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General introduction and scope of the thesis
Anno Saris1
Sanquin Research, Dept. Immunopathology, Amsterdam, the Netherlands, and Landsteiner Laboratory, Academic Medical Centre, University of Amsterdam, Amsterdam, the Netherlands.
1

1. PLATELETS
After red blood cells, platelets are the most
abundant cells in the circulation.1 Platelets
are small anucleated cells that originate
from megakaryocytes.2 In the bone marrow,
hematopoietic stem cells differentiate into
megakaryocytes under influence of growth
factors, of which thrombopoietin is most
important. Via a mechanism known as endomitosis, the megakaryocytes expand their
cytoplasm and nuclear material until they
reach a size of about 100-150µm. This allows
them to produce vast amounts of proteins
that are stored in intracellular granules.3,4
After extensive maturation, megakaryocytes
migrate to bone marrow sinusoids where
they form membrane prolongations, known
as proplatelets.5 These elongations bud off
and give rise to circulating platelets, up to
thousands per megakaryocyte.5 The newly
produced platelets have an average lifespan
of 6-10 days and contain all the machinery
that they require to fulfill their functions.6,7
The production of new platelets is regulated
by desialylation of circulating platelets. Platelets express a number of molecules that are
heavily glycosylated.8 As platelets age, terminal sialic acid residues on these glycosylated
molecules are lost. Platelet desialylation can
be accelerated by external factors such as
bacterial infections due to pathogen-derived
neuraminidase.9 Platelets that express fully
desialylated molecules are cleared after recognition by the Ashwell-Morell receptor on
hepatocytes.8 This process in turn stimulates
production and secretion of thrombopoietin
by hepatocytes, which boosts the production
of new platelets to maintain a more or less
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constant level of circulating platelets.8
Platelets are best known for their role in primary hemostasis. Due to their limited size
and the positioning of the red blood cells
in the center of flowing blood due to shear
forces and cell crowding, platelets are constantly propelled to the outer edges of the
blood stream.10 Because of this, they are in
close proximity to the vessel wall where they
continuously scan for damage in a rolling interaction using adhesion molecules, known
as glycoproteins (GPs). As a result, platelets
quickly sense vascular damage where they
adhere via binding of the GP-Ib/V/IX complex or GP-VI and GPIa respectively to exposed von Willebrand factor or collagen in
the vascular wall.11 The initial adherence will
activate the platelet, leading to strong adhesion and initial hemostatic plug formation,
a process known as primary hemostasis.12,13
In addition, to aid further hemostasis and to
initiate wound repair, activated platelets will
also release their granular content. Platelets
contain three different granules: alpha granules, dense granules and lysosomes (Table 1).
Alpha granules contain a diverse array of proteins to facilitate effector mechanisms upon
secretion, including enhancing further hemostasis, initiating wound repair, and attracting immune cells.14–16 Each platelet contains
50-80 alpha granules, comprising about 10%
of the platelet volume.16 Dense granules contain molecules that further enhance primary
hemostasis, such as ADP and thromboxane
A2. Platelet granule release also stimulates
secondary hemostasis.12,17 Secondary hemostasis is a cascade of coagulation factors
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Table 1 I Platelet granules: func�onality and contents.15,18,19
Type
Diameter
Amount per
platelet
Func�onality

Alpha granules
200-500 nm

Dense granules
150 nm

Lysosomes
200-250 nm

50 – 80

3–8

?

Coagula�on, wound repair,
angiogenesis, inﬂamma�on

Contents

P-selec�n (CD62P)
Platelet factor 4 (PF4)
Platelet-derived growth factor (PDGF)
Transforming growth factor–β (TGF-β)
Interleukin-8 (IL-8)
Vascular endothelial growth factor
(VEGF)
Rantes (CCL5)
β-thromboglobulin (CXCL7)
Von Willebrand factor (VWF)
Many others (see 15)

Platelet ac�va�on
(paracrine and
autocrine)
Ca�ons (e.g. Ca2+,
Nucleo�des (ADP, ATP)
Poly- and
pyrophosphatates

Fibrinolysis, Extracellular
matrix degrada�on,
vasculature remodelling,
Acid hydrolases

that consecutively activate each other, leading to activate thrombin, which cleaves fibrinogen into active fibrin. The end product
of secondary hemostasis, cross-linked fibrin
strands, will bind to platelets’ GPIIb/IIIa that
has undergone a conformational change after platelet activation to facilitate binding of
fibrin. All the above processes lead to a stable
and strong blood clot to stop vascular leakage.12,13
2. PLATELET TRANSFUSIONS
2.1. Therapeutic vs prophylactic platelet transfusions: Platelet related bleeding can be
caused by congenital or acquired platelet
dysfunction or by low platelet numbers in
thrombocytopenia. In hemato-oncologic
patients, thrombocytopenia can be due to
disease and/or treatment related interference with platelet production. However,
also hereditary platelet production diseases, immune destruction, loss or dilution by
trauma and ensuing resuscitation protocols,
or increased clearance by hypersplenism
can lead to severe thrombocytopenia and
a need for platelet transfusions. Each year
over 2.9 million platelet transfusions are administered in Europe and over 1.5 million
in the USA.18 Most platelet transfusions are

given to hemato-oncological and surgery patients.18 Platelet transfusions can be administered therapeutically to stop active bleeding,
or prophylactically to prevent bleeding in
thrombocytopenic patients. The latter being the most frequent indication for platelet
transfusions.18,19 In most countries prophylactic transfusions are only started when
platelet counts drop below 10*109/L (normal
range: 150-450*109/L).18,19 However, in case of
elective surgery, fever or continuous need for
antithrombotic medication, the threshold is
often increased to 30 or 50*109/L.18,19 Remarkably, platelet prophylaxis only reduces the
bleeding risk in thrombocytopenic patients
by 2-19% compared to a therapeutic transfusion strategy,20,21 while still 43% of patients
have a bleeding with WHO grade≥2 despite
prophylactic transfusions.20 Consequently,
there is much debate on how to increase the
efficacy of prophylactic transfusions.
2.2. Clinical effectiveness: The clinical effectiveness of platelet transfusions in general is
determined by the number and functionality
of platelets administered, but evidently also
how long these platelets remain functional in
circulation after transfusion. While the effectiveness of therapeutic platelet transfusions
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is evaluated by the capacity to stop bleeding,
the effectiveness of prophylactic transfusions
is most frequently assessed by the increase in
circulating platelets, known as count increment (CI). To improve comparability, CIs can
be corrected for the platelet dose administered and blood volume of the patient, resulting in a corrected count increment (CCI).22
When a transfusion fails to increase the
(C)CIs sufficiently in a patient, the transfusion
is considered ineffective. This can be due to a
variety of reasons roughly divided in immune
and non-immune causes: antibodies that target donor platelets, sepsis, fever, splenomegaly, medication, bleeding, gender, diagnosis,
ABO incompatibility, prolonged platelet storage, pathogen inactivation or γ-irradiation
of platelet concentrates.23–28 If a patient had
multiple subsequent ineffective transfusions,
the patient is considered refractory for platelet transfusions. Since treatment is hampered
in these patients, refractoriness is associated
with significantly increased costs, increased
number of transfusion, prolonged hospitalization, increased bleeding and reduced
survival.29–31 This thesis will predominantly
elaborate on refractoriness mediated by alloantibodies.
2.3. Adverse reactions of platelet transfusions:
Although platelet transfusions are generally considered safe, they can transmit bloodborne pathogens, particularly bacterial, and
infect the recipient, known as transfusiontransmitted infections (TTI).18 In addition,
platelet transfusions can cause transfusionsrelated acute lung injury, febrile transfusion
reactions, allergic reactions, transfusion
related graft-versus-host disease and less
described general modulation of the recipient’s immune system, the latter known as
transfusion related immune modulation.18
Postulated mechanisms for the latter will be
discussed in more detail in paragraph 5 of
this chapter.
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3. PLATELET CONCENTRATES
3.1. Isolation and storage of platelets: Platelets
can be isolated by platelet apheresis or from
whole blood donations using two methods:
the platelet-rich plasma or the buffy coat
method.18 In order to have a sufficient platelet dose in platelet concentrates derived from
whole blood donations, platelets isolated
from four or five donations are pooled in one
platelet concentrate.18 Awaiting transfusions
and to best preserve their function, platelet
concentrates are stored at room temperature
with gentle agitation. This storage of platelets is limited not only due to the limited
platelets natural life span of 6-10 days,6,7 but
also because of unavoidable deterioration of
platelet quality upon storage (see paragraph
3.3).32,33 Another reason for the limited shelf
life of platelet concentrates is the risk of bacterial outgrowth. Therefore, new production
methods, like pathogen inactivation (see
paragraph 3.2), should always be tested for
their effects on (storage of ) platelets and
thereby their shelf life. Most countries have
a shelf life of platelet concentrates between
5 to 7 days.18
3.2. Pathogen inactivation: Because platelet
concentrates are stored at room temperature, they are prone to outgrowth of bacterial contamination. Although the risk has
significantly reduced after implementing
that the skin patch from the phlebotomy is
removed from the actual product by a diversion pouch, a risk remains.34,35 In addition,
as all blood products, platelet products can
have been contaminated in the donor with
pathogens which are not tested for with the
present screening tests or that are still undetectable in the so called ‘window phase’
of infection.36 To further prevent these so
called transfusion transmitted infections
(TTI), pathogen inactivation techniques are
now available for platelet and plasma products. For platelet concentrates, pathogen
inactivation can be performed by the Mira-
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3.3. Platelet storage lesion: Platelets that are
stored at room temperature develop the so
called platelet storage lesion (PSL), causing
loss of platelet quality over storage time.32,33
Irrespective of the method used, isolation of
platelets from whole blood, subjects them to
mechanical stresses such as centrifugation
and shear, which are held as the main determinants for the first insult of the PSL.32 Subsequent storage of platelets further enhances
the PSL,32 which can be described by numerous changes that frequently occur in parallel.
These changes include increased (volume
and density) heterogeneity, release of cytosolic proteins, shape changes, degranulation causing upregulation of membrane ex-

pressed CD62P, loss of mitochondrial activity,
production of lactate, induction of apoptosis
causing exposure of phosphatidylserine (PS),
spontaneous aggregation and/or reduced responsiveness towards different agonists.32,33,44
A large variety of laboratory tests can be used
to monitor storage-mediated biochemical
and functional changes of platelets. Platelet
functionality in this respect can be measured
by e.g. light transmission aggregometry,
thrombo-elastography and flowcytometry,
which assess aggregate formation, adhesion
or platelet activation, respectively, after exposure to different stimuli.58 Although these
techniques provide information on a wide
range of changes that occur during storage,
insight in their correlation with clinical outcome is limited or unknown.
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sol, Intercept and Theraflex methods.37,38 Although there are some subtle differences
between the techniques in e.g. the type of
photochemical compound used, they all require UV light to induce nucleic acid damage.
As a result, pathogens are unable to replicate
after treatment and are therefore not infectious anymore; this greatly reduces the risk
for TTI.37 Besides inactivating pathogens, the
UV illumination also affects the DNA in WBCs
that contaminate platelet concentrates. Because WBCs treated with pathogen inactivation techniques are unable to proliferate,
they cannot cause transfusion-associated
graft-versus-host disease anymore. Furthermore, the general immunogenicity of white
blood cells is reported to be reduced by the
pathogen inactivation.39–43 In contrast to
these potential benefits, the pathogen inactivation procedure enhances platelet metabolism resulting in their activation and apoptosis in steady state and most importantly a
reduced capacity to respond to stimuli such
as CRP or ADP in vitro.44–51 Whatever the in
vivo relevance, pathogen reduced platelets
have diminished in vivo recovery and survival
and their (C)CI after transfusion is reduced
by about one-third compared to untreated
platelets.49,52–57

3.4. Survival of transfused platelets: After storage, a significant proportion of transfused
platelets are immediately cleared from circulation. In fact, compared to transfusion with
fresh platelets, the immediate recovery of
5-days stored platelets is reduced by 10%20% and even by 15-35% after 7 days of storage.33,59–62 Although multiple mechanisms
have been suggested that could mediate
the rapid clearance of stored platelets, their
interdependence and relative importance remains to be elucidated. Stored platelets e.g.
can suffer a loss of mitochondrial membrane
potential,9,63,64 which associates with rapid
clearance after transfusion.9,65 Furthermore,
platelets cluster and shed their GPIb upon
prolonged or cold storage.66,67 This in turn
causes exposure of N-acetylglucosamine
(GlcNAc) that is recognized by the integrin
receptor αMβ2 expressed on macrophages
and in turn induces rapid platelet clearance.65,68–70 Finally, platelets become activated, as measured by expression of CD62P,71–74
which induces their binding to predominantly neutrophils and accelerates clearance.9,75
Interestingly, while implicated in the in vivo
physiological clearance of aged platelets, de-

11

Chapter 1

sialylation does not occur during storage of
platelets.73
4. ALLOIMMUNIZATION AND PLATELET
TRANSFUSION
4.1. Immune responses
4.1.1. Innate immune responses: Humans are
protected from invading pathogens by the
innate and adaptive immune system. The
first line of host defense, the innate immune
system, recognizes evolutionary conserved
pathogenic motifs using a variety of mechanisms, including pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs).
Upon recognition of pathogen-associated
molecular pattern (PAMPs) or other ‘danger’
signals such as danger-associated molecular patterns (DAMPs), cells from the innate
immune system (e.g. macrophages, granulocytes, dendritic cells or NK cells) become
activated and ensue to clear the infection by
multiple effector mechanisms, including activation of the complement cascade, phagocytosis and release of cytotoxic compounds.
The concomitant release of cytokines together with presentation of pathogenic epitopes
on HLA molecules additionally mobilizes and/
or recruits other cells, including cells from the
adaptive immune system. The latter is of importance because innate immune responses,
despite being fast (occurring within hours
after infection), are not very specific. As a result, the innate immune system is less able
to eliminate certain infections by itself and
generates more extensive tissue damage
than when adaptive immunity is induced and
helping the innate cells.
4.1.2. Adaptive immune responses: The adaptive immune system, which is responsible for
alloimmunization, is slow to initiate but contains cells specific for a vast number of antigens due to random rearrangement in genes
expressing B- or T-cell receptors, by a process
known as VDJ-recombination. Adaptive immune responses are highly specific and ef-
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fective, but they need to be tightly controlled
by e.g. negative selection to prevent autoimmunity caused by immune responses against
the host (via cells recognizing self-antigens).
Whereas B cells recognize antigen directly
in native structures, T cells can only be activated by antigenic peptides generated and
presented by specialized cells from the innate
immune system, so called antigen presenting
cells (APCs).76,77 APCs continuously scan the
environment by internalizing antigens, which
will be cleaved in small peptides and presented on the membrane in specialized molecules,
known as human leukocyte antigens (HLA).
HLA molecules, across species also known as
major histocompatibility antigens (MHC), are
very important to determine if the host is infected by a pathogen because T cells can recognize pathogenic proteins only if they are
presented as peptides in HLA molecules.76,77
All nucleated cells and platelets express HLA
class I molecules, while HLA class II molecules
are only expressed by the mentioned APCs.
All proteins that are produced within a cell are
eventually processed into peptides, which are
being presented on the cell surface by HLA
class I molecules.76,77 If a cell is infected by a
DNA-integrating pathogen, it will produce
pathogen-derived proteins, which will be
presented in HLA class I molecules. HLA class
II on the other hand, presents peptides derived from extracellular pathogens/proteins
that have been internalized by APCs.76,77 CD8
T cells recognize peptides in the context of
HLA class I, whereas CD4 T cells recognize HLA
class II/peptide complexes.76,77 When T cells
recognize a peptide-HLA complex, an immunological synapse is formed. The synapse
facilitates T cell activation and proliferation
after co-stimulation of naïve T cells via CD28
on their membrane by CD80/CD86, known
as signal 2 that is only efficiently provided by
pathogen-activated APCs. Finally, a third signal is provided by the APC via the release of
pro-inflammatory cytokines, which enables
the activated naïve T cells to fully differenti-
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For the development of a humoral immune

response, as observed in platelet transfusion
refractory patients due to alloimmunization,
also B cells need to recognize their specific
antigen with their B cell receptor (BCR), a
membrane-bound immunoglobulin of the
IgM class. Antigen binding to the BCR leads
to B cell activation and B cells will internalize
and process the antigen (often in complex
with other internalized antigens present in
the same pathogen or cell remnant). The
processed peptides will be presented in HLA
class II in order to acquire help of CD4 T cells.
Only activated CD4 T cells that specifically
recognize the peptide/HLA class II complex
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ate.76,77 The precise combination of cytokines
secreted by the APC, being determined by
the activation signals the APC encountered,
decides the direction of T cell differentiation (polarization) and their eventual effector function. Effector CD8 T cells kill infected
host cells and effector CD4 T cells modulate
the function of specific other immune cells.
After an adaptive immune response, memory
T- and B- cells will have been formed, which
can respond more quickly upon re-encounter
with the same antigen.76,77

INDIRECT PATHWAY OF ALLORECOGNITION

Donor cells

Internalization

CD4
T cell

Processing
TCR

Recipient
APC

B cell

Presentation of
allogeneic
peptides
CD8
T cell

DIRECT PATHWAY OF ALLORECOGNITION

CD4
T cell
Donor
APC

Presentation of
self peptides

CD8
T cell

B cell

HLA class I
HLA class II
allo-HLA class I
allo-HLA class II
T cell receptor
B cell receptor

Figure 1 I Pathways to initiate alloimmunization after platelet transfusions. In the indirect pathway, recipient APCs internalize donor cells and present their antigens in HLA molecules. Recipient T cells will be activated
via cognate interactions by these allopeptide/HLA complexes. In the direct pathway of allorecognition on the
other hand, recipient CD4 T cells will be activated via non-cognate interactions by donor APCs expressing alloHLA molecules. In both pathways, activated CD4 T cells subsequently need to provide help to allospecific B cells
via cognate interactions, which makes the direct pathway less likely to occur in humoral alloimmunization. After
obtaining CD4 T cell help, B cells will differentiate into antibody-secreting plasma cells.

13

Chapter 1

can provide help to the B cell, via a cognate
interaction. As a result, CD4 T cells can only
provide help to B cells that recognize the
same antigen or antigens from the same particle, which is known as linked recognition.76
Subsequently, the CD4 T cell will provide costimulation via cytokines and CD40L to CD40
on the B cells. These signals allow further
B cell proliferation and differentiation and
stimulate B cells to undergo somatic hypermutations leading to affinity maturation (i.e.
generation of B cell offspring in which the
antigen-binding part of the B cell receptor/
immunoglobulin has an increased affinity for
the antigen) and class switching from IgM/
IgD to IgG or IgE. The B cell will differentiate into antibody-secreting plasma cells and
memory B cells.
4.2. Pathophysiology of alloimmunization
in platelet transfusions: Although cytotoxic
CD8 T cell dependent alloimmunization has
recently been observed after platelet transfusions, the humoral immune response is
mainly described.78 Humoral alloimmunization is thought to be induced via two different pathways: the direct and indirect pathway
of allorecognition (Fig. 1).26 In the direct pathway of allorecognition, donor white blood
cells, express donor-derived HLA molecules,
which can be directly recognized by recipient
T cells via mechanisms that involve molecular
mimicry, TCR degeneracy (i.e. conformational
changes of the TCR upon binding) and altered
binding of the TCR to allo-HLA molecules
which causes strong activation irrespective
of the peptide presented by the donor HLA
molecule.79,80 Because recipient T cells cannot
be negatively selected for direct allorecognition, a very high frequency of recipient T cells
recognize donor (i.e. allo) HLA. As a result, the
direct pathway of allorecognition can induce
very strong cytotoxic immune responses. For
humoral IgG alloimmunization however, direct pathway-involvement is unlikely,81,82 because alloactivated recipient CD4 T cells need
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to provide help to recipient B cells via a cognate (i.e. non-allo) interaction.
The indirect pathway of allorecognition in essence is a ‘normal’ immune response (as described in paragraph 4.1.2). Recipient APCs
internalize donor cells and subsequently process and present donor-derived peptides on
HLA class II via processing pathways orchestrated by nitric oxide.83,84 If a recipient CD4 T
cell recognizes the presented allopeptide/
HLA class II complex and signal 2 and 3 are
also efficiently provided, the T cells will be activated and start to differentiate and proliferate.85 Only a low fraction of T cells will become
activated as most alloantigens will be identical to self-antigens, causing deletion of these
T cells during the T cell selection process in
the thymus of the recipient. Only the alloantigens that are derived from polymorphic antigens that differ between donor and recipient
can induce T cell reactivity (as these T cells will
not have been deleted by the T cell selection
process). The spleen is pivotal for the activation of allospecific CD4 T cells.85 In parallel, alloreactive B cells from the recipient recognizing their antigen will become activated and
internalize donor-derived antigens that will
be presented in HLA class II. Via this allopeptide/HLA class II, the alloreactive activated
CD4 T cells can subsequently provide help to
the B cell, ultimately leading to the production of alloantibodies.
4.3. Alloimmunization mediated platelet clearance and clinical consequences: Alloimmune
antibodies cause 20% of all refractoriness and
can be induced by previous blood transfusions or pregnancies.26 Platelet transfusions
are normally only matched on ABO blood
group antigens as platelet expression of antigens from the ABO system cause enhanced
platelet-clearance after opsonization with
recipient’s natural circulating anti-A or -B
antibodies.22,25 The induced alloimmunization observed after platelet transfusions is
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4.4. Antigens involved in alloimmunization
after platelet transfusions: Some of the membrane expressed polymorphic molecules that
induce alloimmunization are directly involved
in the platelets’ primary hemostatic functions.
These so called GPs show single nucleotide
polymorphisms between individuals and are
known as human platelet antigens (HPA).89
The currently described 33 HPAs are expressed on 6 different GPs and numbered in
order of their discovery.89,90 Although initially
discovered on platelets, some of these antigens appear to be expressed also by other
cells including endothelial cells, trophoblasts,
osteoclasts and leukocytes.91–96 The most immunogenic HPA is the receptor complex GPIIb/IIIa, as is evidenced by the fact that 20 of
the 33 HPAs are expressed in this complex.89

In addition to expression of HPAs, platelets
also express another polymorphic antigen,
HLA class I. It was in the late sixties that the
HLA system was connected to platelet transfusion refractoriness when it was shown that
platelets from HLA identical siblings were still
effective in some refractory patients. Because
the HLA system is extremely polymorphic (i.e.
12.716 classical HLA class I alleles have currently been described),97 it causes a significant risk for HLA alloimmunization.
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characterized by antibodies that target polymorphic antigens expressed by platelets,26 as
described in more detail in paragraph 4.4. If
platelets in a subsequent transfusion express
antigens that are targeted by alloantibodies,
donor platelets will be opsonized by these alloantibodies. These opsonized platelets will
enable cross-linking of Fc receptors expressed
by phagocytes, predominantly splenic macrophages, which induces internalization of
the opsonized platelet.9,86 High expression
of Fc receptors on splenic macrophages in
combination with the slow passage of platelets through the splenic sinusoids, facilitates
very efficient uptake and subsequent clearance of antibody opsonized platelets in the
spleen.86–88 This renders antigen-incompatible
transfusions ineffective and eventually causes concomitant random platelet transfusion
refractoriness and associated morbidities.29–31
In such conditions, only massive or antigen
compatible platelet transfusions (described
in paragraph 4.6) can help these patients. The
required antigen matching, however, requires
timely and challenging logistics, is not possible for some antigens and is always unpractical in emergency situation.

Besides the polymorphic antigens that platelets express themselves, HLA alloimmunization can additionally be triggered by antigens
expressed on allogeneic white bloods cells
(WBCs) that contaminate blood products.
Granulocytes and T cells in this respect are
the most abundant WBCs in platelet concentrates comprising roughly 80% of all contaminating WBCs, followed by B cells which comprise about 15% of all contaminating WBCs.98
All these cells express HLA class I constitutively and are able to express HLA class II as
well.76,77,99
4.5. Strategies to reduce alloimmunization after
platelet transfusions: In the eighties and nineties of the last century it became apparent that
removal of WBCs from platelet concentrates
did reduce alloimmunization after platelet
transfusions from 19-45% to 9-18%.100–108
This reduction even led to the suggestion
that platelet themselves are incapable of inducing primary alloimmunization.100,101,109
Leukoreduction of platelet concentrates by
filtration is currently routine practice in most
high income countries, causing a reduction
in the amount of contaminating WBCs from
2.6-3.0*106 WBCs/platelet concentrate to
<0.03*106 WBCs/platelet concentrate.98 In this
respect, it is currently debated whether the
residual risk for alloimmunization is caused
by the WBCs remaining after leukoreduction
or by platelets themselves.
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Upon storage, mouse platelets completely
lose their HLA class I expression,110 which,
due to a lack of antigens, obviously protects
against HLA alloimmunization. Furthermore,
because the spleen is necessary for CD4 T cell
priming and subsequent alloimmunization
after platelet transfusions in mice,85 splenectomized patients may be incapable to alloimmunize after platelet transfusion. Both these
effects however, have not been investigated
in humans.
Pathogen inactivation techniques, which
are predominantly developed to improve
safety of blood transfusions by inactivating
pathogens, all use UV-illumination of platelet concentrates. UV-B illumination of nonleukoreduced platelet concentrates reduces
the frequency of HLA alloimmunization from
45% to 21%, as shown by the TRAP trial.108 The
reduction is at least partially caused by the
reduced immunogenicity of WBCs because
UV-illuminated WBCs are unable to proliferate,41,42 and in vitro do not induce any allogeneic proliferation, as opposed to untreated
or γ-irradiated WBCs.41–43 In agreement, in
animal models, pathogen reduced platelet
concentrates caused less or no HLA alloimmunization.111–115 Although promising, the
effect of this reduced immunogenicity on
alloimmunization in humans has not been
investigated, nor is it known what the effect
of pathogen inactivation is on the immunogenicity of platelets themselves.
4.6. Alloimmunization, support of refractory
HLA-alloimmunized patients: Once a patient
has developed alloantibodies, antigen mismatched platelets in a subsequent transfusion will be opsonized, and rapidly cleared
from the circulation by antibody-mediated
platelet clearance.26 As a result, it is necessary
to transfuse platelets that do not express the
antigens that are targeted by the alloantibodies. In current clinical practice this is achieved
by providing HLA-class I compatible plate-
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lets, which can be identified by three different methods.116 First, serum from a patient
is mixed with samples from platelet concentrates, known as crossmatching. If no reactivity against the platelets is observed, the
platelets can be safely administered to the
patients.116 Second, because the recipient will
not develop antibodies that target their own
(i.e. self ) HLA, platelets from a donor that expresses exactly the same HLA class I alleles as
the recipient (known as classical HLA matching) will not be cleared.116 Finally, donor platelets that do not express antigens targeted by
the alloantibodies of the recipient will not
undergo rapid antibody-mediated clearance
(known as antibody-specificity avoidance).116
All these methods result in acceptable posttransfusion increments in 70-90% of alloimmunized patients.117 This matching however,
necessitates high costs and is time-consuming, while moreover, a large HLA-typed donor
pool is required to have a reasonable success
rate to provide HLA-matched or compatible platelets for each recipient; this is a clear
hurdle for many countries/societies. Finally,
because of the large diversity of classical HLA
class I alleles,97 HLA matched donors will only
be (sufficiently) available for 10% of patients
in the Netherlands despite a HLA-typed donor pool of 19.478 donors (in 2018).118
5. IMMUNITY AND HEMOSTASIS: CLOSE
LINKS Although classically known for their
role in hemostasis, platelets are increasingly
acknowledged for their role in immunology.119–121 Besides the numerous molecules
that platelets express to sense vessel damage,
they also express immunological molecules
such as multiple Toll-Like receptors (TLRs),
P-selectin and CD40L.119 Human platelets express TLR 1-9 and some of these are already
shown to be functional in platelets.119,122 TLR4
stimulation for example, induces platelet activation via a completely different pathway
as classical platelet agonists, and results in
release of different cytokines compared to

activation by hemostatic receptors.123–125 Furthermore, platelets can actively bind bacteria
using their TLRs and present them to neutrophils.126–128 Using P-selectin, platelets can
bind to leukocytes which mediates leukocyte
rolling interactions with the vessel wall, leukocyte transmigration, as well as cytokine
release by leukocytes.129 In addition, platelets’
P-selectin also stimulates neutrophils to form
extracellular traps (NETs).119,130 Platelet binding in this respect has even been proposed
to be necessary for neutrophil transmigration
and thereby serve as immune checkpoint.130
Finally, in addition to the surface expressed
molecules, platelets have a large pool of over
300 intracellular proteins and some of these
have been linked to immunity.15,16,119,131–133 The
effect of platelet degranulation on immunity
is probably context dependent, as these granules contain both pro- as well as anti-inflammatory mediators and because granules are
heterogeneously packed and differentially
released after different stimuli.132,133 Although
secretion of these granule-stored proteins
has indeed been shown to affect multiple
cells of the immune system, including T cells,
B cells, monocytes, dendritic cells and neutrophils,75,121,134–149 the mechanisms involved are
only beginning to be elucidated. However, as
most recipients of platelet transfusions are already heavily immunocompromised in whom
anti-inflammatory effect of platelets are highly undesirable, understanding the mechanisms and/or context-dependency of platelet
mediated immunomodulation is important.

this thesis investigates how alloimmunization
may be prevented and how therapy of HLAalloimmunized patients can be improved.

6. SCOPE OF THIS THESIS
Although significantly reduced after the universal introduction of leukoreduction, alloimmunization that renders platelet transfusions ineffective remains a significant clinical
problem in 3-4% of patients receiving platelet
transfusions.82,108 The data presented in this
thesis focus on the mechanisms and risk factors involved in platelet transfusion-induced
(or boosted) alloimmunization. Furthermore,

CHAPTER 4: Although in vitro research and
preclinical animal data show that alloimmunization after platelet transfusions may
be reduced by pathogen inactivation, the
effects of pathogen inactivation on alloimmunization in human have not been studied.
In this chapter we investigated the effect of
pathogen inactivation on HLA alloimmunization observed after platelet transfusion using
plasma samples from the PREPAReS trial, a
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CHAPTER 2: One of the most well known risk
factors for alloimmunization is the number of
allogeneic transfusions a patient receives. Reducing the exposure to new transfusions by
minimizing clearance of transfused platelets
could therefore be advantageous. However,
due to development of storage lesions, stored
platelets display reduced survival after transfusions. To efficiently investigate how storage conditions of platelets can be improved
to minimize (development of ) PSL, a platelet
laboratory test is required that correlates with
clinical outcome. In this chapter we investigated the correlation with clinical outcome
of multiple laboratory test separately or combined in one rating score and present two assay’s that are most suitable to monitor PSL.
CHAPTER 3: In order to prevent alloimmunization observed after platelet transfusions, it
is important to understand the mechanisms
that lead to alloimmunization. Because there
is ongoing debate whether WBC independent platelet-mediated alloimmunization can
occur, in this chapter we first show that platelets themselves are able to induce key steps
of the alloimmune response in vitro. Furthermore, we identified storage, especially of
pathogen reduced platelet concentrates, as
possible product-related risk factor for these
alloimmunizing mechanisms.
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randomized clinical trial that investigated the
hemostatic effectivity of pathogen reduced
platelets. We demonstrate that transfusions
with pathogen reduced platelets do not prevent HLA alloimmunization, but in contrast
seem to enhance it.
CHAPTER 5: As platelet transfusion refractoriness due to HLA alloimmunization will not
be eliminated in the coming years, providing
HLA-compatible platelets for the treatment of
refractory patients remains a challenging necessity. In this chapter, we investigated if, despite HLA-mismatches, platelets with low HLA
expression might provide an additional pool
of recipient compatible platelets, by exploiting the natural inter-individual variation in
HLA class I expression on platelets. We show
that a significant proportion of donors have
such low platelet HLA expression that platelets of these donors fail to undergo antibodymediated internalization by macrophages in
vitro.
CHAPTER 6: Although platelets are increasingly acknowledged for their capacity to
modulate immune responses, little is known
about the mechanisms at play and the extent
of this modulation. Platelet induced inhibition of immune responses after platelet transfusions however, can either be beneficial or
very detrimental for the recipient, which are
frequently heavily immunocompromised. In
this chapter we investigated if, how and to
what extent platelets affect the functionality
of DCs, the most important cells to initiate
adaptive immune responses. Strikingly, platelets are shown to inhibit the pro-inflammatory capacities of DCs, which is mediated by
molecules platelets release upon degranulation.
CHAPTER 7: Summarizes and discusses the
findings presented in the thesis and provides
suggestions for further research.

18

REFERENCES
1. Assinger A. Platelets and infection - An emerging role of platelets in viral infection. Front Immunol.
2014;5(DEC):10-12.
2. Junqueira LC, Carneiro J. Functionele Histologie. Elsevier Gezondsheidszorg; 2006.
3. Patel SR, Hartwig JH, Jr JEI. The biogenesis of
platelets from megakaryocyte proplatelets. JCI.
2005;115(12):3348–3354.
4. Junqueira LC, Carneiro J. Functionele Histologie.
10th ed. Elsevier Gezondsheidszorg; 2006.
5. Patel SR, Hartwig JH, Jr JEI. The biogenesis of
platelets from megakaryocyte proplatelets. JCI.
2005;115(12):3348–3354.
6. Holinstat M. Normal platelet function. Cancer Metastasis Rev. 2017;36(2):195-198.
7. Mason KD, Carpinelli MR, Fletcher JI, et al. Programmed Anuclear Cell Death Delimits Platelet Life
Span. Cell. 2007;128(6):1173-1186.
8. Grozovsky R, Begonja AJ, Liu K, et al. The AshwellMorell receptor regulates hepatic thrombopoietin production via JAK2-STAT3 signaling. Nat Med.
2015;21(1):47-54.
9. Quach ME, Chen W, Li R. Mechanisms of platelet
clearance and translation to improve platelet storage.
Blood. 2018;(404):1-29.
10. Carboni EJ, Bognet BH, Bouchillon GM, et al. Direct
Tracking of Particles and Quantification of Margination in Blood Flow. Biophys J. 2016;111(7):1487-1495.
11. Jennings LK. Mechanisms of platelet activation:
Need for new strategies to protect against plateletmediated atherothrombosis. Thromb Haemost.
2009;102(2):248-257.
12. Gale A. Current understanding of hemostasis. Toxicol Pathol . 2011;39(1):273-280.
13. Furie BBC, Furie BBC. Thrombus formation in vivo. J
Clincial Investig. 2005;115(12):3355-3362.
14. Chen CH, Lo RW, Urban D, Pluthero FG, Kahr WHA.
Α-Granule Biogenesis: From Disease To Discovery.
Platelets. 2017;28(2):147-154.
15. Pagel O, Walter E, Jurk K, Zahedi RP. Taking the
stock of granule cargo: Platelet releasate proteomics.
Platelets. 2017;28(2):119-128.
16. Blair P, Flaumenhaft R. Platelet α-granules: Basic biology and clinical correlates. Blood Rev.
2009;23(4):177-189.

General introduction

myelogenous leukemia who undergo autologous
stem cell transplantation. Bone Marrow Transplant.
2000;26(3):315-320.
31. Meehan KR, Tchekmedyian NS, Smith RE, Kallich J. Platelet Transfusions: Utilization and Associated Costs in a Tertiary Care Hospital. Am J Hematol.
2000;64:251–256.
32. Devine D V., Serrano K. The Platelet Storage Lesion.
Clin Lab Med. 2010;30(2):475-487.
33. Shrivastava M. The platelet storage lesion. Transfus
Apher Sci. 2009;41(2):105-113.
34. De Korte D, Marcelis JH, Verhoeven AJ, Soeterboek
AM. Diversion of first blood volume results in a reduction of bacterial contamination for whole-blood collections. Vox Sang. 2002;83(1):13-16.
35. De Korte D. 10 years experience with bacterial
screening of platelet concentrates in the Netherlands.
Transfus Med Hemotherapy. 2011;38(4):251-254.
36. Dutch guidelines for Blood transfusions: http://
nvbtransfusie.nl/richtlijn-bloedtransfusies/. Consulted
on 11 April 2018.
37. Prowse C V. Component pathogen inactivation: A
critical review. Vox Sang. 2013;104(3):183-199.
38. Seltsam A, Müller TH. Update on the use of pathogen-reduced human plasma and platelet concentrates. Br J Haematol. 2013;162(4):442-454.
39. Seghatchian J, Tolksdorf F. Characteristics of the
THERAFLEX UV-Platelets pathogen inactivation system - An update. Transfus Apher Sci. 2012;46(2):221229.
40. Fast LD, Nevola M, Tavares J, Reddy HL, Goodrich RP,
Marschner S. Treatment of whole blood with riboflavin
plus ultraviolet light, an alternative to gamma irradiation in the prevention of transfusion-associated graftversus-host disease? Transfusion. 2013;53(2):373-381.
41. Fast LD, Dileone G, Li J, Goodrich R. Functional inactivation of white blood cells by Mirasol treatment.
Transfusion. 2006;46(4):642-648.
42. Fast LD, DiLeone G, Marschner S. Inactivation of human white blood cells in platelet products after pathogen reduction technology treatment in comparison
to gamma irradiation. Transfusion. 2011;51(7):13971404.
43. Jackman RP, Heitman JW, Marschner S, Goodrich
RP, Norris PJ. Understanding loss of donor white blood
cell immunogenicity after pathogen reduction: mech-

Chapter 1

17. Furie BBC, Furie BBC. Thrombus formation in vivo. J
Clincial Investig. 2005;115(12):3355-3362.
18. Stroncek DF, Rebulla P. Platelet transfusions. Lancet. 2007;370(4):427-438.
19. Wandt H, Schäfer-Eckart K, Greinacher A. Platelet
Transfusion in Hematology, Oncology and Surgery.
Dtsch Arztebl Int. 2014;111:809-815.
20. Stanworth SJ, D.Phil., Estcourt LJ, et al. A No-Prophylaxis Platelet-Transfusion Strategy for Hematologic
Cancers. N Engl J Med. 2013;368(19):1171-1180.
21. Stanworth SJ, Estcourt LJ, Llewelyn CA, Murphy MF,
Wood EM. Impact of prophylactic platelet transfusions
on bleeding events in patients with hematologic malignancies: A subgroup analysis of a randomized trial
(CME). Transfusion. 2014;54(10):2385-2393.
22. Forest SK, Hod EA. Management of the Platelet
Refractory Patient. Hematol Oncol Clin North Am.
2016;30(3):665-677.
23. Slichter SJ, Davis K, Enright H, et al. Factors affecting
posttransfusion platelet increments, platelet refractoriness, and platelet transfusion intervals in thrombocytopenic patients. Blood. 2005;105(10):4106-4114.
24. Rebulla P. A mini-review on platelet refractoriness.
Haematologica. 2005;90(ii):247-253.
25. Seigeot A, Desmarets M, Rumpler A, et al. Factors
related to the outcome of prophylactic platelet transfusions in patients with hematologic malignancies: an
observational study. Transfusion. 2018;00:1-11.
26. Pavenski K, Freedman J, Semple JW. HLA alloimmunization against platelet transfusions: pathophysiology, significance, prevention and management. Tissue Antigens. 2012;79(4):237-245.
27. Quaglietta A, Di Saverio M, Lucisano G, Accorsi P,
Nicolucci A. Development of the Platelet Efficacy Score
(PEscore) to predict the efficacy of platelet transfusion
in oncohematologic patients. Transfusion. 2017;00.
28. Heim D, Passweg J, Gregor M, et al. Patient and
product factors affecting platelet transfusion results.
Transfusion. 2008;48(4):681-687.
29. Kerkhoffs JLH, Eikenboom JCJ, Van De Watering
LMG, Van Wordragen-Vlaswinkel RJ, Wijermans PW,
Brand A. The clinical impact of platelet refractoriness:
Correlation with bleeding and survival. Transfusion.
2008;48:1959-1965.
30. Toor a a, Choo SY, Little J a. Bleeding risk and platelet transfusion refractoriness in patients with acute

19

Chapter 1

anisms of action in ultraviolet illumination and riboflavin treatment. Transfusion. 2009;49(12):2686-2699.
44. Zeddies S, De Cuyper IM, Van Der Meer PF, et al.
Pathogen reduction treatment using riboflavin and ultraviolet light impairs platelet reactivity toward specific agonists in vitro. Transfusion. 2014;54(9):2292-2300.
45. Picker SM, Oustianskaia L, Schneider V, Gathof BS.
Functional characteristics of apheresis-derived platelets treated with ultraviolet light combined with either
amotosalen-HCl (S-59) or riboflavin (vitamin B2) for
pathogen-reduction. Vox Sang. 2009;97(1):26-33.
46. Van Aelst B, Devloo R, Vandekerckhove P, Compernolle V, Feys HB. Ultraviolet C light pathogen
inactivation treatment of platelet concentrates preserves integrin activation but affects thrombus formation kinetics on collagen in vitro. Transfusion.
2015;55(10):2404-2414.
47. Hechler B, Ohlmann P, Chafey P, et al. Preserved
functional and biochemical characteristics of platelet components prepared with amotosalen and ultraviolet A for pathogen inactivation. Transfusion.
2013;53(6):1187-1200.
48. Sandgren P, Berlin G, Tynngärd N. Treatment of
platelet concentrates with ultraviolet C light for pathogen reduction increases cytokine accumulation. Transfusion. 2016;56(6):1377-1383.
49. Ignatova AA, Karpova O V., Trakhtman PE, S. A.
Rumiantsev, Panteleev MA. Functional characteristics and clinical effectiveness ofplatelet concentrates treated with riboﬂavin and ultravioletlight in
plasma and in platelet additive solution. Vox Sang.
2016;110(3):244-252.
50. Picker SM, Steisel A, Gathof BS. Effects of Mirasol PRT treatment on storage lesion development
in plasma-stored apheresis-derived platelets compared to untreated and irradiated units. Transfusion.
2008;48(8):1685-1692.
51. Zeddies S, De Cuyper IM, Van Der Meer PF, et al.
Pathogen reduction treatment using riboflavin and
ultraviolet light impairs platelet reactivity toward specific agonists in vitro. Transfusion. 2014;54:2292-2300.
52. Snyder E, McCullough J, Slichter SJ, et al. Clinical
safety of platelets photochemically treated with amotosalen HCl and ultraviolet a light for pathogen inactivation: The SPRINT trial. Transfusion. 2005;45(12):18641875.

20

53. Rebulla P, Vaglio S, Beccaria F, et al. Clinical effectiveness of platelets in additive solution treated with
two commercial pathogen-reduction technologies.
Transfusion. 2017;57(5):1171-1183.
54. Lozano M, Knutson F, Tardivel R, et al. A multi-centre study of therapeutic efficacy and safety of platelet
components treated with amotosalen and ultraviolet
A pathogen inactivation stored for 6 or 7d prior to
transfusion. Br J Haematol. 2011;153(3):393-401.
55. Kerkhoffs JH, Van Putten WLJ, Novotny VMJ, et al.
Clinical effectiveness of leucoreduced, pooled donor
platelet concentrates, stored in plasma or additive
solution with and without pathogen reduction. Br J
Haematol. 2010;150(2):209-217.
56. The Mirasol Clinical Evaluation Study Group. A
randomized controlled clinical trial evaluating the
performance and safety of platelets treated with MIRASOL pathogen reduction technology. Transfusion.
2010;50(11):2362-2375.
57. AuBuchon JP, Herschel L, Roger J, et al. Efficacy
of apheresis platelets treated with riboflavin and ultraviolet light for pathogen reduction. Transfusion.
2005;45(8):1335-1341.
58. Middelburg RA, Roest M, Ham J, Coccoris M, Zwaginga JJ, Van Der Meer PF. Flow cytometric assessment
of agonist-induced P-selectin expression as a measure of platelet quality in stored platelet concentrates.
Transfusion. 2013;53(8):1780-1787.
59. AuBuchon JP, Herschel L, Roger J. Further evaluation of a new standard of efficacy for stored platelets.
Transfusion. 2005;45(7):1143-1150.
60. AuBuchon JP, Herschel L, Roger J, Murphy S. Preliminary validation of a new standard of efficacy for
stored platelets. Transfusion. 2004;44(January):36-41.
61. Holme S. Storage and quality assessment of platelets. Vox Sang. 1998;74 (S.2):207-216.
62. Caram-Deelder C, Kreuger AL, Jacobse J, van der
Bom JG, Middelburg RA. Effect of platelet storage time
on platelet measurements: a systematic review and
meta-analyses. Vox Sang. 2016;111(4):374-382.
63. Leaver HA, Schou AC, Rizzo MT, Prowse C V. Calcium-sensitive mitochondrial membrane potential
in human platelets and intrinsic signals of cell death.
Platelets. 2006;17(6):368-377.
64. Perrotta PL, Perrotta CL, Snyder EL. Apoptotic
activity in stored human platelets. Transfusion.

General introduction

integrin-dependent cell clearance program. Blood.
2009;113(21):5254-5265.
76. Murphy K, Weaver C. Janeway’s Immunobiology.
8th ed. W.W. Norton & Company; 2011.
77. Parham P. The Immune System. 2nd ed. Garland Science Textbooks; 2005.
78. Arthur CM, Patel SR, Sullivan HC, et al. CD8+T cells
mediate antibody-independent platelet clearance in
mice. Blood. 2016;127(14):1823-1827.
79. Boardman DA, Jacob J, Smyth LA, Lombardi G,
Lechler RI. What Is Direct Allorecognition? Curr Transplant Reports. 2016;3(4):275-283.
80. Ali JM, Bolton EM, Andrew Bradley J, Pettigrew GJ.
Allorecognition pathways in transplant rejection and
tolerance. Transplantation. 2013;96(8):681-688.
81. Semple JW, Speck ER, Milev YP, Blanchette V, Freedman J. Indirect allorecognition of platelets by T helper
cells during platelet transfusions correlates with antimajor histocompatibility complex antibody and cytotoxic T lymphocyte formation. Blood. 1995;86(2):805812.
82. Seftel MD, Growe GH, Petraszko T, et al. Universal prestorage leukoreduction in Canada decreases
platelet alloimmunization and refractoriness. Blood.
2004;103(1):333-339.
83. Bang A, Speck ER, Blanchette VS, Freedman J, Semple JW. Recipient humoral immunity against leukoreduced allogeneic platelets is suppressed by aminoguanidine, a selective inhibitor of inducible nitric oxide
synthase. Blood. 1996;88(8):2959-2966.
84. Bang KWA, Speck ER, Blanchette VS, Freedman J,
Semple JW. Unique processing pathways within recipient antigen-presenting cells determine IgG immunity
against donor platelet MHC antigens. 2000;95(5):17351742.
85. Gilson CR, Zimring JC. Alloimmunization to transfused platelets requires priming of CD4+ T cells in the
splenic microenvironment in a murine model. Transfusion. 2012;52(4):849-859.
86. Grozovsky R, Hoffmeister KM, Falet H. Novel clearance mechanisms of platelets. Curr Opin Hematol.
2010;17(6):585-589.
87. Badlou BA, Wu YP, Smid WM, Akkerman J-WN. Platelet binding and phagocytosis by macrophages. Transfusion. 2006;46(8):1432-1443.
88. Crow AR, Lazarus AH. Role of Fcgamma recep-

Chapter 1

2003;43(4):526-535.
65. Bergmeier W, Burger PC, Piffath CL, et al. Metalloproteinase inhibitors improve the recovery and hemostatic function of in vitro – aged or – injured mouse
platelets. Blood. 2003;102(12):4229-4235.
66. Michelson AD, Adelman B, Barnard MR, Carroll E,
Handin RI. Platelet storage results in a redistribution
of glycoprotein Ib molecules. Evidence for a large
intraplatelet pool of glycoprotein Ib. J Clin Invest.
1988;81(6):1734-1740.
67. Hartley PS, Savill J, Brown SB. The death of human
platelets during incubation in citrated plasma involves
shedding of CD42b and aggregation of dead platelets.
Thromb HAEMOSTASIS-STUTTGART-. 2006;95(1):100.
68. Badlou B a, Spierenburg G, Ulrichts H, Deckmyn
H, Smid WM, Akkerman J-WN. Role of glycoprotein
Ibalpha in phagocytosis of platelets by macrophages.
Transfusion. 2006;46(12):2090-2099.
69. Hoffmeister KM, Felbinger TW, Falet H, et al. The
clearance mechanism of chilled blood platelets. Cell.
2003;112(1):87-97.
70. Jansen AJG, Josefsson EC, Rumjantseva V, et al. Desialylation accelerates platelet clearance after refrigeration and initiates GPIbα metalloproteinase-mediated
cleavage in mice. Blood. 2012;119(5):1263-1273.
71. Roeloffzen WWH, Kluin-Nelemans HC, Veeger
NJGM, Bosman L, De Wolf JTM. Transfused stored platelets have the same haemostatic function as circulating
native platelets. Vox Sang. 2010;99(2):123-130.
72. Roest M, Van Holten TC, Fleurke GJ, Remijn JA. Platelet activation test in unprocessed blood (Pac-t-UB) to
monitor platelet concentrates and whole blood of
thrombocytopenic patients. Transfus Med Hemotherapy. 2013;40(2):117-125.
73. Rijkers M, van der Meer PF, Bontekoe IJ, et al. Evaluation of the role of the GPIb-IX-V receptor complex in
development of the platelet storage lesion. Vox Sang.
2016;111(3):247-256.
74. Van Der Meer PF, Kerkhoffs JL, Curvers J, et al. In vitro comparison of platelet storage in plasma and in four
platelet additive solutions, and the effect of pathogen
reduction: A proposal for an in vitro rating system. Vox
Sang. 2010;98(4):517-524.
75. Maugeri N, Rovere-Querini P, Evangelista V, et
al. Neutrophils phagocytose activated platelets in
vivo: a phosphatidylserine, P-selectin, and {beta}2

21

Chapter 1

tors in the pathogenesis and treatment of idiopathic
thrombocytopenic purpura. J Pediatr Hematol Oncol.
2003;25:S14-18.
89. Curtis BR, Mcfarland JG. Human platelet antigens 2013. Vox Sang. 2014;106(2):93-102.
90. Immuno Polymorphism Database. https://www.
ebi.ac.uk/ipd/hpa/table1.html. Consulted 2018, April
30.
91. Rozman P. Platelet antigens. The role of human
platelet alloantigens (HPA) in blood transfusion and
transplantation. Transpl Immunol. 2002;10(2-3):165181.
92. Tiller H, Killie MK, Skogen B, Øian P, Husebekk A.
Neonatal alloimmune thrombocytopenia in Norway:
poor detection rate with nonscreening versus a general screening programme. BJOG An Int J Obstet Gynaecol. 2009;116(4):594-598.
93. Kumpel BM, Sibley K, Jackson DJ, White G, Soothill
PW. Ultrastructural localization of glycoprotein IIIa
(GPIIIa, β3 integrin) on placental syncytiotrophoblast
microvilli: implications for platelet alloimmunization
during pregnancy. Transfusion. 2008;48(10):2077-2086.
94. Brojer E, Husebekk A, Dębska M, et al. Fetal/Neonatal Alloimmune Thrombocytopenia: Pathogenesis,
Diagnostics and Prevention. Arch Immunol Ther Exp
(Warsz). 2016;64(4):279-290.
95. Kassiotis G, Gray D, Kiafard Z, Zwirner J, Stockinger B. Functional specialization of memory Th cells
revealed by expression of integrin CD49b. J Immunol.
2006;177(2):968-975.
96. Li ZY, Chao HH, Liu HY, et al. IFN-γ induces aberrant CD49b+ NK cell recruitment through regulating
CX3CL1: a novel mechanism by which IFN-γ provokes
pregnancy failure. Cell Death Dis. 2014;5(11):e1512.
97. Nomenclature Committee for Factors of the HLA
System W. HLA nomenclature. WHO Nomenclature
Committee for Factors of the HLA System.
98. Wildt-eggen J De, Schrijver JG, Bins M. WBC content
of platelet concentrates prepared by the buffy coat
method using different processing procedures and
storage solutions. Transfusion. 2001;41:1378-1383.
99. Kambayashi T, Laufer TM. Atypical MHC class
II-expressing antigen-presenting cells: Can anything replace a dendritic cell? Nat Rev Immunol.
2014;14(11):719-730.
100. Welsh KI, Burgos H, Batchelor JR. The immune re-

22

sponse to allogeneic rat platelets; Ag‐B antigens in matrix form lacking la. Eur J Immunol. 1977;7(5):267-272.
101. Claas FH, Smeenk RJ, Schmidt R, Van Steenbrugge
GJ, Eernisse JG. Alloimmunization against the MHC antigens after platelet transfusions is due to contaminating leukocytes in the platelet suspension. Exp Hematol.
1981;9(1):84-89.
102. Eernisse JG, Brand A. Prevention of platelet refractoriness due to HLA antibodies by administration
of leukocyte-poor blood components. Exp Hematol.
1981;9(1):77-83.
103. Sniecinski I, O’donnell MR, Nowicki B, Hill LR. Prevention of refractoriness and HLA-alloimmunization
using filtered blood products. Blood. 1988;71(5):14021407.
104. Slichter SJ. Prevention of platelet alloimmunization. Prog Clin Biol Res. 1986;211:83-116.
105. Schiffer CA, Dutcher JP, Aisner J, Hogge D, Wiernik
PH, Reilly JP. A randomized trial of leukocyte-depleted
platelet transfusion to modify alloimmunization in patients with leukemia. Blood. 1983;62(4):815-820.
106. Murphy MF, Metcalfe P, Thomas H, et al. Use of
leucocyte‐poor blood components and HLA‐matched‐
platelet donors to prevent HLA alloimmunization. Br J
Haematol. 1986;62(3):529-534.
107. Andreu G, Dewailly J, Leberre C, et al. Prevention
of HLA immunization with leukocyte-poor packed red
cells and platelet concentrates obtained by filtration.
Blood. 1988;72(3):964-969.
108. The Trial to Reduce Alloimmunization to Platelets
Study Group . Leukocyte reduction and ultraviolet
B irradiation of platelets to prevent alloimmunization and refractoriness to platelet transfusions. NEJM.
1997;337(26):1861-1869.
109. Hillyer CD, Silberstein LE. Blood Banking and
Transfusion Medicine: Basic Principles & Practice. 2nd
revise. Elsevier Health Sciences; 2006.
110. Aslam R, Speck ER, Kim M, Freedman J, Semple JW.
Transfusion-related immunomodulation by platelets
is dependent on their expression of MHC Class I molecules and is independent of white cells. Transfusion.
2008;48(9):1778-1786.
111. Muench MO, Heitman JW, Inglis H, et al. Reduced
alloimmunization in mice following repeated transfusion with pathogen-reduced platelets. Transfusion.
2016;56(6):1419-1429.

General introduction

2009;182(12):7997-8004.
124. Cognasse F, Nguyen KA, Damien P, et al. The inflammatory role of platelets via their TLRs and Siglec
receptors. Front Immunol. 2015;6(MAR):1-15.
125. Berthet J, Damien P, Hamzeh-Cognasse H, et al.
Human platelets can discriminate between various
bacterial LPS isoforms via TLR4 signaling and differential cytokine secretion. Clin Immunol. 2012;145(3):189200.
126. Ståhl A, Svensson M, Mörgelin M, et al. Lipopolysaccharide from enterohemorrhagic Escherichia coli
binds to platelets through TLR4 and CD62 and is detected on circulating platelets in patients with hemolytic uremic syndrome. Blood. 2006;108(1):167-176.
127. Aslam R, Speck ER, Kim M, et al. Platelet Toll-like
receptor expression modulates lipopolysaccharide-induced thrombocytopenia and tumor necrosis factor-α
production in vivo. Blood. 2006;107(2):637-641.
128. Semple JW, Aslam R, Kim M, Speck ER, Freedman J.
Platelet-bound lipopolysaccharide enhances Fc receptor–mediated phagocytosis of IgG-opsonized platelets. Blood. 2007;109(11):4803-4805.
129. Semple JW, Freedman J. Platelets and innate immunity. Cell Mol Life Sci. 2010;67(4):499-511.
130. Sreeramkumar V, Adrover JM, Ballesteros I, et al.
Neutrophils scan for activated platelets to initiate inflammation. Science (80- ). 2014;346(6214):1234-1237.
131. Fitch-Tewfik JL, Flaumenhaft R. Platelet granule
exocytosis: A comparison with chromaffin cells. Front
Endocrinol (Lausanne). 2013;4(JUN):1-11.
132. Italiano JJE, Richardson JL, Patel-Hett S, et al. Angiogenesis is regulated by a novel mechanism: proand antiangiogenic proteins are organized into separate platelet alpha granules and differentially released.
Blood. 2008;111:1227-1233.
133. Sehgal S, Storrie B. Evidence that differential packaging of the major platelet granule proteins von Willebrand factor and fibrinogen can support their differential release. J Thromb Haemost. 2007;5:2009-2016.
134. Sadallah S, Amicarella F, Eken C, Iezzi G, Schifferli
JA. Ectosomes released by platelets induce differentiation of CD4 + T cells into T regulatory cells. 2014:12-14.
135. Elzey BD, Tian J, Jensen RJ, et al. Platelet-Mediated
Modulation of Adaptive Immunity: A Communication
Link between Innate and Adaptive Immune Compartments. Immunity. 2003;19:9-19.

Chapter 1

112. Jackman RP, Muench MO, Inglis H, et al. Reduced
MHC alloimmunization and partial tolerance protection with pathogen reduction of whole blood. Transfusion. 2017;57(2):337-348.
113. Slichter SJ, Pellham E, Bailey SL, et al. Leuko filtration plus pathogen reduction prevents alloimmune
platelet refractoriness in a dog transfusion model.
Blood. 2017;130(8):1052-1062.
114. Fast LD, DiLeone G, Cardarelli G, Li J, Goodrich R.
Mirasol PRT treatment of donor white blood cells prevents the development of xenogeneic graft-versushost disease in Rag2-/-gamma c-/- double knockout
mice. Transfusion. 2006;46(9):1553-1560.
115. Jackman RP, Muench MO, Heitman JW, et al. Immune modulation and lack of alloimmunization following transfusion with pathogen-reduced platelets in
mice. Transfusion. 2013;53(11):2697-2709.
116. Stanworth SJ, Navarrete C, Estcourt L, Marsh J.
Platelet refractoriness - practical approaches and ongoing dilemmas in patient management. Br J Haematol. 2015;171(3):297-305.
117. Engelfriet CP, Reesink HW, Aster RH, et al. Management of alloimmunized, refractory patients in need of
platelet transfusions. Vox Sang. 1997;73:191-198.
118. Kreuger A, Mäkelburg A, Somers J, et al. Efficacy
and availability of HLA-matched platelet transfusions
for platelet refractory patients in the Netherlands. ISBT
Congr. 2018.
119. Semple JW, Italiano JE, Freedman J. Platelets
and the immune continuum. Nat Rev Immunol.
2011;11(4):264-274.
120. Trzeciak-Ryczek a., Tokarz-Deptuła B, Deptuła W.
Platelets – an important element of the immune system. Pol J Vet Sci. 2013;16(2):407-413.
121. Duerschmied D, Bode C, Ahrens I. Immune functions of platelets. Thromb Haemost Thromb Haemost.
2014;1124(13):678-691.
122. Assinger A, Kral JB, Yaiw KC, et al. Human cytomegalovirus-platelet interaction triggers toll-like receptor
2-dependent proinflammatory and proangiogenic responses. Arterioscler Thromb Vasc Biol. 2014;34(4):801809.
123. Zhang G, Han J, Welch EJ, et al. Lipopolysaccharide stimulates platelet secretion and potentiates platelet aggregation via TLR4/MyD88 and the
cGMP-dependent protein kinase pathway. J Immunol.

23

Chapter 1

136. Sadallah S, Eken C, Martin PJ, Schifferli J a. Microparticles (ectosomes) shed by stored human platelets
downregulate macrophages and modify the development of dendritic cells. J Immunol. 2011;186(11):65436552.
137. Gudbrandsdottir S, Hasselbalch HC, Nielsen
CH. Activated platelets enhance IL-10 secretion and
reduce TNF-α secretion by monocytes. J Immunol.
2013;191(8):4059-4067.
138. Durazzo TS, Tigelaar RE, Filler R, Hayday A, Girardi
M, Edelson RL. Induction of monocyte-to-dendritic cell
maturation by extracorporeal photochemotherapy:
Initiation via direct platelet signaling. Transfus Apher
Sci. November 2013.
139. Li G, Kim Y-J, Mantel C, Broxmeyer HE. P-selectin
enhances generation of CD14+CD16+ dendriticlike cells and inhibits macrophage maturation from
human peripheral blood monocytes. J Immunol.
2003;171:669-677.
140. Loh YS, Dean MM, Johnson L, Marks DC. Treatment
of platelets with riboflavin and ultraviolet light mediates complement activation and suppresses monocyte
interleukin-12 production in whole blood. Vox Sang.
2015:n/a-n/a.
141. Elzey BD, Ratliff TL, Sowa JM, Crist SA. Platelet
CD40L at the interface of adaptive immunity. Thromb
Res. 2011;127(3):180-183.
142. McFadyen JD, Kaplan ZS. Platelets Are Not Just for
Clots. Transfus Med Rev. 2015;29:110-119.
143. Bakela K, Kountourakis N, Aivaliotis M, Athanassakis I. Soluble MHC-II proteins promote suppressive activity in CD4(+) T cells. Immunology. 2015;144(1):158169.
144. Wang Z, Ouyang L, Liang Z, et al. CD8(low)CD28(-)
T cells: a human CD8 T-suppressor subpopulation with
alloantigen specificity induced by soluble HLA-A2 dimer in vitro. Cell Transplant. August 2014:1-40.
145. TGF-β1 along with other platelet contents augments Treg cells to suppress anti-FVIII immune responses in hemophilia A mice, T cell.pdf. Blood Adv.
2016;1(2):139-151.
146. Rachidi S, Metelli A, Riesenberg B, et al. Platelets
subvert T cell immunity against cancer via GARP-TGFβ
axis. Sci Immunol. 2017;2(11).
147. Kissel K, Berber S, Nockher A, Santoso S, Bein G,
Hackstein H. Human platelets target dendritic cell dif-

24

ferentiation and production of proinflammatory cytokines. Transfusion. 2006;46(5):818-827.
148. Hamzeh-Cognasse H, Cognasse F, Palle S, et al.
Direct contact of platelets and their released products
exert different effects on human dendritic cell maturation. BMC Immunol. 2008;9(ii):54.
149. Langer HF, Daub K, Braun G, et al. Platelets recruit
human dendritic cells via Mac-1/JAM-C interaction and
modulate dendritic cell function in vitro. Arterioscler
Thromb Vasc Biol. 2007;27(6):1463-1470.

Chapter 1

General introduction

25

Chapter 2:
The quality of platelet concentrates related
to corrected count increment: linking in vitro
to in vivo
Transfusion. 2018 May (accepted)

Chapter 2

The quality of platelet concentrates related
to corrected count increment: linking in vitro
to in vivo
Anno Saris1, Aukje L. Kreuger2,3, Anja ten Brinke1, Jean Louis H. Kerkhoffs2, Rutger
A. Middelburg2,3, Jaap Jan Zwaginga2,4,*, Pieter F. van der Meer2,*
Sanquin Research, Dept. Immunopathology, Amsterdam, the Netherlands, and Landsteiner Laboratory, Academic Medical Centre, University of Amsterdam, Amsterdam, the Netherlands. 2Sanquin Research, Center for
Clinical Transfusion Research, Leiden, the Netherlands. 3Dept. of clinical epidemiology, Leiden University Medical
Center, Leiden, the Netherlands. 4Dept. of Immunohematology and Blood Transfusion, Leiden University Medical
Center, Leiden, the Netherlands
1

*

these authors contributed equally

Storage of platelet concentrates (PCs) results in reduced recovery and survival of transfused platelets. Upon storage platelets develop storage lesions which can be monitored
by several laboratory tests. However, correlation of these descriptive tests with corrected count increments (CCIs), a marker frequently used to establish the effectiveness of
platelet transfusions, is limited or unknown. This study investigated to which extent a
functional test or a combined in vitro rating score improves the correlation of laboratory
tests with 1h CCI. PCs were analyzed using six different laboratory tests (n=119) before
transfusion in a prophylactic setting to 74 hemato-oncological patients. Linear regression and Spearman correlation were used to determine associations between descriptive (either separately or combined in an in vitro rating score) or functional test results
and 1h CCIs obtained after transfusion. CD62P expression (r=-0.45), annexin V binding
(r=-0.36), the updated in vitro rating score (r=0.50) and platelet responsiveness after
Thrombin Receptor Activator Peptide 6 (TRAP) (r=0.43-0.57) or adenosine diphosphate
(ADP) stimulation (r=0.11-0.51) significantly correlated to 1h CCIs obtained after transfusion, whereas lactate concentration or thromboelastography measurements did not.
Strongest correlations were observed for in vitro rating score and platelet responsiveness after TRAP stimulation and these tests could explain 24% and 33% of the observed
variation in 1h CCI, respectively. In conclusion, combining descriptive markers into one
in vitro rating score improved correlation with 1h CCI compared to the tests separately.
Of all tests investigated, average platelet responsiveness after TRAP stimulation showed
strongest clinical correlation and was best able to predict the 1h CCI.

INTRODUCTION
Platelet transfusions can be administered
for therapeutic or prophylactic purposes.
Therapeutic transfusions are aimed to stop
bleeding, whereas prophylactic transfusions are given to prevent bleeding in patients with severe thrombocytopenia.1 The
effectiveness of these prophylactic transfusions is usually monitored with the 1h and/
or 24h corrected count increment (CCI),
28

which is the increase in circulating platelets
corrected for the administered dose and
the blood volume of the patient. Despite
being a poor surrogate marker for bleeding
tendency,2–4 CCIs are associated with the
time to next transfusions5 and are therefore
of clinical relevance.
Collection, processing, pathogen inactivation, and storage of platelets all results in

Correlation platelet lab-test with CCI

To monitor the development and extent of
PSL, a variety of laboratory tests are available. Descriptive tests measure biochemical
changes due to PSL, e.g. platelet activation,
apoptosis or metabolism. However, these
tests have only showed limited correlations
with in vivo survival.7,12 This may be due to
the inability to combine all possible pathways that lead to reduced platelet survival
in one single test. To improve the correlation of these markers with in vivo survival,
it has been hypothesized that an in vitro
rating score containing a combination of
markers for platelet activation, apoptosis
and metabolism could be most preferable
in this respect.13
In addition to descriptive tests, functional
tests have been developed, such as thromboelastography (TEG) and platelet responsiveness assays using flow cytometry. TEG
is an hemostatic assay that provides information on aggregation, clot strength, fibrin
cross linking and fibrinolysis. Although TEG
measurements of platelet concentrates do
not correlate with storage time,14,15 they

were adversely influenced by pathogen
inactivation,15 suggesting at least some
potential to monitor certain aspects of PSL.
Platelet responsiveness assays provide insight in basal platelet activation as well as
in the responsiveness of platelets to specific agonists. This responsiveness, measured
by induced CD62P expression, reduces during storage.15,16 However, for all these tests,
the correlation with CCI is still unknown.
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deterioration of platelet quality, cumulatively known as the platelet storage lesion
(PSL).6,7 PSL arises from a variety of mechanisms, and results in altered biochemistry,
morphological changes as well as reduced
functionality.6,7 As a result, survival of transfused platelets is reduced by about 10%20% on day 5 of storage and by 15-35% on
day 7 of storage compared to fresh platelets.6,8–11 Therefore, minimizing the induction of PSL by improving processing, handling and storage of platelets is desired. In
fact, numerous efforts are made to reduce
the development of PSL, which result in
e.g. reduced activation and metabolism of
stored PTLs. However, interpreting results
from this kind of research is difficult, as correlation of laboratory results with clinical
outcomes is either limited or unknown.6,7,10

In the current study, we investigated
whether we could improve the limited correlation of platelet activation, apoptosis
and metabolism with CCIs by combining
these tests in one in vitro ratings score. This
study focusses on 1h CCI, because the best
predictor for 24h CCI is 1h CCI.17 In addition, two functional tests, TEG and platelet
responsiveness assay, were investigated
for their correlation with 1h CCI. Finally, for
the tests that displayed the highest correlation with CCIs, the ability to predict 1h CCIs
based on laboratory test results was investigated.
RESULTS
Patients: In total, 119 platelet concentrates
were tested (see Table 1 for details). To improve comparability between laboratory
results, for the main analysis we only used
products for which all tests and CCIs were
available (n=43). These 43 products were
administered to 24 patients which were,
mostly male (75.0%) with a median age of
60.2 (range: 39.6-75.3) years. On average,
they received 4.8±2.9 (mean±SD) platelet
transfusions. Of the 43 products investigated, 15 were pathogen inactivated using
Mirasol treatment.
Association of laboratory measurements
with CCIs: From the descriptive tests, CD62P
showed the strongest correlation with 1h
CCI (r= -0.45, p=0.002) (Fig. S1A, Table 2).
Annexin V binding and lactate concentra29
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Table 1 I Baseline pa�ent and product-related characteris�cs*
All products
Number of products, n (%)
Storage �me, mean±SD
Pathogen inac�vated, n (%)
ABO incompa�ble, n (%)

119
4.29±1.73
58 (48.7)
6 (5.0)

Products with all
measurements
available
43
3.95±1.75
15 (34.9)
1 (2.3)

74
24
Pa�ents†, n
26 (35.1)
6 (25.0)
Female†, n (%)
17 (22.0)
4 (16.7)
Previous pregnancies†, n (%)
6.3±6.2
4.7±3.5
Number of plt transfusions†, mean±SD
59.6 (25.7-75.3)
60.2 (39.6-75.3)
Age, median (range)
15 (12.6)
9 (20.9)
Use of an�-coagulants‡, n (%)
31 (26.1)
14 (32.6)
Fever, n (%)
24 (20.2)
1 (2.3)
Infec�on, n (%)
49 (41.2)
14 (32.6)
Mucosi�s, n (%)
Total number of transfusions per
pa�ent, medianPlatelet
(range)
6 (1-32)
5 (1-15)
4 (0-17)
4 (0-14)
RBC
Plasma
Diagnosis, n (%)
79 (66.4)
28 (65.1)
Acute leukemia
6 (5.0)
1 (2.3)
Chronic leukemia
6 (5.0)
Mantle cell lymphoma
6 (5.0)
2 (4.7)
Mul�ple myeloma
13 (10.9)
5 (11.6)
Non-hodkin lymphoma
9 (7.6)
7 (16.3)
Other
Therapy, n (%)
68 (57.1)
25 (58.1)
Remission induc�on therapy
15 (12.6)
1 (2.3)
Consolida�on therapy
22 (18.5)
9 (20.9)
Autologous transplant
14 (11.8)
8 (18.6)
Allogeneic transplant
* Numbers are presented per transfusion. † Numbers reﬂect unique patients.
‡ Anticoagulations include ascal, enoxaparin, fragmin, heparin, nadroparine,
tinzaparine and clopidogrel

tion both displayed a weak correlation (r=
-0.36, p=0.02 and r= -0.29, p=0.06) with 1h
CCI (Fig. S1 B+C, Table 2). The TEG did not
correlate with 1h CCI (Fig. S2 A-C, Table 2).
The platelet responsiveness assay was significantly correlated with 1h CCI after TRAP
and ADP stimulation (Fig. 1A+B, Fig S3D-F,
Table 2), but not after CRP stimulation (Fig.
S3 G-I, Table 2). From the three read-outs of
the platelet responsiveness assay, the correlation with 1h CCI was weakest for maximum activation whereas maximum and
average responsiveness showed similar
30

results. This was observed after stimulation
with all three agonists (i.e. TRAP, ADP and
CRP). Storage time and pathogen inactivation were both negatively correlated with
1h CCI (Figure S4, Table 2). From all tests
investigated, correlation was strongest for
average (r=0.57, p<0.001) responsiveness
after TRAP stimulation (Table 2).
Because the main analysis of this manuscript only included a selection of platelet
concentrates, sensitivity analyses were performed to exclude that a selection bias was
introduced. These analyses either included
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Table 2 I Associa�on in vitro parameters with 1h CCI

only products or which all measurements
were available (n=43; Table 2) or all products for which any of the measurements
was available (n=66-119; Table S1). These
analyses showed comparable results. Because the best predictor for 24h CCI is 1h
CCI,18 this study focused on 1h CCI and not
24h CCI. However, the correlations between
laboratory measurements with either 1h or
24h CCI were comparable (Table S1).
In vitro rating score: In order to improve to
correlation with 1h CCI, multiple test results
were combined in one in vitro rating score.
Combining CD62P expression, annexin V
binding and lactate concentration in one
in vitro rating score (see Table 3 for details)
resulted in rating scores of 3 or higher for
all PCs. The Spearman correlation coefficient of the in vitro rating score with 1h CCI
was 0.32 (p=0.01) (Fig. 2A, Table 2). Adapting the cut-off values and accompanying
ratings of the original in vitro rating score
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1h CCI
Spearman
p-value*
Beta (95%CI)†
Storage �me in days
-0.09
0.55
-0.18 (-1.05; 0.69)
Pathogen inac�vated
-0.57
0.0001
-5.6 (-8.19;-3.04)
CD62P expression
-0.45
0.002
-0.17 (-0.29;-0.04)
Annexin V binding
-0.36
0.02
-0.82 (-1.73; 0.08)
Lactate concentra�on
-0.29
0.06
-0.29 (-0.76; 0.17)
In vitro ra�ng score
0.32
0.01
1.46 (0.20; 2.72)
Updated in vitro ra�ng score
0.50
0.0007
0.99 (0.54; 1.45)
TEG angle
-0.09
0.58
-0.02 (-0.14; 0.11)
TEG MA
-0.29
0.06
-0.25 (-0.56; 0.07)
Platelet responsiveness assay
TRAP: Max ac�va�on
0.43
0.004
1.54 (0.58; 2.51)
TRAP: Max responsiveness
0.51
0.001
0.18 (0.06; 0.30)
TRAP: Average responsiveness 0.57
0.0001
0.29 (0.12; 0.45)
ADP: Max ac�va�on
0.11
0.49
0.09 (-0.07; 0.26)
ADP: Max responsiveness
0.51
0.001
0.16 (0.06; 0.27)
ADP: Average responsiveness 0.50
0.001
0.34 (0.12; 0.55)
CRP: Max ac�va�on
0.06
0.69
-0.02 (-0.15; 0.11)
CRP: Max responsiveness
0.30
0.05
0.09 (-0.02; 0.19)
CRP: Average responsiveness
0.22
0.16
0.17 (-0.03; 0.37)
* H0: laboratory measurement and 1h CCI are independent. Only includes products for which all measurements
are available (n=43). †presents the slope/constant between laboratory test result and 1h CCI as obtained using
linear regression.

in an updated in vitro rating score (Table 3)
considerably improved the correlation with
1h CCI (Spearman r= 0.50, p=0.0007) (Fig
2B, Table 2). Adding results from one of the
other tests did not significantly improve
the correlation of the in vitro rating score
with 1h CCI.
Predictive capacity: The descriptive and
functional test with the strongest correlation with 1h CCI were the updated in vitro
rating score and average platelet responsiveness after TRAP stimulation, respectively (Table 2). Expected 1h CCI were calculated for all transfused products (n=66-79)
and compared with observed 1h CCI. The
goodness-of-fit (i.e. R2) for the average
platelet responsiveness after TRAP stimulation was 0.33 (p<0.0001) (Fig. 1C). The updated in vitro rating score showed an R2 of
0.24 (p<0.0001) (Fig. 2C).
Storage time: At the time of transfusion,
31
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Table 3 I Original and updated in vitro rating score
Original in vitro rating score
Variable

Updated in vitro rating score

Categories

Transfusions
1h CCI, n (%)

Score

Categories

Transfusions
1h CCI, n (%)

Beta

Score

CD62P
expression

≥30%
≥20-30%
0-20%

18 (27.3)
21 (31.8)
27 (40.9)

0
1
2

≥30%
≥20-30%
0-20%

18 (27.3)
21 (31.8)
27 (40.9)

Ref
0.28
2.56

0
0
2.5

Annexin V
binding

≥20%
≥10-20%
0-10%

0
0
66 (100)

0
1
2

≥2.5%
≥1.5-2.5%
0-1.5%

24 (36.4)
19 (28.8)
23 (34.9)

Ref
1.33
0.10

0
1.5
0

≥20mM
≥10-20mM
0-10mM

0
38 (57.6)
28 (42.4)

0
1
2

≥12 mM
≥9-12 mM
0-9 mM

22 (33.3)
21 (31.8)
23 (34.9)

Ref
5.33
2.6

0
5.5
2.5

Lactate
concentration

For the updated in vitro rating score, three categories were deﬁned that were equally-sized. The association of
these diﬀerent categories with the 1h CCI was assessed by linear regression (presented as beta) and a score was
developed by rounding the betas.

platelet concentrates were stored for
3.95±1.75 days (day 1: n=1, day 2: n=13,
day 3: n=3, day 4: n=10, day 5: n=5, day 6:
n=8 and day 7: n=3). The descriptive tests,
CD62P expression, annexin V binding and
lactate concentration increased during
storage (Fig S5). Combining these tests in
the in vitro rating score or the updated in
vitro rating score were also associated with
storage time (Fig. S6). TEG results were not
associated with storage time (Fig S2C-D).
Furthermore, only the platelet responsiveness assay after TRAP stimulation was significantly associated with storage time (Fig
S7).
DISCUSSION
During storage of PCs, platelets develop
the so called platelet storage lesion (PSL),
resulting in reduced platelet recovery and
survival after transfusions.6,7 The development of PSL can be monitored using
descriptive tests, which measure specific
aspects of platelets biochemistry, or functional tests. This study shows that combining the descriptive tests CD62P expression,
annexin V binding and lactate concentra32

tion, in one in vitro rating score improved
correlation with 1 hour CCI compared to
the separate tests, and this score was able
to explain 24% of the observed variations in
1h CCIs. However, platelet responsiveness
after TRAP stimulation showed the strongest correlation with 1h CCI, explaining 2533% of the observed variations in CCI. Of
note, hemato-oncological patients suffer
severe illness, which is known to cause significant variation in the 1h CCI irrespective
of product quality,5,17,19–22 thus the platelet
responsiveness assay might explain most
of the variation in 1h CCI caused by differences in product quality. Compared to the
in vitro rating score, the platelet responsiveness assay is a single assay, and thus is attractive to monitor the development of PSL
and predict post transfusion increments.
In contrast with descriptive markers that
only measure platelets phenotype, functional tests may be more suitable to study
the consequences of PSL on clinical outcomes after transfusion. From all tests investigated in this study, indeed the functional
platelet responsiveness assay showed the
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TRAP
Average responsiveness

1h CCI

30

r= 0.57
p< 0.001

20
10
0

0

B

60

TRAP
Max responsiveness
r= 0.51
p= 0.001

30
1h CCI

20
40
Average CD62p (in %)

20
10
0

0

C

20
40
60
80
Delta CD62p (in %)

100

TRAP
Average responsiveness

Observed 1h CCI

30

20

10

0

R2 = 0.33
0

10
20
Expected 1h CCI

30

Figure 1 I platelet responsiveness assays correlate
with 1h CCI. Maximum and average platelet responsiveness from PCs was determined using platelet
CD62P expression after stimulation with increasing
concentrations of TRAP (A+B). CCI was determined
1h after transfusion to hemato-oncological patients.
Laboratory test results were associated with the 1h
CCIs using non-linear regression. Rank correlations
are depicted using Spearman correlation coefficient
(r). Expected 1h CCIs were calculated using all available laboratory test results (n=79) and correlated with
observed 1h CCIs (C). Goodness-of-fit is presented using R2.

strongest correlation with 1h CCI. Surprisingly, not the physiological platelet activators ADP and CRP, but the potent synthetic
activator TRAP showed strongest correlation with 1h CCI, which may be due to the
loss of reactivity platelets display upon
storage towards certain agonistsm including ADP and CRP.23,24 TEG measurements in
hemato-oncological patients correlate with
bleeding tendency and show improved hemostatic functionality after transfusion,25–27
but our study showed no correlation between TEG measurements and 1h CCIs.
In line with literature,15,28,29 TEG measurements did not correlate with storage time,
suggesting that this test is unable to monitor development of PSL and concomitant
effects on 1h CCIs. However, as CCI is a poor
predictor of bleeding tendency,2,3 investigating the correlation between bleeding
and product quality using TEG remains of
interest.
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UV-B illumination and storage time are
known to affect transfusion efficacy.5,18,21
Our univariable analysis shows that 1h CCIs
reduce 0.09-0.18 per day of storage and
0.49-0.57 after pathogen inactivation. As
a result, the easiest way to estimate transfusion efficacy clinically is to simply determine storage time and whether a product
is pathogen inactivated. It is unlikely that
the investigated tests have sufficient additive value to be used as predictive test in
the clinic. However, to investigate the effect
of attempts to improve handling and storage of PCs on product quality and associated clinical outcomes, laboratory tests are
essential.
The strength of our study is that we are the
first to show the correlation between in vitro tests and the 1h CCI in clinical hematooncological patients. The most important
limitation of this study is that only CCIs
were used to monitor clinical outcome.
33
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Rating score
r= 0.32
p= 0.01

1h CCI

30
20
10
0

0

1

B

2
3
4
Rating score

5

6

Updated rating score

1h CCI

30

r= 0.50
p= 0.0007

20
10
0

0

C

5
10
15
Update rating score

20

Updated rating score

Observed 1h CCI

30

20

10

0

R2 = 0.24
0

10
20
Expected 1h CCI
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Figure 2 I the updated in vitro rating score improves correlation of laboratory test results with
1h CCI. PCs were administered to hemato-oncological
patients and CCI was determined 1h after transfusion.
Before transfusion, CD62P expression, annexin V binding and lactate concentration were determined and
combined in an in vitro rating score using the original
rating (A) or the updated rating (B). These scores were
associated with the 1h CCI using non-linear regression
(n=43). Rank correlations are depicted using Spearman correlation coefficient (r). Expected 1h CCIs were
calculated for updated in vitro rating score using test
results from all available measurements (n=66) and
correlated with observed 1h CCIs (C). Goodness-of-fit
is presented using R2.
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Although prophylactic platelet transfusions are administered to prevent bleeding, transfusions effectiveness is generally
monitored using CCIs, because it is easier
to quantify. However, CCIs are a poor surrogate marker for bleeding tendency,2–4 and
might not be ideal to monitor clinical outcome after transfusion.
In summary, this study shows that combining descriptive biochemical markers in one
in vitro rating score improves the correlation with 1h CCI relative to the parameters
alone. This score is able to explain about
24% of observed variations in 1h CCIs after
platelet transfusions to hemato-oncological patients. In addition, the platelet responsiveness assay after TRAP stimulation
shows moderate clinical correlation, and
was able to explain 25-33% of the variation
in 1h CCI. These measurements will likely
remain of limited value in clinical practice,
simply because patient related factors are
the main determinants of the effectivity of
platelet transfusions. However, the in vitro
rating score and the platelet responsiveness assay after TRAP stimulation could be
used to monitor the development of PSL
when investigating process and product
developments of PCs.
MATERIALS AND METHODS
Patient population: This observational cohort study was part of the PREPAReS trial.19
In brief, hemato-oncological patients aged
≥ 18 years and expected to require at least
two platelet transfusions were randomized
to receive plasma-stored PCs or Mirasoltreated PCs in a 1:1 ratio using a centralized,
web based tool. Exclusion criteria were active bleeding at randomization with WHO
bleeding grade ≥ 2, known immunological refractoriness to platelet transfusions,
being pregnant during this transfusion
episode, indications to use hyper-concentrated platelets, microangiopathic throm-
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Platelet concentrates: Whole blood was collected and held overnight at room temperature. The next morning, blood was
centrifuged and separated into RBCs, plasma and a buffy coat. Platelet concentrates
(PCs) were prepared from five pooled buffy
coats and one unit of plasma. All PCs were
leukoreduced. Products were either left untreated (control) or were pathogen reduced
using the Mirasol method (TerumoBCT, Zaventem, Belgium) according to the manufacturer’s instructions. In short, 35ml of 500
µM riboflavin was added to PCs, which were
subsequently UV illuminated with 6.2 J/ml
in 5-10 minutes. Products were γ-irradiated
for clinical indications. All products were
stored at room temperature under gentle
agitation, up to a maximum of seven days.
Upon release, all PCs tested negative for
bacterial contamination using Bact/Alert

(bioMérieux, Marcy-l’Étoile, France) and fulfilled standard quality requirements.
Descriptive laboratory measurements: To
measure CD62P expression, platelets were
diluted 20 times with Isoton II diluent (Beckman Coulter, Woerden, The Netherlands)
and subsequently incubated 20 minutes at
room temperature with fluorescein isothiocyanate (FITC)-labeled anti-CD61 (Beckman Coulter) and either R-phycoerythrin
(PE)-labeled anti-CD62P or PE-labeled IgG1
isotype control (both from Beckman Coulter). After incubation, formaldehyde (Polysciences, Edenkoben, Germany) was added
(final concentration 0.5%) and samples
were measured by flow cytometry.
To measure annexin V binding, platelets
were diluted 200 times in HEPES buffer
(20mM HEPES, 132mM NaCl, 6mM KCl,
1mM MgSO4, 1.2mM KH2PO4, 5mM Na-Acetate, 2.5mM CaCl2 5mM glucose and pH 7.2
(all from Sigma Aldrich, Zwijndrecht, the
Netherlands)) and incubated 30 minutes
with 1:100 FITC-labeled annexin V (VPS diagnostics, Hoeven, the Netherlands). Negative controls were incubated in HEPES buffer containing 2.5 mM EGTA and no CaCl2
while positive controls were incubated
with 10 µM Calcimycin A23187 (Sigma Aldrich). After incubation 300 µl HEPES buffer
was added and samples were measured using flow cytometry.
To measure lactate concentrations, 1 ml of
PC was centrifuged 4 minutes at 14,000 rcf,
supernatant transferred to a 1 ml vial and
frozen at -40⁰C until measurement at a later
time. When all samples had been collected,
they were thawed, and lactate levels were
measured using an ABL90 blood gas analyzer (Radiometer Copenhagen, Denmark).
The above tests (CD62P expression, annexin V and lactate measurements) were combined into one single in vitro rating score
as described previously.13 In short, all outcomes were categorized and scored from
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bocytopenia, idiopathic thrombocytopenic
purpura (ITP), and known allergy to riboflavin or its photoactive products. For a random selection of all transfused products in
the Leiden University Medical Center (Leiden, the Netherlands) and the Haga Teaching hospital (The Hague, the Netherlands)
additional in vitro measurements were performed between 2011 and 2016 on 2-10
ml samples obtained from platelet concentrates shortly before transfusion. As part
of the original study protocol, CCIs were
determined 1h after transfusion. For the
current study, patients receiving 2 or more
consecutive platelet transfusions were excluded. Transfusions given for therapeutic
indications were excluded from analysis.
The study protocol was approved by the
Medical Ethical Committees of all participating hospitals and by the Scientific Committee of the Center for Clinical Transfusion
Research, Sanquin Leiden, the Netherlands.
All patients gave their written informed
consent according to the Declaration of
Helsinki.
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0 to 2, 0 meaning poor quality and 2 indicating good quality. CD62P expression of
<20% scored 2 points, ≥20 to 30% 1 point
and ≥30% scored 0 points. Annexin V positivity <10% scored 2 points, ≥10 to 20% 1
point and ≥20% 0 points. Lactate concentrations <10mM scored 2 points, ≥10 to
20mM 1 point and ≥20mM 0 points. These
scores were added up to create the final in
vitro rating score, which ranged from 0 to 6.
Functional laboratory measurements: TEG
uses a vertical rotating pin inserted in the
sample to measure differences in torque
caused by coagulation, which provides information regarding several parameters
of hemostasis. Clot strength and clotting
speed were measured by maximum amplitude (MA) and angle using TEG coagulation
analyzer (Haemoscope Corp., Niles, IL, USA).
Samples were diluted 10x using Octaplas
plasma (Sanquin reagents, Amsterdam,
the Netherlands). Samples were measured
with both the kaolin assay and functional
fibrinogen assay according to manufacturer’s instructions. To investigate platelet
functionality, results from the fibrinogen
assay (which does not activate platelets)
were subtracted from the kaolin assay.
Platelet responsiveness to different agonists was investigated by first diluting
samples 5 times in HEPES-buffered saline
(HBS; HEPES 10mM, NaCl 150mM, MgSO4
1mM, KCl 5mM, pH 7.4 (all from Sigma Aldrich)) and subsequently stimulating in
HBS buffer with decreasing concentrations
of adenosine diphosphate (ADP) (125µM,
31µM, 8µM, 2µM, 0.5µM, 122nM, 31nM, and
8nM), crosslinked collagen-related peptide
(CRP-XL) (2.5µg/mL, 625ng/mL, 156ng/mL,
39ng/mL, 10ng/mL, 2.4ng/mL, 610pg/mL,
and 153pg/mL), or Thrombin Receptor Activator Peptide-6 (TRAP) (625nM, 156nM,
39nM, 10nM, 2.4nM, 610pM, 153pM, and
38pM) in the presence of FITC-labeled anti-CD61 and PE-labeled anti-CD62P (both
36

from BD Biosciences, Vianen, the Netherlands). After 20 minutes incubation, formaldehyde (Polysciences) was added (final
concentration 0.5%) and samples were
measured using flow cytometry. For each
agonist, the maximum activation (i.e. maximum CD62P expression), the maximum
responsiveness (i.e. maximum CD62P expression subtracted with minimum CD62P
expression) and the average responsiveness (i.e. average CD62P expression after
stimulation with all eight concentrations,
minus the minimum CD62P expression)
were determined.
Statistical analyses: First, the association of
all investigated in vitro parameters with the
1h CCI was assessed by non-linear regression and depicted with the Spearman correlation coefficient (r). For 43 of 119 platelet
concentrates, CCIs and test results from all
the above tests were available. Missing test
results were due to insufficient material
stocks, too little sample to perform all tests,
rejected tests results and/or bad timing. To
ensure optimal comparability between the
laboratory tests, we only included results
from platelet concentrates that have been
tested with all the above tests (n=43). However, to exclude whether this selection introduced selection bias, we also performed
a sensitivity analysis on all available test
results (n=119).
Second, we investigated whether the discriminative capacity of the in vitro rating
score could be improved by choosing different cut-off values, as these cut-offs were
arbitrarily chosen in the original in vitro rating score. In a post-hoc analysis, we redefined the cut-offs for the updated in vitro
rating score that were equally-sized. The
association of these different categories
with the 1h CCI was assessed by linear regression and a score was developed by
rounding the betas/slopes to the nearest
integer. The association of the rating score
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Correlation platelet lab-test with CCI
SUPPLEMENTARY FIGURES
Figure S1 I Platelet biochemical assays show limited correlation with 1h CCI. Samples from PCs obtained
just before transfusion (n=43) were measured for CD62P expression (A), annexin V binding (B) and lactate concentration (C). These PCs were administered to hemato-oncological patients and CCI was determined 1h after
transfusion. Laboratory test results were associated with CCIs using non-linear regression. Rank correlations are
depicted using Spearman correlation coefficient (r).
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Figure S2 I TEG measurements do not associate with storage or 1h CCI. PCs (n=43) were measured using
TEG before administration to hemato-oncological patients. TEG angle and TEG maximum amplitude (MA) were
associated with 1h CCI using non-linear regression (A-B) or with storage time (C-D) using linear regression. Rank
correlations are depicted using Spearman correlation coefficient (r). Effect of storage is depicted with slopes (RR
with 95% confidence intervals).
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Figure S3 I Platelet responsiveness after TRAP and ADP, but not CRP, stimulation correlate with 1h CCI.
Maximum activation and maximum and average platelet responsiveness from PCs (n=43) was determined using
platelet CD62P expression after stimulation with increasing concentrations of either TRAP (A-C), ADP (D-F) or
CRP (G-I). Test results were associated with 1h CCIs using non-linear regression. Rank correlations are depicted
using Spearman correlation (r).
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Figure S4 I Prolonged storage and pathogen inactivation result in reduced 1h CCI. PCs (n=43) were stored
for 1-7 days and subsequently administered to hemato-oncological patients. CCIs determined 1h after transfusion are presented relative to storage time (A) or pathogen inactivation (B). Statistical testing was performed
using Mann-Whitney U test. P-values<0.05 were considered significant. **** p<0.0001.
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Figure S5 I Platelet biochemical measures increase during storage. PCs (n=43) were measured for CD62P
expression (A), Annexin V binding (B) and lactate concentration (C). Laboratory test results were associated with
storage time using linear regression. Effect of storage is depicted with slopes (RR with 95% confidence intervals).
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Figure S6 I The original and updated in vitro rating score both reduce during storage. PCs (n=43) were
measured for CD62P expression, Annexin V binding and lactate concentration and combined in an in vitro rating
scores using the original or updated rating system (as presented in table 3). The in vitro rating scores were associated with storage time using linear regression. Effect of storage is depicted with slopes (RR with 95% confidence
intervals).
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Figure S7 I Platelet maximum activation and responsiveness reduce as storage time prolongs, but not for
all parameters. Maximum activation and maximum and average platelet responsiveness from PCs (n=43) was
determined using platelet CD62P expression after stimulation with increasing concentrations of either TRAP (AC), ADP (D-F) or CRP (G-I). Test results were associated with storage time using linear regression. Effect of storage
is depicted with slopes (RR with 95% confidence intervals).
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Table S1 I Associa�on in vitro parameters with 1h and 24h CCI
1h CCI
Laboratory
measurement

# of
Spearman P-value*
Tx

Storage �me

119

-0.18

0.05

Pathogen inac�vated

119

-0.49

<0.0001

CD62P expression

113

-0.32

0.0007

Annexin V binding

114

-0.25

0.009

Lactate concentra�on

75

-0.29

0.01q

In vitro ra�ng score

66

0.32

0.01

Updated in vitro
ra�ng score

66

0.50

<0.0001

TEG angle

86

-0.07

0.53

TEG MA

86

-0.14

0.22

79

0.44

<0.0001

79

0.58

<0.0001

79

0.66

<0.0001

75

0.09

0.44

75

0.48

<0.0001

75

0.44

0.0001

73

0.26

0.03

73

0.42

0.0003

73

0.32

0.005

PLT responsiveness
assay
TRAP: Max
ac�va�on
TRAP: Max
responsiveness
TRAP: Average
responsiveness
ADP: Max
ac�va�on
ADP: Max
responsiveness
ADP: Average
responsiveness
CRP: Max
ac�va�on
CRP: Max
responsiveness
CRP: Average
responsiveness

24h CCI
Beta (95%CI)† Spearman P-value* Beta (95%CI)†
-0.66
(-1.29; -0.04)
-5.67
(-7.60; 3.74)
-0.17
(-0.28; -0.07)
-0.13
(-0.24; -0.02)
-0.48
(-0.86; -0.10)
1.46
(0.20;2.72)
0.99
(0.54; 1.45)
-0.01
(-0.11; 0.10)
-0.10
(-0.30; 0.09)
0.44
(0.20; 0.69)
0.21
(0.13; 0.29)
0.33
(0.22; 0.44)
0.02
(-0.07; 0.11)
0.16
(0.08; 0.24)
0.29
(0.12; 0.46)
0.06
(-0.06; 0.17)
0.13
(0.06; 0.20)
0.22
(0.08; 0.36)

-0.15

0.10

-0.30

0.001

-0.30

0.001

-0.19

0.04

-0.18

0.13

0.20

0.25

0.53

0.001

-0.07

0.54

-0.18

0.10

0.38
0.54
0.57
0.03
0.39
0.38
0.15
0.31
0.20

-0.52
(-1.07; 0.04)
-3.36
(-5.14; -1.58)
-0.14
(-0.23; -0.06)
-0.11
(-0.22; 0.00)
-0.31
(-0.70; 0.08)
0.35
(-0.19; 0.88)
1.80
(0.62; 2.98)
-0.02
(-0.11; 0.07)
-0.10
(-0.26; 0.06)

0.33
(0.12; 0.55)
0.18
<0.0001
(0.11; 0.26)
0.28
<0.0001
(0.18; 0.38)
0.00
0.83
(-0.08; 0.07)
0.12
0.001
(0.04; 0.20)
0.23
0.001
(0.07; 0.39)
0.05
0.22
(-0.05; 0.14)
0.10
0.009
(0.04; 0.16)
0.14
0.10
(0.01; 0.28)
0.001

*H0: laboratory measurement and 1h CCI are independent. †presents the slope/constant between
laboratory test result and 1h CCI as obtained using linear regression. # of TX= number of transfusion.
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Storage-induced platelet apoptosis is a
potential risk factor for alloimmunization
upon platelet transfusion
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1

Platelet transfusion can elicit alloimmune responses leading to alloantibody formation
against donor-specific polymorphic residues, ultimately resulting in platelet transfusion
refractoriness. Universal leukoreduction significantly reduced the frequency of alloimmunization after platelet transfusion, thereby showing the importance of white blood
cells in inducing this alloresponse. It is, however, unknown if the residual risk for alloimmunization is solely caused by white blood cells remaining after leukoreduction or if
alloimmunization can be induced by platelets themselves. This study investigated the
capacity of platelets to induce alloimmunization and identified potential product-related risk factors for alloimmunization. First, internalization of allogeneic platelets by dendritic cells (DCs) was demonstrated by confocal microscopy. Second, after internalization, presentation of platelet-derived peptides by DCs was shown by mass spectrometry
analysis of HLA-DR eluted peptides. Third, platelet-loaded DCs induced platelet-specific
CD4 T cell responses. Altogether, this indicates a platelet-specific ability to induce alloimmunization. Therefore factors enhancing platelet internalization may be envisioned
as risk factor for alloimmunization by platelet concentrates. To investigate if storage of
platelets is such a risk factor, internalization of stored platelets was compared with fresh
platelets and showed enhanced internalization of stored platelets. Storage-induced apoptosis and accompanied phosphatidylserine exposure seemed to be instrumental for
this. Indeed, DCs pre-incubated with apoptotic platelets induced the strongest IFN-γ
production by CD4 T cells compared to pre-incubation with untreated or activated platelets. In conclusion, this study shows the capacity of platelets to induce platelet-specific
alloimmune responses. Furthermore, storage-induced apoptosis of platelets is identified as potential risk factor for alloimmunization after platelet transfusions.
INTRODUCTION
The effectiveness of prophylactic platelet
transfusions can be monitored by determining the increase in circulating platelets after
transfusion (i.e. count increments), prevention of bleeding and/or the time to the next
transfusion. If patients display multiple subsequent ineffective transfusions they are con-
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sidered to be refractory for platelet transfusion. This is a frequent clinical problem, which
is observed in 7-37% of hemato-oncological
patients receiving multiple platelet transfusions.1–3 Platelet refractoriness is associated
with prolonged hospital stay, increased risk
for bleeding and reduced survival.3,4 Next to
non-immune factors, immune-mediated re-
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completely prevented when platelet concentrates were depleted from contaminating
WBCs.17–19 These findings led to the proposal
that platelets themselves are incapable of
inducing alloimmunization.17,18,20 In contrast,
more recent animal studies suggest that
platelets themselves are capable of inducing
alloimmune responses against HLA class I,8–10
however, residual WBCs were still present in
platelet products making it impossible to dissect the role of platelets and WBCs in the observed alloimmune responses. Although universal leukoreduction significantly reduced
alloimmunization after platelet transfusions
in vivo,1,2 alloimmunization still occurs and it is
unknown whether this is caused by WBCs still
contaminating platelet concentrates or also
by platelets themselves.

Although alloimmunization after platelet
transfusions is suggested to be initiated via
either the direct or indirect pathway of alloregnition,6 the indirect pathway seems
to be dominant for humoral alloimmunization.1,8 IgG alloimmunization via the indirect
pathway is initiated when antigen presenting
cells (APCs) are stimulated by nitric oxide to
process and present allogeneic antigens in
HLA molecules.8–10 The presented allopeptide-HLA complexes must be recognized by
CD4 T cells,11 to subsequently provide help
to alloreactive B cells as necessary step in the
eventual production of alloantibodies. Directed against transfused platelets, such alloantibodies result in rapid clearance of antibody
opsonized platelets, rendering subsequent
transfusions more and more ineffective.12,13
It is known that previous sensitization (e.g.
by pregnancy) and repeated exposures to
platelet concentrates increase the risk for alloimmunization,2,6 but knowledge regarding
patient and product-related risk factors for alloimmunization remains very limited.

Alloantibodies induced by platelet transfusions are most frequently directed against
HLA class I,15,21 but platelets additionally express a variety of molecules with polymorphisms, known as HPAs, against which alloantibodies can also be formed. Currently, 33
HPAs are described which are expressed on 6
different glycoproteins.22,23 Expression of HPAs
however, is not limited to platelets, as for example HPA-5 and -13 are present in glycoprotein Ia/CD49b, which can also be expressed
by T, B and NK cells.24,25 Furthermore, the expression of glycoprotein IIIa (also known as
CD61), which contains seven HPAs, is also reported for endothelial cells, trophoblasts and
osteoclasts.23,26–28 Therefore, although immunization against HPA suggests that platelets
themselves can induce alloimmunization, this
may be mediated by other cells.

Most interesting in this respect is that even
though platelets are most abundant, the
contaminating white blood cells (WBCs) in
platelet concentrates are so far held mainly
responsible for the induction of alloimmunization.2,6,14–16 Indeed, in early days alloimmunization after platelet transfusion seemed

This study investigates the capacity of platelets to induce alloimmune responses and
identifies potential product-related risk factors for alloimmunization after platelet transfusion. In this respect we show internalization
of allogeneic platelets by DCs, which is significantly enhanced after storage. This inter-
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fractoriness to platelet transfusions occurs in
5-15% of all patients receiving platelets transfusions.2,5,6 This is most frequently caused by
alloimmunization of the recipient against
non-matching human platelet antigens (HPA)
or human leukocytes antigens (HLA) class I
that are recognized as foreign by the recipient.6,7 The resulting alloantibodies can induce
platelet transfusion refractoriness, especially
when targeting HLA class I antigens.6 Besides
causing refractoriness, HLA class I alloimmunization complicates curative stem cell therapies.2

51

Chapter 3

nalization results in presentation of plateletderived peptides by DCs and subsequent
platelet-specific CD4 T cell responses.
RESULTS
Platelet internalization and presentation in
HLA class II by DCs: The first step required for
alloimmunization after platelet transfusion
is internalization of platelets by APCs. Platelet internalization by DCs was investigated
after 4h incubation using confocal microscopy. Z-stacks were obtained and visualized

using orthogonal representation (Fig. 1A-B).
These images show that DCs are capable of
internalizing platelets. Subsequently, platelet
internalization by DCs was quantified using
imaging flow cytometry with an optimized
internalization assay (Fig. S1). In time, more
DCs internalized platelets (Fig. 1C) and each
DC internalized more platelets (Fig. 1D). In
addition, increasing platelet:DC ratio also increased platelet internalization (Fig. S2).
Antigen processing and presentation on HLA
class II molecules is a second pivotal step to

B

A

5 µm

D

Platelet internalization
40

****
****
****
****
****
****
**

30
20
10
0

0h

0.5h

1h

2h

Incubation time

4h

Platelet internalization by DCs
(in intracellular MFI)

DCs with platelets internalized
(in %)

C

5 µm
µm
Intracellular fluorescence

****
****
***
*
**
*

60000
40000
20000
0

0h

0.5h

1h

2h

4h

Incubation time

Figure 1 I Allogeneic platelets are internalized by DCs. DCs were incubated 1:40 with PKH labeled platelets (green). After 4h incubation, DCs were stained with HLA-DR (red) and DAPI nuclear counterstain (blue) and
measured with confocal microscopy (LSM 510 META, Zeiss). To allow visualization from every axis, z-stacks (710 slices of 1µm/slice) were obtained and visualized with an orthogonal presentation (A+B). In addition, using imaging flow cytometry platelet internalization by DCs was quantified over time by determining % of DCs
with platelets internalized (C) and the intracellular PKH fluorescence in DCs that internalized platelets (D) (n=6).
One-way ANOVA with Tukey post testing was used to determine statistical significance. * p<0.05, ** p<0.01, ***
p<0.001, **** p<0.0001.
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identified, presumably due to limited sensitivity of this assay. The identified glycoprotein V-derived peptides exhibited similar core
amino acids between both donors while the
flanking regions of these peptides were variable. This is strongly indicative of intracellular
antigen processing before their presentation.
Platelet-specific T cell responses: Because
IgG alloantibody production by B cells requires help from activated CD4 T cells, the
potential of DCs to activate platelet-specific
CD4 T cells was investigated after DCs have
been incubated with platelets. To exclude
activation of CD4 T cells by antigens derived
from a non-platelet source, e.g. contaminating WBCs, T cells recognizing HPA-1a peptides
presented in HLA-DRB3 were used. HPA-1a is
a minor histocompatibility antigen,22,23 whose
expression in all circulating cells is only reported for platelets.22,27,28,39 Platelet-loaded
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Table 1 I HLA class II presentation of plateletderived peptides by DCs.
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initiate CD4 T cell mediated alloimmune responses. To investigate if internalized platelets were also processed and presented by
DCs in HLA class II molecules, HLA-DR from
DCs was immunoprecipitated after incubation with platelets and bound peptides were
subsequently analyzed using mass spectrometry. The most abundantly presented peptides were derived from general household
proteins, as previously shown.38 To exclude
endogenous peptides presented by DCs, all
peptides presented by DCs incubated without platelets were removed from the results.
After this, 207 and 547 unique presented
peptides were identified in two separate experiments, in which we focused on peptides
derived from platelet-specific proteins to
establish if presentation of platelet-derived
peptides occurred. Of note, because HLA class
I is expressed by all cells, including DCs, it was
not possible to investigate presentation of
HLA class I derived peptides. However, peptides from the platelet-specific glycoprotein V
were found in each of two independent experiments (Table 1). These peptides were not
detected in any of the medium controls, neither by automatic nor by manual inspection
of mass spectra. Glycoprotein V was the only
platelet-specific protein that was consistently
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Figure 2 I Presentation of platelet-derived peptides by DCs induces a CD4 T cell response. HPA-1a specific
CD4 T cells were incubated with DCs that were pre-incubated 4 hours with HPA-1a positive platelets in different
PLT:DC ratios (A, PLT:DC ratio 100:1 and 10:1, n=3) or with either no platelets, HPA-1a negative (i.e. HPA-1b) or
HPA-1a positive platelets (B, PLT:DC ratio 100:1, n=4) after which the HPA-1a specific T cells were added. After
overnight incubation, IFN-γ production by T cells was determined using ELISA. One-way ANOVA with Tukey post
testing was used to determine statistical significance. * p<0.05, *** p<0.001, **** p<0.0001.
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Figure 3 I Internalization of allogeneic platelets by DCs increases upon storage. Platelets were stored 7 days
in platelets concentrates (PCs) under blood bank conditions (A; n=6). Alternatively, paired PCs were prepared
with or without pathogen reduction and stored for 1, 4, 7 or 15 days (B; n=4). Subsequently, stored platelets were
incubated 2 hour 40:1 with DCs and internalization of platelets was determined using imaging flow cytometry.
In addition, platelet activation (C, n=3) and apoptosis (D, n=3) was determined using flow cytometry. Statistical
analysis was performed using unpaired T-test (A) or one-way ANOVA with Tukey post testing (B-D). * p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001.

DCs matched for HLA class II were incubated
with the CD4 T cell clone. DCs that were incubated with platelets obtained from HPA-1a
positive individuals induced significant IFN-γ
production by the HPA-1a specific CD4 T cells,
which increased when more platelets were
present (Fig. 2A). However, this IFN-γ production was not induced when platelets were
added to the T cells in the absence of DCs. Although some IFN-γ production was induced
when only DCs were added to CD4 T cells,
this was similar when DCs were exposed to
platelets from HPA-1a negative (thus HPA-1b
homozygous) donors and significantly lower
than adding HPA-1a positive platelets (Fig.
2B). This demonstrates that DCs internalize
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platelets and subsequently present plateletderived peptides in HLA class II to plateletspecific CD4 T cells.
Product related factors causing increased
internalization of platelets: With the evidence above showing the ability of plateletderived antigens to induce CD4 T cell responses, product-related factors like storage
and pathogen reduction could be envisioned
as risk factors for platelet dependent alloimmunization, as they may affect platelet internalization and subsequent presentation
of platelet derived antigens in HLA class II.
Therefore, internalization of stored platelets
with or without pathogen reduction by DCs
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was quantified. Internalization of platelets
stored for 7 days under routine blood bank
conditions was significantly enhanced compared to freshly isolated platelets (Fig. 3A). Directly after treatment, pathogen reduction by
Mirasol did not result in increased internalization of platelets compared to untreated platelets. Upon storage however, internalization of
pathogen reduced platelets was significantly
enhanced compared to similarly stored control platelet concentrates (Fig. 3B).
Platelet apoptosis and concomitant phosphatidylserine exposure enhanced platelet
internalization: Storage of platelets resulted
in elevated activation and apoptosis (Fig. 3CD). However, HLA class I expression was not
significantly affected by storage (Fig. S3), as
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opposed to mouse platelets which completely lose MHC class I expression after 3 days
of storage.40 To investigate if platelet activation and/or apoptosis were involved in the
increased internalization of stored platelets,
freshly isolated platelets were activated or
made apoptotic. Activation of platelets resulted in significant CD62P upregulation while
annexin V binding was unaffected (Fig. S4A).
Induction of apoptosis in platelets resulted
in >90% annexin V positive platelets, while
CD62P expression was not affected (Fig. S4B).
Internalization of apoptotic, but not of activated platelets by DCs was increased compared to internalization of untreated platelets
(Fig. 4A). To investigate the involvement of
phosphatidylserine in this enhanced internalization, platelets were incubated with puri-

Figure 5 I DCs primed with apoptotic platelets induce
enhanced CD4 T cell response. DCs were incubated with
apoptotic, activated or untreated freshly isolated platelets,
washed after 4 hours and subsequently incubated with
HPA-1a specific CD4 T cells. After overnight incubation,
IFN-γ by CD4 T cells was determined using ELISA. Statistical
significance was determined using one-way ANOVA with
Tukey post testing. n=7 * p<0.05, **** p<0.0001.
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Figure 4 I Apoptosis and phosphatidylserine exposure increase internalization of platelets by DCs. Freshly
isolated platelets were activated, made apoptotic or left untreated (A, n=6). Alternatively, platelets were incubated with 250 µg/ml phosphatidylserine (PS) of phosphatidylcholine (PC) (B, n=4). Subsequently, these platelets were incubated 2 hours 40:1 with DCs and internalization of platelets was determined using imaging flow
cytometry. Statistical analysis was performed using one-way ANOVA with Tukey post testing. ** p<0.01, ***
p<0.001, ns=not significant.
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fied phosphatidylserine, which was shown to
incorporate into the outer membrane.33 This
incubation indeed resulted in incorporation
of phosphatidylserine in the outer membrane
of platelets, as shown by increased annexin V
binding, while increased annexin V binding
was not observed after incubation with phosphatidylcholine (Fig. S5B). Treatment with
these phospholipids did not affect platelet
activation (Fig. S5B). Platelets incubated with
phosphatidylserine were significantly more
internalized compared to phosphatidylcholine incubated or untreated platelets (Fig. 4B).

let-specific CD4 T cell activation. Since CD4 T
cell help is a prerequisite for differentiation of
allo-specific B cells into antibody-producing
plasma cells, our data strongly suggest that in
addition to WBCs platelets are able to induce
alloimmunization, despite contradicting suggestions in literature.17–20 Importantly, our
data show that storage-induced apoptosis of
platelets increased internalization and platelet-specific CD4 T cell responses and should
hence be regarded as a potential risk factor
for alloimmunization after platelet transfusions.

Platelet apoptosis enhanced platelet-specific CD4 T cell responses: Finally, the effect
of the increased internalization of apoptotic
platelets was investigated on stimulation of
CD4 T cell responses using HPA-1a specific
CD4 T cells. While platelet-loaded DCs induced IFN-γ production by platelet-specific
(HPA1a) T cells in all conditions, IFN-γ production was significantly enhanced when DCs
were pre-incubated with activated or apoptotic platelets compared to untreated platelets. DCs pre-incubated with apoptotic platelets, however, induced the strongest IFN-γ
production by CD4 T cells (Fig. 5).

Given that platelet concentrates will always
contain residual WBCs, in animal or in vivo
studies it is impossible to dissect the involvement of platelets and WBCs in the induction
of the alloimmune response. Therefore, we
have chosen an in vitro approach to study the
direct involvement of platelets in the induction of alloimmunization. The clearest indication for the latter mechanism was derived
from the use of a CD4 T cell clone recognizing a HPA-1a peptide. Notwithstanding that
HPA-1a is expressed by endothelial cells and
trophoblasts, from the circulating cells HPA1a expression is limited to platelets.22,26–28,39 As
a result, the induced CD4 T cell activation by
platelet exposed DCs are due to processing of
platelet-derived HPA-1 and subsequent presentation in HLA class II, and thereby a direct
indication of a platelet induced alloimmune
T cell response. Although HLA class I alloimmunization after platelet transfusions is clinically more relevant than HPA alloimmunization,6,7 this study used CD4 T cells that respond
to HPA-1a antigens to prevent that observed
T cell responses are induced by WBCs that
always contaminate isolated platelets. However, platelet-derived antigens are shown to
be processed and presented by DCs, mplying that platelet expressed HLA class I is also
processed and presented after platelet internalization. Furthermore, via a phenomena
known as linked recognition, CD4 T cell help

DISCUSSION
Platelet transfusions can elicit alloimmune
responses leading to HLA- or HPA-specific
alloantibodies, which result in rapid clearance of opsonized platelets.6 Preventing or
minimizing this alloimmunization is not only
desirable to prevent refractoriness to platelet
transfusions, but also to diminish associated
patient morbidity like bleeding complications.1 Currently it is unknown whether alloimmunization after platelet transfusions is
caused by residual WBCs in blood products or
whether platelets themselves contribute to
alloimmunization.2,6,14,15,17–19 This study demonstrates that platelets can be internalized
by DCs and presentation of platelet-specific
antigen in HLA class II by DCs mediates plate-
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Internalization, as the first step of platelet-specific alloimmunization, might well be affected
by the platelets transfused. Storage of RBCs
in this respect has been implicated as a risk
factor for alloimmunization,42,43 and a similar
effect could be considered for platelet products. Storage of platelets indeed significantly
increased their internalization by DCs as compared to fresh platelets. Additionally, Mirasol
mediated pathogen reduction, an important
new modulation of platelet products,44 further increased the storage-induced internalization, which may be due to enhanced development of storage-induced apoptosis by
Mirasol pathogen inactivation.45,46 Although
our study only investigates Mirasol pathogen
inactivation, Intercept or Theraflex pathogen
inactivation also enhance storage-mediated
apoptosis of platelets,44,46–54 and may therefore also enhance storage-induced internalization of platelets. The potential enhanced
risk for alloimmunization after pathogen
reduction is contradicted by animal studies
that show reduced or absent MHC class I alloimmunization after transfusions with pathogen reduced platelets.55,56 This however, may
be explained by the fact that these only use
fresh platelets,55,56 while pathogen reduction
did not affect platelet internalization directly
after treatment, but rather enhanced the storage–mediated internalization. Interestingly,
two clinical trials were recently published that
may confirm this hypothesis.57,58 Namely, one
of these studies stored platelets on average
for 1 day and suggested a protective effect of
pathogen inactivation,58,59 whereas the other
trial stored platelets on average for 4 days and

did not show any protection of pathogen inactivation on alloimmunization.57
As one of the explanations for storage enhanced internalization, we demonstrated
that storage induced phosphatidylserine exposure enhanced internalization and eventual presentation of platelet-derived peptides
to CD4 T cells by DCs. Priming of naïve CD4 T
cells however, is not only depending on peptide presentation in MHC class II, but also on
co-stimulation and cytokine release by antigen presenting cells. As a result, the final outcome of peptide presentation to naïve T cells
by DCs is likely to be influenced by the overall
inflammatory signals present, both by the patients inflammatory status and induced by the
platelets themselves.60 Corroborating data indeed show the importance of the recipients’
inflammatory status during RBC transfusion
wherein pro-inflammatory conditions will
skew towards alloimmunization, while an anti-inflammatory environment leads to a more
regulatory CD4 T cell response.61,62 Because
phosphatidylserine exposure has been described to aid cell clearance via either anti- or
pro-inflammatory pathways,63–65 the effect of
the increased internalization and presentation of stored platelets on T cell skewing and
alloantibody production needs investigation
in clinical studies.
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can be provided to B cells if the CD4 T cells
are specific for the same antigenic complex
as the B cell while not necessarily recognizing
the same epitope.41 Thus, even if processing
and presentation of HLA class I peptides is different as HPA-1a peptides, CD4 T cells specific
for HPA-1a peptides may also provide help to
allo-HLA specific B cells.

As this study provides strong suggestions that
storage-induced platelet apoptosis can be a
risk factor for alloimmunization after platelet
transfusions, studies are warranted that investigate how platelet apoptosis during storage
can be abolished or minimized. In addition,
because in vitro studies fail to resemble the
complexity of in vivo immune responses conformation of our findings by clinical studies
is warranted. Finally, the effect of pathogen
inactivation on alloimmunization should be
investigated preclinical or clinical using routine blood bank conditions, thus with platelet
storage that resembles routine practice.
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In summary, our study shows that DCs can
internalize and present platelet-derived peptides, resulting in a platelet-specific CD4 T cell
responses. Consequently, factors such as storage of the platelet product, which increase
internalization and presentation of these
platelets, might increase the risk for alloimmunization, especially when occurring under
pro-inflammatory conditions. While confirmation of our findings by clinical studies is
warranted, storage-induced apoptosis seems
a risk factor for alloimmunization after platelet transfusions.
MATERIALS AND METHODS
Human blood samples: Leukapheresis products or whole blood derived buffy coats obtained from anonymized Sanquin blood donors after giving written informed consent
were used to isolate monocytes from random
or HLA-DRB3*01:01-positive individuals. Citrated whole blood was obtained to isolate
HPA-1a+, HPA-1a- or fresh platelets. Full blood
donations from anonymized Sanquin blood
donors were used to prepare platelet concentrates. All was approved by the Sanquin Ethical Advisory Board and in accordance with
the declaration of Helsinki and according to
Dutch regulations.
Platelet concentrates: Buffy coats were obtained from full blood donations as previously described.29 Platelet concentrates (PCs)
were prepared from five pooled buffy coats
and one unit of plasma obtained from one of
these donors. After pooling and 4.5 minutes
centrifugation at 1940g, platelet rich plasma
was transferred via a leukoreduction filter to a
storage container using an automated separator (Compomat, Fresenius, Emmer Compascuum, the Netherlands). Products were
left either untreated (control) or were treated
with Mirasol pathogen reduction technology
(TerumoBCT, Zaventem, Belgium). Mirasoltreated products were always produced in
parallel with a paired untreated unit and
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therefore two ABO-identical platelet concentrates were pooled, mixed and subsequently
split to allow a paired comparison. Mirasol
treatment was performed according to the
manufacturer’s instructions. In short, 500
µM riboflavin was added to PCs, which were
subsequently UV-B illuminated for 5-10 minutes with 6.2 J/ml. All products were stored at
room temperature with gentle agitation, up
to a maximum of 15 days (7 days is the current standard in the Netherlands, but we also
wanted to investigate more exceptional cases
and also because transfused platelets remain
in circulation up to 15 days after collection30).
All PCs were tested negative for bacterial
contamination using BactAlert (bioMérieux,
Marcy-l’Étoile, France) and fulfilled standard
quality requirements (i.e. <1x106 leukocytes/
product, visible swirl “not red”, >250x109
platelet/product, 150 - 400 ml total volume).
Platelet preparations and membrane labeling: Platelet rich plasma (PRP) was obtained
by centrifugation of freshly-drawn citrated
blood from healthy individuals at 200g for 10
minutes or by taking 10 ml samples from PCs
on day 1, day 7 and/or day 15 of storage. Subsequently, platelets were washed, and if indicated, labeled 20 minutes in PBS using 3.75
µM PKH26 cell membrane dye (Sigma Aldrich,
Zwijndrecht, the Netherlands) under continuous gentle agitation, after which platelets
were washed once using sequestrine buffer
(17.5 mM Na2HPO4, 8.9 mM Na2EDTA, 154 mM
NaCl, pH 6.9, containing 0.1% [wt/vol] bovine
serum albumin, all obtained from Merck Millipore, Amsterdam, the Netherlands) supplemented with 10% heat inactivated fetal calf
serum (Bodinco, Alkmaar, the Netherlands).
If indicated, platelets were left untreated,
activated using 100 µM Thrombin Receptor
Activator Peptide-6 (TRAP) (Bachem, Bubendorf, Zwisterland), made apoptotic using 5
µM Calimycin A23187 (Sigma Aldrich) as previously described.31,32 Alternatively, platelets
were incubated with either 250 µg/ml puri-
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Human DCs: Monocytes were isolated either
from fresh leukapheresis material using the
Elutra Cell Separation System (Gambro, Lakewood, CO, USA) or from HLA-typed buffy coats
using ficoll density centrifugation and CD14
microbead MACS isolation (Miltenyi, Leiden,
the Netherlands) as previously described,34,35
and subsequently frozen until further use. Purity of monocytes was determined using flow
cytometry with APC labeled anti-CD14, PE labeled anti-CD3 and FITC labeled anti-CD66b
(all from BD biosciences) and was >90%. On
day 0, monocytes were thawed and differentiated into dendritic cells (DCs) by culturing
1x106 monocytes/ml in a T75 culture flask
or 6-well plate (both from Nunc/Sanbio BV,
Uden, the Netherlands) in 20 or 2 ml of Cellgro DC serum-free medium (Cellgenix), respectively, supplemented with 800 IU/ml IL4
and 1000 IU/ml granulocyte–macrophage
CSF (both from Cellgenix, Freiburg, Germany),
100 U/ml penicillin and 100 U/ml streptomycin (both from Gibco/Thermo Fischer Scien-

tific, the Netherlands) at 37°C and 5% CO2 for
6-7 days.
Platelet internalization by DCs: DCs were harvested and incubated 0.5 - 4 hours in 1:5-1:80
ratio with PKH labeled platelets at 37°C and
5% CO2. After incubation, DCs used for confocal microscopy were washed with PBS+0.5%
BSA and fixed with 3.7% paraformaldehyde
(Sigma Aldrich). Subsequently, DCs were
quenched with 50 mM NH4Cl and labeled for
30 minutes with unlabeled rabbit anti-human
HLA-DR (Abcam, Cambridge, United Kingdom) in PBS with 3 mg/ml human gamma
globulin (HGG). Subsequently, DCs were incubated 45 minutes with AlexaFluor647-labeled
anti-rabbit Ig (Thermofisher, Bleiswijk, the
Netherlands) supplemented with 1 µg/ml
DAPI nuclear counterstain (Life Technologies).
Finally, cells were washed, taken up in 10 µl
Mowiol mounting medium (Calbiochem,
EMD Millipore, Billerica, MA, USA) and put on a
cover slip after which samples were analyzed
using confocal microscopy (LSM 510 META,
Zeiss, Breda, the Netherlands). Alternatively,
DCs used for imagestream analysis were
washed with PBS+0.5% BSA supplemented
with 5 mM EDTA (Merck Millipore) to release
surface bound platelets after which they were
fixed with 3.7% paraformaldehyde (Sigma
Aldrich). Subsequently, DCs were incubated
at room temperature with FITC-labeled antiCD61 (Beckman Coulter) and APC-labeled anti-HLA DR (both from BD biosciences, Breda,
the Netherlands). After 30 minutes, cells were
washed and analyzed using imaging flow
cytometry (ImageStream®X Mark II Imaging
Flow Cytometer, Merck Millipore) and IDEAS
Application (IDEAS software V6.1.303.0, Merck Millipore). Gating strategy is presented in
Fig. S1, and involved selection of single DCs
(aspect ratio intensity vs. area; for bright-field
and APC channel), DCs and platelets in focus
(gradient RMS; for bright field, APC channel
and PKH channel) and exclusion of false positive cells (defined as intracellular fluorescence
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fied bovine phosphatidylserine or phosphatidylcholine (both from Sigma Aldrich), which
was shown to result in incorporation in the
outer membrane of RBCs.33 After 20 minutes,
platelets were washed using sequestrine
buffer, centrifuged at 1600g for 5 minutes and
dissolved in Cellgro DC serum-free medium
(Cellgenix, Freiburg, Germany). To determine
the effects of pathogen reduction, activation or apoptosis induction and exposure to
purified phosphatidylserine or phosphatidylcholine, 0.5x106 platelets were stained either
in PBS with phycoerythrin-cyanine7-labeled
anti-CD61 (Beckman Coulter, Woerden, the
Netherlands) combined with either fluorescein isothiocyanate (FITC)-labeled anti-CD62P
(Beckman Coulter) or phycoerythrin-cyanine5-labeled anti-HLA class I (clone W6-32,
Biolegend, London, United Kingdom) or in
annexin V binding buffer (Biolegend) with allophycocyanin (APC)-labeled Annexin V (BD
biosciences, Breda, the Netherlands).
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of the platelet-specific anti-CD61 membrane
staining).
Antigen presentation: The presentation of
platelet-derived peptides was performed as
previously described.36 In short, 5x106 DCs
were incubated in a 1:40 ratio with freshly
isolated platelets at 37°C and 5% CO2. After 5
hours of incubation, DCs were matured for 19
hours with 1 µg/ml lipopolysaccharide (LPS,
Sigma Aldrich) and 1% FCS. Subsequently,
the DCs were collected and resuspended
in lysis buffer (10 mM Tris (Merck Millipore),
0.25% octyl-b-D glucopyranoside, 1% sodium
deoxycholate and protease/phosphatase inhibitor cocktail (all three from ThermoFisher)).
Lysates were then clarified by centrifugation
at 20,000g for 15 minutes at 4°C and the supernatants were incubated with 300 µL of
Sepharose beads coupled with anti-HLA-DR
antibody L243 to immunoprecipitate HLADR/peptide complexes. After overnight incubation, samples were washed twice with
fresh lysis buffer and five times in 10 mM Tris.
Bound HLA-DR/peptides were eluted from
the beads using 10% acetic acid (Sigma Aldrich) and desalted using C18 STAGE-Tips (3M
Science) prior to mass-spectrometry analysis.
Mass spectrometry data acquisition: Peptides
were separated by nanoscale C18 reverse
phase chromatography coupled on line to an
LTQ Orbitrap XL mass spectrometer (Thermo
Scientific) via a nanoelectrospray ion source
(Nanospray Flex Ion Source, Thermo Scientific). Peptides were loaded on a 20 cm 75–360
µm inner-outer diameter fused silica emitter (New Objective) packed in-house with
ReproSil-Pur C18-AQ, 1.9 μm resin (Dr Maisch
GmbH). The column was installed on a Dionex
Ultimate3000 RSLC nanoSystem (Thermo Scientific) using a MicroTee union formatted for
360 μm outer diameter columns (IDEX) and a
liquid junction. The spray voltage was set to
2.15 kV. Buffer A was composed of 0.5 % acetic acid in water and buffer B of 0.5 % acetic
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acid, 19.5% water, 80% acetonitrile (Biosolve
Valkenswaard, The Netherlands). Peptides
were loaded at 300 nl/min at 4% buffer B,
equilibrated for 10 minutes at 4% buffer B (010 minutes) and eluted by increasing buffer
B from 4-50% (10-50 minutes), followed by
a 3 minutes wash to 90 %, 2 minutes hold at
90 %, a 2 minutes ramp back to 4 % and a 13
minutes regeneration at 4%.
Survey scans of peptide precursors from 300
to 2000 m/z were performed in the Obitrap
at 30K resolution. Tandem mass spectrometry
of the 5 most intense precursors was performed by isolation with isolation width 1.0,
CID fragmentation with normalized collision
energy of 35, and rapid scan mass spectrometry analysis in the ion trap. The dynamic exclusion duration was set to 30 s with a 10 ppm
tolerance around the selected precursor and
its isotopes. Monoisotopic precursor selection was turned on. The MS2 ion count target
was set to 500 and the max injection time
was 30 ms. Only those precursors with charge
state 2 and up were sampled for MS2. All data
was acquired with Xcalibur software. Data
files were analyzed with Proteome Discoverer software, version 1.4 (Thermo Scientific)
against a human FASTA database (uniProt organism 9606+ keyword 0181) with a 20 ppm
tolerance for precursor mass and 10 ppm tolerance for fragment mass. Modifications used
were static carbamidomethyl (+57.021 Da)
on cysteines and dynamic oxidation (+15.995
Da) on methionine. Only peptides with a high
confidence (FDR threshold 0.05%) were considered for protein scoring.
HPA-1a specific T cell responses: To investigate
if antigen uptake by DCs resulted in immune
responses, 5x103 HLA-DRB3*01:01 DCs were
first incubated 4 hours in 1:100 ratio with
freshly isolated platelets (untreated, activated
and/or apoptotic) in Cellgro DC serum-free
medium (Cellgenix) at 37°C and 5% CO2. If indicated, DCs were harvested and washed twice
at 300g using IMDM culture medium (Lonza,
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Statistical analysis: Graphical presentation
and statistical analyses was performed with
GraphPad prism v7.02 (GraphPad Software
Inc, La Jolla, California, USA). A repeated
measures one way ANOVA with Tukey post
testing was used to determine statistical differences induced by pathogen reduction in
internalization of platelets by DCs, platelet
HLA class I expression, activation and apoptosis. Differences in internalization of stored
vs fresh platelets were investigated using
a paired T test. Furthermore, statistical differences in internalization of apoptotic vs
activated platelets or phosphatidylserine vs
phosphatidylcholine treated platelets and in
all reported CD4 T-cell responses were investigated using a repeated measures one way
ANOVA with Tukey post testing.
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Figure S1 I imaging flow cytometry gating strategy used to determine platelet internalization by dendritic cells (DCs). The single cells in focus were first selected using HLA-DR staining and subsequently using bright
field. Next, DCs positive for the platelet PKH membrane staining were selected. Subsequently, false positive cells
were excluded using CD61 staining. As this CD61 staining was performed after fixation, only surface bound but
not internalized platelets can be stained. This allowed for correction of focal plane limitations and seemingly intracellular CD61 events (i.e. false positives) were therefore excluded from further analyses. Typical true and false
positive examples are depicted. Finally, internalization of platelets was determined using the internalization feature and the degree of internalization was quantified using intracellular PKH fluorescence. Parameters used for
gating: Area: size of the cell. Aspect Ratio Intensity: circularity of the cell. Gradient RMS: focus of the image. Max
pixel: pixel with the highest fluorescence intensity. Intensity: average fluorescence intensity of all pixels. Internalization: computes internalization based on intracellular vs extracellular PKH fluorescence intensity. Ch01=
bright field, Ch02 = CD61-FITC, Ch03 = PLT PKH membrane staining, Ch11 = HLADR-APC.
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Platelet internalization by DCs
(in %)

Figure S2 I Platelets internalization by DCs enhances with increasing platelet:DC ratios. Freshly isolated
platelets were labelled with PKH and incubated 1-4 hourswith DCs. Subsequently, DCs were harvested, fixed and
stained with HLA-DR and CD61. Subsequently, platelet internalization by DCs was quantified over time using
imaging flow cytometry. Differences in internalization were determined after 4 hours incubation using one-way
ANOVA with Tukey post testing. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.
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Figure S3 I Effect of storage on expression of HLA class I. Platelets were stored under routine blood bank condition. On day 1, 4 and 7 of storage, HLA class I expression was determined using flow cytometry. FI=fluorescence
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Figure S4 I Platelet activation and apoptosis after incubation with TRAP-6 or Calimycin. Freshly isolated
platelets were left untreated, activated with TRAP or made apoptotic using Calimycin A23187. After 20 min incubation, annexin v binding (A) and CD62P expression (B) was determined using flow cytometry. Representative
graphs from 6 individual experiments are depicted.
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Figure S5 I Effect of PS and PC on platelet activation and apoptosis. Freshly isolated platelets were incubated with 250 µg/ml phosphatidylserine (PS) or phosphatidylcholine (PC) or left untreated (-). After 20 min incubation, annexin v binding (A) and CD62P expression (B) was determined using flow cytometry. Representative
graphs from 4 individual experiments are depicted.
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1

Platelet transfusions can induce alloimmunization against HLA antigens. The use of
pathogen-reduced platelet concentrates (PCs) was suggested to reduce HLA alloimmunization and concomitant transfusion refractoriness. This study investigated HLA alloimmunization in available samples from 448 hemato-oncological patients who were
randomized for the PREPAReS trial to receive either untreated or Mirasol pathogen reduced PCs. Anti-HLA class I and II antibodies were determined before the first platelet
transfusion and weekly thereafter using multiplex assay with standard cutoffs to detect low as well as high level antibodies. When using the lower cutoff, in patients who
were antibody negative at enrollment, 5.4% (n=12) developed anti-HLA class I antibodies after receiving untreated PCs, while this was significantly higher in patients receiving pathogen reduced PCs, 12.8% (n=29; p=0.009, intention-to-treat analysis (ITT)). A
similar but non-significant trend was observed in the per-protocol (PP) analysis (5.4% vs
10.1%, p=0.15). HLA class II antibody formation was similar between both types of PCs
in the ITT analysis, while the PP analysis showed a trend towards lower immunization
after receiving pathogen-reduced PCs. Multivariate analysis identified receiving pathogen reduced platelets as independent risk factor for HLA class I alloimmunization (ITT:
OR (95%CI)=3.02 (1.42-6.51), PP: OR (95%CI)=2.77 (1.00-5.40)), without affecting HLA
class II alloimmunization. When using the high cutoff value, the difference in HLA class I
alloimmunization between study arms remained significant in the ITT analysis and again
was not significant in the PP analysis. In conclusion, our data clearly indicate that Mirasol
pathogen inactivation does not prevent HLA class I or II alloimmunization after platelet
transfusions.
INTRODUCTION
The efficacy of platelet transfusions can be
assessed by measuring the increase in circulating platelet numbers after transfusion. The
occurrence of platelet transfusion refractoriness, defined as (multiple) subsequent ineffective transfusions, is observed in 7-37% of
hemato-oncological patients.1–5 From the immunological causes, which account for 20%
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of all refractoriness, alloimmunization of the
recipient against polymorphic residues in human leukocytes antigens (HLA) class I occurs
most frequently.6,7 Irrespective of its cause,
platelet transfusion refractoriness is associated with increased number of transfusions,
increased bleeding, prolonged hospital stay,
reduced treatment possibilities and even reduced survival and if caused by HLA alloim-

Effect of pathogen inactivation on HLA alloimmunization

Alloimmunization may be induced via the indirect or direct pathway of allorecognition.7
For the indirect pathway, donor platelets
themselves or white blood cells (WBCs) that
contaminate blood products, first need to be
phagocytosed by recipient antigen presenting cells (APCs). These APCs subsequently
process and present donor-derived (e.g.
HLA class I and II) peptides to recipient CD4
T cells.7 In the direct pathway, donor WBCs
that contaminate platelet concentrates (PCs)
directly stimulate alloreactive recipient CD4 T
cells.7 Both pathways activate allospecific CD4
T cells which can provide help to alloreactive
B cells to produce alloantibodies. Although
the indirect pathway is suggested to be
dominant for humoral alloimmunization after
platelet transfusions,9,10 both pathways can
in theory result in production of HLA alloantibodies. These alloantibodies can opsonize
donor platelets in subsequent transfusions,
causing rapid clearance and render subsequent platelet transfusions ineffective.11–13
The TRAP trial revealed that both UV-B illumination of non-leukoreduced PCs and leukoreduction reduce alloimmunization against
HLA.2 Subsequent introduction of universal
leukoreduction in most high-income countries has resulted in a reduction of alloimmunization from 19-45% to 9-18%,1,2,14 and concomitant alloimmune refractoriness from 14%
to 4%.1 By the introduction of pathogen inactivation techniques, UV illumination has become increasingly available. Currently, three
systems in this respect have been introduced
to improve the safety of blood transfusions:
INTERCEPT, Mirasol and Theraflex.15 Although
the illumination wavelengths differ and a
photochemical agent may be added to induce DNA damage in the pathogens, all three
techniques use UV-light to induce DNA and/or
RNA damage to inactivate pathogens.15

Just as leukocyte reduction, the possible UV-B
mediated reduction of PCs immunogenicity was most likely attributed to its effect on
WBCs that contaminate PCs.16 In vitro UV-B illumination not only strongly interfered with
the WBCs’ ability to produce cytokines,17 but
also with their expression of adhesion and
co-stimulatory molecules, which are indispensable for cell-cell interaction and T-cell
activation.18 UV-B illuminated WBCs failed to
induce allogeneic T-cell proliferation in vitro.17,19 Moreover, in animal models, pathogen
inactivation of PCs prevented or inhibited
the formation of alloantibodies after platelet
transfusion,20–24 and may induce tolerance for
subsequent exposures.21,25 Notwithstanding
these preclinical results, pathogen inactivation-mediated reduction of alloimmunization
lacks confirmation in humans.
Samples from the PREPAReS study26 were
used to elucidate the effect of pathogen inactivation on HLA alloimmunization in humans.
The PREPAReS study, designed to test the hemostatic efficacy of pathogen-reduced PCs,
already reported that pathogen inactivation
did not seem to protect against the development of high titer anti-HLA antibodies.26 In the
present study, we analyzed the entire followup period of the included patients, thus also
after hemorrhagic complications. Moreover,
we additionally focused on low (3SD cutoff )
next to high (5 SD cutoff ) anti-HLA class I and
class II antibody titers, investigated by univariate as well as multivariate analysis that also
included other product- and patient-related
factors that may affect alloimmunization.
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munization also requires HLA class I compatible transfusions.7,8

RESULTS
Patient characteristics: From the 567 hemato-oncological patients randomized in the
PREPAReS trial to receive either untreated PCs
(control arm) or Mirasol pathogen-reduced
PCs (study arm), plasma samples were available from 510 patients. From these, 56 patients
were censored because in their second inclu-
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Table 1 I Patient characteristics
Intention-to-treat
Characteristic
n, (%)
Patients
Age, median (IQR)
Female
Prior pregnancies‡
Diagnosis
Acute leukemia
Chronic leukemia
Others
Treatment phase §
Remission induction
course
Consolidation course
SCT
Other
Previous transfusions†
Prior stem cell
transplantations*
Hospitalization, median
(IQR)
RBC transfusions,
median (IQR)
Platelet transfusions,
median (IQR)
Patients that received ≥1
major ABO-incompatible
transfusions
Patients that received
oﬀ-protocol transfusions
Age platelet concentrate
(in days), mean±SD

Control

Pathogenreduced

222
60.5
(50.467.6)
68 (30.6)
49 (73.1)

226
59.2
(52.366.0)
73 (32.3)
56 (76.7)

121 (54.5)
3 (1.4)
98 (44.1)

127 (56.2)
0 (0.0)
99 (43.8)

Per protocol
p-value
0.57
0.70
0.634
0.21

Control

Pathogenreduced

167
60.8
(51.066.7)
50 (29.9)
39 (78.0)

119
59.3
(52.465.7)
44 (37.0)
33 (75.0)

89 (53.3)
2 (1.2)
76 (45.5)

59 (49.6)
0 (0.0)
60 (50.4)

0.33

p-value
0.64
0.25
0.81
0.38

0.38

99 (44.8)

102 (45.7)

69 (41.6)

45 (38.1)

14 (6.3)
107 (48.4)
1 (0.5)
164 (75.6)

22 (9.9)
96 (43.0)
3 (1.3)
162 (73.0)

0.53

11 (6.6)
85 (51.2)
1 (0.6)
118 (72.8)

14 (11.9)
59 (50.0)
0 (0.0)
82 (69.5)

0.59

19 (8.8)

6 (2.7)

0.006

15 (9.3)

2 (1.7)

0.01

16 (12-21)

16 (12-20)

0.60

16 (12-20)

14 (10-18)

0.06

4 (2-6)

4 (2-6)

0.29

4 (2-6)

2 (1-2)

0.08

3 (2-7)

5 (3-8)

0.008

3 (2-5)

3 (2-5)

0.99

29 (17.1)

45 (14.7)

0.051

15 (10.5)

15 (14.3)

0.37

55 (24.7)

109 (47.3)

<0.001

0

0

-

4.3±1.0

3.9±1.0

<0.001

4.4±1.1

3.8±1.2

<0.001

Signiﬁcance tested using Mann-Whitney (for age, hospitalization, number of red blood cell (RBC) or platelet
transfusions, and product age) or chi-square (remaining variables) tests and signiﬁcant values are depicted in bold.
IQR=interquartile range. ‡: percentage within the female population. §: treatment phase unknown for 4 patients. †:
includes platelet and RBC transfusions. Transfusion history unknown for 9 patients. * Stem cell transplantation
history unknown for 11 patients.

sion they were crossed-over between study
arms. Furthermore, 6 patients were excluded
due to protocol violations (flow diagram in
Fig. S1). The ITT analysis was performed us-
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ing the remaining 448 patients. Patients included in the control arm (n=222) received 3
(median, IQR: 2-7) platelet transfusions while
patients in the study arm (n=226) received 5
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Log rank test 0.054

Time after first transfusion (in days)

Figure 1 I The effect of pathogen inactivation on HLA class I and II alloimmunization after platelet transfusions.Hemato-oncological patients were transfused with untreated (n=219 (ITT) or n=167 (PP)) or with
pathogen-reduced platelet concentrates (PCs) (n=217 (ITT) or n=119 (PP)). The presence of anti-HLA class I or II
antibodies was determined using the Luminex assay and low cutoff for positivity. An ITT (A+B) and a PP (C+D)
analysis was performed using Kaplan Meier with log rank test to compare HLA class I (A+C) and II (B+D) immunization between study groups. The solid line present untreated PCs and the dotted line the pathogen reduced
PCs.

(median, interquartile range (IQR): 3-8) transfusions (p=0.008). The PP analysis excluded
162 patients (34.4%; n=55 (25%) in the control arm and n=107 (48%) in the study arm),
due to receiving one or more off-protocol

transfusions. At randomization, patients in
the control arm had more prior transplantations. For further details of the characteristics
of patients who were included in the analysis
see Table 1.
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Table 2 I HLA class I and II immunization

Group

HLA class I immunization
Control PC

Pathogenreduced PC

HLA class II immunization

p-value

Control PC

Pathogenreduced PC

p-value

Low titer cutoﬀ
ITT

12 (5.4)

29 (12.8%)

0.009

11 (5.0%)

10 (4.4%)

0.80

PP

9 (5.4%)

12 (10.1%)

0.15

9 (5.4%)

1 (0.8%)

0.05

High titer cutoﬀ
ITT

5 (2.3%)

15 (6.6%)

0.03

9 (4.1%)

12 (5.3%)

0.54

PP

3 (1.8%)

4 (3.3%)

0.40

7 (4.2%)

5 (4.2%)

1.00

Patients that became antibody positive after a transfusion treatment period with both a low cutoﬀ (i.e. 3SD)
and high titer cutoﬀ (5SD). Results are depicted with n (%). ITT: intention-to-treat analysis; PP: per protocol
analysis. Diﬀerences between study arms were investigated using chi-square test.

HLA class I and II alloimmunization after
platelet transfusion: At enrollment, 404
patients (90.2%) tested negative for low
level HLA class I antibodies and 419 patients
(93.5%) negative for low level HLA class II antibodies. From these initially negative patients,
41 (9.2%) and 21 (4.7%) developed antibodies
targeting HLA class I or II, respectively (Table
2). From these alloimmunized patients, 82.9%
seroconverted in the first 2 weeks after start
of transfusions. A difference between treatment groups was observed for HLA class I
antibody formation; while 5.4% of patients
receiving untreated PCs developed HLA class
I antibodies, these antibodies were formed
in 12.8% of patients receiving pathogen-reduced PCs (p=0.009; ITT) (Fig. 1A, Table 2). A
similar but not significant trend was observed
in the PP analysis (5.4% vs 10.1%; p=0.15)
(Fig. 1C). When only studying high titer antibodies (i.e. 5SD cutoff ), development of anti
HLA class I antibodies was also increased in
patients that received pathogen reduced
platelets (control vs pathogen reduced PCs in
ITT: 2.3% vs 6.6%, p=0.03 and in PP: 1.8% vs
3.3%, p=0.40) (Table 2). In contrast, formation
of anti HLA class II antibodies was similar between both treatment groups in the ITT anal-
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ysis: 5.0% in the control and 4.4% in the study
arm (p=0.80) (Fig. 1B, Table 2). Interestingly, in
the PP analysis, the incidence of HLA class II
immunization seemed lower after receiving
pathogen-reduced PCs: 5.4% in the control
and 0.8% in the study arm (p=0.05) (Fig. 1D).
In both the ITT and PP analysis, development
of high-titer anti HLA class II antibodies was
similar between study groups (Table 2).
Within HLA class I alloimmunizing patients
the intensity of observed immunizations,
investigated by using the signal strength
(i.e. NBG ratio), was not significantly different after receiving untreated PCs (increase
in NBG=28.5 (median, IQR: 17.0-47.0)) compared to pathogen-reduced PCs (increase in
NBG=28.4 (median, IQR: 17.6-88.6)) (Fig. 2A,
p=0.51, ITT). Neither were there differences
in the broadness of immunization between
study arms: the increase in PRA was 4.5 (median, IQR: 1-8) after receiving untreated PC
and was 3 (median, IQR: 1-7.5) after receiving pathogen-reduced PCs (Fig. 2B, p=0.78,
ITT). Thus, patients who received pathogenreduced PCs seemed more prone to develop
anti-HLA class I antibodies, but once formed,
the intensity and broadness of immunization
was comparable between study arms. Inten-
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Figure 2 I Intensity and broadness of immunization after platelet transfusions is not affected by pathogen inactivation in patients that develop HLA class I and II antibodies during the study. Hemato-oncological patients were randomized to receive either untreated or pathogen-reduced PCs. Patients were selected that
were anti-HLA class I (untreated: n=12, PR: n=29) or II (untreated: n=11, PR: n=10) negative at enrollment, but
became antibody positive during the study. The dotted line presents the cutoff for positive results (i.e. low cutoff
for positivity). NBG=normalized background ratio. The change in maximum antibody titers (A+C) and panel reactivity (PRA) (B+D) after a transfusion treatment period from patients receiving untreated or pathogen-reduced
platelets were compared using a Mann-Whitney U test.

sity and broadness of HLA class II alloimmunization were also comparable between study
arms (Fig. 2C+D).
HLA class I and II alloimmunization in preimmunized patients: At enrollment, 44
patients (9.8% overall: 8.1% of control and
11.5% of the study patients (p=0.25, ITT))
tested positive for HLA class I antibodies and
29 (6.5% overall: 4.5% of control and 8.4% of

study patients (p=0.11, ITT)) for HLA class II antibodies. Patients who possessed antibodies
against HLA class I or II before randomization
showed no consistent effects of transfusions
on antibody titers or broadness of immunization. Platelet transfusions enhanced anti-HLA
class I and II antibody levels in some patients;
in others these antibody levels diminished
(Fig. 3A+C), and on occasion patients became
antibody-negative again. This transient ap-
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Table 3 I Risk factors for HLA class I and II alloimmuniza�on
Category

HLA class I immuniza�on, OR
(95% CI)

HLA class II immuniza�on,
OR (95% CI)

Age > 50 year

1.38 (0.59-3.22)

0.99 (0.36-2.72)

Female

1.99 (1.04-3.81)

4.44 (1.89-10.42)

Prior pregnancies

1.08 (0.36-3.28

6.65 (0.84-52.45)

2.13 (1.06-4.28)

3.04 (1.12-8.30)

-

-

RC

RC

Remission induction course

3.93 (1.81-8.55)

3.09 (1.09-8.76)

Consolidation course

0.94 (0.20-4.49)

3.20 (0.83-12.35)

RC

RC

Diagnosis
Acute leukemia
Chronic
Other
Treatment phase§

Stem cell transplantation
Other

-

-

Infec�on*

1.15 (0.61-2.17)

1.40 (0.61-3.18)

Mucosi�s*

1.01 (0.54-1.92)

2.39 (1.00-5.71)

Fever*

0.98 (0.52-1.84)

1.44 (0.62-3.36)

Previous transfusions†

0.73 (0.36-1.48)

0.67 (0.22-2.05)

Prior transplanta�ons

0.35 (0.05-2.62)

-

Pathogen-reduced platelets (ITT)

2.80 (1.39-5.67)

0.96 (0.40-2.31)

Pathogen-reduced platelets (PP)

2.11 (0.86-5.21)

0.16 (0.02-1.24)

Max productage ≤ 3 days

0.51 (0.12-2.19)

0.48 (0.06 – 3.66)

Major ABO-incompa�bility

1.72 (0.76-3.91)

2.98 (1.10-8.02)

Number of transfusions
1-3

RC

RC

4-6

1.90 (0.81-4.45)

2.56 (0.82-7.99)

>6

2.95 (1.35-6.43)

3.29 (1.12-9.70)

All patients (independent of treatment group) that were antibody negative at enrollment are included in
analysis. RC=reference category. §: treatment phase unknown for 4 patients. †: includes platelet and RBC
transfusions. Transfusion history unknown for 6 patients. *: at any time during the transfusion treatment
period. ITT: includes all patients in intention-to-treat analysis. PP: includes all patients in PP analysis. All
signiﬁcant values are depicted in bold.

pearance of HLA antibodies, a phenomenon
known as antibody evanescence, may be due
to short-lived antibodies or antibody absorption by transfused platelets. Thus, in patients
who were antibody positive at enrollment,
no differences were observed in broadness

76

or intensity of immunization between study
groups (Fig. 3).
Risk factors for HLA class I and II alloimmunization: Besides receiving untreated or
pathogen-reduced PCs, other factors were
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Figure 3 I In patient who were antibody positive at enrollment, HLA class I and II intensity and broadness
of immunization after platelet transfusions is not affected by pathogen inactivation. Hemato-oncological
patients were transfused with untreated (n=219) or with pathogen-reduced PCs (n=217). Patients were selected
that were anti-HLA class I (untreated: n=18, PR: n=25) or II (untreated: n=10, PR: n=19) positive at enrollment.
Anti-HLA class I or II antibody titers, as determined using signal strength for the Luminex assay, are presented for
both study arms (A+B). The cutoff for positivity (i.e. low cutoff for positivity) is presented by the dotted line. NBG=
normalized background ratio. The change in maximum antibody titers (A+C) and panel reactivity (PRA) (B+D)
after a transfusion treatment period from patients receiving untreated or pathogen-reduced platelets were compared using a Mann-Whitney U test.

examined for association with HLA class I and
II immunization. In all patients who were antibody-negative at enrollment, age, gender,
previous pregnancies, diagnosis, treatment
phase, infection, mucositis, fever, prior transfusions, prior transplantations as well as treatment with pathogen inactivation, product
age, major ABO-incompatibility and number
of transfusions were examined in univariate

analysis for their effect on HLA class I and II alloimmunization and presented as odds ratios
(OR) (Table 3). Patients with acute leukemia
and remission induction course had increased
risk for HLA class I and II alloimmunization.
Female patients had an increased risk for HLA
class I and II alloimmunization compared to
male patients. Furthermore, patients that received at least one major ABO-incompatible
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Table 4 I Risk for HLA class I and II alloimmuniza�on a�er transfusion with pathogen-reduced
platelets rela�ve to untreated platelets
Category

HLA class I

HLA class II

ITT

PP

ITT

PP

3.02
(1.42-6.51)
1.88
(0.91-3.87)

2.77
(1.00-5.40)
2.04
(0.77-5.40)

1.00
(0.46-2.23)
5.13
(2.26-11.67)

0.62
(0.22-1.76)
5.04
(1.76-14.49)

5.83
(1.47-23.05)
0.73
(0.087-6.80)
RC

4.80
(0.62-37.26)
1.18
(0.10-14.67)
RC

1.61
(0.37-6.97)
0.52
(0.05-5.44)
RC

3.28
(0.48-22.32)
-

-

-

-

-

4.57
(1.38-15.22)
2.85
(1.05-7.77)

2.56
(0.41-16.19)
9.07
(0.98-83.70)

1.67
(0.66-4.20)
19.37
(5.50-68.25)

0.87
(0.26-2.86)
14.71
(3.04-71.08)

16.57
(2.48-110.65)
-

14.25
(0.63-322.41)
-

1.23
(0.12-12.25)
-

RC

RC

0.77
(0.14-4.32)
0.34
(0.03-4.38)
RC
-

-

Low �ter cutoﬀ
Pathogen-reduced platelets
Female
Treatment phase
Remission induction
course
Consolidation course
Stem cell transplantation
Other

RC

High �ter cutoﬀ
Pathogen-reduced platelets
Female
Treatment phase
Remission induction
course
Consolidation course
Stem cell transplantation
Other

RC

Risk to develop low titer (i.e. 3SD cutoﬀ) and high titer (i.e. 5SD cutoﬀ) HLA class I or II antibodies
presented as odds ratios that were determined using multivariate analysis that included gender, diagnosis,
treatment phase, prior transplant procedure, mucositis (only for HLA class II), major ABO-incompatibility
(only for HLA class II) and number of platelet transfusions. Analyses were performed with intention-to-treat
(ITT) and per-protocol (PP). Only variables that signiﬁcantly aﬀected the immunization are presented. RC:
reference category. –: too little events to calculate.

transfusion had an increased risk for HLA class
II alloimmunization. Infection, mucositis and
fever were not significantly associated with
HLA class I alloimmunization, but mucositis increased the risk for HLA class II alloimmunization. A trend for increased HLA class I
and II alloimmunization was observed when
receiving older products. Increased expo-
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sure (i.e. number of platelet transfusions received) increased the risk for HLA class I and II
alloimmunization.
Effect of pathogen inactivation on HLA class
I and II alloimmunization: Patients who receive pathogen-reduced PCs require, in general, more frequent transfusions,26,37 which
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DISCUSSION
Platelet transfusions can elicit a primary or
boost a secondary alloimmune responses,
which may lead to refractoriness to subsequent random platelet transfusions and
eventually even hindrance of curative therapies.2,11–13 Universal leukoreduction significantly reduced the frequency of alloimmunization, but a risk remains.1,2,14 Recently
introduced pathogen inactivation techniques
have been hypothesized to further reduce
the risk of alloimmunization.20–22,37 In contrast,
in the recently published PREPAReS study
pathogen inactivation seemed not effective
in protecting HLA class I alloimmunization in

humans.26 The present study, which further
explored the data of this clinical study, shows
in an ITT analysis that for both low and high
level antibodies there was an independent
increase in the development of HLA class I
antibodies in the pathogen reduction arm.
Although this effect partly lost its significance
after excluding patients with off-protocol
transfusions, the odds ratios still show that
HLA class I alloimmunization is more than
doubled. In contrast, HLA class II alloimmunization did not differ between the study arms,
although there was a trend towards a protective effect in the pathogen reduction arm in
the PP analysis. Because WBCs that contaminate PCs express both HLA class I and II and
platelets only express HLA class I, our findings
suggest that the effect of pathogen inactivation on specifically HLA class I alloimmunization is mediated by platelets themselves.
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may be due to the increased development of
platelet storage lesions, which might among
others also affect the occurrence of HLA alloimmunization after platelet transfusion. To
determine whether pathogen inactivation,
independent of other risk factors, affects HLA
class I or II alloimmunization, a multivariate
analysis including all parameters that affected immunization was performed. Development of low titer anti-HLA class I antibodies
was enhanced by both receiving pathogenreduced PCs (ITT: OR=3.02 (95%CI:1.42-6.51),
PP: OR=2.77 (95%CI:1.00-5.40)) and treatment phase (Remission induction course
ITT: OR=5.83 (95%CI:1.47-23.05), PP: OR=4.80
(95%CI:0.62-37.26)) (Table 4). HLA class II immunization on the other hand, was only affected by gender (ITT: OR=5.13 (95%CI:2.2611.67), PP: OR=5.04 (95%CI:1.76-14.49)), but
not by pathogen inactivation (ITT: OR=1.00
(95%CI:0.46-2.23), PP:OR=0.62 (95%CI:0.221.76)) (Table 4). Development of high titer anti-HLA class I also seemed enhanced
by pathogen inactivation (ITT: OR=4.57
(95%CI:1.38-15.22), PP: OR=2.56 (95%CI:0.4116.19)), without affecting anti-HLA class II
antibodies. Thus, pathogen inactivation increases the risk for HLA class I alloimmunization, but seems not to affect HLA class II alloimmunization.

The above results can be interpreted in two
ways. First, transfusions with only pathogenreduced platelets (in the PP analysis) prevent
HLA class II alloimmunization, whereas a
combination of untreated and pathogen-reduced PCs (in the ITT analysis) alleviates the
protective effect, as shown in animal studies.21,38 An alternative explanation is that the
PP analysis is hampered by selection bias
because pathogen reduced platelets gave
lower increments, resulting in more frequent
transfusions, which in turn increases the risk
of receiving off-protocol transfusions. As
evidenced by the fact that patients receiving
off-protocol transfusions were much less frequent in the control group (25%) compared
to the pathogen inactivation group (47%).
The latter explanation seems to be most likely
as our multivariate analysis indicates that
pathogen inactivation in enhanced the risk
for HLA class I alloimmunization without affecting HLA class II alloimmunization for both
low- as well as high-titer antibodies.
In the antibody negative patients at baseline,
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possible boostering of preexisting alloimmunization cannot be completely discarded.
However, an analysis in transfusion-naive
male patients, thus minimizing the possibility of pre-study induced alloimmunization,
also showed higher alloimmunization after
receiving pathogen reduced platelets. In addition, only 3 patients in the ITT and 1 in the
PP analysis developed antibodies in the first
week, while all other patients developed antibodies later. Both observations suggest that
the majority of seroconversions are due to
primary rather than secondary (i.e. booster)
immunization.
Numerous studies have addressed the possible effect of UV-B illumination or pathogen
inactivation on the level of alloimmunization
after platelet transfusions.16–22 Animal studies
in this regard have shown reduced or even absent alloimmunization after transfusion with
Mirasol pathogen reduced platelets.20–24 The
discrepancy with our results may have multiple causes but foremost our study used Mirasol pathogen-inactivation as a randomized
treatment in patients which supersedes the
findings in the significant different immune
system of animals.20–24 Two previous studies in
humans, however, also suggest reduced HLA
alloimmunization after UV-B illumination (in
non-leukoreduced PCs) or UV-A-based pathogen reduction.2,36 In these studies, PC were
administered immediately,2 or within 2 days
after illumination,36,39 whereas our study used
PCs stored up to seven days after treatment.
The enhanced HLA class I alloimmunization
associated with Mirasol pathogen inactivation in our study could be explained by our
recent in vitro finding that storage-mediated
apoptosis and concomitant phosphatidylserine exposure, which are enhanced after pathogen inactivation,41–51 significantly enhances
platelet internalization and presentation and
subsequent platelet-specific alloimmune responses.52 In line with this, patients who received PCs stored for at least 4 days seem to
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be at increased risk for alloimmunization as
compared to receiving fresh PCs. Thus, pathogen inactivation induced HLA class I alloimmunization might only become pronounced
after longer storage of PCs. Because all pathogen inactivation techniques equally enhance
platelet apoptosis and phosphatidylserine,41–51 the effect of Theraflex and Intercept
pathogen inactivation on alloimmunization
also requires investigation.
Alloimmunization after platelet transfusions
can eventually cause platelet transfusion refractoriness.2,7 However, in the present study
only 3.1% (n=7) of the patients in the study
arm were suspected for immunological refractoriness, and this was not significantly
different from the 2.3% (n=5) of the patients
in the control arm (p=0.59). While of these, 6
and 4 patients indeed developed antibodies,
all other patients with alloimmunization were
not deemed refractory. Although lower increments after transfusions and more frequent
transfusions were present in the study arm, as
elucidated in the main article of the trial,26 this
also occurred independent of alloimmunization and for the larger part due to pathogen
inactivation induced changes of the platelets.
This, in combination with the limited trial
size and relatively short follow up of patients,
does not allow to give a reliable conclusions
about the clinical relevance of the observed
increase in HLA class I alloimmunization after
pathogen inactivation.
Besides pathogen reduction, ABO-incompatibility,53 repeated transfusions,2,54 and female
gender,2,54 the present study additionally
identified remission induction chemotherapy
courses as risk factor for alloimmunization.
This increased risk may be caused by multiple reasons but remained after correcting
for diagnosis, pathogen reduction and the
increased number of transfusions received by
these patients. Pregnancy is a well-known risk
factor for HLA alloimmunization,2,54 but our
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In conclusion, although pathogen inactivation may improve blood transfusion safety, it
did not protect against the formation of HLA
class I or II antibodies. The observed increase
in HLA class I alloimmunization by pathogen
reduced PCs is likely caused by a platelet-mediated indirect immunization pathway, possibly involving the enhanced development
of platelet storage lesions after pathogen
inactivation. When only taking into account
high-titer antibodies, the differences in HLA
class I alloimmunization between study arms
become less pronounced. Therefore, the clinical implications of our findings need to be
addressed in future studies. In any case, despite promising suggestions in animal studies, humans randomized in the PREPAReS trial
to receive Mirasol pathogen-reduced PCs are
not protected for either HLA class I or class II
alloimmunization.
MATERIALS AND METHODS
Study design: This study was a subanalysis of
the PREPAReS trial, a prospective randomized
multicenter trial that investigated the efficacy
of pathogen-reduced platelets to prevent
bleeding.27 Eligible patients were randomized
in a 1:1 ratio to receive either untreated
plasma stored PCs or Mirasol treated plasma
stored PCs during a transfusion treatment
period. Randomization was performed using a centralized web based tool, in blocks of
variable size, ranging from two to six patients,
and stratified for center, diagnosis (AML vs.
non-AML) and treatment (transplant vs no-

transplant). A transfusion treatment period
is defined as the period after randomization
in which the patient is expected to receive
platelet transfusions, with a maximum duration of 6 weeks. Patients were allowed to be
enrolled multiple times. The present study
excluded patients that were crossed-over between study arms in their second inclusion.
Patient population: Available plasma samples
were used from the PREPAReS trial, which included hemato-oncological patients aged ≥
18 years and expected to require at least two
platelet transfusions due to chemotherapyinduced thrombocytopenia. Exclusion criteria
were microangiopathic thrombocytopenia,
idiopathic thrombocytopenic purpura (ITP),
active bleeding with WHO bleeding grade
≥ 2, known presence of HLA class I or II antibodies (though patients were not screened
before enrollment), immunological refractoriness to platelet transfusions, being pregnant,
indications requiring use of hyperconcentrated platelets, and known allergy to riboflavin
or its photoactive products. All patients gave
written informed consent for this study. The
study complied with the Declaration of Helsinki.
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study shows that this risk is predominantly
caused by alloimmunization against HLA
class II. While in mice ongoing infections in
the recipient enhance alloimmunization after
RBC transfusion,55,56 we only found a limited
trend for increased HLA class I and II alloimmunization in patients with an infection. Finally, we found a so far unknown association
between HLA class II alloimmunization and
mucositis.

Platelet concentrates: Whole blood donations were used to produce buffy coats as
previously described.28 Products were either
left untreated or were treated with Mirasol
pathogen-inactivation technology (TerumoBCT, Zaventem, Belgium) according to the
manufacturer’s protocol. In short, platelets
were transferred to an illumination bag and
500 µM riboflavin was added. Subsequently,
PCs were illuminated with UV light for 5-10
minutes with 6.2 J/ml. Both untreated and
Mirasol pathogen-reduced PCs were stored
with gentle agitation at room temperature up
to a maximum of 7 days. Gamma irradiation
was performed as clinically indicated. All PCs
were issued only when negative for bacterial
contamination (BactAlert, bioMérieux, Marcy-
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l’Étoile, France) and fulfilled standard quality
requirements (i.e. <1 x 106 leukocytes/product, visible swirl, “not red”, >250 x 109 platelet/
product, 150 - 400 ml total volume). Platelet
transfusions during the whole follow-up period were considered off-protocol for both
study arms if platelets were stored in additive
solution or platelets were hyperconcentrated
and for patients in the study arm receiving
non-pathogen reduced platelets.
HLA class I and II antibody detection: Blood
samples were collected before the first platelet transfusion and weekly thereafter until
discharge, as well as a sample around day
56 after randomization. EDTA blood samples
were centrifuged and plasma was stored in
500 µl aliquots at -80 °C prior to shipping to
Blood Systems Research Institute (BSRI, San
Francisco, CA, USA). The presence of anti-HLA
class I and class II antibodies was determined
using a One Lambda LabScreen Mixed LSM12
(Canoga Park, CA, USA) kit according to the
manufacturer’s instructions. Anti-HLA class I
antibodies were determined with 12 beads
that contain a broad array of HLA class I antigens, while anti-HLA class II antibodies were
determined with 5 beads containing a broad
array of HLA class II antigens. Samples were
analyzed on a Luminex luminometer (LuminexCorp., Austin, TX, USA). Fluorescence
intensities were presented relative to negative control serum provided by One Lambda
as normalized background ratios (NBGs). A
cutoff of NBG≥2.2 identifies 5% and 2% of
never transfused males as HLA class I and II
positive,29,30 consistent with a highly sensitive
cutoff used in monitoring solid organ transplant recipients. A 3SD cutoff (i.e. NBG≥10.8
for HLA class I or NBG≥6.9 for HLA class II)
identifies <0.5% of never transfused males as
positive for antibodies targeting HLA class I
or II.29,30 Based on this and other literature,29–34
NBG≥10.8 for HLA class I and NBG≥6.9 for
HLA class II was considered positive in the
main analysis of this study. Panel reactivity
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(PRA) was determined by counting the number of positive HLA class I or class II beads. In
addition, an analysis was performed using a
high 5SD cutoff (i.e. NBG≥59.3 for HLA class I
and NBG≥27.5 for HLA class II), as the analysis
of the PREPAReS trial,35 which is suggested to
improve comparability with the lymphocytotoxicity assay and recently postulated to potentially be more clinically relevant.34,36
Statistical analysis: Analyses of study groups
were performed according to intention-totreat (ITT) and per-protocol (PP). The ITT analysis was performed with patients from whom
two or more plasma samples were available
but excluded patients who after re-enrollment randomized differently as the initial randomization or who had protocol violations,
such as active bleeding at the time of randomization (also see flow diagram in Fig. S1).
The PP analysis included patients who only
received on-protocol platelet transfusions.
Differences in patient characteristics between
study groups were analyzed using either a chi
square test or a Mann-Whitney U tests.
All patients were divided in three groups
based on their anti-HLA class I or II antibody
levels before and after platelet transfusions
(i.e. negative-negative, negative-positive and
positive at enrollment). For the latter, to minimize effects of active alloantibody absorption in vivo upon transfusion and/or variable
follow up, a patient was considered positive
after one positive test. In patients that were
antibody-negative at enrollment, the development of anti-HLA class I or anti-HLA class II
antibodies was presented over time using Kaplan Meier plots, and log rank tests were used
to calculate differences between study arms.
In addition, in patients that seroconverted
during the study and in patients that were antibody positive at enrollment, the level of immunization was investigated using the signal
strength (i.e. NBG ratio) and the broadness of
immunization with the panel reactivity from
the Luminex assay. Differences in magnitude
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cal analysis was performed using SPSS Statistics v23 (IBM Corporation).
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and broadness of immunization between
study arms were analyzed using Mann-Whitney U tests.
Subsequently, the effect of patient characteristics to develop alloantibodies against HLA
class I and II, irrespective of randomization,
was calculated using univariate binary logistic regression and presented as odds ratios.
This analysis only included patients from the
ITT group who were antibody-negative at enrollment. HLA class I or II immunization was
compared in the following groups in which
the latter was used as reference category:
age>50 year vs age<50 year, female vs male,
ever-pregnant vs never-pregnant women,
diagnosis (acute leukemia, vs chronic leukemia vs other hemato-oncological disease),
treatment phase (remission induction course
vs consolidation course vs other vs stem
cell transplant), infection vs no infection,
mucositis vs no mucositis, fever vs no fever,
never transfused vs previously transfused,
never transplanted vs transplanted patients,
pathogen-reduced PCs vs untreated PCs, max
product age ≤ 3 days vs ≥ 4 days, major ABOincompatible vs ABO-identical platelet transfusions and number of transfusions (>6 vs 4-6
vs 1-3).
Finally, the risk to develop HLA class I or II alloantibodies was compared between study
arms using multivariate binary logistic regression. In addition to pathogen inactivation, this
analysis included all variables that showed an
OR>2 or OR<0.5 or that significantly associated with HLA class I or II immunization in
the univariate analyses. For HLA class I these
variables were: gender, diagnosis, treatment
phase, prior transplant procedure, and number of platelet transfusions. For HLA class II
these variables were: gender, diagnosis, treatment phase, mucositis, prior transplant procedure, and number of platelet transfusions.
Graphical presentation was done with GraphPad prism v7.02 (GraphPad Software Inc, La
Jolla, California, USA) and SPSS Statistics v23
(IBM Corporation, New York, NY, USA). Statisti-
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Figure S1 I Flow-diagram of the study.
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Patients refractory to platelet transfusions due to alloimmunization require HLAmatched platelets, which is only possible if a large HLA-typed donor pool is available.
However, even then patients with broad immunization or rare haplotypes may not have
suitable donors. In these patients, transfusions with platelets showing low HLA class I
expression may be an alternative for fully HLA matched transfusions. In this study, we
quantified the proportion of donors with consistently low HLA-B8, B12, and B35 expression on platelets using human monoclonal antibodies specific for these antigens. Furthermore, as model for in vivo clearance, antibody-mediated internalization of these
platelets by macrophages was investigated. The expression of HLA-B8, B12 or B35 on
platelets was extremely variable between individuals (coefficients of variation: 41.473.6%). For HLA-B8, but not for B12 or B35, this variation was in part explained by zygosity. The variation was most pronounced in, but not exclusive to platelets. Expression
within one donor was consistent over time. Remarkably, 32% of 113 HLA-B8, 34% of 86
HLA-B12 and 9% of 66 HLA-B35 donors showed platelet antigen expression that was not
or only minimally above background. Antibody-mediated internalization of platelets by
macrophages correlated with antibody opsonization and antigen expression, and was
absent in platelets with low or minimal HLA expression. In conclusion, our findings indicate that a substantial proportion of donors show consistent low expression of specific
HLA class I antigens on their platelets. These platelets may be used to treat refractory
patients with antibodies directed against these particular antigens, despite HLA mismatches.
INTRODUCTION
Platelet (PLT) transfusions are an essential
to support patients with chemotherapyinduced thrombocytopenia. Due to multiple
causes however, 10-27% patients can become refractory to platelet transfusion, which
is defined as multiple subsequent ineffective
transfusions.1–5 This refractoriness is associ-
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ated with increased risk for bleeding and
reduced survival.4 Immunological refractoriness occurs in 4-8% of all patients receiving
PLT transfusions. This is most frequently due
to alloimmunization of the recipient against
human leukocytes antigens (HLA).6,7 This alloimmunization results in the production of alloantibodies that target transfused PLTs, and

Platelets with consistent low HLA-B8, B12 and B35

There are currently two major strategies for
management of patients with PLT refractoriness due to alloimmunization: (1) selecting
HLA-identical donors from an HLA-typed
donor file or (2) identify acceptable HLA mismatched donors by either antibody specificity avoidance or cross-match negativity.6,11,12
Although these methods result in acceptable
post transfusion increments in 70-90% of all
cases,12 both have major limitations. Because
the HLA system is highly polymorphic, a very
large donor pool is needed, and for patients
with multiple antibody specificities and/or
rare HLA phenotypes, which occurs more
frequently with increasing immigration,
sufficient compatible donors might not be
available. An improved or alternative donor
selection strategy, as compared to fully HLAmatched PLTs products, would therefore be
welcome to treat refractory patients.
A lower antigen expression may render PLTs
less susceptible to antibody-mediated clearance by macrophages.8,13–15 Therefore strategies to minimize or reduce PLT HLA class I
expression were explored as a means to avoid
HLA matching to treat refractory patients. In
this regard, using chloroquine phosphate isotonic fluid or citric acid HLA class I from the
PLT surface was denaturated, causing a 7080% loss of serologic activity.16–19 Clinical application of these platelets, however, resulted
in varying outcomes, presumably due to
manipulation-induced PLT function defects.20
An alternative strategy for HLA class I elution
may be to use donors that naturally have low
expression of HLA class I on their PLTs, as has
been described for certain HLA-B antigens.
Indeed, a study which transfused HLA-B12
mismatched PLTs to refractory patients due
to alloimmunization showed satisfactory increments in 69% of all transfusions.21 In this
study however, the density of HLA-B12 ex-

pression on the transfused PLTs was not determined, and might explain why some patients failed to show satisfactory increments.
From all HLA-B antigens, the most prevalent
alleles in the Dutch donor population are
HLA-B7 (27.3%), -B12 (25.3%), -B8 (22.7%),
and -B35 (17.8%).22 High variation of HLA-B8,
-B12 and its split antigen -B44 expression on
PLTs has been reported, whereas this variation was not observed in for example HLAB7.23–26 Identifying donors with natural low
expression of frequent class I antigens on PLTs
could significantly improve the availability of
HLA-matched donors for platelet supportive
care for immunized patients.
In this study we investigated if low HLA class
I expressing PLTs might overcome antibodymediated clearance of transfused PLTs despite HLA mismatches and in this respect be
an alternative strategy for fully HLA-matched
transfusions. To do this, we first established
the proportion of donors with consistent low
expression of HLA-B8, -B12, and -B35, and second, studied the effect of this low HLA expression on antibody-mediated internalization of
PLTs by macrophages, which was shown to
correlate with in vivo clearance.27
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induce rapid clearance of the opsonized PLTs
by uptake through splenic macrophages.8–10

RESULTS
Variation in HLA class I expression between
blood donors: PLTs and WBCs from HLA-B8
(n=113), HLA-B12 (n=86) and HLA-B35 (n=66)
positive donors were analyzed for the level of
these specific HLA-B antigens. From donors
positive for the broad HLA-B12 antigen, most
donors were positive for the split antigen -B44
(n=85), and six donors were -B45 positive. Because only one of these six -B45 positive donors was -B44 negative, potential differences
between the HLA-B12 split antigens were not
studied. All expression data are presented
relative to the background values of donors
negative for the specific antigen as relative
median fluorescence intensities. PLTs from
positive individuals showed a relative HLA-B8,
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Figure 1 I The expression of HLA-B8, HLA-B12, and
HLA-B35 on platelets varies significantly between
individuals. Specific HLA class I expression on PLTs
was determined using AF488 labeled mAbs which
specifically target HLA-B8 (A), HLA-B12 (B) or HLA-B35
(C). For each donor, relative median fluorescence intensities were averaged and represented with one
circle. Donors were sorted based on their expression
levels. Staining from donors negative for the specific
HLA allele is depicted with the dotted line (mean) and
the grey area (mean±2SDs).
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-B12 and -B35 expression of 1.9±0.9, 3.2±2.6
and 3.1±1.3 (mean±SD), respectively (Fig. 1),
with a maximum variation between individuals of about 5-fold, 12-fold and 8-fold, respectively. Even more interesting is that from all
HLA-B8, -B12 and -B35 donors, 31.9%, 33.7%
and 9.1% respectively, showed no or only
minimal expression (defined as <2SDs above
background levels) of these HLA class I antigens on PLTs.
Causes of the observed variation in HLA
class I expression: Next, we investigated the
effect of zygosity on the specific HLA class I
expression. For this, donors were grouped
in being heterozygous or homozygous for a
given HLA-B antigen and the effect of this on
inter-individual variation was investigated using an F-test. PLTs from homozygous HLA-B8
donors showed a significantly higher expression (2.7±0.9 (n=48)) compared to heterozygous B8 donors (1.3±0.3 (n=65)) (Fig. 2A). This
increased expression in homozygous individuals was also observed for HLA-B12 (5.0±3.2
(n=30) versus 2.8±2.1 (n=56)) (Fig. 2B) and
-B35 (4.2±1.5 (n=13) versus 2.8±1.0 (n=53))
donors (Fig. 2C). From the homozygous HLAB8, -B12 and -B35 donors, 12.5% (6 of 48 donors), 20.0% (6 of 30 donors), and 0.0% (0 of
13 donors), respectively, showed expression
which was not or only minimally detectable.
Furthermore, grouping HLA-B8 donors based
on their zygosity significantly reduced interindividual variation in expression, wherein it
decreased from homo- to heterozygous donors. However, in HLA-B12 and -B35 positive
donors although the density of expression
was affected by zygosity, the inter-donor variation was not. To investigate if low antigen
expression is a general donor characteristic,
individuals that expressed two of the investigated antigens (i.e. HLA-B8/-B12, -B8/-B35
or -B12/-B35) were selected and the association of expression of these two antigens was
investigated. Expression of these HLA-B antigens was not correlated, but the number of
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Figure 2 I The inter-individual variation in HLA-B8,
HLA-B12, and HLA-B35 expression on platelets is
only partially explained by homozygous or heterozygous haplotypes. HLA-B8 (A), B12 (B) and B35
(C) positive donors were divided in two groups based
on their zygosity. Relative expression is presented as
median±interquartile range and each donor is represented with one symbol. Background staining is
depicted with the dotted line. Expression between
heterozygous and homozygous donors was compared with an unpaired t test and a F-test was used to
investigate differences in variation between groups. **
p<0.01, *** p<0.001, **** p<0.0001, ns=not significant.

donors expressing two of the investigated antigens was limited (n=6-8). However, donors
with low expression of both B antigens could
be identified (Fig. S3). To investigate if the observed variations are exclusive for PLTs, specific HLA class I expression was also studied
on WBCs from the same individual. HLA-B8,
-B12, and -B35 expression on WBCs similarly
varied between individuals and again only for
HLA-B8 donors due to zygosity (Fig. 3). The
expression on WBCs clearly correlated with
the observed variability of these antigens on
PLTs, albeit that expression on WBC always
was strongly above background level, showing that the observed variations are not PLT
specific.
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Relative expression

A

Consistency of HLA class I expression over
time: To investigate the consistency of expression on PLTs within one individual (i.e.
intra-individual variation), donors with at
least four independent blood samplings at
different time points were selected (Fig. 4).
The average follow up time was 349, 413, and
371 days for HLA-B8, -B12, and -B35 donors,
respectively. The variation in HLA-B8 (n=22),
-B12 (n=22) and -B35 (n=17) expression within one donor was significantly lower than
the variation between individuals (Fig. 4A-C),
which was most pronounced in low expressing donors. Because of these low intra-individual variations, donors with consistently
low expression can be marked to use as possible HLA mismatched PLT donors. However,
some donors with a high expression on aver-
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Relative expression PLTs
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Figure 3 I Platelet HLA B8, HLA B12, and HLA B35
expression correlates with specific HLA expression on WBC. Specific HLA class I expression of PLTs
was correlated to the expression of WBCs obtained
from the same individual (HLA-B8 (A), B12 (B) B35 (C)).
PLT and WBC relative median fluorescence intensities
(MFIs) were averaged for each donor and presented
with one symbol. A Pearson correlation test was performed to determine the association between specific HLA class I expression on PLTs and WBCs from the
same individual.
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age may show a lower expression in another
sample, which may affect the firm definition
of a donor with consistent low expression if
only one sample is tested. A sensitivity analysis, using a threshold of 2 SDs above background MFI to define low expression, showed
that the possibility of false negative results
after one test was 20.3%, 8.4%, and 7.6% for
HLA-B8, -B12, and -B35 positive donors. However, two consecutive negative results implies
more than 95% certainty in identification of a
donor with low HLA expression.
Effect of antigen expression on antibodymediated internalization: Next, the effect of
reduced antigen expression on antibody-mediated internalization of PLTs by macrophages
was studied. First, PLTs were incubated with
increasing concentrations of mAbs (0.1, 1
and 10 µg/ml) that either targeted HPA1a, or
pan- HLA class I, which resulted in increased
opsonization (Fig. 5A+B). The opsonization of
PLTs led to antibody-mediated internalization
by macrophages (Fig. 5C and D) which strongly correlated with the level of antibody opsonization (r2=0.89 for anti-HPA1a and r2=0.94
for anti-pan HLA class I). To subsequently determine the relevance of the observed variations in HLA class I expression, PLTs from donors with high (i.e. expression above median)
or low (i.e. <2SD above background) HLA-B8,
-B12, or -B35 expression were obtained and
opsonized with the relevant human mAbs
in saturating concentrations. Compared to
unopsonized controls, internalization of PLTs
with high specific HLA class I expression significantly increased due to opsonization,
which was not observed for PLTs with low
specific HLA class I expression (Fig. 6A). PLT
opsonization with an irrelevant antibody (i.e.
anti-HPA1a) did not result in differences in
internalization of PLTs obtained from high or
low expressing donors (Fig. 6B). Antibody-mediated internalization of PLTs correlated with
PLT antigen expression (Fig. 6C).
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Figure 4 I Platelet HLA class I expression of one donor is constant over time. For each donor with at least 4
measurements specific HLA I expression is depicted for HLA-B8 (A), B12 (B) and B35 (C). For each donor relative
expression is presented as mean±SD and each measurement is depicted with one symbol. Differences between
inter-individual and intra-individual variation were calculated using a F-test. **** p<0.0001.

Although the variation in specific HLA class I
expression was most prominent in PLTs, expression also varied on WBCs. As PLT and WBC
antigen expression appeared correlated, the

observed inter-donor variations are not platelet but donor specific and suggest involvement of (epi-) genetic factors. For HLA-B8, the
inter-individual variations are indeed in part
explained by zygosity. In addition, low expression of one HLA-B antigen was not associated
with low expression of another B-antigen,
possibly indicating that the density of antigen
expression is depending on the allele. However, although posttranslational modifications are known to affect surface expression of
HLA-A, -B and –C and thereby cause variations
between HLA alleles,30,31 this does not explain
variations within one HLA allele. Furthermore,
inflammation causes significant upregulation
of mainly HLA-B on WBCs,32 which, however, is
unlikely to play a role in our studies that only
involved healthy donors. Clearly, more studies
are warranted to further explore the underlying causes of these inter-individual differences in HLA class I expression.
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DISCUSSION
HLA-matched PLT transfusions requires maintenance of a large HLA-typed donor pool. The
efficiency of this HLA-matching could be significantly improved if certain mismatches are
allowed due to low or undetectable antigen
expression. In this study we explored the proportion of donors with a natural low expression of HLA-B8, -B12 or -B35 on PLTs. Second,
the consistency of this expression was determined. Finally, the effect of this low expression on antibody-mediated internalization of
PLTs by macrophages was investigated. Interindividual variation in HLA-B8, -B12 and -B35
expression on PLTs was high, with a maximum
variation between individuals of about 5-fold,
12-fold and 8-fold, respectively. The observed
variations in the present study for HLA-B8 and
-B12 were less than the previously reported
8 and 35 fold variations.23,24 This difference is
probably caused by using a flow cytometry assay in our study compared to previously used
two-stage 51Cr release assay.

In contrast to the high inter-individual variation, specific HLA class I expression appeared
to be fairly constant within one individual,
particularly in the low-expressing individuals.
This allows identification donors with consistently low HLA-B8, -B12 or -B35 expression.
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Because of this consistency, instead of testing
each PLT concentrate for its level of HLA expression, donors can be marked in the HLAtyped donor file as ‘low expressors’ for the
specific HLA allele. This in combination with a
straightforward flow cytometry based assay,
allows simple clinical implementation. However, incidental low expression in donors with
on average high expression requires retesting
of each donor displaying low expression on
the first measurement. Whatever the underly-

A

PLT concentrates with a natural low level
of specific HLA class I expression obviously
have major advantages over chemical treatments of PLTs to lower HLA expression. Although acid treatment results in a 70-80%
loss of serological activity, clinical effectiveness was disappointing. This was attributed
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Figure 5 I The degree of antibody opsonization correlates with the degree of antibody-mediated internalization of PLTs by macrophages. PLTs from healthy individuals were incubated with two antibodies (antiHPA1a; A and C or anti-pan HLA class I; B and D) in increasing concentrations (0.1ug/ml, 1ug/ml and 10ug/ml).
As negative controles, PLTs were left unopsonized. Representative plots of 3 individual experiments are depicted
(A and B). PLTs were incubated with macrophages, and PLT internalization was quantified. (C and D). A Pearson
correlation test was used to determine the association of PLT antibody opsonisation and PLT internalization by
macrophages.
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Figure 6 I Opsonization of platelets with low HLA
B8, B12 or B35 expression does not lead to antibody-mediated internalization by macrophages.
PLTs with low (n=7), intermediate (n=4) or high (n=9)
HLA-B8, B12 or B35 expression were left unopsonized
or opsonized with anti-HLA-B8, anti-HLA-B12, antiHLA-B35 and subsequently internalization by macrophages was determined (A). Positive controls were
opsonized with anti-HPA1a (B). Antibody mediated
internalization was correlated with antigen expression using a Pearson correlation test (C). Intracellular
fluorescence was normalized against unopsonized
PLTs from the same individual and presented as
mean (A+C) or mean±SEM (B). Statistical differences
in internalization were determined using a wilcoxonmatched pair test (A: unopsonized vs low/high) or
Mann Whitney test (A (high vs low) + B). ** p<0.01, ***
p<0.001, ns=not significant.
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to manipulation-induced PLT dysfunction,
thereby limiting clinical application.16,18,20 The
use of unmanipulated natural low HLA class I
expression on PLTs, which is present in 31.9%,
33.3% and 9.1% of HLA-B8, -B12 and -B35
positive donors when using a cutoff less than
two SDs above background, would not have
this disadvantage. Homozygous donors with
such low expression on PLTs, as observed for
HLA-B8 and -B12, are of particular interest because these only need to be matched for HLA-

For transfusion purposes, antigen expression on PLTs must be reduced to such an extent that anti-HLA class I antibody-mediated
clearance of PLTs by macrophages is limited
or completely abolished.9,10 Since Lim and
colleagues have previously shown that antibody-mediated internalization in vitro correlates with in vivo clearance,27 our data in
which we show an absence of antibody-mediated internalization of low HLA expressing
PLTs by macrophage is of particular interest.
Because this antibody-mediated internalization showed a linear correlation with the
degree of antibody opsonization and PLT antigen expression it is likely that PLT antigen
expression will also correlate with clearance
in vivo. However, the degree of antibody opsonization is not only depending on antigen
expression, but also on antibody titer, avidity
and/or isotype. Therefore, the specific threshold below which HLA class I expression will
not result in antibody-mediated clearance
will be patient-specific, and can at this point
not be predicted.
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Relative intracellular
fluorescence

A

A limitation of this study is the lack of clinical data supporting the findings observed in
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our phagocytosis experiment, even though
this experimental setup was proven to have
clinical correlation.27 If PLT transfusions with
low expressing mismatched HLA-B alleles
actually result in satisfactory increments in
broadly immunized and refractory patients
could be evaluated in a parallel-group semirandomized trial,33 in which patients with immunological refractoriness should be randomized to receive either PLTs with high or low
HLA-B8, -B12 or -B35 expression.

blood bank practice for platelet donors using low, intermediate or high resolution DNA
or split level serologic typing. Furthermore,
to isolate monocytes or to determine internalization of differently opsonized PLTs blood
samples from anonymous healthy individuals
were obtained after giving written informed
consent. This was approved by the Sanquin
Ethical Advisory Board in accordance with
the declaration of Helsinki and according to
Dutch regulations.

In summary, we show high inter-individual
variation for HLA-B8, -B12 and -B35 expression on PLTs, with 9 to 34% of donors showing reproducibly undetectable or low expression. PLTs with low HLA expression showed
deficient antibody-mediated internalization
by macrophages. Although such low HLA
expression on PLTs is mostly found in heterozygous donors, even homozygous HLA-B8
and -B12 individuals may show expression at
background levels. In theory, for such donors
only HLA-A needs to be taken into account
as matching criteria, which would greatly facilitate donor selection for alloimmunized patients. Establishing a pool of donors with such
consistently low expression of HLA-B antigens might even allow transfusions of highly
immunized patients during acute situations.
Future studies should explore clinical effectiveness of such a ‘low HLA expressed mismatch’ strategy and determine which expression levels result in satisfactory increments in
refractory patients due to alloimmunization.

Allele specific HLA class I antibody production:
To specifically determine HLA-B8, -B12, and
-B35 expression on PLTs and white blood
cells (WBCs), human monoclonal antibodies
(mAbs) were selected from a locally produced
mAb panel, produced in stirred tank format
and purified as previously described.28,29
MAbs were labeled according to manufacturer’s instruction using an AlexaFluor-488 fluorescent labeling kit (Molecular Probes/Invitrogen, Breda, the Netherlands). Labeling and
staining efficiency was standardized by flow
cytometry analysis as previously described.28
In short, after fluorescent labelling, a new lot
of antibodies was compared with the previous lot using HLA-typed PBMCs. The dilution
of the new lot was adjusted to achieve equal
fluorescent ntensities for the new and the old
batch. Staining was performed in saturating
concentrations.

MATERIALS AND METHODS
Samples: To determine specific HLA class I
expression and internalization of platelets
(PLTs) with high or low expression, citrated
blood samples from HLA typed donors were
obtained after blood donation. Blood from
these donors was collected multiple times,
with a maximum of ten samples per donor.
HLA typing was performed in different HLA
laboratories in the Netherlands as routine
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Donor HLA class I expression: To determine
specific HLA class I expression on PLTs, blood
was diluted to 2.5x106 PLTs/ml with PBS supplemented with 8 mM ethylenediaminetetraacetic acid (EDTA, Sigma, Zwijndrecht, the
Netherlands). PLTs were stained 30 min at
room temperature (RT) using 50 µg/ml antiHLA-B8 (clone BVK1F9) or anti-HLA-B12 (clone
JOK3H5 combined with clone DK7C11) or anti-HLA-B35 (clone HDG8D9) AlexaFluor-488
labeled antibodies and anti-CD61 labeled
with PE-Cy7 (Beckman Coulter, Woerden,
the Netherlands). Specific HLA class I expres-
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Platelet isolation and opsonization: Citrated
blood from healthy individuals or from donors with known low (i.e. <2SDs above background) or high (i.e. above median) specific
HLA class I expression was collected and PLT
rich plasma (PRP) was obtained by centrifugation at 200g for 10 min. PRP was washed
and labeled 20 min in PBS at RT with 3.75 µM
PKH26 membrane dye (Sigma) with continuous gentle shaking. Subsequently, PLTs from
healthy individuals were opsonized with antiHPA1a mAbs (humanized IgG1, clone B2G1,
kindly provided by Dr. G. Vidarsson, Sanquin
Research, Amsterdam, the Netherlands) or
anti-pan HLA class I mAbs (mouse IgG2a,
clone W6-32, ITK Diagnostics, Uithoorn, the
Netherlands) and PLTs from donors with the

specific HLA antigens were opsonized with
50 µg/ml anti-HLA-B8, anti-HLA-B12 or antiHLA-B35 human IgG1 mAbs. After 30 min
opsonization at room temperature, PLTs were
washed twice using sequestrine buffer (17.5
mM Na2HPO4, 8.9 mM Na2EDTA, 154 mM
NaCl, pH 6.9, containing 0.1% [wt/vol] bovine
serum albumin, all obtained from Merck Millipore, Amsterdam, the Netherlands).
Internalization assay: Monocytes were isolated
from fresh apheresis material using the Elutra
Cell Separation System (Gambro, Lakewood,
CO, USA) and subsequently frozen until further use. The >90% purity of these monocytes
was confirmed using flow cytometry. On day
0, monocytes were thawed and differentiated
in a 6-well plate (Nunc/Sanbio BV, Uden, the
Netherlands) to macrophages with 10 ng/
ml granulocyte–macrophage CSF (Cellgenix,
Freiburg, Germany) in IMDM culture medium
(Lonza, Breda, the Netherlands) supplemented with 10% fetal calf serum (Bodinco, Alkmaar, the Netherlands), 100 U/ml penicillin,
and 100 U/ml streptomycin (both from Gibco/
Thermo Fischer Scientific, the Netherlands) at
37°C and 5% CO2. On day 7-9, macrophages
were incubated with opsonized PLTs for 60
min at 37°C and 5% CO2. Subsequently, macrophages were washed with PBS+0.5% BSA,
harvested using 130 mM lidocaine (Sigma)
with 10 mM EDTA (Merck Millipore), washed
again in PBS, fixed with 3.7% paraformaldehyde (Sigma) in PBS, washed 2 more times
in PBS+0.5% BSA, and incubated with FITClabeled anti-CD61 (Beckman Coulter) and
APC or brilliant violet 650-labeled anti-HLA
DR (both from BD biosciences, Breda, the
Netherlands). After 30 min incubation at RT,
cells were washed and analyzed using imaging flow cytometry (ImageStream®X Mark II
Imaging Flow Cytometer, Merck Millipore).
Samples were analyzed using IDEAS Application (IDEAS software V6.1.303.0, Merck
Millipore). Gating strategy is presented in
Fig S2 and involved selection of single mac-
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sion on WBCs from the same individuals was
determined in whole blood supplemented
with 8 mM EDTA (Sigma) and 50 µg/ml antiHLA-B8 or anti-HLA-B12 or anti-HLA-B35 AlexaFluor-488 labeled mAbs and anti-CD45
labeled with PE-Cy5 (Beckman Coulter). After
30 min incubation at RT, red cells were lysed
using IO Lysing Solution according to manufacturer’s instructions (Beckman Coulter).
Subsequently, samples were measured using flow cytometry (Cytomic FC500 MPL flow
cytometry system with MXP software, Beckman Coulter) and analyzed with Kaluza Flow
Cytometry Analysis Software (V1.3, Beckman
Coulter). Gating strategy involved both selection of single PLTs or lymphocytes (based on
FSC and SSC), and CD61-positivity for PLTs or
CD45-positivity for WBCs (Fig. S1). To determine background fluorescence levels, during each experiment a negative control (i.e.
blood from a donor negative for the specified
HLA-type) was measured (n=112, n=90 and
n=76 for HLA B8, -B12 and -B35). Specific HLA
expression was presented relative to the averaged background median fluorescence as
mean ± standard deviation (SD). Coefficients
of variation (CVs) were calculated by dividing
SD with mean, multiplied by 100%.
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rophages (aspect ratio intensity vs. area; for
bright-field and APC/BV650 channel) in focus
(gradient RMS; for bright field and APC/BV650
channel) and exclusion of false positive cells
(defined as intracellular fluorescence of the
PLT-specific anti-CD61 membrane staining).
PLT internalization by macrophages was determined by quantifying the amount of PKH
fluorescence within macrophages (using
fluorescence intensity within an intracellular
mask based on HLA DR membrane staining).
To correct for varying ‘baseline’ internalization
of PLTs, presumably caused by differences in
quality and age (1-3 days) due to transportation, internalization of HLA typed opsonized
PLTs was presented relative to internalization
of unopsonized PLTs from the same donor.

ferences in internalization between positive
controls from PLTs with high or low expression Mann-Whitney test. P-values lower than
0.05 were considered statistically significant.

Statistical analysis: Statistical analysis and
graphical presentation was performed using
GraphPad prism v7.02 (GraphPad Software
Inc, La Jolla, California, USA). Percentage of
false negative test results (i.e. <2SDs above
background) was determined using a sensitivity analysis in donors with high HLA class
I expression on average, defined as >2SDs
above background, with at least 3 measurements. Correlations between HLA class
I expression in WBCs and PLTs as well as PLT
opsonization and internalization were calculated using a Pearson’s correlation test. To
investigate the effect of zygosity on interindividual variation, expression data were divided based on zygosity and then normalized
to the group average (i.e. all donors, homozygous or heterozygous) and subsequently, an
F-test was used to calculate statistical differences in variation between these groups. Statistical differences between inter-individual
and intra-individual variation in HLA class I
expression were calculated using an F-test.
Statistical differences in HLA expression were
calculated using an unpaired t-test. Statistical differences in internalization due to opsonization were calculated using Wilcoxon
matched-paired signed rank test and for dif-
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SUPPLEMENTARY FIGURES
Figure S1 I Flow cytometry gating strategies used to determine specific HLA class I expression. HLA-B8
and B35 are gated with the same strategy. Overlay plots comprise low as well as high expressing PLTs or WBCs.
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Figure S2 I Imaging flow cytometry gating strategy used to determine platelet internalization by macrophages. The single cells in focus were first selected using HLA-DR staining and subsequently using bright
field. Next, false positive cells were excluded using CD61 staining. Because this CD61 staining was performed
after incubation, only surface bound PLTs can be stained and intracellular CD61 staining is therefore considered false positive (due to focal plane limitations). Typical true and false positive examples are depicted. Finally
to quantify PLT internalization, intracellular fluorescence was determined using the depicted mask (see within
white circle) to quantify PLT internalization. Ch01= bright field, Ch02 = CD61 staining, Ch03 = PLT PKH staining,
Ch11 = HLA-DR staining.
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Figure S3 I Specific HLA-B expression of one antigen does not correlate with expression of another HLA-B
antigen. HLA-B8, B12 and B35 expression was measured on PLTs obtained from donors positive for two of these
HLA-B antigens. Subsequently, the association between expression of these two antigens was investigated.
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Although platelets are typically known for their role in primary hemostasis, they are increasingly acknowledged for their role in modulating the effector functions of various
cells of the immune system. However, despite the important role of dendritic cells (DCs)
as mediators of adaptive immunity and immune balance, the effects of platelets on DC
maturation and functionality remain largely unknown. The present study investigated
if and how platelets affect cytokine production and co-stimulatory marker expression
during DC maturation. Subsequently, the effect of platelet-mediated DC regulation on
DC-induced T cell proliferation was assessed. Presence of platelets when DC were stimulated with TLR4 ligand monophosphoryl lipid A (MPLA) and IFNγ significantly inhibited pro-inflammatory cytokine (TNF-α, IL6 and IL12p40) production, while leaving the
immune regulatory cytokine IL10 unaffected. The platelet-mediated inhibition of proinflammatory cytokine production was dose dependent and most pronounced when
platelets were present at time of TLR stimulation. Platelet-mediated DC regulation was
not limited to TLR4-stimulation, as cytokine production induced by other TLR ligands
was similarly inhibited. The platelet-mediated inhibition of DCs was caused by soluble
mediators as demonstrated by transwell experiments and the observation that platelet releasate caused similar inhibition as whole platelets. Finally, platelet-mediated DC
modulation significantly diminished DCs capacity to induce T cell proliferation. In summary, pro-inflammatory cytokine release and T-cell priming of TLR-stimulated DCs can
be inhibited by soluble mediator(s) secreted by platelets upon activation. The plateletmediated inhibition of DCs may contribute to the so called transfusion related immunomodulation (TRIM).
INTRODUCTION
The use of platelet transfusions has increased
since the discovery that these transfusions
reduce bleeding-related mortality in patients
with acute leukemia.1 Each year 4.4 million
platelet transfusion are administered in the
USA and Europe.1 About 75% of these transfusions are administered to hemato-oncologic patients with thrombocytopenia that
additionally are severely immunocompromised.2,3 Although effective to prevent bleeding, platelet transfusions also have immunological side effects such as transfusion related
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acute lung injury (TRALI), and alloimmunization. Additionally, platelet transfusions have
been associated with an increased risk for
infections or increased tumor recurrence in
transfusion recipients.4–11 The mechanisms
causing the so called transfusion-related immunomodulation (TRIM), however, remain
so far unknown.11,12 A better understanding
of the mechanisms behind and the extent of
immune-modulation by platelet transfusions
would allow a more optimised and patienttailored usage of platelet transfusions.2,3

The capacity of platelets to modulate immune responses might first of all be due to
the large variety of molecules that allow them
not only to adhere to damaged endothelium,
but also to interact with immune cells.13 These
molecules include surface expressed Tolllike receptors (TLRs), CD40L and integrins
such as P-selectin. In the past decade, the
role that platelets may play in inflammation
has gained much attention,14–16 whereby the
relationship between platelets and neutrophils or monocytes has been studied best.
P-selectin, expressed by platelets after activation, and PSGL-1 expressed by neutrophils
and monocytes seem instrumental in these
interactions.17,18 Platelets stimulate neutrophil activation, extravasation, degranulation
and so called neutrophil extracellular trap
formation.19 It has even been proposed that
the interaction with platelets is required for
neutrophils in order to extravasate, and may
in fact serve as immune checkpoint for neutrophils.18 Monocyte-platelet interactions activate monocytes, enhance their migratory
and pro-coagulant capacity, and stimulate
their differentiation into macrophages.20
Besides the surface expressed immunological
molecules, platelets also store a large number of proteins in three types of intracellular
granules: α-granules, dense granules and
lysosomes.21–25 Molecules in these granules,
whose content is secreted upon platelet activation, are mostly known to facilitate hemostasis, wound repair and angiogenesis,
but also include intermediates of inflammation.24–26 TGF-β, one of the molecules platelet secrete upon degranulation, was recently
shown to constrain cancer T cell immunotherapy due to induction of regulatory T cells
through a platelet dependent mechanism.27
Platelets have also been described to affect
T cell functionality via release of e.g. CCL2
or soluble HLA class I.16,28–31 Furthermore,
platelets have been suggested to enhance
or inhibit cytokine production of respectively

immature and LPS-stimulated dendritic cells
(DCs).32–34 However, little is known regarding
the mechanisms, the extent and the consequences of platelet-induced DC modulation
on DC-mediated adaptive immune responses.
The relevance of especially platelet-induced
DC modulation is evident from the fact that
DCs are the most important cells to initiate
adaptive immune responses against invading
pathogens.35 To do this, these specialized cells
continuously internalize, process and present
antigens from their environment. In addition,
DCs express a variety of molecules, known
as pathogen recognition receptors (PRR), to
sense ‘danger’ signals like pathogen-associated molecular patterns (PAMPs) or tissue damage (so called danger-associated molecular
patterns (DAMPs)). Upon stimulation of these
PRRs, DCs become activated leading to upregulation of co-stimulatory molecules and
production and secretion of inflammatory
cytokines. These activated or matured DCs
are able to prime naïve T cells and induce T
cell proliferation, thereby initiating an adaptive immune responses.35,36 However, without
proper maturation, causing insufficient cytokine release and low expression of costimulatory molecules, DCs will be unable to induce
a proper immune response, and may rather
induce T cell tolerance or anergy.37 Therfore it
is important to understand the mechanisms,
extent and time-dependency of platelet mediated DC modulation. In the present study
we aim to investigate the extent and context
of the platelets-mediated DC modulation and
the subsequent consequences on adaptive T
cell responses.
RESULTS
Platelets inhibit pro-inflammatory cytokine
production of maturing DCs: To investigate
the capacity of platelets to modulate the
maturation of dendritic cells (DCs), immature
monocyte derived DCs were stimulated with
TLR4 ligand MPLA in combination with IFNγ in
the presence or absence of platelets. The mat-
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sulted in significant inhibition of production
of TNF-α, IL6 and IL12p40, while IL10 was unaffected (Fig. 1A-D). MPLA/IFNy maturation of
DCs resulted in a significant upregulation of
co-stimulatory molecules CD80, CD40, CD83
and CD86. The upregulation of CD83, was
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uration of DCs by MPLA/IFNy induced a strong
pro-inflammatory cytokine response with
high production of TNF-α, IL6 and IL12p40,
but without or very limited IL10 production
(Fig 1), in line with previous reports.39,40 The
presence of platelets during maturation re-
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Figure 1 I Platelets inhibit pro-inflammatory cytokine production by TLR4-stimulated DCs. DCs were stimulated with TLR4 agonist MPLA and IFNγ in the absence or presence of platelets (PLTs)(platelet:DC ratio 40:1).
After 24h, TNF-α (A), IL6 (B), IL12p40 (C) and IL10 (D) production was determined using ELISA. In addition, the
upregulation of co-stimulatory markers by immature DCs (iDC) was determined using flow cytometry after 48h
stimulation with TLR4 agonist MPLA and IFNγ in the absence (mDC – PLTs) or presence of platelets (mDC + PLTs)
(E). The effect of platelets on cytokine was tested using paired T tests (A-D). The effect of maturation and the
presence of platelets during maturation was tested using repeated measures one way ANOVA with bonferroni
post testing. * p<0.05, ** p<0.01, *** p<0.001. n=7.
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inhibited by the presence of platelets (Fig.
1E), while CD86 upregulation was enhanced.
CD40 and CD80 upregulation by MPLA/IFNy
maturation was not affected by platelets.
Platelet mediated inhibition of DC maturation is depending on dosage and timing:
To investigate the dose dependency of the
platelet-mediated inhibition, DCs were TLRstimulated in increasing platelet:DC ratios.
TNF-α and IL6 production by MPLA/IFNγ matured DCs was not significantly inhibited in
the presence of 1 platelet per DCs. Inhibition
of pro-inflammatory cytokine production by
DCs became apparent at a platelet:DC ratio of
5:1 and was more pronounced with increasing numbers of platelets per DC (Fig 2A+B).
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The time dependency of the platelet-mediated modulation of DCs was investigated
by varying the time at which platelets were
added to DCs relative to initiation of maturation by MPLA/IFNγ (Fig 2C+D). The plateletmediated inhibition of cytokine production
by DCs was strongest when platelets were
added simultaneously with MPLA/IFNγ and
diminished when platelets were added 4-8
hours after maturation with MPLA and IFNγ.
Thus platelets inhibit TLR4 induced cytokine
production of DCs mainly at the moment that
maturation signaling is initiated.
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Figure 2 I Platelet mediated inhibition by TLR4 stimulated DCs is dose- and time dependent. DCs were
stimulated with TLR4 agonist MPLA and IFNγ in the absence or presence of increasing numbers of platelets
(A+B, n=3). Alternatively, DCs were stimulated with MPLA and IFNγ at t=0 and platelets were added 40:1 at the
indicated time (C+D, n=4). The effect of platelet addition was compared with untreated DCs using repeated
measures one way ANOVA with bonferroni post testing. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001
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Figure 3 I Platelet mediated inhibition of pro-inflammatory cytokine production by DCs is not TLR4
specific. DCs were stimulated with IFNγ and TLR1/TLR2 agonist PAM3CSK4 (A-C), TLR5 agonist Flagellin (D-F)
and TLR7/8 agonist R848 (G-I) in the absence or presence of platelets (PLTs)(platelet:DC ratio 40:1). After 48h,
TNF-α, IL6 and IL12p40 production was determined using ELISA. Statistics were performed using paired T tests.
* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001. n=5.

also express other TLRs that recognize various pathogen associated molecular patterns
(PAMPs).41,42 To investigate if the observed
platelet-mediated inhibition of DCs is TLR4
specific or a more general phenomena, DCs
were matured with TLR1/2 ligand PAM3CSK4,
TLR5 ligand flagellin or TLR7/8 ligand R848,
all three combined with IFNy in absence or
presence of platelets (Fig 3). TLR1/2, TLR5
and TLR7/8 stimulated DCs produced proinflammatory cytokines TNF-α and IL6, albeit to a lower degree as compared to MPLA/
IFNy maturation. In presence of platelets,
TNF-α production was inhibited using each
of the different stimuli, whereas IL6 production was inhibited after DC maturation with

112

PAM3CSK4/IFNy and flagellin/IFNy, but not
with R848/IFNy. TLR1/2 and TLR7/8 mediated
maturation, but not TLR5, stimulated IL12p40
production by DCs, which was also inhibited
in the presence of platelets.
Platelets inhibit pro-inflammatory capacities of maturing DCs by soluble mediator(s):
To discriminate if platelet exert their effect
on DCs via cell-cell interactions or by secretion of soluble molecules, transwell experiments were performed. These transwells had
pore sizes <0.3 µm, thereby allowing proteins
to pass, but not platelets. Compared to DCs
stimulated in absence of platelets, cytokine
production of MPLA/IFNy matured DCs was
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Figure 4 I Platelet-mediated inhibition of TLR stimulated DCs is due to a soluble factor. DCs were stimulated
with TLR4 agonist MPLA and IFNγ in a transwell system (pore size ≥ 0.3µm) in absence of platelets (PLTs) or presence of platelets (platelet:DC ratio 40:1) that were either below the transwell (i.e. in the same compartment as
the DCs) or separated by the transwell (A-C, n=4). Alternatively, DCs were stimulated with TLR4 agonist MPLA
and IFNγ in the absence of platelets, presence of platelets (40:1) or presence of platelet releasate obtained after
platelet activation using thrombin receptor-activating peptide (TRAP) (equivalent of 40:1). After 24h of culture,
TNF-α, IL6 and IL12p40 production was determined using ELISA (D-F, n=4). The effect of transwells, TRAP, PLTs
or releasate on cytokine production was compared to DCs matured in the absence of platelets using repeated
measures one way ANOVA with bonferroni post testing. * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns=not
significant.

ble when DCs were matured in the presence
of whole platelets, which suggest that a factor in the platelet granules is mainly responsible for the reduced cytokine production.
DCs matured in the presence of platelets
have diminished capacity to prime T cells:
To investigate the consequences of plateletmediated DC modulation on the capacity of
DCs to stimulate adaptive immune responses,
DCs matured with MPLA/IFNy in the presence
or absence of platelets were incubated with
allogeneic CFSE-labeled T cells. Mature DCs
stimulated significant CD4 and CD8 T cell
proliferation (Fig. 5A+B). However, DCs matured in presence of platelets induced significantly less T cell proliferation. To investigate if
antigen-specific immune responses are also
diminished, DCs were loaded with tetanus
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also significantly inhibited if platelets were
separated from DCs by the transwell, which
suggests that a soluble factor is at least responsible for a significant part of the platelet-mediated inhibition of DCs (Fig 4A-C). To
further address this, platelets were activated
using thrombin receptor agonistic peptide
(TRAP), which is known to stimulate platelet
degranulation.43 Platelet releasate was collected by two rounds of centrifugation to remove platelets and platelet debris. The number of platelets producing the releasate was
equivalent to the number of whole platelets
added to the DCs. In the presence of platelet
releasate, MPLA/IFNy stimulated DCs produced again significantly less TNF-α, IL6 and
IL12p40 compared to DCs stimulated in the
absence of platelets (Fig 4D-F). Moreover, the
inhibition of cytokine release was compara-
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toxoid (TT) before maturation after which
DCs were incubated with autologous T cells.
The TT-loaded mature DCs strongly stimulated antigen-specific CD4 and CD8 T cell
proliferation. This antigen-specific response
was also significantly diminished if DCs were
matured in presence of platelets (Fig. 5C+D).
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To address if platelet degranulation also mediates the above diminished T cell proliferation, DCs matured in absence or presence of
platelets or platelet releasate were incubated
with allogeneic CFSE labeled T cells. Compared to untreated mature DCs, the induced
T cell proliferation was significantly reduced
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Figure 5 I DCs matured in the presence of platelets have diminished capacity to prime T cells. DCs were
matured with TLR4 agonist MPLA and IFNγ in the absence or presence of platelets (PLTs)(platelet:DC ratio 40:1).
Alternatively, DCs were matured with TLR4 agonist MPLA and IFNγ in the presence of platelet releasate, obtained
after platelet activation using TRAP (equivalent of 40:1 PLT:DC ratio). If indicated, DCs were incubated 1h with
tetanus toxoid (TT) before maturation. After 48h, DCs were harvested and incubated 1:10 with either CFSElabelled allogeneic T cells (A-B and E-F) or CFSE-labelled autologous T cells (C-D). After 8 days, T cell proliferation
was determined using flow cytometry. Statistics were performed using paired T tests (A-D) or one way ANOVA
with bonferroni post testing (E-F). * p<0.05, ** p<0.01, *** p<0.001.
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DISCUSSION
Platelet as well as RBC transfusions have been
described to modulate the immune system
of the recipient, a phenomenon known as
TRIM.11,12 The in vivo relevance and responsible mechanisms of TRIM, however, are not
fully elucidated, which is likely due to the
many coinciding disease- and/or traumarelated factors in such patients. Further understanding platelet induced inhibition of
immune responses is desirable as it may be
either beneficial or detrimental. For example,
in allogeneic organ transplantations immune
suppression may result in prolonged graft
survival and less GVHD.44 On the contrary,
transfusion mediated-immune suppression
may cause cancer relapse (due to decreased
graft-versus-leukemia) or increase the risk for
infection.8,9 Although platelets are classically
known for their role in hemostasis, multiple
mechanisms have been described how platelets can modulate immune cells.16,18,27–33,45
This study shows that platelets are able to
significantly inhibit cytokine production of
TLR-stimulated DCs and reduce DCs capacity to induce antigen-specific T cell proliferation. The reduced T cell proliferation was not
due to diminished antigen processing and
presentation of the DCs because reduced T
cell proliferation was also observed in an allogeneic setting, in which T-cell activation is
not dependent on antigen processing and
presentation. The platelet-mediated inhibition of DCs inversely correlates with the time
between platelet activation and DC maturation and is dependent on the PLT to DC ratio.
Platelets mediate the inhibition of DCs by one
or multiple soluble factor(s) that is/are secret-

ed upon activation.
After sensing vascular damage, platelets are
activated, causing platelet degranulation,
and initiation of primary hemostasis.14,46 In
such environments, a full-scale immune response may hinder proper vascular repair
and platelet-mediated inhibition of immune
responses makes sense from a physiological
point-of-view. Platelet-mediated inhibition
of DCs is most likely to occur in circulation,
where platelets will encounter CD303+ plasmacytoid DCs as well as CD1c+ and CD141+
myeloid DCs,47 but also whilst platelets pass
through the white and red pulp of the spleen,
where platelets will be in close contact with
multiple APCs. Hemato-oncological patients
suffer elaborate vascular damage, which stimulates platelet activation. This may facilitate
platelet-mediated DC inhibition48 and might
further increase the immunocompromised
state of many patients that receive platelet
transfusions.1–3 In addition, platelet transfusions introduce platelets in the circulation
that were activated during storage, thereby
facilitating platelet-mediated immune inhibition even in the absence of vascular damage.
Indeed, this modest activation of transfused
platelets in circulation is known to enable
binding of platelets to immune cells and the
approximation in its turn makes the immune
cells extra liable to be affected by plateletreleased agents.
Previous studies have also shown that platelets can inhibit pro-inflammatory cytokine
production by DCs after TLR4 stimulation.32,49,50 Our study furthermore shows that
the platelet-mediated inhibition is not TLR4
specific, but rather a general finding after different forms of TLR stimulation. In addition,
the extent of platelet-mediated inhibition
was shown to depend on the timing of TLR
stimulation relative to the platelet-mediated
inhibition. Remarkably, even though platelets
strongly inhibit pro-inflammatory cytokine
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when DCs were matured in presence of platelets or platelet releasate (Fig 5E-F). The T cell
proliferation was equally inhibited when DCs
were incubated with either whole platelets
or platelet releasate, which indicates that the
modulation of DCs by platelets is caused by a
soluble mediator.
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production by DCs, TLR-mediated upregulation of costimulatory molecules on DCs was
only minimally affected. Pro-inflammatory
cytokine release by TLR-stimulated DCs is mediated via the MyD88 pathway, while upregulation of co-stimulatory molecules can also
occur via a MyD88-independent pathway,
which suggests that platelet-mediated inhibition of DCs may be due to inhibition along
the MyD88 pathway.51–53

In summary, our study shows that platelets
can inhibit pro-inflammatory cytokine production of TLR-stimulated DCs which results
in diminished T cell priming capacities. The inhibition of TLR-simulated DCs depends on the
platelet dosage and timing of platelets relative to TLR stimulation. Furthermore, platelets
mediate the DC-modulation by a soluble molecule that is secreted upon activation, but the
exact agent(s) remain to be identified.

Although the present study shows that platelets inhibit DCs via a soluble molecule which is
released upon activation, in ongoing research
we are attempting to identify the agent(s) responsible. In this regard, multiple proteins
that are secreted by platelets were already
shown to affect DCs. Platelets e.g. are able to
express and subsequently secrete CD40L.54
CD40L, however, induces upregulation of
co-stimulatory molecules and increased cytokine production,34,55,56 and therefore seems
unlikely to cause our observations. A more
likely candidate could be platelet factor 4
(PF4, also known as CXCL4), which is abundantly stored in α-granules from platelets, as
it has been shown to stimulate CD86 expression on DCs and reduce IL12 and TNF-α production of DCs.57 Furthermore, TGF-β, which
is also abundantly expressed by platelets,
induces a tolerogenic state in DCs causing
significantly diminished production of TNF-α,
IL6 and IL12 while expression of co-stimulatory molecules is only slightly reduced.58,59
Interestingly, the TGF-β signaling pathway
shares many downstream players with the
MyD88 pathway,60,61 which could also mediate some of the observed effects. In addition,
platelets can also secrete metabolites which
were suggested to affect DC functionality.45
Finally, the effects observed in the present
study may also be caused by a combination
of molecules secreted by platelets, which has
recently been shown for diminished anti-tumor T-cell immunity caused by both platelet
derived lactate and TGF-β.27

MATERIALS AND METHODS
Human blood samples: Leukapheresis products obtained from anonymized Sanquin
blood donors were used to isolate monocytes
after giving written informed consent by donors. Citrated whole blood was obtained to
isolate fresh platelets and platelet releasate.
All procedures were approved by the Sanquin
Ethical Advisory Board and in accordance
with the declaration of Helsinki and Dutch
regulations.
Human DCs and T cells: Using the Elutra Cell
Separation System (Gambro, Lakewood, CO,
USA), monocytes and T cells were isolated
from fresh leukapheresis material and frozen
until further use. Purity of monocytes was
>90% as determined using flow cytometry
with APC labeled anti-CD14, PE labeled antiCD3 and FITC labeled anti-CD66b (all from
BD biosciences, Breda, the Netherlands). On
day 0, monocytes were thawed and differentiated into immature dendritic cells (DCs) as
previously described.38 In short, 1x106 monocytes/ml were cultured for 6-7 days in 20 ml
of Cellgro DC serum-free medium (Cellgenix,
Freiburg, Germany) supplemented with 800
IU/ml IL4 and 1000 IU/ml granulocyte–macrophage CSF (Cellgenix), 100 U/ml penicillin
and 100 U/ml streptomycin (Gibco/Thermo
Fischer Scientific, the Netherlands) in a T75
culture flask at 37°C and 5% CO2.
Platelet and platelet releasate isolation: Platelets were isolated from whole blood by cen-
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TLR stimulation of DCs: In the absence or presence of platelets (platelet:DC ratio 40:1 if not
otherwise mentioned) or platelet releasate
(amount equivalent to platelet:DC ratio of
40:1), 3.5x104 (cytokine measurements in
96-well flat bottom plates without or with
Transwells (pore size≤0.3µm)) or 2.0x105 (phenotyping and proliferation assay’s in 24-well
plates) DCs were stimulated with 2.5 µg/ml
monophosporyl lipid A (MPLA) (Sigma Aldrich, Zwijndrecht, the Netherlands), 5 µg/
ml pam3CysSerLys4 (PAM3CSK4) (Invivogen,
San Diego, CA, USA), 2.5 µg/ml resiquimod
(R848) (Alexis Biochemical, Paris, France) or
0.25 µg/ml flagellin bacillus subtilis (Invivogen) in Cellgro medium containing 1000 U/
mL IFNγ (Boehringer Ingelheim, Alkmaar, the
Netherlands), 100 U/ml penicillin and 100 U/
ml streptomycin at 37°C, 5% CO2. After 24h
(MPLA stimulation) or 48h (PAM3CSK4, flagellin and R848), culture supernatant was harvested and frozen at -20°C until execution of
cytokine measurements.
Cytokine measurements: The levels of TNF-α,
IL6 and IL10 in culture supernatants were

measured using compact PeliKine Cytokine
ELISA kits. To determine production of
IL12p40, a combination of two anti-IL12p40
antibodies was used (coat: clone C11.79 and
detection: clone C8.6, Sanquin Reagents) and
recombinant IL12p40 was used as calibration.
Absorbance was measured at 540nm with
SynergyTM 2 (BioTek, Winooski, VT, USA).
Phenotyping DCs: After 48h of stimulation,
DCs were harvested after 10 minutes incubation with 0.4% trisodium citrate (Merck Millipore) in PBS supplemented with 4 mg/ml human albumin (Albuman, Sanquin Reagents,
Amsterdam, the Netherlands). DCs were
stained 30 minutes at room temperature with
LIVE/DEAD Fixable near-IR Dead Cell Stain Kit
(Thermo Fisher Scientific) and subsequently
with either PE labeled anti-HLA-DR or with
FITC labeled anti-CD80, PE labeled anti-CD40,
allophycocyanin labeled anti-CD83 and Brilliant Violet 421 labeled anti-CD86 (all from
BD biosciences) in the presence of 3 mg/ml
human γ-globulin (Sanquin). Samples were
measured with BD FACSCanto II and analyzed
using Kaluza Flow Analysis Software (Beckman Coulter, Woerden, the Netherlands). Gating strategy involved selection of DCs on FSC/
SSC, single cells and living cells.
T cell proliferation: If indicated, DCs were first
incubated 1h at 37°C with 5 µg/ml tetanus
toxoid (TT) (AJVaccines, Copenhagen, Denmark) before TLR stimulation. DCs were stimulated with 2.5 µg/ml monophosporyl lipid
A (MPLA) and 1000 U/mL IFNγ in absence or
presence of platelets or platelet releasate in
Cellgro medium containing 100 U/ml penicillin and 100 U/ml streptomycin at 37°C, 5%
CO2. After 48h, DCs were harvested after 10
minutes incubation at 37°C with PBS supplemented with 0.4% trisodium citrate and
4 mg/ml human albumin and subsequently
washed in IMDM culture medium (Lonza,
Breda, the Netherlands) supplemented with
5% pooled human serum, 100 U/ml penicil-
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trifugation at 200g for 10 minutes and subsequently the supernatant platelet rich plasma
was washed 1:2 with sequestrine buffer (17.5
mM Na2HPO4, 8.9 mM Na2EDTA, 154 mM
NaCl, pH 6.9, containing 0.1% [wt/vol] bovine
serum albumin, all obtained from Merck Millipore, Amsterdam, the Netherlands). After
5 minutes centrifugation at 1600g, platelets
were resuspended in Cellgro medium containing 100 U/ml penicillin and 100 U/ml
streptomycin. To collect platelets releasate,
platelets were incubated 20 minutes with 100
µM Thrombin Receptor Activator Peptide-6
(TRAP) (Bachem, Bubendorf, Switzerland)
after which platelets were removed by twostep centrifugation (first 5 minutes at 1650g
and subsequently 10 minutes at 4000g). Releasate of five donors was pooled, aliquoted
and stored at -20 °C until further use.
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lin, and 100 U/ml streptomycin (IMDM+5%
HS). Total T cells were thawed at the day of
experiment and rested for 1h in IMDM+5%
HS at 37°C, 5% CO2. Subsequently, T cells were
washed twice using PBS, incubated with 5µM
CFSE for 20 minutes at room temperature and
washed twice with culture medium. After this,
3x105 T cells were resuspended in IMDM+5%
HS medium and incubated 10:1 (T:DC ratio)
with allogeneic or autologous TT-loaded DCs
in 48-well plates. After 8 days, T cells were harvested, labeled 30 minutes with LIVE/DEAD
Fixable near-IR Dead Cell Stain Kit (Thermo
Fisher Scientific) and subsequently with PElabeled anti-CD4 and APC-labeled anti-CD8
(both from BD biosciences). Gating strategy
involved selection of lymphocytes on FSC/
SSC, single cells, living cells and either CD4 or
CD8 positivity.
Statistical analysis: Graphical presentation
and statistical analyses was performed using
GraphPad prism v7.02 (GraphPad Software
Inc, La Jolla, California, USA). Statistical differences in cytokine production of DCs stimulated with various TLR ligands or in T cell proliferation were determined using a paired T test.
A repeated measures one way ANOVA with
Bonferoni post testing was used to determine
statistical differences in cytokine production
and T cell proliferation with varying platelet
dosage, different platelet timings, the effect
of transwells and platelet releasate.
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Most platelet transfusions are used as supportive treatment for patients that suffer from
thrombocytopenia caused by chemotherapy.1 Without the support of platelet transfusions, intensive chemotherapeutic treatment of hemato-oncology patients would not
be possible. Platelet transfusions furthermore help to stop potential life threatening
bleedings.1 Platelet transfusions however, just as other blood products, can have multiple adverse effects such as, transfusion-transmitted infections (TTI), febrile reactions,
transfusion related acute lung injury (TRALI) and alloimmunization.2–4 Except for TTI,
multiple side effects are at least in part caused by white blood cells (WBCs) that contaminate platelet concentrates, as leukoreduction, currently routinely applied in all high
income countries, significantly reduced the risk for these effects.4 Alloimmunization as
significant and potentially life threatening problem, is the subject of this thesis.3,5
1. Variation in clinical consequences after
alloimmunization
Alloimmunization after platelet transfusions induces the formation of alloantibodies against human leukocyte antigen (HLA)
or human platelet antigen (HPA), which in
subsequent transfusions can bind to platelets that bear the target antigen. After this
binding or opsonization, platelets are rapidly
cleared from the circulation by antibody-mediated clearance. Remarkably, little is known
about the precise mechanisms and risk factors involved in this alloimmunization or why
alloimmunization causes reduced transfusion
effectiveness in certain patients but not in
others.6 The latter could have multiple causes,
some of which are investigated in this thesis.
First, random platelet transfusions may simply not contain antigens targeted by alloantibodies. As a result, transfused platelets are
not antibody opsonized and do not undergo
rapid antibody-mediated clearance. In the
case of buffy-coat derived platelet-concentrates, consisting of platelets pooled from
five different donors, reduced transfusion
effectiveness may only become apparent if
platelets from multiple donors in the platelet
concentrate are targeted simultaneously by
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the patient’s alloantibodies. This implies that
a patient needs to be broadly immunized
before refractoriness to random buffy-coat
derived platelet transfusions becomes apparent. Second, antibody-mediated clearance of
platelets correlates with the level of antibody
opsonization and thereby with the level of antigen expression on donor platelets (Chapter
5 of this thesis). Because donor platelets can
have low HLA expression,7 it may be necessary that multiple antigens expressed on one
platelet need to be targeted by alloantibodies
to induce effective antibody-mediated clearance. This again implies that patients need
to be broadly immunized before displaying
reduced transfusions effectiveness due to alloantibodies. Third, certain anti-HLA antibodies can bind platelet-expressed HLA class I
with their variable domain while their Fc-tail
can activate the platelet via its own Fc-γ receptors.8 This autocrine platelet activation significantly enhances platelet clearance compared to antibody mediated clearance alone.8
Further research in this respect is needed to
identify which mechanisms result in strong
antibody-mediated clearance and why some
antibodies induce autocrine platelet activation while others do not. Finally, even while
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2. Importance of platelets’ polymorphic
antigens in alloimmunization
Alloantibodies causing platelet refractoriness are most frequently directed against
HLA class I,11–14 but can also target HPA. HLA
alloimmunization is observed in 9-45% of
patients that receive multiple platelet transfusions,15–17 while HPA immunization in the
absence of HLA immunization is only seen
in 0-4% of patients.14,18–20 This can have several explanations. First of all, HLA antigens
are known to be highly immunogenic and are
expressed by both WBCs as well as platelets,
while the less immunogenic HPA antigens
are predominantly expressed by platelets.
Second, because HLA molecules are much
more polymorphic compared to the HPA molecules, it is more likely that a patient receives
platelets mismatched on HLA rather than on
HPA.
HPA immunization after transfusion is rare in
general, but in patients with HLA antibodies
coinciding HPA immunization is observed in
9-25%.13,14 Thus patients with HLA alloantibodies apparently are more likely to produce
HPA antibodies compared to patients without HLA antibodies. Hence, once a patients
is alloimmunized, alloimmunization seems
to broaden its specificity, presumably via a
mechanism known as linked recognition, a
well known phenomona for alloimmunization against red blood cell antigens.21,22 B
cells recognize antigens by the BCR when
these antigens are is in complex with a par-

ticle (e.g. HLA molecules on a platelet particle). Subsequent internalization and digestion of the whole complex may attract T cell
help that can be directed against peptides
that are derived from other antigens as the
antigen recognized by the B cell (and BCR).
Thus, the exact peptide recognized by the T
cell can be derived from a different antigen as
the one recognized by the B cell.10 This implies
that if a patient has been immunized against
one alloantigen, memory CD4 T cells that are
formed in the first response, can provide help
in subsequent responses to B cells that recognize another antigen, if co-expressed by the
same platelet.
3. Risk factors for alloimmunization
Interestingly, while some recipients already
produce alloantibodies after only one transfusion, others do not produce any alloantibodies despite frequent transfusions, suggesting large variations in the abilities to
alloimmunize.6,23 One possible explanation is
the variability of different HLA alleles to bind
peptides derived from allo-HLA or allo-HPA
molecules and the affinity of these interactions. As a result of this differential binding,
alloimmunization against a certain allopeptide may be impossible in certain HLA alleles
while being likely in other alleles. For example
alloimmunization against HPA-1a is known
to be strongly linked to HLA-DRB3*01:01.24,25
Another cause can be the expression density
of HLA eplets, the antigenic epitopes in HLA
molecules that are shared between different
HLA alleles.26 Although the HLA class I system has 12.716 different alleles,27 many eplet
similarities between them are present. Because naïve B and T cells that recognize selfantigens are removed from circulation due to
negative selection,10,28 an immune response
can only be raised against HLA eplets that are
not present in their own HLA molecules,29,30 a
concept known as the non-self – self recognition of HLA-immunogenicity.26 Individuals
that express very little HLA eplets in their own
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we know that antibody isotypes differ significantly in their effector functions,9 little work
has been done regarding antibody isotypes
and platelet clearance. For example, from all
IgG isotypes, IgG1 and IgG3 are most effective
to induce complement-dependent cytotoxicity (CDC) and/or antibody-dependent cellular
cytotoxicity (ADCC),10 and may therefore be
the most detrimental alloantibody isotype in
platelet transfusions.
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HLA molecules may be able to allloimmunize
against a wide array of allo-HLA molecules. In
contrast, individuals can also express lots of
HLA eplets in their own HLA molecules, which
minimizes their ability to respond to allo-HLA
molecules. The involvement of HLA alleles
and eplets in the above ‘responder – nonresponder’ paradigm, however, remains to be
elucidated.
In addition to contaminating WBCs, previous
sensitization by for example pregnancy and
repeated exposures to platelet concentrates
increase the risk for alloimmunization.6,17
Chapter 4 identifies patients receiving remission induction course to be at increased risk
for alloimmunization while patients that receive stem cell transplantations or male patients are less likely to alloimmunize. Remarkably, further knowledge regarding patient
and product-related risk factors for alloimmunization remains very limited.
4. Alloimmunization: preventing rather
than treating
Although the majority of HLA-alloimmun-

ized refractory patients can be effectively
transfused with matched platelets, this approach requires demanding logistics, is costly
and requires (sufficient) availibity of HLAmatched donors (currently unavailable in the
Netherlands for 10% of the patients).8 Even
if a HLA-matched donor is available, it takes
time to provide these matched products and
in the meantime a patient is not properly
supported with platelets and consequently
prone to bleeding with concomitant comorbidities.31,32 Chapter 5 presents a strategy to
facilitate the matching logistics by also considering donors that have a low expression of
mismatched HLA on their platelets. This research should be expanded to also determine
expression of other prevalent HLA-A and -B
alleles from the Dutch donor database. An
initial screen (Fig. 1) showed high interindividual variation in the expression of HLA-A1,
-A3, -A9 and -A24 on platelets, from which
HLA-A1 (33%) and -A3 (30%) are of particular interest, being the most prevalent in the
Dutch donor population after HLA-A2 (50%)
(numbers derived from the Dutch donor database, January 2018).

Platelet HLA expression (in %)

HLA class I expression on platelets
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0
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A11

A24
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B12

B35

B44

B62

Donor HLA typing
Figure 1 I The expression of certain HLA alleles on platelets varies significantly between donors. The expression of specific HLA class I alleles on platelets from blood donors was determined using monoclonal antibodies isolated previously. All donors were HLA-typed and positive for the HLA allele that was measured. The
following antibody clones were used to determine the expression of: HLA-A1: GV5D1, A2: SN607D8, A3: OK2F3,
A9: BVK5C4, A11: WIM8E5, A24: BVK5C4, B7:VTM1F11, B8: BVK1F9, B12: JOK3H5, B35: HDG8D9, B44: DK7C11,
B62: OK8F12.
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However,
preventing
alloimmunization
should be the ultimate goal. In order too
prevent alloimmunization it is important to
better understand the mechanisms at play.
In chapter 3 we show that antigens derived
from allogeneic platelets can induce platelet-specific alloimmune responses in vitro.
Importantly, this indicates, despite opposing claims,33–35 that alloimmunization after
platelet transfusions can be induced via
both platelet- and WBC-mediated pathways.
Reducing or preventing platelet-mediated
alloimmunization may require additional
strategies than only targeting WBC-mediated
alloimmunization. Putative risk factors for
platelet-mediated alloimmunization in this
respect can be screened in vitro for their effect on alloimmune responses, by incubating
platelets with dendritic cells (DCs) and subsequently measure the platelet-specific T cell
responses. This assay, as used in chapter 3 of
this thesis, incorporates platelet internalization, processing and presentation of plateletderived antigens by antigen presenting cells
(APCs) in one simple readout (i.e. IFN-γ secretion by platelet-specific CD4 T cells). WBC-mediated alloimmunization on the other hand
may be prevented using pathogen reduction
or complete removal of WBCs from platelet
concentrates. In addition, more general approaches such as preventive HLA matching
or the induction of tolerance may further
decrease or prevent HLA alloimmunization.
Potential strategies to reduce or prevent alloimmunization after platelet transfusion are
discussed in more detail below (see Fig. 2).
4.1. Fresh platelets: The studies presented in
chapter 3 reveal that storage of platelet concentrates likely is a product-related risk factor
for alloimmunization by enhancing platelet
internalization and subsequent platelet-specific T cell responses. This is predominantly
caused by storage-induced apoptosis and
concomitant phosphatidylserine exposure,
which has been described to aid cell phago-

cytosis in both pro- as well as anti-inflammatory manners. Depending on the latter, this
can respectively induce alloimmunization
or tolerance against alloantigens expressed
by transfused platelets. Consequently, the
outcome of our findings in vivo will likely depend on the presence of environmental cues,
known as danger signals,36 around the time of
transfusion. Namely, for the induction of alloimmunization APCs needs to be properly activated by danger signals in order to efficiently
provide signal 2 and 3 (i.e. co-stimulation and
cytokines) to allospecific CD4 T cells.36 The signals provided by co-stimulation or cytokine
release will determine whether T cells are
skewed towards immunization or tolerance.
However, little to no work has been done to
determine which danger signals are instrumental for the induction of alloimmunization
after platelet transfusions in vivo. We found
that internalization of platelets, irrespective if
they were apoptotic, stored or fresh, is by itself
not sufficient to properly activate DCs (data
not shown), which implies that DCs need to be
matured by external danger signals. The latter
can originate in the patient, e.g. via chemotherapy-induced release of danger associated
molecular patterns (DAMPs) such as HMGB1
or ATP.37 An additional source of danger signal may be derived from ongoing infections,
which already are shown to induce alloimmunization after red blood cell (RBC) transfusions.21 Alternatively, the danger signal might
also originate from preparation and storage
of platelet concentrates. Upon storage of
platelet concentrates, WBCs and platelets
both undergo cell death and release multiple
cytokines and chemokines such as soluble
IL8, CXCL4 or CCL5,5,38–42 which might serve
as danger signals. The presence of DAMPs in
transfused plasma or platelet concentrates is
currently investigated in our group. Whatever
the source of the danger signals, chapter 4
seems to confirm the increased risk of alloimmunization in vivo after receiving old platelets
compared to fresh. Although these results re-
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quire confirmation, blood banks may need
to change their storage policies in the near
future. Simply reducing the maximum storage time seems the easiest approach, but the
added costs for logistics and the extent of the
accompanying risk for more outdated platelet concentrates in the inventory requires
investigation. Alternatively, fresh platelets
can be provided to patients that require prolonged platelet support, while older platelet
concentrates may be provided to patients
that are unlikely to alloimmunize. Besides
again logistical constraints and ethical considerations, another pitfall of this approach is
that our knowledge in which patients are at
(low) risk to alloimmunize is limited. A more
suitable approach may be to optimize the
isolation and production of platelet concentrates to prevent the development of platelet storage lesion (PSL) and storage-induced
apoptosis in particular, which cause the enhanced alloimmune responses in vitro. These
optimizations should be monitored for their
effect on storage-induced apoptosis and on
post-transfusion in vivo survival. As shown in
Chapter 2, the latter can be best monitored
with the platelet responsiveness assay, which
measures platelet activation after stimulation
with thrombin receptor agonistic peptide,
or the in vitro rating score, which combines
platelet activation, platelet apoptosis and lactate production in one score.
4.2. Pathogen inactivation: Another strategy
which is suggested to further reduce alloimmunization after platelet transfusion, is the
use of pathogen inactivation techniques to
treat platelet concentrates. These techniques
all use UV light to induce DNA and RNA damage in this way inactivating pathogens and
preventing TTI.43–45 In addition, multiple animal studies have shown reduced alloimmunization after pathogen reduced platelet transfusion,46–50 which is at least partially caused
by the reduced immunogenicity of the WBCs
in these platelet products.51–53 In contrast to
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these potential benefits, pathogen inactivation of platelet concentrates also enhances
the development of PSL.38,54–63 This was
shown to lower the in vivo survival and recovery and the (corrected) count increments after transfusion of pathogen reduced platelets
by about two-third compared to untreated
platelets.64–70 More important, as shown by
the PREPAReS trial also the hemostatic capacity of platelets seems reduced after pathogen
inactivation.71 Despite the promising findings
in animal studies,46–50 clinical studies failed to
show a protective effect of pathogen inactivation on HLA alloimmunization after platelet
transfusions.72,73 Moreover, chapter 4 strongly
suggests that in hemato-oncological patients
HLA class I alloimmunization is increased
after receiving multiple pathogen reduced
platelet concentrates, while HLA class II alloimmunization remained unaffected. Interestingly, while studies that showed a protective
effect of pathogen inactivation only used
fresh platelets, in chapter 4 platelet concentrates were used that were stored up to seven
days. This storage difference might explain
the different alloimmunization risk between
the use of pathogen reduction in preclinical
and in clinical studies. It can be that pathogen inactivation protects for alloimmunization directly after treatment, possibly due to
preventing WBC-mediated alloimmunziation,
while increasing the risk of alloimmunization
upon storage by a platelet-mediated mechanism caused by enhanced development of
PSL.38,54–63 In line with this, chapter 3 shows
that phagocytosis of pathogen reduced
platelets is not affected directly after production, but increases upon storage as compared
to untreated platelets. The latter may be
caused by the enhanced storage-induced apoptosis after pathogen inactivation,63,74 which
in chapter 3 is shown to enhance plateletspecific alloimmune T cell responses. If the
enhanced development of PSL caused by
pathogen inactivation is abolished, the enhanced alloimmunization due to pathogen
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inactivation may be alleviated while it still
protects for TTI. Possible optimizations in the
isolation and illumination process to reduce
development of PSL include storage in platelet additive solutions, inhibition of p38 MAPK
signaling, removal of oxygen during illumination and increased agitation during illumination.58–60,75,76 Alternatively, and perhaps the
easiest approach, is to illuminate the platelet
concentrate just prior to transfusion. As a result, the accelerated development of PSL after pathogen inactivation is prevented, while
in theory still protecting for TTI. Whether this
approach is feasible requires investigation.
4.3. Preventive HLA matching: HLA eplets &
PIRCHE: Preventive matching for platelet
transfusions will have impact on the cost-

effectiveness, but may be worthwhile in patients that are at high risk for alloimmunization. Platelet transfusion refractoriness due to
alloimmunization is most frequently caused
by HLA alloimmunization.6,11,77. Matching on
HLA molecules can be done by simply matching the HLA haplotype of the patient with the
donor, or by matching on HLA eplets. Shared
antigenic epitopes between HLA molecules
are called HLA eplets, (described in more
detail in paragraph 3 and in chapter 1 of this
thesis) and patients will only respond to HLA
eplets that are not expressed in their own
HLA molecules (ie non-self-HLA eplets). HLA
eplet matching therefore simplifies matching
of patient and donor and can be done using
specific open access software such as HLA
matchmaker.26 Furthermore it is important
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Figure 2 I Potential strategies to reduce alloimmunization after platelet transfusions. Reducing the development of PSL during storage of platelets, minimizes the enhanced internalization of stored platelets and subsequent alloimmune responses. PIRCHE matching prevents that peptides from donor HLA class I can be presented
in HLA class II, thereby preventing CD4 T cell activation and subsequent help to alloreactive B cells. HLA eplet
matching prevents that platelets will be transfused that express HLA class I eplets that are not expressed by the
recipient. As a result, the recipient cannot acquire CD4 T cell help against donor-derived HLA class I peptides and
will not produce IgG alloantibodies. Although preliminary and only shown for RBCs, platelets with low antigen
expression may be used to induce antigen-specific tolerance for HLA class I antigens.
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to realize that HLA class II molecules are unable to present all HLA class I eplets, but only
a proportion of HLA class I derived peptides.
This phenomenon could be exploited in preventive matching strategies using PIRCHE.78
Each HLA class II molecule’s peptide binding groove is only able to bind and present
certain pools of peptides.79,80 If allopeptides
derived from HLA class I eplets cannot be
presented in recipient’ HLA class II molecules,
recipient’ B cells can not acquire help from
CD4 T cells and will thus be unable to produce IgG alloantibodies.10 Which HLA class
I-derived peptides can be presented by a
specific HLA class II molecule can be predicted by PIRCHE matching service,78 and could
thereby further improve HLA-compatibility
between donor and patient.
4.4. Induction of tolerance: Another appealing approach to prevent alloimmunization
after platelet transfusion, is the induction of
tolerance. Tolerance may be induced by exploiting the level of antigen expression; for
RBCs it has recently been demonstrated that
low antigen expression induces tolerance
whereas normal antigen expression induces
alloimmunization to blood group antigens.81
Although this has only been demonstrated
preclinically and not for platelets, these findings are of significant interest for platelet
transfusions because platelets are known for
a natural variation in the expression density
of certain HLA alleles,82–85 and a proportion of
donors have (almost) undetectable HLA class
I expression (chapter 5 of this thesis). Furthermore, HLA class I can be removed actively
from platelets’ surface by shortly incubating
platelets in chloroquine phosphate isotonic
fluid or citric acid with pH 3, which removes
70-90% of surface expressed HLA class I.86–88
Although storage removes MHC class I from
mouse platelets,89 chapter 3 shows that HLA
class I expression on human platelets is not
affected after 7 days storage under routine
blood bank conditions. However, despite the
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fact that the induction of tolerance may be
very appealing, a lot of hurdles need to be
taken. First and most important, the induction of tolerance after transfusions with low
expressing cells needs to be shown for platelets, e.g. in animal models using platelets
with low HLA class I expression. Second, it is
important to delineate which patient conditions are most likely to facilitate the induction of tolerance and how to modulate these
conditions.
5. Platelet mediated transfusion related
immunomodulation (PLT-TRIM)
Interestingly, although alloimmunization
after platelet transfusion remains a clinical
problem, it is actually not as frequent as in
organ transplants, despite the high burden
of allogeneic HLA and HPA molecules provided in one platelet concentrate. This might
be because platelets, besides their important
role in hemostasis, also modulate immune
responses. Chapter 6 shows that platelets
reduce the pro-inflammatory cytokine release of DCs after TLR stimulation. Although
this study focussed on DCs, the most professional APCs, preliminary data shows that also
the cytokine release by both classically and
alternatively activated monocyte-derived
macrophages was equally inhibited by platelets. Furthermore, chapter 6 reveals that DCs
exposed to platelets show a greatly diminished capacity to initiate adaptive immune
responses, which are also required for the
induction of alloimmunization. This inhibition is mediated by molecule(s) that is/are secreted by activation-induced degranulation
of platelets. Physiologically this seems rational; platelet activation at sites of vessel injury
might in this way inhibit uncontrolled immune response to minimize vascular leakage
and improve wound repair. In the context of
platelet transfusions however, platelet-mediated inhibition of DCs, as shown in chapter 6,
may be disadvantageous (see paragraph 5.2).

General discussion

5.2. Implications PLT-TRIM for platelet transfusions: Because most platelet transfusions

are prophylactically administered to patients
that suffer from chemotherapy-induced
marrow aplasia and that are immunocompromised and less capable to clear (blood
borne) infections, PLT-TRIM could become
additionally life-threatening for these patient.95 Vascular damage in this regards, will
lead to induction of platelet activation and
their inhibition of DCs and DC-mediated
adaptive immune responses. In addition,
platelets leaking from defective vasculature
in tumors96 may additionally contribute to
tumor immune escape by inhibiting DCs and
DC-mediated adaptive immune responses in
the tumor environment and draining lymph
nodes. Furthermore, tumor escape may be
further facilitated by platelets by direct inhibition of T cells via a TGF-β and/or lactate
dependent mechanism.97
6. Concluding remarks / Future directions
In conclusion, this thesis provides further understanding of the mechanisms involved in
alloimmunization after platelet transfusions
and provides suggestions how alloimmunization may be reduced in the near future.
Importantly and despite earlier claims that
only WBCs were able to do so, we show that
alloimmune responses after platelet transfusions are likely also inducible by a plateletdependent pathway.
This thesis identified storage as a potential
risk factor for alloimmunisation, as it enhanced platelet internalization and plateletspecific alloimmune T cell responses in vitro.
Whether this indeed results in enhanced alloimmunization, can only be assessed in clinical studies. Since patients normally receive a
mixture of fresh and stored platelet transfusions, in order to dissect the effect of platelet
storage on alloimmunization, patients randomized to receive only fresh (e.g. ≤3 days of
storage) or old (e.g. ≥4 days of storage) platelets can be one possible approach.
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5.1. Localization of platelet-APC interactions:
In theory, PLT-TRIM may explain why alloimmunization is less frequent as expected
based on the load of allogeneic antigens
provided in a transfusions. Alloimmunization
against platelet transfusions is held to occur in the spleen,90 which is also the location
where the most intimate contact between
platelets and APCs occurs and consequently
platelet mediated immune inhibition may be
most pronounced. Being the most professional APC and most effective in activating
naïve CD4 T cells, this thesis focused on DCs
as APC. However, it is unknown whether alloimmunization after platelet transfusion
is indeed initiated by DCs, or by other cells
such as macrophages and B cells or by combinations of these cells. For example, B cells
can transfer antigen captured by its B cell
receptor (BCR) to other APCs, which in their
turn can efficiently activate antigen-specific
CD4 T cells.91 Irrespective of the cells responsible for the induction of alloimmunization,
circulating platelets do encounter all the
above cells multiple times in the spleen. In
the white pulp, arterioles are coated with
periarterial lymphatic sheaths, that among
others contains high numbers of B-cells.92 In
the splenic red pulp, platelets subsequently
pass through the reticular connective tissue, via sinusoids and back into veins. In the
red pulp platelets come in contact with predominantly macrophages, but also DCs, B
cells and others.93,94 In addition, this red pulp
is suggested to store about one third of all
circulating platelets, which may further increase the intimacy of the contact between
platelets and APCs.93,94 The intimate contact
together with the activation grade or apoptosis of transfused platelets could, even in
the absence of vessel damage, both induce
platelet-mediated immune inhibition or induce alloimmunization.
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Furthermore, the possibility that alloimmunization actually occurs, probably also depends
on patient-related factors. In patients at high
risk for alloimmunization, precautionary
measures could be taken to prevent alloimmunization or at least reduce or minimize the
risk. Besides females, this thesis shows an increased risk for alloimmunization in patients
that receive remission induction chemotherapy. We, however, were unable to confirm the
hypothesis that inflammation is such a risk
factor for alloimmunization (chapter 4). Further studies addressing alloimmunization risk
factors are needed. In addition, whether patient’ HLA typing determines the likelihood of
alloimmunization should also be addressed
in studies, e.g. using data that is routinely collected by Sanquin Blood Bank. If this is true,
PIRCHE preventive matching, as described
above, can reduce the frequency of alloimmunization.
While pathogen reduction is a promising
technique to significantly reduce the risk of
TTI, it seem also associated with multiple disadvantages. After treatment, platelets display
enhanced PSL,38,54,63,55–62 and reduced survival
in vivo.64–70 Chapter 4 additionally shows that
pathogen inactivation likely enhances HLA
class I alloimmunization. The latter may be
caused by the enhanced development of PSL,
as shown in chapter 3. The enhanced aging
of pathogen reduced platelets may be alleviated or reduced by optimizing the pathogen
reduction process and subsequent storage
(conditions) of platelet concentrates. Alternatively, the effect of pathogen inactivation on
development of PSL may be largely reduced
when the treatment is performed just prior
to transfusions. Again the effectivity of such
measures should be addressed in future clinical studies.
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English summary
Platelet transfusions are an essential supportive care for mostly hemato-oncologic
patients that suffer from treatment and/or
disease associated thrombocytopenia. platelet transfusions are administered prophylactically on the basis of a platelet count trigger,
in which the effectivity of the transfusion
is frequently monitored using the platelet
count increment. Due to a variety of reasons,
roughly divided in immune and non-immune,
the effectiveness of such platelet transfusions
can be diminished. Alloimmunization is by
far the most common immunological cause
for ineffective transfusions. This alloimmunization most frequently involves antibodies
that target allogeneic HLA class I antigens.
The introduction of universal leukoreduction,
removing most contaminating white blood
cells from platelet concentrates, significantly
reduced the frequency of alloimmunization,
but a risk remains. Current knowledge about
the mechanisms or risk factors for alloimmunization after platelet transfusions is very limited. This thesis therefore focuses on improving our understanding of platelet transfusion
induced alloimmunization with the aim to
eventually minimize the risk of alloimmunization and to improve therapy of patients that
are alloimmunized against HLA class I (summarized in Fig. 1).
Upon storage, platelets develop the so called
storage lesion, which reduces their quality
but also their survival after transfusion. As a
result, more frequent transfusions are needed, which actually is one of the best known
risk factor for alloimmunization. To minimize
the development of PSL and concomitant reduced survival after transfusion, the isolation
and storage of platelets should be improved.
An array of tests are currently used to monitor
the in vitro effects of such optimizations. Their
correlation with in vivo platelet survival and
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prevention of bleeding however, is limited or
unknown and product optimizations always
need clinical confirmation. In chapter 2 we
show that the clinical correlation of three frequently used tests can be improved by combining all three in one in vitro rating score.
In addition, a new test assessing platelet responsiveness after stimulation with increasing concentrations of agonists was shown to
have even a slightly better clinical correlation
than the above in vitro rating score.
To further reduce alloimmunization it is important to know which cells contribute to alloimmunization after platelet transfusion. In
contrast to conflicting earlier reports, chapter 3 shows that platelets themselves are able
to induce dendritic cell (DC)-mediated alloimmune CD4 T cell responses. Thus alloimmunization after platelet transfusion might
be induced via a platelet-mediated as well as
the so far known WBC-mediated mechanism.
The in vitro study furthermore elucidates that
this platelet-mediated alloimmunization is
enhanced by storage. Pathogen inactivation
of platelets further enhanced the storage
enhanced internalization of platelets. Upon
storage, platelets expose phosphatidylserine and become apoptotic, which were both
shown to enhance platelet internalization by
DCs and enhance platelet-specific CD4 T cell
responses. Our in vitro results together with
the use of a CD4 T cell clone, known to be less
dependent on co-stimulation and cytokines
released by DCs, evidently require clinical
confirmation.
In contrast to the above in vitro results, preclinical studies by others suggested that pathogen inactivation of platelets, prevented or
reduced HLA alloimmunization. Therefore we
analyzed samples from the PREPAReS study
to investigate the in vivo effect of pathogen
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reduction on alloimmunization in patients.
Chapter 4 shows that pathogen inactivation
does not protect for HLA class I or II alloimmunization, but rather seems to enhance HLA
class I alloimmunization. The isolated effect
on HLA class I moreover, suggests that this alloimmunization is caused by platelet-mediated mechanisms, which we hypothesize to be
caused by mechanisms described in chapter
3 as pathogen inactivation enhances storageinduced platelet apoptosis. This study additionally shows that patients receiving a remission induction course are at an increased risk
for HLA alloimmunization.
Although the ultimate goal should be to prevent alloimmunization after platelet transfusion, it is unlikely that this will be feasible in
the near future. As a result, patients can still
become platelet transfusion refractory due to
HLA alloimmunization. These patients need
HLA compatible platelets, which requires a
very large HLA-typed donor pool to have an
acceptable rate of finding suitable platelet
donors. And even with such a large pool, for
patients with a rare HLA typing HLA compatible platelets may still not be (sufficiently)
available. Chapter 5 shows that about one
third of HLA-B8 and -B12 donors have a HLA
expression of these antigens that is not or
only minimally above background. For HLAB35 about one tenth of donors have such low
HLA expression. Platelets from these donors
were shown to not undergo antibody-mediated internalization in vitro, which strongly
suggests that platelets from these donors
can be used to overcome platelet transfusions refractoriness, despite HLA mismatches.
Especially for rare HLA typing’s, this strategy
increases the availability of HLA compatible
platelets.

immunocompromised or at increased risk for
infection (e.g. due to trauma or surgery), further understanding of such platelet-mediated
immune modulation is important. Chapter 6
shows that platelets inhibit pro-inflammatory
cytokine production of TLR-stimulated DCs,
while only slightly affecting the expression
of co-stimulatory molecules. Furthermore,
DCs that were matured in the presence of
platelets have significantly diminished capacity to induce allogeneic and antigen-specific
autologous T cell proliferation. The inhibition
of DCs by platelets is mediated by agents that
are secreted upon degranulation and most
pronounced when this degranulation occurred before TLR-stimulation of DCs. Identification of the responsible molecule(s) is topic
of ongoing research. The clinical relevance of
these findings require further study, but may
have implications for the intensity of prophylactic platelet transfusion.

Platelets are increasingly acknowledged
for their capacity to modulate immune responses. As most platelet transfusions are
administered to patients that are severely
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Figure 1 I summarizing model of Chapters 2 – 6.

Day 1

Day 5

Platelet-mediated
immunomodulation

Platelet storage before
transfusion
Monitor development of platelet
storage lesion using the platelet
responsiveness assay and/or the
in vitro rating score (chapter 2)

Day 7

Platelets can inhibit the
pro-inflammatory capacities
of TLR-stimulated DCs
by degranulation
(chapter 6)

Platelet internalization, processing
and presentation by APCs

APC

Platelet storage enhances platelet
internalization and alloimmune CD4
T cell responses (chapter 3)

CD4
T cell

Activation of CD4 T cells and
subsequent help to B cells

B cell

Alloantibody production
HLA class I alloimmunization
enhanced after pathogen reduced
platelet transfusions (chapter 4)

Donor HLA class I
(allo HLA class I)
Presented donor peptides
(allopeptides)
B-cell receptor
T-cell receptor
HLA class II
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Rapid
clearance

Platelet transfusion
No or minimal
clearance

Splenic
macrophage

Platelets with low antigen
expression do not undergo
antibody-mediated clearance
(chapter 5)
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Nederlandse samenvatting
Transfusies van bloedplaatjes is een
noodzakelijke en potentieel levensreddende
therapie voor veelal hemato-oncologische
patiënten die lijden aan trombocytopenie
door (de behandeling van) hun ziekte. De
meeste bloedplaatjes-transfusies worden
profylactisch toegediend, ofwel ter voorkoming van bloedingen. De effectiviteit van deze
transfusies wordt vaak bepaald door de toename in circulerende plaatjes vast te stellen.
Deze toename kan lager zijn dan verwacht
door een verscheidenheid aan oorzaken,
grofweg verdeeld in immunologische en
niet-immunologische. Alloimmunisatie is
veruit de meest voorkomende immunologische oorzaak voor de verminderde opbrengst van bloedplaatjes na transfusie, die
90-95% van de immunologische oorzaken
medieert. Deze alloimmunisatie is bijna altijd gericht tegen allogene antigenen in HLA
klasse I die tot expressie komen op donor
bloedplaatjes. Ondanks dat routinematige
verwijdering van witte bloedcellen uit bloedplaatjes-concentraten door middel van universele leukoreductie heeft geleid tot een
significante afname van alloimmunisatie na
bloedplaatjes-transfusies, is er nog steeds
een significant risico. Welke mechanismen en
risicofactoren leiden tot alloimmunisatie of
hoe alloimmunisatie voorkomen kan worden
na bloedplaatjes-transfusies, is slechts in zeer
beperkte mate bekend. In dit proefschrift is
onderzocht welke mechanismen en risicofactoren kunnen leiden tot bloedplaatjes-transfusie geïnduceerde alloimmunisatie en hoe
de behandeling van patiënten die gealloimmuniseerd zijn tegen HLA klasse I verbeterdt
kan worden (samengevat in Fig. 1).
Gedurende hun opslag ontwikkelen bloedplaatjes zogeheten opslag laesies, waardoor
de overleving van deze plaatjes na transfusie
is verminderd. Hierdoor moeten transfusies
frequenter worden gegeven, wat in feite een
van de meest beschreven risicofactoren voor

alloimmunisatie is. Om de ontwikkeling van
opslag laesies bij bloedplaatjes te verminderen, moet de isolatie, verwerking en opslag
worden verbeterd. Het effect van bepaalde
optimalisaties kan in vitro worden bepaald
met een verscheidenheid aan testen. Doordat de correlatie van deze testen met de
kliniek beperkt of onbekend is, moeten alle
optimalisaties ook klinisch getest worden. In
hoofdstuk 2 laten we zien wanneer drie veelgebruikte testen worden gecombineerd in
één in vitro rating score dat de correlatie met
de kliniek verbetert. Daarnaast laten we zien
dat een nieuwe test welke de reactiviteit van
plaatjes meet na stimulatie met toenemende
concentraties van plaatjes activatoren een
nog iets betere klinische correlatie vertoont.
Om alloimmunisatie te voorkomen, is het
allereerst van belang om te weten welke
cellen bijdragen aan de inductie van alloimmunisatie. Ondanks tegensprekende
eerdere resultaten, laten we in hoofdstuk 3
zien dat bloedplaatjes een dendritische celgemedieerde alloimmuun CD4 T cel respons
kunnen induceren. Dus alloimmunisatie na
bloedplaatjes-transfusies lijkt geïnduceerd
te kunnen worden door zowel bloedplaatjes
als witte bloedcellen. Voorts wordt in dit
hoofdstuk aangetoond dat opslag van bloedplaatjes het risico op alloimmunisatie lijkt te
verhogen doordat bloedplaatjes tijdens hun
opslag apoptotisch worden en fosfatidylserine op de buitenmembraan tot expressie
komt. Hierdoor worden bloedplaatjes meer
geinternalizeerd door dendritische cellen wat
vervolgens leidt tot een versterkte plaatjesspecifieke CD4 T cel respons. Pathogeen inactivatie, een nieuwe techniek om de veiligheid
van plaatjestransfusie te verhogen, versterkt
dit effect van opslag. Doordat dit een in vitro
onderzoek betreft en we gebruik hebben gemaakt van een CD4 T cel-kloon, welke minder
gevoelig is voor modulatie door dendritische
cellen, is klinische bevestiging nodig.
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In tegenstelling tot bovenstaande bevindingen, laten dierenstudies van anderen zien
dat pathogen inactivatie HLA alloimmunisatie na plaatjestransfusie juist verminderd of
zelfs kan voorkomen. Daarom hebben we in
hoofdstuk 4 met samples van de PREPAReS
studie bepaald wat het effect van pathogeen
gereduceerde bloedplaatjes op alloimmunisatie in patiënten is. Deze studie laat duidelijk
zien dat pathogeen inactivatie van bloedplaatjes niet beschermt voor alloimmunisatie
gericht tegen HLA klasse I en II. Sterker nog,
alloimmunisatie tegen HLA klasse I lijkt juist
toegenomen door pathogen inactivatie. Dat
alleen HLA klasse I alloimmunizatie wordt versterkt suggereert dat dit wordt gemedieerd
via plaatjes-specifieke mechanismen, waarbij
wij hypothetiseren dat dit door de versterkte
apoptose en fosfatidylserine expressie van
bloedplaatjes na pathogeen inactivatie komt.
Deze studie toont daarbij aan dat patiënten
in remissie-inductie chemotherapie een verhoogd risico hebben om te alloimmuniseren.
Hoewel het ultieme doel is om alloimmunisatie te voorkomen, is het onwaarschijnlijk dat
dit de komende jaren zal lukken. Daardoor
zullen er nog steeds patiënten met alloimmunisatie-gemedieerde transfusie-refractairiteit zijn die HLA-compatibele bloedplaatjes
nodig hebben. Om HLA-compatibele bloedplaatjes te kunnen vinden voor de meeste
patiënten is een zeer grote HLA-getypeerde
donorpool nodig. En zelfs dan is het voor
patiënten met zeldzame HLA-typering onmogelijk om (genoeg) HLA-compatibele bloedplaatjes te vinden. In hoofdstuk 5 tonen we
aan dat ongeveer een derde van de HLA-B8
en B12 positieve donoren zo weinig van deze
antigenen op hun bloedplaatjes tot expressie
brengen, dat het niet of nauwelijks meetbaar
is. Voor HLA-B35 geldt dit voor ongeveer een
tiende van de donoren. Bloedplaatjes met een
dergelijke lage antigeen-expressie worden in
vitro niet geklaard via antistof-gemedieerde
klaring, wat sterk suggereert dat deze
plaatjes, ongeacht HLA mismatches, gebruikt
kunnen worden voor de behandeling van
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patiënten met transfusie refractairiteit door
HLA antistoffen. Vooral voor zeldzame HLAtyperingen is deze aanpak zeer interessant.
De laatste jaren worden de immunologische
functies van bloedplaatjes meer en meer
erkend. Omdat de meeste bloedplaatjestransfusies worden gegeven aan patiënten
die sterk immuun-gecompromitteerd zijn of
aan patiënten met een hoog infectierisico,
is het van belang om dit fenomeen goed te
begrijpen. In hoofdstuk 6 laten we zien dat
de secretie van inflammatoire cytokines door
TLR-gestimuleerde dendritische cellen sterk
geremd is in aanwezigheid van bloedplaatjes.
Deze dendritische cellen zijn vervolgens ook
minder goed in staat om deling van zowel
allogene als antigeen-specifieke autologe
T-cellen te stimuleren. Deze remming van
dendritische cellen door bloedplaatjes wordt
veroorzaakt door een of meerdere moleculen
die plaatjes uitscheiden na activatie-geïnduceerde degranulatie. De identificatie van deze
moleculen is onderwerp van verder onderzoek. Deze bevindingen zouden implicaties
kunnen hebben voor de toediening van profylactische bloedplaatjes-transfusies en dit
vereist verder onderzoek.
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In 1987, Anno Saris was born as son of Anneke and Andre Saris in
Leeuwarden, the capital of Friesland, the Netherlands. During his
youth, Anno really liked sports, so after finishing his gymnasium/
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his many cycling tours, he decided that he wanted to combine medicine and physics/engineering. So at the age of 18, he started studying Technical Medicine at the University of Twente, Enschede, the
Netherlands. In the MSc part of his study, 5 internships allowed him
to explore various specialties in medicine, namely nephrology, immunology, orthopedics, oncology and surgery. During these internships,
Anno obtained qualifications which allow him to perform animal experiments (article 9) and
work with radioactive materials (article 5B). After a 40 week internship, Anno successfully defended his graduation thesis in August 2012. Because of all the internships in different fields
of medicine, Anno was convinced that Immunology was by far the most interesting field for
him and started looking for a PhD in this field.
In February 2013 he started working as a PhD student at Sanquin Leiden under supervision
of Jaap Jan Zwaginga and Pieter van der Meer. This PhD was linked to a randomized trial,
the PREPAReS study, which investigated the hemostatic activity of pathogen reduced platelet
concentrates. Two side studies of the main trial are included in this PhD project. While patient
enrollment in the trial was ongoing, Anno designed two projects to improve our knowledge
regarding platelet transfusion induced alloimmunization. After a reorganization that forced
Anno to be reallocated to the group of Anja ten Brinke in the department of immunopathology headed by Marieke van Ham, these projects were fine-tuned and carried out. The thesis
of PhD will be defended in November 2018. Currently, Anno is working as a postdoc in the
Center for Experimental and Molecular Medicine (CEMM) group of Tom van der Poll in Amsterdam University Medical Center, Amsterdam, the Netherlands.
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Dankwoord
Na 5 geweldige, leuke, zware, leerzame en fantastische jaren, zit mijn promotie erop; waar
het boekje voor u het bewijs van is. Allereerst wil ik u als lezer bedanken, omdat u blijkbaar
helemaal tot hier bent gekomen, dat u de tijd heeft genomen om dt proefschrift helemaal
door te nemen.
Uiteraard was ik in mijn eentje nooit tot dit resultaat in staat geweest en heb ik dit proefschrift
alleen kunnen maken met hulp en steun op en buiten het werk. De grootste rol hebben natuurlijk mijn begeleiders gespeeld en die rij wordt aangevoerd door Anja ten Brinke. Zonder jullie had ik mijzelf nooit kunnen ontwikkelen tot wie ik nu ben. Buiten de verwachte ontwikkeling als wetenschapper, heb ik tijdens dit traject veel geleerd die ook privé zeer waardevol zijn.
Mijn promotie begon in Leiden, maar na 1,5 jaar werd ik overgeplaatst naar Amsterdam. Anja, daar kwam ik jou tegen. Bedankt dat jij mij een kans hebt gegeven door mij
op te nemen in jouw groep! In het begin moesten we misschien beide even wennen, een
enigzins-verstrooide-OIO met een ‘oog-voor-detail’ baas, maar al snel vulden deze eigenschappen elkaar goed aan en waren we een perfect team. Je hebt me zóveel geleerd en echt
het onderste en vooral beste uit mij naar boven gehaald door de goede vragen te stellen op
de juiste momenten. Jij bent altijd open en eerlijk, en je hoeft nooit te gissen wat je bedoelt.
Ideaal want dan kan een OIO zich bezig houden met belangrijke zaken; pipeteren en jezelf
ontwikkelen. Zonder jou had ik mijzelf echt nooit zó veel ontwikkeld en had ik hier nooit zo
gestaan. Ik kan hier alleen maar dankbaar voor zijn en heel veel respect voor je hebben. Het
was een indrukwekkende, leerzame en hele fijne tijd. Dank!
Marieke, de schat van IP, waarbij schat een veelvoud aan betekenissen kan hebben. Kennis,
kunde, liefheid, noem het maar op. Ik weet en waardeer nog heel goed, dat ik, vlak nadat ik
was overgeplaatst naar jouw afdeling, soms echt spartelde als een vis op het droge. Vooral
die ene keer dat jij haast had en het al na 20.00 was, maar toch uitgebreid de tijd nam om
een beduuste Anno een hart onder de riem te steken. Hierdoor kon ik de daaropvolgende
dag weer met nieuwe energie kon beginnen. Die momenten voel jij feilloos aan en je neemt
altijd de tijd en moeite om een luisterend oor te bieden. Daarbij was jouw enthousiasme over
de resultaten en interpretatie altijd heel inspirerend en stimulerend. De werkbesprekingen
met jou en Anja zijn ook echt geweldig; hoe jullie als realist en optimist (jullie kunnen raden
wie wie is), een hele discussie kunnen voeren terwijl ik (in het begin) met klapperende oren
aanschouwde, was fantastisch! Hou dat team in stand voor alle nieuwe onderzoekers waar
jullie mee gaan werken.
Jaap Jan, wat hebben wij een mooie, interessante en lange reis doorgemaakt. Ik als broekjeOIO mee met de grote bazen van IHB naar de waddeneilanden. Dat was een goede en gezellige kennismaking met jou. Doordat je zo amicaal en toegankelijk bent, heb ik altijd al mijn
problemen en eufories met je kunnen bespreken. Ik ben je heel dankbaar dat je altijd achter
mij stond in moeilijke tijden en deze zo snel mogelijk oplostte. In mijn Leidse tijd had ik je
nodig om knopen door te hakken, maar vooral na mijn transitie naar Amsterdam werden
we een echt goed team. Als Anja en ik weer iets te enthousiast in onze leuke in vitro experimenten op gingen, was jij altijd heer en meester om ons weer terug naar de klinische werkelijkheid te halen, de rol die jij volgens mij zelf het meest waardeert. Wat mij soms wel een beetje
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frustreerde, is jouw bovennatuurlijke nakijksnelheid; als ik weer eens een concept manuscript
had opgestuurd en voldaan in de veronderstelling was dat ik er weer even een paar weken
‘van af’ zou zijn, had ik vaak diezelfde (juist ja, dat lees je goed!) avond alweer een reactie van
Jaap Jan. Hoe je dat deed is mij echt een compleet raadsel, maar het hield het tempo er heerlijk
in! Chapeau!
Pieter, dank dat je mij de kans hebt gegeven om het leuke, indrukwekkende, interessante en
leerzame traject van de afgelopen jaren mee te kunnen maken. Fijn dat je mij hebt geleerd
(hoe) samen te werken met andere groepen en dat je mij hebt laten inzien dat hoe belangrijk
hard werken ook zou zijn, ontspanning op zijn tijd zeker minstens zo belangrijk is.
Maar naast het geweldige team van begeleiders, waren er nog vele geweldige collega’s waar
ik veel inspiratie van en (veel te) veel gezelligheid mee heb gehad. Doordat ik de ‘pech’ heb
gehad tijdens mijn PhD een transitie van het klinische Sanquin Leiden naar het fundamentele Sanquin Amsterdam mee te maken, heb ik het geluk dat ik van twee walletjes heb kunnen eten. Daardoor kan ik deze twee compleet verschillende werelden beide begrijpen en er
een brug tussen slaan. Maar bovenal heb ik mogen genieten van twee totaal verschillende
groepen collega’s. Mijn lieve braziliaan Camila (ik ben je nog steeds dankbaar voor al dat water!), lotgenoot Fabienne, recht voor zijn raap Esther, luisterend oor Dacia, top samenwerker
Aukje en partner-in-crime tegen ál dat vrouwelijk geweld Floris en charmeur Nic jullie hebben mij geholpen met mijn eerste stapjes om van een studentje een onderzoeker te worden.
En natuurlijk Tanja, zonder jouw hulp was ik een zielig hoopje geworden tussen al die dokters! Dank dat je me zoveel hebt geleerd. Zonder het PREPAReS team waren de twee klinische
hoofdstukken niet mogelijk geweest; dank dat ik heb mogen meedoen met deze leerzame
klinische studie. En natuurlijk Manon, Alice, Jos en John, destijds de enige echte labmensen in
Leiden, jullie hebben mij wegwijs gemaakt in het lab en wat was het fijn om pipeteerleed met
lotgenoten te kunnen delen.
Voordat het Leidse lab werd ontmanteld, ben ik op een ‘congres’ geweest waar ik alvast mocht kennismaken met de Amsterdamse collega’s, en hoe....... Na een nacht (of naja
een uurtje of twee) zwettend met vijf mannen van 2 meter op een kamer van minder dan
4m2 (beeld hem eens in....) en een andere kamer waar een discutabele ‘paintjob’ is geweest (hè Sanne en Astrid), naar een ‘inspirerende’ workshop over detoxicatie luisteren was de
liefde er meteen voor Sanne, de Anna’s, Richard, Karin, PP, Richard, Gerben, Anouk, Saskia,
Astrid en Willem. Na mijn overgang moest ik erg wennen aan de nieuwe plek en begeleiding en wat fijn Karin, Marlieke, Laura en de Anna’s dat ik toen altijd mijn hart bij jullie kon
luchten! Marlieke, jouw behulpzaamheid is volgens mij echt bijna grenzeloos (zie het bewijs aan de prachtige lay-out in dit boekje) en je staat altijd voor iedereen klaar. Dankjewel!
Annelies, wat heerlijk dat jij na een (waarschijnlijk verdiende) afbrander tijdens de WBs toch
altijd weer wat positiefs kon zeggen; ik heb daar echt zó veel aan gehad. En juist toen ik dacht
dat het niet nog gekker kon met die Amsterdammers, werd het OIO-team versterkt met Niels,
Casper, Twan, Jana, Inge en Lea. Hoe jullie zo veel weg krijgen, maar toch altijd weer fris en
fruitig zijn, heb ik ondanks wanhopige pogingen nog steeds niet kunnen ontdekken. En wat
leuk dat jullie de tentverfrisser, de guardian angel, de ‘Twan’, ‘gestolen cake’, het dance-lab en
gezelligheid hebben meegenomen! De AIO weekenden waren fantastisch en ik hoop écht
dat we die in leven gaan houden als ex-AOIs!!! Juulke en Nieke, helaas hebben we maar kort
samengewerkt maar wat fantastisch dat jullie een deel van het onderzoek uit dit proefschrift
gaan voortzetten.
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Natuurlijk is een afdeling met alleen OIOs gedoemd te mislukken en wil ik alle andere collega’s
bedanken voor jullie steun, hulp (waarbij Tineke, Gerard, Gijs, Miranda en Iris een speciale vernoeming verdienen), kritische/stimulerende vragen (specifiek Robbert, Theo, Gerard en Gert
Jan) en gezelligheid (iedereen!). Ik had echt geen leukere afdeling kunnen dromen! Ook Marieke von Lindern en Dirk de Korte wil ik graag expliciet bedanken voor hun fantatische hulp
om de hobbels in dit promotietraject glad te strijken.
Op het moment van schrijven ben pas 2 maandjes bezig op CEMM van het AMC, maar de Roemeense week is een perfecte voorbereiding geweest voor het schrijven van dit dankwoord!
Het waren gezellige dagen en ik kijk uit naar al het moois wat deze nieuwe positie allemaal zal
gaan bieden.
Tijdens zo’n promotietraject is ontspanning belangrijker dan ooit en als ik met bovengenoemden nog niet was voldaan kon ik daarvoor altijd terrecht bij Bauke (wat een gezelligheid dat je
ook naar Leiden bent verhuisd en gelijktijdig hetzelfde leed bent ondergaan!), Jorrit, Kay, Paul,
Jan Auke, Alette, Arjan, Robert, Roos, Jurre en natuurlijk Tim!
Mijn paranimfen wil ik uiteraard ook bedanken. De eerste ontmoeting met Anna weet ik nog
goed, op eerder genoemd ‘congres’. Vanaf die eerste ontmoeting hebben we altijd goede, serieuze of slappe maar altijd gezellige gesprekken gehad en konden we altijd even met elkaar
sparren. Daarbij kon ik met mijn problemen altijd bij jou terecht (en de andere Anna overigens
ook!) en de ‘Annoa’ voelde altijd als een perfect drie-team! En last but not least, Jurre, van ‘ratjes’
op de basisschool, via ontdeugende pubers op de middelbare school, uiteindelijk de vrouwen
van onze dromen gehuwd (en wat kan jouw vrouw Runa prachtige covers schilderen!). Ik kan
boeken volschrijven over hoeveel wij hebben meegemaakt maar jij weet al lang hoe speciaal
je voor mij bent beste maat!
Arjan wat mooi dat jij als eerste (en enige? Shame-on-the-rest) van de familie mijn eerste artikel
gelezen hebt en altijd wou weten wat ik deed. Fijn om te voelen dat daarbij je zo trots op me
bent! Alette waakte altijd dat het goed met mij bleef gaan en deed haar best om te voorkomen
dat deze druktemaker weer eens te veel hooi op zijn vork nam. En alsof dat nog niet genoeg
was, worden jullie perfect aangevuld door Roos en Robert. Deze combinatie, broer en zus, was
echt een perfecte balans voor mij, dank!
Pa en mama, zonder jullie geweldige opvoeding was ik nooit standvastig genoeg geweest om
dit traject succesvol af te ronden. En als ik het toch moeilijk had, probeerde ik altijd te denken
aan hoe trots jullie zouden zijn op dit resultaat. Als dat niet genoeg was, mama, had jij altijd
meteen door dat er wat was en cijferde jezelf compleet weg om mij maar te helpen en papa
jouw relativerende woorden en afleiding hielpen altijd heel goed.
En dan als laatste mijn vrouw, Mirjam, wat lief en geweldig dat je mij altijd onvoorwaardelijk
steunde en heb geaccepteerd dat ik, ondanks mijn claim dat ik niet leef om alleen te werken, toch wel heel veel op mijn werk ben geweest. Hoe het jou eigenlijk altijd lukte om weer
geduld te tonen als ik weer eens gefrustreerd thuis kwam na een mislukt experiment, is mij een
raadsel en een waar juweel. Ik kijk uit naar al het moois wat wij nog gaan meemaken in ons
gezamelijke leven! Dank voor alle steun schat!
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