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ORIGINAL ARTICLE

Effects of pathogen reduction systems on platelet microRNAs, mRNAs,
activation, and function
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Eric Boilard*>, Peter Hellstern®, Eleftherios C. Vamvakas’, & Patrick Provost*>
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Abstract Keywords
Pathogen reduction (PR) systems for platelets, based on chemically induced cross-linking and  MicroRNA, pathogen reduction, platelet,
inactivation of nucleic acids, potentially prevent transfusion transmission of infectious agents, platelet function, transfusion medicine

but can increase clinically significant bleeding in some clinical studies. Here, we documented
the effects of PR systems on microRNA and mRNA levels of platelets stored in the blood bank,
and assessed their impact on platelet activation and function. Unlike platelets subjected to
gamma irradiation or stored in additive solution, platelets treated with Intercept
(amotosalen + ultraviolet-A [UVA] light) exhibited significantly reduced levels of 6 of the 11
microRNAs, and 2 of the 3 anti-apoptotic mRNAs (Bcl-xI and Clusterin) that we monitored,
compared with platelets stored in plasma. Mirasol (riboflavin + UVB light) treatment of platelets
did not produce these effects. PR neither affected platelet microRNA synthesis or function nor
induced cross-linking of microRNA-sized endogenous platelet RNA species. However, the
reduction in the platelet microRNA levels induced by Intercept correlated with the platelet
activation (p<0.05) and an impaired platelet aggregation response to ADP (p<0.05). These
results suggest that Intercept treatment may induce platelet activation, resulting in the release
of microRNAs and mRNAs from platelets. The clinical implications of this reduction in platelet
nucleic acids secondary to Intercept remain to be established.
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Introduction Current pathogen reduction (PR) systems for platelets rely on
chemically induced cross-linking and inactivation of nucleic
acids [15]. Two of these systems, Intercept and Mirasol, have been
proven to be effective at reducing the levels of disease-causing
agents. However, the SPRINT randomized controlled trial (RCT)
found that PR causes loss of a proportion of the PR-treated
platelets, resulting in reduced platelet dose per component, but
not increased bleeding, because a 10000/ul platelet count in
patients with hypoproliferative thrombocytopenia is maintained
through increased platelet transfusions [16]. Accordingly, PR of
platelets was recommended to prevent the transmission of known
and emerging pathogens containing nucleic acids, as well as the
vast majority of cases of transfusion-associated sepsis (TAS) — a
febrile to fatal reaction to transfusion of platelets contaminated
with bacteria [17].

Subsequently, the RCT of Kerkoffs et al. [18] found a
significant increase in bleeding in recipients of pathogen-reduced
(versus non-pathogen-reduced) platelets. Other complications
were also reported in recipients of pathogen-reduced platelets,
including (i) six patients suffering of eye disorders (three patients
with retinal hemorrhage), compared with none in the reference
group, in the euroSPRITE trial aimed to evaluate the therapeutic
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Platelets contain a diverse array of biologically important
ribonucleic acid (RNA) species, including messenger RNAs
(mRNAs) and mRNA-regulatory microRNAs. Inherited from
their megakaryocytic precursors [1], up to a third of all human
genes are present in platelets at the mRNA level [2]. Platelets
possess the essential components of the translational machinery to
translate their mRNAs into proteins [3—7] both in the circulation
and during storage in the blood bank [8].

Platelets also contain an abundant and diverse array of mRNA-
regulatory microRNAs [9-13] — small, 19- to 24-nucleotide
(nt)-long non-coding RNA species — as well as a functioning
microRNA pathway with the ability to synthesize microRNAs and
mediate their function [11]. Bray and colleagues (i) described a
link between the level of a microRNA (i.e. miR-96) and the
platelet reactivity [14], (ii) reported a correlation between
microRNA-mRNA coexpression profiles and platelet reactivity
[13], and (iii) showed that platelet microRNAs can repress platelet
protein expression [8, 13]. This recent evidence supports a role for
microRNAs in regulating platelet function.
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going off-protocol in the Intercept-treated group [18]. Although
the prevalence of these complications did not attain statistical
significance, when compared with their respective reference
group, they tend to support a negative effect of PR on platelets.
A meta-analysis of all completed RCTs reported a significant
increase in all and in clinically significant bleeding when the
analysis [21, 22] integrated the results of the safety report of the
SPRINT trial [23], albeit not when it [22] used the findings from
the initial report of that RCT [16]. A recent Cochrane review by
Butler et al., in which 10 RCTs were analyzed, also concluded that
there was no difference in clinically significant or severe bleeding
between pathogen-reduced and standard platelets, but that there
were significantly reduced responses following the transfusion of
pathogen-reduced platelets, with a requirement for more platelet
transfusions [24].

PR systems were developed before platelets were known to
contain significant amounts of nucleic acids, such as mRNAs and
microRNAs. To explain the observed increase in bleeding
secondary to PR [18, 21, 22], we posited that PR could reduce
the microRNA content of platelets through cross-linking and
inactivation of their double-stranded duplexes of microRNA
strands of 16-27nt in length (median: 22nt) [25], microRNA
precursors (pre-microRNAs; 41-180nt, with a median of 83 nt)
[25], and/or primary microRNAs (pri-microRNAs; a significant
fraction have lengths between 1 and 10kb) [26], leading to
reduced synthesis of microRNAs [27], provided that PR com-
pletely inhibited PCR detection of amplicons, amplified from
platelet-derived mitochondrial DNA, between 868 and 1248 bp in
length [28]. Alternatively, platelet activation secondary to PR
[29-33] could alter the platelet content in microRNAs, as
suggested by the up- and down-regulation of microRNAs
observed in thrombin-activated platelets [9]. Either mechanism
could result in altered microRNA content and/or function in
PR-treated platelets, impairment of protein synthesis during their
storage in the blood bank [8], and impairment of their function
[29, 31, 34], which could increase bleeding [18, 21] despite the
compensatory platelet transfusions given to restore the platelet
losses [29, 31] caused by PR. To test our hypothesis, we tested
whether platelet microRNAs are reduced by PR, the two
postulated mechanisms for the reduction, and the effect of the
reduction on platelet function.

Methods

The methods are described in more detail in the Supplementary
information methods section.

Study design

The main objective of this study was to document the effects of
three PR strategies on platelet microRNAs, mRNAs, activation,
and function. Therefore, we designed our study accordingly, so
that each of the Irradiation, mirasol and intercept groups could be
compared with their most relevant control groups. For that
purpose, 50 single-donor (apheresis) PCs (n = 10 per group) were
collected, processed, and stored according to applicable standards
[35]. The PCs were subjected to the following five treatments:
control (platelets stored in donor plasma); additive solution
(platelets stored in 65% storage solution for platelets [SSP+;
MacoPharma] and 35% donor plasma); Irradiation (platelets
treated with gamma irradiation [30Gy] and stored in donor
plasma); mirasol (platelets treated with riboflavin and ultraviolet-
B (UVB) light and stored in donor plasma); or intercept (platelets
stored in SSP+ — the same medium as in the additive solution
group, which was found to be a suitable additive solution for
intercept platelets [31] — and treated with amotosalen and UVA
light). Although both SSP+ and InterSol are recommended for use
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with intercept platelets by Cerus Corporation, we used SSP+
because it causes less platelet activation during storage than
InterSol [36]. All treatments were applied according to the
standard procedures or the manufacturer’s instructions without
modification. Sterility tests performed on PCs stored for more
than 24 hours were negative.

Platelet isolation, RNA extraction and analysis by quan-
titative polymerase chain reaction qPCR)

Platelets were isolated from platelet-rich plasma (PRP) samples
collected from the PCs, according to a published protocol [11].
The number of contaminating leukocytes in the platelet prepar-
ations after negative CD45+ selection routinely yielded a single
contaminating leukocyte per 3.2 x 10° platelets [11]. Total RNA,
including small RNAs, was extracted using mirVana miRNA
isolation reagent, according to the supplier’s instructions (Life
Technologies, Carlsbad, CA).

Megaplex RT primers (Human Pool Set v3.0; Life
Technologies, Carlsbad, CA) were used to reverse transcribe 11
selected microRNAs [9], which were quantified on days 1, 4, and
7 after treatment (n = 10 for each group) by qPCR using TagMan
miRNA Expression Assays (Life Technologies) and U6 small
nuclear RNA [snRNA]) as a reference gene [37]. Nine of the 11
investigated microRNAs were selected among the 20 most
abundant human platelet microRNAs, as assessed by qPCR [9],
whereas the two remaining microRNAs belong to the Let-7 family
that was reported to be predominantly expressed in platelets in a
recent RNA-Seq study [10]. We focused on the most abundant
microRNAs in order to obtain the most accurate measurements
and because they are also more likely to fulfill an important role
in modulating platelet activation and function.

The absolute number of copies of the pro-survival Bcl-2-like
protein 1 (BCL2LI; also called Bcl-xI) and B-cell CLL/lymphoma
2 (BCL2) mRNAs, and of the anti-apoptotic Clusterin (CLU)
platelet mRNAs were determined at 1.5 and 20 hour after
treatment (n =6 for controls and n =4 for each treatment group)
by qPCR using an eight-point standard curve in duplicates on a
StepOnePlus qPCR apparatus (Life Technologies).

Analyses of microRNA synthesis, function, and
cross-linking

Platelet microRNA biogenesis and function were assessed in
Dicer and RISC activity assays, as described previously [11, 38].

To detect the presence of cross-linked RNA adducts in
PR-treated platelets, 50ng of total platelet RNA were depho-
sphorylated using antarctic phosphatase at 37 °C for 15 min. The
enzyme was inactivated by heating at 65 °C for 5 min, and 10ng
of RNA were subjected to phosphorylation using [**-P]-ATP for
1 hour at 37 °C. Phosphorylated RNAs were directly resolved by
denaturing polyacrylamide gel electrophoresis (PAGE) 12% and
autoradiography.

Platelet activation and function tests

Samples collected from the PCs on days 1, 4, and 7 after
treatment were also analyzed for platelet CD62P (P-selectin)
surface expression, a marker of platelet activation [39], by flow
cytometry.

PRP samples obtained from the PCs on days 1, 4, and 7
underwent ADP, TRAP (thrombin-receptor activating peptide),
and collagen-induced turbidimetric platelet aggregation tests.

Statistical analysis

Fold changes in microRNA levels were analyzed with DataAssist
software (Life Technologies) for relative qPCR quantification,
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and the data presented as recommended by Van Peer et al. [40].
A difference was considered significant when the two-sided
p value remained <0.05 after correction for 132 comparisons
(4 treatments X 11 microRNAs x 3 time points).

Data from the three anti-apoptotic mRNAs, Dicer and RISC
activity assays, platelet activation and aggregation tests, platelet
volume and platelet count in PCs, were compared across five
groups at each time point (day 1, 4, or 7 of storage) by non-
parametric analysis of variance (ANOVA), followed by a
Kruskal-Wallis test with correction for multiple comparisons.

The existence of a linear correlation between the relative
change in the percentage of activated platelets and the
microRNA fold change was tested by a general linear model
using SAS 9.3 software (Software Intelligence Corporation,
Spring Valley, CA).

Platelets, 2015; 26(2): 154-163

Results
Altered microRNA profiles in stored platelets

Treatments of stored platelets with additive solution and
Irradiation significantly (p <0.05) reduced the level of only one
microRNA each (miR-223 and let-7e, respectively), and they did
so only on day 7 of storage (i.e. beyond the clinically relevant
storage period of 5 days for untreated platelets, but corresponding
to the shelf life of PR-treated platelets) (Figure 1A and K,
respectively). Mirasol did not significantly reduce the level of any
of the 11 tested microRNAs (Figure 1), although the level of let-
7e was 56% lower in mirasol-treated platelets than in controls on
day 7 (Figure 1K). Platelet microRNA levels remained stable in
the control samples over 7 days of storage (Supplementary
Figure S2).
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Figure 1. Effect of storage in additive solution or treatment with Irradiation, mirasol, or intercept on platelet microRNA levels. The figure shows the
median fold change for each individual platelet microRNA level, in each of the four treatment groups (additive solution, Irradiation, mirasol, or
intercept) and at each time point (i.e. day 1, 4, or 7 of storage after treatment), compared with its level in the control group at the same time point, which
is set at 1.0 (—) (n =10 donors per group). All comparisons were two-sided. *p <0.05, namely a statistically significant reduction in the level of the
specific microRNA for the corresponding treatment group versus the control group at the particular time point and following correction for multiple

comparisons.
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In contrast, Intercept significantly reduced the level of
6 (54.5%) of the 11 tested microRNAs on day 1 (Figure 1A, F,
and H-K), 1 microRNA on day 4 (Figure 1K), and 2 microRNAs
on day 7 (Figure 1A and K). Let-7e was reduced by as much as
70% by day 7 (Figure 1K). The microRNA profile of platelets
stored in additive solution resembled that of the platelets treated
with intercept (Figure 1), perhaps because platelets were stored in
the same additive solution (SSP+).

Intercept causes deregulation of the pro-survival gene
Bcl-xl and the anti-apoptotic gene CLU

The platelet count of PCs differed across the five groups on days
1, 4, and 7 of storage (p<0.001 in all cases). Consistent with
previous reports [29, 31], mirasol and intercept platelet counts
(10*/ul) were significantly lower than the control (mean + stand-
ard deviation; SD): on day 1 (1024+103, 1052+81 and
1339+ 181), on day 4 (983 + 122, 997+85 and 1296 +200),
and on day 7 (985 + 118, 979 +£ 78 and 1304 + 205), respectively.

Mice devoid of Bcl-xl exhibit a reduction in platelet life span
from 5 days to 24 hours [41]. Because PR causes early platelet
losses [29, 31] and that inhibition of Bcl-xl induces platelet
apoptosis [42], we investigated whether PR reduces the level of
pro-survival Bcl-x]1 and BCL2 mRNAs, as well as that of the anti-
apoptotic mRNA CLU during the initial 24 hours after treatment.
The number of copies of the relatively abundant Bcl-xI and CLU
mRNAs differed across the five groups at 1.5 hour post-treatment
(p=0.022 and p=0.032, respectively); Bcl-xI also differed at
20 hours (p =0.025) post-treatment (Figure 2A and B). At both
1.5 and 20 hours, only the number of Bcl-x!/ copies in intercept
platelets differed from that in controls (p <0.05). Similarly, at
1.5 hours, only the number of CLU copies in the intercept
platelets differed from that in the controls (p <0.05). The level of
the less abundant BCL2 mRNA was not significantly reduced in
any of the five groups at 1.5 and 20hours after treatment
compared with the control group (Figure 2C). These results
suggest that the lower platelet count subsequent to intercept
treatment may be related, at least in part, to changes in platelet
anti-apoptotic gene expression.

PR does not affect platelet microRNA synthesis

Supplementary Figure S3 shows the standardization and valid-
ation of our Dicer activity assays. Platelet Dicer activity did not
differ across the five groups on day 1, 4, or 7 of storage (Figure 3),
and immunoblot analyses showed no difference in Dicer protein
levels among the five groups (data not shown). These results
suggest that the reduction in platelet microRNA levels induced by
PR treatment is not related to a compromised microRNA
synthesis.

PR does not induce formation of cross-linked RNA
adducts

To determine if the PR-induced reduction in platelet microRNA
levels may be related to cross-linking of endogenous RNA, we
visualized platelet RNA by **P-labeling and denaturing PAGE.
Separated according to their molecular weight, platelet RNA
affected by intra or intermolecular cross-linking events would be
expected to migrate differently and exhibit a modified band
pattern and/or intensity. These analyses did not reveal any
modified band pattern and/or intensity indicative of the formation
of a new and/or cross-linked adduct involving RNA species
shorter than 300nt that could be attributed to PR treatment
(Figure 4). Similar results were obtained when platelet RNA
was not dephosphorylated prior to labeling (Supplementary
Figure S5).
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Figure 2. Effect of storage in additive solution or treatment with
Irradiation, mirasol, or intercept on platelet apoptosis-related mRNAs.
The figure shows the absolute number of copies of Bcl-xI (A), CLU (B),
and BCL2 (C) mRNAs in platelets isolated from samples collected from
PCs at 1.5 and 20 hours after treatment with additive solution, Irradiation,
mirasol, intercept, or no treatment (control). For each group and time
point, the figure shows the individual data (n =4-6 donors per group),
along with their median. All comparisons were two-sided. *p <0.05,
namely a statistically significant decrease in the number of mRNA copies
at 1.5 or 20 hours for the corresponding group, compared with the control
group at the same time point).

PR does not affect platelet microRNA function

Supplementary Figure S5 shows the standardization and valid-
ation of our RISC activity assays. Platelet RISC activity did not
differ across the five groups on day 1, 4, or 7 of storage (Figure 5),
although it was slightly increased in the additive solution and
intercept samples. Immunoblot analyses showed no differences in
the level of Ago2 proteins, the core effector of platelet microRNA
function [11], among the five groups (data not shown). These
results suggest that platelet Ago2emicroRNA function may not be
altered upon PR treatment.
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Figure 3. Effect of storage in additive solution or treatment with
Irradiation, mirasol, or intercept on platelet microRNA synthesis. The
figure shows the percentage of pre-microRNA substrate cleaved into
mature microRNA by platelet Dicer, which is known to mediate platelet
microRNA biogenesis [11]. Dicer activity assays were performed by
coincubating a 2P-labeled pre-microRNA substrate (**P-labeled pre-let-
7a-3) with protein extracts from platelets collected from PCs at 1, 4, and 7
days of storage after treatment with additive solution, Irradiation, mirasol,
intercept, or no treatment (control). For each group and time point, the
figure shows the individual data (n = 8 donors per group), along with their
median.
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Irradiation, mirasol, or intercept does not induce formation of cross-
linked adducts of endogenous platelet RNAs. The figure shows the lack
of cross-linked adducts of endogenous platelet RNAs that can be
attributed to treatment with additive solution, Irradiation, mirasol or
intercept, as compared with no treatment (control), at any time point
(day 1, 4, or 7 of storage) by total RNA extraction, dephosphorylation,
P labeling, and analysis by denaturing PAGE. Compare with
Supplementary Figure S4, which shows the results without
dephosphorylation.
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complementary to miR-223 with protein extracts from platelets collected
from PCs at 1, 4, and 7 days of storage after treatment with additive
solution, Irradiation, mirasol, intercept, or no treatment (control). For
each group and time point, the figure shows the individual data (n=4
donors per group), along with their median.
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Figure 6. Effect of storage in additive solution or treatment with
Irradiation, mirasol, or intercept on the activation level of platelets. The
figure shows the percentage of platelets expressing CD62P on their
surface by flow cytometry analysis of samples collected from the PCs on
day 1, 4, or 7 for each group (storage in additive solution, treatment with
Irradiation, mirasol or intercept, or control). For each group, the figure
shows the individual data (n = 10 donors per group) obtained at each time
point, along with the median. All comparisons were two-sided. *p <0.05,
namely a statistically significant decrease in the corresponding treatment
(compared with the control) group on the same day of storage.

PR causes platelet activation which correlates with the observed
reduction in platelet microRNAs

The percentage of platelets expressing CD62P, a marker of
platelet activation [39], on their surface differed across all five
groups on day 1 (p<0.001) and day 4 (p<0.001) of storage
(Figure 6). On day 1, the additive solution and intercept groups,
and less so the Irradiation group, demonstrated greater CD62P
surface expression compared with the control group (p <0.05).
The activation level of the mirasol platelets was similar to that of
the controls. All four treatment groups, including mirasol, showed
more activation than the control group on day 4 (p <0.05), while
on day 7 no treatment group’s activation level differed signifi-
cantly from that of the control group.
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For the intercept-treated platelets (which showed both platelet
activation (Figure 6) and reduced platelet microRNA levels
(Figure 1), general linear models demonstrated significant linear
correlations between the relative change in platelet activation and
the corresponding microRNA fold change for 8 of the 11
microRNAs tested (p<0.05): miR-126, miR-16, miR-17, miR-
191, miR-484, miR-106a, miR-146a, and let-7g. No linear
correlation was detected for the other three treatments that did
not produce significant reductions in platelet microRNA levels
(Figure 1).

PR impairs some aspects of platelet function

The aggregation response of platelets to ADP differed across the
five groups on day 1 (p<0.001), day 4 (p<0.001), and day 7
(p<0.001) of storage (Figure 7A). Whereas the aggregation
response of mirasol platelets did not differ from that of controls
on day 1, it was virtually absent on day 4 (»p <0.001 compared
with controls), and it remained so on day 7 (p<0.001). The
aggregation response of both the intercept and additive solution
platelets was almost absent already on day 1 (»p <0.001 compared
with controls), and it remained so on days 4 (p<0.05) and 7
(»<0.001).

The aggregation response to TRAP differed across the
five groups on day 4 (»p<0.001) and 7 (p<0.001; Figure 7B).
On day 4, only the mirasol group differed from the control group
(p<0.001), while on day 7 both mirasol and intercept platelets
differed from the controls (p <0.001). The aggregation response
to collagen also differed across the five groups on days 4
(p<0.001), and 7 (p <0.001; Figure 7C). These data indicate that
PR impairs the aggregation response of platelets.

Additive solution and intercept reduce platelet volume
on day 1

Platelet activation is associated, in part, with changes in mean
platelet volume [43]. The mean platelet volume did differ across
all five groups on days 1 (p <0.001) and 7 (p =0.005) of storage
(Supplementary Figure S6). On day 1, both additive solution and
intercept platelets had a smaller volume (p<0.05) compared
with the controls, but on day 7 no group differed significantly
from the control group following adjustment for multiple
comparisons. The observed decrease in mean platelet volume
may potentially be explained by the platelet activation and release
of microparticles induced by additive solution and intercept
treatments.

Additive Solution and Intercept enhance the total
amount of platelet microparticle-derived miR-223

Knowing that platelet activation is associated with the release of
microparticles [44], and having recently demonstrated that
activated platelets may release microRNAs through microparti-
cles [45], we reasoned that activated stored platelets may also
release microRNAs through such microparticles in the super-
natant. To verify that possibility, we collected the supernatant
fraction from a small number of PCs in each of the five groups
and analyzed their total content in microparticular miR-223 [45],
one of the most abundant platelet microRNAs [10, 11]. These
analyses unveiled a 30-86% increase in the total amount of miR-
223 in the microparticles released from additive solution and
intercept-treated platelets, compared with the control platelets
(Supplementary Figure S7). This increase, associated to additive
solution and intercept-treated platelets, reached up to 3.8-fold
compared with the baseline values versus 2.2-fold in the control
group. The total amount of microparticular miR-223 released by
platelets subjected to Irradiation or mirasol treatment was not
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Figure 7. Effect of storage in additive solution or treatment with
Irradiation, mirasol, or intercept on platelet aggregation. The figure shows
the aggregation response to 20uM ADP (A), 40uM TRAP (B) and
4 pg/ml collagen (C) of samples collected from the PCs on day 1, 4, or 7
for each group (control, additive solution, Irradiation, mirasol, or
intercept). Individual results from each PC, expressed as a percentage
of maximal transmission (7},,x), are shown along with the median (n =10
donors per group). All comparisons were two-sided. *p <0.05, namely a
statistically significant difference in aggregation in the corresponding
treatment (compared with the control) group on the same day of storage.

higher to that observed in control platelets. These observations,
which need to be corroborated by analyzing a larger number of
samples, suggest that the release of microRNA-containing
microparticles by PR-treated platelets may be a mechanism by
which the microRNA content of PR-treated platelets may be
modulated.
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Discussion

PR systems have been developed and proposed to reduce the risk
of transmission of infectious agents by transfusion of blood
components, based on their PR efficacy in vitro. However,
deleterious effects of PR on platelet counts and function have also
been reported [16, 18, 21, 22]. In this study, we report a reduction
in the microRNA content, and in the anti-apoptotic mRNA
content, of platelets treated with intercept. This reduction in
microRNA content coincided with platelet activation and impair-
ment of some aspects of platelet function. Our findings may
provide at least a partial explanation for the platelet losses [16, 24,
29, 31] known to occur with intercept, and for the increased
bleeding secondary to PR with intercept in the RCT of Kerkhoffs
et al. [18] and the meta-analysis of all intercept RCTs by
Vamvakas [22]. Recently, a Cochrane systematic review reported
benefit from non-PR-treated (compared with PR-treated) platelet
transfusions for a range of laboratory outcomes, and it concluded
that results from ongoing or new RCTs are required to determine
if there are clinically important differences in bleeding risk
between PR-treated and non-PR-treated platelet transfusions [24].

Our study is the first experimental demonstration of an altered
(i.e., reduced) microRNA content in platelets treated for PR, such
as with intercept. Although 6 of the 11 studied microRNAs (54%)
were reduced by intercept already on day 1, no such effect was
observed with gamma-irradiation (which is similar to UV light
and has a long safety record). Because the reduction in platelet
microRNA content was absent from both the control and
Irradiation groups, and was observed only with intercept
(Figure 1), it may well be clinically relevant. We found no
published reports attributing a regulatory role vis-a-vis platelet
function to the six microRNAs (and perhaps other) reduced by
intercept. Although the regulatory properties of these six
microRNAs have been inferred from studies performed in
nucleated cells, recent studies tend to support a regulatory role
for platelet microRNAs [14] and Ago2emicroRNA complexes
[11] in platelet biology [13, 14]; the definitive proof remains to be
presented.

Platelets treated with either intercept or mirasol showed a
similar reduction in platelet count on day 1 of storage. However,
only intercept platelets exhibited a decrease in anti-apoptotic
mRNASs during the initial 24 hours, suggesting that platelet losses
secondary to intercept can be ascribed, in part, to increased
platelet apoptosis due to deregulation of the pro-survival gene
Bcl-xl and the anti-apoptotic gene CLU by intercept. Deregulation
of these platelet mRNAs, which might also be consecutive to
alterations in the level of specific microRNAs [46], may result in
impaired protein synthesis during storage in the blood bank [8],
and a correspondingly impaired function of the PR-treated
platelets. This is a plausible mechanism to account for both the
in vitro results reported here and the clinical bleeding reported
previously [18, 21, 22], although (i) the occurrence and/or
physiologic importance of protein synthesis during platelet
storage in the blood bank [8], (ii) the role of microRNAs in
regulating mRNA translation, function, and reactivity of anucleate
platelets [47], and (iii) the clinical relevance of our platelet
activation and aggregation findings, remain to be established by
further research.

Our study is also the first experimental confirmation of the
prediction [28] that amotosalen does not decrease the microRNA
content of PR-treated platelets, either through reduced microRNA
synthesis or formation of cross-linked adducts. Statistically,
amotosalen forms adducts in double-stranded regions of nucleic
acids every 100 base-pairs on average [28], with larger nucleic-
acid molecules being more likely to be modified by amotosalen
than are smaller molecules. One to 10-kb long pri-microRNAs
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may be modified by amotosalen, but the possibility that they
contribute to the pool of mature platelet microRNAs is unlikely.
Whereas platelets harbor Argonaute 2 and Dicer complexes that
are active in mediating mature microRNA function and formation
from pre-microRNA substrates, respectively [11, 38], they lack
the nuclear pri-microRNA processing enzyme Drosha [11].
Although we cannot exclude a possible role for unprocessed
pri-microRNAs in platelet function, these observations suggest
that mature microRNAs and pre-microRNAs are the most likely
to play a role in modulating platelet function. Our cross-linking
analyses suggest that RNA species shorter than 300nt, such as
mature microRNAs and pre-microRNAs, may not be cross-linked
to a significant extent, and are thus unlikely direct targets for
amotosalen.

We propose that the reduction of the microRNA content
observed on day 1 in intercept-treated platelets may be due to the
release of microRNAs from the activated PR-treated platelets via
microparticles. This possibility is supported by the observed
decrease in platelet microRNA levels [9] and release of
microparticles containing microRNAs [45] upon platelet activa-
tion with thrombin, and by the increased amount of micro-
particular miR-223 in the supernatant of intercept-treated
platelets. The proposed mechanism is also supported by (i) the
observed reduction in mean platelet volume caused by intercept
on day 1 of storage (Supplementary Figure S6), which coincided
with the fact that intercept-treated platelets were the most
activated on day 1 (Figure 6), and (ii) the observed correlation
between the platelet activation and the reduction in platelet
microRNA levels induced by intercept. Although this latter
correlation does not prove the existence of a causal link, it does
not argue against it. Consistent with these reasoning, mirasol-
treated platelets were the least activated on day 1, with an
activation level similar to that of controls, and they demonstrated
the least affected microRNA profile compared with the controls
(Figure 1).

As with microRNAs, the reduction in apoptotic mRNA levels
in PR-activated platelets could be explained by their possible
release through microparticles [44], which have been shown to
contain mRNAs [48]. PR treatment-induced deregulation of pro-
survival gene expression in stored platelets may explain the
known platelet loss and increased bleeding secondary to admin-
istration of intercept-treated platelets, as reported clinically. This
possibility is supported by a recent study reporting that inhibition
of Bcl-x]1 and BCL2 induces platelet apoptosis, depletes intracel-
lular calcium, and prevents platelet stimulation by physiological
agonists [42].

Although both intercept and mirasol have been reported to
cause increased platelet activation and reduced platelet aggrega-
tion to varying extents [29-33], with negative results reported as
well [49, 50], intercept inactivates mitochondrial DNA [51] while
mirasol may not affect mitochondrial function [52]. Because of
the contribution of mitochondria to platelet function [53, 54], and
the reduced platelet microRNA content secondary to intercept
(Figure 1), we might have expected more of a functional
impairment with intercept than with mirasol, as we have seen
when using ADP as an agonist (Figure 7A).

Several aspects pertaining to the storage solution have to be
taken into account when analyzing and interpreting the results
from our platelet aggregation tests. The differential plasma
content (between 35% and 100%) and fibrinogen concentration of
the PCs is unlikely to have exerted confounding effects in our
ADP-induced aggregation tests, since, when citrated platelet-rich
plasma isolated from PCs is diluted with additive solution at
different plasma/additive solution ratios, the platelet response to
20 umol/l of ADP is not affected by plasma concentration as low
as 30% (data not shown). A recent study by Nogawa et al. (2013)
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[36] has confirmed the findings previously reported by Keuren
et al. (2006) [55] and demonstrated that additive solution
containing magnesium and potassium causes less platelet activa-
tion during storage than additive solution without magnesium and
potassium, such as intersol used for intercept. Hence, the
importance of using the same additive solution (i.e. SSP+) for
both additive solution and intercept PC preparations. We cannot
exclude the possibility that the additive solution may have
desensitized intercept platelets to ADP, as reported for platelets
stored in PAS-II or composol [55]. It is also important to consider
that weak platelet aggregation responses to ADP are in accord-
ance with high percentages of platelet activation and associated
ADP secretion, which results in refractoriness to subsequent
stimulation by ADP [55]. The clinical relevance of the impaired
aggregation response to ADP that intercept produced in our study
remains to be determined.

The finding of reduced platelet microRNA and mRNA content
in intercept, but not mirasol, platelets suggest that mirasol may
not be as ‘“‘harsh’ on platelets as intercept. Unlike mirasol,
intercept uses a compound absorbing device to remove residual
amotosalen and its photometabolites. This renders the process
rather complex, during which platelets come into contact with
several different surfaces that may induce platelet surface changes
and loss of granule contents.

Intercept treatment also involves storage in additive solution.
Although smaller and, for the most part, non-significant, the
changes in platelet microRNA levels, platelet activation, and
ADP-induced platelet aggregation induced by additive solution
paralleled those induced by intercept, suggesting an important
contribution of the additive solution to the effects observed with
intercept. This reasoning may partly explain the milder effects
observed in mirasol-treated platelets, which were stored in plasma
in the present study in order to facilitate comparisons with control
platelets also stored in plasma. This a priori study design,
however, has the disadvantage to limit comparisons between
treatment groups using different storage solutions. Although
mirasol platelets have been approved for storage in either plasma
or additive solution, the incentive to blood operators to reserve
plasma for other uses may mean that mirasol platelets will likely
be prepared in additive solution. In that case, additive solution
would be expected to exacerbate the effects associated with
mirasol treatment.

A technical limitation of our study is that when platelets were
isolated from the PCs, the platelet population that we actually
recovered and studied could have been influenced by the degree
of platelet activation and rate of cell death, which may have varied
between treatments. Platelets most severely affected (i.e. acti-
vated) or killed by PR may not have been fully recovered, whereas
less severely affected platelets or platelets undergoing apoptosis
may have been sampled. Such treatment-dependent variations in
the platelet population isolated from the PCs (e.g. differential
changes in cell density, due to the formation of platelet
aggregates, and compromised structural integrity) may thus
limit the interpretation of our data. Additionally, we used relative
quantification, the most frequently used real-time qPCR method
[56], to determine platelet microRNA levels [37]. Our findings
may thus need to be confirmed by absolute quantification, i.e. the
exact copy number of each platelet microRNA [56].

Although the exact role of microRNAs in platelets remains to
be established [8], their recognized importance in regulating
mRNA translation [57] supports the possibility that PR-induced
reduction in platelet microRNA levels may affect platelet
function. In that context, it would be tempting to speculate that
the impaired function of the intercept-treated platelets, which may
contribute to the increased bleeding observed in some recipients
of intercept-treated (versus non-pathogen-reduced) platelets
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[18, 21, 22], may be related to the reduction in platelet
microRNA levels secondary to intercept treatment. Therefore, it
may not be prudent to pursue the implementation of PR of
platelets until PR is demonstrated not to cause functional
impairment of the treated platelets owing to a reduction in the
platelet microRNA content.
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