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Evaluation of Circulating Endothelial Progenitor Cells
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after Endovascular Aneurysm Repair
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Background and Objectives: Circulating endothelial progenitor cells (EPCs) participate in vascular repair and predict
cardiovascular outcomes. The aim of this study was to investigate the correlation between EPCs and abdominal aortic
aneurysms (AAAS).

Methods and Results: Patients (age 67+9.41 years) suffering from AAAs (aortic diameters 58.09+11.24 mm) were pro-
spectively enrolled in this study. All patients received endovascular aneurysm repair (EVAR). Blood samples were taken
preoperatively and 14 days after surgery from patients with aortic aneurysms. Samples were also obtained from
age-matched control subjects. Circulating EPCs were defined as those cells that were double positive for CD34 and
CD309. Rat models of AAA formation were generated by the peri-adventitial elastase application of either saline sol-
ution (control; n=10), or porcine pancreatic elastase (PPE; n=14). The aortas were analyzed using an ultrasonic video
system and immunohistochemistry. The levels of CD34"/CD309™ cells in the peripheral blood mononuclear cell pop-
ulations were measured by flow cytometry. The baseline numbers of circulating EPCs (CD34"/CD309") in the periph-
eral blood were significantly smaller in AAA patients compared with control subjects. The number of EPCs doubled
by the 14th day after EVAR. A total of 78.57% of rats in the PPE group (11/14) formed AAAs (dilation ratio >150%).
The numbers of EPCs from defined AAA rats were significantly decreased compared with the control group.
Conclusions: EPC levels may be useful for monitoring abdominal aorta aneurysms and rise after EVAR in patients
with aortic aneurysms, and might contribute to the rapid endothelialization of vessels.
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Introduction

Abdominal aortic aneurysms (AAAs) are an abnormal
focal dilation of aortic vessels in the abdominal area.
AAAs are defined as having a diameter for a dilated aorta
measuring 50% greater than the proximal normal seg-
ment, or >3 c¢m in maximum. The majority of AAAs are
asymptomatic and are most often incidentally found upon
physical examination (1). In aging populations, the in-
cidence and prevalence of AAAs are certain to rise (2).

Diseases and unhealthy behaviors that damage the heart
and blood vessels also increase risks for aortic aneurysm,
such as smoking, hypertension, hypercholesterolemia, and
atherosclerosis (3). Numerous studies have suggested that
endothelial progenitor cells (EPCs) can be used as a bio-
marker of cardiovascular diseases (4, 5). Studies have
shown different results with regards to the correlation be-
tween the number of EPCs and aortic aneurysm prevalence.
In a study by Dawson, AAA patients had significantly
higher levels of circulating EPCs (CD34"/CD133™) than
age-matched controls (6). However, circulating EPCs
(CD34"/ KDR" and CD133"/KDR™) were significantly
fewer in AAA patients than in controls in Chen’s study
(7). The significant controversies in these diametrically
opposed results could be related to the identification
methods and roles of EPC subpopulations and patient
groups.

EPCs are a heterogeneous group of cells, which are
present in circulatory populations and contribute to vascu-
logenesis in adults (8). EPCs can be isolated from hema-
topoietic sources or nonhematopoietic tissues. Circulating
EPCs have been characterized by coexpression of surface
markers such as CD34, CD133, and CD309 (also known
as VEGFR-2 or KDR). Previous studies have investigated
the inconsistent number of EPCs in AAA patients com-
pared with matched controls.

Endovascular aneurysm repair (EVAR) was first re-
ported by Parodi in 1991 and has gained in popularity as
a minimally invasive procedure to repair abdominal aortic
aneurysm (9-11). It remains unclear whether changes in
circulating EPCs occur in AAA patients after EVAR. In
order to address this, we investigated the number of circu-
lating EPCs in patients with AAAs before or after EVAR.
We further uncovered a quantitative relationship in the
number of EPCs using a rodent model of aortic aneurysms.

Materials and Methods

Study population
Patients referred for Computed Tomography Angiography

(CTA) with suspected AAA were recruited from June 2018
to October 2018. Inclusion criteria for the study were men
and women aged 50~85 years with a dilation aorta diame-
ter over 50% that of a normal aorta. Appropriate exclusion
criteria were aortic aneurysms secondary to genetic syn-
dromes such as Marfan syndrome, unstable angina, recent
trauma, underlying infection, and cancer. All patients suf-
fering from unruptured AAAs underwent endovascular
aneurysm repair (EVAR) and provided written informed
consent the day before surgery. A control group had a nor-
mal abdominal aorta diameter according to the principle
of matched grouping. Healthy volunteers were recruited
from Soochow University post-graduate students and other
young subjects with a mean age of 26 years.

The protocol for this study was approved by the
Institutional Review Board of the first affiliated hospital
of Soochow University, and informed consent was ob-
tained from all enrolled patients.

Collection of peripheral blood samples

Peripheral blood (5 ml) was collected in EDTA-coated
tubes from patients with AAAs who underwent EVAR
(n=7). Samples were taken preoperatively and on the 14th
day after surgery. Blood samples were also obtained from
matched control subjects (n=7) and other young subjects
(n=6). Peripheral blood mononuclear cells (PBMNs) were
isolated using density gradient centrifugation with Ficoll
separating solution (Beyotime, Shanghai, China). The se-
rum levels of creatinine, total cholesterol, and triglycerides
were determined at admission and on the 14th day after

surgery.

Quantification of circulating EPCs by flow cytometry

The numbers of EPCs in each sample were assessed ac-
cording to a previously published technique (12, 13).
Circulating EPCs were measured using flow cytometry
and quantified as PBMNs co-expressing CD34 (a hema-
topoietic stem and EPC marker) and CD309 (a vascular
endothelial growth factor receptor). In brief, we incubated
200 1 of PBMNs with 5 1 of FITC-conjugated anti-
CD34 antibody (eBioscience, San Diego, USA) and PE-
conjugated anti-CD309 antibody (eBioscience, San Diego,
USA) in the dark for 15 min. After incubation, each sam-
ple was washed twice with FACS buffer. Approximately
10* events per sample were run on a Guava® easyCyte 8
Flow Cytometer (Millipore Corporation, Billerica, USA),
and samples were analyzed with Flow]Jo software (Tree
Star, Ashland, USA).
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Animal models

A rat model of AAA formation was generated using
peri-adventitial elastase application (14). Briefly, 8-week-old
male Sprague-Dawley rats (Animal Laboratory of Soochow
University, China) were assigned randomly to two groups,
a control group (n=10) and a porcine pancreatic elastase
(PPE) group (n=14). For experiments, rats were anes-
thetized by an intra-peritoneal injection of 10% chloral
hydrate (350 mg/kg). A laparotomy was performed, and
the abdominal aorta was exposed just below the left renal
vein. These isolated segments of the abdominal aorta were
perivascularly treated for 15 minutes with 7 U/mg PPE
(Type I; Sigma, St. Louis, USA) or a saline solution using
a presoaked gauze. After the removal of residual elastase
with saline solution, the wounds were closed, and all rats
were returned to their cages and fed with standard diet
chow and water. All animal care and use in these experi-
ments conformed to the Guidelines of the Animal
Experimental Committee of Soochow University.

Measurements of the abdominal aorta diameter

The survival rate was measured after elastase treatment
for 5 weeks. Aneurysmal morphology and diameter were
examined in each group using a high resolution small ani-
mal ultrasonic real-time video system (VisualSonics Vevo770,
Canada). The entire aorta was harvested at the end of the
Sth week, and then analyzed using histology. The dilation
ratio (%)=(Aneurysmal diameter/aortic diameter)x100%.
AAA was defined as having a dilation ratio of more than
150%.

Histological and immunofluorescent analyses

Aortic tissues from mice after S weeks of PPE or saline
solution application were embedded in 4% paraformalde-
hyde, and then cut into 5 xm sections. The sections were
stained with hematoxylin and eosin (H&E) using a stand-
ard protocol, or Verhoeff-Van Gieson (VVG) staining for
elastic fibers. The aortic sections were stained with
Verhoeff’s solution, ferric chloride, and Van Gieson’s
solution. After each staining cycle, a fixing and washing
procedure followed. Aortic sections were incubated with
primary antibodies overnight at 4°C using either a rabbit
CD34 polyclonal (Abcam, Cambridge, MA, USA) or a rab-
bit CD309 (VEGF receptor 2) polyclonal antibody (Abcam,
Cambridge, MA, USA), followed by incubation with secon-
dary antibody conjugated with FITC (green) or TRITC
(red). DAPI (blue) was used to counterstain the nucleus.
Double staining was performed, and combinations of sec-
ondary antibodies with conjugated FITC and TRITC
fluoresced as orange. Slides were imaged using an

Olympus BX61 Microscope (Olympus Corp, Japan).

Statistical analyses

Data is expressed as the mean+SD. Data was analyzed
using an unpaired t-test between two groups, whereas
one-way ANOVA was applied to compare more than two
groups. A p-value of <0.05 was considered significant. All
statistical analyses were performed using GraphPad Prism
8.0 software.

Results

Study population

All operations were scheduled and consisted of place-
ment of a stent-graft (diameter 22 or 24 mm) in each
aneurysm. The study population was predominantly male
(71%). The mean age was 67%9.41 years. Six patients
(86%) had hypertension and utilized one or more medi-
cations as anti-hypertensive therapy to control a systolic
pressure of nearly 130 mmHg. Control and AAA patient’s
features before or after EVAR are summarized in Table 1.
Most characteristic distributions between these groups
were similar, but patients with AAAs had a larger median
aneurysmal diameter and a lower total cholesterol level.

Circulating number of EPCs populations in AAA
patients

The numbers of EPCs in the peripheral blood were
measured by flow cytometry based on the percentage of
CD34" cells that co-expressed CD309 in patients and con-
trol subjects. The levels of circulating CD34"/CD309"
cells are shown in Fig. 1. CD347/CD309" cell counts
showed a significant decrease in patients with AAAs com-
pared to control subjects. The levels of CD34"/CD309"
cells returned to pre aneurysm levels by the 14th day after
EVAR.

Peri-adventitial elastase creates aneurysms

To demonstrate the relationship between EPCs and
aneurysm, AAA rat models were established using peri-ad-
ventitial elastase application. No technical failures oc-
curred intraoperatively. During the postoperative 5 weeks,
there were no deaths in the control or PPE groups. The
total survival rate was 100%, and no significant difference
was found between these groups. The mean max diameters
of the abdominal aortas were 1.60+£0.11 mm among the
24 rats as a baseline. At the end of the 5 weeks after oper-
ation, there were no differences in the aortic diameter in
control animals, whereas the PPE group exposed to por-
cine pancreatic elastase displayed aortic dilation (Fig. 2A).
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Table 1. Subject’s characteristics

Con (n=7) AAA before EVAR (n=7) AAA after EVAR (n=7) p
Age, years 69+9.81 67+9.41 67+9.41 N.S
Male sex, N (%) 4 (57%) 5 (71%) 5 (71%) N.S
SBP, mmHg 132.14+10.62 130.57+10.09 130.14+6.33 N.S
DBP, mmHg 73.57+6.26 704+6.95 71+10.18 N.S
Hypertension (%) 5 (71%) 6 (86%) 6 (86%) N.S
Diabetes (%) 1 (14%) 1 (14%) 1 (14%) N.S
Smoking (%) 4 (57%) 4 (57%) 4 (57%) N.S
CAD (%) 2 (29%) 1 (14%) 1 (14%) N.S
Diameter (mm) 18.28+2.56 58.09+11.24* 23.14+1.07" <0.05
WBC (109/|) 7.10+1.10 6.68+1.41 6.52+1.36 N.S
Platelet (109/|) 205.71+48.33 214+49.06 257.86+89.75 N.S
Creatinine, x«mol/l 71.56+21.93 73.5+13.32 71.69+7.73 N.S
Hemoglobin, mmol/I 31.01+1.15 30.03+1.85 29.24+1.97" <0.05
Total cholesterol, mmol/I 4.89+1.26 4.43+0.65* 3.93+0.99* <0.05
Triglyceride, mmol/l 2.18+0.93 1.23+0.28 1.1+0.36 N.S

Demographic and clinical characteristics, comorbodity conditions, complications of all subjects. Data are displayed as means+SD or num-
ber (%). AAA: abdominal aortic aneurysm, EVAR: endovascular aneurysm repair, DBP: diastolic blood pressure, SBP: systolic blood pressure,
CAD: coronary artery disease, WBC: white blood cell. *p<0.05 compared to Con. #p<0.05 compared to AAA before EVAR.
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The max diameter of the abdominal aorta in the PPE
groups showed a significant increase compared with the
control group (p<0.01). According to the definition of
AAA, 78.57% rats in the PPE group (11/14) had formed
AAAs (dilation ratio >150%) (Fig. 2B and 2C). In parallel
to aortic dilatation, the aortas from rats induced to have
AAAs by PPE exhibited damage to the elastic laminar in-

Fig. 1. Circulating levels of EPCs in
the peripheral blood from subjects.
(A) Circulating numbers of EPCs was-
were measured in different groups
by flow cytometry. (B) Percentage of
circulating CD34%/CD309" cells in
patients with abdominal aortic aneur-
ysms compared to age-matched con-
trols. *p<0.05, vs. Con. #p<0.05,
vs. AAA before EVAR.

tegrity and waviness (Fig. 3A and 3B). Double fluorescence
immunostaining for CD34 (red) and CD309 (green) in
aortic sections showed that CD34"/CD309" cells (orange)
sharply declined in the PPE group but were abundant in
the control group (Fig. 3C).

The blood from the inferior vena cava was then col-
lected from rats with AAAs or controls, and BMNCs were
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isolated using density gradient centrifugation. The percent
of circulating CD347/CD309" cells in BMNCs from rats
with definitive AAA was significantly decreased compared
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Fig. 2. Aneurysm formation after peri-adventitial elastase application.
(A) Characteristic morphology of the abdominal aorta. (Left) One
abdominal aortic aneurysm is shown from the Control group.
(Middle) An aorta at the end of 5th week after PPE application.
(Right) Morphology of a separated abdominal aorta. (B) Changes
in the aortic diameter above baseline and post-operatively. (C) The
dilation ratios of the abdominal aorta followed for 5 weeks. An
aneurysm was defined as an increase in the aortic diameter by >
50% above baseline. *p<0.05, vs. Con.

with the control group (Fig. 4).

Discussion

The present study accessed circulating EPC numbers us-
ing specific cell-surface antigens via flow cytometry. The
data showed an inverse association between low CD34"/
CD309" EPC counts and the presence of AAAs in pa-
tients, and this study was the first to demonstrate the con-
sistent and independent association of circulating EPCs in
clinical AAAs before or after undergoing EVAR. This
study also described a rat model of aneurysm formation
by degradation of the elastic lamina. Reduced levels of cir-
culating EPCs occurred in AAA models induced by pan-
creatic elastase exposure, which suggests that this model
of aneurysms formed by peri-adventitial application could
advantageous for the future study of AAAs.

The integrity and functionality of the endothelium is
crucial for maintaining physiological homeostasis of the
entire cardiovascular system (15). Pathological changes in
the endothelium can occur in response to adverse environ-
mental factors, including pathogens, inflammatory mole-
cules, or metabolic molecules (16-18), and with advancing
age, can cause vascular dysfunctions. Circulating EPCs
play a critical role in endothelial repair of vascular damage.
Endothelial function and the levels of circulating EPCs
have been shown to be associated with cardiovascular risk
factors (4, 19). Moreover, decreased levels of circulating
EPCs can independently predict cardiovascular events.

EPCs are a heterogeneous cell population that can be

Fig. 3. Histological sections of ab-
dominal aorta. (A) Hematoxylin and
eosin staining of the aorta. (B)
Verhoeff-Van Gieson (VVG) staining
of elastic fibers in aneurysm sections.
(O) Immunofluorescence of abdomi-
nal aorta sections labeled with anti-
bodies to detect CD34 (red) and
CD309 (green). The white arrow in-
dicates CD347/CD309" cells coloc-
alizing as orange.
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Fig. 4. Circulating levels of EPCs in AAA rats. (A) Circulating num-
bers of EPCs in different groups by flow cytometry. (B) Percentage
of circulating CD34/CD309™ cells in rats with abdominal aortic
aneurysms compared with controls. *p<0.05, vs. Con.

mobilized from the bone marrow into the peripheral circu-
lation (20). Evidence suggests that EPCs can be charac-
terized by the coexpression of surface markers such as
CD34, CD133, and CD309 (21), and can be quantified by
flow cytometry in human whole blood or bone marrow (22,
23). CD34 and CDI133 are typically considered markers of
immaturity and are mainly expressed in hematopoietic
stem cells, but CD133 is lost during maturation (24).
CD309 often indicates early endothelial differentiation.
Therefore, with the progressive loss of CDI133, CD34"/
CD309" cells become the main constituents of the circu-
lating EPC pool in the peripheral blood. In this study, we
used flow cytometry to analyze the co-expression of CD34
and CD309 as a proxy of the levels of circulating EPCs.

Numerous studies have demonstrated the significant as-
sociation of altered numbers and impairment of the func-
tion of EPCs, with the development of aortic aneurysms
(4) and other cardiovascular diseases (25-28). Our findings
confirm and suggest that the AAAs in elderly patients
with a low level of CD34"/CD309"EPCs are larger in
aortic diameter and consequently present greater risks of
acute complications. Although the exact mechanisms by
which EPCs in AAAs improve vascular repair are cur-
rently unknown, our data suggests that increased number
of EPCs may be important in this scenario.

Previous studies have demonstrated that circulating

EPC levels are reduced and the functions of EPCs are im-
paired in abdominal aortic aneurysm patients (7, 29).
Abdominal aortic aneurysm patients who have undergone
open AAA repair had significantly higher levels of circulat-
ing EPCs in earlier studies (29, 30). Low levels of CD34/
CD309" in circulating progenitor cells were shown to be
associated with increased mortality and risk of incident
peripheral arterial disease-related events and myocardial
infarction (31). Conversely, both old AAA cases and old
hypertensive subjects with aorta dilation showed sig-
nificantly increased levels of EPC populations for compen-
sative responses (32). Patients with ascending aortic aneu-
rysms had significantly higher levels of circulating EPCs
(6, 32). Both tricuspid and bicuspid aortic valve patients
with thoracic aortic aneurysms displayed a significant ele-
vation in the number of EPCs compared with subjects
without thoracic aortic aneurysms (33). These reports con-
trast with some prior studies, including our present find-
ings (6). Although an opposite quantitative relationship
for circulating EPCs was observed, both thoracic aortic
and abdominal aortic aneurysm patients show consistent
functional impairments of circulating EPCs. Therefore,
these differences suggest that EPCs may participate in
vascular repair via multiple mechanisms, depending on
the severity of arterial dilatation and the pathologic fea-
tures of tissues (32).

EVAR for abdominal aortic aneurysms is the standard
treatment for suitable patients and is associated with re-
duced perioperative morbidity and cost-effectiveness com-
pared with open surgical repair (34). To our knowledge,
this is the first study directly comparing the number of
circulating EPCs from AAA patients before or after under-
going EVAR

Elastase plays a major role in the destruction of elastin
within the aortic wall and involves in pathobiology of aort-
ic aneurysms (35). An AAA rat model via intra-arterial in-
fusion of elastase is one of the most popular among several
small animal models and was first introduced by Anidjar
in 1990 (36). This model can mimic most characteristics
of human AAAs, but is still limited by an unacceptably
high mortality (14, 37). Our present rat model established
using the peri-adventitial application of elastase had a
100% total survival rate, and 78.57% rats formed AAAs.
Moreover, the numbers of circulating CD34"/CD309"
cells in BMNCs from defined AAA rats decreased, con-
sistent with the situation in AAA patients before EVAR.
Thus, this aneurysm model established by peri-adventitial
application might be better suited to study the role of
EPCs in the formation and development of AAAs.

In conclusion, remarkably, in our experience, circulat-
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ing EPCs were significantly inversely correlated with aort-
ic dilation. EPCs are mobilized in AAAs patients after
EVAR, perhaps as an ongoing attempt at vascular repair.
These findings may explain the potential role of circulat-
ing EPCs in the development and progression of AAAs
and support the future treatment of EPCs for vascular re-
pair in AAAs.
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