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Abstract

Transfusion of stored red blood cells (RBCs) is associated with increased morbidity and mortality
in trauma patients. Pro-oxidant, pro-inflammatory and nitric oxide (NO) scavenging properties of
stored RBC are thought to underlie this association. In this study we determined the effects of
RBC washing, nitrite and anti-heme therapy on stored RBC-dependent toxicity in the setting of
trauma-induced hemorrhage. A murine (C57bl/6) model of trauma-hemorrhage and resuscitation
with 1 or 3 units of RBC stored for 0-10d was used. Tested variables included whether washing
RBC to remove lower MWt components that scavenge NO, NO-repletion therapy using nitrite or
mitigation of free heme-toxicity by heme scavenging or preventing TLR4 activation. Stored RBC
toxicity was determined by assessment of acute lung injury indices (airway edema and
inflammation) and survival. Transfusion with 5d RBC increased acute lung injury indexed by
BAL protein and neutrophil accumulation. Washing 5d RBC prior to transfusion did not decrease
this injury, whereas nitrite therapy did. Transfusion with 10d RBC elicited a more severe injury
resulting in ~90% lethality, compared to <15% with 5d RBC. Both washing and nitrite therapy
significantly protected against 10d RBC-induced lethality, suggesting that washing may be
protective when the injury stimulus is more severe. Finally, a spectral deconvolution assay was
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developed to simultaneously measure free heme and hemoglobin in stored RBC supernatants,
which demonstrated significant increases of both in stored human and mouse RBC. Transfusion
with free heme partially recapitulated the toxicity mediated by stored RBC. Furthermore,
inhibition of TLRA4 signaling, which is stimulated by heme, using TAK-242, or hemopexin-
dependent sequestration of free heme significantly protected against both 5d and 10d mouse RBC-
dependent toxicity. These data suggest that RBC washing, nitrite therapy and / or anti-heme and
TLR4 strategies may prevent stored RBC toxicities.
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Introduction

Transfusion with packed red blood cells (RBCs) is a front-line therapy for critically ill,
anemic patients. However, recent studies have documented positive associations between
the number of RBC units transfused, the age of the RBC unit being transfused and increased
transfusion-related morbidity and mortality[1]. For example, our studies have shown
increased incidence of acute lung injury, acute kidney injury, pneumonia, and mortality in
bleeding trauma patients, a population that receives a significant portion of the stored blood
in tertiary care centers [2-4]. Importantly, storage lesion toxicity is observed in diverse
patient populations, suggesting common mechanisms related to gain of toxic functions by
stored RBCs. This understanding has fueled numerous research efforts aimed at elucidating
the mechanisms by which stored RBC may elicit injurious responses after transfusion[5].
Current thinking suggests these are related to microcirculatory dysfunction, exacerbation of
underlying inflammation, increased oxidative stress, and increased predisposition to
nosocomial infections[2, 6-11]. During storage, several structural, biochemical, and
metabolic alterations occur to the RBC. These changes include loss of metabolites (e.g.
ATP), loss of RBC volume with accompanying formation of echinocytic forms and
hemoglobin-containing microparticles, RBC degradation, and release of cell-free
hemoglobin (hemolysis), iron, and cellular debris[12]. While potential toxic effects of each
of these aspects of RBC storage have been studied (see below), little attention has been
given to the potential of heme released during storage as a mediator of transfusion injury.
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Notably, recent studies suggest that heme is a potent inducer of inflammatory tissue injury in
sickle cell disease and sepsis [13-18].

Loss of nitric oxide (NO) homeostasis has emerged as a mechanism underlying many
features of transfusion toxicity associated with stored RBC, including microcirculatory
dysfunction and inflammation. Stored RBC, including cells with altered morphology,
hemoglobin-containing microparticles and hemolysis-derived cell-free hemoglobin, all
display ferrous heme dependent NO-scavenging with kinetics that are faster compared to
freshly isolated RBC[19-21]. This biochemical property also translates to a greater
inhibition of NO-dependent signaling ex vivo and in vivo[19, 20, 22]. In addition to
scavenging NO, older RBCs may also be less effective at stimulating endogenous NO
formation. Stored RBCs display faster rates of nitrite oxidation in vitro, and transfusion of
trauma patients with older cells, but not younger RBCs, results in lower circulating nitrite
levels [20]. Since nitrite is a putative substrate for NO formation in hypoxic tissues, this
reactivity would lower an endogenous substrate for NO formation, thereby further leading to
inhibition of NO signaling. Moreover, RBC-derived ATP-dependent activation of
endothelial nitric oxide synthase is lost in stored RBC[23], and RBC-S-nitrosothiols have
also been postulated as potential mechanisms for loss of NO homeostasis [24, 25].
Collectively, these data provide mechanistic insights into how transfusions with stored RBC
inhibit endogenous NO signaling in the vasculature and suggest that NO-repletion strategies,
or approaches that remove components in stored RBC that inhibit NO signaling could be
beneficial. In the latter context, RBC washing immediately before transfusion to remove
microparticles, cell-free hemoglobin, and iron, prevented many of the negative effects of
storage in a canine model of transfusion and infectious lung injury[26] and attenuated
cytokine levels in a mouse model of trauma-hemorrhage[27] . In the current study, we show
similar protective effects of washing towards acute lung injury and lethality in a murine
model of trauma-hemorrhage. In addition, we show that NO-repletion therapy using nitrite
protects against storage-induced toxicity. Finally we provide evidence that free-heme
significantly increases during storage and is a key mediator of injury in this model.

Materials and Methods

TAK-242, a small molecule inhibitor of TLR4, was purchased from InvivoGen and
dissolved in intralipid (Sigma). Hemopexin was purchased from Athens Research &
Technology. All other materials were purchased from Sigma—Aldrich (St Louis, MO) except
MahmaNONOate which was obtained from Axxora Platform (San Diego, CA). Sodium
nitrite (Sigma) used in resuscitation was dissolved in saline. Adsol was from Baxter Health
Care Corporation. Human oxyhemoglobin was purified for healthy donors according to
UARB Institutional Review Board approved protocols and stored in the CO-ligated form as
previously described[28]. Methemoglobin was synthesized and purified as previously
described using potassium ferricyanide added at a 2-fold excess over oxyHb (in heme) and
purifying metHb by gel-filtration using Sephadex G-25 columns[29]. Similar protocols were
used for preparing mouse hemoglobin. Male C57BL/6 mice weighing 22 g to 30 g were
purchased from Harlan Laboratories (Indianapolis, IN) at 8-10 weeks of age.
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Preparation of hemin and hemoglobin standards for spectral deconvolution

To ensure no COHb remained in oxyHb solutions and that all oxyHb was oxidized to
metHDb, reduction with sodium dithionite and >99% conversion to deoxyHb was verified.
oxyHb and metHb solutions were diluted to 25uM (in heme) into Adsol pH7.4 or pH 6.8.
Adsol was collected under sterile conditions on the day of experiments and pH adjusted
from 5 (adsol basal pH) to 6.8 or 7.4 using 0.1N NaOH. Hemin was dissolved in 0.1N
NaOH at 10mM (concentrations verified using eagsnm = 58.4mM~1 cm™1). 5ml of a 25uM
solution of hemin was then prepared in Adsol pH 5.0 and pH adjusted to pH 6.8 using 0.1N
NaOH. For pH 7.4, hemin was diluted to 25uM in Adsol (pH 5) and pH adjusted to 7.4
using 0.1N NaOH. Standard spectra were acquired between 450—-700nm at room
temperature. For preparation of hemin and oxyHb or metHb mixtures for validation of
deconvolution method, pH of stock solutions were adjusted to 6.8 or 7.4 using Adsol (pH 5)
or 0.1N NaOH and then mixed to give final indicated concentrations.

Free heme measurement- Method development and validation—We developed a
spectral deconvolution approach to simultaneously measure the concentrations of
oxyhemoglobin, methemoglobin and free heme in solution as described in results.

Human and mouse RBC collection

Human RBCs stored for up to 42d were collected from segments attached to blood bags
from the UAB blood bank, and processed according to UAB Institutional Review Board
approved protocols. All human RBCs used in this study were leukoreduced and stored in
Adsol-1. At the time of collection, RBCs (~0.5ml) were placed into 1.7ml Eppendorf tubes
and pelleted by centrifugation (1500 x g, 10min, 4°C). The supernatant (~200ul) was
removed and indices of storage related changes (described below) determined. For
acquisition of spectra, the resultant supernatant fraction was centrifuged again (2000 x g,
30sec). 50pl of the supernatant was taken and diluted 10-fold with distilled water and
absorbance spectrum (450-700nm) measured. For mouse RBCs, blood (~800uL) was
collected from healthy male C57BL/6 mice via cardiac puncture in 50ul citrate buffer
(trisodium citrate (22.0g/L), citric acid (8.0g/L), dextrose (24.5g/L)). Blood was filtered
through neonatal Sepacell filters or through Sephadex G25 microcellulose column to remove
leukocytes by gel filtration. Columns were washed with 10 times the volume of PBS or
Adsol to eluate RBC (with no differences in hemolysis during processing observed (not
shown). The eluent was centrifuged at 1500 x g for 5 min, 4°C. The erythrocyte pellet was
washed 3 times with cold Adsol and concentrated to a hematocrit of 60% with Adsol and
stored in 0.7mL Eppendorf tubes with a head space of approximately 300uL. All solutions
and procedures were performed under sterile conditions and used CPD anticoagulant and
AS1 storage solutions obtained from the blood donation kit (Fenwal Express System, Lake
Zurich, IL) used form human blood collection. RBCs were stored at 4° C in the dark, for up
to 10 days. LPS measurement in stored RBC using the Limulus Amebocyte lysate assay
(Cambrex, MD) indicated levels were below detection limit (not shown).
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Storage lesion characterization

At various storage times, mouse RBC hematocrit, levels of cell-free hemoglobin (Hb),
microparticles, oxygen affinity, nitric oxide dioxygenation Kinetics and nitrite oxidation
kinetics were determined as previously described[20, 30]. Briefly, the rate of NO-
dioxygenation by RBCs was determined using competition kinetics (relative to cell-free
hemoglobin) using MahmaNONOate. Nitrite oxidation was determined using hemolysates
(prepared by lysing 20ul pRBCs with 80pl ice-cold water) and then diluting hemolysates in
PBS containing 100uM DTPA (pH 7.4) to 25uM hemoglobin final concentration. Nitrite
(ImM) was added to hemolysates in PBS (37°C) and methemoglobin formation measured as
a function of time. Nitrite oxidation rates were compared by measuring lag times for
methemoglobin formation (lower lag times indicating high rates of nitrite oxidation) as
described[30].

Flow Cytometry

RBC preparations before and after leukoreduction were labeled with FITC conjugated anti-
CD45 antibody (0.17ug/ml) and white blood cells measured by FACS. Microparticles were
measured by adding FITC conjugated TER-119 antibody (a protein associated with
glycophorin A in mice) to washed or unwashed RBC. Both preparations were incubated for
30min in the dark at room temperature. Samples were then analyzed by FACS using a
Becton Dickinson FACSCalibur (BD Biosciences, Franklin Lakes, NJ) or a Beckman
Coulter 3500 (Brea, CA) and events acquired using CellQuest or Beckman Coulter native
software. Approximately 100,000 events were collected per measurement. All analyses were
done with FlowJo software (Tree Star, Inc., Ashland, OR) or Kaluza (Beckman Coulter Inc.
Brea, CA). Microparticles were assessed as being TERR-119 positive events that were
below 1pm in size.

Mouse Trauma/Hemorrhage resuscitation

All experiments were approved by the Institutional Animal Care and Use Committee at the
University of Alabama at Birmingham. Trauma hemorrhage was performed as previously
described [31]. C57BL/6 male mice were anaesthetized by inhalation of 5% isoflurane in air.
The concentration of isoflurane was then reduced to the minimal concentration for
maintenance (<1%). The abdomen and groins were shaved and washed with 10% povidone-
iodine. A 2 cm midline laparotomy was performed to induce soft-tissue trauma. The incision
was closed in two layers (fascia/muscle and skin) and bathed in 1% lidocaine for analgesia.
Both femoral arteries were cannulated with catheters (Braintree Scientific, MA). Systemic
arterial pressure was continuously monitored through one arterial line while hemorrhage and
transfusion performed via the other. Mice were bled over 30 min to a MAP (mean arterial
pressure) of 25£5 mmHg (~60% blood loss, 800 pl). This blood pressure was maintained for
a further 60 min by additional bleeding as required. At the end of the hemorrhagic shock
period, if animals were receiving nitrite treatment, prior to transfusion, 100ul of nitrite
dissolved in saline was administered intravenously in a bolus form (nitrite stock solutions
were 0.1 mM, or 1 mM). Mice receiving TLR4 inhibitor were given TAK-242 (7.5 mg/kg)
or vehicle (50uL intralipid) either prior to hemorrhage or 5-10 min prior to resuscitation
with RBC. Hemopexin (0.5mg) was dissolved in PBS and delivered 10 min prior to
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transfusion in a volume of 100uL. All animals were resuscitated over 30 min with saline
(room temperature) at 4X volume shed during hemorrhage, or with saline at the same
volume of shed blood containing either 1 unit or 3 units of pRBCs (100ul or 300ul
respectively of 60% Hct) stored for Od (used the day of leukoreduction), 5d or 10d; initial
studies determined different resuscitation volumes required to achieve pre-hemorrhage
MAP’s immediately post-transfusion. In some experiments, RBC were washed 30min prior
to transfusion 3 times with ice-cold Adsol (1500xg, 5 min). If the cells were washed, Adsol
was added to equal volume of RBCs prior to washing. After washing, RBC were prepared
and transfused in the same manner as unwashed RBC. For nitrite treatment, 5min prior to
transfusion, 100pl of nitrite dissolved in saline was administered intravenously in a bolus
form (nitrite stock solutions were 0.1 mM, or 1 mM resulting in 10umol or 100umol per
mouse respectively). Hemopexin (0.5mg) was administered 10min prior to resuscitation. At
30 min post resuscitation, femoral cannulations were removed and isoflurane treatment
ended. All experiments were carried out for at least 4h post-resuscitation with animals kept
on a heated pad for this duration. Arterial blood samples were collected immediately before
transfusion, at the completion of transfusion (30min), 60min and 4h after the initiation of
transfusion. At 4h post initiation of transfusion, mice were sacrificed and acute lung injury
indices assessed. Mice were also observed every 30min to evaluate for mortality by
observing physical activity, righting reflex, body temperature drop over 4°C along with loss
of righting reflex or failure to move after repositioning over 2 consecutive 10 min intervals
and breathing pattern. Any mice displaying these symptoms were immediately euthanized.
Control experiments included testing effects of saline or stored RBC transfusion in mice that
underwent trauma only without hemorrhage.

Acute Lung injury assessment

Mice were euthanized with intraperitoneal ketamine and xylazine (100 and10 mg/kg body
weight respectively). A final blood sample was taken by cardiac puncture and an incision
was made at the neck to expose the trachea and a 3mm endotracheal cannula inserted. Lungs
were lavaged with 3 x 1 ml of PBS. Recovered aliquots of lavage fluid were kept on ice, and
centrifuged immediately at 300g for 10 minutes to pellet cells. Supernatants were removed
and stored on ice for protein analysis using the Protein Assay Reagent Kit (Bio-Rad,
Hercules, CA) compared to BSA standards. Cells were re-suspended in 100ul PBS and
counted using a Neubauer hemocytometer. Cells were then placed on slides using a cellspin
(Tharmac) and stained using Wright’s stain. Differential counts (specifically monocytes,
neutrophils, and lymphocytes) were then performed on slides via light microscopy.

Statistical analysis

Storage time- or therapy dependent changes were analyzed by 1-way repeated measures
ANOVA with Tukey’s post-test. For survival the two-tailed N-1 two proportion test was
used. P-values less than 0.05 were considered significant.
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Characterization of Murine RBC storage

Initial studies were designed to validate methods to leukoreduce (LR) and store mouse RBC
(mRBC) and compare this to human RBC (hRBC) stored for 35-42d. While recent studies
have shown that storage of murine RBC for ~2 weeks is equivalent to human RBC storage
for 42 days based on RBC stability and recovery post transfusion[10, 27, 32], the effects on
NO-dioxygenation and nitrite oxidation kinetics are not known. C57BL/6 RBC were
leukoreduced using either microcellulose Sephadex G25-columns or by neonatal Sepacell
filters (Figure 1A). Each method significantly reduced leukocyte content by 94% and 97%
respectively; further studies used microcellulose sephadex-G25 only. Leukoreduced mRBC
were stored in Adsol for up to 10 days and markers of storage induced damage including
hemolysis, microparticle formation, oxygen affinity, rates of nitric oxide dioxygenation and
rates of nitrite oxidation measured (Figure 1B-F respectively). Hemolysis increased in a
storage time-dependent manner, with the magnitude of hemolysis being lower in LR vs non-
LR RBC. Sepacell filtered RBCs showed similar hemolysis to G25-filtered RBCs (not
shown), indicating no adverse effects on RBC mechanical fragility by G25 filtration.
Notably, the extent of hemolysis with mRBC was significantly greater compared to 35-42d
hRBC; the latter was ~50-100uM (or ~0.5-1%) [19, 20] compared to ~400uM (or ~4%) for
mRBC stored for 10d. These data are consistent with previous studies that also show a
relatively high degree of hemolysis for stored mRBC[33]. TER-119 positive microparticles
and oxygen affinity (decreasing Psg) also increased with storage time (Figure 1C-D),
although the magnitude of changes in Pgg were relatively small compared to hRBC stored
for >35d. The rate of NO-dioxygenation was accelerated 34- and 800-fold with day 5 and 7
mRBC respectively, compared to day 0 mRBC (Figure 1E); day 10 measurements were not
possible due to extensive hemolysis during experiments. Similarly, the rate of nitrite
oxidation was also increased with day 5 mRBC, as indicated by lower lag times (Fig 1F).

RBC storage results in increased free heme

In order to measure free heme levels, we developed a spectral deconvolution approach that
would allow simultaneous assessment of free heme and Hb in the same sample. This
approach relies on individual species within a complex mixture having distinct absorbance
spectra, and availability of spectra for a known concentration of each species alone.
Concentrations of each individual species within a mixture are determined by deconvolution
of experimental spectra against standards by multi-linear regression fitting. While
hemoglobin can exist in a number of ligation and oxidation states, in the context of cell-free
hemoglobin arising during RBC storage, only oxyhemoglobin and methemoglobin are
detectable. Less is known on the oxidation or ligation state of any free heme that may arise.
However, free heme is readily oxidized to the ferric oxidation state and bound by chloride
(hemin) or hydroxide (hematin).We assumed any free heme present would be in the ferric
oxidation state and used hemin to generate standard spectra. Since the spectrum of metHb is
particularly pH sensitive, and pH of storage solution decreases with storage time (measured
pH being 7.4 for day 7, and pH 6.8 for day 35) standards were generated in Adsol at both pH
7.4 and 6.8. Day 7 sample spectra were deconvoluted using pH7.4 standard spectra, and day
35 sample spectra using pH 6.8 standard spectra. The 3-component standard spectra
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(oxyhemoglobin, methemoglobin and hemin) at pH 7.4 or 6.8 used for deconvolution are
shown in Figure 2A for pH 7.4, and supplementary Figure 1A for pH 6.8. To test and
validate the method, spectra of hemin (0-50uM) alone or with oxyHb (10uM) and metHb
(10uM), or with oxyHb (40uM) and metHb (60uM) were measured in Adsol at pH 7.4 or pH
6.8. Figure 2 (pH 7.4) and supplementary Figure 1 (pH 6.8) show spectra (Panel B-D), and
measured concentrations of hemin (panels E) and oxyHb and metHb (Panel F) after
deconvolution relative to the amount of hemin added (gradients indicating recovery across
concentrations tested are shown on each graph). The measured hemin concentration was
directly proportional to the hemin added for every condition except at low hemin
concentration (<10uM) at pH7.4 in the presence of high oxyHb + metHb levels. This was
due to metHb indicated by higher yields of metHb over 0-10uM added hemin. Importantly,
metHb did not interfere with hemin measurements when present at lower concentrations at
pH 7.4 or pH 6.8 and spectral deconvolution was able to distinguish between oxyHb and
hemin in all conditions tested. Since metHb levels never exceeded 2uM in experimental
samples, deconvolution is sensitive to detect changes in extra-erythrocytic hemin in stored
RBC.

Figure 3A shows that after 10d of mRBC storage, significant increases in free heme are
observed which are significantly lowered after washing. Figure 3B—D compares free heme,
free oxyhemoglobin, and free methemoglobin levels measured in the same samples of
human RBC stored for 7d or 35d; Figure 3E-F shows residuals for spectral deconvolution
fits. Free heme increased ~2-fold from 9.7 £ 1uM to 20 + 1.6yuM (mean = SEM) with
storage. Total cell-free hemoglobin also increased with storage, with this being exclusively
mediated by increases in oxyhemoglobin (Fig 3C); no changes in methemoglobin were
observed (Fig 3D). Figure 3G plots the percentage of free heme, oxy or methemoglobin as a
function of total extracellular heme, and shows that the relative contribution of free heme vs.
Hb increases with storage age.

Effects of stored RBC on trauma-hemorrhage induced toxicity

Figure 4 shows that there was no or minimal mortality in sham surgery group, in trauma
only or trauma-hemorrhage mice transfused with saline or with 1 unit of mRBC stored for
5d. However, transfusion with 1 unit of 10d RBC caused ~90% mortality over the 4h
observation period post-transfusion. Figure 5A—B show respectively, changes in BALF
protein and inflammatory cell levels with 5d RBC transfusions. A trend (P=0.06) towards
increase in BALF protein in saline alone transfused mice compared to sham was observed
indicating injury mediated by trauma-hemorrhage. Transfusion with 1unit of d0 mRBC had
no effect beyond saline alone, but d5 mRBC significantly increased BAL protein further
consistent with a storage dependent gain of toxicity. To assess if the ALI end points display
a RBC dose effect, the effects of transfusion with 3 units of d0 or d5 mRBC were
determined. Interestingly, 3 units of d0 mRBC decreased BAL protein levels suggesting a
protective effect. However, 3 units of d5 mRBC significantly increased BAL protein relative
to 3 units d0 mRBC (P <0.04), but the magnitude of this increase was still lower compared
to 1 unit of d5 mRBC.
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Similar to protein levels in the BAL, more inflammatory cells were observed in saline vs.
sham groups (P=0.05) (Figure 5B). Also, mice transfused with 1 unit of d5 mRBC had
greater numbers of inflammatory cells compared to saline or dO mRBC, and transfusion of 3
units of d5 mRBC did not increase injury further compared to 1 unit transfusion, but did
show higher levels of BAL inflammatory cells compared to 3 units of d0 mRBC (P<0.01).
Differential analysis of BAL cells demonstrated that 1 or 3 units of day 5 mRBC induced
accumulation of neutrophils, with no significant changes in macrophage content (Figure 5C—
D). Supplementary Figure 2 shows that 1unit of d5 RBC had no effect on BAL protein or
cells in mice that underwent trauma only (i.e. no hemorrhage) consistent with the concept
that stored RBC provide a second hit that exacerbates underlying inflammatory stress.

Effects of RBC washing on trauma-hemorrhage induced toxicity

The concept that transfusion of microparticles or hemolysis derived products (cell-free Hb,
iron) leads to inhibition of endogenous NO-signaling and oxidative stress raises the
possibility that removal of these by washing RBCs immediately prior to transfusion may
alleviate storage lesion toxicity[26, 34, 35]. On the other hand, washing may sensitize RBCs
to subsequent hemolysis (depending on the RBC storage age[25, 26]) and we have shown
that stored RBCs that remain after washing still scavenge and inhibit NO-signaling more so
than younger RBC[20]. Thus, washing may not completely prevent loss of endogenous NO
bioavailability and paradoxically may even promote NO-scavenging. To test this
phenomenon, RBCs were washed by centrifugation immediately prior to transfusion, and
effects on mortality using d10 mRBC and ALI using d5 mRBC assessed. Figure 1B-C and
Figure 3A shows that washing was effective at removing cell-free Hb, heme, and
microparticles. Washing modestly decreased hematocrit from 59.7% to 59.4% for 5d RBC
and 59% to 58.3% for 10d RBC. Figure 4 shows that washing significantly improved
survival after transfusion with 10d mRBC. In the sub-lethal model however, transfusion
with washed d5 mRBCs (both 1 and 3 units) had no effect on BAL protein levels relative to
respective d5 unwashed groups (Figure 5A). Interestingly, while a significant storage-
dependent increase in injury was noted between washed dO and d5 mRBC, this effect was
not observed with 3 unit transfusions, in part due to a trend towards increased BAL protein
in mice receiving washed d0 mRBCs. Figure 5B shows that for 1 unit transfusions, washing
did not protect against BAL inflammatory cell accumulation induced by 5d mRBC. In fact,
no storage age-dependent effect was observed at all in large part due to an increased BAL
cell accumulation in mice receiving washed d0 mRBC, which was significantly higher than
unwashed d0 RBC (P<0.03 by unpaired t-test). This increase elicited by washing of d0
mRBC was due to increase levels of macrophages (Fig 5C). Moreover, increased injury
induced by washing of fresh (0d) mRBC was more pronounced with 3 unit transfusions
(P<0.01 between 0d 3unit washed and unwashed), which again was mediated largely by
increased macrophages and, to a lesser extent, neutrophils (Fig 5C-D). Also, for 3 unit
transfusions, washing 5d mRBC did not provide any protection relative to the respective
unwashed condition, although a trend was noted. With 3 unit transfusions, washing 5d
mRBCs induced less injury compared to 3 units of washed 0d mRBCs; a result mediated by
decreased macrophage numbers (Fig 5C).
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Effect of nitrite on RBC storage and trauma-hemorrhage induced toxicity

Nitrite at the highest dose tested significantly improved survival in mice transfused with
lunit of 10d mRBC (Figure 4). Figure 6A shows that compared to respective saline or d5
mRBC transfusion with 1 or 3units, nitrite therapy at either 20umol or 100umol had no
effect on BAL protein levels, although a trends (P=0.07) towards decreased BAL protein
with 3unit transfusions was noted. At 100umol, nitrite increased BAL cell accumulation in
trauma-hemmorhage and saline alone transfused mice. In contrast, a significant protective
effect of nitrite was observed at both doses tested against 1 unit mRBC transfusions (Fig 6B)
that was mediated by decreased neutrophils (Fig 6D), with trends towards decreased
macrophages noted (Fig 6C).

Role of free heme and TLR-4 signhaling on RBC storage and trauma-hemorrhage induced

toxicity

Both TAK-242 and hemopexin significantly improved survival in mice receiving 10d
mRBC (Figure 4). Figure 7A-B shows that similarly, TAK-242 administered just prior to
trauma or prior to resuscitation attenuated d5 mRBC induced protein and neutrophil
accumulation in the BAL,; although we note that for BAL protein, the effects of TAK-242
administered 5 min prior to resuscitation relative to vehicle control, was not significant,
although a trend towards protection was observed (P=0.09). Hemopexin also attenuated
protein accumulation with a trend (P=0.06) for decreased neutrophils also observed.
Resuscitation with 100pl of hemin (15uM) alone had no effect on BAL protein but did
significantly increase BAL cells (both macrophages and neutrophils), which was prevented
TAK-242 (Figure 7).

Effects of washing, nitrite and TLR-4 treatment on blood pressure

No differences in blood pressure between groups during hemorrhage and shock periods were
observed (Figure 8A); for the sakes of clarity, only traces for saline, 0d, 5d RBC with and
without nitrite are presented. Figure 8B shows that 30 min post transfusion MAP was
significantly higher with 5d mRBC transfusions, but not when the same cells were washed
prior to transfusion. Nitrite therapy prevented the 5d mRBC-dependent increase in MAP. No
other treatment significantly affected MAP relative to RBC transfusion group. Also nitrite
alone had no effect on saline transfused mice.

Discussion

Our goals in this study were to determine mechanisms by which transfusion with stored
RBCs mediate toxicity, and to test potential therapeutics. A mouse model of trauma
hemorrhage coupled with transfusion of freshly isolated or leukoreduced stored RBC was
used. Consistent with recent studies, storage of mouse RBCs for 10d was sufficient to
promote significant biochemical and functional changes similar to that observed in human
RBC stored for 42d. These changes included hemolysis, microparticle formation, and
formation of RBC that displayed increased rates of NO-dioxygenation and nitrite
oxidation[10, 27, 32]. In addition, we showed that significant increases in free heme also
occur during storage of both mouse and human RBC, underscoring its potential role in
storage-related toxicities. We developed a spectral deconvolution method for measuring
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cell-free heme simultaneously with cell-free Hb and showed that during storage, both
significantly increase, but the relative increase was higher for free heme. In other words, the
relative contribution of free heme to total extracellular heme increases with storage. This
may reflect either direct heme release from RBCs and/or heme release from degradation of
cell-free Hb. We speculate the latter, since our recent studies suggest that cell-free
hemoglobin undergoes more oxidative damage relative to erythrocytic hemoglobin[36].
Moreover, we speculate that free heme levels may be underestimated as its hydrophobicity
is likely to have led to membrane localization; we measured only heme that was dissolved in
the extracellular fraction. A limitation in our measurements is that for human RBCs, we
quantitated storage-dependent free heme and Hb formation from segments that are attached
to RBC bags. Recent studies have shown that segments have higher levels of hemolysis
relative to the paired bag, and our data demonstrated differences in complement levels also,
but with levels being higher in the bag relative to the segment [37, 38]. Further studies
evaluating cell-free heme formation in bags vs. segments is required.

To evaluate mechanisms and potential therapies for stored RBC toxicity, we employed a
mouse model of trauma-hemorrhage to incorporate the two-hit concept of transfusion
toxicity and to allow comparison with insights of the storage lesion gained from trauma
patients. Transfusion with stored RBCs, but not fresh RBCs significantly induced acute lung
injury or mortality with the severity of injury being proportional to the age of the transfused
RBCs; these associations are similar to our studies with trauma patients in which poorer
microcirculatory function and tissue oxygenation, higher incidence of end organ injury and
mortality were noted in patients who received older vs. younger RBCs[2, 39, 40]. Our data
also support the two hit model in which stored RBC constitute a second hit causing injury
only when underlying stress (first hit) from trauma, hemorrhage or surgery is present. Injury
was exacerbated with stored, but not freshly isolated RBC transfusions, and transfusion with
stored RBC had no effect on mice that underwent trauma only. This observation is
consistent with recent experimental studies that show increased lung injury or infection
following transfusion with stored RBCs or stored RBC-derived microparticles[10, 11, 41,
42]. The general applicability of the two-hit hypothesis is also indicated by the fact that the
first hit comprised diverse stimuli (LPS injection, pneumonia, high fat diet or trauma
hemorrhage) and was observed in different animal models (mice, rats or dogs). We highlight
an important limitation however, at least in the model employed in this study, where injury
parameters were not proportional to the number of RBC units transfused. This is an
important and often over-looked factor. Our prior work showed that in addition to storage
age, the number of RBC units transfused also correlate with morbidity and mortality in
trauma patients[43]. While a RBC dose effect was evident in relation to mouse survival, this
correlation was not observed with acute lung injury end points using d5 RBCs. In fact,
transfusion of 3 units resulted in less injury compared to 1 unit of stored RBCs. We did not
pursue the mechanism of this effect and speculate that limitations of the model (transfusion
of 3 units concurrently, rather than sequentially) and / or potential protective effects of RBC
(via antioxidant activities or chemokine scavenging) may have played a role.
Notwithstanding, the need for models that recapitulate clinical associations between RBC
age and the number of units transfused with toxicity are required. With this in mind, we note
a limitation in the in vivo system employed. We did not observe protection by transfusion
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with fresh (d0) RBC relative to saline alone. Since our end point of lung injury is sensitive
to blood volume (and pressure), we opted to use a volume repletion protocol. We used saline
alone or saline + RBC (d0, d5 or d10). Since the volume was constant, the control did in fact
contain more saline than any of the RBC containing groups, perhaps precluding an
appropriate control. Also we note that 1U of RBC is unlikely to be sufficient to see
protection in this model of trauma-hemorrhage where 60% of blood is lost. Consistent with
this, resuscitation with 3U of d0 RBC did show a trend (P=0.07) towards protection
compared to saline alone wrt BAL protein (Fig 5A). This limitation notwithstanding, it is
important to note that injury was increased by stored RBC (d5 or d10) relative to fresh (d0)
RBC for either 1U or 3U comparisons, where saline content is the same. We also note that a
recent study also using trauma-hemorrhage showed that resuscitation with a 1:1 mixture of
fresh RBC : plasma decreased inflammatory cytokines and microvascular permeability
compared to plasma alone[44]; our ongoing studies are testing whether RBC age affects
injury in this model.

We tested three potential therapies to attenuate stored RBC toxicity. Washing of RBCs is
based on the speculation that a single wash will remove smaller RBC degradation products
(hemolysis, microparticles) or other potential pro-inflammatory effectors (e.g. cytokines,
lipid peroxidation products) immediately prior to transfusion[26, 27, 34]. Recent data have
shown that washing stored RBCs protects against hypertension, lung injury and infection,
while washing of younger RBCs increased injury consistent with concerns over washing
resulting in increased susceptibility of the RBC to subsequent hemolysis[26]. In addition to
the rationale just discussed, we also tested washing to evaluate potential longer-term toxicity
of intact stored RBCs that remain after washing. Our previous data noted that stored intact
RBCs inhibited NO-signaling more so than fresh RBCs, and prior studies have shown that
intact stored RBC are less able to bind chemokines and inhibit inflammation[10, 20]. Since
these RBCs are likely to have longer circulatory half-life than cell-free Hb or microparticles,
and be present at higher concentrations, we reasoned that they may sustain an inhibition of
endogenous NO-signaling and mediate a persistent pro-inflammatory stimulus. Interestingly,
the effects of washing were varied. Mortality induced by 10d mRBC was clearly prevented
by washing RBCs consistent with a toxicity mediated by lower MWt components. However,
under sub-lethal conditions, washing had no effect on stored RBC dependent increases in
BAL protein or inflammatory cells, although trends were noted. This suggests that washing
may be more effective, the more severe the injury caused by stored RBC transfusion.
Another factor is the potential differential effect of washing on younger vs. older RBC. Our
data suggest that transfusion of washed d0 mRBC increased BAL cells to levels that were
equal or higher relative to washed 5d mRBC. In addition, a trend towards higher MAP in
washed versus unwashed dO RBC was noted (Fig 8B), overall suggesting a detrimental
effect of washing on younger RBCs, a conclusion similar to a recent study using canine
RBC[26]. Moreover, the method of washing may also differentially affect RBC sensitivity
to hemolysis[34]. Collectively, these data underscore the need for detailed understanding of
how washing affects RBCs and subsequent stability post-transfusion. In summary, our data
suggest that while washing protects against injury, this is only evident when the injury is
severe. Moreover, we hypothesize that while washing RBCs does remove mediators of
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transfusion toxicity, older and intact RBCs that remain may still provide a second hit to
exacerbate the inflammatory component of acute lung injury.

In addition to increased scavenging of NO, stored RBCs also display increased rates of
nitrite oxidation in vitro and loss of nitrite in vivo after RBC transfusion is associated with
poorer microcirculatory function[20]. Since nitrite is a substrate for NO-formation with
many studies showing therapeutic efficacy against circulatory and inflammatory diseases
including trauma hemorrhage, sepsis, and acute lung injury[31, 45, 46], we tested if nitrite
repletion may protect against storage dependent toxicity[20, 39]. Interestingly, inhaled NO
also attenuated stored RBC induced oxidative damage and inflammation, an affect that may
be due to increased circulating nitrite[42]. Nitrite therapy prevented stored RBC dependent
neutrophilic accumulation in the BAL and a trend towards protection against protein
accumulation also. These results resemble our previously published observations that nitrite
therapy-dependent effects on BAL protein and cell accumulation differ[47]. Exactly how
nitrite can mitigate stored RBC-dependent toxicity is unclear. One mechanism is oxidation
of cell-free oxyhemoglobin that would prevent NO-scavenging. However, the resultant
methemoglobin could mediate oxidative stress. Other potential mechanisms include
improving tissue blood flow and preventing cell death. Further studies are required to better
elucidate the nitrite-dependent protective mechanisms as well as other parameters that may
affect effectiveness including timing of administration relative to the stage of shock. Of
note, in trauma-hemorrhage mice transfused with saline alone, nitrite in fact increased BAL
cells due to increases in both neutrophils and macrophages. Importantly however, when
RBC were transfused, nitrite therapy prevented acute lung injury. These data are consistent
with the hypothesis that the biological effects of nitrite are controlled by interactions with
RBC[48], further reflected by data presented in Fig 8 showing that nitrite prevented the
increase in MAP in d5 RBC groups, but had no effect on MAP in saline alone transfused
mice.

To evaluate if free heme can mediate stored RBC toxicity, we tested the effects of
preventing heme-toxicity by inhibition of TLR-4 or using hemopexin. The latter prevented
stored RBC induced lethality and ALI underscoring the potential for toxic effects of heme.
Moreover, transfusion of free heme alone at a dose found in d10 mRBC, recapitulated some
aspects of stored RBC toxicity (increased BAL cells). Free heme-dependent activation of
TLR4 and downstream signaling mediates multiple organ dysfunction in sickle cell disease
and sepsis[13, 14]. TLR4 inhibition completely protected against all injury end points
elicited by stored RBCs. The protective effects of hemopexin and TLR4 inhibition were
surprising results as neither are expected to affect inhibition of NO-signaling mediated by
cell-free hemoglobin, microparticles, or intact RBCs. Moreover, there was no detectable
cell-free heme in mRBCs stored for 5d, but hemopexin and TLR4 antagonism still afforded
protection. These data suggest that ongoing generation of cell-free heme and/or other TLR4
ligands after transfusion mediates toxicity, although we cannot exclude the possibility that
TLR4 ligands produced by trauma-hemorrhage independent of RBC transfusion are the
primary targets that result in protection. Interestingly, a recent study documented that in the
absence of eNOS and NO-signaling, the severity of TLR4 dependent necrotizing
enterocolitis was increased[49]. This suggests an intriguing scenario in stored RBC toxicity,
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whereby loss of NO-signaling may synergize with TLR4 activation to promote tissue injury.
This is further suggested by the fact that hemin alone only increased BAL cells. The
potential interaction between free heme and other stored RBC components, and
subsequently between NO-inhibition and TLR4-dependent pathways to mediate stored RBC
toxicity is currently under investigation.

In summary, we provide data highlighting the role of free heme to mediate stored RBC
toxicity in trauma-hemorrhage and show that there is potential for RBC washing, nitrite,
hemopexin and anti-TLR4 therapy to attenuate injury in this setting.
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Figure 1. Characterization of murine RBC storage
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Panel A C57BL/6 blood was filtered by either Purecell NEO Neonatal High Efficiency
Leukocyte Reduction Filter (Pall corporation) (NN) or by Sephadex G25: microcellulose
column. (G25). Leukocyte content was determined by FACs and staining for the surface
antigen CD45. * P< 0.05 compared to unfiltered (UF) by 1-way ANOVA with Tukey post
test (n=3). Panel B: Storage time dependent hemolysis in control (hon leukoreduced) RBC
(O), leukoreduced (LR) RBC (@) or LR RBC after washing (¥), change indicated by dashed
arrows *P<0.01 by 2-way ANOVA with Bonferroni post test (n = 3-9). #P<0.02 by paired t-
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test (n=3-6). Panel C: Storage time dependent formation of glycophorin positive
microparticles in LR mRBC before and after washing. *P<0.01 by 1-way ANOVA with
Tukey post test relative to day 0 unwashed RBC. #P<0.04 by paired t-test relative to
respective unwashed RBC (n=3-6). Panel D Storage time dependent changes in Psp.
*P<0.05 relative to day 0 (n=3) by 1-way ANOVA with Tukey post test. Panel E shows
relative rate constants for NO-dioxygenation by intra-erythrocytic (Kgrgc) hemoglobin vs.
acellular hemoglobin (Knp) as a function of storage age. *P<0.05 relative to day 0 by 1-way
ANOVA with Tukey post test (n=3-6). Panel F shows lag times for hemolysate mediated
nitrite oxidation. *P<0.01 by t-test (n=5).
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Figure 2.

Standard spectra for oxyhemoglobin, methemoglobin, and hemin in Adsol buffer, pH 7.4
(Panel A). Solutions of hemin alone (0-50uM) or in combination with oxyHb (10uM) +
metHb 10uM or with oxyHb 40puM + metHb (60uM) were prepared in Adsol at pH 7.4 and
spectra measured (Panel B-D respectively). Spectra were deconvoluted and calculated
hemin (Panel E) and oxyHb and metHb (panel F) plotted vs hemin added. Deconvolution
analysis was performed using standard spectra shown in Figure 2. Data in panels E-F were
fitted by linear regression and are mean £ STDEV (n=3). Gradients determined from
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regression fit are indicated on respective plots. Key: Panel E: @ = hemin alone group, O =

hemin + oxyHb (10uM) + metHb (10uM) group; ¢ = hemin + oxyHb (50uM) + metHb
(50uM) group. Panel F: v = oxyHb, A= metHb.
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Figure 3. Cell-free heme increases with RBC storage
Panel A: Mouse RBC were stored for 0, 5, or 10d and cell-free heme measured by spectral

deconvolution before and after washing. Data show mean + SEM (n=3-8). *P<0.05 vs. all
other groups by 1-way ANOVA with Tukey post test. Panel B,C,D show respectively levels
of cell-free heme, cell-free oxyhemoglobin and cell-free methemoglobin measured in the
same sample of human RBC collected from bag associated segments after 7d or 35d of
storage. Each point represents distinct RBC sample. Indicated P-values calculated by
unpaired t-test (N=42). Panel E-F shows residuals for fits of experimental spectra (d7 and
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d35 respectively) by deconvolution. Panel G shows percent of each species relative to total
extracellular heme (free or present in hemoglobin). Data are mean = SEM (n=42) *P<0.05
for hemin and oxyHb relative to day 7. Deconvolution analysis were performed with mouse
(panel A) or human hemoglobin (panel B-E) standard spectra for respectively.
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Figure 4. Effects of RBC storage on survival after trauma-hemorrhage
Shown is the percent of mice that survived or died during trauma-hemorrhage resuscitation.

Lethality was only observed post resuscitation. Indicated are n-values per group. *P<0.05
or #P<0.01 by two-tailed N-1 two proportion test. (O = dead; = = live)
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Figure 5. Effects of RBC storage and washing on acute lung injury after trauma-hemorrhage
Mice were exposed to trauma-hemorrhage and resuscitated with either saline or RBCs that

were stored for either Od or 5d and BAL levels of protein (Panel A) or inflammatory cell
(Panel B), with differential analysis (Panel C-D) determined. As indicated, tested variables
included transfusing with 1unit (1U) or 3 units (3U), and washing RBC prior to transfusion
(grey bars). Black bars indicate pRBC transfusion without washing. *P<0.05 or **P<0.01 as
indicated by 1-way ANOVA with Tukey post test. #P<0.01 relative to respective unwashed
do group by 1-way ANOVA with Tukey post test. n= 3-12 per group.
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Figure 6. Effects of nitrite therapy on stored RBC mediated acute lung injury after trauma-

hemorrhage

Mice were exposed to trauma-hemorrhage and resuscitated with either saline or pRBC that
were stored for either Od or 5d and BAL levels of protein (Panel A) or inflammatory cell
(Panel B), with differential analysis (Panel C-D) determined. Nitrite therapy was injected
once immediately prior to transfusion at either 10pmol (CJ) or 100pumol (=) injected amount
per mouse. Note black bars are the same as data presented in Figure 5 and plotted here to
improve ease of comparison of nitrite effects on pRBC-dependent acute lung injury

test. #P<0.01 by 1-way ANOVA with Tukey post test. n= 3-12 per group.
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Figure 7. Role of free-heme in stored RBC mediated acute lung injury after trauma-hemorrhage
Mice were exposed to trauma-hemorrhage and resuscitated with either saline or pRBC that

were stored for either 0d or 5d, or hemin (15uM stock, 100ul transfusion) and BAL levels of
protein (Panel A) or inflammatory cell accumulation (Panel B), with differential analysis
(Panel C-D) determined. Hemopexin (Hx), intralipid (vehicle) or TAK-242 (TLR-4
inhibitor) therapy was administered once prior to hemorrhage (grey bars) or once 5-10 min
prior to resuscitation (white bars). Note black bars are the same as data presented in Figure 5
and plotted here to allow comparison of TLR-4 inhibition and hemin effects to saline and
RBC-dependent acute lung injury. *P<0.05 relative to respective vehicle by t-test. #P<0.05

by t-test relative to saline (N= 3-12 per group).
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Figure 8. Effects of RBC storage on blood pressure post transfusion
Shown are MAP measured 30min post transfusion of saline or 1unit of RBC stored for 0d or

5d. Data are mean = SEM (n=3-12 per group). *P<0.05 relative to saline by t-test. #P<0.02
relative to 5d RBC.
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