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Part I - General introduction and Outline of this Thesis

This thesis investigates pharmacological therapeutic strategies in ARDS and in particular 

TRALI. The syndromes are related, but there are also distinct differences. In this introduction, 

the pathogenesis of both syndromes and pharmacological therapies are described, 

pointing out similarities and dissimilarities, thereby outlining the rationale of the therapeutic 

interventions which were chosen.

Acute	respiratory	distress	syndrome	

Introduction

Acute lung injury (ALI) and its more severe form acute respiratory distress syndrome (ARDS) 

contribute substantially to the expanding burden of critical illness within our intensive care 

units. Since the first description of ARDS in 1967, considerable progress has been made in 

understanding the pathophysiology of acute lung injury [1-4]. 

Pathogenesis:	an	extensive	cross-talk	between	inflammation	and	coagulation	

The pathogenesis of ARDS is characterized by uncontrolled inflammation, inappropriate 

activation and accumulation of leukocytes and platelets, activation of coagulation and 

impaired fibrinolysis, as well as altered permeability of alveolar endothelial and epithelial 

barriers [1,5]. Normally, inflammation and coagulation are two important host defense 

mechanisms against injury and infection. Inflammation and coagulation, obviously, require 

strict regulation, i.e., after an insult the host response must be counterbalanced by inhibition or 

deactivation in order to restore homeostasis. In ARDS however, these regulatory mechanisms 

may fail, resulting in exaggerated and sustained inflammation and coagulation. Pulmonary 

inflammation in ARDS patients causes remarkably similar haemostatic disturbances to those 

observed in systemic inflammation, as seen in septic patients.

Inflammation 

Upon insult, immune cells are immediately directed to the site of injury or infection to initiate 

a pro-inflammatory response. Activation of the innate immune response by binding of cell 

injury-associated endogenous molecules (danger-associated molecular patterns, DAMPs) 

or of microbial products to pattern recognition receptors on the lung epithelium and alveolar 

macrophages, is now recognized as a potent driving force for acute lung inflammation [5,6]. 

An example of such a receptor is the receptor for advanced glycation end products (RAGE), 

which is highly expressed on alveolar epithelial type 1 cells [7]. In patients with ARDS, plasma 

levels of soluble (s)RAGE are associated with severity of lung injury [8]. 

 The pulmonary endothelium is responsible for a number of physiologic functions, 
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including the control of vasomotor tone and the trafficking of leukocytes as a cornerstone 

of the innate immune system [9-11]. The quiescent state of the endothelium expresses an 

anti-adhesive, anticoagulant and vasodilatory phenotype, whereas endothelial activation 

results in a pro-adhesive, procoagulant and vasoconstrictive phenotype [9]. The interaction 

with neutrophils is crucial for maintaining homeostasis and eradicating bacterial and fungal 

pathogens [12]. The pulmonary circulation contains about 28% of the blood neutrophil pool 

that is available on demand for host defense [13]. The main site of neutrophil migration in 

the lung is the capillary bed, where, in contrast to other organs, neutrophil recruitment from 

blood into inflamed tissue occurs in the post-capillary venules [11,14]. The neutrophils are 

larger than the diameter of pulmonary capillaries and as such, their transit time in the lung 

is reduced, allowing for more interaction time with the vessel wall [15]. In ARDS, neutrophils 

adhere to the activated capillary endothelium, also referred to as capture, and marginate 

through the interstitium into the air space. In the airspace, alveolar macrophages secrete 

cytokines, e.g. interleukin (IL)-1, -6, -8 and -10 and tumor necrosis factor α, which act locally to 

stimulate chemotaxis and activate neutrophils [1]. It is within this inflammatory response that 

the lung barrier breaks down and allows transit of a protein-rich edema fluid into air spaces 

[1]. Furthermore, damage to epithelial cells involves the basal membrane and reduces the 

amount and function of surfactant. This increases alveolar surface tension, decreases lung 

compliance and causes atelectasis [1,16]. 

Platelets, coagulation and fibrinolysis

Interaction between inflammatory cells and haemostatic effector cells, such as platelet-

neutrophil interaction, is important in ARDS [5,17-19]. Long considered innocent bystanders, 

evidence is emerging that platelets are important mediators of lung injury [20,21]. First, there 

is anatomic evidence that platelets are deposited in the acutely injured lung [22]. In addition, 

besides the release of a variety of cytokines, activated platelets display adhesion molecules 

and other factors with signalling properties on their surface, enabling them to interact not 

only with the pulmonary endothelium, but also with one another and with leukocytes in 

the pulmonary vessels. Platelets triggering neutrophils leading to vascular damage has 

been shown to be a plausible mechanism in the pathogenesis of acute lung injury [23-25]. 

A key molecule involved in this interaction is thromboxane-A2 [24], which is released by 

platelet-neutrophil aggregates [26]. Other possible mediators involved are e.g. β2-integrin, 

macrophage antigen-1 (Mac-1) and soluble CD40 ligand [26-30]. In line with a role for 

activated platelets in ARDS, platelet inhibition, for example by aspirin, has been found to 

attenuate lung injury in animal models of ARDS [17,31,32].

 Normally, the coagulation system is locally activated in order to limit blood loss or to 

prevent invading pathogens from spreading beyond initial infection. Pulmonary coagulopathy 

is intrinsic to ARDS. Indeed, both microvascular thrombi and alveolar fibrin deposits are 

hallmarks of ARDS, irrespective of its cause [1,33-36], and are much more outspoken than the 
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fibrin deposition associated with severe inflammation in other organs. In addition, the extent 

of pulmonary coagulopathy depends on the severity of lung injury [34] and is clearly linked 

to clinical outcome [37-39]. Changes in pulmonary coagulation and fibrinolysis in ARDS 

resemble those found in the systemic circulation with sepsis [36]. Pulmonary coagulopathy 

with lung injury is characterized by activated coagulation via activation of the tissue factor (TF)–

pathway, attenuation of fibrinolysis, and enhanced breakdown and/or decreased production 

of the natural anticoagulants activated protein C (APC), antithrombin (AT) and tissue–factor 

pathway inhibitor (TFPI) (Figure 1) [33,35,40,41]. All three processes may lead to excessive 

alveolar fibrin depositions. In addition, the extensive cross-talk between coagulation and 

inflammation may further inflame the lungs [36]. Activated coagulation factors may initiate or 

exaggerate injury [2,42,43], impair alveolar aeration and perfusion [44] and promote fibrosis 

[45].

 The delicate balance between protective and injurious innate and adaptive immune 

responses and haemostatic pathways may determine whether alveolar injury continues or is 

repaired and resolved [5]. 

________________________________________________________________________________________________
Figure	1. Schematic and simplified presentation of coagulation, fibrinolysis and anticoagulant pathways.
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The coagulation cascade is started trough activation of tissue factor (TF)-factor VII (FVIIa) complex. Several coagulation 
factors accelerate the conversion of prothrombin to thrombin. Activated protein C (APC) can inactivate coagulation 
factors Va and VIIIa. Antithrombin (AT) serves to block the action of multiple coagulation factors (e.g., Xa en IIa). Tissue 
factor pathway inhibitor (TFPI) inhibits stepwise the activation of coagulation factors. The fibrinolytic system is designed 
to degrade clots and fibrin degradation products (FDP) are formed. The main inhibitor of the plasminogen activators is 
plasminogen activator inhibitor type (PAI)–1. +: stimulating effect; -: inhibiting effect.
________________________________________________________________________________________________
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Pharmacological treatments of ARDS

Pharmacological treatments

Due to the broad spectrum of mechanisms driving the development of ARDS, many clinical 

trials have assessed different types of pharmacologic interventions [3,16,46,47]. Whereas 

most drug trials in ARDS have been negative, the use of neuromuscular blockade is one 

therapy which has proven to be clinically effective [48]. This is likely due to a reduction in 

barotrauma caused by ventilator-patient dyssynchrony. Other studies suggest that targeted 

therapies at specific subsets of patients may be successful. 

Inflammation

Because inflammation predominates in ARDS, corticosteroids have been extensively 

examined. Early treatment with hydrocortisone in patients with severe community acquired 

pneumonia prevented progression to ARDS [49]. In addition, corticosteroids have been 

found to have beneficial effects when given at low or moderate doses sooner than two 

weeks in patients with ARDS, but appear to be harmful if started later. Of interest, their use 

is of unclear benefit if a lung protective ventilation strategy is used [5,47,50]. Except for 

corticosteroids, no other anti-inflammatory therapy has been shown to conclusively impact 

long-term survival, although some of these agents have improved physiologic variables 

[3,5,16,47,50]. Other pharmacologic interventions studied are for example N-acetylcyteine, 

surfactant, prostaglandin E1, neutrophil elastase inhibitor and ketoconazole [3,16].

Platelets, coagulation and fibrinolysis

Platelet depletion was found to abrogate lung injury in ARDS models inflicted by acid 

instillation [26] and in transfusion-related acute lung injury (TRALI) [51]. Of more clinical 

relevance, antiplatelet agents have been shown to have anti-inflammatory effects [52]. 

Inhibition of platelets by acetylsalicylic acid (ASA) was also found to be protective in ARDS 

models [32,53]. Observational studies have shown an association between ASA and other 

antiplatelet drugs and reduced organ failure and mortality in the critically ill [54]. However, 

data on the effect of ASA on ARDS are conflicting. Whereas use of ASA was associated with 

a reduced incidence of ARDS in a retrospective analysis in medical ICU patients, this benefit 

could not be confirmed in a large multicenter observational study, when adjusted for the 

propensity score [55,56]. The difference between animal and human data may be due to 

differences in dosage used.

 Activation of coagulation is both a consequence and a contributor to ongoing lung injury. 

In line with this, pulmonary coagulopathy has become a potential target for therapeutic 

interventions in patients with lung injury. The coagulation disturbances in ARDS are alike 

those seen in sepsis and the interest for anticoagulant strategies in ARDS is mainly derived 

from studies in patients with sepsis. Clinical trials inconsistently suggest beneficial effects of 

the systemic anticoagulants APC, inactivated recombinant factor VIIa and TFPI in patients 
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with ARDS [57-61]. Severe systemic bleeding due to anticoagulation may have offset the 

possible positive effects. To our knowledge, no clinical trials have studied the effects of 

systemic AT, heparin or danaparoid in ARDS. 

Of note, the results of clinical trials are often in contrast to very promising results in animal 

studies. While such a contrast can be expected in translational research, the lack of efficacy 

of many of these agents does raise questions, for example, whether or not these treatments 

may perform better when applied earlier in the time course of the disease or locally instead 

of systemically.

Transfusion-related	acute	lung	injury	

Introduction

Blood transfusion is one of the most frequent interventions in the intensive care unit (ICU). Up 

to 50% of ICU patients receive a blood transfusion [62,63]. Although lifesaving at times, blood 

transfusion is associated with increased morbidity and mortality in the critically ill [64,65]. 

One of the mechanisms underlying adverse outcome may be transfusion-related acute lung 

injury (TRALI) [66,67]. Observational studies in the critically ill patient population report a high 

mortality of TRALI, which equals that of ARDS with a staggering 45% [68-70]. Furthermore, 

TRALI patients had a longer length of ICU-stay and were longer mechanically ventilated [69].

Pathogenesis of TRALI: are there differences compared to ARDS?

The two-hit hypothesis

This hypothesis implicates two separate hits. First, the pulmonary vascular endothelium is 

activated resulting in priming of neutrophils by one or more endogenous stimuli (e.g. trauma 

or sepsis), which are considered the first event [71]. These primed neutrophils are hyper-

reactive. Agents that do not normally activate polymorphonuclear leukocytes, can cause 

release of the microbicidal arsenal by these primed and sequestered neutrophils [72]. The 

second event is the blood transfusion. It is thought that HLA- or HNA-antibodies or bioactive 

lipids which have accumulated during prolonged storage of the blood product can cause 

activation and neutrophil-mediated toxicity of the vascular endothelium resulting in capillary 

leak and lung injury. Neutrophils can be repeatedly primed, so that they reach a threshold, 

where a second hit (e.g. transfusion) results in neutrophil activation and capillary leak [71,72]. 

This threshold model is supported by the clinical observations that patients with a different 

first event have very different risks of developing TRALI [68,69]. However, a first hit is not 

a requirement per se. An antibody-antigen interaction can induce lung injury in a relatively 

healthy recipient [71]. This antibody mediated reaction is the main difference in pathogenesis 

between TRALI and other forms of ARDS. Although the particular mechanism involved 
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(antibody-antigen complex vs. activation by bioactive lipids) may be different, all pathways 

result in the same downstream event, namely neutrophil mediated lung injury [71-73].

Inflammation

The pulmonary inflammatory response in TRALI resembles the response seen in ARDS. Both 

entities involve interaction of activated neutrophils, platelets and pulmonary endothelium. 

The role of the endothelium, as well as the priming and activation of neutrophils, has well 

been described in TRALI [72,73]. In short, neutrophils are attracted to the lung by release of 

chemokines and cytokines. Adhesion to the endothelium of the lung capillaries is realised. 

The adhered neutrophils are then activated by the blood transfusion, containing HLA/HNA 

antibodies or bioactive lipids. This neutrophil-mediated inflammatory response results in 

capillary damage and leakage of fluid into the alveolar space [64,72]. Concerning effector 

cells, obviously, anti-neutrophil antibody-mediated organ injury is not a mechanism of action 

in ARDS. 

Platelets, coagulation and fibrinolysis

Also, there are some differences in platelet activation between the two syndromes. Similar to 

TRALI, platelets roll along and firmly adhere to lung endothelial cells during endotoxemia, as 

shown by intravital microscopy [74]. This interaction is mainly mediated by platelet P-selectin. 

However, whereas blocking of P-selectin was protective in acid-induced ALI by reducing 

platelet-neutrophil aggregates [18], a role for P-selectin was not established so far in TRALI.

The bioactive lipids can accumulate during storage of blood products and consist of a mixture 

of lysophosphatidylcholines (lyso-PCs). These compounds are capable of activating primed 

neutrophils as mentioned before [72].  A possible mechanism is priming of the respiratory 

burst reaction through the cells platelet-activating factor receptor [75,76]. Furthermore, 

platelet-derived CD40L has been implicated as cofactor or even the cause of antibody 

negative TRALI. CD40L has been shown to accumulate during storage of blood products 

and in 8 out of 12 TRALI patients plasma CD40L levels were increased compared to their 

pre-transfusion levels [77]. 

 Thrombocytopenia can be observed during a TRALI reaction and is also a prominent 

feature in an animal model of TRALI, suggesting that platelets are involved in TRALI 

pathogenesis [78]. Platelets roll along and firmly adhere to the lung endothelial cells [78] and 

in a murine TRALI model, it has been shown that development of TRALI is critically dependent 

on platelets [51]. Among other mechanisms, activated platelets are reported to induce the 

formation of neutrophil extracellular traps (NETs) and these NETs have been detected in the 

lungs and plasma of TRALI patients [19,79].

 Although less well studied in TRALI, coagulopathy seems to be also an imported factor. 

For example, in animals, massive transfusion results in extensive numbers of microthrombi in 

the pulmonary vasculature [80]. In addition, in other animal models is shown that transfusion 
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of aged blood products results in lung injury, which is characterized by activation of pulmonary 

coagulation and fibrinolysis, alike ARDS [81,82]. 

Besides differences in host response between ARDS and TRALI, there are possible 

differences in pathology findings. Post mortem findings in lungs of ARDS patients classically 

show diffuse alveolar damage (DAD), pulmonary oedema, hyaline membrane formation and 

extensive neutrophil aggregation in alveoli. Of interest, autopsy findings in two patients that 

developed fatal TRALI after receiving plasma of donors who were positive for HLA antibodies 

corresponding to the patients’ phenotype, did not show DAD nor hyaline membrane formation 

[83]. Instead, alveolar oedema and pleural effusion were prominent.  However, it should be 

noted that the presence of hyaline membranes and DAD on autopsy may have more to do 

with how long the patient lived after experiencing a TRALI reaction. Taken together, although 

TRALI can be considered part of the ALI spectrum, some clinical and pathologic differences 

exist. 

Pharmacologic treatment of TRALI

Clinical trials of pharmacological treatment strategies in TRALI are lacking to date. Several 

case reports have reported on the use of glucocorticoids in TRALI treatment, but no 

randomized controlled trials have studied this therapy in TRALI [84]. Aspirin is a therapy of 

particular interest, since high dose aspirin improved outcome in an animal model of TRALI.

 Taken together, the amount of research in TRALI medicine bears no relation to the large 

quantity of research in ARDS. Considering the similarities between these life-threatening 

diseases it is conceivable that strategies aimed at limiting ARDS may also apply to TRALI. 

Outline of the thesis

The need for the development of therapeutic strategies for ARDS and in particular TRALI 

is the starting point of this thesis. This dissertation focuses on several potential therapeutic 

pathways targeting inflammation, platelets and coagulation. Knowledge from studies in ARDS 

is used for studies in TRALI. We chose a translational approach, in which both preclinical and 

clinical studies are used. This thesis starts with studies on inflammation, followed by studies 

on platelets, coagulation and fibrinolysis.

Part II of this thesis describes studies on inflammation. In chapter 2, we tested the hypothesis 

that blood transfusion is associated with changes in pulmonary and systemic inflammation 

and coagulation in patients after cardiac surgery, in a prospective case-control study in two 

university hospital ICUs, comparing cardiac surgery patients who received no, limited (1-2 

units) or multiple transfusions (≥ 5 units). In chapter 3, we tested the hypothesis that sRAGE 

is elevated following cardiac surgery and associated with increased pulmonary vascular 

leakage, in a prospective case-control study in two university hospital ICUs, measuring 
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circulating sRAGE together with gallium-transferrin pulmonary leak index in 60 consecutive 

cardiac surgery patients stratified by the amount of transfusion. Additionally, we investigated 

the role of blood transfusion as a determinant of plasma sRAGE. In chapter 4, we tested the 

hypothesis that the HMGB1, S100A12 and sRAGE are associated with TRALI, in a prospective 

case-control study in cardiac surgery patients, comparing 14 TRALI cases with controls 

(transfused and non-transfused) without lung injury. In chapter 5, we tested the hypothesis 

that methylprednisolone attenuates pulmonary inflammation in TRALI, in a murine “two-hit” 

model of antibody mediated TRALI.

Part III describes studies on platelets, coagulation and fibrinolysis. In chapter 6, we tested 

the hypothesis that aspirin in a high dose is superior to low dose aspirin or clopidogrel in 

preventing acute lung injury, in a murine model of LPS-induced ALI. In Chapter 7, we tested 

the hypothesis that aspirin use before admission to the ICU would protect against TRALI 

development, in a post-hoc analysis of a nested case-control study, comparing TRALI cases 

with matched controls (transfused patients not developing lung injury). In chapter 8, we 

tested the hypothesis that binding of platelet CD40L to endothelial CD40 is essential in the 

onset of TRALI, in a murine model of antibody mediated TRALI and in a case-control study 

in cardiac surgery patients comparing TRALI cases with transfused patients not developing 

lung injury. In chapter 9, we tested the hypothesis whether nebulization of anticoagulants 

attenuates pulmonary coagulation without having systemic side-effects, by performing a 

systematic review of preclinical studies and human trials of nebulized anticoagulants in the 

setting of lung injury in animals and ALI/ARDS in humans. Chapter 10 is a narrative review, 

with an outlook on future areas of interest for research on therapy in TRALI. We first summarize 

the evidence for a role of enhanced pulmonary coagulation and impaired fibrinolysis in the 

pathophysiology of TRALI, also focusing on the role of platelets. Furthermore, potential 

therapeutic interventions targeting coagulation are discussed. 

In chapter 11, the results from all chapters are summarized and discussed. 
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Abstract

Introduction: Blood transfusion is associated with increased morbidity and mortality in 

cardiac surgery patients, but cause and effect relation remain unknown. We hypothesized 

that blood transfusion is associated with changes in pulmonary and systemic inflammation 

and coagulation, occurring in patients who do not meet the clinical diagnosis of transfusion-

related acute lung injury (TRALI).

Methods: We performed a case control study in a mixed medical-surgical intensive care unit 

of a university hospital in The Netherlands. Cardiac surgery patients (n=45) were grouped as 

having received no transfusion, restrictive transfusion (1-2 units) or multiple transfusions (≥5 

units).  Non-directed bronchoalveolar lavage fluid (BALF) and blood were obtained within 3 

hours post-operatively. Normal distributed data were analyzed using ANOVA analysis and 

Dunnett post-hoc test. Non-parametric data were analyzed with Kruskal Wallis and Mann-

Whitney-U test.

Results: Restrictive transfusion increased BALF levels of IL-1β and D-dimer compared to 

non-transfused controls (P < 0.05 for all), and IL-1β levels were further enhanced by multiple 

transfusion (P < 0.01). BALF levels of IL-8, TNFα and thrombin-antithrombin complex (TATc) 

were increased after multiple transfusion (P < 0.01, P < 0.001 and P < 0.01 resp.) compared 

to non-transfused controls, but not after restrictive transfusion. Restrictive transfusion was 

associated with increased pulmonary levels of plasminogen activator inhibitor-1 (PAI-1) 

compared to non-transfused controls with a further increase after multiple transfusions (P < 

0.001). Concomitantly, levels of plasminogen activator activity (PAA%) were lower (P < 0.001), 

indicating impaired fibrinolysis. In the systemic compartment, transfusion was associated 

with a significant increase in levels of TNFα, TATc and a decrease in PAA (P < 0.05). 

Conclusion: Transfusion during cardiac surgery is associated with activation of inflammation 

and coagulation in the pulmonary compartment of patients that do not meet TRALI criteria, 

an effect that was partly dose-dependent, suggesting transfusion as mediator of acute 

lung injury. These pulmonary changes were accompanied by systemic derangement of 

coagulation.
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Introduction

Blood transfusion can be a life-saving intervention. However, it is increasingly recognized 

that transfusion itself contributes to morbidity and mortality in specific patient populations, 

including critically ill, cardiac surgery and trauma patients.[1] Transfusion-related (TR-) acute 

lung injury (ALI) is the most serious cause of transfusion related morbidity and mortality.

[2,3] and is characterized by acute bilateral pulmonary permeability edema with subsequent 

hypoxia, classically developing within 6 hours after transfusion.[4] 

Observational studies in critically ill patients indicate that transfusion is dose-dependently 

associated with ALI.[5-8] In these studies however, the temporal relation between transfusion 

and adverse outcome has not clearly been determined. In an effort to capture the association 

between transfusion and ALI, the term ‘delayed TRALI’ was coined[2], allowing for ALI to 

develop after a longer time span than 6 hours. In line with this, TRALI criteria are fulfilled 

only in a minority of patients after cardiac surgery, although hypoxia is a frequent finding 

following this procedure.[9-11] Also in a heterogeneous population of critically ill, transfusion 

of red blood cells units (RBCs) dose-dependently and transiently decreased oxygenation.

[12] Together, this may suggest that transfusion can result in lung injury without fulfilling the 

clinical consensus criteria of TRALI. 

In contrast to this view, some authors argue that the association between blood transfusion 

and adverse outcome does not mean that transfusion actually mediates disease. It may 

merely be a marker of illness severity. Observational studies on the association of transfusion 

and adverse outcome have been recognized to share a common limitation: they do not 

distinguish between residual confounding and actual causation.[13-15] 

 To date, there are no clinical studies unequivocally showing the causal relationship 

between transfusion and ALI. Therefore, in the present study, we determined pulmonary and 

systemic effects of a blood transfusion following cardiac surgery. We choose cardiac surgery 

patients for our study, because cardiac surgery is a known risk factor for the development 

of TRALI [5] and because this group is a relatively homogenous critically ill patient group, 

that is frequently transfused. We hypothesized that transfusion activates several pathways 

of inflammation that also mediate ALI/acute respiratory distress syndrome (ARDS) due to 

other causes and that such inflammatory processes may occur before meeting TRALI criteria. 

Pathways of interest include production of pro-inflammatory cytokines[16] and chemotactic 

glycoproteins [17-19], as well as activation of coagulation and attenuation of fibrinolysis.

[20,21], all of which processes found during lung injury.[16,21] Also, we determined whether 

the effects of transfusion accumulate with increased amounts of transfused blood, as dose-

dependency may be an additional indication of a causal relationship. 



Chapter 2

30

Materials and methods

Setting

The study was part of a larger trial performed in the mixed medical-surgical intensive care 

units (ICU)s of two university hospitals in The Netherlands [22], designed to look for an effect 

of transfusion on pulmonary permeability in cardiac surgery patients, in which 60 patients 

were included. Both ICUs are a “closed format” department in which patients are under 

the direct care of the ICU-team. Patients included in the present analysis were derived from 

patients in one clinic, since samples for analysis were taken in only one clinic.

Design

The study was approved by the Institutional Review Board (IRB 07/098# 07.17.0539). Prior 

to valvular and/or coronary artery bypass surgery, patients of 18 years or older were asked 

informed consent for participation in the study. Exclusion criteria were off-pump surgery, 

emergency surgery or the use of immunosuppressive drugs. Patients were divided in three 

groups: patients who received a restrictive transfusion of 1-2 red blood cells (RBCs) (n=18), 

multiple transfused patients, defined as transfusion of five or more units, consisting of at 

least 2 RBCs, 2 fresh frozen plasma (FFPs) and 1 unit of platelets of 5 donors (PLTs) (n=10) 

and a control group receiving no transfusion (n=17). The definition of multiple transfusion 

included transfusion of different blood products, which is a reflection of current transfusion 

practice. Transfusion was given in the operation room or within the first three hours post-

operatively. During the study, all transfused RBCs were leukoreduced (buffy coat removed 

and the erythrocyte suspension was filtered to remove the leukocytes (< 1x106), which is the 

standard of practice in the Netherlands.[23]

Cardiothoracic surgery/Anesthesia procedures

Patients were anesthetized according to local institutional protocol, with lorazepam, 

etomidate, sufentanil, and rocuronium for induction of anesthesia and sevoflurane plus 

propofol for maintenaince of anesthesia. Steroids were given at the discretion of the cardio-

anesthesiologist. As part of standard care, a pulmonary artery catheter was inserted for 

peri-operative monitoring. Cardiopulmonary bypass was performed under mild to moderate 

hypothermia (28oC-34oC), using a membrane oxygenator and a non-pulsatile blood flow. 

During the procedure, lungs were deflated. After the procedure, all patients were transferred 

to the ICU with mechanical ventilation. Patients were ventilated in a pressure controlled mode 

with tidal volumes targeted at 6 ml/kg.

Non-directed broncho-alveolar lavage technique

Within 3 hours post operatively, a non-directed broncheo-alveolar lavage was performed 

by instilling 20 ml of sterile 0.9% saline via a 50 cm, 14 gauge tracheal suction catheter 
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as described previously.[24,25] In short, the distal end of the catheter was introduced via 

the endotracheal tube. Immediately after instillation of 20 mL over 10–15 seconds, fluid was 

aspirated before withdrawal of the catheter. 

Specimen processing and assays

Bronchoalveolar fluid (BALF) and blood samples were centrifuged at 1500× g for 15 minutes 

and supernatant was stored at −80°C until assays were performed. Interleukin (IL)-1β, IL-4, 

IL-6, IL-8, Tumor Necrosis Factor alpha (TNFα), von Willebrand Factor (VWF), prothrombin 

fragment 1 and 2 (F1+2), thrombin-antithrombin complexes (TATc), and plasminogen 

activator inhibitor type 1 (PAI-1) were measured using specific commercially available 

ELISAs according to the instructions of the manufacturer (IL-1β, IL-4, IL-6, IL-8 and TNFα from 

PeliKine-compactTM, Sanquin, Amsterdam, The Netherlands; PAI-1 from Hyphen BioMed, 

Andrésy, France; VWF antibodies from Dako, Glostrup, Denmark; F1+2 and TATc from 

Siemens Healthcare Diagnostics, Marburg, Germany). D-dimer levels were determined with 

a particle-enhanced immunoturbidimetric assay (Innovance D-Dimer, Siemens Healthcare 

Diagnostics). Elastase-alpha (1)-antitrypsin complex (EA) [26] were measured by ELISA 

according to instructions from the manufacturer (Sanquin, Amsterdam, The Netherlands)

Plasminogen activator activity % (PAA%) was measured by an amidolytic assay.[27] Briefly, 

25 μl of plasma was mixed to a final volume of 250 μl with 0.1 M Tris-Cl, pH 7.5, 0.1% (v/v) 

Tween-80, 0.3 mM S-2251 (Chromogenix, Mölndal, Sweden), 0.13 μM plasminogen, and 

0.12 mg/ml CNBr fragments of fibrinogen (Chromogenix, Mölndal, Sweden). The results are 

expressed as %. Assays were performed batchwise to keep inter-assay variability as low as 

possible. 

Data collection

Pre-operative European System for Cardiac Operative Risk Evaluation (EuroSCORE), 

physical status classification system according to the American Society of Anesthesiologists 

(ASA-score), predicted Vital Capacity, Forced Expiratory Volume in 1 second (FEV₁) and 

left ventricular function were determined. Left ventricular function was categorized as good 

(ejection fraction (EF) > 45%), moderate (EF <45 % but > 30%) or bad (EF ≤ 30%). Data 

on total operation room (OR) time, clamp time and time on cardiopulmonary bypass were 

extracted from the electronic patient data system. Duration of mechanical ventilation and 

PaO₂/FiO₂ ratio at  the time of lavage were scored. Data on storage time of RBCs were 

obtained from the National Blood Bank. Suspected TRALI was scored using the consensus 

definition of ALI (new onset hypoxemia or deterioration demonstrated by a PaO2/FiO2 < 300 

mmHg, within 6 hours after transfusion, with bilateral pulmonary changes, in the absence of 

cardiogenic pulmonary edema) [28-30]. Cardiogenic pulmonary edema 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, pre-operative a history of heart failure or 
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valve dysfunction ejection fraction < 45% as estimated by echocardiogram and a positive fluid 
balance. Chest radiographs were scored for the presence of new onset bilateral interstitial 
abnormalities by two independent physicians who were blinded to the predictor variables. 
When interpretation differed, chest radiograph and the description by the radiologist were 
reviewed to receive consensus. 

Statistics 

Data were checked for distribution. Data are expressed as mean (±SD) or median (IQR) 
where appropriate and in graphs as boxplots, lower hinge defined as the 25th percentile and 
upper hinge as the 75th percentile. Normal distributed data were analyzed using ANOVA 
analysis and Dunnett post-hoc test. Non-parametric data were analyzed with Kruskal Wallis 
and Mann-Whitney-U test. A P value of <0.05 was considered statistically significant. 

Statistical analysis was performed with SPSS 16.0. 

Results 

Patient characteristics are shown in Table 1. The multi-transfused group had a higher 
EuroSCORE compared to the other two groups. There were no differences in cardiac and 
pulmonary function between the groups, nor in clamp time. We found no difference in 
storage time of administered RBCs. PaO₂/FiO₂ ratio after 3 hours on the ICU did not differ 
between multiple-, restrictive- and non-transfused patients (Table 1). There was no difference 
in peri-operative use of dexamethason between groups. Multi-transfused patients, however, 
received prolonged mechanical ventilation compared to restrictively and non-transfused 
patients (Table 1). Of the transfused patients, only 2 met the clinical diagnosis of suspected 
TRALI.

Effect of blood transfusion on pulmonary and systemic inflammation 
Transfusion was associated with an increase in levels of TNFα, IL-1β and IL-8 in the BALF 
when compared to non-transfused patients (fig. 1). Multiple transfused patients had higher 
levels of IL-8 compared to restrictively transfused patients. Transfusion tended to increase 
pulmonary IL-6 and EA, and to decrease IL-4 levels compared to non-transfused controls 
(fig. 1). 

In the systemic compartment, multiple transfusion was associated with an increase in TNFα 
compared to restrictive and non-transfused patients (312 (345) vs. 64 (127) vs 182 (190) 
pg/ml resp., P<0.01). EA levels in plasma were non-significantly elevated after multiple 
and restrictive transfusion compared to non-transfused controls (287 (441) vs 256 (254) vs 
202 (249) ng/ml resp., P=0.50) (data not shown in a graph). Other markers of systemic 
inflammation, including plasma levels of Il-1β, IL-4, IL-6 and IL-8 were not clearly affected by 

blood transfusion (data not shown). 
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Table	1.  Demographics, baseline characteristics and peri-operative data of cardiac surgery patients. 

Non-transfused Transfused P-value

	(n=17) Restrictive	(n=18) Multiple	(n=10)

Age, yearsΦ 64 (±11) 64 (±15) 71 (±6) 0.231

Sex, male† 15 (88) 11 (61) 5 (50) 0.078

EuroSCOREΦ 3.8 (±1.8) 4.2 (±2.4) 8.5  (±4.4) 0.013

ASA-scoreΦ 2.8 (±0.6) 3.0 (±0.4) 3.2 (±0.4) 0.067

Left ventricular function†

Bad
Moderate
Good

0 (0)
6 (35)
11 (65)

0
4 (22)
14 (78)

1 (10)
4 (40)
5 (50)

0.168
-
-
-

FEV1, % predicted# 91 (24) 98 (25) 84 (23) 0.281

Type of surgery†

CABG
Valve replacement
Other

12 (71)
2 (12)
3 (18)

9 (50)
6 (33)
3 (18)

5 (50)
1 (10)
4 (40)

0.763
-
-
-

Clamp time, min# 55 (47) 67 (54) 79 (62) 0.151

Pump time, min# 99 (60) 90 (68) 107 (90) 0.181

OR-time, min# 313 (126) 315 (95) 339 (156) 0.201

CVP, mmHgΦ 7.7 (5.9) 7.7 (5.6) 7.8 (9.6) 0.855

CO, liters/min# 4.7 (1.7) 3.8 (2.9) 4.4 (2.2) 0.269

Storage time RBCs, in 
days#

- 14.5 (10) 15.0 (8) 0.481

PaO2/FiO2 ratioΦ 289 (±153) 343 (±94) 305 (±106) 0.458

Hb at ICU, mmol/LΦ 5.7 (±0.7) 5.6 (±0.7) 5.0 (±0.4) 0.055

aPTT at ICU, sec# 26 (4) 27 (3) 34 (7) 0.001

PTT at ICU, sec# 12 (0.5) 12 (1.3) 18 (2.1) 0.001

MV, total on ICU, hours# 10 (8) 14 (9) 19 (6) 0.009

EuroSCORE: European System for Cardiac Operative Risk Evaluation; ASA-score: physical status classification system 
according to the American Society of Anesthesiologists; FEV1: forced expiratory volume in 1 second, given in % of 
predicted; CVP: central venous pressure; CO: cardiac output; ICU: intensive care unit; OR= operation room time; 
RBCs: red blood cells; Hb: Hemoglobine. aPTT: activated partial thromboplastin time; PTT: partial thromboplastin time. 
MV: mechanical ventilation. Data are presented in † counts (percents), Φ mean (±SD) or in # median (IQR).

The BALF/plasma ratio of transfused patients for IL-1β, IL-4 and IL-8 was evidently greater 

than 1 (141; 10 and 375 resp.), indicating that inflammation is more pronounced in the 

pulmonary compartment. For the other cytokine levels, the mean ratio had a value of around 

1, indicating that the level of the cytokines in the pulmonary compartment equalled the level 

in the systemic compartment after transfusion. In the non-transfused group, the BALF/plasma 

ratio for IL-1β, IL-4 and IL-8 was greater than 1 (6, 12 and 12 resp.), whereas the ratio for IL-6 

and TNFα was clearly below 1 (0.22 and  0.15 resp.). 
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________________________________________________________________________________________________

Figure	1. Cytokine levels in the bronchoalveolar fluid of cardiac surgery patients. 



















 

 



























 



























 






















 





  

















 






  
















 





Non: non-transfused (n=17); Restrictive: 1-2 units of blood transfused (n=18); Multiple: ≥ 5 units of blood transfused 
(n= 10). ***P< 0.001, **P< 0.01, *P<0.05; ns: not significant. EA: Elastase-alpha(1)-antitrypsin complex. BALF: 
bronchoalveolar fluid. Non-parametric test were used for analysis. ________________________________________________________________________________________________

Effect of blood transfusion on pulmonary and systemic coagulation and fibrinolysis 

Multiple blood transfusions were associated with activation of pulmonary coagulation, 

exemplified by an increase in BALF levels of TATc compared to restrictive- and non-

transfused controls (fig. 2). For D-dimer, we found higher levels after both restrictive and 

multiple transfusions compared to non-transfused controls (fig. 2). BALF levels of PAA% were 
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lower in multiple transfused patients compared to restrictive transfused patients and non-

transfused controls, indicative of impaired fibrinolysis. The decrease in PAA% may have been 

due to an increase in BALF levels of PAI-1 in transfused patients compared to non-transfused 

patients (fig. 2). Levels of VWF and F1+2 were not significantly different between groups 

(data not shown).

________________________________________________________________________________________________

Figure	2. Markers of coagulation and fibrinolysis in the bronchoalveolar fluid of cardiac surgery patients. 









 







 

























 









  














 



  





















 





Non: non-transfused (n=17); Restrictive: 1-2 units of blood transfused (n=18); Multiple: ≥ 5 units of blood transfused 
(n=10). ***P< 0.001, **P< 0.01, *P<0.05.  TATc: thrombin-antithrombin complexes; PAA(%): plasminogen activator 
activity%; PAI-1: plasminogen activator inhibitor type 1;BALF: bronchoalveolar fluid. Non-parametric test were used for 
analysis for TATc and PAI-1, a parametric test was used for PAA. ________________________________________________________________________________________________

Transfusion had a clear effect on markers of coagulation in the systemic compartment. In 

plasma, we found a significant higher level of TATc in transfused patients compared to non- 

transfused controls (fig. 3). Also, fibrinolysis was attenuated, as indicated by a decrease in 

the level of PAA% in transfused patients compared to non-transfused controls (fig. 3). Levels 

of D-dimer, VWF and F1+2 were not significantly different between groups (data not shown). 

 The response to transfusion was clearly dose-dependent for TATc in BALF and plasma, 

as shown in fig. 4 (Pearson correlation ρ 0.694, p < 0.001 and ρ 0.730, p < 0.001, resp.), but 
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was also apparent for TNFα and PAA in plasma and for IL-1β, PAA and PAI-1 in BALF (data 

not shown).

________________________________________________________________________________________________

Figure	3. Plasma levels of TATc and PAA(%) in 
cardiac surgery patients. 

Figure	 4. Thrombin-antithrombin complexes 
(TATc) in BALF (4.A) and plasma (4.B) according 
to the total amount of blood products given per 
patient.

  















 





  









 



 



    
















 





    










   




 





Non: non-transfused (n=17); Restrictive: 1-2 units of blood transfused (n=18); Multiple: ≥ 5 units of 
blood transfused (n=10). ***P< 0.001, **P< 0.01, *P<0.05.  TATc: thrombin-antithrombin complexes; 
PAA(%): plasminogen activator activity %. Non-parametric test were used for analysis for TATc and a 
parametric test was used for PAA. 
________________________________________________________________________________________________

The BALF/plasma ratio of transfused patients for D-dimer, TATC and PAA% was evidently 

smaller than 1 (0.16; 0.28 and 0.36 resp.), and in non-transfused controls the BALF/plasma 

ratio was also smaller than 1 (0.01; 0.42 and 0.40 resp.), indicating that activation of 

coagulation and impaired fibrinolysis were more pronounced in the systemic compartment. 

Multiple transfused patients had a higher risk of complications following surgery compared to 

restrictive and non-transfused patients, exemplified by a higher EuroSCORE. The EuroSCORE 

is calculated using age as well as pulmonary and myocardial function. To account for 
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confounding patient-related effects,  we stratified patients according to their EuroSCORE 

in low (0-2, n=8), moderate (3-5, n=19) or high (≥ 6, n=16) risk [31] and re-analyzed the 

data according to these groups. We found no difference in the BALF levels of markers of 

inflammation and coagulopathy between groups, nor in plasma levels (data not shown). 

Also, duration of mechanical ventilation (14(8) vs 12(12) vs 14(15) hours resp., P 0.368) was 

not different between patients when stratified according to the EuroSCORE

Discussion

In this study, blood transfusion during cardiac surgery is associated with a marked pulmonary 

inflammatory reaction, partly in a dose-dependent manner, characterized by enhanced levels 

of pro-inflammatory cytokines, and bronchoalveolar activation of coagulation and inhibition of 

fibrinolysis. Transfusion also is associated with systemic activation of coagulation, impaired 

fibrinolysis and to a lesser extent in systemic inflammation.  Furthermore, we confirm that the 

amount of transfusion is associated with longer mechanical ventilation in the ICU.

The finding that blood transfusion is associated with inflammation and activation of 

coagulation and impaired fibrinolysis in the lungs may indicate a mechanism of the observed 

association between transfusion and post-operative morbidity in cardiac surgery patients.

[8] Transfusion has been shown before to up-regulate inflammatory genes and cytokine 

production.[32-34] To our knowledge, data on pulmonary effects are limited. In this study, 

the pulmonary inflammatory response after transfusion was characterized by an elevation 

of IL-1β, IL-8 and TNFα. In accordance, packed red blood cells were found to stimulate 

leukocyte IL-8 gene expression in vitro and to activate neutrophils to release IL-8.[32,35] Also, 

donor plasma was shown to activate peripheral mononuclear cells to produce a wide array 

of inflammatory mediators, including IL-1β, IL-6, TNFα and IL-8 in vitro.[34] Furthermore, 

there is a trend towards higher levels of IL-6 and EA, and lower levels of the anti-inflammatory 

cytokine IL-4 after transfusion. These same cytokines are known to be involved in ALI/ARDS.

[16] Concurrently, BALF levels of IL-6 and IL-8 are correlated with development of ARDS[36] 

and high BALF levels of TNF, IL-1, IL-6 and IL-8 were associated with increased mortality.[37] 

Inflammation and coagulation have tight interaction, i.e. they stimulate each other in both 

pro-inflammatory and pro-coagulant directions.[36,38]

 We found that blood transfusion is associated with activation of pulmonary coagulation 

and impairment of fibrinolysis. Coagulopathy is a distinct feature of ALI/ARDS due to 

other causes [16,20,21], contributing to morbidity and mortality.[39] In animals, massive 

transfusion resulted in extensive numbers of microemboli in the pulmonary vasculature.

[40] As the endothelium initiates and regulates coagulation [41], it can be hypothesized that 

coagulopathy may also play a role in ALI following the systemic ‘hit’  of a blood transfusion. 

In accordance, we recently showed that lung injury following transfusion was characterized 
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by profound pulmonary and systemic coagulopathy in a two-hit murine transfusion model.

[42,43] Also in this study, transfusion was associated with clear systemic activation of 

coagulation, whereas systemic inflammation was only mild. A possible mechanism of the 

observed coagulation dereangements may be activation of coagulation factor IX by the 

membrane of erythrocytes, which in turn is capable of activating factor X, leading to thrombin 

generation.[44] Of interest is the finding that transfusion was dose-dependently associated 

with an increase in the levels of PAI-1, since an increase in PAI-1 levels is of prognostic 

significance in patients with ALI/ARDS[39], sepsis[45] and pneumonia.[46] Therefore, it may 

be a marker of pulmonary complications.

The observed effects of transfusion were dose-dependent, at least partially. In agreement, 

observational studies show that the number of erythrocytes transfused is associated with the 

onset of TRALI as well as with adverse outcome.[7,47] However, these observational data can 

not distinguish between confounding and causation.[13,15] The finding of a dose-dependent 

relationship for the observed inflammatory reaction may contribute to the suggestion that 

transfusion is a mediator of lung injury and not merely a marker. Of note, not all parameters 

were dose-dependently affected. However, given that markers showed the same trend, we 

propose that this may be due to small sample size. 

The finding that a single transfusion already elicits pulmonary inflammation, and that these 

alterations are dose-dependent, support a restrictive transfusion strategy. However, blood 

transfusion can not be avoided altogether, in particular not in cardiac surgery patients, calling 

for other strategies to limit pulmonary complications following transfusion. In cardiac surgery 

patients, an association between non-leukoreduced blood transfusion and mortality was 

found.[48] Although leukoreduction reduces levels of cytokines in stored blood, adverse 

transfusion-related outcome continues to occur.[49] In line with these data, we show that 

leukoreduced blood enhances inflammation and coagulation in the lung in cardiac surgery 

patients. Thus, leukoreduction may not protect against the occurrence of ALI. Storage time 

has been implicated in increased risk of postoperative complications as well as reduced 

short-term and long-term survival in patients undergoing cardiac surgery.[3] Since we found 

no difference in RBC storage time between restrictive and multiple transfused patients, 

storage time did not account for the observed differences between the groups. 

This study has several limitations. Multiple transfused patients had a higher EuroSCORE 

than restrictive- and non-transfused patients and displayed a trend for a longer time on the 

cardiopulmonary bypass machine. Thereby, EuroSCORE and duration of cardiolpulmonary 

bypass may have contributed to the pro-inflammatory response and derangement of 

coagulation. Therefore, we performed a separate analysis stratifying groups according to low, 

moderate and high EuroSCORE. We found no difference in levels of inflammatory cytokines 
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and markers of coagulopathy between groups. These results suggest that the observed 

effects were attributable to blood transfusion. In line with this, some effects of transfusion 

were apparent already after restrictive transfusion and this patient group did not differ in 

EuroSCORE and time on bypass compared to non-transfused controls. In accordance, in a 

previous study showing increased cytokine levels in transfused cardiac surgery patients, it 

was shown that transfusion, and not cardiopulmonary bypass, was the most important source 

for the inflammatory response.[33] In addition, in a prospective study on the mechanisms of 

TRALI in cardiac surgery patients, we recently found that cardiopulmonary bypass results in 

transient inflammation, which has subsided at the time of onset of TRALI.[50] Taken together, 

results may be compatible with the suggestion that blood transfusion mediates pulmonary 

inflammation. However, we can not exclude that other confounding factors unaccounted for, 

such as pumptime, may have played a role. Furthermore, our data can not be applied to a 

general ICU population, since we only studied cardiac surgery patients. A final limitation of 

this study is the use of multiple comparisons, which can yield a significant difference that 

actually relies on chance.  However, for the majority of differences, P-value was below 0.01.

Conclusions

We show that transfusion is associated with pulmonary and systemic inflammation and 

activation of coagulation and impaired fibrinolysis, an effect that was in part dose-dependent. 

These data may indicate that transfusion is a mediator of lung inflammation in patients 

after cardiac surgery and not merely a marker of disease. Insight in the effects of a blood 

transfusion may contribute to the risk-benefit assessment of the decision to transfuse cardiac 

surgery patients.
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Abstract

Background: Cardiac surgery is frequently complicated by an acute vascular lung injury and 

this may be mediated, at least in part, by the (soluble) receptor for advanced glycation end 

products (sRAGE). 

Methods:  In two university hospital intensive care units, circulating sRAGE was measured 

together with the 68Gallium-transferrin pulmonary leak index (PLI), a measure of pulmonary 

vascular permeabiliy, in 60 consecutive cardiac surgery patients stratified by the amount of 

blood transfusion, within 3 hours of admission to the intensive care. 

Results: Cardiac surgery resulted in elevated plasma sRAGE levels compared to baseline 

(315±181 vs 110±55 pg/ml, P=0.001). In 37 patients the PLI was elevated 50% above 

normal. The PLI correlated with sRAGE (r2 = 0.11, P = 0.018). Plasma sRAGE discriminated 

well between those with an elevated PLI and those with a normal PLI (area under the operator 

curve 0.75; P = 0.035; 95% CI 0.55-0.95), with 91% sensitivity but low specificity of 36% at a 

cutoff value of 200 pg/mL. Blood transfusion did not influence sRAGE levels.

Conclusions: The data suggest that lung vascular injury after cardiac surgery is, at least in 

part, mediated by sRAGE and that sRAGE may serve as an indicator of lung injury. The level 

of sRAGE is not affected by transfusion.
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Background

Cardiac surgery is frequently complicated by acute lung injury (ALI) which, together with 

postoperative atelectasis, may prolong length of stay in the intensive care unit (ICU) [1]. 

ALI following cardiac surgery may be associated with trauma, use of cardiopulmonary 

bypass, blood transfusions and others [1,2]. The pulmonary leak index (PLI) can be used as 

a measure of alveolocapillary permeability, which plays a pivotal role in the pathogenesis of 

ALI/acute respiratory distress syndrome (ARDS) in critically ill patients [3], for instance after 

cardiac surgery [4]. 

 The mechanism for endothelial changes in increased alveolocapillary permeability 

after cardiac surgery remains unknown. The receptor for advanced glycation end products 

(RAGE) is a multi-ligand cell-surface receptor, that may be involved in alveolocapillary 

inflammation [5]. Some of its ligands form in the presence of hyperglycaemia or oxidant 

stress and are termed advanced glycation endproducts (AGE). RAGE-ligand interactions 

propagate inflammatory responses [6]. RAGE is expressed in systemic vascular endothelium 

and nervous tissues, but the highest basal levels of RAGE are displayed by alveolar epithelial 

type 1 cells [7]. Accordingly, soluble RAGE (sRAGE) has been postulated as a potential 

plasma marker of type I cell injury [8-11]. In ALI, sRAGE is released into the alveolar and 

plasma compartments [8] and high circulating levels are associated with severe ALI/ ARDS 

[9,10]. Also, cardiopulmonary bypass is associated with elevated plasma sRAGE levels [12], 

as is blood transfusion [11]. AGEs may form in stored red blood cells and may ligate RAGE 

expressed on endothelial cells, resulting in oxidative damage in vitro [13]. 

 To elucidate the mechanistic role of sRAGE in alveolocapillary injury after cardiac surgery, 

we hypothesized that plasma sRAGE elevation following cardiac surgery is associated 

with increased pulmonary vascular leakage. Additionally, we investigated the role of blood 

transfusion as a determinant of plasma sRAGE.

Me thods

Setting. The study is a secondary analysis of samples from a prospective case-control study 

(Medical Ethical Commission Academic Medical Center, Amsterdam, The Netherlands, 

MEC07/098#07.17.0539) in the mixed medical-surgical ICUs of two university hospitals in 

The Netherlands performed in 2006-2009 [14]. With approval from the ethical committee, 

patients 18 years or older were asked written informed consent for participation in the study 

prior to valvular and/or coronary artery surgery. Exclusion criteria were off-pump surgery, 

emergency surgery and the use of immunosuppressive drugs. 

 Design. For PLI measurements, a nested case-cohort study was performed. Cardiac 

surgery patients were included for analysis after they had received no blood product 

transfusion perioperatively (n=20), a limited transfusion regimen of 1-2 transfusions (n=20) 
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or multiple transfusions (> 2 units of red blood cells, 2 units of fresh frozen plasma (FFP) and 

1 unit of platelets pooled from 5 donors (n=20). Blood samples were taken before surgery.  

In these 60 patients, within 3 hours post operatively, a PLI measurement and non-directed 

bronchoalveolar lavage (NBL) were performed. 

 Cardiothoracic surgery/anesthesia procedures. Patients were anesthetized according 

to local protocol, with lorazepam, etomidate, sufentanil, and rocuronium for induction of 

anesthesia and sevoflurane plus propofol for maintainance of anesthesia. Steroids were 

given at the discretion of the cardio-anesthesiologist. As part of standard care, a pulmonary 

artery catheter was inserted for peri-operative monitoring. In all patients, cardiopulmonary 

bypass was performed under mild to moderate hypothermia (28oC-34oC), using a membrane 

oxygenator and a non-pulsatile blood flow. During the procedure, lungs were deflated. After 

the procedure, all patients were transferred to the ICU with mechanical ventilation using a 

pressure controlled mode with tidal volumes targeted at 6 ml/kg and positive end-expiratory 

pressure (PEEP). In the ICU adaptive support ventilation was used for automatic weaning 

in the postoperative phase. Red blood cells were transfused to maintain the haemoglobin 

concentration above 5.0 mmol/L (8.7 g/dL), Platelets and FFP were transfused in the case of 

(suspected) bleeding. Transfusions administered in the operation room or within the first 3 

hours postoperatively were included in the analysis.

 Patient data collection. Potential risk factors for ALI (and therefore an increased PLI) were 

scored. Data on operation-time, clamp-time and hours of mechanical ventilation on the ICU 

were recorded in the electronic patient data system. Cardiogenic pulmonary edema was 

identified when pulmonary arterial occlusion pressure was > 18 mmHg (during the study 

period all patients received a pulmonary artery catheter pre-operatively). Chest radiographs 

routinely taken before surgery and on arrival at the ICU were scored for the presence of new 

onset bilateral interstitial abnormalities by two independent physicians who were blinded to 

the predictor variables. Left ventricular function was categorized as good (ejection fraction 

(EF) > 45%), moderate (EF <45 % but > 30%) or poor (EF ≤ 30%), from pre-operative 

routine echocardiograms.

 Pulmonary leakage index (PLI). For the measurement of the PLI, as described previously 

[15], transferrin was labelled in vivo, after i.v. injection of 67Gallium (Ga)-citrate, 4 to 5 MBq 

(physical half-life 78 h; Mallinckrodt Diagnostica, Petten, The Netherlands). Patients were in 

the supine position and two scintillation detection probes (Eurorad C.T.T., Strasburg, France) 

were positioned over the right and left lung apices. Starting at the time of the i.v. injection of 
67Ga, radioactivity was detected during 30 min. The 67Ga counts are corrected for background 

radioactivity, physical half-life, spillover of 67Ga, obtained by in vitro measurement of 67Ga, 

and expressed as cpm per lung field. At 0, 5, 8, 12, 16, 20, 25 and 30 min after 67Ga injection, 

blood samples (2 ml aliquots) were taken. Each blood sample was weighed and radioactivity 

was determined with a single-well well-counter (LKB Wallac 1480 WIZARD, Perkin Elmer, 

Life Science, Zaventem, Belgium), taking background, spillover of 67Ga and decay into 

account. Results are expressed as cpm g–1. For each blood sample, a time-matched cpm 
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over each lung was taken. The radioactivity ratio was calculated as (67Galung)/(
67Gablood)

 and 

plotted against time. The PLI was calculated from the slope of increase of the radioactivity 

ratio divided by the intercept, to correct for physical factors in radioactivity detection. The PLI 

represents the transport rate of 67Ga-transferrin from the intravascular to the extravascular 

space of the lungs and is therefore a measure of pulmonary vascular permeability. The values 

for both lung fields are averaged. The upper limit normal for the PLI is 14.7x10–3 min–1 and the 

measurement error is ~10%. 

 Non-directed bronchoalveolar lavage technique.  Non-directed bronchoalveolar lavage 

was performed by instilling 20 ml of sterile 0.9% saline via a standard 50 cm, 14 gauge 

tracheal suction catheter as described previously [16,17]. In short, the distal end of the 

catheter was introduced via the endotracheal tube and advanced until significant resistance 

was encountered. Immediately after instillation over 10–15 seconds, fluid was aspirated 

before withdrawal of the catheter. Generally, 5–10 ml of fluid was recovered. 

 Assays. BALF and blood samples were centrifuged and stored at −80°C until assays 

were performed. In plasma and BALF, levels of sRAGE were determined by an ELISA 

developed in our laboratory [18]. In short, 96-well plates were coated overnight with mouse 

anti-human RAGE antibody (R&D systems, Minneapolis, Minnesota, USA). Samples diluted 

as appropriate were added and incubated for 2 hours. Next, biotinylated goat anti-human 

RAGE antibody (R&D Systems) was added and incubated for another 2 hours. Streptavidin 

poly-HRP was added for 30 minutes. Finally, sodium-acetate buffer (pH 5.5) containing 100 

microg/ml tetramethylbenzidine and 0.003% H₂0₂ was added and the colour reaction was 

stopped by MH₂SO₄. All measurements were made in duplicate.

 Statistical analysis. Data were checked for distribution by Kolmogorov-Smirnov test. 

Normally distributed data were analyzed using Students t test or ANOVA analysis and 

Dunnett post test. Non-parametric data were analyzed with Kruskal Wallis or Mann-Whitney U 

test. Linear correlation coefficients are reported where appropriate by Spearman correlation.  

Data are reported as mean (± SD) or median (IQR) when appropriate. Receiver-operating-

characteristic (ROC) curve was determined, the area under the curve and sensitivity and 

specificity derived. Statistical significance was defined as P < 0.05 and exact P values are 

given unless <0.001. Statistical analysis was performed with SPSS 18.0 

Results

Patient characteristics. Patients’ baseline and peri-operative characteristics are given in Table 

1. Surgery was uneventful in all patients, without the need for rethoracotomy. 

PLI and sRAGE. Cardiac surgery resulted in an elevated PLI with a mean of 30±18 (normal 

value < 14.1) x 10- 3 min-1. In addition, postoperative plasma sRAGE levels were increased 

compared to baseline (Fig. 1A). Levels of sRAGE did not differ according to stratification by 
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the number of blood transfusions (Fig. 1B). Following surgery, levels of sRAGE in BALF were 

more than 10-fold lower than in plasma (12 (15) vs 287 (192) pg/mL). 

Table	 1. Demographic and peri-operative characteristics in cardiac surgery patients according to 
pulmonary leakage index (PLI). 

PLI	<	1.5
(n=	23)

PLI	>	1.5
(n=37)

P

Age, yearsΦ 66 (±14) 71 (±8.5) 0.43

Sex, male† 19 (82) 25 (68) 0.12

EuroSCOREΦ 4.9 (±3.2) 7.3 (±1.5) 0.45

ASA-scoreΦ 2.7 (±0.6 2.3 (±1.2) 0.67

Diabetes mellitus† 4 (17) 6 (16) 0.82

COPD† 2 (9) 3 (8) 0.87

Left ventricular function†

Bad
Moderate
Good

0 (0)
8 (35)
15 (65)

1 (3)
9 (24)
23 (62)

0.65

FEV1Φ 80 (±34) 103 (±20) 0.16

Surgery	data

CABG† 15 (65) 15 (40) 0.06

Valve replacement† 1 (4) 9 (24) 0.09

Other type of surgery† 7 (30) 13 (35) 0.27

Clamp time, minΦ 77 (±35) 87 (±29) 0.20

Pump time, minΦ 114 (±48) 114 (±33) 0.26

Operation-time, minΦ 292 (±81) 333 (±27) 0.02

Perioperative data

Red blood cells, unitsΦ 1.5 (±3.4) 2.7 (±3.2) 0.36

Fresh frozen plasma, unitsΦ 1.2 (± 2.4) 1.2 (±2.1) 0.93

Platelets, unitsΦ 0.4 (±0.6) 0.6 (±0.8) 0.13

Postoperative data

CVP, mmHgΦ 11 (±5) 12 (±6) 0.35

Cardiac output, liters/min# 5.1 (1.1) 4.3 (0.3) 0.23

Mechanical ventilation, hoursΦ 11.7 (±6.2) 16.9 (±25.8) 0.33

PaO₂/FiO₂ ratio# 336 (162) 280 (112) 0.02

PLI was dichotomized around 1.5 x elevated above upper limit of normal or not. EuroSCORE: European System 
for Cardiac Operative Risk Evaluation; ASA-score: physical status classification system according to the American 
Society of Anesthesiologists; FEV1: forced expiratory volume in 1 second, given in % of predicted; CVP: central venous 
pressure, measured at time of PLI measurement; Cardiac output and PaO2/FiO2 ratio idem; Data are presented in † 

counts (percents), Φ mean (±SD) or in # median (IQR) when appropriate.
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________________________________________________________________________________________________

Figure	1. A: Levels of sRAGE in plasma before 
and after cardiac surgery. B: Levels of sRAGE in 
plasma BALF after surgery according to amount 
of transfused products. 

Figure	 2. sRAGE in plasma and BALF after 
cardiac surgery in patients with a pulmonary 
leakage index (PLI) of ≤ 1.5 or > 1.5 times 
the upper limit of normal (< 14.1 x 10-3min-1); 
*P =0.038. Data are presented as median + 
interquartile range. 

   













 





 




 



















 
 
 

 






 



















   

   

 






 







Non: non-transfused patients; Limited: 1-2 units of blood transfused; Multiple: ≥ 5 units of blood transfused. *** P < 
0.001. Data are presented as median + interquartile range.
________________________________________________________________________________________________

Patients were arbitrarily divided in a group with a strongly elevated PLI (>1.5 x upper limit of 

normal) and a less elevated PLI (<1.5 x upper limit of normal). The group with high PLI had a 

lower PaO₂/FiO₂-ratio than the group with lower PLI. Patients with a more elevated PLI had a 

longer duration of surgery, but not of clamp- and pump time. Patients with a strongly elevated 

PLI (>1.5 x upper limit of normal) had a higher level of sRAGE in plasma compared to those 

with a less elevated PLI (Fig. 2). The levels of sRAGE in BALF did not differ between patients 

with a strongly elevated or less elevated PLI. There was a small but positive relation between 
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plasma sRAGE and PLI (r 0.32, r2 = 0.11, P = 0.018). The area under the curve of the ROC-
curve applied to plasma sRAGE and PLI was 0.75 (P = 0.035; 95% CI 0.55-0.95), which 
represents acceptable discrimination (Fig. 3). For plasma sRAGE, a cut-off value of 200 pg/
mL was found to have a good sensitivity of 91% but low specificity of 36% for an elevated PLI. 

Patients with bilateral pulmonary changes on chest X-ray at admission to the ICU (n=5) had 
a significant lower P/F ratio compared to patients without these changes (n=54) (188 (60) 
vs 315 (105), P= 0.025) as expected.  In addition, in these patients levels of BALF sRAGE 
were elevated compared to patients with non-significant pulmonary changes on chest X-ray 
(97 (168) vs 18 (21) pg/mL, P <0.001). Also, PLI was more elevated in these patients (45 
(30) vs 28 (16) x 10-3 min-1, P =0.050). As groups differed in operation time, which may be a 
confounder in the increase in sRAGE, patients were divided according to median operation 
time and re-analyzed. No difference was found in the median level of plasma sRAGE stratified 

for operation time (267 (205) vs 298 (201) pg/ml. resp., P = 0.191)
________________________________________________________________________________________________
Figure	3.	The ROC-curve applied to sRAGE in plasma after cardiac surgery in patients with a pulmonary 
leakage index of ≤ 1.5 or > 1.5 times the upper limit of normal (< 14.1 x 10-3min-1). 

     












  









________________________________________________________________________________________________

Discussion

This study suggests that sRAGE levels, a biomarker of pulmonary tissue damage, are elevated 
in plasma after cardiac surgery and may serve as an indicator of pulmonary vascular injury, 
independent of blood product transfusion. Increased sRAGE levels suggest a mediating role 
of endogenous AGES in alveocapillary inflammation after cardiac surgery.
 Plasma levels of sRAGE were enhanced after lung transplantation and in ALI/ARDS, and 
directly associated with a poor clinical outcome [8,10]. In addition, an increase in plasma 
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sRAGE was found in cardiac surgery patients after cardiopulmonary bypass [12]. We now 
demonstrate that sRAGE is linked to increased pulmonary capillary permeability and a 
decrease in oxygenation, suggesting a mediator role in lung injury after cardiac surgery. 
The higher plasma sRAGE levels were associated with a more elevated PLI, which is an 
established early marker of increased capillary permeability in the lung [19], so that the 
elevated plasma sRAGE and PLI may both reflect endothelial injury in the lungs occurring 
during cardiac surgery, even before the clinical criteria of ALI are met [20]. The possible 
diagnostic value of sRAGE in lung injury found in our study may be specific for cardiac 
surgery patients, since sRAGE was recently found not to be predictive of lung injury in other 
critically ill patients [21]. However, our results are in line with a previous study in children 
which found plasma sRAGE to enable prediction of acute lung injury after cardiac surgery 
[22]. We hypothesize that during progression of lung injury, sRAGE production by alveolar 
cells may become more prominent and higher levels of sRAGE in BALF may be found as 
suggested before [8], since we found higher levels of sRAGE in BALF in patients with marked 
pulmonary findings on chest X-ray. In line with reflecting lung vascular injury, patients with a 
more elevated PLI had a lower PaO₂/FiO₂ ratio and longer duration of mechanical ventilation. 
 In contrast to the association between the volume of blood transfused and the plasma 
levels of sRAGE [11], we did not observe a relation between blood product transfusion and 
sRAGE, suggesting that upregulation and shedding of the receptor in pulmonary endothelium 
was caused by endogenously released AGE. Conversely, the use of cardiopulmonary bypass 
elevating sRAGE may have been instrumental, as suggested before [11,12,23]. Alternatively, 
the rise in plasma sRAGE may be a reflection of alveolar epithelial cell injury, possibly 
caused in part by deflation of the lungs during surgery. Since in our patients plasma levels 
were 10-fold higher then in BALF, a systemic production of sRAGE seems more likely then 
alveolar sRAGE production in this study, unless mainly involving pulmonary endothelium 
and intravascular shedding. Of note, one must take into account that the BALF samples are 
diluted to some account. 
 Previous experimental data suggest that sRAGE may neutralize the ligand-mediated 
damage by acting as a decoy, thus protecting sensitive cells from the deleterious effects 
of ligand-RAGE hyperactivity [24,25]. In line, blocking of RAGE-ligand interaction by 
recombinant sRAGE was protective in murine models of lung injury [26] and ischemic heart 
injury [27]. Furthermore, determining sRAGE early in the course of lung injury may be of 
therapeutic significance, because patients with higher sRAGE levels have been shown to 
benefit the most from lung protective mechanical ventilation [9]. Our results contribute to the 
rationale of exploring the therapeutic potential of RAGE as an interventional target in patients 
at risk of developing ALI/ARDS. 
 This study has several potential limitations. Although we corrected for possible 
confounding by dividing patients according to operation time, we can not exclude confounders 
unaccounted for. In addition, we performed an in house ELISA and levels were about 4 times 
lower than those measured in studies using commercially available kits [12]. However, levels 

were comparable to a previous study in our centre [18].  
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Conclusions

sRAGE is elevated in plasma after cardiac surgery and indicates increased pulmonary 

vascular permeability. The level of sRAGE is not affected by transfusion.
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Abstract

Background:Transfusion related acute lung injury (TRALI) has a high incidence in cardiac 

surgery patients and contributes to an adverse outcome. Damage-associated molecular 

pattern molecules (DAMPs) HMGB1 and S100A12, are thought to mediate inflammatory 

changes in ARDS. We aimed to determine whether DAMPs are involved in the pathogenesis 

of TRALI in cardiac surgery patients.

Methods: Secondary analysis of a trial in cardiac surgery patients; 14 TRALI cases were 

randomly matched with transfused and non-transfused controls. Pulmonary levels of HMGB1, 

S100A12 and sRAGE were determined.

Results: HMGB1 expression and levels of sRAGE in TRALI patients did not differ from 

controls. There was a trend towards higher S100A12 levels in TRALI patients compared to 

the controls. Furthermore, S100A12 levels were associated with increased levels of markers 

of pulmonary inflammation, prolonged cardiopulmonary bypass, hypoxemia and prolonged 

mechanical ventilation.

Conclusion: HMGB1 and sRAGE do not contribute to the development of TRALI. S100A12 

is associated with prolonged duration of cardiopulmonary bypass, pulmonary inflammation, 

hypoxia and prolonged mechanical ventilation and may be involved in the priming phase of 

acute lung injury in cardiac surgery patients. 
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Introduction

Transfusion-related acute lung injury (TRALI) is the leading cause of transfusion related 

morbidity and mortality. Incidence of TRALI is much higher in patients undergoing cardiac 

surgery compared to the general hospital population, significantly contributing to an adverse 

outcome [1]. TRALI is thought to result from the interaction of activated neutrophils with 

endothelial cells, thereby inducing endothelial damage, vascular leakage and pulmonary 

edema. However, precise pathways of TRALI are largely unknown.

 The receptor for advanced glycation end products (RAGE), which is abundantly expressed 

in the lung, is pivotal in the pro-inflammatory response in acute lung injury. RAGE is a multi-

ligand receptor expressed on type I alveolar cells, endothelium and neutrophils. Ligation of 

the RAGE receptor with damage associated molecular pattern molecules (DAMPs), including 

soluble RAGE (sRAGE), high-mobility group box 1 (HMGB1) and S100A12 (also known as 

EN-RAGE) induces NF-κΒ activation, leading to a pro-inflammatory response [2,3]. DAMPs 

have been shown to contribute to the inflammatory response in infectious conditions, but 

also in sterile inflammatory conditions such as acute pancreatitis, trauma and hemorrhagic 

shock [2,4].

 In lung injury inflicted by mechanical ventilation or by trauma, increased levels of HMGB1 

have been demonstrated and are associated with adverse outcome [5-8]. HMGB1 plays a 

role in neutrophil trafficking, as demonstrated by a study in which intratracheally instilled 

HMGB1 resulted in neutrophil accumulation, increased cytokine release and pulmonary 

edema [9]. Thereby, HMGB1 may play an important role in neutrophil mediated acute lung 

injury (ALI). S100A12 is thought to mediate the early phase of acute lung injury. In vitro 

experiments showed a direct pro-inflammatory effect of S100A12 on lung endothelial cells 

[10-12]. sRAGE is a marker of alveolar cell injury in ALI/ARDS [13] and increased levels 

have been demonstrated in ALI following trauma [14], injurious mechanical ventilation [15] 

and lung transplantation [16]. Interestingly, sRAGE levels were associated with both blood 

transfusion as well as with the use of cardiopulmonary bypass [16]. Of note, AGE formed in red 

blood cells was found to ligate to endothelial bound RAGE, resulting in endothelial damage 

[17]. Thereby, RAGE ligands may play a role in the neutrophil-endothelial interactions in the 

pathogenesis of TRALI.

 We performed a secondary analysis of a previous clinical trial in cardiac surgery patients, 

pulmonary levels of S100A12, HMGB1 and soluble RAGE were compared between patients 

developing TRALI and transfused and non-transfused controls. Furthermore we correlated 

these pulmonary levels of DAMPs to markers of lung injury. 
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Materials and Methods

Setting

The study is a secondary analysis of a trial in cardiac surgery patients performed in 2006-

2009 in a university hospital in the Netherlands [1]. With approval from the ethical committee, 

patients 18 years or older were asked written informed consent for participation in the study 

prior to valvular and/or coronary artery surgery. Exclusion criteria were off-pump surgery and 

emergency surgery.

Design

Patients were prospectively screened for the onset of TRALI up to 30 hours post surgery. 

Using the Canadian Consensus Conference definition [18], TRALI was defined as new onset 

hypoxemia or deterioration demonstrated by a PaO2/FiO2 < 300, occurring within 6 hours after 

transfusion, with bilateral pulmonary changes, in the absence of cardiac pulmonary edema 

[18-20]. Cardiogenic pulmonary edema was identified when pulmonary arterial occlusion 

pressure was >18 mmHg (during the study period all patients were peri-operatively monitored 

with a pulmonary artery catheter). Chest radiographs routinely taken before surgery and on 

arrival at the ICU were scored for the presence of new onset bilateral interstitial abnormalities 

by two independent physicians who were blinded to the predictor variables. 

 Sixteen TRALI cases were identified, of which non-directed bronchoalveolar lavage (NBL) 

fluid and plasma was available from 14 patients for analysis. TRALI cases were randomly 

matched with controls (transfused patients not developing ALI and patients not transfused 

not developing ALI, n=16 per group). 

Cardiothoracic	surgery,	anesthesia	procedures	and	ICU	management

Patients were anesthetized according to local protocol, with lorazepam, etomidate, sufentanil 

and rocuronium for induction of anesthesia and sevoflurane plus propofol for maintenance 

of anesthesia. As part of standard care, a pulmonary artery catheter was inserted for peri-

operative monitoring. In all patients, cardiopulmonary bypass was performed under mild 

to moderate hypothermia (28ºC-34ºC), using a membrane oxygenator and a non-pulsatile 

blood flow. During the procedure, lungs were deflated. After the procedure, all patients were 

transferred to the ICU with mechanical ventilation. The postoperative ICU protocol involved 

fluid infusions with normal saline and starch solutions and transfusion of leuko-depleted 

erythrocytes to maintain hemoglobin level above 8.5 g/dL. If indicated, norepinephrine 

was used to maintain a mean arterial blood pressure of 65 mmHg and dobutamine and/or 

milrinone were used to achieve a cardiac index of ≥2.5 L/min/m2. 
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Patient data collection

Preoperative European System for Cardiac Operative Risk Evaluation (EuroSCORE), the 

physical status according American Society of Anesthesiologists (ASA score), predicted vital 

capacity and forced expiratory volume in 1 second were determined. Left ventricular function 

was categorized in good (ejection fraction (EF) >45%), moderate (EF<45% but >30%) or 

bad (EF ≤ 30%). Data on operation-time, clamp-time and time on cardiopulmonary bypass 

were recorded in the electronic patient data system. Furthermore, the duration of mechanical 

ventilation, partial pressure of oxygen in arterial blood were registered. 

Plasma

Arterial blood samples, collected in EDTA tubes before cardiopulmonary bypass and after 

arrival at the ICU, were centrifuged at 1500 x g for 15 minutes at 4°C. The supernatant was 

stored at -80°C until sRAGE was measurement was performed. 

Analysis	in	plasma

Levels of sRAGE were determined by an enzyme-linked immunosorbent assay developed 

in our laboratory [21]. In short, 96-well plates were coated overnight with mouse anti-

human RAGE antibody (R&D systems, Minneapolis, Minnesota, USA). Samples diluted 

as appropriate were added and incubated for 2 hours. Next, biotinylated goat anti-human 

RAGE antibody (R&D Systems) was added and incubated for another 2 hours. Streptavidin 

poly-HRP was added for 30 minutes. Finally, sodium-acetate buffer (pH 5.5) containing 100 

microg/ml tetramethylbenzidine and 0.003% H2O2 was added and the color reaction was 

stopped by 1 N H2SO4. All measurements were made in duplicate.

Non-directed	bronchoalveolar	lavage	technique

At onset of TRALI, a non-directed bronchoalveolar lavage (NBL) was performed, controls 

were lavaged within 30 hours of ICU admission. No significant difference was observed 

concerning the timing of the bronchoalveolar lavage fluid (BALF) between the groups [1]. As 

described previously, a standard 50 cm, 14 gauge tracheal suction catheter was introduced 

via the endotracheal tube and advanced until significant resistance was encountered. 

Immediately after instillation of 20 ml of sterile 0.9% saline over 10-15 seconds, fluid was 

aspirated before withdrawal of the catheter. Generally, 4-8 ml of fluid was recovered. NBL 

samples were centrifuged at 1500 x g for 10 minutes at 4°C and stored at -80ºC until assays 

were performed [22]. 

Analyses	in	NBL	fluid

HMGB1 release was evaluated by Western blotting. BALF samples were mixed with 

3-fold concentrated Sodium Dodecyl Sulphate (SDS) sample buffer containing 6% 

β-mercaptoethanol in a 2:1 ratio and denatured for 5 minutes at 95°C. Twenty μl of 
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each sample was run on a 15% polyacrylamide gel and subsequently transferred to a 

polyvinylidene fluoride (PVDF) membrane (Pharmacia, Piscataway, NJ). Cell extracts of 293T 

cells were included as positive control. After blocking with 5% non-fat dry milk in phosphate-

buffered saline + 0.05 % Tween-20 (PBS-T), the membrane was incubated overnight at room 

temperature with a rabbit polyclonal antibody directed against human HMGB1 (ab18256, 

Abcam, Cambridge, MA) in PBS-T with 1% non-fat dry milk followed by secondary labeling 

with a HRP-labeled goat-anti-rabbit IgG polyclonal antibody (Bioké, Leiden, the Netherlands) 

in PBS-T with 1% non-fat dry milk. PVDF membranes were developed using Lumilight plus 

ECL substrate (Roche, Darmstadt, Germany) and a chemoluminescence detector with a 

cooled CCD camera (Syngene, Cambridge, UK). The density of HMGB1 bands at 35 kD were 

measured using AIDA image analysis software (Raytest, Straubenhardt, Germany). HMGB1 

levels were compared to a standard curve prepared by serial dilution of 293T cell lysates 

which was run on the same gel with a lower detection limit of 500 cells. NBL fluid HMGB1 was 

then expressed in cell units (band densitometry correlated to the number of lysated cells). 

Levels of sRAGE were determined by an enzyme-linked immunosorbent assay developed in 

our laboratory as described above [21]. 

 Levels of S100A12 were analyzed by an ELISA (CircuLexTM, Nagano, Japan). Diluted 

samples were added to a microplate pre-coated with a monoclonal antibody specific for 

S100A12/EN-RAGE and incubated for 1 hour. After washing, HRP conjugated anti-S100A12/

EN-RAGE polyclonal antibody was added and incubated for 1 hour. Next, the substrate 

reagent tetra-methylbenzidine was added for 20 minutes. The reaction was stopped with 1 N 

H2SO4. All measurements were made in duplicate. Lower detection limit was 61 pg/ml.

As described previously, interleukin (IL)-1β, IL-6, IL-8 and tumor necrosis factor α (TNFα) were 

measured using specific commercially available ELISAs, according to the instructions of the 

manufacturer (IL-1β, IL-6, IL-8 and TNFα from PeliKine-compact™ kit, Sanquin, Amsterdam, 

the Netherlands) [22,23].

Statistical	analysis

Continuous data are expressed as mean and standard deviation (SD) or as medians and 

interquartile ranges (IQR) according to their distribution. Categorical variables are expressed 

as n (%). TRALI patients were compared with the control groups using one-way ANOVA and 

Dunnett post test for normally distributed data. Kruskall Wallis test and Mann-Whitney U test 

were used for non-normally distributed data. To compare categorical variables Chi-square 

test is used. Correlations were determined by Spearmans Rho. Because of the small size of 

the individual groups (TRALI and controls), associations were determined for the total group 

of patients.

 Statistical significance was defined as p<0.05. Statistical analysis was performed with 

SPSS 18.0.
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Results

Of a 1000 evaluated patients who underwent cardiac surgery, 16 patients developed TRALI. 

Of these, samples from 14 patients were available for analysis. Transfused patients who 

did not develop lung injury and non-transfused patients (n=16 for both) served as controls. 

Patient characteristics are shown in table 1. Patients in the TRALI group were older, had 

higher ASA scores and lower FEV1 values prior to surgery when compared to controls. 

There were no differences in cardiac function, nor in other risk factors for ALI, alcohol abuse, 

smoking and myocardial infarction (data not shown). TRALI patients more often underwent 

combined bypass and valve replacement surgery compared to controls. Operation time 

and cardiopulmonary bypass time were significantly longer in TRALI patients compared to 

controls. Patients developing TRALI received more red blood cells, fresh frozen plasma and 

platelets compared to transfused controls. Cases had a lower PaO2/FiO2 ratio compared to 

controls as well as a longer duration of mechanical ventilation. 

Table	1 Patient characteristics

Non transfused Transfused
P valueNo ALI

n=16
No ALI
n=16

TRALI
n=14

Patient data

Age, years* 63±13 65±10 74±8 0.024

Sex, male (%) 13 (81) 9 (56) 12 (79) 0.231

EuroSCORE* 3.8±2.8 5.4±3.2 6.4±2.9 0.070

ASA score# 3 (1) 3 (0) 3 (1) 0.003

FEV1, % predicted* 100±17 83±17 81±19 0.019

Left ventricular function                                                                                                       0.078

Bad (%) 0 (0) 3 (19) 1 (7)

Moderate (%) 3 (21) 1 (6) 6 (43)

Good (%) 11 (79) 12 (75) 7 (50)

Surgery	data																																																																																																																											 0.033

CABG (%) 11 (69) 9 (56) 6 (43)

Valve replacement (%) 3 (19) 3 (19) 0

CABG + valve replacement (%) 0 3 (19) 8 (57)

Other (%) 2 (12) 1 (6) 0

Peri-operative data

Red blood cells, units# NA 2.0 (1) 2.5 (2) 0.022

Fresh frozen plasma, units# NA 0.0 (2) 2.0 (2.8) 0.036

Platelets, units# NA 0.0 (0) 0.5 (1) 0.056

Clamp time, min* 74±38 92±37 114±45 0.038

Pump time, min* 104±43 137±51 165±58 0.015

Operation time, min* 313±66 381±104 414±81 0.013

MV, hours* 13.4±4.6 16.6±8,4 127.4±211 0.016

PaO2/FiO2 ratio* 223±108 170±78 118±44 0.007

*normally distributed data, expressed as means ± standard deviation (SD)
#not normally distributed data, expressed as median and interquartile range (IQR)
NA: not applicable
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Levels	of	cytokines	in	NBL	fluid

Pulmonary levels of pro-inflammatory cytokines IL-6 and IL-8 in NBL fluid were elevated in 

TRALI patients compared to controls, as described previously [22]. Pulmonary levels of IL-1β 

did not differ among TRALI patients (29.5 (4.1-204.2) pg/ml) compared to transfused (14.9 

(10.5-55.2) pg/ml) and non-transfused controls (10.1 (1.4-20.8) pg/ml), (median and IQR), 

(p=0.14). Median levels of TNF-α did not differ among the groups, with 29 (4-174) pg/ml 

in TRALI patients compared to 40 (13-72) pg/ml in transfused and 34 (13-44) pg/ml in non-

transfused controls (p=0.29).

Levels	of	sRAGE	in	plasma	and	NBL	fluid	of	cardiac	surgery	patients	with	TRALI	
and controls

In all patients, cardiac surgery resulted in a modest increase in plasma sRAGE levels 

compared to baseline values (figure 1). Following surgery, levels of sRAGE in NBL fluid were 

low, with 34.1 (14.7-135.9) pg/ml in TRALI patients, 97.1 (19.3-150.4) pg/ml in transfused 

controls and 71.8 (27.3-200) pg/ml in non-transfused controls, p=0.57 (median and IQR) and 

were not elevated compared to plasma levels. Both pulmonary and plasma levels of sRAGE 

did not differ between TRALI patients and controls (figure 1). 

________________________________________________________________________________________________
Figure	1:	sRAGE levels in plasma before and after cardiac surgery and sRAGE levels in NBL fluid after 
surgery. 












  
  
   

   




 





TRALI: TRALI cases. Transfusion: transfused patients who did not develop lung injury. No transfusion: patients not 
transfused and without lung injury. Data are expressed as median and interquartile range.________________________________________________________________________________________________

Levels	of	HMGB1	in	NBL	fluid	of	cardiac	surgery	patients	with	TRALI	and	controls	

No differences were found in pulmonary HMGB1 expression between patients with TRALI 

(712 ± 379 [cell units], mean and SD) and in transfused (605 ± 205 [cell units]) and non-

transfused controls (556 ± 123 [cell units]), p=0.86 (figure 2). There was a wide variation in 

expression of HMGB1. If dichotomized (detection versus no detection), no differences were 

found among the three groups (data not shown).
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________________________________________________________________________________________________
Figure	2:	Levels of HMGB1 in NBL fluid after cardiac surgery. 













   







 


 




	  
TRALI: TRALI cases Transfusion: transfused patients who did not develop lung injury. No transfusion: patients not 
transfused and without lung injury. Data expressed as mean and standard deviation. Western blot is representative for 
HMGB1 from a patient with TRALI (A) and two control patients (B and C).________________________________________________________________________________________________

Levels	of	S100A12	in	NBL	fluid	of	cardiac	surgery	patients	with	TRALI	and	controls

S100A12 could be detected at substantial levels in NBL fluid of all patients, with the highest 

median levels measured in TRALI patients (702 (77-1661) ng/ml compared to 388 (217-1199) 

ng/ml in transfused and 119 (71-349) ng/ml in non-transfused controls (figure 3), however 

this was a non-significant trend (p=0.15). 

________________________________________________________________________________________________
Figure	3:	Levels of S100A12 in NBL fluid after cardiac surgery. 











   

 





 





TRALI: TRALI cases Transfusion: transfused patients who did not develop lung injury. No transfusion: patients not 
transfused and without lung injury. Data expressed as median and interquartile range. ________________________________________________________________________________________________

There was a negative correlation between S100A12 levels and pO2 six hours post-operatively 

(ρ = -0.584, p = 0.014) and a positive correlation between levels of S100A12 in NBL fluid and 
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duration of mechanical ventilation (ρ = 0.445, p = 0.005). Furthermore, duration of ventilation 

was positively associated with the total amount of transfused units (ρ = 0.537, p = 0.002). 

Then, we determined whether there was a correlation between the degree of pulmonary 

inflammation and pulmonary levels of S100A12. Patients with higher NBL levels of S100A12, 

had higher NBL cell count (ρ = 0.762, p < 0.001) and higher NBL levels of TNF (ρ = 0.481, 

p = 0.002), IL-1B (ρ = 0.777, p < 0.001), IL-6 (ρ = 0.866, p < 0.001) and IL-8 (ρ = 0.893, p 

< 0.001) (figure 4). 

________________________________________________________________________________________________
Figure	4:	Pulmonary levels of inflammatory markers grouped by S100A12 in all patients. 









 




 




















 



















 




 

 
























 





   
















 




 





   









 



 


 

 





Cell count in NBL fluid was significantly higher in patients with higher S100A12 levels (a). Percentage of neutrophils in 
NBL fluid (b). Levels of IL-1β (c), IL-6 (d), IL-8 (e) and TNFα (f) were significantly higher in patients with high levels of 
S100A12. Data presented in quartiles. *P < 0.001 or ** p=0.002 based on Spearmans rho.________________________________________________________________________________________________
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Levels of S100A12 were not significantly associated with EUROscore, ASA score and amount 

of transfusion. Levels of S100A12 did show a positive correlation with time on cardiopulmonary 

bypass (ρ = 0.337, p < 0.05).

Discussion

We found that cardiac surgery patients had strongly elevated pulmonary levels of S100A12 

then previously reported [10]. Levels were associated with longer time on cardiopulmonary 

bypass, hypoxemia, prolonged mechanical ventilation and pulmonary inflammation. S100A12 

levels were highest in cardiac surgery patients developing TRALI and may therefore play a 

role in TRALI pathogenesis. 

 S100A12 has been demonstrated to increase early in the course of acute lung injury 

[10]. In surgical patients who developed lung injury postoperatively, S100A12 serum levels 

peaked directly postoperative compared to controls that did not develop lung injury, showing 

a decline in the following postoperative day [11]. We found very high levels of S100A12 

following cardiac surgery compared to previous studies in other postoperative patients [11,24]. 

As time on cardiopulmonary bypass was significantly associated with increased S100A12 

levels in this study, use of the bypass machine may have contributed to increased pulmonary 

levels of S100A12. This is in line with the recent report of increased levels of S100A12 after 

cardiopulmonary bypass in children, which were found to correlate with severity of acute lung 

injury [24]. We also found that levels of S100A12 correlated with decreased oxygenation and 

increased time on mechanical ventilation and expand on these findings by demonstrating an 

association with an increase of pulmonary levels of pro-inflammatory cytokines. Interestingly, 

the pulmonary S100A12 levels we measured were about 10-fold higher than those reported 

in ARDS [10]. In addition, levels in TRALI patients were clearly higher compared to patients 

with acute lung injury after cardiopulmonary bypass [24]. Given that S100A2 is involved early 

in the course of lung injury and that TRALI syndrome classically is a rapid pulmonary reaction 

to a blood transfusion, we speculate that the increase in S100A12 contributes to priming of 

neutrophils and pulmonary vascular endothelium in cardiac surgery patients, making them 

more susceptible for lung injury. However, as statistical significance was not met, possibly 

due to small sample size, this hypothesis remains to be determined in future studies.

 In this study, expression of HMGB1 was not increased in TRALI patients compared to 

controls. HMGB1 has been demonstrated to be an important mediator of inflammation in 

ARDS due to various causes [5,6,9]. Its relation to outcome has however not unequivocally 

been demonstrated. In trauma-induced ARDS, HMGB1 was associated with a poor outcome 

[8]. However, in another group of ARDS patients, HMGB1 levels did not differ between 

survivors and non-survivors, nor did they correlate with lung injury score and hypoxemia [6]. 

These conflicting results may be related to the time course of lung injury. In a mice model 

of LPS-induced endotoxemia, as well as in sepsis patients, HMGB1 was found to be a late 

mediator of the inflammatory response [25,26]. A late increase in HMGB1 was also found 
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in patients with ARDS, with peak levels occurring between day 1 and 7, but not at onset of 

disease [6]. Also, pulmonary HMGB1 release during mechanical ventilation could only be 

demonstrated after days and not within hours of mechanical ventilation [7]. An alternative 

explanation for the absence of HMGB1 expression in TRALI could be the method used to 

detect HMGB1. It has been demonstrated that there is a poor correlation between HMGB1 

concentration detected by ELISA and immunoblot [27]. Since HMGB1 and HMGB2 show 

high homology there may be simultaneous determination by ELISA [28]. Western blot, as 

used in this study, is more specific for HMGB1. Taken together, although HMGB1 has been 

suggested as a late mediator of inflammation during acute lung injury, it does not seem to 

play a role in TRALI. 

 Plasma levels of sRAGE increased modestly in all patients following cardiac surgery, as 

shown before [24,29]. In addition, NBL fluid levels after surgery were not elevated and did 

not differ among TRALI patients and their controls. In line with this finding, sRAGE levels in 

BALF were not elevated in an experimental model of TRALI [30]. Plasma sRAGE has been 

postulated as a marker of lung injury [13]. Of note, sRAGE concentrations do not necessarily 

represent cellular RAGE expression in the lung, as was demonstrated by comparison of 

RAGE isoforms in BALF and lung homogenate [13]. In addition, the mechanisms that account 

for the release of sRAGE in the alveolus are still unclear. Therefore it is doubtful whether 

pulmonary sRAGE levels can be used as a marker of lung injury. 

 Taken together, we did not find a clear association between DAMPs and TRALI. However, 

we did find an association of S100A12 and pulmonary inflammation, suggesting that this 

early DAMP may be a strong driver of the inflammatory response in acute lung injury following 

cardiac surgery. Although the increase in pulmonary S100A12 levels in TRALI patients was 

not statistically different from controls, the observed trend suggests that the study was 

underpowered to establish a clear association. Therefore, whether S100A12 is a mediator in 

TRALI remains to be established.

 There are limitations to our study. First, as noted, the number of patients is limited, which 

may have underpowered the study. Second, NBL was only collected once, precluding 

conclusion about the time course of the role of DAMPs in the maintenance and amplification 

of the inflammatory response in TRALI. However, this cohort of TRALI patients in whom 

lavage samples were obtained is the largest to date.

Conclusion

HMGB1 and sRAGE do not contribute to the development of TRALI. Early DAMP S100A12 

is associated with prolonged cardiopulmonary bypass, pulmonary inflammation, prolonged 

ventilation and hypoxemia after cardiac surgery and may mediate the priming phase of acute 

lung injury in cardiac surgery patients who develop acute lung injury. Further research is 

warranted to establish the role of DAMPs in the inflammatory response in TRALI.
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Abstract

Background: Transfusion related acute lung injury (TRALI) is the leading cause of 

transfusion related morbidity and mortality. Anecdotally, TRALI patients have been treated 

with corticosteroids. However, evidence for its therapeutic rationale in TRALI is lacking. We 

determined the effects of corticosteroids on lung injury in a ‘two hit’ mouse model of antibody 

mediated TRALI.

Methods: BALB/c mice were primed with lipopolysaccharide, after which TRALI was 

induced by injecting MHC-I antibody against H2Kd. Mice infused with phosphate buffered 

saline served as controls. Simultaneously, one group of TRALI mice was infused with 

methylprednisolone (2 mg/kg). Mice were supported by mechanical ventilation for 2 hours, 

after which bronchoalveolar lavage fluid (BALF) and lung homogenate were obtained. 

Statistics by 1 way ANOVA or Kruskall Wallis.

Results: Injection of MHC-I antibodies resulted in TRALI, indicated by pulmonary edema 

and increased BALF levels of protein and pro-inflammatory mediators MIP-2, KC and IL-6. 

Administration of methylprednisolone did not affect the amount of edema nor pulmonary 

protein and chemokine levels. Methylprednisolone reduced systemic inflammatory reaction 

as well as IL-6 levels in the BALF. 

Conclusion: In a ‘two-hit’ model of antibody-mediated TRALI, methylprednisolone attenuated 

the IL-6 host response, but failed to prevent the development of lung injury. 
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Introduction

TRALI is the leading cause of transfusion related mortality and morbidity [1]. In critically ill and 

surgical patients, relatively high incidences of TRALI have been reported [2-4], associated 

with prolonged mechanical ventilation, increased hospital mortality and decreased long term 

survival [3-5]. Indeed, the clinical picture of TRALI can be devastating, with fulminant edema 

and ensuing hypoxia [5].

 Therapy is supportive including mechanical ventilation and hemodynamic support. Case 

reports show that patients are often treated with high dose corticosteroids [5-7]. 

The rationale for treatment with steroids may be that Acute Respiratory Distress Syndrome 

(ARDS) and TRALI show clinical and histopathological similarities, with an inflammatory 

response leading to the disruption of the lung alveolar-capillary permeability barrier [8]. In 

severe ARDS, corticosteroids were shown to reduce mortality [9,10]. However, there are no 

data that support the use of steroids in TRALI.

 In the present study, we investigated the effect of methylprednisolone on pulmonary 

inflammation in a murine “two-hit” model of antibody mediated TRALI. This model corresponds 

well with human TRALI [11], as an inflammatory condition of the patient at the time of the 

transfusion increases the susceptibility for a TRALI reaction. 

Materials and methods

Experiments were performed with male BALB/c mice (Charles River, Someren, the 

Netherlands), aged 10-12 weeks and weighing 22-27 g, randomly assigned to 3 groups 

(n = 16 per group). The study was approved by the Animal Care and Use Committee of 

the Academic Medical Center at the University of Amsterdam, the Netherlands (protocol 

102190-1 and 102190-2). Animal procedures were carried out in compliance with Institutional 

Standards for Use of Laboratory Animals. 

Experimental	study	protocol

We performed a stepwise dose finding experiment in order to assess optimal dose of 

MHC-I antibodies capable of inducing TRALI in a ‘two hit’ TRALI model in mice primed with 

lipopolysaccharide (LPS, from E. Coli 0111:B4) which was administered intraperitoneally (i.p.) 

in a dose of 0.1 mg/kg. 24 hours after LPS, mice were anesthetized by i.p. injection with a 

mix containing ketamine (EurovetAnimal Health BV, Bladel, the Netherlands), medetomidine 

(Pfizer Animal Health BV, Capelle a/d Ijssel, the Netherlands) and atropine (Pharmachemie, 

Haarlem, the Netherlands), as described previously [12]. A tracheostomy was inserted and 

animals were mechanically ventilated in a pressure-controlled mode, with an inspiratory 

pressure of 12 cm H2O, PEEP of 2 cm H2O (resulting in VT ~ 7.5 mL/kg), respiratory rate 100 

breaths/min and FiO2 of 0.5 (Servo 900 C, Siemens, Sweden). After exposure of the jugular 
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vein, using a 30-gauge sterile needle attached to polyethylene tubing, venous blood was 

aspirated from the jugular vein to verify intravascular placement of the needle. TRALI was 

induced by injecting MHC-I antibody against H2Kd (IgG2a,k). In previous experiments, we 

found that matched isotype antibody (IgG2a, CRL-1908, American Type Culture Collection) 

did not differ from vehicle (phosphate buffered saline, PBS) [13]. Therefore, control mice 

received PBS. A dose of 2 mg/kg was found to induce lung injury without increased mortality 

(data not shown), which is in line with previous reports on this model [11].  

 Immediately prior to infusion of antibodies, methylprednisolone (Solumedrol®, Pfizer, 

Capelle a/d Ijssel, The Netherlands) in a dose of 2 mg/kg was infused. Previous experiments 

showed no differences between a volume matched injection of NaCl 0.9% instead of treatment, 

and no treatment of mice experiencing TRALI. Therefore, in order to limit the number of 

animals, we have omitted the saline group. After 2 hours of mechanical ventilation, mice were 

bled from the carotid artery. Blood gas analysis was done in a Rapidlab 865 blood gas analyzer 

(Bayer, Mijdrecht, the Netherlands). Bronchoalveolar lavage fluid (BALF) was obtained from 

the right lung and cell counts were determined using a hemacytometer (Beckman Coulter, 

Fullerton, CA, USA). Differential counts were done on cytospin preparations stained with a 

modified Giemsa stain, Diff-Quick (Dade Behring AG, Düdingen, Switzerland). Supernatant 

was stored at -80°C for total protein level and cytokine measurement. The left lung was 

weighed and dried for three days in an oven at 65°C. The ratio of wet weight to dry weight 

represents tissue edema. 

 In a second set of experiments, right lungs were used for preparation of homogenate after 

dilution in saline and Greenberger lysis buffer using a tissue homogenizer (Biospec products, 

Bartlesville, OK, USA). Supernatant was stored at -80°C for cytokine measurements. Left 

lungs were fixed in 4% formalin and embedded in paraffin for histopathology. 4 μm sections 

were stained with hematoxylin-eosin (H&E) and analyzed by a pathologist who was blinded 

for group identity. To score lung injury, we used a modified VILI histology scoring system as 

previously described [14]. In short, four pathologic parameters were scored on a scale of 

0–4: (a) alveolar congestion, (b) haemorrhage, (c) leukocyte infiltration, and (d) thickness of 

alveolar wall/hyaline membranes. A score of 0 represents normal lungs; 1, mild, <25% lung 

involvement; 2, moderate, 25–50% lung involvement; 3, severe, 50–75% lung involvement; 4, 

very severe, >75% lung involvement. The total histology score was expressed as the sum of 

the score for all parameters.

Assays

Total protein levels (Bradford Protein Assay Kit, OZ Bioscience, Marseille, France) were 

measured in bronchoalveolar lavage fluid (BALF). Keratinocyte-derived chemokine (KC), 

macrophage inflammatory protein-2 (MIP-2) and interleukin-6 (IL-6) were measured in BALF, 

homogenate and plasma using enzyme-linked immunosorbent assay (ELISA), according to 

the manufacturer’s instructions (R&D Systems, Minneapolis, MN, USA). 
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Statistics

Data are expressed as mean ± standard deviation (SD) or median [interquartile range] when 

appropriate. Comparisons between groups were performed using 1 way ANOVA followed 

by Student’s t-test or Kruskall Wallis followed by Mann Whitney U-test depending on data 

distribution. A P-value of <0.05 was considered statistically significant. Statistical analyses 

were performed with Prism version 5.0 (GraphPad Software, San Diego, CA, USA). 

Results

Induction	of	TRALI	with	MHC-I	antibody

After the induction of TRALI, 6 of the 32 animals deceased prematurely, of whom 4 in the 

control group and 2 in the group treated with methylprednisolone. Mortality was related to 

instrumentation and did not differ significantly between groups. These animals were excluded 

from analysis. Injection of MHC-I antibodies resulted in TRALI, indicated by edema as 

r eflected by an increase in wet-to-dry ratio of the lungs compared to controls, with increased 

BALF protein levels due to leakage of protein in the pulmonary compartment  (figure 1). 

________________________________________________________________________________________________
Figure	1:	Wet-to-dry ratio of the lungs and BALF protein levels in mice injected with antibodies that 
induce TRALI, treated with methylprednisolone. 













    









 












    






 



 





 






Data expressed as mean, whiskers indicate minimum and maximum. TRALI = transfusion related acute lung injury, 
PBS=phosphate buffered saline, MPS=methylprednisolone, BALF=broncho-alveolar fluid. 
________________________________________________________________________________________________

In mice experiencing TRALI, there was a trend towards lower arterial pO2 levels compared 

to controls (median 14.8 kPa [8.4-26.5] vs. 17.5 kPa [14.8-24.9], p=0.46). Lung injury was 

further characterized by an increase in both lung and BALF levels of chemokines MIP-2 and 

KC and pro-inflammatory cytokine IL-6 (figure 2). 

 TRALI did not result in increased pulmonary neutrophil influx within 2 hours (0.0 [0.0-1.0] 

in controls vs. 4.5 [0.0-9.3] in TRALI, p=0.08). Lung injury scores were significantly higher in 

TRALI mice compared to controls (4.6 (± 0.7) vs. (1.9 (± 0.8), p<0.001). TRALI also induced 
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a systemical inflammatory reaction illustrated by increased plasma levels of both KC and IL-6 

(figure 3).

________________________________________________________________________________________________
Figure	2:	BALF and lung homogenate levels of MIP-2, KC and IL-6 in mice injected with antibodies that 
induce TRALI, treated with methylprednisolone. 



















 




























 


 
























    






 













  

    

Data expressed as median, whiskers indicate minimum and maximum. TRALI = transfusion related acute lung injury, 
PBS=phosphate buffered saline, MPS=methylprednisolone, BALF=broncho-alveolar fluid.________________________________________________________________________________________________

The	effect	of	methylprednisolone

Administration of methylprednisolone did not decrease wet-to-dry ratio or BALF protein levels 
(figure 1). BALF and lung homogenate levels of chemokines MIP-2 and KC were also not 
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affected by administration of steroids, while IL-6 homogenate and BALF levels were reduced 
(p=0.002 and p=0.03) (figure 2). Lung injury scores did not differ between treated (3.6 (± 

1.9) and untreated mice (4.9 ((± 0.7)) (p=0.12).

 Though steroids only reduced IL-6 in the lung, steroids reduced plasma levels of both KC 

and IL-6 (figure 3) validating the anti-inflammatory capacity of the selected dose of 2 mg/kg 

methylprednisolone in this model.

________________________________________________________________________________________________
Figure	3:	Plasma levels of KC and IL-6 in mice injected with antibodies that induce TRALI, treated with 
methylprednisolone. 









 

    




 











  

    




 





Data expressed as median, whiskers indicate minimum and maximum. TRALI = transfusion related acute lung injury, 
PBS=phosphate buffered saline, MPS=methylprednisolone.________________________________________________________________________________________________

Discussion

Steroids did not improve markers of lung injury in a two hit TRALI model, as pulmonary edema 
persisted, due to leakage of protein into the alveolar compartment. Methylprednisolone did 
attenuate the IL-6 host response in the lung and both IL-6 and KC systemically. 
 In patients with early acute ARDS, methylprednisolone reduces lung injury, duration of 
mechanical ventilation and mortality, which, at least in part, was attributed to reduced plasma 
levels of IL-6 [15]. The latter is in line with our findings in a TRALI model, which show a 
clear reduction of pulmonary as well as systemical IL-6 levels following methylprednisolone 
treatment. However, in our study, despite the reduction of the IL-6 host response, inflammatory 
damage persisted. A possible explanation could be related to timing. TRALI is a hyper-acute 
syndrome, developing within hours following a transfusion, whereas ARDS takes a more 
prolonged course. In line with the clinical syndrome, we used a hyper-acute model in which 
mice were sacrificed after two hours, when inflammation has shown to be maximal [16]. In 
ARDS, beneficial effects of steroids were only shown after infusion for 14 days [15]. 
 Another possible explanation of the lack of effect of methylprednisolone on lung injury 
might be the fact that inflammatory damage in TRALI is mediated via pathways which are 
not affected by the administration of steroids. In this model of antibody mediated TRALI, 
complement activation and macrophages were shown to be crucial contributors to the 
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development of TRALI [17]. Of note, methylprednisolone can increase C1q production by 
macrophages [18], hereby enhancing complement activation with subsequent inflammatory 
injury. 

 The dose of methylprednisolone used in this study equals the dose which was shown to 

be beneficial in late ARDS [10] and higher then the dose which was beneficial in early ARDS 

[9]. As methylprednisolone attenuated the systemic inflammatory response, we think that 

under dosing of methylprednisolone is an unlikely explanation for the absence of beneficial 

effects on lung injury.

 Our study has several limitations. We used an acute model and can not exclude that 

prolonged administration of steroids may be beneficial. Also, our model of antibody mediated 

TRALI does not take into account other factors which are also capable to induce TRALI [19]. 

Possibly, the response to methylprednisolone may be different in non-immune mediated 

TRALI. 

 Based on our findings, routine administration of corticosteroids in TRALI should not be 

advised. Further research on timing and duration of corticosteroids in different models of 

TRALI is warranted. 

Conclusion

Methylprednisolone attenuates the IL-6 response in TRALI, but fails to prevent the development 

of lung injury. Results do not underline routine corticosteroid administration for the reduction 

of lung injury in TRALI.
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Abstract
Background: Use of aspirin (ASA) was found to improve outcome in animal models of acute 

lung injury (ALI) or its more severe form ARDS. In ARDS patients, data indicating a protective 

effect of ASA are less convincing. We hypothesize that ASA in a high dose is superior to 

low dose ASA in preventing lung injury. Also, the effect on lung injury of inhibiting platelet 

activation by clopidogrel was investigated.

Methods: ALI was induced by intranasal instillation of 10 μg lipopolysaccharide (LPS). Before 

LPS, BALB/c mice were pre-treated with either high dose of ASA (100 μg/g intraperitoneally 

(i.p.), low dose ASA (12.5 μg/g i.p), clopidogrel (50 μg/g i.p) or clopidogrel in combination 

with low dose of ASA. Controls received vehicle or LPS without intervention. Five hours after 

LPS, bronchoalveolar lavage fluid (BALF) and plasma were obtained.

Measurements and Main Results: All treatment regimes reduced neutrophil influx in the 

BALF compared to LPS controls (high dose ASA 75±2 (mean±SD), low dose ASA 86±3, 

clopidogrel 82±1 and low dose ASA-clopidogrel 82±3 vs LPS control 88±2%, P ≤0.05). 

High dose ASA reduced BALF levels of protein compared to LPS controls (0.2[15] (median 

[IQR]) vs 75[20] pg/mL, P < 0.01), to a greater extent than after low dose ASA (48[32] pg/

mL), clopidogrel (37[23]pg/mL) or low dose ASA-clopidogrel (57[8] pg/mL). 

Conclusion: High dose ASA is superior to low dose ASA, clopidogrel and to a combination 

of clopidogrel and low dose ASA in attenuating LPS-induced lung injury in mice, suggesting 

high dose ASA to be the antiplatelet therapy of choice in further research on preventing ALI.
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Introduction 

Acute lung injury ALI) and its more severe form Acute Respiratory Distress Syndrome (ARDS) 

are a frequent complication in critically ill patients, with an additional mortality of up to 60% 

[1]. Treatment options for ALI/ARDS are limited. Of interest, a large part of patients develops 

lung injury after a median of two days following hospital presentation, as a consequence of 

an initial predisposing acute injury such as aspiration, pneumonia or sepsis. This time frame 

presents a window of opportunity for interventions to prevent the development of ALI [2]. 

 Platelets play a prominent role in ALI. After activation, resulting in expression of adenosine 

diphosphate (ADP) receptor, platelets aggregate and interact with neutrophils [3,4]. Platelet-

neutrophil interactions depend on P-selectin expression on platelets, associated with 

thromboxane-2 (TXA2) formation, resulting in increased pulmonary vascular permeability [5-9]. 

 In accordance, platelet depletion as well as inhibition of platelets by acetylsalicylic acid 

(ASA) was found to abrogate lung injury in preclinical ALI models inflicted by acid instillation 

[5] and in transfusion-related acute lung injury (TRALI) [10-12]. Observational studies have 

shown an association between ASA and other antiplatelet drugs and reduced organ failure 

and mortality in the critically ill [13]. However, data on the effect of ASA on ALI are conflicting. 

Whereas use of ASA was associated with prevention of onset of ALI in a retrospective analysis 

in medical ICU patients [14], this benefit could not be confirmed in a large multicenter 

observational study, when adjusted for the propensity score [15].  Also, the protective effect 

of ASA in an animal TRALI model was not confirmed in an observational study in critically ill 

TRALI patients [12,16]. Differences may be explained by dose-dependent effects of ASA.

ASA has inhibitory effects on cyclooxygenase-1 (COX-1) and COX-2 [17]. Whereas a low 

dose of ASA mainly blocks COX-1, ASA in a high dose also blocks COX-2. COX-1 is an 

inhibitor of platelet activation through inhibiting TXA2, whereas COX-2 inhibits inflammation 

[18]. In the clinical studies, ASA is used in a dose that only inhibits COX-1. In contrast, in all 

the animal studies a high dose is used, which inhibits both COX-1 and COX-2. 

 Furthermore, there is evidence that clopidogrel, a specific anta gonist of the platelet ADP-

receptor, is also capable of reducing inflammation [17,19]. 

 While the first clinical interventional trial testing the efficacy of ASA in preventing ARDS 

is underway [2], we think there is a need to elucidate which type and dose of antiplatelet 

therapy may be most protective. In this study, we investigate the role of the most commonly 

used platelet aggregation inhibitors in preventing lung injury. In addition, we hypothesized 

that a combination ASA and clopidogrel exerts a better protective effect in lipopolysaccharide 

(LPS)-induced ALI than ASA low dose.
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Materials and Methods

This study was approved by the Animal Care and Use Committee of the Academic Medical 
Center (IRB#102283). Animal procedures were carried out in compliance with the institutional 
Standards for Human Care and Use of Laboratory Animals.
 Experiments were performed with healthy male BALB/c mice (n=56, Charles River 
Someren, The Netherlands), aged 8-10 weeks, with weights ranging from 20-25 grams. 

Interventions

The mice were randomly assigned to 6 groups (n=8 per group). All antiplatelet therapy was 
administered intraperitoneally (i.p.) 1 hour prior to LPS. Two treatment groups received ASA 
(Carbasalaatcalcium cardio, APOTEX Europe B.V, Leiden, The Netherlands). Of which one 
in a low dose of 12.5 μg/g, which is a calculated comparable dose as used in humans for 
platelet aggregation inhibition [20] and one in a high dose of 100 μg/g, which is comparable 
with the dose used in humans for anti-inflammatory effects. The third group was pre-treated 
with clopidogrel (50 μg/g, Plavix, Sanofi-Aventis Netherlands B.V., Gouda, The Netherlands), 
with a dose comparable with a loading dose in humans. The fourth group was pre-treated 
with clopidogrel (50 μg/g) in combination with ASA in a low dose (12.5 μg/g). Two groups 
served as controls as further explained in the experimental study protocol section.

Experimental	study	protocol	

One hour before LPS administration, mice were pre-hydrated with 1 mL NaCl 0.9% i.p. to 
prevent dehydration induced by the illness. Mice were anesthetized by isoflurane 2-3% 
inhalation. ALI was induced by intranasal (i.n.) LPS (10 μg/50 μL from E. coli 0111:B, Sigma-
Aldrich, St. Louis, USA) [21,22]. Control animals received vehicle (50 μL NaCL 0.9%) i.n. The 
mice were then placed back in their cages. Five hours after LPS inoculation, anaesthesia 
was achieved with i.p. injection of a mix of Ketamine (EurovetAnimal Health B.V., Bladel, 
The Netherlands), Dexmedetomidine (Pfizer Animal Health B.V., Capelle a/d Ijssel, The 
Netherlands) and Atropine (Pharmachemie, Haarlem, The Netherland) (KMA) of 7.5 μL per 
gram body weight of 1.26 mL 100 mg/ml ketamine, 0.2 mL 0.5 mg/mL dexmedetomidine, 
and 1 mL 0.5 mg/mL atropine in 5 mL normal saline. Tail bleeding time was assessed by 
briskly cutting exactly 0.5 cm of the distal tip of the tail of the mice using a sharp new razor 
blade. The tail was then immediately submersed in a pre-warmed tube of saline. A stopclock 
was started at this time. The stopclock was stopped, when visible bleeding was no longer 
detected. Bleeding times between 50-70 seconds are considered normal [23]. Then mice 
were exsanguinated by drawing blood from the carotic artery. The lung was lavaged three 
times with 0.5 mL of normal saline. Approximately 1.0 mL of lavage fluid was retrieved per 
mouse. Blood and lavage fluid were centrifugized and supernatant was stored at -20⁰C for 
total protein level and cytokine measurement. Differential counts were done (up to 100 cells 
per slide) on cytospin preparations stained with a modified Giemsa stain (Diff-Quick, Dade 
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Behring AG, Düdingen, Switserland). Neutrophil influx is then defined as the number of 
neutrophils according to total amount of cells on cytospin preparations.

Assays

Total protein levels (Bradford Protein Assay Kit, OZ Bioscience, Marseille, France) were 
measured in BALF. Interleukin (IL)-6, IL-1β, Keratinocyte-derived Chemokine (KC), 
Macrophage inflammatory protein-2 (MIP-2) were measured in BALF and plasma using 
Enzyme-Linked Immuno Sorbent Assay (ELISA) according to the instructions of the 
manufacturer (R&D Systems, Minneapolis, MN). Prostaglandin E-2 (PGE-2) was measured in 
BALF according to the instructions of the manufacturer (R&D).

Statistical	analysis

Data were expressed as mean ±standard deviation (SD) or median [interquartile range] when 
appropriate. Comparisons between experimental groups were performed using one way 
ANOVA or Kruskall-Wallis analysis to allow for multiple comparisons, followed by students 
T-test or Mann-Whitney test depending on data distribution. In figures boxplots are used. 
The lower hinge is defined as the 25th percentile, middle as 50th percentile and upper hinge 
as the 75th percentile. Whiskers define lowest and highest observation. A p-value <0.05 is 
considered statistically significant. Statistical analyses were performed with GraphPad Prism 
5 (GraphPad Software, La Jolla, Ca). 

Results

Intranasal LPS induced ALI

All animals survived the experiment. Intranasal LPS resulted in an increase in BALF levels 
of protein compared to saline controls, reflecting lung edema due to increased vascular 
permeability. Also, pulmonary neutrophil influx BALF MIP-2 and BALF KC levels were 
increased (Figure 1A-D). BALF levels of IL-1β were also increased (140[15] vs 8[2] pg/mL, P 
<0.001). Furthermore, LPS resulted in an increase in median levels of KC and IL-6 in plasma 
compared to saline controls (4714[11643] vs 484[771] and 43[7] vs 8[3] respectively, P < 
0.05 for both).

Tail	bleeding	time

To investigate whether the interventions with ASA and clopidogrel sufficiently inhibited platelet 
aggregation, tail bleeding time was measured. Both ASA in a low and high dose prolonged 
tail bleeding time (Fig. 2). Also clopidogrel prolonged tail bleeding time. Tail bleeding was not 
assessed in the ASA-clopidogrel group since a prolonged tail bleeding was already achieved 
in the other groups.
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Figure	1. Markers of lung injury in bronchoalveolar lavage fluid in LPS-induced acute lung injury and 
after treatment with platelet inhibitors. 

















 











 



















 

 






 

 

 


 


















  







 







 

 

 


 






















 


 







A: neutrophil influx; B: total protein; C: Macrophage inflammatory protein-2 (MIP-2); D: Keratinocyte-derived Chemokine 
(KC). NaCl: control group with vehicle i.n.; LPS: control group with LPS i.n.; ASA low: acetylsalicylic acid (ASA) in a 
low dose; ASA high: ASA in a high dose. For fig. 1A parametric and 1B, 1C and 1D nonparametric tests were used for 
analysis. * P <0.05; ** P< 0.01.________________________________________________________________________________________________

________________________________________________________________________________________________
Figure	2. Tail bleeding time in mice with LPS-induced lung injury treated with platelet inhibitors. 


 



 


 














 







 


 








NaCl: control group with vehicle (i.n); LPS: control group with LPS (i.n.); ASA low: acetylsalicylic acid (ASA) in a low 
dose; ASA high: ASA in a high dose. Nonparametric tests were used for analysis. ** P < 0.01.________________________________________________________________________________________________
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Effect of different treatment regimes on inflammation

Treatment with ASA in a low and high dose, as well as treatment with clopidogrel alone or in 

combination with a low dose of ASA, decreased neutrophil recruitment into the lung (Fig. 1A). 

In mice treated with ASA high dose, a significantly lower influx of neutrophils in the BALF was 

found compared to ASA low dose and compared to clopidogrel (P < 0.01 for both), but not 

compared to ASA/clopidogrel group (P = 0.08). 

 Protein levels in BALF were significantly reduced following ASA high dose and clopidogrel 

group compared to controls (Fig. 1.B). The inhibitory effect of high dose ASA on BALF protein 

level was significantly greater compared to the other treatment groups (P < 0.05 for all). 

 BALF levels of MIP-2 were significantly reduced in all groups (P < 0.05 for all), except 

for ASA/clopidogrel group which only showed a trend for lowering BALF MIP-2 levels (Fig. 

1C). BALF KC-levels were significantly reduced by the combination of ASA and clopidogrel 

compared to LPS (Fig. 1D).  Other treatment regimes did not influence KC levels.  There was 

a trend for lower levels of IL-1 β in the treatment groups compared to LPS (LPS 140[15] vs 

ASA low 128[20], ASA high 114[22], clopidogrel 133[9] or ASA+ clopidogrel 87[19], one way 

ANOVA P = 0.06). No effect was found on IL-6 (data not shown).

 To investigate whether the protective effect of ASA was associated with inhibition of 

prostaglandin production, which is generated by COX-2, PGE-2 levels in the BALF were 

measured. ASA high dose reduced BALF levels of PGE-2 compared to LPS-controls and 

ASA low dose, although this effect only reached statistical significance when compared to 

ASA low dose (P = 0.01) (Fig. 3).

 Antiplatelet treatment groups did not reduce plasma levels of KC and IL-6 compared to 

LPS controls (data not shown). For MIP-2, plasma levels were below the detection limit of the 

assay in all groups.

________________________________________________________________________________________________
Figure	3. Levels of prostaglandin E2 (PGE-2) in bronchoalveolar lavage fluid in LPS-induced acute lung 
injury and after treatment with aspirin in low and high dose. 






 


 














 







NaCl: control group with vehicle (i.n); LPS: control group with LPS (i.n.); ASA low: acetylsalicylic acid (ASA) in a low 
dose; ASA high: ASA in a high dose. Nonparametric tests were used for analysis. # P < 0.05 compared to ASA low dose. ________________________________________________________________________________________________
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Discussion

We found that different antiplatelet agents protect against lung injury, but there are marked 

differences between the regimes that we tested. High dose ASA is superior to low dose ASA 

and to clopidogrel in preventing lung inflammation. Adding clopidogrel to low dose ASA had 

no additional beneficial effect in abrogating lung inflammation. Our results suggest that high 

dose ASA seems to be the most effective antiplatelet therapy in preventing onset of ALI.

A pivotal role for platelets in the pathogenesis of lung injury represents an opportunity for 

a preventive treatment strategy with antiplatelet therapies. However, the protective effect 

of ASA in preventing ALI found in animal models [5,11,12,24] has not been consequently 

reproduced in observational studies [14-16]. Conflicting results may have been due to 

dosing of ASA. In all animal studies, ASA dosing is 5-8 times higher than the dose used in 

patients for platelet inhibition [20]. In humans, a dose of 30 mg ASA per day results in virtually 

complete suppression of platelet TXA2 production via inhibition of the isoform COX-1 [25,26], 

sufficient for the antithrombotic effect. In line with this, low dose ASA in this study was already 

sufficient to increase tail-bleeding time, indicating a sufficient dose for platelet inhibition, ie. 

a COX-1 effect. The anti-inflammatory effects of ASA occur via inhibition of isoform COX-

2, whose expression is upregulated by cytokines, inflammatory stimuli, and some growth 

factors [18]. COX-2 generates prostanoids such as prostaglandin-E2, which are present in 

high concentrations in the lung of animals and humans with sepsis and ARDS [9,27,28]. 

As ASA is an approximately 150-200 fold more potent inhibitor of COX-1 than COX-2, there 

is a difference in dosage requirements of ASA as an antithrombotic (COX-1) and an anti-

inflammatory drug (COX-2) [18]. To test the level of COX-2 inhibition, we measured levels of 

PGE-2, which is a product of prostaglandin synthesis and thereby of COX-2 activity [29]. ASA 

high dose suppressed PGE-2 levels compared to ASA low dose and there was a trend for 

lower PGE-2 levels compared to LPS. These results suggest COX-2 inhibition by ASA high 

dose and not by ASA low dose. Our study shows that ASA low dose attenuates lung injury, 

but the effect of ASA in a high dose is clearly stronger. Together, these results suggest that 

both COX-1 and COX-2 inhibition might be required for a full anti-inflammatory effect of ASA 

in attenuating ARDS. Our results may offer an explanation for contrasting results in humans 

and support the use of a higher ASA dose in further research. 

 Clopidogrel, a specific antagonist of the platelet ADP-receptor, also attenuates lung 

injury, suggesting that platelet inhibition has an anti-inflammatory effect independent of the 

mechanism of inhibition. We used a combination of ASA low dose and clopidogrel to determine 

whether inhibition of platelets via alternative mechanisms would enhance protection. This 

combination is commonly used in clinical practice in patients who have received coronary 

stents [30]. We found no significant additional effect of this combination. ASA high dose was 

superior to clopidogrel as well as to the combination of ASA low dose and clopidogrel. Both 
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ASA and clopidogrel reduced neutrophil migration in the alveolar compartment, possibly 

through inhibition of platelet-neutrophil interaction [4,5]. 

 This study has several limitations. First, not all parameters were ubiquitously influenced 

by the antiplatelet agents. This may have been due to low numbers per group, thereby 

hampering statistical significant differences. Also, there are limitations to the model. First, 

LPS induced ALI in mice is a simplification of human ALI. Furthermore, our hit is modest. 

Despite this modest hit, differences between treatment groups are found. Our hit may be 

hampered by the anti-inflammatory effects of the anaesthetics used, but as these agents 

are used in all groups, they can not account for the differences found. In addition, the 

number of circulating platelets is higher and the number of polymorphonuclear neutrophils 

is lower in mice compared to humans, rendering the platelet/neutrophil ratio in circulating 

blood substantially different in the two species [31,32]. Furthermore, the doses used are 

a calculation of comparable doses in humans as we were not able to meausure plasma 

levels of ASA  [20]. Lastly, this study does not show direct evidence of COX-1 and COX-2 

inhibition. High dose ASA has potentially other mechanisms to prevent lung injury, such as 

attenuating P-selectin levels, lipoxin, neutrophil extracellular traps or enhanced formation of 

lipid anti-inflammatory mediators [2,33]. Since no clear difference in IL-1β levels was found, 

an inflammasome-mediated pathway may not contribute to the effects of platelet inhibition in 

this study [34]. The possible mediators involved have to be elucidated in further studies.

Conclusions

High dose ASA is superior to low dose ASA, clopidogrel and to clopidogrel in combination 

with low dose ASA in attenuating LPS-induced lung injury in mice. These results show that 

clinical trials exploring the effects of antiplatelet agents in ALI patients should take into 

account the dose and type of antiplatelet drug.
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Abstract:

Background: Aspirin has been found to improve outcomes in an animal model of transfusion-

related acute lung injury.  We examined the association of aspirin use before admission to the 

intensive care unit and the development of transfusion-related acute lung injury in critically 

ill patients. 

Methods: We performed a post-hoc analysis of a nested case-control study that had been 

undertaken in a tertiary referral hospital.  Transfusion-related acute lung injury cases were 

matched with controls (transfused patients not developing lung injury). 

Results: Of these 218 patients, 66 used aspirin (30%). Use of aspirin did not alter the risk 

of transfusion-related acute lung injury after transfusion of platelets (OR 1.06, CI 0.59-1.91, 

p=0.85), plasma (OR 1.06, 95% CI 0.59-1.92, p=0.84), or red blood cells (OR 1.09, 95% CI 

0.61-1.94, p=0.77). Adjustment for confounding variables using propensity scoring also did 

not affect the risk of acquiring transfusion-related acute lung injury (p=0.66). 

Conclusion: Aspirin did not protect against transfusion-related lung injury in this cohort of 

critically ill patients. 
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Background

Transfusion is very commonly required in critically ill patients [1], however transfusion-

related acute lung injury (TRALI) is a major cause of morbidity and mortality [2,3]. The 

pathogenesis of TRALI seems to involve a ‘two hit’ process. The first event is the presence 

of an inflammatory condition in the host, causing endothelial activation leading to neutrophil 

sequestration in the lungs. The second event is the transfusion of a blood product containing 

either antibodies or factors that accumulate during storage, providing additional signals for 

endothelial damage and lung injury [3,4]. The ‘two hit’ concept is further supported by recent 

clinical data which suggest that the incidence of TRALI is higher among critically ill patient 

populations compared to the general hospital population [5,6], contributing significantly to 

adverse outcome in this patient group [6].

 Long considered innocent bystanders, evidence is emerging that platelets are important 

mediators of lung injury [7,8]. There is anatomic and functional evidence that platelets are 

deposited in the acutely injured lung [9]. Besides the release of a variety of cytokines, activated 

platelets display adhesion molecules and other factors with signalling properties on their 

surface, enabling them to interact not only with the pulmonary endothelium, but also with one 

another and with leukocytes in the pulmonary vessels. Platelets triggering neutrophils leading 

to vascular damage has been shown to be a plausible mechanism in the pathogenesis of 

acute lung injury [7,8,10]. A key molecule involved in this interaction is thromboxane-A2 [7], 

which is released by platelet-neutrophil aggregates [11].  Several lines of evidence suggest 

that aspirin (acetylsalicylic acid), which decreases thromboxane-A2 synthesis, may protect 

against lung injury. Both platelet depletion and treatment with aspirin protected against lung 

injury and reduced mortality in a two-event mouse model of TRALI, suggesting a promising 

novel therapeutic approach [12]. In a human population-based cohort study,  pre-hospital 

use of anti-platelet therapy was associated with a reduced incidence of acute lung injury in 

at-risk patients [13], but a more recent trial did not find an association between aspirin use 

and a protective effect against acute lung injury [14]. 

 Aspirin is readily available, has few side effects and is inexpensive. It would be a major 

breakthrough if aspirin administration could prevent or reduce adverse outcomes related 

to blood transfusion. This would apply in particular to pre-operative use of aspirin in 

cardiac surgery patients, as these patients are at particular risk of bleeding, transfusion and 

hence TRALI. Indeed, prolonged cardiopulmonary bypass has recently been identified as 

an independent risk factor for TRALI [15].  A more detailed understanding of the effect of 

aspirin on TRALI might alter the risk-benefit assessment regarding its’ pre-operative and 

postoperative administration. We therefore decided to study the effect of aspirin taken before 

admission to the intensive care unit (ICU) on TRALI by performing a post-hoc analysis of an 

already published observational study [6]. 
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Methods

We previously undertook a nested case-control study [6] in all patients > 18 years of age 

admitted to a 30-bed mixed medical-surgical intensive care unit (ICU) of a university hospital 

in the Netherlands. The ICU is a “closed format” department in which patients are under the 

direct supervision of intensivists during their admission. A waiver for informed consent was 

approved by the Institutional Review Board. Patients who were re-admitted to the ICU were 

excluded from study. The exposure of interest was use of aspirin at the time of ICU admission. 

This was determined using the electronic medication system used in our hospital, and was 

checked with the medical notes. The average dose of aspirin was 80 or 100 mg once a day, 

which is the standard dose for primary and secondary prevention of cardiovascular disease 

used in The Netherlands and is comparable with international guidelines [16]. Additional 

predictor variables included patient-related risk factors for TRALI as previously identified [6], 

including emergency coronary artery bypass grafting, sepsis, haematologic malignancy, 

acute physiology and chronic health evaluation-II score, mechanical ventilation and massive 

transfusion. Information about risk factors for acute lung injury due to other causes were also 

recorded, including alcohol abuse, smoking, liver failure, diabetes, trauma, lung contusion, 

aspiration, pancreatitis, drug overdose, near drowning and pneumonia [17-22]. Risk factors 

had to be present at the time of ICU admission to be considered. Manual review of the 

medical notes by a trained investigator was used to determine the presence of the variables 

of interest. TRALI-cases were matched with controls (transfused patients not developing lung 

injury) on gender, age (within ten years) and admission diagnosis.  

 During the study, all transfused red blood cells were leukoreduced (buffy coat removed 

and the erythrocyte suspension was filtered to remove the leukocytes (< 1x106)), which is 

standard practice in the Netherlands [23]. Massive transfusion was defined as transfusion 

of more then ten units of blood products (red blood cells, fresh frozen plasma or platelets) 

within a 24-hour period [24].  It was assumed that each unit of fresh frozen plasma contained 

325 ml of plasma, and each pool of platelet concentrate 250 ml of plasma.

 TRALI was defined using the 2004 consensus definition (new-onset hypoxaemia or 

deterioration demonstrated by a PaO2/FiO2 <40 kPa, with bilateral pulmonary changes 

occurring within six hours of transfusion, in the absence of cardiogenic pulmonary oedema) 

[25]. 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 history of heart failure or valve dysfunction, ejection fraction < 45% as 

estimated by an echocardiogram, and a positive fluid balance [26]. Chest radiographs were 

scored for the presence of new onset bilateral interstitial abnormalities by two independent 

physicians, who were blinded to the predictor variables. When interpretation differed, the 

chest radiograph and the report given by the radiologist were reviewed again in order to 

achieve a consensus [6,26]. 



no effeCt of aspirin on trali inCidenCe

97

7

 The design of the study was a post-hoc analysis in a cohort of TRALI patients. 

Comparisons between groups were made with the student’s T-test or the Mann-Whitney 

rank-sum test, depending on distribution. Categorical variables were compared with the Chi-

square test. For multivariate analysis, logistic regression analysis was performed. In a crude 

model, the risk of TRALI after transfusion with red blood cells, fresh frozen plasma or platelets 

was investigated. Then, we analysed whether the use of aspirin influenced the crude risk 

per amount of blood product, by effect modification and confounding. Effect modification 

was defined as a significant p-value for the interaction term. Confounding was defined as a 

change of > 10% in the beta-value of the crude relationship between aspirin and TRALI after 

adding covariates. Furthermore, a propensity score was determined for each patient, using 

predicted probabilities for use of aspirin. This was generated through a regression model 

treating the exposure factor, i.e. aspirin, as the dependent variable and selected possible 

confounding variables as predictor variables. Multiple linear regression was used to determine 

the association between use of aspirin and TRALI, after adjusting for the propensity score. 

Statistical analysis was performed using were SPSS (version 18.1, IBM SPSS, Chicago, IL, 

USA).

Results

O ut of 5208 ICU admissions, 2024 patients were screened, of which 109 patients were 

diagnosed with TRALI [6], and then matched with controls (n=109). Of these (n=218), 66 

used aspirin (30%). TRALI cases were more severely ill than controls, exemplified by a higher 

acute physiology and chronic health evaluation-II score [6]. There was also inequality between 

cases and controls for the amount of platelets and plasma transfused, emergency coronary 

bypass grafting, sepsis, mechanical ventilation, massive transfusion and hematologic 

malignancies (Table 1). There was no difference in other acute lung injury risk factors.

In a crude model, the risk of TRALI after transfusion was assessed. Platelet transfusion 

increased the risk of TRALI (Table 2). Transfusion of red blood cells and fresh frozen plasma 

per se did not increase the risk of TRALI; however, the total volume of plasma infused was 

significantly associated with TRALI. 
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Table	1 Aspirin use and baseline characteristics of cases of transfusion-related acute lung injury (TRALI) 
and transfused controls (no TRALI). Values are mean (SD) or number (proportion).

TRALI
(n=109)

No  TRALI 
(n=109)

p-value

Aspirin use 34 (31%) 32 (29%) 0.77

Primary ICU admission category

Medical 44 (41%) 40 (37%) 0.62

Surgical 33 (27%) 33 (30%) 1.00

Cardiovascular or  cardiac surgery 32 (31%) 36 (33%) 0.63

Covariates used in propensity score

APACHE-2 score 22 (8) 19 (8) 0.002

Emergency CABG 8 (7%) 1 (1%) 0.02

Sepsis 36 (33%) 20 (18%) 0.01

Mechanical ventilation 94 (86%) 80 (73%) 0.02

Massive transfusion 37 (34) 16 (15) 0.001

Amount of RBCs , units 1.8 (0.3) 1.9 (0.2) 0.70

Amount of PLTs , units* 0.4 (±0.1) 0.2 (±0.1) 0.03

Amount of FFP, units* 1.3 (0.2) 0.9 (0.2) 0.20

APACHE, acute physiology and chronic health evaluation; ICU, intensive care unit;  RBCs, red blood cells; FFP,  fresh 
frozen plasma; PLTs, platelets; CABG, coronary artery bypass graft surgery. 

Table	2 The risk of transfusion-related acute lung injury, stratified per blood product.

Covariate OR	(95%	CI) p-value

RBCs 0.98 (0.87 - 1.10) 0.74

PLTs 2.07 (1.07 - 4.00) 0.03

FFP 1.40 (0.80 - 2.60) 0.23

Total amount of plasma 1.50 (1.39 - 1.63) 0.04

RBCs, red blood cells; FFP, fresh frozen plasma; PLTs, platelets.

The use of aspirin did not differ between patients developing TRALI compared to transfused 

controls. Only two patients, also on aspirin, were taking clopidogrel. Use of aspirin did not 

alter the risk of acquiring TRALI after transfusion of red blood cells, fresh frozen plasma, 

platelets or total volume of plasma transfused (Table 3). The covariates described in Table 1 

were used to calculate the propensity score. The relationship between aspirin and TRALI was 

then adjusted by this propensity score (Table 3). This confirmed that aspirin did not exert a 

protective effect on the development of TRALI. The absence of this effect cannot be explained 

by effect modification or confounding of the amount of blood products. Furthermore, we 

found no influence of other covariates that could have affected the relationship between 

aspirin and TRALI. 
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Table	 3 The effect of aspirin use on the incidence of transfusion-related acute lung injury, adjusted 
for blood products and propensity score (the propensity score is the probability of a risk factor being 
associated with aspirin use).

Covariate OR	(95%	CI) p-value

Aspirin 1.09 (0.61 - 1.94) 0.77

Aspirin adjusted for amount of RBCs 1.09 (0.61 - 1.94) 0.77

Aspirin adjusted for amount of RBCs and FFP 1.06 (0.59 - 1.92) 0.84

Aspirin adjusted for amount of RBCs, FFP and PLTs 1.06 (0.59 - 1.91) 0.85

Aspirin adjusted for propensity score 0.91 (0.49 - 1.69) 0.66

RBCs, red blood cells; FFP, fresh frozen plasma; PLTs, platelets.

Discussion

We have not shown a protective effect of aspirin administration on the development of 

TRALI. Despite the use of the latest consensus definition of TRALI [2,26], the incidence of 

the condition in this study was higher compared to studies in the general hospital population 

[21], but in agreement with previous studies in critically ill patients [5,27]. These studies 

have identified risk factors for TRALI [5,6,28], including emergency cardiac surgery, sepsis 

and hematologic malignancies. Despite matching cases and controls, the incidence of risk 

factors for TRALI were unequal in the two groups. We corrected for sepsis and coronary 

artery bypass grafting in the propensity score, however this also failed to show a protective 

effect of aspirin.  Correction for hematologic malignancy was not possible, as none of the 

patients with hematologic malignancies used aspirin. However, as the use of aspirin was 

the same in TRALI cases and controls, it is very unlikely that any possible protective effect 

of aspirin may have been off-set by a potential benefit due to the presence of hematologic 

malignancy. 

 Our finding is in contrast with results from a murine model of TRALI, in which it was shown 

that treatment with aspirin substantially reduced the incidence of the condition [12].  There 

may be several explanations for this discrepancy. First, the mouse model that was used 

was an immune-mediated model; mice primed with lipopolysaccharide were challenged with 

major histocompatibility Class I antibodies. However, lipopolysaccharide may not represent 

a clinically relevant trigger, and the infusion of antibodies may not have the same effect 

as blood transfusion. It is possible that the injury invoked in the immune-mediated model 

may have been the result of a direct interaction of the antibodies with the endothelial wall.  

Second, the dose of aspirin used in the mouse model is equivalent to around 5-8 times the 

dosage used in humans [29]. A dose of 30 mg aspirin per day results in virtually complete 

suppression of platelet Thromboxane A2 production via inhibition of cyclooxygenase-1 

[30,31], which is sufficient to account for the antithrombotic effect of the drug. Anti-

inflammatory effects of aspirin occur via inhibition of cyclooxygenase-2, whose expression 
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is up-regulated by cytokines, inflammatory stimuli, and a number of growth factors [32]. 

As aspirin is approximately 150 – 200-fold more potent as an inhibitor of cyclooxygenase-1 

than cyclooxygenase-2, this explains the difference in dosage requirements of aspirin 

between its action as an antithrombotic and as an anti-inflammatory drug. Therefore, the 

preventative effect seen in the mouse model may have been due to the anti-inflammatory 

effect. This fits in with the observation that prostanoids such as prostaglandin-E₂, generated 

by the cyclooxygenase-2 enzyme, are present in high concentrations in the lung of animals 

and humans with sepsis and acute respiratory distress syndrome [33-35]. Third, patients 

with cardiovascular disease may be resistant to aspirin [36]. Although it is controversial 

whether laboratory evidence of aspirin resistance is clinically significant, we can not exclude 

the possibility that a high number of weak responders to aspirin in this study may have 

accounted for the absence of a protective effect on TRALI we have demonstrated. Lastly, it 

should be remembered that the number of circulating platelets is higher and the number of 

polymorphonuclear neutrophils is lower in mice compared to humans, rendering the platelet/

neutrophil ratio in circulating blood substantially different in the two species [37,38].

 Platelets have been shown to play a pivotal role in models of acute lung injury due to 

other causes [7,8]. There are data indicating aspirin protects against onset of acute lung 

injury in a population-based cohort study [13]. A more recent study found no association 

between pre-hospitalisation aspirin therapy and acute lung injury [14]. In line with this, our 

study did not demonstrate a protective effect of aspirin in terms of mediating lung injury in the 

clinical setting. One possible reason for this contrast between the results may be related to 

differences in patient population and in study design, as we analysed patients who actually 

fulfilled TRALI consensus criteria, as opposed to patients who were at risk for development of 

acute lung injury [13].  

 This analysis has important limitations. It should be noted that our study was not designed 

to look at the effect of aspirin in TRALI, thereby carrying a potential for bias and confounding. 

Even with the use of propensity matching, designed to eliminate confounding, we cannot 

exclude the possibility that there were other confounders that were unaccounted for, and that 

these may have contributed to the results. Therefore, this study does not rule out a protective 

effect of aspirin on TRALI. Furthermore, critically ill patients are more often diagnosed with 

“possible TRALI” compared to a general hospital population. This applies, by consensus 

definition, to patients who have other acute lung injury risk factors besides transfusion. 

Therefore, our results can not be extrapolated to a general hospital patient population. 

Despite these limitations, we think it is important to report the results of this analysis of aspirin 

and TRALI, since this was conducted in one of the largest TRALI cohorts to date.

 In conclusion, aspirin did not protect against TRALI in this cohort of critically ill patients. 

The results of this study may contribute to the design of prospective studies on the association 

between aspirin and lung injury. 
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Abstract

Background: Activated platelets have been implicated to play a major role in transfusion-

related hypothesized that binding of platelet CD40L(-igand) to endothelial CD40 is essential 

in the onset of TRALI. 

Methods: Mice were challenged with monoclonal MHC-1 antibody which induced TRALI, 

evidenced by pulmonary edema, accompanied by significantly elevated BALF levels of total 

protein and elevated plasma levels of KC and MIP-2 compared to infusion of isotype Ab (p 

< 0.05 to all). 

Results: Treatment with Ciglitazone, which inhibits platelet CD40L expression, had no effect 

on pulmonary and systemic inflammation compared to controls. In addition, also treatment 

with anti-CD40L antibody, which antagonizes all CD40-CD40L interactions, did not abrogate 

the TRALI reaction.  Furthermore, levels of soluble CD40L were measured in a cohort of cardiac 

surgery patients, who were prospectively followed 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 vs 258±346 and 93±82 vs 93±123 pg/ml resp., ns). 

Conclusion: These results do not support the idea that the CD40-CD40L interaction is 

involved in mediating TRALI.
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Introduction 

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. 

Transfusion 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 fully understood.  Donor-derived leukocyte antibodies 

(Abs) appear to be a key stimulus of PMNs in TRALI. Of these, leukocyte Abs directed against 

the human leukocyte 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 substances which accumulate during storage of blood 

products [5,6].

 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 mortality 

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 activation in TRALI still 

needs to be unraveled.

 CD40 ligand (CD40L; CD154) is a pro-inflammatory 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 endothelial 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 clinical settings, including cancer [14], auto-immune 

diseases [15] 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 protective 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 implicated 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 trough binding of CD40 

with the endothelium in the lung, or with neutrophils or other immune cells involved in TRALI.

 In this manuscript, we investigated the role of CD40L as mediator 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]. 
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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, randomly assigned to 6 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 Netherlands (#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 hours 

before induction of TRALI, mice were pretreated with Ciglitazone (Ciglitazone 

5-[4-(1-methylcyclohexylmethoxy) benzyl]-thiazolidine-2,4-dione (5 mg/kg) (Enzo Life 

Science, Zandhoven, Belgium) intraperitoneal (i.p.) as described before [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 μl saline) i.p.  Secondly, immediately prior to infusion of TRALI-inducing Abs, 

mice were pretreated with anti-CD40L Ab i.p. (10 mg/kg diluted in PBS in a volume-weight 

depending dose of 180-220 μL). Controls reveiced isotype Ab (hamster-anti-rat CD40L, both 

from Bioceros, Utrecht, The Netherlands). Anti-CD40L Ab is capable of antagonizing all 

CD40-CD40L interactions, thereby making no distinction between CD40L from platelets and 

T cells [27,28]. 

Experimental	Study	protocol

After pre-hydration with 1 mL NaCl 0.9% i.p., mice were anesthetized with 0.075 mL/10 gram 

of a mix intraperitoneally (i.p.) containing Ketamine (EurovetAnimal Health B.V., Bladel, the 

Netherlands), Medetomidine (Pfizer Animal Health B.V., Capelle a/d Ijssel, the Netherlands) 

and Atropine (Pharmachemie, Haarlem, The Netherland) in a ratio of 1.26 mL 100 mg/mL 

Ketamine, 0.2 mL 1mg/mL Medetomidine and 1 mL 0.5 mg/mL Atropine in 5 mL 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 PE-tubing, venous blood was aspirated from 

the jugular vein to verify intravascular placement of the needle. Mice were infused with either 

MHC-1 Ab (IgG2a, κ, 4.5 mg/kg), which has previously been shown to induce TRALI [8,29] or 

matched isotype Ab (IgG2a, CRL-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 anesthesia and then placed back in their cages. After 2 hours, 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. Approximately 1.0 mL of lavage fluid was 

retrieved per mouse. Left lungs were weighed and homogenized in 4 x lung weight (mg) in 
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0.9% saline using a tissue homogenizer (Biospec Products, Bartlesville, OK, USA) and 1:1 

diluted with Greenberger Lysis Buffer.  Supernatant was stored at -20⁰ 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 intensive care unit of a university hospital in The Netherlands [30]. The study 

was approved by the Institutional Review Board (06/201 # 06.17.1506). Prior to valvular and/

or coronary artery surgery, patients of 18 years or older were asked informed consent for 

participation in the study. Exclusion criteria were off-pump surgery, emergency surgery and 

use of immunosuppressive drugs. Patients were prospectively followed for the development 

of TRALI using the consensus definition (new onset hypoxemia or deterioration demonstrated 

by a PaO₂/FiO₂ ratio < 300, occurring within 6 hours after transfusion, with bilateral 

pulmonary changes on the chest radiograph and a pulmonary arterial occlusion pressure 

of ≤ 18 mmHg) [31]. Cardiogenic pulmonary edema 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 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 randomly 

matched with controls in a 1:2 ratio. Controls were transfused cardiac surgery patients not 

developing acute lung injury.  All transfused RBCs were leukoreduced (buffy coat removed 

and the erythrocyte suspension was filtered to remove the leukocytes (< 1x106)), which is 

the standard of practice in the Netherlands. Blood for analysis was drawn before and 6 hours 

after surgery.

Assays

Total protein levels (Bradford Protein Assay Kit, OZ Bioscience, Marseille, France) were 

measured in BALF. Keratinocyte-derived Chemokine (KC) and Macrophage inflammatory 

protein-2 (MIP-2) were measured in BALF and plasma using Enzyme-Linked Immuno Sorbent 

Assay (ELISA) according to the instructions of the manufacturer (R&D Systems, Minneapolis, 

MN). We choose to measure KC and MIP-2 since CD40L on activated platelets triggers an 

inflammatory reaction of endothelial cells [33]. Human sCD40L/TNFSF5 was measured in 

plasma according to the instructions of the manufacturer using an ELISA (Quantikine, R&D 

Systems, Minneapolis, MN). Detection limit was 4.2 pg/mL. To minimize postvenapuncture 

CD40L hydrolysis, EDTA anticoagulation was used [23].

Donor antibody analysis

 Donor antibody analysis was performed a described before [30]. In short, in donor 

samples of PLTs and FFP products, leukocyte reactive antibodies were examined using 

a standard complement-dependent cytotoxicity (CDC) assay with an HLA-typed donor 
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panel (to detect complement-fixing antibodies to HLA class I and II) and a Luminex 

screening assay. Leukocyte agglutinating antibodies were examined using a Leukocyte 

Agglutination Technique. Granulocyte-reactive antibodies were examined by the Granulocyte 

Immunoflorescence Test.

Statistical analysis

Data were expressed as mean ±standard deviation (SD) or median (IQR) when appropriate. 

Comparisons between experimental groups were performed using students T-test or Mann-

Whitney test depending on data distribution. On clinical data, we performed a secondary 

analysis using patients from a case-control study. For comparison of sCD40L levels, a Mann-

Whitney test was used. A p-value <0.05 is considered statistically significant. Statistical 

analyses were performed with SPSS 17.0 (SPSS, Chicago, IL) and Prism 5.0 (GraphPad 

Software, San Diego, CA). 

Results

All mice in the isotype MHC-1 Ab control group survived. In contrast, 26% of the mice 

challenged with TRALI Abs were sacrificed because of respiratory distress. All mice were 

used for analysis. 

Induction	of	TRALI	with	MHC-1	Antibody

Infusion with MHC-1 Abs 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 permeability (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 levels of KC and MIP-2 were elevated after MHC-1 

Ab injection compared to controls (Fig. 2). 

The	effect	of	blocking	CD40L	in	a	TRALI	model

Pretreatment with Ciglitazone did not reduce pulmonary edema nor BALF protein concentration 

compared to the TRALI group that 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 Ab. Antagonizing of CD40L did not reduce lung edema nor protein leakage 

compared to the TRALI group (Fig. 1).  Also, local and systemic levels of chemo-attractants 

were not different between the anti-CD40L antibody treated group and controls (Fig. 2).
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________________________________________________________________________________________________
Figure	1. Pulmonary edema and protein leakage after induction of transfusion-related acute lung injury 
and treatment with anti-CD40L antibody or Ciglitazone and controls. 

* p < 0.05; ** p < 0.01________________________________________________________________________________________________

________________________________________________________________________________________________
Figure	2.	Levels of chemo-attractants in broncoalveolar lavage (BALF, upper panels) and plasma (lower 
panels) after induction of transfusion-related acute lung injury and treatment with anti-CD40L antibody 
or Ciglitazone and controls. 
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Levels	of	sCD40L	in	TRALI	patients	and	controls	before	and	after	cardiac	surgery

Patients that had developed TRALI after cardiac surgery were compared to transfused 

cardiac surgery patients that did not develop ALI [30]. Baseline characteristics are presented 

in the Table. There was no difference in factors associated 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 thiazolidinedione derivate. Patients developing TRALI had received more RBCs, fresh 

frozen plasma and platelets than controls (Table). In 63 % of these patients, a leukocyte 

antibody was detected in an associated blood product. Patients developing TRALI received 

significantly more blood products containing HLA-I, HLA-II and HNA antibodies compared 

to controls (38 vs 3, 44 vs 6 and 19 vs 3 %, resp., p = 0.005). Of the HLA/HNA antibodies 

positive products, of which 80% originated from female donors [30]. 

Table	1.	Baseline characteristics, transfusion data and pre-operative medication of patients developing 
TRALI compared to transfused control subjects. 

TRALI
(n=16)

Controls
(n=32)

P value

Age* 74 (29) 68 (13) 0.19

Gender, male 12 (75%) 20 (63%) 0.52

EuroSCORE* 6.0 (5.5) 5.0 (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, unitsΦ 3.2 (±2.3) 2.0 (±1.5) 0.02

Fresh frozen plasma, unitsΦ 3.3 (±3.5) 1.2 (±1.8) 0.02

Platelets, unitsΦ 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

TRALI, transfusion-related acute lung injury; ALI, acute lung injury; EuroSCORE: European System for Cardiac Operative 
Risk Evaluation; PVD: peripheral vascular disease; Data are presented as or number (%), Φ mean (±SD) or * median 
(IQR).

Prior to surgery, baseline levels of sCD40L did not differ between TRALI patients and controls. 

Post surgery, at onset of TRALI, 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. 
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________________________________________________________________________________________________
Figure	3. Plasma levels of sCD40L and platelet count before and after cardiac surgery in transfusion-

related acute lung injury (TRALI) patients and transfused controls.
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Discussion

In this study on the role of CD40L in TRALI, we found that blocking of CD40L-CD40 is not 
protective in an antibody-mediated murine model of TRALI, suggesting there is no role 
for CD40L in the onset of immune-mediated TRALI. Furthermore and confirmative to this 
observation, the levels of sCD40L in patients developing TRALI were not different from 
transfused controls. 

Infusion of MHC-1 Abs resulted in a decrease in alveolar fluid clearance and an increased 
lung vascular permeability, as found before [8]. The CD40-CD40L interaction 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 expression on platelets. A dose 
was used which previously was found to ameliorate lung injury during murine pneumonia 
[24]. However, Ciglitazone did not reduce lung injury in our model. As immune cells other 
then platelets may also express CD40L and contribute to development of TRALI, animals 
were then infused with anti-CD40L Ab, 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 Ab also had no effect on pulmonary leakage and 
inflammation. Therefore, these results indicate that CD40-CD40L interaction does not play a 
major role in this model of TRALI. 
 A possible explanation for contrasting results with previous experimental findings may 
be a difference in the models used. In a previous study, sCD40L has been implicated in a 
‘two event’ in vitro TRALI model after LPS priming [13], whereas an immune-mediated Ab 
model was used in this study. As sCD40L accumulates during storage of blood [13,22], it can 
be hypothesized that blocking of 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 previously found that pulmonary 
expression of CD40L was not enhanced [36]. 
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To further examine the role of CD40-CD40L pathway in TRALI, sCD40L was measured in 

transfused cardiac surgery patients developing TRALI. Cardiac surgery is recognized as a risk 

factor for TRALI [3,32], possibly due 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 PMNs 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 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 previously found was not univocal, 

occurring in only 8 out of 12 patients with TRALI, and was not statistically different from sCD40L 

concentrations in the pre-transfusion samples [13].  Thereby, 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 measured before 

and at the onset of TRALI, 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 

sCD40L [40,41]. Moreover, it should be noted that transfused RBCs in this clinical study were 

leukoreduced, which has previously been shown to result in lower sCD40L levels compared to 

non-leukoreduced RBCs, possibly due to a reduction in contaminating platelets [13]. However, 

TRALI continues to occur, also after introduction of leukoreduction [42,43]. In line with this, 

16 TRALI cases were detected in our prospective study using leukoreduced 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 before [23,45]. 

We can not exclude that the decrease in platelets observed after cardiac surgery may have 

influenced results. Therefore, our clinical data can not 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 different 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 ameliorate 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 TRALI.
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Abstract

Background: Data from interventional trials of systemic anticoagulation for sepsis 

inconsistently suggest beneficial effects in case of acute lung injury (ALI). Severe systemic 

bleeding due to anticoagulation may have offset the possible positive effects. Nebulization of 

anticoagulants may allow for improved local biological availability and as such may improve 

efficacy in the lungs and lower the risk of systemic bleeding complications.

Method: We performed a systematic review of preclinical studies and clinical trials 

investigating the efficacy and safety of nebulized anticoagulants in the setting of lung injury 

in animals and ALI in humans.

Results: The efficacy of nebulized activated protein C, antithrombin, heparin and danaparoid 

has been tested in diverse animal models of direct (e.g., pneumonia–, intra–pulmonary 

lipopolysaccharide (LPS)–, and smoke inhalation–induced lung injury) and indirect lung 

injury (e.g., intravenous LPS– and trauma–induced lung injury). Nebulized anticoagulants 

were found to have the potential to attenuate pulmonary coagulopathy and frequently also 

inflammation. Notably, nebulized danaparoid and heparin but not activated protein C and 

antithrombin, were found to have an effect on systemic coagulation. Clinical trials of nebulized 

anticoagulants are very limited. Nebulized heparin was found to improve survival of patients 

with smoke inhalation–induced ALI. In a trial of in critically ill patients who needed mechanical 

ventilation for longer than two days, nebulized heparin was associated with a higher number 

of ventilator–free days. In line with results from preclinical studies, nebulization of heparin was 

found to have an effect on systemic coagulation, but without causing systemic bleedings.

Conclusion: Local anticoagulant therapy through nebulization of anticoagulants attenuates 

pulmonary coagulopathy and frequently also inflammation in preclinical studies of lung 

injury. Recent human trials suggest nebulized heparin for ALI to be beneficial and safe, but 

data are very limited.
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Introduction

Pulmonary coagulopathy is intrinsic to acute lung injury (ALI). Indeed, both microvascular 

thrombi and alveolar fibrin depositions are hallmarks of ALI, irrespective of its cause [1-5]. 

The extent of pulmonary coagulopathy depends on severity of ALI [1] and is clearly linked to 

outcome of ALI [6-9]. Pulmonary coagulopathy with ALI resembles systemic coagulopathy 

with sepsis [4], and is characterized by activated coagulation, attenuation of fibrinolysis, 

and enhanced breakdown and/or decreased production of natural anticoagulants (figure 1) 

[4,10,11]. Extensive cross–talk between coagulation and inflammation may further inflame 

the lungs [3]. Indeed, activated coagulation factors may initiate or exaggerate injury [12-14], 

impairing alveolar aeration and perfusion [15], and promoting fibrosis [16].

 Clinical trials inconsistently suggests beneficial effects of systemic anticoagulants in 

patients with ALI. Results from the PROWESS–trial suggested patients with a pulmonary 

cause of their sepsis to benefit more from systemic anticoagulation with recombinant–

human (rh)–activated protein C (APC) than patients with sepsis from another source [17-

19]. A recent clinical trial of patients with ALI even showed decreased pulmonary dead 

space fraction with infusion of rh–APC, although this was not associated with an improved 

clinical outcome [20]. Notably, rh–APC has been withdrawn from the market, as the recent 

PROWESS SHOCK–trails showed no benefit from rh–APC in patient with septic shock 

[21]. Neither infusion of antithrombin (AT) nor infusion of rh–tissue factor pathway inhibitor 

(TFPI) have been found to improve outcome in sepsis [22,23]. Infusion of AT, however, was 

found to prevent new pulmonary dysfunction [24]. Infusion of rh–TFPI was suggested to 

improve survival of patients with a community–acquired pneumonia [25] but failed to improve 

outcome of patients with severe community–acquired pneumonia in the recent CAPTIVATE–

trial [26]. Finally, post–hoc analysis of 4 large clinical trials of patients with sepsis suggested 

infusion of low–dose heparin to improve survival, although unintended pitfalls may not have 

been accounted for [27]. However, one recent clinical trial showed no effect on survival with 

infusion of unfractioned heparin [28].

 High pulmonary concentrations of an anticoagulant may be necessary to have any effect 

on pulmonary coagulation, maybe higher than achievable with systemic treatment. Similar 

to systemic antimicrobial therapy for pneumonia, with which antimicrobial agents penetrate 

in dissimilar amounts into the lung [29], it could be argued that anticoagulants may not 

penetrate into lung tissue adequately to have a local effect. A major concern is the association 

between systemic anticoagulation and the high incidence of serious bleeding complications 

in patients with sepsis, which at times could be life–threatening [17,22,23,30,31]. With higher 

systemic dosages, possibly necessary to have sufficiently high concentrations in the lung, 

without doubt the incidence of bleedings would rise.

 Local administration of anticoagulants, through nebulization, may allow for higher 

pulmonary concentrations while at the same time preventing systemic bleedings. To test the 
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hypothesis whether nebulization of anticoagulants attenuates pulmonary coagulation without 

having systemic side–effects we searched the literature for preclinical studies and human 

trials of nebulized anticoagulants in the context of lung injury in animals and ALI in humans. 

We aimed to search for any beneficial and harmful effect of nebulized anticoagulants.

________________________________________________________________________________________________

Figure	1. Schematic and simplified presentation of coagulation, fibrinolysis and anticoagulant pathways.
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The coagulation cascade is started trough activation of tissue factor (TF)-factor VII (FVIIa) complex. 
Several coagulation factors accelerate the conversion of prothrombin to thrombin. Activated protein C 
(APC) can inactivate coagulation factors Va and VIIIa. Antithrombin (AT) serves to block the action of 
multiple coagulation factors (e.g., Xa en IIa). Tissue factor pathway inhibitor (TFPI) inhibits stepwise 
the activation of coagulation factors. The fibrinolytic system is designed to degrade clots and fibrin 
degradation products (FDP) are formed. The main inhibitor of the plasminogen activators is plasminogen 
activator inhibitor type (PAI)–1. 

+: stimulating effect; -: inhibiting effect.

Adapted and modified from Tuinman et.al [59].
________________________________________________________________________________________________

Materials and Methods

Data sources

To identify relevant manuscripts on local anticoagulation in the setting of lung injury in animals 

and ALI in humans, 2 search strategies were followed. First, an electronic search in Medline 

and Embase databases was conducted. Second, the reference lists of retrieved papers were 

screened for potentially important papers. The search was limited to papers published from 

1980 until now, and papers written in the English language.
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Keywords

The Medline database was used to identify medical subject’s headings (MeSH) to select 

search terms. In addition to MeSH–terms, also free text words were used. Search terms 

referred to aspects of the condition (“acute lung injury” [ALI], “acute respiratory distress 

syndrome” [ARDS]) as well as related conditions (“pneumonia”, “sepsis”, and “ventilator–

induced lung injury” [VILI]). In addition we searched on the intervention (“nebulized”, 

“vaporized”, and “aerosolized”), and anticoagulant agents (“APC”, “AT”, “TFPI”, “heparin” 

and “danaparoid”). We chose to limit the search of agents to those that have been tested 

in phase III trials of sepsis (rh–APC, AT and rh–TFPI), and those commercially available and 

frequently given to critically ill patients (heparin and danaparoid). The same search strategy 

was used in EMBASE. A Prisma flow diagram of the applied search strategy and selection 

process is summarized in Figure 2.

________________________________________________________________________________________________

Figure	2. Prisma flow diagram showing the search strategy and selection process
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Study	selection

Titles and abstracts of identified manuscripts were reviewed on:

•	 Population (i.e., animal models of lung injury or patients with ALI) and the related settings 

(pneumonia, sepsis or VILI)

•	 Intervention (i.e., local anticoagulation)

•	 Outcome (i.e., lung injury and inflammation, pulmonary coagulation, systemic coagulation 

and bleeding)

In case of uncertainty the complete manuscript was obtained and evaluated.

Data extraction

Manuscripts were critically appraised along 2 research questions:

•	 Do nebulized anticoagulants affect pulmonary coagulation, parameters of lung injury, 

and/or outcome?

•	 Do nebulized anticoagulants affect systemic coagulation, and as such cause bleedings?

Results

Preclinical studies of local anticoagulation 

The search of pre–clinical studies of pulmonary anticoagulation yielded 10 pre–clinical 

studies of nebulized and one with intratracheal anticoagulants for lung injury with a large 

diversity in outcome measures (table 1). Four pre–clinical studies tested nebulized rh–APC 

[32-35], four studies compared rh–APC, plasma–derived human AT, heparin and danaparoid 

[36-39], one study tested heparin [40], one study compared nebulized heparin with systemic 

infusion of heparin [41], and one study compared nebulized heparin with systemic infusion of 

heparin and lisofylline [42]. The search did not yield any pre–clinical study that investigated 

the effects of nebulized rh–TFPI.

Recombinant–activated protein C

Although in none of the pre–clinical studies pulmonary levels of rh–APC were measured, 

nebulization of rh–APC was found to attenuate activation of pulmonary coagulation [34,36,37], 

and to stimulate pulmonary fibrinolysis [36]. Nebulization of rh–APC inconsistently reduced 

pulmonary inflammation [34-36]. Furthermore, nebulization of rh–APC was found to improve 

oxygenation [32,34,35], and to reduce histolopathological derangements [32,34,35]. While 

nebulization of rh–APC improved aerated lung volume it had no effect on extra–vascular lung 

water [33]. Nebulization of rh–APC has neither been associated with systemic coagulation 

[33] nor with signs of systemic bleeding [36]. Dosages and timing of rh–APC varied amongst 

studies: from five times 48 μg/kg [33] up to 200 mg/kg as a single dose [35].
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Plasma–derived human antithrombin

Nebulization of plasma–derived AT was found to increase pulmonary levels of AT [36,37], to 

attenuate activation of pulmonary coagulation [36,37] and to stimulate pulmonary fibrinolysis 

[36]. Alike with rh–APC, nebulized plasma–derived AT inconsistently reduced pulmonary 

inflammation [36,38]. Furthermore, nebulization of plasma–derived AT was found to reduce 

histopathological derangements and bacterial outgrowth in models of infectious lung injury 

[36]. Nebulization of plasma–derived AT has not been associated with an affect on systemic 

coagulation [36,37]. Dosages of plasma–derived AT varied amongst studies: from 10 IU/kg 

[38] to as high as 500 IU/kg [36,37].

Heparin

Nebulization of heparin and intratracheal–installed heparin were found to attenuate 

pulmonary coagulopathy [36,37,40]. Nebulization of heparin, as expected, was not found to 

affect fibrinolysis [36,37,40]. Intratracheal–installed heparin reduced pulmonary inflammation 

and endothelial permeability. In addition intratracheal–installed heparin improved survival, 

reduced bacterial outgrowth and bacterial adherence to lung epithelium [40]. Nebulization of 

heparin did not reduce pulmonary inflammation [37]. Furtermore, nebulization of heparin did 

affect systemic coagulation [37]. The dosages of heparin varied between an estimated 333 

IU/kg [38,39,41,42] and 1000 IU/kg [36,37].

Danaparoid

Nebulization of danaparoid was also found to attenuate pulmonary coagulopathy but not 

fibrinolysis [36,37]. Danaparoid reduced local coagulation, but not inflammation [37]. 

Danaparoid was found to have an effect on systemic coagulation [36,37]. A dose of 250 E/

kg was used in both studies.

Combined therapies

Combined nebulization of AT or systemic infusion of AT with nebulization of heparin was 

found to reduce wet–to–dry lung weight ratios and airway obstructions, and to improve lung 

function [38,39]. Combined nebulization of heparin and systemic lysofylline was found to 

reduce need for mechanical ventilation, to decrease pulmonary shunt fraction, but not to 

reduce wet–to–dry lung weight ratios [42]. Combined nebulization of heparin and AT was not 

found to effect clotting times [38,39].
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Table	1. Animal models of acute lung injury evaluating the effects of treatment with local anticoagulant 
therapy.

Drug	(dose) Animal Lung	injury	model	
and	nebulizer

Effect	parameter,	observed	effect	and	
safety Reference

Rh–APC (12,5 μg/h) mice Mechanical 
ventilation
Aeroneb

Rh–APC attenuated pulmonary inflammation, 
improved oxygenation, and prevented 
endothelial dysfunction.
Rh–APC did not increase pulmonary 
bleeding.

Maniatis 
[32]

Rh–APC (48 μg/kg/h) sheep i.v. LPS
Servo Ultra

Rh–APC improved oxygenation and 
increased aerated lung volume; EVLW was 
unaffected.
Rh–APC did not cause systemic bleeding.

Waerhaug 
[33]

Rh–APC (2 x 25 or 
100 μg) and repeated 
dosing

mice i.t. LPS
Aeroneb Pro

Rh–APC attenuated pulmonary coagulation 
and inflammation; Rh–APC improved lung 
function.
No differences between single and repeated 
dosing.
Effects on systemic coagulation or systemic 
bleeding were not reported.

Slofstra
[34]

Rh–APC (4 mg/3 mL) mice i.t. LPS
DeVilbiss

Rh–APC attenuated pulmonary inflammation, 
decresed VCAM–1 upregulation and 
prevented changes in histopathology.
Effects on systemic coagulation or systemic 
bleeding were not reported.

Kotanidou 
[35]

Rh–APC (5000 μg/kg)
Heparin (1000 U/kg)
Plasma–derived human 
AT (500 IU/kg)
Danaparoid 
(250 E/kg)

rats S. pneumoniae 
pneumonia
Aeroneb Pro

All agents attenuated pulmonary 
coagulation.
Plasma–derived human AT also attenuated 
pulmonary inflammation, bacterial outgrowth 
and changes in histopathology.
Only danaparoid affected systemic 
coagulation. Systemic bleeding was not 
reported 

Hofstra
[36]

Rh–APC (5000 μg/kg)
Heparin (1000 U/kg)
Plasma–derived human 
AT (500 IU/kg)
Danaparoid 
(250 E/kg)

rats i.v. LPS
Aeroneb Pro

All agents attenuated pulmonary 
coagulation; pulmonary inflammation and 
histopathology were not affected.
Heparin and danaparoid affected systemic 
coagulation. Systemic bleeding was not 
reported

Hofstra
[37]

Heparin (5 μg) i.t. mice Legionella 
pneumonia
No nebulizer used

Heparin improved survival and decreased 
pulmonary inflammation, bacterial 
outgrowth, Legionella adherence and 
endothelial permeability.
Effects on systemic coagulation or systemic 
bleeding were not reported.

Ader
[40]

Heparin 
(10.000 IU/4h)
AT (290 IU)
or a combination

sheep burn and smoke 
inhalation
Nebulizer not 
stated

Combination therapy improved 
hemodynamics and P to F ratio; airway 
obstruction and wet to dry weight decreased.
Systemic clotting time was unaffected. 
Systemic bleeding was not reported.

Enkhbaater
[38]

Combination therapy of 
Heparin (10.000 IU/4h) 
and plasma–derived 
human AT i.v. (0,34 
mg/kg/h) 

sheep burn and smoke 
inhalation
Nebulizer not 
stated

Heparin + plasma–derived human AT 
improved P–to–F ratio; central venous 
pressure, airway obstruction and wet to dry 
weight decreased.
Systemic levels of AT were elevated. 
Systemic bleeding was not reported.

Enkhbaatar
[39]
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Table	1. Animal models of acute lung injury evaluating the effects of treatment with local anticoagulant 
therapy. (Continued)

Drug	(dose) Animal Lung	injury	model	
and	nebulizer

Effect	parameter,	observed	effect	and	
safety Reference

Heparin (10.000 IU/4h)
or
Heparin i.v. 
(5.300 U/kg/23 h)

sheep burn and smoke 
inhalation + 
P. aeruginosa 
pneumonia
Airlife Misty

Nebulization of heparin improved 
hemodynamics and P–to–F ratio; airway 
obstruction, wet to dry weight and changes 
in histopathology were decreased.
Systemic clotting time was unaffected with 
nebulized heparin. Systemic bleeding was 
not reported.

Murakami
[41]

Heparin 
(10.000 IU/4h)
and/or
Lisofylline i.v. 
(10 mg/kg/h after bolus 
20 mg/kg)

sheep burn and smoke 
inhalation
Nebulizer not 
stated

Combination therapy decreased the need 
of mechanical ventilation, P(A-a)O2 and 
pulmonary shunt fraction; wet to dry weight 
and changes in histopathology were 
unaffected. 
Effects on systemic coagulation and 
systemic bleeding were not reported.

Tasaki
[42]

For drugs delivered intravenously (i.v.) this is described in the table. APC: activated protein C; AT: antithrombin; EVLW: 
extravascular lung water; VILI: ventilator-induced lung injury; TATc: thrombin-antithrombin complex; See original 
manuscript for details.

Clinical	trials	of	nebulized	anticoagulants

The search did not yield any clinical trial that investigated the effects of nebulization of rh–

APC, plasma–derived human AT or rh–TFPI; three trials tested the nebulization of heparin 

(table 2).

Heparin

In a phase I trial of patients with ALI heparin was nebulized at different dosages, namely 

50.000 U/day, 100.000 U/day, 200.000 U/day or 400.000 U/day for 2 days. An Aeroneb Pro 

vibrating mesh nebulizer was used in this study. Sixteen patients were enrolled with a mean 

age of 58 years. Patients were ventilated in a pressure-support mode of ventilation and peak 

airway pressures were maintained below 35 cm H2O. Nebulization of heparin partly prevented 

activation of coagulation, evidenced by a reduction of thrombin-antithrombin complexes and 

fibrin degradation products in the broncheoalveolar lavage fluid, but lung function remained 

unchanged. With higher dosages nebulization of heparin was found to b e associated with 

an increase of systemic activated partial thromboplastin time (APTT) [43,44], without causing 

systemic bleedings. 

 In a single–center retrospective case–control study of 30 patients with smoke inhalation–

associated ALI, cases were compared with historical controls. All patients were ventilated 

with volume–cycled ventilation at a tidal volume of 5–8 ml/kg. The peak airway pressures 

were maintained below 40 cmH2O. The dose of nebulized heparin used was 10.000 U every 

4 hours for 7 consecutive days. Nebulization of heparin combined with N–acetylcystine and 

albuterol sulfate was associated with an improved survival and improved lung injury scores 

[45]. No data on pulmonary coagulation or inflammation and nebulizer used were reported.

In a randomized controlled trial of 50 patients who were expected require mechanical 
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ventilation for more than 48 hours treatment with 25.000 U of heparin for six times a day, 

with a maximum of 14 days, was compared to placebo [15]. An Aeroneb Pro vibrating mesh 

nebulizer was used in this study. Of note, pulmonary levels of coagulation and inflammation 

were not affected. No difference in bleeding events was observed between groups, even 

in patients with co–administrated systemic heparin, but APTT levels were higher in the 

intervention group. No effect on mortality was seen, but treatment with heparin was associated 

with fewer days of mechanical ventilation and a trend for a higher P–to–F ratio.

Table	 2. Human models of acute lung injury evaluating the effects of treatment with nebulized 
anticoagulant therapy.

Drug Model,	design,	dose	and	nebulizer Effect	parameter,	
observed	effect	and	safety Reference

Heparin RCT of 50 patients expected to need
> 48 hours of MV
25.000 U 6 dd for 14 days
Aeroneb Pro

Heparin increased the number of 
ventilator–free days; P to F ratio and 
mortality were unaffected. There was a 
trend for less tracheotomies with heparin.
The incidence of systemic bleeding was 
not affected; heparin increased APTT.

Dixon
[15]

Heparin + 
N-acetylcystin +
albulterol

Case control study of 30 patients after 
smoke inhalation 
10.000 U 6 dd for 7 days
Nebulizer not stated

Heparin + acetylcystin + albulterol 
improved survival and lung injury score.
Effects on systemic coagulation and 
systemic bleeding were not reported.

Miller
[45]

Heparin Phase 1 trial of 16 patients with ALI
50-400x 103 U/ day 2 days
Aeroneb Pro

Heparin attenuated pulmonary 
coagulation; P–to–F ratio and lung 
compliance were not affected.
Heparin increased APTT. The incidence 
of systemic bleedings was not affected.

Dixon
[43,44]

ALI: acute lung injury; APTT: activated partial thromboplastin time; MV: mechanical ventilation; RCT: randomized 
controlled trial; See original manuscript for details.

Discussion

Ten years ago to many in the pulmonary or critical care community the idea that anticoagulants 

could be a beneficial therapy in ALI may have been surprising and the approach unfamiliar [46]. 

Nowadays several pre–clinical and clinical trials have been conducted with anticoagulants in 

the setting of experimental lung injury in animals or ALI in humans. The clinical evidence for 

pulmonary anticoagulant therapy is severely limited, since only one randomized controlled 

trial has been performed. The identified preclinical studies all showed clear evidence for 

attenuating effects of nebulized anticoagulants on local coagulation, a phenomenon that has 

been associated with morbidity and mortality of ALI. Given the extensive crosstalk between 

inflammation and coagulation [47], the observed diminishing effects on local coagulation 

may be countable for dampened pulmonary inflammation with nebulization of anticoagulants.

 It should be noted that while rh–APC and rh–TFPI were infused in a continuous fashion 

in clinical trials of sepsis [17,23,30,31,48,49], in the reviewed pre–clinical studies these 

anticoagulants were nebulized intermittently. Although half–life of rh–APC in plasma is short 
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[50], rh–APC could be detected in mice bronchoalveolar lavage fluid up to 24 hours after 

inhalation [51]. It is uncertain whether continuous nebulization would improve the pulmonary 

effects of rh–APC, but considering longer bioavailability and intermittent dosing, local 

administration may affect both efficacy and costs.

 Nebulization of rh–APC or plasma–derived human AT did not affect systemic coagulation, 

suggesting local administration of these agents to be safe and as such to have a potential 

benefit over systemic administration. Nebulization of heparin or danaparoid, however, did 

affect systemic parameters of coagulation. These agents seem to have the potential to 

leak from the pulmonary compartment into the circulation [36,37]. This may not come as a 

surprise, since both heparin and danaparoid are relatively small molecules (8 and 5.5 kDa, 

respectively), much lower than APC and AT (56 and 58 kDa, respectively). Of note, in a phase 

I trial nebulization of heparin in a high dosages lengthened clotting time only after > 24 hours 

[43], suggesting that heparin may be stored and metabolized in pulmonary endothelial cells, 

initially limiting heparin from reaching the systemic circulation. Notably, the results from the 

clinical trials of nebulization of heparin showed no increase on systemic bleedings.

 Five  major variables influence local drug delivery in the lung during mechanical 

ventilation, e.g., the aerosol generator, aerosol particle size, conditions in the ventilatory 

circuit, artificial airway and ventilator parameters [52]. Unfortunately, most of these variables 

were insufficiently addressed in the retrieved studies. In addition, different types and brands 

of nebulizers were used, including jet [35,41], ultrasonic [33] and vibrating mesh nebulizers 

[34,36,37]. Some studies did not report which nebulizer was used [38,39,42]. No studies 

mention the particle size delivered by the used nebulizer and probable losses of study drug, 

which would have been of interest since its one of the determinants of drug delivery to the 

lungs [52]. In addition, maldistribution of nebulized drugs to areas of better ventilation away 

from areas of collapse and consolidation is a concern of nebulized agents. After nebulization, 

uptake through the bronchial mucosa and distribution by a rich network of submucosal 

capillaries to other areas of the lung, could lead to adequate concentrations at various sites 

in the lung, as seen with inhaled antibiotics [53]. Another potential risk is that with higher local 

concentrations of anticoagulants in the lung, systemic measures of anticoagulation may not 

measure local bleeding risk. These aspects need further attention in future studies.

 A potential harm from local anticoagulant therapies lies in the fact that part of the 

procoagulant response may be needed for healing. Notably, coagulation and the formation 

of fibrin are natural responses to injury. The coagulation system may play a role in containing 

pathogens to the side of infection [54]. In a model of Pseudomonas pneumonia, interfering 

with the initial procoagulant response showed to be a potentially dangerous strategy, since 

it was associated with increased bacteremia. [55,56]. In the studies identified by our search 

no increased spread of bacteria was observed, though. On the other hand, anticoagulants 

may also have beneficial antimicrobial effects. Indeed, local heparin has been shown to have 

an anti–adherence effect, making it for Legionella pneumophila unable to adhere to airway 
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epithelial cells in the alveolar space [40]. Also, AT has been shown to limit bacterial outgrowth 

of Streptococcus pneumoniae in a rat model of pneumonia with this pathogen [36]. Thus, 

anticoagulants could also act as an adjuvant to conventional antimicrobial therapy in patients 

who are mechanically ventilated.

 Our search identified only three trials of local anticoagulants in patients [15,43,45]. 

The trial of patients who needed prolonged mechanical ventilation knows several potential 

weaknesses. The population was very heterogeneous, since it included unselected patients 

requiring mechanical ventilation beyond 48 hours, independent of the reason. Furthermore, a 

large proportion of patients received systemic heparin (24 versus 32%, in heparin–treated and 

control patients, respectively). Finally, it should be mentioned that this trial was performed in 

a single ICU.

 Investigations in animals and patients with burns and smoke inhalation and burns are 

a distinct category, since this insult is characterized by massive airway obstructive casts 

[38], resulting in atelectasis, airtrapping, alveolar hyperinflation and barotraumas, and maybe 

even pneumonia [39,57,58]. The effects of nebulized anticoagulants on cast formation may 

not be comparable to the anticoagulant effects of these agents in ALI by another cause. 

One major weakness of the clinical trial that showed beneficial effects of nebulized heparin 

in these patients is that historic controls were used [45]. Furthermore, side–effects were not 

reported.

Due to the marked differences in study design and patient characteristics, the cumulative 

summary of these data should be interpreted with caution. But this preliminary analysis, 

despite a number of caveats, suggests further studies to be undertaken. We are in need of 

more animal studies and clinical trials that address the promising concept of administration 

of anticoagulants to the lungs. We favor mechanistic studies before randomized controlled 

trials for several reasons. First, dosages were arbitrary chosen in most pre–clinical studies. 

Second, assessment of distribution of inhaled anticoagulants in the lungs and its final 

(plasma) concentrations have to be better addressed. While larger agents may have limited 

access to the lower airways, smaller agents may leak more easily to the systemic circulation. 

Third, animal models of pneumonia should mimic as much as possible the clinical scenario, 

and as such should include for instance the use of antibiotics.

Conclusions

Pre–clinical studies in models of lung injury show nebulization of anticoagulants to reduce 

pulmonary coagulopathy and inflammation. Neither nebulized APC nor nebulized AT affect 

systemic coagulation, whereas heparin and danaparoid do affect systemic coagulation. Initial 

clinical trials of nebulized heparin show beneficial effects in ALI.
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Abstract

Transfusion-related acute lung injury (TRALI) is a subcategory of acute lung injury (ALI). As such, 

there are many similarities between the syndromes, both clinically and pathophysiologically. 

Pulmonary changes in fibrin turnover have emerged as a hallmark of ALI, thereby initiating 

studies investigating the potential of therapeutic interventions aimed at ameliorating this 

so-called pulmonary coagulopathy. Enhanced coagulation and impaired fibrinolysis are 

probably also important features of TRALI. In particular, platelets play an important role in 

mediating injury during a TRALI reaction. In this narrative review, the evidence of the role of 

coagulopathy and platelet activation in TRALI is discussed. Given that host risk factors for 

acquiring TRALI have been identified and that there is a time frame in which a preventive 

strategy in patients at risk for TRALI can be executed, preventive strategies are suggested. In 

this review, we discuss potential preventive anticoagulant interventions.
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Introduction

Transfusion-related acute lung injury (TRALI) is a subcategory of acute lung injury (ALI) and its 

more severe form acute respiratory distress syndrome (ARDS). There is a clear distinction in 

etiology, and also in associated mortality,[1,2] suggesting different pathologic mechanisms 

and sequelae. The main difference in pathologic mechanism is that TRALI can be induced 

by donor antibodies, which are likely to be cytotoxic and cause endothelial damage, 

capillary leak and ALI.[3] However, there are also many similarities. Both syndromes have 

a two hit mechanism. The first is the underlying clinical condition of the patient, that causes 

activation of the pulmonary endothelium and leads to priming of neutrophils.[3] In ALI/ARDS, 

different exposures are implicated, including pneumonia or sepsis, which can induce lung 

injury in the susceptible host.[1,4] An eliciting event is even part of the definition of ALI. 

Alike in ALI, a two hit mechanism is postulated in TRALI, in which the second event is the 

infusion of donor antibodies or bioactive lipids present in the transfused blood product.[3] 

In line with this, the incidence of ALI/ARDS is particularly high in critically ill patients, and 

there is recent evidence that the same holds true for TRALI.[2,5] In addition to the two hit 

mechanism, the same clinical diagnostic criteria for ALI also apply to TRALI (acute onset of 

hypoxemia, bilateral pulmonary infiltrates and absence of left ventricular overload). The only 

addition for TRALI is that symptoms should occur within proximity of a blood transfusion.[6] 

Thereby, ALI and TRALI are clinically and radiologically indistinguishable. In addition, there 

are histopathologically similarities.[6,7]

 Changes in pulmonary fibrin turnover are a hallmark of ALI/ARDS.[8] There is evidence 

from experimental and preclinical studies that anti-coagulant therapies have the potential to 

reduce pulmonary coagulation and inflammation, and to improve outcome in ALI.[9] There is 

histopathological[10] and functional evidence that platelets play an important role in ALI.[11-

13] Anti-platelet therapy may protect against ALI in at risk patients[14], suggesting platelets 

as an important factor in mediating lung injury. Although less well studied, also in TRALI there 

is evidence for pulmonary coagulopathy.[15,16] In addition, platelets have been identified as 

key players in mediating the inflammatory response in TRALI.[13,17]

 TRALI is not an uncommon finding in critically ill patients.[2] Presumably, a high incidence 

is due, at least in part, to the frequent presence of an inflammatory condition. In line with this, 

sepsis and cardiac surgery are identified as risk factors for TRALI.[18,19] Also, these patients 

are frequently transfused. Thereby, TRALI contributes substantially to morbidity, increased 

length of stay and mortality in the intensive care unit.[2,18,19] Treatment for TRALI to date 

is supportive.[2] Development of a specific treatment, especially in patients at high risk for 

developing lung injury after transfusion, may be a rational goal of further TRALI research.

 This narrative review summarizes the evidence for a pathophysiologic role of enhanced 

pulmonary coagulation and impaired pulmonary fibrinolysis in TRALI, also focusing on the 

role of platelets. Potential rational therapeutic anticoagulant interventions are discussed.
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Materials and Methods

Data sources

An electronic search in the databases Medline and Embase is performed. Reference lists of 

retrieved papers are screened for potentially important papers.

Keywords

The Medline database is used to identify medical subject’s headings (MeSH) to select 

search terms. In addition to MeSH terms, also free–text words are used. Search terms refer 

to aspects of the condition (“transfusion-related lung injury”) as well as related conditions 

(“acute lung injury” and “acute respiratory distress syndrome”). In addition, we search on 

disease mediators (“coagulation” and “fibrinolysis”) and interventions (“activated protein 

C” (APC) OR “antithrombin” (AT) OR “heparin” OR “thrombomodulin”(TM) OR “tissue 

factor pathway inhibitor” (TFPI) OR “inactivated factor VIIa”(IFVIIa) OR “tissue plasminogen 

activators” (TPA)). The types of anticoagulants are chosen based on preclinical and clinical 

studies with anticoagulants in sepsis and ALI/ARDS.[8,9,20]

Fibrin	turnover	in	ALI/ARDS

Systemic	coagulopathy	in	inflammation

Ample evidence demonstrates that coagulopathy is an important event in systemic 

inflammatory conditions, such as sepsis.[21] Nowadays, coagulopathy and impaired 

fibrinolysis are accepted as intrinsic to sepsis and therapeutic interventions for patients 

with sepsis target this pathway.[22] Pro-inflammatory cytokines, e.g. tumor necrosis factor 

(TNF)–α, interleukin (IL)–1 and IL–6, are released during the initial phase of the inflammatory 

response and activate coagulation via activation of the tissue factor (TF) pathway.[8,21] TF 

binds and activates the downstream coagulation cascades through factor (F) VII (Figure 

1).[23] Only small amounts of TF are exposed to the circulating blood under normal 

conditions, but in sepsis, TF-expression is increased by endotoxins and pro-inflammatory 

cytokines.[9] The natural inhibitors of coagulation (APC, AT and TFPI) regulate the coagulation 

cascade (Figure 1). The pro-coagulant state of sepsis is not sufficiently counterbalanced by 

natural inhibitors, because levels of the natural anticoagulants are low due to an enhanced 

breakdown and impaired production.[24] At the same time, fibrinolysis is attenuated by an 

increased synthesis of inhibitors of plasminogen activators, including the main inhibitor of 

fibrinolysis plasminogen activator inhibitor type-1 (PAI-1).[21] In short, while fibrin production 

is increased, fibrin breakdown is impaired.
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________________________________________________________________________________________________
Figure	1. Schematic and simplified presentation of the coagulation and fibrinolysis pathway.
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In short, activation of tissue factor (TF)-factor VII (FVIIa) starts the coagulation cascade. A key step is the activation of 
prothrombin to form thrombin, which converts fibrinogen to fibrin. Several coagulation factors accelerate the conversion 
of prothrombin to thrombin. Activated protein C (APC) can inactivate several coagulation factors after forming a complex 
with thrombomodulin. Antithrombin (AT) serves to block the action of multiple coagulation factors (e.g. Xa en IIa). Tissue 
factor pathway inhibitor (TFPI) inhibits stepwise the activation of coagulation factors. The fibrinolytic system is designed 
to degrade clots. Specific proteases cleave the fibrin networks that are formed during coagulation leading to fibrin 
degradation products (FDP). The main inhibitor of the plasminogen activators is plasminogen activator inhibitor type-
1 (PAI-1). Adapted and modified from Hofstra et.al.[9] Thick arrows: stimulating effect; Thin arrows: inhibiting effect.
________________________________________________________________________________________________

Pulmonary	coagulopathy	in	ALI/ARDS

While in systemic inflammation a systemic coagulation imbalance is present, it is not 

surprising that pulmonary inflammation causes a similar but local pro-coagulant state.

[9,25-27] Indeed, pulmonary inflammation is associated with activation of coagulation and 

attenuation of fibrinolysis, resulting in alveolar fibrin depositions. In the lung, fibrin inhibits 

surfactant function and enhances neutrophil recruitment.[28]

 Furthermore, fibrin degradation products are capable of stimulating fibroblast proliferation.

[28] In addition, intravascular coagulation results in increased pulmonary vascular resistance 

and pulmonary hypertension.[29] The local changes in coagulation and fibrinolysis in the 

pulmonary compartment during ALI/ARDS very much resemble those found in the blood 

compartment during sepsis.[8] Increased concentrations of TF in the bronchoalveolar lavage 

fluid have been observed in various etiologies of ALI/ARDS, suggesting a common pathologic 

mechanism.[26,30] Inadequate levels of natural anticoagulants APC[31] and TFPI[32] 

are found in patients with pneumonia, as well as prominent changes in the alveolar fibrin 

production and breakdown, which correlate with disease severity, [26] whereas in patients 
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with ALI/ARDS, lower levels of APC in the bronchoalveolar lavage fluid correlate with worse 

outcome.[24,33,34]

 Of note, the procoagulant activity in ALI/ARDS[35] occurs independent of its cause (direct, 

e.g. pneumonia or aspiration or indirect, e.g. sepsis). With different types of ALI/ARDS, the 

same three processes are recognized: activation of the TF pathway resulting in coagulation, 

enhanced breakdown and decreased production of natural anticoagulants and impairment 

of fibrinolysis. [8,21,24] This procoagulant state is present already in the early phase of ARDS 

and tends to decrease after 7–14 days.[36]

Role	of	platelets	in	ALI/ARDS

Platelets play a role in the haemostatic process, leading to the formation of a haemostatic 

plug. In addition, activated platelets provide a surface for catalysis of the extrinsic clotting 

cascade, enhancing coagulation and the consolidation of the thrombus.[37] Furthermore, 

platelets play a role in inflammation and wound healing. In response to activation, platelets 

change their shape, up-regulate the expression of adhesion molecules such as glycoprotein 

(GP) IIb/IIIa, P-selectin, PECAM-1 and thrombospondin and secrete the content of granules.

[38] These granules contain factors relevant for coagulation and fibrinolysis.[39] 

 In ALI/ARDS, the pulmonary microvascular endothelium upregulates adhesion molecules 

upon activation.[40,41] Activated platelets have an increased expression of P-selectin, which 

mediates secondary capturing (the initial binding) of neutrophils to the vessel wall.[11,42] 

Secondary capture is the interaction of a freely flowing neutrophil with an adherent platelet or 

leukocyte, leading to subsequent attachment to the endothelium and vascular damage.[11] 

A key pro-inflammatory mediator involved in this interaction in ALI/ARDS is thromboxane A2 

(TXA2)[11], which is released by platelet-neutrophil aggregates.[43]

 
Fibrin	turnover	in	TRALI

Given the fact that coagulopathy is an important feature of ALI/ARDS, the same may hold 

true for TRALI. In animals, massive transfusion results in extensive numbers of microthrombi 

in the pulmonary vasculature.[44] In line with this, in a two-hit murine transfusion model, 

we ourselves show that transfusion with outdated blood products causes lung injury 

characterized by activation of pulmonary coagulation and impaired pulmonary fibrinolysis.

[15,16] Indeed, in this model pulmonary levels of thrombin-antithrombin complex (TATc), 

PAI-1 and fibrin degradation products increase, whereas the level of plasminogen activator 

activity (PAA) reduces. Aged red blood cells have a pro-coagulant activity,[45] which may 

contribute to lung injury by increasing thrombin generation.

 In accordance, blood transfusion in cardiac surgery patients is associated with enhanced 

pulmonary coagulation and inhibition of fibrinolysis.[46] In the pulmonary compartment of 

patients who receive blood products, increased levels of TATc, PAI-1 and fibrin degradation 
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products are found compared to patients who do not receive blood products. Furthermore, 

pulmonary levels of PAA are decreased. These pulmonary changes are accompanied 

by systemic derangement of coagulation and fibrinolysis. Of note, transfusion is dose-

dependently associated with an increase in the levels of PAI-1. An increase in PAI-1 levels is 

of prognostic significance in patients with ALI/ARDS,[47] sepsis[48] and pneumonia.[49] The 

foregoing indicates that in the presence of a first hit, coagulopathy and impaired fibrinolysis 

may be important pathways in mediating lung injury in TRALI and that coagulopathy induced 

by transfusion is comparable to the pathogenesis of ALI/ARDS.[1]

Platelets in TRALI

Thrombocytopenia is a prominent feature in an animal model of TRALI, suggesting that 

platelets might be involved in TRALI pathogenesis.[17] Similar to ALI/ARDS, in which the 

platelet-neutrophil interaction seems important,[12] in TRALI both neutrophils and platelets 

sequestrate in the lungs of mice challenged with TRALI-inducing antibodies .[13] Alike 

with ALI/ARDS, with TRALI platelets roll along and firmly adhere to lung endothelial cells 

in TRALI,[17] as shown by intravital microscopy.[50] However, there are also differences 

between ALI/ARDS and TRALI. Whereas blocking of P-selectin seems protective in acid-

induced ALI/ARDS by reducing platelet-neutrophil aggregates,[43] a role for P-selectin is not 

established so far in TRALI.

Suggested	therapeutic	interventions	targeting	coagulation	in	ALI/ARDS

Activated protein C (APC) is a natural anticoagulant with cytoprotective, immunomodulatory 

and pulmonary neutrophil chemotaxis inhibitory properties.[22,51-55] Treatment with APC 

benefits patients with severe sepsis, in particular patients with the highest disease severity 

scores.[22] Of interest, treatment with APC results in a more rapid resolution of respiratory 

failure.[22] Furthermore, patients with sepsis due to severe community-acquired pneumonia 

seem to benefit most from treatment with APC.[56] Treatment with APC restores depleted 

APC levels in the lungs of patients with ALI/ARDS.[55,57] APC significantly reduces leukocyte 

accumulation and neutrophil chemotaxis in the alveolar space in a human model of endotoxin-

induced lung injury.[53] APC attenuates pulmonary inflammation and coagulation, reduces 

lung injury and improves outcome in both direct and indirect models of ALI/ARDS.[9] These 

results were not supported by a randomized controlled trial in critically ill patients diagnosed 

with ALI, in which intravenous APC did not improve outcome compared to placebo.[57] 

Suggested reasons for this contrasting results are the possible difference in timing between 

administration of APC and the onset of ALI, a non-significant difference in baseline lung 

function and mechanical ventilation,[58] and above all the study showing no benefit may 

have been underpowered to show a difference in mortality.[59]

 Antithrombin (AT), another natural anticoagulant, has anti-inflammatory properties and the 

potential to correct endothelial microvascular dysfunction.[60,61] AT attenuates pulmonary 
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inflammation and coagulation, reduces lung injury and improves outcome in different models 

of ALI.[9] [62] Many of these effects are likely to result from an AT-induced production of 

prostacyclin.[63,64] Treatment with AT reduces the prevalence of new respiratory dysfunction 

in patients with severe sepsis.[65] High-dose AT therapy failed to show an effect on 28-day 

all-cause mortality in adult patients with severe sepsis and septic shock.[66]

 Heparin, a frequently used anticoagulant, also has anti-inflammatory properties.[67] 

Heparin limits fibrin deposition in the microcirculation and alveolar spaces.[68] In addition, 

heparin has inflammation-reducing capacities.[69-72] In line with this, pre-operative heparin 

limits the development of pulmonary microvascular fibrin deposition following cardiac surgery.

[73] Furthermore, in patients on mechanical ventilation, treatment with nebulized heparin 

is associated with fewer days of mechanical ventilation and tends to improve oxygenation.

[74] In animal models of acute lung injury, heparin attenuates pulmonary inflammation and 

coagulation, reduces lung injury and improves outcome.[9]

 Other anticoagulants and fibrinolytics have been less extensively studied. Pre-clinical 

data obtained from studies in ALI models however, suggest that treatment with TFPI, TM, 

FVIIa and TPA reduces pulmonary coagulation and inflammation.[9,75]

 

Targeting platelets is a topic of interest in ALI/ARDS. Blocking or eliminating P-selectin reduce 

neutrophil recruitment into the lung and rescue mice from acid-induced ALI.[43] In addition, 

in both in vivo and in vitro models of LAI, blocking TXA2 by aspirin or a thromboxane receptor 

antagonist protects against ALI.[43,76-81] Anti-platelet therapy is associated with a reduced 

incidence of ALI/ARDS in a recent cohort study of critically ill patients, even when adjusting 

for confounding variables.[14]

Side–effects	of	anticoagulant	therapies

The occurrence of serious bleeding during anticoagulant therapy may offset potential 

beneficial effects of anticoagulants.[22,82-84] Alternatively, successful treatment requires 

adequate concentrations of medication for sufficient duration at the site of action. To date, 

the achieved concentration of study medications in the lung is still undetermined. Of interest 

is local administration of anticoagulants in the pulmonary compartment, since it is feasible, 

has the potential to administer higher doses at the site of action and may reduce unwanted 

systemic effects.[85-88] 

Rationale for therapeutic interventions targeting coagulation in 
TRALI

To date, treatment of TRALI is supportive.[1,2,18,89] Considering the two-hit model of lung 

injury in these diseases, a preventive strategy in patients with a first hit (e.g. surgery, active 

infection or aspiration) should be applied, including lung-protective ventilator settings and a 
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restrictive transfusion practice. However, whereas transfusion cannot be avoided altogether, 

a preventive strategy can be considered, particularly in patients at risk. In some of the pre-

clinical studies with anticoagulants, the animals are pre-treated before ALI is induced. For 

transfused patients at risk, prophylactic treatment against lung injury would be a major 

breakthrough. Targeting coagulation or platelets seems to be a promising and rational 

approach. 

 Currently, there are no studies in animal models or trials of patients with TRALI targeting 

the coagulation cascade. Blood transfusion is associated with pulmonary and systemic 

coagulopathy before clinical lung injury is apparent.[46] We suggest that this activation 

of coagulation and impaired fibrinolysis may be a first manifestation of lung injury and a 

possible pre-stadium of TRALI. In line with this, in preclinical TRALI models, lung injury after 

transfusion with outdated blood products is characterized by activation of coagulation and 

impaired fibrinolysis.[15,16] Furthermore, in trials in patients with severe sepsis, anticoagulant 

treatment seems to especially affect pulmonary outcome.[22]-39 Lastly, there is evidence from 

pre-clinical studies in both direct and indirect models of ALI that anticoagulants attenuate 

lung injury and improve outcome.[9] Following this line of thought, it is reasonable to explore 

anticoagulant strategies, which have shown to be involved in ALI/ARDS, including treatment 

with APC, AT or heparin. Furthermore, the membrane of erythrocytes is suggested to activate 

factor IX, which in turn is capable of activating X leading to thrombin generation,[90] which 

may play a role in activating the pulmonary  coagulation cascade following a red blood 

cell transfusion. APC, heparin and AT are known to inhibit thrombin formation by inhibiting 

factor IX or X and therefore constitute potential therapeutic targets in TRALI. Also, there is 

evidence that fibrinolysis is impaired in TRALI. Nebulizing anticoagulants has the potential 

benefit to deliver high concentrations in the lung without affecting systemic coagulation and 

we hypothesize that this may be an elegant treatment option for TRALI prevention, which 

needs to be explored. However, direct evidence that these strategies will work is still missing.

 Platelet activation plays a major role in ALI/ARDS and TRALI pathophysiology[11,13,91] 

and a high dose of aspirin improves outcome in an animal model of TRALI.[13] The precise 

pathway through which aspirin attenuates lung injury is not known, but may depend 

on the dose. A low dose of 30 mg aspirin per day is capable of complete suppression of 

platelet TXA2 production via inhibition of isoform COX-1,[92,93] inducing an adequate 

antithrombotic effect. In higher doses, aspirin is also capable of inhibiting COX-2, resulting 

in anti-inflammatory effects [94]. Prostanoids, such as prostaglandin E2, generated by the 

COX-2 enzyme, are present in high concentrations in the lung of animals and humans with 

sepsis and ALI/ARDS.[95-97] Thereby, the anti-inflammatory properties of aspirin may have 

contributed to outcome in the animal studies. Although the appropriate dose of aspirin for 

preventing lung injury needs to be assessed in clinical trials in which the benefit will need to 

be determined in light of the additional risk of bleeding, the present results suggest aspirin as 

a promising preventive approach in TRALI.
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Conclusion

There is evidence for pulmonary coagulopathy in patients with TRALI, which appears early 

in the course of the disease. There is a rationale for studying anticoagulants in the setting 

of TRALI. Furthermore, from preclinical studies, treatment with aspirin seems a promising 

approach. In ICU patients, blood transfusion is common and associated with adverse 

outcome. Because TRALI is caused by a precipitating factor (the transfusion of a blood 

product), pre-treatment is possible and lung injury might be preventable. We suggest future 

research to study anticoagulant treatment as a prophylactic strategy for TRALI in the critically 

ill.
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Introduction

Numerous clinical trials have assessed different types of pharmacologic interventions in 

patients with the acute respiratory distress syndrome (ARDS) [1]. While most trials showed 

no effect of the studied intervention, it is suggest that specific subsets of patients could benefit 

from pharmacologic interventions [2]. The lack of efficacy of pharmacologic interventions for 

ARDS at least in part could be the result of the relative late timing of the intervention. Indeed, 

preclinical studies show certain pharmacologic interventions to be very effective for lung 

injury, but in these studies interventions are done early after or even before the insult, In the 

human setting, pharmacologic interventions are applied relatively late after development of 

ARDS.

 The pathophysiology of transfusion–related acute lung injury (TRALI) and ARDS are 

very similar, as discussed in chapter 1. All pathways result in the same downstream event, 

namely inflammation, activation of platelets and an imbalance between coagulation and 

fibrinolysis [3,4]. The result is capillary damage and leakage of fluid into the alveolar space 

[5]. Considering these similarities it is conceivable that strategies aimed at treating ARDS 

may also benefit patients with TRALI.

 In this thesis, the effect of blood transfusion on pulmonary inflammation and coagulation 

was studied. We investigated the role of different mediators in ARDS or TRALI. Furthermore, 

we tested several therapeutic strategies in murine models of both ARDS and TRALI. The 

effect of aspirin on TRALI incidence was tested. Lastly, we performed a systematic review on 

nebulized anticoagulants in the setting of lung injury in animals and humans.

Inflammation

Blood transfusion is associated with increased morbidity and mortality in cardiac surgery 

patients, but cause and effect relations remain unknown. In chapter 2, we hypothesized 

that blood transfusion is associated with changes in pulmonary and systemic inflammation 

and coagulation. Cardiac surgery patients (n = 45) were grouped as having received no 

transfusion, limited transfusion (1-2 units) or multiple transfusions (≥5 units).  Transfusion 

during cardiac surgery is associated with activation of inflammation and coagulation in the 

pulmonary compartment of patients that do not meet TRALI criteria, an effect that was partly 

dose-dependent. These pulmonary changes were accompanied by systemic derangement 

of coagulation. These results suggest transfusion to be a mediator of acute lung injury. In 

chapter 3 we show that the plasma levels of sRAGE are elevated following cardiac surgery 

and associated with an increase in pulmonary vascular permeability, an established marker of 

lung injury. In two university hospital intensive care units in The Netherlands, sRAGE and PLI 

were measured in a cohort of cardiac surgery patients (n = 60). Plasma sRAGE discriminated 

well between those with an elevated PLI and those with a normal PLI, so that sRAGE may 

serve as a diagnostic indicator of lung injury before full onset of symptoms. Previous 
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experimental data suggest that recombinant sRAGE may neutralize the ligand-mediated 

damage by acting as a decoy, thus protecting sensitive cells from the deleterious effects of 

ligand-RAGE hyperactivity. Our results contribute to the rationale of exploring sRAGE as a 

diagnostic and interventional target in cardiac surgery patients at risk of developing ARDS. 

However, this may not be the case for sRAGE in TRALI. As shown in chapter 3, the level of 

sRAGE in cardiac surgery patients was not affected by transfusion. In addition, in chapter 

4 we found no significant role for the DAMPS, sRAGE, HMGB-1 and S100A12, in TRALI in a 

cohort of cardiac surgery patients. 14 TRALI cases were matched with transfused and non-

transfused controls without lung injury. No difference in sRAGE and HMGB-1 levels were 

found between groups. Of note, we might have measured levels of sRAGE and HMGB-1 

to early in the course of TRALI. There was a trend towards higher S100A12 levels in TRALI 

patients compared to the controls. In addition, S100A12 was associated with prolonged 

ventilation and hypoxemia after cardiac surgery and seems to be a DAMP of interest in future 

research in this field. 

 Considering the dominant role of inflammation in ARDS, corticosteroid treatment has 

been studied extensively in ARDS [6]. They were found to have beneficial effects when given 

at low or moderate doses sooner than two weeks, but appear to be harmful if started later. In 

contrast, besides anecdotally reports of corticosteroid therapy in TRALI patients, studies are 

lacking for use of corticosteroid use in TRALI treatment. In chapter 5, methylprednisolone 

failed to prevent the development of lung injury in a ‘two hit’ murine TRALI model. Given that 

steroids reduced the systemic inflammatory reaction as well as IL-6 levels in the BALF, the 

dose seemed adequate. Also, the dose used in this study corresponds to doses which have 

been beneficial in ARDS patients. Thereby, it seems that steroids are less effective in TRALI 

then in ARDS. Considering that TRALI is a relatively rare phenomenon, it is not feasible to 

conduct large clinical trials with clinically relevant end points on efficacy of steroids in TRALI. 

Instead, studies on the effect of steroids on inflammatory markers in the BALF may serve as 

an endpoint. Until then however, results of this animal study do not underline the rationale of 

giving steroids in TRALI.

Platelets,	coagulation	and	fibrinolysis

Platelets play a pivotal role in ARDS pathogenesis. Platelet inhibition, by high dose aspirin, has 

been shown to attenuate lung injury in multiple preclinical models of ARDS. In observational 

trials in humans, data indicating a protective effect of aspirin on ARDS are less convicing 

[7,8]. In line with the clinical data in ARDS, we found in no beneficial effect of pre-admission 

use of low dose aspirin on TRALI incidence, as shown in chapter 7. We performed a post-

hoc analysis of a nested case-control study that had been undertaken in a tertiary referral 

hospital. Transfusion-related acute lung injury cases (n = 109) were matched with controls 

(transfused patients’ not developing lung injury, n = 109). Use of aspirin did not alter the 

risk of transfusion-related acute lung injury after transfusion. Adjustment for confounding 
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variables using propensity scoring also did not affect the risk of acquiring transfusion-

related acute lung injury. Altough it is possible that this study was not large enough to 

demonstrate a possitive association, there may also be an alternative explanation for the 

absence of a beneficial effect of aspirin in TRALI. In chapter 6, we show that high dose aspirin 

corresponding to doses used in previous preclinical trials is superior to low dose aspirin (as 

used in the human observational trials) in preventing lung injury in a direct murine model of 

ARDS. Furthermore, we show high dose aspirin is a better choice than clopidogrel, another 

frequently used platelet-inhibitor. These results show that clinical trials exploring the effects of 

antiplatelet agents in ARDS and TRALI patients should take into account the dose and type of 

antiplatelet drug. High dose aspirin seems to be the therapy of choice at this point. One must 

take into account that antiplatelet therapy in a bleeding patient in need of transfusion may 

expose these patients to an additional risk by increasing bleeding tendency.  

 To further explore the therapeutic potential of platelets in TRALI, we studied the role of 

CD40ligand, which is a primarily platelet derived pro-inflammatory mediator. CD40-CD40L 

interaction has been found to play a role in various models of acute lung injury and possibly 

also in TRALI. To our surprise, as shown in chapter 8 inhibiting or antagonizing CD40-CD40L 

interaction did not abrogate the TRALI reaction in a mouse model of TRALI. In line with this, 

we found no difference in plasma levels of sCD40L between TRALI patients and controls. 

These results suggest that CD40-CD40L is not a platelet inflammatory mediator of importance 

in TRALI pathogenesis. These results are in contrast with preclinical studies in ARDS.

 Data from systemic anticoagulants on beneficial effects on ARDS are conflicting. Severe 

systemic bleeding due to anticoagulation may have offset the possible positive effects. 

Nebulization of anticoagulants may allow for improved local biological availability and as 

such may improve efficacy in the lungs and lower the risk of systemic bleeding complications. 

In chapter 9, evidence is summarized that local anticoagulant therapy through nebulization 

of anticoagulants attenuates pulmonary coagulopathy and frequently also inflammation in 

preclinical studies. Notably, nebulized danaparoid and heparin but not activated protein C 

and antithrombin, were found to have an effect on systemic coagulation. Recent human trials 

suggest nebulized heparin for ARDS to be beneficial and safe, but data are very limited. 

We think further studies on nebulized anticoagulant therapy are justified in ARDS patients. 

Mechanistic studies addressing issues as the optimal dose and timing should be carried out 

before RCTs can be undertaken. 

 Data on the role of coagulation and fibrinolysis in TRALI are limited. In chapter 2, we 

show that transfusion results in activated coagulation and impaired fibrinolysis in both 

the pulmonary and systemic system in cardiac surgery patients. These results suggest 

transfusion to be a mediator of lung injury. In chapter 10, we summarize evidence for a 

role of activated coagulation and impaired fibrinolysis in TRALI patients. Notably, systemic 

anticoagulant or fibrinolytic therapy seems an undesirable approach in TRALI patients, since 

patients in need for a blood transfusion are often bleeding patients. For these patients, 
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administrating anticoagulant or fibrinolytic therapy locally in the lung offers potentially great 

benefit by maximizing drug efficacy and minimizing possible adverse events. We suggest 

future research into this approach.

Limitations of the preclinial models

The models for ARDS and TRALI in this thesis have several limitations. Of course, all animals 

models for ARDS and TRALI have their shortcomings. The LPS used in the direct ARDS model 

allows for accurate dosing in a reproducible manner. However, it is an oversimplification of 

the complex clinical scenario of pneumonia induced lung injury. The same applies for the 

TRALI model used. Furthermore, there are important differences in the ratio of circulating 

platelets and neutrophils of mice compared to humans. The higher platelet to neutrophil ratio 

in mice may render antiplatelet therapy more effective in mice compared to humans. 

Limitations of the clinical studies

Our clinical trials have several limitations. Using a propensity score, may not completely 

exclude (unknown) confounders. In addition, the numbers of patients in our trials is limited, 

possibly causing the studies to become ‘underpowered’. The population studied was 

sometimes heterogeneous, thereby rendering it more susceptible for inconclusive results. 

One can imagine, that in such a heterogeneous population, some patients will benefit from an 

intervention while others will not, leading to an overall neutral or negative result. Furthermore, 

we measured some markers at one or two time points, precluding conclusions about the time 

course of the role of these mediators. 

Future	directives

First, in distinction from traditional studies, which employs interventional strategies after the 

diagnosis of ARDS (e.g. < 48 hours of the diagnosis), we believe a potential important shift 

in treatment paradigm is to employ pharmacological interventions to patients at risk of ARDS 

or even more applicable (since a transfusion can be anticipated) TRALI, before the full blown 

syndrome has emerged. With this in mind, our results suggest future studies exploring the 

therapeutic potential of the early DAMP sRAGE in ARDS and S100A12 in TRALI. Also, an 

interventional trial studying high dose ASA in preventing ARDS or TRALI is suggested. Of 

note, our suggestion that blood transfusion is a mediator of lung injury may contribute to 

the risk-benefit assessment of the decision to initiate blood transfusion in patients at risk of 

developing lung injury.

 Secondly, a major limitation of the majority of pharmacological trials in ARDS patients 

is the not sufficiently homogenous patient population studied. Differences are for example 

in primary insult (e.g. sepsis, aspiration or trauma) and patient factors (e.g. gender, age, 

comorbidities and genetic factors). In such heterogeneous population, it is not surprising that 

while some patients will benefit from the intervention studied, others will not, leading to an 



summarY, general disCussion and future direCtiVes

153

11

overall negative or at best neutral result. We think the key to the development of new effective 

pharmacological therapies in ARDS and TRALI lies in careful characterization of patients 

which are likely to benefit from the pharmacological intervention studied. A shift in trial 

design from large ‘all-inclusive’ studies towards trials in smaller more selected populations is 

warranted.

 Thirdly, despite almost exclusively negative results from pharmacological therapies 

in ARDS, our understanding of the mechanisms of this disease has increased. When we 

continue to increase our understanding of the mechanisms of this disease, a ‘side effect’ can 

be a better outcome for these patients in the future. 

 Lastly, we think that one should remember that, when not applied as preventive measure, 

ARDS/TRALI therapy is in part to alleviate symptoms and to ‘buy time’. These therapies 

should be safe. In line with this, administrating anticoagulant or fibrinolytic therapy locally in 

the lung offers potentially great benefit by maximizing drug efficacy and minimizing possible 

adverse events. We suggest future research into this approach for both ARDS and TRALI.
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Deel I- Introductie

Het menselijk lichaam loopt voortdurend het risico beschadigd te raken door ziekten 

of fysieke trauma’s. Daarnaast wordt het lichaam continu bedreigd door verschillende 

ziekteverwekkers, zoals virussen en bacteriën, die in grote getale voorkomen in onder andere 

de lucht die we inademen. Het menselijke afweersysteem zorgt er meestal voor dat de mens 

in goede gezondheid verkeert.

 Twee van de belangrijkste afweermechanismen in ons lichaam zijn ontsteking 

(inflammatie) en stolling (coagulatie). Wanneer bijvoorbeeld een bacterie ons lichaam 

binnendringt, wordt het afweersysteem direct geactiveerd om de bacterie onschadelijk te 

maken. Witte bloedcellen (leukocyten) werken samen met elkaar en de omgeving om de 

bacterie te doden en op te ruimen. Tevens wordt het stollingssysteem geactiveerd. Deze 

stollingsactivatie heeft meerdere functies. Enerzijds voorkomt het gevormde stolsel dat de 

binnengedrongen bacterie zich verder kan verspreiden via de bloedbaan. Daarnaast vormt 

het stolsel de basis voor herstel van het aangedane weefsel, wat zich onder het stolsel kan 

herstellen. Een stolsel bestaat uit bloedplaatjes in een netwerk van stollingseiwitten.

 De ontstekings- en stollingsreacties moeten, nadat zij de schade hersteld hebben, weer 

gedeactiveerd worden. Geactiveerde witte bloedcellen komen weer tot rust en het stolsel 

wordt door gespecialiseerde eiwitten afgebroken (fibrinolyse). Bij een ernstige ziekte kan er 

sprake zijn van een versterkte, mogelijk ongecontroleerde, doorgeschoten ontstekingsreactie.  

Deze versterkte reactie beperkt zich niet tot het gebied van de oorspronkelijke schade, 

maar verspreidt zich via de bloedbaan over het hele lichaam (systemische reactie). Ook de 

stollingsreactie kan op hol slaan en voor schadelijke effecten zorgen: kleine bloedstolsels 

slaan neer in de verschillende organen in het lichaam en leiden tot disfunctioneren van 

orgaansystemen. Orgaanfalen is een reden om deze patiënten op te nemen en te behandelen 

op een intensive care (IC). Echter, ondanks therapie die orgaanfuncties ondersteunt, is de 

mortaliteit nog steeds aanzienlijk.

De longen bestaan uit miljoenen longblaasjes, waarin lucht en bloed over een groot oppervlak 

met elkaar in contact komen voor een adequate gaswisseling. In de longen bevinden zich 

relatief veel witte bloedcellen om de longen te beschermen tegen gevaren van buitenaf. 

Mede daar de long in direct contact staat met de buitenlucht, is de long een kwetsbaar 

orgaan. Ontstekings- en stollingsreacties in de long kunnen het gevolg zijn van zowel een 

lokale aandoening (bv. longontsteking of longkneuzing) als hevige ziekteprocessen in de 

rest van het lichaam (bv. bloedvergiftiging of alvleesklierontsteking). Deze verscheidene 

ziekteprocessen kunnen leiden tot ontstekings- en stollingsreacties in de long met als 

gevolg het ontstaan van zwelling, ophoping van eiwitrijk vocht en stolsels in de long. Dit 

resulteert in een gestoorde gaswisseling en zorgt er dikwijls voor dat een patiënt mechanisch 

beademend moet worden. Als bij patiënten de gaswisseling acuut ernstig verstoord raakt 
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door geactiveerde ontsteking en stolling spreken we van acute respiratory distress syndrome 

(ARDS) ofwel acute longschade. Als ARDS optreedt binnen 6 uur van een bloedtransfusie, 

zonder andere duidelijke verklaring, dan spreken we van transfusion-related acute lung injury 

(TRALI).

Nog steeds gaat ongeveer 40% van de mensen met ARDS dood ondanks behandeling 

op de IC. Vandaag de dag is behandeling van patiënten met ARDS ondersteunend en 

bestaat onder andere uit long-beschermende mechanische beademing. Gezien het brede 

spectrum aan mechanismen welke bijdragen aan het ontstaan van ARDS zijn verscheidene 

farmacologische interventies geprobeerd. Jammer genoeg heeft geen van deze onderzoeken 

geleid tot een eenduidig werkzame therapie. Wel hebben zij bijgedragen aan beter begrip 

van de mechanismen welke ten grondslag liggen aan ARDS. Gezien de hoge mortaliteit is 

verder onderzoek nodig. Zowel de ontstekings- en stollingsreactie lenen zich voor verder 

onderzoek naar potentiële therapeutische interventies. 

Het geven van een bloedtransfusie is een van de meest voorkomende interventies op de 

IC. Ondanks dat een bloedtransfusie levensreddend kan zijn, is deze ook geassocieerd met 

toegenomen ziekte en overlijden bij kritiek zieke patiënten. Een mogelijke verklaring hiervoor 

is TRALI, wat de meest ernstige bijwerking van een bloedtransfusie is. TRALI komt vaker voor 

onder IC-patiënten  vergeleken met de algemene ziekenhuis populatie. Ook is het zo dat 

patiënten op de IC die TRALI ontwikkelen, langer beademend moeten worden, langer op de 

IC verblijven en vaker doodgaan. Men veronderstelt bij het ontstaan van TRALI een “dubbel-

hit” mechanisme. Het onderliggend lijden van de patiënt is de eerste hit (bv. een trauma of 

bloedvergiftiging) en de bloedtransfusie is de tweede hit. De eerste hit zorgt voor een staat 

van versterkte paraatheid van de witte bloedcellen (primen). Deze witte bloedcellen blijven 

makkelijker plakken in de kleine bloedvaten van de long. De tweede hit is de bloedtransfusie 

waarbij de witte bloedcellen geactiveerd worden. Zowel antilichamen als biologisch actieve 

stoffen in het donorbloed kunnen de witte bloedcellen activeren. Het gevolg in beide gevallen 

is lekkage van eiwitrijk vocht in de longblaasjes waardoor een gaswisselingsstoornis ontstaat. 

De ontspoorde afweerreactie in TRALI lijkt in veel opzichten op die van ARDS. Verschillen 

zijn er ook tussen TRALI en ARDS, bijvoorbeeld dat TRALI door antilichamen uitgelokt kan 

worden. Of toegenomen stolling bijdraagt aan het ziektebeeld in TRALI is nog bijna niet 

onderzocht.

 De mortaliteit van patiënten met TRALI op de IC is aanzienlijk. Een specifieke behandeling 

ontbreekt. Ook in deze situatie is de behandeling ondersteunend en vergelijkbaar met 

ARDS. Wel zijn er belangrijk maatregelen ter voorkoming van TRALI, waaronder het 

uitsluiten van vrouwelijke donoren voor plasmaproducten, omdat vrouwen door meerdere 

zwangerschappen vaker antistoffen bij zich dragen. Tot op vandaag ontbreken klinische 

studies naar het effect van farmacologische interventies in TRALI. Uit dierstudies lijkt 
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aspirine, een bloedplaatjesremmer, een beschermend effect te hebben op het ontstaan van 

TRALI. Gezien de hoge morbiditeit en mortaliteit van TRALI op de IC is meer onderzoek 

naar therapeutisch interventies nodig. Beter begrip van de betrokken interacties en 

sleutelmoleculen zou kunnen leiden tot de ontwikkeling van nieuwe therapieën. 

In dit proefschrift onderzoeken we verschillende experimentele farmacologische 

behandelingen voor ARDS en TRALI. Ook worden potentiële aangrijpingspunten voor 

farmacologische therapieën onderzocht.

 

Deel	I	(hoofdstuk	1) is een algemene introductie met een focus op de rol van ontsteking, 

bloedplaatjes en stolling in het ontstaan van ARDS en TRALI. Daarbij worden verschillen en 

in het bijzonder overeenkomsten tussen beide ziektebeelden benoemd.

Deel II- Ontsteking

In hoofdstuk 2 onderzoeken we de effecten van bloedtransfusie op stolling en ontsteking, 

in zowel het bloed als de long, bij 45 patiënten na een hartoperatie. Het risico van een 

bloedtransfusie is onder andere het ontstaan van longschade. Onze hypothese was dat 

het geven van bloedtransfusies bij patiënten na hartchirurgie leidt tot activatie van stolling 

en ontsteking. Dit onderzoek laat zien dat het geven van bloedtransfusies geassocieerd is 

met ontsteking en stollingsactivatie in zowel de long als in het bloed, ook wanneer er geen 

evidente transfusiereactie optreedt. Deze reactie was deels dosisafhankelijk en geeft de 

suggestie dat transfusie een mediator is van longschade na hartchirurgie.

 In hoofdstuk 3 beschrijven we de resultaten van metingen van sRAGE in bloed en 

longvocht van patiënten na hartchirurgie. sRAGE is een ontstekingseiwit en een relatief 

nieuwe biomarker. Tevens relateren we sRAGE aan de “pulmonary leakage index” (PLI), 

een bekende maat voor vaatlekkage in de long. Verder kijken we of bloedtransfusie nog van 

invloed is op de toename van sRAGE. Dit onderzoek bevestigt dat sRAGE verhoogd is in 

het bloed na hartchirurgie. Tevens is er een correlatie tussen sRAGE en PLI. Bloedtransfusie 

heeft geen effect op het niveau van sRAGE in het bloed. Mogelijk dat sRAGE in de toekomst 

gebruikt kan worden als vroege marker van vaatlekkage in de long na hartchirurgie.

 In hoofdstuk 4 beschrijven we de resultaten van een onderzoek naar de rol van DAMPs, 

dat zijn eiwitten betrokken bij de vroege afweerreactie, in een cohort van patiënten na een 

hartoperatie. Veertien patiënten met TRALI worden vergeleken met patiënten na transfusie 

maar zonder longschade en patiënten die geen transfusie hebben ondergaan en geen 

longschade hebben. Voor de eiwitten sRAGE en HMGB1 vonden we geen verschil tussen de 

verschillende groepen. Wel vonden we een trend voor een verhoogde S100A12 spiegel in 

patiënten met TRALI. Tevens was S100A12 geassocieerd met andere markers van pulmonale 

inflammatie, zuurstof tekort en langere duur van mechanische beademing.
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Hoofdstuk 5 beschrijft een studie in muizen waarbij gekeken wordt of methylprednisolon 

(MPNS) beschermt tegen TRALI. MPNS is een ontstekingremmend medicijn welke bij 

ARDS mogelijk beschermend werkt. Tot op heden, zijn er buiten enkele anekdotische 

beschrijvingen, geen studies gedaan met MPNS in TRALI. TRALI werd geïnduceerd met 

behulp van antilichamen. Ondanks dat MPNS de systemische en lokale ontsteking remt, 

werd geen beschermend effect gevonden tegen het ontstaan van longschade in dit TRALI 

model in muizen.

Deel	III-	Bloedplaatjes,	stolling	en	stollingsafbraak

In hoofdstuk 6 omschrijven we een onderzoek naar het effect van verschillende 

bloedplaatjesremmers op het voorkomen van acute longschade. Bloedplaatjes spelen een 

belangrijke rol in het ontstaan van longschade. Terwijl in dierstudies aspirine beschermt 

tegen acute longschade, is in mensen dit effect dubieus. Mogelijk komt dit door het verschil 

in gebruikte dosis. Dit onderzoek laat zien, dat het geven van aspirine in een hoge dosis 

aan muizen, meer beschermend is is dan aspirine in lage dosis of clopidogrel, een andere 

plaatjesremmer, in het optreden van acute longschade. We adviseren dan ook het effect van 

hoge dosis aspirine verder uit te zoeken in toekomstige studies.

 In hoofdstuk 7 hebben we de associatie tussen aspirine gebruik bij opname op de 

IC en TRALI bestudeerd. Patiënten met TRALI werden vergeleken met patiënten die een 

bloedtransfusie ondergingen maar geen longschade ontwikkelden. Ook na correctie voor 

invloed van andere variabelen middels een propensity score, vonden we geen beschermend 

effect van aspirine gebruik op het ontstaan van TRALI.

 In hoofdstuk 8 bestuderen we de rol van CD40-CD40Ligand interactie in TRALI. Onze 

hypothese was dat CD40-CD40Ligand interactie essentieel was voor het ontstaan van TRALI. 

In muizen werd TRALI opgewekt door het geven van antilichamen. Voorbehandeling met 

CD40-remmers had geen effect op het ontstaan van TRALI in muizen. Daarnaast hebben we 

sCD40Ligand spiegels in patiënten na hartchirurgie die TRALI ontwikkelden vergeleken met 

patiënten na hartchirurgie die geen longschade ontwikkelden. We vonden geen verschil in 

sCD40Ligand spiegels tussen TRALI patiënten en controles. Deze resultaten verwerpen onze 

hypothese dat CD40-CD40Ligand interactie een belangrijke mediator is in het ontstaan van 

TRALI.

 Hoofdstuk 9 is een opsomming van studies, in dieren of mensen, welke gekeken hebben 

naar het effect van lokaal toegediende antistollings eiwitten op stolling en inflammatie bij 

acute longschade. Tevens hebben we uit deze studies proberen te achterhalen of het lokaal 

toedienen van antistollings eiwitten veilig is. Dierexperimenteel onderzoek laat zien dat lokaal 

toegediende antistollings eiwitten een gunstig effect hebben op stolling en ontsteking bij 

verschillende modellen van acute longschade. Wel beïnvloeden enkele van deze eiwitten 

ook de systemische stolling, met als potentieel gevaar een verhoogd risico op bloedingen. In 
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mensen zijn er vrijwel geen studies die deze therapie onderzocht hebben. Er zijn aanwijzingen 

dat vernevelde heparine voordelig en veilig is bij patiënten met acute longschade.

 In hoofdstuk 10 geven we een wetenschappelijke onderbouwing voor een 

pathofysiologische rol van geactiveerde pulmonale stolling in het ontstaan van TRALI. 

Er worden parallellen gelegd met ARDS. Vervolgens gaan we in op de rationale voor het 

onderzoeken van therapeutische interventies met antistollings eiwitten in TRALI patiënten in 

de toekomst.
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Stellingen 

behorende bij het proefschrift

Experimental Strategies directed at Inflammation and Coagulation

in ARDS and TRALI

1. Transfusion during cardiac surgery is associated with inflammation and coagula-

topathy in the lung (dit proefschrift)

2. High dose aspirin is the antiplatelet therapy of choice in further research on prevent-

ing ARDS (dit proefschrift) 

3.	 Methylprednisolone	 fails	 to	 prevent	 the	 development	 of	 lung	 injury	 in	 a	 ‘two	 hit’	

murine TRALI model (dit proefschrift)

4. CD40-CD40ligand interaction is not involved in TRALI (dit proefschrift)

5. An important shift in treatment paradigm, to employ pharmacological interventions 

to patients at risk of ARDS and TRALI before the full blown syndrome has emerged, 

is warranted 

6. Previous rejection of a manuscript is the condiment that gives acceptance for 

publication its extra flavour

7.	 ‘Heel	het	leven	schuilt	in	het	werkwoord	zien’- Pierre Teilhard de Chardin

8.	 ‘There	 are	 things	 known	 and	 there	 are	 things	 unknown	 and	 in	 between	 are	 the	

doors’- Jim Morrison

9.	 ‘Voetbal	is	niet	lopen’- Romario

10.	‘Don’t	think	what’s	the	cheapest	way	to	do	it	or	what’s	the	fastest	way	to	do	it….think	

what’s	the	most	amazing	way	to	do	it’- Richard Branson

11.	‘The	mind	of	man	is	capable	of	anything’ - Joseph Conrad, Heart of Darkness

Pieter Roel Tuinman, Weesp 
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