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Chapter 1
Background of this thesis:
Blood transfusion
In the Netherlands almost 550.000 transfusion products are transfused each year.1 The
majority of transfused products are red blood cell transfusions (430.000), followed by
platelet transfusions (57.000) and plasma transfusions (56.000). Blood transfusion has
a special place in medicine: it is one of the oldest medical interventions and transfusion
results in exposure of the patient to “living” biological material from another person.2
Already in 1628 the English physician William Harvey discovered the circulation of
blood. In the decades following his discovery, physicians experimented with transfusions
between animals but also between animals and humans. However, it took almost another
two centuries before James Blundell, a British obstetrician, described the first successful
transfusion of blood between a woman suffering post-partum hemorrhage and her husband.
Blood transfusion was still risky business: they were often complicated by severe adverse
reactions, frequently resulting in death of the transfused patient.
In 1900 Karl Landsteiner discovered that human red blood cells have blood types and he
introduced the AB0-system. From this date the safety of transfusion was greatly increased
by matching for donor and recipient blood type. Up to the 1980s most blood transfusions
consisted of whole blood. However, in the early 1980s component therapy took flight.
Instead of transfusing patients with an entire whole blood donation, the donation was
split up in red blood cells, platelets and plasma stored under component-specific storage
conditions.3
In The Netherlands the production of blood products is fully dependent on voluntary,
non-remunerated blood donations by healthy donors. The production, storage and
administration of blood products is organized in a highly complex system: donors and blood
products are screened for transmittable diseases to ensure patient safety; blood products
have to be stored in component-specific conditions and storage solutions to maintain cells;
and blood products have to be matched for blood type to prevent adverse reactions from
incompatibility.2
A donor donates 500 ml of whole blood donation which is used for production of several
transfusion products: the donation is split into the red blood cell concentrate, plasma and
platelets.
Red blood cells
Red blood cells are the most abundant cells in the
human body. Each day the bone marrow produces 1012
red blood cells which are responsible for transport of
oxygen to the tissues (Figure 1a). These cells have a
lifespan of 120 days after which they are removed
from the circulation by the spleen or by macrophages.
Anemia results when the number of circulating red
blood cells or hemoglobin decreases, either due to red
blood cell lysis, bleeding or insufficient production.4,5

7.5 µm

In extreme anemia, a patient may need a blood
transfusion to increase the oxygen-delivering capacity.
In the Netherlands red blood cells are stored in saline, 2.5 µm
adenine, glucose and mannitol. During red blood cell
storage, the cells undergo changes referred to as the Figure 1a: Red blood cell morphology
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“storage lesion”.6,7 The red blood cell membrane loses integrity and band 3, the main
membrane protein and anion exchanger, suffers from fragmentation.8,9 This can lead to
increased glycolytic activity, essential for energy production (Figure 2a). At the same time
activity of the pentose phosphate pathway decreases, which is responsible for production
of nicotinamide adenine dinucleotide phosphate (NAPDH) for protection against oxidative
damage (Figure 2b). However, the red blood cells still suffer exposure to oxidative stress
which requires activity of the pentose phosphate pathway. The balance between glycolytic
enzymes and the pentose phosphate pathway are increasingly disrupted during storage.
This hampers the red blood cell machinery to neutralize superoxides, accompanied by
oxidation of cellular lipids and proteins. These processes result in a loss of quality of the
transfusion product that affects post-transfusion survival and function.6 Therefore in the
Netherlands storage of RBCs has been maximized to 35 days. Various other countries have
maximized RBC storage time to 42 days.
Glucose

ATP
Platelets
1
Platelets are small, disk-shaped, fragments
ADP
Pentose
from megakaryocytes. Each day the bone
phosphate
Glucose 6-phosphate
11
marrow produces 10 platelets which are
pathway
2
essential for the formation of blood clots in
vessel injuries to stop bleeding (Figure 1b).10
Fructose 6-phosphate
Thrombocytopenia (a shortage of platelets)
ATP
results when the level of platelets decreases,
3
for example due to loss of platelets during
ADP
Fructose 1,6-bisphosphate
severe bleeding, or reduced production.
To prevent spontaneous bleeding in
4
thrombocytopenia, a platelet transfusion
may be required. In the Netherlands
5 Glyceraldehyde
Dihydroxacetone
platelet transfusion products are produced
phosphate
3-phosphate
by collection platelets from 5 donors and
NAD
6
pooling them in plasma of one of these
NADH
donors or in platelet additive solution. To
1,3-Bisphosphyglycerate
prevent platelet activation during storage,
ADP
which results in platelet clotting in the
7
ATP
blood bag, the products are stored at room
3-Phosphoglycerate
temperature on a shaking device. However,
as in red blood cell storage, the platelets Enzymes:
8
develop a storage lesion during shelf life. 1. Hexokinase
The platelet storage lesion is most likely a 2. Glucose-6-phosphate
2-Phosphoglycerate
isomerase
vicious circle in which increased glucose 3. 6-Phosphofructokinase
9
consumption leads to lactate production. 4. Fructose bisphosphate
aldolase
Lactate in turn, activates platelets which
Phosphoenolpyruvate
is accompanied by increased glucose 5. Triose-phosphate
ADP
isomerase
10
production. Morphologically the platelet 6. Gluceraldehyde-4ATP
shrinks during shelf-life, it shows cytoplasm
phosphate dehydrogenase
Pyruvate
condensation, plasma membrane blebbing 7. Phosphoglycerate kinase
NADH
Phosphoglycerate mutase
and extension of filopodia.11 These processes 8.
11
9. Phosphopyruvate hydratase
NAD
result in decreased post-transfusion survival 10. Pyruvate kinase
and function. Therefore, in The Netherlands 11. L-Lactate dehydrogenase
Lactate
storage of platelets has been maximized to Figure 2a: The Embden-Meyerhof pathway for
7 days.
production of ATP and NADH.
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EmbdenMeyerhof
pathway

1
55% plasma

<1% platelets and
white blood cells
45% red blood cells

Figure 1c: Blood plasma.

Glucose-6-phosphate
NADP

1

NADPH

6-Phosphogluconolactone
Enzymes:
1. Glucose-6-phosphate
dehydrogenase
2. Gluconolactonase
3. 6-Phosphogluconate
dehydrogenase

2
6-Phosphogluconate
NADP

3

NADPH
Ribulose-5-phosphate

Figure 2b: The pentose phosphate pathway for
production of NADPH.

Plasma transfusion
Plasma is the liquid component of blood that can be collected by spinning a tube of blood
until the blood cells drop to the bottom (Figure 1c). It mostly constitutes of water (95%)
in which proteins, glucose, clotting factors, electrolytes and hormones are dissolved. The
plasma from blood donations is used for production of plasma transfusion products and
for production of medications derived from plasma proteins. Plasma transfusions are
administered to patients who require an increase in clotting factors. Examples are severe
bleeding, reversal of anticoagulant therapy and diseases accompanied by clotting factor
deficiencies, for example severe liver disease.12 There are several methods to produce
plasma transfusion products. Fresh frozen plasma is plasma which is frozen and stored
directly after collection. This product is stored for at least 6 months. After this period the
donor is again tested for infectious diseases. Only if the donor tests negative before and
after donation, the product is released for use in patients. Solvent/detergent plasma is a
product in which plasma from 500-1600 donors is pooled. This ensures adequate levels of
clotting factors in all products. Since 2014 most plasma transfusions in The Netherlands are
solvent/detergent products.13 This product can be stored up to 4 years at -18°C.
Side-effects of transfusion
Production and storage of blood transfusions is subject to complex quality programs as
transfusion can result in unwanted effects. For example, products can serve as vector for
transmittal of diseases, as HIV, hepatitis B or C
and Creutzfeldt-Jakob disease, and leukocytes
can induce adverse transfusion reactions and
alloimmunization. To prevent these adverse
effects, donors and products are tested
for infectious diseases and since the turn 2.5 µm
of the century, leukocytes are removed by
filtration. These, and other, procedures have
resulted in production of safe transfusion
products. However, approximately 0.5% of
all transfusions still results in a complication.
Figure 1b: Platelet morphology.
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These can be caused by human errors, for example when incompatible blood products are
transfused. Fortunately, these adverse events are relatively rare. Most transfusion reactions
develop because the transfusion products contain antibodies which induce an adverse
effect in the recipient. These reactions can be mild, for example post-transfusion fever,
but can also be life-threatening, for example post-transfusion hemolysis or transfusionrelated acute lung injury (TRALI).2,14 TRALI is one of the most serious complications of blood
transfusions and accounts for the majority of transfusion related deaths.15 In this thesis we
investigated the reporting, pathogenesis and prevention of TRALI.
Transfusion-related acute lung injury
TRALI is a respiratory syndrome which causes severe respiratory distress with bilateral
infiltrates on a chest X-ray (Figure 3). Up to 90% of all TRALI patients need mechanical
ventilation and up to 15-40% of patients do not survive TRALI.16,17 In the absence of
biomarkers, TRALI is defined according to the TRALI conference and United States of America
National Heart, Lung and Blood Institute definitions as new acute lung injury (Figure 4),
developing within 6 hours of receiving a blood transfusion, without evidence for hydrostatic
pulmonary edema.18-21
The incidence of TRALI varies between 0.08-15.1% and especially critically ill patients are
at increased risk for developing TRALI.22,23 It is thought that TRALI can be explained by a
“threshold model” or a “two-hit model”. In the “two-hit model” a “first hit” primes leukocytes
and attracts them to the pulmonary vasculature. This is followed by the transfusion, the
“second hit”, which activates these cells with consecutive pulmonary damage. Amongst
others, hematologic malignancy, cardiovascular disease, sepsis and emergency cardiac
surgery have been identified as risk factors for a “first hit”.22-28 In the “threshold model”
patient and transfusion risk factors combined result in an accumulated risk to develop TRALI.
Only after combined patient and transfusion product risk factors pass a certain “threshold”
leukocytes in the pulmonary vasculature are activated and the patient develops TRALI.29
Antibody-mediated transfusion-related acute lung injury
At the turning of the century, it became apparent that transfusion of plasma of female
donors was related to TRALI.30 It was discovered that females develop antibodies after
exposure to antigens of their child during pregnancy and that these antibodies can induce

L

Chest X-ray with bilateral infiltrates

Normal chest X-ray

Figure 3: Chest X-ray in a patient suffering acute lung injury (left) and a normal human (right).
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Normal lung:
Respiration of room air with 21% oxygen

Lung injury:
Mechanical ventilation with 60% oxygen
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O2

14

PaO2 / FiO2 ratio < 300

Figure 4: Acute lung injury. In a healthy person enough oxygen can be extracted from room air.
However, in acute lung injury a patient requires mechanical ventilation with a higher fraction of
oxygen. The PaO2/FiO2 ratio expresses how much oxygen diffuses from the lungs into the circulation.
The PaO2 is the level of oxygen dissolved in blood. The FiO2 is the fraction of oxygen in inhaled air.
If a patient has reduced diffusion of oxygen from the lungs to the circulation, the PaO2, and thus the
PaO2/FiO2 ratio, decreases. This is a measure of disease severity.

lung injury. The majority of TRALI cases could be related to the presence of these Human
Leukocyte Antigen (HLA) or Human Neutrophil Antigen (HNA) antibodies in female donor
blood.31,32 Therefore, a male-donor-only plasma transfusion policy was implemented in 2003
in the United Kingdom. Many other countries followed, including the Netherlands in 2007.
This resulted in a steep decline in TRALI incidence.33
The blood bank uses tertiary prevention by excluding donors who have been implicated in
TRALI cases from future blood donation. However, this policy requires accurate reporting of
TRALI cases by physicians to the blood bank and sensitive assays for detection of antibodies
in donor blood. Previous studies have shown that especially reporting to the blood bank is
problematic. Many physicians do not recognize TRALI in their patients.34,35
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Figure 5. Inclusion bias. Two patients are admitted to the hospital and require blood transfusions. One
patient recovers quickly and only requires two transfusions. Another patient recovers some time later
and is transfused with four units of red blood cells before discharge. Compared to the first patient
the second patient suffered more severe disease. This may have been the result of receiving older
transfusion products, or of receiving more transfusions. However, it also may have been the other way
around: the patient suffered more severe disease and therefore received more, and longer stored,
products.

The TRALI cases induced by antibodies are called antibody-mediated TRALI. However, in
approximately 20-50% of TRALI cases no antibodies in donor blood can be detected. It is
not yet known which factors are responsible for these cases which are called non-antibody
mediated TRALI. The current hypothesis is that non-antibody mediated TRALI is caused
by substances that accumulate in platelet and red blood cell transfusion products during
storage.
Non-antibody mediated transfusion-related acute lung injury
Transfusion of longer stored red blood cell products has been related to increased morbidity
and mortality, especially in critically ill patients.36 However, most studies are retrospective
and observational which may have resulted in inclusion bias: patients who suffer higher
disease severity, usually require more transfusions and are thus more at risk to receiving
older blood products (Figure 5). Studies on the relation between storage time of transfusion
products and TRALI also show conflicting results. In animal models, storage time of both red
blood cells and platelets are clearly related to TRALI37-41 but only a handful of clinical studies
support this evidence.22,26-28,38,42
Preclinical studies have resulted in several hypothesized mediators of transfusion-related
adverse events. Examples are storage-dependent accumulation of non-polar lipids,43,44 nontransferrin bound iron45 and microparticles.46 Another hypothesis is that prolonged stored
transfusion products may induce transfusion-related immunomodulation.47,48 More recently,
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donor-dependent quality loss49-51 and the rapid clearance of prolonged stored cells have
been hypothesized to result in adverse effects of transfusions.52-54 However, it is unknown
whether these factors are indeed related to complications of transfusions in humans.55
Aims of this thesis:
In this thesis we focus on TRALI and the relation between the storage lesion and TRALI.
The key aims of this thesis are: (1) to investigate TRALI reporting, TRALI diagnosis and the
influence of donor characteristics on TRALI; (2) to investigate potential mediators of nonantibody mediated TRALI; (3) to investigate the relation of storage time of red blood cells
with adverse events of transfusion in general and with TRALI in particular.
Short outline of this thesis:
Part I – Antibody-mediated TRALI
In Chapter 2 we review the current knowledge of antibody-mediated TRALI. We discuss all
pre-clinical and clinical studies.
In Chapter 3 we used a nationwide survey study to investigate which presentations of
TRALI are recognized and reported to the Blood Bank by physicians from the intensive care
department, anesthesiology, hematology and hemovigilance.
In Chapter 4 we investigated whether the use of new bead-based techniques results in
increased detection of antibodies in products transfused in patients suffering TRALI.
In Chapter 5 we investigated whether donor characteristics as donor sex or age influence
the incidence of TRALI in a secondary analysis on two cohorts of TRALI patients.
Part II – Non-antibody mediated TRALI
In Chapter 6 we review the current knowledge of non-antibody mediated TRALI. We discuss
all pre-clinical and clinical studies.
In Chapter 7 we investigated whether glucose-6-phosphate dehydrogenase, the key enzyme
in the pentose-phosphate pathway, becomes less active during storage of red blood cells.
In Chapter 8 we investigated the hypothesis that TRALI is dependent of storage time of the
transfusion product in a human endotoxemia transfusion model.
In Chapter 9 we tested the hypothesis that transfusion of 35 days stored red blood cells
induces supra-physiological levels of non-transferrin bound iron in a human endotoxemia
transfusion model.
In Chapter 10 we tested the hypothesis that infusion of microparticles from transfusion
products results in activation of coagulation in a human endotoxemia transfusion model.
In Chapter 11 we investigated whether transfusion of 35 days stored red blood cells results
in immunomodulation in a human endotoxemia transfusion model.
In Chapter 12 we investigated whether accumulation of non-polar lipids is dependent of
storage time of red blood cell, platelet and plasma transfusion products and whether these
lipids explain onset of non-antibody mediated transfusion-related acute lung injury.
In Chapter 13 we investigated whether storage time and inflammation influences the
clearance of red blood cells after transfusion in a human endotoxemia transfusion model.
The results from this thesis are summarized and discussed in Chapter 14. In Chapter 15
staat een Nederlandse vertaling van Chapter 1 en wordt dit proefschrift in het Nederlands
samengevat en bediscussieerd.
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Summary
Transfusion-related acute lung injury (TRALI), a syndrome of respiratory distress caused
by blood transfusion, is the leading cause of transfusion-related mortality. The majority of
the TRALI-cases have been related to passive infusion of human leukocyte antigen (HLA)
and human neutrophil antigen (HNA) antibodies in donor blood. In vitro, ex vivo and in
vivo animal models have provided insight in TRALI pathogenesis. The various classes of
antibodies implicated in TRALI appear to have different pathophysiological mechanisms
for the induction of TRALI involving endothelial cells, neutrophils, monocytes and, as very
recently has been discovered, lymphocytes. The HLA and HNA-antibodies are found mainly
in blood from multiparous women as they have become sensitized during pregnancy. After
introduction of a male-only strategy for plasma donation incidence of TRALI has decreased
rapidly. This review focuses on pre-clinical and clinical studies investigating pathophysiology
of antibody-mediated TRALI.

antibody-mediated TRALI
Introduction
Transfusion-related acute lung injury (TRALI) is one of the most serious complications of
blood transfusion.1-4 This respiratory syndrome causes symptoms of dyspnoea, fever,
hypotension or sometimes hypertension, and hypoxia. Laboratory tests show non-specific
transient leukopenia and thrombocytopenia whereas on chest X-ray bilateral infiltrates can
be found. The prognosis of TRALI is relatively good with a mortality of 5-10%5-7 although
70-90% of patients needs mechanical ventilation.5 In the absence of biomarkers, TRALI is
defined according to the TRALI conference and US National Heart, Lung and Blood Institute
definitions as new acute lung injury developing within 6 hours of receiving a blood transfusion
(see also online Supporting Information).2,3,8 Approximately 80 percent of TRALI cases have
been related to the presence of Human Leukocyte Antigen (HLA) or Human Neutrophil
Antigen (HNA) antibodies in donor blood.9,10 This review describes current knowledge on
pathophysiology of TRALI caused by HLA- and HNA-antibodies, also known as antibodymediated TRALI.
Methods
Both Embase and PubMed were accessed for relevant English literature between January
2014 and December 2014. For our detailed search strategy we refer to the online Supporting
Information.
Leukocyte antibodies
The human leukocyte antigens (HLA) are a class of genes that encode for a highly polymorphic
group of molecules from the HLA-complex, also known as the Major Histocompatibility
Complex (MHC). The HLA is subdivided in three classes. The HLA-class I molecules carry
the A, B and C-antigens and are located on all nucleated cells and platelets. HLA-class II
molecules carry the D, DR and DQ antigens and are predominantly located on dendritic-,
macrophage- and B-cell surface. HLA-class III codes components of the complement system.11
The human neutrophil antigens (HNA) are genetically determined structures on the surface
HLA-Class I and II
Women
Men
Pregnancy History
Transfusion history
None
Any
Parity
Unknown
No
Yes
1
2
3
≥4
Densmore102
7.8
20.8
15.2
14.3
25.9
30.3$
Maslanka29
9.8
3.8
13.5
24.1*
0
Powers30
5.9
42.4
24.2
41.3
48.5
58.3
12
Reil22
8.9
4.5
8.6
12.1
16.3
0
Triulzi99
1.7
24.4
11.2
22.3
27.5
32.3
1.0
1.7
Middelburg103
6.8
33
38%*
7.1
Gottschall118
Poretti21
29.0
24.4
5.2
Sachs23
28.4*
0
Sigle119
28.5
39.7
19.2
40.9
34.4
83.3
20.3
33.3
Table 1a: Prevalence of HLA and HNA immunization in the blood donor population. Studies used a
wide range of assays to test for antibody prevalence with varying sensitivity which makes comparison
less reliable. *prevalence for women with a history of 3 or more pregnancies; $prevalence for 4 or
more pregnancies. Numbers present percentages. Adapted from Makar et al.117
Study
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Figure 1a: The two-hit model of TRALI with hypothesized pathophysiology. A “first hit”, an underlying
clinical condition of the patient, results in priming of neutrophils and attracting them to the lung
capillary by release of cytokines and chemokines by lung endothelium as evidenced in histological
sections of patients who succumbed to TRALI.134,135 L-selectin loosely binds the neutrophils after which
E-selectin, platelet-derived P-selectin and intracellular adhesion molecules (ICAM-1) facilitate firm
adhesion. The “second hit”, the transfusion of a blood product, causes activation of the neutrophils
and coagulation pathways resulting in TRALI.136,137 Neutrophil activation results in neutrophils
margination through the interstitium into the alveoli which are filled with protein-rich oedema. Here,
cytokines, interleukine-1b, -6, -8 (Il-1b, Il-6, Il-8) are secreted which further stimulate neutrophil
chemotaxis and neutrophil formation of elastase-α1-antitrypsin (EA) complex. Increase in thrombinantithrombin complexes (TATc) and reduction of plasminogen activator activity indicate activation of
coagulation.136,137 The “second hit”, the transfusion product may contain accumulated solubles, aged
cells, HLA-antibodies or HNA-antibodies).138 RBCs: red blood cells; PLTs: platelets. PAI: plasminogen
activator inhibitor; APACHE-II score: acute physiology and chronic health evaluation II score.

of neutrophils,12 but can also be found on monocytes, lymphocytes, platelets and naturalkiller cells.13 Individuals can develop HNA- or HLA-antibodies when their immune system
gets into contact with a foreign HNA or HLA, for example during pregnancy, transfusion or
transplantation. Exposure to blood or blood derived products containing these antibodies
may elicit an immune response resulting in destruction of cells expressing matching HNA- or
HLA-molecules. These so called cognate antibody reactions have been related to, amongst
others, neonatal alloimmune neutropenia (NAIN), transplant rejection, and, of relevance in
this review, TRALI.12
The majority of TRALI cases have been related to HLA- or HNA-antibodies in plasma rich
transfusion products.9,10 Red blood cell products (RBCs) and platelet transfusion products
(PLTs) are produced with small volumes of plasma but can still cause TRALI.14-16 A correlation

antibody-mediated TRALI
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Table 1b: Prevalence of HLA and HNA immunization in the blood donor population. Studies used a
wide range of assays to test for antibody prevalence with varying sensitivity which makes comparison
less reliable. Adapted from Makar et al.117 *alloimmunization prevalence for women with a history of
3 or more pregnancies. Numbers represent percentages.
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between the HLA and HNA antibody strength and development of TRALI has been indicated
which might explain why also small volumes have been related to TRALI.15,17
Based on several retrospective studies HLA-class I antibodies account for 14.3-26.7% of
TRALI cases, HLA-class II antibodies 0.0-46.7% and HNA 16.7-28.6% (Table 1a and 1b).18-25
These numbers have to be interpreted with caution as many older studies did not test for
HNA-antibody prevalence and newer, more sensitive techniques have been developed to
detect antibodies.
Threshold model and two hit model
Reported TRALI incidence varies between 0.08-15.1% per patient and 0.01-1.12% per
product.26 The great variety in incidence suggested not all patients or blood products have an
equal risk for onset of TRALI. Indeed, studies among critically ill patients showed an increased
risk for developing TRALI On the other hand studies reported that it is possible to develop
TRALI in the absence of any underlying condition i.e. (relatively) healthy individuals.8,27,28
Furthermore, the majority of antibody containing blood products do not cause TRALI in
all patients,19,29-32 even in patients that receive blood products with cognate antibodies.3
These observations gave rise to the hypothesis that TRALI follows either a “threshold
model” or a “two hit model”. In the “two hit model” a “first hit” primes neutrophils and
attracts them to the pulmonary vasculature. This is followed by a “second hit” that activates
these neutrophils with consecutive pulmonary damage (Figure 1a). Amongst others,
haematogical malignancy, cardiovascular disease, sepsis and emergency cardiac surgery
have been identified as risk factors for a “first hit”.14,15,27,33-35 The “second hit” can be formed
by HLA- and HNA-antibodies. In the “threshold model” the threshold is formed by the level
of priming of lung neutrophils, and the ability of the mediators in the transfusion product
to activate these primed neutrophils (Figure 1b).36 Hence, in the “two hit” it is compulsory
to have a “first hit” to develop TRALI which is mainly the case for non-antibody mediated
TRALI. In the threshold model TRALI may develop in the absence of a “first hit” as long as
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Selective MIP-2 inhibition prevents TRALI
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Interactions between platelets and neutrophils at the
trailing edge of the neutrophil is mediated by P-selectin.
Blocking of P-selectin prevents lung damage.

Filtration of plasma / RBCs removes HLA-antibodies, HNA-antibodies
and immunoglobins and bioactive lipid activity which prevents
in vitro priming of neutrophils and mitigates in vivo TRALI

IVIg infusion prevents TRALI while neutrophil
chemotaxis to the lung is not attenuated
Heterozygous or null HLA-A2 PMNs are less stimulated by
HLA-A2 antibody then homozygous HLA-A2 PMNs
Dexamethasone does not attenuate TRALI
C1- inhibitor reduces levels of C3a but not C5a with concomitant
improved lung injury score but no improvement of oxygenation.

NETs can be detected in the circulation of patients with TRALI
Anti-HNA-3A NETs formation is FcgRIIa-mediated
Platelet depletion does not prevent TRALI or NETs formation in mice

Model 1: NETs induce enhanced permeability in primed HUVECs
Model 2: TRALI induces NETs formation
Aspirin, tirofiban and DNase1 protect against TRALI and NETs formation.

Table 2: Models for HLA-class I antibody-mediated TRALI. Various models for TRALI use a “two hit” model. In not all models additional priming with for
example LPS is prerequisite to induce acute lung injury. In these models, the column “first hit” is left blank. Any additional conclusions derived from the
model are mentioned in the column “Additional Conclusions”. LPS = lipopolysaccharide, RBCs = red blood cells, PLTs = platelets, PAF = platelet activating
factor, TRALI = transfusion-related acute lung injury, PMN = polymorphnucleur cells, HMVEC = human microvascular endothelial cell, MHC = major histocompatibility complex, i.p. = intra peritoneal, i.t. = intra tracheal, fMLF = formyl-methionyl-leucyl phenylalanine, HUVEC = human umbilical vascular
endothelial cell.
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the second hit is strong enough to overcome the threshold. In some TRALI-cases antibodies
in the recipient against donor leukocytes have been identified as “second hit” for TRALI.25
However after implementation of universal leukoreduction for blood products this pathway
has become less important.
Pathophysiology
In TRALI pathogenesis neutrophils are suggested to play a central role but not all clinical
evidence supports the pivotal role of the neutrophil. TRALI has been described, for example,
in neutropenic patients37 and histochemical colouring of lung sections of patients who died
of TRALI does not always show neutrophil influx in the alveolar space.38 Moreover, a report
has been described in which a single lung-transplantation patient developed TRALI after
infusion with cognate antibodies that only matched HLA-expression in the transplanted
lung. This implicates that antibodies can cause damage via direct interaction with pulmonary
endothelium expressing matching HLA-antigens.39 Over the years, several models have
been developed to study TRALI pathogenesis. In the next section we will explore TRALI
pathophysiology with emphasis on the separate classes of leukocyte and neutrophil
antibodies that have been implicated in TRALI.

Severe TRALI
Mild TRALI

“First Hit”
Patient Predisposition

“Second Hit”
Transfusion Factors

Primed

Activated

HLA class I antibodies
In the first described case series of 36 patients suffering TRALI, HLA-class antibodies were
detected in the plasma of 59% of blood donors.40 In reports following this series the presence
of HLA-class I antibodies in implicated donor plasma ranged from 19-50%.22,25,41 HLA-Class I
antibodies have been related to the most serious and even fatal TRALI-cases22 and their role
in TRALI has been studied most extensively (Table 2; Figure 2).

Resting

2

High Patient Predisposition

Low Patient Predisposition

Neutrophils

Figure 1b: The threshold model of TRALI. In the “threshold model” the threshold is formed by the
level of priming of lung neutrophils, and the ability of the mediators in the transfusion product to
activate these primed neutrophils (adapted from Bux et al).36

antibody-mediated TRALI
In the first in vivo TRALI model BALB/c mice, an albino, laboratory-bred strain of the House
Mouse, were infused with H2Kd, a MHC-class I antibody. The mice developed evident lung
injury and focus shifted to mediators of lung injury in this model. Neutrophil depletion
by vinblastine prevented lung injury, and in Fcγ-receptor negative (FcγR –/–) mice, which
do not express the FcγR, lung injury could not be induced. After transfusion of wild type
neutrophils, FcγR–/– animals again developed lung injury42 which implicates an essential
role for neutrophils and the FcγR in development of TRALI. Surprisingly, three years later
the same group was unable to replicate their model. This time, infusion of H2Kd did not
result in TRALI, but lung injury could be restored when mice were primed with a “first
hit” of the endotoxin lipopolysaccharide (LPS). The investigators related the difference
between their first and second study to the housing of mice. The mice used in the first
experiment had been housed in non-pathogen-barrier facilities,42 whereas the mice in the
second experiment were raised in pathogen-free-barrier housing. This difference has been
attributed to a lower level of circulating neutrophils and the authors hypothesize that even
exposure to pathogens can function as “first hit” or lower the “threshold” in mice.43
The model was further investigated by several groups worldwide.43-45 One group focused on
neutrophils and mediators of neutrophil tethering and rolling on pulmonary endothelium
which is supported by P-selectin and E-selectin. Blocking of P-selectin did not prevent
pulmonary damage but infusion of H2Kd combined with several E-selectin pathway inhibitors
in Balb/C mice demonstrated an essential role for E-selectin. 43 The mice that received
E-selectin inhibitors had a significant better pulmonary function and less platelet-neutrophil
interactions than control mice.44
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Figure 2: Mechanisms of HLA-class I antibodies mediated transfusion-related acute lung injury in
HLA-class I antibody models. 1. Lung damage can also be inflicted by direct binding of antibodies
to endothelial cells.39 2. Depletion of platelets and of neutrophils prevents TRALI.43 Symptoms are
complement C5 and monocyte dependent.62
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Table 3: Models for HLA-class II antibody-mediated TRALI. LPS = lipopolysaccharide, PBMC = peripheral blood mononuclear cell, TRALI = transfusionrelated acute lung injury, HMVEC = human microvascular endothelial cell, HUVEC = human umbilical vascular endothelial cell.
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A different group used the same model to
further investigate the role of neutrophils,
thrombocytes and monocytes. They found
that neutrophil or thrombocyte depletion
by neutrophil or thrombocyte antibodies
respectively, prevented TRALI after infusion
with LPS and H2Kd. Repeated injection
with hydroxurea to deplete neutrophils, or
neurominidase to deplete thrombocytes,
however did not.45 The authors hypothesize
that TRALI is complement and not neutrophil
or thrombocyte dependent. Neutrophil
and thrombocyte depletion by matching
antibodies consumes complement whereas
depletion by hydroxurea or neurominidase
does not, thus explaining the difference in
development of lung injury. They supported
this hypothesis with complement component
5 (C5)-deficient mice. These mice did not
develop TRALI after priming with LPS and
infusion with H2Kd. When the deficient mice
received complement containing plasma, lung
injury was reconstituted. When monocytes
were eradicated by gadolinium or clonodrateloaded lysosomes, a process which does not
deplete complement, lung injury was also
successfully prevented.45
The role of monocytes was more extensively
investigated in a more recent study in which
severe combined immunodeficiency (SCID)
received an infusion of either intact H2Kd/
H2Dd antibody, F(ab’)2-fragments which
include the antigen sites of the antibodies
but not the Fc-site, or Fc-fragments 11,46.
In this study TRALI could be induced by
intact antibody but not by the antibody
fragments. Depletion of monocytes by
gadolinium prevented lung injury, as did the
administration of hexapeptide antileukinate
which selectively inhibits macrophage
inhibitor protein-2, the murine equivalent
of human interleukin 8. F(ab’)2-fragments
increased MIP-2 expression while neutrophil
sequestration in the lung was not enhanced.
This implicates a role for the Fc-fragment of
the antibody for neutrophil activation and for
the F(ab’)2 terminal for monocyte activation.47
In this model the pulmonary damage was CD8+ T-cells and to a lesser extend CD4+-cells
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dependent. SCID-mice challenged with H2Kd without priming with LPS developed severe
lung injury. This damage could be prevented by infusion of CD8+ T-cells and to a lesser
extent of CD4+ T-cells.48
Although the H2Kd mouse model produces reproducible acute lung injury that mimics the
clinical time course for TRALI (ALI within 2 hours of infusion of antibody), several aspects
of the model raise questions about the applicability of the model for human TRALI. In this
model 4.5 mg/kg MHC-I antibody is required to induce lung injury,42 a dose which would
have to equal more than 10% of all IgG in 200 ml of fresh frozen plasma.49 Also, mortality
of this model is 50% whereas in humans it is thought to be 10-20%26 and lung injury only
occurred in male mice.45
An in vivo rat model more closely mimics human TRALI. In this study rats are primed with
LPS and then receive rat MHC-I antibodies as “second hit”. The study investigated the role
of antibody concentration and found that higher concentrations of antibody increased
lung injury symptoms, which supports the “threshold model”. ALI could be prevented
by neutrophil depletion before infusion of antibodies, although depletion was reached
by use of neutrophil antiserum, which also consumes complement. This model is more
similar to human TRALI as lung injury occurred within 6 hours, mortality was 5-10% and
histological evidence was similar to lung injury.50 The concentration dependence has been
confirmed in vitro, where cell damage was found to not only be antibody concentration
dependent, but also from percentage of HLA-A2 expression on neutrophils. When human
microvascular endothelial cells (HMVEC) were incubated with neutrophils homozygously or
heterozygously expressing HLA-A2, homozygous HLA-A2 neutrophils caused more damage
than heterozygous HLA-A2 neutrophils did.51
A recently developed in vivo swine model most closely mimics human TRALI. In this model
miniature pigs received a “first hit” of LPS with a consecutive infusion of 4G8, a swine
leukocyte class I antibody. The animals in this study developed acute lung injury within
90 minutes of the “second hit” as evidenced by decreasing PaO2/FiO2 below 300, bilateral
infiltrates on chest-X-ray and increased neutrophil counts in broncheo-alveolar lavage fluid.52
HLA-Class II Antibodies
In the first studies that included antibody testing in TRALI only HLA-class I antibodies were
tested. In later studies HLA-class II antibodies have been included in the antibody panels and
were found in numerous TRALI-cases.22,27,53,54 HLA-class II antibodies usually induce relative
mild TRALI reactions.22 The prevalence of HLA-class II antibodies in implicated donor plasma
ranges from 30-56%.15,22,25,41 Considerably less models investigate the role of HLA-class II
antibodies, but the role of monocytes in TRALI has been studied more extensively in HLA-class
II antibody dependent models (Table 3; Figure 3). One of the major questions in HLA-class
II TRALI is which cells mediate lung injury. HLA-class II molecules are found predominantly
on dendritic-, macrophage- and B-cell surface and very rarely on neutrophils.11 Induction of
HLA-class II antigen expression on the neutrophils surface has been demonstrated in vitro
by IFN-g, colony stimulating growth factors (GM-CSF), or IL-3 and in vivo after exposure
to G-CSF, GM-CSF, or IFN-g.55-58 On the other hand this IFN-g induced HLA-class II antigen
expression is accompanied by enhanced expression of HLA-DR on monocytes.59,60 Priming
thus stimulates both neutrophils and monocytes.
In vitro matched anti-HLA-class II antibodies are able to activate monocytes25 and monocytes
from a donor implicated in a TRALI reaction causes HMVEC and human umbilical vein
endothelial cells (HUVEC) damage when subjected to HLA-class II antibodies.61
An established ex vivo rat lung perfusion model was used to investigate the role of monocytes
and neutrophils. Rats were stimulated with LPS two hours before lung preparations.
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Lungs were isolated from the circulation and perfused with Krebs-Henselein buffer to
which human neutrophils, HLA-class II antibodies and human monocytes were added.
Rats were depleted from neutrophils to prevent primed rat neutrophils influencing the
perfusion circuit. Perfusion of matched antibodies and monocytes increased permeability
of lung vasculature, but lung injury was prevented by omitting neutrophils or monocytes
from the circulation. Supernatant of cognate monocytes also induced lung injury but only
when neutrophils circulated. This study elegantly proves that activation of neutrophil and
consecutive lung damage is monocyte dependent.62 Possibly in HLA-Class II antibodies the
activation of monocytes has to be seen as a “third hit” where monocytes are stimulated and
then consecutively activate the primed neutrophils.
HNA-Antibodies
HNA-antibodies have been implicated in many TRALI-cases and HNA-1, HNA-2 and HNA-3a
are related to the most severe and even fatal TRALI-reactions.9,13,15,22,63,64 The prevalence
of HNA-antibodies in implicated donor plasma ranges from 3%-33%.22,25,41 The first animal
model that explored the role of anti-HNA-antibodies is an ex vivo rabbit model. Rabbit lungs
were isolated from the circulation and perfused with a mixture of rabbit plasma, human
neutrophils and anti-HNA-3a. In this model pulmonary damage could be induced only when
lungs were perfused with all three components at once. Omitting one of the products did
not result in lung damage indicating a role for the neutrophil, plasma derived complement
and HNA-3a antibodies. This is in contrast with an in vitro study in which neutrophils also
aggregated in the absence of plasma when subjected to HNA-3a antibodies.65 Heating of
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Figure 3: Mechanisms of HLA-class II antibodies mediated transfusion-related acute lung injury. 1.
In vitro monocytes induce endothelial injury when stimulated with HLA-class II antibody, blocking of
TNF-a or platelet activating factor prevents this injury.61 Ex vivo monocytes can be stimulated by HLAclass II antibodies to activate neutrophils which then cause lung injury.62
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rabbit plasma to destruct complement also prevented lung injury.66 The model was replicated
a year later67 after which focus shifted to anti-HNA-2a. The same ex vivo rat model was
used to perfuse anti-HNA-2a antibodies and human neutrophils. Rise in Pulmonary Artery
Pressure (PAP), capillary filtration coefficient and lung weight gain were used as which
increased depending on the percentage of HNA-2a expression by neutrophils. Neutrophils
expressing 30% cognate HNA-2a antigen did not induce pulmonary damage whereas
neutrophils expressing 70% cognate antigen did. However, when of N-formyl-methionylleucyl-phenylalanine (fMLP), which stimulates neutrophils, was added to the perfusion
circuit neutrophils expressing 30% cognate HNA-2a antigen also induced lung injury. Thus
the influence of both patient and transfusion factors for the development of TRALI was
illustrated.68
Several in vitro studies were published which focused on further unravelling the
pathogenesis of anti-HNA-3a mediated TRALI. The HNA-3 class antibodies can be divided in
a HNA-3a subset and HNA-3b subset, formerly called group 5b antigen and group 5a antigen
respectively. Although HNA-3a antibodies have been clearly related to serious TRALIreactions, the role of HNA-3b antibodies was still uncertain. In vitro HNA-3a but not HNA-3b
antibodies cause LPS dependent damage to HMVEC cells.69 This damage can be prevented
by blocking endothelial ICAM-1 and by blocking the neutrophil Fcg-receptor.70
In vivo also, only HNA-3a antibodies are able to induce lung injury. In contrast to earlier ex vivo
studies66,67 lung injury in the only in vivo model with HNA-3a antibodies, is LPS dependent.69
The animals in this study were mechanically ventilated which aggravated lung injury in
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Figure 4: Models of HNA-antibody mediated transfusion-related acute lung injury. 1. HNA-3a
antibodies can interact directly with endothelial cells and cause lung injury;69 2. Neutrophils are
required for development of lung injury. Cell injury after exposure to anti-HNA-2a is dependent of
the percentage of HNA-2a expression on neutrophils;68,75 3. HNA-3a antibody fragments induce cell
injury.69
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an HLA-class I antibody mouse model.71 The HNA-3a model might thus even be a “three
hit” model. Priming of neutrophils in the ex vivo studies cannot be excluded, due to the
nature of the extra-corporal lung perfusion where the plastic tubing might already stimulate
neutrophils 66,67. In the HNA-3a antibody in vivo mouse model antibody fragments were
found to induce TRALI even though symptoms were not as severe as in whole antibodies.
Antibody fragments cannot bind on the FcgR whereas whole antibody can which suggests
a neutrophil Fcg-receptor dependent and independent pathway in TRALI pathogenesis.69
A recent field in TRALI-research is the research done on neutrophil extracellular traps (NETs).
Activated neutrophils can release NETs which can trap pathogens and thus prevent pathogen
spreading.72 However, NETS have also been associated to various clinical conditions as for
example ulcerating colitis73 and preeclampsia.74 NETs have been detected in the circulation
of patients with TRALI75 after which their role was examined in several TRALI models. It was
found that neutrophils can be induced to form NETs in vitro after stimulation with TNF-a and
activation with HNA-3a-antibodies. These NETs are FcgRIIa-mediated as specific blocking of
this receptor prevented NETs formation. In vivo NETs formation and acute lung injury could
be prevented by administering DNase 1, but not by neurominidase platelet depletion (Table
4; Figure 4).75
Diagnostics
TRALI is diagnosed on clinical symptoms according to the US National Heart, Lung and
Blood Institute definitions as ancillary studies are of limited value (see also Supplemental
Information).2,3,8 To diagnose antibody-mediated TRALI antibodies directed against
recipient’s HNA and/or HLA antigens have to be detected in the involved blood donor(s). In
the evaluation of TRALI cases, donors are tested for presence of HNA and HLA-antibodies.
There are several techniques to detect these antibodies. These assays are usually only
available in specialized centres. They are used to confirm antibody-mediated TRALI and
identify donors who pose a potential risk for future patients. As it can take several weeks
before the results are known, they have no value in diagnosing an acute TRALI-reaction.
HLA-antibodies
In 1964 Terasaki and McClelland developed the complement-dependent cytotoxicity assay
(CDC assay) which has been the golden standard for detecting HLA-antibodies for many
years.76 The sample is incubated with phenotyped donor lymphocytes after which excess
rabbit complement is added. If antibodies in the sample bind to the cognate antigen on
the lymphocyte, the complement cascade is activated which leads to cell death. This can
be detected by staining with fluorescent dyes. A standardized ranking system introduced
by Terasaki gives a semi quantitative measure of antibodies present but this method has
several disadvantages. As the assay is complement dependent, both HLA-antibodies that
are non-complement bound and low titer antibodies which may not be able to activate
complement, cannot be detected. On the other hand non-HLA-antibodies in the serum
can activate the complement cascade and give false positive results. The CDC-assay is also
labour-intensive, requires highly skilled staff and fresh preparation of lymphocyte panels of
donors with known phenotypes.76-78
The CDC was the “gold standard” for years, but most laboratories have replaced it with
antigen-based assays. These assays use isolated HLA antigens fixed to wells or micro beads
to detect antibodies. The coated micro beads are mixed and incubated with serum. After
a short incubation they are mixed with FITC-conjugated F(ab)2 fragment of goat anti-human IgG and analysed on a flow cytometer. The commercially available FlowPRA screening

35

2

36

2

Chapter 2
assay (One Lambda, Inc, Canoga Park, CA) uses the same technology but combines 30
individual beads for both HLA class I and II. The assay is less labour intensive and requires
less training as it does not require fresh lymphocytes or subjective microscopic assessment. However, specificity of HLA class I or II antibodies cannot yet be determined with
this test.79,80 However, Pei et al. managed to conjugate individual HLA antigens to different
coloured micro beads to develop an antibody specific assay. This assay still required up to
15 runs to completely analyse all known HLA class I and II antigens as max 8 different HLA
antigens can be identified per assay80 but does facilitate specification of HLA-antibodies.
The invention of a new type flow cytometry platform (Luminex platform) made it possible
to evaluate up to 100 individual beads in one assay.77. Every individual bead population is
marked with 2 separate fluorescent tags. By adjusting the concentration of these two dyes
a set of 100 unique beads can be created, each of which is coated with a different HLA
class I or II antigen. The mean fluorescence intensity (MFI) cut off for positive test results
differs between studies as to this date no universal threshold has been established. The
relevance of low antibody titres which can be measured with Luminex, is still unknown.
HNA-antibodies
The ISBT Working Party on Granulocyte Immunobiology recommends combining the
granulocyte immunofluorescence test (GIFT) and the granulocyte agglutination test (GAT),
both serological methods, to detect HNA-antibodies.81 GIFT is considered to be the most
sensitive method, but GAT has a better ability to detect HNA-3a antibodies.82
In the GIFT a granulocyte suspension is incubated with serum and FITC-labelled rabbit-antihuman IgG serum. The product of this assay, a suspension of labelled cells can be examined
under an immunofluorescence microscope.83 The subjectively observed fluorescence is a
measure for antibody activity in the serum and ranges from – to ++++. Antibody specificity
is assessed by testing a panel of neutrophils from donors of known HNA genotypes.
The GAT is performed according to Jiang and Lalezari.84 A granulocyte suspension is added to
dilutions of test plasma. Cell aggregation and proportion of cells aggregating are examined
under an inverted phase microscope after which the reaction is graded from 0 to 4.
The monoclonal antibody-specific immobilization of granulocyte antigens (MAIGA) is
another serological method to detect HNA-antibodies.85 The MAIGA is mostly used for
confirmation of GIFT and GAT results. In this technique a granulocyte suspension is mixed
with human serum and a mouse monoclonal antibody directed against HNA-1a, 1b, 1c, 2a,
4a or 5a alloantigens. The neutrophil antigen-antibody complex is immobilized with goat
anti-mouse antibody followed by a substrate solution which induces a colour reaction. This
reaction can be read with a plate reader or a luminometer.
These classic, serological methods to identify granulocyte antibodies require daily fresh
typed granulocytes. The methods are time-consuming and cannot be used for detection
of neutrophil antibodies in large populations, as for example blood donors. Moreover, the
International Granulocyte Immunology Workshop demonstrated that there was a wide
variation in the proficiency of antibody detection among the different laboratories (16.7 –
100% correct detection of antibodies, mean of 57.5%).81
More recently analogous to HLA-antibody detection, Luminex bead-based assays have
been developed to detect HNA-antibodies.86 Beads are coated with specific granulocyte
antigens with an exception of the HNA-3a antigen as this antigen has only recently been
characterized. 87 As with Luminex HLA detection no universal cutoff has been set yet.
The bead-based assay can be applied to large-scale populations and can reliably detect
HNA-antibodies. Comparison of Luminex with recommended, serological tests has a concordance of 94% (48/51) in alloimmune situations (NAIN and TRALI).86
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Cross-matching
Cognate antibodies in donors can also be assessed by performing cross-matches between
donor plasma and patient lymphocytes and granulocytes. These cross-matches can be
performed in the CDC, LIFT, GIFT and GAT.76,83,84 Instead of using typed donor lymphocytes
or granulocytes in these assays, fresh cells from the patient who experienced a TRALI
reaction are used and incubated with plasma from the involved donor(s).When antibodies directed to HLA or HNA antigens in the patient are present, the cross-match will be
positive. Cross-matches only identify incompatible antibodies and cross-matches can have
false negative results. Antigens are upregulated during a TRALI reaction but cross-matching
is usually performed weeks or months after the case is reported. Patients have usually recovered by this time and the antigen is downregulated again. This may result in a negative
cross-match.
Prevention and treatment
TRALI presents a difficult problem for the clinician. TRALI is potentially fatal with an overall
mortality of 5-10%.5-7 Patients need supplemental oxygen therapy and 70-90% of patients
even need mechanical ventilation.5
Several studies have addressed treatment strategies of TRALI. In an animal models and
a clinical study, drugs preventing activation of platelets, i.e. clopdigrel and aspirin43,88
attenuate TRALI. These findings are not supported by a retrospective cohort study in
which no difference was found between a cohort of ICU patients who used aspirin and a
matched control group.89 In a two hit-animal model prevention of complement activation
by C1-inhibitor also prevented lung injury.90 Two in vivo animal models showed no effect of
immune modulation by corticosteroids.91,92
Treatment strategies have only been tested in pre-clinical studies or observational clinical
studies, Although some pre-clinical studies look promising, currently no treatment can be
recommended other than supportive measures. Restriction of transfusion still seems the
best intervention to prevent this life-threatening syndrome. Past decades of research on
TRALI elucidated which donors are at risk for causing TRALI. This has resulted in the design
and implementation of preventive strategies for antibody-mediated TRALI.
Exclusion of female donors
Antibody development occurs most frequently when females are exposed during pregnancy
to the antigens of their foetus which has inherited the alloantigen from the father. The
prevalence of anti-HLA and HNA-antibodies does not differ significantly between nulliparous
females, non-transfused males and transfused males. However, the prevalence increases
rapidly with each pregnancy (Table 1). The risk of female plasma donation was confirmed
in two retrospective studies in critically ill patients. In these studies FFP transfusion from
(multiparous) female donors caused worsened oxygenation.33,93 After recognition of female
donor as risk factor for development of TRALI, in 2003 the United Kingdom implemented
a predominantly male donor fresh-frozen plasma transfusion policy to mitigate TRALI after
which several countries worldwide followed. A steep decline in TRALI incidence could be
seen since then (Table 5).18 A recent meta-analysis reported that excluding female donors
reduces plasma-related TRALI incidence by 73% (95% CI, 80–62%).94,95 Exclusion of females
as plasma transfusion donor has had limited impact on plasma availability. The exclusion has
mainly consisted of a shift to distribution of plasma from male donors for transfusion, and
from female donors for further manufacturing of plasma derived products.96,97
Exclusion of previously transfused donors
Transfusion can induce antibody formation in the recipient by allo-exposure. The rate with
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Table 5: Effect of male-only plasma donor strategy on TRALI incidence. Adapted from Vlaar et al.26
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which antibodies develop after allo-exposure is dependent of the number of transfusion, the
time since transfusion and the underlying clinical condition that warranted the transfusion.98
The incidence of antibodies in a transfused population of male donors is 0.8-12.0% versus
0-7.1% in non-transfused male donors.99 In female nullipara incidence of antibodies after
transfusion was 4.4%, which did not differ significantly from non-transfused nullipara
(1.6%).100
Screening donors
Exclusion of donors based on pregnancy or transfusion history would exclude the majority
of “at risk” donors but would also exclude a very large group of “safe” donors. To prevent
unnecessary exclusion of donors blood banks could screen these groups for the presence of
HLA and HNA-antibodies.20,101 An even more strict policy would be to screen every potential
donor as 1.7-7.8% of the never pregnant females and up to 7.1% of never transfused males
tests positive for antibodies (Table 1).22,102,103 This would be time-consuming and costly, but
allows precise selection of the non-immunized donor population. However, this strategy
may be too stringent as several retrospective studies traced the reactions caused by HLAantibody positive transfusion reported. One study reviewed transfusion records for passive
reports of transfusion reactions from 167 components provided by four apheresis donors
with HLA-antibodies but found no TRALI.19 In two other retrospective studies investigated
26 and 187 recipients of antibody positive components but respectively only found
one TRALI29 and two possible TRALI.30 These findings are supported by other look-back
investigations.31,32 Exclusion of all antibody positive donors in these studies would have
prevented only one TRALI and two possible TRALI, but would have caused a loss of a total
380 transfusion products donated by these donors. Screening of high-risk groups could be
a less costly alternative to screening all potential donors. Observational studies show that a
questionnaire on transfusion and pregnancy history can be used to select high risk donors.
One observational study found a positive effect on TRALI incidence with this screening
method,30 another study however did not 23. As high throughput assays are now available for
screening on HLA antibodies, the workload and cost-benefit relation of screening is reduced.
Solvent/detergent plasma
Solvent/detergent (S/D) fresh frozen plasma is plasma pooled from 500-1600 donors. The
pooled plasma is treated with solvent and detergent to inactivate lipid-enveloped viruses,
cells, and most protozoa while leaving labile coagulation factors intact.104 To prevent
transmission of prion disease a pion-specific filter process has been introduced.105 The
pooling theoretically causes a dilution of antibodies in donor plasma of at least 500 times.
The antigens present in the pooled plasma might also be able to bind antibodies and thus
inactivate antibody reactivity.106 In a study of 20 batches S/D plasma no HLA-antibodies or
granulocyte-agglutinating antibodies could be detected.106 In another study HLA-antibody
prevalence in 58 plasma samples from single-donor units of leukodepleted FFP were
tested and compared with samples from 12 units of S/D plasma. No antibodies were found
in the S/D plasma where 9% of the single-donor units was antibody positive.107 Finland,
Luxembourg and Norway use S/D plasma and have never reported any TRALI-case after
transfusion of S/D plasma.94
Washing of transfusion products
Washing of transfusion products eliminates residual antigens.108-110 In a retrospective study
comparing TRALI incidence before and after introduction of standard leukoreduction
of transfusion products, no TRALI was observed in a subcohort of patients who received
washed and leukoreduced transfusions . Leukoreduction without washing decreased TRALI
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Filtration
Filtration or removal of the buffy coat can be used to leukoreduce transfusion products.
This reduces HLA antigen exposure, non-haemolytic transfusion reactions, levels of cytokine
accumulation during storage, and cytomegalovirus exposure.112-114 Universal leukoreduction
has been related to a decreased incidence of TRALI111 although it has a dubious effect on
allo-immunization of donors.115 In a meta-analysis comparing the effect of allo-immunization
of recipients of leukoreduced products the prevalence of antibodies ranged from 7 to 44%.
Control recipients of non-leukoreduced transfusion products developed antibodies in 20%
to 50%.115 Recently pre-storage filtration that removes antibodies, leukocytes, platelets and
lipids was found to have a positive effect on in vitro stored RBCs.116 The effect of filtration of
transfusion products on TRALI incidence has not been investigated in clinical studies.
Conclusion
Transfusion-related acute lung injury (TRALI) is an important and potentially fatal
complication of transfusion of blood products. Insight in the pathogenesis of TRALI has
resulted in the design and implementation of prevention strategies. The various classes of
antibodies implicated in TRALI appear to have different pathophysiological mechanisms for
the induction of TRALI. HLA and HNA-antibodies are found mainly in blood from multiparous
donors. After introduction of a male-only strategy for plasma donation incidence of TRALI
has decreased rapidly. Future studies should be focusing on possible bedside prevention
and treatment options for antibody-mediated TRALI.
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Methods
Both Embase and PubMed were accessed for relevant English literature between January
2014 and December 2014. Our search strategy for PubMed was (transfusion-related acute
lung injury[tw] OR TRALI[tw]) OR (“Acute Lung Injury”[MeSH] AND “Blood Transfusion”[Mesh]
OR transfusion[tw]) AND (“Models, Animal”[Mesh] OR animal model*[tw] OR “Cohort
Studies”[MeSH Terms] OR cohort[tiab] OR “Humans”[MeSH] OR “Animals”[Mesh]).
Keywords in Embase were Transfusion related lung injury, TRALI, animal, cohort analysis
and human. We did not restrict our range of publication dates. Articles were selected based
on title and abstract. References of all relevant articles were checked and included when
considered relevant. Conference abstracts were excluded.
Two accidently induced TRALI cases by infusion of MIGG:
In a clinical study with the same design as the study on the effects of intravenous
immunoglobins on leukoreceptor blockade described earlier, a healthy volunteer also
developed TRALI.4 The patient was injected with two shots of anti-HLA-class II containing
plasma. Within an hour of infusion he became hypoxic and bilateral infiltrates on chest
X-ray were seen. In contrast to the earlier study this reaction remained relatively mild. The
volunteer needed supplemental oxygen but recovered within 2 days.5
In a study that investigated the role of intravenous immunoglobins on leukocyte receptor
blockade, TRALI was accidently induced in a healthy volunteer. The first enrolled volunteer
received two consecutive infusions of monocyte inhibiting globulin g (MIGG), a mixture
of HLA-class I and class II antigens. This volunteer developed near fatal TRALI and was
mechanically ventilated for 4 days after which he recovered successfully.4
Suspected TRALI

Possible TRALI

Acute onset within 6 hours of blood transfusion
PaO2 /Fi O2 <300 mmHg , or worsening PaO2 /Fi O2
Bilateral infiltrative changes on chest radiograph
No sign of hydrostatic pulmonary oedema (pulmonary arterial occlusion pressure
≤18 mm Hg or central venous pressure ≤15 mm Hg)
No other risk factor for acute lung injury
Same as for suspected TRALI, but another risk factor present for acute lung injury

Table 6: Transfusion-related acute lung injury Definition. Definition according to TRALI conference
and US National Heart, Lung and Blood Institute.1-3

antibody-mediated TRALI
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Summary
BACKGROUND. Disciplines involved in transfusion-related acute lung injury (TRALI)
diagnosing, report according to a “one-hit” theory. However, studies showed that patients
with an underlying condition are at increased risk for the onset of TRALI. We investigated
whether accumulating evidence on the “two-hit” theory has changed the practice of
reporting TRALI.
MATERIAL AND METHODS. Departments of haematology, hemovigilance, transfusion
medicine, intensive care and anaesthesiology from all Dutch hospitals with at least 5 beds
equipped for mechanical ventilation were invited to participate in an online survey. Using
clinical vignettes with conjoint analysis we investigated the effect of patient age, admittance
diagnosis, type and number of transfusion and presence of ALI-risk factors on TRALI
reporting. A positive b-coefficient indicated a higher likelihood of reporting TRALI.
RESULTS. We received 129 questionnaires (response rate 74%). Respondents were more
likely to report TRALI in younger patients, if symptoms developed within two hours of
transfusion and if patients received multiple transfusions. Sepsis and the presence of
an ALI risk factor reduced the inclination to report. Transfusion medicine physicians and
hemovigilance employees did no longer take the age of transfusion products into account in
their diagnostic considerations on TRALI.
DISCUSSION. We conclude that the multidisciplinary team involved in TRALI reporting, still
considers TRALI a “one-hit” event, despite accumulating evidence that supports the “twohit” theory. These results suggest that the patients most at risk for developing TRALI are not
reported to the blood bank.

Practice of reporting TRALI
Introduction
Transfusion-related acute lung injury (TRALI) is a respiratory syndrome caused by blood
transfusion. Patients suffer symptoms of dyspnoea, fever, hypotension or sometimes
hypertension, and hypoxia. In the absence of biomarkers, TRALI is a clinical syndrome and is
defined as new acute lung injury developing within 6 hours of receiving a blood transfusion
(Table 1). Possible TRALI has the same definition, but in these cases other acute lung injury
risk factors are also present.1-4 Approximately 80 percent of TRALI cases have been related
to the presence of Human Leukocyte Antigen (HLA) or Human Neutrophil Antigen (HNA)
antibodies in predominately female donor blood.5,6
The reported incidence of TRALI varies widely, ranging from 0.0008% to 1.2% per blood
product and from 0.08% to 8% per transfused patient.7 This 100- to 1000-fold difference in
incidence can be explained by differences in study design and patient population but also
by underreporting by treating physicians.8-10 A study in which 36 recipients of a transfusion
product from a donor implicated in TRALI were retraced, identified 15 TRALI reactions of
which only 7 were reported in the hospital and none were reported to the Blood Bank.11
A multidisciplinary team is usually involved in reporting TRALI. The bedside physician reports
a TRALI case to the hospital’s hemovigilance employee. The hemovigilance employee in turn
reports the case to a transfusion medicine specialist of the national Blood Bank Sanquin.
Reporting TRALI is important for identifying and excluding involved donors with antibodies
to prevent future TRALI reactions. In 2008 a survey study was conducted to identify which
factors influenced reporting of TRALI. This survey showed that the presence of sepsis was
a reason not to report TRALI. This indicates that physicians suspect TRALI according to the
“single-hit” theory, in which antibodies in donor plasma are thought to induce activation of
the pulmonary neutrophils in the absence of a priming “first-hit”. However, studies in the
past decade indicated that even though TRALI can occur after a “single hit”, for example
a transfusion product with high levels of cognate antigens (threshold model),12 it usually
follows a “two-hit” model in which a clinical condition (e.g. sepsis, cardiac surgery) primes
neutrophils. The “second hit”, formed by the transfusion products, activates primed
neutrophils and causes TRALI.13-22 In this follow-up study we investigated whether the
improved knowledge on the pathogenesis of TRALI has induced a shift in focus from reporting
TRALI according to the “single-hit” theory to the “two-hit”-model in anaesthesiologists,
haematologists, intensive care physicians, hemovigilance employees and transfusion
physicians. Moreover, we investigated whether introduction of TRALI mitigation strategies
such as male only plasma and pooled plasma has influenced TRALI reporting.
TRALI

Acute onset within 6 hours of blood transfusion
PaO2 /FI O2 <300 mm Hg, or worsening of P to F ratio
Bilateral infiltrative changes on chest radiograph
No sign of hydrostatic pulmonary oedema (pulmonary arterial occlusion pressure
≤18 mm Hg or central venous pressure ≤15 mm Hg)
No other risk factor for acute lung injury
Possible TRALI
Same as for TRALI, but another risk factor present for acute lung injury
Table 1: Transfusion-related acute lung injury definition.
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Material and Methods
Respondents
We used an email invitation to request participation in our online survey. We contacted
the heads of the department of intensive care medicine, haematology, anaesthesiology
and hemovigilance of all Dutch hospitals with five or more beds equipped for mechanical
ventilation at the intensive care unit (ICU; n=68). The chairs of the departments that were
willing to participate provided the name and email-address of the intensivist, haematologist,
anaesthesiologist or hemovigilance employee who was most experienced with transfusion
medicine. All transfusion physicians of Sanquin blood supply were also invited to partake
(n=23).
Survey
The survey was sent out with Survey Monkey, a web-based survey-program (Survey Monkey,
Palo Alto, CA, USA). The first part of the survey inventoried basic demographic characteristics:
sex, age, specialization, work experience, academic- or non-academic hospital setting and
for non-physicians educational background. This was followed by 16 vignettes and 10
questions on additional factors influencing TRALI reporting. The survey was introduced
with a cover letter providing the TRALI definition according to the Canadian Consensus
Conference (Table 1) and a description of the vignettes. As the Dutch Blood Bank replaced
male-donor only plasma with solvent/detergent (S/D) plasma in 2015, all vignettes were
designed with transfusion of standard RBC products, standard pooled platelet concentrates
of 5 buffy coats in male-only plasma and S/D plasma. All participants were sent up to 4
reminders if the survey had not been completed after which all uncompleted surveys were
regarded as drop-out. Reminders were sent out every 2 weeks.
Vignettes
We used vignettes to investigate which factors influenced the decision of attending
physicians and hemovigilance employees to report a TRALI case. A vignette is a brief, written
case history of a fictitious patient based on a realistic clinical situation. The description is
followed by a question to explore what a physician would do if presented with the actual
patient. Factors, e.g. setting, patient age, disease, are varied in the vignette to investigate
how these changes influence the physicians decision making. To enhance comparability
with our baseline study from 2008, we used the same factors for the vignettes.23 These
factors were selected based on observational retrospective and prospective studies which
indicated that higher patient age, a severe underlying clinical disease as for example sepsis,
Factor
1. Age of the patient

Level
a) 20 years
b) 80 years
2. TRALI risk factor
a) Sepsis
b) Ischemic cerebrovascular accident (CVA)
3. Onset of symptoms
a) Within 2 hours after transfusion
b) Within 5 hours after transfusion
4. Type and amount of transfusion
a) 1 red blood cell transfusion
b) 1 platelet transfusion
c) 1 S/D plasma transfusion
d) 1 red blood cell and 1 S/D plasma transfusion
e) 6 red blood cell and 4 S/D plasma transfusions
5. ALI before transfusion
a) Present
b) Absent
Table 2: factors used in the clinical vignettes.

Practice of reporting TRALI
Vignette Structure
A (1) years old patient is treated
at the ICU for (2). Within (3)
hours of transfusion of (4)
the patient develops ALI. The
patient had (5) ALI risk factor
before transfusion.

Vignette A
A 20 years old patient is treated
at the ICU for sepsis. Within 1
hours of transfusion of 1 unit
RBCs and 1 unit S/D plasma
the patient develops ALI. The
patient had an ALI risk factor
before transfusion.

Vignette B
An 80 years old patient is treated
at the ICU for an ischemic
cerebrovascular
accident.
Within 1 hours of transfusion of
1 unit PLTs the patient develops
ALI. The patient had no ALI risk
factor before transfusion.

Would you report this case as Would you report this case as Would you report this case as
TRALI?
TRALI?
TRALI?
Table 3: Example vignettes

multiple transfusions and the presence of an ALI risk factor, are risk factors for developing
TRALI.13,15,22,24-28 Our previous study indicated that in the Dutch population these variables
influenced the decision to report a suspected TRALI case. We included these 5 factors and the
time of onset of ALI after transfusion as factors in the vignettes (Table 2) to explore whether
additional scientific evidence on TRALI pathogenesis has influenced how physicians report
TRALI. A total of 144 vignettes present all possible combinations of the 6 factors and their
(3*3*2*2*2*2) factor levels. The number of representative clinical vignettes were reduced
to 16 using an orthogonal main effects design.29 This approach permits the statistical testing
by conjoint analysis of a suitable fraction of all possible combinations of the factors and their
levels. Respondents were asked to rate the degree to whether they would consider to report
the case description as suspected for TRALI and to initiate a diagnostic workup for each of
the sixteen patients described in the clinical vignettes. A seven point Likert scale was used
ranging from 1 (totally disagree) to 7 (totally agree) to answer the question: “Would you
report this case as suspected for TRALI?” (Table 3).
TRALI determinants
The third part of the survey included an additional 10 questions on how patients’ variables
influenced the respondent’s decision to suspect TRALI or an alternative diagnosis. We asked
the respondents whether they took parameters of cardiac function, fluid balance, culture
results and transfusion product metric into account into their decision to report a suspect
TRALI case. These questions were rated on a scale from 0-100 in which 0 corresponded with
“I do not take this factor into account in my diagnostic considerations in a suspected TRALI
case” and 100 with “I take this factor fully into account in my diagnostic considerations in a
suspected TRALI case”.
Statistical analysis
Conjoint analysis was performed to calculate the relative weights for each level of the factor
levels. This results in a utility score (common unit) for each factor level expressed as β with
95% confidence interval between brackets. Higher utility values indicate greater preference.
Negative β-values indicate preferences against the positive direction of the statement,
i.e. against reporting a case suspected for TRALI. The utility for a particular factor level is
determined by multiplying the β with the defined factor category, i.e., one times β, two
times β, depending on the number of levels per factor.
Data was inspected for normality. As none of the responses of the influence of factors on
the decision making process to report TRALI followed a normal distribution, these factors
were investigated with R using a Kruskal Wallis test. If the Kruskal Wallis test produced a p <
0.05, a post-hoc Dunn test was performed. A p < 0.05 was considered statistically significant.
Conjoint analysis was performed in SPSS for windows version 22.0 (IBM, Armonk, NY: IBM
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Patient Age

Level

80 year
20 year
Ischemic CVA
TRALI risk factor
Sepsis
<5 hours
Onset of symptoms
<2 hours
1 RBC
Type and number
1 PLT
transfusion products
1 FFP
Multiple Transfusion 1 RBC + 1 FFP
6 RBC + 4 FFP
Present
ALI risk factor
Absent
decreased -1
reporting

Factor

N (% of total respondents)
Sex (%)
Female
Age (%)
< 29 years
30-39 years
40-49 years
50-59 years
> 60 years
Years of experience (%) 0-5 years
6-10 years
11-15 years
16-20 years
> 21 years
Hospital (%)
Academic
Non-academic
TRALI-cases reported last year (median with range)

0
1
β-coefficient with 95% CI

26 (20.0)
27
0
15.4
34.6
38.5
11.5
7.7
23.1
15.4
7.7
46.2
23.0
76.9
0 (0-2)

Hemovigilance
Transfusion
employee†
Medicine Physician
23 (17.7)
39 (30.0)
10 (7.7)
39
66
50
0
0
0
12.8
12.8
30
25.6
25.6
0
38.5
38.5
70
23.1
23.1
0
17.4
2.6
30
8.7
18.0
10
26.1
23.1
10
21.7
12.8
10
26.1
41.0
40
30.4
7.7
0
69.6
89.6
100
1 (0-5)
0 (0-5)
0.5 (0-3)
Table 4. Demographic characteristics of
respondents. In not all columns the total of
percentages accumulates to 100% due to missing
responses from 2 respondents.*Of the total of
31 intensive care physicians, 18 originated from
internal medicine, 12 from anaesthesiology and 1
from cardiology. †Of 39 hemovigilance employees,
22 studied biomedical sciences, medicine or medical
pharmacy and 14 were laboratory analysts with
additional hemovigilance training. Four respondents
did not specify their training.

Haematologist

Figure 1: Preferences of respondents for
determinants on reporting TRALI. A positive
increased b-coefficient indicates a higher likelihood of
reporting reporting TRALI.

Anaesthesiologist

3

Intensive Care
Physician*
31 (23.8)
29
0
19.4
71
6.5
3.2
25.8
41.9
25.8
0
6.5
19.4
80.6
0 (0-5)
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Corp). R was used to produce figures with the most recent version of the ggplot2 package
and to perform Kruskal Wallis testing (R-core Team, Vienna, Austria).
Results
In total 173 heads of departments from 63 hospitals agreed to participate in our study. We
sent out the online questionnaire to 38 intensive care physicians, 38 anaesthesiologists,
19 haematologists, 22 transfusion physicians and 56 hemovigilance employees. Of the
invited respondents, 31 intensive care physicians (81.6%), 26 anaesthesiologists (68,4%), 19
haematologists (100%), 43 hemovigilance employees (76,8%) and 10 transfusion medicine
physicians (52,6%) returned the questionnaire which amounted to a total of 129 responses
(74%). One respondent did not fill in his specialization. This response was included into the
analysis of the vignettes but was excluded from the sub-analysis per specialism. Table 2
summarizes demographic data of the respondents.
Vignettes on reporting TRALI
Our analysis revealed that respondents were more likely to report TRALI in 20-year old
patients developing lung injury than in 80-year old patients (b-coefficient 0.26 (0.05-0.47)).
If the patient was admitted with sepsis, respondents were less likely to report a TRALI case
compared to a patient who was admitted with a cerebrovascular accident (CVA; b-coefficient
-0.28 (-0.49 - -0.07)). Reporting of TRALI was also dependent of the time of onset of ALI
symptoms. Participants were more likely to report the case if pulmonary deterioration
occurred within 1 hour after transfusion than when symptoms occurred within 5 hours
(b-coefficient 0.41 (0.20-0.62)). The number and type of transfusion products modulated
TRALI reporting. Transfusion of PLTs or plasma increased the chance of reporting compared
to RBC transfusion (platelets b-coefficient 0.15 (-0.08-0.39)) and plasma b-coefficient 0.08
(-0.08-0.24)). Respondents were most likely to report a TRALI case when multiple transfusion
products were administered (b-coefficient 0.31 (-0.09-0.71)). Finally, participants were less
inclined to report in patients who already suffered from an ALI risk factor (b-coefficient
-0.98 (-0.77- -1.19)). Figure 1 illustrates the preferences for each variable. Sub-analysis of
the response pattern per specialization, sex, clinical versus non-clinical specialization or
work experience did not influence the results.
Questionnaires
Additional determinants that may influence reporting TRALI were measured on a scale of
0-100. Our results show that the 24 hour fluid balance, the presence of an ALI risk factor,
and the infusion of multiple transfusions products influence the decision to suspect TRALI.
The storage time of the transfused product on the other hand, has limited influence on the
decision to report the case (Fig 2.). Of note however, intensivists and anaesthesiologists are
more likely to take the storage time of transfused products into account than transfusion
medicine physicians and hemovigilance employees (p < 0.02). Additional analysis of the
questionnaire per specialism shows that hemovigilance employees are less likely to weigh
parameters of cardiac performance in the decision to report, including systolic and diastolic
ventricular function compared to the other specialists. Transfusion medicine physicians
are more likely to take blood culture results into account than the other specialists (p <
0.05). Haematologists, transfusion medicine physicians and hemovigilance employees are
more likely to take the presence of an ALI risk factor into account than intensivists and
anaesthesiologists (p < 0.02; Figure 2). Overall, the clinical specialties are more focused
on patient factors while the hemovigilance employee and transfusion specialist are more
focused on transfusion factors in their differential diagnostic considerations on posttransfusion pulmonary complications (Figure 2).
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Ejection fraction (echocardiography)*

Wedge pressure
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E/A ratio (echocardiography)

24−hr fluid balance

Blood culture results†

Storage time of transfused product(s)#

Presence of ALI risk factor‡

Multiple transfusions (>10 units)

Specialisation
Intensive care physician
Plasma LDH

Type of product transfused

Anesthesiologist
Hematologist
Transfusion medicine physician
Hemovigilance worker

Strongly Disagree

Strongly Agree Strongly Disagree

Strongly Agree

Figure 2: Analysis per specialism of the influence of blood product and patient related factors on the
decision to suspect TRALI. Hemovigilance employees are less likely to take the ejection fraction into
account than the other specialists. Hemovigilance employees and transfusion medicine physicians
are more likely to take blood culture results into account than the other specialists. Intensivists and
anaesthesiologists are more likely to take the storage time of transfused products into account than
transfusion medicine physicians and hemovigilance employees. Haematologists, transfusion medicine
physicians and hemovigilance employees are more likely to take the presence of an ALI risk factor into
account than intensivists. *#†‡ = p < 0.05.

Discussion
In this study we investigated the practice of reporting TRALI. The results of the present
survey are strikingly similar to the findings of 8 years ago. The survey from 2008, which was
conducted amongst intensive care physicians, haematologists, hemovigilance employees
and transfusion medicine physicians in The Netherlands showed that the presence of an
underlying condition as for example sepsis (“first hit”), was a reason not to report TRALI.23
This indicated that reporting physicians reported TRALI according to the “single-hit” theory.
Since 2008 several studies have been published that support the “two-hit” pathogenesis
of TRALI.13-22 Evidence also supports that increasing the severity of the “first hit” causes
more severe TRALI for both antibody and non-antibody mediated TRALI.16,17,22,30,31 Clinical
studies confirmed these findings and showed that the group of patients with more severe
underlying disease is most at risk for developing lung injury after transfusion.13,14,22,26
In this study we investigated whether the determinants that influence TRALI reporting
have changed accordingly. However, our study demonstrates that the factors influencing
reporting of TRALI is similar to 2008. The chance that the multidisciplinary team involved
in TRALI reporting will designate a case as (possible) TRALI decreases in younger patients,
decreases after transfusion of a single RBC, FFP or PLT product, and decreases in patients
with an additional ALI risk factor or sepsis – the patients most at risk for developing TRALI. In
other words, respondents are still most likely to report “the young and fast” ALI-developers.
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There are several possible explanations for the observation that the tendency to report
follows the “one-hit” theory and has not shifted to the “two-hit” model. It could indicate
that physicians are unaware of the “two-hit” theory on TRALI. Possibly the disciplines
involved in TRALI reporting do not realize that aged patients, patients with an ALI factor,
and patients with more severe underlying disease as for example sepsis, are most at risk to
develop TRALI.14,32
Another factor that might influence reporting is that TRALI has a similar presentation as
ARDS or pulmonary oedema. Especially in patients with ARDS risk factors, the differential
diagnosis for acute (worsening) lung injury is extensive. This can result in the physician
overlooking TRALI or deciding that another factor may have caused lung injury and not
the transfusion. The Dutch hemovigilance system uses a TRALI score system including
imputability of symptoms to the transfused blood product.33 This can influence the decision
to diagnose possible TRALI in patients with diseases presenting in a similar fashion and is not
in line with the international consensus definition of TRALI.
Our results are in line with studies in which TRALI and possible TRALI are under-recognized
and under-reported.8,9,11,22,34-37 The under-recognition of these patients has several
implications: if TRALI in patients with more severe underlying disease or ARDS risk factors
remains unrecognized, no immunologic work-up will be performed at the hospital and/or
blood bank and donors related to (possible) TRALI cases will no longer be excluded.32
In the previous survey, plasma transfusion was the most influential factor on reporting
TRALI. However, in our present follow-up study, plasma transfusion had almost no effect
on the likelihood of respondents reporting a suspected case. We hypothesize that the
implementation of male-only quarantine plasma in 2007 and addition of male-only plasma
to PLT concentrates in 2009 has initiated a general understanding of the potential sideeffects of transfusion and that this implementation increased the realization that the safety
of plasma transfusion has increased in the past years. In 2014 quarantine plasma has been
replaced by S/D plasma nationwide, to further increase plasma transfusions safety. The
reduction in effect of plasma transfusion on TRALI reporting in the vignettes may reflect
the realization that implementation of these new types of plasma – at least of male-only
quarantine plasma – has reduced the incidence of TRALI.38
The influence of some of the additional determinants that influence reporting of TRALI
has changed compared to the previous study. The respondents reported influence of
echocardiographic estimation of cardiac function was graded similarly, but the 24-hour fluid
balance, massive transfusion had more influence on the diagnostic considerations to report
TRALI. This might reflect the enhanced focus on transfusion associated cardiac overload
(TACO) in the past years.39
Our results lead us to speculate whether the disciplines familiarize themselves enough with
each other’s literature: on the one hand, anaesthesiologists and intensive care physicians
tend to focus on patient factors when they suspect TRALI which is in confirmation with a
recent study in which recipient clinical risk factors predominated in possible TRALI.14 On
the other hand, haematologists, hemovigilance employees and transfusion specialists
have more focus on transfusion product factors. The storage time of transfusion products
influenced the decision-making process considerably less than in the previous study.
Storage of RBCs, has been implicated in transfusion induced adverse events.. In line with
the evidence of recent large trials in which storage time of transfusion products was
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unrelated to transfusion induced morbidity and mortality, the respondents take storage
time of the transfusion products less into account in their diagnostic considerations.40-42
Disciplines that are more closely in contact with the Dutch Blood Bank, the hemovigilance
employees, haematologists and transfusion medicine physicians, seem to be most informed
about the lack of evidence on storage time mediated risk. Our results suggest that a number
of intensive care medicine physicians and anaesthesiologists still believe that the age of
the transfused products is related to transfusion complications. Hence, the knowledge on
patient risk factors on one hand and transfusion risk factors of TRALI on the other hand may
be limited to specialty areas in medicine and for this reason result in underdiagnosing and
underreporting. Integration of this knowledge in all involved disciplines in reporting TRALI
may be warranted to increase diagnosing and reporting of TRALI.
Our study has several limitations. Our overall response rate was good, but we were not
able to reach all Dutch hospitals with at least 5 beds equipped for mechanical ventilation.
However, we believe that the high rate of respondents of all disciplines from academic
hospitals, large teaching hospitals and small regional hospitals ensures that our study results
are representative for TRALI reporting practice.
Conclusions
Similar as in previous studies, Dutch physicians tend to report TRALI according to a “onehit” theory. Physicians refrain from reporting the ‘possible’ two-hit TRALI in patients with
additional pre-existent lung injury or other severe underlying disease. In this respect, TRALI
as diagnosis is withheld in patients with the highest risk on this severe transfusion mediated
complication. This suboptimal awareness hampers prophylactic treatment measures and
identification and exclusion of relevant donors.
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References
1. Stainsby D, Jones H, Asher D, Atterbury C,
Boncinelli A, Brant L, Chapman CE, Davison
K, Gerrard R, Gray A, Knowles S, Love EM,
Milkins C, McClelland DB, Norfolk DR, Soldan
K, Taylor C, Revill J, Williamson LM, Cohen H,
Group SS. Serious hazards of transfusion: a
decade of hemovigilance in the UK. Transfus
Med Rev. 2006(20):273-82.
2. Kleinman S. A perspective on transfusionrelated acute lung injury two years after
the Canadian Consensus Conference.
Transfusion. 2006(46):1465-8.
3. Goldman M, Webert KE, Arnold DM,
Freedman J, Hannon J, Blajchman MA, Panel
TC. Proceedings of a consensus conference:
towards an understanding of TRALI. Transfus
Med Rev. 2005(19):2-31.
4. Holness L, Knippen MA, Simmons L,
Lachenbruch PA. Fatalities caused by TRALI.
Transfusion Medicine Reviews. 2004(18):1848.
5. 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. British Journal of
Haematology. 1996(93):707-13.
6. Middelburg RA, van Stein D, Briet E, van der
Bom JG. The role of donor antibodies in the
pathogenesis of transfusion-related acute
lung injury: a systematic review. Transfusion.
2008(48):2167-76.
7. Vlaar AP, Juffermans NP. Transfusion-related
acute lung injury: a clinical review. The
Lancet. 2013(382):984-94.
8. Kram R, Loer SA. Transfusion-related acute
lung injury: lack of recognition because of
unawareness of this complication? Eur J
Anaesthesiol. 2005(22):369-72.
9. Wallis JP. Transfusion-related acute lung
injury (TRALI) - under-diagnosed and underreported. British Journal of Anaesthesia.
2003(90):573-6.
10. Nicolle AL, Chapman CE, Carter V, Wallis
JP. Transfusion-related acute lung injury
caused by two donors with anti-human
leucocyte antigen class II antibodies: a lookback investigation. Transfusion Medicine.
2004(14):225-30.
11. Kopko PM, Marshall CS, MacKenzie MR,
Holland PV, Popovsky MA. Transfusionrelated acute lung injury: report of a
clinical look-back investigation. JAMA.
2002(287):1968-71.
12. Bux J, Sachs UJ. The pathogenesis of

transfusion-related acute lung injury (TRALI).
Br J Haematol. 2007(136):788-99.
13. Toy P, Gajic O, Bacchetti P, Looney MR, Gropper
MA, Hubmayr R, Lowell CA, Norris PJ, Murphy
EL, Weiskopf RB, Wilson G, Koenigsberg M,
Lee D, Schuller R, Wu P, Grimes B, Gandhi
MJ, Winters JL, Mair D, Hirschler N, Rosen
RS, Matthay MA. Transfusion-related acute
lung injury: incidence and risk factors. Blood.
2012(119):1757-67.
14. Toy P, Bacchetti P, Grimes B, Gajic O, Murphy
EL, Winters JL, Gropper MA, Hubmayr RD,
Matthay MA, Wilson G, Koenigsberg M, Lee
DC, Hirschler NV, Lowell CA, Schuller RM,
Gandhi MJ, Norris PJ, Mair DC, Sanchez Rosen
R, Looney MR. Recipient clinical risk factors
predominate in possible transfusion-related
acute lung injury. Transfusion. 2015(55):94752.
15. Looney MR, Roubinian N, Gajic O, Gropper
MA, Hubmayr RD, Lowell CA, Bacchetti P,
Wilson G, Koenigsberg M, Lee DC, Wu P,
Grimes B, Norris PJ, Murphy EL, Gandhi
MJ, Winters JL, Mair DC, Schuller RM,
Hirschler NV, Rosen RS, Matthay MA, Toy P,
Transfusion-Related Acute Lung Injury Study
G. Prospective study on the clinical course
and outcomes in transfusion-related acute
lung injury*. Crit Care Med. 2014(42):167687.
16. Looney MR, Nguyen JX, Hu Y, Van Ziffle JA,
Lowell CA, Matthay MA. Platelet depletion
and aspirin treatment protect mice in a twoevent model of transfusion-related acute
lung injury. J Clin Invest. 2009(119):3450-61.
17. Kelher MR, Masuno T, Moore EE, Damle S,
Meng X, Song Y, Liang X, Niedzinski J, Geier
SS, Khan SY, Gamboni-Robertson F, Silliman
CC. Plasma from stored packed red blood
cells and MHC class I antibodies causes acute
lung injury in a 2-event in vivo rat model.
Blood. 2009(113):2079-87.
18. Tung JP, Fung YL, Nataatmadja M, Colebourne
KI, Esmaeel HM, Wilson K, Barnett AG, Wood
P, Silliman CC, Fraser JF. A novel in vivo ovine
model of transfusion-related acute lung
injury (TRALI). Vox Sang. 2011(100):219-30.
19. Okazaki H, Ishikawa O, Iijima T, Kohira T,
Teranishi M, Kawasaki S, Saito A, Mikami
Y, Sugiura A, Hashimoto S, Shimada E,
Uchikawa M, Matsuhashi M, Tsuno NH,
Tanaka M, Kiyokawa N, Fujimoto J, Nagase T,
Tadokoro K, Takahashi K. Novel swine model
of transfusion-related acute lung injury.
Transfusion. 2014(54):3097-107.
20. Vlaar AP, Hofstra JJ, Kulik W, van Lenthe

61

3

62

3

Chapter 3
H, Nieuwland R, Schultz MJ, Levi MM,
Roelofs JJ, Tool AT, de Korte D, Juffermans
NP. Supernatant of stored platelets causes
lung inflammation and coagulopathy in
a novel in vivo transfusion model. Blood.
2010(116):1360-8.
21. Vlaar AP, Hofstra JJ, Levi M, Kulik W, Nieuwland
R, Tool AT, Schultz MJ, de Korte D, Juffermans
NP. Supernatant of aged erythrocytes causes
lung inflammation and coagulopathy in
a “two-hit” in vivo syngeneic transfusion
model. Anesthesiology. 2010(113):92-103.
22. Vlaar APJ, Wolthuis EK, Hofstra JJ, Roelofs
JJTH, Boon L, Schultz MJ, Lutter R, Juffermans
NP. Mechanical ventilation aggravates
transfusion-related acute lung injury induced
by MHC-I class antibodies. Intensive Care
Medicine. 2010(36):879-87.
23. Vlaar AP, Wortel K, Binnekade JM, van
Oers MH, Beckers E, Gajic O, Schultz MJ,
Juffermans NP. The practice of reporting
transfusion-related acute lung injury: a
national survey among clinical and preclinical
disciplines. Transfusion. 2010(50):443-51.
24. Vlaar AP, Binnekade JM, Prins D, van Stein
D, Hofstra JJ, Schultz MJ, Juffermans NP.
Risk factors and outcome of transfusionrelated acute lung injury in the critically ill:
a nested case-control study. Crit Care Med.
2010(38):771-8.
25. Vlaar AP, Hofstra JJ, Determann RM, Veelo
DP, Paulus F, Kulik W, Korevaar J, de Mol
BA, Koopman MM, Porcelijn L, Binnekade
JM, Vroom MB, Schultz MJ, Juffermans NP.
The incidence, risk factors, and outcome
of transfusion-related acute lung injury
in a cohort of cardiac surgery patients:
a prospective nested case-control study.
Blood. 2011(117):4218-25.
26. Gajic O, Rana R, Winters JL, Yilmaz M, Mendez
JL, Rickman OB, O’Byrne MM, Evenson LK,
Malinchoc M, DeGoey SR, Afessa B, Hubmayr
RD, Moore SB. Transfusion-related acute lung
injury in the critically ill: prospective nested
case-control study. Am J Respir Crit Care
Med. 2007(176):886-91.
27. Peters AL, van Hezel ME, Juffermans NP, Vlaar
AP. Pathogenesis of non-antibody mediated
transfusion-related acute lung injury from
bench to bedside. Blood Rev. 2015(29):5161.
28. Peters AL, Van Stein D, Vlaar AP. Antibodymediated transfusion-related acute lung
injury; from discovery to prevention. Br J
Haematol. 2015(170):597-614.
29. Aiman-Smith L, Scullen SE, Barr SH.

Conducting studies of decision making
in organizational contexts: A tutorial for
policy-capturing and other regressionbased techniques. Organizational Research
Methods. 2002(5):388-414.
30. Silliman CC, Bercovitz RS, Khan SY, Kelher
MR, LaSarre M, Land KJ, Sowemimo-Coker
S. Antibodies to the HLA-A2 antigen prime
neutrophils and serve as the second event in
an in vitro model of transfusion-related acute
lung injury. Vox Sang. 2014(107):76-82.
31. Sachs UJH, Hattar K, Weissmann N, Bohle
RM, Weiss T, Sibelius U, Bux J. Antibodyinduced neutrophil activation as a trigger for
transfusion-related acute lung injury in an ex
vivo rat lung model. Blood. 2006(107):12179.
32. Peters AL, Vlaar AP. Redefining transfusionrelated acute lung injury: don’t throw the
baby out with the bathwater. Transfusion.
2016.
33. TRIP. TRIP rapport 2014: hemovigilantie (TRIP
report 2014: hemovigilance). 2014.
34. Wright SE, Snowden CP, Athey SC, Leaver
AA, Clarkson JM, Chapman CE, Roberts DR,
Wallis JP. Acute lung injury after ruptured
abdominal aortic aneurysm repair: the effect
of excluding donations from females from
the production of fresh frozen plasma. Crit
Care Med. 2008(36):1796-802.
35. Rana R, Fernandez-Perez ER, Khan SA,
Rana S, Winters JL, Lesnick TG, Moore SB,
Gajic O. Transfusion-related acute lung
injury and pulmonary edema in critically ill
patients: a retrospective study. Transfusion.
2006(46):1478-83.
36. Wiersum-Osselton JC, Porcelijn L, van Stein
D, Vlaar APJ, Beckers EAM, Schipperus
MR. [Transfusion-related acute lung injury
(TRALI) in the Netherlands in 2002-2005].
Nederlands tijdschrift voor geneeskunde.
2008(152):1784-8.
37. Moalic V, Vaillant C, Ferec C. [Transfusionrelated acute lung injury (TRALI): an
unrecognised pathology]. Pathol Biol (Paris).
2005(53):111-5.
38. Muller MC, van Stein D, Binnekade JM, van
Rhenen DJ, Vlaar AP. Low-risk transfusionrelated acute lung injury donor strategies
and the impact on the onset of transfusionrelated acute lung injury: a meta-analysis.
Transfusion. 2015(55):164-75.
39. Andrzejewski C, Jr., Casey MA, Popovsky
MA. How we view and approach
transfusion-associated circulatory overload:
pathogenesis, diagnosis, management,

Practice of reporting TRALI
mitigation, and prevention. Transfusion.
2013(53):3037-47.
40. Peters AL, van Hezel ME, Cortjens B, Tuipde Boer AM, van Bruggen R, de Korte D,
Jonkers RE, Bonta PI, Zeerleder SS, Lutter
R, Juffermans NP, Vlaar AP. Transfusion
of 35-day stored RBCs in the presence of
endotoxemia does not result in lung injury in
humans. Crit Care Med. 2016(44):e412-9.
41. Lacroix J, Hebert PC, Fergusson DA, Tinmouth
A, Cook DJ, Marshall JC, Clayton L, McIntyre
L, Callum J, Turgeon AF, Blajchman MA, Walsh
TS, Stanworth SJ, Campbell H, Capellier G,

Tiberghien P, Bardiaux L, van de Watering L,
van der Meer NJ, Sabri E, Vo D, Investigators
A, Canadian Critical Care Trials G. Age of
transfused blood in critically ill adults. N Engl
J Med. 2015(372):1410-8.
42. Murphy GJ, Pike K, Rogers CA, Wordsworth
S, Stokes EA, Angelini GD, Reeves BC,
Investigators TI. Liberal or restrictive
transfusion after cardiac surgery. N Engl J
Med. 2015(372):997-1008.

63

3

Chapter 4
Underdiagnosing of antibodymediated transfusion-related acute
lung injury: evaluation of cellularbased versus bead-based techniques
Daniëlle van Stein, Erik A.M. Beckers, Anna L. Peters,
Leendert Porcelijn, Rutger A. Middelburg, Neubury M.
Lardy, Dick J. van Rhenen, Alexander P.J. Vlaar
Vox Sanguinis
2016: volume 111, issue 1, pages 71-78

66

4

Chapter 4
Summary
BACKGROUND: Transfusion-related acute lung injury (TRALI) is the leading cause of
transfusion-related mortality. To support the diagnosis of antibody-mediated TRALI, HLA
and HNA antibodies are tested in involved blood donors. Identification of antibody positive
donors is important as exclusion of these donors is part of preventative strategies against
TRALI. We compared cellular-based versus bead-based techniques for diagnosis of antibodymediated TRALI.
STUDY DESIGN AND METHODS: All reported TRALI-cases in the Netherlands during a
5-year period were evaluated. Donors were screened for the presence of HLA class I and II
antibodies using both cellular-based and bead-based techniques.
RESULTS: In total 100 TRALI-cases were reported of which 91 were fully tested. In 113 donors
HLA antibodies were detected of which 84 were only detected by bead-based techniques, 12
only by cellular-based tests and 17 by both assays. Antibody-mediated TRALI was diagnosed
in 44/91 of reported cases. Twenty-one (48%) of these cases would not have been identified
using only cellular-based assays.
CONCLUSION: Bead-based techniques show a higher sensitivity for detecting incompatible
donors in TRALI-cases than cellular-based assays. These results suggest that the use of beadbased assays will result in a significant reduction of future TRALI reactions as more antibody
positive donors will be excluded from future donations.

HLA-antibody detection in TRALI
Introduction
Transfusion-related acute lung injury (TRALI) is a serious, sometimes fatal complication of
blood transfusion. It is the leading cause of transfusion related morbidity and mortality
according to the FDA, although in the latest reports of the Dutch and United Kingdom’s
hemovigilance office it has been overtaken by transfusion associated circulatory overload.1-3
TRALI is defined according to the Canadian Consensus Conference (CCC) criteria (Table 1)
as the acute onset of hypoxemia (paO2/FiO2 ≤300 mmHg or saturation <90% on room air)
with new or worsening bilateral infiltrates on the chest radiograph, occurring during or
within 6 hours of a blood transfusion in the absence of circulatory overload.4-7 Although
in recent years the awareness of TRALI has been increasing, it is still misdiagnosed and
underreported.8-10
TRALI has been attributed to two mechanisms of onset, the antibody and non-antibody
mediated TRALI.11 Antibody-mediated TRALI is caused by incompatibility between donor
white blood cell (WBC) antibodies (human leukocyte antigens (HLA) class I or II or human
neutrophil antigens) and patients’ white blood cells.12,13 Binding of these antibodies to their
cognate antigens causes endothelial and neutrophil activation. These activated neutrophils
sequester in the lungs, causing endothelial damage, capillary leakage and pulmonary edema.
Non-antibody mediated TRALI is thought to be caused by pro-inflammatory mediators (e.g.
biologically active lipids, soluble CD40 ligand) which accumulate during storage of cellcontaining blood products.14-16 Older blood products would therefore be more prone to
cause TRALI.
TRALI diagnosis is based on clinical and radiographic findings; there is no pathognomonic
laboratory test to confirm the diagnosis. To identify antibody-mediated TRALI the clinical
diagnosis is supported with laboratory investigations. All donors from blood products
transfused to the patient within a period of 6 hours before the start of the TRALI symptoms
are tested for HLA class I and II antibodies and HNA-antibodies. To establish incompatibility
the patient is typed for HNA and HLA antigens and cross-matches between donor serum
and patient leukocytes are performed. Donors are assigned incompatible and possibly
causal if there is a positive cross-match or if specific antibodies against cognate antigens
are found. Reporting and identifying possible causal donors of TRALI cases are keystones
in the prevention of future TRALI cases as the implicated donors are excluded from future
donations. However, as it can take several weeks before the results are known, they have no
value in diagnosing an acute TRALI-reaction.
Until recently the standard methods to detect white blood cell antibodies were cellularbased. These methods are very time-consuming and are dependent on highly skilled
staff for obtaining reliable results. The proficiency to detect antibodies varies from 16.7
to 100% between different laboratories17 and recently it was reported that detection of
HNA-antibodies with bead-based assays is more reliable than detection with cellular-based
assays.18,19
Suspected TRALI

Acute onset within 6 hours of blood transfusion
PaO2 /FI O2 <300 mm Hg, or worsening of P to F ratio
Bilateral infiltrative changes on chest radiograph
No sign of hydrostatic pulmonary edema (pulmonary arterial occlusion pressure
≤18 mm Hg or central venous pressure ≤15 mm Hg)
No other risk factor for acute lung injury
Possible TRALI
Same as for suspected TRALI, but another risk factor present for acute lung injury
Table 1: Definition transfusion-related acute lung injury (TRALI). Definition according to the Canadian
TRALI Consensus conference and US National Heart, Lung and Blood Institute Definition.2-5
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Cellular-bases (CDC)
Bead-based
Subjective microscopic reading
Objective flow cytometry reading
Labor intensive
Less labor intensive
Fresh cell panels
Consistent source of antigen
Interference from non-HLA antibodies
No interference from non-HLA antibodies
Complement binding antibodies only
Complement and non-complement binding antibodies
Table 2: Differences between cellular-based and bead-based techniques

4

To investigate whether the use of bead-based techniques might improve the diagnosis of
antibody-mediated TRALI, we compared cellular-based techniques to bead-based techniques
for detection of HLA antibodies in a series of 100 consecutively reported TRALI cases.
Materials and methods
Patient study population
All suspected cases of TRALI in the Netherlands reported to the Sanquin Blood Bank (the
national blood supply organization) during a 5-year period (January 2005 till January 2010)
were evaluated as previously published.20 TRALI was diagnosed by the hospital medical
personnel and subsequently reported to one of the transfusion consultants of the blood
bank. All cases were additionally reviewed by physicians familiar with TRALI. Only cases
fully meeting the consensus criteria for TRALI from the Canadian Consensus Conference
(Table 1) were included and investigated for patient, donor and product characteristics. Data
was analyzed by DvS and EB. Patient characteristics collected included age, sex, admitting
diagnosis (surgical vs non-surgical), and transfused blood components. All donors of blood
products transfused within 6 hours before the development of TRALI were investigated, and
donor variables reviewed included sex, age, parity, blood transfusions in past, and results
of antibody testing. A donor involved in a TRALI case is designated as implicated when
incompatibility was proven between donor antibodies and patient cells. When antibodies
are not incompatible with patient antigens or in absence of these antibodies, the donor is
flagged as associated with a TRALI case. Donors flagged two times as associated with a TRALI
case are excluded from further donation in The Netherlands.
Blood products
The patients were transfused with red blood cells (RBCs), platelets (PLTs), or fresh-frozen
plasma (FFP). The RBCs were suspended in saline-adenine-glucose-mannitol (SAGM) additive
solution (AS) and pre-storage leukoreduced (<1 × 106 white blood cells [WBCs]). The final
product contained a mean volume of 20 mL of plasma, the mean total volume was 270 mL,
and the mean hematocrit level was 0.57. The majority of PLT products transfused were
pooled random-donor units (prepared from the buffy coats [BCs] of five donors). Pooled
PLTs were pre-storage leukoreduced (<1 × 106 WBCs) and suspended in plasma from one
donor (either male or female) or PLT AS (PAS II). The mean volume was 310 mL. Single-donor
apheresis units were only used when HLA-compatible PLTs were needed. When indicated,
RBCs and PLTs were washed or irradiated. FFP was derived from single-donor apheresis
donations and contained fewer than 1 × 106 WBCs. Since July 2007 only apheresis plasma
from non-transfused male donors was used for FFP. The plasma was quarantined for at least
6 months. The volume was approximately 325 mL. For all patients type of blood products
transfused within 6 hours before the development of signs and symptoms were recorded.
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Laboratory tests
WBC-reactive antibodies were examined in all patients (in post-transfusion blood samples
and, if available, in pre-transfusion samples) and in all donors of blood components
transfused to patients within 6 hours preceding the development of TRALI.
Complement-dependent cytotoxicity (CDC) assay
All patients and donors were screened for HLA Class I antibodies using a standard
complement-dependent cytotoxicity (CDC) assay against a panel of HLA Class I-typed
donor lymphocytes.21 Serum to be tested was incubated with the lymphocytes and
rabbit complement. If antibodies present in the serum bound to the cognate antigen on
the lymphocyte, the complement cascade was activated, leading to cell death. By using
fluorescent dyes, cell death was observed using microscopy and used as an indicator of the
presence of HLA Class I antibodies. More than 20% cell death was considered as a positive
reaction in the CDC technique. For the detection of HLA Class II antibodies a two-colored
fluorescence test with a panel of HLA Class II-typed donor B-lymphocytes was used as
described by van Rood et al.22
Bead-based screening assay
In addition, a flow cytometry bead-based screening assay for the presence of HLA Class I
and II antibodies (FlowPRA, One Lambda, Inc., Canoga Park, CA) was used.. In this assay
30 individual beads for both HLA Class I and II were combined. Each bead was coated with
purified HLA Class I or Class II antigens. Serum was incubated with the beads and stained
with a FITC labeled anti-human IgG antibody. Class I and II beads were distinguishable on a
flow cytometer by their different fluorescent properties. The percentage of beads showing
a positive fluorescence represented the percentage panel reactive antibodies (PRA). For HLA
Class I PRA over 12% was considered positive. For HLA Class II this was 4%. If samples were
positive by CDC and/or flow cytometry screening assay, the specificity of HLA Class I and II
antibodies was determined using single antigen beads on the Luminex platform (Labscreen
SA, One Lambda, Inc.). Testing was performed by package insert. In this assay all individual
beads were coated with one HLA Class I or II antigen. A phycoerythrin (PE)-conjugated antihuman IgG antibody was added. The luminex platform could identify the color-coded beads
and PE-fluorescence emission at the same time. A cutoff for a positive Luminex test of 1000
(normalized) mean fluorescence intensity was used. The cut off was based at a reference
group of male non-transfused donors.
Lymphocyte immunofluorescence test (LIFT)
Lymphocyte-reactive antibodies were examined by the lymphocyte immunofluorescence
test (LIFT) against two pools of five typed donor-lymphocyte suspensions each, according to
Décary.23 All TRALI patients and all involved donors were tested in the LIFT.
HNA-antibodies
HNA-1a, -1b, -1c and -2a antibodies were examined by the granulocyte immunofluorescence
test (GIFT) based on the method of Verheugt et al.24 Granulocytes from donors of known
HNA genotypes were incubated with serum from the involved donors and subsequently
with FITC-labelled rabbit-anti-human IgG. The fluorescence observed under a fluorescence
microscope was a measure for antibody activity. HNA-3a antibodies were examined by the
granulocyte agglutination technique (GAT), according to Jiang and Lalezari.25 The test serum
was placed under oil in a microtiter tray. The typed granulocytes were added and the tray
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was incubated. The size of the aggregation and the proportion of cells participating were
examined under an inverted phase microscope

4

Incompatibility testing
Incompatibility of antibodies found in the bead-based assays was tested by HLA genotyping
the patients using a polymerase chain reaction-based assay with sequence-specific primers
(Olerup SSP AB, Saltsjöbaden, Sweden) and/or sequence-specific oligonucleotides primers
(One Lambda, Inc.) for HLA Class I and II. WBC incompatibility was also assessed by performing
cross-matches between donor serum and patient’s lymphocytes in the CDC and LIFT. Donors
were assigned incompatible if either a positive cross-match or specific antibodies against
cognate antigens in the patient were found. Donors were assigned compatible if there were
no antibodies identified or, in case of donor antibodies, the cross-matches were negative or
no cognate antigen was present in the patient. In case of patient WBC antibodies all involved
donors were genotyped to establish incompatibility between patient antibodies and donor
white blood cells. The differences between the cellular-based and bead-based assays are
summarized in table 2.
Results
TRALI-cases
In the 5-years period 100 cases of suspected TRALI reported to the Sanquin Blood Bank met
all CCC criteria for TRALI. Of these 100 cases, 54 patients were males. Table 3 displays patient
characteristics. Mean age of the patients was 55 years (range 2 to 89 years). Fifty patients
had recent surgical treatment, 48 were classified as nonsurgical. In 2 cases the diagnosis at
admittance was unknown. In 26 cases an alternative risk factor for ALI was present (possible
TRALI according to CCC criteria for TRALI).
Ninety-one of these cases were fully tested for donor antibodies and incompatibility (in the
other 9 cases, either the donors could not be tested or there was no patient blood to test
incompatibility, mainly because the patient had died). In the 91 fully tested cases a total of
451 blood products (RBCs, FFP, buffy coats or PLTs) were involved. The pooled PLTs were
count for 5 blood products, because 5 buffy coats were used and subsequently 5 different
donors were involved. The mean number of blood products transfused during the 6-hour
period before the onset of TRALI was 4.96 (median 3, range 1-17). The overall male:female
ratio of the donors was 1.8 (290:161).
We found HLA antibodies in 113 donors (Table 4b) implicated in 62 of 91 TRALI cases. In 10
cases HNA-antibodies were detected. In 5 of these cases also HLA-antibodies could be found.
Patients
Male sex (%)
54
Age, years (mean and range) 55 (2 – 89)
Diagnosis at admittance (%)
Medical
48
Surgical
50
Other/unknown
2
Survival (%)
79
Table 3: Characteristics of 100 patients
implicated in TRALI reactions.

Incompatible cases, (n)
Total products
Products with antibodies

Cases RBC BC FFP
44
-- -- -131 98 76
45 28 22

Compatible cases, (n)
18
-- -- -Total products
38 25 15
Products with antibodies
13
6
4
Table 4a: Products involved in antibody positive TRALI
cases. RBC=red blood cells, BC=buffy coat, FFP=fresh
frozen plasma
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Cases
Total donors involved

91

Total cases with antibodies
Incompatible cases
Incompatible antibodies
Compatible antibodies
Compatible cases
Antibodies

62
44
--18
--

Number of Donors Table 5 presents the results of
Male Female Total antibody testing in TRALI patients
and involved donors. Two donors
290
161
451
40

73

113

16
16

43
18

59
34

were flagged two times as
associated with TRALI and were
excluded from further donation.

CDC/LIFT versus bead-based
techniques
Overall, in 62 (68%) of 91
8
12
20
fully tested TRALI cases donor
Table 4b: HLA antibodies in products implicated in TRALI cases antibodies were found in one or
more donors using both CDC/LIFT
and bead-based techniques. The type of products transfused stratified for incompatible and
compatible cases are presented in Table 4a.
In the vast majority of cases HLA antibodies were detected solely by bead-based assays
(Table 6). In 113 donors HLA antibodies were detected, 84 were detected by bead-based
techniques; 17 by both cellular and bead-based assays. In 12 donors only cellular-based
tests were positive, of which 7 had non-specific IgM (IgM antibodies without any identifiable
HLA-specificity) in the CDC, 3 had aspecific LIFT reactivity and 2 had specific HLA antibodies
found in the CDC. Positive results in the CDC or LIFT were mostly not informative of the
specificity of the HLA antibodies. In 103 donors (male:female=34:69) specific HLA antibodies
were identified, only 2 of these antibodies were found by cellular-based assays only. There
were 58 donors with HLA-I antibodies, 24 with HLA-II antibodies and 21 with both HLA-I and
II antibodies.
The use of bead-based techniques would have identified an additional 21 antibody-mediated
TRALI-cases compared to CDC based techniques only.
Discussion
This study is the first to provide evidence that the sole use of cellular-based TRALI
Number of diagnostic techniques leads to under identification
of incompatible donors in TRALI cases, resulting
Cases (%)
in under diagnosing of antibody-mediated TRALI.
Total cases reported
100
The main findings of this study are; 1) Bead-based
Total cases fully tested
91 (100)
techniques results in improved diagnosing of
Total donor antibodies
62 (68.1)
incompatible donors in antibody-mediated TRALI
HLA-class I only
37
reactions compared to cellular-based assays.
HLA-class II only
3
2) Use of bead-based assays for detection of
HLA-class I + II
21
leukocyte antibodies in blood donors will likely
result in a significant reduction of TRALI as more
Patient and donor
26 (28.6)
donors implicated in TRALI will be excluded for
antibodies
future donations.
Patient antibodies
14 (15.4)
Incompatible cases
Compatible cases
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44 (48.4)
18 (19.8)

Table 5: General results of antibody
testing in donors and patients

The aim of the current study was to compare
the cellular-based technique to the bead-based
technique in identifying donors responsible for TRALI
cases. Surprisingly, the bead-based techniques
identified 58% (34/59) more incompatible donors
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in a TRALI reaction and 48% more
antibody-mediated TRALI cases. It is
tempting to provide an explanation.
One explanation may be that the beadHLA-I
based technique is not depending on
HLA-II
the presence of a “first hit”. In contrast,
HLA-I + II
the cell-based method uses typed
Other*
lymphocytes from healthy donors.
These healthy donors do not suffer
from an underlying condition, which
Total
12
84
17
113
Table 6: Results of HLA antibody detection in donor is most often the case in the patient
plasma by cellular and bead-based techniques. Cellular developing TRALI. Previous studies
techniques include the CDC and LIFT. Other antibodies have identified that HLA class antigen
included 7 aspecific IgM CDC cases and 3 aspecific LIFT up-regulation occurs in the presence
cases
of an underlying condition.26,27 This is in
line with the “two hit” hypothesis of TRALI in which the underlying condition of the patient
is the “first hit” and results in priming of the pulmonary endothelium and neutrophils.12 The
transfusion is the “second hit” and results in activation of the neutrophils and subsequently
to leakage of the pulmonary endothelium resulting in pulmonary edema, i.e. TRALI. In the
absence of the “first hit” there is no onset of TRALI. Hence, a blood product may be tested
positive in cellular based techniques only when the immune system is activated which is
not the case as cells are obtained from healthy donors. The above mentioned hypothesis
of a “two hit” model for antibody-mediated TRALI has been confirmed in pre-clinical
studies. In a mice model of MHC-I mediated TRALI, TRALI only occurred in the presence of
a “first hit”.28-30 This was also confirmed in a rat model of antibody-mediated TRALI using
MHC-I antibodies.31 Recently the mechanism has also been tested and confirmed for other
antibodies involved in antibody-mediated TRALI such as HNA.32
HLA-antibodies
Cellular
Bead-based Both Total
techniques
techniques
2
49
7
58
-22
2
24
-13
8
21
10
--10

4

Next to improved accuracy, bead-based techniques may also result in cost reduction.
Cellular-based techniques are very time consuming. The CDC test requires 16 man-hours.
For the CDC test cell panels of 54 typed donor lymphocytes are necessary, which is costly to
create and maintain these cell panels. A bead-based antibody screening assay takes only 4
hours, the kits used have lower costs compared to maintaining CDC test cell panels.
Although a recent meta-analysis showed that implementation of male-only donor strategies
for high volume plasma products resulted up to a two third reduction of TRALI, accurate testing
of involved donors in suspected TRALI cases remains a key stone in the further prevention
of TRALI.33 Male donors still have 1-7% presence of HLA/HNA antibodies.34-36 Furthermore,
RBC products still originate from both female and male donors. As only 10-20ml plasma
is sufficient to induce antibody-mediated TRALI,37 it is expected that introducing of beadbased techniques will result in better identification of incompatible donors in antibodymediated TRALI and subsequent prevention of future TRALI cases. Another precautionary
measure to prevent TRALI is screening blood donors for HLA and HNA antibodies.38 Cellularbased tests are very labor-intensive and require highly skilled staff. For these reasons they
are hardly appropriate for screening in blood donors. Bead-based assays are more suitable
and possibly more effective for screening in large scale populations.
An important issue is that one could argue whether all incompatible antibodies found in the
bead-based assay were causal for the TRALI reaction as we did not perform functional test
of the incompatibility. Based on retrospective studies, HLA-class I antibodies account for
14.3–26.7% of TRALI cases, HLA-class II antibodies 0.0–46.7% and HNA antibodies for 16.7–

HLA-antibody detection in TRALI
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28.6%.39 However, the majority of antibody-containing blood products do not cause TRALI
in patients and case reports have shown that the presence of incompatible antibodies does
not always result in the onset of TRALI.40-44 From this perspective, bead-based analysis may
result in an overestimation of the causal relation for antibody positive donors in a TRALI case.
However, in line with the threshold model it is unclear whether in, for example, critically ill
patients, infusion of these incompatible antibodies would have resulted in onset of TRALI.
Hence, we do not know what the threshold is for the onset of TRALI for a specific antibody
and from this point of view all antibody positive donors should be excluded. Indeed, drastic
TRALI mitigation strategies which excluded all antibody positive donors have resulted in a
two third reduction of TRALI.45-47
In conclusion, the use of bead-based techniques results in improved identification of
incompatible donors in antibody-mediated TRALI compared to cellular-based assays. Our
results suggest that the use of bead-based assays will result in a significant reduction of
future TRALI reactions as more donors with HLA antibodies will be excluded of future
donation.
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Summary
BACKGROUND: Transfusion-related acute lung injury (TRALI) is a potentially fatal
complication of transfusion. In pre-clinical studies and several clinical studies, TRALI has
been related to loss of product quality during red blood cell (RBC) storage, known as the
“storage lesion”. Donor characteristics, as for example age, genetics and life style choices
influence this “storage lesion”. We hypothesized that donor sex, age, weight and blood type
is related to TRALI incidence.
STUDY DESIGN AND METHODS: We performed a secondary analysis of two case-control
studies, designed to identify TRALI risk factors by matching TRALI patients to transfused
control patients. We obtained donor sex, donor age and donor blood type from the
Dutch Blood Bank Sanquin and investigated whether there was a relation between these
characteristics and TRALI incidence by extracting patients who were only exposed to
a certain donor characteristic. We used kruskal-wallis testing to compare the number of
transfused products and chi-square testing to compare proportions of TRALI patients and
transfused control in
RESULTS: After implementation of the male-donor only plasma strategy, patients received
more transfusion products from male donors. However, we did not detect a relation between
TRALI incidence and donor sex. Both TRALI patients and transfused controls received mainly
products from donors over 41 years old, but donor age did not influence TRALI risk. Donor
blood type, the transfusion of blood type-compatible and blood type-matched products
also had no influence on TRALI incidence.
CONCLUSIONS: In two cohorts of TRALI patients,donor age, donor sex and donor blood type
are unrelated to TRALI.

Donor characteristics in TRALI
Introduction
Transfusion-related acute lung injury (TRALI) is a serious and potentially fatal complication
of transfusion.1 In the absence of biomarkers, TRALI is defined according to the TRALI
conference and US National Heart, Lung and Blood Institute definition as onset of acute
lung injury within 6 hours of blood transfusion without an additional risk factor for acute
lung injury.2-4 Up to 15.1% of transfused patients develops TRALI.1,5-8 In approximately 80%
of cases donor antibodies directed against the recipient’s human leucocyte antigens (HLA)
or human neutrophil alloantigen (HNA) induces pulmonary injury. However, not in all TRALI
cases antibodies can be detected and cognate antibodies in het transfusion product do
not always induce TRALI in the transfused patient.9-11 The causative mechanism in these
antibody-unrelated TRALI cases has not yet been identified, but increased storage time of
cell containing blood products has been hypothesized to induce TRALI.7 During storage the
RBC product undergoes changes with a negative influence on product quality, which are
known as the RBC “storage lesion”.12 However, recent randomized controlled trials did not
show any protective effect of transfusion of fresh RBCs on lung injury compared to standard
issued RBCs.13-17 Several clinical studies in healthy volunteers also did not detect any relation
between pulmonary function and age of the transfused product.18-21 Ongoing research
has revealed that donor characteristics, for example age,22 sex,23,24 genetic traits,25 body
weight23,26 and smoking,27 influence the in vitro “storage lesion”. It has been hypothesized
that these donor factors influence post-transfusion effects. However, limited evidence is
available on the question whether - and to what extend - these factors also have an effect
on lung injury. It has been demonstrated that products from males have lower in vitro
quality.23 Moreover, in a mice model male sex has been related to reduced post-transfusion
RBC recovery22 but whether these factors are also related to lung injury is unknown. To
our knowledge, no clinical studies have looked into the relation between TRALI and donor
characteristics. We investigated in a secondary analysis of a retrospective and a prospective
cohort of TRALI patients28,29 whether donor age, donor sex or donor blood type influenced
the incidence of TRALI. We hypothesized that products from male donors, products from
older donors and products from donors with a compatible blood type, but not a matching
blood type would increase TRALI risk.
Material and methods
We performed a secondary analysis on the transfusion data from a retrospective nested
case control study and a prospective case control study, previously published by our study
group.28,29 All procedures in the studies were according to the declaration of Helsinki and
were approved by the Medical Ethical Committee of the Academic Medical Center in
Amsterdam.
Observational case control studies
The retrospective nested case control study was a study in which TRALI patients were
matched to transfused controls without TRALI. The study was designed to investigate patient
and transfusion product risk factors for development of TRALI in critically ill patients.29 In
short, all patients admitted to our ICU from November 1, 2004, until October 1, 2007, were
screened for onset of TRALI. Suspected TRALI was defined using the consensus definition
of ALI: new-onset hypoxemia or deterioration demonstrated by a PaO2/FIO2 <300 mm
Hg within 6 hours after transfusion, with bilateral pulmonary changes in the absence of
cardiogenic pulmonary edema.
The prospective case control study was a study in a cohort of cardiac surgery patients
to determine incidence, risk factors and outcome of TRALI.28 In short, all cardiac surgery
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Transfused
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Figure 1: Study flow. Data from the case-control
study was used to examine the relation between
donor characteristic and TRALI incidence. For
each product all donor characteristics age, AB0
blood type and sex were obtained from the
Dutch National Blood Bank Sanquin.

patients from admitted to our ICU from November 2006 until February 2009 were screened
for onset of TRALI. Suspected TRALI was defined using the consensus definition of ALI:
new-onset hypoxemia or deterioration demonstrated by a PaO2/FIO2 <300 mm Hg within
6 hours after transfusion, with bilateral pulmonary changes in the absence of cardiogenic
pulmonary edema. The screened patients were observed for the onset of TRALI during
surgery and afterwards up to 30 hours after admittance.
In both cohorts, transfusion was defined as infusion of filtered RBCs, plasma, or PLTs. Massive
transfusion was defined as transfusion of >10 units (RBC, plasma, or PLTs) within 24 hrs.
Statistical analysis
All statistical analyses are performed in R, version 3.3.1. Continuous data was inspected
for normality with the use of density plots and histograms. As transfusion data was highly
skewed we used non-parametric tests to test for statistical differences. Data is expressed in
median with interquartile range (IQR). The tests used are described below. A p < 0.05 was
considered statistically significant. Due to the explorative, observational nature of our data
we did not correct for multiple testing.
Sample size analysis.
To get an indication whether our cohorts had enough power to investigate our hypotheses,
we performed a power calculation on the relation between antibodies in donor products
and TRALI. Human leukocyte antibodies class I and II are present in 14.3-26.7% of TRALI
cases8 compared to 7.1% in the male donor population.30 In this series prevalence of HLAantibodies in TRALI patients is at least doubled compared to the general donor population.
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Step 1:
Is the percentage of transfused products per age group different between
TRALI and control patients?
Transfused products

TRALI

31-40
years
18-30
years

Control

61-70
years
51-60
years

41-50
years

31-40
years

61-70
years

18-30
years
41-50
years

51-60
years

Step 2:
Is the proportion TRALI:control patients different between the patients who
received only products from male donors compared to female donors?
Male donor

Female donor

1:1

1:3
Step 3:
Is the median number of transfused blood products different between TRALI
and control patients?

s
RBC

s
PLT

Bloodtype 0
Median: 2

s
RBC

s
RBC

s
RBC

sm
Pla

a

Bloodtype A
Median: 1.5

Bloodtype B
Median: 2

TRALI

Control

RBC

s

s
RBC

s
PLT

Bloodtype AB
Median: 2.5

Figure 2: Analysis plan with hypothetical results. For each donor characteristic (donor sex,
donor age, donor blood type) the same procedure was followed. Step 1) First we investigated
whether the total number of transfused products differed between categories of a donor
characteristic, irrespective of whether patients received only one product type (RBC, PLT
or plasma). Step 2) We then extracted all patients who only received products from one
category and investigated whether TRALI was more prevalent in a certain category with chisquare test. 3) This was followed by analysis of the median number of transfused products
per patient per category.
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To detect a similar difference in exposure to donor age, sex or blood type, we need at least
107 TRALI cases (alpha 5% and beta 80%).
Transfusion products
Each unit of RBC or plasma was counted as one transfusion product. Apheresis PLTs were
counted as one product as well, but pooled PLT concentrates consist of five buffy counts
from five separate donors, suspended in plasma of one of these donors. The characteristics
from each of the five donors from the standard PLT products were counted as exposure to
one donor. One pooled PLT concentrate thus added characteristics from five donors to our
analysis. The products were produced according to Dutch Blood Bank standards. The exact
protocols have been published previously.31 In 2007 the Dutch Blood Bank implemented
male-only donor plasma for transfusion as preventive measure for TRALI.

5

Donor characteristics
Data on donor sex, donor AB0 blood type and donor age were obtained from the Dutch
National Blood Bank Sanquin. The cohort represented a highly heterogeneous set of
patients. We therefore performed various analyses to investigate the influence of a donor
characteristic on TRALI incidence. We split up donor age was split up in categories 18-30
years, 31-40 years, 41-50 years, 51-60 years and 61-70 years. Donor and patient blood type
were categorized as “matched” if patients only received products from a donor with the
same AB0 blood type. All patients who also received products from another blood type are
categorized as “blood type compatible”.
Our analysis was set up as follows (Figure 2): Step 1) First we investigated whether the
total number of transfused products differed between categories of a donor characteristic,
irrespective of whether patients received only one product type (RBC, PLT or plasma). For
example, we counted the number of transfused RBCs from a female donor in TRALI patients,
and compared this to the number in control patients with chi-square test if the counts were
more than 5 in each category. If the counts were less than 5 we used a Fisher’s Exact Test
(upper panel Figure 2). Step 2) We then extracted all patients who only received products
from one category and investigated whether TRALI was more prevalent in a certain category
with chi-square test. For example, we extracted the patients who only received products
from donors aged 31-40 and compared the number of TRALI and control cases in this
group (middle panel Figure 2). 3) This was followed by analysis of the median number of
transfused products per patient per category. For example, we investigated whether TRALI
patients on average received more products from donors with a higher age than control
patients with kruskall-wallis with post-hoc nemenyi testing if p<0.05 (lower panel Figure 2).
We performed this analyses for all product types, irrespective of whether patients received
only RBC, PLT or plasma or whether they received multiple product types. However, if we
had enough cases of patients who only received either RBCs, PLTs or plasma, we split up this
analyses per product type.
Supplemental information
We performed described analyses on both the retrospective and prospective data. As the
retrospective database represents a larger cohort than the prospective database, and as we
performed a substantial number of analyses we only describe the data from the retrospective
cohort in detail. The results of the analysis of the prospective cohort are presented in a
summarized fashion in the online supplement.
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Male sex, n (%)
Age in years, median (IQR)
APACHE II, mean (SD)
ICU admission category, n (%)
Medicine
Respiratory
Cardiovascular
Neurology
Surgery
Cardiac surgery
Neurosurgery
Massive transfusion, n (%)
RBCs transfused, median (IQR)
RBCs only, n (%)
PLTs transfused, median (IQR)
PLTs only, n (%)
Plasma transfused, median (IQR)
plasma only, n (%)

TRALI (n = 109)
70 (64)
62 (47-71)
22 (8)

Control (n = 109)
66 (61)
57 (49-72)
19 (8)

36 (32)
5 (5)
5 (5)
3 (3)
32 (29)
27 (25)
1(1)
37 (3)
1 (0-2)
45 (41)
0 (0-6)
15 (14)
0 (0-2)
12 (11)

30 (28)
7 (6)
5 (5)
3 (3)
32 (29)
31 (28)
1 (1)
16 (15)
1 (0-2)
51 (47)
0 (0-0)
2 (2)
0 (0-2)
9 (8%)
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Table 1: Baseline
characteristics of the
retrospective nested
case-control study

Results
Inclusions
During the inclusion period of the retrospective nested case control study in total 5208
patients were admitted to the ICU. Of these patients 109 patients confirmed to the
diagnostic criteria for TRALI and survived the first 48 hours of ICU admission. From the
cohort of transfused patients who did not develop TRALI, 109 patients were randomly
selected to serve as transfused control.29 In the prospective case control study of cardiac
surgery patients, 16 patients developed TRALI. From the cohort of transfused patients
cardiac surgery patients who did not develop TRALI, 32 patients were randomly selected to
serve as transfused control.28 The baseline characteristics of these patients are displayed in
Table 1 and Supplementary Table 1. Table 2 and Supplementary Table 2 describe the number
of transfused products per donor characteristic.
Donor
Male
Female
Recipient TRALI Control
Total
p
TRALI
Control
Total
p
Male
19
19
38*
12
10
22**
Female
4
5
9***
1
6
14
20****
0.20
Table 2a. Total patients who received RBCs, PLTs and plasma from either only males or only females.
We used a chi-square test to investigate whether TRALI was related to donor sex. Donor sex did not
influence the incidence of TRALI. The majority of these patients only received RBCs.
*2 patients received only PLT concentrates, 7 patients received both plasma and RBCs, 4 received only
plasma, the rest (25) received only RBC
**1 patient received both plasma and RBC, the rest (21) only received only RBC
***1 patient received both RBCs and plasma, 3 patients received only plasma, 5 received only RBCs
****2 patients only received plasma, the rest (18) only received RBCs
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TRALI

Control
RBCs

55 (38%)

79 (43%)
90 (62%)

103 (57%)

Donor
Female
Male

PLTs
89 (42%)

60 (45%)

121 (58%)

5

72 (55%)

Donor
Female
Male

Plasma
33 (37%)

40 (43%)
56 (63%)

54 (57%)

Donor
Female
Male

Figure 3a: Retrospective study: number of
transfused products from male or female
donors, split on product type. The number
between brackets is the percentage of total
transfused products per category.29 TRALI
patients received more transfusions than control
patients (p < 0.0001). Not all totals sum to 100
due to rounding of decimals.
TRALI

20(13%)

35 (19%)

51 (28%)

Control

RBCs

17
24
(13%) (9%)

28 (20%

20
(13%)
26 (17%)

Donor
61-70
51-60
41-50

55 (30%)

51 (33%)

31-40
18-30

18 (14%) 21 (16%)

PLTs

20 (15%)

34 (26%)

23
(11%) 35 (17%)

60 (29%)

35 (17%)

Donor
61-70
51-60
41-50

39 (30%)

56 (27%)

18-30

6 (6%)

Plasma

16 (17%)
17 (18%)

31-40

2 (2%)

15 (17%) 15 (17%)

Donor
61-70
51-60

37 (39%)

18 (19%)

29 (33%)

28 (31%)

41-50
31-40
18-30

Donor sex
Retrospective cohort.
Step 1) We split the data on product type
and confirmed that TRALI patients received
more products than control (chi-square test
p < 0.0001; Figure 3a) as was also reported
in the initial analysis.29 We investigated
whether TRALI patients also received more
products from females compared to control
patients. However, the proportion of
transfused products from males and females
was comparable between TRALI and control
(chi square test p > 0.5; Figure 3a).
Step 2) Next we extracted all patients who
only received products from either males
or females and investigated whether TRALI
was more prevalent in either category (Table
3a). In our cohort, the prevalence of TRALI
was not dependent of donor sex. We also
investigated whether a mismatch between
donor and patient sex influenced TRALI
incidence – e.g. is a male transfused with
a product from a female (sex mismatch)
more at risk to develop TRALI than a male
transfused with a product from a male (sex
match). However, sex mismatch was not
related to increased TRALI risk. We did not
have enough cases to also split up this set
on product type, but the majority of patients
only received RBCs.
Step 3) We then inspected whether the
median number of transfused products
in the TRALI and transfused control group
differed per product type with kruskall-wallis
testing. We extracted all patients who only
received RBCs (Table 3b) or only received
plasma (Table 3c) but we did not have
Figure 3b: Retrospective study: number of
transfused products per age category, split on
product type. The number between brackets
is the percentage of total transfused products
per category.29 Both TRALI and control patients
receive mainly plasma products from older
donors (p<0.05) but age does not influence
TRALI incidence. Not all totals sum to 100 due
to rounding of decimals. The number between
brackets is the percentage of total transfused
products per product type
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Recipient

Diagnosis
No
Diagnosis

Male
Female

27
18

TRALI
TRALI

87

Donor
Male
Median
1
1

IQR
1-2
1-2

Female
Median
1
1

IQR
1-1
1-1

Male
26
Control
1
1-2
1
1-2
Female
25
Control
1
1-1
1
1-1
Table 2b. Number of transfused products from male and female donors in patients who only
received RBCs. Kruskal-Wallis with post-hoc Nemenyi testing did not reveal any significant differences
in the number of transfused products per sex.
Recipient

Diagnosis
No
Diagnosis

Male

30

TRALI

Donor
Male
Median
2

IQR
1.25-2

Female
Median
1

IQR
1-1

Female
15
TRALI
1.5
1.25-1.75
1.5
1.25-1.75
Male
30
Control
1
1-1
1
1-1
Female
11
Control
3
2.5-3.5
2
2-2
Table 2c. Number of transfused products from male and female donors in patients who only received
plasma. Kruskal-Wallis with post-hoc Nemenyi testing did not reveal any significant differences in the
number of transfused products per sex.

enough patients who only received PLTs from one sex to also inspect median transfusions
in this subset. TRALI patients did not receive more products from either males or females
compared to control (Table 3b and Table 3c).
Prospective cohort
The results from the prospective cohort were comparable to the retrospective cohort with
the exception that TRALI patients did not receive more transfusions than control patients.
Moreover, both TRALI and control received mainly products from males (chi square test
p < 0.0001; Supplementary Table 2) but donor sex did not influence TRALI incidence
(Supplementary Table 2 and 3).
Donor age
Retrospective cohort
Step 1) We investigated whether TRALI patients received more products from donors
belonging to a certain age category (categories 18-30 years, 31-40 years, 41-50 years, 5160 years and 61-70 years) compared to control. There was no difference in the number of
transfused plasma, RBC or PLT products derived from one of the age categories. between
TRALI and control. Moreover, the proportion of transfused products from donors within
each age category was comparable between TRALI and control patients (chi square test p >
0.5; Table Figure 3b).
Step 2) Next we extracted all patients who only received products from one of the age
categories and investigated whether TRALI was more prevalent in a certain category. We
did not have enough cases to also split up this set on product type, but the majority of
patients only received RBCs (Table 3a). In this analysis the number of TRALI cases did not
differ between the categories and donor age did not influence TRALI incidence.
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Step 3) This was followed by analysis
of the number of transfused products
per TRALI patient or transfused control
per age category. We extracted all
patients who only received RBCs (Table
4b) and analyzed the median number
of transfused products from each age
category with kruskall-wallis. TRALI
patients did not receive more products
from either males or females compared
to control (Table 3b). We did not have
enough patients who only received
plasma or PLTs from one category to also
inspect median transfusions in these
subsets.
Prospective cohort
Both TRALI and control were mostly
transfused with products from donors
older than 41 years of age (chi square test
p < 0.05; Supplementary Table 2). Donor
age did not influence TRALI incidence
(Supplementary Table 2; Supplementary
Table 3).
Donor blood type
Retrospective cohort
The distribution of number of
administered transfusion products
amongst the different blood types is
according to Dutch prevalence of blood
types (Figure 3c).32 Type 0 blood products
are used most frequently (46.1%),
followed by A (33.2%), B (16.3%) and AB
Age
Total Control TRALI
p
18-30
5
3
2
31-40
10
4
6
41-50
28
13
15
51-60
18
9
9
61-70
9
7
2
0.48
Table 3a. Total patients who received RBCs,
PLTs and plasma from a certain age category
(age in years). We used a chi-square test to
investigate whether TRALI was related to
donor age. Donor age did not influence the
incidence of TRALI. Three patients received
both plasma and RBCs, six received only
plasma, 61 received only RBCs.

TRALI
No Median IQR
2
1
1-1

Age
18-30

Control
No Median IQR
3
1
1-1.5

31-40 6
1
1-1
4
1
1-1
41-50 15
1
1-2
13
1
1-1
51-60 9
1
1-1
9
1
1-2
61-70 2
1
1-1
7
1
1-1
Table 3b. Number of transfused products from each
age category (in years). Three patients received
both plasma and RBCs, six received only plasma,
61 received only RBCs. Kruskal-Wallis with posthoc Nemenyi testing did not reveal any significant
differences in the number of transfused products per
age group.

TRALI

Control

7 (5%)

RBCs

17
(11%)

6 (3%)
21
(12%)

68 (47%)
57 (31%)

53 (37%)

Donor
AB
98 (54%)

B
A
O

PLTs

6 (5%)

36 (17%)

Donor
AB

66 (31%)

108 (51%)

54 (41%)

72 (55%)

B
A
O

Plasma
14 (16%)

24 (27%)

10
(11%)

23 (24%)

30 (32%)
29 (33%)

22 (25%)

Donor
AB
B

31 (33%)

A
O

Figure 3b: Retrospective study: number of transfused
products per age category, split on product type. The
number between brackets is the percentage of total
transfused products per category.29 Both TRALI and
control patients receive mainly plasma products from
older donors (p<0.05) but age does not influence
TRALI incidence. Not all totals sum to 100 due to
rounding of decimals. The number between brackets
is the percentage of total transfused products per
product type
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Total Control TRALI p Table 4a. Total patients who received
RBCs, PLTs and plasma from blood type
A matched
60
33
27
matched donors only. All patients who also
AB matched
6
4
2
received compatible products from another
blood type are categorized as “blood type
B matched
22
9
13
compatible”. We used a fisher-exact test to
O matched
69
32
37
investigate whether TRALI was related to
Blood Type Compatible 45
17
28 0.41 matched or compatible transfusion.

(4.3%). Step 1) We investigated whether TRALI patients received more products from one
of the blood types compared to control. However, we did not detect any influence of blood
type on TRALI incidence. The distribution of blood types was similar in TRALI patients and
control (Figure 3c).
Step 2) We split up our data in “donor blood type-matched” and “donor blood typecompatible” transfusion categories to investigate the influence of blood type and matched
transfusion on TRALI incidence. All patients who only received products from a donor with
the same AB0 blood type were categorized as “matched”. All patients who also received
products from another blood type are categorized as “blood type compatible”. We analyzed
whether blood type compatible or blood type matched transfusion influenced the number
of TRALI cases in each category. However, the number of cases per category was comparable
between TRALI and transfused control cases (Table 4a).
Step 3) We investigated whether the median number transfused products in TRALI patients
was dependent of donor blood type or transfusion of blood type matched versus blood
type-compatible products. The median number of transfused products was comparable in
all donor blood type categories (Table 4b). Next we extracted all patients who only received
RBCs. In this subset we also did not detect any influence of blood type on the median number
transfusions in either TRALI patients or control patients (Table 4c). We did not have enough
patients who only received PLTs or plasma to perform the same analysis on these subsets.
Prospective cohort
Approximately half of the patients in the prospective cohort received blood type-compatible
transfusions. We did not detect any influence of the median blood type-compatible and
blood-type matched transfusions on TRALI incidence. There also was no difference between
TRALI and control patients.
TRALI
Control
No
Median
IQR
No
Median
IQR
A matched
27
2.00
1.00-6.00
33
2.00
1.00-6.00
AB matched
2
1.50
1.25-1.75
4
1.50
1.00-2.00
B matched
13
5.00
2.00-10.00
9
2.00
2.00-6.00
O matched
37
2.00
1.00-6.00
32
2.00
1.00-2.00
Blood Type Compatible
28
2.00
1.00-3.00
17
2.00
1.50-2.50
Table 4b. Number of transfused products from each donor blood type. Patients are categorized as
“matched” if they only received products from a donor with the same AB0 blood type. All patients
who also received compatible products from another blood type are categorized as “blood type
compatible”. Patients are not split on which type of blood product they received. Kruskall-wallis with
nemenyi post-hoc testing did not reveal any statistical differences.
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Discussion
We investigated in a secondary analysis of a retrospective and a prospective cohort of TRALI
patients28,29 whether donor age, donor sex or donor blood type influenced the incidence of
TRALI. We hypothesized that products from male donors, products from older donors and
products from donors with a compatible blood type, but not a matching blood type would
increase TRALI risk. However, our data did not support our hypotheses. We did not detect
any relation between these donor characteristics and TRALI incidence.

5

The data sets used in this study are, to our knowledge, two of the biggest case-series of
TRALI patients. In the prospective study both control and TRALI patients received more
products from males than from females compared with the retrospective study. This
mirrors the implementation of the male-only donor plasma transfusion strategy in 2007
which was successfully implemented to decrease the number of TRALI cases.33,34 However,
overall we did not detect any influence of donor sex on TRALI incidence in either cohort.
The hypothesis that donor sex is related to complications and quality of RBC transfusions
is a complex one. In several studies blood products from female donors have been related
to increased mortality. In a previous study on single-transfused recipients, it was found that
male recipients of female products had a higher hazard rate of mortality (hazard ratio 1.8,
95% confidence interval 1.2-2.7).35
In a second study in a cohort of cardiac surgery patients, researchers found a hazard ratio
of 2.28 (95% CI 1.67-3.12) for mortality after sex mismatch transfusion. However, this
outcome was most likely confounded by disease severity as patients with more severe
disease received more transfusion products and had a higher chance to have sex mismatch.
The sex effect indeed disappeared after correction for these factors.36 On the other hand,
products from males have lower in vitro quality and have been related to decreased RBC
recovery in vivo.22 To complex matters even more, a clear association has been established
between TRALI and plasma from female donors. HLA and HNA-antibodies develop when
females are exposed during pregnancy to the antigens of their foetus which has inherited
the alloantigen from the father. The prevalence of these antibodies increases rapidly with
each pregnancy37 and exclusion of female donors for plasma transfusion has resulted in a
significant reduction in TRALI cases.33,34
It is possible that we did not detect a donor sex effect due to heterogeneity of the transfusion
products that have been administered in our study: the effect of male products may have
TRALI
Control
No
Median
IQR
No
Median
IQR
A matched
13
1
1-1
16
1
1-1.25
AB matched
1
1
1-1
4
1.5
1-2
B matched
2
1
1-1
4
1.5
1-2
O matched
21
2
1-2
25
1
1-2
Blood Type Compatible
8
2
1.50-2.50
2
2
1-3
Table 4c. Number of transfused products from each donor blood type for patients who only received
RBCs. Patients are categorized as “matched” if they only received products from a donor with the
same AB0 blood type. All patients who also received compatible products from another blood type
are categorized as “blood type compatible”. Kruskall-wallis did not reveal any statistical differences.
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been compensated by transfusion of female products. Moreover, the retrospective study
was performed before and after implementation of the male-only plasma donor policy in
2007. This may have masked effects of male transfusions on TRALI incidence. On the other
hand, no effect of sex was detected in the prospective cohort which only included patients
after 2007. The size of the retrospective cohort also made it possible to isolate cases in
which patients only received transfusions from one category, but this was not possible for
all analyses. On the other hand it is also possible that donor sex does influence overall
mortality, but has no influence on TRALI incidence.
We found no influence of blood type and donor age on the risk of TRALI. This result differs
from in vitro studies.38,39 In vitro research has revealed that there is large variation in the
donor storage lesion. It is hypothesized that some of these donors are “bad storers” and
that genetic factors may account for these variations.40,41 In a study that investigated
the procoagulant effects of supernatant of stored RBCs, only a subset of these products
induced coagulation. One could hypothesize that this effect is due to donor variation.42 An
explanation for disparate results is that in vitro studies can investigate these factors in a
standardized fashion but do not take account for the fact that induction of complications
and TRALI by transfusion products is mostly multi-factorial. Whether or not patients develop
TRALI is influenced by both patient factors,43 transfusion products factors7,8 and possibly also
donor factors. Heterogeneity in cohorts may mask any influence of donor characteristics,
but also may reflect that additional predisposing factors are required to develop TRALI, even
if the transfusion product is from a “bad storer”.
The studies that have been published to this date have started at the patient side. These
studies used a cohort of patients to examine whether a donor characteristic had an effect on
post-transfusion morbidity or mortality. It may be worthwhile to start on the side of the donor
or transfusion product, in line with the lookback studies in antibody-mediated TRALI:11,44 it
could be investigated whether products from these hypothetically “bad storers” are more
often related to patient morbidity and mortality than products from “good storers”. A recent
study investigated the effect of donor environment on PLT recovery. Healthy volunteers
received 5 days stored radioactive-labelled autologous PLTs together with fresh labelled
autologous platelets. Metabolomics revealed that, amongst others, caffeine metabolites
were associated with poor PLT recovery which implies that modifying donor environment
(in this case, donor coffee consumption) can improve transfusion product.45 Studies like
these provide evidence that donor characteristics can have significant impact on the quality
of the transfusion product.
Even though we made use of two large cohorts of TRALI patients, our study still is limited
by low numbers of inclusions. We performed a pre-study sample size calculation to
estimate whether we would be able to detect any differences in exposure to a certain
donor characteristics between TRALI and transfused controls. We based this on studies on
prevalence on human leukocyte antibodies. These antibodies are present in 14.3-26.7% of
TRALI cases8 compared to 7.1% in the male donor population.30 To detect a similar difference
in exposure to donor age, sex or blood type, we needed at least 107 TRALI cases. However,
more subtle influences from donor characteristics cannot be detected in our study.
Another limitation is that we made use of observational data. TRALI incidence is low which
hampers design of a randomized controlled trial to investigate the influence of donor factors.
Observational data from relatively large TRALI cohorts is the best evidence we can obtain
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from clinical trials at this moment. Still, this design has a high risk of bias. A third limitation is
that the data from the donor screening was not always complete. This limits the conclusions
which can be drawn on the effect of donor characteristics on TRALI incidence.
In conclusion we performed a secondary analysis of a retrospective and a prospective
cohort of TRALI patients whether donor age, donor sex or donor blood type influenced the
incidence of TRALI. Our data did not support our hypotheses that these donor characteristics
are related to TRALI incidence.
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Supplemental information
Table 1: Baseline characteristics of the prospective case-control study in cardiac surgery patients. *
American Society of Anesthesiologists Physical Status classification.
TRALI (n = 16)
12 (75)
74 (71-79)
3.3 (0.5)

No-TRALI (n = 32)
20 (63)
69 (62-75)
3.1 (0.5)

Cardiovascular

16 (100)

32 (100)

RBCs transfused, median (IQR)
RBCs only, n (%)

3 (2-5)
5 (31)

2 (1-2)
19 (59)

PLTs transfused, median (IQR)
PLTs only, n (%)

1.5 (0-7.5)
0 (0)

0 (0-3)
0 (0)

FFP transfused, median (IQR)
FFP only, n (%)

2 (0-4)
0 (0)

0 (0-2)
1 (3)

Male sex, n (%)
Age in years, median (IQR)
ASA-score* (SD)
ICU admission category, n (%)

5

Table 2. Prospective study: number of transfused products per donor characteristic, split on product
type. Both TRALI and control patients receive less products from females.26 *Both TRALI and control
patients receive more plasma products from older donors (p<0.05) but age does not influence TRALI
incidence. †Both TRALI and control patients received more blood products from blood type 0 and
A (p<0.0001) but the distribution of donor blood type is not different between controls and TRALI
patients.
Not
all
totals
sum
to
100
due
to
rounding
of
decimals.
RBCs

TRALI
PLTs

Plasma

RBCs

Control
PLTs

Plasma

Donor Sex

Male
Female

31 (57)
23 (43)

41 (62)
25 (38)

42 (93)
3 (7)

34 (59)
24 (41)

23 (48)
25 (52)

26 (93)
2 (7)

Donor Age (year)*

18-30
31-40

4 (7)
16 (30)

10 (15)
7 (11)

1 (2)
5 (11)

10 (17)
7 (12)

8 (17)
11 (23)

1 (4)
11 (39)

41-50

12 (22)

23 (35)

19 (42)

17 (29)

19 (40)

5 (18)

51-60

17 (31)

19 (29)

12 (27)

19 (33)

6 (13)

8 (29)

61-70

5 (9)

7 (11)

8 (18)

5 (9)

4 (8)

3 (11)

0
A

20 (43)
18 (39)

24 (50)
24 (50)

20 (44)
8 (18)

28 (52)
18 (33)

42 (65)
24 (36)

8 (29)
15 (54)

B

8 (17)

0 (0)

8 (19)

8 (15)

0 (0)

1 (4)

AB

0 (0)

0 (0)

9 (20)

0 (0)

0 (0)

4 (14)

Donor Blood Type†
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Table 3a: Total patients who received RBCs, PLTs and plasma from either only males or only females.
We used a chi-square test to investigate whether TRALI was related to donor sex. Donor sex did not
influence the incidence of TRALI. The majority of these patients only received RBCs. As these numbers
are too small to perform meaningful statistical tests, we only provide descriptive data.*1 patient
received both plasma, RBCs and PLTs, 1 patient received only plasma, 1 patient received both plasma
and RBCs, the rest (6) received only RBCs. **all patients only received RBCs. ***these patients only
received RBCs
Donor
Male
Recipient
Male
Female

Total
9*
5**

Female

Control
6
5

TRALI
3
0

Total
1***
3***

Control
1
1

TRALI
0
2

Table 3b: Number of transfused products from male and female donors irrespective of product type.
Kruskal-wallis testing did not reveal any differences between groups.
Recipient

No

Male
Female
Male
Female

12
4
12
19

Diagnosis
Diagnosis
TRALI
TRALI
Control
Control

Donor
Male
Median
2.00
2.00
1.00
1.00

IQR
1.00-2.00
1.00-4.00
1.00-1.00
1.00-1.00

Female
Median
1.00
1.50
1.00
1.00

IQR
1.00-2.00
1.00-2.75
1.00-1.00
1.00-1.00

Table 3c: Number of transfused products from male and female donors in patients who only received
RBCs. Kruskal-wallis testing did not reveal any differences between groups.
Recipient

Diagnosis
No
Diagnosis

Male
Female
Male
Female

3
2
9
10

TRALI
TRALI
Control
Control

Donor
Male
Median
2.00
1.00
1.00
1.00

IQR
2.00-2.00
1.00-1.00
1.00-1.25
1.00-1.00

Female
Median
2.00
1.00
1.00
1.00

IQR
1.50-3.00
1.00-1.00
1.00-1.00
1.00-1.00

Table 4a: Total patients who received RBCs, PLTs and plasma from a certain age category. We used
a chi-square test to investigate whether TRALI was related to donor age. Donor age did not influence
the incidence of TRALI.
Age (years)
18-30

Total
2

Control
2

TRALI
0

31-40

3

3

0

41-50

2

2

0

51-60

5

4

1

61-70

2

2

0

p

0.75

5
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Table 4b: Number of transfused products from each age category. Kruskal-Wallis with post-hoc
Nemenyi testing did not reveal any significant differences in the number of transfused products per
age group.
Age (years)
18-30
31-40
41-50
51-60
61-70

5

TRALI
Median
1.00
-

No
0
0
0
1
0

IQR
1.00-1.00
-

No
2
3
2
4
2

Control
Median
1.50
2.00
1.50
1.00
1.00

IQR
1.25-1.75
1.50-2.00
1.25-1.75
1.00-1.25
1.00-1.00

Table 5a: Total patients who received RBCs, PLTs and plasma from blood type matched or blood type
compatible donors. We used a fisher-exact test to investigate whether TRALI was related to matched
or compatible transfusion but did not detect a relation between blood type and TRALI incidence.
Age (years)
A matched
AB matched
B matched
O matched
Blood Type Compatible

Control
15
2
2
4
4

TRALI
6
0
2
10
2

Total
21
2
4
14
6

Table 5b: Number of transfused products from each donor blood type. Patients are not split on which
type of blood product they received. Kruskall-wallis with nemenyi post-hoc testing did not reveal any
statistical differences.
Age (years)
A matched
AB matched
B matched
O matched
Blood Type Compatible

No
6
0
2
4
4

TRALI
Median
4.50
5.50
12.5
22.5

IQR
2.25-8.25
3.75-7.25
8.5-16.00
15.50-26.75

No
15
2
2
10
2

Control
Median
2.00
2.00
2.00
2.00
14.00

IQR
1.50-7.50
2.00-2.00
2.00-2.00
1.00-3.50
12.50-15.50

Table 5c: Number of transfused products from each donor blood type for patients who only received
RBCs.
Age (years)
A matched
AB matched
B matched
O matched
Blood Type Compatible

No
2
0
1
1
1

TRALI
Median
1.50
2.00
4.00
2.00

IQR
1.25-1.75
2.00-2.00
4.00-4.00
2.00-2.00

No
8
2
2
7
0

Control
Median
1.50
2.00
2.00
1.00
-

IQR
1.00-2.00
2.00-2.00
2.00-2.00
1.00-2.00
-
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Summary
Transfusion-related acute lung injury (TRALI) is a major cause of transfusion-related mortality.
Causative factors are divided in antibody-mediated TRALI and non-antibody mediated
TRALI. Antibody-mediated TRALI is caused by passive transfusion of cognate antibodies
and non-antibody mediated TRALI is caused by transfusion of aged cellular blood products.
This review focuses on mechanisms in non-antibody mediated TRALI which includes soluble
mediators accumulating during storage of red blood cells (RBCs) and platelets (PLTs), as well
as changes in morphology and function of aged PLTs and RBCs. These mediators cause TRALI
in two-hit animal models and have been implicated in TRALI onset in clinical studies. Preclinical studies show a clear relation between TRALI and increased storage time of cellular
blood products. Observational clinical studies however report conflicting data. Knowledge
of pathophysiological mechanisms of TRALI is necessary to improve storage conditions of
blood products, develop prevention strategies and develop a therapy for TRALI.

6

Non-antibody mediated transfusion-related acute lung injury
Introduction
Transfusion-related acute lung injury (TRALI), a syndrome of respiratory distress caused by
transfusion of blood products, is a major cause of transfusion-related mortality.1-4 In the
absence of biomarkers, TRALI is defined according to the TRALI conference and US National
Heart, Lung and Blood Institute definition as onset of acute lung injury within 6 hours
of blood transfusion without an additional risk factor for acute lung injury (Table 1).2,3,5
Patients suffering TRALI develop symptoms of dyspnea, fever, hypotension and sometimes
hypertension, hypoxia, passing leukopenia, thrombopenia and bilateral infiltrates on chest
X-ray. Typical post-mortem findings in the lung of patients who die of TRALI are pulmonary
edema, diffuse alveolar damage, hyaline membrane formation and extensive granulocyte
infiltration and aggregation in the alveoli.6,7 TRALI incidence varies between 0.08-15.1%
per patient transfused and 0.01-1.12% per product transfused. Critically ill patients bear an
increased risk for developing TRALI after blood transfusion.8,9 The high incidence of TRALI
in critically ill patients can be explained in light of the “two-hit hypothesis”: a “first hit”, an
underlying clinical condition of the patient, causes priming of the pulmonary neutrophil. The
“second hit”, the transfusion of a cellular blood product, causes activation of the neutrophils
in the pulmonary compartment resulting in TRALI. Hematogical malignancy, cardiovascular
disease, sepsis, fluid overload, emergency cardiac surgery, massive transfusion, mechanical
ventilation, high APACHE-II score, increasing age, shock, alcohol dependence kidney failure
and severe liver disease have been identified as risk factors for a “first hit”.8,10-14
Originally, infusion of cognate donor antibodies of the human leucocyte antigens (HLA)
and human neutrophil alloantigen (HNA) was recognized as causative factor in TRALI. In
these cases antigen-antibody interaction led to activation of primed neutrophils, so called
antibody-mediated TRALI.15,16 However, antibodies are not involved in all cases fulfilling the
clinical definition of TRALI17-19 and recipients of a product which contains antibodies do not
always develop TRALI, even in the presence of the cognate antigen.20 This resulted in the
hypothesis of non-antibody mediated TRALI. The causative agent in non-antibody mediated
TRALI is still unknown. Several mechanisms have been proposed in which accumulation of
cell derived substances in donor blood and storage related changes of the donor red blood
cells (RBCs) and donor platelets (PLTs) cause TRALI.18 This review summarizes evidence
on the pathogenesis of non-antibody mediated TRALI from both preclinical and clinical
studies. Given the association between TRALI and adverse outcome in several patient
populations,13,21 identification of causative factors is paramount to develop prevention and
treatment strategies for TRALI. Knowledge of pathophysiological mechanisms of TRALI is
necessary to improve storage conditions of blood products and refine transfusion policies.
TRALI

Acute onset within 6 hours of blood transfusion
PaO2 /FI O2 <300 mm Hg, or worsening of P to F ratio
Bilateral infiltrative changes on chest radiograph
No sign of hydrostatic pulmonary edema (pulmonary arterial occlusion pressure
≤18 mm Hg or central venous pressure ≤15 mm Hg)
No other risk factor for acute lung injury
Possible TRALI Same as for suspected TRALI, but another risk factor present for acute lung injury
Delayed TRALI Same as for (possible) TRALI and onset within 6–72 h of blood transfusion
Table 1: Definition transfusion-related acute lung injury (TRALI). Definition according to the TRALI
conference en US National Heart, Lung and Blood Institute Definition.2,3,5
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Methods
Embase and PubMed were accessed for relevant English literature. Search strategy for
PubMed was ((((transfusion-related acute lung injury[tw] OR TRALI[tw])) OR ((“Acute Lung
Injury”[MeSH]) AND (“Blood Transfusion”[Mesh] OR transfusion[tw])))) AND (“Models,
Animal”[Mesh] OR animal model*[tw] OR “Cohort Studies”[MeSH Terms] OR cohort[tiab]
OR “Humans”[MeSH] OR “Animals”[Mesh]) and keywords in Embase “Transfusion-related
lung injury”, “TRALI”, “animal”, “cohort analysis” and “human”. Articles were selected based
on title and abstract. References of all relevant articles were checked and included when
considered relevant. Conference abstracts were excluded.

6

Pathogenesis non-antibody mediated TRALI
The current understanding of the pathogenesis of non-antibody mediated TRALI suggests
it is caused by transfusion of a stored cellular blood product in the presence of a “first hit”.
A second hit then induces lung injury.22 This is in contrast with antibody-mediated TRALI
in which majority of TRALI cases are related to cognate antibodies in plasma containing
transfusion products. In short, TRALI is thought to be mediated by neutrophils.23 Pulmonary
endothelium release cytokines and chemokines which facilitate neutrophil migration to the
lung. There, L-selectin mediates loose binding of the neutrophil on the epithelium after
which firm adhesion is mediated by E-selectin, platelet-derived P-selectin and intracellular
adhesion molecules (ICAM-1). The transfusion product activates these neutrophils and lung
injury develops. The neutrophils adhere to the injured capillary endothelium and migrate
into the air space where they release oxidants, proteases, platelet-activating factor (PAF)
and neutrophil extracellular traps (NETs). The air space is filled with protein-rich oedema
and cytokines interleukin-1b, -6, and -8, (IL-1, IL-6, and IL-8, respectively). These stimulate
chemotaxis and stimulate neutrophils to form elastase-α1-antitrypsin (EA) complex. The
clinical symptoms of acute respiratory distress is caused by influx of protein-rich oedema into
the alveolus which leads to the inactivation of surfactant (Figure 1).9,24,25 Possibly symptoms
of acute lung injury are not only caused by release of proteases by activated neutrophils,
but also by ischemic lung damage as an effect of platelet aggregation in the pulmonary
capillaries. Of interest neutrophil deficient patients also have been described to develop
TRALI26 and histochemical coloring of lung sections of patients who died of TRALI do not
always show neutrophil influx in the alveolar space.27 The past years research has focused
on pro-inflammatory mediators which accumulate in stored cell containing blood that serve
as a “second hit”. More recent the transfused aged red blood cell (RBC) and platelet (PLT)
themselves have been implicated as well in the onset of TRALI.13,28
Recent insights in TRALI pathogenesis
The role of hemin and neutrophil extracellular traps (NETs) has recently been related to
TRALI pathogenesis. Hemin is iron-containing protoporphyrin IX. It is essential for the
formation of heme-containing proteins including hemoglobin, myoglobin, nitric oxide
synthases and cytochromes. Hemin can be released under various pathological conditions
as a-thalassemia, glucose-6-phosphate dehydrogenase deficiency, hemorrhage, hemolysis
and muscle injury. An excess of free circulating hemin can results in formation of reactive
oxygen species and cellular injury.29 NETs can be released by activated neutrophils to trap
pathogens and thus prevent pathogen spreading.30 They are composed of DNA fibers
decorated with histones and antimicrobial proteins. Their formation follows a specific
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Figure 1: Pathophysiology of transfusion-related acute lung injury (TRALI). A “first hit”, an underlying
clinical condition of the patient, results in priming of neutrophils and attracting them to the lung
capillary by release of cytokines and chemokines by lung endothelium. L-selectin loosely binds the
neutrophils after which E-selectin, platelet-derived P-selectin and intracellular adhesion molecules
(ICAM-1) facilitate firm adhesion. The “second hit”, the transfusion of a blood product, causes activation
of the neutrophils resulting in TRALI. Neutrophil activation results in neutrophils margination through
the interstitium into the alveoli which are filled with protein-rich edema. Here, cytokines, interleukine1b, -6, -8 (Il-1b, Il-6, Il-8) are secreted which further stimulate neutrophil chemotaxis and neutrophil
formation of elastase-α1-antitrypsin (EA) complex. Increase in thrombin-antithrombin complexes (TATc)
and reduction of plasminogen activator activity (PAA) indicate activation of coagulation. The “second
hit”, the transfusion product may contain accumulated bioactive lipids (BAL), soluble CD40 ligand
(sCD40L), aged RBCs with reduced levels of Duffy antigen or UV-B illuminated platelets. Hypothesized
mediators are microparticles (MP), non-transferrin bound iron and aged RBCs or platelets. RBCs: red
blood cells; PLTs: platelets. PAI: plasminogen activator inhibitor.

pattern of histone hypercitrullination, chromatin decondensation, dissolution of granular
and nuclear membranes and cytolysis. Although NETs have been associated with beneficial
antimicrobial function by trapping gram- negative and gram+ positive bacteria,30 they
also have been related to amongst others colitis ulcerosa,31 small-vessel vasculitis32 and
preeclampsia.33 Recently NETs have been detected in the circulation of patients with TRALI.34
To determine wheter these were causative or consequence in TRALI the effect of NETS have
been studied in vitro. In vitro NETs induce enhanced permeability in primed human umbilical
vein endothelial cells (HUVECs)35 and NETs were found in two TRALI mouse models. In
these in vivo models mice were primed with LPS after which infusion of MHC-I antibody
functioned as “second hit”. Mice developed TRALI with extensive NETs release.34,35 TRALI
symptoms could be prevented by DNase1 which prevents NETs formation by neutrophils. No
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in vivo TRALI model has to this date focused on the role of NETs in non-antibody mediated
TRALI. Of interest, in vitro models support the hypothesis that NETs also have a function in
non-antibody mediated TRALI as hemin has been shown to activate neutrophils in vitro36
and induce NETs formation.37
Aging blood products
During storage, blood products undergo changes referred to as the “storage lesion”. The RBC
changes and suffers vesiculation, membrane loss and lysis, reduced glutathione, cellular
levels of 2,3-diphosphoglycerate, adenosine triphosphate and nitric oxide, decreased
membrane expression of CD47, and increased oxidation of cellular lipids and proteins (Figure
2).38 These processes induce storage dependent decrease in pH, increase of potassium and
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Figure 2: RBC storage lesion. During storage, the RBC changes and suffers vesiculation, membrane
loss and lysis, reduced glutathione, reduced cellular levels of 2,3-diphosphoglycerate, adenosine
triphosphate and nitric oxide, decreased membrane expression of CD47, and increased oxidation of
cellular lipids and proteins The changes that occur in the stored RBC lead to reduced microvascular
flow, depletion of 2,3 diphosphoglycerate (2,3-DPG) which shifts the oxyhemoglobin dissociation
curve to the left and reduces oxygen delivery, reductions in concentrations of nitric oxide and many
other changes.38 Il-1b: interleukin-1b; Na+: sodium; K+: potassium; ATP: adenosine triphosphate; Glu:
glucose; EC: endothelial cell ; Hb: hemoglobin;
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loss of hemoglobin. The stored platelet changes shape from discoid to spheroid, glucose
consumption and lactate production increases and enhanced expression of GPIIIa, GPIIb
and P-selectin expression can be found. The platelet apoptosis machinery activates amongst
many other changes that affect in vivo recovery, survival and hemostatic activity of the
transfused platelet.39 The “storage lesion” effects post-transfusion survival and function.
Therefore in most countries storage of RBCs has been maximized to 35 - 42 days and platelets
storage to maximal 5 - 7 days to ensure sufficient post-transfusion function.40
In several patient populations transfusion of stored cellular transfusion products has
been related to adverse outcomes and increased mortality, although most studies are
observational and highly heterogenous.41,42 The role of aged blood products in TRALI is still
controversial. In animal models, aged PLTs and RBCs are clearly related to TRALI (Table 2
and 3), in clinical studies data is conflicting for both RBCs and PLTs which could be caused by
design of these studies. Most studies are retrospective and patients included received both
fresh and stored products (Table 4). Although storage time is generally not considered to be
of importance in onset of non-antibody mediated TRALI, one retrospective study in cardio
surgery patients has identified storage time of plasma as risk factor for all-cause mortality.43
Several factors in this study could explain the difference in all-cause mortality in patients
receiving “young” plasma (plasma stored ≤323 days) and “old” plasma (plasma stored >323
days). Groups differed in the number of patients who underwent re-exploration (young
FFP 36%vs old FFP 25%) and platelet transfusion (young FFP 0.29 units versus old FFP 0.42
units). Also techniques to produce and store FFP, such as leucodepletion since 2001 and the
male-only plasma measure since 2007 could have affected the storage times of FFP during
the 10-year period of the study.44 The effect of aged plasma has up to this date not been
studied in animal models. We will describe which factors have been implicated in TRALI in
both preclinical and clinical studies (Figure 3). We will separately discuss the role of soluble
mediators which accumulate during storage and the role of aging of the red blood cell and
platelet in the pathogenesis of TRALI.
Soluble mediators
Bioactive lipids
In stored transfusion products bioactive lipids accumulate that are thought to cause
TRALI in vivo and in vitro.7,23,45-49 The polar lipids that accumulate in both RBCs and PLTs
have been identified as lysophosphatidylcholines (LysoPCs), lipids structurally similar
to platelet activating factor (PAF) and to the ligand for the G2A receptor.7,50 In vitro, the
G2A receptor on neutrophils can be activated by LysoPCs and thus cause chemotaxis and
release of components of the microbicidal arsenal via activation of G-protein subunits that
have cell signaling roles.51,52 The non-polar lipids have been identified as arachidonic acid,
5-hydroxeicosatetranoic acid (HETE), 12-HETE and 15-HETE.53 Polar lipids accumulate in
both whole blood RBCs and PLTs but to a lesser extent in leukoreduced RBCs where platelet
contamination decreases by 4 to 5 logs.7,50 Non-polar lipids can be isolated in RBCs but not in
PLTs. Therefore, LysoPCs, the polar lipids, are thought to be platelet derived and arachidonic
acid, 5-HETE, 12-HETE and 15-HETE, the non-polar lipids, to be RBC derived.53,54 The role of
both LysoPCs and non-polar lipids in TRALI is still debated. The LysoPCs have been implicated
to cause acute lung injury in a series of 10 patients suffering TRALI.18 The same research
group developed two ex vivo rat models to study the role of LysoPCs.7,46 These rats were
stimulated with lipopolysaccharide (LPS), a gram negative endotoxin as “first hit”. The lungs
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Table 2: Models for non-antibody mediated TRALI involving red blood cell products or sCD40L. Various models for non-antibody mediated TRALI use a
“two hit” model. The product used for production of the “second hit” is mentioned under “Implicated Product”. Any additional conclusions derived from
the model are mentioned in the column “Addition”. LPS = lipopolysaccharide, RBCs = red blood cells, PLTs = platelets, PAF = platelet activating factor, TRALI
= transfusion-related acute lung injury, PMN = polymorphnucleur cells, HMVEC = human microvascular endothelial cells.

Rat

In vivo

Animal

Nicholson
2011126

Table 2 Continued
Study
Model

Non-antibody mediated transfusion-related acute lung injury
109

6

110

Chapter 6
were extracted and perfused ex vivo with plasma from 42 days old human red blood cells
(RBCs) as “second hit”. To prevent activation of human complement and fibrinogen, plasma
was preheated to 56°C before transfusion. In this study, supernatant from outdated but
not fresh RBCs caused lung injury. LysoPCs isolated from aged blood products also caused
evident lung injury when used as “second hit”.7,46 A third murine model developed by the
same group confirmed the potential of LysoPCs to cause acute lung injury in vivo. Rats
primed with LPS developed acute lung injury when injected with either supernatant of aged
RBCs or with LysoPCs. In this study, LysoPCs were confirmed to accumulate in stored blood.23

6

Our group could not confirm that lipids play a role in two in vivo rat transfusion models. In
these models LPS was also used as “first hit” followed by either aged RBCs or aged PLTs.
LysoPCs did not accumulate in both murine and human aged RBCs and were only slightly
elevated in aged PLTs47,48 which was also confirmed by two other groups.54,55 Clinical studies
also report conflicting results on the role of lysoPCs.56,57 In a cohort of cardiac surgery
patients, the total amount of LysoPCs transfused in the group of patients who developed
TRALI was higher than in the control group. However, when corrected for concentration of
LysoPCs per product no difference was found between the TRALI group and control group.14
Similar results were found in a study where total transfused LysoPCs was higher in the TRALI
group. In this study group however, increased total LysoPCs most likely reflected the higher
volume of plasma transfused as plasma contains more LysoPCs.8 Moreover, in vitro priming
studies showed that accumulation of LysoPCs is not cell derived, but plasma derived and
storage temperature dependent as opposed to storage time related. Neutrophil priming in
these reports was LysoPCs independent.54,57 These different results are possibly explained
by different storage procedures. Studies in which LysoPCs were implicated in TRALI originate
from the United States whereas the studies where no role was found for LysoPCs come from
either Europe or Asia.8,11,12,14,47,48,54,57
The role of nonpolar lipids arachidonic acid, 5-HETE, 12-HETE and 15-HETE has been
investigated in an in vivo rat model. Rats were primed with LPS after which they received
an identical volume of neutral lipids at concentrations equal to 1 day or 42 days stored
whole blood or leukoreduced RBCs. Nonpolar lipids from stored RBCs caused acute lung
injury and accumulated in both stored leukoreduced and stored non-leukoreduced RBCs.53
Accumulation of 5-HETE but not of arachidonic acid could be prevented by filtration of
donor blood before storage, possibly due to filtration of enzymes required for converting
arachidonic acid into 5-HETE. In vivo heat-treated supernatant of these filtered RBCs did not
induce TRALI in rats primed with LPS, in vitro neutrophil priming activity was attenuated after
filtration. This is somewhat unexpected as TRALI is thought to be mediated by storage time
of blood products, but apparently can be prevented by filtration before storing the products.
The authors of this study hypothesize that enzymes required for conversion of arichdonic
acid 5-HETE are filtered. Maybe also enzymes required for conversion of molecules to TRALIimplicated soluble mediators may be filtered, thus preventing storage related lung injury.45
The role of pre-storage filtration and non-polar lipids in human TRALI has not been explored
yet and needs further investigation.
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Soluble CD40L
CD40 is a member of the tumor necrosis factor (TNF) receptor family expressed on
endothelial and epithelial cells, monocytes, and macrophages. Its ligand CD40L is a proinflammatory mediator produced by platelets that accumulates in stored blood in either
soluble (sCD40L) or cell associated forms.58-60 Soluble CD40L activates macrophages and
elicits the production and release of multiple pro-inflammatory cytokines. Increased
sCD40L in stored platelets has been associated with transfusion reactions61 and increased
respiratory burst in polymorphnuclear leukocytes (PMNs).62 In animal models, acute lung
injury caused by LPS or reactive oxygen species (ROS) is attenuated by inhibition of the
CD40-CD40L system.56,63 The effect of transfusion of sCD40L has been studied in several
models. Human microvascular endothelial cells (HMVEC) exposed to PMN stimulated by LPS
as “first hit” and sCD40L as “second hit” were shown to be less viable compared to control
HMVEC incubated with medium.59
In an in vivo model, sheep primed with LPS intravenously developed acute lung injury after
transfusion with human heat treated supernatant of 42 days old RBCs. In this study, only
a modest increase in sCD40L levels was found in stored RBCs compared to earlier studies.
Still the sheep developed overt lung injury. Additional tests showed that this relatively
low level of sCD40L was due to the heat treatment used to eliminate human complement
and fibrinogen. This implicated that sCD40L only plays a minor role in TRALI.64 In a “twohit” TRALI-model, rats developed lung injury after transfusion of 5 days stored PLTs after
priming with LPS. In this study levels of sCD40L in stored PLTs were not increased compared
to fresh PLTs.47 Clinical studies also produce conflicting results. Samples of 62 whole blood
platelet transfusions implicated in TRALI reactions in patients were compared with platelet
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Figure 3: Storage lesion and
transfusion-related acute lung injury
(TRALI). Several soluble and cellular
mediators accumulate during storage
of cellular blood products and have
been associated with non-antibody
mediated TRALI. Fresh frozen plasma
has been related to antibodymediated TRALI, but not with nonantibody mediated TRLAI.
*: associated in animal models;
$: hypothesized mediators. RBCs: red
blood cells; PLTs: platelets; sCD40l:
soluble CD40 ligand; NTBI: nontransferrin bound iron.
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Table 3: Models for non-antibody mediated TRALI involving platelet products or isolated LysoPCs. Various models for non-antibody mediated TRALI
use a “two hit” model. The product used for production of the “second hit” is mentioned under “Implicated Product”. Any additional conclusions derived
from the model are mentioned in the column “Addition”. LPS = lipopolysaccharide, RBCs = red blood cells, PLTs = platelets, PAF = platelet activating factor,
TRALI = transfusion-related acute lung injury, PMN = polymorphnucleur cells, HMVEC = human microvascular endothelial cells.
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transfusions in control hospitalized patients without
TRALI. In this study platelets associated with TRALI
were found to have higher concentrations of sCD40L
compared to control platelets.59 On the other hand,
in a cohort of prospectively included cardiac surgery
patients no elevated sCD40L was found in the group
that developed TRALI after transfusion compared to
control.65 Even though sCD40L is a potent mediator
in inflammation, a majority of studies suggest only a
minor role for sCD40L in TRALI.
Cellular mediators
The aging of the erythrocyte
The changes that occur in the stored erythrocyte
such as decreased deformability which leads
to reduced microvascular flow, depletion of 2,3
diphosphoglycerate (2,3-DPG) which shifts the
oxyhemoglobin dissociation curve to the left and
reduces oxygen delivery, reductions in concentrations
of nitric oxide and many other changes (Figure 1) have
been implicated in reduced 24-hour post transfusion
RBCs survival. These effects have been implicated to
poorer outcome after transfusion but have not been
directly associated with the onset of TRALI.66 There is
however pre-clinical evidence which links the aging of
RBCs with the onset of TRALI. During storage human
erythrocyte also lose Duffy antigen expression and
chemokine scavenging function. The Duffy antigen
is a minor blood group antigen that binds multiple
inflammatory chemokines with high affinity thus
making erythrocyte bound chemokines inaccessible
to circulating neutrophils.67 In a study investigating
the role of Duffy antigen in TRALI, scavenging of Duffy
antigen was found to be related to onset of acute lung
injury. In the studied in vivo mouse model, mice were
primed with intravenous LPS after which they were
transfused with either fresh or aged RBCs. Transfusion
of aged RBCs caused increased neutrophil counts,
cytokine and chemokine concentrations in the lung
and increased pulmonary microvascular permeability.
This effect was even more pronounced in transfusion
of blood derived from Duffy-antigen knock-out mice
compared to wild-type mice implicating a key role for
the Duffy-antigen.68 Transfusion of aged RBCs thus
causes a significant reduction of chemokine scavenging
function by RBCs and results in acute lung injury.
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The aging platelet
As in erythrocytes, platelets undergo time-dependent structural and functional changes
when stored. Stored platelets shrink, show cytoplasm condensation, plasma membrane
blebbing and extension of filopodia.69 Ultraviolet-B (UV-B) illumination has the potential
to damage nucleic acids. Therefore it is used to eliminate leukocytes and pathogens in
a-nucleate cellular transfusion products as for example PLTs.70 Experiments with platelets
treated with either UV-B illumination or riboflavin and UV-B illumination showed that
illuminated aged platelets but not supernatant of illuminated aged platelets caused acute
lung injury in two-hit murine models indicating an role for the aging platelet in TRALI.71-74
Peripheral blood smears and histochemistry of lung sections showed increased platelet
aggregation in the rats that developed acute lung injury.73,75 Inhibition of protein kinase C
(PKC) signal pathway and the thrombocyte P2Y12-receptor by clopidogrel attenuated this
lung injury.73 However, a recent study with riboflavin treated, UV-B illuminated platelets
did not replicate these findings.76 This difference might be attributed to different storage
conditions. In the most recent study, PLTs were illuminated in closed bags76 where previous
studies PLTs were illuminated in an open system.71,73,74 This could cause enhanced production
of ROS. Also, riboflavin could have a protective effect against TRALI. Treatment strategies
targeting the aging platelet have been studied in both animal models and clinical studies. In
an in vivo animal study clopdigrel, a P2Y12 ADP receptor inhibitor which prevents platelets
aggregation, attenuates TRALI.73 This is not supported however by a retrospective cohort
study. In this study no difference was found in development of TRALI between a cohort of
ICU patients who used aspirin and a matched control group.77
Research fields in TRALI
Storage time
Even though pre-clinical studies show a clear relation between TRALI and aged cellular blood
products, observational clinical studies report conflicting data. As of yet, no prospective
studies have addressed the role of storage time but the ABLE,78 RECESS,79 Red Cell Storage
Duration and Outcomes in Cardiac Surgery,80 and the TRANSFUSE study81 are underway.
These studies will not shed light on the direct relation between transfusion of aged blood
products and TRALI, but they will substantiate extrapolation of the relation between storage
time and acute lung injury that has been found in animal models to the human population.
Preclinical studies on the other hand can focus on the pathogenesis of TRALI.
Erythrocytes deformability and endothelial adhesion
Normal erythrocytes have unique flow properties that ensure optimal circulation. These
flow conditions are mainly influenced by erythrocyte deformability, self-aggregability and
adherence to the blood vessel wall endothelium.82 When erythrocytes age, they lose their
deformability, suffer increased self-aggregability and increased adherence to endothelium
which causes occlusion of the (pulmonary) microcirculation.82 Endothelial adherence is
even further enhanced in inflammatory conditions which activate vascular endothelium.83,84
Increased erythrocyte adhesion to endothelial cells may also play a role in TRALI. The role
of adhesion has not yet been investigated in TRALI, but it can be hypothesized that the
mechanism of occlusion of the microcirculation by adhering erythrocytes causes pulmonary
ischemia, and thus contributes to the clinical picture of TRALI.
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Storage conditions
Acid citrate dextrose was the first modern whole blood storage solution when it was
developed in 1943. Since then many changes in the storage process and solution have
taken place to ensure maximal survival of stored cells and prevent, for as far as possible, the
“storage lesion”. 85 The effect that storage and additive solutions can have on the transfusion
product is illustrated by a study in which the shape transition of erythrocytes from discoid
to spherocytic was investigated. This shape change is time related but could be reversed by
addition of glucose, pyruvate, inosine, adenine and phosphate.86 Storage procedures could
also play a role in TRALI. The development of LysoPCs for example is, at least in Europe
compared to US based studies, temperature dependent and plasma dependent. In platelets
stored in 100% plasma significantly more LysoPCs developed than in platelets stored in SSP+
additive solution. Moreover, storage of plasma at 22°C induced significantly more LysoPCs
development than storage at 4°C.57
Iron Metabolism
The relation between iron overload and cytokine release that occurs after transfusion of
aged RBCs has recently been investigated in healthy volunteers. Most RBCs clearance occurs
within the first hour after transfusion.87 One human RBCs unit contains 220 to 250 mg of
iron, therefore, rapid RBCs clearance of up to 25% of even a single unit, acutely delivers
a massive load of hemoglobin iron to the monocyte/macrophage system.88 This load
overwhelms the iron handling capacity of the monocyte/macrophage system which results
in freely circulating non-transferrin bound iron (NTBI). NTBI is thought to cause activation of
the inflammasome by production of ROS after which Il-1b, a pro-inflammatory cytokine, is
released. In both an animal89 and a healthy volunteer model, transfusion of aged RBCs but
not fresh RBCs induced a pro-inflammatory response, associated with increased levels of
NTBI.90 This effect could be mitigated by administering an iron chelator although these are
known to have anti-oxidant capacities next to iron-binding properties.89 Of note is that in
the animal study, transfusion of washed and unwashed aged RBCs caused a rise in cytokines
that could not be replicated by transfusion of fresh RBCs or RBCs ghosts, stroma-free lysate
derived from aged RBCs or supernatant of aged RBCs.89 The role of iron metabolism has
not yet been investigated in TRALI but deserves attention because of the pro-inflammatory
response that has been associated with increased levels of NTBI in stored RBCs.
Microparticles
Microparticles (MPs) are small vesicles with a lipid bilayer which may contain membrane
proteins, cytoplasmic components or RNA from the cell of which they were derived.91 MP
formation follows after the neutral cell membrane charge changes into negative which results
in loss of phospholipid asymmetry. This induces phosphatidylserine (PS) externalization,
causing budding of the plasma membrane.92 MP formation is triggered by different stimuli,
such as shear stress, complement attack, oxidative stress and pro- apoptotic stimuli.93 MPs
themselves again are pro-inflammatory and pro-coagulant which they achieve either via
direct stimulation of target cells by receptor interaction or by transfer of their contents.94
Erythrocytes and platelets undergo MP formation during storage which is considered part
of the “storage lesion”.95 Several studies show that the level of MPs increases during storage
time.95-97 Although MPs from RBCs (R-MPs) are the predominant species, significant amounts
of MPs from PLTs (P-MPs) and leukocytes (L-MPs) are also generated during blood storage.
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The role of MPs in TRALI has not yet been investigated although R-MPs have been found to
contribute to neutrophil priming and activation in a murine model of hemorrhagic shock and
resuscitation.98 As activation of neutrophils also plays a central role in the pathogenesis of
TRALI, R-MPs and P-MPs are hypothesized to promote onset of TRALI.91, 92 MPs can activate
neutrophils in several ways. The surface of MPs contain lipids with platelet activating
factor (PAF)-like activity99 and proteomic analysis showed an enrichment in complement
and immunoglobulins of R-MPs during storage which may also play a role in activation of
neutrophils via Fc receptors.100
P-MPs are able to activate neutrophils directly. Furthermore they have the potential
to stimulate endothelial cells and monocytes which results in a release of a range of
inflammatory cytokines (IL-1, IL-6, IL-8, TNFa)101 and subsequently may result in priming and
activation of neutrophils.
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TRALI is also characterized by onset of systemic and pulmonary coagulopathy in both preclinical and clinical studies.47 MPs are able to induce activation of coagulation in different
ways. Tissue factor (TF) is expressed on many MPs under inflammatory conditions102 and is
an initiator of coagulopathy in the lung.103 The large amounts of PS on the surface of MPs
are able to activate TF or interact with coagulation factors VIIa, IX and X leading to thrombin
generation and amplification of the coagulation cascade.104 The pro- coagulant activity
of MPs from platelets is 50- to 100- fold higher than their parent platelet105 which may
render them important contributors to the onset of systemic and pulmonary coagulopathy
in TRALI. The level of MP formation in stored PLTs and RBCs depends on the process and
storage conditions of the products as MPs generation is higher in stored non-leukoreduced
compared to leukoreduced RBCs.86
If MPs are involved in TRALI onset several strategies can be employed to prevent acute
lung injury. In a two event animal model of TRALI pre-storage filtration of RBCs decreased
lipid priming activity and mitigated TRALI.45 Pre-storage leukofiltration also significantly
decreases post-storage P-MP levels and might contribute to prevention of TRALI.106 It is
unclear whether filtration or washing of stored RBCs pre-transfusion might further mitigate
TRALI as MPs may still be formed during storage of pre-storage filtered RBCs. Therefore,
another intervention may be the use of additive solution during storage as this is associated
with reduced level of MP formation.86 RBCs stored in additive solutions consisting of glucose,
pyruvate, inosine, adenine, and phosphate showed a reduction of MPs formation possibly
due to reduction of oxidative stress.107 Recognition of the potential harmful effects of P-MP
en R-MP in the context of onset of TRALI is important as this could be a target for future
prevention and treatment strategies.
Prevention
Despite the progress that has been made in TRALI research, still no treatment is available
for TRALI. Reduction of TRALI cases is predominantly achieved by prevention. The potential
role of washing of transfusion products, implementation of a fresh blood product strategy,
and pre-storage filtration are currently under investigation as potential measures to prevent
TRALI.

Filtration
Transfusion products can be leucoreduced by filtration
or removal of the buffy coat. Standard leukoreduction
by filtration removes 3 logs of leukocytes and 2 logs
of platelets. This reduces HLA antigen exposure, nonhemolytic transfusion reactions, levels of cytokine
accumulation during storage, sCD40L accumulation
and cytomegalovirus exposure.53,59,116 Universal
leucoreduction has been related to a decreased

Population

Country

Year

Role for aging Role for accumulation
blood product?
of LysoPCs?
RBCs
PLTs
Prospective, active
Hospital
Canada
1991-1995
No
Yes
Yes
Silliman 20037
Retrospective, active
ICU
The Netherlands
2004-2007
No
No
-Vlaar 201013
Prospective, active
ICU - medical
USA
2005-2007
No
No
Yes
Gajic 20078
Prospective, active
ICU
The Netherlands
2006-2009
Yes
No
No
Vlaar 201014
28
Retrospective, passive
National
The Netherlands
2005-2007
No
Yes
-Middelburg 2012
Prospective, active
Regional
USA
2006-2009
No
No
No
Toy 201212
Table 4: Biological factors in stored blood implicated in clinical studies on risk of transfusion-related acute lung injury. Table adapted from Vlaar et al.9
RBCs = red blood cells, PLTs = platelets.
Type

Washing of transfusion products
Washing of transfusion products potentially has an
effect on both the cellular and the plasma component
of the stored product. Stored RBCs are more fragile
and prone to hemolysis or sequestration. Washing
of stored RBCs may selectively eliminate these
more fragile cells and thus prevent intravascular
hemolysis.108 On the other hand, washing may also
damage cells increasing plasma free hemoglobin
instead of preventing intravascular hemolysis.109
Washing effects the plasma component by removal
of mediators that accumulate during storage, for
example potassium, cell-free hemoglobin, bioactive lipids and microparticles, and it eliminates
residual antigens.108,110,111 Washing of stored platelets
effectively removes the plasma without effecting the
in vitro function of platelets112 although they might
affect the in vivo recovery.113 Several studies indicate
that washing of cells prevents TRALI, thus supporting
the role of soluble mediators in acute lung injury. In
two studies TRALI could be prevented by washing
RBCs and platelets before transfusion in rats primed
with LPS,47,48 a third study on the other hand did not
prevent acute lung injury in a two-hit in vivo mouse
model by washing cells before transfusion.68 In a
retrospective study comparing TRALI incidence before
and after introduction of standard leukoreducing
of transfusion products, no TRALI was observed
in a cohort of patients who received washed
transfusions.114 Washed stored cell containing blood
products may be an important alternative for fresh
blood products and is clinical feasible.115 However well
performed clinical studies are first needed to confirm
that fresh cell containing blood products or washed
stored cell containing blood products are indeed able
to reduce or prevent onset of TRALI.
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incidence of TRALI114 and recently pre-storage filtration that removes antibodies, leukocytes,
platelets and lipids was found to have a positive effect on in vitro RBCs storage lesion.117 This
filter has also been investigated in an in vivo animal model. As described above, rats were
primed in this model with LPS after which they were treated with heat-treated supernatant
of RBCs. RBCs were either prepared with standard leucoreduction or with more extensive
pre-storage filtration. In this model TRALI was prevented by pre-storage filtration.45 The in
vivo effects of pre-storage filtration on cellular function has not yet been investigated, nor is
there any data on the role of pre-storage filtration in human TRALI.
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Fresh blood products
Although the evidence from animal models that aged transfusion products play a major
role in TRALI is compelling, observational clinical studies report conflicting data. Aged blood
products have been associated with multiple complications as increasing rates of sepsis,
infection, multi-organ failure, myocardial infarction, acute renal failure, thrombosis resulting
in poorer outcome and increased mortality.118 A systematic review on the effect of stored
blood on morbidity and mortality identified fifty-five studies that had reported the effects
of age of transfused RBCs on mortality or morbidity in adult patients. In about half of these
studies a negative effect of stored blood products was reported. Several described studies
specifically focused on the association between respiratory failure and storage of blood
products but found no clear relation..119
No effects of stored blood products have directly been associated with the onset of TRALI.66
In light of these highly conflicting data, prospective clinical studies are needed to support a
“fresh only” policy to prevent non-antibody mediated TRALI. Although it might be tempting
to change transfusion policy to prevent TRALI, the impact on blood services would be
unquestionable. At the moment RBCs can be stored 35 to 42 days depending on local policy
and PLTs 5 to 7 days. If storage time would be reduced demands on donors would increase
substantially and risk of transfusion blood shortage would rise. As the incidence of TRALI
is relatively low such a trial would need large numbers of patients and take many years
to complete. Even when such trials become available, conclusions should be drawn with
caution. Differences in blood processing, storage condition and even transfusion policy
will prevent extrapolation of conclusions to clinical practices which were not involved in
these trials. Still, with the thought of impact of TRALI on patient health and the evidence
from preclinical data, such a trial will be needed to further investigate measures for TRALI
prevention and treatment.
Treatment
As of yet, no treatment exist other than supportive measures. Most patients need
supplemental oxygen therapy, 70-90% of patients even need mechanical ventilation.120
The prognosis of TRALI was thought to be relatively good with a mortality of 5-10%120-122.
Recent studies however found increased morbidity in high risk patients with mortality as
high as 17%-47% in TRALI patients. 8,13,14,123 A successful reduction in antibody-mediated
TRALI-cases has been caused by excluding female donors for production of plasma derived
products.9 For non-antibody mediated TRALI no strategy yet has been developed to prevent
acute lung injury. For now, the accepted strategy to prevent TRALI is to apply a restrictive
transfusion policy, especially in the critically ill. Transfusion cannot be avoided altogether
but a patient tailored approach could be effective in preventing TRALI. Amongst others,
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fluid overload, shock, sepsis and organ failure have been recognized as risk factors for TRALI.
If the circumstances permit delaying the transfusion until the patient is in a better clinical
condition, could prevent some TRALI cases.13
In conclusion, transfusion-related acute lung injury (TRALI) is a severe complication of
transfusion. Research has shifted the past years from antibody-mediated TRALI to factors in
the aging cellular blood product that cause acute lung injury. The causative factor is still not
known, but there are many candidate pathways which need to be investigated. Prospective
clinical studies are underway and will hopefully be able to further elucidate the clinical
relevance of the aging blood product. Preclinical studies will be needed to inform us about
biological transfusion factors implicated in the pathogenesis of non-antibody mediated
TRALI.
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Summary
BACKGROUND: During storage, the activity of the red blood cell (RBC) anti-oxidant system
decreases. Glucose-6-phosphate dehydrogenase (G6PD) is essential for protection against
oxidative stress by producing NADPH. G6PD function of RBC transfusion products is
reported to remain stable during storage, but activity was measured in hemolysates and
not in individual erythrocytes. We hypothesized that analysis of G6PD activity in individual
erythrocyte identifies storage-dependent changes in G6PD function.
STUDY DESIGN AND METHODS: Seven units of stored leukoreduced RBCs, stored in salineadenine-glucose-manitol, were sampled every week up to 6 weeks of storage. G6PD activity
was determined with the cytofluorometric method and expressed as mean fluorescent
intensity (MFI) per erythrocyte.
RESULTS: During storage, G6PD activity decreased significantly. Average MFI after 3 days of
storage was 27.8±8.8 and gradually decreased significantly to 18.0±8.3 after 42 days.
CONCLUSION: G6PD activity decreases during storage of leukoreduced RBCs. Our results
may form a new target to improve storage conditions of RBCs and subsequently improve the
quality of transfusion products.
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Introduction
Red blood cell (RBC) transfusion is a frequently applied therapy to enhance oxygen carrying
capacity in anemic patients. Normal erythrocyte life spans approximately 120 days but
during storage RBCs undergo deterioration more rapidly. Therefore, shelf-life of erythrocytes
for transfusion has been limited to 35-42 days.1 The time-dependent changes that RBCs
undergo during storage are referred to as “storage lesion”, and include vesiculation of the
erythrocyte, membrane loss, membrane lysis and reduced levels of 2,3-diphosphoglycerate
(2,3-DPG) and adenosine triphosphate (ATP) and decreased membrane expression of CD47.
These processes are accompanied by decreased pH, increased potassium and lactate levels
and loss of hemoglobin.2
Erythrocytes have an efficient machinery to neutralize reactive oxygen species (ROS)
to prevent oxidative stress. However, during storage the activity of the erythrocyte antioxidant system decreases.3 A major player in the anti-oxidant system is reduced glutathione
(GSH). Various studies have shown that GSH levels decrease during storage4-6 which have
been associated with RBC protein and lipid oxidation.5 The exact mechanisms of the
decrease in erythrocyte levels of GSH is unclear but may be related to glucose-6-phosphate
dehydrogenase (G6PD) activity. G6PD is the key enzyme of the oxidative pentose phosphate
pathway (PPP). In the PPP, nicotinamide adenine dinucleotide phosphate (NADP+) is
converted into its reduced form NADPH (Figure 1a) which is essential for GSH-mediated
protection against oxidative stress (Figure 1b).7 G6PD activity has been investigated in
hemolysates of stored RBC transfusion products. Two studies concluded that G6PD function
does not decrease significantly during storage of erythrocytes8,9 whereas another study with
similar methods reported the opposite.10 However, the use of hemolysates to detect G6PD
deficiency, the most prevalent enzyme deficiency worldwide, is unreliable to detect mild to
moderate decreased G6PD activity.7 Moreover, it has also been found that levels of products
of the PPP decrease during storage.11 On the basis of these considerations, we hypothesized
that G6PD activity, when measured in individual cells, shows a decrease. Therefore, the aim
of the present study was to determine G6PD activity in individual erythrocytes using the
novel cytofluorometric assay developed by Shah et al12 during storage of RBCs.
Material and methods
Sample Collection
All study procedures have been approved by the medical ethical committee of the Academic
Medical Center and Sanquin Blood Bank. We designed this experiment as a pilot exploration
of G6PD activity during storage. Healthy volunteers were enrolled after written informed
consent. Subjects donated one unit of whole blood which was processed to one unit of
leukoreduced RBCs in saline, adenine, manitol and glucose (SAGM) according to Dutch
Blood Bank Standards. The transfusion products were stored at 4°C for 42 days. A swanlock adapter (Codan, Lensahn, Germany) was inserted into the bag at 2-3 days after blood
donation and products were sampled after 48-72 hours (earliest possible day after standard
production and testing according to Dutch Blood Bank protocols), 7, 14, 21, 28, 35 and 42
days of storage.
Monitoring Product Quality
The collected samples were analyzed with a RapidLab 1200 Blood gas Analyzer (Siemens
Health Care, The Hague, The Netherlands) to monitor pH and glucose, potassium and

131

7

132

Chapter 7
sodium levels. RBC extracts were prepared to measure 2,3DPG and ATP levels as described earlier.13

7

Cytofluorometric Assay
We applied the protocol of Shah et al. to determine G6PD
activity per individual erythrocyte by the cytofluorometric
method.12All assays were performed in duplicate. The
assay is based on differences in fluorescence capacities of
oxyhemoglobin and methemoglobin. First, all oxyhemoglobin
was converted into methemoglobin. To this end, 10 ml RBC
suspension (approximately 50% hematocrit) was suspended
in 90 ml PBS and 100 ml 0.125 mmol/l sodium nitrite (Sigma,
St Louis, MI, USA). and incubated at room temp for 20 min on
a roller bench. Samples were then washed 3 times with PBS,
and centrifugated at 200 rcf for 1 min, and resuspended in 1
ml PBS. The next part of the assay reduces methemoglobin
to oxyhemoglobin in a NADPH-dependent, and thus G6PDdependent fashion. After washing, RBCs were incubated in 100
ml PBS, 18 ml 0.28 mmol/l glucose (Sigma) and 6 ml 0.3 mmol/l
methylene blue sulphate (Merck, Darmstadt, Germany). The
samples were incubated at 37°C for 90 min with the tube lids
off. As the PPP produces NADPH, methylene blue converts
methemoglobin to oxyhemoglobin while consuming NADPH
(Figure 1b).14 After completion of methemoglobin reduction,
2.5 ml 0.4 M KCN (Sigma) was added to each sample, and
incubated at room temp for 5 min. Of each sample, 5 ml
was then added to 100 ml 1 mmol/l H2O2 (Sigma) in PBS
and incubated for 3 min. Hydrogen peroxide interacts with
oxyhemoglobin to produce a fluorescent product but cannot
interact with methemoglobin.15 After 2 final washing steps
(PBS; 1500 rcf for 3 min at room temp), the samples were
analyzed in duplicate using a Guava easyCyte flow cytometer
(FACS, Milipore, Amsterdam, The Netherlands). We used
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Figure 1A: Pentose phosphate
pathway.
The
pentose
phosphate pathway. Three
enzymatic steps oxidize glucose6-phosphate into ribulose-5phosphate with concomitant
reduction of NADP+ into NADPH.
6PG,
6-phosphogluconate;
6PGD,
6-phospogluconate
dehydrogenase;
6PGL,
6-phosphogluconolactone;
Fe(II): oxyhemoglobin; Fe(III):
methemoglobin; G6P, glucose6-phosphate; G6PD, glucose-6phosphate dehydrogenase; R5P,
ribulose-5-phosphate. Adapted
from Peters and Van Noorden.7

Figure 1B: NADPH reduction. Glutathione
reductase oxidizes NADPH into NADP+ which
Fe(III)
drives the conversion of oxidized glutathione
(GSSG) into reduced glutathione (GSH). GSH
is required for detoxification of H2O2. NADPH
Fe(II) can also be used by methylene blue to
convert Fe(III) to Fe(II). GL, gluconolactonase;
H2O GPx, glutathione peroxidase; GSH, reduced
glutathione; GSSG, oxidized glutathione; MTb:
methylene blue; LMT: leukomethylene; MTbx:
NADPH-methemoglobin reductase;. Adapted
H2O2 from Peters and Van Noorden.7
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erythrocytes that were incubated in the absence of glucose as negative control.
Statistical Analysis
FACS data has been analyzed with FlowJo version 10 (FlowJo, LLC, Ashland, OR, USA). G6PD
activity was expressed as log mean fluorescent intensity (MFI) per 10.000 analyzed cells. All
statistical analyses have been conducted with R version 3.1.2 (R Core Team, 2015, Vienna,
Austria). We inspected data for normal distribution and described normally distributed data
as mean (SD) and for non-normal data, the median and interquartile range (IQR) between
parentheses are provided. Means of product quality measures have been compared with
a one-sided Wilcoxon signed rank test. G6PD activity expressed as MFI was compared with
a one-sided paired t-test. A p < 0.05 was considered to indicate a statistically significant
difference.
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Results
Samples
We investigated 7 leukoreduced RBC units. All units developed a storage lesion as evidenced
by changes in electrolyte and glucose levels from 3 days after blood donation up to the Dutch
maximum of 35 days of storage. No unexpected changes occurred in the period before 35
and 42 days after blood donation (Figure 2A). Figure 2A also shows that the pH decreased
from 7.09 (7.04-7.13) 3 days after donation to 6.55 (6.48-6.62) at 35 days of storage (p <
0.01). Glucose levels decreased from 25.8 mmol/l (25.3-26.2) to 13.47 mmol/l (10.0-16.9;
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Figure 2a: RBC storage lesion. Changes in ATP, pH, 2,3-DPG and potassium levels in leukoreduced RBCs
in the period of 3 days up to 42 days of storage. Bars represent 95% confidence interval. ** p<0.01.
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Figure 2b: G6PD activity in stored RBCs. Log mean
fluorescent intensity (MFI) as a measure of G6PD
activity in 10.000 RBCs after methemoglobin
reduction and incubation in the presence of H2O2.
RBCs incubated in the absence of glucose served as
negative control. RBC products were sampled at day
3 and 7 and then weekly up to 42 days of storage.
Bars present 95% confidence interval. After 35 days,
G6PD activity per erythrocyte was significantly
decreased. *p < 0.05.

p < 0.02) and potassium levels increased
from 7.1 mmol/l (5.9-8.4) to 40.7 mmol/l
(35.0-46.3; p < 0.02). ATP levels decreased
from 5.51 mmol/g Hb (4.93-6.09) to 2.35
mmol/g Hb (1.91-2.78; p < 0.001). After 3
days of storage, the average 2,3-DPG level
was 6.0 mmol/g Hb (4.2-7.9). At 21 days
after blood donation 2,3-DPG levels were
depleted. Hemoglobin levels remained
constant from beginning until the end of
the experiment (19.2 mg/dl (18.9-19.5) on
day 3 and 18.9 mg/dl (18.4-19.5) on day
35, (p > 0.8).
G6PD activity
During storage, G6PD activity decreased
(Figure 2B). MFI after 3 days of storage
was 27.8±8.8 which gradually decreased
to 18.0±8.3 after 42 days storage. After 35
days of storage the MFI was significantly
lower as compared to 3 days of storage (p
< 0.05). In control samples that had been
incubated in the absence of glucose, MFI
was 5.4±0.9 and did not change significantly
during the course of the experiment. At 42
days, MFI was 6.3±2.4 for the control.

Discussion
In the present study we determined G6PD activity as MFI per individual erythrocyte after
cytofluorometry of RBC samples that had been stored for 42 days. Our mayor finding is that
G6PD activity decreases during storage of leukoreduced RBCs in SAGM. Fluorescence in
RBCs due to G6PD activity is dependent on the amount of oxyhemoglobin per RBC and could
thus be either explained by a decrease in hemoglobin content of the erythrocyte, a change
in the structure of hemoglobin which prevents production of a fluorescent product after
interaction with cyanide, or by decreased output of the PPP and thus decreased capacity
of the RBC to reduce methemoglobin to oxyhemoglobin. The changes in electrolyte and
hemoglobin content in our samples are comparable to those reported in other studies on
stored leukoreduced RBC products.10,11,16 Hemoglobin content in our study did not change
significantly which makes it unlikely that a decrease in erythrocyte hemoglobin content
explains the decrease in fluorescence.10,17
Our data is in line with previous studies in which products of the PPP as measured by
chromatography were decreased in favor of the purine salvage pathway11 and one study that
measured G6PD activity by spectrophotometric analysis.10 However, our data is in contrast
with that of other studies that investigated G6PD activity with spectrophotometry.8,9
Spectrophotometric determination of G6PD activity is based on conversion of NADP
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into NADPH in hemolysates. However, it is known from studies of heterozygous G6PDdeficient females that this procedure can mask decreased G6PD activity.7,18,19 These females
carry a population of G6PD-sufficient and G6PD-deficient RBCs owing to lyonization of
x-chromosomal-inherited G6PD deficiency.7 We hypothesize that the same mechanism,
the heterogeneity in the G6PD activity on a per-red cell basis, has disguised the decrease
in G6PD function in the study that found normal G6PD function in stored RBCs.8 Why
spectrophotometric determination of G6PD activity during storage has resulted in conflicting
results has not yet been elucidated. Differences may be related to storage-related procedures
as for example storage medium (none, SAGM, PAGGGM, AS-1, AS-3, AS-5, AS-7), method of
blood collection (apherese or whole blood donation), leukoreduction, procedure-related
differences, or other factors.20
In most studies the method of preparation and storage has been described. One study that
detected reduced G6PD activity with spectrophotometry, made use of RBCs collected in
citrate-phosphate-dextrose (CPD). No additive solution was used during storage which may
have influenced enzyme activity. Another study investigated transfusion products that, as
in this study, were stored in CPD-SAGM. In this study decreased G6PD activity could be
detected with spectrophotometry.10 This is in contrast with an investigation that used RBCs
stored in AS-1, AS-3 or AS-5. Here, no decrease in G6PD activity could be detected with
spectrophotometry.8
Studies that used metabolomics to investigate energy metabolism show more consistent
results. In these studies PPP-metabolites decreased in SAGM,11,21 AS-3,22 AS-523 and AS7.24 This is in line with our hypothesis that spectrophotometry is a unreliable technique to
investigate G6PD-activity.
The cytofluorometric assay determines G6PD activity per individual erythrocyte and can
thus reliably identify decreased G6PD activity. One should bear in mind that both the
cytofluorometric assay as well as spectrophotometric determination of G6PD activity rely
on incubations at 37° C which is higher than storage temperature of 4° C. Ideally, its function
should be measured at storage temperature as temperature affects enzyme activity.25
However, as far as we know, no techniques are available to determine G6PD activity at
low temperatures. A second restriction of the cytofluorometric assay is that the decrease
in MFI cannot be translated directly to a decreased in G6PD activity. Future studies that
relate the decrease in MFI to, for example, capacity of G6PD activity (Vmax), per individual
erythrocyte, the amount of G6PD protein per cell or concentration of metabolites of the
PPP, might establish whether there is a direct relation of MFI and G6PD activity. Despite
these limitations, we recommend that future studies on G6PD activity in stored blood are
performed using the cytofluorometric assay, as it reflects G6PD activity in individual cells as
opposed to activity in hemolysates.
Various studies have investigated GSH and oxidized glutathione (GSSG) levels in stored RBCs
and found that GSH decreases progressively during storage4-6 with a concomitant increase
in GSSG levels. Reduction in GSH levels is associated with oxidation of RBC proteins and
lipids. It has been shown that oxidation can be prevented by GSH loading of RBCs during
storage4 and it has been hypothesized that supplementation of anti-oxidants can prevent
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storage lesion.26 We show that the machinery of ROS protection in the erythrocyte is already
impaired at its origin: G6PD as key-enzyme of the pentose phosphate pathway. This could
reflect both deterioration of enzyme quality as well as the metabolic changes the erythrocyte
suffers during storage. Optimizing G6PD activity by improving storage conditions may thus
minimize the “storage lesion” and improve RBC product quality.
In conclusion, G6PD activity decreases during RBC storage when measured in individual
erythrocytes with a novel cytofluorometric approach.. As G6PD plays a key role in prevention
of oxidative stress, our results may indicate a new target to improve storage conditions of
RBCs and subsequently improve the quality of transfusion products.
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Summary
BACKGROUND: Transfusion-related acute lung injury (TRALI) is the leading cause of
transfusion related mortality. Pre-clinical studies have shown that aged red blood cells (RBCs)
can induce TRALI in the presence of a “first hit” (e.g. sepsis). Clinical studies, however, show
conflicting results on this matter. We tested whether maximally stored RBCs are able to
induce lung injury in the presence of a “first hit” in humans (Dutch Trial Register - NTR4455).
STUDY DESIGN AND METHODS: We performed an open-label randomized controlled trial.
Eighteen healthy male volunteers donated one unit of autologous RBCs 2 or 35 days before
the experiment. The experiment was started by infusion of 2 ng/kg lipopolysaccharide
(“first hit”). After two hours volunteers received either normal saline (n=6), 2 days stored
transfusion (n=6) or 35 days stored transfusion (n=6) (“second hit”). Blood was sampled
hourly and six hours after transfusion spirometry, diffusion capacity of the lung for carbon
monoxide, chest X-ray and broncho-alveolar lavage was performed.
RESULTS: All volunteers fulfilled sepsis criteria after lipopolysaccharide injection. The stored
blood transfusion did not result in significant changes in either hemodynamic or respiratory
parameters compared to the control groups. Furthermore, chest X-rays, lung function and
P/F ratios did not differ between groups. Transfusion of stored autologous RBCs did not
result in increased level of protein in the lungs or neutrophil influx.
CONCLUSION: Transfusion of 35 days stored autologous RBCs in the presence of endotoxemia
does not result in lung injury in humans.
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Introduction
Transfusion-related acute lung injury (TRALI) is a syndrome of respiratory distress caused by
transfusion of blood products.1 TRALI is a major cause of transfusion-related mortality. In the
absence of biomarkers, TRALI is defined according to the TRALI conference and US National
Heart, Lung and Blood Institute definition as onset of acute lung injury within 6 hours after
blood transfusion without an additional risk factor for acute lung injury (Supplementary
Table 1).1-3 Patients suffering from TRALI develop symptoms of dyspnea, fever, hypotension
and sometimes hypertension, hypoxia, transient leukopenia, thrombopenia and bilateral
infiltrates on chest X-ray. TRALI incidence varies between 0.08-15.1% per patient transfused
and 0.01-1.12% per product transfused.4 Critically ill patients have an increased risk
for developing TRALI after blood transfusion.5 The high incidence of TRALI in critically ill
patients can be explained in light of the “two-hit hypothesis”: a “first hit” is an underlying
inflammatory condition of the patient and causes priming of the pulmonary neutrophil.
Amongst others, sepsis, emergency cardiac surgery, mechanical ventilation, liver surgery and
shock have been identified as risk factors for a “first hit”.4,6 The “second hit”, transfusion of a
blood product, causes activation of the neutrophils in the pulmonary compartment resulting
in TRALI. Donor antibodies directed against the recipient’s human leucocyte antigens
(HLA) or human neutrophil alloantigen (HNA) can induce TRALI. However, antibodies are
not involved in all cases fulfilling the clinical definition and recipients of a product, which
contains cognate antibodies do not always develop TRALI.7-9 This resulted in the hypothesis
of non-antibody mediated TRALI. The causative mechanism in non-antibody mediated TRALI
has not yet been identified but increased storage time of cell containing blood products
has been hypothesized to induce TRALI10. Several animal studies have demonstrated that
maximally stored red blood cells (RBCs) can function as “second hit” and induce TRALI.10-14
Observational clinical studies on the other hand report conflicting data on this matter.10,15-17
The use of allogeneic blood products in these studies hampers investigation of the isolated
effect of storage time on lung injury. Furthermore the patient populations are heterogeneous
which makes it difficult to attribute the role of the “first hit” in the onset of observed lung
injury. Randomized studies that investigated the effect of stored RBCs compared to fresh
RBCs showed no negative impact of stored RBCs on inflammation or lung injury. However
these studies were either performed in healthy volunteers in the absence of a “first hit”,18-20
or they compared standard issued transfusion products with fresh products.21-24 To test the
hypothesis that transfusion of maximally stored RBCs is able to induce lung injury in the
presence of a “first hit” in humans we performed an open-label randomized controlled study
of maximally stored autologous RBC transfusion versus fresh autologous RBC transfusion in
healthy volunteers primed with lipopolysaccharide.
Methods
All procedures have been reviewed and approved by the Academic Medical Center Medical
Ethical Committee and are according to the Declaration of Helsinki including Good Clinical
Practice. The study has been registered at the Dutch Trial Register (NTR4455). All enrolled
volunteers provided written informed consent before enrollment.
Inclusion of Volunteers
We recruited 18 healthy male volunteers from 18 – 35 years old. Volunteers were screened
at our hospital and had normal medical history, physical examination, blood and urine
testing, spirometry and diffusing capacity of the lungs for carbon monoxide (DLCO),
electrocardiogram (ECG) and chest X-ray. Supplementary Table 2 describes our in- and
exclusion criteria. Participants were not allowed to participate in another intervention trial
during the course of our study.
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Screening

Medical history, blood and urine test, ECG
spirometry/DLCO, chest X-ray

Randomisation

Saline 2 days
(n = 3)

Saline 35 days
(n = 3)

RBCs 2 days
(n = 6)

RBCs 35 days
(n = 6)

Blood donation

8

Experiment

T=0

LPS 2 ng/kg i.v.

3 months
follow-up

T=2

RBC or Saline infusion

T=8

Spirometry/DLCO,
Chest X-Ray, BAL

Figure 1: Flow chart of
study protocol. RBCs:
Red blood cells; LPS:
lipopolysaccharide;
DLCO:
diffusion
capacity of the lungs
for carbon monooxide; BAL: broncheoalveolar lavage.

Preparation of Transfusion Products
After enrolment participants were randomly allocated to one of three groups (n = 6 per
group) to autologous transfusion with one unit of two days stored RBCs (2D RBCs group)
or autologous transfusion with one unit of 35 days stored RBCs (35D RBCs group; Figure
1), or a control group receiving a similar volume of NaCl 0.9% (Saline group). All volunteers
donated one unit of whole blood, either 2 days or 35 days prior to the experiment. This
was processed into plasma, buffy coat and leukoreduced RBC concentrate stored in saline,
adenine, glucose and mannitol (SAGM) according to Dutch Blood Bank standards. Half of
the Saline group donated 2 days before the experiment, the other half 35 days to eliminate
any changes induced by the longer waiting period. To monitor product quality we sampled
each transfusion product during storage and prior to transfusion. Cell supernatants were
obtained by centrifugation of the RBC samples for 10 minutes at 1200g, after which
the supernatant was collected and centrifuged a second time for 5 minutes at 12,000g.
Hemolysis was measured by measuring free hemoglobin (Hb) absorbance at 415 nm and
expressed as a percentage of total Hb after correction for hematocrit. RBC extracts were
prepared to measure ATP levels as described earlier25 and cell slides were inspected with
microscopy to inspect RBC shape during storage. On the day of the experiment 25 ml RBCs
was labelled with biotin according to previously published protocols to investigate clearance
of RBCs in the presence of inflammation which was part of sub-study (data not shown).26
Samples were drawn from the RBCs with a sample pouch (connected via sterile docking
system) and cultured with BacTAlert® one day before transfusion.
Blinding
It was impossible to blind volunteers for group allocation as they had to donate one unit
of blood either 2 days or 35 days before the experiment. According to the Good Clinical
Practice research code, it was not possible to blind for saline or RBC transfusion. We thus
performed an open-label randomized trial.
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Two-Hit Model
Experiments took place at the research unit of the intensive care department. The antecubical
vein was canulated by the research physician to administer 1 liter of NaCl 0.9% prehydration
one hour before start of the experiment. The radial artery was canulated with an arterial line.
Recordings of continuous three lead ECG, pulse oximetry, respiratory rate (patient monitor,
Philips, The Netherlands) and invasive arterial blood pressure (Edwards Life Sciences, The
Netherlands) were automatically recorded in Metavision Suite (Itémedical, The Netherlands)
from prehydration until 8 hours after LPS administration. Body temperature was measured
every half hour by infrared tympanic thermometer (Genius II, Sherwood Medical, United
Kingdom). The experiment was started by infusion of 2 nanogram Eschericia coli LPS / kg
body weight i.v. in 1 min (National Institutes of Health Clinical Center, Bethesda, United
States of America) and a flush of 10 ml of normal saline (T=0). Two hours after infusion of
LPS the participants received either 2 days stored RBCs, 35 days stored RBCs or an equal
volume NaCl 0.9% (T=2). The RBCs were transfused over a 1 hour time frame.
Sample Collection and Analysis
During the experiment we recorded self-reported symptoms (photophobia, nausea,
headache, shivering, and muscle pain) on a five point Likert scale. Arterial blood was collected
every hour and prior to administration of LPS and transfusion. Blood gas parameters were
analyzed unadjusted for temperature while breathing room air with a RapidLab 1265
(Siemens, Germany) in lithium heparin anticoagulated blood, and used to calculate P/Fratios. Six hours (T=8) after start of transfusion the spirometry and chest X-ray were repeated
which was followed by broncho-alveolar lavage (BAL). Bronchoscopy was performed with
flexible bronchoscopes (Olympus, Japan) after local anesthesia with lidocaine 1% and
xylocaine 1%. The lavage was performed with 160 ml of NaCl 0.9% (Fresenius Kabi, The
Netherlands) by an experienced pulmonologist according to Dutch guidelines (NVALT
guidelines, 2004). Potassium ethylenediaminetetraacetic acid (EDTA) anticoagulated blood
was used for leukocyte counts by our routine hospital laboratory, and used for cross matching
as additional safety procedure. Cell counts of BAL-fluid (BALF) were done on cytospin slides
stained with a modified Giemsa stain. Remaining BALF and blood was centrifuged for 10 min
at 3000 rpm at 4 degrees after which the supernatant was stored at -80 degrees Celsius until
further analysis. After completion of the study, BALF protein concentrations were measured
by Bradford Analysis (OZ Biosciences, France). Interleukin (IL) -6 and IL-8 were measured in
plasma with ELISA (R&D Systems, United States of America).
Statistical Analysis
Data was tested for normality and expressed as mean ± SD. At each time point group means
were compared with ANOVA. The difference between time-points within the groups were
analyzed using ANOVA repeated measurements. A p-value less than 0.05 was considered
statistically significant. Statistical analyses have been performed in R version 3.1.2 (R-core
team, Austria, 2014).
Results
We screened 22 volunteers of whom 18 were eligible for inclusion. Four were excluded
because they had liver function test abnormalities or could not be contacted by phone
or e-mail after screening. The included 18 volunteers were randomized into one of three
experimental groups. The baseline characteristics of each group are presented in Table 1. All
volunteers completed the entire study protocol.
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Saline
2D RBCs
35D RBCs
Age (year)
22 (19-24)
22 (19-28)
24 (18-33)
Height (cm)
1.85 (1.73-1.92)
1.78 (1.66-1.88)
1.82 (1.79-1.85)
Weight (kg)
81 (71-96)
70 (63-79)
78 (67-97)
24 (20.9-32.1)
22 (19.7-24.4)
24 (19.6-29.1)
BMI (kg/m2)
HR (beats/min)
68 (55-84)
68 (51-94)
65 (53-88)
MAP (mmHg)
93 (82.7 – 102)
94 (87.67 – 109.67)
90 (80.7-98)
Hb (mmol/l)
9.5 (9.1-10.2)
9.5 (9.0-10.5)
9.9 (8.7-10.8)
Leukocytes (*10^9 / l)
5.8 (3.8-7.1)
4.4 (4.4-6.8)
5.7 (4.5-6.9)
FVC
6.2 (4.6-6.9)
5.4 (4.4-6.8)
5.9 (5.2-6.5)
DLCO (%)
11.97 (10.50-14.10)
11.52 (9.00-13.00)
12.65 (11.90-13.40)
Table 1: Baseline data of included volunteers. Presented parameters were measured during the
screening visit. The data are presented as mean with minimum and maximum values between
brackets. BMI, body mass index; FVC, forced vital capacity; Hb, hemoglobin; HR, heart rate; MAP,
mean arterial blood pressure; DLCO, Diffusion Capacity of the Lung for Carbon Monoxide.
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Transfusion products
None of the stored autologous transfusions had a positive bacterial culture after 35 days
of storage and all transfusion products had a storage lesion comparable to Dutch Blood
Bank quality standards. In the 35 days stored products we measured 0.22±0.08% hemolysis,
3.69±0.26 mmol/g Hb intracellular ATP and 43±21.1% echinocytes. In two products we
found >70% echinocytes which is still in the range of normal variations.
“First Hit”
At T=0 the experiment was started by infusion of 2 ng/kg LPS. All volunteers reacted as
anticipated to the endotoxin infusion. Approximately 1.5 hours after infusion of LPS they
developed symptoms of headache, muscle pain, photophobia and nausea accompanied
by changing hemodynamic and respiratory parameters. The effect of LPS on clinical and
laboratory parameters was most prominent approximately 4 hours after infusion (Figure
2). Plasma cytokines followed a biphasic pattern after infusion of LPS and reached highest
values 2 hours after infusion of LPS (Supplementary Figure 1). Approximately 6 hours after
infusion most parameters returned to baseline (Figure 2 and Figure 3).
Before transfusion (T=2)
Saline
2D RBCs
35D RBCs
p
MAP (mmHg)
93 (14)
92 (19)
90 (11)
0.9
Heart rate (beats / min)
75 (14)
83 (14)
84 (16)
0.5
Respiratory rate (breath / min)
15 (5)
19 (5)
17 (4)
0.5
Oxygen saturation (%)
100 (0)
100 (0)
100 (1)
0.3
Temperature (°C)
37.3 (0.5)
37.6 (0.6)
38.1 (1.0)
0.2
Lactate (mmol / l)
1.3 (0.6)
1.5 (0.6)
1.4 (0.6)
0.7
pO2 (kPa)
15.4 (4.3)
13.8 (0.8)
13.5 (1.8)
0.5
pCO2 (kPa)
4.8 (0.5)
4.8 (0.4)
4.7 (0.4)
1.0
P/F-ratio (mmHg)
549 (153)
492 (29)
484 (63)
0.5
Table 2a: Hemodynamic and respiratory parameters. The table shows parameters 2 hours after LPS
infusion and prior to transfusion. Data is presented as mean (SD). P-values are calculated with ANOVA.
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Maximal change after transfusion
Saline
2D RBCs
35D RBCs
p
MAP (mmHg)
-19 (9)
-18 (14)
-17 (5)
0.9
Heart rate (beats / min)
22 (14)
19 (10)
20 (10)
0.9
Respiratory rate (breath / min)
8 (5)
5 (6)
8 (4)
0.5
Oxygen saturation (%)
-2 (1)
-3 (1)
-2 (2)
1.0
Temperature (°C)
1.3 (0.4)
0.7 (0.2)
0.8 (0.5)
0.1
Lactate (mmol / l)
0.3 (0.3)
0.1 (0.1)
0.4 (0.4)
0.2
pO2 (kPa)
-1.2 (1.4)
-2.0 (1.3)
-2.0 (2.3)
0.7
pCO2 (kPa)
-0.5 (0.3)
-0.8 (0.6)
-0.4 (0.3)
0.3
P/F-ratio (mmHg)
-57 (55)
-66 (26)
-85 (59)
0.3
Table 2b: Hemodynamic and respiratory parameters. The table illustrates the maximal change in
each group after transfusion. Data is presented as mean (SD). P-values are calculated with ANOVA.

All the volunteers met sepsis criteria as their pulse rate increased above 90 beats/min,
temperature increased above 38°C, respiratory rate increased to 20 breaths/min and there
was a presence of a (controlled) infection.
“Second Hit”
Two hours after infusion of LPS (T=2) volunteers received either normal saline, 2 days RBCs
or 35 days RBCs as the “second hit”.
We found no differences in hemodynamic or respiratory parameters between the three
groups before infusion (Table 2). After infusion of the experimental product, hemodynamic
and respiratory parameters were comparable between the 35D stored RBCs and control
groups (Figure 2). The volunteers demonstrated increased work of breathing as their
respiratory rate rose and oxygen saturation decreased. This was accompanied by a pO2,
pCO2 and P/F-ratio decrease. However, transfusion of 35 days stored RBCs did not result in
any significant changes in hemodynamic or respiratory parameters compared to the other
groups (Figure 2; Table 2). Cytokine levels in plasma remained comparable between the
three groups during the experiment (Supplementary Figure 1).
Six hours after transfusion, none of the volunteers met TRALI criteria (Supplementary Table
1). Chest X-rays remained normal, as did lung function measured by standard spirometry
and carbon monoxide diffusion capacity of the lungs. P/F-ratios did not decrease below 300
mmHg and did not differ between groups (Figure 1; Table 2).
Bronchoscopy showed no abnormalities and the broncho-alveolar lavages were performed
without any difficulties. Transfusion of 35 day stored autologous RBC did not result in an
increased level of protein or neutrophil count in the BAL-fluid. Mean protein content was
124.86±27.48, 111.92±39.97, 119.45±37.34 µg/ml for the saline group, 2D RBCs group and
35D RBCs group respectively (p>0.8). The Saline group expressed 3.0±2.5% neutrophils in
the BAL-fluid whereas we found 1.5±1.6% and 2.9±2.2% neutrophils in the 2D RBCs group
and 35D RBCs group respectively (p>0.4).
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Figure 2: Changes in blood gas, leukocyte counts, temperature, hemodynamic and respiratory
parameters during course of the experiment. The light grey area represents the time period between
LPS infusion and infusion of either RBCs or Saline. The dark grey are represents the time after infusion
of RBCs or Saline. MAP: mean arterial pressure; N.S.: not significant, *: p < 0.05, **: p < 0.01, ***:
p < 0.001, ****: p < 0.0001. The figure depicts all significant changes from baseline. The highest
significance level is provided.

Discussion
In our study we investigated the effect of stored red blood cells versus freshly donated red
blood cells on lung function in endotoxin primed healthy volunteers. The main findings
of this study are: 1) Transfusion of maximally stored leukoreduced RBCs stored in SAGM
does not result in (mild) TRALI in endotoxin pre-treated human volunteers; 2) Transfusion
of 35 days stored RBCs has no impact on diffusion capacity of the lungs in the presence of
endotoxin; 3) Transfusion of 35 days stored RBCs has no effect on inflammatory parameters
in plasma or the pulmonary compartment.
The finding that transfusion of maximally stored RBCs in the presence of a “first hit” does
not result in lung injury is unexpected compared to previous study results. In animal models,
aged RBCs have clearly been related to TRALI and several clinical studies also found a
relation between TRALI and aged blood products.10 There are several factors that might
explain why our results differ from earlier animal models and observational studies. Several
pre-clinical studies investigated the effect of stored human products on the onset of TRALI
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FVC (l)
FVC (%)
VCmax (l)
VCmax (%)
FEV1 (l)
FEV1 (%)
DLCO (mmol/min/kPa)
DLCO (%)

Saline
6.3 (0.9)
111 (12)
6.3 (0.9)
106 (12)
5.4 (0.8)
113 (15)
12.0 (1.4)
94 (8)

Before transfusion
2D RBCs
35D RBCs
5.4 (0.9)
5.9 (0.5)
103 (10)
108 (10)
5.4 (0.9)
5.9 (0.5)
90 (9)
103 (10)
4.7 (0.8)
4.9 (0.6)
106 (12)
106 (11)
11.5 (1.4)
12.7 (0.6)
95 (10)
102 (4)
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p
0.2
0.4
0.2
0.4
0.3
0.6
0.2
0.2

After transfusion
Saline
2D RBCs
35D RBCs
p
p change
FVC (l)
6.2 (0.7)
5.5 (0.9)
5.8 (0.6)
0.2
0.4
FVC (%)
110 (10)
103 (9)
106 (11)
0.4
0.4
VCmax (l)
6.2 (0.7)
5.5 (0.9)
5.8 (0.6)
0.2
0.4
VCmax (%)
105 (9)
99 (9)
102 (10)
0.5
0.5
FEV1 (l)
5.3 (0.7)
4.7 (0.8)
4.8 (0.5)
0.3
0.4
FEV1 (%)
112 (12)
106 (11)
104 (10)
0.4
0.5
DLCO (mmol/min/kPa)
10.9 (2.0)
11.1 (1.4)
11.7 (0.8)
0.6
0.4
DLCO (%)
85 (14)
92 (9)
94 (7)
0.4
0.4
Table 3: Results of spirometry and DLCO before and at 6 hours after start transfusion. Data is
presented as mean (SD) and as mean percentage of predicted (SD). P values represent the difference
in means between groups before and 6 hours after start of transfusion. The last column represents the
significance levels of the change in pulmonary function at the study day compared to the screening.
P values are calculated by ANOVA. DLCO: diffusion capacity of the lungs for carbon monoxide; FVC:
forced vital capacity; FEV1: forced expiratory volume in 1 second; VCmax: maximal vital capacity.

in animals.13,27-29 These models report a clear relation between storage and TRALI but suffer
from inter-species confounding.10,13,27,28,30 One rat model used stored rat blood products to
investigate the effect of species specific blood product aging.11,12 These animals developed
mild lung injury when they were transfused with aged allogeneic RBCs products. This study
eliminated the inter-species confounding, however, it is known that rat blood products
deteriorates earlier compared to human products.31 From this perspective the observed
lung injury may not be comparable with the human setting. In humans, one prospective
study found increased TRALI incidence in patients who received aged RBCs32 whereas
three prospective and two retrospective studies found no relation.5,15-17 Most of these
studies suffer from confounding factors as patients received both old and fresh transfusion
products, standard transfusion practice uses allogeneic transfusion products which preclude
investigation of storage time, and the studies populations reflected a heterogeneous patient
group. In our study we were able to control for these confounders as we used an autologous
transfusion model and produced a standardized “first hit”. Infusion of autologous RBCs
limited the comparability to clinical practice, but allowed us to investigate the isolated effect
of storage time on the onset of lung injury, in the absence of allogeneic transfusion factors.
Our results are in line with the recently published Age of Blood Evaluation (ABLE) trial
that investigated whether fresh allogeneic RBCs (stored < 8 ± 4.9 days, n = 1211) would
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reduce adverse effect compared to standard stored allogeneic RBCs blood (mean storage
time 22 ± 8.4 days, n = 1219) in critically ill patients. This study did not show that fresh
RBCs are superior to stored RBCs on organ failure (e.g. ARDS), 90 day survival, incidence
of major illnesses, duration of respiratory, hemodynamic or renal support, length of stay
in the hospital or transfusion reactions. However, this study and two smaller studies, did
not compare maximally stored RBCs to standard stored RBCs 22-24. Our study is able to shed
some light on this research question. In a controlled setting we showed that transfusion
of maximally stored RBC does not result in lung injury nor in systemic inflammation in
endotoxin pre-treated human volunteers.

8

Regardless of storage time, transfusion itself is known to have a negative impact on survival
in critically ill patients 23. Subsequent research should be aimed at identifying the mechanism
behind transfusion induced morbidity and mortality. Our data does not suggest that
preparation or storage of erythrocytes outside the human body has any effect on lung injury
or systemic inflammation, even though alterations were present in the product which are
thought of as storage lesion. We suggest that future efforts should be directed at allogeneic
effects of RBC transfusion
Our study has some limitations. Although the volunteers fulfilled the sepsis criteria after LPS
infusion, one could argue that a higher dose of LPS would have been able to induce TRALI.
However, the ABLE trial and ABLE pilot trial 33 investigated critically ill patients who do have
a more severe “first hit” but found no role for fresh RBCs compared to standard stored RBCs
on organ failure or survival. Furthermore a dose of 2ng/Kg LPS E.Coli has been shown to
result in appropriate priming of the neutrophils 34 which has been shown to be a sufficient
“first hit” in pre-clinical studies for the onset of TRALI 27,35.
Our model also does not answer the question whether multiple transfusions of maximum
storage time would have induced TRALI. However, most animal models used only one
transfusion product to induce TRALI 11,12 and nowadays many critically ill patients only
receive one or two RBCs transfusion during their intensive care stay 24. Furthermore in
recent studies median storage time of blood products issued in standard care was 22-26
days 22,24,33,36. From this perspective it is therefore unlikely that patients receive multiple
maximally stored RBCs. It could be hypothesized that in clinical practice the combination of
allogeneic factors and storage functions as an increased “second hit”. Trials that investigate
the maximum range of allogeneic transfusion products could answer this question.
In light of above findings and the limitation of previous pre-clinical and clinical studies
on TRALI our data suggest that storage time of RBCs is not related to clinical symptoms
of human TRALI. Future investigations will have to focus on the effect of allogeneic RBC
transfusion and the role of multiple transfusions.
Conclusions
Transfusion of maximally stored autologous RBCs does not result in lung injury in endotoxin
pre-treated human volunteers. Our data suggest that TRALI is not dependent on storage
time of RBC transfusion products. Future research on TRALI will have to focus on other
factors in blood products that mediate non-antibody mediated TRALI.
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Supplemental information
Supplementary Table 1. Definition transfusion-related acute lung injury (TRALI) according to the
TRALI conference and us national heart, lung and blood institute definition.1-3
Suspected TRALI
Acute onset within 6 hours of blood transfusion
PaO2 /FI O2 <300 mm Hg, or worsening of P to F ratio
Bilateral infiltrative changes on chest radiograph
No sign of hydrostatic pulmonary edema (pulmonary arterial occlusion pressure ≤18 mm Hg or
central venous pressure ≤15 mm Hg)
No other risk factor for acute lung injury
Possible TRALI
Same as for suspected TRALI, but another risk factor present for acute lung injury
Supplementary Table 2. In- and exclusion criteria.
Inclusion criteria
1.
Male
2.
Age 18 – 35 year
Exclusion criteria
1.
No informed consent
2.
Any abnormal test result during the screening prior to inclusion (medical history, physical
examination, ECG, blood and urine examination, spirometry, chest x-ray).
3.
History of drugs abuse
4.
Any present medication use on prescription
5.
Smoking < 6 months
6.
History of blood donation < 3 months
7.
Previously transfused
8.
Participation in any other medical study < 3 months
9.
Participation in previous volunteer studies using LPS
Supplementary Fig. 1. Changes in cytokine profile in plasma. The light grey area represents the time
period between LPS infusion and infusion of either RBCs or Saline. The dark grey are represents the
time after infusion of RBCs or Saline. IL: interleukin; N.S.: not significant, *: p < 0.05, **: p < 0.01,
***: p < 0.001, ****: p < 0.0001. The figure depicts all significant changes from baseline. The highest
significance level is provided.
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Summary
BACKGROUND: Transfusion of a single unit of stored red blood cells (RBCs) has been
hypothesized to induce supra-physiological levels of non-transferrin bound iron (NTBI)
which may enhance inflammation and act as nutrient for bacteria. We investigated the
relation between RBC storage time and iron levels in a clinically relevant “two hit” human
transfusion model.
STUDY DESIGN AND METHODS: Eighteen healthy male volunteers (aged 18-35) were infused
with 2 ng lipopolysaccharide (LPS)/kg to induce systemic inflammatory response syndrome.
Two hours later the subjects received either a unit of 2 days stored autologous RBCs, 35 days
stored autologous RBCs or an equal volume of saline. Every two hours up to 8 hours after
LPS infusion, hemoglobin, hemolysis parameters and iron parameters including NTBI were
measured.
RESULTS: Transfusion of both 2D and 35D stored RBCs caused an increase in hemoglobin,
plasma iron and transferrin saturation whereas levels remained stable in the saline group.
Transfusion of 35D stored RBCs did not result in hemolysis nor did it lead to increased
levels of NTBI compared to 2D stored RBCs or saline. LPS induced an increase in ferritin,
haptoglobin, bilirubin and lactate dehydrogenase which was similar in all three groups.
CONCLUSION: We conclude that 35 days stored autologous RBCs do not cause hemolysis or
increased levels NTBI during human endotoxemia.
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Introduction
Red blood cell (RBCs) transfusions are a frequently administered therapy for increasing
oxygen delivery capacity to improve tissue oxygenation. Although blood transfusion can
be lifesaving, it also can result in serious adverse events leading to increased morbidity
and mortality, especially in critically ill patients.1,2 Several randomized trials suggest that a
restrictive transfusion policy results in a better outcome than a liberal transfusion policy.3,4
Storage of RBCs, which results in the RBC “storage lesion”, including reduced cellular levels
of 2,3-diphosphoglycerate, adenosine triphosphate and nitric oxide, free iron, and increased
oxidation of cellular lipids and proteins,5 has been implicated in transfusion induced adverse
events. Storage of RBCs for transfusion has also been linked to increased clearance of
transfused RBCs. In some studies more than half of infused stored RBCs are removed from
the circulation within the first 24 hours after transfusion.6-10
It has been hypothesized that the combination of increased levels of free iron in transfusion
products, and release of iron by clearance of infused RBCs exceeds the transport capacity
of plasma transferrin, the physiologic iron-binding protein. This can result in supraphysiological levels of non-transferrin bound iron in plasma, which can increase growth of
bacteria in vitro as free iron is an essential nutrient for bacteria.11,12 It might also be able to
activate inflammatory pathways in a hypothetical model in which superoxide production by
macrophages, exposed to high iron concentrations, activate assembly of the inflammasome
complex and activation of NFkB.13
In animal models, transfusion of stored RBCs have indeed resulted in increased NTBI,
associated with enhancement of bacterial growth and of underlying inflammation.11,12,14,15
However, in other animal studies12 and healthy volunteers, transfusion of stored RBCs had
no pro-inflammatory effect.11. This might be explained by the absence of inflammation as
inflammation has been hypothesized to synergize with the detrimental effects of stored
transfusion products. In this study, aged transfusion products only induced complications in
animals suffering from an underlying inflammatory condition.16 We therefore investigated
whether hemolysis and increased NTBI were present after transfusion of stored RBCs and
whether these are related to inflammation in a human model of endotoxemia.
Material and methods
All procedures have been approved by the Medical Ethical Committee of the Academic
Medical Center and adhere to the declaration of Helsinki. This study is a sub study of a larger
study previously described.17 In short, we recruited 18 healthy males from 18 – 35 years. The
experiment was started at T=0 hours by infusion of 2 ng Escherichia coli lipopolysaccharide
(LPS)/kg body weight i.v. (National Institutes of Health Clinical Center, Bethesda, USA). Two
hours after infusion of LPS the subjects received either 2 day stored (2D) autologous RBCs,
35 day stored (35D) autologous RBCs or an equal volume NaCl 0.9% (Saline group, T=2).
We used 35 day stored RBCs as this is the maximum duration of storage allowed in The
Netherlands and several other European countries. The experiment was concluded after all
clinical symptoms had abated 8 hours after infusion of LPS (T=8).
Production of RBC transfusion products
Whole blood (target volume, 500 mL) was collected in bottom-and-top systems with 70 mL
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of CPD as anticoagulant and placed under butane-1,4-diol cooling plates until the following
morning (16-22 h), when they were centrifuged in a centrifuge (RC-12BP, Sorvall, Kendro,
Asheville, NC; 4793 3 g, accumulated centrifugal effect [ACE] 9 3 107) and separated into
a RBC unit, a unit of plasma, and a BC of 50 ± 5 mL with a hematocrit of 42 ± 6 % using
a separator (CompoMat G5, Fresenius, Emmer Compascuum, the Netherlands). Saline,
adenine, glucose and mannitol (SAGM) storage medium (110 mL) was added to the red cell
concentrate and the RBC product was leukoreduced by filtration, with remaining leukocytes
below 1x106/unit. The products were cooled down to below 6°C within 30 h after collection
and then stored in polyvinylchloride-di-ethyl-hexyl-phtalate containers at 2-6°C for 35 days.
Sampling
Heparin anticoagulated blood was collected every two hours and was used to measure
hemoglobin, potassium (RapidLab 1265, Siemens, Germany), total and direct bilirubin,
lactate dehydrogenase (LDH), haptoglobin, plasma iron, transferrin, transferrin saturation
and ferritin (Roche cobas 8000 chemical analyzer, Indianapolis, IN, USA), Six untransfused
RBC products were sampled weekly up to 42 days of storage, centrifuged for 10 min at
4°C, 1500 rcf, after which the supernatant was stored at -80°C. Even though storage time is
limited to 35 days in The Netherlands, we sampled one week extra to increase comparability
of our findings with countries in which storage of transfusion products is allowed up to
42 days. NTBI in supernatant of RBC products and in plasma was measured according to
previously published protocols. See supplemental Data File 1 for additional methods.18

NTBI (µM/l)

9

Statistical Analysis
Statistical analyses have been performed with R version 3.2.3 (R Core Team, 2015, Vienna,
Austria). Data are expressed as mean ± standard deviation (SD). We fitted a linear mixed
model to investigate the relation between RBC storage time and hemoglobin, hemolysis and
iron parameters. P-values were obtained by likelihood ratio tests of the full model against
the model without time and/or intervention. A p<0.05 was considered significant. See
supplemental Data File 1 for details.
Results
20
p < 0.001
As previously reported LPS infusion is
able to induce a systemic inflammation
15
reaction syndrome (SIRS) in healthy
volunteers.17 Concentrations free iron
10
in RBC products were low directly after
blood donation and production (3.26±1.01
5
mM) and increased linearly up to 42
days of storage (13.14±4.94 mM; Figure
0
1A). We fitted a mixed linear model to
0
7
14
21
28
35
42
Storage Time (da ys)
investigate whether the concentration
Figure 1a: Mean non-transferrin bound iron in the of free iron was time-dependent and
supernatant of stored RBCs products. The products
detected a highly significant relation (p <
were stored for 42 days and samples weekly. A
2.2e-16). Transfusion of both 2D and 35D
linear mixed model was used to estimate the timedependency of the increase in iron during storage. stored RBCs increased hemoglobin levels
Bars present confidence intervals. NTBI: non- whereas hemoglobin remained stable in
the saline group (Figure 1B).
transferrin bound iron.
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Figure 1b: Hemolysis and hemoglobin parameters in plasma of healthy volunteers. Volunteers are
primed with endotoxin and transfused with either 2D stored RBCs, 35D stored RBCs or saline as control.
A linear mixed model was used to estimate the time-dependency of the increase in the measured
variable after transfusion in the three intervention groups. Bars present confidence intervals. Time on
the x-axis represents hours. 2 days; 35D: 35 days; RBCs: red blood cells.

Hemolysis parameters in healthy volunteers
At baseline potassium levels were normal in all three groups and during the experiment
levels did not change. LPS caused a small increase in plasma levels of total bilirubin and
direct bilirubin, haptoglobin and LDH. However, these parameters did not differ between
the three intervention groups or in transfusion versus no transfusion (Figure 1B).
Iron parameters in healthy volunteers

Chapter 9
Pre-Transfusion

∆ Ferritin (ng/ml)

80

Post-Transfusion
p < 0.001

60
40

N.S.

20
0
−20
T=0

T=2

Pre-Transfusion

T=4

T=6

∆ Transferrin Saturation (%)

162

T=8

NTBI (µM/l)

p < 0.04

0
−10
T=2

T=4

T=6

T=8
T=8

Post-Transfusion
p < 0.001

100
50
p < 0.02

0
T=0

T=2

T=4

T=6

T=8

Post-Transfusion
p < 0.001

7.5

9

∆ Total Iron (µg/dl)

∆ Transferrin (g/l)

−0.2

Pre-Transfusion

10

150

0.0

10.0

20

T=0

N.S.

T=6

p < 0.001

Pre-Transfusion

0.2

T=4

Post-Transfusion

30

Post-Transfusion
p < 0.001

T=2

Pre-Transfusion

40

T=8

0.4

T=0

50

Intervention
Saline

5.0

N.S.

2.5

2D RBCs
35D RBCs

0.0
−2.5
T=0

T=2

T=4

T=6

T=8

Figure 2: Iron parameters in plasma of healthy volunteers primed with endotoxin and transfused
with either 2D stored RBCs, 35D stored RBCs or saline as control. A linear mixed model was used to
estimate the time-dependency of the increase in the measured variable after transfusion in the three
intervention groups. The figure depicts the increase from baseline for all parameters except NTBI.
Time on the x-axis represents hours. Bars present confidence intervals. 2 days; 35D: 35 days; RBCs: red
blood cells, NTBI: non-transferrin bound iron; NS: non-significant.

At baseline all ferritin and transferrin levels were within normal range. During the course of
the experiment ferritin increased in all three groups which was as we expected, as ferritin
is a known acute phase reactant. Transferrin also showed a small but significant increase
after infusion of LPS. Transfusion of either 35D or 2D RBCs did not produce a significant
increase compared to saline infusion in either ferritin or transferrin (Figure 2). Transfusion
resulted in a significant increase in total plasma iron and transferrin saturation in both the
2D and 35D RBC group but not in the Saline group. However, levels did not differ between
fresh or stored transfusion (p>0.7). We expected that NTBI would increase in plasma of
recipients of the 35D RBC transfusion and that levels would remain stable in the saline and
2D RBC transfusion groups. NTBI concentrations displayed a similar biphasic pattern in all
three groups (Figure 2).
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Discussion
In this study we investigated the hypothesis that prolonged stored RBCs are subject to
hemolysis and induce increased levels of NTBI in the presence of inflammation. We conclude
that: 1) Non-transferrin bound iron increases during storage of RBCs; 2) Lipopolysaccharide
infusion produces increased levels of non-transferrin bound iron, transferrin, total iron, total
iron binding capacity and bilirubin; 3) Infusion of either 2D or 35D stored RBCs transfusion
produces similarly increased levels of hemoglobin, total plasma iron and transferrin
saturation compared to saline; 4) transfusion of 35D stored RBCs does not induce increased
levels of non-transferrin bound iron.
In our model, all volunteers developed typical symptoms of endotoxemia and met the
systemic inflammation reaction syndrome (SIRS) criteria two hours after LPS infusion.19 In
line with earlier LPS studies, LPS also caused a small increase in plasma levels of hemolysis
and iron parameters.20 All transfused RBC products developed expected changes during
storage and NTBI concentration increased linearly.21 However, infusion of the 35D stored
RBCs in our healthy volunteers did not result in an additional increase of plasma NTBI levels
on top of the LPS-induced increment in the human volunteers. This in contrast with earlier
studies in both animals and humans.11,12,14,15,22
There are several explanations that could account for the absence of increased NTBI levels
in our model. First, our endotoxemia model may better reflect the critically ill septic patient
then the previous healthy volunteer studies. Infusion of LPS caused release of NTBI in all
three intervention groups and no increase in NTBI after transfusion of stored RBCs could be
detected. We hypothesize that the LPS-induced inflammation in our model has drowned
out any potential detrimental effect of storage time of RBCs. Our results are in accordance
with a study in critically ill children receiving standard issued RBC transfusion. In this study
in 1 in 5 children significant hemolysis was detected after transfusion of either fresh or
stored products. It was proposed that an interplay of yet unknown donor and patient factors
explained the onset of hemolysis and not storage duration of the transfusion product.23 In
another study in preterm infants, the authors did detect a relation between plasma NTBI
and storage time of the transfusion product but this did not correlate with inflammation.24
Second, we only used one unit of stored RBC in our model. In some of the animal models
at least two units of stored RBCs were needed to induce an increase in NTBI which was
associated with enhancement of bacterial growth and of underlying inflammation.11,12,14,15
However, ethical guidelines prohibit donation of more than one unit full blood within three
months. It is thus impossible to design an autologous transfusion model in which more
than one unit is transfused. On the other hand, our design is in line with clinical practice.
Nowadays many critically ill patients only receive one or two RBCs transfusion during their
intensive care stay 25
Other factors that may have influenced the results are the fact that European production
techniques for manufacturing transfusion products are different from US protocols. Also, the
past years it has become apparent that donor characteristics influence product quality.26,27
It cannot be excluded that we included genetically “good storers”, despite our protocol of
random inclusion and group allocation of healthy volunteers. Smoking, dietary preferences
and even coffee consumption have also been related to transfusion product quality. As
described previously, our volunteers were screened extensively and were not allowed to
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smoke, be overweight or use any medication.17 This could have resulted in a “donor bias”.
Our study is limited by the fact that we did not investigate the effect of RBC storage time
in healthy volunteers who did not receive LPS before transfusion but used previous studies
as historical reference. Furthermore, it can not be excluded that more severe inflammation
as seen in some critically ill patients or patients suffering infection has a more synergistic
effect with NTBI than LPS induced inflammation. However, a recent large RCTs investigated
the influence of storage duration on critically ill patients and found no relation between
mortality and storage time.28 In this study standard issued RBCs were compared with fresh
RBC products as ethical concerns prevented investigation of the full range of storage times.
A major strength of our study is that we were able to compare the in The Netherlands
maximally approved duration of storage with fresh products. With the rising body of
evidence that storage duration is not as harmful as previously thought,29 future studies may
also investigate expansion of the maximum range of storage times.
In conclusion, transfusion of 35D stored RBCs does not result in hemolysis or increased
levels of NTBI compared to 2D stored RBCs in a clinically relevant human volunteer model
of inflammation.
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Chapter 10
Summary.
BACKGROUND: Red blood cell (RBC) transfusion has been related to thrombo-embolic events.
Microparticles in the RBC product may support coagulation because they have procoagulant
effects in vitro. We investigated whether transfusion of RBCs containing microparticles
promotes coagulation in human recipients. As transfusion is mostly administered to ill
patients, we used a model of mild endotoxemia.
STUDY DESIGN AND METHODS: Eighteen healthy volunteers were randomized to receive
either saline, fresh (2 days stored) or stored autologous RBC (35 days stored) transfusion
(Dutch Trial Register: NTR4455). Two hours after infusion of lipopolysaccharide (LPS, from
E.coli, 2 ng/kg bodyweight), subjects received either saline, fresh or stored RBCs. Blood was
sampled every 2 hours up to 8 hours after LPS infusion.
RESULTS: LPS resulted in a mild increase in thrombin generation. During storage, the total
number of microparticles increased from 1.4e+08 (IQR 8.3e+07-1.9e+08) /ml in the fresh
product to 1.7e+10 (IQR 7.9e+09-2.3e+10/ml; p<0.01) in the stored product (p <0.001),
which were mostly. RBC derived. After transfusion, microparticles from stored RBC products,
but not from fresh products, could be detected in the circulation of healthy volunteers.
However, infusion of stored RBC microparticles did not augment thrombin generation
compared to endotoxemic controls. Also, levels of D-dimer and thrombin-antithrombin
complex were unaffected.
CONCLUSION: In conclusion, transfusion of autologous RBCs containing high levels of
microparticles does not enhance coagulation in human volunteers with mild endotoxemia.
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Introduction
Blood transfusion has been related to adverse events, including infections, pulmonary
edema, thrombo-embolic events and acute coronary syndrome, resulting in increased
length of hospital stay and mortality.1-4 Several randomized trials have compared restrictive
transfusion thresholds with liberal transfusion thresholds. These studies suggest that a
restrictive transfusion policy results in a better outcome than a liberal transfusion policy,
which supports the notion that transfusion can result in serious complications.3,4
The pathophysiological mechanisms of the potential harmful effects of transfusion are not
fully understood. Several observational studies have related red blood cell (RBC) transfusion
to increased incidence of venous thrombo-embolism5-7 and stroke.8 Possibly RBC transfusion
activates coagulation in the recipient. This hypothesis is supported by the observation that
RBC transfusion products promote thrombin generation in vitro.9-11 This procoagulant effect
may be mediated by microparticles.
Microparticles, also known as microparticles or ectosomes,12 are phospholipid vesicles
of less than 1mm. They are released by RBCs, platelets, white blood cells or endothelial
cells and are involved in a broad spectrum of biological activities. The hemostatic functions
of microparticles are thought to be mediated by the presence of tissue factor (TF) and
phosphatidylserine (PS) on the surface of the microparticles.13-15
RBC microparticles accumulate during storage of transfusion products and stimulate
thrombin generation in vitro, an effect which is related to storage duration.16,17 Endogenous
circulating RBC-microparticles in patients with sickle cell disease also, at least partially,
explain the procoagulant state characteristic for sickle cell disease.18 It is currently unknown,
however, whether infusion of RBC microparticles from a transfusion product in humans
activates coagulation.
In transfused trauma patients, patients with higher levels of microparticles had increased
in vitro thrombin generation and lower activated partial thromboplastin times, which was
associated with an increased chance of survival compared to patients with lower levels
of circulating microparticles. Unfortunately, this study could not discriminate between
effects from endogenous microparticles or exogenous microparticles from transfused blood
components.19
We therefore investigated whether transfusion of an autologous RBC product containing
microparticles, alters coagulation in human recipients. As transfusion is mostly administered
to sick patients, we used a model of mild endotoxemia to increase clinical relevance. We
hypothesized that transfusion products with high numbers of microparticles would result in
activation of coagulation.
Materials and methods
All studies have been approved by the Academic Medical Center Medical Ethical Committee
and are according to the Declaration of Helsinki including Good Clinical Practice and Good
Manufacturing Practice. All subjects provided written informed consent as part of the
informed consent process before enrolment.
Endotoxemia Model
We recruited 18 healthy male volunteers from 18 – 35 years old for an established model of
low-grade endotoxemia.20 Volunteers were screened at our hospital by our research physician
and had no medical abnormalities. After inclusion, subjects were randomly allocated to one
of three groups to receive either one autologous unit of two days stored red blood cells
(fresh RBCs group; n = 6), autologous transfusion of one unit of 35 days stored RBCs (stored
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RBCs group; n = 6) or NaCl 0.9% infusion as control (endotoxemic control group; n = 6).
Depending on group allocation, the volunteers donated one unit of whole blood, either
2 days or 35 days prior to the experiment at the Dutch Blood Bank Sanquin. This unit was
processed to one unit RBCs according to Sanquin protocols: whole blood (target volume,
500 mL) was collected in bottom-and-top systems with 70 mL of citrate-phosphate-dextrose
and placed on butane-1,4-diol cooling plates until the following morning (16-22 h). The
units where then centrifuged (RC-12BP, Sorvall, Kendro, Asheville, NC; 4793g, accumulated
centrifugal effect 9e+07) and separated into a RBC unit, a unit of plasma, and a buffy coat of
50 ± 5 mL with a hematocrit of 42 ± 6 % using a separator (CompoMat G5, Fresenius, Emmer
Compascuum, the Netherlands). Saline, adenine, glucose and mannitol storage medium
(110 mL) was added to the red cell concentrate and the RBC product was leukoreduced by
filtration, with remaining leukocytes below 1e+06/unit. The products were cooled down to
below 6°C within 30 h after collection and then stored in polyvinylchloride-di-ethyl-hexylphtalate containers at 2-6°C for 2 or 35 days.
Volunteers were infused with 2 nanogram Eschericia coli LPS / kg body weight i.v. in 1 minute
(National Institutes of Health Clinical Center, Bethesda, United States of America) followed
by a flush of 10 ml of normal saline (T=-2). Two hours after infusion of LPS the subjects
received either fresh RBCs, stored RBCs or an equal volume of NaCl 0.9% (T=0), depending
on group allocation.
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Blood samples were collected in two vacutainer tubes with 0.11M Sodium Citrate (Becton,
Dickinson and Company, Franklin Lakes, New Jersey, USA). Samples were collected directly
before infusion of LPS and before infusion of the transfusion product and every two hours
thereafter until 6 hours after transfusion (T=6). A sterile take spike (Codan, Germany) was
inserted into the RBC container to collect 2 ml of RBC product in uncoated vacutainer
tubes (Becton, Dickinson and Company, NJ). Directly after sampling, the three tubes were
centrifuged (1500 g, 10 minutes, 20 °C) and plasma from 1 Sodium Citrate tube was stored
at -80° C until batch analysis of thrombin generation, D-dimer and TAT-c. Plasma from the
other Sodium Citrate tube and the supernatant of the RBC product was collected and again
centrifuged (1550 g, 20 minutes, 20 °C) until batch analysis of microparticle content.
Microparticle enumeration and characterization by flow cytometry
To avoid swarm detection, samples were measured at a maximum event rate of 2000
events/sec.21 This event rate was achieved by dilution of the cell-free supernatants of
fresh and stored RBC units (1-300 fold), and plasma samples (1-120 fold) before labeling.
Thereafter, diluted sample (20 µL) was incubated for 60 minutes with antibodies (2.5 µL)
against CD235a (PE; Dako, Glostrup, Denmark; 50 µg/mL) for erythrocyte-derived EV, CD61
(PE; Becton Dickinson (BD), San Jose, CA; 6.25 µg/mL) for platelet-derived EV, and CD45 (PE;
BD, San Jose, CA; 5 µg/mL) for leukocyte-derived EV. In addition, PS exposure was studied by
labeling EV with lactadherin-FITC (Haematologic Technologies Inc., Essex Junction, VT; 41.5
µg/mL). PS functions as a marker for phagocytosis in many physiological and pathological
processes 22 and is also often exposed on microparticles where it most likely binds coagulation
factors, supporting coagulation.23 As lactadherin binds to PS, PS exposure can be quantified
by measuring the number of lactadherin-binding microparticles. After incubation, PBS
containing 0.32% citrate (200 µL) was added and samples were measured on an A50 Micro
(Apogee, Hemel Hempstead, United Kingdom) for one minute at a flow rate of 4.5 µL/min,
triggered on large angle light scatter (LALS) and small angle light scatter (SALS).
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Coagulation parameters
ELISA was used to measure thrombin-antithrombin complex (TATc; American Diagnostica
GmbH, Pfungstadt, Germany) and Luminex for quantification of D-dimer (eBioscience, San
Diego, CA, USA). Both assays were performed according to the manufacturer’s protocol.
The Calibrated Automated Thrombogram® was used to assess the generation of thrombin
in clotting plasma. We used a microtiter plate reading fluorometer (Fluoroskan Ascent,
ThermoLab systems, Helsinki, Finland) and Thrombinoscope® software (Thrombinoscope BV,
Maastricht, the Netherlands) according to previously published protocols 24,25. Coagulation
was triggered by recalcification in the presence of 5 pM recombinant human tissue factor
(TF) (Innovin®; Siemens Healthcare Diagnostics), 4 μM phospholipids for TF-initiated
thrombin generation or MP-reagent (Thrombinoscope) containing only phospholipids for
microparticle-initiated thrombin generation, and 417 μM fluorogenic substrate Z-Gly-GlyArg-AMC (Bachem, Bubendorf, Switzerland). Fluorescence was monitored to calculate lag
time, thrombin peak, and the endogenous thrombin potential (ETP, equals the area under
the curve) using the Thrombinoscope® software. Data for ETP and peak thrombin were
normalized to pooled normal plasma.
Sample size calculation
We powered our study on data of thrombin generating potential of RBC microparticles. In
this study RBC microparticles from 2 day stored RBCs induced in vitro production of 6.7 nM
thrombin (Standard Deviation 0.29 nM) and microparticles from 35 days stored RBCs 24.01
nM thrombin (Standard Deviation 0.36 nM).17 We reasoned that this effect would be less
outspoken and have increased variability in humans and thus powered our analysis on an
increase in thrombin generation of 25%, with a standard deviation of 15%, an alpha of 0.05
and beta of 0.8. To detect this effect in microparticle-dependent thrombin generation we
needed a sample size of 6 volunteers per group.
Statistical Analysis
Statistical analyses were performed in R version 3.1.2 (R-core team, Vienna, Austria, 2014).
Data were inspected for normality and normal distributed data expressed as mean ± SD.
For non-normal data, the median and interquartile range (IQR) between parenthesis are
provided. Differences between the fresh and stored RBCs were analyzed with Student’s
T-test or Mann Whitney U-test as appropriate. Differences between groups were tested with
Kruskal-Wallis or ANOVA as appropriate. We used R and lme4 package version 1.1-10 (Bates,
Maechler & Bolker, 2015) to perform a linear mixed effects analysis of the relationship
between coagulation parameters or vesicle counts in plasma and time after infusion of LPS.
As fixed effects, we entered the time factor and intervention group into the models. As
random effects, we used intercepts for subjects. Visual inspection of residual plots did not
reveal any obvious deviations from homoscedasticity or normality. P-values were obtained
by likelihood ratio tests of the full model against the model without storage duration in days.
A p < 0.05 was considered to indicate that the measured parameters changed significantly
over time.
Results
Numbers of RBC derived microparticles increase during storage
In the fresh RBC units, the total number of microparticles was 1.4e+08 (IQR 8.3e+07-1.9e+08).
During storage, the total vesicle count increased to 1.7e+10 (IQR 7.9e+09-2.3e+10; p<0.01,
Figure 1). In the fresh product, RBC microparticles accounted for 50% of total vesicle count,
as indicated by a positive CD235a staining. In the stored product, 97% of the microparticles
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Figure 1. Red blood cell transfusion product vesicle
determination. Determination and enumeration of
RBC, leukocyte, platelet and lactadherin-positive
microparticles in the transfusion products. RBCs: red
blood cells; Fresh: 2 days stored RBCs; Stored: 35 days
stored RBCs. **: p<0.01 with Mann-Whitney U. Boxes
represent the inter-quartile range (IQR) with median.
The upper and lower whisker extends to 1.5 * IQR to
1.5 * IQR from the hinge.

were RBC-derived. In the fresh product,
50% of total vesicles consisted of PSexposing vesicles. The proportion of
PS-exposing vesicles decreased to
4.4% of total vesicles in the stored RBC
product, even though the total number
of PS-exposing vesicles increased during
storage (Figure 1, p < 0.005). Both the
fresh and stored RBC products contained
<1% of CD61-positive (platelet-derived)
and CD45-positive (leukocyte-derived)
microparticles (Figure 1).
RBC-derived microparticles increase in
recipients of stored blood, but not after
infusion of fresh blood
The experiment was started by infusion
of LPS at T=-2. Endotoxemia resulted in
an increase in platelet microparticles
(p<0.0001) and leukocyte microparticles
(p<0.0001)
while
PS-expressing
microparticles remained stable during
the time course. LPS also did not affect
counts of RBC vesicles (Figure 2).

Two hours after LPS infusion, volunteers
received saline, fresh RBCs or stored
RBCs (T=0). We did not observe changes
in the levels of RBC-microparticles
following transfusion of fresh RBC or infusion of saline. In contrast, the number of RBCderived microparticles increased significantly in recipients of stored RBC, detected at
2 hours following transfusion (T=2, p<0.03). At 4 hours after transfusion (T=4) of stored
product, the number of RBC derived microparticles decreased compared to T=2 hours after
transfusion, but was still increased compared to the other groups (p<0.04). At 6 hours after
transfusion (T=6), the levels of RBC-microparticles after transfusion of stored RBCs were
again comparable with endotoxemic controls and those receiving fresh blood (Figure 2).
Even though the absolute number of PS-exposing vesicles increased during RBC storage, the
number of PS-exposing microparticles did not change in plasma of the volunteers following
transfusion of either fresh or stored RBCs (Figure 2). Levels of platelet and leukocyte
microparticles were also not influenced by transfusion of either fresh or stored RBCs.
Transfusion of microparticle-containing blood does not augment coagulation during
endotoxemia
Endotoxemia resulted in a mild increase in thrombin generation, as indicated by an increase
in endogenous thrombin potential and thrombin peak in both TF-initiated and microparticle
initiated calibrated automated thrombography in endotoxemic control (Figure 3). During
endotoxemia, the increase in microparticle induced thrombin generation was more
pronounced compared to TF initiated thrombin generation, which is in accordance with
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previously published studies 13. We found no evidence that transfusion of fresh or stored
blood containing high levels of microparticles further increased thrombin generation
(Figures 3 and 4).
D-dimer increased significantly (p<0.0001) during endotoxemia, as found before 26,27, but
transfusion of stored blood did not further augment D-dimer levels compared to fresh RBCs
or endotoxemic control (p=0.51; Figure 4). TATc did not increase during the experiment, and
did not differ between groups (Figure 4, p=0.19).
Discussion
In this study we investigated whether transfusion of autologous blood containing high levels
of microparticles has procoagulant effects in human volunteers with endotoxemia. We
found that 1) RBC microparticles and PS-exposing microparticles increase during storage
of RBC transfusion products; 2) Endotoxemia induces coagulation, including thrombin
generation, which is primarily dependent on circulating microparticles; 3) After autologous
transfusion, microparticles from stored RBC products, but not from fresh products, can be
detected in the circulation of healthy volunteers and are cleared within hours from the
circulation; Figure 4) Transfusion of autologous 35D stored RBC microparticles does not
further augment thrombin generation.
In our study, infusion of LPS increases the levels of leukocyte and platelet microparticles
and induces a (mild) microparticle-dependent hypercoagulability. This is in accordance with
PS-exposing
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Figure 2. Plasma vesicle determination. Determination and enumeration of RBC, leukocyte, platelet
and lactadherin-positive microparticles in plasma of healthy volunteers At T=-2 hours LPS was infused,
at T=0 hours volunteers received either saline or an autologous transfusion. Long bars indicate a
change in vesicle number over time as tested with a linear mixed model. The short bars indicate that
levels differ between groups at the indicated timepoint after testing with Kruskal Wallis. RBCs: red
blood cells; *: p<0.05; **: p<0.01, ****: p<0.0001. Boxes represent the inter-quartile range (IQR) with
median. The upper and lower whisker extends to 1.5 * IQR to 1.5 * IQR from the hinge.
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Figure 3. Calibrated automated thrombography. At T=-2 hours LPS was infused, at T=0 hours
volunteers received either saline or an autologous transfusion. Blood was sampled at T=-2, T=0 and
T=6. The long bars indicate a change over time as tested with a linear mixed model. There was no
difference between groups. **:p<0.01, ****:p<0.0001. Boxes represent the inter-quartile range (IQR)
with median. The upper and lower whisker extends to 1.5 * IQR to 1.5 * IQR from the hinge.

earlier studies.13,28 However, infusion of high numbers of RBC microparticles from stored
RBC products did not augment thrombin generation.
There are several possible explanations for the finding: it is possible that RBC microparticles
have limited in vivo biological effect in humans, even though in vitro studies show a clear
procoagulant effect 16,17,29,30. This is in line with a previous study in coronary artery bypass
patients who underwent retransfusion of pericardial blood, containing high levels of
microparticles. Even though the vesicles isolated from pericardial blood increased thrombin
generation in vitro.29 infusion of these vesicles did not have an in vivo effect systemic
coagulation.31
Other studies also do not support that microparticles induce harmful effects after transfusion.
Several recent randomized trials investigated mortality and morbidity in patients receiving
RBC transfusions of standard storage time, compared to fresh RBCs. Although vesicle counts
in the RBC products were not the main interest of these studies, we can assume that the
number of microparticles was higher in the stored RBCs than in the fresh RBCs. However,
no difference in mortality or morbidity was detected.32-34 However, in our study, it is also
possible that the number of microparticles infused was insufficient to affect coagulation. We
cannot exclude that multiple transfusion would result in hypercoagulability.
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It could also be hypothesized that the microparticles that are able to induce coagulation
may have been removed from the circulation before they were able to induce any harmful
effects. At 2 hours after transfusion, vesicle concentration was a 100-fold lower in the
circulation compared to the RBC unit. Given that we infused 350 mL RBC product containing
120 mL of supernatant with microparticles into a 70-80 kg sized adult, we had expected a
30-times dilution of vesicle count in plasma compared to the RBC product (a normal adult
has a circulating volume of 5-6 l with a haematocrit of approximately 40%). This indicates
that a substantial number of vesicles was already removed from the circulation at the
time point of 2 hours following transfusion. Figure 2 illustrates the rapid clearance of RBC
microparticles from the circulation. Peak microparticles levels are 2 hours after transfusion
in the stored RBCs group, and the level of RBC microparticles returns to baseline level 6
hours after transfusion.
From our study we cannot conclude which factors have contributed to clearance of RBC
microparticles. PS functions as a marker for phagocytosis by macrophages22,35 but PSexposure alone cannot fully explain the rapid removal of RBC microparticles as only 4% of
total vesicles in the stored products expressed PS on its surface. We hypothesize that other
factors play a role in clearance of RBC microparticles from the circulation. Future studies
should address this matter.
Our study suffers from several limitations. The fact that we used autologous blood limits
the comparability to clinical practice. It cannot be excluded that allogeneic factors interact
with microparticles in stored RBCs which could result in altered coagulation in patients.
However, the use of autologous blood allowed us to investigate the isolated effect of vesicle
accumulation without confounding by allogeneic properties of the transfusion products.
Our study is also limited by the time points on which blood was sampled. Our results
indicate that during the first 2 hours after transfusion a significant number of vesicles has
already been cleared from the circulation. Unfortunately, we did not take a blood sample
immediately following transfusion. We were also not able to determine TATc and D-dimer
at T=2 and T=4. Although measurements at baseline and at 6 hours following transfusion,
indicate that infusion of RBC vesicles has no effect on coagulation in vivo, we may have
missed the peak of coagulation during the study.
Figure 4. Levels of D-dimer and thrombinantithrombin complex (TATc) in plasma
of healthy volunteers. At T=-2 hours LPS
was infused, at T=0 hours volunteers
received either saline or an autologous
transfusion. Blood was sampled at T=2, T=0 and T=6. D-dimer increased after
infusion of LPS but was not influenced
by infusion of fresh or stored RBCs. ****
:p<0.0001. Boxes represent the interquartile range (IQR) with median. The
upper and lower whisker extend to 1.5 *
IQR from the hinge.
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Other limiting factors are that LPS infusion mimicks a hyper-inflammatory state, but is not
equal to many disease states which we encounter in clinical practice. It can also not be
excluded that a higher dose of microparticles, for example after multiple transfusion or in
products from “bad donors”,36 can alter coagulation. Moreover, our results may not apply
to all situations, as production protocols of transfusion products can influence the quality
and the number and compositions of microparticles during product storage.37,38 It has not
yet been investigated whether the different production techniques also influence the in
vitro procoagulant properties, but we cannot exclude that other types of RBC transfusion
products can induce coagulation after transfusion.
Microparticles in stored RBC transfusion products have received a surge of attention as
they may mediate adverse effects. It is suggested that efforts should be made to minimize
accumulation of microparticles.39 This has led to in vitro studies investigating which
production and storage protocols are optimal for decreasing the number of microparticles
in transfusion products.37,40 However, our results suggest that, even though microparticles
accumulate in stored RBCs, infusion of these microparticles does not result in enhanced
coagulation.
In conclusion we investigated whether transfusion of autologous blood containing high levels
of microparticles activates coagulation in human volunteers exposed to lipopolysaccharide.
We found that RBC microparticles increase during storage of RBC transfusion products and
that microparticles from stored RBC products, but not from fresh products, can be detected
in the circulation after transfusion. However, infusion of stored RBC microparticles does not
enhance coagulation.
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Summary
BACKGROUND: Transfusion has been associated with nosocomial infections, referred to as
transfusion related immunomodulation (TRIM). Changes that occur during storage in the
stored red blood cell product (RBC) have been hypothesized to underlie TRIM, mediated
by tolerance of toll-like receptors (TLR). We investigated whether transfusion of 35 days
stored autologous RBCs alters cytokine production in response to stimulation with
lipopolysaccharide or lipotheic acid (LTA), in a clinically relevant model of endotoxemia.
STUDY DESIGN AND METHODS: Eighteen volunteers received LPS 2ng/kg intravenously,
followed by either normal saline, 2 days stored autologous RBC transfusion, or 35 days stored
autologous RBC transfusion. Before LPS, before transfusion and 6 hours after transfusion
blood was collected to measure cytokine gene expression. Whole blood was used for ex vivo
stimulation with LPS and LTA, after which cytokine levels were measured with ELISA.
RESULTS: In vivo LPS induced a biphasic response in cytokine mRNA with peak values 2
hours after LPS infusion. Storage time of RBC transfusion did not influence cytokine mRNA
levels. In vivo infusion of LPS resulted in tolerance for ex vivo stimulation with LPS and LTA.
However, transfusion of either fresh or stored RBCs did not further affect the capacity to
produce cytokines after ex vivo stimulation.
CONCLUSION: In a clinically relevant model of human endotoxemia, autologous transfusion
of 35 days stored RBCs does not influence cytokine mRNA levels nor does it change the
capacity of leukocytes in whole blood to produce cytokines after ex vivo stimulation with
LPS or LTA.
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Storage transfusion related immunomodulation
Introduction
Red blood cell (RBC) transfusions are administered to improve tissue oxygenation and can
be lifesaving, especially during severe hemorrhaging. However, transfusion has also been
related serious to adverse events leading to increased morbidity and mortality, especially
in critically ill patients.1,2 Several randomized trials suggest that a restrictive transfusion
policy results in a better outcome than a liberal transfusion policy.3 However, evidence
on the deleterious properties of RBC transfusion is conflicting. In a set of heterogeneous
trials (e.g. varying transfusion thresholds, patient populations, transfusion products)
restrictive transfusion was associated with a reduced number of infectious complications,4
even though no association could be found with mortality or overall morbidity5 suggesting
that transfusion related immunomodulation (TRIM) may play a role. TRIM encompasses
immunosuppressive and pro-inflammatory effects induced by RBC transfusion. The effect
was first described in 1973 in a study demonstrating increased graft survival following renal
transplantation in polytransfused patients.6 Other effects attributed to TRIM are the higher
recurrence rates of cancer after transfusion and decreased recurrence of auto-immune
diseases.7 The factors in transfusion that mediate TRIM are unknown. The presence of
donor leukocytes and time-dependent changes related to storage of blood products, have
been hypothesized to be related to TRIM.7 Storage of RBCs induces the RBC “storage lesion”,
which results in declining product quality during shelf-life.8 The storage lesion has been
implicated in transfusion-induced adverse events.9,10 In vitro stored RBC units suppresses
monocyte function11,12 but RBC transfusion has also been reported to enhances the release
of danger signal High Mobility Group Box 1 (HMGB1) in mice. HMGB1 can initiate and sustain
the inflammatory response through toll-like receptor (TLR) 2 and TLR4, which supports the
hypothesis that storage of RBCs has pro-inflammatory effects.13
On the other hand, clinical studies that compared fresh products with standard time
stored products did not detect a decrease in mortality or morbidity after transfusion of
fresh products.14,15 However, these studies did not investigate maximum storage time and
other observational studies did report an effect of storage time.16 Therefore, we investigated
whether transfusion of maximum stored autologous RBCs results in immunomodulation
in vivo. We used a randomized controlled trial in healthy volunteers to investigate the
hypothesis that 35 day stored autologous leukoreduced RBC transfusion would result in
lipopolysaccharide (LPS) tolerance of TLR2 and TLR4 to respond to stimulation (tolerance)
compared to 2 day stored autologous RBC transfusion. Amongst others patients suffering
from sepsis,17 systemic inflammatory syndrome,18 trauma,19 and major surgery20 also
experience TLR LPS tolerance. Therefore, we used a model of human inflammation induced
by intravenous injection of LPS to enhance translatability of our trial to clinical practice.
Material and methods
All procedures have been reviewed and approved by the Academic Medical Center Medical
Ethical Committee and are according to the Declaration of Helsinki including Good Clinical
Practice. The study has been registered at the Dutch Trial Register (NTR4455). All enrolled
volunteers provided written informed consent before enrollment.
Subjects and design:
This study is part of a larger study on the influence of storage time of RBCs on transfusionrelated acute lung injury (TRALI).21 In short, a total of 18 healthy volunteers, ages 18 – 35
years old, were included in our open label randomized controlled study. Volunteers were
screened at the Academic Medical Center. To be included an unremarkable medical history,
as well as physical examination was required. Participants were not allowed to participate in
another intervention trial during the course of our study.

185

11

186

Chapter 11

Randomization and blood donation
Volunteers were randomized into one of three groups: 6 volunteers received 2 days
stored (fresh) autologous RBC transfusion, 6 received 35 days stored (stored) autologous
RBC transfusion and 6 volunteers were infused with 350 ml of NaCl 0.9% as endotoxemic
control. Depending on group allocation, the volunteers donated one unit of blood 2 or 35
days before the study day. Half of the endotoxemic control group donated 2 days before the
study day, the other half 35 days prior to the experiment. The donated whole blood was
processed to one unit RBCs according to Sanquin protocols: whole blood (target volume,
500 mL) was collected in bottom-and-top systems with 70 mL of citrate-phosphate-dextrose
and placed on butane-1,4-diol cooling plates until the following morning (16-22 h). The
units where then centrifuged (RC-12BP, Sorvall, Kendro, Asheville, NC; 4793g, accumulated
centrifugal effect 9e+07) and separated into a RBC unit, a unit of plasma, and a buffy coat of
50 ± 5 mL with a hematocrit of 42 ± 6 % using a separator (CompoMat G5, Fresenius, Emmer
Compascuum, the Netherlands). Saline, adenine, glucose and mannitol storage medium
(110 mL) was added to the red cell concentrate and the RBC product was leukoreduced by
filtration, with remaining leukocytes below 1e+06/unit. The products were cooled down to
below 6°C within 30 h after collection and then stored in polyvinylchloride-di-ethyl-hexylphtalate containers at 2-6°C for 2 or 35 days.
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Experiment
On the day of the experiment, volunteers were admitted to the Intensive Care Unit (Figure
1). At T=0 hours all volunteers received an infusion of LPS 2 ng/kg (National Institute of
Health Clinical Center, Bethesda, United States) as described before.22-24 Two hours (T=2)
after infusion of LPS the intervention group received an autologous transfusion of either
‘fresh’ or ‘stored’ RBCs. The volunteers in the control group received an equivalent volume
of saline (endotoxemic control). Arterial blood was collected in a lithium heparin coated
tube, in an ethylenediaminetetraacetic acid (EDTA) coated tube and in a PAXgene tube
(PreAnalytiX, Hombrechtikon, Switzerland) at baseline (T=0 hours), 2-hours after infusion
of LPS but before transfusion (T=2 hours) and 8 hours after infusion of LPS (T=8 hours).
The PAXgene tubes were stored without any additional pre-processing at -80°C until further
analysis.
Qualitative polymerase chain reaction
Whole blood in the PAXgene tubes was defrosted on a roller mixer and allowed to
rotate for an additional 6 hours. RNA was isolated with the PAXgene Blood RNA Kit
(PreAnalytiX, Hombrechtikon, Switzerland) according to manufacturer’s protocols. RNA
yield was measured using NanoDrop 2000 UV-Vis Spectrophotometer (Thermo Scientific
Waltham, Massachusetts, USA). cDNA synthesis was performed with equal RNA-input
Gene Primer sequence: forward
Primer sequence: backward
Annealing temperature
IL-1b ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA
65
IL-6
ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG 65
IL-8
TTG GCA GCC TTC CTG AT T
AAC TTC TCC ACA ACC CTC TG
65
IL-10
GGTTGCCAAGCCTTATCGGA
ACCTGCTCCACTGCCTTGCT
65
TNF-a GCGTGGAGCTGAGAGATAACC
GATCCCAAAGTAGACCTGCCC
65
b-act CATGTACGTTGCTATCCAGGC
CTCCTTAATGTCACGCACGAT
65
EF1a1 TTTTCGCAACGGGTTTGCC
TTGCCCGAATCTACGTGTCC
65
Table 1: Primer sequences and annealing temperatures. IL: interleukin; TNF-a: tumour necrosis factor
alpha; b-act: beta-actine; EF1a1: eukaryotic translation elongation factor 1 alpha 1
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Figure 1: Set-up of experiments. During the study day healthy volunteers received LPS at T=0, followed
by transfusion or saline infusion at T=2 and conclusion of the experiment at T=8. This was followed by
stimulation of whole blood with LPS, LTA or medium as control. In the final phase of the experiment
ELISA and qPCR were performed to investigate cytokine responses. FIGURE 2. mRNA quantification of
cytokines in plasma of volunteers. At T=0 volunteers received LPS, at T=2 volunteers received saline,
2D stored RBCs or 35D stored RBCs. IL: interleukin, LPS: lipopolysaccharide, RBCs: red blood cells. *;
p<0.05, ****: p<0.0001boxes represent the inter-quartile range (IQR) with median. The upper and
lower whisker extends to 1.5 * IQR.

using the SensiFAST cDNA Synthesis Kit (Bioline, London, United Kingdom), according to
manufacturer’s protocols.
Quantitative polymerase chain reaction (qPCR) was performed using a Lightcycler 480
(Roche) with SensiFAST master mix (Bioline) and 50 ng primer (Sigma Aldrich, Saint Louis, MI,
USA). Intron spanning primer sequences and annealing temperatures are given in Table 1.
Primer sequences for IL-8, IL-10 and TNFα were published previously.25-27 Primer sequences
for IL1β, IL-6 and Beta Actin were derived from the Harvard primer bank (PrimerBank
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IDs: 27894305c1, 224831235c1 and 4501885a1 respectively). The qPCR programs was:
denaturation 5 min at 95°C, 45–55 cycles of 5 sec at 95°C, 10 sec annealing at 65°C, followed
by 15 sec at 72°C. Quantification was performed using the LinReg software. The mean
efficiency was calculated for each assay, and samples that had a deviation of >5% were
excluded. Calculated values were normalized by the geometric mean of the reference gene
values (b-actin and EF1a1).
Ex vivo stimulation
Ex vivo stimulation was used to investigate the effect of storage time of RBC transfusion
on cytokine production in whole blood. All experiments were performed in duplo. For
the various time points, half a milliliter of heparinized whole blood was suspended in 0.5
mL RMPI-L-glut (Gibco, Thermo Fisher Scientific, Waltham, ME, USA) in a sterile 24 well
cell culture plate. The suspensions were stimulated ex vivo with either LPS 100 ng/ml (E.
coli, O111:B4, ultrapure, Sigma, St. Louis, MO, USA), LTA 10 mg/ml (Invivogen, San Diego,
CA, USA) or solely RPMI-L-glut medium as control as described.17,22 LPS is the endotoxin
of gram-negative bacteria and a TLR4 ligand. Similarly, LTA is major constituent of the cell
wall of gram-positive bacteria and ligand of the TLR2. We used LPS and LTA to investigate
the hypothesis that stored transfusion products induce tolerance to these two TLR ligands.
Cultures were incubated for 4 or 24 hours. After stimulation the samples were centrifuged
(1500 rcf, 5 min, 4°C) and the supernatant was stored at -80°C until further analysis.
ELISA
Standard sandwich enzyme-linked immunosorbent assays (ELISA) were used to quantify
interleukin (IL)-1β, IL-6, IL-8, IL-10, tissue necrosis factor (TNF)-a and transforming growthfactor (TGF)-b according to manufacturer’s protocols (eBioscience, San Diego, CA, USA).
ELISA was performed on all samples of the stimulation assays and on the supernatant of the
EDTA anticoagulated samples. Two samples were included on each ELISA plate to account
for interplate variability.
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Supernatants from ex-vivo stimulated leukocytes in whole blood, incubated with LPS or LTA
for 4 or 24 hours, were analyzed in batch after completion of the study. The pattern in 4 hour
stimulated leukocytes in whole blood was similar to 24 hour stimulations. We therefore only
present the data from 24 hour stimulated samples in this paper.
Statistical analysis
Data was inspected for normality using histograms and density plots. As this inspection
showed no Gaussian distributions we used a Wilcoxon sign rank test to compare T=0
(baseline) with T=2 (pre-transfusion) and to compare cytokines levels after LPS or LTA
incubation with the negative control. Differences at T=8 (post-transfusion) and the delta
between T=2 and T=8 between treatment groups were investigated with a Kruskal-Wallis
test. All statistical analyses were performed in R version 3.1.2 (R-core team, Vienna, Austria).
Double sided p-values of <0.05 were considered to be a statistically significant. As this was
considered an explorative study, we did not correct for multiple testing. Samples with values
below the detection limit of the assay were expressed as equivalent to the detection limit
and compared to expression as equivalent to 0. This did not change the results of our study
and therefore we used expression as equivalent to the detection limit for all statistical
analyses.
Results
We screened 22 volunteers and included eighteen subjects all of whom completed the study
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according to protocol. The participants had the expected response to LPS and developed
tachycardia, decreased blood pressure, tachypnea and fever 1.5 hours after infusion.
Symptoms abated 8 hours after infusion. Laboratory measurements at the routine clinical
laboratory showed leukocytosis.21
Transfusion of 35 days stored RBCs does not result in changed cytokine gene expression in
unstimulated blood
We first investigated whether transfusion of stored RBCs influenced the level of cytokines
proteins IL-1β, IL-6, IL-8, IL-10 and TNF-a, TGF-b in plasma following i.v. LPS challenge. These
were samples collected from the healthy volunteers and analyzed for cytokine levels in the
plasma without any additional ex vivo stimulation. All cytokines followed a typical biphasic
pattern as expected after LPS infusion but storage time of RBCs did not change the levels
compared to fresh RBCs or saline infusion (data not shown).21 We then investigated whether
transfusion of stored RBCs affected cytokine gene expression in these samples. LPS induced
a biphasic response in IL-1β, IL-8 and TNF-a mRNA with peak values 2 hours after LPS infusion
(p<0.0001, p<0.0001 and p<0.05 for IL-1β, IL-8 and TNF-a respectively; Figure 2). IL-6 mRNA
levels did not change during the experiment in accordance with a previously published
report,28 and IL-10 increased gradually with maximum levels at T=8 (p<0.01 T=8 compared
to T=0; Figure 2). In summary, LPS infusion resulted in a LPS-typical biphasic pattern, but no
influence of the transfusion of stored or fresh RBCs was seen on pro- or anti-inflammatory
cytokine protein and gene levels.
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Lipopolysaccharide results in LPS tolerance
In vivo LPS infusion leads to tolerance to ex vivo stimulation of whole blood with TLR ligands,
a phenomenon known as LPS-tolerance.29 We first confirmed that volunteers developed
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Figure 2: mRNA quantification of cytokines in plasma of volunteers. At T=0 volunteers received
LPS, at T=2 volunteers received saline, 2D stored RBCs or 35D stored RBCs. IL: interleukin, LPS:
lipopolysaccharide, RBCs: red blood cells. *; p<0.05, ****: p<0.0001boxes represent the inter-quartile
range (IQR) with median. The upper and lower whisker extends to 1.5 * IQR.
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Figure 3: Intravenous LPS reduced cytokine production after ex vivo stimulation with LPS or LTA.
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Figure 3 continued: Intravenous LPS reduced cytokine production after ex vivo Legend
4,000 received LPS (2 ng/kg) at T=0 hours and
stimulation with LPS or LTA. Volunteers were
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RBC transfusion or saline as endotoxemic control
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LPS tolerance during endotoxemia. Samples obtained at T=0 were collected before in vivo
infusion of LPS.At T=0 ex vivo incubation with LPS or LTA resulted in release of IL-1β, IL6, IL-8, IL-10, TNF-a and TGF-b compared to incubation in medium alone (p<0.001 for all
cytokines for both LPS and LTA; Figure 3A-3F). At T=2, 2 hours after in vivo infusion of LPS
IL-1β, IL-6, IL-8, IL-10 and TNF-a did not reach the detection limit of the assays in most
samples (p<0.0001 compared to T=0; Figure 3A-3F), indicative of a clear reduced response
to stimulation with LPS and LTA during endotoxemia. LTA stimulation had a similar, although
less pronounced, effect (IL-1β p<0.05, IL-6 P<0.0001, IL-8 no change, IL-10 p<0.01 and TNF-a
p<0.01; Figure 3A-3F). TGF-b levels were not affected by LPS and LTA.
Transfusion of stored RBCs does not alter the ex vivo response of whole blood to LPS or LTA
compared to transfusion of fresh RBCs or endotoxemic control
After establishing that in vivo LPS resulted in LPS tolerance, we investigated whether stored
RBC transfusion influenced the response of whole blood to ex vivo stimulation with LPS and
LTA compared to transfusion of fresh RBCs or saline infusion. At T=8, 8 hours after in vivo
LPS-infusion and 6 hours after transfusion of fresh or stored RBCs, cytokine levels returned
to baseline in the ex vivo stimulation experiments. We compared the increment in cytokine
levels in each group from T=2 to T=8 and compared the levels between the three groups at
T=8 to establish the influence of RBC transfusion. Ex vivo stimulation with LPS did not result
in changed cytokine levels between transfusion of stored RBCs, transfusion of fresh RBCs or
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endotoxemic control at T=8. The increment from T=2 to T=8 did also not differ between the
intervention groups. Stimulation with LTA produced similar results. We did not detect any
differences in cytokine expression between T=2 and T=8, nor did the groups differ at T=8
(Figure 3A-3F). However, although the difference did not reach statistical significance, IL-6
response to LTA stimulation appeared to be reduced in the stored group with a concurrent
decrease in IL-8 response (Figure 3B and 3C). As the responses of IL-6 and IL-8, which are
both pro-inflammatory, go in opposite directions and the results from 4 hour stimulations
did not show similar patterns in these ex vivo stimulations (data not shown), we concluded
that these are a result of assay variation.
Discussion
In this study we investigated the effect of storage time of red blood cell transfusion products
on the response of whole blood on ex vivo stimulation with LPS and LTA in a human model
of endotoxemia. We found that 1) Transfusion of 35 days stored RBCs does not result in
changed cytokine gene expression compared to fresh RBCs; 2) Lipopolysaccharide results
in LPS tolerance; 3) Transfusion of stored RBCs in vivo does not result in altered cytokine
levels after ex vivo stimulation of whole blood compared to transfusion of fresh RBCs or
endotoxemic control.
The patterns of cytokine expressions we detected after in vivo exposure to LPS, and
additional stimulation with LPS or LTA ex vivo, is in accordance with other investigations with
human endotoxemia.28-30 However, our data argues against our hypothesis that transfusion
of stored RBCs alters the response of whole blood to additional ex vivo stimulation with LPS
or LTA. In our study, the cytokine levels before and after ex vivo stimulation were similar
in all three groups. This is not in line with previous studies. In vitro stored RBCs induce
immunosuppression in whole blood and isolated monocytes stimulated with LPS.11,31,32
Moreover, in pediatric intensive care patients transfusion of stored RBCs was found to
result in lower TNF-a production after ex vivo LPS stimulation of whole blood compared to
transfusion of fresh RBCs.33

11

There are several explanations for our findings. First, both in vitro studies and in vivo animal
studies that report a harmful effect of storage time, have made use of allogeneic products.
It is possible that interactions between donor and recipient and the use of animals and in
vitro techniques, and not storage time, are responsible for the effects detected in these
studies.11-13,34 Indeed, several autologous human volunteer studies did not detect a role for
storage time in the pathogenesis of transfusion-related adverse effects.35,36 These studies
investigated RBC storage time in healthy volunteers, which limits comparability to clinical
practice. However, in the present study we were able to overcome this limitation by using
LPS endotoxemia as a model for sepsis, and still were not able to confirm the hypothesis
that stored RBCs have immunomodulatory effects. It is also possible that the adverse effects
that have been attributed to stored transfusion products have been overestimated. The
evidence that transfusion of products with increased storage time can have detrimental
effects, is largely derived from observational studies which report conflicting evidence.9
Moreover, several recent RCTs that investigated the effect of RBC storage time on morbidity
and mortality also did not detect any detrimental effects of longer RBC shelf-life.
Our results may also have been influenced by RBC production and storage techniques. The
quality of RBCs during storage is influenced by production protocols and storage solutions.37-41
There is limited evidence what the effect is of these different techniques on RBC function,
but in vitro studies indicated that storage solution influences immunomodulatory effect
of stored RBCs.12 Another factor that can influence transfusion product quality are donor
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related factors. Increasing evidence indicates that donor genetic traits and life-style can
influence product quality and perhaps also mediate adverse effects of transfusion.42 The
fact that we only included healthy volunteers might thus even have led to a “donor bias”.
It is also possible that the RBC transfusions have immunomodulatory effects that cannot be
detected by investigating response to ex vivo stimulation with LPS or LTA. An in vitro study
detected changed expression of TLR4 gene expression in leukocytes after exposure of whole
blood to stored RBCs.43 In another study healthy volunteers received a stored autologous
transfusion to investigate diagnostic techniques to detect autologous blood doping. In this
study proteomics revealed increased expression of TLR4, TLR5, and TLR6 in T-lymphocytes.44
HLA-DR expression is another potentially interesting marker. HLA-DR is an antigen presenting
molecule that is expressed by monocytes. During immunoparalysis in for example sepsis but
also LPS endotoxemia, monocyte HLA-DR is down regulated.45,46 It may be worthwhile to
use these techniques to investigate the effect of transfusion in patients or in endotoxemia.
Our study has several limitations. First, we used an autologous transfusion model. Although
this facilitated investigation of the isolated effect of storage time, it decreases comparability
with clinical practice. Moreover, it cannot be excluded that storage time and allogeneic
properties of the transfusion product have synergistic effects and that stored allogeneic
products thus are able to induce adverse effects.
Another limiting factor is that we sampled blood up to 8 hours after LPS infusion, corresponding
to 6 hours after transfusion. It is possible that this time-window was too short to detect
an effect of the interventions. Although most studies showed an effect within 6 hours of
transfusion, in an earlier study in which healthy volunteers received a stored autologous
transfusion, blood was sampled after 72 and 96 hours. In these samples down regulation of
lymphocyte TLR was detected accompanied by an adaptive immune response.44 This study
did not investigate timepoints before 72 hours after transfusion and we cannot exclude that
sampling later than 8 hours after LPS infusion in our study would have resulted in evidence
supporting immunomodulation. Finally we cannot exclude that a more potent inflammatory
state is required to be susceptible for RBC-induced immunomodulation.
Conclusion
In conclusion, we investigated whether transfusion of 35 days stored RBCs changed
cytokine mrRNA levels or induced tolerance of the TLR2 or TLR4 for stimulation in a human
autologous transfusion model of endotoxemia. Storage time of RBC transfusion did not
influence cytokine mRNA levels nor did it affect the reaction of TLR2 or TLR4 to stimulation
with LPS or LTA. In our healthy human volunteer autologous transfusion study, transfusion of
stored RBCs did not affect cytokine production after ex vivo LPS stimulation.
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Summary
BACKGROUND. The accumulation of non-polar lipids arachidonic acid, 5-hydroxeicosatetranoic
acid (HETE), 12-HETE and 15-HETE during storage of transfusion products may play a role in
the onset of transfusion-related acute lung injury (TRALI), a syndrome of respiratory distress
after transfusion.
STUDY DESIGN AND METHODS. We investigated non-polar lipid accumulation in red
blood cells (RBCs) stored for 42 days, plasma stored for 7 days at either 4°C or 20°C, and
platelet (PLT) transfusion products stored for 7 days. Furthermore, we investigated whether
transfusion of RBCs with increased levels of non-polar lipids induce TRALI in a “two hit”
human volunteer model. All products were produced following Dutch blood bank protocols
and are according to European standards. Non-polar lipids were measured with high
performance liquid chromotography followed by mass spectrometry.
RESULTS. All non-polar lipids increased in RBCs after 21 days of storage compared to baseline.
The non-polar lipid concentration in plasma increased significantly and the increase was
even more pronounced in products stored at 20°C. In platelets baseline levels 5-HETE and
15-HETE were higher than in RBCs or plasma. However, the non-polar lipids did not change
significantly during storage of PLT products. Infusion of RBCs with increased levels of nonpolar lipids did not induce TRALI in LPS-primed human volunteers.
CONCLUSION. We conclude that non-polar lipids accumulate in RBC and plasma transfusion
products and that accumulation is temperature dependent. Accumulation of non-polar
lipids does not appear to explain the onset of TRALI (Dutch Trial Register - NTR4455).
Keywords: storage, transfusion, plasma, platelets, red blood cells, non-polar lipids,
arachidonic acid, hydroxyeicosatetraenoic acid
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Introduction
Transfusion-related acute lung injury (TRALI) is a syndrome of respiratory distress that can
develop within 6 hours of transfusion. Although preventive measures have reduced the
TRALI incidence,1 TRALI is still the most prevalent cause of transfusion related mortality in
the USA2 and accounts for at least 15% of transfusion induced mortality in The Netherlands.3
Critically ill patients bear an increased risk for developing TRALI after blood transfusion which
is commonly explained by the “two-hit” hypothesis and the threshold model.4-6 In the “two
hit” hypothesis, an underlying severe clinical condition forms the “first hit” (for example
sepsis, hematologic malignancy or major surgery) and primes neutrophils and endothelium.
In turn, these are then activated by the “second hit” which can be a plasma, platelet (PLT)
and/or red blood cell (RBC) transfusion. Patient and transfusion risk factors combined result
in an accumulated risk to develop TRALI. This is described in the “threshold model”. Only
when the combined patient and transfusion product risk factors pass a certain “threshold”
the patient develops TRALI. The transfusion factors can be divided in antibody and nonantibody mediated TRALI. The role of human leukocyte antigen (HLA) and human neutrophil
antigen (HNA) antibodies in the onset of antibody-mediated TRALI are well established. It
is unknown, however, which components in the transfusion products are responsible for
onset of non-antibody mediated TRALI, but it has been hypothesized that bioactive lipids in
stored transfusion products induce TRALI.7-15 A retrospective study reported increased levels
of bioactive lipids in TRALI patients,16 and a research group in the USA was able to induce
TRALI by infusion of bioactive lipids in several animal models.8-10,17
Bioactive lipids are subdivided into polar lipids and non-polar lipids. The polar lipids,
which accumulate in both RBCs and PLTs, have been identified as lysophosphatidylcholines
(LysoPCs). LysoPCs are lipids structurally similar to platelet activating factor (PAF) and to
the ligand for the G protein-coupled receptor 132 (G2A) receptor.8,15 The non-polar lipids
have been identified as arachidonic acid, 5-hydroxeicosatetranoic acid (HETE), 12-HETE and
15-HETE.17 Arachidonic acid is an essential polyunsaturated fatty acid released from the
phospholipid domain of the cell membrane by phospholipase A2 (PLA2). It is subsequently
converted into leukotrienes, prostaglandins and other eiconasoids such as 5-HETE, 12-HETE
and 15-HETE.18
The role of both LysoPCs and non-polar lipids in TRALI is still debated. Studies in which
LysoPCs were implicated in human TRALI originate from the United States7,8,10,16 whereas the
studies from Europe and Asia found no role for LysoPCs.4,11,12,19-23 Research on the effect of
non-polar lipids in TRALI development also originates from the USA, and to our knowledge
no other research groups have confirmed these findings.9,17 Insight in the mechanism of nonpolar lipids formation may aid in unravelling the pathogenesis of non-antibody mediated
TRALI and in development of new manufacturing processes of blood products to prevent
transfusion complications. In this study, we investigated whether arachidonic acid, 5-HETE,
12-HETE and 15-HETE accumulate during storage of RBCs, PLTs and in plasma products.
Furthermore we investigated the effect of storage temperature of thawed plasma. Finally
it was investigated whether transfusion of RBCs products with increased levels of neutral
lipids were able to induce TRALI by performing a secondary analysis on RBC transfusion
products from an earlier reported trial.24
Material and methods
All in vitro protocols and experiments with blood from non-renumerated donors have been
approved by Sanquin medical ethical committee. All experiments with healthy volunteers
have been approved by the AMC medical ethical committee (Dutch Trial Register - NTR4455).
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All protocols and procedures are according to the Declaration of Helsinki including Good
Clinical Practice and Good Manufacturing Practice.
Blood donation
Whole blood collections (500 ml) from healthy, non-remunerated donors in citratephosphate dextrose were processed to plasma, buffy coat and leukodepleted RBC
concentrate according to Dutch Blood Bank guidelines. Various blood components were
used in this study as described below. Donors did not receive specific instructions on fasting
before donation of blood.
Storage-related biochemical changes in human RBCs
The red cell concentrates were used to produce RBC transfusion products. Saline, adenine,
glucose and mannitol (SAGM) storage medium was added to the red cell concentrate and
the RBC product was leukoreduced by filtration according to Dutch Blood Bank standards.
The products were then stored in polyvinylchloride-di-ethyl-hexyl-phtalate containers at
2-6°C for 42 days. Ten RBC concentrates were sampled directly after preparation and every
week thereafter up to 6 weeks (42 days) with a sterile coupler. The samples were centrifuged
for 10 min at 1500 rcf and the supernatant was transferred in a new tube followed by
centrifugation for 10 min at 24000 rcf. The supernatant was collected and stored at -80°C
until further analysis.
Storage-related biochemical changes in human PLTs
Thirty buffy coats were pooled to produce 6 units platelet concentrates in plasma according
to Dutch Blood Bank Guidelines. The concentrates were filtered through a leukoreduction
filter (Compostop CS, type T3995, Fresenius Kabi, Emmer-Compascuum, the Netherlands)
with a polyvinylchloride-citrate container connected to the outlet of the filter. The products
were stored at 22° C shaking horizontally with one cycle per minute (Helmer Labs, Inc.,
Noblesville, IN). At day 0, day 2, day 5 and day 7 samples were taken with a sterile coupler.
The samples were centrifuged for 10 min at 1500 rcf and the supernatant was transferred in
a new tube followed by centrifugation for 10 min at 24000 rcf after which the supernatant
was stored at -80°C until further analysis.
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Storage-related changes in human plasma
In the Netherlands, most platelet products are stored in plasma. To investigate whether
accumulation of non-polar lipids is plasma or platelet derived, we studied the development
of the lipids in standard plasma products. For this study six plasma products were used.
As platelets are stored at room temperature, and as previous studies reported that
development of polar lipids in plasma is dependent of storage temperature and thus most
likely dependent of enzymatic conversion during storage,19 we also investigated the effect
of storage temperature on accumulation of non-polar lipids. Half of the plasma product
was stored at room temperature and the other half at 4°C for 7 days. At day 0, directly after
production of the product and comparable to levels after thawing of a standard plasma
transfusion product, day 5 and day 7 samples were taken with a sterile coupler which were
stored at -80°C until further analysis.
Healthy volunteer model
We performed a secondary analysis of a larger study that has been previously described.25
In short, we recruited 18 healthy male volunteers, 18 – 35 years of age, without any medical
conditions. Six subjects each were randomly allocated to one of three groups: 1) a 2 days
stored (2D) RBCs group that received one unit of autologous RBC concentrate stored for two
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days in SAGM, 2) a 35 days stored (35D) RBCs group that received one unit of autologous
RBC concentrate stored for 35 days in SAGM, 3) a saline control group that received
a similar volume of NaCl 0.9%. The experiment was started with an infusion of 2 ng/kg
lipopolysaccharide (LPS) to induce systemic inflammation response syndrome. Two hours
after LPS infusion, volunteers were transfused with an autologous unit of either 2D stored
RBCs or 35D stored RBCs. Eight hours after infusion of LPS, which corresponds with 6 hours
after transfusion, a broncho-alveolar lavage and lung function test was performed which
did not show any transfusion induced lung damage. The levels of non-polar lipids in the
transfused products were measured to investigate the relation between storage time, nonpolar lipids and transfusion induced adverse effects.
Lipid extraction
Lipids were extracted according to a modified Bligh and Dyer method. In short, 1.5 ml
chloroform/methanol (1:1 dilution, Biosolve, Valkenswaard, The Netherlands) plus the
internal standards (arachidonic acid-D8 (Cayman chemicals, Ann Arbour, USA), 5(S)-HETE-D8
(Cayman chemicals, Ann Arbour, USA) and 15(S)-HETE (Cayman chemicals, Ann Arbour, USA)
were added to 100 ml sample and vortexed for 30 seconds. After vortexing, the sample
was sonicated for 10 minutes (Branson 3510, Branson Ultrasonics, Danbury, USA), followed
by 5 minutes of centrifuging (Eppendorf microcentrifuge, 20.000g, 4° C). The supernatant
was transferred to a new glass vial and dried under a stream of N2 at 60° C. The remaining
pellet was then dissolved in 50 ml H2O/methanol (1:1 dilution) and directly used for HighPerformance Liquid Chromatography - Mass Spectrometry.
High-performance liquid chromatography - mass spectropmetry
The HPLC system consisted of a Ultimate 3000 binary (U)HPLC pump, a vacuum degasser,
a column temperature controller, and an autosampler (Thermo Scientific, Waltham, MA,
USA). The column temperature was maintained at 25ᵒC. The lipid extract was injected onto
a Acquity BEH C18, 2.1x100mm, 1.7µm (Waters, Milford, USA). The HETE’s were separated
from interfering compounds by a gradient between solution B (water/acetonitril, 5/95, v/v,
Biosolve, Valkenswaard, The Netherlands) and solution A (water/acetonitril, 95/5, v/v).
Solutions A and B both contained 10mMol of ammonium acetate (Biosolve, Valkenswaard,
The Netherlands) per l eluent. The gradient (0.4 ml/min) was as follows: 0-1 min 55% A,
1–11 min, 55%A–25%A, 11–13 min 25%A; ; 13–13.1 min, 25%A- 0%A; 13.1-15.5, 0%A; 15.5–
15.6 min, 55% A; 15.6-16.0 min, 55%A. All gradient steps were linear. A Q Exactive Plus mass
spectrometer (Thermo Scientific) was used in the negative electrospray ionization mode.
Nitrogen was used as the nebulizing gas. The spray voltage used was 2500 V, and the capillary
temperature 256ºC. S-lens RF level: 50, Auxilary gas: 11, Auxiliary gas temperature 412°C,
Sheath gas: 48, Sweep gas: 2. Normalized Collision Energy (fragmentation scans (PRM) only):
35. Mass spectra of neutral lipid molecular species were obtained by continuous scanning
from m/z 100 to m/z 450 with a resolution of 140000. Simultaneously a fragmentation scan
of m/z 319.228 (HETE’s) and 327.278 (D8-HETE’s, internal standard) was performed for the
identifications of the HETE species.
Statistical analysis
Data was inspected for normality. Normal distributed data is expressed as mean and
standard deviation. Paired data were compared with a paired student’s t-test with HolmBonferroni p-correction. Non-paired data were compared with a unpaired student’s t-test
with Holm-Bonferronis p-correction. A p value of less than 0.05 after correction was
considered statistically significant. Statistical analyses were performed with R, version 3.1.2
(R core team, 2014, Vienna).
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Day
0

21

35
42
SAGM (n = 10)
Arachidonic acid (nmol/l)
227 ± 161
1885 ± 1269*
5190 ± 1825†
7250 ± 1798†
5-HETE (nmol/l)
0.10 ± 0.0
0.49 ± 0.14†
0.99 ± 0.20†
1.38 ± 0.23†
12-HETE (nmol/l)
1.01 ± 1.66
2.96 ± 1.76†
5.64 ± 3.49†
6.66 ± 2.28†
15-HETE (nmol/l)
0.13 ± 0.08
4.55 ± 1.47†
9.36 ± 2.16†
12.16 ± 2.78†
Table 1: Non-polar lipid concentrations (nmol/L) in human RBCs stored in SAGM. Data are presented
as mean ± SD. *p < 0.01 compared to day 0; †p < 0.001 compared to day 0.

Results
Storage-related biochemical changes in human RBC
In the supernatant of stored leukoreduced RBC products a significant increase in arachidonic
acid (p < 0.001), 5-HETE (p < 0.00001), 12-HETE (p < 0.0001) and 15-HETE (p <0.00001) was
observed, starting at day 21 storage compared to baseline levels directly after production.
All levels showed a steady increase op to 42 days of storage (Table 1).
Storage-related changes in human plasma
In plasma the levels of arachidonic acid and 12-HETE were higher at baseline compared to
RBCs, whereas the levels of 5-HETE and 15-HETE at baseline were comparable to RBCs (Table
2). We stored the plasma at 4°C and 20°C to investigate the influence of storage temperature.
At both temperatures the levels of non-polar lipids increased significantly. At 4°C arachidonic
acid and 5-HETE increased after 7 storage days (p < 0.02 and p < 0.05 respectively). This
increase was more pronounced in plasma stored at 20°C. At this temperature arachidonic
acid was increased after 5 days (p < 0.01) and was significantly higher than the increase in
4°C plasma (p < 0.01). Levels of 12-HETE behaved similarly and increased in plasma stored at
20°C compared to baseline (p < 0.05) and to storage at 4°C (p < 0.02). Levels of 5-HETE and
15-HETE did not increase compared to baseline after either 5 or 7 days at 20°C. However,
they were higher than levels in plasma stored at 4°C (p < 0.05; Table 2).
Storage-related biochemical changes in human PLTs
We sampled the PLTs at 4 time points. At baseline, arachidonic acid in PLTs was comparable
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Day
Plasma storage temperature
0
5
7
Plasma 4° C (n = 6)
Arachidonic acid (nmol/l)
2000 ± 951
2600 ±1168
3000 ± 1171†
5-HETE (nmol/l)
0.44 ± 0.24
0.59 ± 0.37
0.65 ± 0.37†
12-HETE (nmol/l)
9.70 ± 6.73
12.15 ± 10.07
12.32 ± 8.47
15-HETE (nmol/l)
0.12 ± 0.03
0.18 ±0.17
0.21 ± 0.16
Plasma 20° C* (n = 6)
Arachnidonic acid (nmol/l)
2000 ± 951
6100 ± 2424‡
7683 ± 2860‡
5-HETE (nmol/l)
0.44 ± 0.24
2.16 ±1.84
4.97 ± 3.91†
12-HETE (nmol/l)
9.70 ± 6.73
21.12 ± 14.86†
25.87 ± 16.79†
15-HETE (nmol/l)
0.12 ± 0.03
1.07 ± 0.92
2.15 ± 2.17
Table 2: Non-polar lipid concentrations (nmol/L) in human plasma stored at 4° C or at 20° C. Data are
presented as mean ± SD. *p < 0.05 for all measurements in plasma stored at 20° C compared to plasma
stored at 4° C; †p < 0.01 compared to day 0; ‡p < 0.001 compared to day 0.
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Day
Platelets
0
2
5
7
In Plasma (n = 6 batches)
Arachidonic acid (nmol/l)
3133 ± 698
2483 ± 431
3050 ± 822
3467 ± 995
5-HETE (nmol/l)
41.50 ±7.01
30.83 ± 6.11
35.17 ±7.47
30.83 ± 5.23
12-HETE (nmol/l)
35.33 ± 4.50
33.17 ± 8.66
44.00 ± 18.31 51.17 ± 15.43*
15-HETE (nmol/l)
14.00 ± 2.83
9.40 ± 2.28
10.12 ± 4.39
10.12 ± 2.42
Table 3: Non-polar lipid concentrations (nmol/L) in human PLTs. Data are presented as mean ± SD. *p
< 0.05 compared to day 2.

to plasma but higher than RBCs levels. Levels of 5-HETE, 12-HETE and 15-HETE were much
higher in PLTs (Table 3). During storage there were no statistically significant changes in
levels of arachidonic acid, although a trend towards a biphasic pattern was noted. This was
accompanied by a non-significant decrease in levels of 5-HETE and 15-HETE and a significant
increase in 12-HETE (p < 0.05).
Healthy volunteer model
Arachidonic acid, 5-HETE, 12-HETE and 15-HETE were measured in the autologous
transfusion products infused in healthy volunteers in the presence of a “first hit”. Arachidonic
acid increased significantly in the 35D stored products compared to 2D stored products (p
< 0.001), as did 5-HETE (p < 0.001), 12-HETE (p < 0.05) and 15-HETE (p < 0.00001; Figure 1).
Transfusion of 35D stored products with increased levels of non-polar lipids did not result in
the onset of (mild) TRALI in humans in the presence of a strong inflammatory “first hit” and
pulmonary function was comparable to the volunteers who received 2D stored products
with low levels of non-polar lipids.25
Discussion
In this study we describe the effect of storage time and temperature conditions on
accumulation of arachidonic acid, 5-HETE, 12-HETE and 15-HETE in RBC, PLT and plasma
products manufactured according to Dutch Blood Bank standards. We found that: 1)
Arachidonic acid*
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Figure 1: Levels of arachidonic
acid, 5-HETE, 12-HETE and 15HETE in autologous transfusion
products stored in SAGM for
either 2 or 35 days. The bar
depicts mean concentration
in nmol/l. Levels in 35D stored
products were significantly
higher than the 2D stored
products. *p < 0.05 compared to
2 days. ** p < 0.001 compared to
2 days.
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arachidonic acid, 5-HETE, 12-HETE and 15-HETE accumulate in RBCs and plasma; 2)
accumulation of arachidonic acid, 5-HETE, 12-HETE and 15-HETE in plasma is temperature
dependent; 3) baseline levels or arachidonic acid, HETE-5. HETE-12 and HETE-15 are higher
in PLTs than in RBCs and plasma. 4) transfusion of RBCs products with increased levels of nonpolar lipids do not induce TRALI in the presence of a “first hit” in healthy human volunteers.
In this study we confirmed the accumulation of non-polar lipids during storage of RBCs.9,17
In the previous studies, however, non-polar lipids could be isolated from supernatants of
RBCs but not from supernatants of PLTs. The researchers therefore concluded that nonpolar lipids are RBC derived. As RBCs are the most frequently transfused products and
RBCs are related to a substantial number of TRALI cases,22 we decided to investigate the
effect of RBC storage time on pulmonary function. In our study we detected accumulation
of arachidonic acid, 5-HETE, 12-HETE and 15-HETE in all transfusion products. The initial
concentration of these lipids after donation were highest in PLT transfusion products,
followed by plasma and RBC products, suggesting that the accumulation was not solely RBC
derived. Accounting for technical variation between institutes, the concentrations of nonpolar lipids in plasma were comparable to in vivo concentrations as determined in other
studies.26,27 In our RBC transfusion products all measured non-polar lipids increased steadily
over time. Furthermore, this increase was much more pronounced in plasma stored at room
temperature then at 4°C. This could indicate the involvement of an enzymatic process in
which already present membrane compounds, for example cell debris or microparticles,
are converted to non-polar lipids, but could also reflect increased oxidative stress at higher
temperatures with concomitant oxidation of lipids present directly after production.28 The
hypothesis that non-polar lipids can develop also as a result of oxidative stress is supported
by a study in which production of 5-HETE could be prevented by addition of an anti-oxidant.29
In PLTs the non-polar lipids showed a non-significant change although a trend towards a
biphasic pattern was noted. This was followed by an increase in levels of arachidonic acid
and 12-HETE while 5-HETE and 15-HETE levelled off. Platelet HETEs are mainly produced
by influence of HETE-specific lypo-oxygenases which convert arachidonic acid to HETE. In
turn, the products of these lipo-oxygenases may inhibit other HETE conversions. Additional
investigations are needed to look into these processes in stored PLTs and into the relation
between platelet storage time and pulmonary function in humans.30

12

In contrast to animal studies from the USA we did not detect a relation between infusion of
RBC products with increased levels of non-polar lipids and TRALI. Previous studies showed
that during RBC storage non-polar lipids levels increase and that these lipids can induce
TRALI. In one of these studies, rats were primed with LPS as “first hit” after which they
received an identical volume of neutral lipids at concentrations equal to 1 day or 42 days
stored RBCs as “second hit”. Only the non-polar lipids from stored RBCs caused acute
lung injury.17 In a follow-up study of this study, the effect of RBC pre-storage filtering was
investigated. Here the authors showed that accumulation of 5-HETE but not of arachidonic
acid could be prevented by pre-storage filtration and the authors hypothesize that this is
due to removal of enzymes required for converting arachidonic acid into 5-HETE. In vivo
supernatant of these filtered RBCs did not induce TRALI in rats primed with LPS and in vitro
neutrophil priming activity was attenuated after filtration. The authors therefore concluded
that pre-storage filtration prevented TRALI induced by non-polar lipids.9
The fact that our models do not confirm these findings may be explained by inter-species
confounding in the described rat model because supernatant from human transfusion
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products was used to induce TRALI.7-10,17 This is supported by a rat model developed by our
group, in which stored rat RBC and PLT transfusion products were transfused to investigate
the effect of species specific blood components. In this model all animals developed
mild lung injury but bioactive lipids only accumulated in stored PLT products and not in
stored RBCs.11,12 In a previous study, our group performed additional in vitro investigations
of human blood products, collected according to the same procedures as in our current
study. The supernatants of these standard blood bank products were used for neutrophil
priming assays. Even in the presence of significant amounts of bioactive lipids, neutrophil
priming occurred with PLT products only but not with RBC products, which supports a role
for other compounds in the transfusion blood in TRALI pathogenesis.19 In our human model
we used 35 day stored blood, the maximum storage time in The Netherlands. Even though
non-polar lipids accumulated significantly in these products, no (mild) TRALI was induced in
the presence of a clinical relevant “first hit” which suggest that the lipids are not related to
human TRALI.25
If these findings are extrapolated to the rat model in which TRALI was mitigated by prestorage leukocyte depletion by filtration which also reduced the non-polar lipids, it cannot
be excluded that the filter procedure removed other compounds in the stored transfusion
blood which were responsible for development of lung injury.9
Many of our results are in contrast with US based studies, again illustrating the “continental
divide” in TRALI and transfusion research. It is unknown why many of the investigations
from the USA could not be reproduced in Europe and vice versa, but differences in the
manufacturing process of transfusion products may underlie this observation. Centrifugation
conditions, amount of residual plasma, mean whole blood hold time, type of leukoreduction
filtration and time to production influence the storage lesion in transfusion products and
differ between USA and European standard practices.31
An interesting, relatively new field in transfusion research is the research on donor-dependent
storage quality which indicates that there is considerable donor-to donor variation in the
effect of RBC production and storage on the RBC storage lesion.32 A standardized model
investigated in mice whether genetic background variation also influences production of
non-polar lipids. In this study significant differences in production of arachidonic acid,
5-HETE, 12-HETE and 15-HETE were found.33 Translated to human blood banking, even the
influence of genetic background could be a factor in the “continental divide”
In conclusion, we showed that the non-polar lipids arachidonic acid, 5-HETE, 12-HETE and
15-HETE accumulate in RBCs, plasma and platelet products. Accumulation of these lipids
in plasma is temperature dependent. Our results suggest that non-polar lipids have no
significant role in the onset of TRALI.
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Summary
BACKGROUND. Clearance of transfused red blood cells (RBCs) is thought to be related to
both storage time of the transfusion product and to inflammatory status of the recipient. We
investigated these effects in a randomized “two hit” healthy volunteer transfusion model,
comparing autologous RBCs stored for 35 days with RBCs stored for 2 days.
STUDY DESIGN AND METHODS. Healthy male volunteers donated one unit of autologous
RBCs either 2 (2D) or 35 days (35D) before the study day. The experiment was started by
infusion of 2 ng/kg LPS (“first hit”). Two hours later the stored RBCs (“second hit”) were
reinfused followed by RBCs labeled with biotin. Clearance of biotin labeled RBCs (BioRBCs)
was measured during the 5 h post-transfusion endotoxemia period, along with measurement
of PS-exposure, lactadherin binding and CD47 expression.
RESULTS. In the 2D stored RBCs group, 1.5±3.4% of infused BioRBCs were cleared from the
circulation 5 h post-transfusion versus 4.8±4.0% in the 35D stored group (p=0.1). There were
no differences in PS-exposure, lactadherin binding, and CD47 expression between fresh and
stored RBCs or between pre- and post-transfusion.
CONCLUSION. Our study shows a low clearance of RBCs even during endotoxemia.
Furthermore, short-term clearance of BioRBCs during endotoxemia was not related to
storage duration. Consistent with these observations, PS-exposure, lactadherin binding and
CD47 expression did not differ between 2D and 35D stored cells before or after transfusion.
We conclude that in the presence of endotoxemia, clearance of 35D stored autologous RBCs
is not increased compared to 2D fresh RBCs.
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Introduction
To improve tissue oxygenation, red blood cell (RBCs) transfusions are frequently administered
for increasing oxygen delivery capacity. Although blood transfusion can be lifesaving, it also
can result in serious adverse events leading to increased morbidity and mortality, especially
in critically ill patients.1,2 Moreover, several randomized trials suggest that a restrictive
transfusion policy results in a better outcome than a liberal transfusion policy.3-5 Storage
of RBCs, which results in the RBC “storage lesion”, including reduced cellular levels of
2,3-diphosphoglycerate, adenosine triphosphate and nitric oxide, and increased oxidation
of cellular lipids and proteins,6 has been implicated in transfusion induced adverse events.
However, the relative contribution – if any – remains unclear.7,8 Increased post-transfusion
RBC clearance caused by prolonged storage has been speculated to be detrimental; indeed,
several studies have reported shortened RBC survival with increased RBC storage.9-12 This
observation, and the observation that mainly critically ill patients are prone to develop
adverse events of transfusion, led us to hypothesize that RBC transfusion storage time
and the recipient’s inflammatory status influence RBC post-transfusion clearance. This
hypothesis is supported by several preclinical studies: RBC deformability diminishes in stored
blood;13,14 deformability of stored RBCs has been found to impede microcirculation15,16 and
in a murine model stored RBCs were found to adhere to the vasculature.17 Other studies
report that RBCs express increased phosphatidylserine (PS) on the outer membrane leaflet
after exposure to plasma of sepsis patients.18 PS-exposure, CD47 expression, and lactadherin
binding, amongst others, have been associated with RBCs storage and in vivo RBC aging.
Changes in any of these markers might influence post-transfusion RBC clearance.19-21
To test the above hypothesis in a clinically relevant setting, we examined the effect of
endotoxemia and RBC storage time on the clearance of autologous biotin labeled RBCs
(BioRBC) in healthy volunteers using a randomized study design. To address potential
mechanisms, we also determined effect of RBC storage on RBC membrane PS-exposure,
CD47 expression, and lactadherin binding.
Material and methods
All studies have been approved by the Academic Medical Center Medical Ethical Committee
(Dutch Trial Register - NTR4455) and are consistent with the Declaration of Helsinki including
Good Clinical Practice and Good Manufacturing Practice. All subjects provided written
informed consent as part of the informed consent process before enrolment.
Inclusion and Randomization of Volunteers
This study is part of a larger study that has been previously described (AABB annual
meeting oral presentation;22 Critical Care Medicine, article in press, DOI 10.1097/
CCM.0000000000001614). In this study we recruited 15 healthy male volunteers, 18 – 35
years of age, without medical conditions. Potential subjects were excluded if they had
donated or lost >500 ml blood during the preceding three months. Participants were not
allowed to be concurrently enrolled in another intervention trial.
Five subjects each were randomly allocated to one of three groups: 1) the 2D RBCs group
that received one unit of autologous RBC concentrate stored for 2 days, 2) the 35D RBCs
group that received one unit of autologous RBC concentrate stored for 35 days, 3) the
saline control group that received a similar volume of NaCl 0.9%. Each group adhered to the
protocol depicted in Figure 1.
All volunteers donated one unit of whole blood at the Dutch Blood Bank Sanquin, either 2 days
or 35 days prior to the experiment. The whole blood unit was processed into plasma, buffy
coat and leukoreduced RBC concentrate, with RBCs stored in saline, adenine, glucose and
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mannitol (SAGM) according to Dutch Blood Bank standards (Bottom-And-Top bag systems,
CQC2988, Fresenius Kabi, Emmer Compascuum, the Netherlands; PolyVinylChloride-Diethyl-hexyl-phtalate bag). To monitor product quality and bacterial contamination, 6 ml of
the 35D RBC concentrate was aliquoted using a sterile docking system. This sample was
cultured with BacTAlert® one day before transfusion.
Biotinylation
On the day of the experiment a 25-30 ml sample was drawn with a sterile TakeSpike (Codan,
Lensahn, Germany). Labeling of RBCs was done according to methods described originally
and later updated by Mock and coworkers.23,24 We labelled the RBCs from 20-30 ml of RBC
concentrate in order to achieve an in vivo BioRBC enrichment of 0.5%.
Briefly, RBCs were washed twice in a wash buffer consisting of 8 mL of 50-percent glucose
(Braun, Melsungen, Germany), 18 ml sodium bicarbonate (Frensius Kabi, ‘s Hertogenbosch,
The Netherlands)and 2 ml water (Braun) in 1.0 l 0.9% sodium chloride (Baxter Health Care,
Deerfield, Illinois, USA). Centrifugation (1000 rcf) performed with the wash steps was done
for 8 min at room temperature without breaking. Sulfo-N-hydroxysuccinimide-biotin (Pierce,
Rockford, Illinois, USA) was prepared in wash buffer at a concentration of 6 mg/ml. This
biotinylation labeling solution was filter-sterilized (syringe filter, 0.2 mm, acetate membrane)
immediately before use. The RBCs were resuspended in wash buffer at a hematocrit of 25%
and incubated with biotin labeling solution for 30 min at room temperature on a roller
bench. The BioRBCs were then washed twice again to remove excess biotin and resuspended
to a hematocrit of 50%. These cells were stored in a 60 ml syringe until infusion. One ml of
BioRBCs was used for investigation of membrane markers and for culture with BacTAlert®.
Open-label randomized design
It was impossible to blind volunteers for group allocation as they had to donate one unit
of blood either 2 or 35 days before the experiment. According to the Good Clinical Practice
(GCP) research code it was also not possible to blind for saline or RBC transfusion. We thus
performed an open-label randomized trial.
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Endotoxemia Model
To assure that all volunteers met systemic inflammation reaction syndrome (SIRS) criteria,25
an i.v. infusion of 2 ng Escherichia coli LPS / kg body weight i.v. (National Institutes of Health
Clinical Center, Bethesda, United States of America) was administered at T=0. Two hours
after LPS infusion, subjects received either 2D RBCs, 35D RBCs or Saline (T=2). At completion
of this infusion BioRBCs were infused over 1 min in the 2D and 35D RBC groups (Figure 1). As

Figure 1: Study protocol. The experiment was started with an infusion of LPS at T=0. At T=2 volunteers
received an autologous blood transfusion followed by biotin labelled RBCs an hour later. The red dots
represent the time-points on which blood was sampled.
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an additional historical control group, we compared RBC survival data of the three groups to
that of healthy volunteers transfused with fresh autologous RBCs in the absence of LPS from
a prior study. We used the clearance data from the first 5, 10, 20, 60 and 1440 minutes after
BioRBC infusion to fit a clearance curve. From this curve we extrapolated the clearance and
recovery of the 300 min time point (= 5 hours after infusion).26
Sample Collection and Analysis
All blood samples were collected from an indwelling arterial line, which was used for
hemodynamic monitoring. Blood was collected prior to infusion of the BioRBCs ; 10 min
after infusion of BioRBCs (T=3.1), 30 min after infusion of BioRBCs (T=3.5) and every two
hours thereafter up to T=8 (Figure 1). Potassium ethylenediaminetetraacetic acid (EDTA)
anticoagulated blood was used for cross matching as additional safety procedure and for
analysis of BioRBCs clearance. Directly after sampling potassium-EDTA anticoagulated full
blood was stored at 4°C. The day after the experiment full blood samples and untransfused
BioRBC samples were shipped on wet ice to the Red Blood Cell Research Laboratory of
Sanquin Blood Bank where they were analyzed with Advia 2120 Hematology System
(Siemens, The Hague, Netherlands).
To determine PS-exposure on RBC membranes, RBCs were counterstained with streptavidine
Qdots (Life Technologies, Carlsbad, California, USA, 2 nM final concentration) and
incubated with either annexin V-FITC (VPS diagnostics, Hoeven, The Netherlands 25 µg/
ml final concentration) or lactadherin-FITC (Haematologic Technologies Inc., Essex Junction,
Vermont, United USA, 16 nM final concentration). Lactadherin binding was analyzed by
anti-lactadherin staining (R&D Systems, Minneapolis, Minnesota USA, according to the
manufacturer’s protocol). Antibodies against CD47 were obtained from eBioscience (San
Diego, California, USA and used according to manufacturer’s protocol). RBCs were incubated
with antibodies for 30 min at 4°C, washed and analyzed using a flow cytometer (LSR II, San
Jose, California, USA). BioRBC enrichment expressed as a percentage of all circulating RBC
was measured at all appropriate sample time-points.
Total and direct bilirubin and haptoglobin were measured as hemolysis parameters in our
patient laboratory of general clinical chemistry with the Roche cobas c702 chemical analyzer
(Roche Diagnostics, Indianapolis, IN, USA).
Statistical Analysis
We tracked the post-transfusion clearance of BioRBCs for 5 h after their infusion; this
endpoint was selected because all symptoms of endotoxemia had abated at that time (5
h post-transfusion = 8 h after infusion of LPS, Figure 1). BioRBC clearance was determined
based on the percentage of BioRBCs cleared in the circulation relative to the 10-min postBioRBC infusion sample. Significance of differences in the post-transfusion BioRBC clearance
in the 2D and 35D transfusion group was tested using Student’s unpaired T-test.
We based our power calculation on previous published reports in which 22-26.5% RBC
clearance was detected 24 hours after infusion.9,10 We measured clearance during the five
hours of LPS induced endotoxemia and therefore expected less clearance. Assuming that
removal occurred linearly over the 24 hours, we estimated that about 6% would be removed
by 5 hour post-transfusion. Accordingly we powered on an expected clearance of 6% in the
stored RBCs group and 1% in the fresh RBCs group (in accordance with the observations of
Mock et al. using fresh autologous BioRBCs). Assuming a delta of 5%, with a pooled sigma
of 2.5%, alpha of 5% and beta of 80% we required 4 volunteers. We included one extra
volunteer to account for possible technical difficulties.
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To investigate the role of the three
membrane markers related to RBC
90
clearance transfused BioRBCs and
unlabeled RBCs collected from arterial
blood samples and untransfused BioRBCs
60
were analyzed for change in membrane
Legend
biomarkers. Expression of the membrane
30
2D RBCs
markers was determined as either
35D RBCs
percentage of fluorescence positive cells
0
T=3
T=4
T=5
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T=7
T=8
or as mean fluorescence (MFI). Because
Time (hours)
there was no time-dependent change in
Figure 2: Mean clearance per transfusion group.
membrane markers, the measurements of
Circles on solid lines represent 2D stored BioRBCs.
T=3.1 and T=8 were pooled and used for
Squares on dotted lines represent 35D stored
all calculations. Data are summarized in
BioRBCs. Bars represent 95% confidence interval.
means and medians with IQR. Statistical
analyses have been performed in R version 3.1.2 (R-core team, Vienna, Austria, 2014).
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Results
Clinical symptoms
Approximately 1.5 h after infusion of LPS, all volunteers developed headache, muscle pain,
photophobia and nausea. These symptoms were accompanied by the expected change in
hemodynamic and respiratory parameters. All volunteers met the systemic inflammation
reaction syndrome (SIRS) criteria.
Clearance
During endotoxemia, the percentage of RBCs removed from the circulation by 5 h was
1.5±3.4% for the 2D RBCs group and 4.8±4.0% for the 35D RBCs group (Figure 2). The
difference between the storage groups was not significant (p = 0.1). In the historical control
post-transfusion clearance 5 h post-transfusion of BioRBCs was 1.2±0.05% which was not
different from either the 2 or 35D groups.26 We did not detect any differences in levels of
total bilirubin, direct bilirubin or haptoglobin (data not shown).
Before Transfusion
After Transfusion
Unlabeled and
BioRBCs only Unlabeled RBCs BioRBCs isolated
untransfused
from circulation from circulation
RBCs sampled
from circulation
Lactadherin (%) Control
0.20 (0.19-0.29)
N/A
0.20 (0.14-0.26)
N/A
2D RBCs
0.20 (0.15-0.39) 0.30 (0.11-0.57) 0.17 (0.12-0.42) 0.70 (0.00-2.43)
35D RBCs 0.20 (0.01-0.76) 0.20 (0.05-0.37) 0.59 (0.00-0.98) 0.85 (0.00-5.02)
Annexin V (%)
Control
0.30 (0.18-0.58)
N/A
0.30 (0.15-0.49)
N/A
2D RBCs
1.30 (0.90-1.44) 0.65 (0.63-0.76) 1.30 (0.85-1.47) 0.70 (0.51-0.91)
35D RBCs 1.20 (0.37-0.97) 0.80 (0.76-0.91) 1.10 (0.87-1.29) 0.50 (0.32-0.90)
Table 1: Percentage of RBCs with PS-exposure as measured with annexin V and lactadherin on
transfused, untransfused and in vitro biotin labelled RBCs. The column “Before Transfusion”
describes the background lactadherin and CD47 expression on naïve RBCs drawn from the circulation
and BioRBCs directly after labeling. The column “After Transfusion” describes the sample which has
been drawn after transfusion from which both BioRBCs and unlabeled RBCs have been isolated. Values
are expressed as medians and confidence intervals between brackets.
PS-exposure
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Before Transfusion
After Transfusion
Unlabeled and
BioRBCs only
Unlabeled
BioRBCs isolated
untransfused
RBCs from
from circulation
RBCs sampled
circulation
from circulation
Membrane
Control
1.10
N/A
1.10
N/A
Lactadherin (%)
(0.07-1.43)
(0.67-1.73)
2D RBCs
0.40
1.10
0.40
1.85
(0-2.02)
(0.05-1.82)
(0.00-2.65)
(0.84-3.26)
35D RBCs
0.60
0.63
0.55
0.30
(0.03-1.29)
(0-5.32)
(0.12-1.30)
(0.00-1.06)
CD47 (MFI)
Control
2383
N/A
1998
N/A
(2091-2446)
(1766-2088)
2D RBCs
1582
1690
1582
1542
(890-1820)
(1360-1951)
(1001-1948)
(1196-2106)
35D RBCs
1309
1599
1309
1497
(1161-1567)
(1533-1666)
(1180-1684)
(1313-1817)
Table 2: Percentage of RBCs expressing lactadherin and CD47 expression in mean fluorescent
intensity (MFI) on transfused, untransfused and in vitro biotin labelled RBCs. The column “Before
Transfusion” describes the background lactadherin and CD47 expression on naïve RBCs drawn from
the circulation and BioRBCs directly after labeling. The column “After Transfusion” describes the
sample which has been drawn after transfusion from which both BioRBCs and unlabeled RBCs have
been isolated. Values are expressed as medians and confidence intervals between brackets.

Transfusion products
All of the 35D study subjects’ autologous RBC transfusion products met Dutch Blood Bank
quality standards prior to their administration. On average we measured 0.22±0.08%
hemolysis, 3.69±0.26 mmol/g Hb intracellular ATP and 43±21.1% echinocytes. In two
products we found >70% echinocytes which is still within the range of normal variations.
None of the products had a positive bacterial culture.
Changes in phosphatidylserine exposure, lactadherin binding and CD47 expression
Before infusion, BioRBCs expressed low levels of PS as measured by staining with lactadherin
and annexin V (Figure 3A; Table 1). PS-exposure between 2D and 35D stored BioRBCs was
similar and confidence intervals overlapped with unlabeled, untransfused RBCs. After
transfusion, PS-exposure on both the 2D BioRBCs and 35D BioRBCs remained low throughout
the experiment. In addition, lactadherin binding to the RBC was not detectable on BioRBCs
before infusion, as determined by anti-lactadherin antibody staining (Figure 3A, Table 2),
and did not increase after transfusion. Binding was comparable to unlabeled RBCs. Lastly,
the level of CD47 on BioRBCs did not change after transfusion and was not different from
circulating, unlabeled cells.
Discussion
In this study we transfused fresh (2D) and stored (35D) biotin labeled red blood cells into
humans in the presence of LPS-induced inflammation, sufficient to meet clinical SIRS
criteria. We did so to investigate the effect of RBC storage on clearance of transfused RBCs
under conditions of inflammation. We observed that: 1) clearance of transfused RBCs is low
even in the presence of marked inflammation and similar to clearance in the absence of
inflammation; 2) clearance of transfused autologous RBCs is not measurably dependent on
storage time in presence of inflammation; 3) PS-exposure, lactadherin binding, and CD47
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Figure 3a: PS-exposure, lactadherin binding and CD47 expression. PS-exposure is measured by
annexin V and lactadherin staining. The grey dots represent biotin labelled cells. The white dots
represent untransfused and unlabeled cells in full blood samples from which the BioRBCs were
extracted. Bars represent medians.

expression on RBCs is not altered during storage and does not change after transfusion in
LPS-treated healthy volunteers.
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Several studies have reported reduced survival of RBCs after transfusion.9-11 Although the
factors influencing post-transfusion recovery remain unclear, storage time and inflammation
in the recipient have been hypothesized to play an important role. In 2008, a Dutch research
group investigated whether survival of RBCs was storage-time dependent by identification of
transfused cells with minor-antigen mismatch. The study included 10 hematology patients
who required transfusion after high-dose chemotherapy. For RBCs <10 days, a mean 24 hour
post transfusion recovery of 86.4% was reported. For RBCs stored 25-35 days the average
survival after 24 hours was 73.5%.The authors hypothesized that the high clearance in both
transfusion groups might be caused by disease severity of the recipients.10
We designed a clinically relevant model to investigate the effect of RBC storage and
inflammation on RBC clearance in humans. To mimic clinical sepsis, we primed volunteers
with LPS and successfully induced SIRS in all the volunteers. Labeling with biotin was used
both to assess RBC clearance and to isolate RBCs for determination of membrane markers
implicated in cell clearance. The number of RBCs cleared during endotoxemia was low and
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was not dependent on storage time, which is in contrast with previous findings.10 We used
extrapolation of a historical control group of volunteers without LPS-exposure to investigate
the additional effect of endotoxemia.26 In this historical study post-transfusion clearance 5
hours post transfusion of BioRBCs was similar to our results.
We also investigated several “eat me” and “don’t eat me” erythrophagocytosis signals which
have been related to clearance of aged RBCs. We investigated PS-exposure, lactadherin
binding, and CD47 expression which all have been related to RBC clearance.
In healthy cells, PS is retained on the inner side of the cell-membrane. During senescence,
the asymmetric distribution of lipids in the cell-membrane changes and PS is exposed on
the outer leaflet which can be measured by staining with annexin or lactadherin. PS has
been proposed to be a marker for erythrophagocytosis.27 Several studies have investigated
PS-exposure as function of storage. In some studies PS-exposure did not change during
storage,19 while in others expression increased.28,29
Lactadherin is a PS-binding glycoprotein that promotes erythrophagocytosis by macrophages
in a concentration-dependent manner.21 We hypothesized that lactadherin might also play
a role in clearance of senescent and stored RBCs in individuals suffering from inflammation.
Contrary to our hypothesis, we did not find any evidence for lactadherin binding to the
transfused RBC, as assessed by anti-lactadherin staining, nor did we find any evidence for
increased PS-exposure, a prerequisite for lactadherin binding, assayed by both annexin V
and lactadherin staining.
CD47 is a crucial ”don’t eat me” signal on the erythrocyte membrane. CD47 binds to
signal regulatory protein-alpha (SIRPa) on macrophages, which leads to the inhibition of
phagocytosis by the macrophage.19,20 CD47 expression does not decrease during storage
of RBCs under standard Dutch blood banking conditions (de Korte and van Bruggen,
unpublished). However, it is not known how CD47 expression is maintained after transfusion.
We did not find a change in CD47 expression after transfusion of BioRBCs cells as compared
to untransfused and unlabeled cells. Expression did also not differ between 2D and 35D
stored cells.
A general difficulty with investigations on exposure of these markers on labelled cells is
that RBCs with increased levels may already have been cleared from the circulation before
the first collection of blood samples. A limitation in the determination of clearance of any
population study of labeled RBCs, including the BioRBC technique, is that clearance during
the mixing time cannot be determined; to unambiguously avoid any mixing artifact, we
elected to sample blood no sooner than 10 minutes after infusion. However, we infer that the
immediate loss of BioRBCs after infusion is negligible for the following reasons; First: earlier
studies reported little or no loss of labeled RBCs between 5 and 20 minutes after infusion;
Second, circulating red cell volume calculated with data from BioRBCs agreed with the red
cell volume calculated from minor antigen mismatch and Third: another study compared
BioRBCs with 51Cr and also did not detect any immediate loss of BioRBCs.30 Although these
observations do not directly prove that no labeled cells are cleared from the circulation,
they do suggest that there is negligible loss. Moreover, in the current study, we found 1)
that clearance over time was low; 2) that expression of clearance markers on RBC samples
direct from the storage bag was unchanged in either group; and 3) that levels of hemolysis
parameters did not increase. On balance, we infer that it is unlikely that we have missed a
substantial number of cells expressing high clearance signals that were cleared from the
circulation, either immediately after infusion or later during the experiment.

13

220

Chapter 13
There are several factors that might explain the discrepancy between our results and those
of previously published patient studies. It could be argued that the LPS did not produce
adequate inflammation, but at a dose of 2 ng/kg all volunteers fulfilled the SIRS criteria.31
Another factor that may be responsible for the differences between our study and those
previously published is that we used autologous transfusion products to investigate the
isolated effect of storage time on RBC clearance. This partly limits the comparability to
clinical practice but on the other hand allowed us to investigate the effect of storage time
without confounding by allogeneic mismatch. To our opinion, this is a major strength of our
study design. A third factor that might have influenced our results is that we investigated
the direct effect of inflammation during endotoxemia and that we cannot rule out that a
longer period of inflammation is required to induce increased clearance of transfused RBCs.
However, a study in very low birth weight critically ill premature infants (gestational age
26-30 weeks) did not show any clearance of biotin labelled stored allogeneic RBCs 24 hours
after transfusion.32
The two studies that detected increased RBC clearance in clinical patients made use of a
minor-antigen mismatch technique.9,10 This technique does not require any additional
labeling of the RBCs while biotin labeling involves several incubation and washing steps.
This raised the question whether the labeling procedure influences RBC clearance.
However, a study comparing post-transfusion recovery of biotin labeled RBCs to minorantigen mismatch in infants that received both autologous and allogeneic RBCs found no
differences between the two different methods and also found little difference between
autologous and allogeneic RBCs.33 A study in endotoxin primed volunteers using allogeneic
blood products might shed some light on these conundrums. However, ethical suitability of
exposing volunteers to allogeneic blood products is unclear.
In conclusion, clearance of autologous RBCs in humans is not dependent on storage time
in the presence of inflammation. Future studies should focus on the effect of allogeneic
properties of transfusion products on RBC clearance.

13

Clearance of biotinylated stored RBCs
References
1. Marik PE, Corwin HL. Efficacy of red blood cell
transfusion in the critically ill: a systematic
review of the literature. Crit Care Med.
2008(36):2667-74.
2. Tinmouth A, Fergusson D, Yee IC, Hebert PC,
Investigators A, Canadian Critical Care Trials
G. Clinical consequences of red cell storage in
the critically ill. Transfusion. 2006(46):201427.
3. Hebert PC, Wells G, Blajchman MA, Marshall
J, Martin C, Pagliarello G, Tweeddale
M, Schweitzer I, Yetisir E. 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.
4. Villanueva C, Colomo A, Bosch A, Concepcion
M, Hernandez-Gea V, Aracil C, Graupera I,
Poca M, Alvarez-Urturi C, Gordillo J, GuarnerArgente C, Santalo M, Muniz E, Guarner
C. Transfusion strategies for acute upper
gastrointestinal bleeding. N Engl J Med.
2013(368):11-21.
5. Holst LB, Petersen MW, Haase N, Perner
A, Wetterslev J. Restrictive versus liberal
transfusion strategy for red blood cell
transfusion: systematic review of randomised
trials with meta-analysis and trial sequential
analysis. BMJ. 2015(350):h1354.
6. Hess JR. Measures of stored red blood cell
quality. Vox Sang. 2014(107):1-9.
7. Lelubre C, Vincent JL. Relationship between
red cell storage duration and outcomes
in adults receiving red cell transfusions: a
systematic review. Crit Care. 2013(17):R66.
8. Alexander PE, Barty R, Fei Y, Vandvik PO, Pai
M, Siemieniuk RA, Heddle NM, Blumberg N,
McLeod SL, Liu J, Eikelboom JW, Guyatt GH.
Transfusion of fresher versus older red blood
cells in hospitalized patients: a systematic
review and meta-analysis. Blood. 2015.
9. Zeiler T, Müller JT, Kretschmer V. Flowcytometric determination of survival time
and 24-hour recovery of transfused red
blood cells. Transfusion Medicine and
Hemotherapy. 2003(30):14-9.
10. Luten M, Roerdinkholder-Stoelwinder B,
Schaap NP, de Grip WJ, Bos HJ, Bosman GJ.
Survival of red blood cells after transfusion: a
comparison between red cells concentrates
of different storage periods. Transfusion.
2008(48):1478-85.
11. Dumont LJ, AuBuchon JP. Evaluation of
proposed FDA criteria for the evaluation

of radiolabeled red cell recovery trials.
Transfusion. 2008(48):1053-60.
12. Luten M, Roerdinkholder-Stoelwinder B,
Bost HJ, Bosman GJ. Survival of the fittest?-survival of stored red blood cells after
transfusion. Cell Mol Biol (Noisy-le-grand).
2004(50):197-203.
13. Berezina TL, Zaets SB, Morgan C, Spillert
CR, Kamiyama M, Spolarics Z, Deitch EA,
Machiedo GW. Influence of storage on red
blood cell rheological properties. J Surg Res.
2002(102):6-12.
14. Relevy H, Koshkaryev A, Manny N, Yedgar
S, Barshtein G. Blood banking-induced
alteration of red blood cell flow properties.
Transfusion. 2008(48):136-46.
15. Simchon S, Jan KM, Chien S. Influence of
reduced red cell deformability on regional
blood flow. Am J Physiol. 1987(253):H898903.
16. Lipowsky HH, Cram LE, Justice W, Eppihimer
MJ. Effect of erythrocyte deformability on
in vivo red cell transit time and hematocrit
and their correlation with in vitro filterability.
Microvasc Res. 1993(46):43-64.
17. Chin-Yee IH, Gray-Statchuk L, Milkovich S,
Ellis CG. Transfusion of stored red blood
cells adhere in the rat microvasculature.
Transfusion. 2009(49):2304-10.
18. Kempe DS, Akel A, Lang PA, Hermle T, Biswas
R, Muresanu J, Friedrich B, Dreischer P, Wolz
C, Schumacher U, Peschel A, Gotz F, Doring
G, Wieder T, Gulbins E, Lang F. Suicidal
erythrocyte death in sepsis. J Mol Med.
2007(85):273-81.
19. Sparrow RL, Healey G, Patton KA, Veale MF.
Red blood cell age determines the impact
of storage and leukocyte burden on cell
adhesion molecules, glycophorin A and the
release of annexin V. Transfus Apher Sci.
2006(34):15-23.
20. Oldenborg PA, Zheleznyak A, Fang YF,
Lagenaur CF, Gresham HD, Lindberg FP. Role
of CD47 as a marker of self on red blood cells.
Science. 2000(288):2051-4.
21. Dasgupta SK, Abdel-Monem H, Guchhait P,
Nagata S, Thiagarajan P. Role of lactadherin
in the clearance of phosphatidylserineexpressing red blood cells. Transfusion.
2008(48):2370-6.
22. Peters AL, van Bruggen R, de Korte D, Jonkers
RE, Bonta PI, R. L, Zeerleder SS, Van der
Poll T, Juffermans NP, Vlaar APJ. S81-040B:
Transfusion of 35 days stored autologous
red blood cells in endotoxin primed human
volunteers does not result in transfusion-

221

13

222

Chapter 13
related acute lung injury AABB Annual
Meeting. Anaheim, 2015.
23. Mock DM, Lankford GL, Widness JA,
Burmeister LF, Kahn D, Strauss RG.
Measurement of circulating red cell volume
using biotin-labeled red cells: validation
against 51Cr-labeled red cells. Transfusion.
1999(39):149-55.
24. Mock DM, Matthews NI, Zhu S, Burmeister
LF, Zimmerman MB, Strauss RG, Schmidt RL,
Nalbant D, Cress GA, Widness JA. Red blood
cell (RBC) volume can be independently
determined in vivo in humans using RBCs
labeled at different densities of biotin.
Transfusion. 2011(51):148-57.
25. American College of Chest Physicians/
Society of Critical Care Medicine Consensus
Conference: definitions for sepsis and
organ failure and guidelines for the use of
innovative therapies in sepsis. Crit Care Med.
1992(20):864-74.
26. Mock DM, Matthews NI, Zhu S, Strauss RG,
Schmidt RL, Nalbant D, Cress GA, Widness JA.
Red blood cell (RBC) survival determined in
humans using RBCs labeled at multiple biotin
densities. Transfusion. 2011(51):1047-57.
27. Boas FE, Forman L, Beutler E.
Phosphatidylserine exposure and red
cell viability in red cell aging and in
hemolytic anemia. Proc Natl Acad Sci U S A.
1998(95):3077-81.
28. Stewart A, Urbaniak S, Turner M, Bessos H.
The application of a new quantitative assay
for the monitoring of integrin-associated
protein CD47 on red blood cells during
storage and comparison with the expression

13

of CD47 and phosphatidylserine with flow
cytometry. Transfusion. 2005(45):1496-503.
29. Dinkla S, Peppelman M, Van Der Raadt J,
Atsma F, Novotny VM, Van Kraaij MG, Joosten
I, Bosman GJ. Phosphatidylserine exposure
on stored red blood cells as a parameter
for donor-dependent variation in product
quality. Blood Transfus. 2014(12):204-9.
30. Mock DM, Widness JA, Veng-Pedersen
P, Strauss RG, Cancelas JA, Cohen RM,
Lindsell CJ, Franco RS. Measurement of
Posttransfusion Red Cell Survival With the
Biotin Label. Transfus Med Rev. 2014(28):11425.
31. Peters AL, van Hezel ME, Cortjens B, Tuipde Boer AM, van Bruggen R, de Korte D,
Jonkers RE, Bonta PI, Zeerleder SS, Lutter
R, Juffermans NP, Vlaar AP. Transfusion
of 35-day stored RBCs in the presence of
endotoxemia does not result in lung injury in
humans. Crit Care Med. 2016(44):e412-9.
32. Nalbant D, Bhandary P, Matthews NI,
Schmidt RL, Bogusiewicz A, Cress GA,
Zimmerman MB, Strauss RG, Mock DM,
Widness JA. Comparison of multiple red cell
volume methods performed concurrently
in premature infants following allogeneic
transfusion. Pediatr Res. 2013(74):592-600.
33. Widness JA, Kuruvilla DJ, Mock DM, Matthews
NI, Nalbant D, Cress GA, Schmidt RL, Strauss
RG, Zimmerman MB, Veng-Pedersen P.
Autologous infant and allogeneic adult red
cells demonstrate similar concurrent posttransfusion survival in very low birth weight
neonates. J Pediatr. 2015(167):1001-6.

Chapter 14
Summary and discussion of this thesis
Anna L. Peters and Alexander P.J. Vlaar
Partially published in:
Non-antibody mediated TRALI - current understanding
accepted for publication in ISBT Science Series
and
Redefining transfusion-related acute lung injury:
don’t throw the baby out with the bathwater
Transfusion
2016: volume 56, issue 9, pages 2384-2388

226

Chapter 14
Summary
In this thesis - Blood Transfusion – Transfusion-related acute lung injury: back to basics we investigated transfusion-related acute lung injury and the effect of the storage lesion.
The key aims of this thesis were: (1) to investigate TRALI reporting, TRALI diagnosis and the
influence of donor characteristics on TRALI; (2) to investigate potential mediators of nonantibody mediated TRALI; (3) to investigate the relation of storage time of red blood cells
with adverse events of transfusion in general and with TRALI in particular.
Part I – antibody-mediated TRALI
In the first part of this thesis we focused on antibody-mediated TRALI. In Chapter 2 we
reviewed the current knowledge of antibody-mediated TRALI. We discussed all pre-clinical
and clinical studies and reviewed measures to prevent TRALI.
One of the problems in preventing and diagnosing TRALI is that TRALI oftentimes is missed
due to its resemblance to acute respiratory distress syndrome. In 2008 our research group
performed a study to investigate which patient factors influence TRALI recognition by Dutch
physicians. From this study it became apparent that physicians only recognized TRALI in
relatively healthy patients: those who are actually least at risk for developing lung injury
after transfusion. In Chapter 3 we used a nationwide survey study to investigate whether
accumulating evidence on the “two hit” theory has resulted in improved recognition of
TRALI by Dutch physicians. We did this with a vignette study under physicians from the
intensive care department, anesthesiology, hematology and hemovigilance. In this study we
found that physicians still considered TRALI a “one hit” event: only TRALI in patients with
relatively minor disease were recognized. In contrast with the first study, all participants
now agreed that the storage time of transfused blood does not play an important role in
TRALI pathogenesis.
In Chapter 4 we investigated whether the use of new bead-based techniques results in
increased detection of antibodies in products transfused in patients suffering TRALI. In this
study all donors involved in all reported TRALI-cases in the Netherlands during a 5-year
period were evaluated. All donors were screened for human leukocyte antigen (HLA)
antibodies with conventional techniques and with new bead-based assays. We found that
bead-based assays had a higher sensitivity for detecting incompatible donors in TRALI cases
than the conventionally-used cellular-based assays. This implies that use of bead-based
assays for detection of HLA-antibodies can result in a significant reduction of future TRALI
reactions. With these techniques more antibody positive donors will be excluded from
future donations.
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In Chapter 5 we investigated whether donor characteristics influence the incidence of TRALI
in a secondary analysis of two cohorts of TRALI patients. Previous laboratory studies showed
that blood products from males and blood products from older patients develop a more
severe “storage lesion” compared to products from females and products from younger
donors. It is unknown whether these in vitro quality parameters also translate to increased
morbidity and mortality in the recipient of these products. We investigated whether higher
age, male donor sex and donor blood type increased TRALI incidence. However, donor
characteristics did not differ between TRALI and control patients.
Part II – Non-antibody mediated TRALI
In the second part of this thesis we focused on the red blood cell “storage lesion” and the
relation between storage duration and non-antibody mediated TRALI.
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In Chapter 6 we reviewed the current knowledge of non-antibody mediated TRALI. We
discussed all published pre-clinical and clinical studies.
The pentose-phosphate pathway is essential for production of nicotinamide adenine
dinucleotide phosphate (NADPH). Without NADPH red blood cells cannot neutralize
harmful oxygen species. The activity of the pentose-phosphate pathway decreases during
red blood cell storage which may contribute to the storage lesion and transfusion-induced
adverse effects, as for example TRALI. In Chapter 7 we investigated whether glucose-6phosphate dehydrogenase (G6PD), the key-enzyme in the pentose-phosphate pathway
becomes less active during storage of red blood cells. In previously published studies
G6PD activity remained stable during the entire storage period. We hypothesized that the
spectrophotometric determination of G6PD activity used in these studies is unreliable for
determination of G6PD function during storage. We used a new cytofluorometric assay to
investigate G6PD activity and indeed detected a steady decline in activity.
In chapter 8 we tested the hypothesis that TRALI is dependent on storage time. We
transfused healthy volunteers with autologous red blood cells that were stored for 2 or 35
days. Before transfusion volunteers received lipopolysaccharide, the endotoxin of a gramnegative bacteria, as “first hit”. In this study, transfusion of 35 days stored red blood cells did
not result in a deterioration of pulmonary function or in pulmonary inflammation.
In the consecutive chapters we delved deeper into the pathophysiological mechanisms that
have been linked with TRALI and adverse events of transfusion in general.
In animal models transfusion of prolonged stored red blood cells induced high levels of nontransferrin bound iron in plasma. This non-transferrin bound iron sustained inflammation
in the studied animals and served as nutrient for bacteria. In Chapter 9 we showed that in
humans, transfusion of 35 days stored red blood cells did not induce supra-physiological
levels of non-transferrin bound iron. Only endotoxemia caused a transient increase in nontransferrin bound iron.
Infusion of microvesicles from transfusion products has been related to inflammation and
activation of coagulation in laboratory studies. In Chapter 10 we tested the hypothesis that
infusion of microvesicles from transfusion products results in activation of coagulation in
humans. In this study we showed that microparticles from 35 days stored, but not from
fresh red blood cells can be detected in the circulation after transfusion. We also showed
that these microparticles were removed from the circulations within hours after transfusion
but that they had no effect on coagulation.
In Chapter 11 we further looked into hypothesized mechanisms of the effects of storage
of red blood cells. Storage time has been related to immunomodulation and has been
hypothesized to have immunosupressive effects. In this study we tested whether
transfusion of 35 days stored red blood cells resulted in reduced cytokine production after
in vitro stimulation of blood leukocytes with lipopolysaccharide. In this study we showed
that in vivo infusion of lipopolysaccharide reduced the ex vivo reaction of leukocytes to
lipopolysaccharides. However, transfusion of maximally stored red blood cells did not result
in additional reduction of cytokine production compared to fresh red blood cells or saline
infusion.
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Non-polar lipids, for example arachidonic acid and hydroxyeicosatetraenoic acids, induce
TRALI in animal models. In these models TRALI could be prevented by removing nonpolar lipids from the transfusion products. In Chapter 12 we showed that during storage,
non-polar lipids accumulate in human red blood cells and plasma transfusion products.
However, infusion of red blood cells with high concentration of non-polar lipids did not
affect pulmonary function in healthy volunteers.
Rapid clearance of prolonged transfused red blood cells has been hypothesized to underlie
the adverse effects of transfusion and to limit effectiveness of transfusion. In several clinical
patient studies less than 75% of the infused red blood cells from older transfusion products
could be detected 24 hours after transfusion. This is in contrast with studies that tested
prolonged stored products in healthy volunteers. In these studies also prolonged stored red
blood cells had adequate recovery after transfusion. In Chapter 13 we investigated whether
storage time and inflammation influences the clearance of red blood cells after transfusion
in a human endotoxemia transfusion model. We hypothesized that the difference in
recoveries may be explained by the underlying disease. Therefore we used a model of
human endotoxemia to investigate the influence of storage time of red blood cells and
underlying disease on red blood cell recovery. We did this by labelling red blood cells with
biotin and tracking the recovery of these cells after transfusion. In our study, both fresh and
the stored red blood cell transfusion had a recovery of almost 100%.
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Discussion
Blood transfusion is a frequently applied therapy in medicine. Especially in the intensive
care department, many critically ill patients are transfused. At the end of the 20th century
it became apparent that transfusion can be life-saving, but that it can also result in serious
complications as transfusion-related acute lung injury.1,2 Studies were initiated to discover
the pathogenesis of TRALI. These resulted in implementation of preventive measures in the
early 2000s.3,4
Part I - Antibody-mediated TRALI
In the first part of this thesis we focused on antibody-mediated TRALI. After it became
apparent that transfusion of plasma of female donors was related to TRALI,5 a male-donoronly plasma transfusion policy was implemented in 2003 in the United Kingdom. Many
other countries followed, including the Netherlands in 2007. This resulted in a steep decline
in TRALI incidence.4 However, in 2014 TRALI still accounted for 17% of transfusion-related
mortality.6
If we want to completely prevent all TRALI cases, research may focus on several strategies:
1) Antibody detection in donors.
Antibody-mediated TRALI can be prevented by excluding donors who carry antibodies.
Antibodies in the transfusion product can react with antigens in the recipient, thus activating
the immune system which results in pulmonary injury. Essential for detection of antibodies
is use of sensitive assays. In Chapter 4 we showed that bead-based techniques to detect
antibodies in transfusion products have a higher sensitivity than the conventionally used
assays. In this chapter use of these techniques resulted in a detection of 21 of 44 cases with
cognate antibodies, which otherwise would have been missed. Implementation of these
assays may result in improved recognition of antibody-carrying donors.
Donor screening
At this moment, all previously transfused donors are excluded from donation and no female
plasma or platelet apheresis donations are used for production of transfusion products. This
is a practical approach. The majority of females carry antibodies and screening for antibodies
in females has no cost-benefit over rerouting female products for production of plasmaderived medications. However, in Chapter 2 we fully review current knowledge on antibodymediated TRALI and we describe that the incidence of antibodies in never-transfused males
can be as high as 7.1%.7 Screening all donors before each donation will result in increased
recognition of donors carrying antibodies and may successfully prevent TRALI.
Unknown antibodies
There is a clear relation between presence of HLA- and HNA-antibodies in donor blood and
TRALI. However, in Chapter 4, even with more sensitive techniques to detect antibodies only
half of the reported TRALI cases could be accounted for. It is possible that the remaining
cases are caused by non-antibody mediated TRALI in which biological active mediators in
the transfusion product induce pulmonary injury. However, it is also possible that other,
non-HLA or HNA antibodies in donor blood are responsible for these cases. Future studies
should investigate whether there is a relation between other types of antibodies in the
donor plasma (for example IgM type, endothelial antibodies, platelet antibodies, or minor
antigen antibodies) and TRALI.
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2) Blood products
Solvent/detergent plasma
Implementation of a male-only plasma donor strategy has resulted in a two-thirds reduction
in TRALI incidence.8,9 ln 2014 quarantine plasma has been replaced by solvent/detergent
(S/D) plasma transfusion products in the Netherlands. These products are the result of
pooling of plasma from 500-1600 donors which theoretically causes a dilution of antibodies
in donor plasma of at least 500 times. The antigens present in the pooled plasma might also
be able to bind antibodies and thus prevent antibody reactivity.10 This product has been
implemented as additional measure against transfusion reactions, including TRALI.
It remains to be seen whether introduction of S/D plasma will result in a reduction of TRALI
cases. The hypothesized dilution of antibodies in donor plasma may be counteracted by
increased donor exposure. Instead of that patients are exposed to antibodies from only
one donor during transfusion, they are exposed to antibodies of up to 1600 donors. This
results in a higher chance of exposure to cognate antibodies which may induce TRALI. In
the Netherlands already several S/D plasma-related TRALI cases have been reported to the
hemovigilance network TRIP (personal communication). Ongoing research will have to show
whether S/D plasma indeed results in a change in TRALI incidence.
Male-only apheresis platelets
From 1 October 2016 the American Association of Blood Banks (AABB) has implemented
a new standard to further reduce TRALI. The new guideline now states that from now on
apheresis platelets should also be donated only by males, females who have not been
pregnant, or females who have had negative HLA antibody test results since their most
recent pregnancy.11 A recent study reported that after implementation of the male-only
donor policy for plasma transfusion, apheresis platelet transfusion has the highest risk
to induce TRALI. The authors suggest that risk of TRALI from apheresis platelets might
be reduced by another 60% by selectively testing female donors who have had prior
pregnancies and excluding those with positive results for HLA Class I and II antibodies 12.
Before-and-after studies, as have been performed after implementation of the male-only
donor plasma strategy, can identify whether introduction of donor selection for apheresis
plasma also results in reduction of TRALI and whether it is worthwhile to implement this
strategy in other countries.
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3) Physician awareness
Most of the interventions aimed at preventing TRALI are now aimed at excluding high
risk donors. When a patient develops TRALI, the reaction has to be reported to the blood
bank. The blood bank will then initiate screening of antibodies in the implicated donors.
Donors carrying cognate antibodies are excluded from future donations. Donors in whom
no cognate antibodies can be detected are excluded when they have been implicated in
2 TRALI reactions. This process of screening can only be initiated if the physicians at the
bedside recognize TRALI and report the reaction to the blood bank. Previous investigations
showed that in the Netherlands physicians do not recognize TRALI in patients with severe
underlying disease.13 However, this is the patient group that is most at risk for developing
TRALI.14,15 In Chapter 3 we investigated whether ongoing research and implementation of
strategies to prevent TRALI has resulted in increased awareness at the bedside. However,
our study showed that physicians still tend to recognize TRALI according to a “one-hit”
pathogenesis: they only recognize it in patients with relatively mild underlying disease. This
means that there still is work to be done: to prevent donors related to TRALI from continued
donating, physicians will have to improve TRALI awareness and have to be made aware of
the importance of reporting adverse events of transfusion.
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4) Use of blood products
Adhering to transfusion guidelines
The awareness of physicians of the potential adverse effects of transfusion and current
transfusion guidelines should also be improved. Studies show that transfusion practice varies
significantly between and within institutions16 and that a significant number of physicians
still adheres a transfusion threshold of hemoglobin levels below 7.0 g/dL with target levels
above 10 g/dL hemoglobin.17 Schooling of physicians may prevent unnecessary transfusions
and thus reduce the incidence of adverse transfusion reactions.
Bloodless medicine/patient blood management
In the Western world blood transfusions are mostly safe and usually readily available.
One could philosophize that this has created “lazy” doctors who tend to forget that (1)
optimizing patient condition before elective surgery and (2) exercising extreme caution in
surgical procedures may improve health care and prevent the need for transfusion. Jehovah
witnesses refuse blood transfusions but are not exempt from requiring invasive surgery
for treatment of, for example, coronary artery disease or cancer.18-31 Several studies have
indicated that “bloodless medicine” in these patients results in a better outcome compared
to standard transfusion therapy.32,33 They are treated with preoperative and postoperative
erythropoietin and iron to optimize hematopoiesis and receive optimal intra-operative
management of hemostasis. Meta-analysis of “bloodless medicine” in cardiac surgery
showed a non-significant trend towards better outcome. However, the authors state that
“The suboptimal quality of available studies prevents conclusive results on the possible
benefits of a transfusion-free strategy in patients not refusing blood transfusion.” It may be
time to perform a large randomized trial to investigate whether “bloodless management”
for elective surgery is feasible and as safe as the current standard of care. After all: a patient
who is not transfused, cannot develop an adverse transfusion reaction.
Part II - Non-antibody mediated TRALI
The storage lesion
At the same time that the role of antibodies in TRALI was discovered, also more subtle
adverse effects of red blood cell transfusion were reported: in the 1990s a Canadian research
group investigated the effect of storage time of red blood cell transfusions on critically ill.
In this landmark study they showed that intensive care patients who were transfused when
hemoglobin concentrations fell below 7.0 g per deciliter (4.3 mmol/l) had a markedly better
outcome than patients who were transfused when hemoglobin levels fell below 10.0 g per
deciliter (equal to 6.2 mmol/l).34 This study was a turning point in transfusion medicine:
it became apparent that transfusion was not only related to incidental severe adverse
reactions such as TRALI, but that liberal transfusion also in general resulted in increased
morbidity and mortality.
More studies were published that showed similar results.35 Meta-analyses of studies
comparing restrictive with liberal transfusion strategies showed that a restrictive transfusion
strategy results in more than one third fewer transfusions, without any apparent harm.3638
Physicians had always assumed that anemia was detrimental, especially in critically ill
patients, as it resulted in decreased delivery of oxygen to the tissues. Indeed, several studies
had suggested that anemia increased the risk of death after in patients with cardiac disease
and critically ill patients.39,40 Therefore, red blood cell transfusions were used to augment the
delivery of oxygen and counteract the harmful effects of anemia. The fact that transfusion
in patients with below-normal hemoglobin levels did not improve patient outcome, and
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may even be related to worse outcome, was extremely unexpected. Researchers started
investigating which factors in the transfusion product were responsible for these adverse
effects.41 In 2008 a study was published that related the duration of red cell storage with
complications after cardiac surgery.41 This study initiated the hypothesis that storage
duration may be the causative factor in adverse effects of transfusion. Many animal studies
were performed which supported in which prolonged stored transfusion products were
harmful compared to fresh products.42-48
The second part of this thesis focused on the storage lesion of transfusion products and
the relation between storage duration and TRALI. Prolonged storage of red blood cells
has been related to adverse outcomes of transfusion. It has been hypothesized that nontransferrin bound iron,43,49-51 transfusion related immunomodulation,52,53 non-polar lipids54,55
or increased clearance of prolonged stored red blood cells after transfusion56-58 may underlie
these adverse effects. In this part we concluded that glucose-6-phosphate dehydrogenase
(G6PD) activity, the key-enzyme of the pentose phosphate pathway, decreases during
storage (Chapter 7); we also established that non-transferrin bound iron (NTBI) (Chapter 9),
microparticles (Chapter 10) and non-polar lipids accumulate (Chapter 12) during storage.
However, we also established in a healthy volunteer model of endotoxemia that none of these
factors resulted in onset of inflammation, activation of coagulation, immunomodulation
or impairment of pulmonary function (Chapters 7 – 12). Furthermore, we did not detect
increased clearance of prolonged stored red blood cells after transfusion (Chapter 13).
This raises the question: are prolonged stored red blood cell products dangerous? From our
studies, the answer would be: no. In our healthy volunteers we were able to detect whether
the volunteers were transfused with a fresh (2 day stored) red blood cell transfusion or a
stored (35 day stored) red blood cell transfusion. However, all parameters of inflammation
and coagulation were comparable between the groups. The use of this model facilitated
the isolated investigation on the effect of storage time on adverse effect of transfusion.
Moreover, our standardized model prevented confounding of, for example, disease severity,
underlying disease, treatment strategies, etc, as clinical patient studies always suffer from
group heterogeneity. However, we performed a relatively small, autologous transfusion
study in healthy volunteers and even though we successfully used lipopolysaccharide
(LPS) to induce endotoxemia, LPS does not equal sepsis. Another limitation is that we used
autologous transfusion products. Although this eliminated allogeneic influences, this limits
comparability with clinical practice in which mostly allogeneic products are transfused.
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Our study is in line with recently published large randomized controlled trials. These studies
have investigated the relation between adverse effects of transfusion and storage time. They
were adequately powered to investigate these effects (inclusion ranged from 290 premature
infants up to 31.497 adult patients) and did not show any difference of transfusion of fresh
RBCs on morbidity or mortality, compared to standard issued RBCs.59-63 However, these
studies compared fresh products (storage duration up to 8 days) with standard issued
products (median of 21 days).59-62 The lack of effect of fresh products indicates that storage
duration may not be related to adverse effects, but they did not investigate maximum storage
time. It thus cannot be excluded that products with maximum stored duration would have
induced adverse reactions in the transfused patients.
The largest study with 31.497 inclusions used a practical approach and randomized freshest
available products versus oldest available products.63 In this study a considerable number
of patients was transfused with products older than 30 days but due to the practical design
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(transfuse the freshest or oldest unit available - hypothetically the oldest unit thus may be
only 7 days old, and the freshest 42 days) these patients were enrolled in both the “fresh”
and the “stored” group. Our study did investigate the maximum range of storage times
and did not detect any clinical effect of stored transfusion products. At this moment, no
definitive answer can be given whether maximum stored products are truly safe but current
evidence does point in that direction.
Some other questions on the effects of storage time remain unanswered:
1) Subgroups of patients
It is possible that stored products do not have an overall influence on outcome in a
heterogeneous patient population. However, it has not yet been established whether the
effect of the age of transfusion products differs for underlying diseases. It has been suggested
that prolonged stored transfusion products have a decreased oxygen delivering capacity.
These products may need a period of 24-72 hours of metabolic recovery before the red
cell is fully “up-and-running” again.64 Intensive care or hematology patients usually suffer
insidious hemoglobin decrease. These patient may not need immediate recovery of oxygen
transporting capacity. However, trauma patients or patients with myocardial infarction may
benefit from a rapid increase in oxygen transporting capacity. It cannot be excluded that
these patients would benefit from transfusion of fresh red blood cells that require shorter
time to recover from storage.
2) Donor characteristics
Recent investigations indicate that in-bag-hemolysis, ATP levels, metabolic rate, microparticle
formation and oxygen transport efficacy show wide inter-donor variation.65 The recently
published trials have only focused on storage time in general in relation to outcome and did
not take into account inter-donor variability. It could be hypothesized that blood products
from so called “bad donors” may be related to adverse events in the recipient. However, the
recently published trials were designed to compare storage durations and did not look into
the effect of in vitro product quality on morbidity and mortality.59-63 Genetic factors, ABO
blood group, sex, age and lifestyle aspects as diet, body weight, alcohol consumption and
smoking, have been suggested to influence storage lesion variability.66 Which of these – if
any – factors influence the quality of the transfusion product is subject to investigation.
The few clinical studies that have investigated the influence of donor characteristics
were mostly retrospective and had a high risk of bias.65,66 However, a recent study has
investigated the influence of donor characteristics on platelet transfusion recovery. In this
study healthy volunteers received 5 days stored autologous platelets together with fresh
autologous platelets. The platelets were labelled with a radioactive label which facilitated
to measure post-transfusion recovery and survival. Metabolomics on the stored platelets
revealed that, amongst others, caffeine metabolites were associated with poor platelet
recovery which implies that modifying donor environment (in this case, donor coffee
consumption) can improve transfusion products.67 Studies like these provide evidence that
donor characteristics can have significant impact on the quality of the transfusion product.
In Chapter 5 we performed a secondary analysis of two cohorts of TRALI patients. We
investigated whether donor characteristics were related to TRALI incidence. We did not
detect any relation between donor age, donor sex, donor blood type or donor BMI and
TRALI. However, this was an observational study with a high risk of bias. Prospective studies
will have to show whether donor factors are the key to the relation between adverse events
and transfusions.
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3) Storage quality
One should also realize that, even though the storage duration of 35-42 days may not be
related to adverse effects of red blood cell transfusion, 42 storage days is still much shorter
than the normal red blood cell life span of 120 days. Improved storage conditions may
extend the maximum storage time. This would have a major effect on transfusion logistics
and product supply. Blood supply is balanced between adequate stock of all blood types
and prevention of product wastage due to product expiration. Still, a significant number
of products have to be discarded because products cannot be transfused before their
expiration date.68 Especially for less prevalent blood types, as for example AB and B-, it is
more challenging for blood banks to ensure adequate blood supply.69 Improved storage
conditions may facilitate longer storage and result in reduced product waste and improved
product supply. Therefore, many studies are performed by blood banks on optimal storage
conditions and on the development of new storage solutions.70-75
Non-antibody mediated transfusion-related acute lung injury and the storage lesion
The second part of this thesis also focused on the red blood cell storage lesion in relation
to non-antibody mediated TRALI. In Chapter 6 we reviewed current knowledge on nonantibody mediated TRALI and summarized the evidence that in all in vitro models and
animal models TRALI was associated with storage time of transfusion products.44-48,54,55,76-92
Clinical studies on the other hand showed conflicting results.14,45,93-96
It is unrealistic to perform a large randomized trial investigating the role of storage time in
TRALI pathogenesis. TRALI is a rare event and it is not feasible to include enough cases in
a reasonable time-frame. Studies on TRALI were therefore limited to laboratory models,
animal studies and observational investigations.
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In Chapter 8 we used a “two-hit” human model to investigate the effect of stored red
blood cell products on pulmonary function in humans. We used a model of endotoxemia
to increase comparability to clinical practice and to model the “two-hit” pathogenesis of
TRALI. With this study, even with our limitations of small study size, endotoxemia instead
of true sepsis and use of autologous products, we came closer to a randomized patient trial
on TRALI than any study before. In this study we did not detect any effects of prolonged
stored red blood cell transfusion on pulmonary function or pulmonary inflammation. Our
model eliminated limitations of the animal models: many models suffer from interspecies
confounding and animal blood product deteriorate earlier compared to human products.97 It
also eliminated confounding factors of the observational studies in which patients received
both old and fresh transfusion products. Moreover, standard transfusion practice uses
allogeneic transfusion products which hamper investigation of the isolated effect of storage
time and these studies were limited by heterogeneous patient populations. Combined with
the already mentioned, recently published trials that investigated the relation between
storage time and morbidity, most evidence now indicates that storage time is not related to
complications of red blood cell transfusion.98
Does non-antibody mediated transfusion-related acute lung injury exist?
Over the course of the years several hypothetical mediators of non-antibody mediated
TRALI have been postulated and discarded again: soluble CD40 ligand, polar lipids, nonpolar lipids, and now, red blood cell storage time.99 In Chapter 4 we showed that use of
bead-based assays to detect antibodies raised the number of detected antibody-mediated
TRALI cases from 23 to 44. This raises the question whether non-antibody mediated TRALI
exists or whether all TRALI cases are actually the result of not yet detected antibodies. In

Summary and discussion

235

line with this hypothesis, a German study group recently suggested to view TRALI from the
perspective of detectability versus non-detectability of leukoreactive alloantibodies.100 The
authors argue that only cases in which leukoreactive alloantibodies can be detected should
be defined as “true” TRALI. Several research groups already have redirected their work
from identification of mediators in non-antibody mediated TRALI to identification of cellular
pathways that are responsible for pulmonary damage in antibody-mediated TRALI.99,101-104
However, it may be too early to redefine the syndrome. Several in vitro and in vivo studies
have indicated that storage time of platelets and donor characteristics might be related
to TRALI and other transfusion-related morbidity. These have not yet been investigated in
humans.
Storage time of platelets
Similar to the stored red blood cell, the stored platelet also suffers changes during
storage. The platelet changes shape from discoid to spheroid, it shrinks, shows cytoplasm
condensation and extension of filopodia, the energy metabolism alters and expression of
GPIIIa, GPIIb and P-selectin increases. The platelet storage lesions affect in vivo recovery,
survival and hemostatic activity after transfusion.105,106 As with RBCs, storage time of
platelets has been clearly related to TRALI in preclinical studies81,90-92 and platelets may
even be more susceptible to changes in storage procedures and processing than RBCs. For
example, experiments with platelets treated with UV-B illumination showed that illuminated
aged platelets caused acute lung injury in two-hit murine models.81,90-92 The evidence from
human studies on the effect of storage time of platelets is not as extensive as for RBCs.
Clinical studies report conflicting evidence on the role of storage time.15 However, all these
studies are observational and no prospective randomized trial has investigated the effect of
platelet storage time on clinical endpoints. A randomized controlled trial comparing storage
duration of platelet transfusion products, may shed light on the hypothesis that prolonged
stored platelets can have harmful effects in the recipient.
In conclusion
In this thesis we investigated transfusion-related acute lung injury and the effect of the
storage lesion. We showed that physicians under-recognize TRALI and report it as a “one-hit”
event and that diagnosis of antibody-mediated TRALI can be improved with implementation
of new bead-based assays. Moreover, we showed that accumulation of non-transferrin
bound iron, non-polar lipids, microparticles and storage duration in general, factors which
all have been related to adverse effects of transfusion in preclinical studies, have no adverse
effects on pulmonary function, inflammation or coagulation in humans. We conclude that
storage time of red blood cell transfusion products is not related to TRALI or other adverse
effect of transfusion and recommend that future studies focus on allogeneic factors and
donor characteristics.
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Chapter 15
Achtergrond van dit proefschrift:
Bloedtransfusie
Elk jaar worden in Nederland bijna 500.000 bloedproducten getransfundeerd.1 De
meerderheid van deze transfusies zijn rode bloedcel transfusies (430.000), gevolgd door
bloedplaatjes (57.000) en plasma (56.000). Bloedtransfusie heeft een speciale plaats in de
geneeskunde: het is een van de oudste medische interventies en transfusie zorgt ervoor dat
de patiënt blootgesteld wordt aan “levend” biologisch materiaal van een andere persoon.2
In 1628 ontdekte de Engelse arts William Harvey de bloedcirculatie. In de jaren na zijn
ontdekking experimenteerde artsen met bloedtransfusie tussen dieren, maar ook tussen
dieren en mensen. Desondanks duurde het nog twee eeuwen voordat James Blundell, een
Britse gynaecoloog, de eerste succesvolle transfusie beschreef. Hij transfundeerde bloed
tussen een vrouw met een bloeding na de bevalling, en haar man. Bloedtransfusie was in
deze tijd heel riskant: de transfusie werd vaak gecompliceerd door ernstige bijwerkingen,
die niet zelden tot de dood van de getransfundeerde patiënt leidde.
In 1900 ontdekte Karl Landsteiner dat rode bloedcellen ingedeeld kunnen worden in
bloedgroepen. Hij introduceerde vervolgens het AB0-bloedgroepsysteem. Deze ontdekking
vergrootte de veiligheid van transfusie enorm, omdat vanaf toen transfusies gematcht
werden op de bloedgroep van de donor en de ontvanger. Na de tweede wereldoorlog
werd bloed voor het eerst in rode bloedcellen, bloedplaatjes, en plasma opgedeeld. Dit
wordt componenttherapie genoemd. In de jaren 80 van de vorige eeuw nam het gebruik
van componenttherapie enorm toe. Patiënten ontvingen nu niet meer een volledige
bloeddonatie. In plaats daarvan kregen ze alleen rode bloedcellen, bloedplaatjes of plasma
die elk op een eigen manier bewaard werden.3
In Nederland is de productie van transfusieproducten volledig afhankelijk van vrijwillige,
onbetaalde donatie door gezonde donoren. De productie, opslag en uitgifte van
bloedproducten is in een complex systeem georganiseerd: donoren en bloedproducten
worden gescreend op overdraagbare ziekten om de patiëntveiligheid te bewaken;
bloedproducten worden in component-specifieke omstandigheden en in speciale
bewaarvloeistoffen opgeslagen zodat de kwaliteit zo lang mogelijk bewaard blijft; voor
transfusie worden bloedproducten gematcht op bloedtype om bijwerkingen door
incompatibiliteit te voorkomen.2 Een bloeddonor staat per donatie 500 ml volbloed af.
Dit wordt gebruikt voor de productie van verschillende transfusieproducten: elke donatie
wordt gesplitst in het rode bloedcelconcentraat, plasma
en bloedplaatjes.
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Rode bloedcellen
Rode bloedcellen zijn de meest voorkomende cellen
in het menselijk lichaam. Elke dag worden er in het
beenmerg meer dan 1012 rode bloedcellen aangemaakt
die essentieel zijn voor transport van zuurstof door het
lichaam (Figuur 1a). De cellen blijven 120 dagen in de
circulatie waarna ze door de milt of door macrofagen uit de
bloedstroom gehaald worden. Wanneer de hoeveelheid
rode bloedcellen of hemoglobine (een onderdeel van
rode bloedcellen) vermindert, ontstaat er anemie. Deze
vermindering kan het resultaat zijn van verlies van rode
bloedcellen (bijvoorbeeld bij een bloeding), toegenomen

7.5 µm

2.5 µm
Figuur 1a: Uiterlijk van een rode
bloedcel.
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afbraak of onvoldoende aanmaak.4,5 Bij
ernstige anemie hebben patiënten soms een
rode bloedceltransfusie nodig om de zuurstoftransporterende capaciteit te verhogen.
In Nederland worden rode bloedcellen
opgeslagen in natriumchloride, adenine,
glucose en mannitol. Desondanks ondergaan
de rode bloedcellen gedurende opslag
veranderingen die de “opslaglaesie” worden
genoemd.6,7 De rode bloedcelmembraan
verliest zijn integriteit en band 3 raakt
gefragmenteerd. Band 3 is het belangrijkste
membraaneiwit dat ook een belangrijke
functie heeft in het in balans houden van de
zouthuishouding van de cel. 8,9 De fragmentatie
van band 3 kan een toename van glycolyse
veroorzaken.

De glycose is essentieel voor energieproductie
(Figuur 2a). Tegelijkertijd neemt de activiteit van
het pentose fosfaatpad af waarin nicotinamide
3-Fosphoglyceraat
adenine dinucleotidefosfaat (NADPH) wordt
Enzymen:
8
geproduceerd voor de bescherming tegen
1. Hexokinase
2. Glucose-6-fosfaat
schadelijke zuurstofvormen zoals bijvoorbeeld
2-Fosphoglyceraat
isomerase
waterstofperoxide (H2O2; Figuur 2b). De rode
3. 6-Fosfofructokinase
9
bloedcel wordt tijdens opslag echter wel
4. Fructose bisfosfaat
aldolase
nog blootgesteld aan oxidatieve stress van
Fosfoenolpyruvaat
5. Triose-fospfaat
deze schadelijke zuurstofvormen. Om die te
ADP
isomerase
10
neutraliseren is een actief pentose fosfaatpad
6. Gluceraldehyde-4ATP
fosfaat dehydrogenase
essentieel. De balans tussen de glycolyse
Pyruvaat
7. Fosfoglyceraat kinase
en het pentose fosfaatpad raakt echter
NADH
8. Fosfoglyceraat mutase
gedurende opslag steeds meer ontwricht.
11
9. Fosfopyruvaat hydratase
NAD
10. Pyruvaat kinase
Hierdoor raken eiwitten en lipiden beschadigd.
11. L-Lactaat dehydrogenase
Lactaat
Dit zorgt op zijn beurt ervoor dat de kwaliteit
Figuur 2a: Het Emden-Meyerhof pad (glycolyse) van het bloedproduct achteruit gaat wat
voor de productie van ATP en NADPH. Dit pad is nadelige effecten heeft op het overleven en
6
essentieel voor de energieproductie van de cel. de functie van rode bloedcellen na transfusie.
Rode bloedcellen mogen daarom in Nederland
maximaal 35 dagen opgeslagen worden. In
een aantal andere landen is de maximale
opslagduur 42 dagen.

7

2.5 µm

Figuur 1b: Uiterlijk van een bloedplaatje

ATP

Bloedplaatjes
Bloedplaatjes zijn kleine, schijfvormige
fragmenten van megekaryocyten. Elke dag
produceert het beenmerg 1011 bloedplaatjes.
Deze vormen een bloedprop als een vat
scheurt of als er een bloeding is. Ze stoppen
zo het bloedverlies (Figuur 1b).10 Patiënten
ontwikkelen thrombopenie (een tekort aan
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Enzymes:
1. Glucose-6-fosfaat
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2. Gluconolactonase
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3
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Figuur 2b: Het glucose-6-fosfaatdehydrogenase pad.
Dit pad is essentieel voor de productie van NADPH dat
beschermt tegen schadelijke zuurstofradicalen.

bloedplaatjes) als bloedplaatjes verloren gaan (bijvoorbeeld bij een ernstige bloeding) of
als er minder bloedplaatjes aangemaakt worden. Er kan dan een bloedplaatjestransfusie
nodig zijn om een bloeding te voorkomen. In Nederland worden bloedplaatjestransfusies
gemaakt door de bloedplaatjes van 5 donoren samen te voegen in plasma van een van
die donoren of in bloedplaatjes bewaarvloeistof. Om te voorkomen dat de bloedplaatjes
tijdens opslag actief worden en bloedproppen in de opslagzak maken, worden de
producten bij kamertempeatuur op een schudder opgeslagen. Desondanks ontwikkelen de
bloedplaatjes, net als bij opslag van rode bloedcellen, een “opslaglaesie”. De opslaglaesie
van het bloedplaatje is waarschijnlijk een vicieuze cirkel waarbij opslag voor een toename
van energieverbruik zorgt. Hierbij komt lactaat (melkzuur) vrij. Lactaat zorgt ervoor dat de
bloedplaatjes actief worden en bloedproppen gaan vormen. Hiervoor is echter weer een
toename in energieverbranding nodig. Tijdens opslag krimpt het bloedplaatje en ontwikkelt
de membraan uitstulpingen.11 Al deze veranderingen zorgen ervoor dat na transfusie het
L

15
X-thorax met onstekingen in beide longen

Normale X-thorax

Figuure 3: Röntgenfoto van de longen (X-thorax) van een patiënt met longschade (links) en van een
gezond persoon (rechts).
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Figuure 4: Acute longschade. In een gezonde persoon kan er voldoende zuurstof opgenomen worden
uit kamerlucht. Als er echter sprake in van acute longschade dan heeft de patiënt om voldoende
zuurstof op te kunnen nemen beademing nodig met een hogere fractie zuurstof. De PaO2/FiO2 ratio
drukt uit hoeveel zuurstof er vanuit de longen in de zuurstof opgenomen wordt. De PaO2 is het niveau
van zuurstof dat in bloed is opgelost. De FiO2 is de fractie zuurstof in de ingeademde lucht. Als er
minder zuurstof opgenomen wordt vanuit de longen, daalt de PaO2 en daarmee ook de PaO2/FiO2.
Dit is een maat van hoe ernstig de longschade is.

bloedplaatje minder goed werkt en eerder uit de bloedcirculatie gehaald wordt. Daarom
mogen bloedplaatjes in Nederland maximaal 7 dagen opgeslagen worden. Ook in andere
landen worden bloedplaatjes maximaal 7 dagen opgeslagen.
Plasma
Plasma is het vloeibare gedeelte van bloed. Het kan verkregen worden door een buis met
bloed te centrifugeren totdat de bloedcellen naar de bodem zakken (Figuur 1c). Plasma
bestaat voornamelijk uit water (95%) waarin eiwitten, suikers, stollingsfactoren, zouten en
hormonen zijn opgelost. Het plasma van bloeddonaties wordt gebruikt voor de productie
van plasmatransfusies en voor de productie van medicatie uit plasma-eiwitten. Patiënten die
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een toename in stollingsfactoren nodig hebben krijgen een plasmatransfusie. Voorbeelden
zijn een ernstige bloeding, het ongedaan maken van therapie met bloedverdunners of voor
de behandeling van ziekten die gepaard gaan met een tekort aan stollingsfactoren zoals
bijvoorbeeld ernstige leverziekte.12 Plasmatransfusies kunnen op verschillende manieren
gemaakt worden. Vers bevroren plasma is het plasma dat direct na afname bevroren
wordt en in de vriezer bij minimaal -18°C opgeslagen wordt. Dit product wordt minstens
6 maanden bewaard. Na deze periode wordt de donor opnieuw getest op infectieziekten.
Alleen als de donor bij deze tweede keuring opnieuw geen infectieziekten bij zicht draagt,
wordt het product vrijgegeven voor transfusie in patiënten. Solvent/detergent plasma is
een plasmaproduct waarin plasma van 500-1600 donoren samengevoegd wordt. Dit zorgt
ervoor dat er in alle plasmaproducten voldoende stollingsfactoren zitten. Sinds 2014 zijn
de meeste plasmatransfusies solvent/detergent producten.13 Dit product kan tot 4 jaar bij
-18°C opgeslagen worden.
Bijwerkingen van transfusie
De productie en opslag van transfusieproducten is onderhevig aan strenge
kwaliteitsprogramma’s omdat bloedproducten ongewenste effecten kunnen hebben.
Voorbeelden zijn de overdracht van ziekten als bijvoorbeeld HIV, hepatitis B en C maar ook
Creutzelfdt-Jakob. Een ander voorbeeld is dat witte bloedcellen transfusiebijwerkingen
kunnen veroorzaken en de de kans op de vorming van antilichamen na transfusie verhgen. Om
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Figuur 5. Inclusie bias. Twee patiënten worden in het ziekenhuis opgenomen en hebben bloedtransfusie
nodig. De ene patiënt herstelt snel en heeft maar twee transfusies nodig. De andere patiënt herstelt
enige tijd later en krijgt tijdens opname vier transfusies. Vergeleken met de eerste patiënt is de tweede
patiënt zieker. Dit kan komen doordat de patiënt meer bloedproducten heeft gehad, en ook oudere
bloedproducten. Het kan echter ook zo zijn dat de patiënt meer bloedproducten kreeg, juist omdat hij
zieker was en dat het toeval is dat daar ook oudere producten bij zaten.
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deze nadelige effecten te voorkomen, worden donoren en bloedproducten op overdraagbare
aandoeningen getest. Daarnaast worden alle bloedproducten sinds het begin van de 21e
eeuw gefilterd om witte bloedcellen uit het product te verwijderen. Deze, en andere,
kwaliteitsprogramma’s hebben geresulteerd in de productie van veilige transfusieproducten.
Desondanks resulteert ongeveer 0.5% van alle rode bloedcel transfusies in een complicatie.
Dit kan veroorzaakt zijn door een menselijke fout, bijvoorbeeld als een incompatibel
bloedproduct toegediend wordt. Dit is gelukkig zeldzaam. De meeste transfusiereacties
ontstaan doordat het transfusieproduct antilichamen bevat die een bijwerking veroorzaken
in de ontvanger.14 Deze reacties kunnen relatief mild zijn, bijvoorbeeld koorts na transfusie.
Ze kunnen echter ook levensbedreigend zijn, bijvoorbeeld transfusiehemolyse waarbij de
rode bloedcellen uiteen vallen, of transfusie-gerelateerde acute longschade (TRALI).2,14 In
dit proefschrift onderzoeken we het rapporteren, het ontstaan en het voorkómen van TRALI.
Transfusie-gerelateerde acute longschade
TRALI is een van de ernstigste complicaties van bloedtransfusie.15 TRALI gaat gepaard met
ernstige kortademigheid. Een röntgenfoto van de longen laat ontstekingshaarden zien in
beide longen (Figuur 3). Tot wel 90% van de TRALI-patiënten hebben beademing op de
intensive care nodig en ongeveer 15% van de patiënten overlijdt door de aandoening.16,17 Er
bestaan geen laboratoriumtesten die TRALI kunnen aantonen, daarom is TRALI gedefinieerd
als nieuw ontstane acute longschade (Figuur 4) die binnen 6 uur na transfusie ontstaat,
zonder dat er aanwijzingen zijn dat er sprake is van vocht in de longen door hartfalen.18-21
Tussen de 0.08-15.1% van de patiënten die een transfusie krijgen, ontwikkelen TRALI.22,23
Met name intensive care patiënten hebben een groter risico op TRALI te ontwikkelen. Er
wordt verondersteld dat dat komt doordat TRALI ontstaat volgens een “drempelmodel”
of een “twee-staps model”. In het “twee-staps model” ontwikkelt de patiënt in de “eerste
stap” een ernstige aandoening, bijvoorbeeld bloedvergiftiging, hartchirurgie of een
longontsteking. Dit zorgt ervoor dat de witte bloedcellen in de bloedcirculatie naar de
longvaten verplaatsen. De “tweede stap” wordt door de bloedtransfusie gevormd. Die
zorgt ervoor dat de witte bloedcellen in de longcirculatie geactiveerd raken en in de longen
schade veroorzaken.22-28 In het “drempelmodel” zorgt de combinatie van risicofactoren in
de patiënt en het transfusieproduct dat TRALI ontstaat. Zo kan een bloedproduct waar heel
veel antilichamen inzitten toch TRALI veroorzaken in een gezondere patiënt. Omgekeerd kan
een bloedproduct met maar heel weinig antilichamen dat ook als de patiënt al heel ernstig
ziek is. Alleen als de combinatie van patiëntfactoren en bloedproductfactoren een bepaalde
“drempelwaarde” overgaat, ontstaat er TRALI.29
Antilichaam-gemedieerde transfusie-gerelateerde acute longschade
Aan het begin van de 20e eeuw werd bekend dat transfusie van plasma van vrouwelijke
donoren TRALI kon veroorzaken.30 Er werd toen ontdekt dat vrouwen antilichamen
aanmaken tijdens een zwangerschap. Deze antilichamen zorgen ervoor dat patiënten na
transfusie TRALI ontwikkelen. De meerderheid van de TRALI-gevallen konden toegeschreven
worden aan antilichamen tegen humaan leukocyt antigenen (HLA) en humaan neutrofielen
antigenen (HNA) in bloed van vrouwelijke donoren.31,32 Daarom heeft de Britse bloedbank
in 2003 bepaald dat plasmatransfusies alleen nog maar van mannelijke donoren gemaakt
mochten worden. Dit beleid is in 2007 ook in Nederland ingevoerd en heeft voor een scherpe
daling in het aantal TRALI gevallen gezorgd.33
Hoewel dit veel zeldzamer is, kunnen ook producten van mannen en producten van vrouwen
waar maar weinig plasma in zit, TRALI veroorzaken. Als een patiënt TRALI heeft ontwikkelt,
mag de donor van het bloed dat TRALI heeft veroorzaakt, geen bloeddonor meer zijn. Dit
beleid staat of valt echter bij het tijdig rapporteren van een TRALI-geval aan de bloedbank
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waar vervolgens adequate detectie van antilichamen in donorbloed plaats moet vinden.
Eerder onderzoek heeft echter laten zien dat het rapporteren aan de bloedbank nog niet
altijd goed gaat. Veel artsen herkennen TRALI niet en rapporteren de reactie daardoor niet
aan de bloedbank.34,35
In ongeveer 20-50% van de TRALI gevallen kunnen er geen antilichamen in het donorbloed
aangetoond worden. Het is nog niet bekend welke factoren in het transfusiebloed dan
TRALI veroorzaken. Deze gevallen worden niet-antilichaam gemedieerde TRALI genoemd.
Op dit moment wordt gedacht dat stoffen die door opslag ophopen in rode bloedcel- en
bloedplaatjestransfusies, niet-antilichaam gemedieerde TRALI veroorzaken.
Niet-antilichaam gemedieerde transfusie-gerelateerde acute longschade
Transfusie van langer opgeslagen rode bloedcelproducten is gerelateerd aan een toename
van ziektelast en overlijden. Met name in intensive care patiënten lijken langer opgeslagen
transfusieproducten schadelijk te zijn.36 De precieze relatie tussen opslagduur en een
toegenomen ziektelast is echter nog niet opgehelderd. Het merendeel van de onderzoeken
die dit aantoonden waren gebaseerd op statusonderzoek wat voor bias kan zorgen:
patiënten die ernstig ziek zijn, hebben meestal meer transfusies nodig en hebben daardoor
ook een grotere kans om oudere bloedproducten te krijgen (Figuur 5).
Er zijn verschillende studies gedaan naar de relatie tussen TRALI en de opslagduur van
bloedproducten. Deze laten ook wisselende resultaten zien. Dierstudies laten een duidelijke
relatie tussen de opslagduur van bloedproducten en TRALI zien.37-41 Aan de andere kant zijn
er maar een handjevol studies in mensen die hetzelfde aantonen. Evenveel onderzoeken in
mensen laten juist zien dat de oplsagduur niet uitmaakt.22,26-28,38,42
Uit laboratorium- en dieronderzoek zijn verschillende mechanismen naar voren gekomen
die mogelijk niet-antilichaam gemedieerde TRALI kunnen veroorzaken. Voorbeelden hiervan
zijn opslag-afhankelijke ophoping van niet-polaire lipiden,43,44 niet-transferrine gebonden
ijzer45 en micrparticles.46 Een andere hypothese is dat langer opslagen bloedproducten
het immuunsysteem nadelig kunnen beïnvloeden.47,48 Recenter is er geopperd dat donorafhankelijke kwaliteitsverlies49-51 en snelle klaring van langer opgeslagen rode bloedcellen52-54
de schadelijke effecten van transfusies verklaren. Het is echter onbekend of deze factoren
ook daadwerkelijk gerelateerd zijn aan bijwerkingen van transfusie in mensen.55
Doelen van dit proefschrift:
In dit proefschrift hebben wij transfusie-gerelateerde acute longschade en de effecten van
de opslaglaesie onderzocht. De hoofddoelen van dit proefschrift zijn: (1) het onderzoeken
van TRALI-rapportage en TRALI-diagnose en het onderzoeken van de invloed van
donorkarakteristieken op TRALI-incidentie; (2) het onderzoeken welk eigenschappen van
een bloedtransfusie gerelateerd zijn aan het ontstaan van TRALI; (3) het onderzoeken van
de relatie tussen opslagduur van rode bloedcellen met complicaties van transfusies in het
algemeen, en TRALI in het bijzonder.
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Hoofdlijnen van dit proefschrift
Part I – Antibody-mediated TRALI
In Chapter 2 vatten we de huidige stand van zaken van antilichaam-gemedieerde TRALI
samen. We bespreken het ontstaan van antilichaam-gemedieerde TRALI, preklinische studies
en klinische studies en maatregelen die genomen kunnen worden om TRALI te voorkomen.
In Chapter 3 gebruiken we een nationale vignettenenquête om te onderzoeken of TRALI
herkend wordt en vervolgens aan de bloedbank gerapporteerd wordt door artsen van de
intensive care, de anesthesie, de hematologie en hemovigilantie.
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In Chapter 4 onderzoeken we of het gebruik van nieuwere, gevoeligere technieken voor de
detectie van antilichamen in bloedproducten tot een toename van de diagnose antilichaam
-gemedieerde TRALI leidt.
In Chapter 5 onderzoeken we of donorkarakteristieken zoals geslacht of leeftijd het optreden
van TRALI beïnvloedt in een secundaire analyse van twee observationele studies.
Part II – Non-antibody mediated TRALI
In Chapter 6 vatten we de huidige stand van zaken op gebied van niet-antilichaam
gemedieerde TRALI samen. We bespreken het ontstaan van niet-antilichaam gemedieerde
TRALI, preklinische studies en klinische studies en maatregelen die genomen kunnen
worden om TRALI te voorkomen.
In Chapter 7 onderzoeken we of glucose-6-fosfaat dehydrogenase, het sleutel-enzym van
het pentose fosfaatpad, minder actief wordt gedurende opslag van rode bloedcellen.
In Chapter 8 onderzoeken we de hypothese dat TRALI afhankelijk is van de opslagduur van
een rodebloedcel product in een humaan sepsis model.
In Chapter 9 testen we de hypothese dat transfusie van 35 dagen opgeslagen rode
bloedcellen een onnatuurlijke verhoging van niet-transferrine gebonden ijzer veroorzaakt
in een humaan sepsis model.
In Chapter 10 testen we de hypothese dat infusie van microparticles uit 35 dagen opgeslagen
rode bloedcellen activatie van de bloedstolling veroorzaakt in een humaan sepsis model.
In Chapter 11 onderzoeken we of transfusie van 35 dagen opgeslagen rode bloedcellen
resulteert in immunomodulatie in een humaan sepsis model.
In Chapter 12 onderzoeken we of het ophopen van niet-polaire lipiden in transfusieproducten
afhankelijk is van de opslagduur en of deze stoffen het ontstaan van niet-antilichaam
gemedieerde TRALI kunnen verklaren.
In Chapter 13 onderzoeken we of opslagduur en ontsteking in een humaan sepsis model de
opbrengst van een rode bloedceltransfusie nadelig beïnvloedt.
In Chapter 14 wordt dit proefschrift in het Engels samengevat en bediscussieerd. In Chapter
15 staat een Nederlandse vertaling van Chapter 1 en wordt dit proefschrift in het Nederlands
samengevat en bediscussieerd.
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Chapter 15
Samenvatting
In dit proefschrift - Blood Transfusion – Transfusion-related acute lung injury: back to
basics -, vertaald als - Bloedtransfusie – Transfusie-gerelateerde acute longschade: terug
naar de basis - hebben wij transfusie-gerelateerde acute longschade en de effecten van de
opslaglaesie onderzocht. De hoofddoelen van dit proefschrift waren: (1) het onderzoeken
van TRALI-rapportage en TRALI-diagnose en het onderzoeken van de invloed van
donorkarakteristieken op TRALI-incidentie; (2) het onderzoeken welk eigenschappen van
een bloedtransfusie gerelateerd zijn aan het ontstaan van TRALI; (3) het onderzoeken van
de relatie tussen opslagduur van rode bloedcellen met complicaties van transfusies in het
algemeen, en TRALI in het bijzonder.
Part I – Antibody-mediated TRALI
In het eerste gedeelte van dit proefschrift hebben we ons gericht op antilichaamgemedieerde TRALI. In Chapter 2 hebben we de huidige stand van zaken van antilichaamgemedieerde TRALI samengevat. We bespraken het ontstaan van TRALI, gepubliceerde
preklinische studies en klinische studies en maatregelen die genomen kunnen worden om
TRALI te voorkomen.
Een van de problemen in het voorkomen en het diagnosticeren van TRALI is dat TRALI vaak
gemist wordt: het klinische beeld lijkt erg op dat van acute respiratory distress syndrome.
In 2008 heeft onze onderzoeksgroep een onderzoek gedaan naar welke patiëntfactoren
beïnvloeden of TRALI herkend wordt door Nederlandse artsen. Uit deze studie werd duidelijk
dat artsen TRALI alleen in relatief gezonde patiënten herkennen: de groep die juist de kleinste
kans heeft om longschade door transfusie te ontwikkelen. In Chapter 3 hebben we een
enquête onder Nederlandse artsen gehouden. Hiermee onderzochten we of de toename in
bewijs over de “twee-staps” theorie van TRALI er ook daadwerkelijk voor gezorgd heeft dat
artsen TRALI beter herkennen. We deden dit met een vignettenstudie onder artsen van de
intensive care, de anesthesiologie, de hematologie en de hemovigilantie. In dit onderzoek
vonden we dat artsen TRALI nog steeds als een “een-staps” aandoening zien: alleen TRALI
in patiënten met relatief milde ziekte werd herkend. In tegenstelling met de eerste studie
waren alle respondenten het er nu over eens dat de opslagduur van bloedproducten geen
belangrijke rol heeft in het ontstaan van TRALI.
In Chapter 4 onderzochten we of het gebruik van nieuwe bead-gebaseerde technieken tot
een toename van antilichamendetectie leidde in bloedproducten die getransfundeerd waren
in TRALI patiënten. In dit onderzoek selecteerden we alle TRALI-gevallen die gedurende
een vijfjarige periode aan de bloedbank waren gerapporteerd. Bij alle donoren die bij deze
gevallen betrokken waren werd er getest of er humaan leukocyt antigen (HLA)-antilichamen
in het bloed zaten. Dit werd gedaan met de conventionele technieken en met de nieuwe
bead-based technieken. Uit deze studie bleek dat de bead-based technieken antilichamen
beter detecteerden dan de conventionele cel-gebaseerde technieken. Dit betekent dat het
gebruik van deze nieuwe technieken ervoor kan zorgen dat er minder TRALI optreedt. Met
deze technieken kunnen er namelijk meer antilichamen aangetoond worden in donorbloed
waardoor deze donoren uitgesloten kunnen worden van toekomstige donaties.
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In Chapter 5 onderzochten we of donorkarakteristieken het risico op TRALI beïnvloedt.
We gebruikten hiervoor twee reeds verzamelde series van TRALI patiënten. Uit eerder
gepubliceerd laboratoriumonderzoek bleek dat bloedproducten van mannen en van oudere
donoren een ernstigere “opslaglaesie” ontwikkelen dan producten van vrouwen of jongere
donoren. Het is echter onbekend of deze producten ook in patiënten een negatief effect
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hebben. Wij onderzochten of hogere leeftijd bij de donor, producten van een mannelijk
donor of bloedtype de incidentie van TRALI verhoogden. In onze studie konden we echter
geen relatie tussen deze donorkarakteristieken en TRALI ontdekken.
Part II – Non-antibody mediated TRALI
In het tweede gedeelte van dit proefschrift hebben we de focus gelegd op de rode bloedcel
“opslaglaesie” en de relatie tussen opslagduur van bloedproducten en niet-antilichaam
gemedieerde TRALI.
In Chapter 6 hebben we de huidige stand van zaken van niet-antilichaam gemedieerde TRALI
samengevat. We bespraken het ontstaan van TRALI, gepubliceerde preklinische studies en
klinische studies en maatregelen die genomen kunnen worden om TRALI te voorkomen.
Het pentose-fosfaatpad is essentieel voor de productie van nicotinamide adenine dinucleotide
fosfaat (NADPH). Zonder NADPH kunnen rode bloedcellen schadelijke zuurstofvormen niet
neutraliseren. De activiteit van het pentose fosfaatpad neemt echter af gedurende opslag
van rode bloedcellen. Dit verergert mogelijk de “opslaglaesie” en kan mogelijk verklarend
zijn voor de schadelijke effecten van transfusie, zoals bijvoorbeeld TRALI. In Chapter 7
hebben we onderzocht of glucose-6-fosfaat dehydrogenase (G6PD), het eerst enzym in het
pentose fosfaat pad, minder actief wordt gedurende opslag van rode bloedcellen. In eerdere
studies bleef G6PD activeit stabiel gedurende de gehele opslagperiode. Wij dachten echter
dat deze onderzoeken, die gebruik maakten van spectrophotometrie voor de bepaling van
G6PD activiteit, onjuiste methoden hadden gebruikt voor de bepaling van G6PD functie
gedurende opslag. We gebruikten daarom een nieuwe cytofluorometrische methode om de
activieit van G6PD gedurende rode bloedcelopslag te bestuderen. In dit hoofdstuk toonden
wij een gestage afname in activiteit gedurende rode bloedcelopslag aan.
In Chapter 8 testten we de hypothese dat TRALI afhankelijk is van de opslagduur van rode
bloedcellen. In deze studie dienden wij gezonde vrijwilligers rode bloedcellen toe die of 2
of 35 dagen waren opgeslagen. Voor transfusie kregen de vrijwilligers lipopolysaccharide,
de endotoxine van een gram-negatieve bacterie als “eerste stap”. Deze endotoxine geeft
namelijk een milde, tijdelijke bloedvergiftiging. In dit onderzoek zorgde transfusie van 35
dagen opslagen rode bloedcellen niet voor een verslechtering van de longfunctie of voor
ontsteking van de longen.
In de hoofdstukken hierna zijn we dieper gedoken in mechanismen die in
laboratoriumonderzoek en dieronderzoek gerelateerd waren aan TRALI, of aan bijwerkingen
van transfusie in het algemeen.
In dieronderzoek zorgde opslag van rode bloedcellen voor hogere waarden van niettransferrine gebonden ijzer in de circulatie. Dit niet-transferrine gebonden ijzer zorgde
voor toegenomen ontsteking in het bloed en was bovendien een goede voedingsstof voor
bacteriën. In Chapter 9 hebben we aangetoond dat in mensen transfusie van 35 dagen
opslagen rode bloedcellen geen verhoging van niet-transferrine gebonden ijzer geeft. Alleen
de tijdelijke bloedvergiftiging door lipopolysaccharide zorgde voor een tijdelijke verhoging
in niet-transferrine gebonden ijzer.
Microparticles, hele kleine celdeeltjes, hopen tijdens opslag op in transfusieproducten.
Het mengen van producten met deze microparticles met menselijke cellen is in
laboratoriumonderzoek gerelateerd aan ontsteking en onnodige bloedstolling. In Chapter 10

15

254

Chapter 15
testten we de hypothese dat het toedienen van bloedproducten met veel microparticles aan
mensen de bloedstolling activeert. In dit onderzoek hebben we laten zien dat microparticles
van 35 dagen opgeslagen rode bloedcelproducten, maar niet van 2 dagen opgeslagen cellen,
na transfusie in de circulatie van mensen aangetoond kunnen worden. We lieten echter ook
zien dat deze microparticles binnen uren alweer uit de transfusie opgeruimd werden en dat
ze geen effect hadden op de bloedstolling.
In Chapter 11 hebben we de mogelijke mechanismen van schadelijke effecten door
opgeslagen rode bloedceltransfusie verder onderzocht. In dit onderzoek hebben we gekeken
of transfusie van 35 dagen opgeslagen rode bloedcellen ervoor zorgt dat afweercellen
slechter kunnen reageren op een infectie. Dit deden we door gezonde vrijwilligers een
vers of oud bloedproduct toe te dienen. Vervolgens verzamelden we de afweercellen van
deze vrijwilligers door bloed af te nemen. We deden de afweercellen in het laboratorium
in een buis een stelden ze daar bloot aan bacteriedeeltjes. We vonden dat het infuus
lipopolysaccharide, dat een tijdelijke bloedvergiftiging gaf bij de vrijwilligers, wél ervoor
zorgde dat de witte bloedcellen in de buis verlamd waren. Transfusie van vers of oud bloed
had echter geen nadelige effecten op de activiteit van de witte bloedcellen.
Transfusies waarin niet-polaire lipiden zitten, zoals bijvoorbeeld arachidonzuur en
hydroxyeicosatetranoide zuur, geven muizen en ratten TRALI. In deze onderzoeken kon TRALI
ook voorkomen worden door de niet-polaire lipiden uit de transfusieproducten te filteren.
In Chapter 12 hebben we laten zien dat niet-polaire lipiden ophopen gedurende opslag van
rode bloedcellen en bloedplaatjes. Transfusie van rode bloedcellen met hoge concentraties
niet-polaire lipiden zorgde echter niet voor een verslechtering van de longfunctie in gezonde
vrijwilligers.
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Er wordt ook gedacht dat het snel wegvangen van rode bloedcellen uit de circulatie na
transfusie de veroorzaker is van de nadelige effecten van transfusie. Bovendien zorgt
het ervoor dat de transfusie minder effectief is. In verschillende patiëntstudies werd
er 24 uur na transfusie nog maar 75% van de getransfundeerde rode bloedcellen in de
bloedsomloop teruggevonden. Met name de langer opgeslagen rode bloedcellen hadden
een slechte opbrengst. Dit is echter in contrast met onderzoeken in gezonde vrijwilligers
waarin de opbrengst na 24 uur veel beter was. Ook de langer opgeslagen rode bloedcellen
werden na transfusie niet weggevangen uit de bloedcirculatie. Wij vroegen ons af of
dit verschil veroorzaakt werd door het feit dat ziek zijn en gezonde vrijwilligers niet. In
Chapter 13 onderzochten wij of de opbrengst van rode bloedceltransfusie beïnvloed werd
door opslagduur of ontsteking in gezonde vrijwilligers. We dienden gezonde vrijwilligers
lipopolysaccharide toe wat een tijdelijke bloedvergiftiging geeft. Daarna transfundeerden
we 2 dagen of 35 dagen opgeslagen rode bloedcellen. Na transfusie hebben we de
opbrengst van deze transfusies gemeten. We konden dit doen doordat we de rode
bloedcellen met biotine (vitamine B8) hadden gelabeld. Hierdoor konden we de cellen na
transfusie weer terugvinden in bloedafnames. In onze studie hadden zowel de verse als de
oude bloedproducten een opbrengst van bijna 100%. In onze studie had de opslagduur en
ontsteking in de getransfundeerde vrijwilliger dus geen invloed op de opbrengst van het
bloedproduct.
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Discussie
Bloedtransfusie is een vaak toegpaste behandeling in de geneeskunde. Vooral op de
instive care worden veel ernstig zieke patiënten getransfundeerd. Aan het eind van de 20e
eeuw werd er duidelijk dat transfusie levensreddend kan zijn, maar dat het ook ernstige
complicaties zoals transfusie-gerelateerde acute longschade kan veroorzaken.56,57 Er werden
toen studies opgezet om het ontstaan van TRALI te ontdekken. Deze hebben ervoor gezorgd
dat er aan het begin van de 21e eeuw voorzorgmaatregelen toegepast konden worden.33,58
Part I – Antibody-mediated TRALI
In het eerste gedeelde van dit bloedschrift hebben we antilichaam gemedieerde TRALI
onderzocht. Nadat het duidelijk werd dat plasma van vrouwelijke donoren TRALI kon
veroorzaken, is er in 2003 in het Verenigd Koninkrijk bepaald dat plasmatransfusie alleen
nog maar van bloedproducten van mannen gemaakt mocht worden. Nederland volgde in
2007 met hetzelfde beleid. Dit heeft ervoor gezorgd dat het aantal TRALI-gevallen sterk is
afgenomen.33 Desondanks werd in 2014 nog steeds 17% van de overlijdens door transfusie
door TRALI veroorzaakt.1
Als we TRALI volledig willen voorkomen, zijn er verschillende strategieën die gevolgd zouden
kunnen worden:
1) Detectie van antilichamen in donoren
TRALI kan voorkomen worden door donoren uit te sluiten die antilichamen dragen.
Antilichamen in het bloedproduct kunnen reageren met antigenen in de ontvanger, waarbij
het immuunsysteem geactiveerd wordt wat in longschade resulteert. Het is voor de detectie
van antilichamen essentieel dat er betrouwbare technieken gebruikt worden. In Chapter
4 hebben we laten zien dat bead-based technieken antilichamen beter kunnen aantonen
dan de conventioneel gebruikte technieken. In dit hoofdstuk zorgde het gebruik van deze
technieken ervoor dat er in 21 extra TRALI-gevallen antilichamen aangetoond konden
worden. Met de conventionele technieken zouden deze gemist zijn. Implementatie van deze
technieken kan ervoor zorgen dat er antilichaam-dragende donoren beter herkend worden.
Donor screening
Op dit moment worden alle donoren die ooit een transfusie hebben ontvangen van donatie
uitgesloten. Daarnaast wordt voor de productie van vers bevroren plasma en bloedplaatjes
niet meer gebruik gemaakt van de plasma van vrouwen. Dit is een hele praktische aanpak: het
merendeel van de vrouwen draagt antilichamen en screenen van vrouwen op antilichamen
is kostbaarder dan het routinematig uitsluiten van plasma van vrouwen voor productie van
transfusies. We laten in Chapter 2 echter zien dat de incidentie van antilichamen in mannen
die nog nooit getransunfeerd zijn, in sommige studies wel 7.1% is. Als alle donoren voor
elke donatie op antilichamen gescreend zouden worden, zouden ook deze risicodonoren
herkend worden en wordt TRALI mogelijk voorkomen.59
Onbekende antilichamen.
Er is een duidelijke relatie tussen HLA- en HNA-antilichamen in donorbloed en TRALI.
Desondanks laten we in Chapter 4 zien dat zelfs met het gebruik van meer sensitieve
technieken voor de detectie van anistoffen, slechts in de helft van de gerapporteerde
gevallen antilichamen aangetoond kunnen worden. Het is mogelijk dat deze gevallen
veroorzaakt worden door niet-antilichaam gemedieerde TRALI. Andere schadelijke stoffen
in het transfusieproduct veroorzaken dan longschade. Het is echter ook mogelijk dat andere,
niet-HLA of HNA antilichamen in donorbloed deze gevallen heeft veroorzaakt. Toekomstige
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studies zouden zich kunnen richten op de rleatie tussen andere soorten antilichamen in
donorbloed en TRALI. Hierbij kan bijvoorbeeld gekeken worden naar IgM type, endotheel
antilichamen, bloedplaatjes antilichamen of minor-antigeen antilichamen.
2) Bloed producten
Solvent/detergent plasma
Sinds alleen plasma van mannelijke donoren voor productie van vers bevroren plasma
gebruikt wordt, is de incidentie van TRALI met twee derde verminderd. 60,61 In 2014 is in
Nederland dit plasma vervangen door solvent/detergent (S/D) plasma. Deze producten
worden gemaakt door het plasma van 500-1600 donoren samen te voegen. In theorie
zorgt dit ervoor dat eventueel aanwezige antilichamen minimaal 500 keer verdund worden.
Daarnaast zouden antigenen in het plasma van de ene donor mogelijk de antilichamen in
het plasma van een andere donor onschadelijk maken.62 Deze maatregel is toegepast als een
extra maatregelen om transfusiereacties te voorkomen, waaronder ook TRALI.
Het is echter de vraag of de introductie van S/D-plasma daadwerkelijk tot een afname
van TRALI-gevallen zal leiden. De hypothetische verdunning van antilichamen in het
donorplasma zou mogelijk tenietgedaan kunnen worden door het feit dat patiënten aan
meerdere donoren blootgesteld worden. In plaast van dat patiënten in aanraking komen
met de antilichamen van één donor gedurende transfusie, worden ze nu blootgesteld aan
antilichamen van tot wel 1600 donoren. Dit brengt met zich mee dat er ook een grotere kans
is dat ze blootgesteld worden aan doneren die bij deze patiënt TRALI kunnen veroorzaken.
Sinds de introductie van S/D-plasma zijn er in Nederland verschillende TRALI-gevallen
gemeld die direct toegeschreven konden worden aan S/D-plasma transfusie (persoonlijke
communicatie). Onderzoek zal moeten aantonen of S/D-plasma daadwerkelijk in een
verandering in het aantal TRALI-gevallen resulteert.
Aferese bloedplaatjes van mannen
Vanaf 1 oktober 2016 heeft de Amerikaanse bloedbank AABB een nieuwe richtlijn ingevoerd
die gericht is op het voorkomen van TRALI. Vanaf dat moment wordt er ook voor de
productie van bloedplaatjes alleen nog maar donaties van mannen gebruikt. Donaties
van vrouwen mogen gebruikt worden als ze nog nooit zwanger geweest zijn of als er
geen HLA-antilichamen aangetoond konden worden na hun laatste zwangerschap.63 Een
recente Amerikaanse studie had namelijk laten zien dat bloedplaatjes het hoogste risico
op TRALI geven nu plasmatransfusies alleen nog maar van mannen geproduceerd worden.
De auteurs van deze studie suggereerden dat er mogelijk nog 60% minder TRALI voor zou
komen als vrouwen die zwanger geweest zijn getest worden op de aanwezigheid van HLAantilichamen.64 Voor-en-na studies, zoals ook gedaan zij na het uitsluiten vna vrouwen voor
plasmadonatie, zouden aan kunnen tonen of het uitsluiten van vrouwen voor de productie
van bloedplaatjes ook een afname van TRALI met zich meebrengt.
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3) Kennis bij artsen
De meeste interventies die gericht zijn op de preventie van TRALI, behelzen nu het uitsluiten
van risicodonoren. Als een patiënt TRALI ontwikkelt, moet deze reactie aan de bloedbank
gerapporteerd worden. Die roept dan de geïmpliceerde donor(en) op voor screening
op antilichamen. Als hieruit blijkt dat de donor antilichamen draagt die TRALI hebben
veroorzaakt, wordt hij of zij uitgesloten van donatie. Donoren bij wie geen antilichamen
aangetoond kunnen worden maar toch twee keer bij een TRALI-reactie betrokken geweest
zijn, mogen ook niet meer doneren. Dit proces kan alleen succesvol verlopen als de artsen
aan het bed TRALI herkennen en het vervolgens aan de bloedbank rapporteren. Eerder
onderzoek liet zien dat Nederlandse artsen TRALI niet herkennen in patiënten die ernstig
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ziek zijn.35 Dit is echter wel de patiëntengroep die het grootste risico loopt om TRALI te
ontwikkelen.22,23 In Chapter 3 hebben we onderzocht of toenemende kennis over het
ontstaan vna TRALI en de implementatie van strategieën om TRALI te voorkomen ervoor
gezorgd heft dat artsen TRALI beter herkennen. Onze studie laat echter zien dat artsen nog
steeds TRALI niet altijd herkennen: alleen in patiënten met relatief milde ziekte herkennen
zij het syndroom. Dit betekent dat er nog werk aan de weg is: om te voorkomen dat donoren
die TRALI kunnen veroorzaken, blijven doneren, zullen artsen TRALI beter moeten gaan
herkennen. Daarnaast moeten zij zich ook realiseren dat het rapporteren van deze gevallen
van groot belang is voor toekomstige patiënten.
4) Het gebruik van bloedproducten
Transfunderen conform de richtlijnen
Veel artsen realiseren zich niet dat transfusie gepaard kan gaan met (ernstige) bijwerkingen.
Onderzoek laat zien dat de transfusiegewoontes tussen artsen aanzienlijk verschilt en
dat ook ziekenhuizen onderling ander beleid aanhouden ten aanzien van transfusie.65
Veel artsen transfunderen nog steeds als het hemoglobine nog niet onder 7.0 g/dL
(Nederlandse eenheid: 4.3 mmol/l) is gekomen en proberen dan een hemoglobine boven
10g/dL (Nederlandse eenheid: 6.2 mmol/l) te bereiken.66 Dit terwijl er aangetoond is dat
deze grenzen te hoog zijn en juist een hoger risico op bijwerkingen van transfusie geven.
Betere scholing van artsen kan ervoor zorgen dat onnodige transfusie wordt voorkomen en
daarmee ook de incidentie van bijwerkingen van transfusie verlagen.
Bloedloze geneeskunde/patient blood management
In de Westerse wereld zijn bloedtransfusies over het algemeen veilig en makkelijk
verkrijgbaar. Je zou kunnen filosoferen dat dit ervoor gezorgd heeft dat artsen “lui” geworden
zijn die zijn vergeten dat (1) het optimaliseren van de conditie van de patiënt voor geplande
chirurgie en (2) zeer precies en voorzichtig zijn tijdens chirurgische procedures, mogelijk de
gezondheid bevorderen en voorkomen dat een transfusie nodig is. Jehova getuigen weigeren
bloedtransfusies maar zijn niet daarmee niet vrijgesteld van ernstige ziekten. Ook Jehova’s
hebben chirurgische behandeling van bijvoorbeeld hart- en vaatziekten of kanker nodig.67-80
Verschillende onderzoeken hebben aangetoond dat “bloedloze geneeskunde” in deze patiënt
mogelijk een betere uitkomst geeft dan de standaard transfusietherapie.81,82 Deze patiënten
worden voor en na de operatie behandeld met erytropoine en ijzer om de aanmaak van
rode bloedcellen te optimaliseren. Daarnaast wordt er peroperatief met technieken gewerkt
die zo goed mogelijk voorkomen dat er een ernstige bloeding optreedt. Een meta-analyse
van deze “bloedloze geneeskunde” in hartchirurgie liet een niet-significante trend zijn dat
patiënten zonder transfusie een betere uitkomst hadden. De auteurs schrijven hierover wel
dat de studies die hiernaar gedaan zijn van te matige kwaliteit zijn om definitieve conclusies te
trekken over het voordeel van “bloedloze geneeskunde”. Mogelijk is het tijd dat er een grote
gerandomiseerde studie opgezet wordt om te onderzoeken of “bloedloze geneeskunde” net
zo veilig is als de huidige standaardzorg. We moeten namelijk niet vergeten dat een patiënt
die geen transfusie krijgt, ook geen bijwerkingen van transfusie kan ontwikkelen.
Part II – Non-antibody mediated TRALI
De opslaglaesie
Toen ontdekt werd dat antilichamen TRALI konden veroorzaken, werd gelijktijdig ontdekt
dat rode bloedceltransfusies ook meer subtiele nadelige effecten hebben. In de jaren 90
onderzocht een Canadese onderzoeksgroep het effect van rode bloedceltransfusie bij
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intensive care patiënten. In deze studie liet de groep zien dat intensive care patiënten die
een transfusie kregen als het hemoglobinegehalte onder de 7 g/dL (gelijk aan 4.3 mmol/l)
zakte, een aanzienlijke betere overleving had dan de patiënten die een transfusie kregen
als het hemoglobine minder dan 10 g/dL (6.2 mmol/l) was.83 Deze studie werd een mijlpaal
binnen de geneeskunde: het werd duidelijk dat transfusie niet alleen incidentele ernstige
bijwerkingen zoals TRALI kon veroorzaken, maar dat liberale transfusie ook in het algemeen
een toename in ziektelast en overlijden gaf.
Er werden meer studies opgezet die vergelijkbare resultaten liet zien.84 Meta-analyses van
studies die een restrictief transfusiebeleid vergeleken met een liberaal transfusiebeleid
toonden aan dat restrictief transfunderen resulteerde in 1/3 minder transfusies, zonder
dat het schadelijke gevolgen voor de patiënt had.85-87 Artsen hadden altijd aangenomen dat
anemie schadelijk was voor patiënten omdat er dan een tekort aan zuurstoftransporterende
capaciteit is. Over intensive care patiënten en hartpatiënten was ook eerder gerapporteerd
dat er een toename in overlijden was als de patiënten anemie ontwikkelden.88,89
Om de schadelijke effecten van anemie tegen te gaan, werden daarom vrijelijk rode
bloedceltransfusies toegediend. Dat er nu uit onderzoek bleek dat patiënten met een
verlaagd hemoglobine geen profijt hadden van transfusie, dat het misschien zelfs in een
toename van overlijden zorgde, was extreem onverwacht. Er werd daarom onderzoek
opgezet om te ontdekken welke factoren in het transfusieproduct verantwoordelijk waren
voor deze schadelijke effecten. In 2008 werd er een studie gepubliceerd waaruit bleek dat
de opslagduur van rode bloedcellen gerelateerd was aan complicaties na hartchirurgie.90
Door deze studie ontstond de gedachte dat de opslagduur van transfusieproducten ten
grondslag ligt aan de nadelige effecten van transfusie. Een heel aantal dieronderzoeken
steunden deze gedachte.
Het tweede gedeelte van dit proefschrift focust zich op de “opslaglaesie” van
transfusieproducten en de relatie tussen de “opslaglaesie” en TRALI. Langere opslag van
rode bloedcelproducten zorgt mogelijk voor bijwerkingen van transfusie. Mogelijk komt dit
door niet-transferrine gebonden ijzer,52,91-93 transfusie-gerelateerde immunomodulatie,47,48
niet-polaire lipiden43,44 of toegenomen klaring van rode bloedcellen na transfusie.53,54,94
In dit gedeelte toonden we aan dat de activiteit van glucose-6-fosfaat dehydrogenase
(G6PD activeit, het eerste enzym in het pentose-fosfaatpad), afneemt tijdens opslag van
rode bloedcellen (Chapter 7); we lieten ook zien dat niet-transferrine gebonden ijzer (NTBI)
(Chapter 9), microparticles (Chapter 10) en niet-polaire lipiden (Chapter 12) ophopen
gedurende opslag van transfusieproducten. We laten echter zien dat geen van deze factoren
voor inflammatie, activatie van de stolling, voor immunomodulatie of verslechtering van de
longfunctie zorgt (Chapters 7-12).
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De vraag is dan of langer opgeslagen rode bloedcelproducten überhaupt gevaarlijk zijn.
Vanuit onze onderzoeken zou het antwoord “nee” zijn. In onze gezonde vrijwilligers
konden we met laboratoriumproeven vast stellen of zij een vers (2 dagen opgeslagen) rode
bloedcelproduct toegediend hadden gekregen of een oud product (35 dagen opgeslagen).
Desondanks was er geen enkele aanwijzing dat transfusie van vers of oud bloed enig effect
had op inflammatie of stolling.
De opzet van ons model zorgde ervoor dat we het geïsoleerde effect van opslagduur op
bijwerkingen van transfusies konden onderzoeken. Daarnaast zorgde de standaardisering
van ons model ervoor dat we geen last hadden van confounding door bijvoorbeeld ziekte-
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ernst, onderliggende ziekte, behandeling, et cetera, waar klinische patiënt studies altijd
door beperkt worden. Hier staat tegenover dat we een relatieve kleine, autologe transfusie
studie in gezonde vrijwilligers hebben gedaan. Hoewel we lipopolysaccharide als “eerste
stap” toegediend hebben, gevolgd door een transfusie als “tweede stap” is deze tijdelijke
bloedvergiftiging bij lange gaan geen echte bloedvergiftiging. Daarnaast maakten we gebruik
van autologe producten. Dit zijn producten die de vrijwilligers zelf doneerden waarvan een
bloedproduct gemaakt werd. Dit werd vervolgens toegediend aan dezelfde vrijwilligers.
In de medische praktijk krijgen patiënten echter bloedproducten van bloeddonoren. Deze
producten worden allogeen genoemd. Het gebruik van autologe producten limiteert de
extrapolatie van onze resultaten naar de klinische praktijk.
Ons onderzoek komt echter wel overeen met recent gepubliceerde grote gerandomizeerde
studies. Hierin werd de relatie tussen bijwerkingen van transfusie en opslagduur van
transfusie onderzocht. Deze studies waren groot genoeg om effecten van transfusie te
kunnen onderzoeken (de inclusies varieerden van 290 te vroeg geboren kinderen tot 31.497
volwassenen) en lieten geen enkel voordeel zien van transfusie van vers bloed ten opzichte
van rode bloedcellen die standaardtijd waren opgeslagen.95-99 Om ethische redenen was
het in deze studies echter nog niet toegestaan om de maximale opslagtijden te vergelijken.
Daarom hebben deze studies standaardtijd opgeslagen bloed (mediane opslagduur van 21
dagen) vergeleken met verse producten (mediane opslagduur van 8 dagen).95-98 Transfusie
van verse producten had geen enkel beschermend effect, maar er kan nog niet uitgesloten
worden dat maximale tijd opgeslagen bloedproducten wél een nadelig effect hebben.
De grootste studie met 31.497 gebruikte had een zeer praktische opzet: in dit onderzoek
werden patiënten geloot om óf het verste product uit de bloedbank te krijgen, óf het oudste
bloedproduct. Hierdoor werden in deze studie behoorlijk wat patiënten met producten
ouder dan 30 dagen getransfundeerd. Het nadeel van deze opzet was echter wel dat het
mogelijk was dat het meest verse product ouder dan 35 dagen was, terwijl het oudste
product bij andere ziekenhuizen misschien maar 7 dagen oud was. De patiënten die in
deze studie producten ouder dan 30 dagen kregen, zijn hierdoor zowel in de “verse” als de
“oude” groep geïncludeerd.99
In ons onderzoek was het wel mogelijk om de maximale opslagduren met elkaar te
vergelijken. Ook wij vonden echter geen effect van opslagduur. Op dit moment kan nog
niet definitief uitgesloten worden of opslagduur van transfusieproducten een nadelig effect
heeft, maar het bewijs dat er is, neigt wel heel sterk naar dat opslagduur niet uitmaakt.
Er zijn nog een aantal aspecten van opslagduur van rode bloedcellen waar nog geen
duidelijkheid over is:
1) Subgroepen van patiënten
Het is goed mogelijk dat de opslagduur van bloedproducten over het algemeen geen
effect heeft in een heterogene patiëntengroep. Het is echter nog niet duidelijk of de
opslagduur van bloedproducten in bepaalde patiëntenpopulaties wel nadelig kan zijn. Uit
laboratoriumstudies is gebleken dat langer opgeslagen bloedproducten minder zuurstof
kunnen transporteren dan verse producten. Het duurt ongeveer 24-72 uur na transfusie
voordat de rode bloedcellen uit oudere producten van opslag hersteld zijn en weer helemaal
“up-and-running” zijn.100 Intensive care patiënten of patiënten met een hematologische
maligniteit (bloedkanker) hebben een sluipende daling in het hemoglobinegehalte. Het
is mogelijk dat deze patiënten niet een snelle toename van zuurstoftransporterende
capaciteit nodig hebben en kunnen wachten tot de cellen herstellen na transfusie. Patiënten
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na een ernstig ongeluk of met een hartinfarct hebben mogelijk wél een snelle toename
in zuurstoftransporterende capaciteit nodig. Het is nog niet duidelijk of deze patiënten er
profijt van hebben als zij een vers transfusieproduct ontvangen.
2) Donor karakteristieken
Recent laboratoriumonderzoek heeft laten zien dat de mate van het uiteenvallen van
rode bloedcellen, energieverbranding en vorming van microparticles afhankelijk is van
eigenschappen van de donor.50,55,101 Het is mogelijk dat bloedproducten van “slechte donoren”
de sleutel zijn tot hoe bijwerkingen van bloedproducten ontstaan. De beschreven studies
die de nadelig effecten van opslagduur onderzochten, hebben helaas niet gekeken naar het
effect van de bloedproducten die in het laboratorium een slechtere kwaliteit hebben.95-99
Genetische factoren, bloedgroep, geslacht en levensstijl keuzes als dieet, gewicht, alcohol
consumptie en roken beïnvloeden de opslaglaesie.50 Of deze donorkarakteristieken ook de
kwaliteit van het transfusieproduct na transfusie beïnvloeden is nog niet duidelijk.
Er zijn een paar klinische studies die het effect van donorkarakteristieken op ziektelast
en overlijden hebben onderzocht. Dit waren echter retrospectieve statusonderzoeken
die een hoog risico op bias hadden.50,55 Wel heeft een recent onderzoek gekeken naar de
invloed van levensstijl op de opbrengst van bloedplaatjestransfusie. In deze studie kregen
gezonde vrijwilligers 5 dagen opgeslagen autologe bloedplaatjes tegelijkertijd met verse
autologe bloedplaatjes toegediend. De bloedplaatjes waren met een radioactief label
gemerkt zodat de opbrengst na transfusie gemeten kon worden. Uit dit onderzoek bleek
dat de producten van donoren die meer koffie dronken, een slechtere opbrengst hadden na
bloedplaatjestransfusie vergeleken met donoren die minder koffie dronken. Dit laat zien dat
het aanpassen van levensstijl in de donor (in dit geval koffie-inname) de kwaliteit van het
transfusieproduct kan beïnvloeden.51
In Chapter 5 hebben we in twee series van TRALI patiënten onderzocht of donorkarakteristieken
van invloed waren op het risico dat patiënten TRALI ontwikkelden. We keken naar de invloed
van leeftijd, donorgeslacht en donor bloedtype maar vonden geen enkele relatie tussen
TRALI risco en donorkarakteristiek. Dit onderzoek was echter wel een observationele studie
met hoog risico op bias. Prospectieve studies zullen moeten laten zien of donor factoren
inderdaad gerelateerd zijn aan de nadelige effecten van transfusie.
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3) Opslagkwaliteit
Er moet niet vergeten worden dat, ondanks dat de opslagduur van 35-42 dagen niet
gerelateerd lijkt te zijn met bijwerkingen van transfusie, 42 dagen nog steeds veel korter is
dan de normale levensduur van rode bloedcellen. Normaal overleven deze cellen namelijk
wel 120 dagen. Verbeteringen in de opslagomstandigheden kan er mogelijk voor zorgen dat
de duur van 42 dagen verlengd kan worden. Dit zou een groot effect hebben op de logistiek
van bloedtransfusie en de bloedproductvoorraad. De voorraad van producten is nu een
balans tussen voldoende bloed op voorraad hebben enerzijds en voorkomen dat producten
weggegooid moeten worden omdat ze niet getransfundeerd konden worden voordat ze
over de datum raakten anderzijds. Desondanks worden nog veel producten weggegooid
omdat de uiterste houdbaarheidsdatum is verstreken.102 Vooral voor minder voorkomende
bloedgroepen, zoals bijvoorbeeld AB en B-, is het een uitdaging om een adequate voorraad
te behouden.103 Verbetering van de opslagomstandigheden kan er voor zorgen dat producten
langer opgeslagen kunnen worden en dat het makkelijk er is een geode bloedvoorraad
te houden. Hierom worden met name door bloedbanken veel studies verricht naar het
ontwikkelen van optimale opslagomstandigheden en betere bewaarvloeistoffen.104-109
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Niet-antilichaam gemedieerde TRALI en de opslaglaesie
In het tweede gedeelte van dit proefschrift hebben we ook onderzoek gedaan naar de relatie
tussen de oplsaglaesie en niet-antilichaam gemedieerde TRALI. In Chapter 6 hebben we
alle tot nog toe beschikbare kennis over niet-antilichaam gemedieerde TRALI samengevat.
Hierin lieten we zien dat alle diermodellen een duidelijke relatie tussen opslagduur en
TRALI aantonen37-41,43,44,110-126 maar dat de resultaten van klinische studies minder eenduidig
zijn.22,26-28,38,42
Het is onmogelijk om een grote gerandomiseerde studie op te zetten naar de rol van
opslagduur in TRALI. TRALI is zeldzaam en het is daardoor niet realistisch dat in een redelijke
tijdspanne afdoende patiënten geïncludeerd kunnen worden. Tot nog toe is daardoor alleen
met laboratorium modellen, dierstudies en observationele studies onderzoek gedaan naar
TRALI.
In Chapter 8 hebben wij een “twee-staps” humaan model beschreven waarmee wij
het effect van opslagduur op de longfunctie in mensen onderzochten. We gebruikten
lipopolysaccharide bloedvergiftiging om de vergelijkbaarheid van onze studie met echte
patiënten te vergroten. Daarnaast konden we hierdoor het “twee-staps” model nabootsen.
Met dit onderzoek zijn we zo dicht als tot nog toe mogelijk bij een gerandomizeerde
patiëntenstudie gekomen. We vonden echter geen enkel effect van langere opslagduur
op longfunctie of longinflammatie. Ons model had geen last van de beperkingen die
dierstudies hebben: in veel van deze studies werden humane tarnsfusie producten aan
dieren toegediend wat onnatuurlijk is. De studies waarin wel rode bloedcellen van hetzelfde
dier werden toegediend hadden er echter last van dat de rode bloedcellen van dieren veel
sneller verouderen dan die van mensen.127 Ons onderzoek had er ook geen last van dat
patiënten in de meeste observationele studies zowel vers als oud bloed toegediend krijgen.
Bovendien krijgen patiënten bloedproducten van donoren terwijl wij bloedproducten van
het bloed van de vrijwilligers zelf maakten. Hierdoor konden we naar het geïsoleerde effect
van opslagduur kijken en hadden we er geen last van dat een bloeddonor nooit helemaal
hetzelfde is als de ontvangende patiënt. Het laatste voordeel van ons onderzoek is dat
wij gebruik konden maken van gestandaardiseerde omstandigheden om onderzoek te
doen naar het effect van opslagduur. Patiëntstudies hebben er juist last van dat patiënten
verschillende ziektes hebben, verschillende behandelingen ondergaan en verschillende
bloedproducten toegediend krijgen. Ons model werd echter wel beperkt door het feit dat
we gebruik maakten van gezonde vrijwilligers, en niet van patiënten. Daarnaast gebruikten
we autologe producten. Dit voorwakm dat we last hadden van allogene invloeden, maar
verlaagt wel de vergelijkbaarheid met de klinische praktijk waarin altijd allogene producten
toegediend worden. Desondanks duidt onze studie samen met de recent gepubliceerde
onderzoeken waarin de relatie tussen opslagduur en ziektelast werd bestudeerd, er nu op
dat opslagduur van rode bloedcellen geen bijwerkingen van transfusie geeft.128
Bestaat niet-antilichaam gemedieerde TRALI eigenlijk wel?
In de afgelopen 20 jaar zijn er herhaaldelijk factoren in bloedtransfusies geopperd die mogelijk
niet-antilichaam gemedieerde TRALI veroorzaken. Voorbeelden hiervan zijn oplosbaar CD40
ligand, polaire lipiden, niet-polaire lipiden en nu opslagduur van rode bloedcellen.16 Telkens
werd er echter weer aangetoond dat deze geen nadelige effecten hebben in mensen. In
Chapter 4 lieten we zien dat het gebruik van bead-gebaseerde technieken om antilichamen
aan te tonen voor een toename van antilichaam gemedieerde TRALI gevallen van 23 naar 44
zorgde. Dit doet de vraag rijzen of niet-antilichaam gemedieerde TRALI eigenlijk wel bestaat,
of dat het eigenlijk allemaal antilichaam-gemedieerde TRALI is die nog niet herkend kan
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worden. In lijn met deze gedachte heeft een Duitse onderzoeksgroep voorgesteld om TRALI
vanuit het perspectief te zien van of het mogelijk is om antilichamen aan te tonen. 129 De
auteurs beargumenteerden dat alleen die gevallen waarin antilichamen aangetoond kunnen
worden, “echte” TRALI is. In lijn hiermee hebben verschillende onderzoeksgrepen hun
focus al verlegd van mediatoren in niet-antilichaam gemedieerde TRALI naar identificatie
van cellulaire mechanismen die verantwoordelijk zijn voor het ontstaan van antilichaamgemedieerde TRALI.16,17,130-132 Het is echter de vraag of we al zover zijn om te concluderen dat
niet-antilichaam gemedieerde TRALI niet bestaat. Verschillende laboratoriumonderzoeken
hebben laten zien dat de opslagduur van bloedplaatje en donorkarakteristieken gelerelateerd
zouden kunnen zijn met TRALI en andere bijwerkingen van transfusies. Deze effecten zijn
echter nog niet in mensen onderzocht.
De opslagduur van bloedplaatjes
Net zoals de rode bloedcel, ontwikkelt het opgeslagen bloedplaatje een opslaglaesie.
Het plaatje verandert van vorm, het cytoplasma wordt troebeler en de membraan krijgt
uitstulpingen. Tegelijkertijd verandert de energieverbranding. De opslaglaesie van het
bloedplaatje heeft een nadelig effect of de opbrengst en functie van bloedplaatjes na
transfusie.11,133 De opslagtijd van bloedplaatjes is in dierstudies duidelijk gerelateerd aan
TRALI, net als bij rode bloedcellen.115,124-126 Bloedplaatjes zijn mogelijk zelfs nog gevoeliger
voor veranderingen tijdens opslag dan rode bloedcellen. Zo lieten experimenten met
bloedplaatjes die met UV-B werden behandeld zien dat bestraalde, langer opgeslagen
bloedplaatjes TRALI konden veroorzaken in ratten.115,124-126 Er is in mensen minder
onderzoek gedaan naar het effect van de opslagduur van bloedplaatjes dan naar het effect
van opslagduur van rode bloedcellen. Klinische studies laten wisselende effecten zien van
de opslagduur van bloedplaatjes.23 Al deze onderzoeken zijn echter observationeel en
er zijn geen prospectieve gerandomiseerde studies die het effect van de opslagduur van
bloedplaatjes op ziektelast of overlijden hebben onderzocht. Een gerandomiseerde studie
die de opslagduur van bloedplaatjes onderzoekt, kan mogelijk antwoord geven op de vraag
of langer opgeslagen bloedplaatjes nadelige effecten hebben op de ontvanger.
Conclusie
In dit proefschrift hebben we transfusie-gerelateerde acute longschade en het effect van
opslag van rode bloedcellen onderzocht. We hebben laten zien dat artsen TRALI vaak
niet herkennen en de aandoening als “een-hit” syndroom aan de bloedbank rapporteren.
Daarnaast toonden we aan dat de diagnose van antilichaam-gemedieerde TRALI verbeterd
kan worden door nieuwe, bead-gebaseerde, technieken te gebruiken. Ook hebben we
aangetoond dat niet-transferrine gebonden ijzer, niet-polaire lipiden, microparticles en
opslagduur van rode bloedcellen in het algemeen, allen factoren die gerelateerd zijn aan
bijwerkingen van transfusie in preklinisch onderzoek, geen nadelige effecten hebben op
de longfunctie, inflammatie en stolling in mensen. We concluderen dat de opslagduur van
rode bloedceltransfusie niet gerelateerd is aan TRALI of andere bijwerkingen van transfusie.
Daarom bevelen wij aan dat toekomstige studies zich richten op het effect van allogene
factoren en donorkarakteristieken.
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EndNote
Clinical Data Management
Searching for a Systematic Review
Citation Analysis and Impact Factors
Evidence Based Searching
Practical Biostatistics
Systematic Reviews
Basiscursus Regelgeving en Organisatie voor Klinisch Wetenschappelijk Onderzoek
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Advanced qPCR
Infectious disease
Basic Course Emergency Response Officers – Laboratory Safety
Emergency Response Officers
Informed Consent
Stanford University – Statistics In Medicine
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0.1
0.1
0.1
1.1
0.3
0.9
0.4
0.6
3.9
2.1
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1.3
0.6
0.6
0.3
3.9

Presentations
Niet-polaire lipiden accumuleren tijdens opslag van transfusieproducten
maar zijn niet verklarend voor transfusie gerelateerde acute longschade;
Oral presentation at the annual congress of the Dutch Society for Blood
Transfusion NVB, Ede, The Netherlands
Transfusion Of 35 Days Stored Autologous Red Blood Cells In Endotoxin
Primed Human Volunteers Does Not Result In Transfusion-related acute
lung injury;
Oral presentation at the annual congress of the American Association of
Blood Banks AABB, Anaheim, United States of America
Glucose-6-Phosphate Dehydrogenase Activity Decreases During Storage of
Leukoreduced Red Blood Cells;
Oral presentation at the annual congress of the American Association of
Blood Banks AABB, Anaheim, United States of America
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Conferences
Attendance annual congress of the Dutch Society for Blood Transfusion NVB,
Ede, The Netherlands
Attendance annual congress of the American Association of Blood Banks
AABB, Anaheim, United States of America

Teaching
Research Internship (medicine) University of Amsterdam
Research Internship (medicine) University of Amsterdam
Research Internship (medicine) University of Amsterdam
Research Internship (medicine) University of Amsterdam
Bachelor student, laboratory sciences, Hogeschool Inholland
Research Internship (biomedical sciences) VU University
Grants

Kinetics and metabolic recovery of stored red blood cell transfusion
in humans and the effect of additive solutions. Product and process
development cellular products, Sanquin Blood Bank, Amsterdam, The
Netherlands

2016

Other activities
Intensive Care Research Meeting (weekly)
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Intensive Care Journal Club (monthly)
2014-2016
Laboratory of Experimental Intensive Care and Anesthesiology 2014-2016
(LEICA) research meeting (weekly)
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4
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Anna-Linda Peters werd in 1987 in Hoorn geboren. Daar begon haar schoolcarrière op
basisschool de Pontonnier, gevolgd door het gymnasium op het Werenfridus. Op de
middelbare school was zij lid van de leerlingengeleding van de Medezeggenschapsraad.
Buiten schooltijd speelde ze viool in het Noord-Hollands jeugdorkest. In 2005 werd ze
ingeloot voor geneeskunde aan de Universiteit van Amsterdam, waar ze met veel plezier
studeerde. In haar tweede jaar begon haar wetenschappelijke carrière met een vrijwillige
stage bij de afdeling celbiologie en histologie. Tijdens haar coschappen ging zij enkele
maanden naar een klein plattelandsziekenhuis in Zambia. Haar oudste coschap liep ze bij
de nefrologie.
Tijdens de geneeskundestudie veranderde Anna-Linda elk blok van gedachten over
bij welk medisch specialisme zij in opleiding zou willen. Uiteindelijk besloot ze eerst
ervaring op te doen bij de spoedeisende hulp van het Medisch Centrum Haaglanden.
Daar ontstond haar liefde voor de spoedeisende geneeskunde waarna ze bij de afdeling
intensive care volwassenen van het Leids Medisch Centrum ging werken. In 2014 begon
zij aan haar promotieonderzoek bij de Intensive Care Volwassenen van het AMC. Om
toch patiëntencontact te houden deed ze met enige regelmaat in het weekend en ‘s
nachts diensten voor Amsterdamse verpleeghuizen. Tijdens haar onderzoek realiseerde
ze zich dat de anesthesiologie het allesomvattende specialisme is waarin artsen een grote
kennis hebben, maar ook handvaardig zijn. Ze begint in april 2017 aan de opleiding in het
Universitair Medisch Centrum Utrecht.
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Dankwoord
Toen ik met mijn promotieonderzoek begon verwonderde ik me een beetje over alle
aandacht die er naar het dankwoord uitging. Een promotie is toch een project van iemand
alleen? Inmiddels weet ik wel beter… Ik wil iedereen die mij geholpen heeft de afgelopen 3
jaar, of dat nu directe hulp bij mijn onderzoek was, of aanmoediging vanaf de zijlijn, uit de
grond van mijn hart bedanken. Met het risico dat ik belangrijke mensen vergeet, wil ik hier
de volgende personen noemen:
Allereerst wil ik mijn promotor Prof. dr. Nicole Juffermans danken voor haar begeleiding.
Nicole, jij weet de vinger altijd op de zere plek te leggen. Als jij naar mijn manuscript kijkt,
komt het altijd veel beter terug. Ik vind het een eer dat jij mijn promotor bent.
Daarnaast wil ik mijn co-promotor, dr. Alexander Vlaar danken. Beste Alexander, jij hebt de
afgelopen drie jaar het maximale uit me weten te halen. Soms was ik daarbij knap lastig voor
je: wie had gedacht dat we even koppig kunnen zijn? Ik wil je danken voor de ruimte die je
me gegeven hebt om eigen ideeën verder uit te werken. Samen hebben we gezorgd voor dit
mooie proefschrift.
Ik wil de leden van de promotiecommissie die mijn thesis hebben beoordeeld, danken voor
de tijd en moeite die zij daarin hebben gestoken: prof. dr. M.B. Vroom, dr. W.J. Wiersinga,
prof. dr. E. de Jonge, prof. dr. A. Brand en dr. L.M.A. Heunks. In het bijzonder wil ik prof. dr.
C.J.F. van Noorden en prof. dr. E. de Jonge danken. Beste Ron, bij jou heb ik de eerste stappen
op het wetenschapspad gezet. Nu eindigt onze samenwerking met de totstandkoming van
mijn proefschrift. Hartelijk dank voor al je adviezen de afgelopen 10 jaar. Voor mij ben jij
zoals een hoogleraar moet zijn: geleerd met een onleesbaar handschrift.
Beste Evert, als jonge assistent kon ik bij jou op de intensive care van het LUMC terecht.
Daar is mijn liefde voor de intensive care ontstaan. Dank voor het vertrouwen dat je me
toen gegeven hebt.
Iedereen die ik in dit dankwoord noem, heeft een grotere of kleinere rol gehad tijdens mijn
promotieonderzoek. Alle co-auteurs wil ik danken voor hun input bij de totstandkoming van
dit proefschrift. Ik wil hier echter ook even stilstaan bij het feit dat dit proefschrift niet tot
stand had kunnen komen zonder de medewerking van 18 gezonde jonge mannen, die het
aandurfden om mij op ze te laten experimenteren. De onderzoeken die deze vrijwilligers
ondergingen waren niet niks, maar allemaal sloegen ze zich er dapper doorheen. Dat ging
de ene keer wat vlekkelozer dan de andere keer, zoals ook zichtbaar is op het plafond van
de medium care. Dit soort onderzoek is echter niet mogelijk zonder de medewerking van
gezonde vrijwilligers. Daarvoor ben ik hen heel dankbaar.

A

Een heleboel mensen hebben mij geholpen met de vrijwilligersstudie. Allereerst wil ik alle
verpleegkundigen van de medium care danken, die elke keer geduld met me hadden als ik
weer eens een thermometer of ECG apparaat had laten verdwijnen; Denise Veelo, Dave
Dongelmans, Kai Klopper en Sander van der Sluis stonden elke keer om 07:15 al klaar voor
het plaatsen van de arterielijnen; Jolanda van de Akker en de verpleegkundigen van het
transfusielab lieten me zelfs al om 05:15 over de vloer komen om een sample te nemen
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van het transfusiebloed; René Jonkers en Peter Bonta loodsten de vrijwilligers (en mij)
door de bronchoscopie; de verpleegkundigen van de longfunctie waren altijd bereid snel
te helpen, ook al lukte het meer dan eens niet op tijd te zijn voor de geplande afspraak;
al mijn collega promovendi hebben wel een keer samples voor me weggebracht, op
de vrijwilligers gepast als ik een extra paar ogen nodig had, of me gezelschap gehouden
tijdens de lange studiedagen; Tamara en Barbara van de experimentele immunologie
longgeneeskunde hebben meer dan eens hun avondeten gemist als mijn studiedagen weer
eens uitliepen; dat geldt ook voor Najat en Chi van het Laboratorium voor Experimentele
Klinische Chemie; Marije Gerritsen legde elke week weer alle spullen voor het verzamelen
van uitademingslucht voor me klaar; Anne van der Spek leerde me met veel geduld qPCR
en leende me vervolgens ook alle spullen daarvoor uit; Martin Vervaart injecteerde samen
met mij 200 samples voor de massa-spectrometrer, die vervolgens dan een week stond te
stampen voordat hij de data uitspuugde; Maike was samen met Anita Tuip de hele dag in het
lab verstopt om alle stimulatieproeven te doen. Anita, jij hebt mij tijdens mijn promotie zó
veel geholpen. Als ik iets laboratorium-gerelateerds had waarbij het écht goed moest gaan,
kon ik altijd weer bij jou terecht. Ook wil ik Janneke, Jan, Frederique, Annelou en Tineke
danken voor al hun hulp en gezelligheid.
Dankzij de overleggen met Rienk Nieuwland, René Lutter en Joost Meijers is er een
weloverwogen plan gekomen over welke bepalingen we het beste konden doen op de
verzamelde samples. In het bijzonder wil ik hierbij Anita Böing noemen. Anita, in eerste
instantie was jij voor mij een onuitputtelijke bron van kennis waar ik op terug kon vallen
als het om laboratoriumtechnieken ging. Al snel evolueerde ons 5-minutenoverleg naar
kletsuurtjes. Ik ben heel blij dat ik jou heb leren kennen en ik hoop nog vaak met je op stap
te gaan!
Ook wil ik Robin van Bruggen en Dirk de Korte van Sanquin voor al hun hulp danken.
Robin, ik vond onze samenwerking altijd heel gezellig. Zo gezellig dat ik meer dan eens een
spraakwaterval was. Dat heeft desondanks geleid tot een productieve samenwerking. Dirk,
zeker in het begin vond ik jou intimiderend slim en verstandig. Al snel merkte ik echter dat
je ook nog eens heel vriendelijk en benaderbaar bent. Ik heb jou tijdens mijn promotie als
de nestor rond mijn onderzoek gezien: wijs, aardig en de persoon die altijd op alles een
antwoord wist.
De studenten die hun stages bij mij hebben gedaan, hebben eveneens een groot aandeel
gehad in de totstandkoming van dit proefschrift en de analyses van de vrijwilligersstudie.
Eline, Renoja, Matthijs en Dorus, dankzij al jullie hulp hebben we een berg werk kunnen
verzetten. Dat geldt helemaal voor jou, Robert. Na 300 ELISA’s is al je werk nu geaccepteerd
voor publicatie. Ik ben heel blij dat jij mijn laatste maanden in het AMC ook nog collega werd!
Ik vind jou een hele slimme en gezellige bureaubuurman en ik ben blij dat je zo proactief
bent in het organiseren van uitjes met onze collega’s.
Beste collega’s, ik vind het maar wat ongezellig om jullie niet meer dagelijks te zien. In
april begin ik in Utrecht bij de anesthesiologie. Ik ben echter heel blij dat we het weekend
van te voren nog gaan skiën. Een perfect afscheid! Esther, Hemmik, Frank, Maike, Roos,
Charlotte, Friso, Mathijs, Jenny, Rianne, David, Fabiënne, Laura, Gerie, Lieuwe en de nieuwe
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promovendi Anne-Geke, Poultje en Sanne, dank voor alle gezelligheid, pub-quizzes, borrels,
en (soms ook nog) werkoverleggen.
Marleen, je bent helaas al weer even weg, maar ik ben blij dat we elkaar buiten het werk
om nog zien. Ik vind jou een gezellige, eigenwijze en hartelijke vrouw. Ik wens je alle goeds
met je opleiding, man en kind!
Sophia, het heeft jou niet meegezeten de afgelopen tijd. Ik hoop dat ik ondanks alles enige
steun heb kunnen zijn en dat ik je in de toekomst weer als collega-medicus zal zien. Dank
voor je vertrouwen om me om hulp te vragen toen dat nodig was.
Marjolein, onze vriendschap kwam uit onverwachte hoek. Ik vind het zo leuk dat we onze
hobby delen! Ik ben blij dat we nu samen les hebben en waardeer onze hobbydagen enorm.
Matt, ik heb het altijd enorm leuk gevonden om kamergenoten te zijn. Jij bent voor mij
een constante, rustige, humoristische factor. Je zorgde altijd op het juiste moment voor
afleiding. Behalve kamergenoot, ben je ook een briljante dj en nu mijn paranimf. Ik hoop dat
ik daarmee duidelijk kan maken hoe veel ik jou als collega waardeer. Jij, ik en Margit waren
misschien niet een ideale combinatie op één kamer: op gegeven moment werd er zoveel
gekletst dat we klets-regels in zijn gaan stellen en allemaal hoofdtelefoons hebben gekocht.
Na de grote kamer-shuffle kwam Margit bij ons op de kamer, niet lang daarna aangevuld
door Laween. Margit, ik moest altijd ontzettend om jouw ongeduld lachen. “Duurt lang!”.
Ik vind jou een hele gezellige collega en ik vond het maar wat leuk dat je meer op het AMC
was dan bij Sanquin… Laween, het is altijd maar afwachten hoe een nieuwe kamergenoot is,
maar met jou hadden we het getroffen. Heel veel succes met al je nieuwe, slimme ideeën!
Emma, wat zijn wij snel vriendinnen geworden! Twee eigenwijze nerdmeisjes samen op de
IC. Dank voor je luisterend oor, het herhalen van het Frozen-advies en alle Paint-momenten.
Ik ga onze tussendoormomentjes missen maar gelukkig wonen we nu vlakbij elkaar!
Ilja, jij zat op het AMC en je had er een neus voor wanneer ik er allemaal echt even genoeg
van had. Je onaangekondigde bezoekjes waren altijd even welkom en zorgden voor de
nodige verkorting van de werkdag. Annelijn, hoewel we elkaar minder zien nu ik niet meer
in Leiden (of Den Haag) werk, blijf jij voor mij enorm belangrijk. Tijdens mijn promotie was
jij een geduldig mopper-baken. Als wij wat gingen doen samen, was ik eerst een kwartiertje
stoom aan het afblazen waarna het altijd weer vanouds gezellig was. Ik ben heel blij jou als
vriendin in mijn leven te hebben!
Als laatste wil ik mijn lieve man Thomas bedanken. Jij staat altijd voor me klaar en hebt me
de afgelopen drie jaar onvoorwaardelijk gesteund. Jij bent voor mij mijn veilige haven waar
ik weg kan kruipen als ik het even niet meer zie zitten. Jouw rust en overzicht hebben me
enorm geholpen als ik zelf door de veelvoud van studies het proefschrift niet meer zag. Als
wij even samen ging zitten was alles weer ordentelijk ingedeeld in groene, oranje en rode
vakjes. Lief, ik hou van jou.
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