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Background - Amotosalen treatment of plasma and cryopreservation of
platelets affect the quality and potentially the interplay between platelets and
coagulation factors. We set up an experimental clot formation study to test the
hypothesis that amotosalen treatment of plasma affects the interaction with
different platelet preparations.

Materials and methods - Pooled plasma units (n=16) were subjected to
coagulation tests before and after pathogen inactivation with amotosalen
treatment (Pl) and aliquots were frozen at —80°C. Fresh and cryopreserved
platelets were analyzed for phenotypic and activity markers. Finally,
coagulation properties of different combinations of platelets and plasma,
before and after PI, were analyzed by viscoelastography (ROTEM).

Results - Pl of plasma reduced the concentration of several coagulation
factors (p<0.01). Cryopreservation altered phenotypic expression and reduced
the platelets’ ability to respond to agonists (p<0.0001). The interplay between
all plasma derivatives and cryopreserved platelets resulted in shortened
coagulation time (p<0.0001) but prolonged clot formation time and reduced
clot strength (p<0.0001) as compared to the interaction between fresh platelets
with different plasma variants. Pl of the plasma does not seem to have a major
impact on coagulation time, clot formation time or clot strength.

Discussion - Our data show that the reduced concentration of coagulation
factors after Pl treatment of plasma are negligible measured by
viscoelastography, with fresh and cryopreserved platelets in this experimental
clot formation setup, and that platelets play a more pronounced role.
Cryopreserved platelets are more activated and result in reduced clot stability.

Keywords: platelets cryopreservation, amotosalen-treated plasma.

INTRODUCTION

Transfusion of platelet and plasma products provides an important contribution to

hemostasis to stop bleeding, and current clinical recommendations are to transfuse
combinations of platelets, plasma and red cells to individuals with massive bleeding*2.
This has been shown to improve hemostasis®, regulated by the interplay between platelets
and coagulation factors*. The physiological process of hemostasis involves complex
interactions between endothelial cells, platelets, von Willebrand factor and coagulation
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factors. The coagulation factors interact with platelets
by binding to platelet receptors directly, indirectly or
by cleaving platelet receptors through clot formations”.
Accordingly, preserved platelet function and coagulation
are crucial factors for a purposeful interplay between
platelets and the coagulation system. Considered from a
transfusion perspective, it is reasonable to assume that the
interplay between platelets and plasma-based coagulation
factors may be affected by different techniques used in
the preparation of blood components.

It is well known that collection, preparation, and storage
of platelet concentrates can result in platelet storage
lesions including changes in metabolism and surface
receptors’™2, This might affect their ability to promote
hemostasis. Addition of different pathogen inactivation
(PD)
procedures®'® are no exception to this notion. Plasma

technologies®® as well as cryopreservation
products are also affected by freezing and PI treatment,
mainly through effects on various coagulation factors®.
Over the years, these blood components have been well
studied separately, while the potential effects on the
interplay between platelets and plasma derivatives has
not been previously described. As the availability of and
requests for PI-treated products and platelets increase, it
is important to evaluate how these new techniques affect
both the products and their combinations. Hence, we set
up an experimental study comparing combinations of
platelet and plasma derivatives. The main objective of the
experiments was to test the hypothesis that the interplay
between platelets and plasma may be influenced by the
pre-transfusion in vitro preparation procedures. This may
be of value in determining the clinical effectiveness of
transfusing such components in combination.

MATERIALS AND METHODS

General overview of the experiments

Samples (n=16) of whole blood plasma units (blood
group AB) in pools of five were subjected to conventional
coagulation tests, measurement of the concentrations
of coagulation factors and viscoelastography before and
immediately after amotosalen-treatment (PI). Thereafter,
aliquots from one randomly selected pool were frozen
at (-80°C) before and after PI. Fresh and cryopreserved
platelet products (n=16) were initially analyzed for
phenotypic and activity markers, and further tested
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diluted in the aliquoted plasma for coagulation properties
as schematically illustrated in Figure 1. The experimental
combinations for investigation of the interplay between
the different platelet and plasma derivatives were
subjected to viscoelastography and are listed in TableI.

Blood component preparation and in vitro testing
Preparation of pooled plasma for characterization before
and after pathogen inactivation and further aliquoted and
tested in combinations with platelets

AB plasma (n=40) was prepared from 450 mL+10% whole
blood units. In short, the whole blood was centrifuged
(3,130 g, 11 min, Macospin, Macopharma [Tourcoing,
France]) and separated into red blood cells, plasma
and buffy coat within 8 hours of donation. The plasma
was leukoreduced through filtration. Afterwards, the
plasma (270.0+10.9 mL) was combined in pools of 5 units
(n=8 pools), then split into two sub-pools of identical
content using DONOpack (2x1,500 mL pooling bags,
Lmb Technologie GmbH, Schwaig, Germany). One of
the sub-pools was kept for aliquoting before PI, whereas
the other was amotosalen-treated with the INTERCEPT
blood system and the associated INT31 processing set for
plasma (Cerus Europe B.V., Amersfoort, the Netherlands).
Aliquots of the pre- and post-PI sub-pools were prepared
for testing with the different platelet derivatives. Each
sub-pool of plasma tested in the study unit met the
processing requirements to undergo INTERCEPT blood
system treatment.

Preparation of platelet derivatives for
characterization and experimental combinations
with plasma derivatives

Double-dose platelet concentrates (n=16) were prepared
from pools of eight buffy coats in additive solution (SSP+)

Table I - Experimental combinations for Rotem analysis (n=16)

Platelet product Plasma product Assembly
BC platelets (day 1) Base plasma (day 1) A

BC platelets (day 1) Pl plasma B
Cryopreserved BC Base plasma (day 1) C
platelets

Cryopreserved BC Pl plasma D
platelets

*Coagulation properties of conventional and cryopreserved platelets in
combinations with conventional and amotosalen treated plasma products
were assessed by Rotem analysis.

BC: buffy coat, PI: pathogen inactivation with amotosalen.
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Figure 1 - General overview of the experiments

Pooled plasma units (n=16) were tested for conventional coagulation parameters, concentrations of coagulation factors
and viscoelastography before and directly after pathogen inactivation treatment with amotosalen (PI). A randomly
collected pooled plasma unit was aliquoted and frozen at -80°C before and after PI. Fresh (day 1) and cryopreserved
platelet products (n=16) were analyzed for phenotypic and activity markers, and further tested diluted in the aliquoted

plasma for coagulation properties. BC: buffy coat.

as recently described?>? and platelet samples (n=16), used
to determine the baseline in vitro quality (on day 1 after
collection and preparation) and subsequent interplay with
the plasma derivates, were collected. For cryopreservation,
a total of 16 untreated platelet units from buffy coats
were transferred to a freezing bag (Macopharma) using
a sterile connection device (Terumo BCT, Lakewood, CO,
USA). A mixture of 25% DMSO/NaCl (50 mL) was then
sterile docked, and the solution added to the platelet
concentrates. After centrifugation at1,200 g for 10 min, as

much as possible of the supernatant was removed, leaving
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on average 0.5 mL freezing medium in approximately 10
mL of platelet suspension. The freezing bags, containing
approximately 10 mL of platelet suspension (5% DMSO),
were immediately frozen with a fast-uncontrolled freezing
rate protocol and then stored, and subsequently thawed,
and resuspended as recently described*. All thawed
and reconstituted units were kept at room temperature
for 1 hour prior to analysis. The in vitro properties of the
cryopreserved platelets were analyzed after freezing and
in combination with the plasma derivatives as outlined in
TableI.
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In vitro analysis of plasma

Samples (n=16) of pooled plasma were frozen, before
and after PI and stored at —30°C until coagulation
analyses were done, using routine measurements, at the
Department of Clinical Chemistry, Karolinska University
Hospital (Sweden). Total protein was analyzed on a Cobas
8000 instrument (Roche Diagnostics, Basel, Switzerland),
activated partial thromboplastin time, prothrombin time
and the international normalized ratio were documented,
fibrinogen was assayed by Clauss coagulation photometry,
antithrombin III was measured using a Sysmex CS 5100
instrument (Sysmex, Kobe, Japan), coagulation factors
V, VIII, XIII, and VII were assayed by coagulation
turbidimetry, von Willebrand factor by photometry,
protein S-free by immunological turbidimetry and
protein S by a chromogenic test of enzymatic activity on a
hemostasisanalyser BCS-XP, (Siemens, Munich, Germany).
Viscoelastography of the plasma samples, before and after
PI, was done on a TEG6S (Haemonetics Corp, Boston,
MA, USA) using a cartridge loaded with citrated kaolin
(CK), tissue factor/kaolin (RapidTEG [Haemonetics]),
heparinase/kaolin (HK) and a platelet inhibitor (citrated
functional fibrinogen [CFF]). The parameters CK R-time
(coagulation time) and CFF maximum amplitude (MA)
(fibrinogen level) were evaluated.

In vitro analysis on the different platelet derivates

In vitro parameters including recovery, before and after
freezing, of platelet counts and mean platelet volume, were
measured using the CA 620 Cellguard (Boule Medical,
Stockholm, Sweden). pH (at 37°C) and the extracellular
metabolic environment (glucose, lactate and bicarbonate)
were studied using routine blood gas equipment (ABL 800,
Radiometer Medical ApS, Copenhagen, Denmark). Flow
cytometric analyses for the expression of a conformational
epitope on the GPIIb/IIla complex of activated platelets
was assessed using the FITC-conjugated monoclonal
antibody PAC-1 (IgM, Becton Dickinson, Franklin Lakes,
NJ, USA); for P-selectin, PE-conjugated CD62P (Beckman
Coulter, Brea, CA, USA); for GPIb, FITC-conjugated
CD42b (Beckman Coulter); for signaling endothelial cell
adhesion molecule®, PECAM-1 (Sigma-Aldrich, St. Louis,
MI, USA); for GPIIb, PE-conjugated CDé1 (Beckman
Coulter, Indianapolis, IN, USA); for collagen receptor
FITC-conjugated GPVI (Pharmingen BD
Biosciences, San Jose, CA, USA) and for changes in the

detection,
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platelet mitochondria transmembrane potential (AY),
the mitochondrial permeability transition detection kit
MitoPT JC-1 (Immuno-Chemistry Technologies, LCC,
Bloomington, MN, USA). All were demonstrated using
a CytoFLEX Flow Cytometer (Beckman Coulter Life
Sciences) as previously described”?22+,

Thromboelastometry

To assess the interplay between different platelet and
plasma coagulation factors (Table I) in the coagulation
cascade, thromboelastometry using a ROTEM delta 3000
(TEM International, GmbH, Munich, Germany) was
performed. The different platelet samples were diluted
approximately 1: 8, in either base AB plasma or plasma
exposed to PI technology (Intercept, Cerus), obtained
from the same pooled unit, to a platelet concentration
comparable to human levels (200x10°/L). The mixed
plasma-platelet combinations were then analyzed in
ROTEM, by using EXTEM as the read out according to
the manufacturer’s instructions. Clotting time (CT) which
reflects the time until the clot starts to form; influenced
by pro- and anti-coagulation factors, clot formation time
(CET), the time that a clot takes to increase from 2 to 20
mm above baseline and maximum clot firmness (MCF)
which reflects the maximum tensile strength of the
thrombus were recorded.

Statistical analyses

The mean values and standard deviations are given
unless otherwise indicated. A paired t-test was assessed
to determine the statistical significance of the differences
between the pooled plasma before and after PI. Two-way
analysis of variance, including Tukey's multiple comparison
test, was performed to distinguish differences between
the platelet groups and their interaction with the plasma
derivatives. The analyses were carried out using GraphPad
Prism version 9.0.0 (121) (GraphPad, San Diego, CA, USA).

RESULTS

Amotosalen treatment reduced several
coagulations factors
This the

coagulation factors and plasma function before and after

plasma

experiment compared concentration of
treatment with amotosalen. PI significantly reduced
several coagulation factors, including fibrinogen but did
not affect the TEG variables CK R and CFF MA, expressing

coagulation factors and functional fibrinogen properties,
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respectively (Table II) while the levels of factor XIII, von
Willebrand factor, and protein S remained unaffected
after PI treatment (Table II).

Cryopreservation affects platelet in vitro variables in
multiple ways

In general, platelet concentration, pH, the extracellular
glucose and lactate concentrations and bicarbonate
calculation were altered after reconstitution of the
cryopreserved platelet units, as outlined in Table III.
The percentages of platelets expressing GPIIb, GPVI
and GPIb were decreased after cryopreservation (Table
IV). In contrast, we observed increased activation after
cryopreservation, reflected by increased cell surface
expression of P-selectin (TableIV)aswellas spontaneous
PAC-1 binding, obvious in the cryopreserved units
(Table IV) Consequently, cryopreservation reduced the
platelets’ ability to respond to ADP and collagen as
assessed by measurement of the active conformation

Table II - In vitro properties of plasma units before and after
amotosalen treatment

Variable Before PI After P1
Total protein (g/L) 63.88+1.64 62.25+2.46
Fibrinogen (g/L) 2.23+0.12 1.70+0.10"
APTT (sec) 34.0+1.02 38.0+1.30"
PT (INR) 1.02+0.03 1.14+0.05"
AT3 (KIE/L) 0.94+0.03 0.900.04"
TEG CKR 12.44+3.14 12.44+3.85
TEG CFF MA 23.69+1.74 24.19+2.32
FV 0.91+0.08 0.77+0.05"
FVIIl 0.91+0.19 0.61+0.12"
FXIil 1.19+0.13 1.13+0.11
FVil 0.90+0.05 0.80+0.05
VWF 1.01+0.30 0.95+0.25
Protein S 0.93+0.09 0.87+0.09
Protein C 1.03+0.06 0.90+0.06™

Data are presented as mean + standard deviation. Results are for before
pathogen inactivation (Pl) treatment (i.e. on pooled units before PI) and after
Pl (n=16), directly after the procedure. ‘p<0.05 compared to pre-PI. “p<0.01
compared to pre-PI.

APTT: activated partial thromboplastin time; PT: prothrombin time; INR:
international normalized ratio; AT3: antithrombin Ill; TEG CK R: clotting time
on thromboelastography; TEG CFF MA: fibrinogen-nased clot firmness on
thromboelastography; FV: factor V; FVIII: factor VIII; FXIII: factor XIII; FVII: factor
VII; vWF: von Willebrand factor.
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of GPIIb/IIIa by using PAC-1 as the readout (Table IV).
Accordingly, Ay (JC-1-positive cells) was also found to
be reduced by cryopreservation (Table IV).

Table I1I - Basic variables of the platelet units before and after

cryopreservation
Variable Before After
cryopreservation cryopreservation
N. of platelets .
+ +
(x10°/L) 1,390+182 9824203
Mean platelet
volume (fL) 9.5+0.3 9.940.6
pH (37°C) 6.964+0.028 7.097+0.056"
Glucose (mmol/L) 8.1+0.6 17.1+1.2°
Lactate (mmol/L) 6.9+0.6 3.3+0.5
Bicarbonate .
(calculated) 9.4+0.5 18.0+1.1

Data are presented as mean + standard deviation (n=16). Results are presented
for pre- cryopreservation (i.e. on day 1 after collection day prior to freezing)
and post-cryopreservation, 2 hours after thawing. ‘p<0.05 compared to pre-
cryopreservation.

Table IV - Effects of cryopreservation on platelet variables

Variable Type of platelet Expression (%)
concentrate
GPIIb (%) Conventional 98.5+1.3
Cryopreserved 95.9+3.9”
GPVI (%) Conventional 98.2+0.9
Cryopreserved 86.4+6.3"
GPIb (%) Conventional 97.6+2.8
Cryopreserved 90.245.7"
P-selectin (%) Conventional 8.4+4.2
Cryopreserved 76.9+8.1"
PAC-1 (%) Type of platelet Expression (%)
concentrate
Spontaneous Conventional 3.4+3.8
Cryopreserved 27.3+10.17
ADP Conventional 72.1£12.5
Cryopreserved 30.6+7.8"
Collagen Conventional 72.4+£15.0
Cryopreserved 51.6+12.8"
AY (% JC-1* Conventional 90.0+8.4
platelets) -
Cryopreserved 47.3+12.5

Expression of platelet surface markers GPIIb, GPVI, GPIb, P-selectin and the
active conformation of GPIIb/IIla determined with PAC-1 and Ay is presented
as percentages in all cases. Results are presented for platelet concentrates
pre-cryopreservation (Conventional) (i.e. on day 1 of storage before freezing)
and post-cryopreservation (2- and 24 hours after thawing) as mean +
standard deviation (n=16). ‘p<0.05 and “"p<0.01 vs pre-cryopreservation for
cryopreserved platelet concentrates.
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Figure 2 - Interplay between the platelet and plasma
derivatives

EXTEM clotting time, clot formation time and maximum clot firmness
assessed on the following combinations: (A) buffy coat platelets (day
1)/base plasma (day 1); (B) buffy coat platelets (day 1)/pathogen
inactivated plasma; (C) cryopreserved buffy coat platelets/ base
plasma (day 1); (D) cryopreserved buffy coat platelets/pathogen-
inactivated plasma. Results are presented as mean + standard
deviation (n=16). ns: not statistically significantly different; "p<0.05
and ""'p<0.0001 multiple comparison between groups.
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Viscoelastic properties were affected by
cryopreservation rather than by amosotalen
treatment

Initially, we hypothesized that PI of plasma could
affect the interaction of the plasma with platelets. To
test this hypothesis, Amosotalen-treated plasma, fresh
platelets and cryopreserved platelets were tested in
combinations. All cryopreservation combinations resulted
in shortened EXTEM - CT but prolonged CFT and reduced
MCEF, significantly as compared with the fresh platelet
combinations (Figure 2). Overall, the Pl-treatment of the
plasma seems not to have any impact on CT, CFT or MCF,
clot-activated by tissue factor (Figure 2). Consequently, CFT
aswellas the MCF activated by tissue factor thromboplastin
was similarly unaffected by the PI-plasma (Figure 2).

DISCUSSION

It is well known that blood component manufacturing
affects different platelet and plasma derivatives in
multiple ways and much work has been carried out to
develop new platelet and plasma products that, through
their contribution to hemostasis, can prevent or stop
bleeding®7#2:25,  Overall, these studies show that
additional manufacturing steps to increase safety and
availability, such as PI techniques and cryopreservation
of platelets, further affect the in vitro function of the
products. Initially, our data indicated multiple in vitro
effects of cryopreservation of the platelets and pathogen
reduction of the plasma. The data presented are in line
with those of recent studies on such platelet derivatives,
showing phenotypic and functional deficiencies as
compared with fresh platelets” ¢, and previous data on
photochemical treatment of plasma, showing a moderate
reduction of labile coagulation factors?. The effects of
PI treatment on differently prepared platelet and plasma
products have been investigated in previous studies.
Agey et al.* showed reduced clot strength in ROTEM
but unaltered platelet metabolism in PI-treated cold-
stored platelets after 14 days. In our study cryopreserved
platelets were reconstituted in fresh plasma and showed
an activated profile and reduced ROTEM clot stability.
In a study by Kamyszek et al.*” cryoprecipitate prepared
from Pl-treated and untreated plasma was analyzed
with proteomics. It was found that PI treatment did
not affect the coagulation factor content but reduced
platelet-derived proteins. This is in line with the findings

For personal use only
thout premission



of Erickson et al.*® who demonstrated stable levels of
pro- and anticoagulant factors in Pl-treated plasma 5
days after thawing, except for the labile factors V, VIII
and protein S. The different results from our study and
other studies showing reductions of coagulation factors
in PI-treated plasma may be explained by methodology,
treatment of samples and time to analysis. However,
the main objective in our study, differently from that of
other studies, was to evaluate the interaction between
manipulated plasma and platelet components.

Importantly, our ROTEM results confirm that all tested
combinations supported clot formation in this setup,
regardless of the platelets and plasma used, but with
differences in the variables. The CT intervals for all
tests were within the normal range, suggesting that the
coagulation factors are functioning normally, regardless
of PI treatment of the plasma or not®?. However, all
cryopreservation combinations shortened the CT and
prolonged the CFT as compared with the other groups,
suggesting that there is some impact on clot propagation
in such combinations. This finding is, however, not
especially specific and could be attributed to either
the concentration of platelets, platelet dysfunction or
low fibrinogen®*. It can be ruled out that differences
in platelet concentration or differences in the plasma
content might have contributed to the differences
observed since all platelet samples were diluted in
equivalent AB plasma (before and after PI treatment) to
a concentration comparable to human levels (200x10°/L)
before all ROTEM runs. Hypothetically, the shortened
CT in the cryopreserved combinations might, therefore,
have been caused by release of substances promoting
hemostasis from the procoagulant platelets as was found
in previous studies®?*. Functional GPIIb/IIIa, as well as
maintained fibrinogen concentrations in the plasma, are
necessary for clot propagation. The prolonged CFT found
in the cryopreserved combinations could, therefore, have
been due to reduced capacity to transform the GPIIb/IIIa
receptors into the active conformation, which is supported
by the findings from our flow cytometry measurements.
The MCF for EXTEM was also uncharacteristically low in
all cryopreserved combinations®*, suggesting that clot
stability was somehow affected as compared to that with
the fresh platelet combinations. A low MCF could also be
attributed to low fibrinogen or hyperfibrinolysis*=*. but
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since our results do not confirm a deterioration in MCF in
the PI-combinations, it can be ruled out that the reduction
in MCF is linked to a reduction in fibrinogen levels
caused by the amotosalen treatment. Given that none of
the amplitudes narrowed with time, hyperfibrinolysis
is clearly not the problem. Therefore, our data indicate
that platelets play a more pronounced role in this blood
component interaction setup and that the contribution
from the PI-treated plasma to adverse interaction effects
is negligible.

Hemostasis is, however, a complex interactive process
involving adhesion of platelets to damaged endothelium,
formation of a platelet plug (aggregation), formation
of a fibrin network to stabilize the plug, clot retraction
and finally fibrinolysis®. Platelet plug formation and
coagulation (primary and secondary hemostasis) are
generally initiated simultaneously upon diverse activation
pathways, which means that these two processes are
communicating with each other jointly during the
coagulation process. Initially, coagulation factors share
(or compete for) membrane receptors (or binding sites)
on resting platelets**¢. Once platelets are activated, they
provide additional binding sites with greater affinity for
the activated coagulation factors than for the unactivated
coagulation factors**. Our data indicate that these
multifactorial events lead to a loss in mechanical force
caused by the blood component manufacturing processes.
Balanced platelet function and coagulation are crucial
for stable blood circulation. If one of the factors involved
is not functioning correctly, this may lead to impaired
hemostasis, which can be clinically expressed as bleeding
complications. Abnormalities in GPIband aIIb3 have been
associated with moderate to severe bleeding symptoms.
Impaired prothrombin consumption can be adjusted
by the addition of human factor VIII or factor VIII-von
Willebrand factor, which might indicate the essential role
of the factor VIII/von Willebrand factor-GPIb interaction
in the activation of coagulation””. Uncharacteristic alIbp3
expression results in malfunctioning clot retraction due to
decreased binding of fibrinogen to platelets®”. Immobilized
protein C also affects platelet binding and activation
signaling through GPIba under shear conditions®. The
ability of platelets to bind protein C might, therefore,
stimulate platelet activation and limit thrombosis
situations by localizing the anticoagulant role of the
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protein C system. GPIba expressed on activated platelets
has also been shown to contribute to the localization
of factor VII to the surface of activated platelets®* and
induction of platelet GPVI shedding results in down-
regulation of GPVI under procoagulant conditions*, all
strengthening the importance of preserved platelet and
plasma function. Our data show that the interplay between
platelets and plasma is influenced by the pretransfusion
in vitro preparation procedures and that manufacturing
effects on the platelets play a more pronounced role. In
a future perspective, the extent to which interactions
may compromise hemostatic function could be helpful
in identifying the clinical effectiveness of transfusing
different blood components in combination. However, the
interpretation of our data is limited by the fact that the
interactions between blood components were evaluated in
an in vitro system which cannot completely reflect the in
vivo effects. This discrepancy warrants additional studies
to shed more light onto the link between the present in
vitro data and the real in vivo interplay between platelets
and plasma derivatives after transfusion.

CONCLUSIONS

Our ROTEM results show that all tested combinations of
cryopreserved or fresh platelets with amosotalen-treated
or —untreated plasma supported clot formation, but there
was a tendency for a diminished interaction related to
the platelet manufacturing rather than to PI treatment of
the plasma. Thus, our study confirmed that PI of plasma
reduces coagulation factors to some extent and that
cryopreservation of platelets causes several phenotypic
alterations and functional deficiencies compared with
fresh platelets. These effects may influence the interplay
between platelets and plasma after transfusion,
warranting an increased attention to studies focusing on

blood component interplay in vivo.
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