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Abstract

BACKGROUND: Stored red cells release hemoglobin that leads to oxidative damage, which may
contribute to thrombosis in susceptible transfusion recipients. Oxidative stress stimulates the
generation of a new class of lipid mediators called Fy-isoprostanes (Fo-1soPs) and isofurans
(IsoFs) that influence cellular behavior. The present study investigated red cell-derived F»-1soPs
and IsoFs during storage, and their influence on human platelets.

STUDY DESIGN AND METHODS: F,-1soP and IsoF levels in red cell supernatants were
measured by mass spectrometry during storage and after washing. The effects of stored
supernatants, cell-free hemoglobin or a key F,-IsoP, 8-iso-PGF5,, on platelet function were
examined in vitro.

RESULTS: F,-IsoPs, IsoFs and hemoglobin accumulated in stored red cell supernatants. Pre-
storage leukoreduction reduced supernatant F,-1soPs and IsoFs levels, which increased again over
storage time. Stored red cell supernatants and 8-iso-PGF,, induced platelet activation marker
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CD62P (P-selectin) expression and prothrombotic thromboxane A, release. Cell-free hemoglobin
did not alter platelet mediator release, but did inhibit platelet spreading. Post-storage red cell
washing reduced F»-1soP and IsoF levels up to twenty-four hours.

CONCLUSIONS: F»-IsoPs and IsoFs are produced by stored red cells and induce adverse effects
on platelet function in vitro, supporting a potential novel role for bioactive lipids in adverse
transfusion outcomes. F,-1soP and IsoF levels could be useful biomarkers for determining the
suitability of blood components for transfusion. A novel finding is that cell-free hemoglobin
inhibits platelet spreading and could adversely influence wound healing. Post-storage red cell
washing minimizes harmful lipid mediators, and its use could potentially reduce transfusion
complications.
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INTRODUCTION

Blood transfusion is one of the oldest therapeutics in medical practice with 3-4 million
patients per year receiving treatment in the United States. Transfusions are an important and
indispensable procedure during catastrophic emergencies that include life-threatening
hemorrhage or anemia. However, the majority of red blood cell (RBC) transfusions are
given prophylactically to anemic patients to prevent complications of severe anemia or
improve quality of lifel. This practice raises concerns, as not all patients benefit from
transfusion. There is growing clinical evidence correlating adverse transfusion outcomes
with storage-induced changes in RBC concentrates?. Data supporting the efficacy and safety
of transfusion practice is generally weak. Recent research demonstrates that blood
transfusions are associated with morbidity and mortality37. RBC concentrates are stored in
the USA for up to 42 days and undergo storage-induced changes in red cell structure and
function that reduce RBC viability and efficacy following transfusion®: 9. While
modifications of stored RBCs, such as leukoreduction or washing can improve clinical
outcomes, transfusions are still associated with increased mortalityl9-12, Clearly, additional
clinical and laboratory studies are needed to elucidate mechanisms that contribute to blood
transfusion toxicity13.

Isoprostanes (IsoPs) and isofurans (IsoFs) are isomers of prostaglandins formed in vivo,
predominately through nonenzymatic free radical-induced peroxidation of arachidonic acid
following esterification to phospholipids'# 1. They are subsequently released in plasma by
phospholipase activity!® and the ratio of IsoPs versus IsoFs generated is determined by low
and high oxygen tension, respectively16. The most widely studied IsoPs are the F-ring
prostanoids or Fo-1soPs, which are used to assess oxidative stress in vivol’: 18, Recently, it
was suggested that measurement of both F»-1soPs and IsoFs provides a comprehensive
method of assessing cellular oxidative stress status!®. Further, these lipids are key bioactive
markers and likely mediators in vascular pathophysiology in many acute and chronic
diseases. For example, elevated circulating levels of 8-iso-PGF,,, the most widely studied
F,-1soP, occur in various diseases, such as atherosclerosis?0-23, Alzheimer’s disease??,
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diabetes?®, and in smokers25, to list a few. Interestingly, Schwedhelm et al.2” demonstrated
that Fo-1soPs may increase platelet activity in stable coronary heart disease patients that are
aspirin-insensitive, and these effects are at least in part, thromboxane A, receptor mediated.

While several factors underlie the red cell storage lesion, oxidative injury and the release of
free hemoglobin is a major contributing factor. We hypothesized that adverse red cell
transfusion outcomes could be caused, in part, by the oxidative-induced generation and
accumulation of prostanoids derived from lipid peroxidation, either individually or in
combination, in stored RBC concentrates. Our goal herein is to investigate F,-IsoPs and
IsoFs to determine: 1) their levels in RBC concentrates over storage, as they may represent a
means to assess oxidative stress status prior to transfusion, and 2) their influence on
platelets, as these compounds could inhibit or stimulate platelet function in transfusion
recipients. Either mechanism could contribute to poor transfusion outcomes. We also
compared lipid and cell-free hemoglobin effects on platelets in vitro to determine how each
may affect platelet function. Additionally, we investigated whether washing red cells could
reduce the supernatant levels of potentially harmful lipid mediators and hemoglobin, and
thus speculatively, improve transfusion safety and efficacy.

MATERIALS AND METHODS

Blood collection and donors

Red cell storage studies—AS-1 red cell concentrates were obtained from the American
Red Cross, and stored according to AABB and FDA standards.

Platelet studies—Human blood was obtained from consenting donors in accordance with
the Declaration of Helsinki under an approved University of Rochester IRB protocol via
venipuncture into vacutainer tubes containing 0.105 M sodium citrate (BD, Franklin Lakes,
NJ) from healthy donors who had not taken aspirin or other non-steroidal anti-inflammatory
drugs for 10 days prior to donation. Platelet rich plasma (PRP) was prepared by
centrifugation (1509 for 10 minutes at 20°C). Washed platelets were prepared by
centrifugation of PRP (10009 for 10 minutes) in the presence of 1 pg/mL prostacyclin
followed by resuspension in Tyrode’s/ACD (25:3 v/v) solution and centrifugation (1000g
for 10 minutes) in the presence of 0.1 ug/mL prostacyclin.

In vitro simulated transfusion assays

RBC supernatants were isolated from leukoreduced or non-leukoreduced AS-1 red cell
concentrates stored up to 47 days. AS-1 red cell concentrates were leukoreduced with a Pall
Purecell BPF Leukocyte Reduction Filtration System (Pall Corporation, East Hills, NY).
Supernatants were isolated by centrifugation of stored RBCs (4000g for 15 minutes at 4°C).
Supernatants were removed and centrifuged a second time (4000g for 15 minutes at 4°C) to
remove residual debris. Stored RBC supernatant was mixed with freshly isolated PRP (50:50
v/v) for invitro transfusion simulation assays.
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Aggregation Studies

To examine the effect of stored RBCs on recipient platelet function, in vitro platelet activity
of normal donors was assessed utilizing whole blood aggregation. Citrated whole blood was
collected and PRP was prepared. Platelet count was adjusted to 3 x 105/mL using autologous
plasma. PRP samples were mixed at a 1:1 ratio with freshly prepared RBCs (FP), fresh (<
8d) or stored (> 20d) leukoreduced (LR), or nonleukoreduced (NLR) PRBC concentrates.
Following a 10-minute incubation (37°C), 20 uM, ADP was added to initiate aggregation,
using a Chrono-log Lumiaggregometer (Chrono-log, Havertown, PA) according to the
manufacturer recommendations. Donor baseline whole blood aggregation was used as a
control and tests were performed within 3 hours of blood collection.

Mass Spectometry

F2-1soPs were measured using gas chromatography-mass spectrometry as previously
described?8,

Immunoassays

TXB, and PGE, were assayed by EIA (Cayman Chemical). Soluble CD40L release was
assayed by a previously published ELISA developed in our laboratory?°.

Washed platelet activation assays

Washed platelets (108/mL) were treated with vehicle (0.2% DMSO), 8-iso-PGF,,, (Cayman
Chemical) or hemoglobin (Sigma) for 30 minutes followed by activation with either 5 pM
ADP, 5 ug/mL collagen or 0.8 U/mL thrombin. Platelet supernatants were collected by
centrifugation (1000g for 10 minutes) and stored at —80°C.

Platelet Spreading

Washed human platelets (3x108 platelets/mL) were pre-treated with vehicle, 8-iso-PGFs,,
hemoglobin or stored RBC supernatants for 30 minutes, and spread on fibrinogen coated
coverslips (100 pug/mL) for 45 minutes. The coverslips were washed with PBS and fixed
with 4% paraformaldehyde for 15 minutes. Platelet spreading was visualized by differential
interface contrast (DIC) optics (Olympus BX51 microscope, Melville, NY)) and SPOT RT
software (New Hyde Park, NY). The percentage of fully spread platelets was determined by
manually counting 4 fields of view per treatment condition.

Hemoglobin Assays (Clinical and Spectrophotometric)

Hemoglobin levels were quantified using the Quantichrom Hemoglobin Assay Kit (Bioassay
Systems). A standard curve was generated using serial dilutions of the provided calibrator.
100 pL of Quantichrom Reagent was added to 25 pL of sample and incubated 5 minutes at
37°C. OD values were read at 405 nm in a plate spectrophotometer and concentration
calculated in mg/dL.

Reactive Oxygen Species Assay

Washed platelets were treated with vehicle (Adsol), lyophilized human hemoglobin (Sigma
H7379) reconstituted in Adsol, or RBC supernatant for 15 minutes.
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Dichlorodihydrofluorescein diacetate (H,DCFDA) (Molecular Probes #C400) was
reconstituted in DMSO, diluted in Tyrode’s buffer and added to platelets to a final
concentration of 5 UM. Fluorescence was measured at 490/520 excitation/emission

wavelengths using a Varioskan Flash Multimode Reader.

Washed Red Blood Cells

Statistics

RESULTS

Leukoreduced RBC concentrates were centrifuged to remove residual plasma and Adsol
solution, and washed with an isotonic solution at 4°C. RBCs were stored for an additional
24 hours at 4°C in isotonic solution at the same hematocrit as in the original concentrate
(60-70%).

Results are expressed as the mean, plus or minus standard deviation (SD) or standard error
(SEM). Statistical analyses on normally distributed data were performed using a two-tailed
Student t-test or ANOVA with Bonferroni’s posttest correction for multiple comparisons.
Non-parametric equivalents were employed for non-normally distributed data. p values
<0.05 were deemed statistically significant. Simple linear regression was calculated by the
least squares method. Linear association between two or more variables was performed to
determine positive or negative correlations. All experiments were done in triplicate unless
stated otherwise.

Leukoreduction of RBC concentrates reduces platelet aggregation after exposure to
stored supernatant and reduces accumulation of selected inflammatory mediators

Stored RBC supernatants accumulate bioactive protein and lipid mediators. To determine
the effects of stored RBC supernatants on platelet function, whole blood aggregation was
performed following exposure to stored leukoreduced or non-leukoreduced RBC
supernatants (Fig. 1A). Whole blood exposed to stored non-leukoreduced RBC supernatants
(<8 days or >20 days) demonstrated a significant increase in platelet aggregation compared
to freshly prepared RBC supernatants, while leukoreduced stored RBC supernatants did not
alter platelet aggregation, even at a longer storage time.

Next, we assessed whether pre-storage leukoreduction reduced protein levels and lipid
mediators commonly found in stored RBCs. As shown in Fig. 1B, sCD40L levels increased
during storage of nonleukoreduced RBC concentrates, which contain platelets and white
blood cells. Leukoreduction reduced sCD40L to very low levels (Fig. 1B), as well as levels
of vascular endothelial growth factor (VEGF), a mediator of angiogenesis and vascular
permeability (data not shown). Little is known about the accumulation of non-protein
mediators, such as lipids. We measured levels of a proinflammatory eicosanoid,
prostaglandin E, (PGEy), a prothrombotic eicosanoid, thromboxane B, (TXB,) (a stable
metabolite of TXAy) and an oxidative stress eicosanoid, 8-iso-PGF,, (an F»-1soP) in stored
RBC concentrates before and after leukoreduction following short (<8 days) and long (>20
days) storage times (Fig. 1C and 1D). Leukoreduction prior to storage abrogated
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accumulation of TXB,, in contrast to PGE,, which was significantly reduced only at the
later time point. Removed Figure 1E.

F»>-IsoPs, IsoFs and cell-free hemoglobin accumulate in parallel during RBC storage

Because at least 64 different Fo-1soPs and 8 regioisomers of 1soFs exist, we investigated the
levels of the total F»_IsoPs and IsoFs population during storage3C. Leukoreduced RBC
concentrates were stored and accumulation of F,-I1soP and IsoF lipid mediators measured by
mass spectrometry (Fig. 2A and 2B). Both IsoPs and IsoFs significantly increased linearly
over time, demonstrating that the oxidative stress status of RBC concentrates increases with
storage duration. Cell-free hemoglobin levels were measured and found to also increase
linearly over storage time (Fig. 2C).

Supernatants from stored leukoreduced RBCs and 8-iso-PGF,, cause platelet activation
and release of proinflammatory and prothrombotic mediators from platelets

Having demonstrated that supernatants of stored RBCs can influence platelet aggregation,
we investigated in detail the effects of stored leukoreduced RBC supernatants on platelet
activation. RBC supernatants were added to freshly prepared PRP in equal volumes. RBC
supernatants promoted the release of TXB, and sCD40L from platelets over time (Fig. 3A
and 3B). CD62P (P-selectin) expression, a surface marker of platelet activation, was also
increased in response to stored RBC supernatants (Fig. 3C). To test whether the increase in
platelet activation was due to IsoP accumulation, we exposed washed fresh platelets to
increasing concentrations of 8-iso-PGF,. 8-is0-PGF,, elicited a dose dependent release of
TXB, (Fig. 3D), but did not affect SCD40L release from washed platelets (Fig. 3E). There
was also a significant increase in CD62P surface expression in response to higher
concentrations of 8-iso-PGF»,,. These data demonstrate that the presence of 8-iso-PGF,, in
RBC supernatants is one potential stimulus to platelet activation and release of
prothrombotic mediators following transfusion.

F»>-IsoP levels in stored leukoreduced RBC supernatants correlate with increased platelet
activation upon in vitro simulated transfusion

To determine whether F»-1soPs and Iso-Fs could potentially play a role in platelet activation
following transfusion, correlation analysis was performed to assess whether increased
platelet activation correlated with F,-1soP concentrations found in stored RBC supernatants.
Our findings demonstrate that as F»-1soPs levels increased in stored RBC supernatants over
time, both platelet TXB, release and CD62P surface marker expression increased
significantly and proportionately in platelets exposed to these supernatants. Fig. 4A and 4B
demonstrate a positive correlation between F,-1soPs concentration and platelet activation.

Stored leukoreduced RBC supernatants and hemoglobin, but not 8-iso-PGF,, inhibit
platelet spreading

To determine whether mediators found in stored RBC supernatants affect platelet function,
freshly washed platelets were exposed to stored RBC supernatants and platelets were spread
on a fibrinogen matrix. Upon attachment to the fibrinogen matrix, platelets extend filipodia
and form lamellipodia (flattened appearance-see inset in Fig. 5A), increasing the platelet
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surface area. Platelet spreading was inhibited by exposure to RBC supernatants (Fig. 5A, see
arrows), resulting in more unspread platelets and rounded forms with filipodial extensions,
but lacking lamellipodia. This inhibition occurred as early as day 5 of RBC storage (Fig.
5B).

We further examined the effects of 8-iso-PGF,, on platelet spreading (Fig. 5C and 5D) to
determine whether its presence in stored RBCs could influence platelet spreading in vitro
and saw no effect (Fig. 5C, see arrows). To determine the mediator responsible for
decreased platelet spreading in stored RBC supernatants, we investigated whether
hemoglobin, the most abundant supernatant molecule, could also contribute to altered
platelet spreading. Hemoglobin accumulated to high levels (>120 mg/mL) in stored RBCs
(Fig. 2C) and inhibited platelet spreading in a dose-dependent manner within this range (Fig.
5E and 5F).

Hemoglobin has no effect on mediator release, but increases reactive oxygen species
production in platelets

To determine whether supernatant hemoglobin influences platelet mediator release, we
incubated washed human platelets with hemoglobin and observed no statistically significant
hemoglobin-induced release of SCD40L, PGE, or TXB,, at levels as high as 100 mg/dL
(Fig. 6A, 6B and 6C, respectively). Due to the oxidizing potential of hemoglobin, we
assessed the levels of reactive oxygen species (ROS) produced by platelets in response to
purified hemoglobin or stored RBC supernatants. As shown in Fig. 6D, hemoglobin dose-
dependently increased ROS accumulation in platelets, which mimicked the trend that is
evidenced in platelets exposed to stored RBCs, whereby older stored units evoke increased
ROS accumulation (Fig. 6E).

Post-storage washing of RBCs reduced supernatant lipid levels for 24 hours

To determine whether potentially harmful lipid mediators could be removed from RBC
concentrates, units prepared similarly to those for transfusion were stored, and F»-1soPs and
IsoFs were measured by mass spectometry at short (<14 days) or longer (>26 days) storage
time points. The RBCs were then washed and stored for an additional twenty-four hours.
Levels of F,-1soPs and IsoFs were measured immediately following washing and twenty-
four hours after washing. Both F,-1soPs and IsoFs were significantly reduced immediately
following washing (Fig. 7A and 7B). In early stored RBC concentrates, these lipids begin to
reaccumulate, but levels do not increase above that measured in RBCs supernatants stored
for 5 days. Similarly, post-storage washing reduces Fo-1soP and IsoF levels in RBCs
supernatants stored for longer periods of time (25 days) and these mediators do not increase
within 24 hours, but remain at a level similar to 5-day stored unwashed RBC supernatants.

DISCUSSION

IsoPs, related lipid mediators and their metabolites exert potent biological activity, and are
emerging as key mediators of vascular pathology29-23. 27 Employing in vitro modeling, we
demonstrate that some adverse transfusion outcomes could, in part, be explained by the

presence, generation and accumulation in RBC supernatants of F,-1soPs and Iso-Fs derived
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from lipid peroxidation of the red cell membrane. Our data demonstrate that
nonleukoreduced stored RBC concentrates induce platelet aggregation and that
leukoreduction of RBC concentrates effectively reduces platelet aggregation. It is known
that certain F2-1soPs can dampen platelet aggregation. Our group and others have shown
that 8-iso-PGF,,, dampens aggregation (data not shown and 31). As RBCs are stored for
longer times (>20 days), the ability of platelets to aggregate is reduced, consistent with the
accumulation of F2-1soP and IsoF compounds, such as 8-iso-PGF,,,. Leukoreduction also
reduces the levels of proinflammatory and prothrombotic mediators produced by platelets
and white blood cells, such as sSCD40L and some prostaglandins. A key finding was that
leukoreduction initially lowered 8-iso-PGF,, levels, but did not completely remove this
lipid mediator (data not shown). We demonstrate that Fo-1soPs and IsoFs continue to
accumulate throughout the entire 6 weeks of storage in leukoreduced RBCs. These changes
have the potential to stimulate the release of bioactive mediators with inflammatory
potential from vascular cells in transfusion recipients, including platelets.

Increasing F,-1soPs and IsoFs levels during RBC storage correlate with in vitro changes in
platelet reactivity to RBC supernatants. We show a direct correlation between increasing F-
IsoP concentration, and induction of a surface marker of activation (CD62P) and pro-
inflammatory mediator release (TXA,). Further, 8-iso-PGF,, can elicit platelet activation in
PRP (data not shown) or washed platelets to signal the release of TXA, and upregulation of
CDG62P. Previously, it was shown that 8-iso-PGF, effects are partially mediated through
TXA, receptor activation® 32, Thus 8-iso-PGF,, and other isoprostanes represent
important stable ligands of the TXA, receptor or other as yet unidentified receptors that
could contribute to pathological activation of platelets33 34 and other vascular cells3®
following transfusion. This could have important consequences with respect to nitric oxide
(NO) bioavailability3¢: 37. TXA, and 8-iso-PGF,,, are potent vasoconstrictors and
dysregulated signaling via 8-iso-PGF», could potentially decrease NO availability, leading
to impaired vasodilation.

Notably, ECsq (half maximal effective concentration) values of F,-1soPs are much higher
than the measured basal plasma concentrations (1-5x10719 nM range) and it is unlikely that
basal plasma levels would induce a systemic vascular effect. However, F,-1soPs and IsoFs
are abundantly released at the site of injury or in pathological conditions and therefore, local
concentrations could be sufficiently high enough to induce biological effects38. Platelet
activation and enhanced free radical formation within vascular microenvironments have
been postulated to be a central mechanism in atherosclerosis?2. We speculate that
transfusion of an increased load of bioactive F,-1soPs and Iso-Fs to critically ill patients or
individuals with chronic inflammatory conditions could be a mechanism contributing to
adverse transfusion outcomes. Additionally, Silliman et al. demonstrated that the precursor
to F»-1soPs and Iso-Fs, arachidonic acid (AA), accumulates in RBC plasma throughout the
allowed 42 days of RBC storage in both NLR and LR RBCs3°. However, it should be noted
that there are important differences between the synthetic pathways for prostaglandins and
leukotrienes, as compared to F2-1soPs and IsoFs. Prostaglandins and leukotrienes are
generated only from free arachidonic acid, whereas, F2-1soPs and IsoFs are initially
esterified to phospholipids, and subsequently hydrolyzed by phospholipases to their free
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form4. It is unlikely that F2-1soP and IsoF accumulation will directly correlate with free
AA in stored RBC supernatants. Thus, free AA may not be an accurate indicator of
peroxidated lipids levels, while F2-1soPs and IsoFs may represent a more accurate
biomarker.

Because Fo-1soPs and IsoFs progressively accumulate during storage, we saline washed
RBCs, as a means to remove these bioactive lipid mediators. Two recent studies in adults
with leukemia or children having cardiopulmonary surgery demonstrated that washing
stored RBCs and platelets prior to transfusion resulted in decreased inflammatory responses,
improved clinical outcomes and increased survivall®: 12, Our findings show that F,-1soPs
and IsoFs are reduced following RBC washing. These mediators do not significantly recover
beyond starting levels within twenty-four hours of washing, especially for longer stored
RBCs. These results suggest that removing biolipids that can potentially elicit transfusion
complications may be worthy of study in critically ill transfusion recipients.

While the mechanisms underlying adverse responses to transfusion are undoubtedly
multifactorial, a possible approach suggested by these studies is that F»-I1soPs and IsoFs
represent a biomarker to assess the quality or suitability of RBC concentrates for
transfusion. Oxidative damage in RBC supernatants correlates with increasing Fo-1soPs
levels. As RBCs age during storage, the frequency of superoxide formation increases the
probability of RBC membrane damage via Fenton reaction and hydroxyl radical formation.
In vivo, RBCs have a more robust anti-oxidant compensatory ability to counter this damage,
but during storage, concentrations of anti-oxidant proteins, such as glutathione, decrease“C.
This process increases auto-oxidation of hemoglobin and ROS, promoting lipid
peroxidation. We confirmed that cell-free hemoglobin levels increase significantly over
storage time in our systems. This accumulation is likely an important mechanism
contributing to the generation of F,-1soPs in stored RBCs that can affect platelet function.

Our findings also demonstrated a correlation between the generation of ROS in platelets
induced by 1) increasing levels of cell-free hemoglobin and 2) RBC storage time. While 8-
iso-PGF,, did not inhibit platelet spreading, it promoted release of bioactive platelet
mediators. In contrast, hemoglobin did not alter platelet inflammatory mediator release, but
did interfere with platelet spreading. To our knowledge, this is the first report of hemoglobin
effects to platelet spreading, vital for wound healing. This represents a new role for
hemoglobin in modulating platelet function and is important, as platelet spreading on a
fibrinogen matrix provides a measure of platelet adherence function and as vascular sealants.
Abnormal spreading could indicate defects in wound healing capacity, abnormal interactions
with endothelial cells and/or aberrant platelet to platelet interaction. It is not unexpected that
the storage lesion affects platelet function via multiple mechanisms. Our data support the
concept that lipids and hemoglobin have different mechanisms of action on platelet function
and will likely have overlapping functions, as well. Regardless, all of these effects are of
concern, as RBC transfusion during traumatic injury or surgical procedures is necessary to
stop excessive blood loss and provide oxygen to tissues. Storage altered RBC and
supernatant oxidative and proinflammatory properties may be harmful to critically ill
patients.
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It is important to measure both Fo-1soPs and IsoFs, as these compounds are formed via a
shared pathway intermediate, but are ultimately derived from parallel mechanisms. Fo-1soP
formation requires an oxygen exclusion step, making this class of compounds a sensitive
measure of oxidative stress at O, tension <21%. As oxygen tension increases above this
level, isoprostane formation is disfavored and compounds that have a substituted
tetrahydrofuran ring (IsoFs) are generated®. Thus, IsoFs are an important measure of
oxidant stress at elevated O, levels (21-100%). Interestingly, a recent study undertaken to
reduce the storage lesion associated with oxidative damage showed that anaerobically stored
RBC units had extended storage life (9 weeks), and a significant improvement in RBC
quality and recovery of function following transfusion®!. The authors postulated that the
anaerobic environment reduced oxidative injury to the RBC membrane. This could correlate
to a reduction in lipid peroxidation and supports a role for these bioactive lipids in the red
cell storage lesion.

To date, most studies have focused on F,-1soPs, but many other related compounds can be
generated and are most likely present in stored RBCs (i.e. isoprostanes from prostaglandin
A, D, E and J series)16 . Much effort is in progress to develop sensitive methods to better
detect and identify these compounds. This is important, as most IsoPs and IsoFs can adduct
to and modulate protein function. It is certain that IsoPs and IsoFs singly and in combination
act to stimulate or inhibit cellular function. Our data demonstrate that differences in the
levels of these compounds in stored RBC concentrates are likely donor specific, which
raises the question of the safety of certain individuals as RBC donors. For example,
individuals with a high body mass index (obese) have increased plasma levels of Fo-1soPs*?
and further, type 2 diabetics have increased systemic lipid peroxidation and overproduction
of 8-is0-PGF,,,25 43, Cigarette smokers also have significantly higher free F,-1soPs levels in
plasma28. This suggests that life style could potentially be an indicator of blood donor
suitability. A better understanding of the vascular composition and mechanisms of action of
these compounds will greatly benefit our understanding of disease pathology, as well as
their possible role in transfusion therapy.

Overall, our study reveals that F,-1soPs and IsoFs accumulate in stored RBC supernatants
and this accumulation correlates with unwanted effects on platelet function in vitro,
supporting a possible role for lipid peroxidation products in adverse transfusion responses.
Moreover, Fo-1soPs and IsoFs levels could represent a novel benchmark for determining
blood component suitability for transfusion, leading to improved efficacy, safety and cost
efficiency of a frequently performed medical therapy. We further demonstrate that bioactive
lipid mediators and cell-free hemoglobin can perturb platelet function via independent
mechanisms. Washing RBCs is one modality that could mitigate adverse reactions in
susceptible patient populations, as we demonstrate that F»o-1soPs and IsoFs levels are
reduced during the allowed 24 hours of post-wash storage.
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Fig. 1. Leukoreduction of RBC concentrates reduces platelet aggregation after exposureto
stored supernatant and reduces accumulation of selected inflammatory mediators

RBCs were obtained from leukoreduced (LR) or nonleukoreduced (NLR) red cell
concentrates stored for <8 days or >20 days. (A) Whole blood aggregation was quantified as
maximum amplitude (ohms) following addition of stored RBCs to fresh PRP samples v/v for
10 minutes at 37°C and then activated with ADP (20 uM). Freshly prepared (FP) RBCs were
used as a control. (B-D) Cell-free supernatant was isolated from stored RBC concentrates by
centrifugation and analyzed by competitive enzyme immunoassay (EIA) for (B) sCD40L,
(C) PGE; and (D) TXB,. Mean +/- SEM, n=5, Statistical significance was determined by
one-way ANOVA. *p<0.05, **p<0.01.
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Fig. 2. Fo-1s0Ps, 1soFs and cell-free hemoglobin accumulatein parallel during RBC storage
Four leukoreduced RBC concentrates were stored and evaluated on the indicated days for

levels of (A) F2-isoPs and (B) Iso-Fs by mass spectrometry, and (C) hemoglobin levels by a
hemoglobin colorimetric assay. Mean +/- SEM, n=4; Regression analysis demonstrates a
linear and statistically significant correlation between F2-isoPs, Iso-Fs, and hemoglobin

accumulation and RBC storage time.
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Fig. 3. Supernatants from stored leukoreduced RBCs and 8-iso-PGF5, cause platelet activation
and release of proinflammatory and prothrombotic mediator s from platelets

(A-C) Freshly prepared PRP was isolated from two independent donors. PRP was incubated
with stored RBC supernatants (Days 5, 19 and 40) from three independent donors for 2
hours. Cell-free plasma was collected by centrifugation and analyzed by immunoassay for
TXB, and sCD40L or by flow cytometry for CD62P expression. (D-E) Washed platelets
were prepared and incubated with 8-iso-PGF,, (1-20 uM) or vehicle control (VEH). Results
are displayed as fold change over VEH for three donors, where each donor is indicated by a
different symbol. Mean +/- SEM, n=3-4 for each group. Statistical significance was
determined by one-way ANOVA. *p<0.05, **p<0.01.
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Fig. 4. Fo-1soP levelsin stored leukoreduced RBC supernatants correlate with increased platelet
activation upon in vitro smulated transfusion

IsoP concentration in RBC supernatants is plotted against (A) TXB, release or (B) CD62P
expression from freshly isolated platelets from 3 donors exposed to these supernatants. (A)
Average TXB, expression from 1 platelet donor treated with RBC supernatants from 4
different donors at three storage time points. (B) Average CD62P expression from 3
different platelet donors treated with RBC supernatants from 2 different donors. Correlation
analysis demonstrates a significant positive correlation between IsoP and IsoF accumulation,
and RBC storage time (Correlation coefficient (r): 0.72 for TXB, and 0.87 for CD62P); both
p<0.05.
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Fig. 5. Stored leukoreduced RBC super natants and hemoglobin, but not 8-iso-PGFo inhibit
platelet spreading
Freshly isolated platelets (3.3x 107 cells/mL) were treated 2 hours with Adsol (vehicle) or

stored RBC supernatants (Days 5, 19 and 40) (A-B), or vehicle control (DMSQO), 8-iso-
PGF,, (C-D) or hemoglobin (E-F) and then spread on fibrinogen-coated coverslips.
Coverslips were fixed and imaged by differential interference contrast (DIC) microscopy.
Measurement bars =10 um. One representative donor of three is shown (A, C, E). Arrows
identify fully spread platelets and T-bars unspread platelets. Mean +/— SEM. Statistical
significance was determined by one-way ANOVA. *p<0.01 compared with vehicle.
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Fig. 6. Hemoglobin has no effect on mediator release, but increases reactive oxygen species
production in platelets
(A-C) Washed human platelets were treated for 2 hours at 37°C with hemoglobin in Adsol.

(A) sCD40L, (B) PGE» and (C) TXB> levels in supernatants were measured by
immunoassay. (D-E) ROS levels were measured in platelet suspsensions treated with Adsol
(vehicle) or stored RBC supernatants (Days 12, 26 and 33) (D) or hemoglobin (E). Mean +/
- SEM. Statistical significance was determined by one-way ANOVA. *p<0.05, **p<0.01.
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Fig. 7. Post-stor age washing of RBCs reduced supernatant lipid levelsfor 24 hours
Supernatants of five day stored RBC units were measured by GC/mass spectrometry for the

accumulation of (A) F,-I1soPs and (B) IsoFs and again just prior to washing (PreW) at 13 or
26 days. F,-1soPs and IsoFs level were measured immediately after washing (Wash) and
after an additional 24 hours of storage (PoW) for each storage duration. Mean +/-= SEM, n =
4; *p <0.01.
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