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Abstract

Platelet transfusions are commonly used treatments that occasionally lead to adverse reactions.
Clinical trials, in vitro and animal studies have been performed to try to understand the causes of
such reactions. Multiple studies have shown that the supernatant fraction of platelet concentrates
contain prothrombotic and proinflammatory mediators. The origin of these mediators was first
ascribed to white blood cells contaminating the platelet preparation. However, the accumulation of
bioactive mediators after leukoreduction focused attention on platelets themselves during storage.
Numerous cytokines, chemokines and prostaglandins are released in stored platelet concentrates.
We have focused on a powerful mediator called soluble CD40 ligand (sCD40L, formally known
as CD154) as a seminal contributor to adverse reactions. SCD40L can bind and signal the surface
receptor, CD40, which is present on various types of human cells including white blood cells,
vascular cells and fibroblasts. Downstream results of SCD40L/CDA40 signaling include
proinflammatory cytokine and chemokine production, prothrombotic mediator release, adherence
and transmigration of leukocytes to endothelium and other undesirable vascular inflammatory
events. Increased plasma levels of sSCD40L can be detected in conditions such as myocardial
infarction, stroke, unstable angina, high cholesterol, or other cardiovascular conditions. In
retrospective studies, correlations were made between increased sSCD40L levels of platelet
concentrates and adverse transfusion reactions. We hypothesize that transfusion of partially
activated, CD40L-expressing platelets along with sCD40L into a recipient with damaged or
dysfunctional vascular tissue results in a “double-hit”, thus inciting inflammation and vascular
damage in the recipient.
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1. Introduction

Platelet transfusions are administered to bleeding thrombocytopenic patients, or
prophylactically to patients predicted to have a reduced platelet count after therapies such as
anti-neoplastic chemotherapy or hematopoietic stem cell transplantation. Restoring platelet
counts through transfusion is performed with one main objective: to prevent bleeding.
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Unfortunately, complications among platelet transfusion recipients remain as high as 30
percent (1). Despite attempted preventative measures such as premedication and pre-storage
leukoreduction, transfusion reactions can occur in forms of fever, rigors, or more severely,
transfusion-related acute lung injury (TRALI) and transfusion associated circulatory
overload (TACO). TRALI is an inflammatory response attributed to the transfused unit and
the responses of recipient inflammatory cells, while TACO is presumed to be primarily
caused by the body’s inability to accommodate the infused volume and/or flow rate (2).
Over the past 2 decades, clinicians and researchers have been striving to better understand
the mechanisms behind adverse transfusion reactions in effort to prevent them from
occurring.

2. History of identification of components leading to reactions

Important progress has been made in discovering new methods to lower the incidence of
platelet transfusion reactions. Mangano et al were among the first to show that the removal
of leukocytes (via centrifugation) from platelet transfusion components decreased, but did
not abolish adverse reactions (3). Heddle et al helped to narrow down key mediators
contributing to transfusion reactions in a clinical trial that transfused plasma and cellular
components separately to patients needing platelet transfusion. They discovered that the
plasma components caused more reactions than cellular components, and observed positive
correlations between concentrations of plasma interleukin (IL)-1f and IL-6 with adverse
reactions (4). This concept supported previous work by Muylle et al who noted IL-6, tumor
necrosis factor-a (TNF-a) and IL-1[ were abundant in platelet concentrates stored for
longer periods of time, and suggested these might be causal of febrile reactions. They
concluded these cytokines were most likely synthesized and released during storage of
platelet concentrates (5). Time of storage had also been found to play a role in cytokine
levels of platelet concentrates, with concentrates stored longer than 3 days causing more
reactions than shorter storage concentrates (6).

In a 14 year study of blood component reactions before and after implementation of
universal leukoreduction immediately prior to transfusion, strikingly reduced incidences of
TRALI, TACO and febrile reactions were observed in the seven years post introduction of
universal leukoreduction (7). An immunological-minded alteration of platelet transfusion
practice through providing ABO-identical platelets to recipients was implemented to
decrease the incidence of reactions. In a study spanning 9 years with 36 months of data
collection, febrile and allergic transfusion reactions were significantly reduced after
implementation of transfusion with only ABO-identical platelet components (8).

Despite leukoreduction immediately prior to transfusion of platelet concentrates, substances
within the supernatant of platelet concentrates still mediate febrile transfusion reactions. In
24 hematology/oncology patients receiving a combined 522 leukoreduced transfusions, it
was found that saline washing of the platelet transfusions after leukoreduction failed to
prevent, but reduced the frequency of transfusion reactions from 20% to 0.6% (9).

The concept of pre-storage leukocyte removal was investigated as a means to prevent the
production of inflammatory agents seen to accumulate during storage. Using a variety of
leukocyte removal methods, multiple groups were able to mitigate the increase of cytokines
such as TNFa, IL-6 (10), IL-8 and IL-1p (11). In 1996, Muylle et al were able to correlate
febrile and allergic reactions (independently) with IL-6 levels, initial white blood cell
counts, and storage time. Importantly, their study also included a comparison of adverse
reaction events amongst known methods of that time for leukocyte removal (12).
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Taken together, these and other studies demonstrate that antigens, cytokines and immune
cells in transfused platelet concentrates most likely contribute to adverse transfusion
reactions among patients. As demonstrated in the saline-washed leukoreduced platelet
transfusion study (9), it appears that platelets themselves contribute to the bioactive
mediators released in the concentrates during storage. While many signaling mediators act in
concert to contribute to transfusion reactions, much attention and investigation has recently
been given to contribution of platelet-derived CD40 ligand (CD40L).

3. CD40 Ligand Background

CDA40L, also referred to as CD154, has been classically established as providing co-
stimulation from T lymphocytes, binding to its receptor, CD40, on B lymphocytes during an
immune response (13). CD40 is part of the TNF receptor family and has a pro-inflammatory
stimulation capacity. Besides B cells, other cell types express CD40 on their surface, and
therefore have the capacity to be stimulated by CD40L. These cell types include dendritic
cells, T cells, fibroblasts, mast cells, smooth muscle cells, neutrophils, endothelial cells,
monocytes, macrophages, and platelets. CD40L can also be expressed on the surface of T
cells, mast cells, endothelial cells, monocytes, macrophages, and platelets (14). Within the
blood, non-cellular bound CD40L is known as soluble CD40L (sCD40L) and exists both as
an independent cleaved form and also bound to platelet microparticles. These two
populations of sCD40L have not been well differentiated, as the isolation and
characterization of microparticles is an emerging process. Therefore, it is important to
acknowledge that any measurements or effects of SCD40L could be attributed to one or both
forms of the ligand. sCD40L is present in the concentration range of pg to ng/mL in human
plasma (15). Platelets contain abundant CD40L in alpha granules, and upon platelet
activation, express it on their surface (Fig. 1). Cleavage and microparticle release of
sCD40L from activated platelets occurs within seconds to minutes (16), and it is thought that
over 95% of sCD40L in plasma originates from platelets (17).

4. CD40 Ligand in Vascular Inflammation

Activation of CD40 positive cells by platelet-bound or sSCD40L can lead to vascular
inflammation. The homo-trimeric form of CD40L binds to CD40 on target cells (Fig. 1), and
activates downstream pro-inflammatory transcription factors such as nuclear factor-«xB.
Examples of resulting inflammatory responses include cytokine and chemokine expression
and release, surface expression of adhesion receptors and prostaglandin production (Fig. 2).
Van Kooten et al. comprehensively described the in vitro effects of CD40L signaling on
CDA40-expressing cells. Importantly, the cleaved form of sSCD40L retains its ability to bind
CD40 to activate target cells, acting in a signaling manner relating to soluble cytokines (18).

Platelet CD40L can activate endothelial cells to produce the chemokines IL-8 and MCP-1,
which can subsequently recruit leukocytes to areas of vascular inflammation. Once
recruited, the CD40L-induced upregulation of endothelial cell adhesion molecules E-
selectin, VCAM and ICAM-1 allows polymorphonuclear leukocytes (PMNSs) to bind to and
potentially extravasate across the endothelium (16, 19). CD40L signaling has also been
shown to enhance the pro-thrombotic vascular environment by causing endothelial cells to
express tissue factor (20). When CD40 basal expression is upregulated on dermal
endothelial cells, as evidenced in certain skin inflammatory conditions (19), it is probable
that the inflamed endothelium could have an increase in sensitivity to platelet-derived
CDA40L. In the context of a mouse ischemia-reperfusion model, Ishikawa et al showed that
CDA40-CDA40L signaling played an integral role in vascular permeability and compromised
blood brain barrier function (21).
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Platelet-derived sCD40L was specifically shown to induce IL-6 synthesis and
cyclooxygenase-2 expression followed by downstream prostaglandin E, production in
human lung fibroblasts (22). Further, CD40L/CD40 signaling on PMNs was shown to
rapidly prime the PMN oxidase which subsequently increased superoxide production. Pre-
activation of human microvascular endothelial cells to cause PMN adherence, followed by
the addition of SCD40L resulted in significant endothelial cell toxicity, likely through PMN
superoxide production (15). Lastly, recombinant CD40L, as well as serum with elevated
levels of SCD40L, were both able to cause increased release of MCP-1 from mononuclear
cells (23).

Elzey et al demonstrated that wild type platelets transfused into CD40L knockout mice can
boost the adaptive immune response to viral infection, through influencing B cells to isotype
switch as well as altering T cell function (24). Sprague et al later reported that platelet-
derived vesicles were also sufficient to deliver CD40L to B cells to facilitate antibody
production (25).

CD40 and CD40L may stimulate a positive feedback loop among activated vascular cells.
As platelets, monocytes, macrophages, endothelial cells, mast cells, and T cells express both
CDA40 and CD40L, the induction of inflammation by a neighboring cell could generate an
autocrine or paracrine inflammatory cycle (14). Other functional consequences of CD40
activation in other CD40-expressing cells are elegantly reviewed by van Kooten (18).

5. CD40L and Clinical Correlates

SCD40L levels are elevated in numerous vascular inflammatory disease states. For example,
diabetic patients with coronary artery disease display significantly increased plasma levels
of sCD40L compared to non-diabetic coronary artery disease patients or healthy controls
(26). Middle-aged female patients who developed myocardial infarction, stroke, or
cardiovascular death had higher sCD40L plasma levels than healthy control subjects (27).
Patients with unstable angina had higher sCD40L levels while their platelets had lower
intracellular CD40L levels and release capacity compared to stable angina or control
patients (23). sCD40L was also shown to positively correlate with total cholesterol and LDL
cholesterol in a study of hypercholesterolemia (28).

Cumulatively, these data suggest the utility of plasma sCD40L measurements as a screening
tool for vascular inflammation, endogenous platelet activation, or future risk of development
of cardiovascular diseases.

6. SCD40L in Platelet Concentrates

Stored platelet concentrates contain increased levels of SCD40L compared to fresh plasma
levels. More specifically, sCD40L was found to steadily increase through day 7 in stored
plasma of apheresis-derived platelets (Fig 2.). Additionally, non-leukoreduced packed red
blood cells were also found to increase in SCD40L levels at days 28 and 42 compared with
day 1 of storage (15).

In a study of 50 male platelet concentrates screened for platelet activation, Bakry et al found
a positive correlation between CD40L and Annexin V on the surface of platelets that
increased during separation of platelets from whole blood and again when tracked on the
third day of storage (29). A more detailed kinetic investigation of the spontaneous release of
sCD40L from multiple donor pooled platelet concentrates demonstrated an increase through
72 hours and remained at those levels through 126 hours. Interestingly, aspirin pretreatment
failed to inhibit this release, implying sCD40L release may be independent of
cyclooxgenase-1 activation (22).

Transfus Clin Biol. Author manuscript; available in PMC 2014 January 03.
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Wenzel et al found that after platelet concentrate transfusion into thrombocytopenic patients,
below normal plasma sCD40L levels were returned to a normal range (around 204 pg/mL).
Interestingly, per platelet sSCD40L release capacity was reduced below healthy ranges after
transfusion, possibly indicating that transfused platelets were already activated or aged,
losing functional capacity (30). Recently, one group reported no change in recipient plasma
sCD40L levels post-transfusion, but noted there were increases in other types of cytokines
(31). The contrasting findings of these two studies may stem from differences in initial
plasma levels of sSCD40L in recipients. Specifically, if patients begin in a normal plasma
sCD40L range, through mechanisms of threshold tolerance, it may be the case that above-
normal levels are immediately removed from the bloodstream. Additionally, there is no way
to account for the quantity of recipient CD40-expressing endothelial and white blood cells in
these two studies. Infusion of platelet concentrate-derived sSCD40L could immediately be
bound by such cells with vacant receptors.

7.sCD40L in Adverse Reactions to Transfusions

Because of its abundance in plasma and platelet concentrates, SCD40L has a strong potential
to induce inflammation, especially into an environment that is already perturbed, resulting in
increased CD40 expression. With this type of “double-hit” activation, adverse events post-
transfusion can plausibly occur.

sCD40L was first reported to be associated with adverse transfusion events in 2006, where
cytokines IL-6, IL-8, MCP-1 and sCD40L, but not RANTES were all elevated in the
supernatants of leukoreduced transfused platelet concentrates that caused either febrile or
allergic reactions (32).

In a retrospective study, levels of SCD40L from platelet concentrates derived from either
whole blood or apheresis were higher in transfusion recipients that developed TRALI
compared to non-reactive recipients. Measurements of patient plasma showed sCD40L
levels in 8 out of 12 TRALI patients were increased after they received transfusions. It is
possible that the transfused units containing elevated levels of SCD40L contributed to
TRALLI in this study (15).

Cognasse et al investigated acute transfusion reactions by contrasting transfused fractionated
platelet concentrates which did or did not cause reactions. First, SCD40L was higher in the
supernatant fraction, and lower in the platelet lysate fraction within reaction-causing
concentrates. Next, they added the supernatant and platelet lysate fractions to B cells to
indirectly assay for CD40L activity via B-cell IL-6 production. Again, the highest IL-6
production occurred after B cell treatment with supernatant fractions of the reaction-causing
platelet concentrates, as well as the lysates of the control platelet concentrates. To verify
specificity, a blocking CD40L antibody was used and IL-6 levels were significantly reduced
(33). Together, these findings indicate SCD40L release, probably caused by platelet
activation during storage, is associated with transfusion reactions. Importantly, this study
also exemplified how the transfusion of SCD40L could have robust activity on various host
cells.

In an effort to single out the contribution of sSCD40L in transfusion reactions, a depleting
antibody was used to remove sCD40L from platelet concentrate supernatants, which were
then added to human lung fibroblasts to study inflammatory mediator production. Compared
with sCD40L-containing supernatants, the depleted supernatants induced significantly less,
and sometimes completely prevented IL-6 release, cyclooxygenase-2 expression and
prostaglandin E, production (22).
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Tuinman et al recently failed to find CD40L involvement in an experimental mouse model
of TRALLI, induced through administration of antibodies to MHC class I (34). Neither the
use of ciglitazone to inhibit platelet CD40L expression, nor administration of a blocking
antibody against CD40L, had any effect on pulmonary and systemic inflammation in their
experiments. However, this artificial mouse model of TRALI may not involve CD40L, or its
role may be too minor to detect. While another thiazolidinedione drug, rosiglitazone, has
been shown to blunt platelet release of CD40L from human platelets (35), and decrease
systemic SCD40L in coronary artery disease and type-2 diabetic patients (26), it has not yet
been shown to reduce platelet-derived sCD40L in mice. Even if the correct dosage and
timing of ciaglitazone treatment was determined for mice, platelet-derived CD40L would
probably not play a role in augmenting a potent anti-MHC inflammatory response, therefore
its inhibition may have no effect on the model.

Tuinman et al also investigated plasma levels of SCD40L before and after cardiac surgery,
and compared patients who did or did not develop TRALI (34). In this study, there were no
differences of SCD40L levels in the plasma of TRALI patients compared with their pre-
symptomatic baseline levels, or control patients. One concern is that TRALI in these cases
may have been donor antibody mediated, with little or no role for SCD40L. To rule out a
role for donor sCD40L, one would need to examine only donor antibody negative cases of
TRALI. In addition, the matched control patients of the analysis had an increased incidence
of myocardial infarction, hypertension, peripheral artery disease and diabetes. These
inflammatory conditions within the control group could conceivably have elevated plasma
sCD40L levels to match the inflammatory status seen in the TRALI patients. These data
support the fact that vascular inflammation, as measured through elevated plasma sCD40L
levels tracked within the same individual over time, can lead to different and sometimes
independent cardiovascular injury states.

Conclusions

The vast majority of platelet transfusions with high mediator levels do not lead to adverse
reactions. It is possible that when the delicate inflammatory balance of the vasculature is
skewed toward a pro-inflammatory status preceding transfusion that platelet derived
mediators contribute to an adverse outcome. sSCD40L may be one key mediator able to
promote a hemostatic imbalance that results in adverse transfusion effects. We hypothesize
that transfusion of partially activated, CD40L-expressing platelets along with SCD40L into a
recipient with damaged or dysfunctional vascular tissue results in a “double-hit” activation
of CD40 expressing cells within the vasculature of the recipient (Fig. 2).

The exact contribution of sSCD40L in transfusion-induced adverse reactions has yet to be
fully established. Strong correlations of plasma sCD40L concentrations and vascular disease
have been demonstrated. The molecular contribution of inflammatory signaling has been
modeled in various in vitro and animal settings. The limitations of fully understanding and
preventing CD40L-induced inflammatory responses are due to the onset of inflammation
being a multifactorial, progressive process that is unlikely to be due to only one mediator.
Yet, if inhibiting CD40L has substantial effects on vascular inflammatory disorders,
targeting this molecule and blocking its interaction with CD40 provides a potentially
attractive avenue of target-based therapy. Simple removal of platelet transfusion supernatant
mediators by saline washing or similar techniques may protect selected vulnerable patients
from adverse events such as rigors, fever and TRALI.
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Fig. 1.

CDA40L signaling in the vasculature. Upon activation, platelets (represented by spiked cells)
express CD40L (homo-trimeric protein represented by ovals) on their surface within seconds
to minutes. Surface CD40L can be shed via plasma proteases and released in a soluble form
(sCD40L). Also, during platelet activation, platelets release microparticles (represented by
small round circles) that can carry surface CD40L, which is also categorized as SCD40L in
most studies. SCD40L or platelet bound CD40L can bind to vascular and blood-borne cells
that express CD40 and initiate signaling and cell activation.
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Fig. 2.

Vascular inflammation induced by sCD40L delivered via transfusion. Platelet concentrates
used for transfusion can accumulate activated platelets (represented by spiked cells), as well
as cleaved and microparticle-bound sCD40L (homo-trimeric protein represented by ovals
and ovals attached to circles) over storage time. Four examples of CD40 receptor expressing
cells are depicted: PMN (Polymorphonuclear leukocytes), resting platelets, B lymphocytes,
and endothelial cells. Some of the downstream effects of CD40 signaling are listed below
each cell type.
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