CD40 Ligand Influences Platelet Release of Reactive
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Objective—Soluble CD40 ligand (sCD40L) has been recently implicated in the pathogenesis of atherosclerosis. Elevated
levels of sCD40L in acute coronary syndrome patients suggests enhanced platelet function; however, the exact
mechanism by which this occurs is unknown. In this study, we examined the effect of SCD40L on platelet function and
reactive oxygen and nitrogen species (RONS) generation.

Methods and Results—Platelet stimulation in the presence of recombinant SCD40L (rsCD40L) led to enhanced generation
of RONS as measured by DCFHDA oxidation and confocal microscopy. Incubation with rsCD40L led to enhanced
platelet P-selectin expression, aggregation, and platelet-leukocyte conjugation. Platelets isolated from CD40L-deficient
mice had decreased agonist-induced NO release as compared with wild-type mice. Incubation of platelets with rsCD40L
enhanced stimulation-induced p38 MAP kinase and Akt phosphorylation.

Conclusion—Soluble CD40L enhances platelet activation, aggregation, and platelet-leukocyte conjugation, as well as
increases stimulation-induced platelet release of RONS through activation of Akt and p38 MAP kinase signaling
pathways. These data suggest that sCD40L regulates platelet-dependent inflammatory and thrombotic responses that
contribute to the pathogenesis of atherothrombosis. (Arterioscler Thromb Vasc Biol. 2005;25:0-0.)

Key Words: platelets m reactive oxygen species m CD40 ligand m fluorescence

D40 ligand (CD40L, CD154) is a transmembrane pro- of CD40 ligand from platelets.!> Platelet activation and
tein belonging to the tumor necrosis factor (TNF) aggregation also induce oxidative stress!'®!” through the
superfamily. Originally identified as a surface molecule generation of reactive oxygen and nitrogen species
expressed on activated T-cells, CD40L was shown to be (RONS)'8-20; however, the role of CD40L in the generation
important for the induction of B-cell development and pro- of RONS by platelets is unknown. In the current study, using
liferation, as well as for the IgM to IgG isotype switch.!=? CD40L-deficient mice and recombinant CD40 ligand
CD40L is expressed in a variety of other cell types including (rsCD40L), we examined the effect of sCD40L on RONS
monocytes, macrophages, dendritic cells, mast cells, ba- regulation in platelets. The role of the stress response protein
sophils, eosinophils, B-cells, and platelets.>>¢ CD40L is kinases Akt and p38 MAP kinase, known to mediate RONS
involved in the initiation of an inflammatory response at the generation, was also examined.
vessel wall by inducing the expression of adhesion molecules
and the secretion of chemokines by vascular endothelial Materials and Methods
cells.” For detailed Materials and Methods, please see the data supplement
In addition to the trimeric membrane-bound form, CD40L available online at http://atvb.ahajournals.org.

also exists in a soluble 18-kDa form (sCD40L) that is released Resul
from platelets after stimulation.>3° In contrast to membrane- esults
bound CD40L, sCD40L fails to induce an inflammatory Prolonged Release of sCD40L After

response in endothelial cells.> Soluble CD40L has been Platelet Stimulation
shown to stabilize arterial thrombi'® and is reportedly a Platelets have recently been identified as a source of inflam-
platelet GPIIb/IlIa ligand.!" In addition, SCD40L participates matory chemokines and cytokines.®2!22 As shown in Figure
in platelet outside-in signaling after binding via its KGD 1, platelet activation by thrombin results in the release of
motif.!2 sCD40L as a function of time, whereas unstimulated platelets
Platelets are the richest source of sCD40L in the circula- release only minor amounts of sSCD40L. Recent data suggest-
tion,'3'* and platelet aggregation and activation is associated ing a role for sCD40L in platelet activation?® have important
with the release of sSCD40L.> A recent study suggests that implications in atherosclerosis as unrestricted release of
platelet gp91phox contributes to the regulation of the release sCD40L by activated platelets may serve as a positive
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Figure 1. Platelets release soluble CD40 ligand (sCD40L) after

thrombin stimulation. Washed human platelets (2108 per mL)

were stimulated with 0.2 u/mL human alpha thrombin (0.2 u/mL)
as a function of time (n=4).

feedback mechanism, amplifying activation of other
platelets.>*

The Functional Effects of sCD40L

To verify the functional effects of sCD40L, platelet aggrega-
tion and P-selectin expression by using flow cytometry were
measured after incubation with rsCD40L. As shown in the
Table, rsCD40L enhances platelet P-selectin expression even
at ng/mL concentration. In addition, rsCD40L significantly
enhances platelet aggregation. Because P-selectin expression
may lead to platelet-leukocyte interaction, the effects of
rsCD40L on platelet-neutrophil and monocyte conjugate
formation in human blood were studied. As shown in Table I
(available online at http://atvb.ahajournals.org), rsCD40L
enhances ADP induced platelet-neutrophil and monocyte
conjugate formation. In addition, rsCD40L alone induces
platelet—-monocyte conjugation.

Recombinant Soluble CD40L Induces Platelet
Release of Reactive Oxygen Intermediates
Although the role of sCD40L in the generation of ROS has
been suggested in other settings,?52¢ the role of sCD40L in
the modulation of RONS generation in platelets is unknown.
Figure 2A depicts levels of platelet-derived RONS as mea-
sured by oxidation of the redox sensitive probe, DCFHDA.
The addition of rsCD40L significantly enhances generation
of RONS in the TRAP-stimulated platelets in a dose-
dependent fashion (Figure 2B).

Recently, it has been shown that CD40L is a glycoprotein
IIb/I1a ligand that induces platelet outside-in signaling.'? To
determine the receptor specificity for CD40L dependent

generation of RONS, the effect of CD40L antibody or
GPIIb/IIa inhibition on the rsCD40L-induced platelet gener-
ation of RONS was studied. As shown in Figure 2C, both
anti-CD40L antibody and GPIIb/IIIa inhibition with abcix-
imab significantly attenuate generation of the RONS by
platelets. To define the specific source of RONS, platelets
were incubated with the NOS inhibitor, L-NAME, or the
NADPH oxidase inhibitor, apocynin. Both L-NAME and
apocynin inhibited rsCD40L-induced RONS generation (Fig-
ure I, available online at http://atvb.ahajournals.org) suggest-
ing that both eNOS and NADPH oxidase contribute to the
observed DCFHDA oxidation. Additionally, rsCD40L in-
duces platelet superoxide in a dose dependent manner (Figure
I) even at low concentrations (10 ng/mL tol wg/mL).

The effect of rsCD40L on platelet generation of RONS was
confirmed by confocal microscopy using 2 complementary
fluorescent probes to detect RONS generation: dihydrorho-
damine (DHR), a reactive oxygen sensitive probe and Mito-
Tracker red, a redox-sensitive reactive oxygen—sensitive mi-
tochondrial probe. As shown in Figure 3A and 3B, TRAP-
activated platelets generate RONS, and this was markedly
enhanced in the presence of rsCD40L.

The Role of CD40L in Platelet Nitric

Oxide Generation

To determine whether CD40L deficiency alters platelet-
derived NO release, platelets were isolated from CD40L-
deficient mice and stimulation-induced (thrombin, ADP, or
collagen) NO generation was determined. As shown in Figure
4A, CD40L deficiency significantly impairs platelet release
of NO. Notably, this attenuation in NO generation was
apparent in response to all 3 agonists examined. We con-
firmed these results by carrying out platelet aggregation, with
normal human platelets, in the presence of rsCD40L. The
presence of varying concentration of rsCD40L enhanced
platelet NO generation (Figure 4B). The rsCD40L-induced
NO generation was attenuated by anti-CD40L antibody (Fig-
ure II, available online at http://atvb.ahajournals.org) indicat-
ing specificity of the rsCD40L induced effect.

The Effect of rsCD40L on Phosphorylation of Akt
and p38 MAP Kinase

The Effect of rsCD40L on Akt Phosphorylation
Recent studies have identified Akt as an important stress-

response protein kinase in endothelial cells responding to
changes in the redox environment.?’->® The observation that
rsCD40L enhances oxidative stress in platelets led to the
examination of the status of Akt phosphorylation in the
presence and absence of platelet stimulation. As shown in

Recombinant Soluble CD40L (rsCD40L) Induces Platelet P-Selectin Expression and Stimulates

Platelet Aggregation

P-Selectin Positive Platelets (Fold Change)

Aggregation (Fold Change)

10 ng/mL 100 ng/mL TRAP +1 pg/mL +2 pg/mL
None rsCD40L rsCD40L (0.2 wmol/L) rsCD40L rsCD40L
1 2.44 + 0.395 401 = 1.41 1 37 +157 49 + 127

n=3; *P<0.02; **P<0.01.
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Figure 2. Soluble CD40L induced generation of reactive oxygen species in platelets. Platelets were incubated with rsCD40L for 5 min-
utes followed by 3 minutes stimulation with TRAP. Generation of reactive oxygen species was determined by flow cytometric monitor-
ing of DCFHDA oxidation. A, Representative tracing shows rsCD40L induced enhancement of reactive oxygen species generation in
TRAP-stimulated platelets (n=7). B, Increasing concentration of rsCD40L leads to a dose-dependent increase in platelet reactive oxy-
gen species generation (n=5; P<0.001). C, The inhibitory effect of anti-CD40 ligand antibody (10 ng/mL, 95% blockage) or GPIIb/llla
blocking antibody (abciximab; 20 ng/mL, 93% blockage) on rsCD40L (rs, 1 wg/mL) induced DCFHDA oxidation in the setting of TRAP
stimulation (n=3; *P<0.05).

Figure 5A, addition of rsCD40L clearly enhances Akt phos- results subsequently confirmed by Western blot analysis;
phorylation in thrombin- and TRAP-stimulated platelets. Figure III, available online at http://atvb.ahajournals.org).
Moreover, this enhanced Akt activation is reversed in the Interestingly, the addition of rsCD40L alone significantly

presence of the PI3 kinase inhibitor, LY294002 (ELISA increases Akt phosphorylation. These data demonstrate the
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ability of rsCD40L to induce Akt activation in unstimulated
and stimulated platelets.

The Effect of rsCD40L on p38 MAP
Kinase Phosphorylation
p38 MAP kinase has also been reported to regulate the

stress—response mechanisms of vascular cells such as endo-
thelial cells,2° smooth muscle cells,3° and human macro-
phages.?! In addition, a recent study showed that rsCD40L is
capable of inducing platelet p38 MAP kinase phosphoryla-
tion.?> Therefore, we examined the role of p38 MAP kinase
activation under conditions where rsCD40L induces platelet
RONS generation. Platelets were stimulated with thrombin or
TRAP, and p38 MAP kinase phosphorylation was deter-
mined. As shown in Figure 5B, like Akt, p38 MAP kinase
phosphorylation was significantly enhanced in the presence
of rsCD40L after thrombin stimulation. The phospho-ELISA
plots shown in Figure 5B (confirmed also by Western blot;
Figure IV, available online at http://atvb.ahajournals.org)
indicate that the addition of rsCD40L alone, or in combina-
tion with TRAP, significantly enhances p38 MAP kinase
phosphorylation. Phosphorylation of p38 MAP kinase was
attenuated in the presence of specific MAP kinase inhibitor,
SB203580 (Figure 5B and Figure IV).

Involvement of PI3 Kinase/Akt and p38 MAP
Kinase in Platelet RONS Generation

To understand the role of PI3 kinase/Akt or p38 MAP kinase
in rsCD40L-induced platelet RONS generation, we carried
out flow cytometric analysis monitoring DCFHDA oxidation
(as described in Figure 2A) in presence of specific kinase
inhibitors. Presence of the PI3 kinase inhibitor, Ly294002,
and the p38 MAP kinase inhibitor, SB203580, eliminated
platelet activation—induced RONS generation (Figures V and
VI, available online at http://atvb.ahajournals.org).

TRAP + rsCD40L

Figure 3. Recombinant sCD40L
enhances platelet release of reactive
oxygen species. A, Washed platelets
were incubated with 20 wmol/L dihydror-
hodamine for 10 minutes in presence
and absence of 10 ug/mL rsCD40L and
stimulated with 50 umol/L TRAP. Images
were captured after 10 minutes incuba-
tion. B, Washed platelets were incubated
with redox-sensitive mitochondrial probe,
Mito Tracker Red CM H2XROS for 10
minutes in presence and absence of 10
ng/mL rsCD40L and then stimulated with
50 wmol/L TRAP (n=3).

TRAP + rsCD40L

Discussion

During inflammation, reactive oxygen species promote the
adhesion of blood cells to the vascular endothelium by
eliciting production of inflammatory mediators or activating
nuclear transcription factors that bind to genes encoding
adhesion molecules and cytokines.?>33 CD40—-40L signaling
represents another pathway that enables blood cells to am-
plify the endothelial cell responses to inflammation and
contribute to the regulation of hemostasis.” Platelets can
indirectly orchestrate (through CD40—40L interaction via the
endothelium) changes in coagulation, leukocyte trafficking,
and extracellular matrix modeling turnover.?* CD40L has
been associated also with numerous vascular diseases includ-
ing diabetes and acute coronary syndromes.’>-#! In recent
studies, the prognostic values of serum sCD40L in acute
coronary syndromes*?> and in unstable angina patients® has
been reported.

Reports of sCD40L release by platelets>? have led to
studies examining the mechanism of CD40L expression,'s
release,*>** and its regulatory role in the inflammatory milieu
of the vasculature.'%-45-48 Platelet activation is accompanied
by release of both sCD40L and RONS such as superoxide2°4°
and NO'9; however, the role of platelet-derived sSCD40L in
the generation of RONS is unknown. In the present study, we
examined the effect of CD40L on the generation of RONS in
platelets and determined the mechanism for the observed
effects. Initially, we demonstrated a prolonged release of
sCD40L by platelets for 6 hours after thrombin stimulation
(Figure 1). Sustained release of platelet sCD40L° might
contribute to atherothrombotic disease!3->° by forming plate-
let—platelet (CD40—-40L5'/CD40L—-GPIIb/IIIA),'© platelet—
leukocyte (CD40L-40/P-selectin—PSGL),52 and platelet—en-
dothelial (CD40L-CD40) conjugates.?® As shown in the
Table and Table I, rsCD40L is capable of inducing platelet
P-selectin expression and platelet—leukocyte conjugate for-
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Figure 4. Measurement of NO after platelet aggregation. A,
Platelets were isolated from CD40L-deficient mice and
stimulation-dependent NO generation was measured by a
microelectrode. Decreased NO generation was seen using the
platelet agonists as compared with wild-type mice (thrombin
[1u/mL], ADP [5 umol/L], and collagen [10 ug/mL]; n=4;
*P<0.001, **P<0.05). B, Washed human platelets were incu-
bated with vehicle control or varying concentrations of recombi-
nant CD40L (rsCD40L) for 5 minutes, and then TRAP aggrega-
tion—-induced NO was measured (n=3; *P<0.004).

mation in whole blood. Recombinant CD40L has also been
recently reported to activate platelets,?*>! resulting in secre-
tion of P-selectin and suggesting the possibility of in vivo
platelet-induced inflammation. Recent work by Wagner et
al>® has provided direct experimental evidence that CD154
(CD40L) can induce the expression of CD154 in endothelial
cells and influence atherogenesis through activation of ex-
travasating monocytes. Additionally, CD40L positive plate-
lets have been shown to induce CD40L expression de novo in
endothelial cells.>* These observations support the proposed
coordinated interactions among platelets and leukocytes with
activated endothelium in diseased blood vessels through
adhesion molecules and, particularly, CD40/40L.55

Relevant to vascular inflammation is the effect of CD40L
on RONS generation. Figures 2 and 3 show that rsCD40L
increases stimulation-induced RONS generation by platelets
and that this effect is reversible with specific antibodies. To
determine whether platelet RONS generation is thrombin
receptor—specific, we carried out further flow cytometric
analysis with other agonists. In contrast to TRAP stimulation,
we observed minimal generation of reactive oxygen species

CD40 Ligand and Platelet Reactive Oxygen Species 5

after ADP stimulation (data not shown). It is possible that the
TRAP-induced RONS generation may be thrombin receptor—
specific and independent of purinergic stimulation. Inhibition
of the GPIIb/Illa complex also decreased RONS generation,
consistent with the previous observation showing that
sCD40L is a GPIIb/IIIa ligand.!® Mechanistically, rsCD40L
may ligate the platelet receptor CD40 or GPIIb/IIla complex
to initiate platelet signaling pathways that affect the genera-
tion of reactive oxygen and nitrogen species. In a clinical
setting, recent studies have also shown that GPIIb-IIla antag-
onists reduce circulating sCD40L and leukocyte—platelet
aggregate formation in patients with acute coronary syn-
dromes undergoing percutaneous coronary intervention.>¢

The importance of CD40L in platelet generation of RONS
was shown using CD40L-deficient mice (Figure 4A). The
finding of impaired NO generation was complemented by the
studies in human platelets where NO release was enhanced on
addition of rsCD40L (Figure 4B). Additionally, CD40L-
deficient mice had a lower extent of platelet DCFHDA
oxidation as compared with wild-type mice platelets after
thrombin stimulation (data not shown). It is possible that the
combined production of NO mediated by Akt and/or p38
MAP kinase and superoxide mediated by p38 MAP kinase
activation leads to the generation of peroxynitrite/RONS
causing rsCD40L/TRAP-induced DCFHDA oxidation and
fluorescence induction. The formation of peroxynitrite is
further suggested by platelet fluorescence inhibition studies
using NOS inhibitor, L-NAME, and NADPH oxidase inhib-
itor, apocynin (Figure I). p38 MAP kinase may also stimulate
the PI3 kinase/Akt/eNOS pathway, enhancing NO genera-
tion.” TRAP-induced platelet DCFHDA oxidation study
(Figures V and VI) indicates that both PI3 Kinase/Akt and
p38 MAP kinase signaling pathways are involved in the
rsCD40L-dependent RONS generation.

Some earlier studies have also documented that platelet
generation of reactive oxygen intermediates?® involves PI3
kinase/Akt and MAP kinase activation. To investigate
whether rsCD40L-induced fluorescence is accompanied by
Akt and p38 MAP kinase activation, we analyzed platelet
proteins after stimulation in the presence or absence of
rsCD40L. The results (Figure 5A) indicate that rsCD40L
enhances Akt phosphorylation in both stimulated and un-
stimulated platelets. Akt is an endothelial cell stress—response
protein®7-28 that counteracts external oxidative stress by en-
hancing NO generation after eNOS phosphorylation.?s-58
Enhanced Akt phosphorylation is also consistent with in-
creased NO generation as observed during platelet aggrega-
tion (Figure 4B). These results suggest that, similar to
endothelial cells,?® rsCD40L may regulate pathways leading
to enhanced NO formation.

In vascular cells, p38 MAP kinase is also known to
regulate RONS-dependent pathways.?9-30-59:60 Similar to Akt,
rsCD40L also induced p38 MAP kinase phosphorylation
(Figure 5B). This observation is consistent with a recent
report showing increased platelet p38 MAP kinase phosphor-
ylation in response to rsCD40L.2> MAP kinase may enhance
the generation of superoxide by stimulating NADPH oxidase
as inhibition of NADPH oxidase with apocynin®' decreased
platelet generation of RONS (Figure I). We also examined
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Figure 5. The effect of rsCD40L on platelet AKT phosphorylation (A) or p38 MAP kinase phosphorylation (B). i, The effect of rsCD40L
on thrombin-induced AKT/p38 MAP kinase phsophorylation. Platelet protein phosphorylation was determined after 5 minutes preincu-
bation at 37°C with rsCD40L (10 png/mL) followed by thrombin (1 u/mL) stimulation. ii, Quantitative evaluation (ELISA) of the effect of
rsCD40L on AKT/p38 MAP kinase phosphorylation after TRAP stimulation (50 umol/L). Platelets were preincubated with rsCD40L (10
ng/mL) at 37°C for 5 minutes followed by TRAP stimulation (n=4; *P<0.05 compared with resting platelets; **P<0.002 compared with
TRAP stimulation [Akt]; +P<0.002 compared with rsCD40L+TRAP stimulation [Akt]; **P<0.02 compared with TRAP stimulation [p38
MAP kinase]; +P<0.02 compared with rsCD40L+TRAP stimulation [p38 MAP kinase]). [LY29004]=25 umol/L, [SB203580]=10 wmol/L.

whether involvement of p38 MAP kinase signaling is linked
with platelet calcium mobilization during TRAP-induced
fluorescence induction. Qur findings (Figure VII, available
online at http://atvb.ahajournals.org) suggest that p38 MAP
kinase inhibition does not alter TRAP/rsCD40L-induced
platelet calcium mobilization. We have also verified that
rsCD40L/TRAP-induced platelet RONS generation is sensi-
tive to calcium inhibition by dimethylbapta (data not shown).

In our findings there appears to be a discrepancy between
the degree of enhancement of rsCD40L-induced Akt and p38
MAP kinase phosphorylation as compared with fluorescence
induction (Figures 5 and 2A). There are several possible
explanations for this difference, including (1) the use of
distinct experimental conditions, eg, temperature variations:
whereas we carried out the TRAP-induced fluorescence
induction study at room temperature, TRAP-stimulated phos-
phorylation studies were done at 37°C; (2) Measurement
procedures: in flow cytometry we directly measure the
fluorescence induction, whereas protein phosphorylation
evaluation involves a multi step procedures. An approach
involving simultaneous measurement of fluorescence induc-
tion and protein phosphorylation can only provide the exact
stoichiometry for these 2 experiments.

There are some limitations to these studies. We carried out
platelet stimulation—induced sCD40L release in washed
platelets. However, in physiological conditions, platelet stim-
ulation— and activation-induced sCD40L release may be
confounded by numerous plasma proteins. Interestingly, re-

cent studies*® with platelet rich plasma reported iso-TRAP
stimulation—-induced sCD40L release in the range of 0.33 to
4.84 ng/mL in normal healthy volunteers only 20 minutes
after stimulation time. This suggests that the presence of
plasma proteins did not appear to have any apparent inhibi-
tory effect on the stimulation-induced sCD40L release.

In summary, rsCD40L augments RONS generation in
activated platelets after stimulation of kinase signaling path-
ways. These findings provide insight into the mechanisms by
which CD40L regulates oxidative stress in platelets and may
contribute to the atherothrombotic processes through further
interaction with leukocytes and endothelial cells. Although
additional studies will be necessary to characterize earlier
signaling events involved in RONS generation, these obser-
vations provide new targets for studying and modifying
platelet dependent inflammatory responses.
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