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Abstract

Transfusions of platelet concentrates (PCs) are given to maintain primary hemostasis in patients
with various thrombocytopenic disorders. There is poor correlation between in vivo PC
transfusion outcome and in vitro tests, which typically do not test the functional effectiveness of
platelets, but rather measure platelet characteristics. Thus a PC quality assay that would
accurately predict transfusion efficacy should test the efficacy of platelet activation and clot

formation in a manner that more closely models these same processes in the bloodstream.

The first aim of this thesis is to determine whether Thromoelastography (TEG)/rotational
Thromboelastometry (ROTEM) technologies involving global hemostatic analyzers could be
used to assess the quality of PCs under a variety of conditions. Due to their procoagulant

properties, platelet microvesicles’ (PMVs’) contribution to the clot signature was assessed.

The second aim was to investigate the effect of pathogen inactivation technology (PI) using
riboflavin/UV light (Mirasol) on the hemostatic potential of PCs and plasma in transfusion
trauma packages composed of reconstituted whole blood (WB). The packages were composed of

red blood cells (RBC), plasma, and platelet, in a ratio of 1:1:1.

As there is an increasing interest by practitioners in returning to the use of WB (2-7 days old) in
the civilian setting for the treatment of massively hemorrhaging patients, our third aim was to
determine whether ROTEM could be used to assess the impact of Pl-treated WB in a trauma
model. Due to the reduction in the activity of multiple plasma coagulation proteins following PI-

treatment, supplementation of fibrinogen to correct the negative impact was assessed.
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Hemostatic analysis showed no significant change in maximum clot formation during the storage
of PCs up to Day 10. Hemostatic measurement was sufficiently sensitive to dissect platelet and
PMYV contributions to clot formation and to detect PCs stored under poor conditions. This study
suggests a potential solution to the apparent reduction in the hemostatic capability of blood
products as caused by treatments with Mirasol; the use of fibrinogen supplementation appears to

largely correct the Mirasol defect.
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Lay summary

Blood transfusion is the most common hospital procedure. It is ideal, when blood products are
needed, to ensure they function well upon transfusion. Current laboratory tests measure certain
product characteristics, but cannot assure that products function properly once transfused.
Therefore, it is important to find a test which is effective in determining the functionality and
responsiveness of platelet components in a manner resembling our blood stream. This thesis
project used a technology that better imitates a patient’s blood composition to develop a way to
measure the effectiveness of the platelet transfusions routinely used in hospitals. The new
method was able to measure the effect of poor storage conditions as well as the effect of treating
the platelets with pathogen inactivating procedures. It was also used to develop a model to study
the use of pathogen inactivated blood products in trauma victims and may guide better

transfusion therapy in these patients.
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Chapter 1: Introduction

Hospitalized patients who require blood transfusion should receive blood products that have been
specifically prepared to ensure optimal transfusion outcomes. Nowadays, when a clinician orders
blood products for a patient, it is necessary to make sure that these products do not contain
pathogens that could cause transfusion transmitted diseases. It is also essential to ensure that the
blood unit being administered is the one most suitable for the recipient, so that the recipient can
attain the greatest possible benefit from the transfusion. The administration of an optimal product

minimizes the need for further transfusions.

Successful transfusion therapy presents numerous challenges to blood centres and hospitals.
There is a constant demand for improvement and control within the transfusion process. For
example, it is vital to maintain the optimum storage and shipment environment for products
being transferred to hospitals to guarantee the greatest functionality of the products. A major
problem is the limited shelf life of platelet concentrates (PCs). These concentrates are essential to
maintain hemostasis in trauma patients, and for patients requiring therapeutic (for active
bleeding) or prophylactic transfusions for patients with severe thrombocytopenia.!> Currently, in
Canada, PC may be stored for up to 5 days when accompanied by continuous and gentle shaking
following their preparation, but can be stored for up to 7 days in many other countries. Storage

needs to be maintained at room temperature to avoid platelet activation at colder temperatures.>

1.1 Platelets
Platelets, also termed thrombocytes, are the cellular mediators for hemostasis, and as such are

crucial to minimizing blood loss in trauma patients. Normal platelet counts range from between



150 and 450 x 10° platelets/L, but severe trauma or significant soft tissue contusions can cause a
depletion in the number of platelets present. Thrombocytopenia occurs when the platelet count
decreases to less than 150x10° platelets/L. Slichter and Harker have determined that an average
of 7 x 10%/L of platelets per day is required to support vascular integrity, and that the threshold
platelet count of <5 x 10%/L can result in severe hemorrhage.*> Transfusion guidelines

commonly employ platelet counts to guide platelet transfusions.®

Clinical studies have concluded that ranges of 10 x 10° and 20 x 10° platelets/L are considered
the threshold for platelet transfusions in adults and pediatric patients, respectively, for routine
prophylactic transfusions required to reduce bleeding.”® A count of 20 - 50 x 10° platelets/L is
the minimum level of platelets that should be maintained during active bleeding, and this is also
recommended in cases of non-critical site surgery (e.g. laparotomy) or invasive procedures.!’
Likewise, a count of 100 x 10° platelets/L is necessary in cases of multiple traumas (such as
surgeries involving critical sites, including those of the brain and eye), based on the severity of
the hemorrhage and when in combination with other risk factors.!®!! Following transfusion of
the first unit of platelets, an average increment of 15 x 10%/L is recommended for critically ill

patients with thrombocytopenia.'?

1.1.1  Platelets in bleeding

Platelets are anucleate fragments that reside in the bone marrow. They are released into the blood
circulation to maintain vascular integrity and to respond to lesions in blood vessels via the
formation of platelet aggregates. '>!* Platelets promote hemostasis through the adhesion and

aggregation of activated platelets and fibrin at the site of an injury.!>!6



At the site of a vessel injury, collagen is considered to be a strong thrombogenic substrate. The
adhesion of platelets to the exposed collagen on endothelial cell surfaces is usually mediated by
von Willebrand factor (vWF); platelets attached to this factor become immobilized at the sub-
endothelial layer.!” Collagen likewise binds to the immunoglobulin-like receptor, GPVI, and
initiates platelet activation, which is essential for the adhesion and degranulation of activated
platelets.!®Platelet integrins bind in sequence, resulting in the firm binding of the platelets to the

collagen found in the extracellular matrix (see Figure 1.1 for platelet shape and receptors).
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Figure 1-1: Platelet activation by different receptors.
Platelet receptors bind with agonists to facilitate platelet adhesion to the Von Willebrand factor and collagen
exposed in the subendothelial cells at the site of damaged blood vessels. Thrombin, ADP, and TXA are agonists for

platelet activation. The aggregation of platelets is by the attachment of fibrinogen to GP IIb/I1]a.



Platelets contain a-granules, dense granules, and lysosomes, which can be secreted at the site of
platelet activation to promote the recruitment of resting platelets and initiate the coagulation
cascade. Alpha granules contain chemokines, adhesion molecules, coagulation and fibrinolytic
factors, and other proteins. Dense granules contain ionic calcium, magnesium, phosphate,
pyrophosphate, adenosine diphosphate (ADP), adenosine triphosphate (ATP), and other

nucleotides. Activated platelets release their granule contents into the plasma.

Granule contents bind to receptors on the platelets surface. ADP has two receptors, P2Y1 and
P2Y12. The P2Y1 receptors may mediate platelet shape change and aggregation by enhancing
the mobilization of intracellular calcium ions. P2Y 12 may contribute toward increasing platelet
activation by the suppression of cAMP production. When cAMP is supressed, GPIIb/IIIa can be
activated. ADP enhances platelet response to other agonists, such as arachidonic acid (AA), and
thrombin. AA is eventually converted to thromboxane A2 (TXA2) through cyclooxygenase.
Thrombin is produced on the membranes of stimulated platelets to activate more platelets
through protease-activated receptors 1 and 4 (PAR1 and PAR4). Thrombin, also, participates in
the release of the secreted molecules, TXA2 and ADP, and leads to more platelet aggregation,

joining of additional circulating platelets, and primary thrombus formation.'”

The activated platelets provide a catalytic membrane surface on which coagulation factors can
generate thrombin and stabilize the primary thrombus formation. The clotting cascade occurs
through two separate interacting pathways, the intrinsic and extrinsic pathways. In the presence
of calcium, tissue factor and factor FVIla (in the extrinsic pathway) activate Factor X in the

common pathway. The activated Factor XI (in the intrinsic pathway) and the cofactors, Factor
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VIII (intrinsic) and Factor V (common) promote the amplification of thrombin generation. Factor
Xa on the platelet surface, and the cofactor Factor Va generate a thrombin burst that catalyzes
the conversion of fibrinogen, a soluble plasma protein, to fibrin, an insoluble plasma protein.2
The fibrin proteins adhere, forming a clot. This is known as the hemostasis model because it
identifies the coagulation process as a series of proteolytic reactions that occur on anionic

phospholipid surfaces; mainly phosphatidylserine (PS)-rich surfaces are necessary for the

assembly and optimal functioning of the coagulation cascade.

However, there is a critical cell-based model theory of coagulation being proposed in which the
coagulation process alone may be not sufficient to provide hemostasis in vivo. This assumes that
coagulation is controlled by cellular components, and particularly by the platelets. There are
three overlapping stages in the cell-based model of coagulation, namely, initiation, amplification,
and propagation. The initiation of coagulation begins with the tissue-factor-bearing cells that
offer a platform for some of procoagulant stimulus such as Factors [Xa and Xa, and thrombin to

initiate coagulation.?!

The amplification phase commences following the adherence of platelets to the exposed tissue
factors and the von Willebrand Factor at the site of vascular injury. The coagulation process will
move from the injury site to the surface of adhered and activated platelets to accumulate more
activated coagulation factors on their surfaces. This will lead to the surface exposure of
phosphatidylserine as well as the release of procoagulant molecules from platelet granules. The
increase in the activity of coagulation factors on the surfaces of the platelets results in a burst in

thrombin generation; this is known as the propagation phase. Thrombin then activates the



platelets and converts fibrinogen to fibrin (via PARs), generating fibrin-platelet aggregates

containing trapped RBCs known as blood clots.?

Platelet surface receptors are linked to intracellular effectors. There is a network of signaling
molecules and regulators including the heterotrimeric G-protein, which is involved in the
activation of Phospholipase C and the phosphatidylinositol-3-kinase (PI 3-kinase) dependent
pathways; and in the suppression of cyclic adenosine monophosphate (cAMP). cAMP
suppression normally inhibits platelet activation through the prevention of Ca+2 mobilization,
which leads to increased platelet activation. This results in an inside-out signaling process
leading to an active conformation in GPIIb/Illa, a major glycoprotein on platelet membranes.
The activation of GPIIb/Illa allows VWF and fibrinogen to create cross-links between two
GPIIb/Illa receptors located on adjacent platelets, causing platelet aggregation. Activated
platelets in conjunction with the coagulation cascade form firm hemostatic plugs, thus aid in

preventing hemorrhage resulting from endothelial damage.*?

To achieve hemostasis, a balance between coagulation and fibrinolysis is crucial to forming and
later degrading fibrin clots. Damaged or stimulated endothelial cells release plasminogen
activator inhibitor-1 (PAI-1), which down-regulates fibrinolysis in the circulation; the pro-
fibrinolytic factors that initiate clot degradation and cleave platelet aggregates. PAI-1 inhibits
tissue plasminogen activator (t-PA), which triggers the conversion of plasminogen to plasmin,
which then dissociates the fibrin-mesh.?* Following this, endothelial cells play a crucial role in
inactivating thrombin, and in the fate of thrombin and fibrin, which helps in restoring

hemostasis. Clot dissolution occurs when plasmin catalyzes the degradation of fibrin.?’



1.1.2  Newly identified roles of platelets

Platelet function is not only involved in hemostasis. Platelets have many preformed
inflammatory molecules and immune mediators in their o-granules, dense granules, and
lysosomal granules that play primary or secondary roles in the immune response. a-Granule
constituents have limited thrombotic functions and instead perform as chemokines and cytokines
that recruit and activate white blood cells and/or prompt endothelial cell inflammation. Although
dense granule constituents facilitate platelet activation, they also have immune cell-modifying
effects. Platelets contain messenger RNAs and pre—messenger RNAs, some of which are used to
synthesize proteins such as IL-1B, which is a potent inducer of the acute phase response (APR).?°
Activated platelets release platelet microvesicles (PMP), and an increased number of PMPs in
the blood circulation correlate with the development of atherosclerosis in patients with diabetes.

Through PMPs, platelet RNA and micro RNAs can be functionally transferred to other cell

types, and thus mediate vascular inflammatory processes in a transcellular manner.?’

Platelets have been associated with many pathogen-initiated immune complications, creating an
enormous burden on public health worldwide. They have a role in the infectious disease
pathogenesis of malaria, sepsis, HIV, and influenza.?® Bacteria interact with platelets and cause
platelet activation or aggregation, releasing their pro-inflammatory mediators, such as a-granules
[containing Regulated on Activation, Normal T-cell Expressed and Secreted (RANTES), platelet
factor 4 (PF4; also known as CXCL4), sCD40L, soluble P-selectin, platelet-derived growth
factor (PDGF)-AB) and dense granules (containing ADP and ATP)].?’ Some varieties of bacteria

can interact directly with GPIIb/IIla receptors, resulting in platelet activation through outside-in



signaling. The rate of increase in these pro-inflammatory markers is associated with the severity

of the sepsis.*°

Platelets can also interact with the complement system by accelerating vascular inflammation
and atherosclerosis, triggered by the inflammatory mediators C3a and C5a; on the other side,
platelets and PMP can support microbial clearance by activated complements. Platelets also have
a role in metastatic cancer. If they interact with tumor cells, this results in the latter’s activation,
the expression of p-selectin and the formation platelet-tumor microthrombi that might protect the
tumor cells from the innate immune system.>! There is an increase in the clinical use of
antiplatelet medications to treat systemic inflammation associated with infections, which arises
from investigations of the role of platelets in inflammation and the immune response. **Although
platelets already have the ability to induce coagulation, a further role for platelets may be

indicated.

1.1.3 The preparation of platelet concentrates

It is important to take into consideration the means by which the PC is produced. There are three
main production protocols: apheresis PC, the platelet-rich plasma method (PRP-method), and
buffy coat PC. In apheresis PC, the entire process of platelet separation runs automatically
following the insertion of a needle into the donor’s arm. Apheresis technology performs the
separation of the PC, while simultaneously returning the remaining components of the whole
blood to the donor arm, in a procedure involving a high level of control, and in the absence of

manual input.*?

All other PC products are produced from whole blood units following donation. The difference

between buffy coat and PRP is the amount of gravitational force (g-force) applied in the first
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centrifugation. In the buffy coat protocol, the whole blood unit is subjected to a hard spin (3500
g-force using the accumulated centrifugal effect) in the first centrifugation resulting in the
formation of a buffy coat layer between the red cells and the plasma, which contains white cells
and platelets. However, in the PRP-method, the first centrifugation results in the suspension of
platelets and plasma from the pelleted red cells. In the subsequent step of PC production, the
buffy coat protocol applies a soft spin (1250 g-force for 6 min) to suspend the platelets and pellet
from the remaining blood components. Conversely, in the PRP-method, the unit undergoes a

hard spin to pellet the platelets and suspension and then remove the plasma, figure 1-2.3*

One unit of a male donor’s plasma is then added to each buffy coat from a pool of four blood
group matched donors, this is to lower the risk of transfusion-related acute lung injury (TRALI).

In some blood centers, the platelets will be suspended in an additive solution.

The platelets that are prepared for therapeutic or prophylactic transfusions are stored between 20
to 24°C, for up to five days in North America, and up to seven days in Europe and the UK 3¢38
Platelets require continuous gentle agitation to prevent their aggregation and facilitate gas
exchange. Contamination from bacteria introduced from the skin puncture during the
phlebotomy is currently the most important infectious risk associated with platelet product

transfusion.>’
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Figure 1-2: Platelet rich plasma and buffy coat (top and bottom) platelet production schemes.

The main difference between platelet rich plasma (PRP) and buffy coat platelet concentrate (BCPC) production
methods lies in the amount of force applied in the first centrifugation step. The PRP method uses soft spin (1250 g-
force for 6 min) to pellet the red cells and leave the platelets suspended in the plasma. In the buffy coat method, a
hard spin (3500 g-force using the accumulated centrifugal effect) is applied causing formation of a buffy coat layer
(platelets and WBC) between the red cell and plasma layers. The next step in the PRP method is a hard spin of the
PRP to remove most of the plasma from the platelets. In the buffy coat method, a soft spin removes the WBC and
the residual RBC, and keeps the platelets suspended in the plasma. 4 buffy coat units are pooled together with one
plasma or platelet additive solution®*. This figure was reprinted with permission. The platelet storage lesion. Clin

Lab Med, 2010,30(2):475-87.

Buffy coat PC (BCPC) products are always under continuous quality control assessments and
process improvement; their production processes have undergone further changes during the
course of transfusion history, which include, for example, the lowering of their pH *°, and the
introduction of a resting time period for platelet concentrates during production to prevent

platelet aggregation.*! One of the changes was the application of leukoreduction filters to remove
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white blood cells in order to reduce the risk of alloimmunization and graft-versus-host disease.
Devine et al have demonstrated that platelet activation during production can cause irreversible
aggregate formation in BCPC units.* The key issue considered during the improvement in the
production of blood products is patient safety. Will the patient acquire optimum benefit from the
products? What is the best way to measure the quality of the blood products? In addition to the
functionality of these units in patients following transfusions, referred to as transfusion outcome,
it is of importance to determine if clinical efficacy can be predicted by in vitro quality tests that

are performed prior to transfusion.

1.1.4 PC transfusion and patient outcome: post-transfusion and in vitro tests

Approximately 4 million prophylactic or theraputic platelet transfusions occur annually in
Canada and the USA, and 2.9 million in Europe, as a treatment of bleeding complications.***
Trauma in patients results in activation of the coagulation system due to exposure and/or
upregulation of tissue factor and excess generation of thrombin.*® This results in an increase in
consumption of the coagulation factors and platelets. These patients will often need blood
transfusion. Tauma patients with massive bleeding should be transfused with a balanced ratio of
blood components (red blood cell (RBC), plasma, and platelet) to replace the blood loss and
prevent further bleeding. Studies indicate that the high ratio of platelets in the blood components
1s associated with better survival. Platelet transfusions, also reduce mortality from hemorrhage in
patients with acute leukemia.*’ Prophylactic platelet transfusion are now part of the treatment of

a number of diseases, including cancer, hematological malignancies, and marrow failure, as well

as for hematopoietic stem cell transplantations.*’
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Ineffective clinical outcomes remain a problem. Post-transfusion testing of platelets following
their administration is desirable to assess the level of response in trauma patients. One way to
determine the quality of transfused PC is to measure the response of recipients to the transfused

platelets, such as quantifying bleeding episodes and platelet count.*

1.1.4.1 Evaluating the transfused buffy coat PC components

At present, no in vitro tests have been designed to assess the quality of transfusion products prior
to transfusion. The process has rather depended on the practitioner’s observation after the
transfusion to determine the impact that the products had on the patients. It would be beneficial
to use in vitro platelet measurements to predict the clinical impact of platelet transfusions. Is the
optimal transfusion outcome linked to the patients’ platelet demand, or to the functionality,
storage condition or age of the platelets? It is noted that platelet age is reflected in the number of
days after PC production, but not in the median age of the platelets comprising the transfusion

units.

Several studies on transfused BCPC and clinical outcome have been performed, and these will be
discussed below. Since 1969, it was assumed that the in vitro characteristics of stored PC could
be correlated with the in vivo transfusion outcome;*’ this was mainly determined through an
assessment of the platelet life-span in the circulation of the recipients using >'Cr labeled platelets
following storage of the PCs at different temperatures. One of the methods to assess a transfused
platelet product is to calculate the corrected count increment (CCI) following transfusion. The
CCI is estimated by multiplying the body surface area (BSA) of the recipient with the platelet

count increment divided by the platelet count of the transfused PC unit.’
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Some studies have demonstrated that fresh PCs have at least a 67% recovery and 50% survival
rate if they are radiolabeled and transfused for the same subject, and that this process can benefit
a recipient more than the use of old platelets.*® Conversely, subsequent to this publication, Au
Buchon et. al. failed to observe any significant difference in recovery and survival of fresh PC
collection, in a single day, or 5 or even 7 days, regardless of whether the PC was collected by
apheresis or pooled from buffy coats.*>*® However, all of these transfusions were performed as
autologous transfusions in healthy donors with normal platelet counts. It may not be realistic to
consider that the same outcome could occur in recipients receiving prophylactic or therapeutic

treatment.

To summarize, many in vitro studies conclude that fresh, autologous PCs have superior in vitro

characteristics to those stored for up to 5 days;*%>

such as pH, activation level, and metabolic
activity, and that this can be correlated with a better outcome when the platelets are transfused.
However, other studies still demonstrate that stored PC (buffy coat or apheresis) can function
better than fresh PC, with at least 66% of the recovery and 58% of the survival rate of fresh

PC.>*3% Therefore, the aging of the unit might not be an issue, particularly when it has been

verified that bacterial contamination has not taken place.

While we cannot depend on the age of the PC unit to recognize the quality of the platelets, it
appears that agreement is lacking on whether CCI is the optimum tool to assess the quality of the
PC. Even if one depends on CCI, approximately 30% of transfusions are clinically ineffective as
measured by Thour CCI (CCI < 7.5).57°8 Sigle et al. argue against the request of special or fresh
platelets for specific patient group storage time.’’ Supporting this, MacLennan et al. have

demonstrated in their clinical study that neither CCI (>4.5) or a bleeding score of World Health
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Organization (WHO) (>2) could differentiate between PCs stored from 2 to 5 days from those
stored for 6 to 7 days which was then transfused to stable hematological patients.’® Failure to
meet the desired clinical outcome may be primarily attributed to ineffective platelet concentrates

rather than age of the platelets.

The previous studies were clinical and their assessments conducted following transfusions; as
such, they are only able to identify the need for additional transfusions in ailing patients who had
not gained any benefit from transfused PCs, rather than identifying PC effectiveness prior to
transfusions. Therefore, the effectiveness of BCPC criteria prior to transfusions should be
addressed to ensure that each unit of the PCBC functions well, and to identify the specific

criteria that would help blood centers release optimal PC for specific patients.

There is a clear need to develop a credible system for determining the quality of platelets prior to
transfusions. Ideally, for the best interest of the patients, stored platelets should be tested prior to
transfusions. Instead, platelets are transfused without clear pre-transfusion functional testing, and
the patient’s outcome is the only indicator of platelet effectiveness. This practice is potentially of

significant risk to patients.®

1.1.4.2  Invitro tests for buffy coat PC

Numerous tests have been performed on BCPCs prior to transfusion, and these reveal a number
of biochemical changes that occur during storage that are collectively termed the platelet storage
lesion.**®! However, these tests are not performed for BCPCs to assess their functionality prior
to their release. In general, only visual assessments of PC units are used to evaluate the

suitability of the products occurs before they are released to the hospitals or from the blood bank
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to the patient.? If a product contains visible macroaggregates, fails to exhibit swirling or its color

has altered, or if there is any evidence of bacterial growth in the unit, the unit will be discarded.

Slichter et al. focused their research on platelet quality tests which they correlated with in vivo
recovery and survival in cases involving autologous transfusion.’®®® In general, many in vitro
tests have been performed that include platelet morphology scores, expression of activation or
apoptotic markers on platelet surfaces, the counting of platelet microparticles using flow
cytometry methods, response to hypotonic shock, the extent of shape change, the detection of

platelet mitochondrial activity.

The dependence on the morphology score has not been entirely successful.®>®* The score is
partially affected by the pH which can transform platelets’ shape from discoid to spherical when
the pH is below 6.0; this alteration can revert again to discoid should the pH be increased back to
physiologic pH. Platelets in these studies were shown to regain their viability post-transfusion.
However, this morphology scoring does not assess for the presence of microparticles in the units.
One of the studies used flow cytometry to measure platelet activation. P-selectin (CD62P) is a
sequestered granular membrane protein expressed on the surface of activated platelets. P-selectin
cell surface expression gradually increases during storage time.!:6>%® Therefore, although these
studies demonstrated a simultaneous increase of P-selectin during storage time, P-selectin cannot
then be used as a tool to predict patient outcomes. It can nevertheless be used to reflect activation

levels post-production for optimization and development purposes.®’

As a result of the mechanical stress “differential centrifugation” places on platelets and also the
effects of their storage, there is a release in plasma-membrane-derived microparticles (PMPs)

and platelet-derived extracellular vesicles (EVs). These are generically termed platelet
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microvesicles (PMV).% The quantification of these microvesicles can be performed via flow
cytometry or nanoparticle tracking analyses if they are smaller than 300 nm.® These
microvesicles have some of the same characteristics as platelets when observed in different
processes including hemostasis, the maintenance of vascular health, thrombosis and immunity,
and they range from 100 to 1000 nm.”® Although PMVs have from 50 to 100 times higher
procoagulant activity than platelets’!, little attention has been paid to their count in PC, plasma or
RBC units prior to transfusions. Two groups of studies refer to these elements, one suggesting
that the transfusion of high numbers of PMVs per unit could result in multiple organ failure, or
the decreased short- or long-term survival of patients with compromised physiologies;’>”* while
the other suggests that an increase in PMVs as a result of storage or from the transfusion of many
units could enhance hemostasis and stop bleeding in trauma patients, due to the tremendous
procoagulant activity present on the surface of PMVs’* 7> 76 There is a need for tests to evaluate
the effect of PMVs in PCBC on hemostasis. Recently, ThromboLUX is a device that has been
developed as a technique to measure the dynamic light scattering of stored PCs replacing the
manual swirling method.® Its score is combined with the quality of platelets exposed to different

temperatures and the presence of PMV, but this requires further optimization since it does not

correlate with other in vitro tests.”’

We have also assessed one of the tests for platelet aggregation quality by which aggregation is
accomplished via the use of several agonists;’® however this study found that the rate of these
responses decreased during storage. Tests that show the extent of shape change and response to
hypotonic shock employ quantitative measurements with a high correlation to the platelet

recovery;’’ the tests, however, have limited application and are not routinely used.
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When assessing metabolic activity, both anaerobic glycolysis, and oxidative phosphorylation in
mitochondria, must continue to take place within the bag during the storage period for ATP
production to continue in order for the platelets to retain their function. Activated platelets in PC
used for transfusion, release microparticles known as extracellular mitochondria that could lead
to inflammatory responses,® and could contribute to hemostasis as in the PMVs.3! Although we
can ascertain the degree of metabolic activity occurring during storage time, we still lack a
technique that reflects the hemostatic behavior of platelets at specific levels of Oz, CO,, ATP,
glucose, and lactose. In other words, it is essential to establish a technique that can predict

transfusion outcomes based on tests that can utilize all of these measurements.

While a number of in vitro tests (Table 1-1) have been utilized to study platelet transfusion
products, no testing algorithm exists with this selection of tests that accurately predicts platelet
transfusion efficacy.’ There is a poor correlation between in vivo transfusion outcome and in
vitro testing. This could be since current in vitro tests do test the hemostatic functionality of
platelets but rather determines platelet characteristic as platelet count, pH, and response to

agonists.®

Thus, there is great need for assays that can be applied to platelet concentrates so as to test the
efficiency of clot formation and fibrinolysis in a manner that more closely models these
processes in the bloodstream. Newer tests that have been developed to monitor coagulation and
platelet function in the near-patient setting (e.g. the operating room) may provide one possible

option to fill this gap for the assessment of stored platelets.
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Table 1-1: In vitro tests for buffy coat PC during storage time.

Visual assessment: macroaggregates or alterations in colour’?

Platelet morphology scores, mainly affected by the level of the pH%>%*

Increased expression of activation or apoptotic markers on platelet surfaces during

storage®!-65-66

An increase in platelet microvesicles (PMV) with procoagulant activity during storage®®7

A decreased response to hypotonic shock, along with shape change, during storage’®

Increased platelet mitochondrial activity during storage®*%3

Variable measures of platelet microparticles using ThromboLUX®

Apoptotic changes related to the BCPC storage®*

In hospitals, clinicians need an indicator that can reveal the hemostatic state of patients with
coagulation disorders, since even should clotting factors level not be deficient, the clinician
would not be able to determine the clotting kinetics of the patients’ blood until the actual time
that the platelets’ activity is required (when the patient is bleeding or susceptible to bleed).
Conventional testing methods (platelet count, thrombin time, activated partial thromboplastin
time (aPTT), prothrombin time (PT) can help but do not reflect the full coagulation picture.
Particularly in critically ill patients, the conventional tests will not reflect the true hemostatic
state of patients susceptible to bleeding. Clinicians require a test that is predictive in terms of risk
of bleeding and that integrates all of the steps in formation of a stable clot, because coagulation is

not only what the patients need, but as well, the balance between coagulation and fibrinolysis.

Thromboelastography was created in 1940 by Hartert for research purposes to assess global
hemostatic function, and it was first applied clinically during the treatment of a patient
undergoing a liver transplant surgery.®> While the technology is more than 50 years old, it has

been updated with the application of the modern TEG analyzer 5000 series. In 1996, it acquired
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the registered trademark of TEG® from the Hemoscope Corporation (Niles, IL) before the

company was incorporated under Haemonetics.®®

1.2 Thromboelastography and rotational Thromboelastometry

Thromboelastography, or thromboelastogram (TEG; Haemonetics, Niles, IL) measures the
physical properties of clots in whole blood samples placed under low shear conditions.
Measurements are performed via a pin suspended in a cup containing the blood sample from a
torsion wire connected to a mechanical—electrical transducer in the TEG (Figure 1-3). TEG
measures the clot strength and fibrinolysis which take place during the viscoelastic changes of

the entire clotting process.

The rotation of the cup at an arc of 4.75° around the fixed plastic pin represents sluggish blood
flow through a vein and active blood coagulation. The changes in the rotation of the pin as the
blood sample clots are converted into electrical signals creating a graphical output representing a
TEG hemostasis profile (Figure 1-3). The Y-axis of the profile demonstrates the amplitude of the

pin’s motion in millimeters, and the X-axis demonstrates the time transpired (Figure 1-4).

The TEG system has been in use for an extended period of time; recently, however, the
Rotational Thromboelastometry (ROTEM; TEM Innovations, Munich, Germany) system has
been developed from TEG. It has numerous clinical applications besides the evaluation of
hypercoaguability.®” It serves a similar function to the TEG but with some slight modifications.
Specifically, the TEG oscillates the cup, whereas the ROTEM oscillates the pin in the centre of
the fixed plastic cup at an arc of 4.75°. The specific parameters measured and the nomenclature

employed for both are listed, in addition to their reference ranges, in Table 1-2.%%8
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Figure 1-3: Principle of TEG and ROTEM.

(A) In TEG, a pin connected to a torsion wire is immersed in a cup warmed to 37°C. The TEG’s cup oscillates
whereas the torsion wire is fixed. (B) In the ROTEM, the cup is fixed, whereas the pin oscillates. (C) A typical
tracing of TEG (top tracing) and ROTEM (bottom tracing) signatures. In TEG, the change in torque is detected
electromechanically while ROTEM uses an optical detector. The latency time from the onset of the test to the point
of initial fibrin formation (2 mm) is represented by the reaction (R)-time (TEG) or clotting time (CT; ROTEM). The
time necessary to achieve 20 mm, a fixed level of clotting strength, is called the kinetic (K)-time (TEG) or clot
forming time (CFT; ROTEM). The angle (a) represents the rate of polymerization of the clot and correlates with
fibrin formation and its interaction with platelets. Clot firmness is represented by maximum amplitude (MA; TEG)

and maximum clot formation (MCF; ROTEM).¥
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Figure 1-4 The Y- and X-axis of thromboelastographic signature.
The Y-axis of the profile demonstrates the amplitude of the pin’s motion in millimeters, and the X-axis demonstrates

the time line in minutes.
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Table 1-2: The nomenclature systems of TEG and ROTEM.

Measurement Nomenclature

TEG Normal ranges ROTEM Normal ranges
Coagulation time R (seconds) 180-480 CT (seconds) 100-240
Clot formation time K (seconds) 60-180 CFT (seconds) 35-110
Angle: rate of clot alpha 55-78 alpha 71-82
polymerization
Maximum clot firmness MA (mm) 51-69 MCF (mm) 53-72
Maximum lysis ML <15 ML <15
Note:
The TEG and ROTEM both measure the similar parameters, but differ in their nomenclature systems. The
normal ranges for citrated WB are established according to the manufacturers for the ROTEM and TEG. The
TEG’s value is based on that established during the manufacture of citrated WB from unspecified surgical
patients, which is re-calcified, after which kaolin is utilized to initiate the intrinsic coagulation pathway.®® The
ROTEM’s perimeters are established by multi centers using INTEM (ellagic acid).®

1.2.1 Clinical hemostatic signature

1.2.1.1  Coagulation time (thrombin formation)

Thrombin formation time, expressed by reaction time (R-time) in the TEG or clotting time (CT)
in the ROTEM, is the time required for a specific concentration of thrombin to be generated in
the oscillated TEG or stable ROTEM cup, Figure 1-5. It is crucial that thrombin formation takes
place for the TEG pin to initiate oscillating the cup. Clot formation then occurs by the cleavage
of fibrinogen, formed between the surface of the pin and the cup, into fibrin. Although
coagulation time is in practice the time from the commencement of the test when the pin is fixed
until the time the pin oscillates in the TEG, it is more precisely defined as the time until the
blood clot reaches 2 mm either in the TEG or the ROTEM. Thus, it is a reflection of the
coagulation factors required to create the collection of enzymatic reactions known as the

intrinsic, extrinsic, and common coagulation cascade. The normal range of the time needed for
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citrated whole blood to clot is 6 to 8 minutes. A more elongated coagulation time is an indication

of decreased, inefficient, or inhibited procoagulant clotting factors.
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Figure 1-5: Thrombin time and R-time.

1.2.1.2  Clot kinetics (clot formation time and the rate of clot polymerization)

The rate of the interaction taking place between thrombin, fibrin, and plateletss is recognized by
clot kinetics performed in the TEG and ROTEM. Clot kinetics is measured by kinetic time or the
rate of fibrin-platelet interaction (Figure 1-6). Kinetic time (K-time) is the time taken to achieve
a fixed level of clot strength that reaches the 20 mm amplitude (K = 943 min in citrated WB);

this is the rate, also called the angle or alpha (measured in degrees) of the speed of clot growth

which correlates to fibrin build up (alpha = 50-60° in citrated WB).*
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Figure 1-6: Kinetic of clot polymerization.

1.2.1.3 Maximum clot strength

Maximum amplitude (MA) is the maximum strength or stiffness of the developed clot (MA = 50
- 60 mm in citrated WB in the absence of an agonist). MA has diverse categorizations according
to its value. It is hypercoagulable in cases of increased platelet counts or activity, and patients
can be treated with such antiplatelet agents as Aspirin and Clopidogrel. Alternately, it is
hypocoagulable in cases of low fibrin-platelet interactions that results from platelets of minimal
or insufficient functioning. Moreover, if the hypocoagulability stated resulted from a lack of
interaction between the platelets and fibrin; the patients are required to receive platelet
transfusions (Figure 1-7). The Coagulation Index (CI) is a global hemostasis index reflecting the
coagulability level of whole blood. This is a linear amalgamation of kinetic parameters and clot
strength (R, K, angle, and MA) involved in development of clot. For instance, CI > +3.0 is called

hypercoagulable, CI < -3.0 is called hypocoagulable.
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Figure 1-7: Clot formation amplitude: Maximum clot firmness

1.2.1.4  Fibrinolysis

Following the development of maximum clot firmness, coagulation begins to decrease with an

increase in fibrinolysis. Maximum lysis is the maximum percent of lysis that the sample can

achieve. LYS30 is the percent of decrease in amplitude of pin oscillation 30 minutes following

the actualization of MA. Estimated Percent Lysis (EPL) is the estimated rate of change in

amplitude following the attainment of MA, Figure 1-8.

.

Maximum clof formation

4

Figure 1-8: Maximum lysis following clot formation.
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1.2.2  The relationship between TEG and ROTEM parameters and hemostasis

From the above description, it is observed that the TEG and ROTEM signatures summarize all
hemostasis phases, initial fibrin formation during clotting time, and the development of fibrin
and fibrin-platelet clots referred to as clot kinetics, maximum clot formation at maximum
amplitude, and, finally, fibrinolysis percentage. This may support clinical decisions and provide
clinicians with greater confidence to diagnose and treat coagulation defects, since every patient
generates his/her own unique hemostasis signature. For instance, patients being treated with
anticoagulants or suffering from hemophilia have deficiencies in coagulation factors and show
profiles where R- and K-time are prolonged and alpha and MA are decreased; patients with
platelet dysfunction have normal R-time, prolonged K-time and decreased MA; patients with
fibrinolysis have normal R-time functions, while their MA levels continuously decrease; and, in
hypercoagulability cases, R-time and K-time are decreased and alpha, with MA being

increased.”’

1.2.3 TEG and ROTEM integration in transfusion algorithms: the prediction of
hemorrhage

Predicting patient susceptibility to bleeding is crucial for the patient and also provides
information that can be used by blood centres to ensure adequate blood component availability.”!
It is advantageous for the treating physician to be aware of their surgery patient’s hemostasis
capacity. This awareness could result in either a rescheduling of the operation or the preparation
of essential, patient-specific blood products. The TEG has been shown to be a significantly
enhanced predictor (87% accuracy) for the risk of postoperative hemorrhage and the necessity

for reoperation compared to the activated clotting time (30%) or the coagulation profile (51%).%?
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Several clinical investigations suggest that ROTEM-based strategies should be applied to test
patients’ suitability to bleeding prior to surgery, which indicates its significant usefulness in

reflecting patient hemostatic levels.

The interest in clinicially applying the TEG/ROTEM as a Point of Care (POC) test has also
increased with trauma resuscitation cases, particularly for managing the acute coagulopathy of
trauma patients and in supplementing decision making regarding transfusions®. For instance,
Williams et al., Bolliger et al., and others in their investigations into practices in numerous
centres have been dependent on ROTEM-guided coagulation management in preoperative or
intraoperative transfusions during complex cardiovascular and liver transplantation surgeries.”*
7 They have discovered that utilizing these technologies can limit thrombosis and ischemic
events; such discoveries resulted from studies on uncontrolled selection of the correct therapeutic
transfusion products to support patient hemostasis, coagulation factor concentrates (fibrinogen
concentrates and/or prothrombin complex concentrates), or blood products (RBC, plasma, or
PCs). Furthermore, Girdauskas et al. and Perry et al. likewise discovered that clot strength in
TEG- and ROTEM-based transfusion algorithms could aid in minimizing the incidence of
massive transfusion packages if used to control hemostasis in patients undergoing aortic

surgeries when under circulatory arrest.”%%

While TEG and ROTEM are not different in principle, Sankarankutty et al. demonstrated that
their results are closely related, although they agree that clinical standardization is required.’®’

Clot firmness (measured by MA in TEG or MCF in ROTEM) may be the parameter sufficiently

superior to reflect the impact of platelet counts and fibrinogen concentrations on the techniques.
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This implies that high platelet counts and fibrinogen concentrations can support greater clot

strength and stiffness.”?!%

From all of the above, and based on the ability of the TEG and ROTEM to detect platelet
dysfunction and hyporcoagulability and prevent inappropriate transfusions of hemostatic blood
products to non-coagulopathic patients,” these tools may play a major role in improving the
quality of blood transfusions.'®! This suggest a role for them in product evaluations at the blood

centre.

1.3 Pathogen reduction treatment for blood product

Emerging pathogens and viruses under particular investigation at present include Zika and
dengue viruses; other pathogens, with which we are not yet familiar, almost certainly exist.
Because PC are stored at room temperature, there is potential for contamination from bacteria
infused from the donor skin. These factors place the transfusion scenario at great risk for the
incidence of sepsis, alloimmunization, transfusion-associated graft-versus-host disease (ta-

GVHD), or other clinical condition.!%?

Blood centers investigate for a number of known pathogens. Blood testing cannot exclude all

possibilities.”!

Several pathogen inactivation (PI) technologies have been developed for
application to plasma and platelet concentrates (PCs)!%’. One of these systems, the Mirasol
treatment, (Mirasol Pathogen Reduction Treatment (PRT) System Terumo BCT, Lakewood,
Colorado, USA) utilizes Riboflavin (Vitamin B2) to modify nucleic acids upon their exposure to
UV light; it prevents the replication of pathogens and leukocytes by modifying guanine residues

through direct electron transfer oxidative damage. Only Mirasol technology has been applied to

whole blood (WB) to date to mitigate pathogens in cases of causalities where insufficient time or
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the absence of comprehensive tests have been present to screen the blood samples for known
pathogen transfusion risks such as those from the Ebola virus'®.

In some cases, to save time, whole blood can be transfused into massively hemorrhaging
patients. However, this practice runs the risk of introducing infective agents and pathogens into
the patient, jeopardizing blood safety. Presently, using either of the two licensed pathogen
reduction treatment technologies (Mirasol or Intercept), platelet and plasma units are pathogen
reduced separately; however, it is desirable for PI treatments to be performed one step prior to
the production of blood components. The riboflavin and ultraviolet (UV) light process for Pls

105 and was reported to be an alternative for gamma irradiation

was first applied to treat WB units,
to prevent transfusion-associated graft-versus-host disease!°®. For instance, a study on the
clinical and biological efficacy of Mirasol-treated fresh WB revealed that Mirasol decreased P.
falciparum viability in vitro and retained acceptable blood quality during 21 days of cold
storage.!919% Although our research is concerned with testing the hemostatic state of PCs,
nevertheless, as whole blood can be transfused into massively hemorrhaging patients, our interest
can feasibly be extended to test WBs following treatment. Furthermore, this treatment will affect
the activity of coagulation factors for PCs, plasma, or even whole blood; this is proposed in the
following chapters with a novel solution to support the coagulation system subsequent to
treatments.

1.4 Objectives

The intent of this research is to determine whether TEG and ROTEM technologies, increasingly
employed in operating rooms to assess the hemostatic states of patients susceptible to bleeding,

can be applied to the quality assessment of platelet concentrates. Unlike other in vitro platelet

tests, the TEG and ROTEM offer the opportunity to assess platelet function as part of a more
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complete coagulation reaction. The relevant studies have focused on traditional storage
conditions and the effects of pathogen inactivation treatment (PI) by means of riboflavin/UV
light (Mirasol) on the hemostatic potential of buffy coat platelet concentrates (BCPC) and

plasma.

1.4.1 General Objective I: Platelet concentrate functionality assessed by TEG or
ROTEM.

On the basis of the information described above, it is reasonable to hypothesize that TEG and/or
ROTEM evaluations of the procoagulant activity of stored PCs can predict platelet quality and,
ultimately, transfusion outcome. As TEG and ROTEM were designed for use with whole blood
samples, the first studies optimized the conditions under which TEG could be used to assess the
quality of stored PCs. TEG was then used to characterize the procoagulant activity of PCs under
a variety of conditions as a measure of platelet effectiveness. Following the validation and
optimization of the technique, the TEG findings were compared with those of ROTEM to

determine whether the data from these two techniques were interchangeable.

In order to determine whether TEG and/or ROTEM might potentially be applied for in vitro

assays of stored PC function, three objectives were addressed:

1.4.1.1  Specific objective 1

The creation of a data set describing the hemostatic profile of the platelets to be transfused using
TEG. As TEG and ROTEM were designed to deal with whole blood only, it was essential to
determine the ability of the TEG to distinguish between blood components; for this reason, the
researcher has have determined the coagulation profile using TEG to diverse blood constituents,

namely, WB, PRP, platelet poor plasma (PPP), and fresh frozen plasma (FFP). Following this,
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the researcher adapted the TEG/ROTEM to investigate the platelet functionality of PCs (lacking
RBCs and WBCs) instead of whole blood.

1.4.1.2  Specific objective 2

To characterize the procoagulant activity of PCs under a variety of conditions. Factors affecting
the quality of prepared platelet products were studied independently under specified protocols,
such as the effect of storage time on platelet viability. The PCs underwent testing following their
production on diverse days of storage. This PC testing continued until the end of a shelf-life
period of 5 or 7 days to maximize the possibility for detecting changes in the samples should
they exist.

1.4.1.3  Specific objective 3

As part of the protocol development, the PCs were reconstituted with other blood components by
decreasing their cellular components and maintaining their coagulation factor levels, then
analyzed using TEG. Furthermore, the effects of manipulating the platelet status with agonists or
inhibitors were tested, with the results being compared to other hemostatic in vitro
measurements, to understand the relationships among these tests.

1.4.2 General objective II: pathogen inactivation of plasma and platelet concentrates and
their predicted functionality in massive transfusion protocols

As a TEG/ROTEM application to assess the quality of traditionally stored PCs, the technology
was used to assess the effect of pathogen reduction treatment by Mirasol. The intent was to
assess the effect of pathogen inactivation of plasma and platelet concentrates and model their
functionality in the setting of massive transfusion protocols where each trauma transfusion

package is composed of RBCs, plasma, and BCPC at a ratio of 1:1:1.
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1.4.2.1 Specific objective 1

The application of the TEG/ROTEM technologies to assess the procoagulant activity of the
pathogen-inactivated platelets. As the platelets would be expected to undergo biochemical
changes from the treatment that include changes in mitochondrial activity and the accelerated
formation of platelet storage lesions, the in vitro quality and hemostatic functionality of the
pathogen-reduced BCPC were assessed. As well, the technology was used to assess the
coagulation profile of pathogen-inactivated plasma.

1.4.2.2  Specific objective 2

The purpose was to discover whether the effect of pathogen inactivation on procoagulant activity
or coagulation profile would wane once the treated PCs or plasma units were blended with other
units already prepared for the trauma transfusion packages. Therefore, the hemostatic
functionality of the trauma transfusion packages containing the PI-treated BCPC and/or plasma

was assessed following the creation of the various transfusion packages.

1.4.2.3  Specific objective 3

The impact on the hemostatic function of the transfusion trauma package when diluted with
untreated fresh blood was determined by mimicking diverse transfusion scenarios. Dissimilar
ratios of blood replacement were applied under this model. This step was made to resemble as

closely as possible the clinical scenario.
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1.4.3  General objective III: whole blood treated with riboflavin/UV light: a
recombination of blood components to modulate the effect of pathogen inactivation on the
components’ hemostatic function

Once this technique was adapted to be solely used with platelets and plasma, and a distinction
was established between Pl-treated and non-treated PC or plasma samples, it was advisable for
us to test the procoagulant activity of the PI-treated WB. This was due to the trend of hospital
practitioners to return WB transfusions for trauma patients. To investigate the efficacy of this

former protocol, the hemostatic function of Pl-treated WB was determined.

1.4.3.1 Specific objective 1
To evaluate the effects of Mirasol on the hemostatic potential of WB using ROTEM. This
attempt was to propose the potential for treating WB rather than treating blood components

individually.

1.4.3.2  Specific objective 2
In addition, an in vitro simulation of an in vivo situation was conducted as the second stage of the
inquiry. The recombination of PI-WB with hemodiluted blood was performed in vitro to simulate

relative contributions toward hemostatic function in vivo.

1.4.3.3  Specific objective 3
The potential was determined for applying the Mirasol treatment to WB and supplementing it
with coagulation factors to enhance hemostatic functionality in vitro. PI-WB was supplemented

with RiaSTAP, a lyophilized fibrinogen concentrate, to increase clot firmness.
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1.5 Significance

Knowing that platelet transfusion is a vital therapy and that its use will probably increase
globally, the pre-testing of platelets prior to their transfusion will reduce the bleeding risk of
patient, and thus improve their well-being. Therefore, the main objective of this research was to
characterize PCs prior to transfusion rather than depending on outcomes post-transfusion as a
measure of platelet effectiveness. The study thus aimed to decrease the potential need for

excessive transfusion therapy.

This research is intended to yield insight into understanding platelet quality and coagulation, and
transfusion medicine. It introduces a novel approach to prevent excessive bleeding. As the results
assessed hyper-, moderate, and non-responsive PCs, the findings will eventually aid in
discarding PCs of low responsiveness, as determined by the algorithm of the proposed
application. Therefore, TEG/ROTEM might be used at blood centres to assess the quality of PCs

and even WB prior to their being issued to hospitals.
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Chapter 2: Platelet concentrate functionality assessed by TEG or ROTEM!

2.1 Introduction

Transfusions of platelet concentrates (PC) are given to maintain primary hemostasis in patients
with various thrombocytopenic disorders. Approximately 4.5 million platelet transfusions occur

4 However, there is evidence that a significant

annually in North America and Europe.
proportion of them may be ineffective.”’ Currently, the efficacy of transfusions can only be
determined post-treatment; PCs are transfused without pre-transfusion characterization, and the
transfusion outcome is the only indicator of platelet effectiveness. This practice is time-
consuming, costly, and of significant risk to patients, who due to the lack of efficacy may be
exposed to multiple PC transfusions unnecessarily.®® Ideally, stored PCs should be tested prior to

transfusion and there is a strong need for the development of an assay that can reliably determine

the quality of a PC prior to transfusion.>*

Compounding this issue, there is poor correlation between in vivo transfusion outcome and in
vitro testing. Current in vitro measurements, including standards, do not test the efficacy of
platelets, but measure PC characteristics such as count, pH, and response to agonists. No testing
algorithm exists to accurately predict platelet transfusion efficacy.’® In the “Platelet Responses
and Outcome from Platelet Transfusion” (PROmPT) study, which measured corrected count

increments, bleeding scores, and inter-transfusional intervals in recipients, no difference was

! Arbaeen AF, Serrano K, Levin E, Devine DV. Platelet concentrate functionality assessed by thromboelastography
or rotational thromboelastometry. Transfusion 2016 Aug 16.
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ascertained between patients receiving apheresis PCs from donors with high or low
responsiveness to adenosine diphosphate and collagen-related peptide.’? Thus, the PC quality
assay that would accurately predict transfusion efficacy should test the efficacy of platelet
activation and clot formation in a manner that more closely models these same processes in the

bloodstream.

Recently, tests have been more widely applied to monitor coagulation and platelet function in the
near-patient setting and these may provide one possible option to fill the gap in assessment of
stored PCs. In this study, we wished to determine whether thromboelastography (TEG) and/or
rotational thromboelastometry (ROTEM), both currently used in operating rooms to assess the
hemostatic state of patients susceptible to bleeding, could be applied to assess the quality of PCs.
Unlike other in vitro platelet tests, TEG and ROTEM assess platelet function in a nearly
complete coagulation reaction, minus the endothelium. Coagulation initiation in both assays is
similar, however, their outputs use different nomenclature.®”!% Both TEG and ROTEM rely on
an immersed vertical pin in the cup, resulting in torque pressure on the pin as a clot develops.
The TEG oscillates the cup whereas the ROTEM oscillates the pin in the cup and the shear

elasticity is measured. 88119112 See Figure 1-3 for TEG and ROTEM signature and principle.

We hypothesized that TEG or ROTEM evaluation of the procoagulant activity of stored PCs can
predict platelet quality and, ultimately, transfusion outcome. As TEG and ROTEM were
designed for use with whole blood samples, we first optimized the conditions under which TEG
could be used to assess the quality of stored PCs. We then used TEG to characterize the
procoagulant activity of PCs under a variety of conditions as a measure of platelet effectiveness.

We compared the data from TEG and ROTEM and found that they were interchangeable. Our
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findings suggest that TEG and/or ROTEM have potential to be applied as an in vitro assay for

stored PC function.

2.2 Materials and methods

PC and pooled frozen plasma (FP) collection

Healthy volunteers gave informed consent for the protocol approved by the University of British
Columbia and Canadian Blood Services’ research ethics boards. Pooled PCs were prepared from
450 mL +/- 10% whole blood donations and stored in 100% plasma using the buffy coat
production method.!'*"!1> PC units were stored in air permeable bags at 22°C inside a platelet
shaker (Thermo Forma, Thermo Scientific, Asheville, NC). Four units of FP were pooled from
the buffy coat production, called pooled FP, and aliquots frozen at < -80°C within 24 hrs of
donation. Frozen aliquots were used later for dilution of PC samples to desired concentration.
For some experiments, platelet poor plasma (PPP) from the PC was obtained by centrifugation at

2,950 x g for 10 min. gentle shaking on a platelet agitator in air permeable bags at 22°C

Platelet microvesicle (PMV)-rich and PMV-poor plasma samples

Samples rich in PMV were prepared by 6 cycles of freezing (-80°C, 20 min) and thawing (37°C,
10 min) PC aliquots. On the day of testing, PMV-rich plasma was obtained by centrifugation
twice at 2,400 x g for 20 min. PMV-poor plasma was obtained by ultra-centrifugation at 540,000

x g for 20 min.

PC reconstitution with different blood components
PCs were sampled using aseptic technique during their shelf-life (5 days), and beyond that (8-10

days) to maximize the effect of storage time. Platelet count was obtained on a hematology
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analyzer (Advia 120, Siemens, Mississauga, ON, Canada). PCs were diluted with pooled FP to
platelet counts of 400, 300, 200, 100, 40, and 10 x 10%/L, on day 1, 5, and 10 of storage. Eight
PCs were diluted directly to 100 x 10°/L with pooled FP, then kaolin was added to enhance the
coagulation reaction and increase consistency of the assays. Eight PCs were diluted with PMV-
rich plasma or PMV-poor plasma at a platelet count of 100 x 10°/L, following adjustment to 400

x 10%/L with the addition of PPP from the same unit.

PCs stored under ""non-ideal'" conditions

Non-ideal platelet storage conditions were used to intentionally generate PCs with varying
degrees of “poor” quality. On the day of production, PCs were split into four bags and were
stored under 4 different conditions for 8 days: (1) standard storage conditions, namely gentle
shaking on a platelet agitator in air permeable bags at 22°C (S&A at 22°C); (2) no shaking in air
permeable bags at 30°C (nS&A at 30°C); (3) shaking and in air impermeable bags at 22°C
(S&nA at 22°C); and (4) no shaking and in air impermeable bags at 30°C (nS&nA at 30°C). To
generate bags impermeable to air, standard blood bags were wrapped in plastic wrap to prevent
gas exchange. Storage conditions in which the bags were not agitated and were kept at 30°C
were intended to simulate units that had fallen off the shaker onto the heating element during
storage. The 6 poorly stored PCs were analyzed following dilution with pooled FP to platelet

counts of 100 x 10%/L on storage days 2, 5, and 8.

TEG and ROTEM profile generation
A TEG®5000 (Haemonetics Corp., Braintree, MA, USA) and a ROTEM (Tem International
GmbH, Munich, Germany) were used to assess the PCs. The specific parameters measured and

the nomenclature used for both TEG and ROTEM are listed in Table 1-2. Mechanical and
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electronic calibration of each TEG/ROTEM channel was conducted before each study according
to the manufacturer's recommendations. Immediately prior to testing, each sample was pre-
warmed for 1 min at 37°C, then re-calcified with 30 uL of 0.2 M CaCl; to a final concentration

of 17 mM to initiate coagulation.

For some experiments, kaolin was used to initiate the contact activation pathway of coagulation
and thereby speed up the assay. The use of kaolin also acted to decrease the standard deviations
of clotting time measurements by standardizing these parameters. Briefly, 1 mL of diluted PC
was transferred into a vial containing 40 pL kaolin (Haemonetics Corp., Braintree, MA, USA),
and 330 pL of this mixture was transferred into the instrument cup. To understand the
contribution of platelets to the TEG profile, we examined PCs treated with cytochalasin D, which
blocks platelet function by inhibiting actin polymerizationn!!®. Diluted PC was incubated with
cytochalasin D (Sigma-Aldrich, catalog no. C8273) at a final concentration of 1.4 uM, for 10
min. Dimethyl sulfoxide, the vehicle in which cytochalasin D was dissolved, was also tested. The

contribution of the platelets to the maximum amplitude (MA) was assessed using equation 1:

MA plateletsy = Maximum amplitude of reconstituted PC — M Ainnibited platelets)

where MA plateletsy = Maximum amplitude provided by the platelet contribution; M A (inhibited platelets)

= maximum amplitude of cytochalasin D-treated PC.

Platelet in vitro quality analysis
The pH of PCs was measured within 2 hours of sampling (Orion™ 8115BNUWP ROSS Ultra™
Electrode, Thermo Fisher Scientific Inc., Beverly, MA, USA). Degranulation as a measure of

platelet activation was assessed by flow cytometry following staining with anti-CD62P-
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phycoerythrin (Beckman Coulter, Marseille, France) and staining a second sample with IgG1-
phycoerythrin (Beckman Coulter) as the isotype antibody control. The surface expression of
phosphatidylserine (PS) was measured by annexin V binding using FITC-labeled annexin AS

(BD Pharmingen, Mississauga, ON, CA), as previously described.!!’

PMV were enumerated by flow cytometry using a calibrated fluorescent bead standard
(Fluoresbrite TM Carboxylate, Polysciences, Inc. Warrington, PA, USA). At the time of testing,
PMV-rich or PMV-poor plasma was diluted with filtered PBS, and stained with FITC-
conjugated platelet-specific antibody (CD41-PC5, Beckman Coulter). For the negative control,
nonspecific FITC-conjugated antibody (IgG1-PC5, Beckman Coulter) was used. After
incubation for 40 min in the dark at room temperature, samples were further diluted with PBS
(pH 7.4). A known amount of 1 pm beads was added to each sample and 10,000 bead events
were acquired at a low flow rate using a FACS Canto II (BD Biosciences) flow cytometer. The

assay detects particle sizes of 100 nm - 1 pm.

Statistical analysis

Statistical analysis was performed using a two-way repeated measures ANOVA, with Minitab 16
software (Minitab Inc., 2013, State College, PA, USA). The nonparametric Kruskal-Wallis test
was used for PC samples with different platelet counts during storage time, while the Student’s t-
test was used to assess differences between TEG and ROTEM measurement at specific time
points. Significance was accepted at p-value < 0.05. The Bonferroni correction was used to
adjust the p-value to account for multiple comparisons. A Spearman's rank correlation
coefficient was used as nonparametric measure of rank correlation between TEG MA and in

vitro platelet quality measures.
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2.3 Results

Assay and sample preparation optimization

The effect of platelet storage on TEG MA

The pooled FP used for the dilution of the PC showed a TEG profile of R-time = 16.1 + 6.1 min,
K-time = 5.5 = 1.2 min, alpha = 34.8 + 5.6°, and MA = 28.9 + 1.2 mm on its own when re-
calcified with CaCl, (n = 4). PCs diluted with pooled FP and re-calcified with CaCl, showed
steady hemostatic function and no significant difference in MA during storage up to day 10 when
concentrations of 100400 x 10° platelets/L were used (p = 0.2, Table 2-1). This consistency

among all the units tested led to the preparation of poorly stored PCs to challenge the TEG.

Dissecting the contribution of fibrinogen and platelets to TEG MA

Inhibition of platelets from the same units with cytochalasin D resulted in a consistent
MA (inhibited platelets) of 30.4 £ 2.5 mm for platelet concentrations from 100-400 x 10° platelets/L
up to day 10 of storage, (p = 0.9; n = 5 PC units). This MA(inhibited platelets) reflected only the
fibrinogen contribution to the clot and was considered the baseline of the platelet contribution.
At lower platelet concentrations (less than 100 x 10° platelets/L), standard deviations were large
(9.3 — 35.5 mm), and therefore these samples were excluded from the baseline calculation. The
alpha of the same inhibited platelets was also not statistically different between on the storage

day at any platelet concentration (alpha=41.7 = 8.4, p =0.4).
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Platelet contribution to TEG MA
MA plateletsy showed steady dynamic hemostatic potential during storage, even at day 10
(nonparametric Kruskal-Wallis test, p = 0.2). The MA platelets) for PC reconstituted with pooled FP

was 38.5 + 5 mm, which corresponded to a 56% platelet contribution of total MA. (Table 2-1).

Table 2-1: Buffy coat PCs coagulability measured by TEG at different platelet counts on Days 1, 5, and 10.

PLT count Day 1* Day 5 Day 10
x 10°PLTs/L
MA of PCY PLT 400 70.24+2.1 72+4.2 70.9+1.6
PLT 300 71.56£2.8 73.1£2.9 72.1£1.7
PLT 200 66.3+2.6§ 67.4+1.0 67.1+3.5
PLT 100 63.0+2.2§ 67.844.2 65.345.1
MA @platelets) PLT 400 40.6+4.7 42.4+1.7 40.0+4.6
PLT 300 42.1+1.7  44.0£2.7 42.2+2.8
PLT 200 34.7£3.6  36.1+£1.9§ 35.7+4.2
PLT 100 31.6+3.7§ 38.2+5.1 35.0+£5.9

*Sample collection and analysis was 1 day after production (Day 1), and after 5 (Day 5) and 10 days (Day 10) of
storage. Results are reported as means of five independent replicates =SD. PLT means platelet.

1t MA of PC is the maximum amplitude of PC sample at specified platelet count. For MA of PC there was no
significant change during storage time (nonparametric Kruskal-Wallis test, p=0.2).

1 MAlawelers) 18 the MA when only platelets contribute to clot formation, calculated by subtracting the MA of platelet
inhibited samples (cytochalasin D-treated platelets) from the total MA. § p<0.01 compared to respective platelet 400

on the same day of testing. MA: maximum amplitude.

TEG vs. ROTEM: Assessing PCs during storage

In the absence of kaolin, TEG and ROTEM showed a significant difference in maximum clot
formation at a platelet concentration of 100 x 10° platelets/L on day 5 (66.1 £ 5.3 and 59.0 + 3.5,
respectively; p<0.01), and day 8 (65.3 = 1.8 and 59.8 £+ 1.6, respectively; p<0.001).

Measurements of MCF made with ROTEM were 10-15% lower than MA measurements made
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with TEG (p<0.001). However, the coagulation time was similar (Table 2-2). When kaolin was

used to initiate the intrinsic coagulation pathway (n= 8, p < 0.05), it resulted in significant

differences in R-time, K-time, alpha, and MA compared to samples prepared without kaolin. In

the presence of kaolin, the differences between ROTEM MCF and TEG MA disappeared (Table

2-2). Due to the interchangeable nature of TEG and ROTEM results in the presence of kaolin,

further experiments were performed using only TEG.

Table 2-2: Comparison between TEG and ROTEM measurement of buffy coat PCs as a function of storage

time at platelet concentration 100 x 10° platelets/L on Days 2, 5, and 8

Day 2 Day 5 Day 8
TEG ROTEM TEG ROTEM TEG ROTEM
R-time/ CT (min)  13.3+4F 13.9+3.4% 143+24 13+£3.2 13.3+£2.6 13.1+£2
K-time/ CFT (min) 3.2+1.1 4.1=+1 29+0.6 43+2 2.6+0.8 32+04
No Kaolin
Alpha 49.5+73 51.5+4 552+£69 51438 57.5+8 56.1+2.5
MA/MCF 649+33 59.6+72 66.1 £ 5.3*F 59 +£3.5%f 653+ 1.8% 59.8+1.6%
R-time/ CT (min) 6.8+09 7.93+0.5 7.5+£0.8Ff 83+0.3fF 7.7+£1.2 8.6+04
) K-time/ CFT (min) 0.9+0.2 1.05+0.2 0.9+0.08f 1.08=+0.17 09+0.13f 1.2+0.1%
Kaoling Alpha 76.5+1.6 77.6+25 77242 77+2.1 75.1+£347 76.2+1.97
MA/MCF 679+1.5 664+09 66.7+£1.7f 66.2=+1.17F 644+£537 65.6%1.57

* p <0.05 TEG parameters vs ROTEM parameters for the same day of testing when samples were only re-calcified.

+ Indicates a positive correlation (r > 0.6; p < 0.05) between respective TEG and ROTEM parameters.

1 Kaolin was used as an initiator of the coagulation intrinsic pathway prior to recalification with CaCl,. Results are

reported as means of eight independent replicates £SD.

Measurement of poorly-stored PCs using TEG and flow cytometry

The poor quality of these units was confirmed by correlating TEG with in vitro quality

parameters. There were significant increases in CD62P expression and annexin A5 binding and
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decreased pH for platelets stored nS&nA at 30°C, or S&nA at 22 °C, on days 5 and 8 compared
to day 2 (p<0.01 for all). Graphing the MA results from the standard and poorly stored
conditions against the in vitro quality parameters (Figure 2-1A-C), we found a negative
correlation between MA and CD62P with r = -0.71 (p<0.01), and between MA and annexin A5
with r = -0.64 (p<0.01). There was a positive correlation between MA and pH with r = 0.30, but
this did not reach significance. While not statistically significant, the trend suggested that lack of
agitation led to higher CD62P levels and possibly lower pH levels than did preventing air
permeability. Figure B1 (appendix B) shows TEG tracings of PCs with good and poor in vitro

quality on Day 5.

TEG MA for the PCs stored at nS&nA at 30°C significantly decreased with increasing storage
time (day 8 compared to days 2 and 5; p = 0.001; Table 2-3). The MA of nS&nA at 30°C on day
8, dramatically decreased to 42.9 =+ 6.6, compared to 67.3 £ 5.9 in the S&A at 22°C samples
which reflects the low platelet contribution from very poorly stored platelets (Table 2-3). The
TEG alpha showed a negative correlation with CD62P (r =-0.39, p <0.01), and annexin AS (r =
-0.51, p <0.01). The other TEG parameters were quite variable and did not correlate with the in

vitro tests.
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Figure 2-1: Correlation between TEG MA and in vitro platelet quality measures.

Correlation between TEG MA and (A) CD62P expression (n=56), (B) annexin A5 binding (n=36), and (C) pH

(n=56) are shown on day 2,5, and 8. The storage conditions are represented as follows: -, +, x = standard storage

conditions (S&A at 22 °C) at days 2, 5, and 8 respectively; m = nS&nA at 30 °C; ¢ = S&nA at 22 °C; A= nS&A at

30 °C (on days 5 and 8). Additionally, data from the three poor storage conditions measured on day 2 were grouped

together and are represented on the graph by a single symbol (®). These cluster close to the standard storage

conditions as on day 2, less than 24 hours after the samples were generated, the effect of the poor storage conditions

are not pronounced. MA has a range of 40 to 80 mm. The vertical dashed/dotted line in panel C represents the lower

limit of acceptability for pH (6.4).
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Table 2-3: TEG parameters of PCs stored under various storage conditions.

Day 2 Day 5 Day 8
Standard Standard Standard
nS&A S&nA nS&nA nS&A S&nA nS&nA nS&A S&nA nS&nA
storage storage storage
@ 30 °C @ 22 °C @ 30 °C @ 30°C @22 °C @ 30°C @30°C @?22°C @ 30°C
condition condition condition
R-time 184+5.0 21.1£29 19.0+59 20.7+4.0 16.2+3.9 242+ 42 17736 222+123 187+44 251+64 17.1+x26 213+37
K-time 42+10 28+14 32+1.0 31+1.8 34+0.8 42+19 42+03 35+1.2 42+13 59+£37 3.1+£05 46+14
Alpha 535+7.2 63.8+18.8 582+11.3 59.5+16 523+5.7 475+ 13.5 482+46 442+224 479+99 422+88 544+6.7 405+9.6
MA 689+79 679+6.8 70.1+84 673+59 67.9+8.7 67.4+39 66.1+£10.6 59.1+9.5 66779 648+39 623+13 *42.9+6.6
pH22 7.6+0.1 7.7+£0.2 72+0.3 7.0+0.3 7.7+0.0 75+0.5 6.6+04 6.8+0.6 7.6+0.1 74+0.7 63+09 6.6+0.7

Standard storage condition: Agitation & air permeable bags at 22 °C, n=6; nS&A @ 30 °C: No agitation & air permeable bags at 30 °C, n=4; S&nA @ 22 °C: Agitation &

impermeable bags at 22 °C n=4; nS&nA @ 30 °C: No agitation & impermeable bags at 30 °C. R-time: reaction time (min), K-time: kinetic time (min), MA: maximum amplitude

of clot formation (mm).
* There was a significant difference in MA of poor storage (nS&nA @ 30 °C), measured by TEG on days 8 vs 5, and vs the different storage conditions, p < 0.01 (nonparametric

Kruskal-Wallis test). Results are reported as means +SD, n=6.
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The effect of PMV-rich PCs on TEG MA

At platelet counts of 100 x 10%/L, the MA of PMV-rich PCs, averaged from measurements taken
on days 2, 5 and 8, was 68 + 4 mm. This was 8.5% higher than PMV-poor PCs (p < 0.001). No
significant difference was seen with storage time (Figure 2-2A). Flow cytometry measurements

confirmed a significant increase of PMV in PMV-rich compared to PMV-poor PCs (p<0.001).

PMYV counts in the PCs reconstituted with PMV-poor or PMV-rich plasma show a significant
correlation with maximum clot formation (r = 0.51, p < 0.01; Figure 2-2B). PMV also
contributed to a significant increase in the rate of clot formation represented by the TEG alpha
(52.3 £ 5.5). This was 17% higher compared to PMV-poor PCs (p < 0.001). PMV did not affect

the clotting time.
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Figure 2-2: The effect of platelet microvesicles (PMV) on maximum clot formation during storage time.

(A) PMV-rich and PMV-poor plasma was used for reconstitution of PCs for TEG analysis to understand the PMV
contribution to maximum amplitude (MA) on day 2, 5, and 8. There is a significant difference between the two
groups (p<0.001), but no significant difference between storage days in each group. (B) The correlation between
PMV count and maximum clot formation in PC. The symbol (0) represents the PMV count and MA value in PC
reconstituted with PMV-poor plasma (59,888 = 17,481 PMV/uL), and (m) represents the PMV count and MA value
in PC reconstituted with PMV-rich plasma (220,530 + 12,467 PMV/uL), (r=0.51, p <0.01).
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2.4 Discussion

Better understanding the quality of platelet concentrates could lead to better transfusion
outcomes.®*!!3!"8 TEG was developed to test the hemostatic state of whole blood for patients in
the operating room. Here we assessed the ability of TEG or ROTEM to detect a loss in platelet
quality over storage, with the ultimate aim of adapting the TEG to predict buffy coat PC quality
prior to transfusion. As TEG is not designed to test PCs, the assay conditions required
optimization; then different PC handling routines were performed to challenge the sensitivity of

TEG measurements and to find the most meaningful reflection of platelet quality.

We developed and optimized the TEG assay for use with PCs manufactured by the buffy coat
method used at Canadian Blood Services which generates a pooled platelet product stored in
plasma. Our preliminary investigation, in which PCs were diluted at various points during their
storage time with different fresh blood components (whole blood, platelet poor/rich-plasma,
pooled FP) and tested by TEG, gave results that were inconsistent across the diluents used
(Appendix Al). Pooled FP was chosen as the preferred diluent to minimize variation that results
from mechanical stress and associated coagulation factor activation subsequent to the
centrifugation steps**. PCs diluted with pooled FP were assayable by TEG as long as the platelet

concentration was within normal human physiologic levels.

TEG generates a number of read-outs that report different aspects of clot formation. Examining
these, the R and K-time of the PC diluted with pooled FP to different fixed platelet counts were
not consistent, and were variable throughout storage. The seeming inconsistency in these TEG

parameters may have resulted from not using an agonist (kaolin) to standardize the coagulation
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pathway. MA decreases when the platelet counts decrease from 400, 300, 200, to 100 x 10°/L

confirming that platelet count is important for clotting.'"

Therefore, MA was chosen as the TEG read-out that might be the most meaningful for assessing

PC quality and function. At higher platelet concentrations, TEG showed a steady hemostatic

capacity of buffy coat PC over the storage time, particularly with the parameter of maximum clot

formation, reflecting the ability of platelets to participate in clot formation even 10 days after

collection. A concentration of 100 x 10° /L was a suitable working concentration that has

maximal platelet sensitivity. The MA increased slightly from day 1 to day 2, possibly as a result
114

of the PC being rested after the mechanical stress of their production; ' therefore, day 2 was

chosen rather than day 1 as the early time point to assay.

The TEG assay was further optimized to focus on the platelet contribution to clot formation
using cytochalasin D which generates the baseline platelet contribution to clot formation as it
inhibits platelet cytoskeletal rearrangement and GPIIb/Illa interactions with fibrinogen, and
eventually prevents the platelet contribution to clot strength such that the TEG measures clot

formation from fibrin polymerization only'°.

Results showed that platelet concentrations of less than 100 x 10°%L are not sensitive to
cytochalasin D. Inhibited platelets in cytochalasin D-treated PC showed an MA innibited platelets) Of
30.4 £ 2.5 mm which was set as the baseline of the platelet contribution when PCs are diluted
with pooled FP to concentrations of 400, 300, 200, and 100 x 10°/L. This MA (innibited platelets) Was
similar to MA of pooled FP alone, which has a platelet count of close to zero, supporting a

significant role of the platelet in the thromboelastographic signature.
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Overall, our results regarding stored buffy coat PC are in agreement with a recently published

' where TEG reflected the procoagulant activity of stored apheresis-PC, but with no

paper,'?
significant difference according to the number of storage days. In contrast to ours, that study
used a microvesicle-free diluent (Octaplas, OctaPharma, Lachen, Switzerland) to dilute the PC.

We also applied ROTEM, an alternative clot formation assay, to platelets during storage and

similarly saw no significant differences over storage.

Overall, ROTEM parameters correlated well with TEG when the agonist kaolin was applied. It is
important to understand the difference between TEG and ROTEM when testing PCs for
transfusion. In this study, clot amplitude and the reaction time were not identical between the
two instruments, likely because although the test principle is the same for both instruments, the
method of testing is slightly different.'”> However, using kaolin resulted in standardizing and
accelerating the coagulation reaction, and showed that the key parameters of the TEG and

ROTEM are more interchangeable.

Under standard storage conditions, as the platelet storage lesion increased as a function of
storage time, the crucial observation was the inability of the TEG to pick up on the slightest
change in MA during the storage time. We wished to challenge the TEG and determine its ability
to test PCs produced under the standard production conditions but stored under poor storage
conditions. We have on occasion experienced a situation of poor storage in the research lab, for
example when a PC unit has fallen off the shaker onto the heating element such that it is no
longer being agitated. Also, in trying to identify different ways to stress the PC units, we
considered that units placed in secondary plastic bags for shipment may experience decreased air

exchange. Deviations in storage conditions of PC are not common due to rigorous attention to
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standard operating procedures, and we would not expect PC to regularly undergo the stressed
storage conditions applied in our study, but we were interested in testing the ability of TEG to

identify deviations from standard conditions.

TEG was able to detect poorly stored PC and particularly, extremely poor quality PCs, which
had MAs close to the baseline of platelet contribution. In other words, the absence of agitation
and air permeability resulted in acceleration of the storage lesion and eventually no platelet
contribution towards clot formation. However, TEG’s MA reflected that adequate gas exchange
in the storage bags affected clotting functionality in the PC units more than did shaking, as

previously reported.!?’

Typical of the storage lesion, poorly stored PC also displayed a gradual fall of pH and increased
production of lactic acid and increased annexin A5 binding and CD62P expression, all of which
correlated with the TEG results. Interestingly, while it might be thought that degranulated
platelets that have high negative charge on the surface should lead to an enhanced platelet
contribution to coagulation, the TEG showed a decrease in the MA. It is clear that the platelets
were already activated, with all granules released upon platelet activation, and no extra cytosolic
Ca®" - the main pathway towards platelets aggregation - resulting in an exhausted platelet with
hypo-functionality.'**!%> This proved true even if tested in the presence of CaCl,. The decrease
in the TEG’s alpha parameter in poorly stored PC supports the idea that platelets are not only
involved in enhancing coagulation, but also subcellular components are involved in increasing
the rate of clot building and maximizing its formation. Further studies are needed to investigate

this hypothesis.
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Finally, we assessed the contribution of PMVs as increasing PMV release during storage time
might contribute to the total MA. The effect of PMV was apparent as a rich background in the
PC reconstitution. High quantities of PMV increased the MA and enhanced the coagulation
reaction by increasing the alpha, likely by the presence of negatively charged phospholipid
surface. This finding may have a clinical use in cases that need PC with highly procoagulant
platelets. However, normal levels of PMV released during storage time, which in our lab range
around 53,284 + 3500 PMV/uL on day 8, did not have an effect on TEG parameters, in line with

the finding of Bontekoe et al.'?!

Overall, this study optimized a potential approach to assess the in vitro functional quality of
stored buffy coat PCs. TEG correlated with pH, CD62 and annexin A5 in poorly stored PCs;
however, the observation that TEG does not reflect the development of the platelet storage lesion
over time indicates that it lacks sensitivity. It may also be considered that the platelets tested
even at the end of their storage period have adequate hemostatic capacity. The methods are
sufficiently sensitive to identify the contribution of platelets and PMV to clot formation. It is
important to understand where viscoelastic analyzers stand among other in vitro tests and how

they may be used.

Our study suggests that with our protocol, when a PC is reconstituted with pooled FP to a
concentration of 100 x 10° platelet/L and kaolin is used to initiate the intrinsic coagulation
pathway, a MA score between 30 and 60 mm indicates a poor quality PC, whereas a score lower
than 30 mm indicates non-responsive PC. While traditional platelet in vitro quality tests have not
reliably correlated with transfusion outcome, our TEG results show the potential of platelets to

contribute to immediate hemostasis even after being subjected to poor storage conditions. While
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the majority of our tests were performed by TEG, we demonstrated that if kaolin is used, the
time of clot formation in PCs is dramatically shortened and ROTEM is comparable to TEG.
Ultimately, TEG and ROTEM represent more complete tests than any other assays used to test

platelet concentrates and they deserve further investigation as predictors of transfusion outcome.
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Chapter 3: Pathogen inactivation treatment of plasma and platelet
concentrates and their predicted functionality in massive transfusion

protocols?

3.1 Introduction

Over five million deaths occur per year worldwide resulting from bleeding in traumatic
injuries.!?"128 Damage control resuscitation using a trauma transfusion package is crucial to
rescue those patients with severe blood loss. Trauma transfusion packages are a rapid
hemorrhage control modality consisting of the common transfusion components, red cells,
plasma, and platelets, constituted at a biological ratio of 1:1:1 to treat coagulopathy, acidosis,
hypothermia and endothelial permeability,'?® in order to increase hemostasis and decrease

hemorrhage-related deaths in patients during the first 24 hours.!3-132

One important development in blood banking is the introduction of pathogen inactivation (PI)
technologies (PITs) which are designed to mitigate transfusion transmitted infections.!0%:13%:134
PITs are currently on the market or in late stage development for use with whole blood, RBC
concentrates, platelet concentrates or plasma. Several randomized clinical trials and

hemovigilance data have confirmed the inactivation efficacy of PITs on viruses, bacteria,

protozoa, and white blood cells.!*> One of these systems, the Mirasol technology, uses riboflavin

2 Arbaeen A, Schubert P, Serrano K, Carter C, Culibrk B, and Devine DV. Pathogen inactivation
treatment of plasma and platelet concentrates and their predicted functionality in massive transfusion
protocols. Transfusion, 2017; 57:1208-1217.
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(vitamin B2) to modify nucleic acids upon their exposure to UV light; it prevents the replication
of pathogens and leukocytes by modifying guanine residues through direct electron transfer

oxidative damage.!

Despite improving transfusion safety for transmission of infectious agents, studies of PI have
indicated that there is an associated acceleration of the development of platelet storage lesions
(PSL) in treated platelet concentrates (PCs),'**!37 and decreased plasma protein activity in PI
treated plasma units.!*® A recent study showed only a minimum impact of PI treatment on
platelet aggregation and the hemostatic functionality of buffy coat PC in additive solution upon
Mirasol treatment.!*® Comparing the safety versus efficacy of Pl-treated products, a recent

review by J. Hess et al.!*

, used predictive mathematical modeling from published reports to
calculate a risk of 400 extra trauma deaths annually attributed to the loss of potency of PI-treated
PC and plasma. They showed that reduction in blood component potency (30% of platelet
potency and 20% of effective coagulation activity) caused by the use of PI could lead to a net

loss of life. We were interested in determining whether these mathematical models could be

tested experimentally.

Although the importance of proper monitoring and validation of new technologies is well
understood,'*! we lack simple tools to predict transfusion outcome. There is poor correlation
between common in vitro quality parameters and platelet recovery and survival.'*>»!* Recently,
new approaches that seek to include most of the elements of hemostasis have appeared.
Thromboelastography (TEG) and more recently thromboelastometry (ROTEM) are viscoelastic
technologies measuring fibrin polymerization as a reflection of hemostatic functionality of blood

in vivo at 37°C.!! Although most commonly applied to the guidance of blood product use in
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surgeries,'**!¥ TEG and ROTEM have also been adapted to test blood product function,'*®

including PC during storage time.!'!>!2!

This study aimed to determine whether ROTEM could be used to test mathematical models of
the impact of PI treatment on transfusion efficacy. We initially sought to establish whether
ROTEM could detect the effect on buffy coat PC of riboflavin/UV light (Mirasol) on the
hemostatic potential of buffy coat PC produced in plasma and subsequent reconstitution with
fresh frozen plasma (FP). We then investigated the impact of including Pl-treated plasma or
platelets in a typical trauma transfusion package of RBC, plasma, and buffy coat PC at a ratio of
1:1:1. Finally, to model actual transfusion use, we investigated the impact of the dilution of the
transfusion trauma package with untreated fresh blood at various hematocrits on its hemostatic

function.

3.2 Materials and methods

Blood components collection and preparation

This study was approved by the research ethics board of Canadian Blood Services (CBS) and
healthy volunteers gave informed consent. Donors were asked about medication use in the days
prior to donation, including use of aspirin or NSAIDs, as an exclusion criterion. Whole blood
was collected at the CBS netCAD facility (Vancouver, BC, Canada) and all units were held
overnight on cooling plates for a minimum of 18 hours. Buffy coat PC were prepared from
whole blood donations using the buffy coat production method as previously described ', and

were stored at 20-24°C on a platelet shaker (Thermo Forma, Thermo Scientific, Asheville, NC).
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Additionally, plasma units and packed red blood cells were produced from the whole blood units
and were stored at 4°C for up to 5 days. For some experiments, platelet poor plasma (PPP) was
obtained from either the buffy coat PC or the plasma units by centrifugation at 18,000 x g for 40
minutes at 22°C. This PPP was used to evaluate the effect of Mirasol treatment on the

coagulation profile in the absence of detectable platelets.

Hemodiluted blood derived from whole blood of healthy donors was prepared by decreasing the
hematocrit to 20%, a level chosen to reflect a realistic clinical situation for severe hemorrhage.
The blood was collected in citrated vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ)
directly before running the experiment, then diluted with 0.9% saline, pH 5.5 (Baxter Corp.,

Mississauga, Ontario, Canada).

Pathogen reduction of buffy coat PC (BCPC) and plasma

BCPCs produced in plasma and plasma units were illuminated according to the manufacturer’s
instructions. PI was achieved with riboflavin and UV (Mirasol system) light in which 35 mL of
riboflavin solution (500 pmol/L) was added to the BCPC or plasma units before PI treatment.
For studies assessing the direct effect of Mirasol on BCPC, a pooled and split design was used in
which one product was treated and the other BCPC was loaded with 35 mL saline and retained as
a paired control. For all other studies, BCPC and plasma, either treated or untreated were not

derived from pooled samples but used as individual donations to mimic transfusion scenarios.

Buffy coat PC (BCPC) sampling and preparation for hemostatic functionality
BCPCs were sampled aseptically in biosafety cabinets and the platelet count was obtained on a

hematology analyzer (Advia 120, Siemens, Mississauga, ON, Canada). For testing the
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functionality of an individual BCPC, aliquots of group AB frozen plasma (FP) stored at -80°C
were thawed at 37°C and used to dilute the BCPC for testing, as previously described.

BCPC samples were reconstituted with FP to a platelet count of 100 x 10%/L and tested on day 2
(= the following day of the illumination which was on day 1), days 5, 7, and 9 of the storage

period. Eight independent experiments were conducted.

The preparation of transfusion package after illumination

Transfusion packages were prepared using ABO matched packed red cells, plasma, and BCPC.
The reconstitution was at a ratio of 1 RBC unit: 1 plasma unit: 1 BCPC unit where a BCPC is
composed of the platelets from buffy coats of four whole blood donations and the RBC and
plasma units are prepared from a whole blood donation. After the illumination process was
completed on day 1, the packages were combined as follows: (a) control package containing
untreated RBC, plasma, and BCPC; (b) package containing PI-treated BCPC units but untreated
RBC and plasma; (c) package containing PI-treated plasma units but untreated RBC and BCPC;

and (d) package containing both PI-treated BCPC and plasma units but untreated RBC (Figure 3-

).
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Figure 3-1: An in vitro simulation of trauma pack containing packed RBC, plasma, and BCPC

A simulation of an in vitro transfusion package composition that contains packed red cells, plasma, and buffy coat
PC (BCPC) at 1:1:1 ratio. The packages represent a) control transfusion package containing non-treated blood
components [RBC, plasma, BCPC], b) transfusion package containing treated BCPC component [RBC, plasma,
Mirasol-treated BCPC], ¢) transfusion package containing treated plasma component [RBC, Mirasol-treated plasma,
BCPC], and d) transfusion package containing treated BCPC and plasma units [RBC, Mirasol-treated plasma,
Mirasol-treated BCPC].

The replacement of the hemodiluted blood with packages A or D (control package or the
package containing both treated components) was performed in vitro to mimic the transfusion
scenario in vivo and was performed with different degrees of reconstitution: 30% blood
replacement (70% hemodiluted whole blood + 30% transfusion package) “HCT = 27.5%”, 50%

blood replacement (50% hemodiluted whole blood + 50% transfusion package) “HCT = 33.5%”,
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and 70% blood replacement (30% hemodiluted whole blood + 70% transfusion package)
“HCT = 37.5%” were reconstituted. Eight independent experiments of the entire series were

conducted.

The hemostatic profile generation by ROTEM

ROTEM (Tem International GmbH, Munich, Germany) was used to determine the hemostatic
profile of the different blood components. Simulated trauma transfusion packages were
combined before loading them into the ROTEM cup. Each sample was incubated in a water bath
at 37 °C to mimic physiological conditions in the human blood, and the mechanical and
electronic calibration of each ROTEM channel was checked before each study according to the
manufacturer's recommendations. A volume of 30 puL. of 0.2 M CaCl, was added to re-calcify the
samples loaded into each ROTEM cup. Kaolin was used to initiate the contact activation
pathway of coagulation as recommended by the manufacturer. Recombinant human tissue
plasminogen activator (wild-type tPA) (ANIARA DIAGNOSTICA, West Chester, OH, USA)

was used at a final concentration of 2.5 nM to initiate fibrinolysis when indicated.

The key parameters of ROTEM profile, are the clotting time (CT) which is the time to reach 2
mm amplitude from the beginning of the test, the clot forming time (CFT) which is the time to
reach 20 mm amplitude from a 2 mm amplitude; alpha, which is the rate of fibrin-platelet
interaction; and the maximum clot formation (MCF) which is the maximum amplitude reached
(in mm). MCF reflects the ability of platelets and fibrinogen to produce the maximum clot

quality and it is influenced by Factor XIII and fibrinolysis.
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Platelet in vitro quality analysis

In parallel to the ROTEM analyses, the pH of the sampled BCPCs was measured within 2 hours
of sampling (Orion™ 8115BNUWP ROSS Ultra™ Electrode, Thermo Fisher Scientific Inc.,
Beverly, MA, USA) and platelet responsiveness was assessed by staining with fluorescent
antibody (anti-CD62P-phycoerythrin, Beckman Coulter, Marseille, France) as previously
described.!!*!'” ADP was used particularly because it is not a potent agonist like thrombin.
Platelet responses to ADP require the coordinate activation of two G protein—coupled receptors,
P2Y1 and P2Y12, to stimulate granules secretion. The response of platelets to 10 uM ADP was
determined, reported as the delta between platelet positive for CD62P with and without exposure

to 10 uM ADP. Six independent experiments (n=6) were performed.

Statistical analysis

First, normality of distribution of the data was tested using GraphPad 6 Prism software
(GraphPad Software, Inc., 2016, La Jolla, CA, USA). When not normally distributed, a
transformation was applied using Minitab 16 software (Minitab Inc., 2013, State College, PA,
USA). A statistical analysis was performed using a two-way ANOVA to determine differences
between pathogen-reduced BCPC and control BCPC during storage time and transfusion
packages containing combinations of pathogen-reduced components and finally comparing WB,

hemodiluted blood, and its replacement with different ratios of transfusion packages.

In case the transformation was not possible, nonparametric analyses were carried out using the
Kruskal-Wallis test at different platelet counts during storage time for BCPC reconstitution, and
to compare different transfusion packages before and after their dilution with hemodiluted blood.

Sample size calculations assumed a power of 80%, and a p-value of less than 0.05 to detect a
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potential difference in the in vitro quality variables. Data are reported as means and one standard
deviation (£SD). The Bonferroni correction was used to adjust the p-value to account for

multiple comparisons.

3.3 Results

In vitro tests of treated BCPC

The pH (Figure 3-2A) changed significantly in both groups during storage, revealing a
significant drop in the pathogen-reduced BCPC compared to that of the control BCPC (p < 0.01).
The pH fell below 6.8 in pathogen-reduced BCPC by day 9. The degree of platelet activation
was significantly different between the pathogen-reduced BCPC and the control, and increased
significantly during the storage time (p < 0.01). The addition of ADP to a final concentration of
10 mM resulted in a significant increase in platelet activation, reflected by CD62P surface
expression (Figure 3-2B); however, the overall response to ADP decreased significantly with

storage. The response to ADP was reduced for treated BCPC in plasma compared to the control.
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Figure 3-2: pH at RT (22°C) and activation level of BCPC measured as CD62P expression.

A) The pH of Mirasol-treated platelets in plasma for pathogen-reduced BCPC (®) and control BCPC (o). B)
Platelets responsiveness to ADP, (*) indicates a significant difference in the response to the addition of ADP of the
treated PC when compared to the control PC on the day of testing (p < 0.001, nonparametric Kruskal-Wallis test).

Results are displayed as the mean £SD of 6 replicates.
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The hemostatic analysis of treated BCPC with ROTEM

The illumination of BCPC did not result in any significant difference in either the clotting time
or the clot forming time compared to the untreated samples (Figure 3-3A and B). Following Day
7, a significant decrease in the rate of the fibrin— platelet interaction was observed, as expressed
by the alpha value in the pathogen-reduced BCPC (Figure 3-3C). MCF was significantly reduced
in the pathogen-reduced BCPC as compared to the control BCPC at all storage days tested (p <
0.01; Figure 3-3D). The fibrinolysis resistance was slightly decreased in the pathogen-reduced

BCPC and was significant after 7 days of storage (p <0.05; Figure 3-3E).
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Figure 3-3: Hemostatic functionality of pathogen-reduced BCPC using ROTEM.
Paired BCPC units were pooled-and-split, and one unit was treated. Results are displayed as the mean +SD of 6 replicates. The solid line represents the PI-treated
BCPC, and the dotted line represents the control BCPC during the storage time. Statistical analysis by two-way analysis of variance followed by Bonferroni's

multiple comparisons test is reported in each figure.
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Impact of PI on plasma

PI treatment resulted in significant delay in the time for the clot to increase (CFT) from 2 to 20
mm in PPP isolated from BCPC units or plasma units (p <0.01) with an approximately five-fold
increase in the plasma CFT and three-fold in the CFT with treated BCPC. Furthermore, both the
rate of fibrin-platelet interaction (alpha) and maximum clot firmness dropped significantly in the

treated BCPC and plasma units compared to their respective controls (p <0.05; Figure 3-4).
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Figure 3-4: The coagulation profile of platelet-poor plasma (PPP) isolated from BCPC or plasma units after
Mirasol treatment

Plasma units and BCPC were prepared from different donors. Pathogen inactivation treatment occurred on the day
of production. PPP was prepared within 6 hours after the treatment. Results are displayed as means of six replicates

+SD. * Significant difference between the two study arms (p <0.001).
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Modeling the use of transfusion packages in the treatment of trauma

The control samples were collected from WB of healthy donors and hemodiluted with 0.9%
normal saline to a hematocrit of 20%. The replacement of hemodiluted blood in the test mix with
the transfusion packages was at different ratios to create 30%, 50%, and 70% blood replacement.
The transfusion packages with or without pathogen reduced components were tested separately

(Figure 3-5).

As expected, hemodiluted blood had a significantly altered ROTEM profile consistent with
hypocoagulability which provided a model system in which to test the transfusion packages for
their ability to return the profile to that of fresh WB [30]. ROTEM traces of the transfusion
package with treated components were negatively impacted compared to the control transfusion
package as demonstrated by the reduction in the overall readout, p < 0.01. CFT was 179.4 +42.9
vs 130.1 + 27.4 sec, rate of platelet-fibrin interaction was 65.4 + 4.6 vs 56.5 + 6.0 and MCF was

56.2+2.5vs 50 = 2.5 mm (Figure 3-5A, B, and C).

Transfusion packages containing either of pathogen-reduced plasma or pathogen-reduced BCPC
had similar hemostatic profiles, CFT = 153.2 + 29.2 sec and 160 + 20.1 sec, respectively and
MCF = 52.2 £ 2.2 mm and 51.8 + 2.6 mm, respectively, but their rate of fibrin-platelet
interaction (62.5 + 2.1 and 62.8 + 1.8, respectively) was superior to transfusion packages
containing both pathogen-reduced plasma and pathogen-reduced BCPC (58.5 + 5.8, p < 0.05).
To model the worst case scenario for currently licensed pathogen inactivation technologies, we

used both treated platelets and plasma in subsequent experiments.

Replacing the hemodiluted blood with the transfusion packages at 30%, 50%, or 70% resulted in

an increasing alpha and MCF and shortened CFT. Although the ROTEM profile of 30% blood
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replacement was significantly different from the WB ROTEM profile, the overall effect of
treatment was less severe than that seen with higher transfusion package ratios (p > 0.05; Figure

3-5).
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Figure 3-5: In vitro simulation of hemostatic functionality in vivo: Trauma transfusion package.

Clot forming time (a), rate of fibrin-platelet interaction (b), and clot maximum amplitude (c) in hemodiluted blood
reconstituted with treated or control transfusion packages. After the pathogen inactivation process was completed,
the reconstitution was performed at a ratio of RBC unit: plasma unit: BCPC unit of 1:1:1 of the three blood products.
The symbol (m) refers to normal WB before or after the hemodilution with an approximate hematocrit level of 40 or
20% respectively. The symbols (@) and (o) refer to the in vitro replacement of the hemodiluted blood with the
trauma transfusion package from treated or non-treated plasma and platelets respectively. The replacement was at
three different concentrations: 30% blood replacement (70% hemodiluted whole blood + 30% transfusion package)
“HCT = 27.5%”, 50% blood replacement (50% hemodiluted whole blood + 50% transfusion package) “HCT =
33.5%”, 70% blood replacement (30% hemodiluted whole blood + 70% transfusion package) "HCT =~ 37.5%”. The

hemostatic functionality of the transfusion package alone is indicated by (©), for the control package, and (¢), for the
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package containing treated plasma and platelets. * Significant difference between the two study arms (p < 0.01).

Results are displayed as means of 8§ replicates £SD.
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3.4 Discussion

This study investigated the ability of trauma transfusion packages consisting of pathogen-
reduced or untreated blood components to correct the hemostatic profile using ROTEM in an in
vitro model of transfusion in trauma patients. Our data support the concept that the use of blood
products treated with pathogen inactivation technologies may reduce transfusion efficacy for
patients undergoing massive transfusion.!*’. However, this risk is related to the combinations of

products used and the amount of blood volume replaced.

Our studies have focused on the Mirasol pathogen inactivation treatment as applied to platelet
concentrates or plasma. We saw that Mirasol treatment lowered the hemostatic profile of PI-
treated BCPC but that the product may still be efficacious for transfusion as suggested by clinical
assessments of these products.'*”!* While shear-stress-independent in vitro tests showed a
higher degree of deterioration of the platelets after treatment, the ROTEM profile indicated that

Mirasol treated BCPC did not show an effect until Day 7 of storage.

The dramatic decrease in the alpha parameter of the pathogen-reduced BCPC units after Day 7
might have been caused by the decrease in the residual coagulation factor activity, notably

fibrinogen which is a significant contributor to the alpha parameter and is known to be affected

t,l49

by Mirasol treatmen along with other coagulation factors such as factor VIIL.!>* Impaired

platelet function could also contribute to the modified clot signature as intentional impairment of
platelet function has been shown to impact the ability to detect fibrinogen activity at the expected

1]51

leve Another possibility is that some level of conversion of fibrinogen to fibrin during the
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treatment was associated with altered ROTEM measurements as has been reported for the

inhibition of some coagulation factors in other settings.!>2

An increase in the fibrinolysis of the pathogen-reduced BCPC seen at the end of the storage
period may have resulted from an imbalance between tPA and the plasminogen activating
inhibitors (PAI-1) present in the platelet. tPA should be neutralized by a certain concentration of
PAI-1 from the platelet. Thus, if the final concentration of tPA is higher than that of PAI-1, more
fibrinolysis would have occurred; the converse would yield a lower degree of fibrinolysis. This
would imply that the activity or level of PAI-1 had already decreased following illumination,
resulting in a greater amount of fibrinolysis. Notably, a significant increase in fibrinolysis was

not seen until day 9, well after the normal 5 or 7-day allowable storage period.!>31>*

Hemostatic profiles of Mirasol-treated BCPC as well as PPP derived from plasma or BCPC units
indicated a decreased activity compared to their respective controls. However, PPP from BCPC
was less affected than the PPP from plasma units. This result might be attributed to a protective
effect provided by the cellular components in the units whereby the coagulation proteins receive

less direct damage from the UV dose.!>>1%

Numerous studies have shown the impact of illumination on the in vitro quality parameters of
plasma and BCPC. Although clinical trials of both licensed pathogen inactivation technologies
show variable reductions in corrected count increments and time between transfusions, neither
these changes nor the aforementioned in vitro quality changes translated into increased adverse
events.!*”15° However, since few studies have been conducted with multiple types of treated
products in patients with severe hemorrhage, it is important to determine the impact of the PI on

the quality of the transfusion packages used in massive transfusion protocols (MTP). In this
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study, we have attempted to mimic as closely as possible the in vivo state by performing the
replacement of RBC, plasma and platelet to hemodiluted blood with the transfusion packages as

prepared for MTP.

Hemodiluted blood shows a prolonged CFT with a lesser degree of MCF at an earlier stage than
that observed in standard laboratory-based monitoring.'®® This behavior results from a massive
loss of endogenous inhibitors of fibrinolysis.!®!!2 Therefore, we chose healthy donors and
diluted their blood samples with normal saline to simulate hemorrhage occurring in trauma
patients who have been treated for fluid loss but not yet transfused with cellular components or
plasma and are left with a 50% loss of red cell mass. However, we did not decrease the

hematocrit level to less than 20% such as may be seen with high mortality trauma.

The assessment of these simulated transfusions by ROTEM showed that the parameters
measured in the clot signature were affected by the use of Mirasol-treated products in this model.
The ratio of hemodiluted blood to the transfusion packages affected the CFT, alpha value and
MCEF of the clot signature. The addition of Mirasol treatment significantly reduced the efficacy
in the two groups with the highest proportion of transfusion packages, 50% and 70% blood
replacement. No difference was observed when the treated transfusion packages were used to

supplement at 30% of the blood volume.

Although direct translation to human transfusion can only be speculated, the 50% replacement
model approximates a 4-unit RBC transfusion, a quantity that has been shown, at least in cardiac
surgery, not to be associated with an increase in mortality.'®> The 70% replacement model

approximates situations of massive transfusion in which there is already a high mortality rate. In
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this setting, these studies suggest hemostasis would be further compromised by the use of PI-
treated platelets and plasma in support of concerns raised by others.!*

As with all models, our study has its limitations. ROTEM lacks the involvement of the
endothelium and thus is an imperfect way to measure hemostasis. Whether these ROTEM results
are predictive of clinical use of pathogen-reduced blood products remains to be determined by
clinical trials. The study reported here suggests that if ROTEM represents a closer assessment of
in vivo hemostasis than other typical in vitro assays performed on single components, the effects
of pathogen reduction treatment may be slightly less than suggested by mathematical
modeling.'* Importantly, we did not see a complete failure to form a clot even at the highest
volumes of treated products tested. = Nevertheless, the use of multiple pathogen-reduced
components in transfusion packages used for MTP should be undertaken with caution and with
consideration of the use of other means to promote hemostasis. The ongoing determination of
the balance between increased blood safety from pathogen transmission and decreased efficacy

arising from the treatment itself remains an important consideration.
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Chapter 4: Pathogen inactivated whole blood: supplementation with fibrinogen partially

corrects treatment damage

4.1 Introduction

Hemorrhage resulting from severe injury is a leading cause of death in developing and
underdeveloped countries and has currently been increasing much more significantly.'6%163
Ideally, trauma patients should receive early balanced transfusions of blood components to
restore their blood following massive bleeding.!¢®!7° Practically, whole blood (WB) may have

71 since the latter contains a

superiority over the combination of individual blood components
greater concentration of anticoagulants and additives with higher chance for coagulopathy and a

lesser oxygen-carrying capacity than fresh.!’>17?

Although, hemostatic resuscitation with WB is being used in military settings and in civilian
medicine in some Middle East countries and a few hospitals in developed countries, there is an
increasing interest by practitioners to return to the use of WB (2-7 days old) in the civilian
setting for the treatment of massively hemorrhaging patients and pediatric cases.!’*!” It was also
a research priority in the National Heart, Lung, and Blood Institute transfusion medicine state of

science symposium summary statement.!’6

The recent in vitro and in vivo studies on cold WB have inspired practitioners to reconsider
resumption of WB transfusion for patients with severe hemorrhage. It is of great convenience to
be able to use one product to resuscitate a bleeding patient rather than using multiple

components.'” It was believed that cold WB (4°C) could carry activated platelet with
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irreversible shape change that harms the recipient, but clinical studies indicated that there is no
increase in thrombosis level or adverse events when compared to WB at (20°C).!”7!”8 Moreover,
with respect to donor exposure, resuscitation with WB in trauma patients means that a recipient
is exposed to one donor per equivalent unit of blood instead to up to six donors in the case of
reconstituted WB from one RBC unit, a unit of whole blood derived platelets pooled from four
donors, and plasma unit. A recent study in pediatric patients undergoing cardiac surgery
concluded that the fewer the number of donors’ exposure to the recipient, the better the outcome
for the trauma patient.!”® Transfusion of WB stored at 4°C for 10 to 14 days, for patients with
life-threatening bleeding, would significantly lower the logistic burden (both equipment-related
and staffing costs) and extend the age of platelet compared to separate component
transfusion.!”*!% However, this runs the risk of introducing infectious agents into the patient,

which jeopardizes blood safety!s!

. Several pathogen inactivation (PI) technologies have been
developed for application to plasma and platelet concentrates (PCs),!% but the riboflavin and
ultraviolet (UV) light process for PI (Mirasol PRT System Terumo BCT, Lakewood, Colorado,
USA) was the one first utilized to treat WB units'®. This latter was reported as being an
alternative to gamma irradiation to prevent transfusion-associated graft-versus-host disease,!%

and for successfully inactivating white blood cells, viruses, bacteria, and parasites,!>107.182-184

Custer ef al., concluded that PI-treated WB has lower cost-effectiveness of quality-adjusted life-
year, compared to current regulations of individual PI-treatment to plasma and PC in Canada '%.
In vitro quality of platelet concentrates from WB treated with PI is less negatively impacted than
treatment of the PC component.'®¢ Moreover, individual treatment of the blood product involves

some time expenditure and use of blood centers’ equipment.
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However, it was concluded that a dose of 80 J/mLrsc of UV light results in an increase in RBC
MCYV, hemolysis levels, potassium release and microparticle production, in addition to upwards
of 44% lowering of the activity of coagulation proteins; for instance, fibrinogen level decreases
by as much as 30%.'8%!87 Researchers also concluded that altering the RBC additive solution
may overcome the negative impact of the treatment. It was still suggested that WB cold storage
in conjunction with this method should only be performed for up to 21 days to avoid

compromising WB quality. 07108

Previous studies assessing the in vitro quality of pathogen-reduced WB demonstrated a reduction
in fibrinogen activity.!®”!¥ RiaSTAP®, (CSL Behring LLC, Kankakee, IL, USA), is a
lyophilized purified fibrinogen concentrate made from human plasma administered to patients
with fibrinogenemia or afibrinogenemia. It also undergoes intensive microbial inactivation and
testing for hepatitis B and C and HIV-1/2, in addition to nucleic acid testing for hepatitis A and
C, HIV-1, and parvovirus B19."%"1°! Additionally, it has the potential for more rapid, safer and
predictable dosing than cryoprecipitate, and does not require the length of time to prepare than
frozen cryoprecipitate does.!®® It can be used along with PI-treated WB to improve hemostasis
during damage control resuscitation as it increases clot firmness in patients with fibrinogen
deficiencies.'”® Currently, hypofibrinogenemic and afibrinogenemic patients are given purified

fibrinogen concentrates RiaSTAP at doses of 70 mg/kg and clot firmness is measured.'*?

In different clinical trials and studies, both ROTEM and TEG have been shown to identify
nonresponsive blood components as a cause for impaired clot strength.!**!** ROTEM was used

successfully in the previous chapter to assess the reconstituted WB. Therefore, the investigation
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of the role of fibrinogen in modulating the negative impact of PI on WB will use ROTEM

technology to assess hemostatic potential.

This study aimed to determine whether ROTEM could be used to test the effect of PI-treated WB
in a trauma model. It was initially sought to establish whether ROTEM could detect the effect on
WB of riboflavin/UV light (Mirasol) on the hemostatic potential. To model actual transfusions
conducted in severe trauma cases, the same model that was used in the previous chapter will be
used here with some modification. In this study, the hemostatic function of dilutions of PI-treated
WB was investigated with ROTEM using untreated fresh blood, hemodiluted to various
hematocrits. Finally, the impact of RiaSTAP supplementation of PI-treated WB, was investigated

in this model.

4.2 Materials and methods

WB unit collection and preparation

This study was approved by the research ethics board of Canadian Blood Services (CBS) and
healthy volunteers gave informed consent. Whole blood was collected at the CBS netCAD
facility (Vancouver, BC, Canada) and all units were held overnight on cooling plates for a
minimum of 18 hours. Additionally, plasma units were produced and stored at 4°C for up to 5
days. Hemodiluted blood derived from the WB of healthy donors, collected directly before
running the experiment in citrated Vacutainer tubes (Becton Dickinson, Franklin Lakes, NJ), was
prepared by decreasing the hematocrit concentration to 20%, a level chosen to reflect the realistic
clinical situation for severe hemorrhage, by dilution with 0.9% saline solution, pH 5.5 (Baxter
Corp., Mississauga, Ontario, Canada).
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Pathogen reduction of WB and plasma

WB and plasma units were illuminated according to the manufacturer’s instructions. PI was
achieved with riboflavin and UV (Mirasol system, TerumoBCT, Lakewood, CO) light in which
35 mL of riboflavin solution (500 umol/L) was added to the WB or plasma before PI treatment.
A pooled and split design was used which was ABO-matched, and units were employed in which
one product was treated and the other WB was loaded with 35 mL saline and retained as a paired
control. The weight of the WB units and the hematocrit HCT (HAEMATOKRIT 210, Hettich
Zentrifugen, Tuttlingen, Germany) were utilized to calculate the UV illumination time.
Following the treatment, the contents of the illumination bag were drained into the attached
storage bag and tested within 6 hours, or they were retained at 4°C for 48 hours to avoid bacterial

growth.

WB sampling and preparation for hemostatic functionality

WB and plasma were sampled aseptically in biosafety cabinets and the platelet, RBC count, and
hematocrit were obtained with a hematology analyzer (Advia 120, Siemens, Mississauga, ON,
Canada). Twenty-four and independent experiments were conducted. PPP was prepared from

WB and plasma unit to determine the coagulation profile, as described in the previous chapter.

The preparation of the transfusion model following illumination

To model the effect of WB treatment on transfusion efficacy, we used the dilution model
described in the previous chapter. On Day 1, after the illumination process was completed, the
reconstitution was combined with ABO-matched hemodiluted blood samples as follows: (a)

hemodiluted WB with untreated WB unit, and (b) hemodiluted WB with PI-treated WB units at
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different ratios: 30% blood replacement (70% hemodiluted whole blood + 30% WB) “HCT =
27.5%”, 50% blood replacement (50% hemodiluted whole blood + 50% WB) “HCT = 33.5%”,
and 70% blood replacement (30% hemodiluted whole blood + 70% WB) "HCT = 37.5%”. Eight

independent experiments were conducted on the entire series.

Enriching the fibrinogen level using the fibrinogen concentrate RiaSTAP:

Using aseptic technique, aliquots of fibrinogen were prepared from RiaSTAP (CSL Behring
GmbH, USA). To enhance clot firmness, RiaSTAP at a final concentration of 1 pg/uL was added
into both the control- and the Pl-treated WB at, with or without reconstituting them with
hemodiluted blood. The MCF parameter indicates overall clot strength and is a reflection of
fibrinogen efficacy, other parameters were not considered because they were variable. The
response of Pl-treated WB to RiaSTAP was determined, and reported as the delta between WB
with or without reconstitution with hemodiluted blood. Eight independent experiments were

performed.

The hemostatic profile generation by ROTEM

ROTEM (Tem International GmbH, Munich, Germany) was used to determine the hemostatic
profile of the Pl-treated WB, and the blood samples reconstituted with hemodiluted blood and
those enriched with RiaSTAP. Each sample was incubated in a water bath at 37 °C to mimic the
physiological temperature of human blood, and the mechanical and electronic calibration of each
ROTEM channel was checked before each study according to the manufacturer's

recommendations.
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Statistical analysis

First, the normality of the distribution of the data was tested using GraphPad 6 Prism software
(GraphPad Software, Inc., 2016, La Jolla, CA, USA). When not normally distributed, a
transformation was applied using Minitab 16 software (Minitab Inc., 2013, State College, PA,
USA). A statistical analysis was performed using a one-way ANOVA to determine the
differences between Pl-treated and control WB and the delta of the MCF response to RiaSTAP,
and the two-way ANOVA to compare WB, hemodiluted blood, and its replacement with
different ratios of WB. In cases where the transformation was not possible, nonparametric
analyses were carried out using the Kruskal-Wallis test on different WB samples before and after
their dilution with hemodiluted blood. Data were reported at the mean and one standard
deviation (£SD). The Bonferroni correction was used to adjust the p-value to account for

multiple comparison.

4.3 Results

The hemostatic profile of PI-treated WB versus control WB

The illumination of the WB samples resulted in a significantly different hemostatic profile with
respect to clotting time (CT) and clot forming time (CFT) as compared with the untreated
samples, (n=24; Figure 4-1). CT and CFT increased significantly in the Pl-treated WB as
compared to the control WB, at 369.0+49.6 vs. 423.5£35.8 (p <0.01), and 112.5 £26.3 vs.
175.3£16.4 (p <0.001), respectively with using kaolin. There was a significant decrease in the

rate of the fibrin—platelet interaction observed, as expressed by the alpha value in the pathogen-
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reduced WB (alpha of Pl-treated units 58.3+1.2 vs. control WB 67.842.3). The MCF was
significantly reduced in the pathogen-reduced WB 55.6 + 3.1 mm as compared to the control

WB (48.8 = 2.9 mm) (p < 0.01).
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Figure 4-1: Hemostatic profile of pathogen-reduced WB versus control WB.
Results are displayed as the mean £SD of 24 replicates. The black bar represents the PI-treated BCPC, and the white
bar represents the control WB during the storage time. Statistical analysis by one-way analysis of variance, and (*)

represents a significant difference between the two study arms (p <0.001).

The coagulation profile of pathogen-reduced plasma:

It was crucial to determine the impact of the treatment on the quality of PPP obtained from
pathogen-reduced WB and plasma. The PPP obtained from pathogen-reduced WB showed a
significant two-fold increase in the CFT compared to that of the PPP from the control WB,
at p <0.05. The rate of clot building decreased, albeit insignificantly, since the SD was high in

both groups. The MCF had slightly but insignificantly decreased. Treating plasma units resulted
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in a nearly five-fold increase in the CFT compared to that of the control plasma unit, at p <0.001.

The alpha and MCF values decreased significantly, at p <0.05, Table 4-1.

Table 4-1: The coagulation profile of plasma following illumination.

PPP from PPP from
PPP from control PPP from plasma
N=6 WB unit pathogen unit pathogen reduced
b reduced-WB unit plasma unit
CFT (sec) 564.2+249.2 13204290 315.0+£96.9 1492.6+£173.1
alpha (rate) 61.5+£9.8 49.8+8 60.6+10.0 44.0+6.2
MCF (mm) 23.2+2.2 20.2+1.2 25.0+£2.6 21.3£1.5

Modeling the use of PI-treated WB in the treatment of trauma

The control samples were collected from the WB of healthy donors and hemodiluted with 0.9%
normal saline to a hematocrit of 20%. The replacement of hemodiluted blood in the test mix with
Pl-treated or non-treated WB was conducted at different ratios to create 30%, 50%, and 70%
blood replacement. The Pl-treated or non-treated WB were tested separately but without the use
of kaolin (Fig 3). ROTEM traces of the PI-treated WB were negatively impacted as compared to
the control WB as demonstrated by the reduction in the fibrin-platelet interaction rate and the
MCEF, and delays in the CFT, p < 0.01. The CFT was 115.3 + 17.7 secs. and 163 + 17.3 secs.,
and the rate of the fibrin-platelet interaction was 68.3 + 4.6 vs. 59.1 + 2.0, while the MCF was

61.6 £3.0 vs. 55.5 £ 2.4 mm. (Figure 4-2A, B, and C).

To model the worst potential trauma scenario, Pl-treated or non-treated WB was used in
subsequent experiments. Replacing the hemodiluted blood with the Pl-treated WB at 50% or
70% resulted in an increasing alpha and MCF and a shortened CFT. The overall effect of PI-
treatment disappeared when 50% blood replacement or higher when comparing with

hemodiluted blood (p > 0.05; Fig 3). The ROTEM profile of 30% blood replacement with
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control WB but not Pl-treated WB showed superior procoagulant activity when compared to the

hemodiluted blood.
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Figure 4-2: In vitro simulation of hemostatic functionality in vivo: WB.

Clot forming time (a), rate of fibrin-platelet interaction (b), and clot maximum amplitude (c¢) in hemodiluted blood
reconstituted with treated or control WB. After the pathogen inactivation process was completed. The symbol (m)
refers to normal WB before or after the hemodilution with an approximate hematocrit level of 40 or 20%
respectively. The symbols (®) and (o) refer to the in vitro replacement of the hemodiluted blood with the trauma
transfusion package from treated or non-treated plasma and platelets respectively. The replacement was at three
different concentrations: 30% blood replacement (70% hemodiluted whole blood + 30% WB) “HCT = 27.5%", 50%
blood replacement (50% hemodiluted whole blood + 50% WB) “HCT =~ 33.5%”, 70% blood replacement (30%
hemodiluted whole blood + 70% WB) “HCT = 37.5%”. The hemostatic functionality of the WB unit alone is
indicated by (0), for the control WB, and (#), for the PI-treated WB. * Significant difference between the two study

arms (p < 0.01). Results are displayed as means of 8 replicates =SD.
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Supplementation of PI-treated WB with RiaSTAP following illumination
Following the dose response curve of the clot firmness for Pl-treated WB enriched with
RiaSTAP at a final concentration of 1 pg/uL was used to compensate for the decrease in the

fibrinogen level post-treatment (Figure 4-3).
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Figure 4-3: The dose response curve to RiaSTAP.

The addition of RiaSTAP to a final concentration of 1 nug/uL resulted in significant improvement
of clot strength, reported as delta MCF between the supplemented and control group (p < 0.01).
The delta of the clot strength was 6.8 + 0.5 mm between the PI-treated WB and the control and
decreased 1.4 = 0.5 mm to after inducing the RiaSTAP (p < 0.01). The overall response to
RiaSTAP supplementation resulted in decreasing the delta of the MCF between the PI-treated on
non-treated WB. There was no significant difference between the ratios of blood replacement
with Pl-treated WB and enriched with RiaSTAP (NS) (Figure 4-4) as the delta between WB with

or without reconstitution with hemodiluted blood.
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Figure 4-4: Supplementation PI-treated WB with RiaSTAP following treatment.

WB responsiveness to RiaSTAP, (*) indicates a significant difference in the response to the addition of RiaSTAP of
the treated WB when compared to the respective control (p < 0.01). Results are displayed as the mean £SD of 8
replicates. The addition of RiaSTAP to a final concentration of 1 pg/uL resulted in a significant clot strength,
reported as MCF (p < 0.01). The delta of clot strength was steady between different ratio of blood replacement
when the WB is Pl-treated and enriched with RiaSTAP (NS).

4.4 Discussion

This study investigated whether PI impacts the hemostatic profile of WB in an in vitro model of
transfusion in trauma patients using ROTEM. These data support the previous observation that

PI has a negative impact on the hemostatic characteristics of WB, but optimization can be
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performed to decrease this effect, such as altering the storage of the WB following treatment, the
amount of blood volume replaced, or whether or not the blood clotting factors have been
compensated.'®”  These investigations have focused on the Mirasol pathogen inactivation
treatment as applied to WB. Mirasol treatment lowered the hemostatic profile of the Pl-treated
WB samples, but the products demonstrated possible efficacy for transfusions as suggested by in

vitro and in vivo assessments,!8%19°

The reduction observed in the CT, CFT, and alpha value of the pathogen-reduced WB and
plasma units might have resulted from a reduction in the residual coagulation factor activity, and
particularly in fibrinogen and factor FVIII which are major contributors to the coagulation
pathway and are reported to be affected by Mirasol treatment.!3¢!187:1% Platelets and allbP3
impacted by Mirasol treatment possess impaired functionality, and overall reduction in thrombus
formation. The anaerobic rate, a-degranulation, and phosphatidylserine/-ethanolamine exposure
increase significantly following treatment.'”” These changes affect the platelets ability to detect
fibrinogen activity at the expected level,'*!”® and result in changes in their biochemical
mechanisms, and a decrease in the thrombus formation rate as shown by the alpha value and

MCF.

However, the results reported here demonstrated that treatment of WB could be superior to
reconstitution of WB from Pl-treated plasma and PC that was reported in the previous chapter.
Using Pl-treated and leukoreduced WB to treat trauma patients could enhance the
procoagulability and accelerate hemostasis for several reasons. It is obvious that coagulation
factors better maintained their functionality when comparing PPP obtained from PI-treated WB

and plasma, table 4.1. Therefore, coagulation factors in Pl-treated WB but not in Pl-treated
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plasma have a higher potential to oppose coagulopathy and reduce bleeding needs. Moreover, the
moderate microvesiculation of platelet and RBC, in addition to an increased resistance to
shrinkage caused by energy depletion emphasizes that the comprehensive treatment could be

better than individual component treatment.'*’

Nonetheless, no study has reportedly been conducted to date involving the impact of Pl-treated
WB samples in patients with severe hemorrhage; it is thus important to determine the impact of
the PI on the quality of the WB used for massive hemorrhage. In this study, there was an attempt
to mimic as closely as possible the in vivo state by replacing hemodiluted blood with Pl-treated
vs control WB prepared for massive transfusion scenario. A hemodiluted blood with a hematocrit
level of 20% was prepared, as reported earlier. This is because it has diluted coagulation factors

and that results in a decrease in clot firmness and clotting time,!6%:162

The evaluation of these simulated transfusion configurations by ROTEM demonstrated that the
parameters measured in the clot profile were influenced in this model by the use of Pl-treated
WB. The ratio of blood replacement affected the CFT, alpha value and MCF of the hemostatic

test.

Additionally, Mirasol treatment significantly reduced the efficacy in the groups with 30% blood
replacement and higher. This large delta value (MCF: 7.8 mm, p <0.01) present between the
hemodiluted blood reconstituted with Pl-treated and non-treated WB could be related to the

decrease in activity of the major coagulation factors in the treated WB.
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Simulating trauma transfusion scenarios, these study results suggest that hemostasis would be
more greatly compromised by Pl-treated WB than they were in the previous study when a

reconstituted WB containing Pl-treated plasma and BCPC but not RBC was used [chapter 3].

Therefore, RiaSTAP could be the ideal supplement for WB after PI with Mirasol, as it is
currently available to treat patients with dysfunctional fibrinogen or reduced fibrinogen
levels.?%2%2 The normal plasma fibrinogen level is in the range of 2. 0—4.5 ug/uL,?** while the
critical plasma fibrinogen level below which hemorrhages can occur is approximately 1.0
pg/uL.2%* Our lab has already observed a 29% reduction in the plasma fibrinogen (2.62 £ 0.20 to
1.85 £ 0.14pg/uL) following illumination.'®® However, RiaSTAP was added at a final
concentration of 1 pg/uL to the Mirasol treated WB and compared with the control WB without
the addition of RiaSTAP. The delta value decreased significantly between the WB enriched with
RiaSTAP pre- and post-treatment with Mirasol, which enforced the hypothesis that RiaSTAP
could be used to correct fibrinogenemia post-treatment with Mirasol. Surprisingly, the delta of
MCEF, reflecting the supplementation with RiaSTAP in the Pl-treated WB and WB without
treatment or RiaSTAP, was steady at all dilution ratios with hemodiluted blood and despite

increased blood replacement ratio.

Several different pathogen inactivation techniques are currently on the market and can be applied
to PC and plasma. Only the Mirasol technology has been applied so far to WB to mitigate
pathogens and avoid the challenge of using treated blood components in every massively
bleeding patient. Although in vivo radiolabel and recovery studies on Pl-treated WB in animals
in different settings have demonstrated variable changes in in vitro quality, none of these

changes have translated into significant alterations in post-transfusion WB variables.!3¢195205 A
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clinical trial is currently underway with human RBCs following WB treatment (AIMS Study;

NCT02118428).2%

As with all models, this study has its limitations. Fibrinogen levels for hemodiluted blood or PI-
treated WB were not measured. Whether these ROTEM signatures are predictive for the clinical
use of pathogen-reduced WB and WB spiked with RiaSTAP, remains to be determined with
clinical trials. The study reported here suggests that if WB is superior to a balanced transfusion
strategy (reconstituted WB: RBCs, plasma, and PCs in a 1:1:1 ratio) for trauma patients,'!”* 2%/

the effects of Mirasol treatment on clot firmness might be modified by coagulation factor

supplementation post-treatment.

Importantly, this study was performed without leukoreduction of the WB and while Mirasol will
inactivate leukocytes and prevent their proliferation, it is unknown whether the inactivated WBC
could affect the quality of the ROTEM hemostatic test. Even with these limitations, this study
suggests a potential solution to the apparent reduction in hemostatic capability of WB caused by
treatment with Mirasol; the use of fibrinogen supplementation appears to largely correct the

Mirasol defect.
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Chapter 5: Conclusion

Platelet transfusion is based on recipient need; it is essential that patients suffering from
hemorrhage receive platelet concentrates along with blood products as a part of their damage
control resuscitation protocol. The potential for an ineffective clinical response to platelet
transfusion remains a significant concern. Currently, no in vitro tests have been developed for
routine use to demonstrate the quality of transfusion products prior to transfusions. Previous
studies have also failed to reveal any correlation between corrected count increment, as measured
by 1-hour CCI, or the WHO bleeding score, with PC age, and no optimal tool has yet been

discovered to reflect PC quality.”” >’

In the best interests of the patient, stored platelets should be transfused with clear pre-transfusion
functionality testing. Key points to consider are: Will the patients receive the greatest possible
benefit of their blood transfusions? What is the best way to measure blood product quality? It is
of the utmost importance to determine whether clinical efficacy can be predicted by in vitro

quality tests performed prior to transfusions.

In the interest of proposing means for resolving these essential challenges, this study has
assessed whether thromboelastography (TEG) and/or rotational thromboelastometry (ROTEM),
both being techniques currently employed in operating suites to assess the hemostatic states of
patients susceptible to bleeding, might be applied to measure the quality of PCs. Unlike other in
vitro platelet tests, TEG and ROTEM offer a promising opportunity to assess platelet function in

a full hemostatic reaction, despite the system’s lack of endothelial cells.
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In its proposition for this novel study, this thesis research has sought to address these questions
by differentiating between TEG responses to WB, PRP and PPP in fresh blood samples from
healthy individuals, to determine the most desirable sample reconstitution method to obtain
meaningful TEG measurements from PCs. In addition, the findings from the preliminary studies
for this thesis have demonstrated that clot formation time, rate of platelet fibrin interaction, and
maximum clot firmness are favorable parameters to reflect the usual, storage-related changes in
PCs. Also, a baseline for platelet contribution, using cytochalasin D, was established to

differentiate between hyper-, moderate-, and minimally-responsive platelets.

Once the assay optimizations between TEG and ROTEM were achieved and presented
interchangeable results, our research then moved on to detect poor quality PCs, and revealed
their correlation with other in vitro tests (pH, platelet activation using CD62P, and platelet
apoptosis using annexin V). The project also examined the contribution of PMVs to clot
formation in PCs. Once our project categorized the traditional storage conditions of PCs by
TEG/ROTEM, it progressed to determine the effect of pathogen inactivation treatment (PI) using

riboflavin/UV light (Mirasol) on the hemostatic potential of BCPC, plasma, and WB.

5.1 The significance of the thesis

The work described in the thesis addresses these challenges, by confronting the need for
innovative approaches to platelet concentrate function assessments. As TEG and ROTEM were
designed for use with whole blood samples, the results in Chapter 2 describe their adaptation to
evaluate the procoagulant activity of stored platelets. The study differentiates between TEG

responses to WB, PRP and PPP (Appendix1), and provides a number of parameters for TEG and
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ROTEM read-outs which provide the most meaningful reflection of platelet quality; this work
allowed us to confirm that the results from the two techniques are interchangeable, Figure 5-1

and Table 5.1.

Buffy coat platelet concentrate prepared for transfusion

The PC unit will be sampled (could be from a side mini-bag) and the platelet count corrected to

100 x 109 platelets/L with fresh frozen plasma

!

[ The sample will be re-calcified and run by TEG or ROTEM using kaolin to initiate coagulation }

/N

TEG (MA) or ROTEM (MCF) provides TEG (MA) or ROTEM (MCF) provides a
a score of > 60 mm indicates a PC of score of between 30 and 60 mm to indicate a
good quality. PC of poor quality.

Figure 5- 1: TEG/ROTEM algorithm to guide the functional quality of platelet in PCs prior to transfusion.
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Table 5.1. Summarizing TEG and ROTEM measurements using kaolin of buffy coat PCs as a function of

storage time at platelet concentration 100 x 10°/L on Days 2, 5, and 8.

Day 2 Day 5 Day 8
TEG ROTEM TEG ROTEM TEG ROTEM
R-time/CT (min.) 6.8+09 | 7.93+0.5 75+0.8 8.3 +0.37 77+12 8.6+0.4
K-time/CFT (min.) 0.9+0.2 1.05+0.2 09+0.08 | 1.08+0.1f | 09+0.13 1.2+0.1
Alpha 765+1.6 | 77.6+25 772+2 77+2.1 75.1+34 | 762+19
MA/ MCF 679+15 | 66.4+09 66.7+ 1.7 662+1.1 | 644+53 | 65.6+15

Kaolin was used as an initiator of the coagulation intrinsic pathway prior to recalification with CaCl2. Results are

reported as means of eight independent replicates £SD.

The clot strength of the PC represented by MA or MCF provides a score of between 30 and 60
mm to indicate a PC of poor quality, and a score of less than 30 mm to indicate a non-responsive
PC when platelet count is 100 x 10°/L. In the presence of cytochalasin D, an inhibitor of actin
polymerisation, TEG shows potential in assessing platelets (55%) and fibrinogen (45%) in

regards to the potential for clot formation in PC, unlike these components’ contribution in WB.

The system is important in its potential to detect poorly stored PC in cases of incorrect routine
PC production or storage. TEG displays a high correlation with other in vitro tests such as
CD62P and annexin V cell surface expression. The findings indicate that high PMVs contribute
toward the hemostatic analysis of PCs by revealing accelerations in the rate of clot formation and
clot strength; this builds on current knowledge that units with high PMV might be beneficial for

patients with severe bleeding.
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The findings reported in Chapter 3 provide an in vivo simulation of an in vitro situation of
multiple pathogen-reduced components in transfusion packages employed for MTP. Previous
studies demonstrate that PI treatment has a negative impact on all in vitro parameters. Moreover,
this treatment method accelerates platelet storage lesions. Hess et al. reported a mathematical

analysis used to predict the PI effects on components using published reports'4°.,

As part of this thesis work, a further step was taken to test their model in the laboratory using
ROTEM. Different packages of blood components (RBC, plasma, and BCPC) were created with
varied degrees of hematocrit; their hemostatic functionality was then studied in relation to
trauma treatment. Only Pl-treated plasma, BCPC or controls were employed, but the RBC unit

was not Pl-treated.

The findings of these studies demonstrate that the BCPC illumination has an impact on platelet
functionality, albeit to a lesser degree than that of other in vitro tests, which suggest a greater
amount of deterioration of the platelet. These studies were built upon previously published
investigations in which the blood combination ratio was crucial for the best clot formation.
Creating hemodiluted blood with a hematocrit 20% was crucial for establishing a baseline for the
hemostatic level used in assessing the products; this determination might be applicable to future
research. Moreover, this assessment might further serve to guide the decision to perform
transfusions with pathogen inactivated components for various levels of hemorrhage, but this
conclusion should nonetheless be interpreted with caution and consideration should be given
regarding alternative means to promote hemostasis. For example, should the patient undergo
massive transfusions, ROTEM suggests that greater than 50% blood replacement using PI-

treated platelets and plasma would threaten hemostasis.
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Experimental results simulating transfusions of PI-treated WB to patient with low hematocrit, as
described in Chapter 4, suggest that clot signatures were affected in this model by the use of
Mirasol-treated WB. The ratio of hemodiluted blood to transfusion packages affects the CFT,
alpha value and MCF of the clot signature. A level of 30% blood replacement or higher with
Mirasol-treated WB reduces the hemostasis efficacy in patients with severe bleeding. This study
suggests the need for compensation with coagulation factors like fibrinogen (RiaSTAP) to
enhance coagulation. Significant reductions in the delta value of MA in Pl-treated WB, as
compared to the control, and supplementations RiaSTAP as compared to the control, warrant

further investigations.

The effectiveness of RiaSTAP would likely increase PI usage in WB and undoubtedly cause
improved compliance among patients. This is because the finding in this study shows that
fibrinogen supplementation following the Pl-treatment could correct the potential reduction in
hemostasis caused by Pl-treatment. RiaSTAP is considered the most efficient fibrinogen
replacement product. This is because it provides the optimum and consistent fibrinogen
concentration in low volume. It is readily available in the emergency setting and easy to use.
Therefore, future research focused on applying our findings clinically is expected to benefit
patients undergoing severe bleeding and Pl-treated WB transfusion, to achieve the adequate
hemostasis. Also, these findings will provide direction for future studies aimed to measure
compensations with other reduced coagulation factor by the impact of the PI-treatment, such as

Factor VIII.
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5.2 The implications of adapting TEG and ROTEM in blood centers

In many aspects, TEG and ROTEM are revealed as being significantly more effective than other
in vitro tests of platelet function due to their potential to reflect the comprehensive hemostatic
profile. Although none of the currently used in vitro quality tests have advanced to the level of
characterizing PC quality prior to blood transfusions, the successful attempts conducted by both
Bontekoe ef al. and ourselves suggest that potential exists for applying a hemostatic analysis for
blood products pre-transfusions to patients. The Bontekoe ef al. study showed that TEG could be
used to assess fresh or stored apheresis PC; they further suggested that the technology could be
adapted to differentiate between good and bad storage conditions'?!. In this thesis, further steps

were taken to substantiate this claim.

One of the most important properties of TEG and ROTEM is the development in its purpose of
usage. It was initially designed to measure global hemostatic function. It was subsequently
employed clinically for use with a patient undergoing liver transplant surgery, and then for a
patient with coagulopathy. The use of TEG and ROTEM are increasing in many surgery suites
for cardiac patients undergoing surgeries and patients with certain bleeding disorders to detect

requirements for different blood products.

As there is always a percentage of unsuccessful platelet transfusions resulting due to low or
absent procoagulant function, ROTEM and TEG have been identified as suitable methods for

validating effective blood products and ensure that patients will receive the most suitable one.

The procoagulant effect of platelet microvesicles (PMVs) in the unit has also been demonstrated
for the first time in the setting of platelet transfusion product assessment by a hemostatic

analysis. Previously, there has been some uncertainty concerning that high PMVs present in
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animal and human thrombi 282 but our study has confirmed the PMVs impact on clot
formation, described in Chapter 2. These observations demonstrate the potential of producing a

PMV-rich PC and then validating it via the TEG/ROTEM.

From previous studies conducted in vitro into pathogen reduction in blood products and the
improvements obtained in minimizing their impact, it is anticipated that TEG/ROTEM will have
an expanded capacity with the ability to assess the hemostatic impact on any changes in the
treatment procedure or the additive solution. For instance, TEG/ROTEM might offer a screening
platform for the development of new platelet and plasma products or product treatments. They
could be employed to assess such new plasma products as lyophilized plasma in simulation

models very close to the actual trauma transfusion scenario.

Our findings suggest that clotting and clot forming time from TEG/ROTEM are likewise useful
in determining the significant impact of pathogen reduction on coagulation factors. This builds
upon existing knowledge that pathogen reduction can decrease coagulation factor activity, and
that it has demonstrated that removing cellular material from plasma facilitates the ability of
TEG/ROTEM to reflect coagulation factor activity, allowing the development of an optimized
pathogen reduction technique. This study has furthered our understanding of the potential
benefits of a comprehensive treatment of whole blood rather than of individual treatments. For
instance, the findings show that the Mirasol treatment of individual products (plasma or platelets)

increases clotting time two- to four-fold when testing the PPP.
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5.3 Future directions

One major aspect of this work evaluated the potential functionality of low or highly responsive
platelet concentrates (Chapter 2). The findings indicate that maximum clot formation and the
rate of platelet-fibrin interactions may be parameters that reflect functionality. Due to the high
standard of operations within the Canadian Blood Services, we were unable to detect units from
routine production that possessed low quality; we were thus required to artificially simulate units
exhibiting low responsiveness to platelet agonists. Consequently, it is unclear whether gas
permeability, and the shaking or non-shaking of blood units, are the only factors that might
reduce clot formation rate and strength. Further criteria must exist related to donor platelet
responsiveness, or the level of hemostasis in the recipient. Future studies are required to

investigate and correlate findings in vivo and in vitro.

To determine whether PMV-rich PC or WB has a better coagulability than normal for specific
patients, experiments might be designed and tested using similar protocols as those described in
Chapter 2. That would be an efficient means of validating the potential for recipients to benefit

from PMV.

Platelet concentrate is an essential element for prophylactic and therapeutic transfusions. Platelet
transfusions have been shown to be useful for the treatment of trauma patients with severe
bleeding. Therefore, the potential to assess PC units more rapidly in order to minimize bleeding
and maximize blood hemostasis in patients as soon as possible calls for further work to
accelerate the testing time. In this study, the test processing time was of one hour’s duration, but
it might in various ways be decreased to 30 minutes through the use of multiple agonists to

decrease clotting time.
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It would be much more desirable for patients to receive PC units previously assessed for their
functionality than random units of unknown functionality. This might reduce mortality and
accelerate healing. TEG and ROTEM, have achieved adequate success in reflecting PC
functionality; as such, they hold promise as an optimized technique, not only for PCs but also for

plasma and reconstituted WB assessments in blood centers.
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Appendix

Appendix A: A comparison between blood components within 6 hours of collection

TEG traces in normal healthy volunteers 8
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Figure 5: TEG traces of blood components of normal healthy volunteers from 0 to 6 hrs after blood

collection.

There is significant difference in MA between WB, PRP, and PPP (p <0.005), n= 8. There was no significant change

in MA of the different blood components across all time points
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Appendix B: TEG signatures of PCs with good and poor in vitro quality
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Figure B-1: Representative TEG signatures of (A) PCs with good in vitro quality and (B) PCs with poor in

vitro quality stored in no shaking condition and air impermeable bags at 30°C (nS&nA at 30°C), day 5.
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