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Abstract
Objective—The signaling protein CD40 and its ligand, CD40L, are thought to contribute to
atherosclerotic plaque formation and rupture. We sought to determine their utility as markers of
cerebral atherosclerosis and neurological dysfunction.

Methods—We recruited 82 patients with acute cerebral infarction (ACI) and classified each as
having large-artery atherosclerosis (LAA, 30), small-artery occlusion (36), or cardioaortic
embolism (16). We also recruited 17 patients who had carotid artery stenosis (CAS) without stroke
and 20 healthy individuals as controls. CD40L expression on peripheral blood monocytes
(PBMCs) was detected by direct immunofluorescence with flow cytometry, and serum soluble
CD40L (sCD40L) was measured by ELISA.

Results—CD40L expression on PBMCs was highest in the LAA group, followed by that in the
CAS group (both P<0.01 versus control). It was also higher in patients with atherosclerotic
infarction than in those without atherosclerosis (P<0.05). PBMC CD40L expression was sensitive
and specific for detecting atherosclerosis and LAA cerebral infarction and was superior to serum
C-reactive protein for predicting cerebral atherosclerosis (P<0.01). Serum sCD40L was higher in
patients with ACI than in healthy controls (P<0.01) or patients with CAS (P<0.01) and correlated
with increased disability on three scales (all P<0.01).

Conclusions—We conclude that patients with ACI have an upregulated CD40–CD40L system,
which could be used as a clinical biomarker for assessing atherosclerotic instability and severity of
neurological dysfunction.

Keywords
Atherosclerosis; Biomarker; CD40 ligand; C-reactive protein; Stroke

© W. S. Maney & Son Ltd 2013

Correspondence to: Tao Wu, Department of Neurology, Changhai Hospital, Second Military Medical University, No. 168 Changhai
Road, Shanghai 200433, China. wutao.doctor@hotmail.com.

NIH Public Access
Author Manuscript
Neurol Res. Author manuscript; available in PMC 2013 October 22.

Published in final edited form as:
Neurol Res. 2013 September ; 35(7): 693–700. doi:10.1179/1743132813Y.0000000190.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Introduction
Atherosclerosis is a complex chronic inflammatory disorder associated with the concomitant
actions of lipids and immune-regulated inflammatory pathways.1 The signaling protein
CD40 and its ligand, CD40L (recently renamed CD154), could play an important role in
atherosclerotic plaque formation and rupture.2 Indeed, data implicate this CD40–CD40L
system in the pathogenesis of inflammation and thrombosis.3 CD40 and CD40L are
expressed primarily in human atherosclerotic lesions but not in uninvolved arteries or
veins.4 Binding of CD40L to CD40 induces human vascular endothelial cells to express
adhesion molecules such as selectin-E, vascular cell adhesion molecule, and intercellular
adhesion molecule-1 and to release chemotactic factors such as interleukin-8, RANTES
(regulated upon activation, normal T-cell expressed and secreted), and macrophage
inflammatory protein.5 Blockade of CD40–CD40L interactions with antibodies in ApoE−/−

mice caused the plaques to undergo compositional changes: T cells, macrophages, and lipids
decreased; collagenous fibers increased; and the plaques did not progress significantly.6 In
addition, blocking CD40–CD40L interactions in mice limited atheroma development and
altered features of atherosclerotic plaques associated with stability in humans.7 These results
indicate that CD40 and CD40L are critical to the development, progression, and
complications of atherosclerosis and might participate in instability and rupture of
atherosclerotic lesions.

CD40L is present in two forms, cell membrane-bound CD40L (mCD40L) and soluble
CD40L (sCD40L). sCD40L is produced when mCD40L is cleaved by a proteolytic enzyme.
CD40L is expressed mainly on CD4+ T cells, platelets, monocytes, macrophages, B cells,
and natural killer cells.8 When it binds to CD40 on vascular cells such as endothelial cells, it
causes the expression of adhesion molecules and the release of inflammatory cytokines (e.g.
interleukin-6) and procoagulant tissue factor.3 Platelet-associated CD40L presents at the cell
surface only after platelet activation. sCD40L is then released into the blood from activated
platelets.9 Studies have shown elevated levels of sCD40L in patients with unstable angina10

and coronary and cerebral vascular disease.11

C-reactive protein (CRP) is an inflammatory biomarker that independently predicts future
vascular events.12 Although high-sensitivity (hs)-CRP is reported to be the best marker for
predicting cardiovascular events among the inflammatory biomarkers, including serum
amyloid A, interleukin-6, and soluble intercellular adhesion molecule type-1 in healthy
postmenopausal women,13 clinical evidence is insufficient to justify the measurement of
CRP in the routine evaluation of cerebrovascular disease risk in primary prevention.14

Ischemic stroke has many etiologies, and accurate classification of the cause is critical to
determining outcome, recurrence rate, and strategies for secondary stroke prevention. It has
been reported that CD40L expression in platelets and serum sCD40L levels are increased in
patients with acute cerebral infarction (ACI).15 Our previous study showed that CD40 and
CD40L were expressed in carotid atherosclerotic plaques in the shoulder areas, especially in
patients with stroke.16 Here, we used an evidence-based classification algorithm known as
SSS-TOAST (the Stop Stroke Study Trial of Org 10172 in Acute Stroke Treatment)17 to
determine whether levels of CD40L correlate with stroke subtypes and severity of
neurological dysfunction. Our research focuses on the expression of CD40L on peripheral
blood monocytes (PBMCs) and serum levels of sCD40L and hs-CRP.
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Methods
Patients

We recruited 82 patients with ACI who were admitted to our department between December
2006 and December 2007. Patients were included if their first ACI event had occurred
within 1 week, as confirmed by cranial CT or MRI. Patients were excluded from the study if
they had inflammatory or infectious diseases, malignant tumors, or autoimmune diseases.

All patients were evaluated by clinical symptoms, physical examination, cranial CT or MRI,
and cerebral magnetic resonance angiography or cerebral angiography. Based on the SSS-
TOAST criteria,14 we classified patients with ACI as having large-artery atherosclerosis
(LAA), small-artery occlusion (SAO), or cardioaortic embolism (CAE). We also recruited
age- and sex-matched patients who had carotid artery stenosis (CAS) but no history of
ischemic stroke event, as confirmed by cerebral MRI or cerebral angiography, during the
previous 3 months. These subjects were selected from patients referred to the outpatient
clinic or the Department of Neurology. The control group consisted of 20 age- and sex-
matched healthy subjects who had had no clinical signs of peripheral, coronary, or cerebral
vascular disease within the 6 months preceding study entrance. The study was approved by
the local ethics committee. All subjects signed the informed consent.

Neurological function of patients was assessed with the National Institutes of Health Stroke
Scale (NIHSS), activities of daily living were assessed with the Barthel Index, and disability
was assessed with the modified Rankin scale.

PBMC isolation and culture
Peripheral blood was drawn from the patients 1–7 days after symptom onset. For each
enrolled subject, PBMCs were isolated from 2 ml of blood by density gradient
centrifugation. PBMCs were adjusted to a concentration of 1×106 cells/ml with cold
phosphate-buffered saline (PBS). One hundred-microliter aliquots of PBMCs were blocked
with mouse serum for 10 minutes and then incubated with 10 μl of CD154-FITC fluorescent
antibody at 4°C for 40 minutes in the dark. The cells were washed twice in PBS and then
resuspended with 300 μl of PBS. Flow cytometry was used to count out 5000 cells (Cell
Quest 3.0 software; Fig. 1A). CD40L expression was assessed by mean fluorescence
intensity (Fig. 1). Each sample was tested with another fluorescent antibody labeled with
isotype IgG as a negative control. All of the sample tests were finished within 6 hours.

Detection of serum sCD40L and hs-CRP levels
We analyzed serum sCD40L by ELISA using commercial kits and reagents. All assays had
intra-assay and inter-assay coefficients of variation <5% and <10%, respectively. The hs-
CRP level of each group was detected by an ultrasensitive nephelometric method with
automatic biochemistry.

Statistical analysis
The data were analyzed by SPSS 10.0 statistical software and are presented as mean
±standard deviation. The NIHSS, Barthel Index, and modified Rankin scale scores are
expressed as medians with interquartile ranges (25th and 75th percentiles). One-way
comparisons were made with one-factor analysis of variance, two-way comparisons of
homogeneity of variance with least significant difference, and multiple comparison of
heterogeneity of variance with Dunnett’s C test. Non-parametric data were analyzed with the
Wilcoxon rank-sum test. The Spearman correlation was used to determine the strength of
association between the variables. Comparisons of sensitivity and specificity were made
with a Chi-square test. Statistical significance was set at a value of P<0.05.
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Results
Study population demographics

The baseline characteristics of the subjects are summarized in Table 1. Patients with ACI
included 46 men and 36 women with a mean age of 62.1±12.3 years (range: 34–91 years).
The LAA group comprised 30 patients (19 male, 11 female) with a mean age of 62.7±12.3
years (range: 45–81 years); the SAO group comprised 36 patients (20 male, 16 female) with
a mean age of 61.9±11.8 years (range: 46–91 years); and the CAE group comprised 16
patients (7 male, 9 female) with a mean age of 63.0±14.0 years (range: 34–76 years). The
CAS group included 17 patients (10 male, 7 female) with a mean age of 61.8±10.1 years
(range: 44–88 years), and the control group included 20 patients (13 male, 7 female) with a
mean age of 60.9±11.8 years (range: 42–82 years). There were no significant differences in
sex or age between the groups (all P>0.05).

Table 2 shows the relative levels of neurological disability in patients with ACI as assessed
by the NIHSS, Barthel Index, and modified Rankin scale. Both the NIHSS score and the
Barthel Index were significantly higher in the CAE group than in the LAA group and
significantly higher in the LAA group than in the SAO group, indicating that disability was
the greatest in the CAE group. The modified Rankin scale score was significantly higher in
the CAE group than in the LAA and SAO groups (both P<0.05), but the difference between
the LAA and SAO groups was not significant (P=0.052).

Measurement of CD40L expression on PBMCs by indirect immunofluorescence flow
cytometry

The mean fluorescence intensity of CD40L expression was 7.65±2.64 in normal controls,
14.59±2.18 in the CAS group, 7.08±3.09 in the SAO group, 26.87±9.43 in the LAA group,
and 7.94±2.46 in the CAE group. CD40L expression on PBMCs was significantly higher in
the LAA group than in the other ACI groups (SAO and CAE), CAS group, or normal
controls (all P<0.01). It also was significantly higher in the CAS group than in the control,
SAO, or CAE groups (all P<0.01; Fig. 2A). There was no significant difference in CD40L
expression on PBMCs between the normal controls and SAO and CAE groups (all P>0.05).

Serum hs-CRP level
Serum hs-CRP levels were 1.44±1.18 mg/l in normal controls, 1.42±1.01 mg/l in the CAS
group, 5.99± 4.07 mg/l in the SAO group, 6.18±1.42 mg/l in the LAA group, and
21.98±7.04 mg/l in the CAE group. Among subtypes of ACI, serum hs-CRP was
significantly higher in the CAE group than in any other group (all P<0.01), and significantly
higher in the SAO and LAA groups than in the normal control and CAS groups (all P<0.05;
Fig. 2B). There was no significant difference in serum hs-CRP level between the SAO and
LAA groups (P>0.05) or between the CAS group and normal controls (P>0.05).

CD40L on PBMCs and serum hs-CRP in CAS and ACI
Of the 99 patients, 47 had cerebral atherosclerosis (CAS and LAA). When the upper bounds
of 95% confidence intervals of 8.89 and 1.99 for normal controls were used as cutoff points
for CD40L and hs-CRP, respectively, the sensitivity of CD40L for cerebral atherosclerosis
was 100% and the specificity was 72.31%; the sensitivity of hs-CRP was 51.06% and the
specificity was 40.68%. Hence, CD40L had greater sensitivity and specificity for predicting
cerebral atherosclerosis than did hs-CRP (P<0.01).
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Serum sCD40L levels detected by ELISA
Serum sCD40L was 0.56±0.40 ng/ml in normal controls, 3.71±1.19 ng/ml in the CAS
group, 7.41±3.49 ng/ml in the SAO group, 8.41±2.89 ng/ ml in the LAA group, and
9.99±3.01 ng/ml in the CAE group. The serum sCD40L level was significantly higher in the
CAS, SAO, LAA, and CAE groups than in the normal controls (all P<0.01; Fig. 2C). It was
also higher in all groups with ACI (SAO, LAA, and CAE) than in the CAS-only group (all
P<0.01), and it was higher in the CAE group than in the SAO group (P<0.01). There was no
significant difference in serum sCD40L between the CAE group and the LAA group
(P=0.066) or between the LAA group and the SAO group (P=0.118).

Correlations between serum hp-CRP, CD40L, sCD40L, and neurological dysfunction
CD40L expression on PBMCs had a positive linear correlation with NIHSS score
(Spearman rho=0.282, P<0.05; Fig. 3A) and a negative linear correlation with Barthel Index
score (Spearman rho=−0.253, P<0.05; Fig. 3B). Similarly, serum hs-CRP level had a
positive linear correlation with NIHSS score (Spearman rho=0.433, P<0.01; Fig. 3C) and a
negative linear correlation with Barthel Index score (Spearman rho=0.569, P<0.01; Fig. 3D).
There was a positive linear correlation between serum sCD40L and NIHSS score (Spearman
rho=0.237, P<0.05; Fig. 3E), but no correlation between serum sCD40L and Barthel Index
in ACI patients (Spearman rho= −0.178, P>0.05).

Discussion
Inflammation is an important factor in the development of atherosclerosis and plaque
instability.9 The interaction between CD40 and CD40L may accelerate atherogenesis,
enlarge atheromatous plaques, and promote thrombotic occlusion of the artery by inducing
proinflammatory cytokines, metalloproteinases, and procoagulant tissue factor.3 Our results
showed that CD40L expression in circulating monocytes was higher in patients with CAS
than in normal controls. CD40L on PBMCs also was higher in patients with the LAA stroke
type than in patients with any other type of ACI or pure CAS. These results are consistent
with a previous report showing that patients with LAA and diabetes mellitus have higher
levels of CD40L than do patients with SAO18 and suggest that circulating monocytes with
high CD40L expression may be associated with cerebral atherosclerosis and plaque
instability. Platelets, macrophages, T cells, endothelial cells, and smooth muscle cells in
atherosclerotic lesions can express CD40L.4,8 Binding of CD40 in these cell types induces
the expression of various molecules considered relevant to atherogenesis, including adhesion
molecules, pro-inflammatory cytokines, and chemokines. It also induces matrix-degrading
activities and likely promotes plaque activation, plaque rupture, thrombosis, and ischemia.19

Entry of monocytes with high CD40L expression into atherosclerotic plaques could cause
plaque instability.

CRP has been widely accepted as a potent risk indicator that can independently predict
future cardiovascular events.20 It has been reported that plasma levels of the inflammatory
marker hs-CRP are associated with cervicocephalic atherosclerosis load in patients who
have experienced an ischemic stroke or transient ischemic attack.21 Elevated CRP also is
associated with an increased risk of ischemic stroke.22,23 However, ischemic stroke has
many etiologies. Our analysis of serum hs-CRP level in subtypes of ACI showed that serum
hs-CRP was higher in the CAE group than in the other ACI groups, suggesting that hs-CRP
is not a reliable biomarker for cerebral atherosclerosis. Previous studies have shown that an
elevated serum CRP level reflects an increased tendency for plaque rupture and a high
atherosclerotic burden.24,25 However, we did not observe significant differences in the
serum hs-CRP level between the CAS group and normal controls. This discrepancy further
suggests that serum hs-CRP is not a reliable biomarker for cerebral atherosclerosis.
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Alternatively, the level of association is too low to be detected in our small sample size. In a
previous report, postmortem data revealed that individuals who had died suddenly from
atherothrombi or a cardiac event with stable or unstable plaque had CRP levels that were
higher than those of individuals who had died of unnatural or non-cardiac causes.25

Although we found that serum hs-CRP levels correlated with the severity of neurological
dysfunction, our results indicate that CD40L in circulating monocytes is more sensitive and
specific than serum hs-CRP for detecting atherosclerosis. Hence, CD40L may be a better
biomarker for detecting cerebral atherosclerosis and plaque instability.

Serum sCD40L, which is derived primarily from activated platelets, has biological
activity.26 An elevated sCD40L level has been reported to predict future cardiovascular
events in healthy women27 and recurrent events and death in patients with acute coronary
syndromes.28 We have shown previously that the levels of P-selectin, tissue plasminogen
activator antigen, and plasminogen activator inhibitor-1 activity are significantly higher and
tissue plasminogen activator activity significantly lower in patients with LAA than in
control subjects, indicating that patients with LAA have an increase in platelet activation
and a decrease in fibrinolysis.29 Consistent with previous reports,10 our data showed that the
amount of serum sCD40L released from activated platelets was higher in patients who had
ACI than in patients who had CAS but had not experienced a stroke. Likewise, sCD40L was
higher in patients who had CAS without stroke than in healthy controls. Further analyses of
CD40L, sCD40L level, and neurological function of patients with ACI showed that CD40L
expression in circulating monocytes and sCD40L level were correlated with neurological
dysfunction and severity of ACI. These results support a link between the CD40–CD40L
system and the underlying inflammatory and hypercoagulable state in patients with cerebral
atherosclerosis.

Limitations of our study include the variability in length of time between symptom onset
and sample collection and the small number of patients with ACI. The results need to be
confirmed in a larger sample of patients. Additional study is also needed to determine
whether interventions that downregulate CD40L expression on circulating monocytes or
serum sCD40L level could benefit patients with cerebral atherosclerosis and acute ischemic
stroke.

In conclusion, our results indicate that elevated CD40L expression on PBMCs is associated
with carotid atherosclerosis and plaque instability. Furthermore, CD40L was more sensitive
than was hs-CRP as a predictor of cerebral atherosclerosis. Elevated serum sCD40L level
had a positive correlation with the severity of cerebral infarction and an inverse correlation
with patients’ ability to carry out activities of daily living. Together, these findings suggest
that the CD40–CD40L system could be used as a clinical biomarker for evaluating cerebral
atherosclerosis, plaque instability, and the etiology of ACI.
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Figure 1.
Detection of CD40L-expressing peripheral blood monocytes by flow cytometry. Monocytes
gated by flow cytometry and expression of CD40L were assessed by the mean fluorescence
intensity. Green area represents isotype control and red area represents CD40L detection.
The x-axis represents CD40L fluorescence intensity and the y-axis represents the number of
blood monocytes. (A) Normal control. (B) Carotid artery stenosis only. (C) Small-artery
occlusion infarct. (D) Large-artery atherosclerotic infarct. (E) Cardioaortic cerebral
embolism infarct.
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Figure 2.
Comparisons of CD40L and high-sensitivity C-reactive protein (hs-CRP) between healthy
controls and patients with carotid artery stenosis (CAS), small-artery occlusion (SAO),
large-artery atherosclerosis (LAA), and cardioaortic embolism (CAE). (A) Mean
fluorescence intensity (MFI) of CD40L on peripheral blood monocytes as assessed by flow
cytometry. **P<0.01 versus control; ††P<0.01 versus CAS; ##P<0.01 versus SAO or CAE.
(B) Serum hs-CRP levels. *P<0.05, **P<0.01 versus control; †P<0.05, ††P<0.01 versus
CAS; ##P<0.01 versus SAO or LAA. (C) Serum sCD40L levels. **P<0.01 versus control; ††

P<0.01 versus CAS; ##P<0.01 versus SAO.
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Figure 3.
Correlations between CD40L expression on PBMCs, serum hp-CRP, serum sCD40L, and
neurological dysfunction. CD40L expression on PBMCs was positively correlated with
NIHSS score (Spearman rho=0.282, P<0.05; A) and negatively correlated with Barthel
Index score (Spearman rho=−0.253, P<0.05; B). Serum hs-CRP level was positively
correlated with NIHSS score (Spearman rho=0.433, P<0.01; C) and negatively correlated
with Barthel Index score (Spearman rho=0.569, P<0.01; D). There was a positive linear
correlation between serum sCD40L and NIHSS score (Spearman rho=0.237, P<0.05, E).
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Table 2

Neurological function and disability in patients with acute cerebral infarction

Functionality test SAO (n=36) LAA (n=30) CAE (n=16)

NIHSS 3.5 (2, 6) 9 (7, 13)** 12.5 (6, 28.75)**,††

Barthel Index 90 (55, 100) 30 (20, 61.25)* 22.5 (0, 50)**,††

Modified Rankin scale 2 (1, 4) 4 (3.75, 4) 4 (4, 5)*†

Note: Data are presented as medians, with 25th and 75th percentiles given in parentheses.

SAO, small-artery occlusion; LAA, large-artery atherosclerosis; CAE, cardioaortic embolism; NIHSS, National Institutes of Health Stroke Scale.

*
P<0.05 versus SAO.

**
P<0.01 versus SAO.

†
P<0.05 versus LAA.

††
P<0.01 versus LAA.
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