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CHAPTER 1

INTRODUCTION

Red blood cell transfusion on the ICU

Red blood cell (RBC) transfusions are frequently administered to critically ill
patients on the Intensive Care Unit (ICU). Up to 26% of the critically ill patients
receive a RBC transfusion during their admission [1]. The main goal of a RBC trans-
fusion is to increase oxygen delivery to the tissues by restoring the oxygen transport
capacity [2, 3]. However, RBC transfusions are associated with adverse outcome.
Adverse events following transfusion include transfusion- related acute lung injury
(TRALI) and transfusion- related circulatory overload (TACO). These syndromes
are the leading cause of transfusion related morbidity and mortality [4]. TRALI is
defined as onset of acute lung injury within 6 hours of blood transfusion without any
additional risk factors for acute lung injury [5]. Also in TACO respiratory distress can
occur, with or without hypertension, which is due to circulatory volume overload
[6]. The ‘two hit’ model is generally assumed in the pathophysiology of TRALI; the
first hit is the underlying inflammatory condition of the recipient, followed by the
transfusion which is the second hit, resulting in activation of the endothelium with
enhanced permeability and edema [7]. Also in TACO, there are indications that
the two hit model applies. This is in line with the fact that these syndromes are
primarily diagnosed in critically ill patients, in whom an inflammatory condition
is often present [4].

Besides TACO and TRALI, RBC transfusions can also directly influence the host
immune response, termed transfusion related immunomodulation (TRIM) [8]. An
impaired host response is thought to underlie the association between RBC trans-
fusion and nosocomial infections [9], whereas an exaggerated immune response
following transfusion may contribute to organ injury [10]. Again, as in TRALI and
TACO, TRIM effects seem most obvious in the critically ill or injured patients [2,
11]. Additionally, an adverse outcome of RBC transfusion that hitherto has not
received much attention is the fact that RBC transfusion is also associated with
thromboembolic events [12, 13]. Also in this event, it is conceivable that an inflam-
matory host condition plays a role in mediating thromboembolic events following
RBC transfusion, in which activation of the endothelium and subsequent shedding
of coagulation factors and activation of platelets all may contribute to this risk. In
short, many effects of transfusion on the host response are described, so the risks
of RBC transfusion are abundant.
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At the same time, the efficacy of RBC transfusion to improve outcomes of critically
ill patients has been questioned [11]. In line with the observational studies described
in this systematic review from Marik et al [11], RBC transfusions do not always show
benefits on tissue oxygenation [14-17]. In recent years, a restrictive hemoglobin level
of 7 g/dL has been generally adopted as a trigger for RBC transfusion in ICU practice
[18]. However, this restrictive strategy may not be tolerated by all patients. It has
been shown that patients with acute coronary syndromes as well as patients with
oncologic disease benefit from a more liberal strategy [19, 20]. Thereby, 7 g/dL is
probably on the verge of anemia tolerance. Also, anemia is associated with adverse
outcome [21]. Together, this means that RBC transfusion will remain a common
therapy on ICU, calling for the need to optimize transfusion strategies.

Many questions remain about the underlying mechanisms of the relation between
transfusion and adverse outcome. However, activation of the host immune response
may be a key factor and has been linked to adverse outcome, which is reviewed in
detail below. The mechanisms by which RBC transfusion activates the host immune
response are not fully understood, probably many aspects of the host’s immune
response play a role, such as inflammation, coagulation, endothelial activation etc.
Improving our understanding of which factors influence the host immune response
following RBC transfusion is important, for several reasons. Firstly, this knowledge
may help to improve the product, informing blood banks as to whether expen-
sive and elaborate procedures such as washing or filtering may help to diminish
host immune effects. Secondly, knowledge on the effects of RBC transfusion on
the immune system may help to identify the patient who is at risk of developing
an adverse host immune response. This may improve the risk-benefit assessment
of a decision to transfuse. Thirdly, knowledge of effects of RBC transfusion may
generate ideas about adjunctive therapies, which can be administered alongside a
RBC transfusion with the aim to counteract effects on the host immune response.

It is with these hopes and aims that this PhD project was designed. This intro-
ductory chapter summarizes the current knowledge on the host immune response
following RBC transfusion, based on which the scientific chapters of this project
have been designed.

Transfusion related immunomodulation (TRIM)

As already pointed out, RBC transfusion can modulate the recipient immune
response, also referred to as transfusion related immunomodulation (TRIM).
TRIM is a reservoir of effects, containing associations between RBC transfusion

"
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and fewer episodes of organ rejection [22, 23], a higher recurrence rate of cancer
[24] and the decreased recurrence of auto- immune diseases [9]. As noted, in this
thesis we do not focus on those effects, but rather we focus on the inflammatory
host immune response following RBC transfusion. TRIM is thought to include
both pro-inflammatory as well as immunosuppressive effects. The pro- inflam-
matory propensity may contribute to organ failure by enhancing the underlying
inflammation [25-27]. In a murine transfusion model, RBC transfusion results in
an inflammatory response in the spleen induced by pro- inflammatory cytokines
[25]. The pro- inflammatory cytokine response after RBC transfusion is also found
in dogs [26, 27]. In an experimental pneumonia canine model, massive transfusion
results in lung injury and mortality [28]. Also in clinical studies, RBC transfusions
are associated with organ failure, a phenomenon that occurs in particular in the
criticallyill [11, 29-31]. In a systematic review, RBC transfusion was associated with
an increased risk for multiple organ failure [11]. In observational cohort studies in
septic patients, RBC transfusion was associated with an increased risk for acute lung
injury [32, 33] and acute kidney injury [34]. In patients with cardiovascular diseases,
RBC transfusion is associated with higher risk of myocardial infarction [35-37] and
acute kidney injury [36]. In patients who undergo cardiac surgery, transfusion of
RBCs as well as RBC supernatant are related to a higher incidence of postopera-
tive kidney injury [38-40] and pulmonary morbidity [41]. In trauma patients RBC
transfusion is an independent risk factor for multiple organ failure [31] and associ-
ated with pulmonary morbidity [42]. Altogether, in several critically ill and injured
patient populations, an association can be found between RBC transfusion and
organ injury. This risk of organ failure is suggested to be dose- dependent [12, 43].
Of note, most studies were observational studies and did not correct for confounders
[44]. However, after correction by logistic regression analysis, RBC transfusion is
independently associated with organ failure as well [31, 42, 43].

Besides pro-inflammatory effects, there is also a link between transfusion and
increased infection risk in the ICU, which suggest that RBC transfusion is associ-
ated with immune suppression [9, 45-49]. In meta- analyses, restrictive transfusion
strategies in critically ill patients are associated with a reduced risk of infections
compared to a liberal transfusion policy [47, 50]. In both patients who undergo
cardiac surgery as well as trauma patients, the infection rate after transfusion seems
to be dose dependent [45, 51-58].

The factors that mediate TRIM are unknown, residual leukocytes/ platelets,
soluble mediators in the supernatant and the RBCs themselves may be involved.



GENERAL INTRODUCTION

Leukoreduction of the RBC units, which involves removal of the donor leukocytes
and platelets, could decrease organ failure [59-62] and postoperative infections
[63-65] and is now the standard for RBC products in many countries. However, it
was demonstrated that leukoreduced RBCs still contribute to organ failure and
infection rates after transfusion [66-69].

There are indications in the literature that mediators in the supernatant of the
RBCs may be detrimental to the recipient. In an animal model, where rats were
primed with LPS first, transfusion of supernatant from RBC units resulted in lung
inflammation and coagulopathy [70]. Also in cardiac surgery patients, it was found
that transfusion of RBC supernatant was associated with a reduced pulmonary
function resulting in longer need of mechanical ventilation, kidney injury [71] and
heart failure [72], suggesting a role for soluble mediators in the purported TRIM
effects. So far, lots of work has been done to identify potential mediators of TRIM
in the transfusion product [8, 9, 73].

This thesis elaborates on potential mediators and focuses on the effects of RBC
transfusion on the host immune response following transfusion. Whether an unfa-
vorable host immune response will develop (either a pro-inflammatory response
associated with organ failure, or an anti-inflammatory response associated with
nosocomial infections), probably depends on both the type and strength of the
mediator in the transfusion bag as well as on host factors of the recipients of the
transfusion.

Mediators in the transfusion product implicated in immune modulating
effects of an RBC transfusion

Extracellular vesicles (EVs). EVs are small phospholipid-rich vesicles that are released
by different cells in response to shear stress, complement activation, oxidative stress
and apoptotic stimuli [74]. EVs can interact with other cells by transferring receptors
or their contents [75], which includes membrane proteins, cytoplasmic components
or genetic information of the cells from which the EVs were derived [76]. During
storage of RBC units, EVs are released in the supernatant and the amount increases
over storage time [77-79]. These vesicles are procoagulant. In fact, the expression
of tissue factor on EVs is abundant [74]. Thereby, EVs have been found to induce
thrombin formation in vitro [80, 81]. Most EVs in the RBC units are from RBCs, but
EVs from platelets and leukocytes are found as well [81]. Studies in vitro have shown
that EVs from stored RBC units can be both inflammatory [79] as anti- inflammatory
[82], measured by the production of pro- inflammatory cytokines. However, pro
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inflammatory effects are more abundant. EVs can also trigger the production of
pro- inflammatory cytokines by promoting the adhesion of leukocytes and platelets
to the endothelium [83, 84]. Besides that, RBC derived EVs can bind complement
fragments and activate the complement cascade [82] and can induce T- cell prolif-
eration in vitro as well [85]. Injection of EVs from RBCs in a murine endotoxemia
model results in leukocyte recruitment and the production of pro-inflammatory
cytokines, an effect that was not found in the complement deficient mice, suggest-
ing that complement activation plays a role in these pro- inflammatory effects of
RBC- EVs [84]. Thus, EVs probably have the ability to modulate the immune system.
However, most studies were performed in vitro.

Cell free hemoglobin (fHb). In trauma patients who received a massive blood trans-
fusion, the fHb increases in the circulation [86]. The high clearance of the RBCs in
the circulation may be responsible for an increase in the plasma fHb in the recipient,
because of the excess is haptoglobin not able to regulate it anymore [87]. During
storage, a limited amount of cell free hemoglobin will be released in the bag due to
lysis of the RBCs [88, 89]. In a guinea pig transfusion model, transfusion of stored
RBCs older than 28 days result in an increased level of plasma heme compared to
transfusion with fresh RBCs [90]. In healthy volunteers, after transfusion of RBCs
the plasma fHb increases, and this effect was more pronounced after transfusion
of longer stored RBCs [91]. Also in a clinical trial with septic patients, an increase
in the plasma fHb after transfusion with stored RBCs compared to pre- transfusion
levels was found [92]. However, no effect of storage time is found in the increase
of fHb after transfusion of 2 units in patients with hematological malignancy [88].
Whether storage time plays a role in the level of fHb in the supernatant is thereby
not always clear [88, 91, 92]

Free hemoglobin can react with nitric oxide (NO) [93], a potent vasodilatator, result-
ing in lower NO bioavailability. Also the NO production is disturbed, due to the
release of red cell arginase-1 by hemolysis, which converts a substrate for the NO
synthase [94]. In vitro, even low levels of hemolysis decreased the bioavaibility of
NO [89]. In a rat transfusion model, transfusion of fHb containing supernatant
resulted in vasoconstriction [95]. A higher level of free hemoglobin is associated
with vascular inflammation [96, 97] and organ damage in animal models [90, 98].
Also after administration of haptoglobin, a cell free hemoglobin scavenger, the
endothelial damage decreased [90].
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Heme could also play a role in inflammation. Normally, the heme-degrading enzyme
heme-oxygenase 1 can neutralize the effect of heme on inflammation, but after RBC
transfusion the enzyme may not be able to handle the amount of heme anymore
[99]. In vitro, heme increases the expression of adhesion molecules, the permeability
of endothelium and recruitment of leukocytes [100, 101]. Also, it is shown that heme
can induce activation of neutrophils via Toll- like receptor 4 [102], resulting in both
an increase in in vitro ROS production [103] as well as in formation of neutrophil
extracellular traps (NETs) [104].

Iron. One RBC unit contains 220- 250mg iron. Thereby, RBC transfusion, in par-
ticular repeated transfusion, can result in increases of plasma iron that exceeds the
iron binding capacity of transferrin, which is the major iron transport protein in
the circulation [105]. The monocyte/ macrophage system is able to clear a limited
amount of iron but that system can be saturated, which results in freely circulat-
ing non- transferrin bound iron (NTBI) [106]. The formation of non-transferrin
bound iron (NTBI) then results in reactive oxygen species (ROS) that contribute to
inflammation and organ injury [106]. Increased NTBI levels was found to promote
the bacterial growth in vitro [107, 108], suggesting an increased risk of nosocomial
infections. In both an animal study and in healthy volunteers, RBC transfusion was
associated with an elevation of the NTBI level and a concomitant pro- inflammatory
response [25, 107]. Also in preterm infants the NTBI level was significant higher
after RBC transfusion compared to pre- transfusion levels [109]. The increase of
NTBI in this study was associated with an increase in oxidative stress [110]. Other
studies also showed that free iron is able to induce reactive oxygen species (ROS),
which can result in inflammasome and NFkB activation [111] and may cause organ
injury [112, 113]. In this thesis we focus on the effect of RBC transfusion on iron
metabolism in critically ill patients. Of note, during storage of RBCs, the amount
of NTBI in the RBC product increases over time [114], which suggests that storage
duration is a risk factor for free iron and subsequent immunologic effects. Thereby,
RBC storage duration is also studied.

Bioactive lipids. During storage of RBCs, both non- polar as polar bioactive lipids
accumulate. Arachidonic acid, 5- hydroxeicosatetranoic (HETE), 12-HETE, 15-HETE
have been identified as non- polar lipids in stored RBCs [115]. Non- polar lipids from
stored RBCs are able to induce acute lung injury in an in vivo rat model after priming
with LPS [115]. Filtration of the RBCs before storage may reduce the accumulation of
non- polar lipids [116]. Polar lipids, such as lyophosphatidylcholines (PCs), are less
present in stored RBCs compared to stored platelets [117]. In addition, the presence
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of LysoPCs is not always found in stored RBCs [70]. In vitro, LysoPCs can affect the
neutrophil function by increasing the adhesion and reducing the chemotaxis [118].
LysoPCs can also cause TRALI after priming with LPS in ex vivo and in vivo animal
models [117, 119]. Also in patients an association between in an increased level of
LysoPCs and transfusion related acute lung injury is found [120].

Soluble CD40 ligand (sCD40L). CD40L is a transmembrane protein and a member of
the tumor necrosis factor (TNF) receptor family. During storage of RBCs, an increase
in soluble CD40L from residual platelets in the plasma can be measured [121, 122].
This effect is less pronounced after leukoreduction of the RBCs [121]. Soluble CD40L
is able to induce the respiratory burst of neutrophils and may promote endothelial
damage in TRALI 1 [121]. In a sheep model, CD40L levels increased following RBC
transfusion, but to lower levels than expected based on earlier trials. This finding
is thought to be due to the heat- inactivation treatment of the supernatant [122]. In
a murine TRALI model, no role for CD40L in the involvement of TRALI was found
[123]. So probably, CD40L plays only a minor role in immune modulation after RBC
transfusion.

The effect of storage duration on immune modulating effects of an RBC
transfusion

Mediators that may be involved in the RBC- induced host response increases during
storage in the bag due to oxidative stress [124]. The RBCs undergo morphological
and functional changes during storage, known as the ‘storage lesion’, which reduces
the efficacy by declining the post- transfusion survival and function [125, 126].
Therefor the maximum storage of RBC is restricted to 35 days in the Netherlands
or 42 days in other countries. Changes during storage of RBCs include changes in
rheology, like reduced deformability [127-129], increased RBC aggregability [130]
and increased adherence to endothelium, which can impede the microcirculation
and inhibit the tissue oxygenation [92, 131]. Also the depletion of 2,3 DPG, which
shifts oxyhemoglobin dissociation curve to the left, and the reduction in nitric oxide
(potential vasodilator) may reduce the oxygen delivery [2]. So both the accumulation
of bioactive substances and the function of the stored red cells as an oxygen carrier,
may change during storage.

In critically ill patients, lots of research has been done on the effects of storage time
on outcome. Recently published large randomized controlled trials did not show any
differences in mortality after transfusion with fresh compared to standard/ stored
RBCs [132-134]. Thereby, it seems there is enough evidence to dispute any negative
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effects of prolonged RBC storage duration on outcome. However, parameters such
as infections were never the primary outcome in these studies. Despite the fact
that it is convincing that the storage duration does not have a significant influence
on mortality, it may be relevant to include storage time in studies on RBC- related
host immune response. In addition to that, it is still informative to include storage
duration in more mechanistically oriented studies such as in this thesis, as a number
of mediators accumulate during storage, including compounds already discussed
such as free heme.

It is not clear whether storage time influences the immune response of the host after
RBC transfusion. Experimental studies have described both immunosuppressive
as pro- inflammatory effects related to storage time. In in vitro RBC transfusion
models, both longer stored leukoreduced RBCs [135-137] and supernatant from
stored RBCs [138] have an increased immunosuppressive effect by increasing the
anti- inflammatory cytokine response and reducing the pro- inflammatory response
after ex vivo stimulation with lipopolysaccharide (LPS). In a murine transfusion
model, transfusion of stored RBCs results in an exacerbation of gram- negative
bacterial infection [139]. Also inflammatory effects of storage are described, like
activation toll- like receptor (TLR4) after incubation with stored RBCs in whole
blood in vitro [140]. The TLR4 is a pattern recognition receptor (PRR), especially
well known in the recognition of lipopolysaccharide (LPS), and is important in the
activation of the innate immune system. In a murine transfusion model, transfu-
sion of stored non- leukoreduced RBCs increased the pro- inflammatory cytokine
response compared to fresh RBCs, this effect was reduced after washing [141]. Leu-
koreduced stored RBCs induced the release of pro- inflammatory cytokines in a
murine model as well, this effect was not found after transfusion with fresh RBCs
[142]. In an observational clinical trial in critically injured children, transfusion
with older prestorage leukoreduced RBCs was associated with impaired recovery
of the innate immune response, measured by LPS- induced TNFa response ex vivo,
compared to those who received fresh RBCs [143, 144] However, also some clinical
studies in adults showed no significant differences in pro- inflammatory cytokines
after transfusion with stored RBCs compared to fresh RBCs [145, 146] Thus, the role
of time dependent changes during storage of RBCs in the development of immune
dysfunction or nosocomial infections is still unclear. In this thesis, we tried to
include the storage factor and the relation between storage duration and the host
response.
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The effect of RBC transfusion on different cell types of the recipient

Effect of RBC transfusion on neutrophils. Neutrophils are essential in the defense
against pathogens [147]. After adhesion to the activated endothelium, neutrophils
can migrate to the site of the infection, followed by extravasation and chemotaxis
into the tissues. Neutrophils encapsulate microorganisms in phagosomes and kill
them by the release of antibacterial granular proteases or by the production of reac-
tive oxygen species (ROS) by the NADPH oxidase system [148]. Experimental studies
show evidence that RBC transfusion may alter neutrophil function. Supernatant of
stored RBC can induce neutrophil priming (defined as higher ROS production after
stimulation) in vitro, an effect that increases with prolonged storage time [149] and
is abrogated by leukocyte depletion, but not by RBC washing [150]. Contrary, RBC
transfusion was also found to inhibit neutrophil chemotaxis [151, 152]. The effect
on chemotaxis or other neutrophil functions may be different when there is an
underlying inflammatory disease state where the chemotaxis may be increased due
to the release of pro- inflammatory cytokines [153]. Of note, inappropriate activa-
tion and migration of neutrophils has been associated with organ failure [154, 155].
Hemin, derived from hemolysis in stored RBC units, induces the ROS production by
neutrophils and the release of neutrophil extracellular traps (NETS) in vitro [104].
NETs are a meshwork of chromatin fibers coated with histones and antibacterial
proteins, released by activated neutrophils [156] and can be beneficial in trapping
pathogens [156], but also can contribute to tissue damage [157]. LysoPCs, which
are lipid mediators that accumulate during RBC storage, are also able to activate
neutrophils in vitro [150, 158]. The respiratory burst of neutrophils can also be
induced by EVs from RBCs [159], which is a dose dependent effect [160]. Via the Fc
receptors, the exposition of complement and immunoglobulins on EVs from RBCs
can play a role in neutrophil activation [161]. Also in a mice model of hemorrhagic
shock and resuscitation, injection of EVs from RBC results in neutrophil priming
and neutrophil activation [162]. Enhanced neutrophil priming was found to be asso-
ciated with the development of organ failure as well as with an increased risk of
mortality [163-165]. In a two hit murine model, after LPS infusion the mice were
transfused with plasma from stored RBCs or MHC class I antibodies, is demonstrated
that acute lung injury is neutrophil dependent [117] and that NETs will be released
[166, 167]. NETs nucleosomes were also found in the circulation of TRALI patients
[167]. Neutrophils may play a role in the association between RBC transfusion and
organ failure. However, the exact mechanism is unknown.

Effect of RBC transfusion on monocytes and macrophages. Monocytes and macro-
phages are able to release proteins and cytokines that initiate the immune response
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[168, 169]. In critically ill patients, a reduced ability of monocytes to produce cyto-
kines is correlated with mortality [170]. RBCs and supernatant from stored RBC
units reduced the ex- vivo LPS induced TNFa production from peripheral blood
monocytes and TNFa mRNA was also decreased [135, 171]. This suggests that RBC
transfusion has immune suppressing effects on monocytes, an effect that was medi-
ated by storage solution and storage time of the RBC units [135]. However, there
is also an in vitro study that showed that packed RBCs or supernatant from RBCs
potentiates the ex- vivo LPS induced IL-8 [150] and TNFa [172] production by mono-
cytes, an effect that was attenuated by shorter storage time and leukocyte filtration.

Effect of RBC transfusion on platelets. Platelets maintain the hemostasis by forma-
tion of blood clots that repair vascular endothelium injury. To manage this process,
platelets become activated after adhesion to the injured endothelium, resulting in
conformational changes in glycoprotein GPIIa/IIIa on the platelet surface and secre-
tion of granule proteins, that cause binding of platelets to coagulation factors or
other platelets (platelet aggregation). RBC transfusion is associated with thrombo-
embolic events, such as myocard infarction [12, 173] or reinfarction [13, 174], post-
operative venous thromboembolic events [29, 175-177] and strokes [178]. These data
suggest that RBC transfusion contributes to activation of the coagulation cascade.
Invitro, RBC can induce platelet activation and aggregation [179, 180]. Supernatant
from stored RBCs can induce thrombin generation [181]. RBC- derived EVs can
interact with platelets to increase inflammatory chemokine bioavailability [182].
In addition, EVs from RBC can express phosphatidylserine (PS), which can activate
tissue factor (TF) [183] or coagulation factors [80, 184] and induce thrombin gen-
eration in vitro [84, 185]. During storage of RBCs the amount of PS expressed EVs
increases [79, 81], whereby the procoagulant effect could be even more pronounced
[80]. In an observational, prospective study an enhanced activation of platelets after
transfusion with RBCs was found [186]. Addition of EVs from RBCs can also induce
interaction between neutrophils and platelets in vitro [183]. In a murine transfusion
model, complement activation in LPS- primed mice can be prevented by inhibition
of thrombin [84]. Therefore platelet activation and coagulation may be involved in
the inflammatory response after transfusion as well [187, 188].

Effect of RBC transfusion on endothelial cells. Endothelial cells line the vasculature
and have multiple functions, including regulating local blood flow, inflammation
and the coagulant response and interaction with circulating blood [189, 190]. Stored
RBCs can have an effect on the vasculature by reducing the NO bioavailability [191,
192], which results in hypoperfusion of the tissues and organ failure. In vitro, packed
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RBCs and supernatant from RBCs can induce an inflammatory response in endo-
thelial cells [193]. After incubation with supernatant the expression of intercellular
adhesion molecule (ICAM)-1, an endothelial activation marker, was increased and
resulted in PMN adherence [194]. In vitro under flow, RBC can adhere to endothelial
cells as well [195]. This effect was also found in a rat model, where the adhesion
was further enhanced after transfusion. However, the adhesion of donor RBCs in
the capillaries was reduced after leukoreduction, suggesting that leukocytes and/or
their byproducts are probably involved [196]. The adhesive capacity of endothelial
cells for RBCs may even be further enhanced when the endothelium is activated
by inflammation. LPS [197, 198] and oxidative stress [199] promote the adherence
of RBCs to the endothelium in vitro under flow. During inflammation, leukocytes
and platelets are also able to bind to endothelial cells [200]. In pediatric critically ill
patients, the levels of soluble ICAM-1 increases after RBC transfusion [201]. Thus
RBC transfusion may impede the blood flow circulation, especially in inflammatory
recipients. Even though the exact mechanism of interaction between RBCs and
endothelial cells is unclear.

The effect of an underlying inflammatory status of the recipient on
immune modulating effects of an RBC transfusion

As already alluded to in the first paragraph of this introduction, an underlying
inflammatory condition of the recipient may contribute to an increased risk of
adverse outcome of RBC transfusion. In critically ill patients, the immune response
to RBC transfusion is very complex and dynamic [202]. As sepsis is the most common
cause of admission on the ICU [203] and anemia is a hallmark of sepsis, many criti-
cally ill patients receive a RBC transfusion [11, 204]. Sepsis is defined as a systemic
response to infection with the presence of organ dysfunction [205]. Sepsis is char-
acterized by a dysregulation of the host response, leading to hyper-inflammation as
well as immune suppression. These conditions may occur simultaneously [206]. Also
a dynamic host response can be found in conditions of severe sterile inflammation,
such as systemic inflammatory response syndrome [207]. After severe trauma or
following a major surgery, also both a hyper-inflammatory as well as immunosup-
pressive state can occur [208-210]. Both hyper-inflammation and immune suppres-
sion are associated with poor outcome in ICU patients [211, 212]. Also, anemia is
frequently present in these sterile conditions of hyper-inflammation. To prevent
organ failure, these patients frequently receive a RBC transfusion to improve the
tissue oxygenation [18].

20
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There may be distinct differences in the host immune response to RBC transfusion
between a recipient with an inflammatory status versus a recipient who does not
have severe inflammation at the time of transfusion. In a murine sepsis model,
transfusion of RBCs result in both exaggeration of the cytokine production and
induction of immune-suppressive phenotypes of leukocytes, compared to non-
septic mice [213]. In a retrospective study in patients with sepsis, RBC transfu-
sion is a risk factor for secondary bacterial infection, suggesting that during sepsis
the immunomodulatory effects of a blood transfusion contributes to an adverse
outcome [67]. Of note, the observation that the association between RBC transfu-
sion and nosocomial infections and organ injury is particularly relevant in critically
ill patients, may suggest that the underlying immune status of the recipient may
play a role. This notion is underlined by the pathophysiology of TRALI [214, 215].
Critically ill patients have an increased risk to develop TRALI when compared to
the general patient population, with an incidence varying between 0.08- 15.1% per
patient transfused [215]. Thus in TRALI, an underlying disease primes the immune
system (sepsis, surgery, cancer, trauma ed) and is conditional for this syndrome to
develop after transfusion [216-219]. Thereby, ICU patients may be more sensitive
to immunomodulatory mediators in blood products [202] compared to recipients
who do not have an ongoing inflammatory state.
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CHAPTER 1

THE AIM OF THIS THESIS

In summary of the above, this thesis aims to study the effect of RBC transfusion on
the host immune response in critically ill patients.

Specific research questions are:

1. Which mediators in the RBC transfusion bag are associated with a host immune
response after transfusion?

2. Which effect does RBC transfusion have on different immune cells in the host
immune response following transfusion?

3. What is the role of the underlying immune status in the recipient, by making
a distinction between recipients with and without sepsis, on the host immune

response following transfusion?

4. What is the effect of storage time of the RBC unit on the host immune response
after transfusion?
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OUTLINE OF THIS THESIS

OUTLINE OF THIS THESIS

The research in this thesis first describes the effect of RBC transfusion, including
investigation of the possible mediators on the host immune response.

Chapter 2: we reviewed the knowledge of the ability of EVs to induce a pro-
inflammatory immune responses.

Chapter 3: we reviewed the mediators in TRALI.

Chapter 4: we investigated the hypothesis that RBC- derived EVs can activate endo-
thelial cells though activation of monocytes or granulocytes.

Chapter 5: we investigated the effect of RBC transfusion on iron metabolism in
critically ill patients.

Besides mediators, we then investigated which cells are target cell in host immune
response following RBC transfusion.

Chapter 6: we investigated the effect of RBC transfusion on neutrophil function in
an endotoxemia model as well in critically ill patients.

Chapter 7: we investigated the effect of RBC transfusion on the platelet function
in critically ill patients.

Finally, we go deeper into the mechanism behind immune suppression after
transfusion.

Chapter 8: we investigated the effect of RBC transfusion on cytokine mRNA levels
or induced tolerance of the TLR2 or TLR4 for stimulation in an endotoxemia model.
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CHAPTER 2

ABSTRACT

Extracellular vesicles (EVs) can modulate the host immune response, executing both
pro- and anti-inflammatory effects. As EVs increasingly gain attention as poten-
tial carriers for targeted gene and drug delivery, knowledge on the effects of EVs
on the host immune response is important. This review will focus on the ability
of EVs to trigger a pro-inflammatory host response by activating target cells. The
overall view is that EVs can augment an inflammatory response, thereby potentially
contributing to organ injury. This pro-inflammatory potential of EVs may hamper
its use for therapeutic drug delivery. Whether removal of EVs as a means to reduce
a pro-inflammatory or pro-coagulant response during hyper-inflammatory con-
ditions is beneficial remains to be determined. Prior to any proposed therapeutic
application, there is a need for further studies on the role of EVs in physiology and
pathophysiology using improved detection and characterization methods to eluci-
date the roles of EVs in inflammatory conditions.
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INTRODUCTION

Extracellular vesicles (EVs), including microparticles and exosomes, are phospho-
lipid-enclosed vesicles of less than 100 nm, diameter often 100-fold smaller than
the smallest cells. EVs are released by red blood cells (RBCs), platelets, white blood
cells and endothelial cells, and are involved in a broad spectrum of biological activi-
ties. Because all cells release EVs into the environment, all body fluids contain high
concentrations of cell-derived EVs.

There is increasing evidence that EVs may have specialized functions and play a
role in intercellular signaling, for example, by exchanging biomolecules as trans-
membrane receptors and genetic information [1]. Additionally, EVs may protect cells
from the accumulation of intracellular waste. Furthermore, EVs may expose phos-
phatidyl serine, a negatively-charged phospholipid to which activated coagulation
factors can bind, and tissue factor, the protein that initiates coagulation.

During disease states the concentration of EVs, their cellular origin, composi-
tion, and functional features may change, thereby affecting disease development
and progression. At present, however, the reason why cells release EVs is unknown.
As the majority of studies on EVs have been performed in vitro, we can only spec-
ulate about the clinical relevance. Furthermore, due to recent improvements in
isolation methods of EVs, components previously associated with EVs may need
to be reconsidered to be isolation artefacts [2]. Despite these considerable knowl-
edge gaps, endogenously released EVs probably should not be regarded as having
only “good” or “bad” effects. To further complicate the interpretation of the rel-
evance of EVs, EVs themselves can also be used by micro-organisms to facilitate
spreading and to escape from immune surveillance.

Given the ability of EVs to exchange information between cells, as well as between
cells and their microenvironment, the use of EVs in cancer vaccines and drug
delivery is increasingly gaining attention. As the natural carrier of signal mole-
cules, EVs may be an attractive vehicle for therapeutic delivery, with a presumed
low toxicity. Potential areas of application include cancer [3] and cardiovascular
diseases [4]. However, EVs can also modulate the host immune response, executing
both pro- and anti-inflammatory effects, which may offset any potential beneficial
effects of EVs used as carriers. Thereby, knowledge on the effects of EVs on the host
immune response is important. This review will focus on the ability of EVs to trigger
a pro-inflammatory host response by activating target cells. In experimental models
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of hyper-inflammatory disease states, e.g., following ischemia-reperfusion injury,
the pro-inflammatory potential of EVs aggravates organ damage. Whether EVs
modulate organ damage in patients remains to be determined.

Inflammatory effects of extracellular vesicles (EVs)
Extracellular vesicles (EV)-produced inflammatory mediators

EVs have the ability to modulate the immune system by transferring receptors and
inflammatory mediators (Table 1). For example, EVs are essential for the release of
interleukin (IL)-1B [5]. Interleukin-1-containing EVs from monocytes activate endo-
thelial cells and stimulate the production of IL-1B from monocytes in an autocrine
fashion [6]. In line with this, upon stimulation, macrophages and dendritic cells
release vesicles containing IL-1pB, caspase-1, and other components of the inflam-
masome [7]. Furthermore, EVs contain platelet-activating factor [8] and can expose
(tumor necrosis factor) TNF receptor 1 [9]. To which extent these inflammatory
mediators associated with EVs represent a major fraction of the total amount of
such mediators released from cells, however, remains to be shown.

Table 1. Pro-inflammatory effects of endogenous extra-cellular vesicles from immune cells
and endothelial cells.

Cellular EV Target cell Inflammatory effect Type of Reference
origin study
RBC Whole blood Production of TNFa, IL-6, IL-8 Exvivo  Straat [10]
RBC Granulocytes Respiratory burst Invitro, Belizaire [11]
in vivo
RBC - Leukocyte homing Invivo  Zecher [12]
RBC Monocytes Binding and phagocytosis Invitro  Straat[13]
RBC Endothelial cells Expression of ICAM-1, Invitro  Straat [13]
E-selectin
Monocyte Monocyte IL-1b production Invitro  McKenzie [5]
Monocyte Endothelial cells IL-1b production Invitro  Wang [6]
Monocyte Endothelial cells Expression of ICAM-1, VCAM- Invitro  Wang [6],
1, E- selectin Halim [14]
Monocytes Endothelial cell  Induction nitrosative stress  Invitro  Mastronardi [15]
Macrophages Macrophages  Activate TLR-4, Invitro  Thomas [16]
TNF production
Macrophages - IL-1, caspase-1 production Invitro  Qu [7]
Marcophages, - Leukotrienes synthesis, Invitro  Esser [17]
Dendritic cells granulocyte migration
Macrophages Hepatocytes TNF production Invitro  Teoh [18]
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Table 1. Continued.

Cellular EV Target cell Inflammatory effect Type of Reference
origin study
Granulocytes - PAF production Invitro  Watanabe [8]
Mesri [19]
Granulocytes Endothelial cells TFand IL-6 production Invitro  Mesri[19]
Granulocytes Red blood cells  Complement activation Invitro  Gasser [20]
T cells Monocytes TNFa, IL-6, SIL-TRA Invitro  Scanu [21]
production
T cells Endothelial cells NO synthase, COX-2 Invitro, Martin [22]
production, in vivo
Platelets Endothelial cells COX-2 production Invitro  Barry
Platelets Endothelial cells PAF production Invitro  Wolf [23]
Platelets Endothelial cells CD11b expression Invitro  Xie [24]
Platelets - Thrombin generation In vivo Mooberry [25]
Platelets Whole blood Production IL-6, TNFa Exvivo  Balvers [26]
Endothelial cells Endothelial cells Transfer miRNA Invitro  Jansen [27]
Endothelial cells Endothelial cells Adherence monocytes, Invitro  Lee [28]

expression of ICAM-1

Endothelial cells Endothelial cells IP-10 production Invitro  Liu[29]

EV: extracellular vesicle, TNF: tumor necrosis factor, TF: tissue factor, IL: inter-leukin,
ICAM: intercellular adhesion molecule, VCAM: vascular cell adhesion molecule, TLR: Toll-like
receptor, PAF: platelet activating factor.

EVs can contribute to an inflammatory response via their lipid fraction, as this
fraction can activate the Toll-like receptor (TLR) 4 on macrophages [16]. The
ability of EVs to activate TLR4 is impaired after incubation with an inhibitor of
phospholipase D, confirming that the lipid component of EVs may contribute to
the inflammatory response. In addition, EVs from dendritic cells, macrophages
and plasma contain enzymes involved in synthesis of leukotrienes [17]. Addition-
ally, RBC-derived EVs can promote the secretion of the von Willebrand factor by
endothelial cells [13], which is a plasma ligand for cell adhesion. An increase
in the von Willebrand factor may thereby promote cellular adhesion and augment
inflammation. In vitro, it was shown that RBC-derived EVs can interact with plate-
lets to increase inflammatory chemokine bioavailability [30]. Taken together, EVs
can exert direct pro-inflammatory effects by the production of pro-inflammatory
mediators, without the interaction of immune cells.
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EV-mediated pro-inflammatory responses of effector cells in the circulation

EVs can directly interact with different cell types, inducing a functional inflam-
matory response from immune cells. Incubation of whole blood with RBC-derived
EVs induced a dose-dependent production of (TNF)a, IL-6, and IL-8 [10]. The
response of cells to EVs was very strong, equaling the response to incubation with
TNFa. EVs can directly interact with various types of cells.

RBC-derived EVs can dose-dependently trigger human neutrophils to increase pro-
duction of CD11b [31], induce a respiratory burst, and increase the ability of neu-
trophils to phagocytose. Similar results were obtained in a murine model, in which
injection of RBC-derived EVs into healthy mice primed neutrophils, as reflected by
an increased expression of neutrophil CD11b [11]. RBC-derived EVs can also have a
direct interaction with monocytes. Using confocal microscopy, it was shown that
RBC-derived EVs are phagocytized by monocytes, a process that is partially inhib-
ited by incubation with antibodies directed against complement receptor 3.

Monocyte-derived EVs also have largely pro-inflammatory effects, mostly through
interaction with endothelial cells, but also with other cells, including monocytes
themselves, fibroblasts, and smooth muscle cells [14]. Monocyte-derived EVs inter-
act with the endothelium, inducing expression of adhesion molecules [6] as well
as nitrosative stress [15]. Monocyte-derived EVs can induce production of pro-in-
flammatory mediators MCP-1 and IL-6 from podocytes, associated with increased
levels of a marker of glomerular permeability, indicating glomerular inflamma-
tion [32]. Additionally, monocyte-derived EVs containing caspases are capable of
inducing apoptosis in endothelial cells [33] and in vascular smooth muscle cells [34].

Neutrophil-derived EVs are the least studied EVs to date. It is clear that levels of
circulating neutrophil-derived EVs are increased under inflammatory conditions,
which holds true for auto-immune conditions, asthma, and severe infections [35,
36]. Neutrophil-derived EVs can mediate binding of neutrophils to red blood cells
following complement activation [20]. T and B cell-derived EVs have been mostly
described for their interaction with tumor cells, although pro-inflammatory effects
of T cells have been demonstrated [21, 22].

Platelet-derived EVs have mostly been implicated in coagulation, but can also
exert pro-inflammatory effects. Platelet-derived EVs from synovial fluid from
patients with rheumatoid arthritis increased production of inflammatory
cytokines in fibroblast-like synoviocytes in an IL-1-dependent manner [37].
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Staphylococcal-induced formations of platelet-EVs were also able to stimulate
monocytes to produce IL-1B, TNFa, and MCP-1 [38]. However, platelet-derived EVs
also have anti-inflammatory effects. T cells exposed to platelet-derived EVs had
reduced the production of interferon y (IFNy), TNFa, and IL-6 secretion [39]. Other
pro-inflammatory effects of platelet-derived EVs were recently summarized [40].

EV-mediated inflammatory responses of endothelial cells

EVs activate endothelial cells via different pathways. Neutrophil-derived EVs trigger
endothelial cells to secrete IL-6 and to produce tissue factor (TF) [19]. Mono-
cyte-derived EVs activate endothelial cells, reflected by an increase in the release
of EVs and an increase in production of adhesion markers, thus amplifying the
inflammatory process [14]. In contrast, RBC-derived EVs alone do not induce the
production of endothelial adhesion markers, but when endothelial cells are incu-
bated with RBC-derived EVs in the presence of monocytes, expression of ICAM-1
and E-selectin increase compared to endothelial cells incubated with EV-depleted
RBCs [13]. RBC-derived EVs do not activate endothelial cells when co-incubated
with neutrophils, showing that the effect is specific for monocytes.

Additionally, platelet-derived EVs activate endothelial cells. These EVs contain ara-
chidonic acid, which is transferred to the endothelial cells and then promotes
the production of cyclooxygenase-2 and adhesion molecules [23, 41]. In an in vitro
model of lipopolysaccharide (LPS)-stimulated endothelial cells, the addition of
platelet-derived EVs increased endothelial activation and induced the respiratory
burst in neutrophils [24]. Furthermore, platelet-derived EVs also modulate inter-
actions between monocytes and endothelial cells. The interaction between EVs
and the endothelium may be amplified by the release of pro-inflammatory cyto-
kines [42] and platelet activating factor [23] from endothelial cells. In turn, endo-
thelial-derived EVs further activate the endothelium, thus further perpetuating
the inflammatory response [29]. Taken together, EVs seem to mediate increased
adherence of immune cells to the endothelium with the induction of a pro-inflam-
matory response.

EV-mediated inflammatory responses in effector cells in tissues

EVs in body fluids or tissues can modulate the local inflammatory responses.
During rheumatoid arthritis, EVs from synovial fluid trigger the production of
pro-inflammatory mediators by synovial fibroblasts, via the transfer of arachi-
donic acid from leukocytes to fibroblasts, thereby contributing to the destruc-
tive activity of fibroblasts [43]. In adipose tissue, EVs from adipocytes increased
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CD16 and CCR5 production on monocytes, thereby inducing monocyte migration
into the adipose tissue, contributing to the chronic inflammatory phenotype in
obesity [44]. In a model of traumatic brain injury, microglial-derived EVs are released
into the circulation [45]. These EVs initiated neuroinflammation after injection into
the cortex of healthy animals. In addition, EVs derived from monocytes also promote
inflammation by interaction with endothelial cells, monocytes, fibroblasts, and
smooth muscle cells [14]. Taken together, there is increasing evidence suggesting
that EVs from different cellular sources act in concert with the endothelium in
inducing and perpetuating inflammatory host responses.

EV-mediated pro-coagulant response

One of the first identified roles of EVs has been its participation in coagula-
tion. RBC-derived EVs can expose PS, a negatively-charged phospholipid to
which (activated) coagulation factors can bind, thereby promoting thrombin
generation [1]. Another pathway by which RBC-EVs may promote coagulation is
that these EVs may be a source of von Willebrand factor [13]. Endothelial- and
monocyte-derived EVs may also support coagulation by the expression of tissue
factor (TF). The amount of TF bearing monocyte- and platelet-derived EVs
have been related to infarction severity in patients [46]. Additinoally, in cancer
patients, the levels of tumor-derived EVs exposing TF are associated with the devel-
opment of venous thromboembolism, although cause and effect are unclear [47].
Together, in patients with an increased risk, EVs are associated with thrombotic
events.

Increased coagulation activation is a hallmark of a pro-inflammatory response. The
endothelium undergoes pro-thrombotic changes and platelets become activated,
exhibiting adhesive properties. In diffuse intravascular coagulation (DIC), there
is formation of microthrombi with the consumption of platelets and coagulation
factors, associated with adverse outcome [48]. EVs probably also play a role in the
hyper-coagulative response in inflammation. In human endotoxemia, the levels
of total EVs and platelet-derived EVs are increased, bearing TF, showing increased
thrombin generating activity [25]. In patients with septic shock, the systemic levels
of TF-exposing EVs are increased [49]. Additionally, in severe sepsis patients, endo-
thelial-derived EVs are associated with the occurrence of DIC [50], suggesting
that EVs play a role in clinically-relevant coagulation disorders in sepsis. EVs bearing
TF derived from tissues also contribute to local inflammation. In patients with
acute lung injury, the concentrations of TF-bearing EVs in the lung are higher com-
pared to controls [51]. Furthermore, in patients with sterile inflammation due to
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arthritis, TF-exposing EVs are present in joint fluid of inflamed joints [52]. Taken
together, EVs can promote coagulation and are often pro-coagulant. In particu-
lar, platelet-derived EVs are associated with thrombotic events in patients at risk,
whereas EVs from all sources can contribute to inflammation-induced coagulation.

From a therapeutic point of view, the role of EVs in disease states characterized by
areduced ability to clot is also interesting. Under these conditions, the amount and
activity of EVs seem to correlate with the ability to clot. In coagulopathic bleeding
trauma patients, the levels of platelet-derived EVs were lower compared to mini-
mally-injured control patients, and were associated with reduced thrombin gener-
ating capacity [53]. Given that the levels of RBC- and leukocyte-derived EVs did not
differ between groups, it has been suggested that in particular decreased levels of
platelet-derived EVs may contribute to an anti-coagulant phenotype. Findings in a
murine model of traumatic brain injury (TBI) also underline that low levels of cir-
culating platelet-derived EVs are associated with anti-coagulant activity [54]. Mice
showed impaired clot formation following head injury, which was partially restored
by the addition of platelet-derived EVs from healthy donor mice to the blood of the
mice who had sustained TBI. Whether platelet-derived EVs could be a potential
therapeutic target to modulate coagulation responses remains to be determined.

EV-mediated host response in inflammatory disease states

In most models of sterile inflammation, EVs seem to perpetuate organ injury. In a
mouse model of hepatic ischemia-reperfusion injury, endothelial cells, platelets, and
T cells release EVs into the circulation, containing F2-isoprostanes, indicating oxi-
dative damage to membrane lipids [18]. In particular, EVs from macrophages and
platelets were able to trigger TNFa release from hepatocytes, thereby perpetuating
hepatic injury, a process that is ROS-dependent. Similarly, in a mouse model of
hemorrhage and resuscitation, injection of RBC-derived EVs increased pulmonary
neutrophil accumulation and histologic evidence of lung injury compared with
mice resuscitated without EVs [11]. Additionally, in an endotoxemia mouse model,
injection of RBC-derived EVs aggravated leukocyte recruitment to the lungs and
increased levels of proinflammatory cytokines, which was abrogated in C5aR-defi-
cient mice, suggesting that RBC-derived EVs are pro-inflammatory via complement
activation [12].

In sepsis, the contribution of EVs to inflammation is probably more complicated.

EVs from different cellular origin may play a role at multiple sites, as both the
activated endothelium releases EVs which may communicate with immune
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cells, and EVs shed from immune cells interact with the endothelium. As dis-
cussed above, the levels of circulating EVs from platelets, leukocytes, and endothelial
cells are increased in sepsis. EVs promote the adhesion of platelets and/or leukocytes
to the endothelium, thus playing the role of trigger in the production of pro-inflam-
matory cytokines such as IL-1B, IL-8, and TNFa« [41]. Of note, it is not only EVs from
the host immune response that drive the inflammatory response in sepsis. In vitro,
staphylococcal super antigen-like protein 5 (SSL5) from Staphylococcus aureus dose-de-
pendently induced the generation of platelet-derived EVs, which then bind to mono-
cytes, causing platelet aggregation and release of inflammatory mediators IL-1B,
TNFa, and MCP-1 [38]. These EVs induced by S. aureus also enhanced monocyte migra-
tion. Taken together, there seems to be a role for EVs in perpetuating the inflammatory
response in sepsis.

EVs play an important role in trauma, a state which is also characterized by a hyper-in-
flammatory host response with activated endothelium, together with immune sup-
pression, as demonstrated by a markedly reduced ability of immune cells to generate
a pro-inflammatory response. Circulating EVs may have several functions. Low levels
of platelet-derived EVs correlate with disturbed coagulation potential in trauma, as
described before. In addition, EVs regulate the host response in trauma. The reduced
immune response towards endotoxin challenge in trauma is associated with low
levels of circulating EVs in trauma compared to controls [26]. The host response to
endotoxin was restored by the addition of EVs, suggesting that these EVs drive the
synthesis of pro-inflammatory cytokines in response to LPS [26]. Most circulating
endogenous EVs are derived from platelets, suggesting that platelets are the most
important source of EVs involved in host response post-injury. Whether exogenous-
ly-added EVs could boost an immune response in trauma remains to be determined.

EVs also have anti-inflammatory effects

The anti-inflammatory effects are not the focus of this review and are, therefore, not
discussed in detail. However, in the discussion that pro-inflammatory effects from EVs
may be hurdle from a therapeutic viewpoint, it needs to be acknowledged that EVs can
also exert anti-inflammatory effects, which seem to be primarily mediated by neutro-
phil-derived EVs. Neutrophil-derived EVs induce downregulation of the transcription
of pro-inflammatory cytokines [55] and the release of stored TGF-B1 [56] from macro-
phages. Leukocyte-derived EVs isolated from sepsis patients increased the phagocytic
capacity of cells [14]. Similarly, neutrophil-derived EVs from sepsis patients induced
monocyte phagocytosis ex vivo [57]. In an infectious sepsis mouse model, injection
of leukocyte-derived EVs had anti-inflammatory effects associated with immune
dysfunction, characterized by an increased bacterial load, decreased neutrophil

48



VESICLES INTHE PRO- INFLAMMATORY HOST RESPONSE

recruitment, increased expression of IL-10 and a negative effect on mortality [35]. Fur-
thermore, platelet-derived EVs have anti-inflammatory effects. T cells exposed to
platelet-derived EVs had reduced production of interferon y (IFNy), TNFa, and IL-6
secretion [39]. Other anti-inflammatory effects of platelet-derived EVs were recently
summarized [40].

CONCLUSION

EVs act by triggering signaling pathways and exchanging information, and thereby
have gained interest as carriers for targeted drug delivery. When contemplating the use
of EVs as carriers, it should be taken into account that EVs can augment an inflamma-
tory response, thereby contributing to organ injury. Even though it should be noted
that most of these effects of EVs have been studied in vitro and the clinical relevance
of these findings is highly unclear, this pro-inflammatory potential of EVs may hamper
its use as carriers in various conditions, which may particularly hold true for sterile
inflammatory conditions.

Removal of EVs as a method to reduce a pro-inflammatory response during hyper-in-
flammatory conditions, may be an alternative potential beneficial intervention. When
considering the pro-coagulant response, the association between platelet-derived EVs
and DIC in sepsis seems a consistent finding throughout the studies. Whether these
EVs could be removed, e.g., by filtering, to treat DIC in sepsis without increasing the
risk of bleeding is, however, undecided.

The use of EVs to restore an inhibited host response is another intriguing potential
application. In this concept, the timing of intervention is probably crucial. Sepsis is
characterized by both hyper-inflammation, as well as by immune tolerance, i.e., the
inability of immune cells to respond to endotoxins. These conditions occur simulta-
neously but probably not in a balanced fashion, and also with a highly variable pheno-
type between patients [58]. Additionally, trauma is characterized by a pro-inflamma-
tory response coinciding with a decreased ability to respond to bacterial antigens. In
trauma patients, addition of EVs has been shown to restore cellular reactivity to LPS in
an ex vivo design [26]. Whether EVs can be used to “boost” the immune system during
a state of reduced host immune response needs further investigation.

Taken together, EVs have clearly entered the scene. Since these vesicles are small

and difficult to study [2], recent and still ongoing efforts to improve isolation, detec-
tion, and characterization will further elucidate their roles in physiology and pathology.
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ABSTRACT

Transfusion-related acute lung injury (TRALI) is a major cause of transfusion-re-
lated 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.
Pre-clinical studies show a clear relation between TRALI and increased storage time
of cellular blood products. Observational clinical studies however report conflict-
ing data. Knowledge of pathophysiological mechanisms of TRALI is necessary to
improve storage conditions of blood products, develop prevention strategies and
develop a therapy for TRALL.
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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 gran-
ulocyte 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 trans-
fusion [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, cardiovas-
cular disease, sepsis, fluid overload, emergency cardiac surgery, massive transfu-
sion, 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 TRALI [17-19] and recip-
ients 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-an-
tibody 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
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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.

Table 1. Definition transfusion-related acute lung injury (TRALI).

TRALI Acute onset within 6 hours of blood transfusion
Pa02 /FI 02 <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

Definition according to the TRALI conference and US National Heart, Lung and Blood Institute
Definition [2, 3, 5].

METHODS

Embase and PubMed were accessed for relevant English literature. Search strat-
egy for PubMed was ((((transfusion-related acute lung injury[tw] OR TRALI[tw]))
OR ((“Acute Lung Injury”[MeSH]) AND (“Blood Transfusion”[Mesh] OR transfu-
sion[tw])))) AND (“Models, Animal”’[Mesh] OR animal model*[tw] OR “Cohort Stud-
ies”[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. Refer-
ences of all relevant articles were checked and included when considered relevant.
Conference abstracts were excluded.

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
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mediates loose binding of the neutrophil on the epithelium after which firm adhe-
sion 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-activat-
ing factor (PAF) and neutrophil extracellular traps (NETs). The air space is filled
with protein-rich oedema and cytokines interleukin-1, -6, and -8, (IL-1, IL-6, and
IL-8, respectively). These stimulate chemotaxis and stimulate neutrophils to form
elastase-al-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 TRALI [26] 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].
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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, interleukine-1B, -6, -8 (II-1B, 1I-6, 1I-8) are secreted
which further stimulate neutrophil chemotaxis and neutrophil formation of elastase-al-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. PAl: plasminogen activator inhibitor.

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 B-thalassemia, glucose-6-phosphate dehydro-
genase deficiency, hemorrhage, hemolysis and muscle injury. An excess of free
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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 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 vasculitis [32] and preeclampsia [33]. Recently NETs have been detected
in the circulation of patients with TRALI [34]. To determine whether these were
causative or consequence in TRALI the effect of NETS have been studied in vitro.
Invitro NETs induce enhanced permeability in primed human umbilical vein endo-
thelial cells (HUVECSs) [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 DNasel which prevents
NETs formation by neutrophils. No 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 vitro [36] 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 glu-
tathione, 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 depen-
dent decrease in pH, increase of potassium and 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-trans-
fusion function [40].
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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]. lI-1B: interleukin-1B; Na*: sodium; K': potassium; ATP: adenosine triphosphate; Glu:
glucose; EC: endothelial cell ; Hb: hemoglobin.

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
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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.
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NON-ANTIBODY MEDIATED TRANSFUSION- RELATED ACUTE LUNG INJURY

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-hydroxeicosatetra-
noic 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 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]. 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 PLTs [47, 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
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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 dif-
ferent 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 ara-
chidonic 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 TRALI-implicated soluble medi-
ators 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.

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 pro-inflammatory 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-in-
flammatory cytokines. Increased sCD40L in stored platelets has been associated
with transfusion reactions [61] and increased respiratory burst in polymorphnuclear
leukocytes (PMNs) [62]. In animal models, acute lung injury caused by LPS or reac-
tive oxygen species (ROS) is attenuated by inhibition of the CD40-CD40L system
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[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 comple-
ment and fibrinogen. This implicated that SCD40L only plays a minor role in TRALI
[64]. In a “two-hit” 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 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 plate-
lets [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 TRALIL.

7



CHAPTER 3

T
- K

Figure 3. Storage lesion and transfusion-related acute lung injury.

Several soluble and cellular mediators accumulate during storage of cellular blood products and
have been associated with non-antibody mediated transfusion-related acute lung injury (TRALD.
Fresh frozen plasma has been related to antibody mediated TRALI, but not with non-antibody
mediated TRALI. * : associated in animal models; $ : hypothesized mediators. RBCs: red blood
cells; PLTs: platelets; sCD40: soluble CD40 ligand; NTBI: non-transferrin bound iron.

Cellular mediators

The aging of the erythrocyte

The changes that occur in the stored erythrocyte such as decreased deformabil-
ity which leads to reduced microvascular flow, depletion of 2,3 diphosphoglycer-
ate (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
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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 scav-
enging function. The Duffy antigen is a minor blood group antigen that binds mul-
tiple 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.

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) illumi-
nation 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 ribo-
flavin and UV-B illumination showed that illuminated aged platelets but not super-
natant 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 atten-
uated 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 bags [76] where previous studies PLTs were illuminated in an
open system [71, 73, 74]. This could cause enhanced production of ROS. Also, ribo-
flavin 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
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platelets aggregation, attenuates TRALI [76]. 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 study [81] 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-ag-
gregability and adherence to the blood vessel wall endothelium [82]. When eryth-
rocytes 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 inflamma-
tory 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 TRALL.

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 solu-
tion 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,
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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 transfu-
sion 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 I1-1p, a pro-inflammatory cytokine, is released. In
both an animal [89] 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 prop-
erties [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 superna-
tant 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 mem-
brane 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 phos-
phatidylserine (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 stimu-
lation of target cells by receptor interaction or by transfer of their contents [94].
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Erythrocytes and platelets undergo MP formation during storage which is consid-
ered 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 [86]. The role of MPs in TRALI has
not yet been investigated although R-MPs have been found to contribute to neutro-
phil priming and activation in a murine model of hemorrhagic shock and resuscita-
tion [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 activity [99] 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, TNF«) [101] and subsequently may result
in priming and activation of neutrophils.

TRALI is also characterized by onset of systemic and pulmonary coagulopathy
in both pre-clinical 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 conditions [102] 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 ampli-
fication of the coagulation cascade [104]. The pro- coagulant activity of MPs from
platelets is 50- to 100- fold higher than their parent platelet [105] which may render
them important contributors to the onset of systemic and pulmonary coagulopa-
thy 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 leuko-
filtration 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
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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.

Table 4. Biological factors in stored blood implicated in clinical studies on risk of transfusion
related acute lung injury.

Type Population Country Year Role for Role for
aging blood accumulation
product? of LysoPCs?

RBCs PLTs

Silliman Prospective,  Hospital Canada 1991-1995 No  Yes  Yes
20037 active
Vlaar 2010 Retrospective, ICU The 2004-2007 No  No -
03 active Netherlands
Gajic 2007 Prospective, ICU - USA 2005-2007 No No  Yes
@ active medical
Vlaar 2010  Prospective, ICU The 2006-2009 Yes No No
04 active Netherlands
Middelburg Retrospective, National — The 2005-2007 No  Yes  --
2012 28 passive Netherlands
Toy 2012 "2 Prospective,  Regional ~ USA 2006-2009 No No No

active

Table adapted from Vlaar et al [9]. RBCs = red blood cells, PLTs = platelets.

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 pre-
vention. 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.

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
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eliminate these more fragile cells and thus prevent intravascular hemolysis [108].
On the other hand, washing may also damage cells increasing plasma free hemo-
globin 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, bio-active lipids and microparticles, and
it eliminates residual antigens [108, 110, 111]. Washing of stored platelets effec-
tively removes the plasma without effecting the in vitro function of platelets [112]
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 import-
ant 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.

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, non-hemolytic transfusion reactions,
levels of cytokine accumulation during storage, sCD40L accumulation and cyto-
megalovirus exposure [53, 59, 116]. Universal leucoreduction has been related to a
decreased incidence of TRALI [114] 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 filtra-
tion. 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 exclud-
ing 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.
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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,
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].

CONCLUSION

Transfusion-related acute lung injury (TRALI) is a severe complication of transfu-
sion. 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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ABSTRACT

BACKGROUND: Red blood cell (RBC) transfusion is associated with organ failure.
The mechanism remains unknown, but may include adherence of blood cells to the
microvasculature. We hypothesized that RBC-derived extracellular vesicles (EVs)
interact with monocytes to activate endothelial cells.

STUDY DESIGN AND METHODS: Human umbilical vein endothelial cells were
incubated with supernatant from fresh and stored RBC units either containing EVs
or depleted from EVs, with or without the addition of immune cells. We measured
expression of adhesion markers by flow cytometry and markers of coagulation and
inflammation in the culture medium. We studied phagocytosis of EVs by monocytes
by using confocal microscopy and flow cytometry.

RESULTS: Incubation of endothelial cells with monocytes alone did not induce up
regulation of adhesion markers. The addition of both monocytes and supernatant
from RBCs containing EVs resulted in up regulation of endothelial expression of
intercellular adhesion molecule 1 and E-selectin when compared to baseline. Up
regulation was absent when stimulated with RBC supernatant depleted from EVs.
EVs are phagocytosed by monocytes, which was partly abrogated after coincubation
with two different complement receptor 3 (CR3)-blocking antibodies. Addition of
RBC-derived EVs also increased levels of von Willebrand factor (VWF). There were
no differences between groups related to storage time.

CONCLUSION: EVs from RBC transfusion bags activate monocytes with subse-
quent up regulation of endothelial cell adhesion markers. EVs are phagocytosed by
monocytes through CR3. Furthermore, these EVs proved to be a source of VWF.
These effects are unrelated to storage time. Thereby, EVs from RBC transfusion bags
induce a pro-inflammatory and pro-coagulant endothelial cell response.
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INTRODUCTION

A red blood cell (RBC) transfusion is frequently administered to patients on the
Intensive Care Unit (ICU), with up to 45% of patients receiving a blood transfusion
[1]. However, the risk-benefit of RBC transfusion is unclear, as observational studies
in several patient populations show that RBC transfusion is associated with organ
failure, including acute lung injury and acute kidney injury [2-4]. The causative
factor in the blood products associated with RBC-related organ failure remains
unknown, but includes effects on the vasculature [5]. RBCs regulate blood flow
by influencing vasomotor tone of blood vessels. This regulation is impaired after
prolonged storage by reducing nitric oxide (NO) bio availability, both in experi-
mental [6] and clinical settings [7]. Furthermore, in an animal model, transfused
RBCs adhere to the endothelium in the microcirculation, which is further enhanced
after prolonged RBC storage [8]. The mechanism of interaction between RBCs and
endothelium is unknown. We previously found that washing of RBCs attenuates
organ injury in a rat transfusion model [9], suggesting a soluble factor in the blood
product. This factor is thus far not identified, but there may be a role for extracel-
lular vesicles (EVs).

EVs are small phospholipid vesicles released from most cell types. EVs facilitate
intercellular exchange of information without direct cell-to-cell contact. High con-
centrations of RBC-derived EVs are present in the supernatant of RBC transfusion
bags [10], which were shown to have pro-inflammatory and pro-coagulant effects
[11-13]. We hypothesize that RBC-derived EVs can activate endothelial cells through
activation of host immune cells and that this effect is a function of storage time.

MATERIAL & METHODS

Isolation of human umbilical vein endothelial cells (HUVECs)

We collected HUVECs from human umbilical veins as described previously [14]. Our
Ethical Committee waived for informed consent under number W12-167#12.17.096.
The HUVECs were cultured in gelatin (0.75%) coated 25 cm? flasks (passage 0) and
75 cm? flasks (passages 1 and 2). We performed the experiments with cells from
the third passage and these cells were grown in a 12-well plate coated with gelatin,
containing endothelial cell growth medium with supplement (Promocell) to which
we added 10% Fetal Bovine Serum (Tico Europe), 100 U/mL Penicillin and 0.1 mg/
mL Streptomycin (Sigma-Aldrich), 2.5 uyg/mL Amphotericin B (Sigma-Aldrich) and
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2 mM r-glutamine (Gibco). After reaching confluence, the cells were maintained for
1 day until steady state was achieved before the experiments were started.

Preparation of blood samples

We obtained RBC units from Sanquin blood bank (Amsterdam, The Netherlands)
after written informed consent from the donors. These RBC units were prepared and
stored according to Sanquin blood bank standards. In short, donations are stored
overnight at ambient temperature. Blood is then centrifuged at 20°C, 1600g for 8
min, deceleration rate 3 (Sorvall RC12BP, ThermoFisher Scientific). The centrifuged
blood is separated automatically with a blood component extractor (Compomat G5,
Fresenius) in plasma, buffy coat and RBC suspensions. After separation, SAGM,
150 mmol/L NacCl, 1.25 mmol/L adenine, 50 mmol/L glucose, 29 mmol/L manni-
tol) [SAGM]; Fresenius Kabi) is added to the RBCs via the filter on the Compomat.
After being carefully mixed, the RBCs will be filtered by gravity over the integrated
leukoreduction filter into the empty additive solution bag. The RBC product charac-
teristics meet the following targets: volume 250 to 280 mL, hematocrit 0.5 to 0.65,
hemoglobin (Hb) level of more than 40 g/unit, platelet (PLT) count of less than 10 x
10%/L, residual white blood cell (WBC) count of less than 1 x 10%/unit, hemolysis at
end of shelf life of less than 0.8%, ATP at end of shelf life more than 2.7 pmol/g Hb.

RBC units were sampled at day 4 and day 35 and diluted 1:1 with filtered phosphate-
buffered saline (PBS). The diluted sample was centrifuged again at 1550g at 20°C.
Finally, the EV-containing supernatant obtained after the second centrifugation
step was snap frozen and stored at -80°C until further use. On the day of each
experiment, we thawed samples from both fresh (4 days old) and stored (35 days
old) RBC bags and centrifuged these for 60 minutes at 150.000g, 4°C. Hereafter,
we isolated the EV-free supernatant. The EV-containing sample was prepared by
resuspending the EV-pellet in a fixed volume of supernatant.

Characterization of EVs

We quantified EVs using tunable resistive pulse sensing (TRPS; gNano; Izon), which
determines the particle size distribution and concentration of particles in suspen-
sion [15]. To determine the origin of the EVs present in the RBC supernatant, we
performed flow cytometry with a dedicated and sensitive flow cytometer (A50 Micro;
Apogee). To avoid swarm detection, samples were measured at a maximum event
rate of 2000 events/sec. This event rate was achieved by dilution (1-300 fold) of the
cell-free supernatants of fresh and stored RBC units before labeling. Thereafter,
diluted sample (20 pL) was incubated for 60 minutes with antibodies (2.5 pL) against
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CD235 (PE; Dako; 50 pg/mL) to determine RBC-derived EV, CD61 (PE; Becton Dick-
inson [BD]; 6.25 pg/mL) to determine PLT-derived EV, and CD45 (PE; BD, 5 nug/mL)
to determine WBC-derived EV. After incubation, PBS containing 0.32% citrate (200
uL) was added and samples were measured on a flow cytometry (A50 Micro) for 1
minute at a flow rate of 4,51 pL/min, with the trigger on LALS and SALS. Data were
analyzed with computer software (FlowJo, Flow]JO LLC).

Cell culture protocol

In some experiments, we added immune cells to the culture assay. We isolated these
immune cells by drawing blood from healthy volunteers (after written informed
consent was obtained) in 10 mL Sodium Heparin tubes, diluting this blood 1:1 with
PBS and isolating granulocytes and monocytes by using Ficoll-Paque (GE Healthcare
Life Sciences). After isolation, white blood cells were counted on a hematocytometer
(Z2 Coulter Particle Counter; Beckman Coulter Corporation). At the start of the
experiment, the culture medium of the HUVECs was replaced with 925 uL fresh
culture medium containing either 150.000 monocytes, 3.000.000 neutrophils or
no cells. We used tumor necrosis factor a (TNF-a; 10 ng/mL) as a positive control
and PBS as a negative control. After 1 hour, we added 100 pL of RBC supernatant
sampled at day 4 (fresh) either containing EVs or depleted from EVs or RBC super-
natant sampled at day 35 (stored) either containing EVs or depleted from EVs. A
pilot trial was done to determine optimal stimulation duration, showing that 5
hours of stimulation resulted in upregulation of adhesion markers. After 5 hours of
stimulation with RBC supernatant, medium was collected, snap frozen, and stored
at -80°C until further use. Subsequently, cells were detached with 300 uL trypsin
and washed in PBS- fetal calf serum 1%, after which the supernatant was removed
and centrifuged for 10 minutes at 600g at 4°C and stored until analysis at -80°C.

We repeated each set of experimental conditions five or ten times in HUVECs
derived from umbilical cords from five different donors. Every set of conditions
was completely performed in HUVECs from the same donor.

Monocyte experiments

We isolated monocytes from blood from healthy donors using positive selection
with CD14 beads on a MACS system (Miltenyi Biotec). RBC supernatant samples
containing EVs (1200 uL) were incubated with 1 puL of PKH26 membrane dye (Sig-
ma-Aldrich) in the dark at room temperature during 10 minutes. Subsequently, EVs
were centrifuged for 60 min at 150.000g and the EV- pellet was resuspended in a
fixed volume of supernatant.
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PKH stained RBC-derived EVs were quantified with gnano and n=1,000,000 were
added to 250.000 monocytes in a polysterene tube in a total volume of 200 puL
in Hepes buffer (132 mmol/L NaCl, 20 mmol/L HEPES [N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid], 6 mmol/L KCL, 1 mmol/L MgSO, 1.2 mmol/L K,HPO,
(all from Sigma-Aldrich) supplemented with 0.5% (vol/vol) human serum albumin,
1 mmol/L CaCl, (Sigma-Aldrich) and 10 mmol/L glucose (Sigma-Aldrich) and were
placed in a 37°C water bath for 1.5 hours. After incubation, samples were washed
with Hepes twice.

We analyzed the monocytes without and containing PKH stained EVs by confocal
microscopy (Zeiss). Monocytes were also incubated with antibodies against CD11b
and CD18. CytoB (2.5 mg/mL, 1:500) was used as a negative control. Monocytes
were then analyzed with flow cytometry until 5000 events were counted, and we
recorded the forward scatter (FSC), sideward scatter (SSC) and the fluorescence.

Assays

Collected culture medium from the cells was thawed and the following measure-
ments were performed. Levels of Interleukin-6 (IL-6), Interleukin-8 (IL-8; R&D
Systems) and syndecan-1 (Diaclone) were determined by enzyme- linked immu-
nosorbent assay (ELISA) according to the manufacturer’s instructions. Levels of
syndecan-1 and von Willebrand factor (vWF) antigen (vIWF:Ag) levels were deter-
mined with an in-house ELISA using commercially available polyclonal antibodies
against VWF (DAKO). Levels of vVWF were also measured in both the EV-free and
EV-containing supernatant of the RBC bags.

Statistical analysis

Results are depicted as median and interquartile range (IQR). Results of EV-char-
acterization were depicted as mean and standard deviation. To study the effect of
EVs, comparisons between groups were performed using the percentage of change
compared to their negative control (PBS), that is, the change compared to baseline
of a certain parameter when EVs were added versus the change compared to baseline
of a certain parameter when EVs were omitted. We initially performed a Kruskal
Wallis and when a post-hoc analysis was warranted, we performed a Mann-Whitney
U test. Results of EV characterization were analyzed using independent samples
t-test. Statistics were performed using software (SPSS 22, SPSS inc.; and Graphpad
Prism 5, Graphpad software).
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RESULTS

Baseline effect of co-incubation of endothelial cells with immune cells

In the HUVEC model, ICAM-1 is expressed on 40% of cells, VCAM-1 is expressed
on 10% of cells and E-selectin is expressed on 2.3% of cells (Table 1). The addition
of granulocytes increased expression of all cell adhesion markers significantly,
whereas co-incubation with monocytes had no effect on expression of cell adhesion
markers (Table 1), nor on secretion of markers of endothelial activation or cytokines
into the culture medium (Table 1). TNFa was used as a positive control and upreg-
ulated all adhesion markers tested. Thereby, monocytes alone did not provoke an
endothelial cell response in this model.

Table 1. Baseline measurement of the endothelial cell culture condition with and without the
addition of immune cells, showing ICAM-1, VCAM-1, E-selectin, TF, vWF, TNFa, IL-6, and
IL-8.

No cells Monocytes Granulocytes
Adhesion markers
ICAM-1-1 (% positive  39.9 [26.6-44.2] 44.6[29.5-50.8] 65.8 [38.7-74.41%
cells)
VCAM-1-1 (% positive  12.2 [6.2-14.9] 14.49.0-17.8] 33.5[12.7-46.7]*
cells)
E-selectin (% positive 2.8 [2.0-6.1] 3.0[2.2-4.9] 25.1[3.9-31.6]
cells)
TF (% positive cells) 3.9[3.5-71] 5.0[3.1-74] 14.7 [5.1-16.6]
Shed endothelial markers
VWEF (%) 0.7 [0.5-0.8] 0.6 [0.5-0.8] 0.9[0.6-1.1]
Syndecan-1 (ng/mL) 3.2[2.0-71] 2.5[2.0-6.6] 3.4[2.0-7.6]
Shed cytokines (pg/mL)
TNF a (pg/mL) 4.7 [3.0-35.5] 8.1 [3.0-29.5] 3.0[3.0-27.3]
IL-6 (pg/mL) 117.4[25.1-176.5] 119.5[28.1-198.7] 336.1 [311.1-1327.3]*
-8 (pg/mL) 1212.%}1248.4— 1426.7 [1111.1-1901.2] ;822;3298.0—

Data are expressed as median [IQR]. *p <0.05 versus ‘No cells’

Characterization of EVs in the RBC supernatants

EVs from fresh RBC units were 217 (+57) nm in size, which did not differ from the
size of EVs from stored RBC units, which were 191 (*46) nm (p=0.3). The amount
of EVs increased during storage, from 27 x 108 (¥15 x 10%) to 848 x 10® (+599 x 108;
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p = 0.037). The EVs were primarily RBC-derived EVs (Table 2). Storage tended to
decrease the amount of EVs derived from WBCs and PLTs.

Table 2. Characterization of EVs in supernatant of RBCs units.

Origin Fresh EVs Stored EVs p-value
WBCs (% of total) 0.93 (£ 0.74) 0.17 (+ 0.09) 0.052
PLTs (% of total) 4.03 (£ 3.34) 0.26 (£ 0.19) 0.065
RBCs (% of total) 95.04 (+ 4.06) 99.57 (£ 0.27) 0.067

Data are expressed as mean [SD].

EVs upregulate expression of endothelial ICAM and E-selectin when co-cultured
with monocytes.

In the absence of WBCs, expression of endothelial adhesion markers did not differ
between HUVECs incubated with EV-depleted or EV-containing RBC superna-
tant (Figure 1). However, when HUVECs were incubated with EV-containing RBC
supernatant in the presence of monocytes, expression of ICAM-1 and E-selectin
significantly increased compared to HUVECs incubated with EV-depleted RBC
supernatant. Expression of VCAM-1 also increased in response to EV-containing
RBC supernatant in the presence of monocytes, but this result was not statistically
significant. In contrast to monocytes, the addition of granulocytes to EV-containing
supernatant did not influence expression of adhesion markers.

EVs did not influence markers of endothelial integrity

Tissue factor (TF) was expressed on a small percentage of HUVECs (Table 1). Incu-
bation with EV-containing RBC supernatant did not upregulate TF expression
compared to EV-depleted supernatant, neither in the presence nor the absence of
WBCs (Figure 2). Also, EVs did not result in shedding of syndecan-1. Thereby, EVs
did not seem to activate the endothelium. Incubation of endothelial cells with RBC
supernatant either with or without EVs, did not induce the secretion of TNFa, IL-6
or IL-8 into the culture medium (Figure 3).
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Figure 1. Relative change in expression
of endothelial adhesion markers (ICAM-
1, VCAM-1 and E-Selectin) compared
to baseline, in the presence or absence
of immune cells and co-incubated with
RBC supernatant either containing (+)
or depleted (-) of EVs. TNFa served as
EVs = s = = .- .
N N o a positive control. Data are median [IQR].
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Figure 3. Relative change in levels of
cytokines (TNFa, IL-6 and IL-8) in the

culture medium compared to baseline, in
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the presence or absence of immune cells
and coincubated with RBC supernatant
either containing (+) or depleted (-) of
EVs. TNFa served as a positive control.
no cellg monocytes  granulocyles  TNF-ao Data are median [lQR],

EVs increase vWF levels

Incubation of HUVECS with EVs resulted in increased levels of vVWF antigen into
the culture medium, which occurred also without the addition of immune cells. To
determine the source of vWF, samples of RBC units containing EVs were compared
to RBC samples depleted from EVs. The level of vWF antigen in RBC samples with
EVs was higher compared to samples of RBC units depleted from EVs (2.3 + 0.9 vs
0.1 £0.04 %, p<0.001).

EVs are phagocytosed by monocytes via complement receptor 3

Having observed that EVs increase endothelial adhesion markers only in the pres-
ence of monocytes, we further delineated the interaction of monocytes with EVs.
After incubation of monocytes with stained EVs, confocal microscopy showed
that the EVs were taken up by monocytes (Figure 4). In line with this, monocytes
incubated with PKH-stained EVs were positive when analyzed by flow cytometry,
demonstrating that EVs bind to monocytes. This process was partially inhibited by
incubation with antibodies directed against the a chain of complement receptor 3
(CR3; a, CD11b) as well as to the B chain (8, CD18). Both anti-CD11b or antiCD18
resulted in a decrease in EV-positive monocytes (Figure 5).
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Figure 4. Confocal images of monocytes incubated with (A) and without (B) PKH-stained
extracellular vesicles (indicated by the red color).
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Figure 5. Monocytes positive for PKH after incu-
0 bation with PKH-stained EVs, untreated or in the
é@é 0'3) o0 0‘27 presence of the B integrin antibodies anti-CD18 or
&& ‘,\\,O \,é) ) anti-CD11b or cytochalasin B (Cyto B) as a nega-
D N tive control. Data are median [IQR]. *p<0.05.

Effects of EVs on the endothelium are independent of storage time

To investigate whether storage time influenced the effects of EV-containing RBC
supernatant on endothelial cell activation mediated by monocytes, HUVECS were
stimulated in the presence of monocytes to which either fresh or stored RBC super-
natant was added containing EVs (Figure 6). There was no difference in inflam-
matory response of endothelial cells between HUVECs incubated with EVs from
fresh RBC supernatant and EVs from stored RBC supernatant, nor was there any
difference in upregulation of TF or the shedding of vWF and syndecan-1.
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Figure 6. Relative change in expression of endothelial adhesion (A) and activation markers (B)
and cytokine levels (C) compared to baseline, in the presence of monocytes and co-incubated
with supernatant containing EVs from either fresh or stored RBC products. Data are median

[IQR].
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DISCUSSION

EVs from RBC products interact with monocytes via a mechanism involving adher-
ence of EVs to monocytes which is at least in part mediated by CR3 on the mono-
cytes, whereafter these activated monocytes induce upregulation of endothelial
cell adhesion molecules ICAM and E-selectin. Also, these EVs seem to be a source
of VWF, which is involved both as a plasma ligand for cell adhesion as well in the
formation of micro-thrombi. Thereby, EVs from RBC can activate a pro-inflam-
matory and pro-coagulant response from endothelial cells. These processes are
unrelated to storage time.

RBC transfusion is associated with immune modulation [16-20], demonstrating both
pro- and anti-inflammatory effects. In a clinical study in pediatric patients, RBC
transfusion resulted in an increase in soluble ICAM-1, which is a marker of acti-
vated endothelium. Our data extend these findings by showing that the compound
in the blood product resulting in activation of endothelial adhesion markers are
RBC-derived EVs, via a process that requires monocytes. These EVs need mono-
cytes in order to upregulate adhesion markers, whereas monocytes alone do not
increase expression. We observed that EVs bind to monocytes, a process that is
blocked by antibodies to CR3. Thereby, EVs seem to activate monocytes via integ-
rins, which in concert with EVs may then increase (secondary) adhesion of cells to
the endothelium. It was shown in vitro, that both lipopolysaccharide and oxidative
stress promote adherence of donor RBCs to the endothelium [21, 22], which may
suggest that RBC transfusion may impede blood flow in inflammatory recipients.
This observation may be an explanation for the consistent clinical observation of
the association of RBC transfusion with organ injury in the critically ill [2-4]. Alter-
natively, immune cells may adhere to the endothelium. Whether RBCs or other cells
adhere to the endothelium following up-regulation of adhesion markers by donor
RBC-derived EVs requires further study.

In this study, we also investigated whether RBC-derived EVs have a pro-coagulant
effect on endothelium. RBC-derived EVs have an abundant expression of TF and are
also referred to as a ‘blood-borne’ TF source. In addition, RBC-derived EVs express
phosphatidylserine (PS), which was shown to induce thrombin generation in vitro
[23]. In this study, EVs did not stimulate endothelial TF expression. Of note however,
RBC-derived EVs are a source of vVWF. Thereby, another mechanism of activation of
coagulation by EVs unrelated to TF is increasing circulating levels of vVWF.
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The amount of EVs as well as the number of PS-expressing EVs accumulate in RBC
products increases during storage [11, 12], suggesting that EVs from stored blood
could induce a hypercoagulable state. We found no effect of storage duration on
EV-induced endothelial cell activation. However, some studies show that stored
RBCs but not fresh RBCs adhere to endothelial cells in vitro and to the microcir-
culation in vivo [8, 24]. Apparently, this increased adhesion of stored RBCs does
not depend on an increased endothelial cell activation. In line with our findings,
another study found that inflammation and not storage time determined the effect
of donor RBCs on endothelium [22]. In accordance, large trials in ICU populations
showed that age of blood does not seem to influence clinically relevant outcome
parameters [25, 26].

Thereby, other factors influence the efficacy of RBC transfusion, which may include
the condition of the recipient. In critically ill patients, RBC transfusion may have
more pro-coagulant, pro-inflammatory and pro-adhesive effects than in chronic
anemia patients who do not have a hyperinflammatory status. Other mechanisms of
the association between RBC transfusion and outcome may include manufacturing
processes [27, 28], or issues related to donors [29]. Our data suggest that washing
or filtering of RBC units to deplete them from EVs prior to transfusion may be a
beneficial intervention.

CONCLUSION

EVs from RBC products activate endothelial cells via a mechanism involving adher-
ence of EVs to monocytes, which is mediated by B integrin and results in up regu-
lation of endothelial adhesion markers. Whether depleting of RBC products of EVs
prior to transfusion is beneficial on a relevant outcome level, should be further
explored.
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ABSTRACT

BACKGROUND: Anemia of Inflammation (AI) has a high prevalence in critically ill
patients. In Al, iron metabolism is altered, as high levels of inflammation-induced
hepcidin reduce the amount of iron available for erythropoiesis. Al is treated with
red blood cell (RBC) transfusions. The effect of RBC transfusion on iron metabolism
during inflammatory processes in adults is unknown. We investigated the effect of
RBC transfusion on iron metabolism in critically ill patients.

STUDY DESIGN AND METHODS: In a prospective cohort study in 61 critically ill
patients who received one RBC unit, levels of iron parameters were determined
before, directly after and 24 hours after transfusion in septic and non-septic
patients.

RESULTS: Serum iron levels were low, and increased following transfusion (p=0.02).
However, RBC transfusion had no effect on transferrin saturation (p=0.14) and
ferritin levels (p=0.74). Hepcidin levels increased after RBC transfusion (p=0.01),
while IL-6 levels decreased (p=0.03). In septic patients, RBC transfusion induced
a decrease in haptoglobin levels compared to baseline, which did not occur in
non-septic patients (p=0.01). The effect of RBC transfusion on other iron parame-
ters did not differ between septic and non-septic patients.

CONCLUSION: Transfusion of a RBC unit transiently increases serum iron levels in
ICU patients. The increase in hepcidin levels after transfusion can further decrease
iron release from intracellular storage making it available for erythropoiesis. RBC
transfusion is associated with a decrease in haptoglobin levels in septic compared
to non-septic patients, but did not affect other markers of hemolysis.
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INTRODUCTION

Anemia has a high prevalence in the critically ill, occurring in up to 95% of all
patients after day 3 of intensive care unit (ICU) admission [1]. Although its cause is
often multifactorial, inflammation is thought to contribute to anemia in the major-
ity of critically ill patients [2]. In anemia of Inflammation (AI), iron homeostasis
is altered, due to high levels of hepcidin [3]. Production of hepcidin is increased in
response to inflammatory cytokines such as interleukin 6 (IL-6). Hepcidin inhibits
cellular iron export through degradation of the iron exporter ferroportin, causing
the sequestration of iron in cells (like macrophages and enterocytes), resulting in
low levels of iron available for erythropoiesis [3]. Currently, anemia is treated with
red blood cell (RBC) transfusions. More than one fourth of critically ill patients
receive at least one RBC transfusion during their ICU stay [4]. A RBC unit contains
220 to 250 mg of iron bound to hemoglobin [5]. Given that up to 25% of the RBCs
are cleared shortly after transfusion [6-8], a RBC transfusion may result in the
delivery of an iron load approximating 50-60 mg to the monocyte/macrophage
system, from where it is released into the plasma [9, 10]. In comparison, the average
intestinal iron intake is only 12-18 mg per day [11]. Thereby, RBC transfusion could
increase both iron levels as well as iron availability for erythropoiesis. On the other
hand, RBC transfusion may cause iron overload [7, 12], leading to the presence of
non-transferrin bound iron (NTBI) [9]. NTBI catalyzes the Haber-Weiss reaction in
which toxic reactive oxygen species are formed, causing oxidative stress and tissue
damage [13]. Also, increased iron availability was found to correlate with increased
mortality in ICU patients [14]. Thereby, RBC transfusions may be detrimental for the
iron metabolism. In previous studies, differential effects of RBC transfusion were
found, resulting in both an increase in NTBI levels in healthy volunteers [10], as
well as no effect on NTBI levels in volunteers infused with lipopolysaccharide [13].
Besides the infusion of lipopolysaccharide, these studies also differed in RBC storage
time - 42 days [10] and 35 days [13] — which may explain the different outcome. The
aim of this study was to investigate the effect of RBC transfusion on iron metabo-
lism in critically ill patients. Given that iron metabolism is more severely disturbed
in septic than in non-septic patients [14, 15], the effect of RBC transfusion on the
iron metabolism of septic patients was compared to non-septic patients.
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MATERIAL & METHODS

Study design

A prospective, observational cohort study was conducted in the ICU of 2 tertiary
hospitals in The Netherlands and included patients for 4 years (trialregister.nl
NTR 6596). This study was approved by The Institutional Review Board of the Aca-
demic Medical center, Amsterdam (NL61833.018.17). Written informed consent was

obtained from all participants or their legal representatives.

Patient selection

Eligible patients were patients who received one RBC unit. Exclusion criteria were 1)
actively bleeding patients; 2) patients who received multiple RBC units 3) patients
who received RBC, plasma or thrombocyte transfusion in the last 24 hours prior to
inclusion. Patients were defined as having sepsis according to the Sepsis-3 criteria
[16]; Sequential Organ Failure Assessment (SOFA) score >2 in combination with a
suspected or proven infection which was treated with antibiotics.

Sampling and analysis

Blood was drawn into heparin tubes on three time points: just prior to transfusion
(baseline); within 1 hour post-transfusion; and 24 hours post-transfusion. Samples
were centrifuged at 1500g for 20 minutes at room temperature. The plasma was
stored at -80 °C. Iron, transferrin, ferritin and haptoglobin were measured by immu-
noturbidimetric methods. Transferrin saturation was calculated by plasma iron
(umol/L) / (25.2 x transferrin (g/L)). Hepcidin (R&D Systems, MN, USA) and IL-6
(R&D Systems, MN, USA) were measured by enzyme-linked immunosorbent assay
kits. Cell free hemoglobin (Hb) and free heme were measured with QuantiChrom
assay kits (BioAssay Systems, Hayward, CA). Iron, transferrin, transferrin satura-
tion, cell free Hb and free heme were measured in blood samples of all three time
points. Ferritin, haptoglobin, hepcidin and IL-6 were measured in blood samples at
baseline and 24 hours post-transfusion, since a rapid effect following transfusion
was not expected.

Statistical analysis

In endotoxemic volunteers, a sample size of 25 patients has 95% power with a two-
sided significance level of 0.05 and an effect size of 0.76 to show difference in iron
levels comparing pre and post-transfusion [13]. We included more patients in our
study, because this sample size calculation was based on healthy volunteers and not
on critically ill patients, who are highly heterogeneous. For continuous variables,
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the t-test, or in case of not normally distributed data, the Mann-Whitney-U test was
used. For categorical variables, the Chi-square test was used. Data was expressed as
median [IQR]. To determine the effect of RBC transfusion on ICU patients, a paired
samples T-Test was performed, or a Wilcoxon Signed Ranks test if the data was
skewed. To assess the differential effects of RBC transfusion on septic compared
to non-septic patients, the post-transfusion change (delta) of each iron parameter
was determined compared to baseline for each patient. For hepcidin, ferritin, hap-
toglobin and IL-6 the delta between baseline and post 24h was used. Given that a
rapid effect following transfusion was expected for iron, transferrin (saturation),
free heme and free Hb, the delta between baseline and post 1h was used. Differences
between deltas were analyzed with the unpaired t-test for normally distributed data;
or a Mann-Whitney-U test if the data was skewed. Spearman correlation was used
to assess the correlation between RBC storage time and changes in iron parameters.
Statistical significance was considered to be at p 0.05. All statistical analyses were
performed using R Statistics.

RESULTS

Subjects

61 patients were included, of which 34 patients were septic and 27 patients were
non-septic at study inclusion (figure 1). Baseline characteristics are given in table
1. Non-septic patients were more often male. Age, SOFA score and Hb levels of
patients were not statistically different between the groups. The storage time of

the RBC units did not differ between groups either.
)
Screened: 2990

\_ Y, ———— i

Eligible: 282

Excluded: 221

i 140 Missed

23 No informed consent
20 Conflicting study
i 12 No informed consent possible
Included: 61 i 10 No researcher available ¢
i 6 Difficultto match bloodgroup :
16 Lifeexpectancy <24hours i

' 4 Emergency transfusion

Figure 1. Inclusion chart.
A patient was eligible for the study when the patient received 1 unit of RBCs, when there was no
bleeding and when the patient had not received RBC, plasma or thrombocyte transfusion in the

last 24 hours prior to inclusion.
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Table 1. Baseline characteristics

Total No sepsis Sepsis p-value
n =61 n =27 n =34
Male, n (%) 33(59) 20 (74) 13(38) 0.01
Age, years 63 [57-72] 61 [57-71] 64.5 [59-74] 0.30
median [IQR]
SOFA score, 7 [5-9] 7 16-9] 8 [5-9] 0.23
median [IQR]
Specialty, n (%) 0.06
Cardiology 12 (20) 7 (26) 5(15)
Cardiothoracic surgery 14.(23) 9(33) 5(15)
Internal medicine 13(21) 4(15) 9(26)
Neurology 1(2) 1(4) 0(0)
Surgery 18 (30) 3(11) 14 (47)
Traumatology 4(7) 3(11) 13
RBC storage time, days 13 [6-22] 14 [6-21] 13 [6-22] 0.92
Hb level, mmol/L median [IQR] 4.2 [3.9-4.6] 4.3[4.1-4.6] 4.1 [3.9-4.6] 0.56
Hospital mortality, n (%) 19 (31) 5(19) 14.(47) 0.11

* Data are reported as number (%) or median [IQR].

Effect of RBC transfusion on iron parameters in ICU patients

Table 2 shows the median of Hb levels and each iron parameter per time point. Hb
level was low and show a significant increase after transfusion. Iron levels were
below the reference level and show a significant increase directly after transfusion.
After 24 hours, the iron levels had decreased to baseline values again. Pre-transfu-
sion levels of transferrin and transferrin saturation were below reference levels and
these parameters showed no significant change after transfusion. Ferritin levels
were higher than the reference level prior to transfusion and showed no signifi-
cant change after transfusion. RBC transfusion resulted in an increase in hepcidin
levels and IL-6 decreased statistically significant after transfusion. Prior to RBC
transfusion, haptoglobin levels were higher than the reference level, but showed
no significant change after transfusion. Also, cell free Hb and cell free heme levels
did not change after RBC transfusion (table 2).
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Table 2. Effect of RBC transfusion on Hb level and parameters of iron metabolism.

Variable Timepoint p-value
Baseline Post 1h Post 24h
Hb (mmol/L) 4.2[3.9-4.6] 4.9[4.6-5.4] 5[4.6-5.2] <0.01*
Iron (umol/L) 4.3[2.6-77] 47127 -79] 4.3[2.8-7.6] 0.02
Transferrin (g/L) 1.501.3-1.7] 1.5[1.3-1.7] 1.5[1.3-1.8] 0.77
Transferrin 10 [8-20] 12 [8-21] 14[9-19] 0.14
saturation (%)
Ferritin (pg/L) 708 [264-1150] - 615 [264-1253] 0.74
Haptoglobin (g/L) 2.1 [1.0-3.5] - 2.0[1.2-3.5] 0.45
Hepcidin (ng/mL) 204 [88-408] - 214 [93-543] 0.01
IL-6 (pg/mL) 36.6 [11.2-75.8] - 26.6[12.2-59.7] 0.03
Free Hb (M) 6.7 [5.0-10.5] 6.9 [4.8-9.9] 6.4 [5.1-10.6] 0.61
Free heme (M) 24.3[19.4-38.9] 2511[189-36.7]  24.7[19.5-32.4] 0.74

Data are expressed as median [IQR]. Hb, iron, transferrin (saturation), free Hb and free heme

were measured at three time points. Ferritin, haptoglobin, hepcidin and IL-6 were measured at

two time points. P values were calculated between baseline and 24h post transfusion for ferritin,

haptoglobin, hepcidin and IL-6. For Hb, iron, transferrin (saturation), free Hb and free heme p

values were calculated between baseline and Th post transfusion. * p=0.69 for Hb level Th post

transfusion compared to Hb level 24h post transfusion.

Effect of RBC transfusion on iron parameters in septic compared to non-septic

ICU patients

Table 3 shows the post-transfusion change (delta) of iron parameters after RBC
transfusion compared to baseline in septic compared to non-septic patients. RBC

transfusion induced a decrease in haptoglobin levels compared to baseline in

septic patients, but not in non-septic patients. Hepcidin levels tended to increase

more compared to baseline in septic compared to non-septic patients. Other iron
parameters did not show a different effect of RBC transfusion in septic compared
to non-septic patients (table 3).

Table 3. Post transfusion change of parameters of iron metabolism in non-septic and septic

patients.
Iron parameter % change p-value
No Sepsis Sepsis
Iron 3.9[-3.6-9.5] 3.1 [-4-13.5] 0.92
Transferrin 0.0[-1.5-3.9] 1.0[-2.7-3.8] 0.89
Transferrin saturation 0.0 [0.0-12.6] 0.0[-6.1-16.7] 0.83
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Table 3. Continued.

Iron parameter % change p-value
Ferritin 5.4[-6.0-15.2] -0.7 [-7.8-8.6] 0.14
Haptoglobin 9.4 [-4.8-23.3] 2.7 [-71-81] 0.01
Hepcidin 4.1 [-21.6-36.3] 24.6 [-3.1-85.1] 0.07
IL-6 -16.8 [-48.4-17.5] -11.7 [-[35.7-30.8] 0.56
Free Hb 1.2[-12.2-16.7] 1.7 [-5.9-14.4] 0.65
Free heme -0.4[-10.1-17.8] 3.3[-8.2-7.8] 0.49

Data is expressed as median [IQR]. Deltas (post-transfusion change) were calculated between

baseline and 24h post transfusion for ferritin, haptoglobin, hepcidin and IL-6. For iron, transferrin

(saturation), free Hb and free heme the deltas were calculated between baseline and Th post

transfusion.

Correlation between iron parameters and RBC storage time

In this cohort of patients, RBC storage time did not correlate with post-transfusion
change in haptoglobin (p=0.009, p=0.95), iron (p=0.19, p=0.15) and ferritin (p=-0.03,
p=0.83). RBC storage did correlate with hepcidin, although the correlation was poor
(p=0.31, p=0.02) (figure 2).
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Figure 2. Correlation plots between post transfusion change and storage time.

DISCUSSION

This study investigated the effect of a single RBC transfusion on the iron metabo-
lism of critically ill patients. The main findings in this study are that 1) RBC transfu-
sion increases plasma iron levels, but not transferrin saturation, 2) RBC transfusion
results in increased hepcidin levels, 3) RBC transfusion results in a decrease in
haptoglobin levels in septic patients compared to non-septic patients.

Plasma iron levels showed a significant increase directly after transfusion in this
study. However, transferrin saturation was low and did not increase after transfu-
sion, suggesting that iron availability for erythropoiesis did not increase. Twen-
ty-four hours after transfusion, the iron levels decreased to baseline. This decline in
iron may be due to consumption of iron for erythropoiesis. Alternatively, iron may
be sequestrated by mononuclear phagocytes [17]. In line with this thought, hepci-
din levels were increased after RBC transfusion in our study population. Hepcidin
is a hormone that prevents iron release from macrophages [3] and is increased in
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response to both high iron levels and inflammatory stimuli [3]. It has been shown
before that RBC transfusion induces IL-6 production [18]. However, in our study,
IL-6 levels were decreased 24 hours after transfusion. Thereby, although we may
have missed a transient IL-6 increase prior to the measurement at time point 24
hour post transfusion [18], we think it is unlikely that RBC-induced inflammation
is the reason for the hepcidin increase. A more likely explanation for our findings is
that iron loading due to clearance of the RBCs after transfusion may have resulted
in hepcidin upregulation. Taken together, RBC transfusion may result in a lower
iron release from intracellular stores for erythropoiesis by upregulation of hepci-
din. Hereby, besides raising the hemoglobin level, RBC transfusion may hamper
resolution of anemia of inflammation. Our study is in line with previous reports
that show that RBC transfusion increases iron levels directly after transfusion in
healthy volunteers [10, 13] and return to baseline 24 hours later [10], indicating a
transient effect. In these studies specifically older RBC units were transfused [10,
13], whereas in our study RBCs with a median storage time of 13 days were trans-
fused. This suggests that the transient increase of iron after RBC transfusion was
not due to RBC storage time. In line with that, RBC storage time did not correlate
with post-transfusion change in iron levels.

Haptoglobin levels decreased after transfusion, but only in the septic patients.
This could suggest that RBC transfusion induces intravascular hemolysis in septic
patients. This RBC-induced intravascular hemolysis was shown to occur with stored
RBCs but not with fresh RBCs in a previous study in critically ill children [19], but
not in healthy volunteers [10, 20]. In our study, RBC storage time did not correlate
with post-transfusion changes in haptoglobin levels. Also, the decrease in hapto-
globin levels was small, and the median absolute level of haptoglobin levels was 2.0
g/L after transfusion, suggesting that hemolysis was not severe. Of note, we did
not include a non-transfused group of sepsis patients, so we cannot rule out that
the decrease in haptoglobin is due to the transfusion. In addition, other markers of
hemolysis, like free heme and free Hb levels were similar in septic and non-septic
patients. NTBI was not measured, as transferrrin saturation was very low in this
study. Taken together, the effect of one unit of RBCs on hemolysis in septic patients
in this study is very limited. However, whether transfusion of multiple or repeated
RBC units induces more profound hemolysis in septic patients, which may explain
the association between transfusion and adverse clinical outcome, should be inves-
tigated in a future study.

18



EFFECT OF RBC TRANSFUSION ON IRON METABOLISM

This study has several limitations. First, we could have missed transient changes in
iron parameters occurring between the 1 and 24 hours sampling time points in this
study [10, 20]. Second, due to logistical problems, this study had a long inclusion
period with several breaks during the study period, which caused the high number
of missed patients. Third, this study could be underpowered for some of the iron
parameters. However, clinical practice is to transfuse single units to correct for
anemia. Thereby, the study design is clinically relevant. Lastly, as most RBC units
in this study had a storage time between 6 and 22 days, the results of this study may
not be generalizable to older stored transfusions. However, whether storage time
is clinically relevant may be questioned, given the large clinical trials showing no
effect of storage time on outcome [21-23].

CONCLUSION

In conclusion, our findings suggest that a RBC transfusion exerts a transient
increase in iron levels in critically ill patients and an increase in hepcidin levels,
which may further hamper iron release from intracellular stores. Furthermore,
RBC transfusion may exert a different effect in patients with sepsis compared to
non-septic patients.
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ABSTRACT

BACKROUND: Red blood cell (RBC) transfusion is associated with adverse effects,
which may involve activation of the host immune response. The effect of RBC trans-
fusion on neutrophil reactive oxygen species (ROS) production and adhesion ex
vivo was investigated in endotoxemic volunteers and in critically ill patients that
received a RBC transfusion. We hypothesized that RBC transfusion would cause
neutrophil activation, the extent of which depends on the storage time and the
inflammatory status of the recipient.

STUDY DESIGN AND METHODS: Volunteers were injected with lipopolysac-
charide (LPS) and transfused with either saline, fresh or stored autologous RBCs.
In addition, 47 critically ill patients with and without sepsis receiving either fresh
(<8days) or standard stored RBCs (2-35days) were included. Neutrophils from
healthy volunteers were incubated with the plasma samples from the endotoxemic
volunteers and from the critically ill patients, after which priming of neutrophil
ROS production and adhesion were assessed.

RESULTS: In the endotoxemia model, ex vivo neutrophil adhesion, but not ROS
production, was increased after transfusion, which was not affected by RBC
storage duration. In the critically ill, ex vivo neutrophil ROS production was already
increased prior to transfusion and was not increased following transfusion. Neu-
trophil adhesion was increased following transfusion, which was more notable in
the septic patients than in non-septic patients. Transfusion of fresh RBCs, but not
standard issued RBCs, resulted in enhanced ROS production in neutrophils.

CONCLUSION: RBC transfusion was associated with increased neutrophil adhesion
in a model of human endotoxemia as well as in critically ill patients with sepsis.
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INTRODUCTION

Red blood cell (RBC) transfusions in the critically ill are associated with nosocomial
infections [1-4], organ dysfunction and mortality in observational studies [5, 6]. In a
meta- analysis, a reduced risk of infection after transfusion was found in a restric-
tive transfusion strategy compared with a liberal transfusion strategy [7]. This may
support the notion that transfusion modulates the recipient immune response, also
referred to as transfusion related immunomodulation (TRIM). Multiple TRIM effects
may exist. RBC transfusion is associated with nosocomial infections, implying an
immunosuppressive effect of transfusion. On the other hand, RBC transfusion is
also associated with the induction of a pro-inflammatory cytokine response, with
aggravation of the underlying inflammation of the recipient and the occurrence of
organ failure, in particular lung injury [8-11]. This process involves the interaction
of immune cells such as neutrophils with endothelial cells.

Neutrophils are essential in orchestrating an inflammatory response [12]. Neutro-
phils migrate to the site of infection by adhesion to activated endothelium, followed
by extravasation and chemotaxis into the tissues, where they phagocytose and kill
the disease-causing pathogen by the release of antibacterial proteases or by the
production of reactive oxygen species (ROS) by the NADPH oxidase [13]. Neutrophil
activation can result in increased production of ROS production to certain stimuli,
such as the bacterial peptide N-Formylmethionyl-leucyl-phenylaline (fMLP) [14], a
process termed priming. In addition, adhesion of neutrophils to the endothelium is
increased [15, 16]. Inflammatory conditions such as sepsis, are characterized by an
increased ability to induce priming of neutrophil ROS production as well as upreg-
ulation of neutrophil activation markers [17-19]. Enhanced neutrophil activation
was found to be associated with the development of organ failure as well as with
an increased risk of mortality [20-22].

Experimental data suggest that RBC transfusion can result in activation of neu-
trophils. Supernatant from stored RBC products has been found to activate neu-
trophils in vitro [23-25] and in a rat model [26]. Possibly, this may be due to soluble
bioactive substances accumulating during storage, such as CD40 ligand [27], lipids
[28-32], cytokines [33-35], microparticles [36, 37] or free heme [38-41], which are
all able to prime neutrophil ROS production in experimental conditions. Besides
accumulation of activating agents in the RBC product related to storage duration,
also the inflammatory status of the recipient may modulate effects of RBC transfu-
sion on neutrophil function. In an in vitro flow model, increased adhesion of RBCs
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to endothelial cells was found when cells were stimulated with endotoxin [42, 43].
Besides the upregulation of adhesion molecules on the endothelium, also activation
of the vascular endothelium by endotoxin can result in the release of chemokines,
which can rapidly induce neutrophil activation [28, 44]. Also, critically ill patients
seem particularly susceptible for the adverse effects of RBC transfusion [6]. This
indicates that the underlying immune response of the host plays a role.

This study investigated whether a RBC transfusion induces priming of neutrophil
ROS production and adhesion. To this end, plasma samples of endotoxemic human
volunteers receiving an autologous RBC transfusion as well as plasma samples of
critically ill patients that received a RBC transfusion were tested for the capacity
to induce ex vivo priming of ROS production and adhesion of human neutrophils of
healthy controls. We hypothesized that RBC transfusion results in changes in the
plasma of the recipient that increase priming of ROS production and adhesion of
neutrophils. Moreover, we hypothesized that the effects on neutrophil activation
are modulated both by storage duration as well as by the inflammatory status of
the recipient.

MATERIAL & METHODS

Both study protocols adhere to the declaration of Helsinki and have been approved
by the Medical Ethical Committee of the Academic Medical Center. Written informed
consent was obtained from all subjects before entry in the study.

Endotoxemia model [45]

Healthy male volunteers (18- 35 years of age) donated a unit of whole blood, which
was collected in citrate- phosphate- dextrose bag and stored for 16-22h. The RBC
transfusion products were produced according to the national standards of Sanquin
Blood Supply Foundation, Amsterdam, The Netherlands. After centrifugation, the
units were processed into a RBC unit, a unit of plasma and a buffy coat. The RBC
unit was leukoreduced by filtration (Fresenius Kabi, the Netherlands) and Saline-
adenine- glucose- mannitol (150 mM NaCl, 1.25 mM adenine, 50 mM glucose, 29mM
mannitol) (SAGM, Fresenius Kabi, the Netherlands) was added as storage solution.
On the day of the experiment, volunteers (n=18) were injected intravenously with
Escherichia coli lipopolysaccharide (2ng/kg, (National Institutes of Health Clinical
Center, Bethesda, USA)). Two hours after LPS infusion, the volunteers were trans-
fused with an autologous RBC unit. The subjects received either 2 day stored (2D)
autologous RBCs, 35 day stored (35D) autologous RBCs or an equal volume of NaCl
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0.9% (saline) (all groups n=6). Heparin anticoagulated blood samples were taken
before LPS (baseline), 2 hours after LPS but prior to transfusion and 4 hours after
transfusion. Samples were centrifuged at 1800g for 10min at 4°C and plasma was
stored at -80°C until further use.

Clinical study in critically ill patients

Between November, 2011 and October, 2015 critically ill patients in need of a single
RBC unit to correct for anemia, were consecutively included. Patients were subdi-
vided into septic and non-septic at the time of transfusion. Sepsis was diagnosed
according to the SEPSIS-3 criteria [46]; Sequential Organ Failure Assessment (SOFA)
score >2 in combination with a suspected or proven infection which was treated
with antibiotics. Exclusion criteria were 1) actively bleeding patients 2) patients
who received multiple RBC units 3) patients who received RBC, plasma or throm-
bocyte transfusion in the last 24hr prior to inclusion. As per protocol, critically ill
patients were transfused with a single RBC unit when their hemoglobin level was 4.3
mmol/L. In the Netherlands the maximum storage time of RBCs is 35 days, which
is shorter than in the Unites States where bank polices allow storage for up to 42
days, and to reduce wastage RBCs which have been stored the longest are dispensed
first. The patients were divided into groups receiving either fresh RBC (< 8 days)
or standard stored RBC (2-35 days). Heparin anticoagulated blood samples were
drawn from an indwelling arterial catheter prior to, straight after and 24hr after
transfusion, centrifuged at 1500g for 20 minutes at room temperature and plasma
was stored at -80°C until further use.

Neutrophil isolation

Venous blood was collected from healthy volunteers in heparin anticoagulant blood
tubes. Neutrophil isolation was performed using a 1.076 g/mL Percoll (Pharmacia,
Uppsala, Sweden)- based density gradient. Blood samples were mixed gently with
an equal volume of 10% PBS/ TNC (tri sodiumcitrate, Merck), layered over Percoll
and centrifuged (1125g, 20 minutes). After removing the peripheral blood mono-
nuclear cell (PBMC), lysis of RBCs was performed twice by adding ice- cold lysis
buffer (NH,CI [0.155M], KCO, [0.01M] and EDTA (triplex III) [0.1 mM] (Merck-Mil-
lipore, Burlington, MA, USA). The isolated PMNs were washed and resuspended
at 5 x 10%/mL in Hepes buffered saline solution (containing 132 mM NaCl, 6 mM
KCl, 1 mM CaCl,, 1 mM MgSO,, 1.2 mM K,HPO,, 20 mM Hepes, 5.5 mM glucose
(Merck-Milipore) and 0.5% (w/v) human serum albumin, pH 7.4 (Brocacef, Maarsen,
The Netherlands)) [47].
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Priming of neutrophil ROS production

Isolated neutrophils (1 x 10¢/mL stimulation) were incubated with 25% plasma from
both study cohorts and healthy controls in buffer at 37°C for 30 minutes in a shaking
bath. After the incubation, neutrophils were spun down and resuspended in 1 mL
hepes buffer. Neutrophils (0.25 x 10°/mL) in the presence of Amplex Red (25 uM)
and horseradish peroxidase (0.5 U/mL) were incubated for 5 min at 37°C (Amplex
Red kit, Molecular Probes, Eugene, Ore) and activated by formyl- methionyl- leucyl-
phenylalanine (fMLP) (1 uM, Sigma Aldrich, St Louis, USA). The hydrogen peroxide
production was measured with the HTS7000plus plate reader (Tecan, Mannendorf,
Switserland). Fluorescence was measured at 30-second intervals for 30 minutes.
Hepes buffer and 20 ng/mL E. Coli lipopolysaccharide (LPS)(Sigma- Aldrich) / LPS-
binding protein (R&D Systems, Mineapolis, Minn) served as a negative and positive
control. The priming properties were assessed by the amount of hydrogen produc-
tion (H,0,) 5 min after f/MLP addition in nmol/ 10° cells. The concentration of H,0,
was calculated from a calibration curve. The medium control was deducted from
the fMLP measurement and the value corrected by the neutrophil count was used
for analysis.

Neutrophil adhesion assay

Neutrophils were fluorescently labeled with Calcein-AM (1 uM, 30min) (Molecular
Probes, Leiden, Netherlands) [48]. Calcein-labeled neutrophils (1 x 10%/mL) were
incubated in an uncoated Maxisorp plate (Nunc, Wiesbaden, Germany) and 25%
plasma was added. After incubation of 30 min at 37°C in an incubator, the plate was
washed twice with PBS. Cells were lysed with Triton (0,5% X-100, Sigma Aldrich)
for 5-10 min at room temperature. Adhesion was assessed by the fluorescence of
calcein-labeled neutrophils in the infinite F200-pro plate reader (Tecan, Mannedorf,
Switserland) and was determined as a percentage of the total input of calcein-la-
beled cells (100%).

To reduce bias due to the donor effect in the priming of ROS production and adhe-
sion assays, neutrophils from two different donors were used for each patient plasma
sample and all assays were performed in duplicate.

Statistical analysis

Data were tested for normality using histograms and density plots. For categorical
data, the Chi- square test was used and for continuous data, the t-test or when
data were skewed the Mann- Whitney U test was used. For comparisons between
treatment groups (e.g. RBC vs saline, septic vs non-septic patients, fresh vs standard
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RBCs) we a priori determined to use the measurements at a single timepoint or
the change between baseline and the last time point as our primary (independent)
outcome in the statistical analysis. These were analysed using an unpaired t-test for
normally distributed data and a Mann-Whitney U test when the data were skewed.
Comparisons within treatment groups were carried out using a paired samples t-test
or when data were skewed the Wilcoxon Signed Ranks test. Double sided p-values of
<0.05 were considered to be statistically significant. Since we consider our study to
be explorative (given the sample sizes), we chose not to correct for multiple testing
or repeated measurements. All statistical analyses were performed in IBM SPSS
Statistics version 24.

Power statement

Sample sizes were based on previous experimental studies [23, 25]. For the present
outcomes, the sample sizes used (6 vs 12 & 22 vs 25) will have 80% power to detect
an effect size of 1.5 and 0.84, respectively using a t-test with a two-sided signifi-
cance level of 0.05.

RESULTS

The effect of RBC transfusion on neutrophil function in a human endotoxemia
model

To investigate the effect of an autologous RBC transfusion on neutrophil activa-
tion we tested the activating properties of plasma from transfused endotoxemic
individuals on freshly isolated neutrophils of healthy volunteers. As previously
reported [45], LPS infusion induced a systemic inflammation reaction syndrome
(SIRS), including fever, tachycardia and leucocytosis. These symptoms subsided
several hours following LPS administration. In this model, the ex vivo capacity of
plasma taken after LPS to prime neutrophil ROS production was not significantly
different compared to plasma taken before LPS infusion. Following RBC transfusion,
ex vivo priming of the neutrophil ROS production was significant higher versus
baseline levels (0.77 nmol/10° cells [IQR 0.51-1.85] vs 0.63 nmol/10¢ cells [IQR 0.38-
0.81], p=0.002 figure 1a). When compared to the control volunteers who received
LPS and saline, the priming of the ROS production was not statistically different
at the last time point compared to the volunteers who received a RBC transfusion
(0.64 nmol/10¢ cells [IQR 0.50-0.70] vs 0.77 nmol/10¢ cells [IQR 0.51-1.85], p=0.213,
figure 1a).
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Figure 1. Neutrophil ROS production (a) and adhesion (b) activity in the endotoxemia model.
‘Baseline’ is before the LPS is given, ‘After LPS’ is 2 hours after LPS was infused and ‘After tx’is 4
hours after the volunteers received either saline or an autologous RBC transfusion. LPS: lipopolysa-

cheride, RBC: red blood cell. Data are shown as median [IQR]. *p<0.05, **p<0.01.

In the volunteers who received a RBC transfusion, the capacity of plasma to induce
ex vivo neutrophil adhesion was increased following LPS infusion in healthy vol-
unteers (13,1% [IQR 10,4-16,6]) and further increased by RBC transfusion when
compared to baseline levels (13,7% [IQR 11,6-24,9] vs 10,6% [IQR 8,0-13,1], p=0.015
figure 1b). When compared to the saline control recipients at the last time point,
the adhesion was significant higher in the volunteers who received a RBC trans-
fusion (13,7% [IQR 11,6-24,8] vs 9,95% [IOR 9,3-12,0] in controls, p=0.024, figure
1b). Transfusion of fresh (2 days of storage) as well as of stored (35 days of storage)
RBC products induced the priming of neutrophil ROS production and adhesion
ex vivo, without a difference between these groups (Figure 2). Thus, in a human
endotoxemia model, RBC transfusion is associated with an increase in ex vivo neu-
trophil adhesion, which was not affected by RBC storage duration. In the priming of
neutrophil ROS production there seems to be a trend after RBC transfusion, albeit
with a large variation.

132



EFFECT OF RBC TRANSFUSION ON NEUTROPHIL FUNCTION

o

a FRESH RBCs

Ellé éllﬂ 3

R R )
thn &
w Y
S =

o

= NaCl 0.9% (n=6)
=3 2-day old RBCs (n=6)

e
n

_.% adhesion
-
I
HH
HI-
HH

priming (MLP- induced H,0,)
(nmol/ 10° cells)
e
>

Baseline After LPS After tx Baseline After LPS After tx
c STORED RBCs d
S 28 40
N
L
3 g% a0
3@ H
B 18 @
]
g £ 20
& 310 ;;
E; Eos E g 10 i é % B3 NaCl0.9% (n=6)
E Em 35-day old RBCs (n=6)
= .0 0 T T T
= Baseline After LPS After tx Baseline After LPS After tx
Figure 2

Figure 2. Effect of storage time on priming of neutrophil ROS production and adhesion activity
in the endotoxemia model. ‘Baseline’ is before the LPS is given, ‘After LPS’ is 2 hours after LPS
was infused and ‘After tx’ is 4 hours after the volunteers received either saline or an autologous RBC

transfusion stored for 2 days (2D RBCs, figure 2a and 2b) or 35 days (35D RBCs, figure 2c and 2d.
LPS: lipopolysaccharide, RBCs: red blood cells. Data are shown as median [IQR].

The effect of RBC transfusion on neutrophil function in critically ill patients

Given that critically ill patients receive RBC transfusion very regularly, this patient
population was selected to investigate the effects of allogeneic RBC transfusion in
a clinical setting. As the underlying immune status of the recipient may affect the
neutrophil activation we made a distinction between septic and non- septic patients.
From all sampling time points, 5 samples were missing due to logistical problems
(9,6 %) and those patients were excluded. Eventually, 47 patients receiving an RBC
transfusion were included in this study, of which 26 patients complied with the
diagnosis of sepsis at the time of transfusion. The median duration from intensive
care unit (ICU) admission until RBC transfusion was 11 days [IQR 4-16]. The base-
line characteristics of each group are presented in table 1. Of note, at the time of
RBC transfusion the disease severity (as assessed by the SOFA score) were similar,
probably because sepsis patients had reached the convalescent phase of sepsis. In
the group with non- septic patients significantly more men were present compared
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to the septic group. Age, hemoglobin levels before transfusion and storage time of
the RBC units were not different between the groups.

Table 1. Critically ill patient characteristics.

All patients Septic patients Non- septic P value
(n=47) (n=26) patients
(n=21)

Age (years)
median [IQR] 63 [57-73] 64 [56-70] 61 [58-70] 0.676
Sex
Male, n (%) 25(53) 10 (38) 15(71) 0.024
Speciality, n (%) 0.121
Cardiology 9(19) 3(12) 6 (29)
Cardiothoracic surgery 10 (21) 5(19) 5(24)
Internal medicine 11 (23) 7(27) 4(19)
Neurology 1(2) 0(0) 1(5)
Surgery 12 (26) 10 (38) 2 (10)
Traumatology 49) 1(4) 3(14)
SOFA on transfusion day
median [IQR] 8 [5-9] 8 [6-9] 7 [5-9] 0.425
RBC storage time (days)
median [IQR] 8[6-22] 8 [5-22] 12 [7-20] 0.434
Pre-transfusion Hemoglobin
(mmol/L) median [IQR] 4.3[3.9-4.6] 4.1 [3.8-4.6] 4.3[4.1-4.6] 0.103
Pre-transfusion Leukocytes (1
x10%/L) median [IQR] 16.3[10.7-22.8] 18.9[13.9-271] 14.8[10.7-17.9] 0.064
Hospital mortality, n (%) 15(33) 11 (42) 4(19) 0.068

SOFA: Sequential Organ Failure Assessment; RBC: Red Blood Cell.

Prior to transfusion, the capacity of plasma from critically ill patients to induce ex
vivo neutrophil ROS production was already increased when compared to plasma
from healthy controls (0.82 nmol/10¢ cells [IQR 0.64-1.19] vs 0.57 nmol/10° cells [IQR
0.45-0.86], p=0.003, figure 3a) and was not further augmented following RBC trans-
fusion. In septic patients, the ability of plasma to prime neutrophil ROS production
at baseline was not significantly different compared to the plasma from the non-
septic patients (0.81 nmol/10¢ cells [IQR 0.63-1.25] vs 0.87 nmol/10° cells [IQR 0.66-
1.13], figure 4a). Following RBC transfusion, the post transfusion change to prime
neutrophil ROS production did not differ in septic patients 24 hour after transfusion
when compared to the non-septic patients (+0.05 nmol/ 10° cells [IQR 0-0.25] vs
0 nmol/10¢ cells [IQR -0.19-0.17], p=0.141, figure 4a). When testing the effects on
adhesion, the capacity of plasma from critically ill patients to induce neutrophil
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adhesion was not increased prior to transfusion when compared to plasma from
healthy controls. After RBC transfusion the capacity of plasma to induce neutrophil
adhesion is significantly higher compared to pre- transfusion levels (10.1% [IQR
4,8-29,0] and 16,5% [IQR 6,2-29,0] vs 9,9% [IQR 3,8-27,6], p<0.01, figure 3b).
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Figure 3. Priming of neutrophil ROS production (a) and adhesion (b) activity in the critically
ill patients. ‘Prior to’ is before the RBC transfusion is given, “thr’is 1 hour after and ‘24hr’is 24 hours
after critically ill patients received an allogeneic RBC transfusion. RBC: red blood cell. Data are shown

as median [IQR]. *p<0.05, **p<0.005, ***p<0.001.
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hour after and 24hr’ is 24 hours after critically ill patients received an allogeneic RBC transfusion.

RBC: red blood cell. Data are shown as median [IQR]. *p<0.05.
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When patients were divided into septic and non-septic patients, the post transfusion
change to induce neutrophil adhesion was significantly higher in septic patients
24 hour after RBC transfusion when compared to non-septic patients (+3,2% [IQOR
0,9-5,7] vs +0,8% [IQR -0,7-2,6], p=0.039, figure 4b), while at baseline septic and non-
septic patients did not differ in the adhesion assay. In critically ill patients receiving
fresh blood, storage duration was 6 days [IQR 3-8], which was significantly shorter
than from the patients who received standard issued RBCs (21 days [IQR 15-31]).
In patients who received fresh RBC transfusion, the post transfusion change in
priming of the ROS production ex vivo was larger after transfusion compared to the
patients who received a standard issued RBC (+0.11 nmol/ 10° cells [IQR -0.06-0.42]
vs -0.06 nmol/ 10¢ cells [IOQR -0.2-0.36], p<0.05, figure 4c). This difference is not
found for adhesion, where there are no differences in the post-transfusion change
between patients who received fresh RBCs compared to patients who received stan-
dard RBCs (figure 4d).

DISCUSSION

In this study, the effect of RBC transfusion on priming of neutrophil ROS production
and - adhesion was investigated in human endotoxemia as well as in critically ill
patients. The main findings are that (1) in human endotoxemia, RBC transfusion is
associated with an increase in ex vivo neutrophil adhesion, which was not affected
by RBC storage duration, (2) in critically ill patients, RBC transfusion is associated
with an increase in the ex vivo neutrophil adhesion capacity in septic recipients
compared to non-septic recipients and (3) in critically ill patients, fresh RBC trans-
fusion, but not standard issued RBC transfusion, is associated with augmentation
of ex vivo priming of neutrophil ROS production.

RBC transfusion resulted in a higher neutrophil adhesion-inducing capacity in septic
recipients then in non-septic recipients; the plasmas had an equal ROS priming
capacity. This may suggest that the inflammatory status of the recipient plays an
important role in the association between RBC transfusion and ex vivo neutrophil
adhesion. This finding is in line with results from experimental studies, in which
endotoxin increased the ability of endothelial cells to adhere to neutrophils in vitro
[49]. We hypothesize that during inflammation, elevated levels of pro-inflammatory
substances mediate RBC-induced neutrophil adhesion [50]. Of note, neutrophils play
a key role in the pathogenesis of transfusion related acute lung injury (TRALI). In
this syndrome, it is thought that the presence of an inflammatory status primes
pulmonary neutrophils and activates the endothelium, which increases the risk of
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a TRALI reaction following transfusion. Our results are in line with this hypothe-
sis. Taken together, our results suggest that the immunomodulatory effects of an
RBC transfusion are more increased when an inflammatory status is present in the
recipient.

At the start of this study, our initial hypothesis was that increased storage duration
of RBCs was associated with increased effects on neutrophil function. However,
we found the contrary; transfusion of fresh RBCs, but not standard issued RBCs,
resulted in priming of neutrophil ROS production in critically ill patients. Large
clinical trials have provided strong evidence that a prolonged storage time is not
related to complications of RBC transfusions [53, 54]. On the contrary, a meta- anal-
ysis suggest that fresh RBC may even be more harmful [55], which is suggested to
be related to the manufacturing method [56]. However, the manufacturing method
is not likely to be the explanation for the findings in this study, as all patients
received red cell filtered RBC products that were manufactured the same way. Given
that storage duration did not play a role in the endotoxemia model which used
autologous blood, we suggest that inflammatory mediators accumulating during
storage do not play a role. We hypothesize that allogeneic properties of the trans-
fusion have an interaction with the recipient. Of note, we previously showed that
an autologous RBC transfusion does not induce immune tolerance in endotoxemic
recipients [57]. Again, this points towards a role for allogenic factors in the RBC
product. An alternative explanation may be donor related factors like sex mismatch
[58], which has also been associated with adverse outcome. Sex mismatch was not
corrected for in this study in critically ill patients and cannot be dissected from
our findings. However, it is unknown whether sex mismatch may occur only with
fresh RBC products.

This study has several limitations. The effect of RBC transfusion was investigated
by comparison to pre-transfusion baseline levels, and not to a negative control.
Thereby, effects may have occurred in time or by something other than the RBC
product itself. Also, samples were not spun down to lose any residual platelets. The
ability to prime neutrophil ROS production and adhesion was tested using neutro-
phils from healthy subjects. The endogenous neutrophils in critically ill patients
receiving a RBC transfusion may react differently. In addition, due to the incubation
time of 30 minutes, we may have missed transient effects of other agents on the
neutrophil ROS production and adhesion. Also, although a power calculation was
done, the study in critically ill patients could have been underpowered to find a
significant difference in priming of the neutrophil ROS production after transfusion
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due to confounders unaccounted for, such as shock. However, SOFA scores between
groups were similar and large variation between individuals was also found in the
endotoxemia model. In addition, we tested effects of a single RBC unit. Possibly,
multiple RBC units may induce more immunomodulatory effects. However, the
use of one single RBC unit to correct anaemia is comparable to the clinical practice
at the ICU [53] and makes the study clinically relevant. Of note, the results in this
may not apply to other countries where other manufacturing methods to produce
RBC units are used.

CONCLUSION

In conclusion, RBC transfusion results in an increased capacity of plasma from the
recipients to induce ex vivo neutrophil adhesion in a model of human endotoxemia
as well as in a cohort of critically ill patients with sepsis. Fresh RBC transfusion, but
not standard issued RBC transfusion, is associated with ex vivo priming of neutro-
phil ROS production. Therefore, neutrophil activation may be a mechanism of trans-
fusion-induced adverse outcome in individuals with severe systemic inflammation.
Future research should focus on which factors in the RBC product are responsible
for priming of neutrophil ROS production and adhesion, as well as on the influence
of short storage duration.
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CHAPTER 7

ABSTRACT

INTRODUCTION: Red blood cell (RBC) transfusion is associated with an increased
risk of pro-thrombotic events, but the underlying mechanism is poorly understood.
We hypothesized that RBC transfusion modulates platelet activity in critically ill
patients with and without sepsis.

STUDY DESIGN AND METHODS: In a prospective cohort study, 37 critically ill
patients receiving a single RBC unit to correct for anemia were sampled prior to
and 1 hour after transfusion. Platelet exposure of P-selectin, CD63 and binding of
PAC-1 as well as formation of platelet-leukocyte complexes were measured by flow
cytometry. The ability of plasma from critically ill patients to induce ex vivo platelet
aggregation was assessed by flow cytometry after incubation with platelets from
a healthy donor.

RESULTS: RBC transfusion neither triggered the expression of platelet activation
markers nor the formation of platelet-leukocyte complexes. Plasma from critically
ill patients induced more spontaneous platelet aggregation prior to RBC transfusion
compared to healthy controls, which was further augmented following RBC transfu-
sion. Also collagen-induced platelet aggregation was already increased prior to RBC
transfusion compared to healthy controls, and this response was unaffected by RBC
transfusion. In contrast, ristocetin-induced platelet agglutination was decreased
when compared to controls, suggesting impaired vVWF-dependent platelet aggluti-
nation, even in the presence of high vWF levels. Following RBC transfusion, risto-
cetin-induced platelet agglutination further decreased. There were no differences
between septic and non-septic recipients in all assays.

CONCLUSION: Ex vivo platelet aggregation is disturbed in the critically ill. Trans-

fusion of a RBC unit may further increase the spontaneous platelet aggregatory
response.

146



EFFECT OF RBC TRANSFUSION ON PLATELET FUNCTION

INTRODUCTION

Red blood cell (RBC) transfusions are often administrated to critically ill patients
[1] to correct for anemia or to replace blood loss after acute bleeding. However, RBC
transfusions are also associated with an increased risk for adverse effects, including
thromboembolic events [2-9]. In patients with an acute coronary syndrome, RBC
transfusion is associated with myocardial infarction [2-5]. In patients undergoing
a surgical procedure, perioperative RBC transfusion is associated with stroke [6, 7],
contributing to mortality [10].

The underlying mechanisms by which RBC transfusion increases the risk of arterial
thrombosis may not merely be a haematocrit-mediated platelet margination towards
the vessel wall [11], but may be due to platelet activation as well. In an in vitro trans-
fusion model, RBC products induced platelet activation and aggregation [12]. In a
flow model, RBC enhanced platelet aggregation [13], via both physical and chemical
effects [14-16]. Both extracellular vesicles (EVs) as well as cell free hemoglobin,
released upon hemolysis, can increase nitric oxide scavenging, resulting in vaso-
constriction [17] and platelet activation [18, 19]. Also, adenosine diphosphate (ADP),
released from activated/damaged RBCs, triggers platelet adhesion and aggregation
in vitro [19]. Experimental models showed that both ADP and hemoglobin infusions
in rats trigger platelet aggregation [19]. Besides arterial thromboembolic events,
RBC transfusions are also associated with venous thromboembolic events. In a
murine model, transfusion with murine RBCs resulted in an increased clot forma-
tion [20]. Furthermore, in a murine vascular thrombosis model, RBCs contribute to
thrombus formation by mediating platelet adhesion to the intact endothelium [21].

In surgical patients, RBC transfusion is associated with an increased risk of post-
operative venous thromboembolic events [8, 9]. Potential mechanisms include an
increase in blood viscosity [2], a decrease in deformability of RBCs during storage
[22] and the induction of shear stress by the release of potential pro-coagulant
mediators [23]. EVs from RBC products have pro-coagulant properties by exposing
phosphatidylserine (PS) [24] and can facilitate thrombin generation in vitro [25-27].

In critically ill patients, systemic inflammation is associated with enhanced coag-

ulation and platelet activation [28, 29]. Also, thromboembolic events are frequent
in this patient population [30] and associated with poor outcome [31].
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This study aimed to investigate the effect of RBC transfusion on platelet activation
and aggregation in critically ill septic and non-septic patients. We hypothesized that
RBC transfusion in critically ill patients may induce platelet activation, in particular
when systemic inflammation is present. First, platelet surface expression markers
were measured in critically ill patients before and after receiving a RBC transfusion.
Second, the formation of complexes between platelets and leukocytes was measured
[32, 33]. Finally, the effect of plasma from the RBC recipients on the ability to form
platelet aggregates was measured ex vivo, using platelets from healthy volunteers.

MATERIAL & METHODS

This prospective, observational cohort study adhered to the declaration of Hel-
sinki and was approved by the Medical Ethical Committee of the Academic Medical
Center (trialregister.nl NTR 6596, NL61833.018.017). Written informed consent was
obtained from all patients (or from their representatives) and healthy controls.

Patients

Critically ill patients receiving a single RBC transfusion because of anemia, when
their hemoglobin level was 7 g/dL, were eligible for the study. Patients were excluded
when they were actively bleeding or when they received multiple RBC units or a
RBC, plasma or thrombocyte transfusion in the last 24 hours prior to inclusion.
Patients were subdivided into sepsis and non-sepsis at the time of the transfusion
according to the SEPSIS-3 criteria [34]; which includes a Sequential Organ Failure
Assessment (SOFA) score >2 in combination with a suspected or proven infection
which was treated with antibiotics. Citrate-anticoagulated blood samples were col-
lected from septic and non-septic patients from an indwelling, non-heparinized
arterial catheter prior to and 1 hour after administration of the RBC transfusion.
Part of the whole blood samples was directly used for experiments, the rest was
centrifuged (1500g for 20 minutes and 10.000g for 5 minutes) and the platelet poor
plasma (PPP) was stored at -80°C until use.

Whole blood platelet activation markers

Citrated whole blood was collected prior to and 1 hour after the transfusion. Within
5 minutes after collection the blood was transferred to tubes containing Hepes
buffer (pH 7.4, 132 mM NaCl, 6 mM KCI, 1 mM CaCl,, 1 mM MgSO,, 1.2 mM K,HPO,,
20 mM Hepes, 5.5 mM glucose (Merck- Millipore, Burlington, MA) and 0.5% (w/v)
human serum albumin (Brocacef, Maarsen, The Netherlands)) and the antibodies
directed against activation markers. Platelet activation was measured before and
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after addition of the platelet agonist thrombin receptor activating peptide (TRAP-6;
15uM; Bachem, Bubendorf, Switzerland) by flow cytometry, combining antibodies
against a general antigen (anti-CD61-APC; Dako, Cambridge, United Kingdom) and
their activation markers: P- selectin (translocation of P- selectin; anti-CD62p-PE;
Beckman Coulter, Marseille, France), CD63 (a lysosomal membrane glycoprotein;
anti-CD63-PE; Beckman Coulter) and PACI- binding (fibrinogen binding site
exposed on the activated form of the glycoprotein (GP) IIb/IIIa receptor; anti-
PAC1-FITC; BD Bioscience, San Jose, CA). After gentle mixing and incubation for
30 minutes at room temperature in the dark the samples (total volume 55 uL) were
fixed with 2.5 mL 0.3% paraformaldehyde-containing Hepes buffer. Fixed samples
were measured on flow cytometry (FACS Calibur; Becton Dickinson, Franklin Lakes,
NJ) to determine the number of antibodies that bind to platelets and evaluated by
both the percentage (%) of positive platelets and as mean fluorescence intensity
(MFI). The threshold was set at 1% of the isotype control.

Circulating platelet-leukocyte complexes

Platelet-leukocyte complexes (PLC) are defined as monocytes, granulocytes or
lymphocytes that are bound to platelets. Citrate-anticoagulated whole blood was
collected prior to and 1 hour after the transfusion, and within 5 minutes after
collection the blood was added to tubes containing Hepes and antibodies. The PLC
were measured by using a platelet marker (anti-CD61-PerCP; BD Bioscience) in com-
bination with a marker for monocytes (anti-CD14-PE; eBioscience, San Diego, CA),
granulocytes (anti-CD66b-FITC; Beckman Coulter) or lymphocytes (anti-CD4-PE;
eBioscience). After gentle mixing and incubation for 30 minutes at room tempera-
ture in the dark, the samples (total volume 55 uL) were fixed with 0.5 mL 0.3%
paraformaldehyde-containing Hepes buffer. After 60 minutes of fixation, red blood
cells were lysed by addition of distilled water [35] and samples were measured by
flow cytometry. Leukocytes were identified by the characteristic side scatter and the
pan leukocyte marker (anti-CD45-APC; BD Bioscience). Samples were analyzed by
percentage CD61 positive cells within the population of monocytes, granulocytes
and lymphocytes. The threshold of platelet-leukocyte binding was set at 1% of the
isotype control.

Platelet aggregation test

The capacity of RBC transfusion to trigger platelet aggregation was assessed fol-
lowing ex vivo incubation of platelets from healthy volunteers with citrate plasma
from critically ill patients collected both before and after transfusion, measured
by flow cytometry [36-40]. This assay was chosen because it required less volume
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sample and is faster to perform than the light transmission aggregometry. First,
heparinized blood from healthy volunteers (blood group O) was centrifuged for 15
minutes at 210g and platelet-rich plasma (PRP) was collected. PRP was divided in
two suspensions and stained with anti-CD31-APC (BD Bioscience) or anti-CD31-
FITC (BD Bioscience). After incubation the stained populations were washed twice
with sequestrine buffer (17.5 mM Na,HPO,, 8.9 mM Na,EDTA, 154 mM NaCl,, pH
6.9 containing 0.1% (w/v bovine albumin) (Sigma-Aldrich)) by 5 minutes at 2250g
centrifugation and resuspended to a concentration of 40 x 10%/mL in Hepes buffer.
The differently labeled platelets from healthy volunteers were 1:1 mixed and sub-
sequently incubated with 50% citrate plasma from transfused recipients and 20 uM
PPACK (D- phenylalanyl-L-prolyl-L-arginine chloromethyl ketone; Calbiochem,
Darmstadt, Germany), while shaking at 700 rpm at 37 °C. After 25 minutes incu-
bation 3 mM CaCl, was added and incubated extra for 5 minutes as done before
[36, 40]. Platelet aggregation was induced using different stimuli. After taking the
baseline sample, the platelet suspensions were on a shaker and activated with 10
ug/mL collagen (Agro-Bio, STAGO; Asnieres, France), 100ng/mL phorbol myristate
acetate (PMA, Sigma-Aldrich; St Louis, MO) or 1.5 mg/mL ristocetin (Biopool,
Trinity Biotech Plc, Bray, Co Wicklow, Ireland). Here, PMA was used because of the
number of events measured on the flow cytometry was found to be higher compared
to TRAP. This enhanced the gating and the assay’s sensitivity. At different time
points samples were taken stopping the reaction by addition to a 9x volume of 0.5%
(v/v) formaldehyde (Polysciences Inc., Warrington, NJ, USA, methanol-free) in PBS.
The collagen and PMA stimulation were measured over a time frame of 5 minutes
and the ristocetin over 1 minute. Fixed samples were measured by flow cytometry
(LSR+ HTS, BD Bioscience) within 60 minutes. For analysis a quadrant was set in
box plot of the control samples without adding plasma, the percentage of double-
colored platelets were used for measurement of platelet aggregation (described more
in detail in [36]). Data are analyzed as Area Under the Curve (AUC). Von Willebrand
Factor antigen (VWF:Ag) levels in the plasma were measured by ELISA with anti-
bodies from DAKO (Copenhagen, Denmark).

Statistical analysis

Data were expressed as mean and SD (when normally distributed) or as median with
interquartile range (IQR, when non-normally distributed). Comparisons between
before and after transfusion were tested using the paired t-test (when data were nor-
mally distributed) or Wilcoxon Signed Ranks (when data were not normally distrib-
uted). For the comparisons between septic and non-septic patients the post trans-
fusion change versus baseline (delta) was determined and tested by Mann Whitney
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U test (when data were not normally distributed). Analyses were done by IBM SPSS
Statistics version 24. P values <0.05 were considered statistically significant.

Power statement

The sample size of the study was based on the primary outcome (trialregister.nl NTR
6596, NL61833.018.017). For the present outcomes, the sample size used (17 vs 20)
will have 80% power to detect an effect size of 0.95 using a t-test with a two-sided
significance level of 0.05.

RESULTS

In total 37 patients were included, of which 17 patients were septic at the time of the
transfusion. Due to logistical problems, measurement of activation markers was not
done in 2 patients and PLC measurements were missing in 4 patients. The baseline
characteristics are presented in Table 1. Non-septic patients were more often male.
There were no differences in age, referral specialty, hemoglobin level (pre- and post
transfusion) and storage time of the RBC between the septic and non-septic group.
The platelet count did not differ before and after RBC transfusion.

Table 1. Critically ill patient characteristics.

All patients Septic patients  Non-septic P value
(n=37) n=17) patients (n = 20)
Age (years) 61 [55-71] 63 [56-71] 60 [53-66] 0.357
Sex
Male, n (%) 22 (59) 7 (47) 15(75) 0.037
Specialty, n (%) 0.355
Cardiology 7 (19) 2(12) 5(25)
Cardiothoracic surgery 9(24) 3(18) 6(30)
Internal medicine 9 (24) 5(29) 4(20)
Neurology 13) 0(0) 1)
surgery 8(22) 6(35) 2(10)
Traumatology 3(8) 1(6) 2(10)
SOFA on transfusion day 7 [5-11] 8 [5-11] 7 [5-9] 0.341
RBC storage time, days 13 [6-22] 12 [4-22] 16 [6-23] 0.407
Hemoglobin (mmol/L)
Pre transfusion 4.1 [3.9-4.5] 4.0[3.8-4.4] 4.3[4.1-4.6] 0.209
Post transfusion 5.0 [4.6-5.3] 5.0 [4.5-5.3] 5.0 [4.6-5.2] 0.821
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Table 1. Continued.

All patients Septic patients  Non-septic Pvalue
(n=37) (n=17) patients (n = 20)
Platelet count (x10%/L)
Pre transfusion 156 [106-205] 174 [130-276] 134 [104-199] 0.297
Post transfusion 183 [104-241] 207 [129-256] 150 [103- 211] 0.266
Leukocytes (x10°/L)
Pre transfusion 14.2 [9.5-17.9] 15.0[9.9-18.9] 13.1[10.7-17.0] 0.684
Post transfusion 15.3[9.5-16.7] 15.4[9.6-19.1] 15.3[9.3-16.0] 0.330
Hospital mortality, n (%) 12 (32) 8(47) 4(20) 0.080

SOFA: Sequential Organ Failure Assessment, RBC: Red Blood Cell. Data are expressed as
median with interquartile range [IQR].

The effect of RBC transfusion on whole blood platelet activation markers and
platelet-leukocyte complexes (PLC)

Prior to RBC transfusion, platelets had a markedly high expression of CD63 even
without additional stimulation with TRAP. RBC transfusion did not induce a change
in the percentage and the mean fluorescence intensity (MFI) of platelets expressing
P-selectin, CD63 or binding of PAC1 compared to pre-transfusion levels. These
results were found with and without additional stimulation with TRAP (Figure 1),
with the exception of a slight decrease of TRAP-induced binding of PAC1 after RBC
transfusion (23.2% [9.6-44.6] vs 19.7% [7.0-42.1], p<0.05).
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Figure 1. Flow cytometric determination of surface expression markers on resting and
TRAP-stimulated platelets from critically ill patients who received a RBC transfusion. (a)
Percentage (%) platelets expressing P-selectin and (b) mean fluorescence intensity (MFD) of the
antibody binding P-selectin; (c) % platelets expressing CD63 and (d) MFI of the antibody binding
CD63; (f) % of platelet binding PACT and (e) MFI of the antibody binding PAC1. Data are median
[IQR]. *p<0.05, *p<0.005, ***p<0.001.
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Also, after RBC transfusion, the formation of platelet-monocyte, platelet-granulo-
cyte and platelet-lymphocyte complexes did not differ compared to pre-transfusion
levels. The platelet cell surface activation markers and the number of PLC post
transfusion did not differ between septic and non-septic recipients of a RBC trans-
fusion (Figure 2).
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Figure 2. Flow cytometric determination of platelet-leukocyte complexes in critically ill patients
who received a RBC transfusion. (a) Percentage (%) of platelet-monocyte complexes, (b) % of
platelet-lymphocyte complexes, (c) % of platelet-granulocyte complexes. Data are median [IQR].

The effect of RBC transfusion on the ability of recipients to induce ex vivo plate-
let aggregation
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Figure 3. Flow cytometric determination of spontaneous platelet aggregation of platelets from
healthy with plasma from critically ill patients before or after a RBC transfusion. Controls were
incubated with plasma from healthy controls. Platelet aggregation was measured by flow cytometry,
as determined by the percentage of double events. Time is incubation time. Data are Area under the

Curve (AUQ).
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In the functional platelet aggregation assay, the capacity of plasma from the crit-
ically ill patients to induce ex vivo spontaneous platelet aggregation was already
increased prior to RBC transfusion when compared to plasma from the healthy
controls (AUC 69 [46-87] vs 44 [30-52], p<0.001, Figure 3). The capacity of patient
plasma to induce platelet aggregates was further augmented following RBC transfu-
sion when compared to pre-transfusion levels (AUC 71 [53-90] vs 69 [46-86], p<0.05,
Figure 3). Also, collagen-induced platelet aggregation was increased in the presence
of plasma from the critically ill patients when compared to control plasma (AUC
19 [15-25] vs 12 [11-14], p<0.001, Figure 4a), but this aggregation was not further
augmented following RBC transfusion (AUC 18 [14-26]). In the PMA-induced plate-
let aggregation, there were no differences between plasma from the critically ill
patients and healthy controls, and transfusion did not affect the PMA- induced
platelet aggregation capacity of the plasma samples. In contrast, ristocetin-induced
platelet agglutination was decreased in plasma from the critically ill patients com-
pared to those of healthy controls (AUC 9 [6-12] vs 11 [9-14], p<0.05, Figure 4c),
suggesting that vVWF dependent platelet agglutination is impaired. This response
was further decreased after RBC transfusion when compared to pre-transfusion
levels (AUC 9 [6-11] vs AUC 9 [6-12], p<0.05, Figure 4c). Of note, compared to con-
trols, the levels of vVWF:Ag were increased in plasma from the critically ill patients
(109% [46-204] vs 477% [170-1825], p<0.001). However, there were no differences
in vVWF:Ag between pre- and post-transfusion levels. In all assays used, the effect
of the RBC transfusion on platelet aggregation response was not different between
septic and non-septic patients.
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Figure 4. Flow cytometric determination of collagen-, PMA-, or ristocetin-induced platelet
agglutination of platelets from healthy volunteers with plasma from critically ill patients before
or after a RBC transfusion. Aggregation was measured by flow cytometry as percentage of double
events with collagen stimulation (a), with PMA stimulation (b) and with ristocetin stimulation. Time
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DISCUSSION

This study investigated the effect of a single RBC transfusion on platelet function
in critically ill patients. The main conclusions are (1) a single unit of RBC trans-
fusion does not induce expression of platelet activation markers or formation of
platelet-leukocytes complexes. Furthermore, (2) the ability of critically ill patients
to induce ex vivo platelet aggregation is disturbed compared to controls, and (3)
RBC transfusion further augmented the spontaneous platelet aggregation response.

In this study, RBC transfusion did not induce expression of platelet activation
markers in critically ill patients. Of note, we found a reduction in the percentage
of platelets binding PAC1 after TRAP stimulation, which may indicate a reduced
number of reactive platelets. However, MFI did not differ between groups. Thereby,
we think this is a modest effect. Also, RBC transfusion did not result in the for-
mation of platelet-leukocyte complexes in critically ill recipients, when compared
to pre-transfusion values. Whether this relates to the pre-transfusion activation
status remains to be determined, as we could not perform measurements in healthy
controls receiving an RBC transfusion.

There are several explanations for the observed modest effect of the RBC trans-
fusion on the activation markers and formation of complexes. First, to a certain
extent, platelets of critically ill patients may already be activated [41-43]. Activated
platelets can attach to the blood vessel wall, rendering them no longer measurable
in our assays [44]. Also, unstimulated platelets in this cohort partially expressed
CD63, indicating some activation. However, there were still robust responses in
platelet activation after exogenous activation with TRAP, this would not be the case
if platelets were preactivated. Second, the study could be underpowered to find a
difference in activation markers. If not underpowered, the effects of RBC transfu-
sion on platelet aggregation in this study may occur independent of expression of
activation markers.

We show that the capacity of plasma of critically ill patients to induce platelet
aggregation is disturbed when compared to healthy controls. The capacity to induce
spontaneous aggregation was increased in plasma from the critically ill patients
compared to controls. We hypothesize that this is related to an underlying inflam-
matory status. In line with this, in vitro platelet aggregation is increased in the
presence of lipopolysaccharide (LPS) [45]. It has previously been demonstrated that
plasma from septic patients increases the aggregation of platelets from healthy
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volunteers ex vivo [41]. We built on these findings in this study, showing that both
spontaneous as well as collagen-induced aggregation capacity of plasma is enhanced
in critically ill patients when compared to controls. We hypothesize that several
inflammatory conditions, including sepsis and trauma, may cause activation of the
vascular endothelium [46-48] with disruption of the vessel wall and exposure of
collagen [49, 50].

Notably, we found that platelet aggregation results vary depending on the stimulus
used. In this study, plasma-induced platelet agglutination mediated by vWF was
decreased in critically ill patients when compared to healthy controls. This was
not due to low levels of vWF, as the level of vWF antigen was higher in critically
ill patients when compared to controls, as found before [51]. An explanation may
be stress-induced GPIb shedding, because ristocetin binds to GPIb as part of the
vWE-receptor complex and spontaneous receptor shedding is frequently observed
under stress [52]. Alternatively, the presence of abnormal vWF variants may have
resulted in decreased vVWF-mediated platelet agglutination. However, we think this
is unlikely, because the binding in patients was overall low. We do not have an
explanation for our finding that vWF-mediated platelet agglutination is decreased.
Of note, the decrease in vVWF mediated platelet agglutination was modest and may
not reflect clinical significance.

RBC transfusion further aggravated the patient plasma induced disturbances in
platelet aggregation capacity in critically ill recipients. Our findings confirm in vitro
data, in which RBCs increased platelet aggregation after stimulation with weak
agonists ADP and arachidonic acid [53]. In patients with acute coronary syndrome,
RBC transfusion resulted in an increase in plasma-induced platelet aggregation
after stimulation with ADP and TRAP compared with pre-transfusion levels, mea-
sured by light transmission aggregometry (LTA) [54]. In addition, in patients with
chemotherapy-induced anemia, RBC transfusion was associated with increased
fibrin formation with impaired clot strength, measured by thromboelastography,
which was more present in the patients who received fresh RBCs [55]. The clinical
relevance of this finding is unknown. Notably, critically ill patients often receive
RBC transfusions [1] while having low platelet counts with a tendency to bleed.
Theoretically, our results may suggest that RBC transfusion increases the bleeding
risk in these patients by further derangement of platelet aggregation. On the other
hand, our data could also suggest that in patients who need RBC transfusions in the
intensive care unit, an active approach to detect (micro) thrombotic events should
be employed. Of note, however, we did not find a decrease in platelet counts after
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RBC transfusion, so even the plasma from the critically patients gives an increased
aggregation of platelets from a healthy donor, the effect on the platelets of the
critically patients is unclear.

It has been suggested previously that the underlying inflammatory condition may
influence the effects of the RBC transfusion. In vitro under flow, both endotoxin
and TNF-a can promote the adherence of donor RBCs to the endothelium [56, 57].
Although we could not see differences between septic and non-septic patients, the
number of patients we studied was limited and might have been too small to detect
differences.

Our study had several limitations. As previously mentioned, activated platelets
might sequestrate from the circulation and in this respect not show up in our plate-
let activation or PLC assay. For logistical reasons we had to fix the samples, which
might affect the measurements. Also we were not able to perform aggregation
assays or studies in flow models with the platelets derived from the patients them-
selves. Furthermore, we did not investigate a control group in the platelet activation
and PLC assay. In addition, blood samples from patients and controls differed, as
arterial samples were used in the patient population and venous samples were used
in the controls. Notwithstanding this, the method of processing was the same and
patients served as their own control by comparing pre- and post-transfusion mea-
surements. General limitations were that our study design is limited by time points
and the moderate number of patients studied. In this respect, critically ill patients
in particular are notably heterogeneous. Moreover, only the effect of a single RBC
transfusion episode was monitored, the lack of effect may be due to the fact that a
single RBC is under the detection limit of RBC effects on circulating platelets based
on the volume of circulating blood. However, studying transfusion of one RBC unit
was deliberately chosen since a single RBC transfusion to correct anemia is common
practice in the ICU [58]. A final limitation is that we can not exclude that some of the
effects is a result of volume loading instead of a specific effect of RBC transfusion.

CONCLUSION

In conclusion, this study found that RBC transfusion in critically ill patients is asso-
ciated with mixed patient plasma induced effects on platelet aggregation. Future
studies are needed to investigate which factors mediate the enhanced platelet aggre-
gation after RBC transfusion, and if there are possibilities to eliminate this effect
by adjustment of processing methods [59].
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ABSTRACT

BACKGROUND: Transfusion-related immunomodulation (TRIM) encompasses
immunosuppressive and pro-inflammatory effects induced by red blood cell (RBC)
transfusion. Changes that occur during storage in the RBC product have been
hypothesized to underlie TRIM, mediated by tolerance of toll-like receptors (TLR).
We investigated whether transfusion of 35-day-stored autologous RBCs alters cyto-
kine production in response to stimulation with lipopolysaccharide (LPS) or lipo-
theic acid (LTA), in a clinically relevant model of endotoxemia.

STUDY DESIGN AND METHODS: Eighteen volunteers received 2ng/kg LPS intrave-
nously, followed by normal saline or 2- or 35 day-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 enzyme-linked
immunosorbent assay.

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 influ-
ence 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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INTRODUCTION

Red blood cell (RBC) transfusions are administered to improve tissue oxygenation
and can be lifesaving, especially during severe hemorrhaging. However, transfu-
sion 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 trans-
fusion 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 morbidity [5] 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 multiple transfused 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 white blood cells (WBCs) and
time-dependent changes related to storage of blood products, have been hypothe-
sized 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 function [11, 12] but RBC transfusion has also
been reported to enhance the release of danger signal High Mobility Group Box
1 (HMGBI1) in mice. HMGBI 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
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autologous RBC transfusion. Among others, patients suffering from sepsis [17],
systemic inflammatory syndrome [18], trauma [19] and major surgery [20] also
experience TLR LPS tolerance. Therefore, we used a model of human inflamma-
tion induced by intravenous (IV) injection of LPS to enhance translatability of our
trial to clinical practice.

MATERIAL & METHODS

All procedures have been reviewed and approved by the Academic Medical Center
Medical Ethical Committee and are according to the Declaration of Helsinki includ-
ing Good Clinical Practice. The study has been registered at the Dutch Trial Regis-
ter (NTR4455). All enrolled volunteers provided written informed consent before
enrollment.

Subject and design

This study is part of a larger study on the influence of storage time of RBCs on
transfusion related acute lung injury (TRALI) [21]. In short, a total of 18 healthy
volunteers, ages 18 to 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.

Randomization and blood donation

Volunteers were randomly assigned into one of three groups: 6 volunteers received
2-day-stored (fresh) autologous RBC transfusion, 6 received 35-day-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. We used 35-day-stored
products as shelf life has been maximized to 35 days in The Netherlands. Half of
the endotoxemic control group donated 2 days before the study day, the other half
35 days before the experiment. The donated whole blood was processed to one unit
RBCs according to Sanquin protocols: whole blood (target volume, 500 mL) was col-
lected in bottom-and-top systems with 70 mL of citrate-phosphate-dextrose (CPD)
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, 4793g, accumulated
centrifugal effect 9 x 107) 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
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G5, Fresenius). Saline, adenine, glucose and mannitol storage medium (SAG-M) (110
mL) was added to the red cell concentrate and the RBC product was leukoreduced by
filtration, with remaining leukocytes below 1 x 10%/unit. The products were cooled
down to below 6°C within 30 hours after collection and then stored in polyvinyl-
chloride-di-ethyl-hexyl-phtalate containers at 2 to 6°C for 2 or 35 days.

i ! | b

Timeline study day

Analysis

'oo_ °° v

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.
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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 2 ng/kg LPS (National
Institute of Health Clinical Center) 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 experiment ended 8 hours after infusion of LPS.
At this time point all LPS symptoms had abated and this time point corresponded
with the harvesting of tissues in animal models in which a detrimental effect of
transfusion was detected [25, 26]. The volunteers in the control group received an
equivalent volume of saline (endotoxemic control). Arterial blood was collected in
a lithium heparin coated tube and in a tube (PAXgene, PreAnalytiX) 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 blood RNA Kit (PAXgene,
PreAnalytiX) according to manufacturer’s protocols. RNA yield was measured using
UV-Vis Spectrophotometer (NanoDrop 2000, Thermo Scientific). cDNA synthesis
was performed with equal RNA-input using a cDNA the Synthesis Kit (SensiFAST,
Bioline), according to manufacturer’s protocols.

Quantitative polymerase chain reaction (QPCR) was performed using a real- time
PCR system (Lightcycler 480, Roche) with master mix (SensiFAST, Bioline) and
50ng of primer (Sigma Aldrich). Intron spanning primer sequences and annealing
temperatures are given in supplemental table 1. Primer sequences for interleukin
(IL)-8, IL-10 and tumor necrosis factor (TNF)a were published previously [27-29].
Primer sequences for IL1B, IL-6 and B-actin were derived from the Harvard Primer
Bank (Primer-Bank IDs: 27894305c1, 224831235c1 and 4501885al, respectively). The
gPCR programs was denaturation for 5 minutes at 95°C, 45 to 55 cycles of 5 seconds
at 95°C, and 10seconds annealing at 65°C; followed by 15 seconds at 72°C. Quantifi-
cation was performed using software (LinReg). 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 (3
-actin and EFlal).

172



STORAGE TRANSFUSION RELATED IMMUNOMODULATION

Ex vivo stimulation

Exvivo stimulation was used to investigate the effect of storage time of RBC trans-
fusion on cytokine production in whole blood. All experiments were performed in
duplicate. For the various time points, half a milliliter of heparinized whole blood
was suspended in 0.5 mL RPMI-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), 10 pg/ml lipotheic acid (LTA; Invivogen) or solely RPMI-L-glutamine 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
(1500g, 5 min, 4°C) and the supernatant was stored at -80°C until further analysis.

Enzyme-linked immunosorbent assay

Standard sandwich enzyme-linked immunosorbent assays (ELISA) were used to
quantify interleukin (IL)-1B, IL-6, IL-8, IL-10, tissue necrosis factor (TNF)a and
transforming growth-factor (TGF)-f according to manufacturer’s protocols (eBio-
science). 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.

Supernatants from ex-vivo stimulated WBCs 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 WBCs in whole blood was similar to 24-hour stim-
ulations. We therefore only present the data from 24-hour stimulated samples in
this paper.

Power calculation

This study was a secondary investigation of a study on the effect of transfusion on
pulmonary function and was initially powered to detect differences in pulmonary
inflammation [21]. We performed a second power calculation to investigate whether
it could also be used to investigate the effect of transfusion on ex vivo stimulation
with LPS. We based our calculations on a previous publication that investigated
the effect of RBC storage time on cytokine production by monocytes in vitro. In
this study TNFa was 48,525 +/- 7,832 pg/mL in controls. Stored RBCs decreased
monocyte TNFa production approximately 50% with a standard deviation of 7.5%
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[12]. Based on these numbers we needed to include 4 volunteers to detect a similar
signal with an alpha of 0.005 and a beta of 0.90. However, in vivo studies usually
result in smaller differences. We therefore also calculated the smallest detectable
effect. With 6 volunteers, an alpha of 0.05 and a beta of 0.80 we are able to detect a
difference of 15% between our groups with a standard deviation of 9%.

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 computer software (R version 3.1.2, R-core team). Double-sided p values of less
than 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 18 subjects all of whom completed the
study 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].
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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,

Hokkk

p<0.0001. Boxes represent the inter-quartile range [IQR] with median. The upper and lower
whisker extends to 1.5 * IQR.

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 in plasma following IV LPS challenge. These were samples col-
lected 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 (supplemental figure 1) [21].
We then investigated whether transfusion of stored RBCs affected cytokine gene
expression in these samples. LPS induced a biphasic response in IL-1B, IL-8 and
TNFa mRNA with peak values 2 hours after LPS infusion (p<0.0001, p<0.0001 and
p<0.05 for IL-1B, IL-8 and TNFaq, respectively; Figure 2). IL-6 mRNA levels did not
change during the experiment in accordance with a previously published report [30],
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 [31]. We first confirmed that
volunteers developed 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-1B, IL-6, IL-8, IL-10, TNFa and TGF- compared to
incubation in medium alone (p<0.001 for all cytokines for both LPS and LTA; Figure
3). At T=2, 2 hours after in vivo infusion of LPS, IL-1B, IL-6, IL-8, IL-10 and TNFa did
not reach the detection limit of the assays in most samples (p<0.0001 compared to
T=0; Figure 3), indicative of a clear reduced response to stimulation with LPS and
LTA during endotoxemia. LTA stimulation had a similar, although less pronounced,
effect (IL-1B p<0.05, IL-6 p<0.0001, IL-8 no change, IL-10 p<0.01 and TNFa p<0.01;
Figure 3). TGF-p levels were not affected by LPS and LTA.
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Figure 3. Intravenous LPS reduced (A) IL-1B, (B) IL-6, (C) IL-8, (D) IL-10, (E) TNFo and TGF-B
production after ex vivo stimulation with LPS or LTA. (F) IV LPS did not change TGF- B produc-
tion after ex vivo stimulation with LPS and LTA. Volunteers were received LPS (2 ng/kg) at T=0
hours and received either 35 days stored autologous RBC transfusion, 2 days stored autologous
RBC transfusion or saline as endotoxemic control at T-2 hours. Transfusion did not affect cytokine
levels. *p<0.05; ****p<0.0001. Boxes represent the inter-quartile range [IQR] with median. The
upper and lower whisker extends from the hinge to 1.5 * IQR
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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 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 3). 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-day-stored
RBCs does not result in changed cytokine gene expression compared to fresh RBCs;
2) LPS 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 [30-32]. 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
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in line with previous studies. In vitro stored RBCs induce immunosuppression in
whole blood and isolated monocytes stimulated with LPS [11, 33, 34]. Moreover, in
pediatric intensive care patients transfusion of stored RBCs was found to result in
lower TNFa production after ex vivo LPS stimulation of whole blood compared to
transfusion of fresh RBCs [35].

There are several explanations for our findings. First, it is possible that children are
more susceptible to the effects of RBC storage time than adult patients. However, it
is also possible that the adverse effects that have been attributed to stored transfu-
sion 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]. The pediatric study may
have suffered from its observational design: the decision to transfuse in this study
was made by the treatment team, which may have resulted in inclusion bias [35].
Moreover, several recent randomized controlled trials that investigated the effect of
RBC storage time on morbidity and mortality did not detect any detrimental effects
of longer RBC shelf life both in adult and pediatric patients [14, 15, 36]. Another
explanation for our findings may be that both in vitro studies and in vivo 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, 35, 37]. Indeed, several autologous human volunteer studies
did not detect a role for storage time in the pathogenesis of transfusion-related
adverse effects [38, 39]. 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.

Our results may also have been influenced by RBC production and storage tech-
niques. The quality of RBCs during storage is influenced by production protocols
and storage solutions [40-44]. There is limited evidence of 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 related factors. Increasing
evidence indicates that donor genetic traits and lifestyle can influence product
quality and perhaps also mediate adverse effects of transfusion [45]. The fact that
we only included healthy volunteers might thus even have led to a “donor bias”.
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It is also possible that the RBC transfusions have immunomodulatory effects that
cannot be detected by investigating response to ex vivo stimulation of whole blood
with LPS or LTA. An in vitro study detected changed expression of TLR4 gene
expression in WBCs after exposure of whole blood to stored RBCs [46]. 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 [47].
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
[48, 49]. 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 [47]. This study did not investigate time points
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. In our study we used whole blood for ex vivo stimulation with
LPS or LTA. However, it is possible that different types of WBCs behave differently
in response to transfusion or that responsive immune cells reside outside the blood
stream (e.g. spleen or liver). These cells cannot be investigated with stimulations
of whole blood. It may be worthwhile if future studies investigate the effect of RBC
transfusion on subsets of immune cells, instead of whole blood. Finally we cannot
exclude that a more potent inflammatory state is required to be susceptible for
RBC-induced immunomodulation. LPS endotoxemia does not equal sepsis, even
though LPS infusion successfully induced systemic inflammatory response syn-
drome in our healthy volunteers. It is possible that more severe disease, including
non-infectious pathology, activates other inflammatory pathways in which the
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patient is susceptible for immunomodulation by transfusion. Moreover, our healthy
volunteers did not suffer from anemia during our study. We were thus not able to
investigate whether anemia alters the response to RBC transfusion.

CONCLUSION

In conclusion, we investigated whether transfusion of 35-day-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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Suplemmental

Supplemental Table 1. Primer sequences and annealing temperatures.

Gene Primer sequence: forward Primer sequence: backward Annealing
temperature
1B ATGATGGCTTATTACAGTGGCAA GTCGGAGATTCGTAGCTGGA 65
IL-6 ACTCACCTCTTCAGAACGAATTG CCATCTTTGGAAGGTTCAGGTTG 65
IL-8 TTGGCAGCCTTCCTGATT AACTTC TCC ACAACCCTCTG 65
110 GGTTGCCAAGCCTTATCGGA ACCTGCTCCACTGCCTTGCT 65
TNFa GCGTGGAGCTGAGAGATAACC GATCCCAAAGTAGACCTGCCC 65
B-act CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT 65
EF1al TTTTCGCAACGGGTTTGCC TTGCCCGAATCTACGTGTCC 65
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Supplemental Figure 1. Plasma protein levels of interleukin-6 and interleukin-8 after in vivo
LPS infusion and transfusion of 2 days or 35 days stored red blood cells or saline infusion as
control. Transfusion had no effect on plasma cytokine levels.
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CHAPTER 9

SUMMARY

In this thesis the effect of red blood cell (RBC) transfusion on the host immune
response in critically ill patients was investigated.

The specific research questions were:

(1) Which mediators in the RBC transfusion bag affect the host immune response
after transfusion?

(2) What effect does RBC transfusion have on different immune cells?

(3) What is the role of the underlying immune status on the host response after
transfusion?

(4) What is the effect of storage time of the RBC unit on the immune response after
transfusion?

Chapter 2 gives an overview of the current knowledge of the ability of extracellular
vesicles (EVs) to induce a host response. This review describes that all kinds of cells
are able to vesiculate and that EVs can induce a myriad of pro- and anti-inflamma-
tory responses. Notably, pro-inflammatory effects were most obvious. Therefore, we
hypothesized that EVs may play a role in mediating an exaggerated host response
following RBC transfusion.

Chapter 3 gives an overview of the knowledge of non-antibody mediated transfu-
sion-related acute lung injury (TRALI). This review focused on the soluble mediators
and the morphological and functional changes of the donor RBCs that accumulate
during storage. The implicated mediators, like bioactive lipids, soluble CD40 ligand
and EVs have been shown to induce TRALI in ‘two- hit’ animal models, suggesting
that these mediators are involved in the onset of TRALI. Also, in these models, it
was shown that the underlying inflammatory condition of the recipient predisposes
to the onset of TRALI. These findings are in line with the fact that critically ill
patients have an increased risk to develop TRALI after RBC transfusion, as these
patients often have an underlying inflammatory condition [1, 2]. Regarding the
impact of storage time, it appears that increased storage time increases the risk
of TRALI in pre-clinical studies. However, this finding is contradictory to clinical
studies, which have shown no difference in the occurrence of pulmonary compli-
cations with the use of fresh versus stored RBCs.
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The role of EVs in mediating adverse effects of RBC transfusion was further assessed
in Chapter 4. It was hypothesized that EVs derived from donor RBCs can acti-
vate endothelial cells in vitro trough activation of host immune cells. Incubation
of endothelial cells with EVs from the transfusion bag induced upregulation of
adhesion molecules, which occurred in the presence of monocytes but not in the
presence of granulocytes. In addition, EVs from RBCs are phagocytosed, in part
via complement receptor 3. EVs from RBCs can also induce endothelial shedding of
von Willebrand factor (VWF) directly. Storage time of the RBC-derived EVs did not
play a role in this study. In conclusion, EVs from stored RBC induce upregulation
of adhesion molecules. This may be relevant, as adherence of RBCs and other cells
to the microvasculature may be one of the mechanisms involved in the association
between RBC transfusion and organ failure [3]. Whether this is truly a mechanism
of transfusion mediated organ failure remains to be determined in clinical studies.

Besides EVs, iron may play a role as a modulator of the host immune response after
transfusion. RBC transfusion results in iron loading, which is associated both with
an increased risk for nosocomial infection and with organ failure due to oxida-
tive stress. In Chapter 5 the effect of RBC transfusion on iron metabolism was
investigated. In a prospective cohort study of critically ill patients, it was found
that transfusion of 1 unit of RBCs transiently increased the serum iron levels, but
not the transferrin saturation, suggesting that RBC transfusion does not increase
iron availability for erythropoiesis. In addition, the iron level was back to baseline
24 hours after transfusion. RBC transfusion increased hepcidin levels. Hepcidin
levels may increase due to an inflammatory stimulus, but in this study IL-6 levels
decreased after transfusion, thus an increase in hepcidin is more likely to be the
result of high iron levels after clearance of the donor RBCs. No correlation between
storage time of the RBCs and changes in iron variables was found. Taken together,
the pro-inflammatory effects of RBC transfusion in critically ill patients may not
be mediated by an increase in iron levels, because the increase is transient and the
transferrin saturation does not increase. Also, an RBC transfusion may not bene-
ficially alter iron metabolism.

Regarding effector cells of the effects of RBC transfusion, neutrophils may be one
of the immune cells involved in the immune response after RBC transfusion. In
Chapter 6 the effect of RBC transfusion on neutrophil function was investigated
in both an endotoxemia model and in a cohort of critically ill patients. Neutrophil
activation ex vivo was assessed by measuring the reactive oxygen species (ROS)
production and adhesion of neutrophils from healthy volunteers after incubation

191



CHAPTER 9

with the plasma from the endotoxemic volunteers and from the critically ill patients.
In the human endotoxemia model, RBC transfusion increased the ability of plasma
to induce neutrophil adhesion. No differences were found between plasma from
the volunteers who received fresh RBCs compared to plasma from volunteers who
received stored RBCs. In the critically ill patients, the adhesion of neutrophils ex
vivo increased after transfusion, which was more pronounced after incubation with
plasma from septic patients, compared to plasma from non-septic patients. This
suggests that the inflammatory status of the recipient plays a role in inducing neu-
trophil activation after RBC transfusion. Storage time also seems to influence the
neutrophil function; the ROS production by neutrophils increased after incubation
with plasma obtained after transfusion of fresh RBCs but not after standard issued
RBCs. In conclusion, RBC transfusion induces changes in the plasma of the recipient
that are associated with increased neutrophil adhesion in both a model of human
endotoxemia and in critically ill patients with sepsis. Therefore, neutrophils may
be activated to play a role in mediating host response following RBC transfusion.

It is well established that RBC transfusion can have an effect on neutrophils [4,
5]. However, much less is known about the effects of RBC transfusions on platelet
function. As RBC transfusions are associated with an increased risk for thrombo-
embolic events, we hypothesized that platelets are affected by RBC transfusions as
well. Also, we hypothesized that the response of platelets is related to the under-
lying inflammatory status of the recipient. In Chapter 7 the effect of RBC trans-
fusion on platelet activity in critically ill patients was investigated. The ability of
plasma from critically ill patients and healthy controls to induce ex vivo platelet
aggregation was assessed by flow cytometry after incubation with platelets from a
healthy donor. It was found that already at baseline, prior to transfusion, plasma
derived from critically ill patients induced more spontaneous platelet aggregation
compared to healthy controls. Following RBC transfusion, the increased sponta-
neous platelet aggregation response ex vivo was further augmented. On the other
hand, the vIWF-mediated platelet agglutination ex vivo decreased after incubation
of plasma from the critically ill compared to controls and was further reduced after
RBC transfusion. This indicates that RBC transfusion may indirectly affect platelet
function in critically ill patients. Whether these findings represent mechanisms
underlying the association between RBC transfusions and thromboembolic events
remains to be determined.

The condition of the recipient may modulate the effect of a RBC transfusion on
patient outcome, including the risk of developing a nosocomial infection. Previous
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studies have suggested that transfusion is associated with increased risks of infec-
tion, a phenomenon that is part of an entity called transfusion related immuno-
modulation (TRIM). This may occur in particular with products that have been
stored for a longer time. However, observational clinical studies that suggested
this association may be hampered by bias [6]. LPS tolerance, defined as a blunted
inflammatory response of whole blood to ex vivo stimulation with toll like receptor
(TLR) ligands, could be a mechanism that leads to an increased risk of infections
after RBC transfusion. Therefore, we examined in Chapter 8 whether transfusion of
a maximum stored autologous RBC transfusion results in LPS tolerance compared
to a fresh autologous RBC transfusion. In this study, the storage time of RBCs did
not influence the cytokine response by white blood cells in whole blood after stim-
ulation with LPS or LTA ex vivo. This suggests that storage time does not affect the
immunosuppression after RBC transfusion.

DISCUSSION OF THIS THESIS

Does transfusion related immunomodulation (TRIM) exist?

The results of this thesis suggest that RBC transfusion has an impact on the host
immune response. A TRIM effect has been described in many experimental studies
published previously. We extend these data with clinical studies. We found that RBC
transfusion is associated with a pro-inflammatory response of monocytes and neu-
trophils. It is very difficult to demonstrate causality in a non-randomized setting.
In our observational studies, we were not able to prove a causality, certainly not in
an ICU setting where many confounders can play a role, including disease severity,
the underlying disease and treatment strategies. However, the results of this thesis
underline the existence of TRIM for the following reasons. First, the results found
in a heterogeneous cohort of critically ill patients corresponded more or less to
results found in the endotoxemia model, which is a controlled reproducible model
without confounders. In addition, in the studies of critically ill patients, mediators
or RBC effects were compared pre- and post-RBC transfusion, limiting the amount
of variables that could have influenced the results. Finally, the findings are con-
sistent with earlier experimental work, as well as with a previous clinical study
showing that RBC transfusion is associated with a decrease in pro-inflammatory
cytokines after transfusion [7].
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In this discussion, the 4 questions asked are elaborated upon, with an outlook on
the future.

1) Which mediators in the RBC transfusion bag affect the host immune

response after transfusion?

Washing the product reduces the organ injury in a rat transfusion model [8], sug-
gesting a role for mediators in the supernatant. EVs from all kinds of cells are able
to induce a host response [9]. Earlier work showed that in vitro, EVs from stored RBCs
induced a strong dose-dependent inflammatory host response [10]. In line with that,
we showed that EVs from RBCs can induce upregulation of adhesion molecules on
endothelial cells and can be procoagulant by secretion of vWF. This can lead to
adhesion of endogenous circulating cells, as well donor RBC to the vessel after trans-
fusion, impairing the microcirculation and resulting in organ damage. Therefore,
we think that EVs from RBCs are involved in the host response after transfusion.
Although it has yet to be demonstrated in a clinical setting, an animal study has
shown that donor RBCs adhere to the endothelium of the microcirculation [11].

Increased iron levels after RBC transfusions have been associated with pro-inflam-
matory effects in experimental studies [12, 13]. Whether iron is involved in the host
response is not clear from our studies. In our study of critically ill patients, a single
RBC transfusion resulted in a transient increase of the iron level. This is in line
with earlier published studies of healthy volunteers [14, 15]. Also, RBC transfusion
did not increase IL-6 levels. Therefore, we do not expect a major role for iron in the
host response following transfusion.

(2) What effect does RBC transfusion have on different immune cells?

Several immune cells have been said to be affected by transfusion. Donor RBC-
derived EVs have been found to interact with monocytes in vitro. Following incu-
bation with EVs from RBCs, monocytes secrete pro-inflammatory cytokines and
chemokines [16]. This corresponds with our data, which show that EVs from RBCs
were phagocytized by monocytes and induce upregulation of adhesion molecules
on endothelial cells only when monocytes were added. Besides monocytes, we also
showed that RBC transfusion may impact neutrophil function. This corresponds to
TRALI, where neutrophils interact with the endothelium, mediating the endothelial
damage in the lung [5]. Therefore, the response of monocytes as well as neutrophils
may be modified by RBC transfusion. It is not entirely clear what the clinical con-
sequences of these effects are. Possibly, RBC transfusion activates immune cells,
which may result in inflammation and ultimately in organ damage. This should be
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further investigated. In addition, it is important to find out which factors in the
transfusion product mediates activation of immune cells.

Besides immune cells, RBC transfusion may also have an effect on platelets. Platelets
can aggregate after activation and interact with neutrophils [17]. Platelet-neutrophil
interactions are associated with increased vascular permeability and the occurrence
of organ injury, in particular lung injury [18]. In accordance, observational studies
have shown an association between antiplatelet drugs and reduced organ failure and
mortality in the criticallyill [19, 20]. Besides the interaction with neutrophils, acti-
vated platelets may aggregate and contribute to microthrombi. This thesis describes
an increased spontaneous platelet aggregation in critically ill patients after RBC
transfusion in an ex vivo study design. An altered platelet function after RBC trans-
fusion is also found in healthy volunteers [21] and in patients with acute coronary
syndrome [22]. Therefore, it can be speculated that RBC transfusion augments
platelet activation and aggregation, which may lead to microthrombi formation.
Microthrombi may damage the endothelium and clot the microcirculation, which
may lead to organ failure. Whether this is the case, must be investigated. Future
studies should also focus on which factors mediate the altered platelet function.

(3) What is the role of the underlying immune status in the recipient on

the host response after transfusion?

The underlying inflammatory status plays a role in the immune effects of RBC
transfusion. Plasma from septic patient induced more neutrophil adhesion after
RBC transfusion compared to non-septic patients. With regard to the effect of RBC
transfusion on platelets, there were no differences between septic and non-septic
patients. However, critically ill patients already induced more platelet aggregation
at baseline compared to plasma from healthy controls. Following transfusion, the
ability of critically ill patients to induce platelet aggregation ex vivo increased even
further. We assume it is possible that ICU patients run a higher risk for RBC induced
host response, due to an already activated immune status. This is in line with the
fact that critically ill patients are at increased risk for developing TRALI [2].

(4) What is the effect of storage time of the RBC unit on the immune
response after transfusion?

In the endotoxemia model, no effect of storage time was found on inflammation
and coagulations markers. In this standardized model, autologous RBCs were used,
which is not in line with general practice. However, confounders are excluded and
the maximum of storage time was used. Therefore, it can be concluded that soluble
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autologous factors that accumulate in the product during storage do not cause
harm. As a critical note, it is possible that a more pronounced underlying inflam-
mation is necessary to find a difference, since LPS-induced endotoxemia is not the
same as sepsis. In critically ill patients, it was remarkable that after transfusion
of fresh blood products, the neutrophil ROS production was increased compared
to transfusion of blood that had been stored longer. However, several randomized
controlled trials showed that the use of fresh RBC is not inferior to the outcome
compared to standard issued RBCs [23-25]. Whether transfusion of fresh RBCs are
related to an adverse outcome, such as a more pronounced immune response, than
longer stored RBCs is an angle that not has been taken often. Storage time had no
effect in sub-studies of the larger trials that specifically looked at the inflammation
and coagulation parameters after transfusion [7, 26, 27]. However, studies on the
immune response after transfusion usually have a different primary endpoint, so
these studies could be underpowered.

IMPLICATIONS OF FINDINGS AND FUTURE OUTLOOK

1. Optimize the practice

Transfusion practice. It is important that physicians realize that RBC transfusions
can be accompanied by an exaggerated host immune response, with adverse effects
for the recipient. Earlier studies showed that liberal transfusions in critically ill
patients resulted in an increased morbidity and mortality compared to restrictive
transfusions [28, 29]. The finding that RBC transfusions can be harmful has resulted
in a change in transfusion policy of the ICU. A restrictive transfusion trigger with
a hemoglobin level of 7 g/dL has been widely adopted in the clinical practice. Even
though the decision to give a transfusion must not only be based on the hemoglo-
bin level, but also the clinical condition of the recipient, some physicians still give
transfusions at hemoglobin levels of 10 g/dL. In addition, the transfusion prac-
tice between individual physicians [30, 31] and different institutes [32] also varies.
Increasing the awareness of physicians of the adverse effects of RBC transfusions
may lead to less unnecessary transfusions, resulting in lower costs and less adverse
effects for the patients. Note however, that not all critically ill patients benefit from
a restrictive transfusion policy. In patients with cardiovascular diseases [33] and
oncologic patients it was found that a restrictive transfusion policy is associated
with higher mortality [34, 35] or increased risk of acute coronary syndrome [33].

Specify patient populations at risk. Critically ill patients may have an increased risk
for the adverse effects of RBC transfusion. It has not yet been established in this
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heterogeneous group whether some patients are more at risk than others. In this
thesis, after transfusion, the increase in adhesion of neutrophils ex vivo was more
present in septic patients than in non-septic patients. Although we found no dif-
ference in the effect of transfusion on platelet activity between the two groups,
this cannot be excluded due to possible underpowering. Therefore, patients with a
strong inflammatory response may be more susceptible to adverse effects of RBC
transfusion, which may alter the risk-benefit of RBC transfusions. In line with this,
it has been shown that sepsis can induce red cell dysfunction (termed SIRD), which
impairs oxygen delivery of RBCs to tissues [36]. Thus, it can be speculated that
septic patients may benefit from a more restrictive policy. It would be interesting
to investigate which populations are more at risk of developing an altered immune
host response after RBC transfusion, because the response may be related to organ
failure. Given that multiple organ failure is an important complication in critically
ill patients [37], it is important to gain more insight into how to protect certain
patients against the adverse effects of transfusion. Whether the transfusion policy
can be adjusted by lowering the transfusion trigger in case of inflammation or
anti-inflammatory pre-treatment, which may also be accompanied by side effects,
needs to be investigated further.

2. Optimize the RBC products

Washing. Given that soluble mediators in the supernatant of RBCs, like EVs, may
be involved in the host response after transfusion, it could be beneficial to remove
these mediators by washing the RBC unit directly prior to transfusion. It has been
demonstrated in vitro that after washing the RBC unit, the amount of EVs decreases
compared to standard unwashed RBCs [38, 39]. Note however, that the level of cell
free hemoglobin was higher in the supernatant of the washed RBCs [38, 40], suggest-
ing that the washing process may result in hemolytic injury of the RBCs [39]. The
possible damage may depend on the washing device used [39]. However, the changes
in the amount of EVs and free hemoglobin were not found in the plasma of the
recipient after transfusion [38], so the question remains whether these changes in
EVs and free hemoglobin are clinically relevant. Another in vitro study showed that
washing RBCs abrogated the effect of RBCs on neutrophil priming [41]. In animal
models it is already shown that washing the RBCs attenuates inflammation and
organ injury after transfusion [42, 43]. Most clinical research about washing RBCs
is carried out in cardiac surgery patients, probably because washing devices are
already used during surgery for autologous RBCs [44]. In a randomized controlled
trial in pediatric cardiac surgery patients, washing RBCs resulted in a reduction of
inflammation and a non-significant trend in reduced mortality [45]. Contradictory,
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in a Cochrane review, no differences in length of stay at the hospital, mechan-
ical ventilation and mortality was found between preterm infants who received
washed RBCs compared to unwashed RBCs [45]. However the level of evidence is
low, because this review is based on a small single study. In a randomized controlled
trial with adult cardiac surgery patients, transfusion of washed RBCs decreased the
mortality compared to patients who received unwashed RBCs [46]. However, in the
plasma of adult patients who underwent cardiac surgery, no differences in platelet,
leukocytes or endothelial activation, parameters of iron metabolism or oxidative
stress are found in recipients who received washed RBCs compared to the recipients
who received unwashed RBCs [38]. Several studies in different patient populations
about the role of washed RBCs related to outcome after transfusion are underway
and will provide more insight into the clinical effects of washing [47]. Even though
washing RBCs may be beneficial and no clinical adverse effects of washing are
reported, it is also time consuming and expensive. Additional research in critically
ill patients is necessary before adjustments can be made in practice. In the future,
more attention should be paid to the relationship between storage and processing
of the RBCs and the immune response following transfusion.

Of note, besides washing, different storage solutions (i.e. additive solutions) and
processing methods to produce a RBC unit are used worldwide, whereby the inter-
action and activation of the immune system after transfusion could be different.

Additive solutions. Storage solutions can influence the function and survival (e.g.
hemolysis, shedding of EVs and adhesion to endothelium) of stored RBCs differently
[48-51]. In vitro, the amount of EVs is lower in leukoreduced RBCs stored in additive
solutions PAGGSM and Erythrosol-4 compared to SAGM, the standard additive
solution in Europe [49, 50]. Also compared to AS-1, the standard additive solution
used in the USA, RBCs stored in SAG-M became more adherent and shed more
EVs in vitro [48, 51]. However, besides the additive solution there are also differ-
ences between the USA and Europe in preparation methods [52], so this study is not
entirely translatable. More importantly, whether this also has clinical consequences
needs further investigation in a clinical setting.

Processing methods. The quality of the product depends on the processing methods,
as the processing methods may have an effect on changes of the RBC membrane. In
vitro, an increased level of EVs is found in the RBC unit after whole blood filtration
[52] compared to buffy coat filtration [53]. Also, the level of EVs and DNA are higher
in non-leukoreduced RBCs compared to leukoreduced RBCs in vitro [54]. Besides the
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amount of EVs, the processing methods may also affect the characteristics of the
EVs [54, 55]. The processing methods can also influence the number of residual leu-
kocytes after leukoreduction, which can lead to accumulation of pro-inflammatory
cytokines. Processing the RBCs within 8 hours results in less residual leukocytes
compared to processing the RBCs after 24 hours in vitro [52]. Also in vitro, superna-
tants from whole blood filtrated RBCs have a pro-inflammatory effect on monocytes,
an effect that was not seen with red cell filtered RBCs [55]. This may also have
clinical consequences, because in a retrospective cohort study in-hospital patients
who received a RBC transfusion, transfusion with fresh whole blood filtrated RBCs
was associated with mortality, which was not found after transfusion of red cell
filtered units [56]. It must be further investigated whether the processing methods
also have a potential effect on outcome in critically ill patients.

Donor characteristics. More attention should also be paid to donor specific factors
(sex, lifestyle, age) that may contribute to the storage quality [57, 58]. In a retrospec-
tive observational study, transfusion of RBCs from younger and female donors or
products with antigens were associated with increased mortality [59, 60]. We think
it is important to identify the donor characteristics that influence the quality of the
RBC units and may have an impact on the host response and then to take this into
account when selecting the donors.

Storage time. In transfusion medicine, the question whether storage time is related
to adverse outcome has led to a surge of research. The results of these studies are
not unambiguous, even though the large randomized studies showed no differences
in outcome related to storage time [23-25]. Of note, these studies compared fresh
RBCs (< eight days) with standard issued RBCs (median of twenty-one days), so not
the maximum storage time. These studies hardly take into account the differences
in the product due to additive solutions, processing methods and donor charac-
teristics, which may have confounded the results. Another reason to investigate
the effect of storage time further, is that there are signals that fresh RBCs may be
associated with adverse outcome. Supernatant from RBCs filtered from fresh whole
blood are associated with an augmented inflammatory response, measured by IL-8
production by unstimulated monocytes in vitro [55]. A meta-analysis of clinical trials
also found that transfusion of fresh RBCs may be related to adverse effects, with an
increased mortality in patients who received fresher RBCs compared to those who
received older RBCs [61]. In this thesis, we found that the plasma from critically
ill patients who received fresh RBCs induced more ROS production by neutrophils
than the plasma of recipients who received standard issued RBCs. Therefore, it is
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possible that fresh RBCs may have a more pronounced effect on the host response
after transfusion, possibly via activation of monocytes or neutrophils, which should
be investigated further. Then. it is especially interesting to find out what factor in
these fresh products triggers the host response following transfusion.

IN CONCLUSION

In this thesis we investigated the effect of RBC transfusion on the host immune
response. We conclude that RBC transfusions in critically ill patients are asso-
ciated with an inflammatory and procoagulant host response. Activated neutro-
phils, monocytes, platelets and endothelium cells are likely to be involved in this
complex response, which seems stronger when an inflammatory status is present
in the recipient. We hypothesize that RBC-derived EVs are potent mediators of the
association between RBC transfusion and the host response. There are multiple
opportunities for further improvement of clinical practice as well as of the RBC
product, with the aim to reduce immune modulating effects of RBC transfusion.
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APPENDICES

SAMENVATTING EN DISCUSSIE

In dit proefschrift zijn de effecten onderzocht van een rode bloedcel(RBC)-transfusie
op de immuunrespons van ernstig zieke patiénten.

De specifieke onderzoeksvragen waren:

(1) Welke mediatoren in de RBC-transfusiezak hebben invloed op de immuunreactie
in de ontvanger na transfusie?

(2) Welk effect heeft een RBC-transfusie op verschillende immuuncellen in de
ontvanger?

(3) Wat is de rol van de onderliggende immuunstatus van de ontvanger op de
immuunreactie, na een RBC-transfusie?

(4) Wat is het effect van de opslagduur van de RBC-transfusiezak op de immuun-
reactie, na een RBC-transfusie?

Hoofdstuk 2 bevat een samenvatting van de bestaande literatuur over het ver-
mogen van extracellulaire vesikels (EV’s), om een immuunreactie te induceren bij
de gastheer. Deze review beschrijft dat allerlei soorten cellen in staat zijn om te
vesiculeren. Deze EV's kunnen een groot aantal pro- en anti-inflammatoire reac-
ties induceren, echter lijken de pro- inflammatoire effecten de overhand te nemen.
Daarmee veronderstelden we dat EV’s een rol kunnen spelen bij een immuunreactie
in de gastheer na een RBC-transfusie.

Hoofdstuk 3 bevat een samenvatting van de bestaande literatuur over niet-
antilichaam gemedieerde transfusie-gerelateerde acute longschade (TRALI).
Deze review concentreerde zich op de oplosbare mediatoren en de morfologische
en functionele veranderingen van de donor rode bloedcellen die ontstaan tijdens
opslag. In diermodellen kunnen mediatoren, zoals bioactieve lipiden, CD40 ligand
en EV’s TRALI induceren, wat suggereert dat deze mediatoren betrokken zijn in
het ontstaan van TRALI. Ook werd in deze modellen aangetoond dat een onderlig-
gende ontsteking in de ontvanger predisponeert tot het ontstaan van TRALI. Dit
komt overeen met het feit dat ernstig zieke patiénten een verhoogd risico hebben
om TRALI te ontwikkelen na een RBC-transfusie, omdat deze patiénten vaak een
onderliggende inflammatoire aandoening hebben [1, 2]. Wat betreft de invloed van
de opslagduur van de rode bloedcellen op het ontstaan van TRALI, lijkt het er in pre-
klinische studies op dat een langere opslagduur het risico op TRALI verhoogt. Echter
is deze bevinding in tegenspraak met klinische onderzoeken, die geen verschillen
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laten zien in het optreden van long-gerelateerde complicaties na transfusie met
verse vergeleken met langer bewaarde rode bloedcellen.

De rol van EV’s bij het ontstaan van de nadelige effecten van transfusie werd verder
onderzocht in Hoofdstuk 4. Onze hypothese was dat EV’s uit RBC-transfusie-
producten endotheelcellen kunnen activeren door activatie van immuuncellen van
de ontvanger. Incubatie van endotheelcellen met EV’s uit de transfusiezak resul-
teerde in verhoogde expressie van adhesiemoleculen in vitro, dit gebeurde alleen
in de aanwezigheid van monocyten. Deze opregulatie werd niet gevonden in de
aanwezigheid van neutrofielen. Bovendien worden EV’s uit de transfusiezak, gedeel-
telijk via complement 3, gefagocyteerd door monocyten. Verder induceerden de
EV’s uit de transfusiezak, zonder tussenkomst van immuuncellen, de endotheliale
secretie van von Willebrandfactor (vVWF). De opslagduur van de transfusieproducten
waaruit de EV’s werden geisoleerd, speelde geen rol in deze studie. Concluderend,
EV’s uit een RBC-transfusiezak kunnen opregulatie van adhesiemoleculen op de
endotheelcellen induceren. Dit kan relevant zijn, aangezien de adhesie van rode
bloedcellen of andere cellen aan de microvasculatuur een mechanisme kan zijn dat
betrokken is bij de associatie tussen RBC-transfusie en orgaanfalen [3]. Of dit een
mechanisme is van transfusie-gemedieerd orgaanfalen moet verder onderzocht
worden in klinische onderzoeken.

Naast EV’s kan ijzer een rol spelen als mediator in de immuunreactie van de ont-
vanger na transfusie. RBC-transfusie kan resulteren in ijzerbelasting, wat zowel
geassocieerd is met een verhoogde kans op nosocomiale infecties als met een ver-
hoogde kans op orgaanfalen, als gevolg van oxidatieve stress. In Hoofdstuk 5 werd
het effect van RBC-transfusie op het ijzermetabolisme onderzocht. In een pros-
pectieve cohortstudie met ernstig zieke patiénten werd gevonden dat transfusie
van één RBC-eenheid het serum ijzer tijdelijk verhoogt, maar niet de verzadiging
van transferrine, wat suggereert dat een RBC-transfusie de ijzerbeschikbaarheid
voor de erytropoése niet verhoogt. Bovendien daalde het serum ijzer vierentwintig
uur na de transfusie terug naar het niveau van voor de transfusie. RBC-transfusie
verhoogde ook de hepcidine-niveaus. Het hepcidine-niveau kan toenemen als
gevolg van een inflammatoire stimulus, maar in deze studie was de IL-6 verlaagd
na transfusie. Daarom is de toename van hepcidine waarschijnlijk het gevolg van
het verhoogde serum-ijzer na de klaring van de donor rode bloedcellen. Er werd
geen verband gevonden tussen de opslagduur van de donor rode bloedcellen en de
veranderingen in de ijzervariabelen. Alles bij elkaar genomen: de pro- inflammatoire
effecten van een RBC-transfusie bij ernstig zieke patiénten worden waarschijnlijk
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niet gemedieerd door een toename in de ijzerbelasting, omdat de toename voor-
bijgaand is en de verzadiging van transferrine niet is toegenomen. Verder zou het
kunnen dat het ijzermetabolisme niet per se gunstig wordt beinvloed door een rode
bloedceltransfusie.

Neutrofielen zijn mogelijk één van de gastheercellen die betrokken zijn bij de
immuunreactie die na een RBC-transfusie kan ontstaan. In Hoofdstuk 6 werd
het effect van een RBC-transfusie op neutrofielen onderzocht, zowel in een
endotoxinemie-model als in een cohort van ernstig zieke patiénten. Activatie
van neutrofielen ex vivo werd beoordeeld door de reactive oxygen species (ROS)-
productie en adhesie van neutrofielen van gezonde mensen te meten na incubatie
van plasma van beide cohorten. In het endotoxinemie-model, waar vrijwilligers
na LPS-toediening een autologe RBC-transfusie kregen, was het vermogen van
plasma van de vrijwilligers om adhesie van neutrofielen te induceren verhoogd na
een RBC-transfusie. Er werden geen verschillen gevonden in neutrofiel-activatie
tussen vrijwilligers die een vers (twee dagen opgeslagen) rode bloedcelproduct toe-
gediend kregen in vergelijking met vrijwilligers die een oud (vijfendertig dagen
opgeslagen) product kregen.

Bij de ernstig zieke patiénten nam de adhesie van neutrofielen ex vivo toe na
RBC-transfusie. De toename was meer uitgesproken in septische patiénten verge-
leken met niet-septische patiénten, wat de suggestie wekt dat de ontstekingsstatus
van de ontvanger een rol speelt in het induceren van neutrofiel-activatie na trans-
fusie. Bij de ernstig zieke patiénten lijkt de opslagduur van de RBC-transfusiezak
ook de neutrofielenfunctie te beinvloeden; de ROS-productie van neutrofielen nam
toe na incubatie met plasma dat verzameld is nadat een transfusie met verse rode
bloedcellen was gegeven, maar niet na een transfusie met standaard bewaarde rode
bloedcellen. Concluderend, RBC-transfusie induceert veranderingen in het plasma
van de ontvanger die geassocieerd zijn met een verhoogde adhesie van neutrofie-
len in zowel een humaan endotoxinemie-model als bij ernstig zieke patiénten met
sepsis. Daarom spelen geactiveerde neutrofielen mogelijk een rol bij het veroorzaken
van een immuunreactie bij de gastheer na een RBC-transfusie.

Het is duidelijk vastgesteld dat een RBC-transfusie effect kan hebben op de neutro-
fielen [4, 5]. Er is echter veel minder bekend over de effecten van een RBC-transfusie
op de bloedplaatjesfunctie. Omdat RBC-transfusies geassocieerd zijn met een
verhoogd risico op trombo-embolische aandoeningen, hebben we verondersteld
dat bloedplaatjes ook betrokken zijn bij de immuunreactie na transfusie. Ook in
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dit hoofdstuk onderzochten we de hypothese dat de reactie van bloedplaatjes na
transfusie gerelateerd is aan de onderliggende ontstekingsstatus van de ontvanger.
In Hoofdstuk 7 werd het effect van een RBC-transfusie op bloedplaatjesactivatie
onderzocht in ernstig zieke patiénten. Het vermogen van plasma van ernstig zieke
patiénten om aggregatie van bloedplaatjes ex vivo te induceren werd gemeten door
middel van flow cytometrie na incubatie met bloedplaatjes van gezonde mensen.
Nog voordat de transfusie gegeven werd, gaf het plasma van ernstig zieke patiénten
al meer spontane plaatjesaggregatie dan plasma van gezonde controles. Na een
RBC-transfusie nam deze spontane plaatjesaggregatie nog verder toe. Aan de andere
kant, was de door vVWF gemedieerde plaatjesaggregatie ex vivo juist verminderd na
incubatie van plasma van ernstig zieke patiénten vergeleken met gezonde controles
en nam verder af na transfusie. Dit geeft aan dat een RBC-transfusie de bloed-
plaatjesfunctie in ernstig zieke patiénten beinvloedt. Of deze bevindingen een
mogelijk onderliggend mechanisme zijn voor de transfusie geassocieerde thrombo-
embolische aandoeningen zou verder onderzocht moeten worden.

De conditie van de ontvanger heeft mogelijk invloed op het ontstaan van nadelige
effecten na een rode bloedcel transfusie, zoals ook op het risico op het ontstaan van
nosocomiale infecties. Eerdere studies hebben laten zien dat rode bloedcel trans-
fusies geassocieerd zijn met een verhoogd risico op infecties, een fenomeen dat deel
uitmaakt van een immunologisch respons na transfusie, ook wel transfusie geme-
dieerde immunomodulatie (TRIM) genoemd. Dit lijkt vooral voor te komen bij langer
opgeslagen transfusieproducten. Echter observationele studies die deze associatie
laten zien, zijn mogelijk vertekend door bias [6]. Immuuntolerantie, gedefinieerd als
een verminderde immuunreactie van afweercellen na een tweede blootstelling aan
bacteriedeeltjes, zou een mechanisme kunnen zijn dat leidt tot een verhoogd risico
op infecties na een RBC-transfusie. Daarom hebben we in Hoofdstuk 8 onderzocht
of transfusie van oude autologe rode bloedcellen (vijfendertig dagen opgeslagen) in
een endotoxinemie-model resulteert in immuuntolerantie in vergelijking met een
verse autologe rode bloedcellen (twee dagen opgeslagen) transfusie. In deze studie
had de opslagduur van de rode bloedcellen geen invloed op de cytokine-respons van
de afweercellen in volbloed in vitro na stimulatie met bacteriedeeltjes. Dit suggereert
dat er geen effect van opslagduur is op de activiteit van de afweercellen na een
transfusie met rode bloedcellen in een endotoxinemie-model.

Al



APPENDICES

DISCUSSIE

Bestaat transfusie gemedieerde immunomodulatie (TRIM) eigenlijk wel?

Resultaten van dit proefschrift suggereren dat een RBC-transfusie een impact heeft
op de immuunreactie van de ontvanger. In eerder gepubliceerde experimentele
onderzoeken zijn vele TRIM-effecten beschreven. Wij vullen deze onderzoeken aan
met klinische data. We vonden dat een RBC-transfusie geassocieerd is met een
pro- inflammatoire reactie van monocyten en neutrofielen in de ontvanger. Het is
erg lastig om causaliteit aan te tonen in een niet- gerandomiseerde setting. In onze
observationele onderzoeken zijn we niet in staat om causaliteit te bewijzen, zeker
niet in een ICU-omgeving waar vele confounders een rol kunnen spelen, waaronder
de onderliggende ziekte, de ernst van de ziekte en de invloed van behandelingen.
De resultaten van dit proefschrift onderstrepen echter het bestaan van TRIM om
de volgende redenen. Ten eerste kwamen de resultaten gevonden in een heterogeen
cohort van ernstig zieke patiénten min of meer overeen met resultaten gevonden in
het endotoxinemie-model met gezonde vrijwilligers, dat een gecontroleerd repro-
duceerbaar model is zonder confounders. Bovendien werd in het cohort met de
ernstig zieke patiénten, de meting na de transfusie altijd vergeleken met een meting
voordat de transfusie gegeven was, waardoor de resultaten zo min mogelijk werden
beinvloed door andere variabelen. Ten slotte zijn de bevindingen consistent met
eerder experimenteel werk, evenals met een andere klinische studie die aantoont
dat een RBC-transfusie geassocieerd is met een toename van de coagulatiefactoren
en een afname van pro- inflammatoire cytokines na transfusie [7].

In deze discussie worden de vier gestelde vragen uitgewerkt, met een vooruitblik
op de toekomst.

(1) Welke mediatoren in de RBC-transfusiezak hebben invloed op de

immuunreactie in de ontvanger na transfusie?

In een rat-transfusiemodel resulteert wassen van het transfusieproduct in minder
orgaanbeschadiging [8], wat suggereert dat mediatoren in het supernatant een rol
spelen. EV’s van allerlei soorten cellen zijn in staat om een reactie in de gastheer
te induceren [9]. Eerder in vitro-werk toonde aan dat EV’s uit een rode bloedcel
transfusiezak een sterk dosisafhankelijke inflammatoir response kunnen induceren
[10]. In overeenstemming met deze resultaten hebben we laten zien dat EV’s uit
een RBC-transfusiezak een verhoogde expressie van adhesie moleculen kunnen
induceren op endotheelcellen en procoagulant kunnen zijn door secretie van viWF.
Dit kan leiden tot het plakken van zowel lichaamseigen circulerende cellen als ook
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van donor rode bloedcellen aan het bloedvat na een transfusie, waardoor de micro-
circulatie verstoord kan raken, met orgaanschade als gevolg. Daardoor denken wij
dat EV’s uit een rode bloedcel transfusiezak betrokken zijn bij een immuunreactie
in de ontvanger na transfusie. Hoewel het nog aangetoond moet worden in een
klinische omgeving, heeft een dierstudie aangetoond dat donor rode bloedcellen
inderdaad hechten aan het endotheel van de microcirculatie [11].

Verhoogde ijzerniveaus na een RBC-transfusie zijn in experimentele onderzoeken
in verband gebracht met pro-inflammatoire effecten [12, 13]. Of ijzer betrokken is
in de immuunreactie van de ontvanger is niet duidelijk in onze studies. In onze
studie met ernstig zieke patiénten resulteerde een RBC-transfusie in een tijdelijke
verhoging van het ijzer. Dit komt overeen met eerder gepubliceerde studies met
gezonde vrijwilligers [14, 15]. Ook leidde een RBC-transfusie niet tot een verhoging
van IL-6. Daarom verwachten we dat ijzer geen belangrijke rol speelt tijdens de
immuunreactie van de ontvanger na transfusie.

(2) Welk effect heeft een RBC-transfusie op verschillende immuuncellen
in de ontvanger?

Van verschillende type immuuncellen wordt verondersteld dat ze betrokken zijn
bij de reactie in de ontvanger na een transfusie. EV’s uit een RBC-transfusiezak
bleken in vitro interactie te hebben met monocyten. Na incubatie van EV’s scheiden
monocyten pro- inflammatoire cytokines en chemokines uit [16]. Dit komt overeen
met onze data, die laten zien dat EV’s uit een transfusiezak door monocyten gefago-
cyteerd worden en daarnaast een opregulatie van adhesiemoleculen op endotheel-
cellen kunnen induceren, alleen in de aanwezigheid van monocyten.

Naast op de monocytenfunctie hebben we ook aangetoond dat een rode bloedcel
transfusie invloed kan hebben op de functie van neutrofielen. Dit komt overeen
met TRALI, waar neutrofielen de interactie aan gaan met het endotheel, waar-
door endotheelschade in de longen wordt veroorzaakt [5]. Dus zowel de status van
monocyten als neutrofielen kan veranderen door een RBC-transfusie. Het is niet
helemaal duidelijk hoe deze resultaten zich vertalen naar de kliniek. Het kan ver-
ondersteld worden dat immuuncellen geactiveerd worden door een RBC-transfusie
en vervolgens kunnen zorgen voor endotheelschade met orgaanschade als gevolg.
Dit zou verder onderzocht moeten worden. Daarnaast is het belangrijk om erachter
te komen welke factoren in het transfusieproduct de activering van immuuncellen
bewerkstelligen.
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Naast op de immuuncellen, kan een RBC-transfusie ook invloed hebben op de bloed-
plaatjesfunctie. Bloedplaatjes kunnen, na activatie, aggregeren en interactie hebben
met neutrofielen [17]. De bloedplaatjes- neutrofiel interactie is geassocieerd met
een verhoogde vasculaire permeabiliteit en het ontstaan van orgaanfalen, in het
bijzonder van de longen [18]. Daar aan toegevoegd, observationele studies laten een
associatie zien tussen plaatjesremmers en verminderd orgaanfalen en mortaliteit in
ernstig zieke patiénten [19, 20]. Naast de interactie met neutrofielen, kunnen geac-
tiveerde bloedplaatjes ook aggregeren en bijdragen aan microthrombi. Dit proef-
schrift beschrijft een verhoogde spontane aggregatie van bloedplaatjes ex vivo na
een RBC-transfusie bij ernstig zieke patiénten. Ook bij gezonde vrijwilligers [21] en
in patiénten met acuut coronair syndroom [22] wordt een veranderde functie van de
bloedplaatjes gevonden na een RBC-transfusie. Daarom kan gespeculeerd worden
dat een RBC-transfusie de activatie en aggregatie van bloedplaatjes versterkt, wat
kan leiden tot de vorming van microthrombi. Deze microthrombi vorming kan
zorgen voor endotheelschade en stolling in de microcirculatie, wat kan leiden tot
orgaanfalen. Of dit het geval is moet worden onderzocht. Ook moeten toekomstige
studies zich richten op welke factoren in de RBC-transfusiezak deze afwijking in de
bloedplaatjes functie veroorzaken.

(3) Wat is de rol van de onderliggende immuunstatus van de ontvanger
op de immuunreactie na RBC-transfusie?

De onderliggende inflammatoire status speelt een rol bij de immunologische effec-
ten van een RBC-transfusie. Plasma van septisch patiénten verhoogde de adhesie
van neutrofielen meer na een RBC-transfusie dan het plasma van niet-septische
patiénten. Met betrekking tot het effect van een RBC-transfusie op de bloedplaat-
jes waren er geen verschillen tussen septische en niet-septische patiénten. Plasma
van ernstig zieke patiénten induceerde echter, nog voor de transfusie was gegeven,
meer aggregatie ex vivo van bloedplaatjes dan plasma van gezonde controles. Na
de RBC-transfusie nam de plaatjesaggregatie ex vivo zelfs nog verder toe in ernstig
zieke patiénten. We nemen aan dat ernstig zieke patiénten mogelijk een verhoogd
risico hebben op een immuunreactie na transfusie, vanwege een reeds geactiveerde
immuunstatus. Dit komt overeen met het feit dat ernstig zieke patiénten een ver-
hoogd risico hebben op het krijgen van TRALI [2].

(4) Wat is het effect van de opslagduur van de RBC-transfusiezak op de

immuunreactie na transfusie?

In het endotoxinemie-model werd geen effect van opslagtijd gevonden op de ont-
stekings- en stollingsmarkers. In dit gestandaardiseerde model werden autologe
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RBC-producten gebruikt, wat niet in lijn is met de algemene praktijk. Echter con-
founders zijn uitgesloten in dit model, waardoor het mogelijk was om het effect van
de maximale opslagtijd van de rode bloedcellen op inflammatie te onderzoeken. Er
zou geconcludeerd kunnen worden dat autologe mediatoren die zich in het product
ophopen tijdens de opslag geen verhoogde inflammatie induceren. Echter het zou
kunnen dat een meer uitgesproken onderliggende ontsteking noodzakelijk is om
een effect te kunnen vinden van de opslagduur, omdat de door LPS-geinduceerde
endotoxinemie niet hetzelfde is als sepsis.

In het onderzoek met ernstig zieke patiénten hadden we de opmerkelijke bevinding
dat na transfusie van verse bloedproducten de ROS-productie van neutrofielen was
toegenomen, in vergelijking met de transfusie van langer bewaard bloed. Verschil-
lende gerandomiseerde onderzoeken hebben echter aangetoond dat er geen verschil
in uitkomst is na gebruik van verse rode bloedcellen in vergelijking met standaard
bewaarde rode bloedcellen [23-25]. Of transfusie van verse rode bloedcellen gerela-
teerd is aan een nadelige uitkomst, zoals een meer uitgesproken immuunrespons,
ten opzichte van langer opgeslagen rode bloedcellen, is een hypothese die niet vaak
is verondersteld. De opslagduur van rode bloedcellen had geen effect in deelstudies
van de grotere studies met ernstig zieke patiénten, die specifiek keken naar de
ontsteking- en coagulatieparameters na transfusie [7, 26, 27]. Echter hadden deze
studies meestal een andere primaire uitkomst dan de immuunreactie na transfusie
en zouden dan ook underpowered kunnen zijn.

IMPLICATIES EN TOEKOMSTPERSPECTIEVEN

1. Optimaliseer de praktijk

Transfusiepraktijk. Het is belangrijk dat artsen zich realiseren dat een RBC-trans-
fusie gepaard kan gaan met een overdreven immuunreactie, met nadelige effecten
in de ontvanger als gevolg. Eerdere studies hebben aangetoond dat een liberaal
transfusiebeleid in ernstig zieke patiénten kan resulteren in meer morbiditeit en
mortaliteit in vergelijking met een restrictief transfusiebeleid [28, 29]. De bevinding
dat een RBC-transfusie ook schadelijk kan zijn, heeft geresulteerd in wijzigingen
van het transfusiebeleid op de intensive care. Een restrictieve transfusietrigger
bij een hemoglobinelevel van 7 g/dl (gelijk aan 4.3 mmol/l) wordt in de klinische
praktijk op grote schaal toegepast. Hoewel een beslissing om een transfusie te geven
niet alleen gebaseerd moet zijn op het hemoglobinegehalte, maar ook op de klini-
sche conditie van de ontvanger, geven sommige artsen nog steeds transfusies bij
een hemoglobinelevel van 10 g/ dl en is er nog steeds veel variatie tussen zowel
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individuele artsen [30, 31] als verschillende instituten [32]. Het vergroten van het
bewustzijn van artsen over de nadelige effecten van een RBC-transfusie kan resul-
teren in minder onnodige transfusies. Dit kan leiden tot lagere kosten en minder
nadelige effecten voor de patiénten. Wel is het belangrijk om ook bewust te zijn van
het feit dat niet alle patiénten baat hebben bij een restrictief beleid. Bij patiénten
met hart- en vaatziekten [33] en oncologische patiénten werd vastgesteld dat een
restrictief transfusiebeleid geassocieerd is met een hogere mortaliteit [34, 35] of
een verhoogd risico op een acuut coronair syndroom [33].

Specificeer patiéntenpopulaties die risico lopen. Ernstig zieke patiénten kunnen een
verhoogd risico hebben op de nadelige effecten van een RBC-transfusie. Het is nog
niet vastgesteld of binnen deze heterogene groep sommige patiénten meer risico
lopen dan anderen. In dit proefschrift was de toename van de adhesie van de neutro-
fielen ex vivo meer aanwezig in septische patiénten dan in niet-septische patiénten.
Hoewel we geen verschil vonden in het effect van transfusie op de bloedplaatjes-
activiteit tussen septische en niet-septische patiénten, kan het niet worden uitgeslo-
ten vanwege mogelijke underpowering. Patiénten met een onderliggende ontsteking
zijn mogelijk gevoeliger voor de nadelige effecten van een RBC-transfusie, wat de
verhouding tussen de risico’s en de voordelen van een RBC-transfusie veranderd.
In het verlengde hiervan: sepsis kan rode cel dysfunctie induceren, waardoor de
zuurstofafgifte aan de weefsels wordt bemoeilijkt [36]. Daarom kunnen we veronder-
stellen dat septische patiénten meer baat kunnen hebben bij een restrictief beleid.
Het zou interessant zijn om te onderzoeken welke populaties meer risico lopen op
een immuunreactie na een RBC-transfusie, omdat de immuunreactie gerelateerd
kan zijn aan orgaanfalen. Aangezien multi-orgaanfalen een ernstige en veel voor-
komende complicatie is bij ernstig zieke patiénten [37], is het belangrijk om meer
inzicht te krijgen in hoe bepaalde patiénten beschermd kunnen worden tegen de
nadelige effecten van transfusie. Mogelijk kan, in het geval van een onderliggende
ontsteking, het transfusiebeleid worden aangepast door de transfusietrigger te ver-
lagen of een ontstekingsremmend medicijn te geven. Dat zou echter ook gepaard
kunnen gaan met bijwerkingen, dus dat zou verder onderzocht moeten worden.

2. Optimaliseer het RBC-product

Wassen van het product. Oplosbare mediatoren in het supernatant, zoals EV’s van het
rode bloedcelproduct, lijken betrokken te zijn bij een immuunreactie in de ontvan-
ger. Daarom zou het nuttig kunnen zijn om deze mediatoren te verwijderen door het
product te wassen voordat de transfusie gegeven wordt. In vitro is aangetoond dat na
het wassen van het product het aantal EV’s afneemt in vergelijking met producten
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die niet gewassen zijn [38, 39]. Echter nam de hoeveelheid vrij hemoglobine in het
supernatant van het product toe [38, 40], wat suggereert dat het wassen mogelijk
gepaard gaat met hemolyse van de rode bloedcellen [39]. De mogelijke schade aan
de rode bloedcellen is afhankelijk van het apparaat dat gebruikt wordt om de cellen
te wassen [39]. De veranderingen in EV’s en vrij hemoglobine die in vitro werden
gevonden, werden echter niet terug gezien in het plasma van de ontvanger na trans-
fusie [38], dus de vraag is of deze veranderingen klinisch relevant zijn. Een andere
in vitro studie toonde aan dat het wassen van de rode bloedcellen het vermogen om
neutrofielen te primen deed verminderen [41]. In diermodellen is al aangetoond dat
het wassen van het RBC-product de ontsteking en orgaanschade na een transfusie
vermindert [42, 43]. Klinische studies die kijken naar het effect van het wassen
van de rode bloedcellen worden meestal gedaan in patiénten die een hartoperatie
ondergaan, waarschijnlijk omdat de apparaten waar de cellen mee gewassen worden,
al in gebruik zijn tijdens de operatie voor autologe rode bloedcellen [44]. In een
gerandomiseerde studie met kinderen die een hartoperatie ondergingen resulteerde
het wassen van de rode bloedcellen in een vermindering van de ontsteking en was
er een niet-significante trend in afname van mortaliteit [45].

Daarentegen werd in een Conchrane review geen verschil gevonden in de opname-
duur, mechanische beademing en mortaliteit tussen prematuren die gewassen rode
bloedcellen ontvingen in vergelijking met ongewassen rode bloedcellen [45]. Het
bewijsniveau van deze Cochrane review was echter laag, omdat deze beoordeling
gebaseerd is op één studie van een beperkte omvang. In een gerandomiseerde studie
met volwassen patiénten die hartchirurgie ondergingen, zorgde transfusie met
gewassen rode bloedcellen voor een lagere mortaliteit vergeleken met patiénten
die ongewassen rode bloedcellen kregen [46]. Echter in het plasma van volwassen
hartchirurgie patiénten werden geen verschillen gevonden in de activatie van bloed-
plaatjes, leukocyten of endotheelcellen, in parameters van het ijzermetabolisme
of in oxidatieve stress tussen ontvangers die gewassen rode bloedcellen kregen en
ontvangers die ongewassen rode bloedcellen ontvingen [38]. Momenteel lopen er
meerdere studies in verschillende patiéntenpopulaties die kijken naar het effect
van gewassen rode bloedcellen op uitkomst na transfusie. Deze studies zullen
meer informatie geven over de klinische relevantie van wassen [47]. Ook al lijkt
het wassen van rode cellen gunstig te zijn voor de patiént en zijn er geen klinische
nadelige effecten op dit moment bekend, is het ook tijdrovend en duur. Aanvul-
lend onderzoek in ernstig zieke patiénten is nodig voordat er aanpassingen kunnen
volgen in de praktijk. In de toekomst zou meer aandacht moeten worden besteed
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aan de relatie tussen de immuunreactie in de ontvanger na transfusie en de opslag
en verwerking van rode bloedcellen.

Het is belangrijk om te realiseren dat, naast het wel of niet wassen van het rode
bloedcel product, transfusiestudies door verschillen in bewaarvloeistoffen en ver-
werkingsmethodes van het rode bloedcelproduct wereldwijd beinvloed kunnen
worden. Dit maakt vergelijken lastig.

Bewaarvloeistoffen. Bewaarvloeistoffen hebben invloed op de functie en overleving
(bijvoorbeeld de hemolyse, de secretie van EV’s en de adhesie aan het endotheel)
van opgeslagen rode bloedcellen [48-51]. In een transfusiezak waar rode bloedcellen
zijn opgeslagen in PAGGSM en Erythrosol-4 is het aantal EV’s lager dan in een zak
met bewaarvloeistof SAG-M, wat de standaard bewaarvloeistof is in Europa [49, 50].
Ook vergeleken met AS-1, de standaard bewaarvloeistof in de Verenigde Staten,
zijn rode bloedcellen die opgeslagen waren in SAG-M meer adherent en scheiden
meer EV’s uit in vitro [48, 51]. Echter zijn er naast de bewaarvloeistoffen ook andere
verschillen in de bereiding van het transfusieproduct tussen de VS en Europa [52],
waardoor deze studie moeilijk vertaalbaar is. Dat maakt de resultaten van deze
studie moeilijk te generaliseren. En nog belangrijker, of dit ook klinische gevolgen
heeft zou verder onderzocht moeten worden.

Verwerkingmethodes. De kwaliteit van het transfusieproduct hangt af van de ver-
werkingsmethoden, omdat de verwerkingsmethoden kunnen zorgen voor veran-
deringen van het membraan van de rode bloedcellen. In een transfusiezak is het
aantal EV’s hoger na volbloed-filtratie [52] vergeleken met na buffy coat-filtratie [53].
Ook is het aantal EV’s en DNA hoger in een RBC-product waar de leukocyten niet
uit gefilterd zijn, vergeleken met een product na leukocytenfiltratie [54]. Naast de
hoeveelheid EV’s, kan de verwerkingsmethode ook invloed hebben op de karakte-
ristieken van de EV’s [54, 55]. De verwerkingsmethode kan ook invloed hebben op
het aantal resterende leukocyten na leukoreductie. Dit kan leiden tot ophoping van
pro- inflammatoire cytokines. Wanneer de rode bloedcellen binnen acht uur worden
verwerkt, leidt dit tot minder resterende leukocyten dan wanneer het product na
vierentwintig uur wordt verwerkt [52]. Ook het supernatant van volbloed-gefilterde
rode bloedcellen heeft een pro- inflammatoir effect op monocyten in vitro. Dit effect
werd niet gezien na incubatie met het supernatant van RBC-gefilterde rode bloed-
cellen [55]. Mogelijk is dit klinisch van betekenis, want in een retrospectief cohort-
studie met ziekenhuispatiénten die een RBC-transfusie kregen was een transfusie
met verse volbloed-gefilterde rode bloedcellen geassocieerd met mortaliteit, dit
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effect werd niet gevonden na transfusie van RBC-gefilterde eenheden [56]. Het zou
verder onderzocht moeten worden of de verwerkingsmethoden ook een potentieel
effect hebben op de uitkomst na transfusie bij ernstig zieke patiénten.

Donorkarakteristieken. Ook zou er meer aandacht besteed moeten worden aan
donor-specifieke factoren, zoals geslacht, leefstijl en leeftijd, die mogelijk invioed
hebben op de kwaliteit van opgeslagen rode bloedcellen [57, 58]. In een retrospec-
tieve observationele studie werd transfusie van rode bloedcellen van jongeren en
vrouwelijke donoren of producten met antigenen geassocieerd met een verhoging in
mortaliteit [59, 60]. Wij denken dat het belangrijk is om die donorkarakteristieken te
identificeren, die de kwaliteit van opgeslagen RBC-producten beinvloeden. Daarmee
kan vervolgens rekening gehouden worden bij het selecteren van de donoren.

Opslagduur. In de transfusiegeneeskunde zijn er vele onderzoeken gedaan naar
de vraag of de opslagduur van de RBC-producten gerelateerd is aan een slechte
uitkomst. De resultaten van deze onderzoeken zijn niet eenduidig, maar de grote
gerandomiseerde onderzoeken laten geen verschillen zien in uitkomst met betrek-
king tot opslagduur [23-25]. Echter worden in deze studies verse rode bloedcel-
len (korter dan acht dagen opgeslagen) vergeleken met standaard uitgegeven rode
bloedcellen (mediaan van eenentwintig dagen) en dus niet de maximale bewaartijd.
Ook houden deze studies weinig rekening met de verschillen in het product als
gevolg van het gebruik van verschillende bewaarvloeistoffen, verwerkingsmetho-
des en donorkarakteristieken, die mogelijk de resultaten hebben beinvloed. Een
andere reden om het effect van opslagduur nog verder te onderzoeken, is dat er
aanwijzingen zijn dat transfusie van verse rode bloedcellen geassocieerd kunnen
zijn met een nadelige uitkomst. Supernatant van verse volbloed-gefilterde rode
bloedcellen is geassocieerd met een verhoogde ontstekingsreactie, gemeten door
de IL-8 productie van niet gestimuleerde monocyten in vitro [55]. Een meta-ana-
lyse van klinische studies laat zien dat een transfusie met verse rode bloedcellen
gerelateerd kan zijn een verhoogde kans op mortaliteit in vergelijking met pati-
enten die een transfusie kregen met langer bewaarde rode bloedcellen [61]. In dit
proefschrift hebben we gevonden dat plasma van ernstig zieke patiénten die verse
rode bloedcellen kregen een hogere neutrofiel ROS-productie induceerde vergeleken
met patiénten die standaard uitgegeven rode bloedcellen kregen. Dit suggereert
dat een transfusie van verse rode bloedcellen een meer uitgesproken effect heeft
op de immuunreactie van de ontvanger. Mogelijk via activering van monocyten
of neutrofielen. Dit moet verder onderzocht worden. Dan is het vooral interessant
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om uit te zoeken welke factor in deze verse RBC-producten een rol speelt bij de
immuunreactie.

CONCLUSIE

In dit proefschrift hebben we het effect van een RBC-transfusie op de immuun-
reactie van de ontvanger onderzocht. We concluderen dat RBC-transfusies bij
ernstig zieke patiénten geassocieerd zijn met een inflammatoir en een procoa-
gulante immuunreactie bij de ontvanger. Geactiveerde neutrofielen, monocyten,
bloedplaatjes en endotheelcellen zijn betrokken bij deze complexe reactie, die meer
uitgesproken is wanneer er reeds een ontstekingsreactie in de ontvanger aanwezig is
ten tijde van de transfusie. We veronderstellen dat EV’s uit een RBC-product krach-
tige mediatoren zijn in de associatie tussen RBC-transfusies en een immuunreactie
bij de ontvanger. Er zijn meerdere mogelijkheden voor verdere verbetering van de
klinische praktijk en van het RBC-product, met als doel de immuunmodulerende
effecten van een RBC-transfusie te verminderen.
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