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chapter 2

Abstract

Transfusion–related (TR)- acute lung injury (ALI) is the leading cause of transfusion–

related morbidity and mortality. The pathogenesis of TRALI is thought to be a 

“two hit”–entity: the “first hit” is (any) proinflammatory pulmonary condition (e.g., 

pneumonia, sepsis or lung contusion) resulting in activation of lung endothelium 

with sequestration of polymorphonuclear neutrophils – the “second hit” is provided 

by transfusion of a blood product. Either antibodies against neutrophils are thought 

to be implicated in the activation of the sequestrated neutrophils, or bioactive 

lipids (which accumulate during storage of blood products) induce the “second 

hit”, finally resulting in lung injury. Preventive measures do not prevent all TRALI 

cases. Also, TRALI is most probably underdiagnosed. In this review, we call for the 

development of therapeutic approaches for this potentially life–threatening disease. 

Several interventions which are beneficial in ALI and may also be beneficial in TRALI 

are discussed. The application of these interventions requires the development 

of clinically relevant TRALI animal models. We discuss the present TRALI animal 

models and their shortcomings and propose future animal models, in which clinically 

relevant “first hits” can be applied, thereby imitating the complex clinical situation. 
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Introduction

Transfusion–related acute lung injury (TRALI) is a subcategory of acute lung injury/

acute respiratory distress syndrome (ALI/ARDS). ALI/ARDS is characterized by 

respiratory failure as a consequence of an acute inflammatory pulmonary response 

following a broad spectrum of underlying conditions, such as pneumonia, sepsis or 

lung contusion. Per definition, the occurrence of ALI within 6 hours of transfusion of 

a blood product should be considered as TRALI. It has been hypothesized that TRALI 

is a “two hit” entity, in which a “first hit” (any proinflammatory pulmonary condition) 

serves as a priming factor for the “second hit” (human neutrophil antibodies or 

infusion of blood products containing bioactive material). In this review, the 

incidence and pathogenesis of TRALI will be discussed. In addition, several in vivo 

animal models of ALI which can and should be used in the development of (specific) 

therapeutic strategies for TRALI will be presented. Since many pro-inflammatory 

pulmonary conditions may serve as a “first hit” for TRALI, including mechanical 

ventilation, we consider it essential to combine the several existing models for ALI 

with models for TRALI.

Methods – systematic search of the literature

The Medline database was used to identify medical subjects headings (MeSH) to 

select search terms. In addition to MeSH terms, we also used free text words. 

Search terms referred to aspects of the condition (“TRALI”, “Transfusion”) as 

well as models for ALI/ARDS (“Acute Lung Injury”, “Acute Respiratory Distress 

Syndrome”, “Animal Models”). Relevance of each paper was assessed using the on–

line abstracts. In addition, the reference lists of retrieved papers were screened for 

potentially important papers.

Definition, incidence and symptoms of TRALI

In 1994, the American-European Consensus Conference defined ALI/ARDS.1 Criteria 

are (a) acute onset of symptoms, (b) bilateral infiltrates on chest radiography, (c) 

pulmonary artery wedge pressure ≤ 18 mm Hg or the absence of left ventricular 

overload, and (d) PaO2/FiO2  ratio ≤ 300 (ALI) or PaO2/FiO2  ratio ≤ 200 (ARDS). 

Present consensus for TRALI–diagnosis requires the fulfilment of the definition of 

ALI within 6 hours after transfusion.2,3 Furthermore, other risk factors for ALI must 

be excluded, such as pneumonia, sepsis or lung contusion. The clinical diagnosis of 

TRALI appears difficult, since distinguishing markers of this disease are lacking. As a 
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consequence, TRALI is most probably underdiagnosed. This may apply in particular 

to intubated and mechanically ventilated patients on the Intensive Care unit (ICU), 

in whom hypoxemia may occur as a result of a number of conditions, such as 

volume overload or atelectasis. Clear data on the incidence of TRALI are lacking. At 

present, the incidence is estimated between 1 in 300  to 5.000 plasma containing 

transfusions.4,5 Other reports show an overall incidence of 0.02% to 0.05% per 

unit of blood transfused or from 0.08% to 0.16% per patient who received any 

transfusion.6,7 These figures may not apply to ICU–patients, as symptoms may be 

less apparent during mechanical ventilation. Moreover, this population is highly 

exposed to the risk of acquiring TRALI, as up to 85% of patients admitted to the 

ICU receive a transfusion during their stay. Indeed, a recent study from the Mayo 

Clinic showed a significant higher incidence of TRALI in ICU-patients.8 In this study, 

892 patients were prospectively observed, among whom 9% developed ALI within 

6 hours after a transfusion (28 TRALI, 51 possible TRALI), resulting in an incidence 

of 3% per ICU–patient and 0.4% per unit transfused. This relatively high incidence 

suggests that ICU–patients are possibly more susceptible to TRALI.

In most cases, patients develop the symptoms of TRALI within 1-2 hours after 

transfusion, but an incubation period of 6, or even 48 hours has also been described. 
9,10 Symptoms include rapid onset of tachypnea/dyspnea due to hypoxia and fever. 

Hypotension is not a consistent finding.11 Radiographic examination shows bilateral 

infiltrates, indistinguishable from pulmonary edema.12 The clinical symptoms 

are identical to ALI/ARDS resulting from other causes. Supportive therapy with 

intubation and mechanical ventilation is necessary in 70% of reported TRALI-cases. 

Respiratory symptoms disappear within 96 hours. In survivors, lung injury usually is 

reversible. Mortality from TRALI varies from 5–15%.6,7,13,14

Pathogenesis of TRALI

Presently, there are two hypotheses in the pathogenesis of TRALI. The first hypothesis 

suggests that TRALI is caused by donor antibodies against human neutrophil antigens 

(HNA) or human leukocyte antigens (HLA).15 The second hypothesis implicates two 

independent events – the first event is the clinical condition of the patient, in which 

neutrophils are attracted to the pulmonary compartment. The second event is the 

transfusion, in which either donor antibodies directed against host neutrophils or 

bioactive lipids which have accumulated during blood storage, cause activation of 

the primed and adherent pulmonary neutrophils, leading to endothelial damage, 

and ultimately TRALI.16
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The first hypothesis postulates an antibody-mediated reaction. Popovsky and Moore 

were the first to report on TRALI in which neutrophil–reactive and lymphocyte–

reactive antibodies were involved. Thereafter numerous antibodies and antigens 

implicated in the development of TRALI have been reported.17-28 Most of the 

reported TRALI–cases are associated with donor antibodies reacting with recipient 

leukocytes. A minority (<10%) of TRALI case reports describe a reaction of antibodies 

of the recipient reacting with the donor leukocytes, in which case a sufficient amount 

of leukocytes have to be transfused to develop a full TRALI.5,13,17 Both HLA class 

I and II are suggested to be involved in the development of TRALI. Activation of 

polymorphonuclear neutrophils occurs via HLA class I antigens – mononuclear cells 

expressing HLA class II are involved by activation through HLA class II antibodies.29 

Human neutrophil alloantigens are likely to serve as a target for neutrophil reactive 

antibodies. An argument for the implication of antibodies against leukocytes lies 

in the fact that a higher incidence of TRALI has been reported when blood from 

multiparous women and donors with a transfusion history was used. This donor 

population has a higher incidence of HLA antibodies, caused by sensitization 

during pregnancy and/or previous transfusions.30 However, a number of events 

are not solely explained by the antibody theory. First, one study found that female 

parous donors with high HLA–sensitization rates provided 9.000 transfusions of 

which none resulted in a TRALI–reaction.31 Secondly, antigen specificity can be 

demonstrated in only a small part of the analyzed TRALI–cases, even though 25% 

of the investigated donors had anti-leukocyte antibodies 6. Thirdly, many TRALI–

cases are reported in which no specific anti–leukocyte HLA or HNA antibodies are 

detected, nor leukocytes expressing antibody-specific antigens.32-35 Therefore, 

taking into account that all included patients were really TRALI–cases, this suggests 

that the antibody-mediated reaction is not the only mechanism in the pathogenesis 

of TRALI.

The second hypothesis considers TRALI to be a “two hit” syndrome. In this theory, 

a pro-inflammatory state of the patient  is required as a “first hit”.6,34,36 First, 

activation of the pulmonary endothelium leads to sequestration of neutrophils. 

The “second hit” is provided by bioactive lipids (lysophosphatidylcholines, lysoPCs) 

which accumulate during storage of cellular blood products, such as red blood cells 

and platelets. This theory was postulated after a study of 10 TRALI patients in which 

TRALI was linked to the transfusion of lipids with significant neutrophil priming 

activity.34 Silliman et al. showed that the concentration of 4 lysoPCs (Lyso-PAF, 

steatoyl-, palitoyl, oleoyl phosphocholine) increases during storage of red blood 

cells and platelets. These LysoPCs are likely associated with TRALI  as their infusion 

causes a release of components of the microbicidal arsenal resulting in pulmonary 

leakage through the alveolar–capillary membrane.37 Besides lysoPCs, a role may 
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exist for pro-inflammatory cytokines, (e.g., tumor necrosis factor (TNF), interleukin 

(IL)-6), chemokines (e.g., IL-8) and/or endotoxins, which may also accumulate during 

storage of blood products.6,38,39

The above–mentioned 2 etiologies need not to be mutually exclusive. We, and 

others, propose a continuum Fig. (2), in which one side of the spectrum is the highly 

specific antibody-antigen matched reaction and the other side of the spectrum is a 

predisposing “first hit”, after which infusion of antibodies or lysoPCs are required 

for the development of TRALI.16 There may be a gradual course from one side to 

the other, in which a weak positive antibody–antigen matched transfusion requires 

a “first hit” to develop into a full clinical TRALI. In support of this view, resting 

neutrophils express HLA class II antigen at very low levels, whereas activated 

neutrophils have increased levels of HLA class II antigen expression.40,41 Moreover, 

experimental models of TRALI have shown the requirement of a first hit to induce 

TRALI.8,36,42-44 In addition, it was found that only a fraction of patients who 

received blood from a donor with an anti-5b antibody (implicated in a former TRALI 

case) developed TRALI,22 suggesting an additive factor. Alternatively, blood which 

has been stored for up to 6 weeks may contain a high load of bioactive lipids. It can 

be hypothesized that the predisposing condition needed to develop TRALI, may be 
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Figure 1. Pathophysiology of Transfusion Related Acute Lung Injury (TRALI). Polymorphonuclear 
neutrophils (PMNs) are attracted to the lung by release of cytokines and chemokines released from the 
upregulated lung endothelium. Lose binding by L-selectin takes place. Firm adhesion is realized by E- and 
P-selectin and intra cellular adhesion molecules (ICAM-1). These hyperactive PMNs are finally activated by 
the “second hit” of bio active lipids (Lipids) or HLA/HNA antibodies influx. This results in alveolar capillary 
damage and leakage of fluid intravascular thorugh the interstitium into the alveolar space, resulting in 
long edema and finally TRALI.  
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a subtle trigger when older blood products are transfused. In agreement, stored 

blood products cause lung injury in an animal model of TRALI.36,44 Considering the 

higher incidence of TRALI in mechanically ventilated patients, mechanical ventilation 

may be a predisposing factor.45

Present insights in the inflammatory processes involved with TRALI

TRALI is clinically and histopathologically identical to ALI.2,13,22,36,44,46,47 TRALI 

is, at least in part, a neutrophil–mediated condition,48-51 in which neutrophils 

are attracted to the pulmonary compartment by the local release of chemokines 

and cytokines from lung endothelium and the alveolar macrophages Fig. (1). 

Sequestrated neutrophils bind to the endothelium and migrate to the alveolar space 

through the interstitium. Finally, activated neutrophils degranulate with the release 

of oxidants, proteases, leukotrienes and other pro-inflammatory molecules, causing 

damage to the alveolar epithelium with subsequent leakage of the alveolar capillary 

membrane and surfactant breakdown. The result is a protein–rich edema containing 

high concentrations of inflammatory cells.52 After the acute inflammatory phase, 

ALI may pass on to a chronic inflammatory phase represented by extensive lung 

remodeling, with hyalinization of the alveoli, and fibrin deposition resulting in lung 

fibrosis. 

The fact that TRALI is neutrophil mediated was confirmed by adoptive transfer 

experiments indicating that the Fcg receptor on neutrophils is critical in the 

development of a TRALI reaction.42 However, activation of neutrophils expressing 

HLA class I antigens does not explain all the supposed antigen-antibody mediated 

Figure 2. Thresholdmodel of TRALI edited from Bux et al..79 To overcome a threshold to induce a TRALI 
reaction, several factors play a role: the strength of the neutrophil-priming activity of transfused mediators 
(light box) and the clinical status of the patient (grey box).
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TRALI reactions. Also, considering the cytokine profile found in TRALI, it is 

conceivable that cellular mediators other then neutrophils are involved. Monocytes 

which express HLA class II may be involved by activation through HLA class II 

antibodies. Indeed, monocytes of TRALI patients show enhanced activation, as 

demonstrated by increased expression of TNF-α and tissue factor, when incubated 

with serum from an implicated donor compared to serum that did not cause TRALI. 
29 The acute inflammatory lung injury initiating and maintaining ALI of any origin 

involves the same pro-inflammatory cytokines (IL-6, TNF-α, IL-8) which accumulate 

during storage of RBCs and platelets.  Furthermore, increased levels of IL-8, IL-6 and 

TNF-α are found in both syndromes. Although cytokine profiles in TRALI and ALI/

ARDS appear to be similar, inflammation in TRALI needs further exploration.

Disturbances in coagulation and fibrinolysis have clearly been demonstrated 

in patients with ALI/ARDS or pneumonia.53 Indeed, alveolar fibrin deposition 

is a hallmark of ALI/ARDS and pneumonia, and is the result of activation of 

coagulation and inhibition of fibrinolysis. Disturbed fibrin turnover plays a central 

role in the pathogenesis of pulmonary inflammation, and probably is (at least in 

part) comparable to intravascular deposition of fibrin in patients with sepsis. In 

TRALI, knowledge on coagulation and fibrinolysis is limited. Of special interest, 

however, are protease activated receptors (PARs, transmembrane proteins that are 

expressed on the surface of leukocytes and endothelial cells). Activation of PARs 

by thrombin enhances inflammation by increased production of pro-inflammatory 

cytokines.54,55 Another example of activated coagulation in TRALI is shown by an 

animal model in which TRALI was reduced by infusion of platelet activating factor 

(PAF)–receptor antagonist, suggesting that this receptor is an important mediator 

in the development of TRALI. Of interest, PAF is similar in composition to lysoPCs, 

which accumulate during blood storage and are implicated in TRALI. These LysoPCs 

are thought to be able to activate neutrophils through the PAF receptor.16,36,37,44 

In summary, ALI and TRALI both are characterized by an enhanced inflammation 

which is neutrophil mediated. Knowledge about the precise mechanism of neutrophil 

activation and of other inflammatory pathways involved in the pathogenesis of TRALI 

is limited. In ALI, coagulation is activated and fibrinolysis impaired. Considering the 

similarities between ALI and TRALI, we speculate that activated coagulation and 

impaired fibrinolysis is also present in TRALI. Furthermore, TRALI and ventilator 

induced lung injury may be interrelated.45 It is conceivable that strategies aimed 

at limiting ventilator induced lung injury in ALI may also apply in TRALI. To further 

address TRALI pathogenesis and possible therapeutic approaches, animal models 

provide a valuable tool. The innate immune respons can be investigated by depletion 

of specific cellular mediators using antibodies. Also, transgenic and knock-out 
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mouse strains (e.g. TNF-α) can be used in in vivo TRALI models, which allow to 

study specific pathways in TRALI pathogenesis.

Presently used animal models of TRALI

Despite limitations, TRALI animal models are helpful in elucidating the pathogenesis 

of this uncommon transfusion reaction. An overview of TRALI models is given in 

table 1. Animal models have been developed for TRALI even before the name TRALI 

was coined in 1985.13 Bennet et al.56 performed research on “shock lungs”, an 

ALI-model that was seen after multiple transfusions in the surgical setting. They 

hypothesized that micro–aggregates were causing ALI. In an in vivo lung model in 

dogs and baboons they compared fresh autologous blood versus whole blood of 21 

day old.57 After filtering, the 21–days old blood products induced ALI after 2 hours 

of perfusion in comparison with the fresh blood which did not show any effect. As 

filtering did not prevent ALI, the theory of micro–aggregates was turned down and 

ALI was explained by “toxic serum borne factor”. 

Ex vivo TRALI models

The first animal models of TRALI were based on the infusion of HLA and HNA 

antibodies in ex vivo lung models of rats and rabbits.58,59 Seeger et al used a 

leuko–agglutinating anti–5b neutrophil antibody extracted from multiparous donor 

plasma, which was reported to be involved in non–cardiogenic lung edema during 

transfusion. Ex vivo isolated rabbit lungs were perfused with albumin buffer, and 

human granulocytes were admixed to the circulating perfusate. In the presence 

of 5b-positive neutrophils and rabbit plasma as a source of complement, severe 

lung edema occurred after 3–6 hours when anti–5b antibody was introduced. In 

the absence of one of these three substrates lung edema did not occur. Therefore, 

the presence of both a specific antibody–antigen match and plasma is required 

for the development of TRALI. This model however has many limitations. The ex 

vivo conditions hamper extrapolation to the human situation. Also, the need for 

complement does not mimic the clinical situation. Lastly, human antibodies in an 

animal may induce unwanted reactivity.

The previous ex vivo lung model was modified by Sachs and co-workers, by 

introducing mouse anti-human IgG HNA-2a-antibody with human HNA-2a 

neutrophils. Resting neutrophils (expressing less then 30% HNA-2a) did not induce 

lung injury after perfusing the lungs with anti-HNA2a. However, when co-stimulated 

with formyl-Met-Leu-Phe (fMLP), these neutrophils were able to induce lung injury. 

In agreement with the previous model, the presence of the cognate antigen was 

mandatory for the development of TRALI, However, complement was absent, 

which was a necessary component in the rabbit model of Seeger. This modified 

An overview of potentially useful TRALI animal models
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Table 1. Overview of the Transfusion Related Acute Lung Injury (TRALI) animal models with their 
experimental and clinical relevance. 

Author Experimental design Species Relevance

Bennet et al. 56,57 In vivo model
In an ALI-model fresh 
autologous blood versus 
whole blood of 21 day 
old was compared and 
the effect of filtering the 
blood. 

Dogs and 
Baboons

They hypothesized that micro–
aggregates were causing ALI and 
filtering the blood would prevent this. 
Outdated whole blood caused TRALI 
compared to fresh blood. Filtering 
the blood did not effect the results. 
Although the hypothesis was turned 
down, this was the first TRALI model.

Seeger et al. 59 Ex Vivo isolated lung
perfused with anti 5b 
neutrophil antibody 
(human), human 
neutrophils, and plasma

Rabbit Evidence for the requirement of both 
plasma and an antibody-antigen match 
to induce TRALI. Ex vivo conditions 
and preheating of plasma hampers 
extrapolation to clinical situation. Inter 
species difference results in aspecific 
activation.  This model is a single ‘hit’ 
model.

Sachs et al. 58 Ex Vivo isolated lung
perfused with HNA 2a 
antibody (human) after 
neutrophil stimulation 
with fMLP.

Rat Evidence of ‘two hit’ theory. Ex vivo 
conditions and fMLP stimulation 
hamper extrapolation to clinical 
situation

Silliman et al. 44 Ex Vivo isolated lung 
perfused with outdated 
human blood products 
after priming with LPS

Rat Evidence of “two hit” theory. 
Evidence for a role of lysoPCs in the 
pathogenesis of TRALI. Use of clinical 
relevant transfusion material. Ex vivo 
conditions, preheating of plasma and 
the use of LPS  hampers extrapolation 
to clinical situation 

Silliman et al. 61 In Vivo transfusion with 
outdated red blood cells 
(human)

Rat Evidence of “two hit” theory. 
Evidence for a role of lysoPCs in the 
pathogenesis of TRALI. Use of clinical 
relevant transfusion material. In vivo 
conditions resemble clinical situation. 
The use of LPS and pre heating of 
plasma hampers extrapolation to 
clinical situation 

Looney et al. 42 In Vivo transfusion with
Anti-H2Kd antibody 
MHC Class I

Mouse Evidence for a role of antibodies and 
the Fcg receptor in the pathogenesis 
of TRALI. In vivo conditions resemble 
clinical situation. High mortality 
hampers extrapolation to clinical 
situation. This model is a single ‘hit’ 
model.

Abbreviations: HNA (Human Neutrophil Antibody), fMLP (formyl-Met-Leu-Phe), LysoPC (Lysophosphati-
dylcholine), LPS (Lipo Poli Sacharide).
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ex vivo model was the first evidence of the requirement of a ‘first hit’ to induce 

TRALI, provided by the neutrophil co-stimulation with fMLP. Also this model has 

limitations. Again, there are ex vivo conditions, which are not representative of 

the clinical situation. No time-relation effects can be studied, nor the effect of 

therapeutic interventions. For this purpose, in vivo models of TRALI mimicking the 

clinical surroundings are warranted.    

In vivo antibody TRALI model 

Recently, the first in vivo model of TRALI was published,60 based on infusion of MHC 

Class I monoclonal anti-H2Kd antibodies in wild type BALB/c mice expressing the 

cognate antigen. The model is straightforward: after sampling an equal volume of 

blood, antibodies were infused in the vena jugularis.  Iso-type matched anti-IgG2a,κ 

antibodies and phosphate buffered saline were used as controls. In this model, 

peripheral blood neutropenia developed, reflecting neutrophil sequestration. 

Pulmonary histology and immunochemistry showed edema, inflammation and 

neutrophil sequestration. Depletion of the neutrophils by isotypic control antibody 

before starting the experiment, as well as introducing knock out mice for the 

Fcγ receptors resulted in an absence of lung injury, pointing to Fcγ receptors and 

neutrophils as essential in antibody mediated TRALI. Unfortunately, 50% mortality 

occurred 2 hours after administrating the antibodies, making the model difficult to 

handle. Also, mortality in this model is much higher then the reported mortality in 

the human situation of 5 - 15%, making comparison difficult.6,7,13,14 Furthermore, 

this model provides a solely antibody-mediated TRALI. As previously discussed, 

antibodies are not involved in a number of TRALI cases, suggesting the need of a 

priming event.58 Therefor, the development of TRALI models consisting of ‘two-hits’ 

is warranted. 

“Two hit” TRALI models

Silliman and his group,36,44 developed an isolated perfused rat lung model using 

human peripheral red blood cells, human whole blood and platelets. The “first hit” 

in their models was achieved by an intraperitoneal injection of lipopolysacharide 

(LPS) after which lungs were isolated and mechanically ventilated in an ex vivo 

experimental setting. After 2 hours, the “second hit” was caused by perfusion 

of the isolated lungs with plasma from outdated blood products (42 days old 

red blood cells or 5 days old platelets). The contained plasma was preheated to 

56 ˚C to eliminate complement and fibrogen. Plasma from outdated products 

resulted in a strong increase in pulmonary artery pressure. Histology showed influx 

of neutrophils in the lung and pulmonary damage, even in the absence of any 

neutrophils in the lung perfusate.  Also, when instead of outdated blood products, 

An overview of potentially useful TRALI animal models
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lungs were  perfused with lysoPCs dissolved in 1.25 % human albumin solution, this 

resulted in TRALI, indicating that lysoPCs may be the responsible component in the 

development of TRALI.37

Recently, the first in vivo TRALI model in rats based on the “two hit” theory was 

presented.61 In this model, the “first hit” was similar as in previous models, by 

intraperitoneal injection of LPS 2 mg/kg. After two hours the “second hit” was 

induced by infusion in the vena femoralis of 42–day old human red blood cell plasma 

or 42–day old human leukocyte depleted red blood cells. Also in this model, plasma 

was preheated to eliminate complement. An equal volume of blood was taken 

before transfusion of the circulating volume (10%) to prevent an overload edema. 

Outdated red blood cells, whether leuko-depleted or not, resulted in increased 

pulmonary leakage in comparison with fresh plasma and controls. This in vivo model 

of TRALI demonstrates the necessary step of priming in the development of lung 

injury, underscoring the “two hit” model. However, it is not a clinically relevant 

situation, considering the use of preheated human transfusion material and a first 

hit by LPS injection. 

In conclusion, existing TRALI models are limited by the use of different species, the 

absence of “two hits” or the use of non-clinical first hits such as LPS.

Potentially useful TRALI models combine multiple ‘hits’

It is conceivable that many other “first hits” for the development of TRALI exist in 

the clinical situation. 

“First hits” in TRALI

Risk factors for the development of ALI may also apply to TRALI, such as sepsis, 

aspiration, pneumonia or major surgery. To test this hypothesis, animal models using 

clinical risk factors for ALI should be used in TRALI models. Clinically relevant TRALI 

models may include pneumonia, aspiration or sepsis as a “first hit” and require 

combining existing animal models with the induction of TRALI. In such models, lung 

injury induced by aspiration, pneumonia or sepsis can be compared to lung injury 

caused by the same hits with the addition of the induction of TRALI using either 

antibodies or bioactive lipids. Such an approach may provide an explanation for the 

high incidence of possible TRALI found in these patients.8,62 Another important 

priming condition may be mechanical ventilation. As discussed before, ICU patients 

are at risk for the development of TRALI. In a recent prospective study, a much 

higher incidence of TRALI was found in ICU patients, suggesting that mechanical 

ventilation may predispose for the development of TRALI.8 Furthermore, as 

mechanical ventilation adds to lung injury, it should be considered as potential 

40



harmful and therefore as a factor for developing ALI and perhaps TRALI. Also,  

mechanical ventilation itself has been found to induce ALI.63,64 Therefore, the role 

of mechanical ventilation should be addressed in transfusion mediated lung damage 

by including ventilated induced lung injury (VILI)65,66 in combination with present 

in vivo TRALI models. In such a model, mechanical ventilation provides the “first 

hit”. The “second hit” may consist of the infusion of antibodies or lysoPCs. 

“Second hits” in TRALI

Conceivably, as antibodies and lysoPCs need not be exclusive in TRALI pathogenesis, 

combinations could be tested. Alternatively, in vivo transfusions of red blood cells, 

fresh frozen plasma or platelets products of the animals own species could be used. 

In our laboratory, the latter concept is currently developed. A TRALI model using in 

vivo transfusion material would be the first model without cross species difference 

simulating TRALI in clinical conditions.            

Another issue to be assessed in TRALI models is the concept of a continuum in 

TRALI pathogenesis (Fig. 2), ranging from a strong specific antibody-antigen 

mediated TRALI to TRALI caused by significant pulmonary priming, in conjunction 

with a second hit, which may be either a (weak) antibody mediated reaction or lipids 

from (outdated) blood products. The titer of antibody or the amount of bio active 

lipids to induce the second hit is not known and should be addressed. Conceivably, 

threshold dose of either antibody or lipids may differ, depending on the priming 

status of the host.  Infusion of a weak second hit may be sufficient to cause TRALI 

in the presence of a strong first hit of any origin. The concept of a continuum may 

clarify the fact that antibodies from the same donor cause TRALI in some patients 

but not in others. 

Therapy for TRALI

Specific treatment for TRALI does not exist. Treatment consists of supportive care, 

which may require mechanical ventilation, or oxygen supplementation. At present, 

prevention of TRALI seems the best approach to reduce the incidence, such as 

the application of restrictive transfusion guidelines and the exclusion of women 

and persons who have previously received a blood transfusion from donorship, 
67-71 as well as donors who have been implicated in a TRALI case. However, these 

measures are insufficient in preventing TRALI, emphasizing the importance of the 

development of TRALI research. 

An overview of potentially useful TRALI animal models
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Potential therapies to be tested in the clinically relevant ‘two hit’ TRALI–models

As discussed above, patients exposed to multiple “hits” resulting in priming of 

pulmonary neutrophils may be at risk for developing TRALI. Whether specific clinical 

conditions causing ALI also predispose to TRALI remains to be established and can 

be addressed in clinically relevant animal models. In these models, the attributable 

risk related to transfusion can be assessed, as well as interventions aiming at limiting 

lung injury.  

Because of the pathophysiologic similarity of TRALI and ALI,19 it is conceivable 

that effective therapies in ALI/ARDS might be effective in TRALI. In ALI, a limited 

number of strategies exist. In late ALI/ARDS (ie after two weeks), high doses 

of methylprednisolone reduce lung injury and mortality in a small prospective 

randomized placebo controlled trial.72 A reduction in mortality of 12% in the 

methylpredisolone group versus 63% in the placebo group was found. 

Protective strategies using low tidal volumes in mechanical ventilation have been 

proven to reduce mortality with 22% in ALI/ARDS.73 Injurious mechanical ventilation 

with high tidal volumes has been postulated to play a role in TRALI pathogenesis.45 

Therefore, lung protective ventilation strategies should be applied in TRALI patients 

requiring mechanical ventilation. Whether low tidal ventilation reduces morbidity 

and mortality in TRALI remains to be determined. 

The application of a fluid-restrictive management has been shown to reduce 

ventilation days in patients with ALI.74 It is conceivable that these results are also 

applicable in TRALI. 

Other anti-inflammatory measures may include interfering with coagulation. 

Procoagulant strategies have been shown beneficial in sepsis and may be promising 

in patients with primary lung pathology, be it ALI, VILI or TRALI. However, clinical 

studies are needed to test this hypothesis. At present, several clinical trials evaluate 

anticoagulant therapy in lung injury, including a trial comparing recombinant human 

activated protein C to placebo in ALI patients and a trial comparing tissue factor 

pathway inhibitor in pneumonia patients. As deposition of fibrin is increased in 

pulmonary inflammation, stimulating fibrinolysis may prove beneficial in TRALI. 

TRALI has been found to be reduced by infusion of platelet activating factor (PAF)–

receptor antagonist.16,36,37,44 Whether PAF receptor antagonists reduce mortality 

or ventilation days remains to be determined. 

Several approaches have been shown to reduce neutrophil-mediated lung injury in 

experimental settings. Ca2+ channel blockers,36 such as verapamil and nifedipine 

both are able to inhibit the respiratory burst and bactericidal activity of neutrophils 

in vitro.75-77 Whether Ca2+ channel blockers inhibit neutrophil mediated lung 

injury in TRALI needs further investigation. Another therapeutic possibility may be 

interfering with the complement system. Type I antibodies, which are often found 
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in TRALI, are thought to cause neutrophil influx into the lung through activation 

of complement. In an animal model of lung injury, administration of a C1 inhibitor 

resulted in a reduction of pulmonary neutrophil influx.78 Whether inhibition of 

complement reduces lung injury in TRALI is unknown. 

In conclusion, therapeutic approaches which are beneficial in ALI also have a 

rationale in TRALI. Specific measures aimed at reducing neutrophil influx and –

activation are promising in ALI, but are still highly experimental and should be 

further investigated in experimental TRALI. 

Conclusion

TRALI is the leading cause of transfusion–related morbidity and mortality. TRALI is 

thought to be either antibody-mediated or a “two-hit” event, in which a pulmonary 

priming condition is required. We propose a continuum in TRALI pathogenesis, 

ranging from a strong antibody-antigen mediated reaction to TRALI caused by 

significant priming, in conjunction with a second hit, which may be a (weak) antibody 

mediated event or caused by lipids from blood products. No specific therapy exists 

for TRALI. However, several interventions which are beneficial in ALI have a rationale 

in TRALI, such as lung protective ventilation as well as anti-inflammatory measures 

including corticosteroids, blocking of coagulation and stimulation of fibrinolysis. 

Development of such therapeutic strategies require clinically relevant TRALI models. 

The present TRALI models comprise an in vivo antibody model, in which the 

presence of a “first hit” is not provided. Existing “two hit” models are limited by 

their ex vivo experimental design, or, in the in vivo model, the use of cross species 

difference with manipulated transfusion products and the use of a non-clinical “first 

hit”. Clinically relevant TRALI models may include pneumonia, sepsis or mechanical 

ventilation as a “first hit”. The “second hit” may consist of the infusion of antibodies 

or lysoPCs or blood products of the animals own species.   

An overview of potentially useful TRALI animal models

43



chapter 2

Reference List

 1.  Bernard GR, Artigas A, Brigham KL, et al. The American-European Consensus Conference on 
ARDS. Definitions, mechanisms, relevant outcomes, and clinical trial coordination. Am J Respir 
Crit Care Med 1994;149:818-24.

 2.  Goldman M, Webert KE, Arnold DM, Freedman J, Hannon J, Blajchman MA. Proceedings of a 
consensus conference: towards an understanding of TRALI. Transfus Med Rev 2005;19:2-31.

 3.  Toy P, Popovsky MA, Abraham E, et al. Transfusion-related acute lung injury: definition and 
review. Crit Care Med 2005;33:721-6.

 4.  Clarke G PLPLBL, Blood. Severe respiratory reactions to random donor platelets: an incidence and 
nested case-control study (abstract).  1994;84 (Suppl 1):465a.

 5.  Popovsky MA, Chaplin HC, Jr., Moore SB. Transfusion-related acute lung injury: a neglected, seri-
ous complication of hemotherapy. Transfusion 1992;32:589-92.

 6.  Silliman CC, Boshkov LK, Mehdizadehkashi Z, et al. Transfusion-related acute lung injury: epide-
miology and a prospective analysis of etiologic factors 9. Blood 2003;101:454-62.

 7.  Wallis JP, Lubenko A, Wells AW, Chapman CE. Single hospital experience of TRALI. Transfusion 
2003;43:1053-9.

 8.  Gajic O. TRALI Incidence on the ICU. Transfusion 2006;46:1A-231A.

 9.  Kopko PM, Holland PV. Transfusion-related acute lung injury. Br J Haematol 1999;105:322-9.

 10.  Levy GJ, Shabot MM, Hart ME, Mya WW, Goldfinger D. Transfusion-associated noncardio-
genic pulmonary edema. Report of a case and a warning regarding treatment. Transfusion 
1986;26:278-81.

 11.  Toy P, Gajic O. Transfusion-related acute lung injury. Anesth Analg 2004;99:1623-4, table.

 12.  Aberle DR, Wiener-Kronish JP, Webb WR, Matthay MA. Hydrostatic versus increased permeability 
pulmonary edema: diagnosis based on radiographic criteria in critically ill patients. Radiology 
1988;168:73-9.

 13.  Popovsky MA, Moore SB. Diagnostic and pathogenetic considerations in transfusion-related 
acute lung injury. Transfusion 1985;25:573-7.

 14.  Popovsky MA. Transfusion and lung injury. Transfus Clin Biol 2001;8:272-7.

 15.  Curtis BR, McFarland JG. Mechanisms of transfusion-related acute lung injury (TRALI): anti-leuko-
cyte antibodies. Crit Care Med 2006;34:S118-S123.

 16.  Silliman CC. The two-event model of transfusion-related acute lung injury. Crit Care Med 
2006;34:S124-S131.

 17.  Bux J, Becker F, Seeger W, Kilpatrick D, Chapman J, Waters A. Transfusion-related acute lung 
injury due to HLA-A2-specific antibodies in recipient and NB1-specific antibodies in donor blood. 
Br J Haematol 1996;93:707-13.

 18.  Davoren A, Curtis BR, Shulman IA, et al. TRALI due to granulocyte-agglutinating human 
neutrophil antigen-3a (5b) alloantibodies in donor plasma: a report of 2 fatalities. Transfusion 
2003;43:641-5.

 19.  Dry SM, Bechard KM, Milford EL, Churchill WH, Benjamin RJ. The pathology of transfusion-relat-
ed acute lung injury. Am J Clin Pathol 1999;112:216-21.

 20.  Engelfriet CP, Reesink HW, Brand A, et al. Transfusion-related acute lung injury (TRALI). Vox Sang 
2001;81:269-83.

44



 21.  Kopko PM, Popovsky MA, MacKenzie MR, Paglieroni TG, Muto KN, Holland PV. HLA class II anti-
bodies in transfusion-related acute lung injury. Transfusion 2001;41:1244-8.

 22.  Kopko PM, Marshall CS, MacKenzie MR, Holland PV, Popovsky MA. Transfusion-related acute 
lung injury: report of a clinical look-back investigation. JAMA 2002;287:1968-71.

 23.  Santamaria A, Moya F, Martinez C, Martino R, Martinez-Perez J, Muniz-Diaz E. Transfusion-relat-
ed acute lung injury associated with an NA1-specific antigranulocyte antibody. Haematologica 
1998;83:951-2.

 24.  Zupanska B, Uhrynowska M, Konopka L. Transfusion-related acute lung injury due to granulo-
cyte-agglutinating antibody in a patient with paroxysmal nocturnal hemoglobinuria. Transfusion 
1999;39:944-7.

 25.  Eastlund T, McGrath PC, Britten A, Propp R. Fatal pulmonary transfusion reaction to plasma 
containing donor HLA antibody. Vox Sang 1989;57:63-6.

 26.  Leger R, Palm S, Wulf H, Vosberg A, Neppert J. Transfusion-related lung injury with leukopenic 
reaction caused by fresh frozen plasma containing anti-NB1. Anesthesiology 1999;91:1529-32.

 27.  Nordhagen R, Conradi M, Dromtorp SM. Pulmonary reaction associated with transfusion of 
plasma containing anti-5b. Vox Sang 1986;51:102-7.

 28.  Yomtovian R, Kline W, Press C, et al. Severe pulmonary hypersensitivity associated with passive 
transfusion of a neutrophil-specific antibody. Lancet 1984;1:244-6.

 29.  Kopko PM, Paglieroni TG, Popovsky MA, Muto KN, MacKenzie MR, Holland PV. TRALI: correlation 
of antigen-antibody and monocyte activation in donor-recipient pairs. Transfusion 2003;43:177-
84.

 30.  Bux J. Transfusion-related acute lung injury (TRALI): a serious adverse event of blood transfusion. 
Vox Sang 2005;89:1-10.

 31.  Densmore TL, Goodnough LT, Ali S, Dynis M, Chaplin H. Prevalence of HLA sensitization in 
female apheresis donors. Transfusion 1999;39:103-6.

 32.  Gans RO, Duurkens VA, van Zundert AA, Hoorntje SJ. Transfusion-related acute lung injury. 
Intensive Care Med 1988;14:654-7.

 33.  Popovsky MA, Abel MD, Moore SB. Transfusion-related acute lung injury associated with passive 
transfer of antileukocyte antibodies. Am Rev Respir Dis 1983;128:185-9.

 34.  Silliman CC, Paterson AJ, Dickey WO, et al. The association of biologically active lipids with 
the development of transfusion-related acute lung injury: a retrospective study. Transfusion 
1997;37:719-26.

 35.  Thompson JS, Severson CD, Parmely MJ, Marmorstein BL, Simmons A. Pulmonary “hypersensitiv-
ity” reactions induced by transfusion of non-HL-A leukoagglutinins. N Engl J Med 1971;284:1120-
5.

 36.  Silliman CC, Voelkel NF, Allard JD, et al. Plasma and lipids from stored packed red blood cells 
cause acute lung injury in an animal model. J Clin Invest 1998;101:1458-67.

 37.  Silliman CC, Clay KL, Thurman GW, Johnson CA, Ambruso DR. Partial characterization of lipids 
that develop during the routine storage of blood and prime the neutrophil NADPH oxidase. J Lab 
Clin Med 1994;124:684-94.

 38.  Heddle NM, Klama L, Singer J, et al. The role of the plasma from platelet concentrates in transfu-
sion reactions. N Engl J Med 1994;331:625-8.

 39.  Shanwell A, Kristiansson M, Remberger M, Ringden O. Generation of cytokines in red cell concen-
trates during storage is prevented by prestorage white cell reduction. Transfusion 1997;37:678-
84.

An overview of potentially useful TRALI animal models

45



chapter 2

 40.  Gosselin EJ, Wardwell K, Rigby WF, Guyre PM. Induction of MHC class II on human polymorpho-
nuclear neutrophils by granulocyte/macrophage colony-stimulating factor, IFN-gamma, and IL-3. 
J Immunol 1993;151:1482-90.

 41.  Reinisch W, Lichtenberger C, Steger G, et al. Donor dependent, interferon-gamma induced 
HLA-DR expression on human neutrophils in vivo. Clin Exp Immunol 2003;133:476-84.

 42.  Looney MR, Su X, Van Ziffle JA, Lowell CA, Matthay MA. Neutrophils and their Fcgamma recep-
tors are essential in a mouse model of transfusion-related acute lung injury. J Clin Invest 2006

 43.  Looney MR, Matthay MA. Animal models of transfusion-related acute lung injury. Crit Care Med 
2006;34:S132-S136.

 44.  Silliman CC, Bjornsen AJ, Wyman TH, et al. Plasma and lipids from stored platelets cause acute 
lung injury in an animal model. Transfusion 2003;43:633-40.

 45.  Schultz MJ, Gajic O. Transfusion and mechanical ventilation: two interrelated causes of acute 
lung injury? Crit Care Med 2005;33:2857-8.

 46.  Kollef MH, Schuster DP. The acute respiratory distress syndrome. N Engl J Med 1995;332:27-37.

 47.  Repine JE. Scientific perspectives on adult respiratory distress syndrome. Lancet 1992;339:466-9.

 48.  Abraham E. Neutrophils and acute lung injury. Crit Care Med 2003;31:S195-S199.

 49.  Lee WL, Downey GP. Neutrophil activation and acute lung injury. Curr Opin Crit Care 2001;7:1-7.

 50.  Abraham E, Carmody A, Shenkar R, Arcaroli J. Neutrophils as early immunologic effectors in 
hemorrhage or endotoxemia induced acute lung injury.  2006;279:L1137-L1146.

 51.  Chignard M, Balloy V. Neutrophil recruitment and increased permeability during acute lung 
injury.  2006:L1083-L1090.

 52.  Greene KE, Wright JR, Steinberg KP, et al. Serial changes in surfactant-associated proteins in lung 
and serum before and after onset of ARDS. Am J Respir Crit Care Med 1999;160:1843-50.

 53.  Schultz MJ, Haitsma JJ, Zhang H, Slutsky AS. Pulmonary coagulopathy as a new target in thera-
peutic studies of acute lung injury or pneumonia--a review. Crit Care Med 2006;34:871-7.

 54.  Coughlin SR. Thrombin signalling and protease-activated receptors. Nature 2000;407:258-64.

 55.  Riewald M, Kravchenko VV, Petrovan RJ, et al. Gene induction by coagulation factor Xa is medi-
ated by activation of protease-activated receptor 1. Blood 2001;97:3109-16.

 56.  Bennett SH, Geelhoed GW, Terrill RE, Hoye RC. Pulmonary effects of autotransfused blood. A 
comparison of fresh autologous and stored blood with blood retrieved from the pleural cavity in 
an in situ lung perfusion model. Am J Surg 1973;125:696-702.

 57.  Bennett SH, Geelhoed GW, Aaron RK, Solis RT, Hoye RC. Pulmonary injury resulting from 
perfusion with stored bank blood in the baboon and dog. J Surg Res 1972;13:295-306.

 58.  Sachs UJ, Hattar K, Weissmann N, et al. Antibody-induced neutrophil activation as a trigger for 
transfusion-related acute lung injury in an ex vivo rat lung model. Blood 2006;107:1217-9.

 59.  Seeger W, Schneider U, Kreusler B, et al. Reproduction of transfusion-related acute lung injury in 
an ex vivo lung model. Blood 1990;76:1438-44.

 60.  Looney MR, Su X, Van Ziffle JA, Lowell CA, Matthay MA. Neutrophils and their Fc gamma 
receptors are essential in a mouse model of transfusion-related acute lung injury. J Clin Invest 
2006;116:1615-23.

 61.  Silliman CC. In vivo TRALI model in rats. Transfusion 2006;46:1A-231A.

 62.  Gajic O, Rana R, Mendez JL, et al. Acute lung injury after blood transfusion in mechanically venti-
lated patients. Transfusion 2004;44:1468-74.

46



 63.  Dreyfuss D, Soler P, Basset G, Saumon G. High inflation pressure pulmonary edema. Respective 
effects of high airway pressure, high tidal volume, and positive end-expiratory pressure. Am Rev 
Respir Dis 1988;137:1159-64.

 64.  Webb HH, Tierney DF. Experimental pulmonary edema due to intermittent positive pressure 
ventilation with high inflation pressures. Protection by positive end-expiratory pressure. Am Rev 
Respir Dis 1974;110:556-65.

 65.  Dreyfuss D, Saumon G. Ventilator-induced lung injury: lessons from experimental studies. Am J 
Respir Crit Care Med 1998;157:294-323.

 66.  Slutsky AS. Lung injury caused by mechanical ventilation. Chest 1999;116:9S-15S.

 67.  Gajic O, Dzik WH, Toy P. Fresh frozen plasma and platelet transfusion for nonbleeding patients 
in the intensive care unit: benefit or harm? Crit Care Med 2006;34:S170-S173.

 68.  Hebert PC, Wells G, Blajchman MA, et al. A multicenter, randomized, controlled clinical trial of 
transfusion requirements in critical care. Transfusion Requirements in Critical Care Investigators, 
Canadian Critical Care Trials Group. N Engl J Med 1999;340:409-17.

 69.  Rana R, Afessa B, Keegan MT, et al. Evidence-based red cell transfusion in the critically ill: quality 
improvement using computerized physician order entry. Crit Care Med 2006;34:1892-7.

 70.  Vincent JL, Baron JF, Reinhart K, et al. Anemia and blood transfusion in critically ill patients. 
JAMA 2002;288:1499-507.

 71.  Walsh TS, Garrioch M, Maciver C, et al. Red cell requirements for intensive care units adhering to 
evidence-based transfusion guidelines. Transfusion 2004;44:1405-11.

 72.  Meduri GU, Headley AS, Golden E, et al. Effect of prolonged methylprednisolone therapy in unre-
solving acute respiratory distress syndrome: a randomized controlled trial. JAMA 1998;280:159-
65.

 73.  Ventilation with lower tidal volumes as compared with traditional tidal volumes for acute lung 
injury and the acute respiratory distress syndrome. The Acute Respiratory Distress Syndrome 
Network. N Engl J Med 2000;342:1301-8.

 74.  Wiedemann HP, Wheeler AP, Bernard GR, et al. Comparison of two fluid-management strategies 
in acute lung injury. N Engl J Med 2006;354:2564-75.

 75.  Kazanjian PH, Pennington JE. Influence of drugs that block calcium channels on the microbicidal 
function of human neutrophils . J Infect Dis 1985;151:15-22.

 76.  Krause KH, Welsh MJ. Voltage-dependent and Ca2(+)-activated ion channels in human neutro-
phils. J Clin Invest 1990;85:491-8.

 77.  Zimmerman JJ, Zuk SM, Millard JR. In vitro modulation of human neutrophil superoxide anion 
generation by various calcium channel antagonists used in ischemia-reperfusion resuscitation 13. 
Biochem Pharmacol 1989;38:3601-10.

 78.  Vangerow B, Hafner D, Rueckoldt H, et al. Effects of C1 inhibitor and r-SP-C surfactant on 
oxygenation and histology in rats with lavage-induced acute lung injury. Intensive Care Med 
2001;27:1526-31.

 79.  Bux J, Sachs UJ. The pathogenesis of transfusion-related acute lung injury (TRALI). Br J Haematol 
2007;136:788-99.

An overview of potentially useful TRALI animal models

47




