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Abstract

The discovery that platelets possess cell membrane, cytoplasmic and secreted forms of the co-
stimulatory molecule CD40 ligand (CD40L, also known as CD154) hasled to arevolution in the
view of this anucleate, differentiated cell fragment, previously thought only to be involved in
blood clotting (hemostasis). During the last decade it has become clear that platelets function in
innate and adaptive immunity and possess pro-inflammatory, as well as pro-thrombotic properties.
They interact not only with other platelets and endothelial cells, but with lymphocytes, dendritic
cellsand structural cells such as fibroblasts. Soluble forms of CD40L (sCD40L) in the human
circulation are aimost entirely derived from platelets. Elevated levels of CD40L are associated
with clinically important conditions, such as vascular disease, abnormal clotting (thrombosis),
lung injury and autoimmune disease. Each year millions of platelet transfusions are given to
patients that contain large amounts of SCD40L. sCD40L in the supernatant of stored platelets can
induce cytokines, chemokines and lipid mediators by activating CD40 bearing cells. Increased
levels of SCD40L in transfused blood are associated with transfusion related acute lung injury, a
potentially fatal complication, as well as more common, milder transfusion reactions such as fever
and rigors. These effects come under the rubric of transfusion immunomodulation, which

postul ates that transfusion recipient biology, particularly immune function, is dramatically altered
by transfusion of stored allogeneic blood.
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Introduction to Platelet CD40L

For over a century the platelet has been viewed as an anucleate cell fragment derived from
the megakaryocyte, whose only function was to initiate hemostasis at the site of vascular
injury. While there were some reports of platelets mediating cellular cytoxicity against
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pathogens, a major change in the way platelet biology was conceptualized occurred when
Henn and colleagues [1]reported in 1998 that platelets contained and secreted CD40L, a
costimulatory molecule previously thought mainly restricted to T lymphocytes. Platelets are
now known as the main source of circulating soluble CD40L (formally called CD154), a
member of the tumor necrosis family of cytokines. CD40L has long been appreciated asa T
cell mediator responsible for immunoglobulin class switching and important for dendritic
cell maturation. [2,3] The importance of the CD40/CD40L receptor/ligand pair in
transplantation of solid organs has been investigated as a key pathway for generating
allograft rejection. [4,5] The platelet isavital link between clotting and inflammation, two
processes now clearly known to be intimately connected. [6,7] Figure 1 shows a conceptual
model of the role of platelet CD40L in inflammation. In this review, we will briefly
summarize CD40L as a platelet derived mediator and, in particular, its potential effectson
patients following blood transfusion.

sCD40L and Innate Immunity

CDA40, the receptor for CD40L, isfound on fibroblasts, [8] neutrophils, [9] endothelial
cellg[1] and keratinocytes, [10] as well as platelets themselves, [11] it appears the
CD40:CD40L axisisinvolved in many essential cell signaling pathways.[12] Over time,
additional mediators (e.g., IL-1B, IL-6, IL-8) [13] and receptors (e.g., Toll like

receptors TLR]) [14-16]have been described as part of the platelet's functional repertoire,
suggesting its complex role in immunity and inflammation, as well as hemostasis.
Platelet:neutrophil interactions have long been observed as part of various pathologic
conditions in humans and experimental animals. It appears TLRs play amajor rolein this
relationship. [17] sSCD40L also isinvolved in platel et-mediated neutrophil activation, [9] and
thisrelationship isreciprocal. [18]

CD40L and B and T Cell Biology

Ratliff and colleagues postulated that early in the immune response when the number of
CD4+ T cellsis small, platelet-derived SCD40L provides early signalsto the B cell
compartment, and demonstrated that SCD40L stimulation led to increased serum IgG levels
and germinal center formation under conditions of modest or no T cell help. [19] This
finding of platelet: T cell interaction may be clinically significant in that SCD40L from
platel ets enhances cytotoxic T cell activity and survival in a dose-dependent manner in a
mouse model of listeriainfection. [20]

sSCD40L may also beinvolved in B cell production of anti-platelet autoantibodies by way of
increased levels of SCD40L on platelets /n vivo and stimulating autoantibody production.
[21] Cognasse, Garraud and colleagues have demonstrated that purified SCD40L stimulates
immunoglobulin production in purified human B cells in the absence of any additional
cellular elements. [22,23] Interestingly, this modulation of humoral immunity appears to be
mediated by sCD40L in platelet microparticles. [24] The role of SCD40L in adaptive
immunity has been recently reviewed. [25]

CD40L and Hemostasis/Thrombosis

Platelets play apivotal rolein theinitiation of blood clotting. When blood clotting “ goes
bad” in deep vein or coronary artery thrombosis, or pulmonary embolus, platelets are
thought to play an important pathologic role, athough the evidence is much stronger for
arterial than venous thromboses. [26] As an example, there is the success of anti-platel et
drugs such as aspirin in partially preventing such events, particularly in vessels with high
pressures (i.e., arteries). When platelets interact with endothelial cells, sSCD40L release from
platelets is associated with increased endothelial tissue factor and decreased
thrombomodulin expression. [13] Mediators such as I1L-8, MCP-1, adhesion molecules and
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metall oproteinases are upregulated by platelet SCD40L interaction with CD40 positive
endothelial cells. [13] Platelet SCD40L clearly isaprimary agonist asit binds to the major
fibrinogen receptor on platelets (allbB3) and contributes to platel et activation and
enchanced clot stability, creating an autocrine loop that facilitates hemostasis. [27,28] Given
that elevated levels of SCD40L are associated with increased risks of various thrombotic
events, this activation of endothelial cells and platelets may represent a key pathologic
mechanism in diseases such as myocardia infarction, stroke and similar conditions.

Further /n vitro evidence for the importance of SCD40L-endothelial cell interactionsin
disease are recent /n vitrofindings that both cultured and tissue endothelial cells exhibit
decreased endogenous nitric oxide synthesis and increased oxidative stress after exposure to
high (1-5 pg/ml) concentrations of sCD40. [29-31] CD40 on endothelial cellsis akey
receptor facilitating vascular inflammation and early narrowing of arteries. [32]

That these interactions between platelets and endothelial cells, particularly through sCD40L
and membrane CD40L, may have importance for pathophysiology is demonstrated by
observations that SCD40L levels are independently associated with increased risk of death,
myocardial infarction and congestive heart failure. [33,34] Interestingly, atorvastatin, a drug
employed for lowering blood cholesterol levels, but now known to have anti-inflammatory
properties, decreases platelet CD40L levelsin patients. [35] Statin treatment successfully
reduces the incidence of both first time and recurrent coronary events, and it seems likely
that treatments that interfere with the CD40L: CD40 pathway may be particularly effective
in thisregard. [33]

Finally, another disease characterized by platelet activation, thrombosis and chronic
inflammation, sickle cell anemia, has been shown to be associated with dramatic increases
of blood levels of sSCD40L which correlates with disease activity. [36]

sCD40L and Leukemia Biology

Thereis preliminary evidence that platel et-derived SCD40L can act as a growth factor for
and provide rescue from apoptosis in acute leukemiacells /n vitro. [37] Exposure to sSCD40L
has asimilar effect in the more slowly growing chronic lymphocytic leukemia cells,
suggesting that this effect may not be restricted to myeloid or acute leukemia cells. [38]
These pro-survival, pro-self-renewal effects of CD40L on hematol ogic malignancies may be
of great interest and concern in patient care, because a frequent treatment modality in such
patientsis platelet transfusion, as described later in this review. One question which arisesis
whether infusion of stored platelet SCD40L, on an amost daily basis for weeks, influence
treatment outcomes in human acute |eukemia?

sCD40L and Platelet Transfusion

A growing body of data demonstrates that patients who receive blood transfusions
experience atered immune function, including the long-appreciated alloimmunization to
polymorphic red cell, white cell, platel et and plasma antigens. However, only in recent
decades has it been appreciated that transfusion causes impaired host immunity against
bacteria and cancer, and increased acceptance of solid organ transplants and fetuses as an
allograft. [39] The concept that platelet transfusions immunomodul ate the recipient has been
afocus of our work for some time. Platelet transfusions are likely both pro-
thrombotic[40,41] and pro-inflammatory[42,43] in the clinical setting. We and our
collaborators have provided evidence that platel et transfusion-derived sCD40L playsarole
in acute lung injury, [9] fever, [44-47] and perhaps even impairment of host versus leukemia
immunity. [48,49] It is entirely probable that other soluble and cell mediators play important
roles in transfusion immunomodulation, but sSCD40L is akey candidate molecule. [50,51]
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sCD40L Accumulates In Platelets During Storage For Transfusion

After the discovery of platelet CD40L by Henn and colleagues, we demonstrated that
platel ets collected and stored for transfusion under blood bank conditions from all
individuals tested release SCD40L into the supernatant at biologically relevant (ng/ml)
levels, as well as expressing significant increases in surface CD40L, an activation marker.
(Figure 2). [44,45,47]

These levels are similar to those seen in patients with highly active inflammatory disease,
and suggest that sCD40L in transfused platelets was at biologically relevant concentrations.
Platelet supernatant CD40L specifically stimulated upregulation of cyclo-oxygenase(Cox-2)
and /n vitro production of inflammatory mediators by human fibroblasts, including IL-6 and
PGE,. (Figure 3) [44,45,47]

sCD40L in Platelet Transfusion is a Candidate Mediator of Acute Lung
Injury and other Inflammatory Conditions

One life-threatening complication of transfusion is transfusion-related acute lung injury
(TRALLI). TRALI is characterized clinically by a pulmonary vascular leak syndrome with
inflammatory signs and symptoms, including fever and rigors. Once thought to be due only
to infusion of anti-white cell antibodies and rare, other cofactors/mediators may also
contributeto TRALLI. [52] Milder forms of pulmonary dysfunction similar to TRALI in
mechanism and clinical findings may be considerably more common than previously
thought. We hypothesized that SCD40L was a key mediator because of its high
concentration in transfused platelets, known potency as a stimulator of inflammatory
reactions (including lung injury), and the wide range of cells that express its receptor, CD40.
Some reports indicate that platelet transfusions are commonly involved in clinical cases of
TRALI, and are associated with a higher rate of infection, stroke, myocardial infarction and
respiratory failure.

In collaboration with Dr. Chris Silliman and his colleagues at the University of Colorado,
we demonstrated that levels of SCD40L in platelet transfusions implicated in cases of
transfusion acute lung injury were significantly higher than similar transfusions which did
not cause such complications. (Figure 4A). [9] Finaly, platelet-derived sCD40L is capable
of activating neutrophils and injuring endothelial cells /n vitro, [29-31] which isthe
postulated final common pathway of acute lung injury after transfusion. [9] sCD40L from
plateletsisimplicated in arange of potentially serious complications of transfusion. [53]

Recent data support arole for platelet SCD40L as a global mediator of endothelial cell
dysfunction, particularly in coronary arteries. [29-31] Thisis of great interest because
transfusion is associated with a significant increase in myocardia infarction[54] and
thrombosis in epidemiologic studies. [41]

sCD40L in Platelet Transfusion is a Candidate Mediator of Fever and Rigors

We are particularly interested in the pro-inflammatory properties of sCD40L in platel et
transfusions because one of the most common complications of platelet transfusion is fever
with shaking chills (rigors). [55] While rarely life threatening, these reactions are clinically
important as a source of patient discomfort, treatment delay and potential confusion with
more serious septic complications frequently seen in patients who receive platel et
transfusions. Figure 4B demonstrates that as SCD40L levelsincrease in stored platelets, the
observed incidence of inflammatory responses after transfusion, such as fever and rigors,
rises by an order of magnitude. This dramatic dose-response effect suggests that sSCD40L
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and/or similar mediators are candidate causes of these reactions. [46] When the supernatant
of transfused platelets is removed prior to infusion into the patient by simple saline washing,
these complications are largely abrogated. [56]

Platelet Derived Soluble Mediators as Mediators of Leukemia Recurrence
During Treatment of Acute Leukemia

Platelet derived CD40L has been shown by our group to induce the COX-2 enzyme and
stimulate production of PGEy, the major mediator of fever in humans. [44,45,47] Stored
platel et plasma supernatants at dilutions as high as 1/200 induce PGE, in human lung
fibroblasts and this activity can be partially or completely neutralized by anti-CD40L
monoclonal antibody treatment of the platelet supernatant. Typically, 200-250 ml of plasma
are infused with each platelet transfusion. Assuming a blood volume of 5,000 ml, this
amount of plasma exceeds by afactor of 10 the concentration needed to provoke PGE,
production /n vitro. Furthermore, such infusions are typically repeated every day or two for
2-3 weeks in patients with acute leukemia during induction therapy or stem cell
transplantation.

Itis possible that platel et-derived mediators such as sSCD40L alter host defenses against
cancer by causing immune-deviation towards type 2 immune function, with impaired cell-
mediated immunity. [57,58] These mediators may also serve as proliferation and survival
promoting factors for leukemic cells. In acute leukemia, patients receiving saline washed
transfusions which are largely depleted of SCD40L experience better survival than patients
receiving unmodified transfusions(Figure 5). [48,49] If our hypotheses concerning the
effects of CD40L infusion and stored platelet transfusions on immune function and leukemia
cell survival/growth are correct, reductions in morbidity and mortality may be possible for
patients with acute leukemia and other hematol ogic malignancies employing relatively
simple and inexpensive changes in transfusion practice, such as saline washing or
withholding marginally indicated transfusions.

Summary

The last decade has seen an exciting and striking growth in research into the platelet's role as
akey cell involved in both innate and adaptive immunity. This has led to an understanding
of the interaction and interdependence of inflammation and hemostatic mechanisms that halt
bleeding after vascular injury, yet prevent thrombosis at sites distant from the injury.
Clearly, evolution has fostered development of platelets as cells that prevent hemorrhagic
death while delivering initial anti-microbial functionsto the site of injury. CD40L and
CDA40, by their very presence on diverse cells of the peripheral blood, endothelium and
structural cells, are important components in both hemostasis and host immunologic
defense. Derangements in platelet, endothelial, white cell and organ-specific functions
dramatically affect the CD40L/CD40 system, and are associated with alterationsin
hemostasis, anti-microbial defenses, auto-immunity and cancer biology. These insights have
led to new strategies for atering the immunologic and hemostatic complications of platel et
transfusions, such as removal of supernatant sSCD40L and other mediators prior to
transfusion. Further research into the platelet's role as an immune cell and the effects of
storage prior to transfusion will likely generate new approaches to render platelet transfusion
more effective and minimize deleterious effects of transfusion immunomodulation in
patients.
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Figure 1. Role of Platelet CD40L in Inducing I nflammation

Platelets become activated at the site of vessel injury
Activated platelets express / secrete CD40L
Platelet CD40L servesto trigger the onset of inflammation
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Figure 2. Platelets secrete soluble CD40L (sCD40L) during storage prior to transfusion

The concentration of SCD40L in the storage supernatant of washed platelet prepared for
transfusion is greatest at 3 or 4 days of storage. Soluble CD40L was measured by standard
sandwich ELISA.

Immunol Res Author manuscript; availablein PMC 2010 July 1.




1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Blumberg et d.

Page 12

A

CD40L from Platelet Concentrate
Supernatants (PCS) Up-requlates

Cox-2 in Human Lung Fibroblasts

PGE, Conc. (ng/ml)

Platelet Conc. Supernatant (PCS)

Activates Human Lung
Fibroblasts to Produce PGE,

6
4
*%
2 -
o mim | -

*
Unstim. PCS PCS
+ Anti-CD40L

C

IL-6 Conc. (ngiml)

Platelet Conc. Supernatant (PCS)

Activates Human Lung
Fibroblasts to Produce IL-6

*

PCS PCS

+ Anti-CD40L

Unstim,

Figure 3. Platelet-derived CD40L induces Cox-2 expression in human lung fibroblasts, and
induces the production of PGE> and IL-6
Panel A: Human lung fibroblasts were stimulated with medium (unstimulated), PCS
(platelet concentrate supernatant) or CD40L -depleted PCS. After 24 hours, cells were
stained with a Cox-2 specific antibody or an isotype control antibody. Unstimulated cells
express low levels of Cox-2, while PCS strongly activated lung fibroblasts to up-regulate
Cox-2 protein. The induction of Cox-2 was partly dependent on CD40L, as CD40L -depleted
PCS had a significantly reduced capacity for Cox-2 induction. Panels B and C: Cell-free
culture medium from similarly treated human lung fibroblast cultures was analyzed for
PGE, and IL-6 content. Unstimulated cells produced low levels of PGE, and IL-6, while
PCS caused great amounts of these mediators to be produced by the fibroblasts. These high
levels of production were reduced when CD40L was neutralized in the PCS via an anti-
CDA40L antibody. Mean +/- SEM, n =9 similar experiments, * p < 0.001 PCSvs. Unstim.,
** p < 0.001 PCS + anti-CD40L vs. PCS alone.
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Figure 4. CD40L concentration in platelet concentratesis associated with adverse clinical events
following transfusion

Panel A showsthe mean levels of CD40L in platelet transfusions implicated in cases of
transfusion related acute lung injury (TRALI) as opposed to non-implicated control platelet
transfusions. CD40L levels were significantly higher in transfusions implicated in TRALI.
Panel B displays the rate of transfusion reactions (fever/rigors) versus quintiles of CD40L
levelsin platelet transfusions. The rate of adverse reactions increases significantly from 0%
to 5% asthe levels of CD40L increase from the 1st to 5th quintile.
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Figure 5. Washed transfusions ar e associated with improved survival in leukemia patients

A Kaplan-Meier plot of survival of 118 consecutive adult patients (ages 18-80) treated with
curative intent for acute leukemia is shown according to whether patients received washed
versus unwashed transfusions during their entire course. Patients receiving washed
transfusions had significantly better survival, even after adjusting for other prognostic
factors by proportional hazards analysis.
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