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Abstract

Stroke is one of the most disabling complications of sickle cell anemia (SCA). The molecular

mechanisms leading to stroke in SCA or by which packed red blood cell (PRBC) transfusion

prevents strokes are not understood. We investigated the effects of PRBC transfusion on serum

biomarkers in children with SCA who were at high-risk for stroke. Serum samples from 80

subjects were analyzed, including baseline, study exit time point and 1 year after study exit. Forty

of the 80 samples were from subjects randomized to standard care and 40 from transfusion arm.

Samples were assayed for levels of BDNF, sVCAM-1, sICAM-1, MPO, Cathepsin-D, PDGF-AA,

PDGF-AB/BB, RANTES (CCL5), tPAI-1, and NCAM-1 using antibody immobilized bead assay.

Significantly lower mean serum levels of sVCAM-1 (2.2 × 106 ± 0.8 × 106 pg/mL vs. 3.1 × 106 ±

0.9 × 106 pg/mL, P < 0.0001), Cathepsin-D (0.5 × 106 ± 0.1 × 106 pg/mL vs. 0.7 × 106 ± 0.2 × 106

pg/mL, P < 0.0001), PDGF-AA (10556 ± 4033 pg/mL vs. 14173 ± 4631 pg/mL, P = 0.0008),

RANTES (0.1 × 106 ± 0.07 × 106 pg/mL vs. 0.2 × 106 ± 0.06 × 106 pg/mL, P < 0.006), and

NCAM-1 (0.7 × 106 ± 0.2 × 106 pg/mL vs. 0.8 × 106 ± 0.1 × 106 pg/mL, P < 0.0006) were

observed among participants who received PRBC transfusion, compared to those who received

standard care. Twenty or more PRBC transfusion over 4 years was associated with lower serum

levels of sVCAM-1 (P < 0.001), PDGF-AA (P = 0.025), and RANTES (P = 0.048). Low baseline

level of BDNF (P = 0.025), sVCAM-1 (P = 0.025), PDGF-AA (P = 0.01), t-PAI-1 (P = 0.025)

and sICAM-1 (P = 0.022) was associated with higher probability of stroke free survival. Beyond
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improving hemoglobin levels, our results suggest that the protective effects of PRBC transfusion

on reducing stroke in SCD may result from reduced thrombogenesis and vascular remodeling.

Introduction

Sickle cell disease (SCD) remains a significant public health problem, affecting over

100,000 people in the United States (US). It is a huge burden to the healthcare system and a

significant source of health disparity [1–4]. The most common form is sickle cell anemia

(SCA, Hemoglobin SS), which results from a point mutation in both human β-globin genes,

leading to the substitution of valine for glutamic acid at the sixth position of the β-globin

chains [5]. SCD is associated with global activation of inflammatory and coagulation factors

[6,7], and individuals with SCA have variable clinical severity [8]. Stroke due to cerebral

artery stenosis is one of the most severe complications. By age 18 years, about 11% of

children with SCA experience at least one symptomatic stroke [9]. Recognized risk factors

for development of stroke in children with SCA include high transcranial Doppler (TCD)

ultrasonography velocity [10], anemia [11], relative hypertension [12] cerebral vasculopathy

[13–15], and presence of extracranial vasculopathy [16].

Chronic packed red blood cell (PRBC) transfusion therapy is effective for primary

prevention of stroke among most children with SCA and high TCD velocity [17] and for

secondary prevention of recurrent symptomatic stroke [17,18]. There is no safe time to

discontinue chronic PRBC transfusion because the stroke risk reverts to pre-intervention

levels [19]. Chronic PRBC transfusion is associated with significant iron overload [20] and

currently, hydroxyurea is being investigated as an alternative in order to mitigate the

complications of iron overload [20]. In addition, chronic PRBC transfusions cannot

effectively prevent silent cerebral infarcts (SCI) in subjects with advanced cerebral

vasculopathy [21]. Although cerebral vasculopathy is a major herald for stroke in

individuals with SCA, factors that determine its onset, evolution and progression are not

well understood [11]. Inflammation [22,23], vascular remodeling [24], and anemia leading

to a hyperdynamic cerebral circulation [25,26] are associated with an increased risk for

developing cerebral vasculopathy and stroke in children with SCA. However, the

mechanisms by which chronic PRBC transfusion reduces stroke risk and incidence are

largely unknown. In the STOP study, chronic PRBC transfusions were found to reduce free

plasma hemoglobin, which would be expected to improve cerebrovascular function by

increasing nitric oxide bioavailability [27].

We have previously demonstrated a positive association between TCD velocity and serum

concentrations of brain derived neurotropic factor (BDNF) and platelet derived growth

factor (PDGF)-AA (a potent mitogen affecting vascular endothelial cells) in subjects of the

Stroke Prevention in Sickle cell anemia (STOP) study [28]. Elevated pre-treatment

concentrations of PDGF-AA predicted the risk for developing stroke among SCA subjects

with high TCD velocity. In the current study, we evaluated the relationship between type of

treatment (standard care or chronic PRBC transfusion) and serum concentrations of

biomarkers of neuroischemia, endothelial activation, inflammation, and thrombosis among

subjects who participated in the STOP study. We hypothesized that these biomarkers will be
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lower in those subjects who were treated with frequent PRBC transfusion compared to

standard care, and that the biomarker levels will be correlated with clinical outcome.

Methods

Sample processing and analysis

This study is ancillary to the STOP study [NCT00000592], a randomized phase III clinical

trial investigating the efficacy of regular PRBC transfusion for the prevention of stroke in

children with SCA and high TCD velocity. A total of 130 children ages 2–16 years, with

sickle cell anemia (Hemoglobin SS or S-β0 thalassemia) and high TCD ultrasound velocity

(≥ 200 cm/s), were randomly assigned to receive either standard care (SC, n = 67) or chronic

PRBC transfusion (n = 63). The study was terminated early because of the overwhelming

evidence of benefit to the transfusion arm, with a 92% reduction in stroke incidence

compared to the SC arm [17]. Subjects in the SC arm were then allowed to crossover to

chronic PRBC transfusion and followed for 1 year, after which blood samples, TCD velocity

and other clinical and hematological evaluations were obtained (post-study/trial period).

Our laboratory obtained and analyzed stored frozen serum samples from three time points

(baseline, study exit and 1-year post-trial), from the STOP Study group at the Medical

University of South Carolina (MUSC). Two hundred and forty serum samples from 80

subjects (40 each from the SC and transfusion arms of STOP) were obtained. To be

included, the subject must have at least one sample aliquot at each time point. The analytes

of interest, brain-derived neurotrophic factor (BDNF), soluble vascular cell adhesion

molecule (sVCAM)-1, soluble intercellular adhesion molecule (sICAM)-1, myeloperoxidase

(MPO), Cathepsin-D, platelet derived growth factor subtypes (PDGF-AA and PDGF-AB/

BB), released upon activation normal T-cell expressed and secreted (RANTES, CCL5),

tissue plasminogen activator inhibitor (tPAI)-1, and neural cell adhesion molecule

(NCAM)-1, were measured in duplicate using the Human Neurodegenerative Panel of

antibody immobilized bead kit (Millipore, Billerica, MA). The mean fluorescent intensity

(MFI) was measured on a Bioplex reader powered by Luminex technology (Bio-Rad,

Hercules, CA) and concentrations calculated using an interpolated 5PL logistic curve and

the Bioplex software. These values, together with TCD velocity, anthropometric and

hematological data were exported to Microsoft Excel and analyzed using IBM SPSS 20 for

Windows and GraphPad prism.

Data analysis

The characteristics of the STOP participants have been previously reported [15]. Serum

concentrations of biomarkers are expressed in box and whisker plots to show the median,

maximum and minimum values. The difference in mean serum biomarker levels between

groups was estimated using An ANOVA test with adjustment for serum biomarker levels at

baseline and for multiple comparisons. Partial correlation was conducted to investigate the

relationship between number of transfusions over the period of the entire study (STOP and

post-trial) and serum levels of biomarkers. Only biomarkers with significant partial

correlations are presented as scatter plots with regression line and 95% confidence interval.
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Our analyses were done and presented in the following steps; first, serum concentrations of

the biomarkers at study exit were compared between SC and transfusion arms. Plots shown

are only for those biomarkers with statistically significant differences between the groups.

Next, since some SC arm subjects received PRBC transfusions for acute illnesses, we also

investigated the relationship between number of blood transfusions received over four years

(3 years of STOP plus 1 year of post-STOP) and the serum biomarker concentrations. These

results are expressed using scatter plots, with best-fit correlation lines and also lines for 95%

confidence intervals.

Finally, using receiver operator characteristic curves, we estimated the serum concentration

of biomarkers at baseline that, together with high TCD velocity, could enable prediction of

the incidence of stroke with ≥80% sensitivity and specificity. Using this level (which fell

between the 65th–95th percentile depending on the biomarker), the serum concentration of

biomarkers in this study was categorized into high or low depending on whether they were

above or below this set value. The probability of a stroke free survival based on whether the

subject had high or low serum level of that biomarker at baseline was then estimated, using a

Kaplan–Meier survival plot with Log Rank test (Mantel–Cox). Only biomarkers with a

statistically significant probability of stroke free survival are shown. A P-value of <0.05 was

considered statistically significant.

Results

Serum biomarker levels

A total of 240 samples were analyzed; 80 each from baseline, study exit and 1 year post-trial

time points. There was no significant difference in baseline TCD velocity, hematological

parameters (except Hb level) or anthropometric measurements between subjects randomized

to transfusion versus “standard care (SC)” for those included in this study. Similarly, except

for MPO levels the biomarker levels were significantly higher among those randomized to

SC compared with those randomized to transfusion (Table I) at baseline. At STOP study

exit, significantly lower mean serum levels of sVCAM-1 (2.2 × 106 ± 0.8 × 106 pg/mL vs.

3.1 × 106 ± 0.9 × 106 pg/mL, P <0.0001), Cathepsin-D (0.5 × 106 ± 0.1 × 106 pg/mL vs. 0.7

× 106 ± 0.2 × 106 pg/mL, P <0.0001), PDGF-AA (10556 ± 4033 pg/mL vs. 14173 ± 4631

pg/mL, P = 0.0008), RANTES (0.1 × 106 ± 0.07 × 106 pg/mL vs. 0.2 × 106 ± 0.06 × 106

pg/mL, P < 0.006), and NCAM-1 (0.7 × 106 ± 0.2 × 106 pg/mL vs. 0.8 × 106 ± 0.1 × 106

pg/mL, P < 0.0006) were observed among participants who received PRBC transfusion,

compared to those who received standard care (Fig. 1A–E). On the other hand, the mean

serum MPO level (Fig. 1F) was significantly higher for those who received PRBC

transfusion compared with those who received standard care (3.0 × 106 ± 1.5 × 106 pg/mL

vs. 2.0 × 106 ± 1.0 × 106 pg/mL, P < 0.006).

Relationship between serum biomarkers and transfusion frequency

At the post-STOP time point, there was a significant negative correlation between serum

concentrations of sVCAM-1 (r = −0.323, P = 0.012), PDGF-AA (r = −0.316, P = 0.014) and

tPAI-1 (r = −0.293, P = 0.023) and the number of PRBC transfusions received

(Supplemental Figure, Fig. 1A–C). Serum BDNF (r = −0.221, P = 0.090) and NCAM-1 (r =
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−0.236, P = 0.070) levels showed similar trends for negative correlation with number of

PRBC transfusions, but were not statistically significant. There was no correlation between

baseline biomarkers levels and baseline hematological variables.

Prediction of stroke-free survival based on pre-treatment biomarker concentrations

Serum biomarker concentrations were defined as either high or low as previously stated.

This level was noted to be similar in value to the 65th–90th percentile of the serum

concentration for similar biomarkers from our previous study [24]. A Kaplan–Meier survival

analysis and Log Rank test showed that subjects with a low serum level of BDNF (<30.1

ng/mL, P = 0.025), sVCAM-1 (<2142 ng/mL, P = 0.025), PDGF-AA (<16.0 ng/mL, P =

0.01), tPAI-1 (<85 ng/mL, P = 0.025), and sICAM-1 (<119.6 ng/mL) had ≥92% probability

of stroke free survival, while those with serum levels above these levels had a lower

probability (≤78%) of stroke free survival (Fig. 2A–E).

Discussion

We have previously demonstrated an association between high TCD velocity and elevated

baseline serum concentrations of BDNF and PDGF-AA among children with SCA, and that

elevated baseline serum concentration of PDGF-AA was a sensitive biomarker for

predicting stroke development in children with SCA and high TCD velocity [28]. These

findings suggest that PDGF-AA may be both a biomarker and mediator of cerebral artery

remodeling that leads to symptomatic stroke in SCA.

In the current study, we extend our investigation to determine the effect of PRBC

transfusions on the serum concentrations of biomarkers of endothelial activation,

coagulation and neuroischemia, and the relationship of these biomarkers to stroke free

survival. We found that serum concentrations of sVCAM-1, Cathepsin-D, PDGF-AA,

RANTES (CCL5), and NCAM-1 were lower among subjects who receive PRBC

transfusions in the STOP study, compared to those who received standard care. Soluble

VCAM-1 and RANTES are both involved in endothelial activation, inflammatory cell

adhesion, endothelial cell mediated thrombosis, and platelet activation [29,30]. NCAM-1 is

associated with neuronal development, differentiation, and plasticity, and is elevated in

response to cerebral ischemia [31,32], which is reported to be a feature and possible

mediator of sickle cell associated cerebrovascular disease [33]. Cathepsin-D is involved in

the propagation of endothelial inflammation by facilitating intimal infiltration by activated

macrophages. In addition, it is thought to promote the release of pro-angiogenic factors from

the extracellular matrix, contributing to angiogenesis via endothelial proliferation [34,35].

Our data suggests that transfusions have an anti-inflammatory effect, and reduces cerebral

ischemia, endothelial activation and potential for thrombosis. However, serum MPO (a

marker of neutrophil-mediated inflammation) was higher among the transfused subjects,

compared to the SC arm. Since other markers of inflammation/endothelial activation,

sICAM-1, sVCAM-1, and RANTES were lower in the transfused group, it is possible that

PRBC transfusion might have less effect on neutrophil activation compared with other

inflammatory and/or endothelial cells. Furthermore, a recent study showed that blood

products (packed cells and fresh frozen plasma) accentuate expression of inflammatory
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markers and neutrophil transmigration through endothelial monolayers, which was

associated with the fatty acid content of the blood product [36]. It is possible that neutrophils

could also be activated in this setting and among the subjects that were on chronic PRBC

transfusion.

Serum concentrations of biomarkers of endothelial activation and proliferation (sVCAM-1

and PDGF-AA) and thrombophilia (tPAI-1) were significantly negatively correlated with

the number of PRBC transfusion received by subjects over the period of 4 years, with

similar trends for biomarkers of cerebral tissue ischemia and adaptation (BDNF and

NCAM-1). Adjusted for multiple comparisons and baseline levels, serum sVCAM-1 (P <

0.001), PDGF-AA (P = 0.025), and RANTES (P = 0.048) were significantly elevated among

post-STOP subjects who received fewer than 19 transfusions over the 4-year period,

compared with those who received more frequent (20 or more) transfusions over the same

period. These results suggest that the protective effects of PRBC transfusions in preventing

stroke in SCA are through reduction of endothelial activation, vascular cell proliferation,

and thrombogenesis.

Subjects with high TCD velocities and low pre-intervention serum concentrations of BDNF,

sVCAM-1, PDGF-AA, and tPAI-1 had a higher probability for stroke free survival,

compared with those having high concentrations of these biomarkers. Conversely, the

combination of high TCD velocity and high biomarker concentrations above the cut-off

values was associated with higher likelihood of stroke. Individuals with high levels of these

biomarkers may have had more severe vasculopathy at the start of the study and thus were

more likely to develop stroke. Correlation of biomarker values with the original

neuroimaging studies is needed to confirm this possibility. Such an effort is currently in

progress by our group.

High biomarker concentrations in the presence of elevated TCD velocities show that these

are concomitant processes at the time the subjects were diagnosed with high TCD velocities.

The potential role of each protein as a mediator of cerebrovascular disease cannot yet be

determined. To define the time course of events, we would need to prospectively and

sequentially measure the biomarkers prior to the development of elevated TCD velocities. A

project of this nature is currently pending IRB approval. It would be predicted that

endothelial activation (sVCAM) and thrombogenesis (tPAI-1) would be elevated earliest,

vascular cell proliferation (PDGF-AA) occurring afterwards, and cerebral ischemia (BDNF)

occurring later.

Despite a relatively small sample size of 40 subjects per treatment group, our findings have

strong statistical significance and exhibit a pattern that is patho-physiologically plausible.

The four key biomarkers in our study represent patho-biological processes that have been

described to be associated with cerebrovascular disease in SCA, i.e., cerebral ischemia,

endothelial activation, vascular cell proliferation, and thrombosis [37–39]. Our data also

support the concepts outlined by Hebbel et al. [20] and Kato et al. [33], that sickle cell-

associated vasculopathy is mediated by endothelial dysregulation and inflammation and that

mitigating these pathologies (in this case, using PRBC transfusion) will result in improved

clinical outcome, as was observed in the STOP study. A surprising finding for us was the
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observation of higher baseline biomarkers levels among subjects randomized to SC

compared with those randomized to receive transfusion. The reason is unclear given that the

treatment group assignment was done randomly. However, conclusions regarding the effect

of blood transfusion on serum biomarkers are still valid since our statistical analysis adjusted

for baseline biomarkers levels.

In summary, this study has defined four biomarkers of cerebral ischemia, endothelial

activation, vascular cell proliferation, and thrombosis that are associated with high TCD

velocity and elevated stroke risk. Three of the biomarkers were significantly reduced in

subjects who received frequent PRBC transfusions. Stroke free survival was significantly

longer among subjects with high TCD velocities who also had lower pre-intervention

biomarker levels. Our results illustrate potential pathophysiologic mechanisms of SCA-

associated cerebrovascular disease and the beneficial role of PRBC transfusion in reducing

the effects of these processes. Future prospective studies are warranted to validate these

findings, with larger subject groups and beginning before the onset of high TCD velocities.

Identifying key circulating mediators in the development of cerebral vasculopathy and

stroke in SCA may allow for earlier diagnosis of stroke risk, more refined risk prediction

and personalized medical therapy, and the potential for developing therapies that directly

target mechanistic pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of serum levels of sVCAM-1, MPO, Cathepsin-D, PDGF-AA, RANTES, and

NCAM-1 at study exit between subjects randomized to standard care or transfusion. Except

for MPO, there was a significantly lower serum level of each of these biomarkers among

subjects in the transfusion arm, after adjusting for pre-transfusion levels compared to the SC

arm.

Hyacinth et al. Page 10

Am J Hematol. Author manuscript; available in PMC 2014 June 25.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Probability of stroke-free survival. Subjects with low baseline levels of BDNF (P = 0.025),

sVCAM-1 (P = 0.025), PDGF-AA (P = 0.01), tPAI-1 (P = 0.025), and sICAM-1 (P = 0.022)

had a significantly higher probability of stroke free survival.
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TABLE I

Baseline Hemoglobin, Fetal Hemoglobin Percent, and Serum Biomarkers Levels in Children with Sickle Cell

Disease and High TCD

Baseline serum biomarkers levels Standard care N Transfusion N P-values for comparison

Hb F (%) 9.4 ± 5.1 40 9.2 ± 5.3 40 0.873

Hb (g/dL) 7.7 ± 0.8 40 7.2 ± 0.9 40 0.021

BDNF (×104 pg/mL) 3.4 ± 0.9 40 1.8 ± 0.6 39 <0.001

sVCAM-1 (×104 pg/mL) 261.5 ± 103.2 40 165.0 ± 39.4 39 <0.001

sICAM-1 (×104 pg/mL) 17.1 ± 6.5 40 9.9 ± 6.7 39 <0.001

MPO (×104 pg/mL) 217.9 ± 146.9 40 176.9 ± 115.5 39 0.172

Cathepsin-D (×104 pg/mL) 51.1 ± 22.4 40 36.7 ± 17.7 39 0.001

PDGF-AA (×104 pg/mL) 1.5 ± 0.6 40 0.7 ± 0.2 39 <0.001

PDGF-AB/BB (×104 pg/mL) 9.1 ± 2.9 40 4.5 ± 1.9 39 <0.001

RANTES (CCL5) (×104 pg/mL) 18.1 ± 7.0 40 10.6 ± 3.7 39 <0.001

tPAI-1 (×104 pg/mL) 10.0 ± 4.6 40 6.3 ± 2.1 39 <0.001

NCAM-1 (×104 pg/mL) 67.5 ± 15.7 40 43.9 ± 10.9 39 <0.001

Except for MPO and HbF, the mean levels of Hb and biomarkers were significantly higher among subject randomized to “standard care” compared
with those randomized to transfusion.

Values are Means ± SD.

HbF, fetal hemoglobin; Hb, hemoglobin; BDNF, brain derived neurotropic factor; sVCAM-1, soluble vascular cell adhesion molecule-1; sICAM-1,
soluble intercellular adhesion molecule-1; MPO, myeloperoxidase; PDGF, platelet derived growth factor; RANTES, regulated on activation normal
T-cell expressed and secreted; tPAI-1, total plasminogen activator inhibitor; NCAM-1, neural cell adhesion molecule-1.
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