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ABSTRACT 
This thesis focuses on (i) the in vitro quality of platelets (PLTs) prepared by novel 
automated techniques using the OrbiSac and the Atreus 2C+ systems; and (ii) 
evaluation of the ability to store PLTs for a prolonged time at 4ºC in an attempt to 
optimize the conditions under which PLTs are prepared and stored.  
 
There has been an increase in the demand for supportive PLT transfusion therapy and 
in the search for a procedure for preparation of PLTs from pooled whole blood (WB)-
derived buffy coats (BCs) for transfusion. Until now, this technique, which includes a 
sequence of manual steps, has been laborious and non-standardized, and has resulted in 
significant variance in PLT yield. This has led us to evaluate a novel automated system 
(OrbiSac) for the preparation of PLTs from BCs derived from WB and a novel 
automated system (Atreus 2C+) for preparation of BCs from WB, by studying PLT 
counts, and recovery and storage effects. The results of our in vitro studies suggest (i) 
that the OrbiSac technique is equivalent to the standard manual method regarding in 
vitro PLT characteristics during storage for 7 days, with uniform recovery of PLTs; and 
(ii) that PLTs derived from BCs produced using the novel automated Atreus 2C+ 
system to separate either fresh WB or WB stored overnight are equivalent to PLTs 
prepared using a semi-automated fresh WB separation process. Work detailed in this 
thesis (Papers I and IV) demonstrates that the Atreus 2C+ and the OrbiSac systems 
used in combination allow for automated production of PLTs with maintenance of in 
vitro PLT quality during 7 days of storage. 
 
The development of the processing systems (Papers I and IV) was followed by an 
attempt to tackle the problem of how to refrigerate PLTs for transfusion (Papers II and 
III). Platelets are traditionally stored at 22ºC, which facilitates bacterial growth, and 
bacterial sepsis is regarded as the main risk of transfusion-transmitted diseases. For this 
reason, PLT storage is limited to 5 days. Storage at 4ºC would reduce not only the risk 
of bacterial growth, but may also delay the impairment of PLTs. Since the 1970s, 
considerable improvements have been made concerning processing and storage of 
PLTs, resulting in longer survival and better function, and providing an option for 
prolonged storage at 4ºC. Work detailed in this thesis demonstrates (i) that PLTs stored 
without agitation at 4ºC largely maintain their metabolic and cellular characteristics for 
21 days of storage. We confirm that they lose their discoid shape and show that this 
loss of discoid shape during storage at 4ºC is associated with reductions in metabolic 
rate, and a decreased release of α-granule content. Furthermore (ii), we demonstrate 
that cold-induced activation, occurring at 4ºC, is not associated with increased 
expression of PLT membrane proteins and activation markers during long-term storage.  
 
Our findings concerning the ability of cold temperatures to preserve PLT quality and 
prolong the storage period under modern blood bank conditions suggest that cold 
storage of PLTs may be possible in the future. However, this ability of PLTs to 
circulate and function in vivo remains to be demonstrated. 
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1 GENERAL INTRODUCTION 
 
1.1 PLATELETS AND PLATELET TRANSFUSIONS – HISTORICAL 

BACKGROUND 

At a session of the Academy of Science in Paris in 1842, Donne´ described platelets 
(PLTs), named “globulins”, as precursors or disintegration products of erythrocytes, 
leukocytes, fibrin, or bacteria (1). Interestingly, the first accurate PLT counts were 
reported by Hayem in 1878 (1). He referred to PLTs as hematoblasts since he thought 
they were precursors of erythrocytes. Bizzozero was the first to describe PLTs as 
distinct blood elements. In a paper published in 1882, he referred to them as “petites 
plaques” (1). 

The value of PLT transfusions for thrombocytopenia was first reported in 1910, when 
Duke described three patients with bleeding due to thrombocytopenia, each of whom 
showed improvement with transfusions of PLT-containing fresh, whole blood (WB) (2) 

At that time PLTs were administrated by direct transfusion of WB without an 
anticoagulant. In 1916, Francis Rous and J. R. Turner introduced a citrate-glucose 
solution that permitted storage of blood for several days after collection. This allowed 
for blood to be stored in containers for later transfusion, and aided in the transition from 
the vein-to-vein method to transfusion of “stored blood”. This discovery also directly 
led to the establishment of the first blood 'depot' by the British during World War I. 
Oswald Robertson was credited as the creator of blood depots (3). After the war, 
Robertson went to China to work for the Rockefeller Foundation, and blood banking 
disappeared from Europe for almost 20 years.  

In July 1936, the Spanish civil war broke out and the need for blood components in that 
country increased dramatically. As transfusion was not organized as a whole, the 
Republican army health services entrusted Dr. Duran-Jorda to develop a organization 
that could be self-sufficient in blood requirements. Duran-Jorda abandoned arm to arm 
transfusion and instead used citrated WB stored in sterile, 300 mL glass bottles (4). In 
the 1960´s breakable glass bottles for blood collection were replaced by plastic 
containers. The advent of plastic containers for blood collection made it feasible to 
centrifuge blood so that PLT- rich plasma could be prepared. Four to six fresh PLT-rich 
plasma units were considered a suitable PLT transfusion dose and PLT transfusions 
were now clearly established in several studies to substantially reduce the risk of death 
from hemorrhage during chemotherapy for leukemia (5-7).  

During the 1970´s and 1980´s advances were made in the storage conditions for PLTs 
when S. Murphy and coworkers demonstrated the feasibility of storing PLTs at room 
temperature, revolutionizing PLT transfusion therapy (8-11). During the last few 
decades, considerable improvements have been made which have resulted in longer 
survival and better function of PLTs during storage, as shown by several in vivo and in 
vitro studies (12-14). The use of PLT additive solutions (PASs) has shown, that storage 
of PLTs in PASs permits better retention of properties during 5 days of storage, but 
may even be prolonged to 7 or more days (15-19).  
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Today, PLTs are used extensively to support patients receiving thrombocytopenia-
inducing, intensive therapies for malignancies and solid tumors (20). The current 
reliance on PLT transfusions is reflected by the fact that in Sweden there has been 
roughly a tenfold increase in such transfusions since 1984. This brief historical 
overview is far from removes all the controversies that surround PLT transfusion 
practices today. Therefore, a review of the major problem areas that affect PLT quality 
will serve as background for understanding this large and complexed field. 

Collection and preparation. Platelets are prepared by centrifuging WB obtained from a 
single blood donation. This process maximizes the yield of PLTs while limiting the 
number of red (RBCs) and white blood cells (WBCs). Optimal collection and 
preparation methods for PLTs require harvesting the largest possible number of PLTs 
without compromising their viability and function (21). A variety of methods for the 
preparation of PLTs for transfusion are available (16, 22, 23). Platelets have shown to 
be more or less activated after preparation (24-27), which may be due to different 
processing systems. Platelet units generally consist of PLTs and plasma or PLTs and 
PAS (16, 28)). 

Storage. Platelets are stored at room temperature and constantly agitated to facilitate 
gas exchange (11, 21). Even so, numerous morphologic, biochemical and functional 
derangements occur during collection, processing and storage, which may affect post-
transfusion function and survival (29). Room temperature storage of PLTs facilitates 
bacterial growth (30). For this reason, platelet storage is limited to five days (30), unless 
a bacterial contamination test has been performed, estimating the unit free from 
bacteria. In addition, PLTs release cytokines into the storage medium during storage 
(19), which may cause rigors and febrile reactions as well as allergic transfusion 
reactions (31-33). 

Compatibility. Transfused PLTs can be destroyed by antibodies directed against class I 
HLA antigens presented on their membranes and, less commonly, by antibodies against 
ABO or PLT-specific antigens (34). Platelets have small amounts of ABO blood group 
antigens intrinsic to the membrane, as well as absorbed from plasma (35). Poor PLT 
recovery but a normal survival time has been reported when ABO-incompatible PLTs 
have been infused (36).  

As ABO compatibility can influence the results of PLT transfusions and patients who 
experience poor increments from ABO-mismatched PLTs may therefore benefit from a 
trial of ABO-compatible PLTs before the initiation of HLA-matched PLT transfusion 
(36). A major cause of PLT refractoriness is alloimmunization against HLA class I 
antigens. However, no immunization against HLA will probably occur if leucocyte 
depleted PLTs are provided (37-39). Patients who are transfused on multiple occasions 
may develop PLT-reactive alloantibodies against HLA as well as to PLT-specific 
antigens. The PLT-specific alloantigen systems are located on glycoproteins (GPs) 
expressed at the surface of the PLT membrane (40). Platelets do not express Rh (D) 
antigen and Rh incompatibility does not influence PLT survival. However, Rh positive 
RBC contamination in the PLT unit may be sufficient to immunize an Rh negative 
recipient (41) 
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Indications for platelet transfusion and complications. Despite given guidelines with 
regard to indications for transfusion (42) the role of PLT transfusions, especially those 
given prophylactically to forestall bleeding, is not yet fully established and has been the 
subject of much discussion over the years. There are conflicting data regarding the 
optimal PLT dose for prophylactically transfusing patients with trombocytopenia and 
the most effective and efficient dose for prophylactic platelet transfusions are unknown 
(43). Febrile nonhemolytic transfusion reactions (FNHTRs) are a common 
complication of PLT transfusions, especially in adults (44, 45). Although prestorage of 
WBC reduction significantly reduce the rate of FNHTRs (45), FNHTRs still occur even 
after transfusion with PLTs that are leucocyte depleted before storage (45). One 
explanation for this may be the cytokines released from PLTs during storage (45). The 
incidence of FNHTRs appears to be less common among pediatric recipients of PLT 
transfusions than in adults (46). To date, few cases of confirmed bacterial 
contamination of PLT units have been reported (47). However, sepsis is still regarded 
as one of the main risks of transfusion-transmitted diseases (48, 49). 

 
 
1.2 BLOOD PLATELETS 

 
1.2.1 Platelet biology and structure 

 
Understanding the biology of PLTs is important for the ability to identify and 
understand changes in PLTs that occur during processing and storage of PLT units 
intended for transfusion. 
 
Platelets are small cells of great importance in maintaining hemostasis. They also play a 
significant role in many pathophysiologic processes, such as thrombosis, hemorrage, 
inflammation and tumor growth (50). Platelets are derived from the cytoplasm of 
megakaryocytes, arise in bone marrow and descend from pluripotent stem cells 
undergoing multiple deoxyribonucleic acid (DNA) replications without cell divisions, 
by the process of endomitosis. In endomitosis, early stages of mitosis occur within the 
nucleus without formation of the mitotic apparatus and metaphase plate and without 
division of the nucleus.  
 
Megakaryocytes then begin a rapid cytoplasmic expansion phase characterized by the 
development of an elaborate demarcation membrane system and the accumulation of 
cytoplasmic proteins and granules essential for PLT function. During the following 
development, the megakaryocte cytoplasm undergoes a substantial reorganization into 
beaded cytoplasmic extensions called “pro-PLTs”, which released from the 
megakaryocyte and undergo further fragmentation into individual PLTs (50, 51). 
 
Platelets, which are discoid in shape, circulate in a concentration of 150 to 400 x 109/L, 
and have a life span of 7 -10 days. The normal clearence of senile PLTs occurs 
primarily in the spleen and liver by macrophages that identify phagocytic signals 
expressed on the PLT surface (52). Not much is known about the PLT clearence 
mechanism, but one pathway involved in the clearence of damaged PLTs is suggested 
to be the macrophage scavenger receptor system (53).  
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The only well-established mechanisms affecting PLT survival seems to be antibody-
mediated PLT clearence, consumption of PLTs by coagulation processes, and loss due 
to massive bleeding. Antibody-mediated PLT destruction is a poorly understood 
process, although several lines of evidence suggest that splenic and hepatic 
macrophages may be involved, as well as destruction through phagocytosis (54, 55). 
 
Platelets are the smallest of the many types of cells in circulating blood, averaging only 
2.0 to 5.0 μm in diameter, 0.5 μm in thickness. They contain three major types of 
secretory organelles, namely, α-granules, dense bodies and lysosomes (51). (See Fig. 1) 
Alpha-granules are the most numerous of the PLT organelles, containing stored matrix 
adhesive proteins such as fibrinogen, fibronectin, thrombospondin, vitronectin and von 
Willenbrand factor (vWF).  
 
Dense granule contains soluble activating agents such as adenosine diphosphate (ADP), 
serotonin and a small amount of P-selectin (51). Human PLTs contain few lysosomes. 
As PLTs do not isolate engulfed bacteria, which could be killed by lysosomal enzymes, 
the lysosomes in PLTs appear to be vestigal remnats with no known significant role in 
PLT function (56, 57). 
 
Occasional multivesicular bodies are also present. Multivesicular bodies develop in the 
megakaryocyte by fusion of the small vesicles budding from the trans-Golgi zone of the 
Golgi complex, and may serve as sorting stations in the development of α-granules, 
dense bodies and lysosomes (58). Small numbers of relatively simple mitochondria are 
as well present in the PLT cytoplasm. They play an important role in energy 
metabolism (59). Other membrane-enclosed organelles or structures are also present in 
PLTs, such as glycosomes (60), electron-dense chains and clusters (61), and tubular 
inclusions (62).  
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Figure 1. A thin section of a discoid platelet (PLT) containing many α-granules (G), a 
few mitochondria (M), and several dense bodies (DB). Illustration taken from White, 
Platelets, second edition 2007 (Fig 3-41), Page 59, Copyright Elsevier (2007). 
 
 

 
 
Platelets have an open canalicular system (OCS), a system of internal membranes 
formed into a network of tubules, which permeates the PLT. Not only is the OCS 
connected to the PLT surface membrane; it is surface membrane. When PLTs become 
activated, the OCS serves as a channel into which the PLT granules fuse and release 
their contents (63, 64). In addition, channels of the OCS provide a means for chemical 
and particulate substances to reach the deepest recesses of the cell (65). As a result, the 
OCS may be the major route for uptake and transfer of products from plasma to PLT α-
granule (66, 67). Moreover, PLTs have two membrane systems: the OCS and the dense 
tubular system (DTS), which channels are distinguished from the canaliculi of the OCS 
(68, 69).  
 
The lipid bilayer of the surface membrane and lining of the OCS are morphologically 
similar. Both are covered with GP receptors necesarry to facilitate PLT adhesion to a 
damage surface, and promote activation, aggregation and interaction with other cells 
(70). Some types of secretory organelles have GP receptors embedded in their 
membranes. P-selectin, which mediates binding of activated PLTs to granulocytes and 
monocytes (71), is stored in their membranes, as well as a portion of the major PLT 
adherence receptors, vWF and the integrin αIIbβ3. 

 
The PLT cytoskeleton contains two actin filament-based components. One is the 
cytoplasmic actin filaments which fill the cytoplasm and mediate contractile events. 
The other is the membrane skeleton, which coats the plasma membrane and regulates 
properties of the membrane such as its contours and stability. In the unstimulated PLT, 
only 30-40% of the actin is polymerized into filaments; the rest is thought to be 
prevented from polymerizing by the association of thymosin β4 with monomeric actin, 
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and by the association of gelsolin with the barbed ends of preexisting actin filaments 
(72). When PLTs are activated, there is a rapid increase in actin polymerization; new 
filaments fill the extending filopodia and form a network at the periphery of the PLT. 
As a result of activation, myosin binds to cytoplasmic actin filaments, causing them to 
move towards the center of the PLT. As PLTs aggregate, additional cytoskeletal 
reorganizations occurs (72). 
 
 
1.2.2. Platelet Function, short introduction 
 
Platelets provide the first line of defence during the hemostatic process by formation of 
a hemostatic plug upon vessel injury that begins with apprehending circulating PLTs on 
exposed collagen and continues with the recruitment of additional PLTs into a growing 
PLT mass that will eventually be stabilized with cross-linked fibrinogen (73).  
 
Formation of a PLT plug occurs at sites of vascular injury when circulating PLTs 
apprehend, and are activated by, exposed collagen and vWF that binds the Gp1bα 
subunit of the von Willebrand factor receptor (vWfR), allowing the accumulation of a 
PLT monolayer followed by binding collagen through GPVI and α2β1 integrin. Ligand 
binding to vWF or GPVI initiates inside-out signals that activate PLT integrin αIIbβ3, to 
bind fibrinogen to mediate firm adhesion and aggregation (73).  
 
Additional PLTs then accumulate on the initial monolayer, a process for which αIIbβ3 

activation is necessary but not sufficient. During this phase, the presence of receptors is 
necessary, which are able to rapidly respond to generated thrombin, secreted ADP or 
released thromboxane A2 (TxA2) to activate phospholipase C, increase the cytosolic 
Ca++ concentration and suppress synthesis of cyclic adenosine monophosphate 
(cAMP). Most of the receptors involved in these events are members of the superfamily 
of guanine nucleotide-binding protein (G-protein)-coupled receptors (73).  
 
After PLT activation and aggregation have occurred, processes take place that 
consolidate the stability of the forming plug, as well as procoagulant events. In this 
thesis work, interactions between PLTs and the coagulation system have not been 
studied.  
 
Figure 2. Scanning electron micrographs of different stages of PLT adhesion are 
shown in Figure 2. Resting platelet (left); Attached platelet showing shape change and 
pseudopia emission (center); Spread platelet (right) 
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1.2.3 Platelet surface receptors  
  
Because the main function of PLTs is hemostasis their major receptors have a direct 
role in this process, either in activating PLTs or as adhesive receptors interacting with 
damaged cell walls or with other PLTs to contribute to thrombos formation. The 
number of known receptors has expanded dramatically, and there have been 
breakthroughs in the identification and characterization of major receptors such as 
those for collagen, ADP, adenosine triphosphate (ATP), vWFR and G-protein-coupled 
receptors. Here, because of the focus of this thesis, I will discuss receptors which we 
studied to detect up-or downregulations, related to PLT quality during preparation and 
storage. Special attention has been given to the vWF-dependent adhesion receptor 
GPIbα due to this receptor´s importance in maintaining PLT viability in vivo, when 
PLTs have been exposed to a cold environment (74-78). In general, we studied up or 
down regulations of receptors associated with the main functions of PLTs, such as 
adhesion and aggregation 
 
 
1.2.3.1 Platelet adhesion 
 
The adhesion molecule vWF binds to subendothelium, which then allows PLTs to 
adhere to the injury site within 1-3 seconds of injury (79). Glycoprotein 1bα (GP1bα) is 
a subunit of the GPIb-IX-V complex, and is the receptor for vWF and a high affinity 
receptor for thrombin (80). (Fig. 3). The vWfR complex consists of four subunits, 
namely, GPIbα, GP1bβ, GPIX and GPV. Filamin binds to the cytoplasmic tail of the 
GPIbα subunit and links the vWfR complex to actin cytoskeleton. Glycoprotein Ibα´s 
extracellular domain can be divided into (i) the ligand binding domain, including the N-
terminal flank, leucine rich repeats, the C-terminal flank and the sulfated region: and 
(ii) the C-terminal macroglycopeptide region. 
 
Figure 3. Structure of the GPIb-IX-V complex as described by Robert K. Andrews 
published in “Platelets, second edition 2007, Fig 7-2, Page 147, Copyright Elsevier 
(2007). 
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1.2.3.2 Platelet aggregation 
 

αIIbβ3, (GPIIb-IIIa or CD41/CD61) is the major integrin on the PLT 
surface. Glycoprotein IIb, which is usually linked with GPIIIa, forms the 
GPIIb-IIIa complex. This complex serves as a receptor for soluble 
fibrinogen, fibrinonectin, thrombospondin, vWF and vitronectin (81) and 
plays a main role in the regulation of PLT aggregation and adhesion 
throughout haemostasis (82). During PLT activation, the expression level 
of GPIIb-IIIa on the PLT surface increases. A conformational change 
then occurs, which creates the active binding site for fibrinogen (83). 

 
 
1.2.4. Intracellular signaling  

 
A variety of PLT agonists, including thrombin, epinephrine, collagen 
from the subendothelium and ADP, cause intracellular signaling. In 
general, these events promote the activation of G-protein-coupled 
pathways. Platelets have at least five functionally different G-proteins. 
Once an agonist binds to its receptor, its associated G-protein releases 
guanosine 5’-diphosphate (GDP), binds guanosine 5’-triphosphate 
(GTP) and activates a signal-generating enzyme, such as phospholipase 
C. Phospholipase C hydrolyzes the precursor inositol phospholipid (PIP) 
PIP2 into the second messengers inositol 1,4,5-triphosphate (IP3) and 1,2 
diacylglycerol (DAG). Inositol 1,4,5-triphosphate causes an increase in 
the cytosolic Ca2+ concentration by releasing stored Ca2+ from the DTS, 
and DAG activates proteinkinase C (PKC). These events promote TxA2 
generation, shape change granule secretion, activation of the fibrinogen 
receptor integrin αIIbβ3, (GPIIb-IIIa) and ultimately PLT aggregation (73, 
84). 

 
 
1.2.5 Granule secretion 

 
Upon activation, PLTs secrete the contents of the dense granules and α-
granules, as well as GPs with coagulating properties, which are “blebbed” 
from the plasma membrane. Annexin V is set free into the blood 
whenever cells are damaged. The Annexin V content of blood plasma or 
during storage can therefore be used as indicator for cell damage (85, 86). 
The process of membrane vesiculation and microparticle (MP) release in 
PLTs has been shown to require a calpain-dependent dissociation of 
membrane proteins from the submembrane cytoskeleton and most likely 
involves intracellular signaling by PLT protein kinases (87). 
 
Alpha-granules contain adhesion molecules (e.g., P-selectin, vWf, 
thrombospondin, fibrinogen and fibronectin), fibrinolytic regulators, 
growth factors, chemokines (e.g., PLT factor 4 (PF4), the regulated upon 
activation of normal T-cells expressed and secreted (RANTES) and β-
thromboglobulin (β-TG)), immunologic modulators and other proteins 
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(e.g., albumin). Some α-granule proteins are “PLT–specific”, molecules 
that are synthesized only in megakaryocytes and unique to PLTs (e.g., 
PF4 and β-TG). Other molecules are “PLT– selective” (e.g., P-selectin, 
vWf and fibrinogen) as they are synthetisized or endocytosed by 
megakaryocytes or a small number of other cells (88-92).  
 
Dense granules are less abundant than α-granules in human PLTs (93). 
They contain ions (e.g., Ca and Mg), nucleotides (ATP, GTP, ADP and 
GDP), a relatively small amount of membrane proteins (granulophysin 
and LAMP 2) and a transmitter (serotonin). In addition, P-selectin seems 
to be present in both α-granules and dense granules (94, 95). Platelet 
exocytosis involves reorganization of the actin structure, the movement of 
granules into close physical apposition with the plasma membrane, 
granule-plasma fusion and release of intracellular contents (96). Platelets 
secretion occurs through a soluble N-ethylmaleimide-sensitive-factor 
attachment protein receptor (SNARE) protein dependent mechanism (96). 
The formation of trans-SNARE complexes, bridging the gap between the 
granule and plasma membrane, is required for exocytosis (97-100). 
Increases in intracellular Ca2+, acting through unidentified Ca2+ sensor 
molecules, leads to fusion of the granule with the plasma membrane, and 
granule secretion. 

 
 
1.3  TECHNIQUES FOR PLATELET PREPARATION  

 
A variety of methods for the preparation of PLTs for transfusion are 
available such as, PLT-rich plasma method (22, 101, 102), apheresis 
method (23) and buffy-coat (BC) method (16). In the following, I will 
focus on the preparation of PLT concentrates by pooling of BCs and 
addition of PASs. 

 
 
1.3.1 Preparation of platelet concentrates by pooling of buffy coats and 

addition of platelet additive solutions. 
 
Buffy-coat-derived PLTs has until now been prepared essentially by 
manual technique. The technique for the preparation of BC-PLTs, as 
described by Pietersz (12, 103) and several other authors (104, 105) is 
shown in Figures 4 and 5. The technique of removing the BCs from WB 
after centrifugation was initially introduced to reduce the number of 
WBCs, which are associated with FNHTRs (31, 106, 107), as well as to 
reduce the microaggregate formation by WBCs and PLTs during 
storage (108).  
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By use of an initial hard spin, most of the PLTs were concentrated in the 
BC layer. As an additional effect, BCs can be used to supply PLTs for 
the preparation of PLT concentrates by combining four to six BCs. To 
reduce the number of WBCs to <1 × 106, the European standard for 
leukoreduced blood components, the preparation of PLTs from BCs can 
be combined with a leukofiltration step. 

 
 
  
 

Platelet additive solution in combination with platelet
concentrates prepared from pooled buffy coats (1).

                                         Pooling container

PAS

    clamp

clamp

BUFFY
COAT

BUFFY
COAT

BUFFY
COAT

BUFFY
COAT

BUFFY
COAT

BUFFY
COAT

 
 
  
 
 
 
 Fig 4. Preparation of platelet (PLT) concentrates by pooling of buffy-
 coats (BCs) and addition of synthetic PLT storage medium as 
 follows: (1) each BC is prepared from whole blood (WB) by 
 centrifugation at high speed to concentrate the PLTs in the BC 
 layer (generally 3000 – 4000 g for 8-15 minutes), (2) each BC generally 
 contains 20 to 30 mL of red cells, 25 to 35 mL of plasma and PLTs, (3) 
 the BC containers (4-6) are connected to a pooling container by sterile 
 connection equipment, (4)  the BCs are transferred to pooling container 
 and BC containers are washed with a PLT–storage medium to recover 
 additional PLTs, and (5) the BC contents as well as the contents of the 
 PLT-storage medium container are transferred to the pooling bag. 
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P A S  i n  c o m b i n a t i o n  w i t h  p l a t e l e t  c o n c e n t r a t e s  
p r e p a r e d  f r o m  p o o l e d  b u f f y  c o a t s  ( 2 ) .  
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S t o r a g e  c o n t a i n e r  
P o o l i n g  c o n t a i n e r  

 
Fig 5. The preparation of platelet (PLT) concentrates using pooled buffy-coats (BCs) 
suspended in PLT storage medium is by preparation of PLT-rich supernatant and 
transferring the supernatant to a PLT storage container. After disconnecting the pooling 
bag and centrifugation at 500g for 7 – 9 minutes, a PLT-storage container is connected, 
often including a leukocyte depletion filter. The PLT-rich supernatant is transferred to 
through the filter to the storage container. The storage container is then disconnected 
and the PLT unit is ready for storage (Gulliksson 2003). 
 
 
1.3.2 Novel automated preparation of platelets  
 
The preparation of PLTs from BCs, however, is laborious and includes many manual 
steps, which makes automatization of the process attractive. In this thesis work, we 
evaluated the performance of a novel automated system for the preparation of PLTs 
from BCs derived from WB (OrbiSac), by studying the PLT counts, the recovery of 
PLTs, and the storage effects. In vitro studies and experiences with routine preparation 
of PLTs with the automated technique are further investigated and discussed in Paper I, 
as is also the further development of the preparation technique with introduction of an 
integrated leukoreduction filter, optimization of the preparation process, and 
standardization of the PLT content in the unit. Based on calculations from the original 
BC pool, the recovery of PLTs produced by the OrbiSac system was approximately 75 
- 80%. 
 
Several techniques for WB component separation into RBC concentrate, BCs and 
plasma have been developed to satisfy different requirements for preparation (109). 
However, these techniques all require a number of hand-over steps affecting staff time 
and production flow in the blood centre. Novel automated equipment, the Atreus 2C+ 
system, eliminates several of these hand-over steps by combining them into one 
integrated process, which has several potential benefits. In synergy with the OrbiSac 
system, the Atreus 2C+ system, allows for an almost fully automated production of 
PLTs. The in vitro quality of PLTs prepared with the automated technique and derived 
from BCs, obtained from either fresh WB or overnight stored WB and processed on the 
Atreus 2C+ system, has been investigated and discussed in Paper IV in this thesis.  
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1.4  STORAGE OF PLATELETS 
 
Several factors influence the quality of the PLTs during storage. Including the 
preparation method, the composition of the storage bag, additive solutions, the 
temperature, the PLT count and agitation of the concentrates. Since it is of vital 
importance, we will start by discussing the PLT metabolism. 

 
 

1.4.1  Platelet metabolism  
 

In order to maintain viability, PLTs must continously generate new ATP to meet their 
energy needs (110). There are two major metabolic pathways through which PLTs can 
generate ATP, one that requires oxygen, the tricarboxylic acid cycle (TCA) and the 
respiratory chain, and one which does not require oxygen, glycolysis. Generally in cell 
metabolism, glucose has a dual role as a substrate, on the one hand for glycolysis, 
resulting in two molecules of lactic acid being formed from one molecule of glucose, 
and on the other for the TCA and oxidative processes, with CO2 and water as end 
products (110). Some data suggest that the major part (85 %) of the energy generation 
is via the TCA cycle (110). One possibility is that glucose may primarily be used as 
substrate for glycolysis, but may not be the primary substrate for oxidative metabolism. 
It is also known that fatty acids and amino acids may be used as substrates for oxidative 
metabolism of stored PLT cells. (111). Consequently, approximately 15 % of the 
energy generation may be generated by glucose metabolism (110). However, in Papers 
II and III, we reported that when PLTs are suspended in storage media, and stored at 
220C, their metabolism depends on the presence of glucose during the entire storage 
period. This finding has also been described in previous reports (16). 
 
 In glycolysis, glucose is converted to lactate and a free hydrogen ion, which cannot 
leave the storage bag (18). The hydrogen ion, converted from glucose during 
glycolysis, can be buffered by the bicarbonate in the plasma and converted to H2O and 
CO2 (8). The bicarbonate in the plasma is limited and will not tolerate extended lactate 
concentrations above certain levels. Above these levels, the pH will fall rapidly, which 
might result in lost PLT viability (8). However, in some studies, addition of acetate 
and/or pyruvate to PLTs stored in plasma slowed the rate of bicarbonate consumption 
by approximately 50% as compared with reference PLTs, and thereby inhibited the fall 
in pH (112). Acetate cannot act directly as a buffer, but can be oxidized by PLTs, 
leading to production of bicarbonate (113). 
 
A decrease in pH has been shown to be associated with increased formation of lactate 
(9, 114) and reduced glucose levels (114). In one study, these changes were linearly 
related to pH (114). Various other factors, apart from the oxygen permeability affect 
the pH such as the acetate metabolism (115, 116). The buffer capacity of the medium 
paticularly bicarbonate, will also affect the pH (112, 114, 116) and an earlier report has 
shown that low pH levels is related to deterioration of PLT adenine nucleotid levels 
(117). To facilitate gas exchange, mixing has been found to greatly affect the viability 
of PLTs stored at 220C (118-120). The temperature has also been shown to influence 
the glucose consumption and lactate accumulation (121, 122) 
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1.4.2  Platelet storage containers 
 
One of the most significant advances in PLT transfusion therapy was the development 
of plastic, gas- permeable storage containers (9). These storage bags are specifically 
designed to allow adequate gas (O2 and CO2) exchange. The earliest storage bags 
made of polyvinyl chloride (PVC) and a 2-diethylhexyl phthalate (DEHP) plasticizer 
did not allow PLT storage beyond 3 days. Aerobic metabolism was not maintained, 
which resulted in lactic acid production and a rapidly falling pH, booth of which 
affect in vivo recovery and survival (9, 110). The next generation of storage 
containers, composed of either PVC and non-DEHP plasticizers such as butyryl-tri-
hexyl citrate, or other non-PVC plastic containers, was more gas permeable, allowing 
the storage of PLTs for 5 days at 20 to 240C, while maintaining acceptable degrees of 
in vitro function and in vivo survival (10, 123, 124, 125). 

 
1.4.3  Agitation of platelets 
 
Platelets are stored with continous gentle agitation because most measures of in vitro 
PLT function and structure deterioate more rapidly when PLTs are stored without 
agitation (126). A more recent study suggests that pH will decrease more rapidly when 
the PLTs are stored without agitation (120). In addition, agitation seems to prolong 
PLT survival following transfusion (127). Horizontal agitation on a flat-bed agitator is 
generally preferred over circular rolling “Ferris wheel”–type agitation (14, 128). 
Agitation is thought to enhance the transport of gases such as O2 and CO2 through the 
storage container. However, surface interactions between the agitated PLTs and the 
plastic container may also result in shear stresses capable of activating PLTs. Although, 
considerable improvements have been made concerning processing and storage of 
PLTs, resulting in longer survival and better function (16, 28, 129) and although 
research suggests that PLTs can sustain 4 days without agitation (120), most evidence 
supports the standard that PLTs be routinely stored with agitation (118). It is important 
to remove air bubbles from the storage bag preceding agitation, as the foam occurring 
after preparation may interact with PLTs, causing activation and release reactions 
(130). 
 
 
1.4.4  Storage in synthetic media 
 
The storage of PLTs in PAS might have several advantages. Optimized synthetic 
storage media might help counteract the PLT storage lesion (see section 1.4.5), thereby 
facilitating extended storage. Numerous PASs have been formulated with this idea in 
mind. Because additive solutions replace 60–80% of the plasma in the original PLT 
unit, these formulations are predicted to have additional benefits: reduced allergic and 
febrile transfusion reactions (131), decreased transfusion of unwanted antibodies (anti-
A, anti-B and antibodies against HLA antigen) and increased plasma made available for 
fractionation (132).  
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A recent multicenter randomized study of the efficasy of transfusions with PLTs stored 
in PAS II versus plasma showed no difference regarding bleeding complications or 
transfusion intervals, and support the view that adverse transfusion reactions occur 
significantly less after transfusion with PAS II (133). The composition of several PASs 
as described by Eriksson is shown in Table 2. 
 
 
Table 2. Composition in mmol/L of the different platelet additive solutions used 
(Eriksson) 
 

 PlasmaLyte 
A 

PAS-II PAS-III PAS-IIIM Composol 

NaCl 90 115.5 77.3 69.3 90 
KCl 5 - - 5 5 

MgCl2 3 - - 1.5 1.5 
Na3 citrate - 10 10.8 10.8 11 

Na phosphate - - 28.2 28.2 - 
Na acetate 27 30 32.5 32.5 27 

Na gluconate 23 - - - 23 
 
In an additive solution unit, the final medium contains 20–40% donor plasma. This 
carried-over plasma provides glucose for PLT metabolism (134). The electrolytes 
contained in the PAS are in such amounts that when added to the PLTs the final 
composition contains the electrolytes in the approximate concentrations found in 
normal blood plasma (135). There are good reasons for believe that addition of Mg and 
K ions may also increase the ability of PLTs to withstand storage (19, 129, 136). 
 
The buffering capacity of PASs without acetate is generally very limited compared 
with that of plasma (113, 137). Therefore, several additive solutions also contain 
acetate, which serves as a second metabolic fuel and has the added benefit of providing 
a buffer effect by generating bicarbonate (138) as well as phosphate, having two 
possible roles in PLT metabolism: acting as a buffer to prevent a fall in pH, and 
stimulating PLT glycolysis (134).  
 
Citrate included in the storage medium affects the rate of glucose consumption and 
lactate production and is useful as an anticoagulant for the PLTs (28, 138). In addition, 
L-carnitine may be a useful additive in PLT preservation by limiting lactate 
accumulation (139). The components described illustrate the complexity of the effects 
of additives and their interdependence and interaction. The optimal storage solution 
probably still has to be found. 
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1.4.5  The platelet storage lesion 
 

It has long been recognized that PLT viability and function decline over time, a 
phenomenon known as the "platelet storage lesion" (140-143). Numerous morphologic, 
biochemical and functional derangements occur during PLT collection, processing and 
storage. These changes are important because they are associated with decreased 
posttransfusion survival (29). However, a recent report showed that in vivo recovery 
and survival of PLTs stored for 7 days decreased (144), but met suggested criteria 
(145). Therefore, randomized patient transfusion studies will provide additional 
verification of the suitability of 7-day storage of PLTs (144).  
 
Platelets continue to be metabolically active at room temperature. Products of 
metabolism, such as lactate accumulate, and a fall in pH has been reported. It has also 
been shown that if the pH drops below 6.0–6.2, survival in vivo is severely diminished 
(140). Platelets also tend to become activated during storage. Over time, an increasing 
fraction of PLTs in a concentrate will change from a discoid (resting) shape to a 
spherocytic shape. Platelet specific cytokines, such as ß-TG, RANTES and PF4 
accumulate in the storage medium, reflecting granule release (19). P-selectin (CD62), a 
constituent of α-granules in resting PLTs which can be detected on the activated PLT 
surface after α-granule secretion (71, 146), as well as CD63, suggested as a marker for 
dense granule release (147, 148), has been shown to increase during storage (149).  

 
Some of the morphological and biochemical changes that characterize this storage 
lesion are reminiscent of cell death by apoptosis (150). Platelets do contain all proteins 
required for apoptosis, including cytochrome C, procaspase 9, procaspase 8 and 
procaspase 3. Addition of cytochrome C to PLT lysates results in formation of active 
caspase 3, illustrating that at least the so-called “intrinsic pathway” of apoptosis is 
functional. So far, studies of the possible contribution of apoptotic-like processes to the 
formation of PLT-derived microparticles (PMPs) and other responses during activation, 
as well as during storage, have yielded conflicting data (151, 152). However, earlier 
work suggests that proteins involved in cell apoptosis are unlikely to account for the 
PLT storage lesion, as caspase activation is a late event during PLT storage (153). 
 
While a variety of methods have been applied to evaluate PLT quality during storage 
(154), there appears to be no in vitro test that clearly predicts the in vivo recovery, 
survival and function of transfused PLTs. However, a battery of in vitro tests reflecting 
the different aspects of PLT function is so far the best tool and is widely used in an 
attempt to identify the PLT storage lesion by detecting changes that occur during 
processing and storage of PLTs. 
 
Some selected in vitro tests are thought to be crucial. Swirling should be present, 
because its absence is highly predictive of poor posttransfusion PLT increments (155, 
156). The swirling phenomenon is observed when a light beam through a PLT 
concentrate is broken by discoid PLTs, representing the shape of discoid PLTs. The 
absence of the swirling phenomenon has been reported to correlate well with PLT disc-
to-sphere transformation (157). Throughout storage, pH should be in the range of 
6.8−7.4, and glucose should be present in the PLT unit as energy fuel (105). Moreover, 
it is suggested that PLT ATP levels should be >4.0 μmol/1011 PLTs since lower 
concentrations may be associated with loss of in vivo viability. (158).  
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Hypotonic shock response (HSR) as well as extent of shape change (ESC), has been 
shown to be suitable in vitro tests to predict post transfusion efficacy (140, 159, 160). 
 
Three approaches (16) seem to be of specific importance to optimizing the long-term 
storage of PLTs. They are (i) to reduce the activation of PLTs during the collection of 
blood and during the preparation and storage of PLTs; (ii) to reduce the metabolic rate 
of glucose consumption and lactate production; and (iii) to ensure that glucose is 
available in the storage medium during the entire storage period. 
 
 
1.4.6  Bacterial contamination 
 
Storage of PLTs at room temperature facilitates bacterial growth, and bacterial sepsis is 
now regarded as one of the main risks of transfusion-transmitted diseases (161, 162). 
For this reason, PLT storage is limited to five days, unless a bacterial contamination test 
has not been performed, estimating the unit free from bacteria. Two strategies to 
dealing with the bacterial contamination issue seem to be current practice in transfusion 
medicine. One of the most widely used strategies for decreasing post transfusion 
bacterial sepsis risk is bacterial detection. Some investigators have shown that bacterial 
screening technology is useful for eliminating the transfusion of PLTs that contain high 
levels of contaminating bacteria though there may be limitations to detecting lower 
bacterial levels (163). Consequently, these data suggest that bacterial screening does 
not prevent all transfusion-transmitted bacterial infections. 
 
Pathogen inactivation is the other strategy, This is based on one of two methods, the 
first of which involves psoralen-based compounds intercalating into helical regions of 
pathogens to form “cross-links”, which inhibits replication of any bacterial DNA or 
ribonucleic acid (RNA) when exposed to photochemical treatment (164, 165). 
However, such treatment may affect the PLTs and it has been reported that 
mitochondrial DNA in such PLTs is substansially modified (166). The other method 
involves technology based on the use of riboflavin and ultraviolet light to generate 
chemical reactions in the nucleic acids of pathogens, which prevents replication and 
leads to inactivation (167, 168). Figure 6 shows scanning electron micrographs (day 2) 
of PLTs prepared by the OrbiSac system, stored in PAS II (T-Sol) and estimated free 
from bacteria.  
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Figure 6. Scanning electron micrographs (day 2) of platelets (PLTs) prepared by the 
OrbiSac system and stored in PAS II (T-Sol). (Sandgren, Hultenby) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.5  COLD STORAGE OF PLATELETS 
 
Storage at 40C is another approach to dealing with bacterial contamination that occurs 
at 220C storage. Storage at 40C would reduce not only the risk of bacterial growth, but 
may also delay the impairment of PLTs and prolong the storage period. It has been 
known for over 30 years that PLTs stored at 40C have a shorter circulation time than 
PLTs stored at 220C, after transfusion into human volonteers (169). When refrigerated 
murine PLTs are injected into mice, they showed dramatically reduced circulation 
times as well (77). Storage of PLTs at temperatures below 150C increases cytosolic Ca, 
actin polymerization and shape change (170, 171). Such PLTs also change from discoid 
to spherocytic shape (170).  
 
The discoid shape of the PLTs was thought for long to be the best predictor of normal 
PLT survival time in the circulation (140, 143, 172, 173). An attempt to maintain 
refrigerated PLTs in a discoid shape using cytochalasin B, an actin assembly inhibitor 
and ethylene glycol-bis (β-aminoethylether) -N,N,N’,N’-tetraacetic acid-acetoxymethyl 
ester (EGTA-AM), an intracellular calcium chelator (174), did, however, not increase 
the circulation time of transfused murine PLTs (77) nor of baboon PLTs (175). Some 
authors even claim that non-discoid PLTs may survive after transfusion and even revert 
to a discoid shape (176).  
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Recently the mechanism responsible for the reduced circulation times of transfused 
refrigirated PLTs, clearence, was described (77). In refrigerated PLTs, the vWfR 
(Gp1bα or CD42b) is irreversibly rearranged to form a cluster on the surface of the 
PLTs. The integrin receptor of hepatic macrophages recognizes the clusters with their 
exposed incomlete GPIbα N-linked glycans on the surface of the PLTs and removes 
them from the circulation.  Over 30 years ago, Jamison and Barber (177) proposed that 
an externally disposed glycosyltransferase (GT) activity mediates PLT adhesion and 
other functions. Subsequent work ruled out such activity in nucleated cells and 
established the Golgi apparatus as the primary site of such enzymes, although no 
further studies examined their role vis-a`-vis PLTs. Recently the existence of GT 
activity in PLTs was reported (78) and it was described how megakaryocytes package 
and deliver Golgi-associated GTs into PLTs and their surfaces using dense granules 
(178).  
 
These findings suggest possible new roles of PLT GTs and carbohydrates. As a 
consequense of these findings, some studies suggest that enzymatic galactosylation 
with uridine 51diphosphogalactose (UDP-gal) can inhibit lectin binding between the 
integrin receptor of hepatic macrophages and the clusters on the surface of the PLTs 
and prevent phagocytosis. Galactosyltransferase enzymes transfer galactose into the 
exposed incomplete GPIbα N-linked glycans residues using UDP-Gal as the substrate. 
Addition of UDP-Gal is suitable before or after cooling and the glycan modification is 
stable during storage (78).  
 
Uridine 51diphosphogalactose, a normal constituent of human cells is detectable in 
body fluids (179). Recent work shows that spherocytic murine PLTs, when protected 
against clearence (78), function well and that spherocytosis does not damage many 
aspects of PLT function (180). Moreover, chilled and rewarmed circulating murine 
PLTs protected against clearence are not activated and they function normally after an 
in vivo injury (78). In addition, recent work also shows that human WB PLTs exposed 
to 40C adhere and aggregate under close to physiological conditions (181) 
 
On the basis of these results, other groups including ourselves are now reinvestigating 
PLT storage at 40C (74-76). To date, there is some evidence that Hoffmeister et al.’s 
approach, which suggests that galactosylation with UDP-Gal of PLTs can inhibit lectin 
binding before or after cooling (78), allows cold storage of human PLTs and provides 
the protective effect for human PLTs stored cold, as well as prolonging the survival 
time of refrigerated human PLTs in a rabbit model (182). A recent study also observed 
that galactosylation prevents in vitro recognition by macrophages of short term-stored 
refrigirated PLTs. In contrast to PLTs stored at 40C for a short period, the phagocytic 
ratio of galactosylated PLTs increased by approximately twofold after 14 days of 
storage (183). These results indicate a possibility that a different clearence mechanism 
might operate after long-term storage in plasma. 
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An attempt to tackle the practical problem of how to refrigerate PLTs for transfusion 
can therefore be divided into two separate problems, the “clearance problem” and the 
“storage problem”. Both the clearance problem, which involves a shorter circulation 
time after transfusion, and the storage problem have been known about since the 1970s, 
especially the detrimental changes in terms of in vivo behavior when the storage time at 
40C exceeded 24 hours (169, 184).  
 
Since the 1970s, considerable improvements have been made concerning processing 
and storage of PLTs, resulting in longer survival and better function (16-18, 28, 105, 
140, 185) and providing an option for prolonged storage at 40C. As UDP-Gal may 
provide a solution to the clearance problem, the ability to store PLTs over a prolonged 
period of time at 40C under modern human blood banking conditions is being further 
investigated and discussed in Papers II and III in this thesis. 
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2  AIMS OF THE STUDY 
 
The overall aim of the present thesis work has been to optimize platelet transfusion 
therapy by -  
 

1) introducing a novel automated technique, the OrbiSac system for preparation of 
PLTs from pooled WB-derived BCs (Paper I);  

  
2) investigating the effects on in vitro PLT quality of storing either WB or BCs 

overnight before preparation of PLTs, by using a novel automated equipment, 
the Atreus 2C+ system for BC preparation (Paper IV); 

 
3) studying the in vitro quality of PLTs stored at 40C (Papers II and III); 

 
4) investigating the PLT storage lesion by studying changes that occur during 

processing and storage of PLTs; and 
 

5) implementing a new method for studying GPs, which play an important role in 
the main function of PLTs. 
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3 MATERIAL AND METHODS 

 
Materials and methods have been described in detail in each paper. Selected methods 
are discussed here. 
 
 
3.1   Preparation and storage of platelets 
 
Platelets were prepared by novel automated technique, using the OrbiSac system, and 
stored in PAS II (T-Sol). This technique was introduced prior to the study described in 
Paper I and was further used as production system for PLTs during the following 
studies. 
 
 
3.2   Preparation of buffy coats from whole blood 
 
In all studies, BC were produced using a quadruple-blood bag system, the Top-and-Top 
system (Imuflex-CRC; Terumo, Tokyo, Japan), made of PVC with DEHP as 
plasticizer, A total of 450 mL WB was collected from healthy blood donors who met 
standard donation criteria. The WB containers were kept at room temperature (20-
24oC) by cooling plates (Sebra, Tucson, AZ, USA) and centrifuged at 2700 g for 10 
minutes at 22oC within 8 hours of collection. Centrifugation was immediately followed 
by separation into RBCs, plasma and BCs using automated equipment, the Terumo 
automatic component extractor (T-ace; Terumo, Tokyo, Japan). Buffy coats were kept 
at room temperature (20-24oC) over night without agitation. This preparation procedure 
of BCs from WB, however, is laborious and includes many manual steps, which makes 
automatization of the process attractive (Paper IV). 
  
 
3.2.1   Buffy coats obtained from fresh and overnight stored whole blood 

and processed on the novel Atreus 2C+ system  
 
A novel automated equipment, the Atreus 2C+ system (Gambro BCT, Zaventem, 
Belgium) was used which eliminates several hand-over steps that are necessary during 
the process described in section 3.2, by combining them into one integrated process. 
This has several potential benefits. The Atreus equipment consists of an automatic 
centrifuge, hydraulic expressor, valve/sealer, and barcode reader all packaged into one 
machine which automatically separates WB into a BC, RBC and plasma unit (see Fig. 
7). The “2C” in the name “Atreus 2C+” stands for “two components + a BC unit”.  
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B lood in              C om ponents out

 
Figure 7. The Atreus process: the Atreus system automatically separates WB into 
plasma, a BC and an RBC unit.  
 
There are some possible advantages to storing the WB overnight preceding preparation 
of blood components. They include the following:   

1) All WB units will be available the following morning, allowing very 
effective routine production 

2) The staff for blood component preparation will primarily be needed 
during business hours 

3) The number of transports of WB from collection sites will be 
significantly reduced 

4) Platelet yield from BC for the preparation of pooled BC-derived PLTs 
may be improved. 

 
On the other hand, the quality of plasma (186, 187), RBCs (188, 189) and PLTs (190-
195) may be affected by overnight storage of WB. Prolonged incubation of PLTs with 
metabolically active granulocytes, as in WB stored at room temperature, may result in 
higher levels of PLTt activation. Polymorphonuclear granulocytes are numerous in 
WB, but absence in the PLT unit. Granulocytes may become activated in citrated 
blood by complement fractions, lipids or contact with foreign surfaces (196, 197).  
 
If the practice of storing WB overnight, preceding preparation of PLTs, contributes to 
initially higher levels of PLT activation, this may increase during the storage period and 
thereby reduce the ability of the PLTs to withstand storage. Therefore, WB was 
processed either within 8 hours of collection or stored overnight before processing (See 
Paper IV). Either the BC or WB units rested overnight without agitation at 22 ± 2 °C 
preciding further preparations.  
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3.3  Automated preparation of platelets with the OrbiSac system 
  
The OrbiSac system (Gambro BCT, Karlskoga, Sweden) is designed for automated 
preparation of PLTs from pooled BCs (Paper I). In a first step, ABO-matched BCs and 
PASs are pooled in a ring-shaped container; this step includes washing of the BC 
containers with PAS. In a second step, the contents of the ring-shaped pooling 
container are mixed and centrifuged, followed by transfer of the PLT-rich supernatant 
into a container placed in the center of the centrifuge. This process is monitored by a 
system of pressure sensors and photocells. In the first design, the number of WBCs in 
the PLT-rich supernatant was reduced by filtration after removal of the disposable parts 
from the equipment. In the next design, a WBC reduction filter and PLT storage 
container were integrated in the system. Different steps of the preparation process are 
shown in Paper I. The Atreus 2C+ system, used together with the OrbiSac system (Fig. 
8) allows for almost fully automated production of PLTs.  
 
 

Plasma

WB 
Buffy coat PlateletsAtreus OrbiSac 

RBC

Figure 8. A synergy between the Atreus and the OrbiSac systems allows for 
automated production of platelets (PLTs). The Atreus system automatically separates 
whole blood (WB) into plasma, a buffy coat (BC) and a red cell unit (RBC). After 
Atreus processing, 4 to 6 BCs and 300 mL of platelet additive solution (PAS) can be 
pooled and processed into a leukoreduced platelet concentrate (LR-PLT) by using the 
OrbiSac system. 
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3.4   IN VITRO STUDIES 
 
The overall PLT function is difficult to measure. Unfortunately, there is no test that 
identifies all problems with PLT function. While a variety of methods have been 
applied to evaluate PLT quality during storage (154), there appears to be no in vitro test 
that clearly predicts the in vivo recovery, survival and function of transfused PLTs. 
Therefore, a battery of in vitro tests reflecting the different aspects of PLT function is 
so far the best tool we have to identify the PLT storage lesion by detecting changes that 
occur during processing and storage of PLTs. Several of these changes are important 
because they are associated with decreased posttransfusion survival (29).  
 
 
 3.4.1   Metabolic and cellular parameters  
 
Some selected metabolic and cellular parameters are crucial. As previously mentioned, 
swirling should be present, because its absence is highly predictive of poor 
posttransfusion PLT count increments (155, 156); pH should be in the range of 6.8−7.4, 
and glucose should be present in the PLT unit as energy fuel throughout storage (105, 
155). Platelet ATP levels should be >4.0 μmol/1011 PLTs since lower concentrations 
may be associated with loss of in vivo viability (158). In addition to pH and the other 
selected metabolic and cellular parameters (PLT counts, mean PLT volume (MPV), 
pO2, pCO2, lactate, bicarbonate, the WBC count and lactate dehydrogenase (LDH) 
activity, a marker for disintegration of PLTs), the in vitro evaluation of PLT storage 
lesions also requires a panel of assays able to measure PLT activation and function 
(123, 143). Hypotonic shock response as well as ESC (Paper II-IV) has been shown to 
be a suitable in vitro test to predicting posttransfusion efficacy (159, 160, 198).  
 
Measurements of PLT counts and MPV were performed using CA 620 Cellguard 
(Boule Medical, Stockholm, Sweden). The volume (mL) was calculated by weighing 
the contents of the storage bag, in grams, on a scale (Mettler PB 2000 and 3000, 
Mettler-Toledo, Albstadt, Switzerland) and the result, in grams, was divided by 1.01 
(1.01 g/mL is the density of the storage medium composed of approximatly 70 % PAS 
and 30% plasma). Using a blood gas analyzer (ABL 705; Radiometer, Copenhagen, 
Denmark), we measured the pH, pO2, pCO2, glucose and lactate levels. Bicarbonate 
was automatically given by the blood gas analysator, based on other measured 
variables. The assessment of swirling was done by inspection and grading with 
Bertolini´s method (155, 156). The WBC count on day 1 was determined with a 
Nageotte chamber and a microscope (Zeiss, standard, Chester, VA) (199).  
 
Hypotonic shock response reactivity reactivity and the ESC measurements were 
performed using a dedicated microprocessor based instrument (SPA 2000, Chronolog, 
Havertown, PA, USA) with the modifications of these tests described by 
VandenBroeke et al (160). The total ATP concentration, (µmol/1011) was determined 
with a Luminometer (Orion Microplate Luminometer, Berthold Detection Systems 
GmbH, Pforzheim, Germany) on the basis of principles described by Lundin (200). 
Lactate dehydrogenase activity as a marker of disintegration of PLTs, was measured 
using a spectrophotometric method (Spectrophotometer DMS 100, Varian Techtron, 
Springvale, Australia) (201). 
 
 



 

  25 

3.4.2   Cytokine analysis 
 
The basis for many FNHTRs associated with PLT transfusion therapy is cytokine 
elaboration and accumulation in the storage bag. 
 
Febrile non-haemolytic transfusion reactions may occur after PLT transfusions (44, 45). 
Anti-leucocyte alloantibodies in the recipient, and leucocytes in the blood component 
transfused, have been considered as being responsible for most of the FNHTRs (202). 
In many patients, however, no leucocyte antibodies can be found (203). A correlation 
between the increased levels of interleukin (IL)-1, IL-6 and tumour necrosis factor-α 
(TNF-α), derived from WBCs in the PLT unit, and FNHTRs, has been shown (107, 
204).  
 
Prestorage filtration is effective in preventing the generation of these cytokines during 
the storage of PLTs (32, 205), but FNHTRs still occur, even after transfusion with 
PLTs that are leucocyte depleted before storage (45). One explanation for this may be 
cytokines released from PLTs during storage, because these cytokines also occur in 
filtered PLTs (45, 206, 207). The RANTES, β-TG, PF4 and probably IL-7, are stored in 
the α-granule and released into the PLT suspension media when PLTs are activated or 
destroyed (19, 208).  
 
The effect of passive transfusion of RANTES into recipients of PLTs is not clear. In 
recent work, no correlation was seen between the concentration of RANTES and 
FNHTRs (209). Higher concentrations (668 ± 223 ng/ml) of RANTES were 
associated with allergic reactions in another study (45). Therefore, in the present 
attempt to improve preparation and storage conditions, we estimated whether new 
conditions (Paper II and III) as well as novel preparation of BCs (Paper IV) may 
reduce the levels of PLT-derived cytokine plasma concentrations by use of 
commercial enzyme-linked immuno-sorbent assay (ELISA) kits (Quantikine ELISA 
kit; R&D Systems, Abingdon, UK). 
 
 
3.4.3 Flow cytometry analysis 
 
In Paper II, we evaluated the metabolic and cellular in vitro characteristics during 21 
days of PLTs storage in additive solution (T-Sol) at 40C without agitation. However, 
several vital questions need to be assessed about PLT storage at 40C, especially whether 
the estimated changes in morphology (i.e., the loss of discoid shape) at 40C, reported in 
Paper II, are related to increased expression of PLT membrane proteins and activation 
markers during long-term storage. Previous work has shown that refrigeration of PLTs 
increases cytosolic Ca, actin polymerization and shape change (170, 171). As inside-out 
activation is Ca2+-dependent and involves changes in the conformations of both the 
ligand-binding extracellular region and the cytoplasmic tails, we suggest that inside-out 
signaling and cytoskeletal rearrangements eventually result in increased expression of 
receptors and activation markers during prolonged storage at 40C.  
 
Therefore, a flow cytometry analysis method FACS Calibur flow cytometer (Becton 
Dickinson, Franklin Lakes, NJ, USA) was set up (Paper III) to study PLT GPs that play 
an important role in adhesion, aggregation and to evaluate activation of stored PLTs 
(154).  
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We fixed the PLT samples by adding an equal volume of 1% paraformalaldehyde in 
phosphate-buffered saline (PBS), (PFA-PBS, pH 7.2-7.4) before staining with the 
fluorochrome-labelled monoclonal antibodies (MoAbs) P-selectin (CD62p), CD63, 
CD41, CD61 and CD42b. The first, CD62p, a constituent of alpha granules in resting 
PLTs, can be detected on the activated PLT surface after alpha granule secretion (146). 
The second, CD63 reacts with lysosomal membrane linked GP3, subsequently 
identified as granulophysin, a PLT dense granule GP suggested being a marker for 
granule release (147, 148). Human PLTs contain few lysosomes. As mentioned, they 
contain granulophysin (CD63) which can be released when PLTs are exposed to 
maximum stimulation in vitro.  
 
However, acid hydrolyses from the lysosomes may not be secreted at sites of vascular 
injury in vivo (70), which leads us to the conclusion that the lysosomal role in PLT 
function is still unknown. Therefore, we suggested that CD63 may reflect dense 
granule release. The third, CD41 (GPIIb), which is usually linked with CD61 (GPIIIa), 
forms the GPIIb/-IIIa complex. This complex seems to be involved in PLT aggregation, 
serves as a receptor for soluble fibrinogen, fibrinonectin, thrombospondin, vWF and 
vitronectin (81) and plays a main role in the regulation of PLT aggregation and 
adhesion throughout haemostasis (82).  
 
During PLT activation, the expression level of CD61/CD41 increases on the PLT 
surface, a conformational change then occurs, which creates the active binding site for 
fibrinogen (83). Recently the importance of vWF-dependent adhesion receptor 
(GPIbα/CD42b) in maintaining PLT viability in vivo was clearly shown in animal 
murine models (77, 78). This was therefore of specific interest, and it was further 
investigated and discussed in Paper III in this thesis. All MoAbs were purchased from 
Immunotech (Beckman Coulter, Marseilles, France). The implemented flow cytometric 
analysis method for studying PLT GP expression and activation markers was used in 
Paper IV as well, to estimate whether novel automated technique for BC preparation 
and WB stored overnight preciding preparation of PLTs contributes to higher levels of 
PLT activation. 
 
 
3.5 Statistical analyses 
 
Mean values and standard deviations (SDs) are usually given. In the in vitro studies 
(Experiments 1 and 4, Paper I), the two-tailed t-statistic evaluation for the two sample 
test was used to compare the population means. Statistical comparisons were carried 
out on a one-to-one basis, with a paired t-test statistic and a two-sided probability of 
0.05 to reject the null hypothesis.  
 
In Papers II–IV, repeated measurement analysis of variance (ANOVA) was 
performed, as well as post hoc multiple comparisons (Paper IV), in an attempt to 
identify differences between specific groups. Different groups were studied over time 
(days). Days was the repeated factor and group a between factor. The p-value for the 
interaction term between days and groups is reported, as well as the 95% confidence 
interval (CI) as a measure of dispersion of the results (Paper III). The analyses were 
carried out in the Statistica software, version 14.0 (SPSS, Chicago, IL, USA). 
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4 RESULTS AND DISCUSSION 
 
4.1 PAPER I 
 
The aim of Study I (Paper I) was to evaluate PLTs prepared by the novel automated 
OrbiSac system, from pooled BCs stored in an PAS. Experiment 1 was a paired in vitro 
study of PLTs (from six BCs), prepared by automated and manual procedures. 
Experiments 2 and 3 evaluated PLTs prepared (from six BCs) using the OrbiSac 
system; Experiment 3 included selection of BCs based on donor data. Experiment 4 
was a paired in vitro study of PLTs (from six BCs) with an integrated WBC filter and 
two different storage containers. Experiment 5 evaluated PLTs (from six BCs) using 
the OrbiSac system with an integrated WBC filter. Experiment 6 was similar to 
Experiment 5, with computer-selected pools of five BCs. The in vitro studies evaluated 
the effects of 7-day storage of PLTs regarding PLT metabolism and disintegration. 
 
In Experiment 1, we found similar in vitro results for PLTs prepared by the manual 
technique as for PLTs prepared using the automated technique and stored for 7 days. 
The PLT content of PLTs prepared manually was significantly higher than in units 
prepared using the OrbiSac system. This difference was probably related to rinsing of 
the BCs into the pooling bags, which at the time could be done more effectively with 
the manual system. This situation probably explains the lower values of lactate, 
pCO2, and bicarbonate on days 3, 5, and 7 with the OrbiSac system, because fewer 
PLTs produce less lactate and CO2. A similar difference in the glucose level was 
observed on day 7. Differences in pH and pCO2 on day 1 may be associated with 
sampling and measurement before obtaining chemical equilibrium in the PLT storage 
medium. No other differences in PLT metabolism were observed, except for an 
occasional slight difference in ATP on day 5. The results of Experiment 1, in which 
we compared the PLTs prepared by the novel OrbiSac system, and reference PLTs 
prepared by the standard manual procedures and stored for 7 days in T-Sol, suggest 
that the two methods are similar regarding PLT in vitro characteristics.  
 
In Experiment 2, the automated technique was used for routine preparation of PLTs. 
The PLT content (370 × 109 ± 70 × 109/unit; mean ± SD) in our experiment remained 
essentially the same as over the years when the PLTs were prepared manually (Fig. 
9). Also the distrubution of PLT content in the the range of 150 – 700 × 109/unit 
remained essentially the same as over the years. These results suggest that the 
variations in PLT content are present already in the initial pool of six BCs, because 
the recovery is very uniform. 
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Figure 9. Experiment 2: automated routine preparation of platelets (PLT) units 
(n = 409) from random pools of six buffy coats (BCs). Distribution of PLT contents 
(number of units in the range 150 × 10 -700 × 10  PLTs/unit).9 9

In Experiment 3, we studied the effects of combining BCs in the pools on the basis of 
PLT concentration in doonor blood (Fig. 10). We found that the variations in PLT 
content were reduced and less concentrates were out of the optimal range 300 - 450 
× 109/unit. 

Figure 10. Experiment 3: automated preparation of platelets (PLTs) (n = 98) from 
pools of six buffy coats (BCs) selected on the basis of blood donor PLT concentration 
in whole blood (WB). Distribution of PLT contents (number of units in the range 
150 × 109-700 × 109 PLTs/unit). 

Experiment 4. Different plastic, gas- permeable storage containers are available. These 
storage bags are specifically designed to allow adequate gas (O2 and CO2) exchange (9, 
110, 114). An attempt to evaluate the most optimal storage bag contributes to advances 
in PLT transfusion therapy. Therefore, in Experiment 4, a paired in vitro study of PLTs 
from six BCs with the OrbiSac system with an novel integrated WBC depletion filter 
(evaluated in another study) was comparing two different storage containers. Our 
findings suggest that the new kit for in-process WBC depletion with the ELP (Gambro 
BCT, Zaventem, Belgium) PLT storage container barelt affected the PLT in vitro data 
during storage for 7 days, compared to the reference technique with the UPX–80 
(Terumo, Tokyo, Japan) PLT storage container. The differences include slightly lower 
consumption of glucose and production of lactate in test units and consequently, a 
higher pH at the end of the storage period. In addition, we also found that introduction 
of the integrated system involved an improvement in the preparation process to reduce 
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the loss of PLTs, which may be due to less manual involvement during the preparation 
process. 
 
Experiment 5 involved automated routine preparation of PLTs (n=611) from random 
pools of six BCs, using the novel integrated filter and storage container (Fig. 11). As 
the recovery of PLTs produced by the OrbiSac system was very uniformed, the results 
confirm that the variations in PLT content are present already in the initial pool of six 
BCs, which may be due to the variations in the PLT concentration in doonor blood. 
Moreover, we found that the integrated system improves PLT content to over 400 
× 109/unit concerning mean value.  
 
Figure 11. Experiment 5: Automated routine preparation of platelet (PLT) units 
(n = 611) from random pools of six buffy coats (BCs), with an integrated filter and 
storage container. Distribution of PLT contents (number of units in the range 
150 × 109-700 × 109 PLTs/unit). 

 
As a consequense of improving the process in Experiment 5, the number of BCs could 
be reduced in Experiment 6 (Fig. 12). Based on the results in Experiment 3, a novel 
computerized selection of BCs based on blood doonor concentration was used. We 
found that a higher percentage of PLT units than in Experiment 3 had PLT contents 
outside the range of 300 - 450 × 109/unit. 
 
Figure 12. Experiment 6: Automated routine preparation of platelet (PLT) units 
(n = 292) from pools of five buffy coats (BCs, with an integrated filter and storage 
container and computerized selection of BCs), Orbiselect. Distribution of PLT contents 
(number of PLT units in the range 150 × 109-700 × 109 PLTs/unit). 
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In summary, in Paper I we have shown that the novel automated OrbiSac technique for 
the preparation of PLTs from pooled BCs is equivalent to the standard manual 
technique regarding PLT in vitro charecteristics during 7 days of storage. We achieved 
a uniform recovery of PLTs, which resulted in satisfactory PLT and WBC contents 
according to current Eurpeen standards. We found that our optimism was not 
unfounded regarding the introduction on a large scale of this more effective technique 
for the preparation of PLTs in a near future. The OrbiSac system in is now in clinical 
use and provides all of Karolinska University Hospitals PLTs. The system is also in use 
in several other blood centres in Sweden, as well as in several other Nordic and 
Europeen countries. At the Karolinska University Hospital, two persons can produce 
approximately 40 PLT units/day. In the region of 5000 units/year are produced by the 
OrbiSac system.  
 
 
4.2  Paper II 
 
Platelets are traditionally stored at 22°C, but this needs to be reconsidered. Storage of 
PLTs at room temperature accommodates bacterial growth, and bacterial sepsis is 
currently regarded as the main risk of transfusion-transmitted diseases and the reason 
for the present limit of PLT storage to 5 days (161-163). This short shelf life severely 
reduces the availability of PLTs and can contribute to chronic PLT shortages. Storage 
at 4°C, however, would not only reduce the risk of bacterial growth, but may also delay 
PLT ageing. 
 
In this study, PLTs stored at 4°C without agitation were compared to those stored at 
22°C with agitation. To determine the in vitro effects of incubation at 37°C, we 
incubated the aliquots from PLTs stored at 4°C and at 22°C for 1 hour at 37°C before 
the analysis. Due to the paired in vitro study design, The PLT content on day 1 of the 
four groups of PLT units were uniformed within the range of 290 – 298 x 109/unit. 
 
 
Cellular assays 
 
During storage, the PLT content declined more in units stored at 22°C than units stored 
at 4°C (measuring 180 × 109 and 265 × 109/unit, respectively, on Day 21). Therefore, 
LDH activity increased more when PLTs were stored at 22°C than when they were 
stored at 4°C, indicating discharge of PLTs at 22°C storage. Consequently, LDH was 
reduced during the entire storage period of 21 days when PLTs were stored at 4°C. 
Loss of the discoid shape visibly increased the size of the PLT (MPV). The MPV was 
significantly lower in preincubated PLTs stored at 4°C than in those stored at 4°C. 
These findings suggest that the preincubation of PLTs at 37°C, which have been stored 
at 4°C significantly influences PLT size (i.e., MPV), but causes only minor changes in 
LDH activity. 
 
The loss of the discoid shape in several PLTs in units stored at 22°C, visualized by 
the increased MPV, was most certainly related to the PLT storage lesion (140-143). 
On the other hand, an increase in MPV at 4°C probably visualizes cytoskeleton 
rearrangements (170, 171).  
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Metabolic assays 
 
We found that glucose declined less and lactate increased less in PLTs stored at 4°C 
than in PLTs stored at 22°C. Not only pH, but also ATP, and pCO2 were better 
maintained after Day 10 in PLTs stored at 4°C compared with PLTs stored at 22°C. 
Bicarbonate was better maintained from Day 14 in PLTs stored at 4°C compared with 
22°C. The oxygen tension (pO2) was higher in PLT units stored at 4 and 22°C than in 
preincubated PLTs stored at 4 and 22°C. However, incubation of PLTs for 1 hour at 
37°C before the analysis caused only minor changes in glucose consumption, lactate 
and CO2 production, oxygen consumption, pH, bicarbonate and ATP concentration. 
 
The analysis of the metabolic assays suggests that the storage of PLTs at the latter 
temperature significantly affects PLT metabolism compared with storage at 22°C. The 
storage at 4°C reduces the metabolic rate of glucose consumption and lactate 
production. Figure 13 illustrates that due to the reduced rate of glycolysis, glucose is 
available in the storage medium during the entire storage period of 21 days when PLTs 
are stored at 4°C.  
 
Figure 13. (chilled = 4°C, reference = 22°C, pre = preincubated).  
 

We found that PLT metabolism depends on the presence of glucose during the entire 
storage period, when PLTs are suspended in storage medium and stored at 22°C. The 
total consumption of glucose on Day 10 is associated with immediate cessation in the 
production of lactate and CO2, a decrease in ATP levels, an increase in pH levels, a 
change in PLT size (MPV), and delayed disintegration of PLTs (LDH), followed by a 
decrease in the PLT count and an increase in the release of α-granule content on 
Day 14, when glucose is completely consumed on Day 10. 
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Hypotonic shock response, extent of shape change, and swirling 

We found that HSR and ESC were higher in PLTs stored at 22°C than in those stored at 
4°C, indicating change of refrigirated PLTs from a discoid to spherocytic shape (170, 
174). Hypotonic shock response and ESC were higher in preincubated PLTs stored at 
22°C than in reference PLTs stored at the same temperature. Slight differences in HSR 
and ESC were detected between PLTs stored at 4°C with or without preincubation, 
indicating irreversible cold-induced activation. Swirling was fully maintained for 
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7 days in PLTs stored at 22°C. No swirling during the storage period was observed in 
PLTs stored at 4°C. Consequently, preincubated PLTs stored at 22°C responded better 
to HSR reactivity and ESC compared with PLTs stored at 22°C whithout 
preincubation. Therefore, these interesting in vitro results support the view that non-
discoid PLTs may even revert to a discoid shape when exposed to 370C (176). 
Moreover, we found close agreement between these findings and previous studies, 
which suggests that preincubation of PLTs for 1 hour at 37°C improves recovery after 
transfusion (210, 211). 
 
 
Cytokine analysis 
 
The concentrations of RANTES, β-TG, and PF4 increased during storage in all units, 
but were higher in PLT units stored at 22°C than in units stored at 4°C. In PLT units 
stored at 22 and 4°C and incubated for 1 hour at 37°C before the analysis, the cytokine 
concentration was slightly higher than in PLT units that had not been preincubated. 
These results show that the storage of PLTs at 4°C reduces the release of cytokines 
from the PLTs into the PLT unit during storage, and that preincubation causes only 
minor changes, here illustrated by the release of RANTES during 21 days of storage 
(see Fig 14).  
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Figure 14 (chilled = 4°C, reference = 22°C, pre = preincubated). 
 
The RANTES chemokine, β-TG, and PF4 are stored in the PLT α-granule and higher 
levels of these cytokines indicate PLT activation or disintegration (208) as the basis for 
many FNHTRs associated with PLT transfusion is cytokine elaboration and 
accumulation in the storage bag (45). Platelet storage at 4°C will probably reduce the 
risk of FNHTRs. 
 
To summarize, PLTs stored at 4°C without agitation maintain their metabolic and 
cellular characteristics to a great extent during 21 days of storage. We confirm that they 
lose their discoid shape (with changes in ESC, MPV and swirling) and have shown that 
this loss of discoid shape during storage at 4°C is associated with reductions in 
metabolic rate and a decreased release of α-granule content. Therefore, our findings 
concerning storage at 4°C do not suggest cold-induced activation at a level associated 
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with the release of PLT-derived cytokines (RANTES, β-TG, and PF4). These results 
indicate that the cytoskeleton rearrangements, caused by cold induced activation when 
PLTs are stored at 40C, contribute less to in vitro effects associated with decreased PLT 
quality than does activation caused by what is known as “the PLT storage lesion” at 
220C storage. We found that preincubated PLTs stored at 22°C responded better to 
HSR reactivity and ESC than those stored at 22°C whithout preincubation, which 
supports the view that shape change may to some extent be reversible. 
 
 
4.3  Paper III 
 
In Paper II, we found that PLTs stored in additive solution (T-Sol) at 4ºC without 
agitation maintain acceptable metabolic and cellular in vitro characteristics for 21 days 
of storage. However, several vital questions needed to be assessed about PLT storage at 
4ºC, especially whether changes in morphology (i.e., the loss of discoid shape) at 4ºC 
are related to increased expression of PLT membrane proteins and activation markers 
during long-term storage. Previous work has shown that refrigeration increases 
cytosolic Ca, actin polymerization, and shape change (170, 171). As inside-out 
activation is Ca2+-dependent and involves changes in the conformations of both the 
ligand-binding extracellular region and the cytoplasmic tails, we suggest that inside-out 
signaling and cytoskeletal rearrangements will eventually result in increased expression 
of receptors and activation markers during prolonged storage at 4ºC. 
  
 
The results of metabolic and cellular assays 
 
This study resembles the results in Paper II with regard to various aspects of PLT 
metabolism and cellular quality after prolonged storage at 4ºC. 
 
As in Paper II, we found that PLTs stored at 4ºC show characteristic morphological 
changes related to activation from a discoid to a spherocytic shape, a phenomenon that 
is referred to as “cold-induced activation” (77, 170). In this study, we asked ourselves 
whether this change in shape after storage at 4 ºC is really as important as in PLTs 
stored at 22ºC. For PLTs stored at room temperature, the ESC assay and the HSR assay 
are regarded as fairly good predictors of PLT recovery and survival (140). However, no 
single in vitro test can predict the recovery and survival in vivo (154).  
 
In this paper (Paper III) and in Paper II, we have shown that PLTs stored at 4ºC 
perform poorly in the HSR as well as in the ESC assay, as compared with PLTs stored 
at room temperature. However, Hoffmeister et al. (2003), studying animal models, 
found that a spherocytic shape alone is insufficient to cause rapid clearance of PLTs 
and some authors claim that non-discoid PLTs may survive after transfusion and even 
revert to a discoid shape (176). As PLTs stored at 4ºC perform excellently with regard 
to most of the in vitro parameters, with the exception of parameters that reflect changes 
in shape, we suggest that the ESC and HSR assays may be of no value in predicting the 
quality of PLTs stored at 4ºC. 
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The results of the flow cytometric analysis 
 
We found that the activation marker CD62p remained almost unchanged during 
storage in all units. By contrast, the expression of CD63 was higher in PLTs stored at 
22ºC than in PLTs stored at 4ºC (Fig. 15).  
 
Figure 15. CD62p expression as well as CD63 expression during 21 days of storage. 
Squares = 22ºC; triangles = 4ºC. 
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These data indicate that CD63 has a closer relation to modifications in PLT 
morphology, as judged by a reduction in ESC values, an increase in the release of 
RANTES, and a loss of swirling, than CD62p. We suggested that the lower expression 
of CD62p may be due to the fact that cell-surface expression of CD62p can be cleaved 
from the surface by various proteases (212).  
 
Therefore, our results imply that cell surface expression of CD63 may remain 
unchanged during the entire storage period and that CD63 may therefore be a better 
marker pf PLT activation than CD62p. In contrast to results reported by other 
investigators (213, 214), the CD63 antigen in our study was expressed along a 
continuum with no distinct positive or negative cells (since mean fluorescence intensity 
(MFI) values reflect the density of the antigen on the surface). Since we wanted to 
follow possible up- or downregulations of surface antigens caused by the preparation 
and storage itself, it would have been informative to establish the percentage of PLTs 
expressing CD63 as well. However, due to the fact that the CD63 antigen was 
expressed along a continuum with no distinct positive or negative cells we realized that 
only MFI should be presented, and that a percentage may be misleading.  
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After day 14, the increase in the expression of CD62p and CD63 in PLTs stored at 4ºC 
was associated with an increase in the release of RANTES, reflecting increased PLT 
activation. No significant difference in CD41 expression was detected. The surface 
expression of CD61 was higher in PLTs stored at 22ºC than in PLTs stored at 4ºC. Our 
findings in cold-stored PLTs are in line with those in cold-treated mouse PLTs which 
suggests that such treatment does not cause up-regulation of GPIIb/-IIIa (83). Since we 
observed >98% CD41/CD61 in all our experiments, we suggest that MFI, which 
reflects the density of the antigen on the PLT surface, is a more informative measure.  
 
The expression of CD42b (Fig. 16) decreased during storage in all units (MFI), but was 
higher in PLT units stored at 22ºC compared with PLTs stored at 4ºC, with the 
exception of day 21. The percentage of PLTs expressing CD42b remained high in PLTs 
stored at 4ºC, but gradually decreased in PLTs stored at 22ºC. These data indicate that 
GPIbα remains on the surface of refrigerated PLTs during long-term storage even if the 
density of the antigen is reduced/rearranged.  
 
Figure 16. CD42b expression during 21 days of storage. Squares = 22ºC; triangles = 
4ºC. 
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As GP1bα plays a major role in the clearence of transfused refrigerated PLTs (77), 
further studies of the vWFR complex subunits GPIbα, GPIX, and GPV are needed, 
investigating the relationship between vWFR clustering/conformational changes and 
long-term storage at 4ºC. 
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In summary, the problem of how to refrigerate PLTs for transfusion can be divided into 
two separate problems, the storage problem and the clearance problem. 
 
In this study, we have shown that storage at 4ºC, which leads to “cold-induced 
activation”, is not associated with increased expression of human PLT membrane 
proteins and activation markers during long-term storage. Moreover, a current report 
suggests that if the reduction in CD42b expression during 4ºC storage reflects the 
irreversible rearrangement in clustering of the vWFR (GP1bα or CD42b), as shown in 
animal models, glycan modification (78) may prolong the circulation in humans of 
PLTs stored at 4ºC and thus the clearance problem may be solved.  
 
Consequently, these effects of a cold temperature on human PLT GP expression during 
long-term storage may prove to be of practical value with regard to the storage 
problem. These data confirm the metabolic and cellular findings of Paper II. We have 
shown that the cytoskeleton rearrangements caused by cold-induced activation when 
PLTs are stored at 4ºC contribute less to upregulations of receptors associated with PLT 
activation. Such upregulations are normally observed when PLTs are stored at room 
temperature and are affected by the PLT storage lesion, and therefore make it tempting 
to speculate that shape change induced by cold storage does not contribute to decreased 
PLT quality to the same extent as shape change induced by the PLT storage lesion that 
occurs at 22ºC storage. 
 
 
4.4 Paper IV 
 
In Paper IV, we continued developing the automated preparation of blood component 
processing started in Paper I, by investigating the effects of storing either WB or BCs 
overnight before preparation of PLT by using a novel automated equipment, the Atreus 
2C+ system for BC preparation, in combination with the OrbiSac technique. Different 
aspects and effects on other blood components, associated with WB overnight storage 
preceding preparation of PLTs, are mentioned in section 3.2.1. Results are discussed 
here. 
 
We studied PLTs, prepared using the OrbiSac system, which were derived either from 
BCs obtained from fresh WB (Atreus F, (n = 10)) or WB stored overnight (Atreus S, (n 
= 10)) and prepared using the Atreus 2C+ system. Platelets (n = 10) obtained from BCs 
prepared from fresh WB using conventional blood bags (TaT-F, control) were studied 
in parallel and used as a reference.  
 
 
Cellular assays 
 
The PLT counts on day 1 are given in Table 3. From day 1 and during the following 
storage period, the PLT counts and contents were significantly higher in Atreus S than 
in Atreus F and TaT-F PLTs. In contrast to a previously investigator report (193), these 
results are in agreement with those of others (215) who have shown that the PLT yield 
significantly improves when the WB is stored overnight before processing. We found 
no significant differences in PLT counts and contents between Atreus F and TaT-F 
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PLTs throughout storage. No significant difference in MPV and LDH activity between 
groups was detected. 
 
Table 3. Comparison of platelets (PLTs) derived from buffy coats (BCs) obtained from 
fresh blood and whole blood (WB) stored overnight and processed using the Atreus 
2C+ system (Gambro BCT, Zaventem, Belgium) or fresh WB obtained using the Top-
and-Top system (Imuflex-CRC; Terumo, Tokyo, Japan) on day 1. Results are 
expressed as means ± standard deviations (SDs) (n = 10). 
 
WB processing system   PLT concentrates 
 
   Volume Platelets Leukocytes 
   (mL) (109/L) (106/units)  
 
Atreus, fresh WB  357±27 896±136 <0.2 
 
Atreus, stored WB  365±10 988±122 <0.2 
 
Top-and-Top system  381±14 854±62 <0.2 
 
 
Metabolic assays 
 
We found no significant differences in glucose consumption, lactate production, 
bicarbonate, and ATP. Other indicators of PLT metabolism associated with preparation 
using the Atreus 2C+ system were similar to those reported for PLTs using the routine 
procedure, except for occasional small differences in pH, PCO2, and PO2 values 
between the groups. As no evident differences in PLT metabolism were observed, we 
suggest that these differences may be associated with effects of sampling and 
measurements on the chemical equilibrium, as well as differences in PLT yield when 
the WB was stored overnight. 
 
 
Hypotonic shock response, extent of shape change, and swirling 
 
We found that HSR and ESC values decreased during storage in all units. Hypotonic 
shock response was slightly higher in Atreus S PLTs, but no significant difference 
between Atreus F and TaT-F PLTs was detected. By contrast, ESC was significantly 
higher in TaT-F than in the other two groups. No significant difference with regard to 
ESC between Atreus F and Atreus S was detected. Based on these results, we suggest 
that the small though statistically significant fall in HSR in PLTs obtained from fresh 
WB, compared with PLTs from stored WB, may be explained by the fact that a larger 
amount of PAS was used due to a lower PLT content in fresh blood.  
 
To clarify: to achive the dilution performed with plasma, required for the HSR and 
ESC test (160), more PAS needs to be present when the PLT content is lower. 
Consequently, the lower response may have been caused by the impact of the PAS 
rather than by differences in PLT quality. Compared with a previous investigator, we 
noted that all HSR and ESC levels on day 7 were below the level in a plasma storage 
environment, for which poor in vivo viability has previously been predicted to occur 
(198) in PLTs stored for 7 days. Although we modified our ESC and HSR tests based 
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on the technical implications described by VandenBroeke et al., we still observed 
decreased response to HSR and in particular ESC when PLTs had been stored in 
PAS. As previously mentioned this phenomenon is likely to be associated with the 
measurement technique rather than with effects associated with PLT quality and PLT 
storage environment. Since HSR levels were fairly similar in all three groups during 
storage, the decreased levels of ESC on day 7 will probably be of no consequence, 
especially when swirling remained at the highest levels (score = 2) for all units at all 
times. Therefore, HSR and ESC tests that are affected by the PAS may be considered 
to be more a reflection of the PLT storage lesion over the storage period than be 
associated with certain quality levels based on performance in 100% plasma.  
 
 
Cytokine analysis 
 
The concentrations of RANTES increased during storage in all units. No significant 
difference in the concentration of released RANTES between groups was detected. A 
previous investigator has shown that higher concentrations of released RANTES into 
the PLT unit were associated with allergic reactions (45). In our study, the 
concentrations of RANTES, in pg/106 PLTs, on day 7 were below the value noted in 
the latter study in all units.  
 
 
Flow cytometric analysis 
 
In general, we found that the percentage of PLTs expressing the activation markers 
CD62p and CD63, as well as the MFI increased during storage. We found hardly any 
difference between the different WB processing systems that may have affected the 
PLTs before preparation. The increase in surface expression has a close relation to 
modifications in PLT morphology, as judged by a reduction in ESC values, followed by 
an increase in the release of RANTES which clearly reflects effects of the PLT storage 
lesion (140, 142, 143). 
 
The surface expression (MFI) of CD41 and CD61, as well as the percentage of PLTs 
remained almost unchanged during storage in all units. These results are in agreement 
with previous data (214, 216), showing no change during storage in the expression of 
CD41 (GPIIb) and CD61 (GPIIIa). Significant differences (MFI) between all groups 
were found for CD41 (p<0.01), and a significant difference (MFI) between Atreus S 
and TaT-F PLTs was detected for CD61 (p = 0.026). As the expression levels of 
CD41/CD61 remained almost unchanged during storage, we suggest that it seems most 
unlikely that the differences in density of the antigen on the surface between groups 
will be of any clinical relevance. 
 
We found that the percentage of PLTs expressing CD42b decreased during storage in 
all units. A strong correlation between the percentage of PLTs able to bind antibodies 
that recognize the N-terminal of CD42b and in vivo recovery has been reported (217). 
In our study, the percentage of PLTs expressing CD42b was higher (>91% on day 7) 
than that associated with poor in vivo recovery in the mentioned study. We found no 
statistical difference in the percentage of PLTs expressing CD42b between the groups, 
and our findings are in accordance with those of others who have shown that storage of 
PLTs reduces the expression of GPIbα on the surface of the PLTs (218-220).  
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To summarize, the results presented in Paper IV suggest that PLTs derived from pooled 
BCs obtained either from fresh WB or from WB stored overnight and processed using 
the Atreus 2C+ system are equivalent to PLTs derived from the standard routine 
procedure with regard both to PLT in vitro characteristics during 7 days of storage and 
to satisfactory PLT recovery, according to current standards. In addition, we found that 
overnight storage of WB improved PLT recovery and content. The mechanisms behind 
this phenomenon are still unknown, but it is tempting to speculate that the suggested 
higher levels of PLT activation that may occur after collection may to some extent be 
reversible when the WB is stored overnight, as compared with PLT production from 
fresh WB. Furthermore, the possibility of processing PLTs from fresh WB gives 
possitive side effects with regard to higher plasma (186, 189) and RBC (188, 189) 
quality. 
 
The Atreus 2C+ system, which in synergy with the OrbiSac system (Fig 8) allows for 
an almost fully automated production of PLTs, and brings several distinct advantages 
such as (i) standardized preparation resulting in a more uniformed PLT component (ii) 
elimination of several hand-over steps and thus reducing labour effort and (iii) the fact 
that PLTs can be derived from BCs, obtained from either fresh or overnight stored WB, 
whatever preferred, potentially increasing efficiency in the production flow of PLTs at 
the blood centres. Therefore, there is good reason for optimism that this more effective 
technique for the preparation of BCs from WB can be introduced on a large scale in the 
near future, meeting the demand for improvements in the preparation-process of PLTs. 
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5  GENERAL CONCLUSIONS  
 
This thesis work has focused on (i) investigation of the in vitro quality of PLTs 
prepared by novel automated techniques (the OrbiSac and Atreus 2C+ systems); and 
(ii) evaluation of the ability to store PLTs for a prolonged time at 4ºC in an attempt to 
optimize the conditions under which PLTs are prepared and stored. 
 
The major findings of this thesis are: 
 

1) We showed that the technique for the preparation of PLTs from pooled BCs 
using the novel automated OrbiSac system is equivalent to the standard manual 
technique with regard to in vitro PLT characteristics during 7 days of storage.  

 
2) We achieved uniform recovery of PLTs, which resulted in satisfactory PLT and 

WBC contents, according to current European standards.  
 

3) We confirmed that PLTs derived from pooled BCs obtained either from fresh 
WB or from WB stored overnight, and processed using the novel Atreus 2C+ 
system, is equivalent to PLTs obtained using standard routine procedures with 
regard to in vitro PLT characteristics over 7 days of storage. The novel system 
of BC preparation represents satisfactory PLT recovery and content, according 
to current European standards.  

 
4) We found that overnight storage of WB improved PLT recovery and content. 

 
5) We demonstrated that PLTs stored at 4ºC without agitation largely maintain 

their metabolic and cellular characteristics during 21 days of storage. 
 

6) We found that using preincubated PLTs stored at 22ºC causes only minor 
changes. However, better response to HSR reactivity and ESC was noted 
compared with PLTs stored at 22ºC without preincubation, which indicates that 
non-discoid PLTs stored at 22ºC may to some extent revert to a discoid shape 
when exposed to 37ºC. 

 
7) We clarified that shape change occurring when PLTs are stored at 4ºC is not 

associated with increased expression of membrane proteins and activation 
markers during long-term storage. Since increased expression is associated with 
PLT activation and decreased PLT quality, these findings suggest that PLTs are 
better preserved at 4ºC. However, such PLTs must be demonstrated to circulate 
and function in vivo. 
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6  FUTURE PERSPECTIVES 
 
The problem of how to refrigerate PLTs for transfusion can be divided into two 
separate problems, the clearance problem and the storage problem. The clearance 
mechanism of refrigerated PLTs, due to their shortened in vivo survival after 
transfusion, has recently been clarified (77-78). These results, in combination with our 
findings concerning the capability of a cold temperature to preserve PLT quality and 
prolong the storage period, make it therefore tempting to speculate that cold storage of 
PLTs may be possible in the future. However, several vital questions need to be 
addressed in a future study of PLT storage at 4ºC. They are listed below. 
 
As GPIbα seems to play a major role in the clearance of transfused, refrigerated PLTs, 
further studies of the vWFR complex subunits GPIbα, GPIX, and GPV are needed, 
investigating the relationship between vWfR clustering/conformational changes during 
long-term storage under modern blood bank conditions at 4ºC. Studies with electron 
microscopy may provide a better understanding of the influence of a cold environment 
on morphology as well as on receptors in human PLTs processed and stored under 
modern blood bank conditions. 
 
Future research would need to include an investigation of glycosylation of PLT surface 
proteins in vitro, as an approach to protecting PLTs stored at 4ºC from clearance. 
 
Previous work has shown that refrigeration of PLTs increases cytosolic Ca, actin 
polymerization, and shape change (170, 171). Inside-out activation is Ca2+-dependent 
and involves changes in the conformations of both the ligand-binding extracellular 
region and the cytoplasmic tails of receptors. Therefore, inside-out signaling and 
cytoskeletal rearrangements may be the underlying factor, causing irreversible 
rearrangements in PLT surface receptors. 
 
Consequently, one approach to storing refrigerated PLTs in a discoid shape, of using 
addition of protecting substances such as cytochalasin B, an actin assembly inhibitor, 
and EGTA-AM, an intracellular calcium chelator, may clarify whether cytoskeletal 
rearrangements have any influence on the “cluster phenomenon”. 
 
Additional hopes for the future would be that progress in answering the 
abovementioned vital questions would lead us to the ability to perform in vivo studies 
of PLTs stored at 4ºC, probably with addition of a protecting substance against 
clearance. 
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7  SVENSK SAMMANFATTNING 
 
Trombocyttransfusioner används idag rutinmässigt inom sjukvården och har förbättrat 
överlevnaden för många olika patientkategorier. Vid olika blodsjukdomar, efter 
transplantation med hematopoetiska stamceller och vid cytostatikabehandling förstörs 
patientens egna trombocyter och trombocyter från blodgivare behöver tillföras. Syftet 
med denna avhandling är att bidra till en optimering av de betingelser som påverkar 
trombocyternas kvalité genom en utveckling av processystemen för 
trombocytframställning samt studier av möjligheten för trombocyter att kunna förvaras 
i kyla. Framställning och förvaring av trombocytkoncentrat är komplicerat. Vanligaste 
metoden i Europa är den s.k ”buffy-coat” metoden. För framställning av en 
transfusionsdos (300-400x109) så behövs trombocyter från 4-6 blodgivningar. 
Trombocyterna selekteras sedan ut med hjälp av fraktionerad centrifugeringsteknik och 
trombocytförvaringsmedium tillsätts. Trombocytkoncentrat framställda ur buffy-coats 
från normala blodgivare har fram till nyligen framställts via manuell teknik. Manuell 
teknik är tids- och personalkrävande samt uppvisar en brist på standardisering av antal 
trombocyter ämnade för transfusion.  
 
Delarbete I och IV i denna avhandling visar att trombocyter framställda via ny 
automatiserad teknik (Atreus och OrbiSac, Gambro BCT) bibehåller en god cellulär 
och metabolisk kvalité under 7 dagars förvaring. Resultaten i delarbete I visar att detta 
industriprojekt har inneburit att trombocytkoncentrat som framställts via automatiserad 
teknik, även leukocytfiltrerats i samma process. För att standardisera 
trombocytkoncentrationen i de via automatiserad teknik framställda 
trombocytkoncentraten, har ett specifikt dataprogram tagits fram, vilket selekterar ut 5 
st. buffy-coats för trombocytframställning med utgångspunkt baserat på blodgivarnas 
perifert cirkulatoriska trombocytinnehåll. I delarbete IV vidare utvecklas process-
systemet för trombocytframställning. Resultaten visar att automatisering med ny teknik 
för framställning av buffy-coats som utgångsmaterial för trombocyter med god 
metabolisk och cellulär kvalité, där helblodet förvarats antingen över natt eller 
processats inom 8 timmar, är möjlig.  
 

Forskning inom trombocytområdet har under det senaste decenniet bland annat varit 
inriktad på att förbättra överlevnad och funktion av trombocyter under en 
rumstempererad förvaringsperiod. Flera grupper har demonstrerat att förvaring av 
trombocyter i tillsatslösning (PAS = platelet additive solution) ger en förbättrad 
överlevnad och funktion i upp till 7 dagar. Men metaboliska och funktionella 
förändringar sker liksom risk för bakterietillväxt under förvaring i rumstemperatur. 
Delarbete II och III presenterade i denna avhandling indikerar på möjligheten att 
kylförvara trombocyter, styrkt av resultat som visar att trombocyter förvarade vid 40C 
minimerar många av de negativa förändringar som sker när trombocyter förvaras vid 
220C. Förvaring vid 40C skulle kunna innebära att man avlägsnar bakterieproblemet, 
förlänger förvaringstiden samt bättre bibehåller trombocyternas metaboliska och 
cellulära kvalité innan transfusion. Dock måste kylförvarade trombocyters förmåga 
att cirkulera och fungera efter transfusion påvisas i vidare forskning. 
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