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Pathogen inactivation with amotosalen plus UVA illumination
minimally impacts microRNA expression in platelets during storage

under standard blood banking conditions

Niels Arni Arnason,1 Freyr Johannson,2 Ragna Landrö,1 Björn Hardarsson,1 Johannes Irsch,3

Sveinn Gudmundsson,1 Ottar Rolfsson ,2 and Olafur E. Sigurjonsson 1,4

BACKGROUND: To reduce the risk of transfusion
transmission infection, nucleic acid targeted methods
have been developed to inactivate pathogens in PCs.
miRNAs have been shown to play an important role in
platelet function, and changes in the abundance of
specific miRNAs during storage have been observed, as
have perturbation effects related to pathogen inactivation
(PI) methods. The aim of this work was to investigate the
effects of PI on selected miRNAs during storage.
STUDY DESIGN AND METHODS: Using a pool and
split strategy, 3 identical buffy coat PC units were
generated from a pool of 24 whole blood donors. Each
unit received a different treatment: 1) Untreated platelet
control in platelet additive solution (C-PAS);
2) Amotosalen-UVA-treated platelets in PAS (PI-PAS);
and 3) untreated platelets in donor plasma (U-PL). PCs
were stored for 7 days under standard blood banking
conditions. Standard platelet quality control
(QC) parameters and 25 selected miRNAs were
analyzed.
RESULTS: During the 7-day storage period, differences
were found in several QC parameters relating to PI
treatment and storage in plasma, but overall the three
treatments were comparable. Out of 25 miRNA tested
changes in regulation of 5 miRNA in PI-PAS and
3 miRNA U-PL where detected compared to C-PAS. A
statistically significant difference was observed in down
regulations miR-96-5p on Days 2 and 4, 61.9% and
61.8%, respectively, in the PI-PAS treatment.
CONCLUSION: Amotosalen-UVA treatment does not
significantly alter the miRNA profile of platelet
concentrates generated and stored using standard blood
banking conditions.

P
latelets play a central role in hemostasis and repre-
sent an integral part of transfusionmedicine. Platelet
concentrates (PCs) are normally stored at room tem-
perature for a maximum of 5 to 7 days, depending

on country-specific regulations.1,2 One of two main reasons for
this limited storage time is the potential for bacterial growth
during storage.3,4 The risk of transfusion-transmitted bacterial
infections (TTBIs) due to contaminated PCs is persistent
despite improved donor selection protocols, phlebotomy tech-
niques, and PC bacterial screening. Life threatening septic
transfusion reactions (STRs) related to platelet transfusions still
occur.4,5 The currently available bacterial detection assays are
not sufficient to prevent TTBI.6 The rate of STRs due to PC
transfusion has likely been underestimated, as highlighted in a
recent 7-year retrospective study of PC transfusions using pas-
sive and active surveillance.7

The second reason for the relatively short shelf life of
stored platelets is platelet storage lesion (PSL). PSL is a collec-
tive term for a variety of factors that describe the deterioration
of platelet quality during storage.8,9 The onset and acceleration
of PSL during storage is likely to affect platelet post transfusion
recovery and survival.10,11 The onset and accumulation of PSL
is related to the activation of or damage to the platelets as result
of their preparation or storage conditions, and can eventually
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lead to further effects. All aspects of platelet processing can
contribute to platelet alterations, including collection, post col-
lection manipulation, and storage.12–17 The majority of PCs are
used as prophylaxis of bleeding in patients with low platelet
count, e.g., as a result of bone marrow failure due to hemato-
logical malignancy and radio- or chemotherapy, a relatively
frequent scenario in older populations.18

Countries with aging populations have seen a rise in
the demand for PC transfusions, making meeting harvesting
and storage demands ever more challenging.19 To address
this increase in demand, measures aimed at increasing
transfusion safety while prolonging the standard 5-day shelf
life of PCs to 6 or 7 days have been or are being developed.
Several technologies for pathogen inactivation (PI) are cur-
rently available. These utilize ultraviolet (UV) light of differ-
ent wavelengths with or without photoactive chemicals.20,21

Amotosalne-UVA (INTERCEPT Blood System, Cerus) repre-
sents the most studied and most widely used of these
methods. Amotosalen-UVA has been in routine use in many
centers for more than a decade and is being used nation-
wide in several countries. The technology utilizes a syn-
thetic psoralen (amotosalen) and UVA light. UVA light has
been shown to have a much lower impact on platelet qual-
ity than UV light of shorter wave-lengths, as utilized with
some other technologies. Amotosalen can intercalate into
nucleic acids and upon UVA light treatment forms perma-
nent adducts and crosslinks at high frequency, inhibiting
strand separation and thus proliferation of infectious patho-
gens and residual white blood cells. The INTERCEPT
method is effective against a broad spectrum of known and
emerging viral, bacterial, and protozoan pathogens and
potentially against unrecognized blood-borne pathogens as
well.22,23

Some studies have shown a decreased quality of amoto-
salen-UVA-treated platelets at the laboratory level during stor-
age compared to untreated platelets. These reports describe
an increase in the activation of treated PCs.24–26 Other studies,
however, have not shown detrimental effects for the tech-
nology.27–29 These differences may be due to the large varia-
tions between studies in test methods and parameters used to
define platelet quality in vitro. There is currently no consensus
regarding how the potential impacts of a PI treatment on
in vitro platelet quality actually reflect clinical platelet function.
Though numerous clinical studies have been conducted
successfully over more than 15 years,30–37 and over a million
INTERCEPT-treated PCs safely transfused, there is still ongoing
debate about the clinical value of implementing INTERCEPT
pathogen inactivation technology.38,39 Given recent reports on
routine experience with INTERCEPT-treated PCs in clinical
settings, the importance of in vitro findings needs further
consideration.40,41

Recently, microRNAs (miRNAs) have been identified as
potentially playing a role in post-transcriptional gene-expression
regulation in platelets.42–47 miRNAs are small, non-coding RNA
molecules with a length of 19 to 24 nucleotides.48 These small

molecules serve as post-transcriptional regulators of gene func-
tion by binding to messenger RNA (mRNA) and facilitating
translation inhibition or degradation of mRNA.44,49 It has been
estimated that miRNAs regulate up to 60% of all human protein
coding genes.50,51 Studies based on microarray technology and
next generation sequencing methods revealed that human
platelets harbor transcriptomes representing many of the
human protein coding genes.52–54 Up to 28% of all annotated
humanmiRNA have been detected in platelets,55 as have all key
components needed to make use of the miRNA post-trans-
criptional control pathway.48,56 A few publications have focused
onmiRNA in stored platelets, showing differences in the regula-
tion ofmiRNAs during storage and describing the effects of post-
collection processing methods like PI.57–60 It has even been
suggested that specificmiRNA patterns could predict the quality
of stored PCs and that manipulation of the miRNA gene regula-
tion pathway could lead to more effective storage of plate-
lets.61,62 Research on miRNAs in stored PCs could contribute to
better quality and prolonged shelf life of stored platelets.63

We analyzed the potential impact on miRNAs of three
different PC preparations, including PI, using a pool and
split design. The three treatments were: 1) a non-pathogen
inactivated PC stored in platelet additive solution (PAS)
(control); 2) a pathogen-inactivated (INTERCEPT) PC in
PAS; and 3) a non-pathogen inactivated PC stored in donor
plasma, to evaluate the effects of PAS. Platelet quality and
miRNA profiles were monitored over 7 days of storage.

MATERIALS AND METHODS

Collection, processing, and storage

Double-dose PCs were obtained from a pool of eight healthy
blood donors by the buffy coat method at the Blood Bank,
Landspitali - The National University Hospital of Iceland. Buffy
coats (BCs) were prepared fromwhole blood units by centrifuga-
tion at 3578 × g for 11 minutes at 20°C (Sorvall RC12BP, Thermo
Fisher Scientific) and separated by Optipress II (Fenwal) follow-
ing the Blood Bank’s standard operating procedures. Using the
double trainmethod, eight ABO-matched BCswere pooled using
Fenwal BC pooling sets (code K4R7039). This was done three
times to create three BC pools. These three BC pools were further
combined and mixed by genital rolling for 10 seconds in a 1.5-L
intermediate collection bag obtained from the INTERCEPT
(Cerus Europe BV) processing set, and split again to generate
three identical single pools originating from 24 whole blood
(WB) donors.

To two of the BC pools, 300 mL PAS (Storage Solution
for Platelets SSP+, Macopharma) was added, creating PCs in
35% plasma and 65% PAS. To one BC pool, 300 mL of ABO-
matched donor plasma was added, creating a PC in 100%
donor plasma. At this point, each unit had a total volume of
660 mL. BC pools rested for 1 hour at room temperature
before PC isolation by centrifuging. A double-dose PC unit
(average volume 402.3 � 24.1 mL; range 336.1-432.2 mL
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and platelet count 509.7 × 109; range 351 × 109-579× 109)
was isolated from each PAS BC pool by split centrifuging at
40 × g for 2 minutes followed by 463 × g for 6.5 minutes
(Sorvall RC12BP, Thermo Fisher Scientific). The PC pro-
duced with 100% donor plasma was isolated by centrifuging
at 987 × g for 7 minutes (Sorvall RC12BP, Thermo Fisher
Scientific). All PCs were leukocyte-filtered and separated
from the BC pool by Optipress II (Fenwal) following the
Blood Bank’s standard operating procedures.

One PAS double-dose PC received INTERCEPT PI treat-
ment (Cerus Europe BV). PI treatment included addition of
17.5 mL of 3 mM amotosalen solution, UVA (340 to 400 nm)
light exposure with total energy dose delivered 3.9 J/cm2,
and incubation with a compound absorption device for 6 to
16 hours in a flat-bed temperature-controlled incubator at
22°C � 2°C (PC900H, Helmer) under light agitation. All
double-dose PCs were then split into two single doses, as
used for patient infusion. One single-dose unit was used for
further analysis and the second single-dose unit was dis-
carded or used in other research projects.

PCs were stored in a platelet incubator at standard
blood bank storage conditions of 22 � 2°C with gentle agita-
tion (PC900H, Helmer) and sampled on Day 1 (data not
shown), and Days 2, 4, and 7. The experimental setup is
depicted in Fig. 1.

The treatments in this study are referred to herein as
follows: 1) non-pathogen inactivated PC in PAS (control),
C-PAS; 2) INTERCEPT pathogen inactivated PC in PAS,
PI-PAS; 3) non-pathogen inactivated PC in donor plasma, U-PL.

Sampling and quality control

Sampling of PC units was done in a closed sterile system. A
sample of 10 mL was collected from a single-dose unit. The
10 mL sample was further split into a 6.8-mL sample for
analysis of miRNA by qPCR and a 3.2-mL sample for quality
control (QC) parameters. Immediately after QC sample col-
lection, the following parameters were analyzed: pH, pO2,
pCO2, and concentrations of total glucose and lactate on a
blood gas analyzer (ABL90, Radiometer); platelet count,
mean platelet value (MPV), and platelet distribution width
(PDW) on a hematology analyzer (Sysmex XN-1000); and
Annexin V, glycoprotein IIb (GPIIb), GPIbα, P-selectin, and
the CD63 gene by flow cytometry (FacsCalibur, BD
Biosciences).

A platelet pellet for q-PCR was generated by separating
the cells from spent media by centrifugation at 1730 × g and
room temperature for 10 minutes (Sorvall RC5C, Thermo
Fisher Scientific). The supernatant was retained for analysis
by ELISA. Both pellets and supernatant were stored at −80°
C until further analysis.

White blood cell depletion

Prior to RNA isolation and miRNA analysis, all samples were
white blood cell (WBC) depleted using CD45 dynabeads
(Thermo Fisher Scientific). Samples were incubated with
the CD45 dynabeds for 15 minutes and any residual WBCs
were removed using a magnet.

Flow cytometry

Flow cytometric analyses (FacsCalibur, BD Biosciences) were
performed to determine themean fluorescence intensity (MFI)
of the following proteins in PCs during storage: Annexin V con-
jugated to PE for binding of membrane exposed phos-
phatidylserine; CD41 antibody against the CD41 antigen (also
known as platelet glycoprotein IIb or IIb integrin) conjugated
to FITC; CD42b antibody against the CD42b antigen (also
known as platelet glycoprotein Ib alpha chain) conjugated to
PE; and CD62p antibody against the CD62p antigen (also
known as P-selectin, platelet activation-dependent granule-
external membrane [PADGEM] protein, or granule membrane
protein GMP-140) conjugated to PE. All antibodies were
obtained fromBDBiosciences.

Each PC sample was diluted 1:10 by mixing 100 μL of
the sample with 900 μL of room-temperature HEPES-
buffered saline (HBS). A diluted sample of 5 μL was stained
with 10 μL CD41-FITC and 20 μL of CD42b-PE and CD-62p-
PE for 20 minutes in the dark. Prior to analysis, 2 mL of cold
HBS was added. Samples for Annexin V analysis were sta-
ined with 10 μL of CD41-FITC for 15 minutes in the dark
before adding 10 μL of Annexin V following 10 minutes
incubation in the dark. Added to these samples prior to
analysis was 2 mL of 3.5 mM calcium HBS.

Fig. 1. Summary of experimental treatment and control

preparation, n = 8. [Color figure can be viewed at

wileyonlinelibrary.com]
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ELISA

Quantikine ELISA (enzyme-linked immunosorbent assay)
kits (R&D Systems) were used to determine the concentra-
tions of soluble CD40 ligand (sCD40L), sCD62P/sP-Selectin,
and CXCL4/platelet factor 4 (PF4) in PC supernatants dur-
ing storage, according to the manufacturer’s instructions.
PC supernatants (controls and treatments) sampled on Days
1, 2, 4, and 7 were removed from −80°C storage and thawed
on ice in the dark for 1 hour. ELISA kits and samples were
allowed to reach room temperature (~22°C) before use.
Sample measurements were performed in duplicate on a
Multiskan Spectrum v1.2 microplate reader (Thermo Fisher
Scientific).

RNA isolation

Total RNA was extracted using the miRNeasy Mini Kit
(Qiagen). To control the isolation, synthetic spike-ins were
added to the samples (UniSp2, UniSp4, and UniSp5). In
short, platelet samples were lysed with 700 μL of Qiazol lysis
reagent in a TissueLyser (Qiagen) with one 5 mm stainless
steel bead. RNA was extracted using chloroform, ethanol,
and spin columns. RNA was stored in RNase-free water at
−80°C until analysis.

miRNA real-time qPCR

Based on previous miRNA results (unpublished data) and
literature on their roles in platelet biology and storage,
25 miRNA were selected for analysis.

Using the miRCURY LNA™ Universal RT microRNA
PCR, Polyadenylation and cDNA synthesis kit (Exiqon),
10 ng RNA was reverse transcribed in 10 μL reactions. Each
RNA sample was reverse transcribed into cDNA and tested
for the expression of 5 control miRNAs (miR-23a, miR-30c,
miR-103, miR-142-3p, miR-451) and one synthetic spike-in
RNA (UniSp6). cDNA was diluted 100-fold and assayed in a
10 μL PCR reaction according to the manufacturer’s proto-
col for miRCURY LNA Universal RT microRNA PCR. Each
miRNA was assayed once by qPCR on a custom Pick & Mix
panel (Exiqon). No template controls (NTCs), excluding the
template from the reverse transcription reaction, were
included as negative controls. Amplification was performed
in a LightCycler® 480 Real-Time PCR System in 384-well
plates. Amplification curves were analyzed using Roche LC
software to determine quantitation cycle (Cq) and melting
curves.

Data analysis

All assays were inspected for distinct melting curves and the
melting temperatures were confirmed to be within known
specifications for the assay. In order to be included in data
analysis, individual assays had to be above the detection limit
and within the range of 3 Cq below the negative control to

37 Cq. Cq was calculated as the second derivative. Using
NormFinder (Arhus University Hospital), the best normalizer
was determined; all data were normalized to the average of
assays detected in all samples (average–assay Cq).

Statistical analysis

Fold changes inmiRNA levels were calculated using the 2-ΔΔCT

method. For paired t-tests, differences were considered signifi-
cant if p-values remained below 0.05 after applying the
Benjamini-Hochbergmethod for false positive discovery rate.

RESULTS

Platelet count and size

Swirling was observed at all time points in all treatment
groups. No aggregates were detected in any tested unit.
Platelet count decreased on average significantly more over
the 7-day storage period in PI-PAS (19.8%; p-value = 0,0132)
and U-PL (20.4%; p-value = 0,0165) vs. C-PAS (16.7%). No
significant difference was observed in MPV or PDW in
either treatment group compared to control.

Metabolic activity of PCs

Metabolic activity was assessed by monitoring the following
parameters in the three different PC products: acidity, glu-
cose consumption, lactate production, and pO2 and pCO2

pressures (Table 1). The pH was significantly different at all
time-points during storage between C-PAS and the other
treatments. All groups had elevated pH between Days
2 and 4, with a decrease from Day 4 to the end of storage at
Day 7. The pH remained above 6.4 in all treatments, thus
maintaining compliance with European Directorate for the
Quality of Medicines requirements.

All treatments showed decreasing glucose and pCO2

values over time, as well as rising lactate and pO2 values, which
are typical trends during PC storage. Significant differences
were observed in glucose, lactate, and pCO2 levels in U-PL
compared to C-PAS during the 7-day storage period (Table 1).
pCO2 was significantly different in PI-PAS than in C-PAS on
Day 2 (20.01 � 1.20 mmHg for PI-PAS vs. 17.47 � 0.89 mmHg
for C-PAS; p-value = 0.029) and Day 4 (9.51 � 0.41 mmHg
vs. 10.09 � 0.33 mmHg; p-value = 0.016).

Markers of platelet activation

Surface expression of P-selectin and GPIbα and degree of
Annexin V binding were monitored as markers of platelet
activation and degree of PSL. A gradual increase was
detected for P-selectin during storage in all PCs. Platelets
stored in 100% plasma (U-PL) expressed significantly more
P-selectin at all time points than did C-PAS (Table 1).
P-selectin expression was significantly higher in PI-PAS
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(26.53 � 2.06% gated) than in C-PAS (21.22 � 2.35% gated)
on Day 7.

There was a steady increase in the proportion of plate-
lets with decreased GPIbα expression in all PCs. On Days
4 and 7, GPIbα low population was significantly higher in
PI-PAS (3.61 � 0.27% gated and 7.86 � 0.98% gated, respec-
tively) than in C-PAS (2.41 � 0.26% gated and 5.08 � 0.57%
gated, respectively).

All groups displayed similar patterns in Annexin V bind-

ing, with an initial increase from baseline (data not shown),

followed by a decrease from Day 2 to Day 4 and a second

increase fromDay 4 to Day 7. Annexin V binding was highest in

U-PL at all time points. On Days 2 and 4, Annexin V binding

was significantly lower in PI-PAS than C-PAS (6.45 � 1.16%

gated and 4.57 � 0 .98% gated vs. 9.94 � 1.76% gated and

7.25 � 1.50% gated, respectively). No significant differences

were observed between U-PL and C-PAS.

Release of platelet factors

Accumulation of platelet factors in the PC storage media also
indicates activation and PSL. The concentration of four factors
released from platelets via secretion or receptor shedding were
monitored: CD40L, sP-selectin, and PF4 (Table 1). No signifi-
cant differences were observed on Days 2 and 7 for CD40L in
PI-PAS versus C-PAS. On Day 4, however, the CD40L concen-
tration was significantly higher in PI-PAS (3.33 � 0.29 ng/mL)
than in C-PAS (2.70 � 0.22 ng/mL). Platelets stored in plasma
had significantly lower CD40L concentrations during the entire
storage period than did control platelets.

PI-PAS units had significantly higher levels of PF4 on
Days 4 and 7 (7.75 � 0.63 μg/mL and 13.06 � 0.82 μg/mL,
respectively) than C-PAS (5.10 � 0.35 μg/mL and
9.27 � 0.50 μg/mL). On Day 4, the PF4 concentration was
significantly higher in U-PL (7.80 � 0.57 μg/mL) than in C-
PAS (5.10 � 0.35 μg/mL).

TABLE 1. Results of QC analyses over a period of 7 days
Parameter Day C-PAS PI-PAS U-PL

PDW (fL) 2 9.75 � 0,35 9.96 � 0,36 9.49 � 0,33
4 9.41 � 0,30 9.75 � 0,30 9.44 � 0,40
7 9.47 � 0,49 9.79 � 0,49 9.56 � 0,46

MPV (fL) 2 9.69 � 0,2 9.86 � 0,20 9.55 � 0,20
4 9.60 � 0,15 9.80 � 0,19 9.56 � 0,21
7 9.84 � 0,21 9.84 � 0,21 9.74 � 0,25

Plt count (109) 2 227.3 � 65,2 230.6 � 55,1 224.1 � 61,0
4 208.2 � 61,9 211.3 � 52,6 207.8 � 59,3
7 196.9 � 57,5 196.0 � 47,7 193.9 � 54,3

pH 22°C (−) 2 7.14 � 0.03 7.04 � 0.01 7.25 � 0.03
4 7.31 � 0.02 7.23 � 0.01 7.40 � 0.02
7 7.28 � 0.01 7.17 � 0.02 7.17 � 0.03

pCO2 (mmHg) 2 17.5 � 0.9 20.0 � 1.2 27.4 � 1.2
4 10.1 � 0.3 9.51 � 0.41 14.6 � 0.6
7 9.23 � 0.20 8.80 � 0.14 12.4 � 0.18

pO2 (mmHg) 2 108 � 7 105 � 8 98.4 � 5.8
4 118 � 7 122 � 7 103 � 6
7 117 � 6 128 � 5 104 � 3

Glucose (mmol/L) 2 6.36 � 0.32 5.69 � 0.12 17.1 � 0.5
4 5.23 � 0.32 4.64 � 0.14 15.0 � 0.5
7 2.88 � 0.32 2.13 � 0.25 11.0 � 0.7

Lactate (mmol/L) 2 7.49 � 0.43 7.17 � 0.36 9.11 � 0.52
4 9.44 � 0.37 8.93 � 0.36 12.4 � 0.5
7 13.8 � 0.5 13.4 � 0.6 19.0 � 0.8

P-selectin (% gated) 2 7.69 � 1.15 8.27 � 1.17 10.2 � 0.8
4 11.6 � 0.9 14.9 � 1.7 16.9 � 1.3
7 21.2 � 2.4 26.5 � 2.1 22.6 � 1.7

GPIbα low (% gated) 2 1.15 � 0.29 1.55 � 0.21 1.79 � 0.47
4 2.41 � 0.26 3.61 � 0.27 2.18 � 0.18
7 5.08 � 0.57 7.86 � 0.98 4.92 � 0.44

Annexin V (% gated) 2 9.94 � 1.76 6.45 � 1.16 11.5 � 1.2
4 7.25 � 1.50 4.57 � 0.98 9.27 � 2.36
7 15.2 � 2.1 11.1 � 2.2 18.5 � 2.0

sCD40L (ng/mL) 2 1.74 � 0.19 1.93 � 0.17 1.01 � 0.11
4 2.70 � 0.22 3.33 � 0.29 1.71 � 0.15
7 3.84 � 0.26 4.34 � 0.58 2.73 � 0.17

sP-selectin (ng/mL) 2 42.2 � 5.3 43.1 � 2.3 70.5 � 3.3
4 54.0 � 2.6 65.4 � 4.3 89.2 � 2.8
7 90.7 � 4.1 99.2 � 4.8 124 � 5

PF-4 (μg/mL) 2 2.29 � 0.47 3.30 � 0.64 4.50 � 0.77
4 5.10 � 0.35 7.75 � 0.63 7.80 � 0.57
7 9.27 � 0.50 13.1 � 0.8 10.7 � 0.6

Results are presented as mean � standard deviation. n = 8.
Day 1 data is not shown.
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sP-selectin levels were significantly higher onDay 4 in PI-PAS
(65.42 � 4.31 ng/mL) than in C-PAS (54.02� 2.61 ng/mL), and
concentrations were significantly higher at all time points in U-PL
compared toC-PAS.

miRNA profiling with real-time qPCR

Out of the 25 miRNA analyzed, Student’s t-tests showed that
only five showed differences in regulation during storage at
one or more time points. On Day 2, upregulations of 16.7%
and 10.8% were detected for miR-326 and miR-146a-5p,
respectively, in U-PL as compared to C-PAS. Also in U-PL,
downregulations of 55% and 52% were observed for miR-
96-5p on Days 2 and 4, respectively.

In the PI-PAS treatment, there was a 20.6% upregulation
of miR-1260b on Day 7 compared to C-PAS, and a 7.9%
upregulation of miR-146a-5p was observed on Day 2 (Table 2).
Downregulations of 14.8% and 13.5% were observed in PI-PAS
for miR-17-3p on Days 2 and 4, respectively, as well as a 7.1%
downregulation of miR-20a-5p on Day 7 (Table 2). miR96-5p
was down-regulated throughout the storage period (61.9%,
61.8%, and 51.4% onDays 2, 4, and 7, respectively). After apply-
ing methods to detect possible false positives due to multiple
testing, the only statistically significant differences observed
were downregulations of miR-96-5p on Days 2 and 4 (Table 2).
Principal component analysis revealed no specific clustering of
samples related to different treatments (Fig. 2).

DISCUSSION

It is important to understand the effect PSL has on platelet
function during storage. In this paper, we looked at the expres-
sion of 25 miRNAs, chosen based on previous array results
from our lab (unpublished data) and/or with specific relevance
to platelet biology. The main goal was to evaluate whether PI
using the INTERCEPTmethod had any effect on these miRNAs
during standard storage. Using buffy coat PCs and a pool and
split design, the effect of PI was compared to untreated PCs
during a 7-day storage period. The results indicated that PI did
not have a significant impact on the miRNA profile of PCs dur-
ing storage; limited effects were observed, with only a single
miRNA out of the 25 analyzed demonstrating a significant dif-
ferential regulation in the PI-treated PC.

To back up results frommiRNA analysis extensive in vitro
data on platelet quality was collected during this study. No dif-
ference was detected in PDW,MPV, or swirling between differ-
ent treatment groups. A difference was observed in lower
platelet count during the 7-day storage in P-PAS possibly relat-
ing to additional steps in the PI treatment protocol (Table 1).
Previous in vitro studies of PI-treated PCs have shown some
indication of increased activation and acceleration of PSL dur-
ing storage compared to standard untreated PCs.24–26 In our
data, we also saw some indication to this effect, with increased
shedding of the GPIba receptor and surface expression of
P-selectin, and concentration changes in sP-selectin, PF-4 and
CD40L in the storage solution. CD40L concentrations were
higher at all time points in PCs stored in PAS than in plasma;
this might indicate that some degree of activation is attribut-
able to the PAS storage solution.

The specifics of the onset and acceleration of PSL on
the molecular level are not fully understood. As the miRNA
post-transcriptional control pathway is active in platelets,
the effects of post-collection processing and storage on the

TABLE 2. Differently regulated miRNA over a 7 day
storage period

miRNA Day

% difference from C-PAS*

PI-PAS U-PL

hsa-miR-17-3p 2 +15.0† ns
4 + 15,5† ns
7 ns ns

hsa-miR-96-5p 2 −61.9†,‡ −55.1†

4 −61.8†,‡ −51.9†

7 −51.4† ns
hsa-miR-146a-5p 2 −7.9† −10.8†

4 ns ns
7 ns ns

hsa-miR-326 2 ns ns
4 ns ns
7 ns +16.7†

hsa-miR-1260a 2 ns ns
4 ns ns
7 +20.0† ns

Note that no significant differences were observed in this study
for the other 20 miRNAs investigated.
(+) Positive differences represent upregulation compared to the
C-PAS control.
“ns” means there were no significant differences between the
C-PAS control and the treatment.
(−) Negative differences represent downregulation compared to
the C-PAS control.
* Differences shown are based on means.
† t-test – p-values <0.05 statistical analysis using paired student
t-test.

‡ BH FDR – p-values <0.05 after applying Benjamini Hochberg
false discovery rate method.

Fig. 2. Principal component analysis. PC 1 shows clustering of

samples related to the expression of 25 individual miRNAs, with

all treatments and sampling days included. No clustering can be

seen related to treatment. [Color figure can be viewed at

wileyonlinelibrary.com]
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miRNA profile of PCs are of interest. It has been suggested
that specific miRNA expression patterns can be used to
monitor cellular damage related to PSL.62 Studies looking at
miRNAs during platelet storage have shown high levels of
miRNAs associated with apoptosis. Some of these pro-
apoptotic miRNAs seem to be further upregulated during
storage, while others are downregulated.57,59

There is limited published data on the potential effects of
PI treatment on platelet miRNAs. One research group com-
pared PI (INTERCEPT and Mirasol) and irradiation of single
donor aphaeresis PCs. The authors speculated that the PI treat-
ments had a perturbation effect on both platelet miRNA and
mRNA and, further, that this observed effect was due to
an increased activation state as result of the INTERCEPT pro-
cess inducing microparticle release, containing miRNA and
mRNA.58,60 INTERCEPT treatment seemed to have an effect on
6 out of the 11 miRNAs included in these analyses. In the cur-
rent study, all 11 of these miRNAs were included, but we did
not see the same effect. Only one miRNA, miR-96-5p, was sig-
nificantly reduced by the PI treatment. These different out-
comes are likely related to differences in study designs. In both
studies by Osman et al.,58,60 single donor aphaeresis PCs were
usedwithout a pool and split design; thus, miRNAs from differ-
ent donors were compared in the different treatments. This
may be an issue because variations in the regulation and
expression of miRNAs between individuals have been demon-
strated and can be related to factors such as sex, age, and
race.46,64 The pool and split design used in the current study
reduced the potential effects of donor variation. In one of the
Osman et al. studies,58 INTERCEPT had a more pronounced
impact on the investigated miRNAs than did Mirasol. Again,
donor variation could have had an effect. In addition, storage
media were not the same in each treatment; Mirasol PCs were
resuspended in 100% donor plasma, while INTERCEPT PCs
were resuspended in 65% PAS and 35% donor plasma. In our
study design, the PI-PAS treatment and C-PAS control were
stored in identical storage media in order to minimize the
effects of different preparation and storage of the treatments,
while the U-PL treatment (resuspended in 100% plasma) was
compared to the C-PAS control to detect potential effects
of PAS.

Osman et al. further analyzed the effects of INTERCEPT
on mRNAs using RNA sequencing and found that INTERCEPT
markedly deregulated the platelet mRNA transcriptome.60 We
did not specifically look at mRNAs or proteins in this study, but
if PI treatment affects platelet mRNAs on a large scale, this
effect does not seem to be translated into the proteome, where
studies have indicated a weak impact of such treatment on the
platelet proteome.65,66 Research into how miRNAs regulate
platelet mRNAs is important to further our knowledge of the
molecularmechanisms of stored platelets.

Based on the results of this study, PI did not have a sig-
nificant impact on the miRNA profile of PCs during storage.
Down regulation of miR-96-5p in PI-PAS compared to
C-PAS might be related to accelerated granule release in the

PI-PAS as demonstrated by increased concentration of
PF-4, sP-selectin, and CD40L especially on Day 4. All these
factors are released by platelet α-granules.67 The release
of platelet factors from there granules is under the control
of v-SNEARE complex containing endobrevin/Vamp8.68

miR-96-5 has been indicated in the post transcriptional con-
trol of Vamp8 and down regulation of miR-96-5 associated
with hyperactive platelets.42

Despite evidence that the manipulation involved in the
processing steps of Intercept treatment effects the biology of
stored platelets24–26,69–71 numerous clinical trials and hemo-
vigilance reports indicate Intercept treated platelets being safe
and to be none inferior to standard platelets when it comes to
transfusion efficacy.30,31,35,36,40,41 A recent clinical study using
WHObleeding scores in patients with hematologicalmalignant
neoplasm concluded Intercept treated PC being non-inferior
to standard platelets stored in PAS III (Intersol) but inferior to
standard platelets stored in plasma,37 an indication of this par-
ticular PAS contribution to PSL.

Although there is still an ongoing debate on INTERCEPT-
treated PCs not performing as well as standard PCs, it must be
taken into consideration what is achieved by implementing this
technology, which drastically lowers the risk of potentially life-
threatening septic reactions due to TTBIs, versus a reduction
CCI tests or potential slight increase in non-life-threatening
bleeding complications.72 Countries and regions that have
already implemented PI have seen a drop in both TTBIs and
adverse reactions.26
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