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Abstract. - BACKGROUND: CD137 ligand
(CD137L) is expressed by various immune cells
and exists in membrane-bound and soluble forms.
Recently, CD137L was found to be localized to
macrophages in human atherosclerotic lesions
and CD137L levels were much higher in athero-
sclerotic lesions than in normal arteries. However,
the role of CD137L with different forms in
atherothrombotic stroke remains unclear.

PATIENTS AND METHODS: The soluble CD137L
(sCD137L) protein and CD137L expression on
monocytes were analyzed by an enzyme-linked
immunosorbent assay and flow cytometry in pe-
ripheral blood of patients with acute ischemic ath-
erosclerotic stroke, atherosclerosis controls and
normal controls.

RESULTS: During the initial 24h after onset, the
stroke patients had elevated plasma sCD137L lev-
els (133.2 pg/ml) and CD137L expression on
monocytes [7.9+4.1%, 7.0+4.0 mean fluorescence
intensity (MFI)] as compared with normal controls
(75 pg/ml, p < 0.05; 4.6+2.4%, 4.1+2.7 MFI, p < 0.05).

CONCLUSIONS: The dysregulation of CD137L
expression may reflect a persistent chronic inflam-
matory response that may have been induced dur-
ing early stages of the disease. Our results strong-
ly suggest that the abnormal expression of
CD137L on monocytes may lead to dyregulated
CD137L/CD137 signaling and consequently form
part of a positive-feedback, inflammation-promot-
ing circuit in stroke, while the elevated sCD137L
protein levels may function as a self-regulatory
mechanism of CD137/CD137L interaction and cos-
timulation.
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Introduction

Inflammation has received increasing attention
in recent years as a cause of atherosclerosis'?. So
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far, various studies have provided strong evi-
dences that atherosclerosis involves immune cells,
such as T cells, monocytes or macrophages in the
vasculature, systemically elevated proinflamma-
tory cytokines, chemokines, adhesion molecules,
and tissue factor (TF)>. In the advanced stages,
atherosclerosis lead to formation of an intravascu-
lar thrombus, which plays a critical role in the set-
ting of acute arterial thrombosis, heart attack or
stroke®.

A variety of cytokines, including members of the
tumor necrosis factor (TNF) superfamily (TNFSF),
have been identified in atherosclerotic lesions and
implicated in the pathogenesis of atherosclerosis*>.
TNF-a and CD40 ligand (CD40L) have been
found to have pivotal roles in atherogenesis by elic-
iting immune responses such as secretion of proin-
flammatory cytokines, activation of matrix metal-
loproteinases (MMP) and induction of TF expres-
sion®®. In addition, another TNFSF member of
CD137 (4-1BB, TNFRSF9) has been recently re-
ported to demonstrate an enhanced expression in
human atherosclerotic plaques on T cells and en-
dothelial cells as well as its ability to induce adhe-
sion molecule expression on endothelial cells and
reduce smooth muscle cell proliferation upon acti-
vation by CD137 ligand (CD137L, 4-1BBL, TN-
FSF9)°. Additionally, in one recent animal study of
CD137-deficient apolipoprotein E-knockout mice
(ApoE/'CDI137/) and LDL-receptor-knockout
mice (Ldlr/"CD1377), the deficiency of CD137
caused a reduction in atherosclerotic plaque lesions
in both atherosclerosis mouse models, while stimu-
lation of CD137L signaling by soluble CD137 pro-
tein activated monocytes/macrophages and aug-
mented the production of proinflammatory cy-
tokines in atherosclerotic vessels. These findings
further support proatherogenic roles that
CD137L/CD137 interaction plays in the process of
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Table I. Baseline characteristics of patients and normal controls.

Ischemic stroke Asymptomatic Normal controls
(n=20) carotid stenosis (n=19) (n=23) p value

Sex (male/female) 12/8 13/6 14/9 -
Age (years) 62.2+6.6 623+53 599+73 0.425
Hypertension (%) 50 474 - -
Diabetes mellitus (%) 35 42.1 - -
Hypercholesterolemia (%) 25 21.1 - -
Smoking (%) 55 52.6 522
Peripheral artery disease (%) 25 222 21.7 -
Leukocyte (x10%/ul) 7.87+1.37 7.03 +1.36 6.82 £ 1.59 0.0556
Monocyte (x10%/ul) 0.46 £0.18 0.41+0.12 0.39+0.16 0.3947
Data are mean+SD

atherosclerosis!®. Moreover, two distinct studies
showed a significantly increased CD137 expres-
sion on circulating monocytes and serum soluble
CD137 levels in patients with acute coronary syn-
dromes compared to patients with stable angina
and healthy controls'"'2. Nevertheless, there is still
a great need for further studies of the CD137L ex-
pression as well as its possible role in the atheroge-
netic process of ischemic stroke. In this study, the
surface expression of CD137L and soluble
CDI137L (sCD137L) proteins were analyzed in pe-
ripheral blood of patients with ischemic atheroscle-
rotic stroke to further determine whether this molu-
cule is aberrantly produced in this disease.

Patients and Methods

Patients and Controls

Twenty patients with acute ischemic atheroscle-
rotic stroke (12 men and 8 women; mean age
62.2+6.6 years) were enrolled in this study. These
patients had large-artery atherosclerosis (LAA) sub-
type, according to the Acute Stroke Treatment
(TOAST) classification'®. All patients were evaluat-
ed within 24h of ischemic stroke onset and diag-
nosed on the basis of medical history, clinical exam-
ination and results of brain MRI and MRA scans.
National Institute of Health Stroke Scale (NIHSS)
was adopted to reflect the disease severity at the time
of blood sampling. Patients with risk factors for car-
dioembolic stroke such as atrial fibrillation, vascular
heart disease, acute myocardial infarction and endo-
carditis were excluded. In addition, five of these pa-
tients with LA A stroke receiving treatment with sim-
vastatin (40 mg qd) were chosen for serial study.

The atherosclerosis controls (ASC) consisted
of nineteen patients with asymptomatic carotid

stenosis (> 50%) (13 men and 6 women; mean age
62.3+5.3 years) on carotid duplex sonography. All
the patients had no evidence of ischemic stroke
events on clinical history and brain MRI. Twenty-
three healthy subjects (14 men and 9 women;
mean age 59.9+7.3 years) were included as nor-
mal controls (NC) without any evidence of large
vessel atherosclerosis, clinical history of vascular
events and vascular risk factors.

None of the participating individuals had (1)
previously been taking statins and calcium chan-
nel blockers; (2) autoimmune, hepatic, renal or
cancerous disorder; (3) an infection. The follow-
ing diagnostic tests were performed in both pa-
tients and normal controls: complete blood
counts, blood chemistry, erythrocyte sedimenta-
tion rate (ESR), C reactive protein (CRP), EKG,
posterior-anterior chest radiography, transthoraric
cardiac echocardiography, transcranial Doppler
ultrasonography and carotid duplex sonography.
All participating subjects gave their informed
consent before the start of the study.

Sample Collection

All the heparinized blood specimens were col-
lected between 09:00 am and 12:00 am. Peripheral
blood mononuclear cells (PBMC) were isolated
from the heparinized blood specimens by density
gradient centrifugation using a standard protocol.
After centrifugation, plasma was stored at —=70°C in
small aliquots and thawed just before further use.

Flow Cytometry

Peripheral blood mononuclear cells of patients
and control subjects were characterized for the ex-
pression of CD137L by double-colour direct im-
munofluorescence and flow cytometry using a
FACScan (Becton Dickinson, Carlsbad, CA,
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USA). Cells were washed with PBS (pH 7.2) and
resuspended in phoshate buffered saline (PBS)
buffer. The following antibodies were added with
1<=10° cells in 25 wl cell suspension: (1) IgG1
FITC, IgG1 PE (Becton Dickinson, Carlsbad, CA,
USA); (2) CD14 FITC, CDI137L PE (Pharmin-
gen, San Diego, CA, USA). After 30 min incuba-
tion at 4°C, cells were washed twice with staining
buffer and analysed on the FACScan using Cel-
1Quest software.

Enzyme-Linked Immunosorbent Assay
(ELISA)

Plasma CD137L levels were measured by a com-
mercial ELISA according to the supplier’s directions
(Immatics Biotechnologies, Tiibingen, Germany)
with a detection limit of 1 pg/ml. All assays were
performed simultaneously in a blinded fashion.

Statistical Analysis

The data are presented as mean+standard devi-
ation of the mean value (CD137L surface expres-
sion and blood monocyte) or median with range
(sCD137L). Data with a normal distribution were
analyzed with one-way analysis of variance
(ANOVA) by Student-Newman-Keul’s post-hoc
test and Pearson’s correlation test. Data with a
non-normal distribution were analyzed with
Kruskal-Wallis ANOVA and Spearman’s correla-
tion test. p value of less than 0.05 was considered
to be statistically significant.

Results

Clinical and Laboratory Data

Patient’s characteristics, including risk factors
and laboratory data taken on the first day of sam-
pling are shown in Table I. In addition, no signif-

icant differences in blood pressure or levels of
blood glucose, total cholesterol, high-density
lipoprotein (HDL), low-density lipoprotein
(LDL), ESR, CRP were found between the
stroke patients and either of the control groups
(data not shown).

Cell Surface Expression of CD137L

The stroke patients showed increased expres-
sion of CD137L (Figure 1) on CD14+ monocytes
[7.9+4.1%, 7.0+4.0 mean fluorescence intensity
(MFI)] compared with NC (4.6+2.4%, 4.1+2.7
MFI, p < 0.05) (Table II), but no significant differ-
ence of CD137L expression was found on PBMC
between stroke (8.7+4.9%, 8.2+5.0 MFI) and ei-
ther of the control groups (7.8+5.4%, 7.4+5.6
MFI and 5.9+3.0%, 6.0+£5.1 MFI) (Table II).
Moreover, five stroke patients demonstrated a
trend towards a continuous decrease in CD137L
expression on CD14+ monocyte after 3 and 14
days of treatment, while the blood monocytes pre-
sented irregular changes (Figure 2).

Plasma sCD137L Levels

During the initial 24h after onset, the plasma
sCD137L levels were significantly elevated in the
patients with ischemic stroke (133.2 pg/ml) com-
pared with normal controls (75 pg/ml, p < 0.05),
but no significant difference was found between
the stroke patients and the patients with asympto-
matic carotid stenosis (84.1 pg/ml) (Figure 3).
The plasma sCD137L levels within 24h were sig-
nificantly higher in the stroke patients but showed
a tendency of decrease after 3 and 14 days of
treatment (Figure 4).

Correlation Analysis
CD137L surface expression levels on PBMC or
CD14+ monocytes were not significantly correlat-
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Figure 1. Region 1 (R1) is selected to set monocytes gate for CD137L analysis. Control staining with isotype control antibod-

ies was used as control to define the gate.
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Table Il. Peripheral blood mononuclear cells (PBMC) and CD14+ monocytes spontaneously expressing CD137L in patients
with acute ischemic atherosclerotic stroke, asymptomatic carotid stenosis (ACS) and normal controls (NC).

CD137L (%) CD137L (MFI)
PBMC CD14+ PBMC CD14+
Stroke (n=20) 87+49 79 +4.1% 82+5.0 7.0 £4.0%
ACS (n=19) 7.8+5.4 63+5.0 74+5.6 52+23
NC (n=23) 59+3.0 46+24 6.0+5.1 4127
p value (ANOVA) 0.1380 0.0347 0.3978 0.0131

MFI = mean fluorescence intensity, *p < 0.05 for post hoc comp

ed with plasma sCD137L levels in stroke patients.
Additionally, there was no correlation between
the sCD137 levels, CD137L surface expression
on PBMC or CD14+ monocytes and NIHSS of
stroke patients (data not shown).

arison with normal controls.

Discussion

CDI137L is expressed primarily on antigen pre-
senting cells (dendritic cells, monocyte/macrophages
and B cells), human primary T cells'* and nonim-
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Figure 2. Changes of CD137L expression on CD14+ monocytes in patients with acute ischemic atherosclerotic stroke after
treatment. Changes of CD137L expression on CD14+ monocyte (A and B) and blood monocyte count (C) were analysed in five
patients with acute ischemic atherosclerotic stroke before treatment and after 3d and 14d of treatment with statin. 3d = 3 days;

14d = 14 days.
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Figure 3. Comparison of plasma soluble CD137L
(sCD137L) levels between acute ischemic atherosclerotic
stroke and control groups. Plasma sCD137L levels are com-
pared between patients with acute ischemic atherosclerotic
stroke, asymptomatic carotid stenosis (ACS) and normal con-
trols (NC) using an enzyme-linked immunosorbent assay
(ELISA). Horizontal lines indicate median values, numerals
on top are p-values

mune cells such as cardiac myocytes in myocarditis
and aortic tissue in arteritis at sites of inflamma-
tion'>!%. In addition to providing costimulatory sig-
nals for T cell activation and survival, CD137 ligation
by CD137L can also trigger reverse signaling, which,
in turn, promote the activation, migration and sur-
vival of monocytic cells that express CD137L!718, In-
triguingly, CD137L is produced in both membrane
bound and soluble forms. The sCD137L protein,
which is released at higher levels from leukocytes
following cellular activation, has been found to stim-
ulate interleukin-2 (IL-2) and interferon-y (IFN-y) se-
cretion from peripheral T cells by binding to the
CD137 receptor'. In a study from Olofsson et al’
CD137L was mainly localized to macrophages in
human atherosclerotic lesions and CD137L levels
were much higher in atherosclerotic lesions than
in normal arteries'®. Additionally, the sCD137L
protein has been shown to be increased in the tis-
sue extracts from human atherosclerotic com-
pared with normal arteries’. These findings sug-
gest that the CD137L may be implicated in the in-
flammatory process of atherosclerosis.

In this study, patients with acute ischemic ather-
osclerotic stroke demonstrated an elevated plasma
levels of sCD137L, indicating the involvement of
CD137L in immune response during acute stage
of the disease. Moreover, the increased CD137L
expression on CD14+ monocytes further substan-
tiates our findings and also suggests that the dys-

regulation of this molecule may occur predomi-
nantly in CD14+ monocytes. Similar to our re-
sults, a very recent study'® reported that, besides
the presence of CD137L on monocytes in circula-
tion, patients with acute coronary syndrome (ACS)
also exhibited increased CD137 levels in circulat-
ing CD4+CD28™! T cells, which constituted an
important proportion of CD4+ T cells in human
atherosclerotic plaques. Taking into consideration
all these findings, this suggests that there is an
aberrant CD137L production existing in the early
stage of stroke. Interestingly, no differences of
CD137L levels could be found between the pa-
tients with asymptomatic carotid stenosis and nor-
mal controls, since this category of patients was
previously reported to have higher levels of
CD137L expression in atheromatous regions than
in normal arteries’.

So far, limited information is available on the
CD137L/CD137 signaling in atherosclerosis,
mainly due to the complexity of bidirectional
signaling between CD137 and CD137L. As de-
scribed in aforementioned animal study of ApoE-
/CD137/ mice, activation of CD137L signaling
by CD137 protein in ex vivo induces proinflam-
matory cytokine such as TNF-o and MCP-1 re-
lease in the CD137-deficient atherosclerotic aor-
ta'®. Another study of ACS patients also demon-
strated that blockade of CD137 significantly
downregulated the production of TNF-a and
IFN-y from peripheral CD4+CD28™!" T cells
which were report to induce rupture of athero-
sclerotic lesions by directly lysing vascular
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Figure 4. Changes of plasma soluble CD137L (sCD137L)
levels in patients with acute ischemic atherosclerotic stroke
after treatment. Changes of plasma sCD137L levels were an-
alyzed in five patients with acute ischemic atherosclerotic
stroke before treatment and after 3d and 14d of treatment
with statin. 3d = 3 days; 14d = 14 days.
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smooth muscle and endothelial cells'*. In our
serial study, although there was non-significant
dynamic change of monocyte count in the stroke
patients, CD137L expression on the CD14+
monocytes tended to decrease after 3 and 14
days of treatment with statin, which is known as
an hydroxy-methyl-glutaryl-CoA (HMG-CoA)
reductase inhibitor with multiple anti-inflamma-
tory effects?!. This is in parallel with a stroke
study of a remarkably lower serum levels of
TNF-a after a short term of statin therapy??, indi-
cating a positive regulatory role that CD137L
could play in the disease pathogenesis.

To investigate the roles of CD137L activation
by its receptor CD137 in stroke, we performed an
in vitro study of TNF-a and monocyte chemoat-
tractant protein-1 (MCP-1) release from isolated
blood monocyte after treatment with a CD137 fu-
sion protein in a few patients with ischemic ath-
erosclerotic stroke (n=5), and consequently a re-
markably increased supernatant levels of these
two proinflammatory cytokines were found in the
presence of the CD137 fusion protein as com-
pared with control human IgG (data not shown).
This further supports the notion that reverse
CD137L signaling contributes to atherosclerosis-
related disorders such as stroke. On the other
hand, our findings also favor the costimulatory
effect of CD137L on T cells, as our previous in
vitro study showed that nonspecific T cells prolif-
eration was significantly suppressed after treat-
ment with an anti-CD137L monoclonal antibody
(MoAb) compared with the control antibody in a
few healthy subjects (n=5)*. Taken together, the
abnormal expression of CD137L on the mono-
cytes may lead to dyregulated CD137L/CD137
signaling and consequently form part of a posi-
tive-feedback, inflammation-promoting circuit in
stroke.

In our study, increased sCD137L levels were
found in peripheral blood of stroke patients com-
pared with healthy subjects. This is noteworthy
because previous studies have shown that the
sCD137L protein might play a regulatory role by
binding to the CD137 receptor and stimulate IL-2
and IFN-y release from peripheral T cells as well
as significant T cell proliferation®**. We initially
speculate that the increase in the sCD137L release
may occur mainly because of the higher expres-
sion of CD137L in monocytes of stroke patients.
However, we did not find a significant correlation
between sCD137L protein levels and CD137L
surface expression levels in the monocytes or
PBMC. Together with similar findings reported in

other inflammatory diseases, such as rheumatoid
arthritis and multiple sclerosis?*?¢, this indicate
that the soluble form of the molecule is not mere-
ly produced by shedding of the membrane-bound
ligand, but perhaps due to production from dis-
tinct, differentially spliced mRNA, or proteolytic
cleavage from the cell surface.

The role of the sSCD137L in atherosclerosis re-
mains elusive. Hence, we can only speculate
about what induces the increase in the sCD137L
release in ischemic atherothrombotic stroke and
what function this molecule has in the develop-
ment of the disease. An upregulation in peripher-
al blood of specific matrix metalloproteinase
(MMP), such as gelatinase B and MMP-9, during
episodes of acute stroke?’-?, could drive the
cleavage of CD137L molecule from cell surface,
is a possible theory's. Indeed, our study demon-
strates that plasma sCD137L levels tend to de-
crease following treatment, in line with the de-
creased serum MMP-9 after the treatment with
statin®?°. On the other hand, the other factors,
such as potentially different mRNA splicing and
cell type-dependent cleavage'*?°, may also be in-
volved, as our results showed no significant cor-
relation between the sCD137L levels and
CD137L surface expression levels in the mono-
cytes or PBMC. The shedding of CD137L from
antigen presenting cells such as monocytes may
function as a mechanism that limits inflammato-
ry or costimulatory responses induced by the lo-
cal cell-cell interaction'®. The immunological de-
rangement of CD137L could be a general phe-
nomenon in chronic inflammatory disorders, as
upregulation of sSCD137L levels has been also de-
scribed in other inflammatory conditions'3?3%,

Conclusions

This study shows a remarkable dysregulation
of CD137L expression in patients with acute is-
chemic atherosclerotic stroke. This may reflect a
persistent chronic inflammatory response that
may have been induced during early stages of the
disease. Our results strongly suggest that the ab-
normal expression of CD137L on the monocytes
may lead to dyregulated CD137L/CD137 signal-
ing and consequently form part of a positive-feed-
back, inflammation-promoting circuit in stroke,
while the elevated sCD137L protein levels in the
stroke patients may function as a self-regulatory
mechanism of CD137L/CD137 interaction and
costimulation. Further studies on the influence of
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different etiologies of ischemic stroke and other
atherothrombotic diseases, on the effects of the
CD137L are needed to gain more insight into the
pathophysiological significance of this TNFSF
member in human stroke.
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