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Remote Limb Ischemic Postconditioning
Protects Against Ischemic Stroke by
Promoting Regulatory T Cells Thriving

Hai-Han Yu, MD*; Xiao-Tong Ma "/, MD*; Xue Ma, MD; Man Chen, MD; Yun-Hui Chu, MD; Long-Jun Wu
Wei Wang, MD, PhD; Chuan Qin, MD, PhD; Dai-Shi Tian “*/, MD, PhD

, PhD;

BACKGROUND: Remote limb ischemic postconditioning (RLIPoC) has been demonstrated to protect against ischemic stroke.
However, the underlying mechanisms of RLIPoC mediating cross-organ protection remain to be fully elucidated.

METHODS AND RESULTS: Ischemic stroke was induced by middle cerebral artery occlusion for 60 minutes. RLIPoC was
performed with 3 cycles of 10-minute ischemia followed by 10-minute reperfusion of the bilateral femoral arteries im-
mediately after middle cerebral artery reperfusion. The percentage of regulatory T cells (Tregs) in the spleen, blood,
and brain was detected using flow cytometry, and the number of Tregs in the ischemic hemisphere was counted using
transgenic mice with an enhanced green fluorescent protein-tagged Foxp3. Furthermore, the metabolic status was moni-
tored dynamically using a multispectral optical imaging system. The Tregs were conditionally depleted in the depletion of
Treg transgenic mice after the injection of the diphtheria toxin. The inflammatory response and neuronal apoptosis were
investigated using immunofluorescent staining. Infarct volume and neurological deficits were evaluated using magnetic
resonance imaging and the modified neurological severity score, respectively. The results showed that RLIPoC substan-
tially reduced infarct volume, improved neurological function, and significantly increased Tregs in the spleen, blood, and
ischemic hemisphere after middle cerebral artery occlusion. RLIPoC was followed by subsequent alteration in metabo-
lites, such as flavin adenine dinucleotide and nicotinamide adenine dinucleotide hydrate, both in RLIPoC-conducted local
tissues and circulating blood. Furthermore, nicotinamide adenine dinucleotide hydrate can mimic RLIPoC in increasing
Tregs. Conversely, the depletion of Tregs using depletion of Treg mice compromised the neuroprotective effects con-
ferred by RLIPoC.

CONCLUSIONS: RLIPoC protects against ischemic brain injury, at least in part by activating and maintaining the Tregs through
the nicotinamide adenine dinucleotide/nicotinamide adenine dinucleotide hydrate pathway.
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health, given its high mortality and morbidity."?
Unfortunately, only a few treatments for acute ce-
rebral infarction have been approved; they include
intravenous thrombolysis and vascular recirculation
mechanical thrombectomy, which have a narrow
time window and limited applicable population.3-

Isohemic stroke is a growing threat to human

Therefore, tremendous efforts have been made to de-
velop more potential therapies.

Research on ischemic postconditioning, a thera-
peutic procedure with several episodes of sublethal
ischemia or reperfusion in primary or distant organs
to protect primary organs against ischemic damage,
has become increasingly prominent.®” The protective
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CLINICAL PERSPECTIVE

What Is New?

e Remote limb ischemic postconditioning attenu-
ating ischemic brain injury is partly responsible
for an increase in regulatory T cells.

e Remote Iimb ischemic postconditioning
promotes thriving of regulatory T cells by
modifying the spectrum of metabolites, es-
pecially the decrease of nicotinamide adenine
dinucleotide:nicotinamide adenine dinucleotide
hydrate ratio.

What Are the Clinical Implications?

e FEasily feasible in patients, remote limb ischemic
postconditioning has high potential for acute is-
chemic stroke therapy.

e Modification of nicotinamide adenine
dinucleotide:nicotinamide adenine dinucleotide
hydrate ratio may have translational implications
because of its effects on the abundance of reg-
ulatory T cells.

Nonstandard Abbreviations and Acronyms

DEREG depletion of regulatory T cell

DT diphtheria toxin

FAD flavin adenine dinucleotide

MCAO middle cerebral artery occlusion

NAD* nicotinamide adenine dinucleotide

NADH nicotinamide adenine dinucleotide
hydrate

RLIPoC remote limb ischemic postconditioning

Tregs regulatory T cells

mechanisms underlying ischemic postconditioning
have contributed to multiple aspects. Previous studies
showed that ischemic postconditioning can improve
cerebral blood flow after reperfusion, reduce oxida-
tive stress injury,®~'° and inhibit inflammatory response
after cerebral ischemia.''?

The innate immune responses, including the ac-
tivation of microglia and neutrophils, play crucial
roles in ischemic brain injury; for example, neutro-
phils have been demonstrated to be involved in the
progression of ischemic preconditioning.'® Adaptive
immunity has also been reported to participate in in-
flammation induced by ischemic stroke.'* As a spe-
cialized subset of T lymphocytes, regulatory T cells
(Tregs) play a critical role in maintaining immune
tolerance and suppressing the overactivation of the
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immune system in several inflammatory diseases,
including ischemic stroke.'®'® Tregs orchestrate in-
flammation via releasing cytokines or direct contact
with other immunocytes.’®'” It has been reported
that Tregs can produce interleukin-10, attenuate
the infiltration of peripheral inflammatory cells into
the peri-infarct area, and suppress astrogliosis after
ischemic stroke.'®'819 Tregs have also been shown
to increase in the blood of stroke patients and exper-
imental stroke animals several days after ischemic
stroke.?%?! The Tregs in the brain were 2-fold among
CD4* T cells within a day after middle cerebral artery
occlusion (MCAO).?? These studies suggested that
Tregs in peripheral blood and the central nervous
system were involved in the pathological process of
ischemic stroke.

Considering these premises, it is reasonable to
speculate that remote limb ischemic postcondition-
ing (RLIPoC) can influence the quantity of Tregs in
the peripheral immune system, followed by infiltration
of the ipsilateral hemisphere after ischemic stroke.
Hence, in this study, we explored the influence of
RLIPoC on the quantity of Tregs and the underly-
ing mechanisms in an experimental ischemic stroke
model. Considering the importance of microglia in
the immune system of the central nervous system
and the interplay between microglia and Tregs,'®23
we explored how RLIPoC influences the induction of
Tregs and how it influences the thriving interaction of
Tregs with microglia.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Animals

Adult male C57BL/6J (wild type) mice (8-10 weeks,
20-25 g) were obtained from Vital River Laboratory
Animal Technology Co. Ltd., Beijing, China. The
C57BL/6-Tg (Foxp3-DTR/EGFP [enhanced green flu-
orescence protein]) mice (#32050-JAX, The Jackson
Laboratory, Bar Harbor, ME, USA), also known as
depletion of regulatory T cell (DEREG) bacterial artifi-
cial chromosome transgenic mice, were used to ab-
late Tregs via the injection of the diphtheria toxin (DT).
Fluorescence microscopy was used to detect Tregs
in B6129S-Tg (Foxp3-EGFP/icre) mice (#023161, The
Jackson Laboratory). The mice were housed in a 12-
hour light/dark cycle environment with a 22+1 °C tem-
perature and fed with food and water ad libitum. All
animal studies were approved by the Experimental
Animal Ethics Committee of Huazhong University of
Science and Technology.
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Ischemic Stroke Model and Remote Limb
Ischemic Postconditioning Procedure
Transient cerebral ischemia was induced by intralu-
minal occlusion of the right middle cerebral artery for
60 minutes, as described in a previous study.?* The
mice were anesthetized by the inhalation of isoflurane,
and right cervical vessels were exposed by making a
midline neck incision. The common carotid artery and
internal carotid artery were ligated temporarily. The ex-
ternal carotid artery was dissected further distally and
coagulated. A nylon suture coated with silicone was
inserted into the external carotid artery; the external
carotid artery trunk was used as a path to advance
the suture into the internal carotid artery and farther
into the circle of Willis, effectively occluding the mid-
dle cerebral artery. Reperfusion was allowed by nylon
suture removal and common carotid artery loosening
an hour later. Laser Doppler flowmetry was used to
monitor cerebral blood flow (CBF), and the animals
that showed a CBF reduction of <75% were excluded.

RLIPOC was performed immediately after the
MCAQO model. The bilateral femoral arteries were ex-
posed through skin incisions in the hind limbs and
carefully dissected from the surrounding facias, fem-
oral veins, and femoral nerves. Ischemia and reper-
fusion of the hind limbs were controlled by clamping
or releasing femoral arteries using microvascular
clamps. Three cycles of 10-minute ischemia followed
by 10-minute reperfusion of the bilateral femoral arter-
ies were performed immediately after middle cerebral
artery reperfusion.

Two hundred and forty-seven wild type mice
were made MCAO model, among whom 108 re-
ceived RLIPOC (MCAO+RLIPoC). Among the 247
wild type mice, 37 mice whose CBF reduction was
<75% and 29 mice that died at a different time point
after MCAO were excluded from this study. The re-
maining 181 mice were 78 in the MCAO group, 81
in the MCAO+RLIPoC group, 7 in the MCAO+Tregs
group, and 15 in the MCAO+NADH group, respec-
tively. Sixty-two B6129S-Tg (Foxp3-EGFP/icre) mice
were made MCAO model, among whom 26 received
RLIPoC. Among the 62 B6129S-Tg (Foxp3-EGFF/icre)
mice, 11 mice whose CBF reduction was <75% and
8 mice that died at a different time point after MCAO
were excluded from this study. The remaining 43 mice
were 19 in the MCAO group, 18 in the MCAO+RLIPoC
group, and 6 in the MCAO+NADH group, respectively.
Ten DEREG mice were made MCAO model. Among
the 10 DEREG mice, 2 mice whose CBF reduction
was <75% and 2 mice that died at a different time
point after MCAO were excluded from this study. The
remaining 6 mice were in the MCAO+DT+RLIPoC
group. The blood, spleen, and brain tissues were har-
vested at indicated time points.
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Tissue Metabolic Measurements
The multispectral optical imaging system developed
by Wuhan National Laboratory for Optoelectronics,
Huazhong University of Science and Technology, was
used to measure the tissue metabolism of flavin ade-
nine dinucleotide (FAD), Cytaa3-R (cytochrome aa3ina
reduced state), and Cytc-R (cytochrome ¢ in a reduced
state) in vivo, as mentioned in a previous study.?® Three
cycles of ischemic postconditioning were performed,
the raw images were collected continuously and im-
ported into MATLAB, and a region of interest on claw
image was chosen to calculate the changes in the con-
centrations of FAD, Cytaa3-R, and Cytc-R.
Nicotinamide adenine dinucleotide hydrate (NADH),
which oxidizes to nicotinamide adenine dinucleotide
(NAD"), was detected using an NAD*/NADH assay kit
(S0175, Beyotime Biotechnology, Shanghai, China),
according to the manufacturer’s instructions. Shortly
after ischemic postconditioning of the bilateral femoral
arteries, blood was collected in a tube with EDTA and
the tube was centrifuged for 15 minutes at 3000 rpm
(15009), 4 °C, to acquire plasma. In addition, 10 to
20 mg of the gastrocnemius muscle was collected
and homogenized with 400 pL of cold lysis buffer in
a 1.5 mL Eppendorf tube. The tube was centrifuged
for 10 minutes at 12 000g, 4 °C, to acquire the super-
natant. The total NAD*/NADH was detected by add-
ing 20 pL of plasma/supernatant to a 96-well plate. To
detect only NADH, 20 uL of plasma/supernatant incu-
bated at 60 °C for 30 minutes was added to a 96-well
plate. Subsequently, 90 uL of alcohol dehydrogenase
and 10 pL of chromogenic solution were successively
added to the same 96-well plate and incubated at 37
°C for 10 and 30 minutes, respectively. Subsequently,
the optical density at the wavelength of 450 nm was
measured. A standard curve was generated at the
same time as the samples to calculate the concentra-
tions of NADH and the total NAD*/NADH. The concen-
trations of NAD* were derived by subtracting NADH
from the total NAD*/NADH.

Mononuclear Cell Isolation

Regarding the brain tissue, mononuclear cells were
isolated by Percoll-gradient centrifugation. Each sam-
ple had 2 ischemic hemispheres. The brains were ob-
tained after cardiac perfusion with ice-cold PBS and
minced in RPMI-1640 containing DNase | (100 ug/
mL, Servicebio, China) and collagenase type Il (0.1%,
Servicebio, China). After incubation for 30 minutes at
37°C, an equal volume of RPMI-1640 containing 10%
fetal bovine serum (FBS) was added to inactivate en-
zymes. The brains were triturated thoroughly, passed
over a 70-um strainer, centrifuged at 300g for 5 min-
utes at 18 °C, and resuspended with 4 mL of 40%
stock isotonic Percoll (90% Percoll+10% 10x Hanks’
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Balanced Salt Solution). The cell suspension was care-
fully transferred into 15-mL centrifuge tubes containing
3 mL of 70% stock isotonic Percoll. The tubes were
centrifuged at 637.2g at an acceleration of 6 and de-
celeration of 2 for 30 minutes at 18 °C. The mononu-
clear cells were collected from the interphase between
40% and 70% of stock isotonic Percoll and washed 2
times with 10 mL of cold PBS.

Peripheral blood mononuclear cells were obtained
using Ficoll (17544602, GE Healthcare) by centrifuging
at 400g, 18°C, for 20 minutes. Splenocytes were iso-
lated after the spleen was homogenized through a 70-
pum strainer, followed by red blood cell lysis.

The mononuclear cells were resuspended with flow
staining buffer and counted, then used for flow cytom-
etry as described later.

Administration of Drugs
DT (15046A1, List Biologicals Laboratories) was used
as previously described.?® Conditional ablation of Tregs
in DEREG mice was achieved by intraperitoneal injec-
tion of DT (50 pg/kg body weight) 2 days before the
MCAQO model. Subsequently, an intraperitoneal dose
of DT (10 pg/kg body weight) was administered every
other day until day 3 after MCAQ.

NADH (NB129, Sigma-Aldrich) was administered by
intraperitoneal injection at a dose of 50 mg per mouse
within 1 hour after the MCAO model.

Tregs Isolation and Adoptive Transfer

The spleen was isolated from adult mice, and
CD4*CD25* Tregs were magnetically enriched from
single-cell suspensions of splenocytes, using a mouse
CD4*CD25* Regulatory T Cell Isolation Kit (130-104-
453, Miltenyi Biotec, Germany), according to the man-
ufacturer’s instructions. Purified CD4*CD25* Tregs
were transferred intravenously to recipient mice within
1 hour after the MCAO model, with a dose of 1 million
per mouse through the tail vein.

Primary Microglia Culture and Oxygen-
Glucose Deprivation

Primary microglia were isolated from neonatal
C57BL/6J mice as described before.?”?® The brains
were minced and digested in DMEM/F12 contain-
ing 0.125% trypsin after removing the meninges. The
triturated brains were passed over a 70-um strainer,
centrifuged at 159.3g for 10 minutes at 4 °C, resus-
pended with DMEM/F12 containing 20% FBS, and in-
cubated at 37 °C in a humidified atmosphere of 5%
CO,. The culture medium was replaced with DMEM/
high-glucose containing 20% FBS every 3 to 4 days
for 8 to 10 days. Microglia were isolated by shaking at
6.372g at 37 °C for 2 hours. The obtained microglia
were seeded into 12-well plates (2x105%/well) or 24-well
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plates (3x10%well) in DMEM/high-glucose containing
20% FBS for 24 hours before further treatment.

The media were replaced with PBS, and the cells
were incubated at 37 °C with 5% CO, and 1% O,. After
4 hours, PBS was replaced with DMEM/high-glucose
containing 20% FBS, and the Tregs were added to the
12-well plates (2x105/well) or 24-well plates (3x10%/well)
to be cocultured with the microglia at a ratio of 1:1.
Subsequently, the cells were returned to the normal
in a 5% CO, incubator. After 20 hours, Zymosan A
BioParticles conjugated with Alexa Fluor 488 (Z-23373,
Thermo Fisher Scientific, CA, USA) were added to the
24-well plates (12x10%well) and cocultured with mi-
croglia for 40 minutes at 37 °C. Finally, the microglia
were harvested to perform immunofluorescent staining
or quantitative reverse transcription-polymerase chain
reaction as described subsquently.

Flow Cytometry

The cells were incubated with anti-CD16/CD32
(KT1632, Invitrogen, Thermo Fisher Scientific) for
15 minutes at 4 °C. Single-cell suspensions of sple-
nocytes and peripheral blood mononuclear cells were
stained with CD4 fluorescein isothiocyanate (100510,
BioLegend, San Diego, CA, USA) and CD25 PE
(102007, BiolLLegend). Mononuclear cells isolated from
the brains were stained with CD3e PerCP-Cyanine5.5
(45-0031-82, eBioscience, San Diego, CA, USA), CD4
fluorescein isothiocyanate (11-0041-82, eBioscience, ),
CD8a PE-Cyanine7 (25-0081-82, eBioscience), and
CD25 APC (17-0257-42, eBioscience) for 30 minutes
at 4°C. Intracellular staining with Foxp3 APC (17-5773-
82, eBioscience) for splenocytes and peripheral blood
mononuclear cells and Foxp3 PE (12-4777-42, eBio-
science) for mononuclear cells isolated from brains
was followed by incubation for 30 minutes at 4°C after
cell fixation and permeabilization using the Foxp3/
Transcription Factor Staining Buffer Set (562574, BD
Pharmingen Inc., CA, USA) according to the manufac-
turer’s instructions. Finally, data were acquired with an
LSRII cytometer (BD Biosciences, San Jose, CA, USA)
and analysis was performed using FlowJo (TreeStar,
Ashland, OR, USA).

Immunofluorescent Staining

Immunofluorescence was described previously.?®
Briefly, brain slices and adherent cells were fixed in 4%
paraformaldehyde for 15 minutes, washed 3 times in
PBS, and then permeabilized by 0.25% Triton-X100 in
PBS. After blocking with 10% bovine serum albumin
for 1 hour at room temperature, slices or cells were
incubated with primary antibodies overnight at 4°C, fol-
lowed by corresponding secondary antibody incuba-
tion for 1 hour in the dark at room temperature. Finally,
antifade mounting medium with DAPI (P0131, Beyotime
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Biotechnology, Shanghai, China) was used to cover
slices. Primary antibodies included NeuN (neuronal nu-
clei; 94403, Cell Signaling Technology, Inc., MA, USA),
Cleaved-caspase3 (9664, Cell Signaling Technology,
Inc.), Iba-1 (019-19741, Wako Pure Chemical Industries,
Ltd., Osaka, Japan), Iba-1 (234004, Synaptic Systems,
Gottingen, Germany), MAP2 (17490-1-AP, protein-
tech, Wuhan, China), CD206 (AF2535, R&D Systems,
Minneapolis, MN, USA), CD16/CD32 (553142, BD
Pharmingen Inc., CA, USA), major histocompatibility
complex Il (14-5321-82, eBioscience), and Arg-1 (sc-
271430, Santa Cruz Biotechnology, Dallas, TX, USA).
Secondary antibodies labeled with Alexa Fluor 488,
Cy3, were purchased from Jackson ImmunoResearch
Laboratories, with a dilution of 1:200. Images were
acquired by confocal microscopy (FV1200, Olympus,
Japan). Three to 4 microscopic fields in the border of in-
farct were randomly captured for quantitative analysis.
The border of infarct was determined by the accumula-
tion and morphology of Iba-1* microglia/macrophages.
The percentage of double positive cells in Iba-1* cells
was analyzed by a blinded observer.

Terminal Deoxynucleotidyltransferase-
Mediated Biotin—Deoxyuridine
Triphosphate Nick-End Labeling Staining
A TUNEL (terminal deoxynucleotidal transferase—
mediated biotin—deoxyuridine triphosphate nick-end
labeling) staining kit (11684817910, Roche Holding AG,
Basel, Switzerland) was used according to the manu-
facturer’s instructions. Briefly, brain slices were fixed in
4% paraformaldehyde for 15 minutes, washed 3 times
in PBS, and then antigen retrieval was performed using
Citrate Antigen Retrieval Solution (P0081, Beyotime
Biotechnology, Shanghai, China). After permeabiliz-
ing and blocking by 5%-bovine serum albumin-0.25%
Triton-X100 in PBS for 30 minutes at room tempera-
ture, slices were incubated with a mixture of Enzyme
Solution and Label Solution (1:9) for 1 hour at 37 °C.
Slices were incubated with primary antibody NeuN
(24307, Cell Signaling Technology, Inc.) overnight at 4
°C after washing 3 times in PBS. The remaining steps
were the same as in immunofluorescent staining.

Reverse Transcription-Polymerase Chain
Reaction

Trizol (15596026, Invitrogen, Thermo Fisher Scientific)
was used to extract total RNA from the primary micro-
glia. A 20-uL reaction system containing 500 ng RNA
was used for reverse transcription, following the manu-
facturer’s instructions of PrimeScript RT Master Mix
(RRO36A, Takara Bio Inc., Shiga, Japan). Quantitative
polymerase chain reaction was performed using gPCR
SYBR Green Master Mix (11201ES08, Yeasen Biotech
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[Shanghai] Co., Ltd, Shanghai, China) with specific prim-
ers, under a reaction condition of 95°C for 5 minutes,
and 95°C (10 seconds) with a subsequent 60°C (30 sec-
onds) for 40 cycles. Related primer sequences were [3-
actin (Forward, 5- TGGAATCCTGTGGCATCCATGA-3,
Reverse, 5-AATGCCTGGGTACATGGTGGTA-3'),iINOS
(inducible nitric oxide synthase; Forward, 5-GCTTGTC
TCTGGGTCCTCTG-3, Reverse, 5-CTCACTGGGACAG
CACAGAA-3), TNF-a (tumor necrosis factor-alpha;
Forward, 5-ACGGCATGGATCTCAAAGAC-3, Reverse,
5-AGATAGCAAATCGGCTGACG-3'), CD86 (Forward,
5-GACCGTTGTGTGTGTTCTGG-3',Reverse, 5-GATGA
GCAGCATCACAAGGA-3'), Spp1 (secreted phospho-
protein 1; Forward, 5-CAGAATCTCCTTGCGCCACA-3,
Reverse, 5-TGGAGTGAAAGTGTCTGCTTGT-3)), inter-
leukin-13  (Forward, 5-TGTCTTGGCCGAGGACTAA
GG-3,Reverse, 5-TGGGCTGGACTGTTTCTAATGC-3)),
CD68 (Forward, 5-GGGCTCTTGGGAACTACACG-3,
Reverse, 5-GGATGGGTACCGTCACAACC-3"), and
Lgals3 (Forward, 5-CAGTGAAACCCAACGCAAAC
A-3’, Reverse, 5-CTCAAAGGGGAAGGCTGACT-3).
Primer specificity and cDNA quality were evaluated by
BLAST and fusion curve. B-actin was used as an inter-
nal reference, and the target gene expression level was
analyzed using the 2-22CT method.

Measurement of Infarct Volume

Infarct volume was assessed by magnetic resonance
imaging (MRI) or MAP2 staining. A 3-Tesla magnetic
resonance imaging was used to evaluate the infarct
volume. Coronal magnetic resonance imaging of mice
brain were continuously acquired, for a total of 16
slices (1 mmy/slice). The infarct volume was calculated
using total infarct area (mm?) to multiply by 1 mm. As
to MAP2 staining, 7 equally spaced (0.8 mm) coronal
brain slices encompassing the infarct region were ac-
quired, and the infarct volume was calculated using
total infarct area of these 7 brain slices (mm?) to multi-
ply by 0.8 mm.

Behavioral Tests

The neurological function was measured using the
modified Neurological Severity Score as described
before.?®

Statistical Analysis

Data were presented with box plots or mean+SEM.
GraphPad Prism software (version 7.0) was used
for statistical analyses. Kolmogorov-Smirnov or
Shapiro-Wilk normality test were performed to check
the normality, and P>0.05 conferred the data passed
the normality test. If the data passed the normality
test, the difference between both groups was as-
sessed by Student t test; otherwise Mann-Whitney
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test was performed. As to the comparison of dif-
ferences among multiple groups, 1-way ANOVA
was used when the data passed the normality
test; otherwise Kruskal-Wallis test was performed.
Differences in means across groups with repeated
measurements over time were analyzed using 2-
way ANOVA. When ANOVA or Kruskal-Wallis test
showed significant differences, pair-wise compari-
sons were tested using post hoc Bonferroni’s test
or Dunn’s test, respectively. P<0.05 was considered
statistically significant.

RESULTS

RLIPoC Reduced Neuronal Apoptosis and
Improved Neurological Outcomes After
MCAO

Neuroprotective effects have been observed for re-
mote ischemic postconditioning in brain injury disor-
ders.93%3" In the present study, neuronal apoptosis
was evaluated by immunofluorescent co-staining of
cleaved-caspase3 and NeuN. RLIPoC reduced neu-
ronal apoptosis after MCAQ, especially on early stage
(Figure 1A). The decrease of neuronal apoptosis was
functionally relevant, as neurologic deficits were sig-
nificantly ameliorated with a reduction of the modi-
fied Neurological Severity Score score, in the RLIPoC
group than in the MCAO group (Figure 1B). Besides,
protection from RLIPoC in MCAO mice was also indi-
cated by smaller infarct volumes on day 1 and 3 after
MCAQO (Figure 1C and 1D).

Taken together, these results indicate that RLIPoC
exhibits neuroprotective effects after MCAQ in mice.

RLIPoC Induces Peripheral Tregs
Abundance and Tregs Infiltration in the
Brain After MCAO

Previous studies reported that inflammation inhi-
bition underlies neuroprotection of ischemic post-
conditioning®3? and that T lymphocytes were also
susceptible to remote ischemic postconditioning.®3
Interestingly, we found that RLIPoC enhanced
the ratio of spleen mass to body weight on day 3
after MCAO (Figure S1), suggesting that immuno-
cyte activation might be involved in RLIPoC. We
next detected whether Tregs, an important type
of anti-inflammatory immunocytes, was affected
by RLIPoC. The influence of RLIPoC on peripheral
Tregs abundance was first assessed in the spleen
and blood using flow cytometry in this study. We ob-
served that Tregs (CD4*CD25*Foxp3*) percentage
among CD4* T cells was elevated both in the blood
and spleen on day 3 in the RLIPoC group than in the
MCAO group (Figure 2A and 2B). The frequencies
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of Tregs in the ipsilateral hemisphere were also af-
fected by RLIPoC, with a trend of increasing on day
3 after MCAO (Figure 2C). Consistent with the results
from flow cytometry, the number of Foxp3* Tregs
increased in areas surrounding the core of infarct
in the RLIPoC group mice (Figure 2D). These data
suggest that RLIPoC increased Tregs abundance in
the blood, spleen, and ipsilateral hemispheres after
MCAQ.

RLIPoC Induce Tregs Increase Via
Modulating Metabolite Concentrations In
Vivo
RLIPoC with repeated episodes of ischemia/rep-
erfusion was obviously followed by subsequent
changes of metabolism. T cells were suscepti-
ble to the metabolic environment, and metabolic
disorders can modify the spectrum of T cell sub-
sets.**3% Meanwhile, Tregs seemed to have natural
resistances to metabolically challenging milieu. In
condition contents of limited nutrients, such as the
tumor tissues or ischemic microenvironment, Tregs
were often thriving and functionally unaffected.3®-28
Therefore, we next monitored the metabolic status
of hind limbs that suffered from RLIPoC using a mul-
tispectral optical imaging system, which could con-
duct real-time measurements for several metabolites
in vivo.?® Consistent with previous research,?® clamp-
ing the femoral artery robustly decreased the level of
FAD in the ischemic region of the hind limb, in com-
parison with that at baseline. Reperfusion resulted in
rapid recovery of the FAD level (Figure 3A). Notably,
the level of FAD decreased progressively from the
first to the third cycle of RLIPoC, with a trend curve
shown in Figure 3A. Some other metabolites, such
as Cytaa3-R and Cytc-R, exhibited a contrary trend
to FAD.

The changes of FAD were opposite to NADH,3°
a metabolite with a oxidation state of NAD*, both
involved in the regulation of Tregs.®54%4! To investi-
gate changes of NAD*/NADH, plasma and regional
muscle tissue of the hind limb were collected imme-
diately after RLIPoC and detected using an NAD*/
NADH assay kit. The results revealed that the levels
of NADH were upregulated both in ischemic condi-
tioning muscle and circulating plasma after RLIPoC,
accompanied by a reduction of NAD* concentration
and subsequent NAD*:NADH ratio (Figure 3B and
3C). As such, we hypothesized that the imbalance of
NAD*:NADH might contribute to the Tregs increase
after RLIPoC. Therefore, NADH was administered
within 1 hour after the MCAO model (Figure 3D).
After 3 days, Tregs frequencies were evaluated in the
spleen and blood using flow cytometry, and results
showed that NADH (intraperitoneal 50 mg/mouse)
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Figure 1. RLIPoC confers neuroprotection after brain ischemic stroke.

A, Neuronal apoptosis was assessed by immunofluorescent staining of Cleaved-caspase3 and NeuN on days 1, 3, 7, and 14 after
MCAO. Representative confocal images of coronal sections are labeled with Cleaved-caspase3 and NeuN; quantitative analysis of
NeuN and Cleaved-caspase3 double positive cells are shown in the histogram. Scale bar=50 pym. Student t test, *P<0.05, **P<0.01
vs MCAO. n=6 per group. B, Neurological function was accessed by modified Neurological Severity Score (MNSS) at different time
points after MCAO. Two-way ANOVA repeated measurement, *P<0.05, **P<0.01, ***P<0.001 vs MCAO. n=25 to 50 in each group. C,
Infarct volume was measured by MAP2 immunostaining at 1 day after MCAQ. Student t test, **P<0.01 vs MCAO. n=5 to 6 per group.
D, Representative magnetic resonance images and quantification of infarct volume at 3 days after MCAO. Student t test, ***P<0.001
vs MCAQ. n=6 per group. MCAO indicates middle cerebral artery occlusion; mNSS, modified Neurological Severity Score; NeuN,
neuronal nuclei; and RLIPoC, remote limb ischemic postconditioning.

treatment can mimic the influence of RLIPoC on
Tregs and increase the percentage of Tregs in CD4*
cells, 20 mg/mouse with no obvious influence on
Tregs abundance (Figure 3E, Figure S2). Similarly,
the number of Tregs surrounding the core of infarct
in the brain was also elevated on day 3 after NADH
administration (Figure 3F).

Taken together, these results elucidated that
RLIPoC might stimulate Tregs to thrive after MCAO

J Am Heart Assoc. 2021;10:e023077. DOI: 10.1161/JAHA.121.023077

through orchestrating metabolic modification, such as
downregulating the ratio of NAD*:NADH.

RLIPoC-Induced Neuroprotection Against
MCAO was Mediated by Increasing Tregs

Considering that Tregs could ameliorate brain injury
after ischemic stroke,'®#? and the aforementioned re-
sults indicated that RLIPoC can induce Tregs increase,
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Figure 2. RLIPoC increases Tregs abundance in the blood, spleen, and brain.

A, Representative flow cytometry plots of CD4* CD25* Foxp3* Tregs in the blood and spleen on day 1, 3, and 7 after MCAO. B,
Quantification of percentages of CD25* Foxp3* Tregs among CD4"* T cells in the blood and spleen. Student ¢ test, *P<0.05, ***P<0.001
vs MCAO. n=5 to 6 per group. C, Representative flow cytometry plots and quantification of percentages of CD25* Foxp3* Tregs
among CD4* T cells in ipsilateral hemispheres on days 1, 3, and 7 after MCAO were shown in the histogram. Student t test, *P<0.05
vs MCAO. n=5 to 6 per group. D, Tregs number at peri-infarct area was evaluated using transgenic mice with EGFP-tagged Foxp3 at
different time points after MCAO. Representative confocal images of coronal sections labeled Tregs with EGFP and quantification of
EGFP-positive cells are shown in the histogram. Scale bar=50 pm. Student t test, *P<0.05 vs MCAQ. n=6 per group. EGFP indicates
enhanced green fluorescence protein; MCAO, middle cerebral artery occlusion; RLIPoC, remote limb ischemic postconditioning; and
Tregs, regulatory T cells.

we then investigated whether RLIPoC-induced neu- donor mice with a degree of purity as high as 93.3%
roprotection was mediated by Tregs after MCAO. (Figure S3), and were then transferred into recipient
CD4*CD25* Tregs were magnetically isolated from mice (intravenous, 1x10%/mouse) within 1 hour after
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Figure 3. RLIPoC facilitated Tregs increase via modifying metabolic spectrum.

A, Images of blood flow (top) and curves of the dynamic concentration changes of metabolites (FAD, Cytaa3-R, and Cytc-R)
in the region of the hind limb underwent RLIPoC in vivo, which was monitored using a multispectral optical imaging system.
O indicates occlusion of the bilateral femoral arteries; and R, reperfusion of the bilateral femoral arteries. B, Concentrations
of NAD* and NADH, and the ratio of NAD* to NADH, in muscle that underwent RLIPoC. Student t test, *P<0.05, **P<0.01
vs control. n=4 per group. C, Concentrations of NAD* and NADH and the ratio of NAD* to NADH in the blood. Student
t test, *P<0.05, **P<0.01 vs control. n=4 per group. D, Scheme for NADH administration. NADH (intraperitoneal 50 mg/
mouse) was administered within 1 hour after the MCAO model, and the mouse was euthanized at 3 days after MCAO
and NADH administration. E, Representative flow cytometry plots and quantitation of percentages of CD25* Foxp3* Tregs
among CD4* T cells in the blood and spleen after 3 days of MCAQO are shown in the histogram. Student t test, *P<0.05,
**P<0.01 vs MCAO. n=5 to 6 per group. F, Representative confocal images of coronal sections labeled Tregs with EGFP, and
quantification of EGFP-positive cells are shown in the histogram. Scale bar=50 ym. Student t test, *P<0.05 vs MCAO. n=6 per
group. Cytaa3-R indicates cytochrome aa3 in a reduced state; Cytc-R, cytochrome c in a reduced state; EGFP, enhanced
green fluorescence protein; FAD, flavin adenine dinucleotide; MCAO, middle cerebral artery occlusion; NAD+, nicotinamide
adenine dinucleotide; NADH, nicotinamide adenine dinucleotide hydrate; RLIPoC, remote limb ischemic postconditioning;
and Tregs, regulatory T cells.
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MCAQO, named the MCAO+Tregs group (Figure 4A).
We also conditionally depleted endogenous Tregs in
DEREG mice via injection of DT (Figure 4A). The ef-
ficacy of ablation was confirmed by flow cytometry in

J Am Heart Assoc. 2021;10:e023077. DOI: 10.1161/JAHA.121.023077

the blood and spleen, and more than 90% Tregs were
successfully depleted (Figure 4B). TUNEL staining was
performed to evaluate neuronal apoptosis at the peri-
infarct region. Tregs injection or RLIPoC treatment

10



Yuetal RLIPoC Promotes Tregs Thriving

Figure 4. Depletion of Tregs in vivo abolished neuroprotection conferred by RLIPoC.

A, Scheme for ablation of Tregs in DEREG mice (left) and purified Tregs transferring to recipient mice (right). Diphtheria toxin (DT;
intraperitoneal, 50 pg/kg body weight) was administered 2 days before the MCAO model and was administered again with a dose of
10 pg/kg body weight every other day until the mouse was euthanized. Purified CD4*CD25* Tregs were transferred intravenously to
recipient mice within 1 hour after the MCAO model, with a dose of 1 million per mouse through the tail vein. B, The efficacy of Tregs
ablation in DEREG mice using DT. Representative flow cytometry plots and the quantitation of percentages of CD25* Foxp3* Tregs
among CD4* T cells in the blood and spleen are shown in the histogram. Student t test, *P<0.05 vs PBS. n=3 per group. C, Neuronal
apoptosis was assessed by TUNEL staining at 3 days after MCAO. Representative confocal images of coronal sections labeled with
TUNEL and NeuN; the quantitation of NeuN and TUNEL double positive cells are shown in the histogram. Scale bar=50 pm. Kruskal-
Wallis test with Dunn’s post hoc test. n=6 per group. D, Representative magnetic resonance images and quantification of infarct volume
at 3 days after MCAO. One-way ANOVA with Bonferroni’s post hoc test. n=6 per group. DEREG indicates depletion of regulatory T cell;
MCAO, middle cerebral artery occlusion; NeuN, neuronal nuclei; RLIPoC, remote limb ischemic postconditioning; Tregs, regulatory T

cells; and TUNEL, terminal deoxynucleotidal transferase—mediated biotin—deoxyuridine triphosphate nick-end labeling.

significantly attenuated brain injury with the reduction
of neuronal apoptosis percentage, compared with
the MCAO group (Figure 4C), on day 3 after MCAQ.
Of note, RLIPoC-mediated neuronal protection was
blockaded in Tregs-depleted DEREG mice (Figure 4C).
In addition, we assessed the infarct volume by perform-
ing magnetic resonance imaging. The results showed
that RLIPoC treatment resulted in a smaller infract vol-
ume, but the depletion of Tregs abolished the RLIPoC-
mediated decrease of infarct volume (Figure 4D).

Collectively, these results suggested that RLIPoC-
induced neuroprotection through increasing Tregs,
and conditional depletion of Tregs abrogated RLIPoC-
mediated neuroprotection after MCAO.

Microglia/Macrophages Were a Major
Target for the Anti-Inflammatory/
Neuroprotective Effect of Tregs
As the resident immunocyte in the central nervous
system, microglia play a prominent role in orchestrat-
ing the inflammatory response to ischemic stroke.*®
lba-1* microglia/macrophages were observed in close
proximity to EGFP-tagged Tregs in the peri-infarct area
(Figure S4). To investigate the influence of RLIPoC or
Tregs on microglia/macrophages, we evaluated several
pro/anti-inflammatory markers expressed in microglia/
macrophages surrounding the infarct at 3 days after
MCAQO using immunofluorescent staining. The border
of infarct was defined by the accumulation and mor-
phology of Iba-1* cells (Figure S5), and Iba-1* microglia/
macrophages at the border of infarct were captured and
analyzed. CD16/32 and major histocompatibility com-
plex I, proinfammatory markers expressed in micro-
glia/macrophages, were significantly decreased after
RLIPoC treatment or Tregs injection, whereas Tregs de-
pletion abrogated this effect mediated by RLIPoC treat-
ment (Figure 5A and 5B). Unexpectedly, RLIPOC/Tregs
treatment did not facilitate microglia/macrophages
phenotyping toward an anti-infammatory profile, as
anti-inflammatory markers (CD206 and Arg-1) did not
show significant changes (Figure 5C and 5D).

Remote ischemic postconditioning influences the in-
flammatory status via various aspects.** To investigate

J Am Heart Assoc. 2021;10:e023077. DOI: 10.1161/JAHA.121.023077

the effects of Tregs on microglia directly, we carried out
oxygen-glucose deprivation (OGD) to mimic ischemic
conditions in vitro. Tregs magnetically enriched from
splenocytes were cocultured with primary microglia
that suffered from OGD. Immunofluorescent staining re-
vealed that Tregs administration resulted in a decrease of
proinflammatory markers (CD16/32) (Figure 6A through
6C). Reverse transcription-polymerase chain reaction
was performed to evaluate much more proinflammatory
markers, and results showed that Tregs-cocultured mi-
croglia were associated with substantially lower expres-
sion of proinflammatory genes (Figure 6D). Finally, we
also evaluated microglia phagocytosis using fluorescent
particles (Zymosan A BioParticles conjugated with Alexa
Fluor 488) and found that Tregs decreased the num-
ber of particles phagocytized by microglia (Figure 6E).
Consistent with the results from the phagocytosis assay,
reverse transcription-polymerase chain reaction further
confirmed that Tregs attenuated phagocytosis-related
gene expression in microglia (Figure 6F).

Taken together, these results indicate that Tregs par-
tially exhibit neuroprotective effects via inhibiting inflam-
mation and phagocytosis of microglia/macrophages.

DISCUSSION

Ischemic postconditioning, an emerging therapeu-
tic approach of ischemic stroke that targets multiple
pathways involved in ischemic injury, has proven to be
promising.**4% However, the underlying mechanism
of its neuroprotective effects needs further elucida-
tion. In the present study, we found that (1) RLIPoC
reduces neuronal apoptosis and improves neurologi-
cal outcomes after ischemic stroke; (2) these neu-
roprotective effects might result from the increased
peripheral Tregs count and brain Tregs infiltration after
RLIPoG; (3) RLIPoC induces the increase of Tregs via
modulation of metabolites, including FAD and NAD*/
NADH; and (4) RLIPoC attenuates neuroinflammation
in ischemic lesions by the anti-inflammatory action of
Tregs toward active microglia/macrophages (Figure 7).
Remote ischemic postconditioning, easily feasible
in patients, was demonstrated to be neuroprotective
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Figure 5. Tregs attenuated proinflammation of microglia/macrophages in vivo.

A, Representative confocal images of coronal sections labeled with Iba-1, CD16/32, and MHC |l at 3 days after MCAO.
Scale bar=50 pm. B, Quantitative analysis of Iba-1, CD16/32 double positive cells and Iba-1, MHC Il double positive
cells, at 3 days after MCAO. One-way ANOVA with Bonferroni’s post hoc test. n=6 per group. ns, not significant. C,
Representative confocal images of coronal sections labeled with Iba-1, CD206, and Arg-1 at 3 days after MCAO. Scale
bar=50 pm. D, Quantitative analysis of Iba-1, CD206 double positive cells and Iba-1, Arg-1 double positive cells, at
3 days after MCAO. One-way ANOVA with Bonferroni’s post hoc test. n=6 per group. DT indicates diphtheria toxin;
MCAO, middle cerebral artery occlusion; MHC Il, major histocompatibility complex Il; RLIPoC, remote limb ischemic
postconditioning; and Tregs, regulatory T cells.
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Figure 6. Tregs attenuated proinflammation and phagocytosis of microglia in vitro.

Representative confocal images of primary cultured microglia labeled with Iba-1, CD16/32 (A) and CD206 (B) 4 hours after OGD, with
subsequent 24-hour reoxidation. Scale bar=50 pm. C, Quantitative analysis of Iba-1, CD16/32 double positive cells and Iba-1, CD206
double positive cells, 4 hours after OGD with subsequent 24-hour re-oxidation. Student t test, **P<0.01 vs OGD. n=4 per group. D,
The mRNA expression of pro-inflammatory markers (iNOS, TNF-a, CD86, Spp1, and IL-1(3) in primary cultured microglia was detected
by quantitative real-time PCR, after OGD 4 hours with subsequent 24-hours reoxidation. Student t test (the mRNA expression of INOS
was assessed by Mann-Whitney test), *P<0.05 vs OGD, **P<0.01, ****P<0.0001 vs OGD. n=4 per group. E, Representative confocal
images of primary cultured microglia labeled with Iba-1, Zymosan A BioParticles conjugated with Alexa Fluor 488 (Particles), and the
quantitative analysis of the number of particles phagocytized by microglia, 4 hours after OGD with subsequent 24-hour reoxidation.
Scale bar=50 pym. Student t test, **P<0.01 vs OGD. n=4 per group. F, The mRNA expression of phagocytosis markers (CD68 and
Lgals3) in primary cultured microglia was detected by quantitative real-time PCR, 4 hours after OGD with subsequent 24-hour re-
oxidation. Student t test, ****P<0.0001 vs OGD. n=4 per group. IL indicates interleukin; iNOS, inducible nitric oxide synthase; OGD,
oxygen-glucose deprivation; PCR, polymerase chain reaction; Spp1, secreted phosphoprotein 1; TNF-a, tumor necrosis factor-alpha;
and Tregs, regulatory T cells.

against ischemic stroke.***® Immunocytes were in-  preconditioning.’® Interestingly, T lymphocytes also
volved in the process of remote ischemic condition- proved to be susceptible to remote ischemic post/
ing. Neutrophil adhesion and phagocytosis were preconditioning.®34¢ Remote ischemic precondition-
significantly decreased after remote forearm ischemic ing can elevate the percentage of CD3*CD8" cytotoxic
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Figure 7. Schematic illustration of the mechanisms for RLIPoC-induced upregulation of Tregs with subsequent
neuroprotection in ischemic stroke.

RLIPoC is accompanied by metabolic modification and concentration changes of some metabolites. NAD*:NADH ratio decrease
leads to Sirt1 (Sirtuin-1) inhibition followed by upregulation of Foxp3 acetylation, which promotes the production of Foxp3* Tregs.*
In addition, Tregs have metabolic advantages of enhancing the NAD*:NADH ratio and metabolic reprogramming, these metabolic
adaptations allowing Tregs to thrive in challenging metabolism milieu.3%%¢ Tregs attenuate neuroinflammation by suppressing microglia
polarization to a proinflammatory response and ultimately protect against brain injury in ischemic stroke. IL indicates interleukin;
NAD+, nicotinamide adenine dinucleotide; NADH, nicotinamide adenine dinucleotide hydrate; RLIPoC, remote limb ischemic

postconditioning; and Tregs, regulatory T cells.

cells in the spleen; in contrast, it resulted in a reduc-
tion of circulating cytotoxic T cells.*® The percentage of
CD4* T cells in the spleen and CD8* T cells in the blood
were found to be increased after RLIPoC.%% Besides,
metal responsive transcription factor, association with
Tregs function, could be triggered by RLIPoC.*" All of
these findings suggested that T lymphocytes are sus-
ceptible to remote ischemic conditioning. Meanwhile,
it was increasingly elucidated that adaptive immunity
is also involved in the pathological process of ischemic
stroke inflammation, as well as innate immunocytes,
such as microglia or macrophages and neutrophils.'
In this study, we observed significant increases of
Tregs abundancy in the spleen, blood, and brain tis-
sue surrounding infarct lesions 3 days after MCAO with
RLIPoC treatment. As a specific subset of T lympho-
cytes, Tregs can attenuate inflammation in ischemic
stroke without aggravation of poststroke immunosup-
pression, which could increase the risk of infection
after ischemic stroke.'®'848 As the neuroprotective ef-
fects of RLIPoC were abolished in DEREG mice, we
demonstrated that RLIPoC-mediated neuroprotection
against ischemic stroke was at least partially attributed

J Am Heart Assoc. 2021;10:e023077. DOI: 10.1161/JAHA.121.023077

to the upregulation of Tregs. However, the neuropro-
tective effects from remote ischemic postconditioning
and the underlying mechanisms in RLIPoC-induced
upregulation of Tregs remains unclear.

Humoral factors, such as adenosine and bradykinin,
and some neurogenic factors have been reported to be
involved in the mechanisms underlying cross-organ pro-
tection mediated by remote ischemic conditioning. 44549
Intriguingly, similar to plasma from donor rabbits that in-
duced remote ischemic preconditioning, the dialysate of
plasma obtained using a 15-kDa cut-off dialysis mem-
brane could also protect the isolated heart against in-
farction.®° This finding indicated that some low molecular
mass (<15 kDa) circulating factors might also be involved
in the neuroprotection of remote ischemic conditioning.
Presumably, metabolites, often with low molecular mass,
might be the circulating mediators transferring the pro-
tective effects. Therefore, we determined the dynamic
changes of metabolites during RLIPoC, which have not
been studied before, using a multispectral optical im-
aging system.?® As expected, the relative levels of FAD,
Cytaa3-R, and Cytc-R in RLIPoC-conducted limbs sub-
stantially fluctuated with episodes of ischemia/reperfusion
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conditioning, and FAD was significantly decreased in
ischemia, which was consistent with previous studies.®®
In contrast with FAD, NADH was elevated after RLIPoC,
both in limb muscle tissues (RLIPoC-conducted limbs)
and circulating plasma. NAD*/NADH and the NAD*:NADH
ratio, have been demonstrated to be related with the func-
tion and proliferation/apoptosis of Tregs.3%404151 CD4+ T
cell subsets have distinct metabolic features.3* Different
from CD4* effector T cells, Tregs are more tolerable to
the ischemic milieu. In the condition of NAD*:NADH ratio
decrease, Tregs transcription factor Foxp3 modifies cell
metabolism and results in elevating NAD* regeneration.3®
The decline of NAD* suppresses the activity of Sirtuin-1,
a type of deacetylase dependent on NAD*, which en-
hances Foxp3 acetylation and ultimately favors the thriv-
ing of Tregs.*' Our data suggested that RLIPoC modified
the spectrum of metabolites and especially decreased
the NAD*:NADH ratio both in RLIPoC-conducted local
tissues and circulating blood, through which metabolites
could be transferred into the brain and spleen. These
metabolites’ changes might enhance the production
of Tregs in the spleen and lymph nodes, followed by a
subsequent release into the blood and infiltration into the
brain. In addition, this increase of Tregs abundance both
in the blood and brain could be simulated by reducing the
NAD*:NADH ratio with administration of NADH.

Tregs could attenuate inflammation after ischemic
stroke in diverse pathways. Tregs transplantation
could inhibit the MMP9 (matrix metallopeptidase-9)
production in blood neutrophils and decrease the
number MMP9* neutrophils infiltrating into the brain.'®
Secretion of interleukin-10 from Tregs could decrease
TNF-a production from microglia at 24 hours after
MCAQO and mitigate interferon y production in brain-
infiltrating T cells at 5 days after MCAQO."® Tregs ex-
pressed interleukin-4 in mice with amyotrophic lateral
sclerosis, which augmented protective M2 microg-
lia.®? Tregs could also increase the reparative activ-
ity of microglia via section of osteopontin in ischemic
stroke, thereby alleviating brain injury.>® Besides,
microglia was demonstrated to suppress T cell pro-
liferation in mice with experimental autoimmune en-
cephalomyelitis.®* Overall, there was comprehensive
cross-talk between Tregs and microglia in brain. Of
note, our results revealed that the anti-inflammatory
effect of RLIPoC was mediated by Tregs infiltration
into the ischemic brain, and Tregs could prevent mi-
croglia/macrophages exhibiting a proinflammatory
profile rather than upregulating the expression of anti-
inflammatory genes, which was a possible underlying
neuroprotective mechanism of RLIPoC.

CONCLUSIONS

In conclusion, our study revealed that Tregs was in-
volved in the neuroprotection of RLIPoC against

J Am Heart Assoc. 2021;10:e023077. DOI: 10.1161/JAHA.121.023077
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ischemic stroke. Depletion of Tregs using DEREG mice
abolished the neuroprotection induced by RLIPoC.
Accompanied by subsequent metabolite-spectrum al-
teration following RLIPoC, Tregs were more preferable
to the metabolically challenging milieu, especially the
decreasing ratio of NAD":NADH, which facilitated the
thriving of Tregs in the peri-infarct region after ischemic
stroke. Finally, Tregs attenuated neuroinflammation via
suppressing the microglia/macrophages proinflam-
matory profile surrounding the ischemic lesions. Our
research elucidated a novel neuroprotective mecha-
nism underlying remote ischemic postconditioning.
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Figure S1. RLIPoC enhanced the ratio of spleen mass to body weight on day 3 after

MCAQO. Scale bar = 10 mm. Student’s t test, **P <0.01 versus MCAO. n = 6 per group.
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Figure S2. Tregs abundance of blood and spleen in mouse treated with different
dosages (i.p. 20 or 50 mg/mouse) NADH within one hour after MCAO, and the mouse
was sacrificed at 3 days after NADH administration. One-way ANOVA with

Bonferroni’s post hoc test. *P < 0.05, **P < 0.01; ns, not significant. n = 5-6 per group.
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Figure S3. High purity CD4°CD25" Tregs were magnetically isolated from the spleen

of donor mice.
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Figure S4. Iba-1+ microglia/macrophages were in close proximity to EGFP-tagged

Tregs in the peri-infarct area. Scale bar = 50 pm.
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Figure S5. The different regions of infarct were determined by the accumulation and

morphology of Iba-1+ microglia/macrophages. Scale bar = 50 pm.
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