Research Article

Characterization of altered patterns of
endothelial progenitor cells in sickle cell
disease related pulmonary arterial hypertension
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ABSTRACT

Endothelial dysfunction plays an important role in the pathogenesis of pulmonary arterial hypertension (PAH) in sickle cell
disease (SCD). A variety of evidence suggests that circulating endothelial progenitor cells (EPCs) play an integral role in vascular
repair. We hypothesized that SCD patients with PAH are deficient in EPCs, potentially contributing to endothelial dysfunction
and disease progression. The number of circulating CD34+/CD14-/CD106+ EPCs was significantly lower in SCD patients with
PAH than without PAH (P=0.025). CD34+/CD14-/CD106+ numbers significantly correlated with tricuspid regurgitation velocity
(TRV, r=-0.44, P=0.033) 6-minute walk distance (6MWD, r= 0.72, P=0.001), mean pulmonary artery pressure (mPAP, r= —0.43,
P=0.05), and pulmonary vascular resistance (PVR, r=—0.45, P=0.05). Other EPC subsets including CD31+/CD133+/CD146+
were similar between both groups. Numbers of EPCs did not correlate with age, sex, hemoglobin, WBC count, reticulocyte count,
lactate dehydrogenase (LDH), iron/ferritin levels, and serum creatinine. These data indicate that subsets of EPC are lower in SCD
patients with PAH than in those without PAH. Fewer EPCs in PAH patients may contribute to the pulmonary vascular pathology.
Reduced number of EPCs in SCD patients with PAH might not only give potential insight into the pathophysiological mechanisms
but also might be useful for identifying suitable therapeutic targets in these patients.
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INTRODUCTION

homeostasis caused by impairment of endothelial
repair.
PAH is a major complication of SCD with the prevalence

ranging from 20% to 30% based on Doppler
echocardiographic studies.t! Patients with SCD have a
higher risk of death with even mild elevations in PAP
compared to primary PH. Each 10 mmHg rise in mean PAP
was found to be associated with a 1.7-fold increase in the
rate of death.?! Recent autopsy studies suggest that up to
75% of SCD patients have histological evidence of PAH at
the time of death.?!

Pathological changes seen in these patients are similar to
those seen in other forms of PAH.®! Specific mechanisms
by which PAH develops in SCD remain poorly defined.
Histological features of SCD-related PAH include
intimal hyperplasia; smooth muscle proliferation; and
formation of plexiform lesions causing vascular lumen
obliteration.** These findings suggest abnormal endothelial
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Multiple lines of evidence suggest that endothelial
progenitor cells (EPCs) play an importantrole in endothelial
repair process.!l EPCs are precursor cells that are
typically considered to arise from mesodermal stem
cells or hemangioblasts in the bone marrow.”7 Upon
stimulation by various angiogenic factors including
VEGF-A and SDF-1, these cells circulate to the site of
ischemia or endothelial injury, where they proliferate and
differentiate into mature endothelial cells and contribute to
postnatal neovascularization and re-endothelialization.[5#!
EPCs lack mature endothelial markers, but coexpress
markers of bone marrow origin such as CD34 or AC133
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in addition to endothelial markers (VE-Cadherin or
VEGFR-2).[79-11)

Since the discovery of EPCs by Asahara et al. in 1997,12
numerous studies have shown that the number and
function of progenitor cells correlate with cardiovascular
risk factors, reflect endothelial impairment and are
predictive of clinical outcome.***Y Numbers of circulating
EPCs are also altered in pulmonary disease states.[!o17]
These findings have fostered a growing interest in EPCs
as a potential therapeutic target or predictive biomarker
in PAH.[181]

The exact role of progenitor cells in preventing pulmonary
vascular alterations in patients with SCD remains
undetermined. In this study we sought to compare numbers
of various EPC subsets in patients with SCD with and
without PAH.

MATERIALS AND METHODS

Study population

Patients with known SCD were recruited from our hospital’s
SCD clinic. Patients with PH related to left heart disease,
pulmonary disease, chronic thromboembolic disease,
autoimmune or collagen vascular disease, sleep-associated
disorders, HIV infection or liver disease were excluded.
Patients with chronic renal insufficiency (serum creatinine
> 1.5 mg/dl), pregnancy, smoking or substance abuse, active
sickle crisis or acute chest syndrome at the time of their echo
were also excluded (Table 1). All participants were free of
wounds, ulcers, retinopathy, recent surgery, inflammatory
or malignant disease as these conditions might influence
EPC number. Venous blood was collected at the time of echo
study from all participants and processed within 24 hours
of collection for evaluation of progenitor cells. This study
was approved by the Downstate-Kings County Review Board
(Chairperson Eli Freidman: IRB # 050409-KCH-S0096) and
written informed consent was obtained from all individuals.

Evaluation for PAH

Two-dimensional and Doppler echocardiographic studies
(Phillips iE33 and 5500, Andover, Massachusetts) were
performed by an experienced technician according to
standard American Society of Echocardiography protocol.
A 2.5 MHz ultrasound transducer (model S5-1 and S3)
recorded continuous wave signals using multiple views to
obtain peak TRV. Right ventricular systolic pressure (RVSP)
was calculated using modified Bernoulli equation [4v? +
right atrial pressure (RAP), v=peak TRV meter/second]
and was considered to be equal to the PASP in the absence
of RV outflow obstruction. We defined TRV=2.5 m/s as a
marker of PAH in SCD. The presence of PAH was confirmed
via right heart catheterization (RHC) defined as mPAP=25

mmHg. Hemodynamic measurements were performed in
a recumbent position. Cardiac output was obtained, using
triplicate measurements with the thermodilution method
(Agilent, Boeblingen, Germany). Pulmonary vascular
resistance (PVR) was calculated using the standard formula
PVR=80 x (mean pulmonary artery pressure [mmHg] -
pulmonary capillary wedge pressure [mmHg])/cardiac
output [I/min]. Fourteen patients were found to have PAH
while 22 patients were found to lack PAH. Exercise capacity
was assessed by a 6-minute walk distance.

Flow cytometry

Flow cytometry was used to quantify EPCs in peripheral
blood by identifying eight distinctive cell markers (CD34,
CD14, CD106, CD105, CD31, CD133, KDR, CD146) in 20
different combinations in both groups of patients. One
milliliter of venous blood (anticoagulant: EDTA) was
prepared by lysing red cells with 10 ml of FACS lysing
solution (10x, diluted 1:10) for 10 minutes. The white
cells (WBC) were then blocked with 20 pl of specific Fc-
receptor antibodies (Octagam; Octapharma) and 200 pl
of mouse serum (Sigma) for a minimum of 20 minutes at
room temperature. Next, the cells were incubated with
monoclonal anti-human mouse antibodies, namely PE-
CD146, and PE-Cy 5-CD34 (Becton Dickinson) CD31- FITC,
CD106-PE, CD14-FITC (eBiosciences), CD105-PE, VEGFR2
antibody [KDR/EIC] (Abcam) and PE-CD133 (Miltenyi
Biotec) for 20 minutes at room temperature, washed with
cell buffer solution (PBS + 1% bovine serum albumin +
0.05% sodium azide), and centrifuged at 500 g to repellet
the cells. The cells were then fixed with 200 pl of 2%
paraformaldehyde for 20 minutes at 4°C and made up to
a final volume of 1 ml with cell buffer solution ready for
analysis. All samples were analyzed using a 3-color FAC
scan flow cytometer (Becton Dickinson). At least 10,000
events were acquired and analyzed using Cell-Quest 3.3
software. Isotype-matched irrelevant antibodies were used
as negative controls for nonspecific binding.

EPCs were predefined as cells expressing the following
combinations of surface markers: CD34+/CD14-/CD106+
and CD31+/CD133+/CD146+ cells. In general, CD34+ is
a marker of bone marrow origin while CD14- excludes
monocytic origin and CD106+ denotes endothelial origin,
labeling these cells as EPCs. Whereas in another subset,
CD133+ indicates immaturity/bone marrow origin and
CD31+ and CD146+ indicate endothelial origin, marking
these cells as a different subpopulation of EPCs. Circulating
endothelial cells (CECs) were defined as CD14-/KDR+ or
CD31+/CD146+ cells.

Statistical analysis

A statistical software package (SAS, version 9.2; SAS
institute Inc, Cary, N.C., USA) was applied for data
management. Results were expressed as mean * standard
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Table 1: Patient characteristics in sickle cell disease, PAH vs. No PAH

Characteristics PAH (n=14) No PAH (n=22)
Age (years) 39.47+14.62 37.97+13.27
Gender (M:F) 6:8 9:13
Height (inch) 170.7+7.98 177.6+£51.92
Weight (Kg) 68.19+14.20 64.93+13.26
BMI 21.34%£3.51 20.79£4.17
Ethnicity African American African American
Genotypes

SS 14 22

SC 0 0

Sickle cgll trait 0 0

Sickle B Thalassemia 0 0
Total hemoglobin 7.99+1.47 8.83+1.62
Fetal hemoglobin 6.49+5.26 5.91+4.03
Reticulocyte count 24.78+69.45 11.6+5.53
Platelets 425.7+203.8 410.5+189.4
MPV 9.01+0.91 9.23+0.95
Blood urea nitrogen 12.73+7.23 5.94+1.05
Serum creatinine 0.77+0.29 0.65+0.21
CRP 35.12+50.15 27.09+36.22
Lactate dehydrogenase 548.0+262.1 436.8+179.6
Iron 90.53+38.88 85.71+43.22
Ferritin 778.6+1398.7 1151.14+2140.9
Total bilirubin 2.96+2.07 2.95+1.86
Direct bilirubin 1.04+1.43 0.61+0.29
Ejection fraction (%) 57.24%+4.54 57.90+4.23
TRV, m/sec* 3.49+0.35* 2.10+0.23
6-min walk distance, m* 283+41* 577+68
Right heart catheterization

mPAP, mmHg 56+7

PVR, dyns/ cm? 932+213

Cardiac output, L/min 3.5+£0.7
Medication
Folic acid 14/14 22/22
Pain medication 14/14 22/22
Hydroxyurea 2/14 4/22
Diuretics 2/14 3/22
Calcium channel antagonists 1/14 2/22

*P<0.05 compared with No pulmonary arterial hypertension (PAH) ; Values are expressed as mean+SD

deviation (SD). Statistical analyses were performed by a
Wilcoxon t test and Spearman correlation. Multivariate
regression analysis was applied to determine independent
relations of all clinical variables with progenitor cells.
A P value < 0.05 was considered statistically significant.

count, reticulocyte count, lactate dehydrogenase (LDH),
iron/ferritin levels, BUN, and serum creatinine.

Percentage cell types of the total for various marker
combinations are shown in (Table 2). Other than CD34+/
CD14-/CD106+ (EPC Group-1) we did not find significant
differences in cells with other combinations of the
endothelial markers including circulating endothelial cells
(CECs) that are mature endothelial cells resulting partially
from normal shedding of endothelial lining. Characterization
of these cells by flow cytometry showed that CECs,
namely CD14-/KDR+ and CD31+/CD146+ cells, were
similar among PAH versus non-PAH SCD patients (Fig. 1).
Patient demographics of SCD patients with PAH versus
non-PAH are shown in (Table 1).

RESULTS

Numbers of circulating CD34+/CD14-/CD106+ (EPC
Group-1) progenitor cells were found to be significantly
lower in SCD patients with PAH than those in the non-
PAH group (P=0.025) (Fig. 1). However, CD31+/CD133+/
CD146+ cells (EPC Group-2) did not show a significant
difference in PAH versus non-PAH SCD patients (Fig. 1). In
addition, the number of CD34+/CD14-/CD106+ cells (EPC
Group-1) was also found to be significantly correlated with

TRV on Doppler echo (r=-0.44, P=0.033), 6MWD (r=0.72,
P=0.001), mPAP (r=-0.43, P=0.05), and PVR (r=-0.45,
P=0.05) on RHC (Fig. 2). The EPC number did not correlate
with age, sex, body mass index (BMI), hemoglobin, WBC

DISCUSSION

Endothelial dysfunction is a hallmark of PAH. Although
EPCs have been largely implicated in endothelial
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Figure 1: Flow cytometric analysis and characterization of cell surface markers on EPC from peripheral blood. Using several® distinctive cell markers (CD34,
CD14,CD106,CD105,CD31,CD133,KDR, CD146) in 20 different combinations in both groups of patients flow cytometric analysis was performed as described
in the “Methods” section. EPCs with CD14—/CD34+/CD106+ markers showed a significant difference between SCD patients with PAH versus without PAH
(P=0.025), while EPCs with CD31+/CD34+/CD146+ markers and CECs did not show any significant difference between the two groups of patients. Statistical

analysis was performed as described in the methods section.

dysfunction in PAH, none of the studies have directly
assessed their significance in setting of SCD-related PAH.
We are unaware of a prior study that has characterized
EPC subtypes in the setting of SCD-related PAH. Analysis
of data from 20 different cell marker combinations

Pulmonary Circulation | January-March 2012 | Vol 2 | No 1

revealed two significant subpopulations of EPCs, CD34+/
CD14-/CD106+ cells (EPC Group-1) and CD31+/CD133+/
CD146+ cells (EPC Group-2). The number of circulating
EPC Group-1 was significantly lower in SCD patients with
PAH than that in the non-PAH group. In addition, these
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relations of all clinical variables with EPCs.
A P value <0.05 was considered statistically
significant.

Table 2: Numbers of different progenitor and circulating endothelial cells (percentage of total cells) in SCD patients

with PAH vs. No PAH

% Cell types of total PAH (n=14) No PAH (n=22) P value
WBC(1000/ml) 10.47+£2.96 10.46+3.01 0.988
% CD14- 89.37+3.98 89.32+5.32 0.798
% CD14-/ CD34+ 0.29+0.41 0.28+0.37 0.932
% CD14-/ CD105+ 0.34+0.05 0.23+0.04 0.109
% CD14-/ CD106+ 0.06+0.03 0.09+0.01 0.294
% CD14-/ KDR+ 0.39+0.22 0.47+0.39 0.489
% CD14-/ CD34+/ CD105+ 0.34+£0.05 0.23+0.04 0.109
% CD14-/ CD34+/ CD106+* 0.02+0.01* 0.12+0.09 0.025*
% CD14-/ CD34+/ KDR+/ CD105+ 0.006+0.002 0.004+0.002 0.535
% CD14-/ CD34+/ KDR+/ CD106+ 0.0007+0.002 0.0004+0.002 0.748
% CD31+/ CD133+/ CD105106+ 0.007+0.003 0.002+0.002 0.236
% CD31+ 2.73+£2.36 2.26+1.84 0.507
% CD133+ 0.21+0.70 0.05+0.19 0.319
% CD105-106+ 0.11+0.22 0.07+0.88 0.504
% CD146+ 0.06+0.16 0.03+0.04 0.474
% CD31+/CD133+ 7.23+£26.93 0.01+0.02 0.213
% CD31+/ CD105-106+ 9.40+7.58 9.41+6.04 0.989
% CD31+/ CD146+ 0.03+0.01 0.03+0.01 0.733
% CD31+/ CD133+/CD146+ 0.008+0.003 0.004+0.002 0.311
% CD31+/ CD133+/ CD146+/ CD105106+ 0.005+0.013 0.002+0.002 0.324
% CD14-/ CD34+/ KDR+/ CD105-106+ 0.0007+0.002 0.0004+0.002 0.748

*P<0.05 compared with No pulmonary arterial hypertension (PAH), Values are expressed as mean+SD

cell numbers were found to be significantly correlated
with TRV on 2D-echo, 6MWD, mPAP and PVR on RHC,
indicating that SCD-related PAH is associated with lower
number of EPCs.

These findings are consistent with prior studies that
showed a decrease in the number of EPCs in other
forms of PH. One such study found deficiency of bone
marrow-derived progenitor cells (CD34+, CD133+/
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VEGFR2+, CD34+/CD133+/KDR+ cells) in patients
with PH secondary to idiopathic pulmonary fibrosis."!
Other studies have described a reduction in bone
marrow-derived progenitor cells in idiopathic pulmonary
hypertension (IPAH) patients versus healthy controls.2%2?l
Depletion of circulating EPCs has also been found in patients
with COPD, who are at risk of developing associated PH®l,
In contrast, some have shown an increase in number
of circulating EPCs in IPAH patients versus healthy
controls,?**4 whereas others have found no difference.?"
The reason for this disparity is not fully clear, but may
reflect differences in the markers used to identify and
quantify EPCs.

The exact mechanism underlying the association between
low numbers of EPCs and SCD-related PAH is not fully
understood. One possibility is decreased mobilization of
EPCs from the bone marrow. The fact that EPC mobilization
is a protective compensatory mechanism during PH
rather than a pathogenic event is supported by several
observational studies.*>?226271 One of the studies showed
thatthe deletion of erythropoietin receptor in nonerythroid
cells worsens histopathological features of hypoxia-induced
PH compared to wild-type mice.?' Indeed, more severe PH
in EPOR-/- mice was associated with complete inhibition
of CD133+KDR+ EPC mobilization. Similarly, chronic
treatment of IPAH patients with sildenafil is associated with
a dose-dependent increase in circulating EPC numbers.??
Moreover, potential new therapies for PAH, such as statins
and PPAR-y agonists, also induce the mobilization and
differentiation of EPCs.'5?7281 These findings suggest that
decreased mobilization of EPCs from bone marrow in PAH
might contribute to the pulmonary vascular pathology.

Alternatively, fewer peripheral EPCs might be a consequence
of greater homing of EPCs in pulmonary vasculature at the
site of endothelial injury. The homing of CD34+KDR+EPCs
to diseased pulmonary arteries has been demonstrated
in a study of endarterectomised tissue from patients
with chronic thromboembolic PH.?? Davie et al. reported
that hypoxia-induced PH in calves is characterized by
increased development of perfused vasa vasorum that are
c-kit positive (a marker of bone marrow-derived cells).3%
Using a GFP-positive bone marrow chimeric mouse
model, Hayashida et al. confirmed that bone marrow cells
are located at sites of remodeling pulmonary arteries in
hypoxia-induced PH, but that they coexpress markers of
smooth muscle cells rather than endothelial markers.!
Interestingly, another study found that early EPCs isolated
from mice with hypoxia-induced PH show defective pro-
angiogenic activities in comparison to EPCs from control
mice when transplanted into nude mouse ischemic hind
limbs.?! The in vitro functions of mononuclear cells
(e.g., colony forming capacity, adherence, migration and
sensitivity to apoptosis) isolated from the peripheral

blood of IPAH patients have also been found to vary
when compared with cells from healthy controls.[21-2333]
Therefore, it appears that compensatory EPC mobilization
and recruitment occurs in the setting of PAH, which in turn
may cause a relative deficiency of EPCs in peripheral blood
due to increased homing of cells to pulmonary vasculature.
Whether the response is insufficient to prevent disease or
detrimental because of EPC dysfunctionality is unknown.

In the current study, we did not find a significant difference
among other subgroups of progenitor cells such as CD31+/
CD133+/CD146+ cells (EPC Group-2) in PAH versus non-
PAH SCD patients. As shown by Diller et al.,*? circulating
EPCnumbers (CD34+/KDR+, CD34+/CD133+/KDR+ cells)
were significantly lower in patients with Eisenmenger’s
syndrome or [PAH than healthy controls. However, numbers
of CD34+/CD45-/low and CD34+/CD133+ progenitor
cells were not significantly different from control in
IPAH population versus Eisenmenger’s syndrome. These
findings suggest that subpopulations of progenitor cells
may be differentially affected in these two well-known
forms of PH and support our observation of two significant
subpopulations of EPCs in SCD. Although in this prior study
by Diller et al. observations were based on subpopulations
of progenitor cells in general rather than EPCs alone, it
nonetheless appears that different subsets of EPCs might be
involved in vascular repair and hence differentially affected
in SCD-related PAH.

Circulating endothelial cells (CECs) are mature endothelial
cells that can result either from conversion of circulating
EPCs into mature endothelial cells or from normal
shedding of endothelial lining into circulation.[”? Increased
concentrations of CECs are thought to be a marker of
vascular injury in patients with cardiovascular disease,
neoplasia, vasculitis, shock, and sepsis.** In the current
study, characterization of different types of CECs by flow
cytometry revealed that CD14~-/KDR+and CD31+/CD146+
cell numbers were similar among PAH versus non-PAH SCD
patients. These findings differ from those of a prior study
showing higher numbers of CECs in 15 SCD patients than in
healthy controls. Of note, CECs were significantly higher in
patients with PAH.33 This disparity in results may be due
to the difference in patient characteristics. All participants
in our study were free of wounds, ulcers, and retinopathy
that may influence CECs kinetics. Our findings suggest that
endothelial cell turn over might not be different among SCD
patients with and without PAH.

In conclusion, our study was limited, as we did right-heart
catheterization in patients with TRV=2.5 only to confirm
PAH, but not in patients with normal TRV. Therefore,
patients with PAH but normal TRV on echo may have
been misclassified. Furthermore, the term EPC has been
widely used and comprises a heterogeneous population
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of mononuclear cells. Further studies are needed to
precisely identify their origins, different cell phenotypes,
and the terminology to be used when describing them.¢!
In summary, we show here for the first time that
subpopulations of EPCs are differentially affected in
patients with SCD-related PAH. Relative deficiency of these
EPCs subgroups in PAH patients may contribute to the
pulmonary vascular pathology. These findings will provide
potential insight into the pathophysiological mechanisms
and can be useful for identifying suitable therapeutic targets
in these patients.
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