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Abstract
Objective laboratory tools are needed to monitor developing organ damage 

in sickle cell disease (SCD). Circulating endothelial cells (CECs) are indicative 

of vascular injury. We determined whether elevated CECs can be detected in 

asymptomatic SCD and whether the CEC counts are related to clinical and 

blood-based markers of disease severity. Fifteen clinically asymptomatic patients 

with sickle cell anemia (HbSS) and 15 matched HbAA controls were analyzed 

for CEC counts, laboratory markers of disease severity (hemoglobin, lactate 

dehydrogenase, leukocyte counts, HbF%), markers of endothelial activation 

(sVCAM-1, VWF:Ag and asymmetric dimethylarginine [ADMA]). CEC counts were 

significantly higher in patients (12 cells/mL, IQR 8-29) as compared to controls 

(4 cells/mL, 3-10; P=0.007). CEC counts were significantly higher in patients with 

pulmonary hypertension (PHT) (p=0.015), and increased with increasing number 

of affected organs (0-4 involved organs, P=0.002). No significant correlations 

between CECs and any other laboratory parameter were detected. CECs could 

prove to be an important new tool for assessing developing vasculopathy and 

organ damage in SCD.

Introduction

Sickle cell disease (SCD) is a heterogeneous disorder characterized by chronic hemolysis, 
increased susceptibility to infections and acute and chronic vaso-occlusive complications 
culminating in significant morbidity and early death. Both improved supportive care 
(timely vaccination, penicillin prophylaxis, blood transfusions) and rational drug therapy 
(hydroxyurea) have contributed to an increasing life expectancy of patients with SCD, 
with most patients in Western countries surviving into the fourth and fifth decades 
of life.1 With this, the impact of accumulating organ damage on patient outcome 
has become increasingly clear. Both the ongoing vaso-occlusive process with its acute 
exacerbations, as well as the sequelae of chronic intra-vascular hemolysis, result in 
continuous endothelial insults, ultimately leading to widespread organ damage. Evidence 
of endothelial perturbation in SCD comes from animal models2 and studies in humans 
demonstrating elevated blood levels of endothelial activation markers,3 endothelial 
dysfunction4 and increased numbers of circulating endothelial cells (CECs).5 
 Large patient cohort studies have identified laboratory markers associated with the 
clinical course of SCD, such as hemoglobin concentrations, leukocyte counts, lactate 
dehydrogenase (LDH) levels and the fetal hemoglobin percentage (HbF%).6 Such markers 
are however, neither sufficiently reliable in predicting developing organ damage in 
individual patients, nor are they suitable for monitoring the effect of therapeutics in 
daily clinical practice.7 Accurate objective laboratory parameters that reflect the rate of 
developing organ damage in SCD are therefore needed. Attempts to assess the value of 
monitoring endothelial activation markers in relation to SCD severity have been made.3 
However, most endothelial activation markers are neither specific for endothelial cells 
(ECs) (e.g., also expressed on or originating from non-ECs), nor specific for endothelial 
damage or dysfunction.8 Therefore, measuring CECs may be more accurate for studying 
in vivo endothelial damage as is demonstrated in other disease states characterized by 
endothelial injury.8 CECs are elevated and activated in SCD,5 but their relationship to 
organ damage in SCD has not been reported
 We performed a pilot study to determine circulating CEC counts in SCD with a 
validated automated rare cell analysis system9 and to assess their relationship to SCD 
related organ damage, laboratory markers of disease severity, markers of endothelial 
activation and plasma levels of the endogenous nitric oxide synthase (NOS) inhibitor 
asymmetric dimethylarginine (ADMA).

Materials

Patients
Consecutive patients attending the out-patient hematology clinics of the Erasmus Medical 
Center (Rotterdam) and the Academic Medical Center (Amsterdam) were screened. 
Inclusion criteria were high performance liquid chromatography confirmed diagnosis 
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of sickle cell anemia (HbSS) and age ≥ 18 years. Exclusion criteria were blood transfusions 
in the preceding three months, any acute SCD related complication in the preceding 
2 weeks, pregnancy, cancer, infection, and connective tissue diseases. Race, age, and sex 
matched blood donors served as controls (HbAA). Written informed consent was obtained 
from all subjects. This study was approved by the local Institutional Medical Ethical 
Review Boards, and is in agreement with the Helsinki declaration of 2000.

Clinical data
In the participating centers, sickle cell patients are screened for the presence of organ 
damage as recently defined and described.10 From chart review, the following SCD related 
complications were scored if assessed within one year of sample collection: Pulmonary 
hypertension (PHT): tricuspid regurgitation jet flow velocity (TRV) ≥ 2.5 m/s in rest detected 
by echocardiography. PHT was considered absent with no or trace TRV. Micro-albuminuria 
(MA): urinary creatinine (mmol/L) to urinary albumin (mg/L) ratio > 3.5 (males)/> 2.5 
(females) confirmed with 24 hour urine collection (micro-albuminuria > 30 mg/24 h). 
Retinopathy (RET): presence of at least mild non-proliferative retinopathy. Leg ulcers (ULC): 
chronic ulcers of the ankle not otherwise explained. The number of admissions for 
treatment of a painful crisis (PC) and/or acute chest syndrome (ACS) in the year before sample 
collection was recorded.

Sample collection
Whole blood, ethylenediaminetetraacetic acid (EDTA) blood, citrated blood, and CellSave 
preserved blood (contains EDTA and a proprietary preservative, Veridex, Raritan, NJ USA) 
were collected by veni-puncture. To avoid contamination with traumatically detached 
ECs, CellSave tubes were drawn last.

CEC enumeration
The CellTracks AutoPrep and CellSpotter Analyzer II System (both Veridex) were used 
to count CEC.9 Four milliliters (mL) of CellSave preserved blood was incubated with 
ferrofluids coupled to a monoclonal antibody (mAb) against CD146 (clone S-Endo 1), 
present on ECs, a subset of activated T-cells and melanoma cells. After enrichment, cells 
were stained with fluorochrome-conjugated mAb: phycoerythrin (PE)-conjugated CD105, 
present on ECs and certain leukocytes, allophycocyanin (APC)-conjugated CD45, a pan 
leukocyte marker, and the nuclear dye 4’ 6-diamidino-2-phenylindole (DAPI). CECs were 
immuno-phenotypically defined as DAPI+, CD146+, CD105+ and CD45−.

Sample analysis
Standard laboratory tests were performed according to local protocols. Serum levels of 
soluble vascular cell adhesion molecule-1 (sVCAM-1) were determined using Enzyme-Linked 
ImmunoSorbent Assay (ELISA) (R&D Systems, Minneapolis, MN). Von Willebrand Antigen 
(VWF:Ag) and VWF ristocetin cofactor activity (VWF:RCo) were measured in citrated 
plasma11 and EDTA plasma concentrations of arginine and ADMA were also determined.12

Statistical analysis
No published data on CEC distribution as determined with the methods above in SCD 
were available. Furthermore, no reports on CECs in relation to organ damage in SCD were 
available and thus the number of CECs that are clinically relevant in relation to organ 
damage in SCD is presently unknown. Therefore, in this pilot study, a power calculation 
was not performed. Between group differences were assessed with the Mann–Whitney U 
test. Trends within ordered groups of non-parametric data were assessed using Cuzick’s 
test for trends.13 For correlation studies Spearman’s rank correlation coefficient (rs) was 
determined. Statistical significance was considered with P < 0.05 (STATA statistical 
software package 10, StataCorp, College Station, TX, USA).

Table 1. Characteristics and laboratory data of healthy controls (HbAA) and sickle 

cell patients (HbSS)

HbAA (n=15) HbSS (n=15) P-Value

Age 24 (21-28) 24 (21-28) -

Gender (M:F) 4:11 4:11 -

Hemoglobin (g/L) 14.1 (13.1–15.9) 8.7 (7.4–10.0) <0.0001

Leukocytes (*109/L) 6.7 (5.8-7.3) 8.7 (7.2–11.1) 0.003

LDH (IU/L) 144 (139-151) 487 (392-630) <0.0001

Creatinin (μmo/L) 75 (55.6-95.6) 52 (49-57) <0.0001

HbF (%) <1.0% 7.7 (4.4-10) <0.0001

Hydrea use (yes:no) NA 5:10

CECs (cells/mL) 4 (3-10) 12 (8-29) 0.007

vWF:Ag (IU/mL) 0.95 (0.81-1.44) 2.01 (1.23-2.51) 0.002

vWF:RCo (IU/mL) 0.96 (0.74-1.25) 1.54 (1.20-1.95) 0.007

VCAM-1 (ng/mL) 921( 765-1050) 1879 (1398-2568) 0.0001

ADMA (μmol/l) 0.42 (0.39-0.45) 0.70 (0.59-0.80) <0.0001

Arginine (μmol/l) 80.8 (72.7-90.9) 79.4 (53.0- 88.7) NS

Data are shown as medians and corresponding inter quartile ranges. NA=Not applicable, NS=not significant.
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Figure 1. CECs in relation to specific organ complications. CEC counts were compared using the Mann-Whitney 
U test in SCD patients with and without specific organ complications. Bars indicate median values. NS=not 
significant.

Results

Results of all measured parameters are shown in Table 1. CEC counts were significantly 
higher in sickle cell patients. Also, CEC counts were higher in sickle cell patients with 
PHT as opposed to patients without PHT, with no significant differences observed in 
relation to other forms of organ damage (Fig 1) CEC counts increased significantly with 
increasing numbers of affected organs (Fig 2). CEC counts were not related to painful 
crises (data not shown) and no acute chest syndromes or strokes had occurred in the year 
prior to CEC determination. CEC counts did not differ between patients on hydroxyurea 

and those who did not use hydroxyurea (data not shown). Additionally, no effect of 
hydroxyurea was observed on any of the other measured parameters (data not shown) in 
this cross sectional study. No statistically significant correlations were detected between 
CEC counts and hemoglobin concentrations, leukocyte counts, LDH concentrations or 
HbF% (data not shown) or any of the tested markers of endothelial activation (Fig. 3). 
Additionally, no significant correlations were found between CEC numbers and plasma 
arginine or ADMA concentrations in either healthy controls (rs = − 0.13, P = 0.64) or sickle 
cell patients (rs = 0.05, P = 0.88).

Figure 2. Relation of CEC and the extent of organ involvement. The significance of trends in CEC counts with 
increasing organ involvement was assessed using the Cuzick's test for trends. 

Figure 3. Correlation of CEC and vWF:Ag and VCAM-1 levels in patients and controls. Healthy controls: CEC 
vs. vWF:Ag: rs = − 0.14, P = 0.61. CEC vs. sVCAM-1:: rs = − 0.28, P = 0.34. SCD patients: CEC vs. vWF:Ag: rs = − 0.27, 
P = 0.33. CEC vs. sVCAM-1:: rs = − 0.01, P = 0.82.
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Discussion

Continuous endothelial perturbation culminates in significant organ damage in SCD, and 
accurate monitoring of this process could be of great value in the study and management 
of SCD. We detected elevated CEC counts in the same range as previously reported 
in clinically asymptomatic sickle cell anemia patients5 using a validated automated 
CEC detection assay developed to overcome shortcomings of assays based on manual 
enrichment know to be susceptible to cell loss and to have low reproducibility.14 CEC 
counts appeared to be highest in those patients with most extensive organ damage. 
Importantly, patients with minimal organ involvement were characterized by CEC counts 
comparable to control values. No significant relation was observed between CEC counts 
and laboratory markers of disease severity, nor to crisis frequency.
 Direct EC injury by rigid sickled erythrocytes, high arterial vascular wall shear 
stress,8 neutrophil degranulation, present even in the clinically asymptomatic state of 
SCD,15 all likely contribute to the detachment of EC from the vessel wall. EC apoptosis 
can also lead to elevated CECs,8 however, previous work on sickle cell CECs and plasma 
VEGF levels was suggestive of an anti-apop Elevated blood levels of sVCAM-13 and VWF:Ag17 
indicate EC activation in SCD, with further increments occurring during acute vaso-
occlusive events.17, 18 Levels of sVCAM-1 are related to hemolytic rate3 and either directly 
or indirectly to SCD related complications associated with a high hemolytic rate, such as 
PHT and leg ulcers.19 sVCAM-1 levels have been associated with endothelial dysfunction 
in SCD as well.20 Neither sVCAM-1 nor VWF:Ag correlated significantly to CEC counts. EC 
activation was manifested even in patients with minimal organ damage, whereas CEC 
counts were comparable to controls in these patients. Importantly, these data suggest 
that the extent of EC activation/dysfunction is not necessarily related to the extent of 
EC damage and detachment in SCD.
 Recently ADMA has been recognized as an important contributor to the 
characteristically reduced nitric oxide bioavailability of SCD and its plasma level may 
be an important biomarker of disease severity, with associations reported to PHT21 and 
mortality22 in adult sickle cell patients. Plasma levels of ADMA are elevated in SCD and, 
likely via NOS inhibition, contribute to endothelial activation.21 However, ADMA levels 
were not significantly associated to CEC counts in either patients or controls, perhaps 
suggesting that elevated ADMA levels contribute primarily to endothelial activation but 
not to endothelial damage.
 Several shortcomings should be addressed when interpreting these data. Firstly, 
our sample size was small, precluding multivariate analysis. Evidently, these findings 
are preliminary, but the differences in CEC counts between patients without organ 
damage and those at the other end of the spectrum with all organs affected can be clearly 
appreciated. Secondly, several clinical complications did not occur in our patients (e.g. 
acute chest syndromes) and some forms of organ damage were not screened for (e.g. 
silent ischemic brain injury). Also, we did not monitor patients after blood sampling, so 
we cannot exclude that acute events were developing at the time of sampling, possibly 

affecting CEC numbers. Lastly, as we did not characterize the phenotype of CECs, their 
vascular origin is unknown.
 In conclusion, these preliminary data show the feasibility of the employed technique 
for measuring CEC in SCD. Our findings suggest a possible relation of CEC counts to SCD 
related organ damage, and CECs do not seem to be associated with either traditional 
or novel biomarkers of disease severity. Prospective studies in large patient cohorts 
addressing chronic organ damage, acute complications and the effect of established 
therapeutics (e.g. red cell transfusion and hydroxyurea) in relation to longitudinal CEC 
determinations are warranted to analyze whether CEC can be used as a reliable parameter 
to monitor developing organ damage in SCD.
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