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Introduction

Summary

Activated platelets have been implicated in playing a major role in
transfusion-related acute lung injury (TRALI), as platelets can trigger neutro-
phils, resulting in vascular damage. We hypothesized that binding of platelet
CD40 ligand (CD40L) to endothelial CD40 is essential in the onset of TRALI.
Mice were challenged with monoclonal major histocompatibility complex
(MHC)-1 antibody which induced TRALI, evidenced by pulmonary oedema,
accompanied by significantly elevated bronchoalveolar fluid (BALF) levels of
total protein and elevated plasma levels of keratinocyte-derived chemokine
(KC) and macrophage inflammatory protein-2 (MIP-2) compared to infusion
of isotype antibody (all Ps < 0-05). Treatment with ciglitazone, which inhibits
platelet CD40L expression, had no effect on pulmonary and systemic inflam-
mation compared to controls. In addition, treatment with anti-CD40L anti-
body, which antagonizes all CD40—-CD40L interactions, also did not abrogate
the TRALI reaction. Furthermore, levels of soluble CD40L were measured in
a cohort of cardiac surgery patients, who were followed prospectively for the
onset of TRALI after transfusion. Plasma levels of sCD40L at baseline and at
time of developing TRALI did not differ between TRALI patients and controls
(transfused cardiac surgery patients not developing acute lung injury)
(275 £ 192 versus 258 * 346 and 93 % 82 versus 93 * 123 pg/ml, respec-
tively, not significant). In conclusion, these results do not support the idea that
the CD40-CD40L interaction is involved in mediating TRALI.
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substances which accumulate during storage of blood prod-
ucts [5,6].

Transfusion-related acute lung injury (TRALI) is a major
cause of transfusion-related morbidity and mortality [1].
Activation of lung endothelium induced by the underlying
condition of the patient (e.g. cardiac surgery or sepsis)
primes polymorphic neutrophils (PMNs) in the lung. Trans-
fusion of blood products can result in activation of these
primed PMNs and enhance microvascular permeability with
subsequent pulmonary leakage [2,3]. The pathogenesis
of activation of PMNs during TRALI is not understood
fully. Donor-derived leucocyte antibodies appear to be a key
stimulus of PMNs in TRALI. Of these, leucocyte antibodies
directed against the human leucocyte antigen class (HLA) II,
human neutrophil alloantigen-3a and HLA-A2 antigens are
associated with the most severe TRALI cases [4]. Other
factors that have been implicated in TRALI are bioactive
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Recently, platelets were identified as important mediators
of vascular damage in TRALI [7,8]. Both platelet depletion
and aspirin protected against lung injury and reduced mor-
tality in a two-event mouse model of TRALI and aspirin was
coined as a novel therapy [9]. However, the molecular
mechanism of the protective effect of blocking platelet acti-
vation in TRALI still needs to be unravelled.

CD40 ligand (CD40L; CD154) is a proinflammatory
mediator found in soluble (sCD40L) and cell-associated
forms [10]. CD40L is primarily platelet-derived, but is also
expressed on T cells and binds to CD40, expressed on endo-
thelial and epithelial cells, neutrophils, B cells, dendritic cells
and macrophages [11-13]. The CD40—CD40L system plays a
pivotal role in inflammation and thrombosis in various clini-
cal settings, including cancer [14], autoimmune diseases [15]
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and atherothrombosis [16,17]. Recombinant sCD40L was
found to serve as the second event in an in vitro model of
PMN-mediated endothelial damage [13,18]. In line with
this, blocking of CD40-CD40L has been found to be protec-
tive in various models of acute lung injury (ALI) [19-21].

In TRALI, the CD40-CD40L system is also postulated
to play a role. sCD40L accumulates during storage of
red blood cells and platelet concentrates which are impli-
cated in TRALI reactions [22]. In addition, increased post-
transfusion levels of sCD40L were found in patients with
TRALI [13]. Thereby, CD40L on platelets may induce lung
injury through binding of CD40 with the endothelium in the
lung, or with neutrophils or other immune cells involved in
TRALL

In this paper, we investigated the role of CD40L as media-
tor of lung injury in a murine model of antibody-mediated
TRALI Furthermore, plasma sCD40L levels were measured
in patients who developed TRALI after cardiac surgery.
Cardiac surgery patients were chosen because cardiac
surgery is a risk factor for TRALI; these patients are often
transfused and sCD40L is released during cardiopulmonary
bypass [23].

Materials and methods

Experiments were performed with healthy male BALB/c
mice (Charles River, Someren, the Netherlands), aged 10-12
weeks and weighing 22-25 g, assigned randomly to six
groups (n =8 per group). Animal studies were approved by
the Animal Care and Use Committee of the Academic
Medical Center at the University of Amsterdam, the Nether-
lands (no. 102033). Animal procedures were carried out in
compliance with Institutional Standards for Human Care
and Use of Laboratory Animals.

Interventions

Two interventions were performed with appropriate
control groups. First, 24 h before induction of TRALI, mice
were pretreated intraperitoneally (i.p.) with ciglitazone
{ciglitazone 5-[4-(1-methylcyclohexylmethoxy) benzyl]-
thiazolidine-2,4-dione} (5 mg/kg) (Enzo Life Science, Zand-
hoven, Belgium), as described previously [24]. Ciglitazone,
an anti-diabetic drug with anti-inflammatory capacity,
inhibits the expression of CD40L on platelets [25] and
lowers the serum level of sCD40L [26]. Controls received
vehicle (2-:5% ethanol in 200 pl saline) i.p. Secondly, imme-
diately prior to infusion of TRALI-inducing antibodies, mice
were pretreated with anti-CD40L antibody i.p. (10 mg/kg
diluted in phosphate-buffered saline (PBS) in a volume—
weight-dependent dose of 180-220 pl). Controls received
isotype antibody (hamster—anti-rat CD40L, both from Bio-
ceros, Utrecht, the Netherlands). Anti-CD40L antibody is
capable of antagonizing all CD40-CD40L interactions,
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thereby making no distinction between CD40L from plate-
lets and T cells [27,28].

Experimental study protocol

After prehydration with 1 ml NaCl 0-9% i.p., mice were
anaesthetized i.p. with 0-075 ml/10 g of a mix containing
ketamine (EurovetAnimal Health BV, Bladel, the Nether-
lands), medetomidine (Pfizer Animal Health BV, Capell
a/d Ijssel, the Netherlands) and atropine (Pharmachemie,
Haarlem, the Netherlands) in a ratio of 1-26 ml 100 mg/ml
ketamine, 0-2ml 1 mg/ml medetomidine and 1 ml
0-5 mg/ml atropine in 5ml NaCl 0-9%. Then, mice were
placed supine on a warming blanket and the jugular vein was
isolated. Using a 30-gauge sterile needle attached to polyeth-
ylene tubing, venous blood was aspirated from the jugular
vein to verify intravascular placement of the needle. Mice
were infused with either MHC-1 antibody [immunoglobulin
(Ig)Gaa K, 4-5 mg/kg], which has been shown previously to
induce TRALI [8,29] or matched isotype antibody (IgGa.,
CRI-1908) (both from the American Type Culture
Collection). The skin was closed with prolene 5-0. The mice
were kept under a heating lamp until recovery from anaes-
thesia and then placed back into their cages. After 2 h, mice
were exsanguinated by drawing blood from the carotic
artery. The left lung was ligated and the right lung was
lavaged three times with 0-5 ml of normal saline. Approxi-
mately 1-0 ml of lavage fluid was retrieved per mouse. Left
lungs were weighed and homogenized in 4x lung weight
(mg) in 0-9% saline using a tissue homogenizer (Biospec
Products, Bartlesville, OK, USA) and diluted 1:1 with Green-
berger lysis buffer. Supernatant was stored at —20°C for total
protein level and cytokine measurement. The left lung was
used to calculate wet lung to body weight ratio.

Clinical study

Blood samples were derived from a larger trial on TRALI
incidence performed in the mixed medical-surgical inten-
sive care unit of a university hospital in the Netherlands [30].
The study was approved by the Institutional Review Board
(06/201 no. 06-17-1506). Prior to valvular and/or coronary
artery surgery, informed consent was requested from
patients aged 18 years or older for participation in the study.
Exclusion criteria were off-pump surgery, emergency surgery
and use of immunosuppressive drugs. Patients were followed
prospectively for the development of TRALI using the con-
sensus definition (new-onset hypoxaemia or deterioration
demonstrated by a PaO,/FiO, ratio < 300, occurring within
6 h after transfusion, with bilateral pulmonary changes on
the chest radiograph and a pulmonary arterial occlusion
pressure of = 18 mmHg) [31]. Cardiogenic pulmonary
oedema was identified when pulmonary arterial occlusion
pressure was > 18 mmHg, or by the presence of at least two
of the following: central venous pressure > 15 mmHg, a
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history of heart failure or valve dysfunction, ejection fraction
<45% as estimated by echocardiogram and a positive fluid
balance [32]. Sixteen cardiac surgery patients were identified
as having suspected TRALI. Cases were matched randomly
with controls in a 1:2 ratio. Controls were transfused cardiac
surgery patients not developing acute lung injury. All trans-
fused red blood cells (RBCs) were leucoreduced [buffy coat
was removed and the erythrocyte suspension was filtered to
remove the leucocytes (< 1 x 10°)], which is the standard of
practice in the Netherlands. Blood for analysis was drawn
before and 6 h after surgery.

Assays

Total protein levels (Bradford Protein Assay Kit, OZ Bio-
science, Marseille, France) were measured in bronchoalveo-
lar lavage fluid (BALF). Keratinocyte-derived chemokine
(KC) and macrophage inflammatory protein-2 (MIP-2) were
measured in BALF and plasma using enzyme-linked immu-
nosorbent assay (ELISA), according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MN, USA). We
chose to measure KC and MIP-2 because CD40L on acti-
vated platelets triggers an inflammatory reaction of endot-
helial cells [33]. Human sCD40L/TNFSF5 was measured in
plasma according to the instructions of the manufacturer
using an ELISA (Quantikine; R&D Systems). The detection
limit was 4-2 pg/ml. To minimize post-venapuncture CD40L
hydrolysis, ethylenediamine tetraacetic acid (EDTA) anti-
coagulation was used [23].

Donor antibody analysis

Donor antibody analysis was performed as described previ-
ously [30]. In short, in donor samples of platelets (PLTs) and
fresh frozen plasma (FFP) products, leucocyte-reactive anti-
bodies were examined using a standard complement-
dependent cytotoxicity (CDC) assay with an HLA-typed
donor panel (to detect complement-fixing antibodies to
HLA classes I and II) and a Luminex screening assay. Leuco-
cyte agglutinating antibodies were examined using a
leucocyte agglutination technique. Granulocyte-reactive
antibodies were examined by the granulocyte immunofluo-
rescence test.

Statistical analysis

Data were expressed as mean * standard deviation (s.d.) or
median [interquartile range (IQR)] when appropriate. Com-
parisons between experimental groups were performed
using Student’s t-test or Mann—Whitney U-test depending
on data distribution. On clinical data, we performed a sec-
ondary analysis using patients from a case—control study. For
comparison of sCD40L levels, a Mann—Whitney U-test was
used. A P-value<0-05 was considered statistically
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Fig. 1. Pulmonary oedema and protein leakage after induction of
transfusion-related acute lung injury and treatment with anti-CD40
ligand antibody or ciglitazone and controls. *P < 0-05; **P < 0-01.

significant. Statistical analyses were performed with spss
version 17-0 (SPSS Inc., Chicago, IL, USA) and Prism version
5-0 (GraphPad Software, San Diego, CA, USA).

Results

All mice in the isotype MHC-1 antibody control group
survived. In contrast, 26% of the mice challenged with
TRALI antibodies were killed because of respiratory distress.
All mice were used for analysis.

Induction of TRALI with MHC-1 antibody

Infusion with MHC-1 antibodies resulted in an increase in
lung-to-body weight ratio and total protein concentration
in the BALF compared to controls, indicating a decrease in
alveolar fluid clearance and an increased lung vascular per-
meability (Fig. 1), with a non-significant elevation of the
level of KC in the BALF (Fig. 2). The level of MIP-2 in BALF
did not differ between TRALI and control mice. Plasma
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levels of KC and MIP-2 were elevated after MHC-1 antibody
injection compared to controls (Fig. 2).

The effect of blocking CD40L in a TRALI model

Pretreatment with ciglitazone did not reduce pulmonary
oedema nor BALF protein concentration compared to
the TRALI group who had received vehicle (Fig. 1). Also,
ciglitazone did not modulate local or systemic inflammation
compared to the TRALI group and vehicle controls (Fig. 2).

To investigate the effect of antagonizing CD40L on all cell
types, mice were treated i.p. with anti-CD40L antibody.
Antagonizing of CD40L did not reduce lung oedema or
protein leakage compared to the TRALI group (Fig. 1). Also,
local and systemic levels of chemoattractants were not dif-
ferent between the anti-CD40L antibody-treated group and
controls (Fig. 2).

Levels of sCD40L in TRALI patients and controls
before and after cardiac surgery

Patients who had developed TRALI after cardiac surgery
were compared to transfused cardiac surgery patients who
did not develop ALI [30]. Baseline characteristics are pre-
sented in Table 1. There was no difference in factors asso-
ciated with an increase in sCD40L levels, including diabetes
mellitus (DM) and vascular disease, or a decrease in
sCD40L levels, such as use of statins and aspirin in type 2
DM [34]. None of the diabetic patients used a thiazo-
lidinedione derivate. Patients developing TRALI had

© 2011 The Authors

received more RBCs, FFP and PLTs than controls (Table 1).
In 63% of these patients, a leucocyte antibody was detected
in an associated blood product. Patients developing TRALI
received significantly more blood products containing
HLA-I, HLA-II and human nuclear antigen (HNA) anti-
bodies compared to controls (38 versus 3%, 44 versus 6%
and 19 versus 3%, respectively, P = 0-005). Of the HLA/HNA
antibody-positive products, 80% originated from female
donors [30].

Prior to surgery, baseline levels of sCD40L did not differ
between TRALI patients and controls. Post-surgery, at onset
of TRALL levels of sCD40L were significantly lower in both
groups compared to baseline values (P = 0-01 to both), but
there were no differences between cases and controls (Fig. 3).
Because a drop in platelet counts may account for lower
sCD40L concentrations, levels of platelets between groups
were compared. Platelet counts correlated with sCD40L
levels, showing a decrease in platelet count after surgery in
both groups (Fig. 3), but no difference was observed between
TRALI and controls.

Discussion

In this study on the role of CD40L in TRALI, we found that
blocking of CD40L-CDA40 is not protective in an antibody-
mediated murine model of TRALI, suggesting that there is
no role for CD40L in the onset of immune-mediated TRALI.
Furthermore, and confirming this observation, the levels of
sCD40L in patients developing TRALI were not different
from transfused controls.
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Table 1. Baseline characteristics, transfusion data and preoperative medication of patients developing transfusion-related acute lung injury (TRALI)

compared to transfused control subjects.

TRALI Controls

(n=16) (n=32) P-value
Age* 74 (29) 68 (13) 0-19
Gender, male 12 (75%) 20 (63%) 0-52
EuroSCORE? 60 (5-5) 50 (3-8) 0-94
Myocardial infarction 2 (13%) 11 (34%) 0-17
Hypertension 8 (50%) 24 (75%) 0-18
PVD 3 (19%) 10 (31%) 0-20
Diabetes 4 (25%) 12 (63%) 0-40
RBCs, units’ 3.2 (%£2:3) 2:0 (+1-5) 0-02
Fresh frozen plasma, units’ 3.3 (*3-5) 12 (*+1-8) 0-02
Platelets, units' 0-8 (*+0-8) 0-3 (*+0-5) 0-03
Thiazolidinedione 0 0 -
Aspirin 9 (56%) 22 (69%) 0-52
Statin 11 (69%) 26 (81%) 0-49

ALL acute lung injury; EuroSCORE, European System for Cardiac Operative Risk Evaluation; PVD, peripheral vascular disease; RBCs, red blood
cells. Data are presented as number (%), 'mean (* standard deviation) or ‘median (interquartile range).

Infusion of MHC-1 antibodies resulted in a decrease in
alveolar fluid clearance and an increased lung vascular per-
meability, as found previously [8]. The CD40-CD40L inter-
action was inhibited in two different ways. As platelets were
found to be pivotal in mediating lung injury in this TRALI
model, ciglitazone was given, which inhibits CD40L expres-
sion on platelets. A dose was used which was found

sCDA40L in cardiac surgery patients
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Fig. 3. Plasma levels of sCD40 ligand and platelet count before and
after cardiac surgery in transfusion-related acute lung injury (TRALI)
patients and transfused controls.
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previously to ameliorate lung injury during murine pneu-
monia [24]. However, ciglitazone did not reduce lung injury
in our model. As immune cells other than platelets may also
express CD40L and contribute to the development of
TRALI animals were then infused with anti-CD40L anti-
body, which antagonizes binding of CD40L with all immune
cells and with the endothelium [35], and completely blocks
any CD40-CD40L interaction [27,28]. In this model,
however, anti-CD40L antibody also had no effect on pulmo-
nary leakage and inflammation. Therefore, these results indi-
cate that CD40-CD40L interaction does not play a major
role in this model of TRALL

A possible explanation for contrasting results with pre-
vious experimental findings may be a difference in the
models used. In a previous study, sCD40L has been impli-
cated in a ‘two-event’ in vitro TRALI model after
lipopolysaccharide (LPS) priming [13], whereas an
immune-mediated antibody model was used in this study.
As sCD40L accumulates during storage of blood [13,22], it
can be hypothesized that blocking of the CD40-CD40L
interaction may be protective in transfusion models using
stored blood products. However, in a rat transfusion model
of lung injury induced by stored PLT products after LPS
priming, we found previously that pulmonary expression
of CD40L was not enhanced [36].

To examine further the role of the CD40—-CD40L pathway
in TRALI, sCD40L was measured in transfused cardiac
surgery patients developing TRALI. Cardiac surgery is rec-
ognized as a risk factor for TRALI [3,32], due possibly to
PMN priming during cardiopulmonary bypass [37,38]. As
recombinant sCD40L was found to activate primed PMNs in
vitro [13], we hypothesized that sCD40L activates primed
PMNss following cardiac surgery, increasing susceptibility for
a TRALI reaction. However, levels of sCD40L in TRALI cases
and controls in this study were not different, suggesting that
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sCD40L is not implicated in the onset of TRALI in cardiac
surgery patients.

These findings do not accord with previous observations
suggesting that sCD40L is implicated in TRALI [13].
However, the finding of an accumulation of sCD40L in stored
platelets is indirect evidence, and may not have a functional
consequence for a mediating role of sCD40L. In accordance,
the increase in sCD40L found in platelet products implicated
in transfusion reactions was accompanied by a concomitant
increase in levels of several other inflammatory mediators,
suggesting that any single mediator is unlikely to account for
a transfusion reaction [39]. Of note, the increase in sCD40L
found previously was not univocal, occurring in only eight of
12 patients with TRALI, and was not statistically different
from sCD40L concentrations in the pretransfusion samples
[13]. Therefore, increased levels of sCD40L may have been
associated, but not causal in TRALI.

An alternative explanation for an absence of elevated
levels of sCD40L in TRALI patients may have been the
timing of sampling. However, as levels of sCD40L were mea-
sured before and at the onset of TRALL, it is less likely that
the timing of sCD40L measurement was too late in the
pathophysiological process of TRALI, allowing for CD40 to
internalize or ligate sSCD40L [40,41]. Moreover, it should be
noted that transfused RBCs in this clinical study were leu-
coreduced, which has been shown previously to result in
lower sCD40L levels compared to non-leucoreduced RBCs,
due possibly to a reduction in contaminating platelets [13].
However, TRALI also continues to occur after the introduc-
tion of leucoreduction [42,43]. In line with this, 16 TRALI
cases were detected in our prospective study using leucore-
duced blood [44].

Of note, sCD40L levels were evidently lower in both
groups after cardiac surgery. This drop in sCD40L probably
reflects the concomitant decrease in platelet counts in both
groups, as a tight correlation between sCD40L and platelet
count has been found previously [23,45]. We cannot
exclude that the decrease in platelets observed after
cardiac surgery may have influenced results. Therefore, our
clinical data cannot be generalized to a non-cardiac surgery
population.

The molecular mechanism by which aspirin was found to
protect against TRALI in a murine model is still not known.
Of note, the use of aspirin did not differ between TRALI
patients and controls in this study, which does not support
the findings in the animal model [9]. However, patient
numbers may have been too small in this study to comment
on the effect of aspirin use.

In conclusion, antagonizing CD40-CD40L does not ame-
liorate lung injury in a murine model of antibody-mediated
TRALI Furthermore, in the reported clinical setting, TRALI
is not associated with increased sCD40L levels compared to
transfused controls. Therefore, these results do not underline
an important role for CD40-CD40L as a mediating pathway
in TRALIL
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