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Attenuate Abdominal Aortic Aneurysm
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Cell Phenotypic Modulation
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Abdominal aortic aneurysm (AAA) is life-threatening, for which efficient nonsurgical treatment strategy has not
been available so far. Several previous studies investigating the therapeutic effect of mesenchymal stem cells
(MSCs) in AAA indicated that MSCs could inhibit aneurysmal inflammatory responses and extracellular matrix
destruction, and suppress aneurysm occurrence and expansion. Vascular smooth muscle cell (VSMC) phenotypic
plasticity is reported to be predisposed in AAA initiation and progression. However, little is known about the effect
of MSCs on VSMC phenotypic modulation in AAA. In this study, we investigate the therapeutic efficacy of
umbilical cord mesenchymal stem cells (UC-MSCs) in elastase-induced AAA model and evaluate the effect of
UC-MSC on VSMC phenotypic regulation. We demonstrate that the intravenous injection of UC-MSC attenuates
elastase-induced aneurysmal expansion, reduces elastin degradation and fragmentation, inhibits MMPs and TNF-
o expression, and preserves and/or restores VSMC contractile phenotype in AAA. Taken together, these results
highlight the therapeutic and VSMC phenotypic modulation effects of UC-MSC in AAA progression, which
further indicates the potential of applying UC-MSC as an alternative treatment candidate for AAA.
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Introduction

ABDOMINAL AORTIC ANEURYSM (AAA) is estimated to
account for 150,000-200,000 deaths every year and cau-
ses serious socioeconomic burden worldwide [1]. Open surgi-
cal repair (OSR) with artificial blood vessel is effective to
prevent aneurysm rupture, but is associated with high perio-
perative morbidity and mortality rate [2]. Endovascular aneu-
rysm repair (EVAR) is less invasive and generates lower
perioperative comorbidity rate than OSR in short-term dura-
tion; however, benefits of EVAR are not sustained due to higher
reintervention rate and secondary rupture caused by endoleaks
or endograft durability [3-5]. Elegant studies have been con-
ducted aiming to explore candidate drugs for stabilization of

aneurysm growth, yet no medical therapy can be recommended
[6]. Hence, new noninvasive alternative strategies are truly
needed to halt or reverse aneurysm expansion.

The typical pathological characteristics of AAA are extra-
cellular matrix (ECM) degradation, medial vascular smooth
muscle cell (VSMC) dysfunction and loss, and inflammatory
cell and cytokine infiltration [7]. VSMCs are the most pre-
dominant cell type within the aortic wall; the abnormality and
dysfunction of VSMCs could impair vascular homeostasis and
structural integrity [8], which further contributes to the occur-
rence and progression of AAA [9-11]. Under normal physio-
logical conditions, VSMCs preserve a contractile phenotype,
which is featured by high expression of contractile proteins
essential for contraction machinery and cell anchorage, such as
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SMA-a and SM-22 [8,12]. While in pathological stimulation,
VSMCs undergo dedifferentiation and exhibit a synthetic
phenotype, which is characterized by enhanced proliferation
and migration abilities and high expression of synthetic pro-
teins like OPN [8,13].

Recently, preclinical studies have found mesenchymal stem
cell (MSC)-based cellular therapy is beneficial to AAA initia-
tion and progression [14-21]. Parvizi et al. [20,21] demonstrated
that perivascular scaffolds loaded with adipose-derived MSCs
could attenuate AAA development, prevent loss of VSMCs, and
decrease macrophage infiltration in rats. Sharma et al. [19] found
that intravenous injection of umbilical cord mesenchymal stem
cells (UC-MSCs) attenuates proinflammatory cytokine IL-17
production and protects against AAA formation. However, these
investigations mainly focused on the ability of MSCs to mod-
ulate inflammatory and immune responses in preventing AAA
occurrence and development. Little is known about the VSMC
phenotypic modulation in stem cell-based therapy for AAA.

In this study, we examined the therapeutic effects and
efficacy of UC-MSCs in the management of AAA, and
highlight the preservation and/or restoration roles of UC-
MSC treatment on VSMC phenotypic transition.

Materials and Methods

Acquisition of human UC tissue
and culture of UC-MSCs

The study protocols were approved by the Ethics Committee
of the First Affiliated Hospital of China Medical University, in
accordance with the Declaration of Helsinki. Tissue donors
gave written informed consent before the study. The primary
culture protocols of UC-MSCs were followed as previously
described [22]. The fresh umbilical cord tissue was extracted
aseptically, and was cut open longitudinally; one umbilical vein
and two umbilical arteries were removed to expose Wharton
jelly tissue. Then, the residual blood was washed repeatedly
with normal saline, and the remaining Wharton jelly was cut
into small pieces of 1mm’ with ophthalmic scissors and
transferred into a T75 cell culture flask. Dulbecco’s modified
Eagle’s medium/Ham’s F12 medium (11320033; Gibco) con-
taining 10% fetal bovine serum (FND500; ExCell Bio) and 1%
penicillin/streptomycin  (15070063; Gibco) was added, and
cells were cultured in a 5% CO,-/water-saturated incubator at
37°C. The status of cell growth was observed under inverted
microscope (Eclipse TS100; Nikon) every day. The culture
medium was changed for the first time after 1 week, and then
changed every 2 days. When the cells reached 80%-90%
confluence, cells were digested and passaged with 0.25%
trypsin-EDTA (25200072; Gibco), and the digestion time was
controlled under the microscope. Cells between passage 3 (P3)
and passage 5 (P5) were used in this study.

Cell proliferation assay

The cell proliferation analysis was conducted by using Cell
Counting Kit-8 (CCK-8) assay (CK04; Dojindo). Briefly, cells
were plated in 96-well plates at a density of 2x 10* cells/well
in 100 pL. culture medium, the absorbance was continuously
measured at the same time point from 1 to 7 days after cell
implantation. According to the manufacturer’s protocol, 10 uL.
of CCK-8 solution was added to each well, and the plate was
incubated for 4h before the absorbance was measured at
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450nm on a microplate reader (iMark™ Microplate Absor-
bance Reader; Bio-Rad Laboratories).

Cell cycle analysis

Cell cycle analysis was carried out by flow cytometry tech-
nique to check the percentages of cells in different cell cycle
stages. Briefly, cells were seeded at a density of 5x 10> cells/
dish into a 10 cm? cell culture dish; after incubating at 37°C for
24 h, cells were washed thrice with phosphate-buffered saline
(PBS) and fixed with 75% precooled ethanol for 12h. After
washing with PBS three times, the fixed cells were resuspended
with 0.5 mL propidium iodide (PI) staining working solution
(C1052-2; Beyotime) containing 2% RNase A (C1052-3;
Beyotime) and incubated in dark at 37°C for 30 min. Then, the
cells were consigned to a MACSQuant® Analyzer Flow
Cytometer (Miltenyi Biotec) for further analysis.

Induction of adipogenic, osteogenic,
and chondrogenic differentiation of UC-MSCs

For adipogenic differentiation, UC-MSCs were seeded at
a density of 5x 10 cells/well into a six-well plate and in-
cubated with 2mL/well MesenCult” Adipogenic Differ-
entiation Medium (05412; Stem Cell Technologies) in a 5%
CO,-/water-saturated incubator at 37°C for 25 days; the
induction medium was changed every 3 days. Finally, the
cells were fixed with 4% paraformaldehyde and the intra-
cellular lipid accumulation of UC-MSCs was visualized by
oil red O staining as previously described [23].

For osteogenic differentiation, UC-MSCs were seeded at a
density of 5x 10 cells/well into a six-well plate and incubated
with 2mL/well MesenCult Osteogenic Differentiation Med-
ium (05465; Stem Cell Technologies) in a 5% CO,-/water-
saturated incubator at 37°C for 15 days; the induction medium
was changed every 3 days. Finally, the cells were fixed with
4% paraformaldehyde and the intracellular calcium accumu-
lation of UC-MSCs was visualized by Alizarin Red S staining
as previously described [23].

For chondrogenic differentiation, a total of 5x 10° UC-
MSCs were suspended and centrifuged into a 15 mL poly-
propylene tube as a cell pellet and incubated with 0.5mL
MesenCult-ACF (animal component-free) Chondrogenic
Differentiation Medium (05455; Stem Cell Technologies) in a
5% CO,-/water-saturated incubator at 37°C for 3 days first;
then, 0.5 mL of complete induction medium was added on day
3 and was replaced with 0.5 mL medium after every 3 days
until day 21. Finally, the chondrogenic pellet was fixed with
10% formalin, followed by subsequent standard paraffin em-
bedding and visualized by hematoxylin-eosin (H&E) staining.

Cell surface markers analysis

Flow cytometry was implemented for measuring UC-MSC
surface markers. Briefly, cells were incubated with FITC-
conjugated primary antibodies after preprocessing steps as de-
scribed in the section of cell cycle analysis. Then, the cells were
subjected to a MACSQuant Analyzer Flow Cytometer (Milte-
nyi Biotec) for analysis. The primary antibodies used in this
experiment are mouse anti-human CD34 (555821; BD Phar-
mingen), mouse anti-human CD45 (555482; BD Pharmingen),
mouse anti-human CD73 (561254; BD Pharmingen), mouse
anti-human CD90 (561969; BD Pharmingen), mouse anti-
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human CD105 (561443; BD Pharmingen), and mouse anti-
human HLA-DR (555560; BD Pharmingen).

Animals

All animals were cared for according to the Guide for the
Care and Use of Laboratory Animals stated by the U.S.
National Institutes of Health. All the experimental proce-
dures were approved by the Animal Research Ethics Com-
mittee of China Medical University. A total of 30 male 8§-10
weeks old Sprague-Dawley (SD) rats (Changsheng Bio-
technology) were used in this study.

Establishment of AAA model
and experimental design

In this study, elastase infusion method was implemented to
establish an in vivo model of AAA in male SD rats following
previous established protocols [24]. Briefly, after animals were
anesthetized with gas mixture of 2% isoflurane and 2 L/min
oxygen, midline abdominal incision was performed, the seg-
ment between left renal vein and bifurcation of abdominal aorta
was carefully isolated and exposed, and then the infrarenal
abdominal aorta was perfused with elastase (30 U/mL; Solarbio
Life Sciences) or saline through PE-10 catheter under 130 cm
water column pressure for 30 min.

All rats were randomly divided into three groups: the control
group (n=10) was perfused with saline and injected with 1 mL
saline through tail vein on day 1 (the first postoperative day);
the elastase group (n=10) was perfused with active elastase
and injected with 1 mL saline through tail vein on day 1; and
the elastase+MSC group was perfused with active elastase and
injected with 1x10° UC-MSCs in 1 mL saline through tail
vein on day 1 (Fig. 2A).

The diameter and morphology of abdominal aorta was
evaluated by ultrasound, H&E staining, and elastic fiber
staining. Immunohistochemistry (IHC) staining, immuno-
fluorescence staining, and western blot analysis were used to
evaluate the expression level of VSMC contractile pheno-
typic markers among the three groups. Throughout this
study, the experimenters were all blind to the analysis of
data and the sample size for each experiment was illustrated
in the corresponding figure legend.

Measurements of abdominal aorta
diameter by ultrasound

All animals were anesthetized with isoflurane inhalation
after abdominal depilation. The maximum internal diameter
of infrarenal abdominal aorta of each animal was measured
by ultrasound cross-sectionally before aortic perfusion (day
0) and on the 7th and 14th day after operation. Vevo 770
system (VisualSonics) was used for ultrasonic measure-
ments according to the manufacturer’s instructions.

Histological analysis

Abdominal aorta samples were fixed in 4% paraformalde-
hyde for 24 h, embedded in paraffin, and sectioned into 4 pm
thickness. After standard deparaffinization and rehydration
steps, sections were H&E stained to assess morphological
changes. Moreover, Gomori aldehyde fuchsin staining method
(G1593; Solarbio Life Sciences) was implemented to evaluate
the changes of elastic fibers within the arterial wall. According
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to the manufacturer’s protocols, after deparaffinization and
rehydration, sections were incubated with acid oxidation so-
lution for 5 min, washed with PBS, and then incubated with
acid bleaching solution for 5 min. After washing with PBS and
70% ethanol, sections were incubated with aldehyde fuchsin
for 10 min and orange G for 1-2s.

IHC staining and immunofluorescence staining were per-
formed to evaluate the expression level of VSMC contractile
phenotypic markers SMA-o and SM-22 within arterial walls.
For IHC analysis, sections were deparaffinized and rehydrated,
and then incubated with 3% H,O, to deactivate endogenous
peroxidase at room temperature in dark for 10 min, followed
by heat-induced antigen retrieval with pressure cooker con-
taining sodium citrate buffer (10 mM, pH 6.0) and blocking
with normal goat serum for 30 min at room temperature. After
that, sections were incubated with primary antibodies at 4°C in
a humidified chamber overnight and HRP-conjugated goat
anti-rabbit secondary antibody (1:2,000, ab205718; Abcam) at
room temperature for 1h. Sections were detected with dia-
minobenzidine (DAB) and stained with hematoxylin before
dehydration and examination under microscopy.

For immunofluorescence analysis, sections were depar-
affinized and rehydrated as abovementioned, followed by heat-
induced antigen retrieval, permeabilization with Triton X-100,
and blocking with 5% bovine serum albumin (BSA) for 30 min
at room temperature. After that, sections were incubated in
dark with primary antibodies at 4°C in a humidified chamber
overnight with Alexa Fluor 488 (1:200, ab150073; Abcam)- or
Alexa Fluor 647 (1:200, ab150075; Abcam)-conjugated don-
key anti-rabbit secondary antibody at room temperature for 1 h.
Nuclei were stained with DAPI before visualization with
confocal microscope (C2+ system; Nikon). Images were ana-
lyzed and quantified with ImageJ software (version 1.52t;
NIH). For elastic fiber quantification, the mean areas of elastic
fibers were measured following ImagelJ user’s guide and the
number of elastin breaks was manual counted per section.

For immunofluorescence staining, the average fluores-
cence intensities of SMA-a, SM-22, and OPN in the medial
wall area were measured per section according to the ImageJ
user’s guide. For IHC staining, the IHC Toolbox plugin
(http://imagej.nih.gov/ij/plugins/ihc-toolbox) in ImageJ was
applied to measure the average intensities of positive signals
per section. All data were exported to Prism software to
generate plots. The primary antibodies used in IHC and
immunofluorescence experiments were anti-SMA-o (1:100,
ab5694; Abcam) and anti-SM-22 (1:100, ab155272; Abcam).

Western blot analysis

Total protein was extracted from fresh aorta samples using
RIPA lysis buffer (POO13B; Beyotime) containing 2% prote-
ase and phosphatase inhibitor cocktail (P1050; Beyotime).
The concentration of total protein was determined by a BCA
protein quantitative kit (POO12S; Beyotime). A total of 40 g
protein per sample was separated by 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (PO012A; Beyotime)
and then electrophoretically transferred onto a 0.2 um poly-
vinylidene difluoride (PVDF) membrane (88520; Thermo
Fisher Scientific) using Trans-Blot® SD Semi-Dry Transfer Cell
System (Bio-Rad Laboratories). The membranes were blocked
with 1% BSA for 2h at room temperature and incubated with
primary antibodies for 12h at 4°C. Then, after washing thrice
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(10 min each), membranes were further incubated with HRP-
conjugated secondary antibodies (1:3,000, ab205718; Abcam)
for 1h at room temperature. Chemiluminescence visualization
was conducted using Hypersensitive ECL Luminescent Solu-
tion (SB-WBOO2L; Share-Bio Technology, Shanghai, China).
Intensities of protein bands were measured with Imagel soft-
ware (Version 1.52t; NIH), and GAPDH was used as in-
ternal reference protein.

The following primary antibodies were used in this exper-
iment: anti-SMA-o (1:3,000, ab5694; Abcam), anti-SM-22
(1:3,000, ab155272; Abcam), anti-OPN (1:1,000, BM4208;
Boster Biological Technology), anti-MMP-2 (1:5,000, NB200-
193; Novus Biological), anti-MMP-9 (1:2,000, AF5228; Aff-
biotech), anti TNF-o (1:1,000, PB0082; Boster Biological
Technology), and anti-GAPDH (1:2,000, BM3896; Boster
Biological Technology).
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Statistical analysis

In this study, results are expressed as meanz standard
error of the mean and statistical significance between the
means of two groups was determined by two-tailed unpaired
t-test or Mann-Whitney test. P value of <0.05 was considered
statistically significant. GraphPad Prism software (version
8.2.1; GraphPad Prism Software, Inc., San Diego, CA) was
used for all statistical analyses.

Results

Isolation and characterization of UC-MSCs

In the processes of expansion and culture in vitro, P3
and PS5 UC-MSCs were well adhered to the plastic surface
and exhibited homogenous fibroblast-like morphology and
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FIG. 1. Characterization of human UC-MSCs. (A) Fibroblast-shaped morphology of passage 3 (leff) and passage 5 (right)

UC-MSCs under inverted microscope (X 100 magnification). (B) Cell proliferation analyses of passage 3 (blue) and passage 5
(red) UC-MSCs; the data indicate mean + SEM of five independent experiments. (C) Cell cycle analyses of passage 3 (left) and
passage 5 (right) UC-MSCs. (D) Percentages of passage 3 and passage 5 UC-MSCs in GO/Gl, S, and G2/M cell cycle phases;
the data indicate mean® SEM of five independent experiments. (E) Representative images of passage 3 (leff) and passage 5
(right) UC-MSC:s for adipogenesis (fop), osteogenesis (middle), and chondrogenesis (bottom); bar =50 um. (F) Flow cytometry
analyses of the surface markers of passage 3 (lef?) and passage 5 (right) UC-MSCs. (G) Percentages of positive cells for CD73,
CD90, CD105, CD34, CD45, and HLA-DR between passage 3 and passage 5 UC-MSCs; the data indicate mean + SEM of five
independent experiments. ns, not significant; SEM, standard error of the mean; UC-MSCs, umbilical cord mesenchymal stem
cells. Color images are available online.
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whirlpool-like growth pattern (Fig. 1A). Moreover, both
P3 and P5 UC-MSCs showed great and similar growth
potential according to results of cell growth curve analysis
(Fig. 1B). In the cell cycle analysis, no significant differences
were observed in the percentages of different cell cycle
stages between P3 and P5 UC-MSCs, as shown in Fig. 1C
and D, around 90% UC-MSCs were in GO/G1 phase, 8% in S
phase, and 2% in G2/M phase. Culture-expanded UC-MSCs
were well characterized based on their ability for differen-
tiation (Fig. 1E) and immunophenotypes (Fig. 1F, G).

After adipogenic differentiation and oil red O staining,
there were obvious red lipid droplets in the induction group
compared with the control group. For the osteogenic differ-
entiation, visible nodular cell mass and red calcium deposi-
tion were identified in the induction group after alizarin red S
staining. As for chondrogenic differentiation, cell pellets in
the induction group were cartilage like and light blue stained,
which indicated collagen deposition. Flow cytometry analysis
demonstrated that UC-MSCs exhibited over 95% positive
expression of CD73, CD90, and CD105, while <5% positive
expression of CD34, CD45, and HLA-DR (Fig. 1F). There
were no significant differences identified of above cell sur-
face markers between P3 and P5 UC-MSCs (Fig. 1G).

UC-MSCs reduce aneurysmal expansion
in the elastase perfusion AAA model

Animals were injected through tail vein with 1x10°
UC-MSCs or saline on the first day after aortic perfusion
(Fig. 2A). Ultrasonic measurements were performed on
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days 0, 7, and 14 for all three groups of animals (Fig. 3A).
Results showed maximal infrarenal abdominal aortic inner
diameters of 1.391+0.133 mm, 1.372+0.173 mm, and 1.473 +
0.109 mm preoperation on day O in control, elastase, and
elastase+MSC groups, respectively (Fig. 3B). On day 7, a
significant increase of maximal inner diameters was ob-
served in elastase group compared to control group (2.257 +
0.183 mm vs. 1.401 £0.160 mm, respectively, P <0.05), while
UC-MSCs (2.087£0.111 mm) reduced the maximal inner
diameters compared to elastase group (P <0.05) (Fig. 3B). On
day 14, UC-MSCs significantly reduced maximal inner di-
ameters compared to elastase group (2.292+0.123mm vs.
2.635+£0.192 mm, respectively, P<0.05) (Fig. 3B).

Similar results were also seen in aortic diameter change
on day 7 (elastase+MSCs: 0.614+0.137mm vs. elastase:
0.885+0.280 mm, P<0.05) and on day 14 (elastase+MSCs:
0.819+0.143mm vs. elastase: 1.263+£0.267 mm, P <0.05)
(Fig. 3C). Furthermore, results of percent increase of aortic
diameter were consistent with above observations (elastase+
MSCs: 56.228% +12.443% vs. elastase: 94.840% +28.474%,
P <0.05) (Fig. 3D). The above ultrasonic results demonstrate
that UC-MSCs attenuate aneurysmal expansion in the elastase
perfusion AAA model.

UC-MSCs reduce elastin degradation
and fragmentation in the elastase
perfusion AAA model

Given the significant aortic diameter differences between
elastase+MSC group and elastase group, we further examined
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FIG. 2. Study design and establishment of elastase-induced AAA model in SD rats. (A) Flow diagram of study design;
animals were randomly divided into three groups: control group, elastase group, and elastase+MSC group; ultrasonography was
performed on days 0, 7, and 14; animals were harvested on day 14. (B) Representative images of exposure, elastase perfusion,
aneurysmal formation (in situ), and aneurysm formation (in vitro); white dotted lines represent the outline of aorta; bar =5 mm.
AAA, abdominal aortic aneurysm; MSC, mesenchymal stem cell; SD, Sprague-Dawley. Color images are available online.
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elastin degradation and fragmentation among three groups of
animals on day 14. Gomori aldehyde fuchsin staining revealed
significantly increased level of elastin degradation and
fragmentation in elastase group compared to control group
(P<0.05), while UC-MSCs significantly reduced elastin
degradation and fragmentation compared to elastase group
(P<0.05) (Fig. 4). These data demonstrate that UC-MSCs
reduce elastin degradation and fragmentation during an-
eurysm formation.

UC-MSCs promote VSMC contractile phenotypic
transition in the elastase perfusion AAA model

To further elucidate the underlying role of VSMC pheno-
typic transition between UC-MSC treatment and the attenua-
tion of aneurysm expansion, we examined the expression level
of VSMC contractile markers SMA-o. and SM-22 and syn-
thetic marker OPN in the medial wall of abdominal aortas on
day 14. Results from western blot showed that UC-MSCs

effectively restored the expression level of SMA-a (P <0.05)
and SM-22 (P<0.05), and attenuated the expression level of
OPN (P<0.05) compared with elastase group (Fig. 5SA-D).
Moreover, UC-MSC:s significantly increased the percentage of
medial contractile versus synthetic VSMCs compared with
elastase group (P<0.05) (Fig. 5E). Similar results were fur-
ther obtained through IHC (Fig. 6) and immunofluorescence
(Fig. 7) staining. These data illustrate that UC-MSCs restore
VSMC contractile phenotypic markers within the aortic wall
during the aneurysm progression.

UC-MSCs markedly diminish MMPs and TNF-o
production in the elastase perfusion AAA model

VSMCs have been known to be a major source of MMP-2
and MMP-9 production within AAA progression. We found
that UC-MSCs contributed to the preservation of VSMC
contractile phenotype; thus, we next evaluated the protein
level of MMP-2 and MMP-9 with western blot analysis.
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Indeed, the protein level of MMP-2 and MMP-9 was signif- logical characteristics of medial degeneration and leukocyte
icantly decreased in UC-MSC-treated group compared with infiltration in the occurrence and development of human AAA
elastase group (Fig. 8A-E). Inflammatory cytokines have been  [28,29]. In this study, we established the elastase-induced
found to be highly correlated with AAA [1,23,25,26]. Since AAA model in SD rats, and the abdominal aortas were mor-
UC-MSCs have been known to play a vital role in the regu- phologically aneurysmal on the 14th postoperative day, which
lation of inflammatory reactions during aneurysm formation is consist with previous investigations [24,30].

and progression, we further determined the protein level of According to the minimal criteria stated by the Interna-
TNF-o; results demonstrated a significantly lower protein le-  tional Society for Cellular Therapy (ISCT), MSCs are char-
vel of TNF-a in UC-MSC-treated group compared with acterized by plastic-adherent, high expression of CD73,
elastase group (Fig. 8A, F). Thus, it appears that UC-MSCs CD90, and CD105, and low expression of CD34, CD45, and
contribute to the suppression of MMPs and deterioration of HLA-DR, abilities of adipogenesis, osteogenesis, and chon-

inflammatory reactions within the aneurysm wall. drogenesis [31]. In this study, the explant method [32] was
implemented to obtain UC-MSCs from Wharton jelly in vitro
Discussion and cells in passages 3 and 5 were utilized in the following

experiments. Results of UC-MSC characterization (Fig. 1)

In this study, we used porcine pancreatic elastase in- showed that cells used in this study were in line with the
traluminal perfusion model to investigate the therapeutic ef- ISCT standards and were eligible to follow-up experiments.
ficacy of intravenous UC-MSC infusion in AAA. Intraluminal Phenotypic transition of VSMCs during AAA initiation
perfusion with elastase model, one of the most widely used and progression has been demonstrated by previous litera-
experimental models of AAA in vivo, was first introduced by  tures [9,33]. To be consistent with previous studies, we
Anidjar et al. in Wistar rats [27], which simulates the patho- demonstrated in this study that the expression level of
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FIG. 6. UC-MSCs promote VSMC contractile phenotypic transition in the elastase perfusion AAA model. Representative
images of immunohistochemistry staining for SMA-a (left) (A), SM-22 (middle) (B), and OPN (right) (C) in the medial
aortic walls from three groups of animals on day 14; bar=50 um. Measurements of SMA-a (D), SM-22 (E), and OPN (F)
per cross-section are shown for the three groups of animals. (G) The percentage of SMA-0/OPN and SM-22/OPN in the
medial wall is shown; data are normalized to control group; n=35, *P <0.05, **P <0.01, ***P <0.001, and ****P <0.0001.
Color images are available online.
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contractile proteins SMA-o and SM-22 was reduced in the
process of AAA progression, while the expression level of
synthetic protein OPN was increased. To further investigate
the effect of UC-MSCs on VSMC phenotypic transition in
AAA, we intravenously injected 1x10° UC-MSCs into
AAA models and detected the protein level of SMA-ao, SM-
22, and OPN. Results showed that UC-MSCs preserved and
restored the contractile phenotype of VSMCs, which further
contributes to the attenuation of AAA progression. Com-
pared to previous studies investigating the beneficial effect
of MSCs in AAA [14-20,34], our research revealed that

UC-MSC:s could perform therapeutic effect in AAA through
modulating VSMC phenotype.

UC-MSCs were reported to be efficient in various diseases
through their paracrine effects [35,36]. One cytokine profiling
study found that UC-MSCs showed significantly higher se-
cretion level of TGF-p, a strong promotor of VSMC contractile
phenotypic transition [37], compared to adipose tissue- and
amniotic membrane-derived MSCs [38]. Thus, we conserva-
tively hypothesize that UC-MSCs might, in part, promote
VSMC contractile phenotype through directly secreting TGF-f3
in AAA, although needs to be further elucidated.
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The normal biomechanical properties of arterial walls are
partially maintained by the complex spatial structure consist-
ing of elastic fibers and their interactions with collagen and
VSMCs [39]. Degradation and fragmentation of elastic fibers
caused by MMPs are thought to contribute to the initiation and
progression of AAA [39-41]. Several promising studies have
found MSCs derived from bone marrow [14,15,34], adipose
tissue [17,18], placenta [16], or umbilical cord tissue [19] can
inhibit the expansion of aneurysmal sac, and reduce the pro-
tein level of MMP-2 and MMP-9 and elastin degradation
within the arterial wall. In this study, we measured the max-
imum aortic diameter at 0, 7, and 14 days with ultrasound
technique, assessed the degree of elastin degradation and
fragmentation at 14 days by elastin staining, and evaluated the
protein level of MMP-2 and MMP-9 through western blot.

Despite differences in cell origin, route of administration,
number of cells, and animal models, our results were similar
with previous investigations that UC-MSCs could attenuate
aneurysm expansion, reduce elastin degradation and frag-
mentation, and inhibit MMP-2 and MMP-9 activities. MMP-
2 is reported to be predominantly derived from VSMCs
during AAA initiation and progression [42—44]; alteration of
MMP-2 secretion level is part of the process of VSMC
phenotypic regulation [45]. Interestingly, in this study, we
revealed the protective effect of UC-MSCs on VSMC con-
tractile phenotype, which may be closely associated with the
decreased expression level of MMP-2.

Inflammatory cells and cytokines have been determined
to be involved in the pathogenesis of AAA [25,46]. TNF-a
is primarily produced by monocyte macrophage system in
AAA [26,47]. Previous studies have revealed that TNF-a
could induce VSMCs from contractile to synthetic phe-
notype through the downregulation of VSMC-specific
contractile genes [48,49]. In this study, we demonstrated
that UC-MSCs suppress TNF-a expression during AAA
initiation and progression, which implies that UC-MSCs
might promote the phenotypic transition of VSMCs through
indirect pathways, such as downregulating the expression
level of TNF-o. In addition, VSMCs are found to be a source
of TNF-a secretion in inflammatory conditions [50,51].
Thus, UC-MSC-induced contractile VSMCs might further
suppress TNF-o secretion, which, taken together, forms a
positive feedback circuit.

In addition to stem cells from various origins, non-stem
cell-based cellular therapy for AAA such as VSMCs is an-
other important candidate cell source. Allaire et al. [52]
have determined that the VSMC endovascular seeding re-
stores the healing capabilities of proteolytically injured
ECM in aneurysmal aortas, and stops aneurysmal expansion.
In another study comparing the therapeutic efficacy of bone
marrow-derived mesenchymal stem cells (BM-MSCs) and
VSMCs in an already-formed aortic aneurysm xenograft
model, Allaire and colleagues [53] found that BM-MSCs
stabilize already-formed aortic aneurysms more efficiently
than VSMCs. Moreover, Ramamurthi and colleagues [54—
57] have demonstrated the proelastogenic properties of bone
marrow MSC-derived smooth muscle cells and highlighted
the future application of in-vitro induced smooth muscle
cells in AAA management. Although results of MSCs from
multiple tissue sources and in vitro cultured or induced
VSMCs in the treatment of AAA are promising in preclin-
ical studies, further investigations are still needed.
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In this study, a single dose of 1x10° UC-MSCs were
injected intravenously on the 1st postoperative day, which
gave rise to considerations about optimal injecting cell
amount, along with the frequency and timing of injection.
Compared to studies with local implantation of MSCs
[15,20], intravenous injection of MSCs represents the
minimum invasive systematic route for cellular therapy,
and has been previously shown to be effective in different
AAA models [16,18,34]. In addition, a randomized con-
trolled trail investigating MSCs in small human AAA also
applied intravenous administration [58], which further arise
the clinical convenience and feasibility of intravenous ad-
ministration.

Intravenous injected BM-MSCs were observed in the
infrarenal aorta segments at 2 weeks after administration, as
reported by Yamawaki-Ogata et al. [34], which addressed
the in vivo mobilization and local differentiation of MSCs in
AAA. However, in this study, we did not evaluate the dis-
tribution of UC-MSCs in the infrarenal aorta tissue. More-
over, this study established the biological effect of UC-
MSCs promoting or preserving VSMC contractile pheno-
type in AAA, but the underlying mechanisms have not been
fully elucidated and need to be further investigated.

Conclusion

In summary, this study demonstrates that intravenous
injection of UC-MSCs attenuates elastase-induced AAA
initiation and progression through restoration and/or pres-
ervation of VSMC contractile phenotype, impaired activity
of MMP-2 and MMP-9, reduced level of elastin degradation
and fragmentation, and downregulated expression of in-
flammatory cytokine TNF-o.. Taken together, the findings
presented herein provide a theoretical and experimental
basis for the future application of UC-MSCs and other stem
cell-based therapies for AAA.
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