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Abstract

Mesenchymal stem/stromal cells (MSCs) are spindle-like heterogeneous cell populations with advantageous bidirectional
immunomodulatory and hematopoietic support effects. Vascular cellular adhesion molecule-1 (VCAM-1)* MSCs have
been reported to exhibit immunoregulatory and proangiogenic capacities. Here, we studied the effects of VCAM-1* human
umbilical cord (hUC)-MSCs on neuroprotection against cerebral infarction. Sprague—Dawley rats were subjected to middle
cerebral artery occlusion (MCAOQ), and VCAM-1~ and VCAM-1* hUC-MSCs were intravenously injected into the rat 4 h
post-MCAO surgery. Thereafter, modified neurological severity scores (mNSS) were determined, and the Morris water maze
test, 2,3,5-triphenyltetrazolium chloride (TTC), hematoxylin and eosin (H&E), Nissl, TUNEL staining, and qRT-PCR were
conducted. Following induction of oxygen—glucose deprivation/reoxygenation (OGD/R), SH-SY5Y cells were co-cultured
with VCAM-1~ and VCAM-1* hUC-MSCs. CCK-8, flow cytometry, ELISA, and western blot analyses were performed
in vitro. Compared with VCAM-1~ hUC-MSCs, administration of VCAM-1* hUC-MSCs revealed improved therapeutic
efficacy against cerebral infarction in rats, as confirmed by lower mNSS scores and infarct volumes, as well as improved
learning and memory capacities. In addition, VCAM-1" hUC-MSCs exhibited improved efficacy against neurological defects
in rats with cerebral infarction, accompanied by inhibition of the NLRP3-mediated inflammatory response. VCAM-17
hUC-MSC co-culture improved the viability and diminished NLRP3-mediated inflammatory response in OGD/R-treated
SH-SYS5Y cells. Moreover, NLRP3 overexpression in SH-SY5Y cells prevented the beneficial effects of VCAM-17 hUC-
MSC co-culture. Overall, our findings demonstrated the relevance of VCAM-1" hUC-MSC-based cytotherapy for preclinical
neuroprotection against cerebral infarction.
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Introduction

Cerebral infarction is the leading cause of disability and
death worldwide [1]. The World Health Organization
(WHO) estimated that stroke due to cerebral infarction
caused 5.7 million deaths worldwide in 2005, accounting
for 9.9% of all deaths [2]. Cerebral infarction is a multi-
factorial disease associated with diverse risk factors,
including age, smoking, diabetes mellitus, hypertension,
obesity, and obstructive sleep apnea [3, 4]. Timely reper-
fusion with intravenous thrombolysis and/or endovascular
thrombectomy is an effective treatment for stroke in the
clinic [5]; however, only a small proportion of patients
(10%-20%) with stroke reach the hospital within 3 h [6].
Therefore, neurorestoration after cerebral infarction has
been recognized as the primary management goal [7].
Mesenchymal stem/stromal cells (MSCs) are spindle-
like heterogeneous cell populations with advantageous
bidirectional immunomodulation and hematopoietic-sup-
porting effects, together with a unique multi-lineage dif-
ferentiation capacity towards adipocytes, osteoblasts, and
chondrocytes [8—10]. As a key component of the microen-
vironment, MSCs and their derivatives (e.g., exosomes and
small extracellular vesicles) are thought to play a pivotal
role in the intervention of various relapsed and recurrent
diseases such as acquired aplastic anemia [11, 12], acute
myelogenous leukemia (AML) [13], Crohn’s disease [14],
osteoarthritis [15], primary ovarian insufficiency [16], and
neurological diseases [17]. To date, MSCs with heteroge-
neity have been derived from perinatal tissues (e.g., the
umbilical cord, placental chorionic villi, and amniotic
membrane) [9, 18], adult tissues (e.g., adipose tissue and
bone marrow) [13, 19], and even pluripotent stem cells
(PSCs) (e.g., induced PSCs and embryonic stem cells)
[20, 21]. Umbilical cord MSCs (UC-MSCs) are a rich
source of MSCs, and they are more primitive, prolifera-
tive, and immunosuppressive than their adult counterparts
[22]. They also have additional advantages, such as no
need for bone marrow aspiration and higher self-renewal
capacities [23]. Accumulating evidences showed that UC-
MSCs may have potentials for use in the clinic treatment
of several human diseases, including cerebral infarction
[24, 25]. Notably, we and other pioneering investigators
in this field have identified subsets of MSCs with remark-
able characteristics for more efficient disease manage-
ment. For instance, Wei et al. and Du et al. have reported
highly efficient generation of VCAM-1* perinatal MSCs
with improved immunoregulatory [12] and proangiogenic
capacities [26], respectively. Despite the potential supe-
riority of VCAM-1* hUC-MSCs in increasing neuronal
survival and decreasing levels of inflammatory cytokines
in stroke models, yet the impact of the aforementioned

VCAM-1*" MSCs in neuroprotection against cerebral
infarction is largely unknown.

The NOD-like receptor thermal protein domain-associ-
ated protein 3 (NLRP3) inflammasome is a cytosolic pro-
tein complex composed of NLRP3, apoptosis-associated
speck like protein containing CARD (ASC), and caspase-1
[27]. Cleaved caspase-1 promotes maturation of interleukin
(IL)-1p and IL-18 and triggers pyroptosis [27]. The NLRP3
inflammasome contributes to the pathogenesis of several
human diseases, including diabetes [28], osteoporosis [29],
liver disease [30], and cardiovascular diseases [31]. Inhibi-
tion of the NLRP3 inflammasome has the potential to relieve
neuroinflammation and brain injury in experimental stroke
models [32, 33].

In this work, we used a rat model of cerebral infarc-
tion to evaluate the therapeutic effects of VCAM-1* hUC-
MSCs administered by intravenous injection. Strikingly,
the pathological manifestations of rats with administration
of VCAM-1" hUC-MSCs revealed improved neuroprotec-
tion over those with the VCAM-1~ hUC-MSCs counterpart.
NLRP3-induced pyroptosis and pathological deterioration
during cerebral infarction were rescued by VCAM-1* hUC-
MSC-based cytotherapy.

Material and Methods

Generation of VCAM-1~ UC-MSCs and VCAM-1"
UC-MSCs

VCAM-1~ UC-MSCs and VCAM-1* UC-MSCs at passage
3 were purchased from Health-Biotech (Tianjin) Stem Cell
Institute Co., Ltd. and identified by flow cytometry (FCM)
assay as we previously described [9]. VCAM-1~ UC-MSCs
were cultured in DMEM-F12 basal medium (HyClone,
Logan, UT, USA) supplemented with 10% FBS (Gibco,
Grand Island, NY, USA), 1% penicillin—streptomycin
(Gibco), 1% L-glutamine (Gibco), 1 x NEAA (Gibco), 2 ng/
mL bFGF (PeproTech), and 10 ng/mL. EGF (PeproTech).
For VCAM-1* UC-MSCs generation, VCAM-1~ UC-MSCs
(5% 10° cells/mL) were cultured in MSC culture medium
for 24 h, followed by the addition of 10 ng/mL recombinant
human IL-1f (rhIL-1f, PeproTech), 10 ng/mL recombinant
human IL-4 (rthIL-4, PeproTech), and 20 ng/mL recombinant
human IFN-y (thIFN-y, PeproTech) for 48 h at 37°C, in 5%
CO, as we previously reported [12]. The indicated cytokines
are listed in Additional file 1: Additional Information: Addi-
tional Table S1.

RNA-SEQ and Bioinformatics Analyses

VCAM-1~ UC-MSCs and VCAM-1" UC-MSCs (3 inde-
pendent UC-MSCs) were lysed with TRIZol® reagent
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(Invitrogen), and total mRNAs were extracted according
to the manufacturer’s instructions, as we recently reported
[13]. After assessment of the purity by NanoDrop™ (Ther-
moFisher Scientific), the total mRNAs were sequenced by
Novogene (Tianjin, China). Bioinformatics analyses were
then conducted using databases and online platforms [11,
13]. Signaling pathway analyses were carried out based on
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
website (https://www.kegg.jp/), the Gene Ontology (GO)
assay was conducted using the GO website (http://geneo
ntology.org/), and gene set enrichment analysis (GSEA)
was carried out using the GSEA website (https://www.gsea-
msigdb.org/gsea/index.jsp).

Rat Model of Middle Cerebral Artery Occlusion
(MCAO)

Male Sprague-Dawley rats (8 weeks old, weighing
280-300 g, N=5 per group) were purchased from Ji’nan
Pengyue Experimental Animal Breeding Co., Ltd. (Jinan,
China) for random grouping. After one week of habitua-
tion to standard cages, MCAO surgery was performed. The
rats had free access to food and water with a 12 h light/
dark cycle and environmental conditions of 22 +2 °C and
60 + 5% humidity. Before surgery, the rats were fasted for
10 h but had access to water. After anesthetization with 2%
pentobarbital sodium (i.p., 0.3 mL/100 g), all 5 rats in each
group were placed on a thermal insulation blanket and a
2-3 cm incision was made in the middle of the neck. The
right common carotid artery (CCA), internal carotid artery
(ICA), and external carotid artery (ECA) were exposed, and
the middle cerebral artery (MCA) was occluded using a 4-0
nylon suture with a round tip. Two hours later, the suture was
removed to induce reperfusion injury. The rats in the sham
group underwent the same procedure without occlusion
of the middle cerebral artery. Rats were intraperitoneally
injected with penicillin (40,000 U per rat) to avoid infection.
The animal studies were approved by the Ethics Committee
of the Institutional Animal Care and Use Committee of the
Second Hospital of Shandong University in accordance with
the National Institutes of Health (NIH) guidelines for the
Care and Use of Laboratory Animals.

Animal Grouping and UC-MSCs Transplantation

The rats were randomly divided into four groups (five
rats per group): Sham, MCAO, MCAO + VCAM-1", and
MCAO + VCAM-1". The rats in the Sham and MCAO
groups underwent surgery as described above and received
a tail vein injection of 1 X PBS 4 h post-surgery. The rats in
MCAO + VCAM-1~ and MCAO + VCAM-1" groups under-
went MCAO surgery and received a tail vein injection of
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VCAM-1~ or VCAM-1* UC-MSCs (4 x 10° cells/rat) 4 h
post-surgery.

Neurological Evaluation

Neurological deficits were evaluated using the modified
neurological severity score (mNSS) at 1 and 14 days after
MCADO surgery. The mNSS was graded on a scale of 1-18
with the following five tests: flexion of limbs and head
movement after raising the rat by the tail (3 points), ability to
stand and/or walk after placing the rat on the floor (3 points),
sensory tests (2 points), beam balance tests (6 points), and
reflexes absent and abnormal movements (4 points).

Morris Water Maze Test

The Morris water maze test was performed at 1, 2, 3, 4, and
5 days post-surgery, as previously described [34, 35], in a
circular pool filled with water at 25 + 1 °C. The circular pool
was divided into four quadrants through the midline, and the
platform was set 1 cm below the water surface. The rats were
gently placed into the pool and allowed to find the platform
within 60 s. Rats were kept on the platform for 30 s before
being released. Escape latency, the time spent in the target
quadrant, and the crossing time were recorded.

2,3,5-Triphenyltetrazolium Chloride (TTC) Staining

At 14 days post-MCAO, the rats were anesthetized by
intraperitoneal injection of 2% pentobarbital sodium and
sacrificed by exsanguination from the aorta abdominalis.
The brain tissues were collected and placed at — 20 °C for
30 min. After being cut into 2 mm-thick slices, the sections
were incubated with 2% TTC solution (Sigma-Aldrich, St.
Louis, MO, USA) for 30 min at 37 °C in the dark. The tis-
sues were fixed with 4% paraformaldehyde (PFA) for 24 h,
and the infarct volumes were analysed using ImagelJ soft-
ware (National Institutes of Health) according to a method
previously reported [36].

Hematoxylin and Eosin (H&E) Staining

Brain tissues were fixed with 4% PFA for 24 h, embedded
in paraffin, and cut into 5 pm-thick sections. The tissue
sections were stained using an H&E Staining Kit (Beyo-
time, Shanghai, China). Briefly, the tissue sections were
stained with hematoxylin for 10 min, washed with water
for 10 min, and then stained with eosin for 30 s at room
temperature (RT). The sections were placed in increasing
concentrations of ethyl alcohol (70, 80, 90, and then 100%)
for 10 s each, followed by xylene for 5 min at RT. Images
were captured using a light microscope (Nikon Corpora-
tion) in all 5 rats in each group. Five regions within per
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section were randomly selected, and the number of dam-
aged pyramidal neurons was counted. The morphology of
damaged pyramidal neurons displayed nuclear pyknosis.

Nissl Staining

Paraffin sections were deparaffinized, hydrated, and stained
with 1% thionine (Sangon Biotech, Shanghai, China) for
30 min. The sections were placed in increasing concen-
trations of ethyl alcohol (70, 80, 90, and then 100%) for
2 min each, followed by xylene twice (10 min each) at RT.
Images were captured under a light microscope (Nikon
Corporation, Tokyo, Japan) and brain neuronal damage
was analysed by observation of histological changes in
the hippocampal CA1 subfield in all 5 rats in each group.

Terminal Deoxynucleotidyl Transferase dUTP Nick
End Labeling (TUNEL)

Paraffin sections were deparaffinized, hydrated, and incu-
bated with Proteinase K (10 pg/mL in 10 mM Tris/HCI,
pH 7.5) for 30 min at RT. TUNEL assay was performed
in the hippocampal CA1 subfield using an In Situ Cell
Death Detection Kit (Roche, Basel, Switzerland). The
sections were captured under a fluorescence microscope
(DMI6000B; Leica Microsystems GmbH) from all 5
rats in each group. Five regions within per section were
randomly selected for counting TUNEL-positive cells
using ImagelJ software (version 5.0; National Institutes of
Health). Apoptosis index = (apoptotic cell number/total
cells) x 100% [37].

Quantitative Real-Time Polymerase Chain Reaction
(qRT-PCR) Assay

Total RNAs were extracted from rat hippocampi tissues
using a High Pure Tissue RNA extraction kit (Sigma-
Aldrich) and reversed transcribed into cDNA using a Pri-
meScript™ RT Reagent Kit (TaKaRa, Dalian, China). PCR
was performed using TB Green® Fast gPCR Mix (TaKaRa)
with the following primers: Tnf-a forward, 5'-ATGGGC
TCCCTCTCATCAGT-3', reverse, 5'- GCTTGGTGGTTT
GCTACGAC-3'; I-6 forward, 5'- AGAGACTTCCAGCCA
GTT GC-3/, reverse, 5'-TGCCATTGCACAACTCTTTTC-
3" 1I-1p forward, 5'-GGGCC TCAAGGGGAAGAATC-3,
reverse, 5'"-TTTGGGATCCACACTCTCCAG-3'; 1l-18 for-
ward, 5'- CAGCTCTTCTACCAGCAAACAT-3', reverse,
5'-CTTCCAACTGAG AGGCTGTGC-3'; p-actin forward,
5-CCGCGAGTACAACCTTCTTG-3', reverse, 5'-CGTCAT
CCATGGCGAACTGG-3".

SH-SY5Y Cell Culture

SH-SYS5Y cells were purchased from Procell Life Science
& Technology Co., Ltd. (Wuhan, China) and cultured in
Minimum Essential Medium (MEM)/F12 (Procell Life
Science & Technology Co., Ltd.) supplemented with 15%
fetal bovine serum (HyClone) and 1% penicillin/strepto-
mycin solution (Gibco). For oxygen—glucose deprivation/
reoxygenation (OGD/R) induction, SH-SYSY cells were
cultured in 6-well plates in glucose-free culture medium.
After 6 h of incubation in an oxygen-deficient environment
(5% CO,, 1% O,, and 94% N,) in an incubator (Version
PH-1-A; Puhe Biomedical Technology Co., LTD., Wuxi,
China) at 37 °C, the cells were returned to normal culture
conditions for another 24 h to reoxygenate.

Co-culture of SH-SY5Y Cells and hUC-MSCs

For co-culture experiments, a 6-well Transwell® chamber
(Millipore, Bedford, MA, USA) with 0.4 pm pores was
used, as previously described [38]. Briefly, 5 x 10° OGD/
R-treated SH-SYS5Y cells and/or VCAM-1~ hUC-MSCs /
VCAM-1* hUC-MSCs (3 independent hUC-MSCs) were
seeded in the lower and upper sides of the chamber. The
indicated cells were maintained at 37 °C and 5% CO,.

Cell proliferation-Associated CCK-8 Analysis

The proliferative potential of SH-SYS5Y cells was ana-
lysed by Cell Counting Kit 8 (Dojindo Molecular Tech-
nologies, Kyushu, Japan) assay after 0, 12, 24, and 48 h
of co-culturing. Briefly, SH-SY5Y cells were washed
twice with 1 X PBS and 10 pL. CCK-8 solution was then
added for a 4 h of incubation at 37 °C. The absorbance at
450 nm (A450) of each well was recorded using a micro-
plate reader (Bio-Rad Laboratories, Hercules, CA, USA).
The survival rate was calculated based on the absorbance
values.

Apoptosis Assay

The percentage of apoptotic SH-SYSY cells was determined
using an Annexin V-FITC Apoptosis Detection Kit (Beyo-
time) according to the manufacturer’s instructions after 48 h
of co-culture. At least 1 x 10° SH-SY5Y cells were harvested
into 195 pL Binding Buffer and stained with 5 pL. Annexin
V-FITC and 10 pL PI at RT in the dark for 15 min. Apoptotic
cells were detected by flow cytometry (BD Biosciences, San
Jose, CA, USA) and analysed using FlowJo software (Tree-
star, San Carlos, CA, USA).
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Enzyme-Linked Immunosorbent Assay (ELISA)

Following 48 h of co-culturing, the culture medium of
SH-SYS5Y cells was collected and the TNF-a, IL-6, IL-1p,
and IL-18 levels were analysed using ELISA kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) accord-
ing to the manufacturer’s instructions.

Western Blot Assay

Total protein was extracted from cerebral cortex tissues
and SH-SYSY cells using RIPA lysis buffer (Beyotime).
The protein extracts were subjected to sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (30 pg per lane) and
transferred onto polyvinylidene fluoride membranes (Mil-
lipore). After blocking with 5% skimmed milk for 1 h at
RT, the membranes were incubated with primary anti-TNF-o
(1:1000, ab183218, Abcam), anti-IL-6 (1:1000, ab233706,
Abcam), anti-IL-1p (1:1000, ab234437, Abcam), anti-IL-18
(1:1000, #67,775, Cell Signaling Technology), anti-NLRP3
(1:1000, ab263899, Abcam), anti-Caspase-1 (1:1000,
#24,232, Cell Signaling Technology), anti-ASC (1:2000,
10,500-1-AP, Proteintech), anti-GSDMD-N (1:1000,
ab215203, Abcam), and anti-p-actin (1:20,000, 66,009—1-Ig,
Proteintech) antibodies overnight at 4 °C. The membranes
were incubated with secondary antibodies (1:2000, Abcam)
for 1 h at RT, and the blots were developed using BeyoECL
Plus (Beyotime).

Cell Transfection

SH-SYS5Y cells in 24-well plates (1 X 10° cells/well) were
incubated with 6 pg/mL polybrene and infected with lenti-
virus expressing NLRP3 (FulenGen, Guangzhou, China) at
a multiplicity of infection (MOI) of 10. Control cells were
infected with virus containing empty vector. After 24 h of
incubation at 37 °C, the medium was replaced and the cells
were cultured for another 72 h at 37 °C.

Statistical Analysis

All statistical analyses were performed using Prism 6.0
(GraphPad Software). Comparisons between two groups
were analysed using an unpaired #-test, while comparisons
among multiple groups were conducted using one- or two-
way ANOVA. A statistically significant difference was con-
sidered when the P-value was less than 0.05. All data are
presented as mean + SD. In vitro data were obtained from
three independent experiments in triplicate. *, P <0.05; **,
P<0.01; *** P <0.001; ns, not significant.
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Results
Characteristics of VCAM-1* hUC-MSCs

For the generation of VCAM-1* hUC-MSCs, we took
advantage of the “3ILs”-based strategy, as we recently
reported [12]. The cultured UC-MSCs with a minimal
percentage of VCAM-1* MSCs (< 3%) are referred to
as VCAM-1~ UC-MSCs, whereas the counterparts with
a higher percentage of VCAM-1* MSCs (> 85%) are
referred to as VCAM-11 UC-MSCs, as we reported before
[12].

To evaluate the transcriptomic signatures of VCAM-1*
hUC-MSCs, we performed RNA-seq and bioinformatics
analyses based on the differentially expressed genes (DEGs)
between VCAM-1* UC-MSCs and their VCAM-1~ coun-
terparts. Gene ontology (GO) analysis of the significantly
upregulated genes in VCAM-1" hUC-MSCs revealed that,
they are mainly involved in vascularization- and immu-
noregulation-associated biological processes, such as ECM
organization, and neuronal system, cerebrovascular disease,
and collagen formation (Fig. 1a). KEGG analysis showed
that a series of immunoregulation-associated signaling path-
ways were enriched based on the DEGs, including interferon
(IFN), interleukin (IL), and TCR signaling (Fig. 1b). The
upregulated DEGs in VCAM-1* UC-MSCs are involved in
metalloendopeptidase activity, extracellular matrix structural
constituents, and positive regulation of nervous development
(Fig. 1c). The downregulated DEGs are principally associ-
ated with chemokine receptor binding, the type I interferon
signaling pathway, the IFN-y-mediated signaling pathway,
and the cellular response to IFN-y (Fig. 1d). Consistently, as
shown by the GSEA diagrams, we observed specific enrich-
ment of vessel-associated subsets (e.g., dilated cardiomyopa-
thy, coronary microvascular disease), together with the man-
nose type O-lycan biosynthesis-, immunoglobulin complex-,
and sulfotransferase activity-associated subsets between
the VCAM-1* and VCAM-1~ groups (Fig. le, f). Taken
together, the generated VCAM-1* hUC-MSCs exhibited
multifaceted transcriptomic features in immunomodulation,
neuronal system, and vessel-associated gene sets compared
to those of the parental VCAM-1" counterparts, which col-
lectively indicates their potential superiority in neuroprotec-
tion, including cerebral infarction-associated dysfunction.

VCAM-1* hUC-MSCs Revealed Improved Effect
Against Cerebral Infarction in Rats

Having obtained preliminary verification of the enhanced
attributes over the VCAM-1~ subset, we explored the
potential efficacy of VCAM-1* hUC-MSCs for cerebral
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«Fig. 1 Transcriptomic characteristics of VCAM-1* and VCAM-1~
hUC-MSCs. a, b The biofunction prediction of upregulated a and
downregulated b DEGs based on the -log10(padj) values of the indi-
cated DEGs in VCAM-1* and VCAM-1~ hUC-MSCs. The numbers
of DEGs in the indicated subsets were labeled above the charts. ¢, d
The gene ontology (GO) analysis of the upregulated (c¢) and downreg-
ulated (d) DEGs between the VCAM-1* and VCAM-1~ hUC-MSCs
as described in the “Materials and Methods” section. e, f GSEA
showed the enrichment of the specific gene set enrichment based on
the values of the indicated genes expressed in VCAM-1* and VCAM-
17 hUC-MSC:s according to the NES and P values. For instance, the
vessel-associated gene sets (e) and immunomodulation- and synthe-
sis-associated gene sets (f) were specifically enriched by GSEA

infarction administration. Therefore, we took advantage of
the Sprague—Dawley rat model of middle cerebral artery
occlusion (MCAO) and intravenously infused 4 X 108
VCAM-1~ and VCAM-1" hUC-MSCs 4 h post-MCAO
surgery, respectively (Fig. 2a). Compared to the normal
control group (referred to as Sham), the other three groups
(MCAO, MCAO + VCAM-1-, and MCAO + VCAM-17)
had higher mNSS scores without significant differences on
day 1 of the model (Fig. 2b). Instead, the mNSS scores of
MCAQO rats with administration of hUC-MSCs (VCAM-
1~ and VCAM-1%) were efficiently reduced on day 14 of
the model, particularly for the rats treated with VCAM-17
hUC-MSCs (Fig. 2b).

To further assess the impact of VCAM-1* hUC-MSC
infusion on the amelioration of the learning and memory
capacities of MCAO rats, we outperformed a water maze
test and found a dynamic decline and distinctions in the
escape latency between the MCAO + VCAM-1" group and
the MCAO + VCAM-1% group (Fig. 2¢). Consistently, the
decreased time in the target quadrant and the crossing times
in the MCAO group were more conspicuously rescued in
the MCAO + VCAM-1* group than in the MCAO + VCAM-
17~ group, indicating the amelioration in learning and
memory capacities after systemic VCAM-1T hUC-MSC
treatment (Fig. 2d e). Furthermore, by TTC staining, we
observed a more effective mitigation of the cerebral infarct
volume in MCAO rats with VCAM-1" hUC-MSCs infusion
compared to those with the parental VCAM-1~ hUC-MSCs
(Fig. 2f, g). Collectively, the single application of VCAM-17"
hUC-MSCs was sufficient for improving the learning and
memory capacities of rats with cerebral infarction.

VCAM-1* hUC-MSCs Exhibited Improved
Neuroprotective Effects on Rats with Cerebral
Infarction

For detailed dissection of the therapeutic effects of VCAM-
17 hUC-MSCs on cerebral infarction, we conducted his-
tological assessment of the brain tissues in the indicated
groups after euthanasia on day 14 of the model. According
to the H&E staining, MCAO rats treated with VCAM-1"

@ Springer

hUC-MSCs exhibited a decrease in brain tissue damage
compared to those treated with the corresponding VCAM-
1™ parental MSCs, which was further confirmed by Nissl
staining of the neurons (Fig. 3a, b). Meanwhile, we observed
that more cells in the brain tissues of the MCAO group were
positive for TUNEL staining, suggesting increased levels of
apoptosis compared to the Sham group (Fig. 3c). Instead,
MCAO rats after VCAM-1* hUC-MSC treatment manifested
a more significant decline in apoptotic cells according to the
calculation of the percentage of damaged neurons and the
apoptosis index when compared with the MCAO + VCAM-
17 group (Fig. 3d, e). Therefore, intravenous injection of
VCAM-1" hUC-MSCs resulted in an improved ameliora-
tive effect than that of the paternal VCAM-1" counterparts
on neurological defects resulting from cerebral infarction
in rats.

Reduction of the NLRP3-Mediated Inflammatory
Response Upon Cerebral Infarction by VCAM-1*
hUC-MSCs Administration

Extensive literature has demonstrated the pivotal role of
immunomodulatory effects in mediating the therapeutic
effects of MSCs in a variety of relapsed and refractory
diseases [15, 39]. Therefore, we hypothesized that the bet-
ter outcomes in MCAO rats after VCAM-1* hUC-MSC
treatment could be related to anti-inflammatory effects in
connection with the neurological impairment. Hence, we
detected the expression of pro-inflammatory factors (TNF-
a, [L-6, IL-1f, and IL-18) in the rat brain tissues. We found
that the upregulation of pro-inflammatory factors induced
by MCAO was inhibited upon hUC-MSCs treatment. In
particular, VCAM-1" hUC-MSCs treatment decreased the
expression of pro-inflammatory factors when compared to
VCAM-1- hUC-MSCs (Fig. 4a, b). In addition, hUC-MSCs
treatment inhibited the expression of NLRP3 and the con-
comitant pyroptosis-associated proteins. VCAM-1* hUC-
MSCs treatment showed an improved effect on inhibiting
the expression of NLRP3, Caspase-1, ASC, and GSDMD-N
than the VCAM-1~ hUC-MSC:s treatment (Fig. 4c). Taken
together, these data indicate the improved immunomodu-
latory features of VCAM-1* hUC-MSCs over parental
VCAM-1~ hUC-MSCs against pro-inflammatory factors and
NLRP3-associated pyroptosis in rat brain tissues.

VCAM-1" hUC-MSCs Co-Culture Inhibited Cell Death
and the NLRP3-Mediated Inflammatory Response
in Neuroblastoma Cells

After verifying the in vivo efficacy of VCAM-1* hUC-
MSCs, we explored the beneficial effect on the impaired cel-
lular viability and the underlying NLRP3-associated inflam-
matory responses. Therefore, we took advantage of the
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Transwell assay by co-culturing the OGD/R-treated human
SH-SYS5Y neural cell line (referred to as OGD/R) with the
indicated VCAM-1" (referred to as OGD/R + VCAM-17) or
VCAM-17 (referred to as OGD/R + VCAM-11) hUC-MSCs
(Fig. 5a). Compared with the cultured OGD/R-treated SH-
SYSY cells alone, the survival rate of the co-cultured SH-
SY5Y cells with VCAM-1~ or VCAM-1* hUC-MSCs was
partially rescued (Fig. 5b). Moreover, as shown by the sta-
tistical analyses, SH-SY5Y cells co-cultured with VCAM-17*
hUC-MSCs exhibited a significant decrease in the apoptosis
rate (Fig. 5c, d).

To further investigate the anti-inflammatory effects of
the indicated MSCs, we measured the concentration of
secreted pro-inflammatory factors in the culture super-
natant. OGD/R treatment caused a significant increase in
the levels of pro-inflammatory factors in the supernatant,

\\c,P‘O “\QP*OX

whereas the biological phenotype was largely reverted
to the level of the control group (referred to as Ctrl) by
VCAM-1" hUC-MSCs rather than by VCAM-1~ hUC-
MSCs (Fig. 5e). Moreover, by western-blotting assay, we
confirmed the decrease in pro-inflammatory factors and pro-
teins associated with NLRP3-mediated pyroptosis in SH-
SYS5Y cells in the OGD/R + VCAM-17" group compared to
the OGD/R + VCAM-1" group (Figs. 5f-g).

NLRP3 Overexpression Prevented
the Neuroprotective Effects of VCAM-1* hUC-MSCs
Co-Culture

We overexpressed NLRP3 by lentivirus in SH-SYSY cells

to evaluate the potential effects of NLRP3 on SH-SYS5Y
cells (Fig. 6a). Western blot analysis revealed a significant
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Fig.3 A better neuroprotective effects of VCAM-1T hUC-MSCs
on rats with cerebral infarction. Representative a H&E b Nissl, and
¢ TUNEL staining images. Scale bar=50 pm. Statistical analysis of
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Fig.4 VCAM-1" hUC-MSCs inhibited NLRP3-mediated inflamma-
tory response during cerebral infarction in rats. a qRT-PCR analysis
of pro-inflammatory factors (Tnf-a, 1l-6, 1I-1f3, and Ii-18) in the rat
brain tissues. Western blotting analysis of b pro-inflammatory pro-

increase in the expression of inflammatory factors in the
NLRP3-overexpressing groups compared to that in the
corresponding negative control groups (Fig. 6b). Further-
more, as shown by the FCM diagrams, the apoptosis rate
of NLRP3-overexpressing SH-SYSY cells co-cultured with
the VCAM-1~ or VCAM-1* hUC-MSCs was higher than
that of the corresponding parental hUC-MSCs (Fig. 6c, d).
Overall, these data indicated that the beneficial effects of
VCAM-1" as well as VCAM-1* hUC-MSC co-culture could
be prevented by NLRP3 overexpression in SH-SYSY cells.

Discussion

Cerebral infarction has been recognized as a common com-
plication in a variety of disorders such as bacteremic infec-
tions, sickle cell disease [40], acute anemia [41], nephrotic
syndrome [42], and stroke [43], which are the most common
consequences of arterial embolism and cause considerable
morbidity and mortality. Despite the establishment of the
underlying pathophysiological basis and rapid progress in
cerebral infarction treatment remedies, further develop-
ment of therapeutic options for cerebral neuroprotection
is still lacking. In this study, we utilized MCAO rats to
mimic the symptoms of cerebral infarction, and we veri-
fied the improved efficacy of VCAM-1* hUC-MSC-based
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teins and ¢ NLRP3 inflammasome-associated proteins (NLRP3,
Caspase-1, ASC, and GSDMD-N) in the rat brain tissues. Data were
shown as mean+SD (n=5). *P<0.05; **P<0.01; ***P<0.001; ns,
not significant

cytotherapy for neuroprotection relative to parental VCAM-
17 hUC-MSC:s. Furthermore, our findings highlight the ben-
eficial effect of VCAM-1*" hUC-MSCs on cerebral infarc-
tion by suppression of NLRP3-induced pyroptosis and the
inflammatory response in a cell model of cerebral infarction.

MSCs are heterogeneous multilineage cells, that are
suitable “seed cells” for cytotherapy and tissue engineering
[44, 45]. For instance, we and other investigators have veri-
fied the feasibility of combining biomaterials or scaffolds
with MSC- or MSC-derived exosomes/small extracellular
vesicles (SEVs) for relapse and recurrent disease manage-
ment, such as osteoarthritis [21], wound healing [46], repair
of the uterine endometrium [47], and Alzheimer's disease
[48]. Generally, MSCs are a rich source of therapeutical
EVs [49]. MSCs function by orchestrating a series of pat-
terns, including direct or indirect differentiation, paracrine or
autocrine, bidirectional immunoregulation, and by serving
as constitutive microenvironments [50, 51]. For example,
Li et al. reported a beneficial effect of MSC-derived exoso-
mal IncRNA H19 in promoting wound healing in diabetic
foot ulcers by regulating PTEN/microRNA-152-3p [52].
Yu et al. verified that exosomes generated from atorvasta-
tin-pretreated MSCs accelerated angiogenesis during dia-
betic wound repair by modulation of the AKT/eNOS path-
way [53]. Here, we demonstrated the therapeutic effect of
VCAM-1" and VCAM-1* hUC-MSCs on the management
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Fig.5 VCAM-1* hUC-MSCs co-culture inhibited cell death and the
NLRP3-mediated inflammatory response in SH-SY5Y cells. a Co-
culture of SH-SY5Y cells and VCAM-1* hUC-MSCs in a Transwell
chamber. b Survival of SH-SY5Y cells at 0, 12, 24, and 48 h of co-
culturing was tested by CCK-8 assays. ¢ Representative FCM anal-
ysis and d statistical analysis of apoptosis rate. e Concentrations of

of a rat model of MCAO possibly via suppression of the gen-
eration of pro-inflammatory factors and NLRP3-associated
pyroptosis.

VCAM-1 is thought to be a canonical protein associated
with inflammation, in addition to participating in the trans-
migration and adhesion of leukocytes to the interstitium
as well as concomitant pathophysiological processes such
as tumorigenesis, immunological diseases, autoimmune
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cytokines (TNF-a, IL-6, IL-1p, and IL-18) in the culture supernatant
of SH-SYS5Y cells were analysed by ELISA. Western blotting analysis
of f pro-inflammatory proteins and g NLRP3 inflammasome-associ-
ated proteins (NLRP3, Caspase-1, ASC, and GSDMD-N) in SH-
SYS5Y cells were detected. Data were shown as mean+SD (n=3).
*P<0.05; **P <0.01; ***P <0.001; ns, not significant

myocarditis, chronic heart failure, and experimental auto-
immune myocarditis (EAM) [54, 55]. Recently, Du et al.
verified the feasibility of isolating VCAM-1T hUC-MSCs
with highly bioactive properties, including improved immu-
nomodulation and angiogenesis [26, 56]. Furthermore, we
have achieved the highly efficient generation of VCAM-1"*
hUC-MSCs using a cytokine-programmed strategy and dem-
onstrated its superiority in the treatment of aplastic anemia
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[12] and acute lung injury [57]. Here, we initially demon-
strated the potential of VCAM-1* hUC-MSCs in neuropro-
tection against cerebral infarction in rats compared to the
VCAM-1" population. Our data also indicate the underlying
mechanism of the NLRP3-induced inflammatory response
and pyroptosis, which will collectively benefit the further
development of VCAM-1* hUC-MSC-based therapeutic
remedies for cerebral infarction in clinical practices and new
drug application (NDA) in the future. Nevertheless, different
from the model by Ciobanu et al. with both young and aged
Sprague—Dawley rats for mimicking stroke, our study was
conducted on young adult male rats, which thus partially
limited the reflection of clinical manifestations of stroke in
mostly aged and comorbid patients [58]. Collectively, our
findings put forward the neuroprotection of VCAM-1* hUC-
MSCs for the management of cerebral infarction and the
concomitant mechanism via suppressing NLRP3-induced
pyroptosis.

Conclusions

Cerebral infarction causes high morbidity and mortality,
resulting in a heavy physical and psychological burden on
patients and caregivers. Thus, there is an urgent need to
develop novel strategies for efficient remission of cerebral
infarction. In this study, we demonstrated the relevance of

VCAM-1* hUC-MSC-based cytotherapy for preclinical
neuroprotection against cerebral infarction.
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