell compartments, with mitochondrial function play-
ing a pivotal role in their therapeutic efficacy.

Discussion

Emerging research highlights that peripheral inflamma-
tion-mediated secondary injury offers significant poten-
tial as a target for stroke treatment. UMSCs hold promise
by mitigating progressive inflammation both centrally
and peripherally, thereby addressing the broader patho-
logical scope of stroke and extending the therapeutic
window beyond traditional brain-focused approaches.
Here, we investigated the T-cell response following
ischemic stroke and explored the therapeutic potential
of UMSCs, focusing on mitochondria-mediated rescue
of the T-cell phenotype. This is the first study to demon-
strate mitochondrial transfer from UMSCs to peripheral
T cells, effectively reversing T-cell compartment shifts
and alleviating oxidative stress. Our findings advance
the novel strategy of UMSC-mediated T-cell metabolic
reprogramming, offering a protective peripheral immune
environment to support brain repair in ischemic stroke.

Fig. 5 UMSCs transfer mitochondria to PBMCs in AlS patients and restore their mitochondrial function. PBMCs were isolated from AlS patients
within 3 d of stroke onset and cocultured with MitoTracker-labeled UMSCs under LPS stimulation ex vivo for 72 h. The effects of UMSCs on MMP
and ROS levels in PBMCs were assessed via JC-1 and ROS staining. Experiments were conducted under both direct contact (CC) and indirect
contact (TW) conditions (N=6/group). A, B Representative images of PBMCs following mitochondrial transfer in the coculture system. Violet:
MitoTracker; blue: DAPI (cell nuclei); scale bars: 20 and 50 um. B Merged image of stained exogenous mitochondria overlaid with visible microscopy
under the CC coculture system. The black arrow indicates UMSCs, and the white arrow indicates PBMCs. C Representative flow cytometry plots

and statistical graphs of mitochondrial fluorescence expression in T cells. D Fluorescence microscopy of PBMCs stained with JC-1 after coculture.
The images depict JC-1 aggregates (red fluorescence), JC-1 monomers (green fluorescence), and merged images. The accumulation of JC-1 dye

in the mitochondrial matrix results in red fluorescence; as the MMP decreases, JC-1 remains in its monomeric form, producing green fluorescence. E
Quantified JC-1 fluorescence intensity data obtained through flow cytometry. F Fluorescence microscopy of PBMCs stained for ROS after coculture.
The images show ROS (green fluorescence), DAPI (blue fluorescence), and merged images. G ROS levels measured by flow cytometry, presented

as the percentage of ROS-positive cells (left) and the fluorescence intensity of ROS (right). Statistical data are presented as scatter plots with mean
values and SD. T-tests (C) and the Welch T-test with Dunnett’s post hoc test (E, G) were used for group comparisons, with p <0.05 considered
statistically significant. ns indicates not significant or p>0.05; *p < 0.05, **p < 0.01, and ***p <0.001. Abbreviations: Pos: LPS stimulated; Neg: negative
stimulated; Ctrl: control group (without UMSCs); ROS, reactive oxygen species; MFI, mean fluorescence intensity
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First, we characterized the T-cell compartments in
ischemic stroke patients and mice. Following a cerebral
ischemic attack, T cells react to danger-associated molec-
ular patterns released by dead neurons through antigen-
dependent antigen recognition and display an activated
phenotype [27]. Ty cells are the source of an antigen-spe-
cific T-cell after antigen priming and once activated, they
differentiate into Ty, and Tpyza, leading to the increase
of immunodominant central nervous system antigen-
specific T-cells [24]. Chronic infection and persistent
antigen stimulation impair lymphocyte function, leading
to the acquisition of an exhausted phenotype [16]. The
early activation of CD4" Ty and Ty cells increases the
risk of infection and is associated with worse outcomes
[67], potentially contributing to stroke-induced immu-
nosuppression (SIIS), a neuroimmune imbalance charac-
terized by an early loss and functional deactivation of T
cells [61]. Zhang et al. reported the increased expression
of inhibitory receptors PD-1 on activated CD4" T cells
in the stable phase (defined as 10-30 days post-IS) [25].
Consistent with these studies, we observed a significant
decrease in both CD4" and CD8* Ty cell populations
in the peripheral blood of ischemic stroke patients and
mice, which correlated with stroke severity in patients. In
contrast, Ty and Tpyra cells in patients, as well as PD-1
high-expression Tpx cells in mice, significantly increased,
with the increase in patients persisting up to 7 days post-
stroke. In addition, we observed significant atrophy of the
spleen-the largest peripheral immune organin MCAO
mice, indicating a marked loss of adaptive immune cells
following stroke [68]. Our results suggest that stroke
triggers the activation of Ty cells and skew T-cell com-
partments, leading to a significant increase in terminally
exhausted phenotypes, which may elevate the risk of SIIS.

In addition, the shift of T-cell compartments is always
accompanied by specific increases in Th1l and Th17 cells
and activated Treg cells in CD4* T cells in ischemic

(See figure on next page.)
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stroke patients and mice [69, 70]. Th17 cells specifically
produce IL-17, playing a crucial role in pro-inflammatory
effects, activating chemotaxis-related genes in microglia,
and exacerbating neurological deficits [71]. In contrast,
Treg cells express IL-10, shifting microglia gene expres-
sion toward a pro-regenerative function and enhancing
microglial repair activity [72-75]. Moreover, Th17/Treg
imbalance has been associated with impaired immune
responses and increased susceptibility to infections post-
stroke [60]. Importantly, Treg and Th17 cells share a
close developmental relationship, both originating from
naive T cells and relying on the TGF-f signaling path-
way for initial differentiation [76]. TGF-f} alone promotes
Treg differentiation, while the presence of IL-6 activates
STAT3, driving T cells preferentially toward Th17 dif-
ferentiation and further supporting Th17 cell expansion
[77]. Consistent with previous studies, we observed a
peripheral Th17/Treg imbalance [78] and upregulation of
IL-6 [79, 80], both of which correlate with stroke severity,
underscoring the importance of the Th17/Treg balance as
a peripheral immune marker and therapeutic target for
neuroinflammation in AIS.

UMSC transplantation exerts a neuroprotective effect
in AIS by alleviating the peripheral inflammatory envi-
ronment and promoting Treg cell expansion [28, 32, 68,
81]. Initially attributed to "bystander" effects, the robust
anti-inflammatory and immunomodulatory properties
of UMSC:s following systemic delivery are now believed
to be primarily mediated through mitochondrial trans-
fer. Activated CD4+T cells rapidly adhere to MSCs,
which transfer mitochondria to these activated T cells,
resulting in the suppression of Th1l and Th17 responses
while promoting the expansion of a highly suppressive
Treg cell population [38—42]. Additionally, mitochon-
drial transfer facilitates the conversion of Th17 cells into
Treg cells, thereby re-establishing the Th17/Treg balance
[82]. Furthermore, MSC-derived mitochondria reduce

Fig. 6 Mitochondrial depletion abolishes the therapeutic effect of UMSCs on neurological deficits and peripheral immune microenvironment

in MCAO mouse models. A RT-gPCR analysis of mtDNA expression in UMSCs during ddC depletion. B Experimental design for UMSCs treatment

in experimental ischemic stroke. The experiment included four groups: sham surgery, MCAO, MCAO +UMSC treatment, and MCAO + UMSC (ddC)
treatment (N=>5/group). Brain tissues were collected for TTC staining, spleens were harvested and weighed, and peripheral T cells and plasma
were isolated for T cell phenotype and cytokine analysis. Data are presented as scatter plots with median values and IQR. Severity and recovery

of sensorimotor deficits after cerebral focal ischemia were assessed using the Longa test (C) and cylinder test (D). (E) TTC staining of brain slices

3 days post-ischemia (white indicates the infarct area), with quantification of infarct volume based on relative proportion from TTC staining. F
Comparison of spleen weights across different treatment groups. G Representative flow plot and frequencies of Tcell subsets in different treatment
groups, expressed as percentages of total CD45" cells. H Representative flow plot and frequencies of Th17 and Treg cells, expressed as percentages
of total CD4* T cells. | Comparison of Th17/Treg cell ratio among groups. J IL-6 concentration in different mouse model groups. K Flow histogram
and ROS expression in total T cell across different groups. Except for additional annotations, data are presented as scatter plots with mean values
and SD. Statistical comparisons were performed using repeated measures analysis of variance, one-way ANOVA with Tukey's post hoc test, Welch's
t-test with Dunnett’s post hoc test, or the Kruskal-Wallis test, with p <0.05 considered statistically significant. *p < 0.05, **p <0.01, and ***p <0.001.
Abbreviations: mtDNA, mitochondrial DNA; MCAO, middle cerebral artery occlusion
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values and SD (N=5/group). Comparisons were performed using one-way ANOVA with Tukey's post hoc test or Welch'’s t-test with Dunnett’s

post hoc test, with p <0.05 considered statistically significant. *p <0.05, **p <0.01, and ***p <0.001. Abbreviations: Ty cells, exhausted T cells
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the production of pro-inflammatory cytokines, includ-
ing IL-17, TNF-a, and IFN-y, in T cells [83, 84]. Mito-
chondrial transfer from MSCs has also been shown to
attenuate  hypoxia—ischemia-induced mitochondrial
dysfunction in PC12 cells [36], reduce ROS levels in
neural cells, and improve cell survival in MCAQO mice
[85]. In line with this research, our findings indicate that
UMSC-mediated protection in ischemic stroke operates
through both central and peripheral mechanisms. Cen-
trally, UMSC treatment provides neuroprotection and
facilitates neural recovery in the MCAO mouse model.
Peripherally, UMSCs alleviate LPS-induced exacerbation
of stroke-primed T-cell response ex vivo by reversing the
skewing of Ty and Ty cells toward Tgypa and Tpy, cells
and restoring the Th17/Treg imbalance, accompanied
by immune resolution by downregulation proinflamma-
tory IL-17, TNF-a, and IFN-y. This immune modulation
is further verified in vivo in MCAO mice. Notably, block-
ing direct contact between UMSCs and T cells using a
semi-permeable membrane in vitro, as well as knocking
out mtDNA in UMSCs in vivo, abolishes the therapeutic
effects of UMSCs, highlighting the crucial role of mito-
chondrial transfer in UMSC-mediated protection against
ischemic stroke.

Our prior studies have suggested that neural stem cell-
derived organelles could mimic respiration chain func-
tion and rectify excessive mitochondrial ROS production
[86], which prompted us toinvestigate whether UMSCs
similarly affect T cell mitochondrial function, thereby
driving T cell dynamics. Emerging research underscores
the critical role of cellular energy metabolism and ROS
synthesis in T-cell activation and differentiation [87].
Naive T cells are metabolically quiescent, but undergo
metabolic reprogramming upon activation, shifting
from OXPHOS to aerobic glycolysis until sufficient dif-
ferentiation occurs to support effector function [88].
Fully differentiated inflammatory Th17 cells primarily
rely on glycolysis, while Treg cells depend more on the
tricarboxylic acid (TCA) cycle [89]. Mitochondria not
only serve as the energy factory for the TCA cycle and
OXPHOS but also constitute the main cellular source of
ROS synthesis [90]. Mitochondrial-derived ROS func-
tion as signaling molecules that influence T-cell fate and
function. While moderate ROS levels facilitate naive
T-cell activation, chronic antigen stimulation leads to
mitochondrial dysfunction and excessive ROS produc-
tion, driving T-cell exhaustion rather than memory for-
mation; reducing ROS levels mitigates this effect [91,
92]. Furthermore, enhanced ROS synthesis stabilizes
the transcription factor RORyt, promoting Th17 differ-
entiation [93], and boosting proinflammatory cytokines
expression [94]. Previous studies by Zhang et al. [95]
and Wang et al. [96] have demonstrated that cerebral
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ischemia induces glycolysis in peripheral CD4* T cells,
contributing to Th17/Treg imbalance, and that targeting
key regulators in metabolic pathways can reverse these
effects and improve stroke recovery. Thus, mitochon-
drial metabolism and ROS levels critically regulate T-cell
compartmental dynamics and the Th17/Treg balance. In
our study, we found that UMSCs transfer mitochondria
to T cells, reducing oxidative stress and restoring the
MMP in activated T cells. These findings were further
validated in MCAO mice, where the therapeutic effects
of UMSCs were abolished upon mitochondrial depletion.
Building upon these insights, our results highlight mito-
chondrial transfer as a key mechanism underlying the
immunomodulatory effects of UMSCs, with metabolic
reprogramming likely playing a pivotal role in UMSC-
mediated T-cell protection in AIS patients.

The limitations of this study are as follows: First, the
sample size of AIS patients is relatively small. Future
studies should include a larger cohort and stratify by
gender, age, and disease severity to provide a more com-
prehensive and detailed understanding of peripheral
immune profile changes in stroke patients. Second, the
mechanisms underlying UMSC-mediated T-cell immune
regulation remain insufficiently explored. Given that T
cells are highly dynamic and heterogeneous, with meta-
bolic adaptations involving throughout the process from
activation to exhaustion, further studies are needed to
elucidate the pathways involved in mitochondrial trans-
fer and regulation. This includes investigating key signal-
ing molecules, mitochondrial biogenesis, and the role of
oxidative stress. Finally, additional in vivo experiments
are necessary to determine the optimal UMSCs dosage
required for effective mitochondrial transfer to T cells
and the subsequent modulation of immune functions.

Graphic abstract

Following acute ischemic stroke (AIS), T cells are exposed
to persistent antigens and inflammatory signals, leading
to the activation of T\ cells into effector and memory T
cells. Effector T cells then differentiate into various sub-
sets, resulting in an imbalance in the Th17/Treg ratio.
This imbalance is accompanied by elevated IL-6 levels,
which correlate with disease severity and play a crucial
role in the progression of acute cerebral ischemia. The
exposure of primed T cells to LPS further exacerbates Ty
cell mobilization, shifting T-cell compartments toward
Temra @and Tpy, cells. This process drives effector T cells
toward Th17 differentiation, aggravating the Th17/Treg
imbalance, and disrupting the peripheral immune micro-
environment, as evidenced by the upregulation of IL-6,
IL-17, IEN-y, and TNF-a. UMSCs, in response to the
LPS-induced poststroke inflammatory state, can inhibit
excessive T\ cell mobilization, prevent differentiation
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bias within the T-cell compartment and effector T cells,
and correct the disrupted peripheral immune microen-
vironment. Although UMSCs secrete IL-6 during this
process, leading to a cascade increase in IL-6 levels,
this does not promote Th17 cell differentiation. Instead,
UMSC:s transfer mitochondria to LPS-induced PBMCs,
reducing oxidative stress and restoring the mitochon-
drial membrane potential (MMP), suggesting that mito-
chondrial transfer is a key mechanism underlying the
immunomodulatory effects of UMSCs, with metabolic
reprogramming likely contributing to T-cell protection in
AIS patients.

Conclusion

In conclusion, this study highlights the complex immune
dysregulation following AIS and demonstrates the thera-
peutic potential of UMSCs in restoring immune balance,
mitigating inflammation, and enhancing mitochondrial
function in stroke patients. Further research is warranted
to elucidate the precise mechanisms underlying UMSC-
mediated immunomodulation and to assess their clinical
applicability in stroke treatment.
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