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Abstract
Introduction—Mirasol Pathogen Reduction Technology® (PRT) treatment uses riboflavin and
UV light to inactivate pathogens in blood components. Neutrophil [polymorphonuclear cells
(PMN)] priming activity accumulates during routine storage of cellular blood components, and
this activity has been implicated in transfusion-related acute lung injury (TRALI). We hypothesize
that PRT-treatment of blood components affects the priming activity generated during storage of
packed RBCs (PRBCs) or platelet concentrates (PCs), which can elicit ALI in vivo.

Methods—Plasma, PRBCs and PCs were isolated from healthy donor’s whole blood or by
apheresis. Half of a collected unit was treated with PRT treatment and the remainder was left as an
unmodified control. Supernatant was collected during storage of PCs and PRBCs and assayed for
PMN priming activity and used as the second event in a two-event in vivo model of TRALI.

Results—PRT treatment did not induce priming activity in plasma or affect the priming activity
generated during storage of PCs or PRBCs as compared with the unmodified controls. The
supernatants from stored, but not fresh, PCs and PRBCs did cause ALI as the second event in a
two-event animal model of TRALI, which was unaffected by PRT treatment. We conclude that the
PRT® treatment does not induce priming activity in plasma nor does it affect the priming activity
generated during storage of PCs or PRBCs or their ability to cause ALI as the second event in a
two-event in vivo model of TRALI. Moreover, the amount of priming activity in TRIMA®-
isolated PCs was significantly less than SPECTRA®-isolated PCs.
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Introduction
Transfusion is an open portal for infection, but due to the many blood safety interventions
introduced in developed countries, the risk of transfusion-transmitted disease is low.
However, the arrival of emerging pathogens, such as West Nile virus, as well as transfusion
in under-developed countries where widespread testing is limited, make pathogen reduction
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important to limit transfusion-transmitted infections [1]. Mirasol PRT (PRT) treatment uses
riboflavin in the presence of UV light (280–360 nm) to inactivate pathogens and leucocytes
in blood products. This PRT System was approved for platelet and plasma products in
Europe, and the FDA approved an IDE for a feasibility clinical trial in the United States
using the PRT® System for Whole Blood [1].

Transfusion-related acute lung injury (TRALI) is defined as ALI that is temporally linked (≤
6 h) to transfusion of blood products and must satisfy all clinical criteria for this diagnosis
[2-4]. Recently, both antibodies and lipids that have been implicated in TRALI were shown
to rapidly prime the PMN oxidase [5-7]. Pro-inflammatory activation of neutrophils (PMNs)
is vital for eradication of pathogens and may result in end-organ injury if it occurs out of
physiological context, such that activation of the PMN microbicidal arsenal is responsible
for acute lung injury (ALI) [8-10]. Priming is defined operationally as augmentation of the
PMN oxidase but is part of PMN emigration in vivo from the vasculature to the tissues
where PMNs destroy invading pathogens [11-15]. All priming agents are chemo-attractants
and are involved in PMN chemotaxis to the nidus of infection to augment the release of the
microbicidal arsenal to efficiently kill the pathogens [11-13, 16-18]. Priming also changes
the PMN phenotype from non-adherent to adherent, resulting in firm adhesion to the
vascular endothelium [11-13,16]. Furthermore, priming agents are aetiological as the second
event in the two-event in vivo models of ALI and have been implicated in clinical TRALI
[5,15,19-21]. We investigated the effects of PRT-treated plasma, PCs and PRBCs (derived
from treated whole blood) on PMN priming activity in vitro and whether PRT-treated
components could cause PMN-mediated ALI in a two event, in vivo model of TRALI. In
addition, we compared the PMN priming activity generated during routine storage of PCs
collected on TRIMA® with SPECTRA®-collected PCs.

Materials and methods
Materials

All chemicals were purchased from Sigma Chemical Company unless otherwise stated (St.
Louis, MO). Solutions were made from sterile water for injection, United States
Pharmacopeia (USP), from Baxter Healthcare Corp. (Deerfield, IL). All buffers were made
from the following stock USP solutions: 10% CaCl2, 23·4% NaCl, 50% MgSO4 (American
Reagent Laboratories, Inc., Shirley, NY); sodium phosphates (278 mg/ml monobasic and
142 mg/ml dibasic) and 50% dextrose (Abbott Laboratories, North Chicago, IL).
Furthermore, all solutions were sterile-filtered with Nalgene™ MF75 series disposable
sterilization filter units purchased from Fisher Scientific Corp. (Pittsburgh, PA). Ficoll–
Paque was purchased from Amersham Biosciences (Piscataway, NJ). Plastic microplates,
manufactured by Nunc were purchased from Life Sciences Products, Inc (Frederick, CO).
PE50 tubing was purchased from Fisher Scientific (Pittsburgh, PA).

PMN isolation and priming of the oxidase
Heparinized whole blood was drawn from healthy human donors after obtaining informed
consent employing a protocol approved by the Colorado Multiple Institutional Review
Board. PMNs were isolated by standard techniques, including dextran sedimentation, ficoll–
hypaque gradient centrifugation and hypotonic lysis of contaminating red blood cells [22].
PMN priming assays were completed as previously described using buffer (control) or 10%
[vol:-vol]FINAL of the plasma fraction of the blood component as the priming agent [14,22].
Priming activity was calculated as the augmentation of the maximal rate of O2

−) (nmol/min)
as calculated by the superoxide dismutase inhibitable reduction of cytochrome c at 550 nm
in response to 1 μM fMLP [14,22].
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Mirasol PRT Treatment
Units of whole blood were treated with the PRT® System for Whole Blood; units of platelets
and units of plasma were treated separately with the Mirasol PRT System for Platelets and
Plasma. Whole blood units (n = 5, isolated from three males and two females, both of whom
answered ‘never pregnant’ on their donor cards) were split into two units, one control
(approximately 200 ml) and one treated (approximately 250 ml) unit. To keep the amount of
riboflavin added consistent with the configuration of the PRT System for Whole Blood (35
ml riboflavin per 470 ml of whole blood) 19 ml of 500 μM Riboflavin was added to 250 ml
of whole blood. Units were illuminated to 33 J/mlRBC. PRT-treated PRBCs were generated
from the whole blood, leucoreduced using a Pall BPF4 filter and stored refrigerated in AS-5
for 42 days. Samples were taken on Day 1 of storage and weekly thereafter and analyzed for
neutrophil priming. Apheresis plasma units (n = 2 from two disparate male donors) were
split and one 200-ml unit from each pair was illuminated to 6·24 J/ml in the presence of 35
ml of 500 μM riboflavin. Double-apheresis platelet concentrates (PC) were collected from
five antibody negative donors by the TRIMA® apheresis system (CaridianBCT
Biotechnologies). Antibody-negative donors are defined as never transfused males or
females that answered ‘never pregnant’ on their donor cards. The double platelet units were
split, and one unit was treated using riboflavin solution (35 ml) and UV light and the other
unit was left untreated. Units were stored for 7 days under standard blood banking
conditions and samples were obtained via sterile couplers. Supernatants were isolated by
centrifugation per AABB guidelines and aliquotted and stored at −80°C [23]. PCs (5) were
also collected from five healthy, antibody-negative donors employing the SPECTRA®

system (CaridianBCT Biotechnologies), and samples were obtained on identical days of
storage as the TRIMA®-isolated PCs. All supernatants were assayed in vitro for PMN
priming activity, but only TRIMA® collected samples were assayed for ALI.

A two-event in vivo TRALI model
This animal model was performed as previously described [5]. Male Sprague Dawley rats
(Harlan, Indianapolis, IN) underwent ALI via a treatment protocol approved by the Animal
Care and Use Committee, UCD. Briefly, rats were injected with 2 mg/kg lipopolysaccharide
(LPS, Salmonella enteritides) or normal saline (NS) and observed for 2 h, anesthetized with
60 mg/kg pentobarbital and the femoral vessels were cannulated with PE50 tubing filled
with 50/50 heparin:saline. The heart rate and the mean arterial blood pressure (MAP) were
monitored via the arterial line. Five to ten percent of the total blood volume (total ml blood
= kg of body weight × 60 [24]) was slowly removed (5–10 min) followed by infusion of an
identical volume of normal saline (NS) or heat-treated (56°C for 30 min to obviate the
effects of complement and fibrinogen) supernatants from untreated or PRT®-treated PRBCs
(10% of blood volume) or PCs (5% of blood volume) at a rate of 4 ml/h (15–30 min)
through the femoral vein. After these infusions, 30 mg/kg of Evans Blue Dye (EBD; 10 mg/
ml) was injected (5 min), the rats were observed for 6 h and re-anesthetized. Blood (3 ml)
was drawn and the rats were euthanized with an overdose of pentobarbital. A
bronchoalveolar lavage (BAL) was performed with three washes of NS (5 ml), the BAL
fluid (BALF) and blood were centrifuged, and the plasma/-cell-free fractions were
aliquotted and frozen at −80°C. Lung leak was measured as the percentage of the plasma
EBD which leaked into the BALF as previously described [23].

Statistics
Data are presented as the mean ± the standard deviation or the standard error of the mean
(SEM). For the comparison of the SPECTRA®- vs. the TRIMA®-isolated PCS, the 95%
confidence intervals (95% CI) are included. Statistical differences among groups were
measured by paired or independent ANOVAS followed by either a Bonferroni’s or Newman–
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Keuls post hoc test for multiple comparisons depending upon the equality of variance.
Significance was determined at the P < 0·05 level.

Results
Priming activity during routine storage of stored blood components

As a necessary prerequisite for studying ALI in vivo, the priming activity of supernatants
from PRBCs and PCs collected throughout storage was measured in vitro. The priming
activity of supernatants from PRBC units was not different from buffer-primed controls on
day 1 of storage but did significantly increase in both the untreated PRBCs and PRT-treated
PRBCs on day 14 (Fig. 1). This priming activity reached a plateau by day 28 of storage.
Importantly, there was no statistical difference in the supernatant priming activity between
the PRT-treated PRBCs and the untreated controls throughout routine PRBC storage (Fig.
1).

As PCs contain significant amounts of plasma, we tested whether or not PRT treatment of
plasma units induces PMN priming. PRT-treated plasma did not increase priming of the
PMN oxidase compared with buffer controls and samples of paired untreated plasma (buffer
control: 1·6 ± 0·3, FFP: 1·8 ± 0·3, PRT treated-FFP: 2·0 ± 0·2). Moreover, supernatants
neither from untreated controls nor from PRT-treated PCs collected on day 0 caused priming
of the fMLP-activated respiratory burst compared with buffer-primed controls (Fig. 2). In
untreated control PCs, significant priming activity was not present until day 5 of storage and
reached a relative maximum by day 7. PRT treatment did not increase the priming activity
throughout storage compared with the untreated control PCs. However, there was a
significant increase in priming activity on day 3 of storage in the PRT-treated PCs as
compared with the day 0 PRT--treated PCs, and similar to the untreated control PCs, there
was a significant supernatant priming activity on day 5 of storage which persisted through
day 7 of storage.

The supernatants from five PCs collected from disparate antibody negative donors using the
SPECTRA® apheresis collection system and stored over 5 days demonstrated significantly
higher priming activity than TRIMA®-collected PCs (Table 1). SPECTRA® collected PCs
demonstrated significant priming activity on day 3 of storage in contrast with TRIMA® PCs
that did not exhibit an increase in priming activity until day 5 of storage (P < 0·05, n = 5). In
addition, the priming activity on both day 3 and day 5 was significantly higher in
SPECTRA®-isolated PCs vs. TRIMA®-isolated PCs (P < 0·05, n = 5).

A two-event in vivo model of ALI
Pulmonary oedema was measured as the percentage of Evans Blue dye that leaked from the
plasma into the bronchoalveolar lavage fluid [5]. An intraperitoneal (IP) injection of LPS
was employed as the first event that causes pulmonary sequestration of PMNs and NS was
used as the vehicle control. The first set of experiments used the supernatant of PRT-treated
or -untreated PRBCs as the second event. In rats given NS, supernatants neither from day 1
nor from day 42 of untreated or PRT-treated PRBCs caused pulmonary oedema. In animals
injected with LPS, no pulmonary oedema was demonstrated in animals infused with day 1
supernatants from untreated or PRT-treated PRBCs. However, in rats injected with LPS and
supernatant from day 42, significant pulmonary oedema, synonymous to ALI, was observed
(Fig. 3). It is of note that the amount of ALI induced by supernatants of day 42 PRBCs was
not increased by the PRT-treatment.

The same experiments were carried out with supernatants of stored PCs. Rats injected with
NS and infused with day 0 or day 5 supernatants from untreated or PRT-treated PCs did not
demonstrate capillary leak. Furthermore, rats injected with LPS and then infused with day 0
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supernatants also did not show evidence of EBD leak (Fig. 4). By contrast, rats injected with
LPS and infused with the supernatants of day 5 untreated or PRT-treated PCs demonstrated
EBD leak. As observed for PRT-treated PRBCs, PRT treatment of PCs did not augment the
observed ALI compared with supernatants from untreated control PCs.

Discussion
PRT-treatment had no significant effects on the priming activity, which accumulates during
the routine storage of PRBCs. In addition, PRT-treatment of plasma did not induce PMN
priming and PRT treatment had little effect on the priming activity that accumulates in
supernatants during routine storage of PCs as compared with the unmodified control PCs.
PRT treatment also did not augment the ability of supernatants from stored PRBCs or PCs,
as the second event in a two-event model, to cause pulmonary oedema in vivo. Importantly,
PRT treatment did not inhibit TRALI in the in vivo model elicited by the supernatants from
stored (day 42 or day 5) vs. fresh (day 1 or day 0) PRBCs or PCs respectively.

These data are congruous with previous work with stored PRBCs, which demonstrated the
accumulation of significant priming activity by day 14, that further increased throughout
routine storage for 42 days [22]. The supernatants of PRBCs also caused ALI as the second
event in a two-event in vivo model, identical to previously published work [5]. By contrast,
the accumulation of PMN priming activity during routine storage of PCs collected by the
TRIMA® apheresis system differed from that seen for units collected by the SPECTRA®

System. Significant priming activity was detected earlier when platelets were collected on
the SPECTRA® vs. the TRIMA® [14]. In the experiments shown here, supernatants from
TRIMA® collected PCs (unmodified) did not contain significant priming activity until day
5, the date of component outdate, and this activity modestly increased further by day 7 of
storage. This data suggests that the collection method of platelets affects the generation of
priming activity in supernatants throughout storage. Furthermore, no priming activity was
present in the supernatants from PCs or PRBCs on the day of collection, indicating that the
priming activity was due to the accumulation of lipids over routine storage. If antibodies
were present in the antibody-negative donors, one would expect persistent priming in the
supernatants irrespective of storage times identical to previous work with plasma, which
contained HNA-3a and its ability to prime HNA-3a+ PMNs [25]. No such activity was
present for any of the plasma or cellular products tested providing indirect evidence that
none of the described activity was due to donor antibodies recognizing HLA or HNA
antigens on the PMNs. Moreover, it is unlikely that cytokines, chemokines or soluble CD40
ligand are present in the PRBCs because of the prestorage leucoreduction that reduces the
accumulation of these polypeptides during routine storage [26-29].

In addition, similar to previously published experiments with isolated perfused rat lungs,
supernatants from stored but not fresh PCs caused ALI as the second event in an in vivo
model of ALI [30]. The data reported here are the first to demonstrate that the supernatant
from stored PCs has the ability to cause ALI in vivo. Supernatants from 7-day-old PCs were
not tested because it is outside the current guidelines for platelet storage.

PRT treatment has been shown to inactivate leucocytes and a wide range of bacteria, viruses
and parasites that may be present in blood products [31-33]. The presented data have
demonstrated that the treatment of cellular components does not enhance priming of the
PMN oxidase compared with paired untreated control blood products. The priming activity
of antibodies and other biologic response modifiers including lipids have been correlated
with the ability of such mediators to cause TRALI in vivo [5,6,21,25,30]. Collection of PCs
using TRIMA® appears to reduce priming activity compared with supernatants from PCs
collected on SPECTRA® equipment, which may imply that fewer antibody-negative cases
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of TRALI are to be expected; however, no such studies have demonstrated that this assertion
has clinical validity. The decrease in priming activity during storage may likely be due to the
decreased g-forces to which the platelets are subjected to in the TRIMA® system.
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Fig. 1.
The accumulation of plasma priming activity during routine PRBC storage. Priming activity,
the augmentation of the fMLP-activated respiratory burst, is depicted as a function of the
storage time. The data are presented as the mean ± the standard deviation. Significant
priming activity was present in both the untreated control (no treatment) and PRT-treated
(treatment) PRBCs by day 14 of storage compared with supernatants from day 1 and buffer
controls. Priming reached a relative maximum by day 28 of storage. PRT treatment did not
increase the amount of priming activity that accumulates in the supernatant during routine
PRBC storage. This figure represents the priming activity from 5 units of PRBCs from five
different donors.
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Fig. 2.
The accumulation of plasma priming activity during routine platelet storage. Priming
activity, the augmentation of the fMLP-activated respiratory burst, is shown as a function of
the days of platelet storage. The data are presented as the mean ± the standard deviation. The
supernatant from day 0 of both untreated (no treatment) and PRT-treated (treatment)
controls did not exhibit any priming activity as compared with the buffer-treated controls.
Under routine storage, PRT-treated PCs demonstrated an increase in priming activity by day
3, which was not significantly different as compared to day 0, and priming reached a relative
maximum by day 7. By contrast, supernatants from the untreated control PCs did not
demonstrate significant priming activity compared to day 0 until day 5 and reached a
relative maximum by day 7 of storage. Importantly, there were no statistical differences
between the priming activity of the PRT-treated and the untreated control units. This figure
represents the data obtained from 5 double units of apheresis platelets from five disparate
donors.
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Fig. 3.
Acute lung injury (ALI) induced by stored PRBCs is not affected by PRT treatment. Evans
Blue dye (EBD) leak, a measure of pulmonary oedema, is shown as a function of treatment
group. The data are represented as the mean ± SEM. In rats that received normal saline (NS)
as the first event, no plasma supernatants caused ALI. However, in animals that received
endotoxin (LPS) as the first event, stored (day 42) but not fresh (day 1) supernatants (non-
treated) induced ALI as demonstrated by significant EBD leak from the plasma into the
bronchalveolar lavage fluid (BALF) (P < 0·05). PRT treatment (treatment) did not increase
ALI as quantified by EBD leak. This figure consists of a sample size of 5 with all units
being represented. *P < 0·05 compared to day 1.
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Fig. 4.
Acute lung injury (ALI) from stored PCs in vivo is unaffected by PRT treatment. Evans blue
dye (EBD) leak, a measure of pulmonary oedema, is depicted as a function of treatment
group. The data are represented as the mean ± SEM. In rats that received normal saline (NS)
as the first event, no supernatants caused EBD leak from the plasma into the
bronchoalveolar lavage fluid (BALF). By contrast, in endotoxin- (LPS) injected rats day 5
supernatant from untreated (no treatment) and PRT-treated (treatment) stored PCs caused
significant EBD leak compared with rats injected with LPS and infused with the day 0
supernatants from identical PCs (P < 0·05). PRT treatment did not increase ALI as
quantified by EBD leak. This figure consists of a sample size of 5 with all 5 units being
represented. *P < 0·05 compared to day 0.
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Table 1

Priming of the PMN oxidase by supernatants from stored PCs

Days of storage SPECTRA® 95% CI TRIMA® 95% CI

Day 0 1·7 ± 0·2 0·9–2·6 1·7 ± 0·3 1·1–2·3

Day 3 3·4 ± 0·3*,** 2·7–4·1 2·0 ± 0·3 1·4–2·6

Day 5 4·6 ± 0·6*,** 3·3–5·9 2·4 ± 0·5* 1·8–2·9

Data are expressed as the mean ± the standard error of the mean of the maximal rate of superoxide anion production (nmol O2−/min) and the 95%
confidence intervals (CI) are shown for each measurement (n = 5).

*
P < 0·05 as compared to day 0.

**
P < 0·05 as compared to supernatant priming activity from TRIMA®-isolated PCs.
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