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(57) Abstract: Compositions and methods for treating red blood cells are disclosed. The methods include contacting a red blood
cell sample ex vivo with an amount of nitric oxide or a nitric oxide-releasing compound sufficient to convert at least a portion of
the extracellular ferrous hemoglobin present in the red blood cell sample to ferric hemoglobin. Red blood cells administered to a
mammal following the ex vivo treatment have reduced adverse effects on the mammal to which they are administered.
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TREATMENT OF RED BLOOD CELLS

Cross Reference To Related Applications

This application claims priority from provisional application number 61/556,661,

filed November 7, 2011, The entire content of the prior application is jucorporated herein

by reference in its entirety.

Technical Field

This mvention relates to compositions and methods for treatment of red blood

cells prior to administration to a mammal,

Background

Transfusion of red blood cells stored for longer than two weeks has been
associated with increased rates of infection, a prolonged hospital length of stay, and
increased mortality rates in intensive care unit patients and patients undergoing
cardiovascular surgery (Triulzi et al, Transfus Apher Sci 2010; 43:95-106), Prolonged
storage of red blood cells causes marked biochemical, mechanical, and functional
alterations in erythrocytes, termed collectively the “storage lesion” (Kim-Shapiro et al,,
Transfusion 2011; 51:844-51). Composttions and methods are veeded to reduce or

climmate adverse effects associated with transtfusion of stored red blood cells,

Summary
The invention is based, at least n part, on the discovery that ex vivo treatment of
stored red biood cells with nitric oxide causes extracellular ferrous hemoglobin to be
oxidized to ferric hemoglobin, and that this treatment prevents the stored red blood celis
from inducing vasoconstriction following their admimstration to a wammal,
Pretreatment of stored red blood cells with nitric oxide or a nitric oxide-releasing
compound can be used as a means to reduce or eliminate the occurrence of adverse

effects associated with transfusion of stored blood. By treating blood prior to
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administration to a mammal, the need to treat the mammal post-transtusion to address
adverse effects resulting from the transfusion of stored blood may be avoided.

Disclosed are methods of treating a red blood cell sample by contacting a red
blood cell sample ex vive with an amount of mitric oxide or a nitric oxide-releasing
conmpound sufficient to convert at least a portion of the extraceliular ferrous hemoglobin
present in the red blood cell sample to {erric hemoglobin, Extraceltular ferrous
hemoglobin encompasses both cell-free hemoglobin and extraceliular hemoglobin-
containing microparticles (see Donadee et al., Circulation 201 1;124: 465-76).

Also disclosed are methods of preventing or reducing vasoconstriction in a
mammal following administration of red blood cells by admimistering to a mammal a red
blood cell saraple that has been contacted ex vive with an amount of nitric oxide or a
nitric oxide-releasing compound sufficient to convert at least a portion of the extracellular
ferrous hemoglobiu present in the red blood cell sample to ferric hemoglobin.

in some embodiments of the methods described herein, the method does not
significantly oxidize the red blood cells in the sample or dimnnish their oxygeu carrying
capacity {e.g., less than 20%, less than 15%, less than 10%, or less than 5% of
hemoglobin in the red blood cclls is converted to methemoglobin).

fn some embodiments of the methods described herein, the red blood cell sample
has been subjected to one or more of a pump (¢.g., negative pressure pump suction),

a membrane, and/or air bubbles ex vivo prior to being contacted with nitric oxide or the
nitric oxude-releasing compound. In some embodiments of the methods described herein,
the red blood cell sampie has been subjected to hemodialysis, intraoperative blood
salvage, or cardiotomy suction ex vivo prior to being contacted with nitric oxide or the
nitric oxide-releasing compound. In these methods, the red blood cells need only be
outside of the body of a mammal for a short time {e.g., seconds or minutes) before being
subjected to nsults that would be render them in need of a treatment with the methods
described herein.

A red blood cell sample comprises red blood cells and supernatant or plasma.
The red blood cell sample can be, for example, whole blood or packed red blood cells,

The red blood cell sample can be stored ex vivo, for example, for at least 24 hours

atler removal from a donor and prior to being contacted with nitric oxide or the nitric
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oxide-releasing compound. In some embodiments, the red blood cell sample 1s stored
ex vive for at least 7 days, at least 14 days, at least 28 days, at least 42 days, or longer
atler remnoval from a donor and prior to being contacted with nitric oxide or the nitric
oxide-releasing corapound. The red blood cell sample can optionally be dituted 1n a
storage solution prior to storage,

Red blood cells can be derived frors an autologous or allogeneic donor prior to
administration to a mammal. The red blood cell sample can therefore comprise
autologous red blood cells or allogeneic red blood cells. The red blood cell sample can
be stored in a variety of storage media (e.g., Adsol}. The red blood cell sample can
optionally be frozen and thawed prior to treatment with nitric oxide or a nitric oxide-
releasing compound.

In some embodiments of the methods described herein, the treatment causes at
feast 20% (or at least 50% or at least 80%) of extracellular ferrous bemoglobin present n
the red blood cell sample to be converted to ferric hemoglobin.

In some embodiments of the roethods described herein, the ved blood cell saruple
is contacted with a therapeutic gas comprising gaseous nitric oxide diluted in an nert gas.
The concentration of gascous nitric oxide in the therapeutic gas can be, for example, at
feast 20 ppm, at least 40 ppm, at least 50 ppm, at least 80 ppm, at least 100 ppm, at least
200 ppm, at least 300 ppry, or at least 500 ppro. In some embodiments, the concentration
of gaseous nitric oxide in the therapeutic gas 8 1u the range of 50 ppm to 800 ppm
{e.g., 40 ppm to 200 ppm, 80 ppm to 200 ppm, 80 ppm to 500 ppm, 100 ppm to 800 ppm,
or 40 ppra to 3,000 ppmy. The red blood cell sample can be contacted with the
therapeutic gas over the course of a variety of time periods (e.g., at least 1 second, fewer
than 5 scconds, {ewer than 30 seconds, at least one second but fewer than 5 seconds, at
least one second but fewer than 30 seconds, at least 1 minute, at least 2 mimites, at least 3
minutes, at least 4 minutes, at least 3 munutes, at least & minutes, at least 7 minutes, at
fcast 8 minutes, at least 9 mimites, at least 10 minutes, at least | hour, at least 2 hours, or

fonger}.
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In some embodiments of the methods described herein, the red blood cell saraple
is contacted with a nitric oxide-releasing compound. The nitric oxide-releasing
compound can optionally coruprise nitrite. The nitric oxide-releasing compound can be

an ultra~-shori-acting nitric oxide~-releasing covupound (e.g., 1-{2-(carboxylato}pyrrolidin-

(o)}

{-yl}diazen-1-fum-1,2-diolate or (Z)-1-[N-Methyl-N-[6-(N-
methylammoniohexyhammmo}ldiazen-1-um-1,2-diolate} or an intermediate releasing
nongate.
In some embodiments of the methods described herein, the method s performed
under sterile conditions. The red blood cell sample can be maintained under sterile
10 conditions from the time it 18 obtained {from a donor and throughout the process of
treatment with nitric oxide or a nitric oxide-releasing compound.

In some embodiments of the methods described herein, the red blood cell sample
is contacted with nitric oxide as part of an fu-hne infusion system wherein the red blood
cell sample flows from a vessel comyprising the sample, contacts a gas-permeable material

15 {e.g., a microporous membrane) in a laminar flow device or a secondary Jow gas
exchanging device that is connected to a source of nitric oxide in an inert gas and exposes
the red blood cell sample to mitric oxide, and is delivered to the mammal after exposure to
nitric oxide. The source of nitric oxide can be, for example, a tank comprising
compressed nitric oxide gas or an clectric nitric oxide generator (with or without an NGO,

20 scavenger).

A mammal treated according to the methods described herein can be a human, a
non-human primate, or another mammal such as a dog, cat, horse, cow, pig, sheep, goat,
rat, mouse, guinea pig, rabbit, or hamster.

All publications, patent applications, patents, and other references mentioned

25 herein are mcorporated by reference in their entivety. Unless otherwise defined, all
technical and scientific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this invention belongs. In case of
contlict, the present specification, including definitions, will control. Suitable methods
and materials are described below, although methods and materials simlar or equivalent

30 tothosc described herein can also be used in the practice or testing of the present
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invention. The materials, methods, and examples are illustrative only and not intended to
be limiting.
Other features and advantages of the mvention will be apparent from the

following detailed description, and {roru the claims.

(o)}

Brief Description of the Drawings

Figs. 1A-1D depict storage-induced morphological, biochemical, and functional
changes in murine RBCs in vitro, (A) Stained smears of fresh red blood celis (FRBC,
upper panel) and stored red blood cells (SRBC, lower panel}, arrowheads in the lower

10 panel showing increased numbers of abnormally shaped RBC after 2-week storage. (B)
Oxygen dissociation curve {3DC) of FRBC and SRBC. Psg, defined as the partial
pressure of oxygen at which Hb is 50% saturated, was calculated from the ODC. The
ODC of SRBC was lefi-shifted with a Psgof 211 mamHg, in contrast the Psg of FRBC
was 4340 mmHg. (C) Comparison of changes in 2,3-DPG levels of FRBC (n=5} and

15 SRBC (n=5) with Psg of FRBC {(n=3) and SRBC (n=3}. (D} FRBC (n=6} or SRBC {(n=6)
survival was determined by the percentage of GFP-labeled RBC measured 24 h after
transfusion divided by the percentage of GFP-labeled RBC at time 0 in WT mice. FRBC,
fresh red blood cells (<24 h); SRBC, stored red blood cells (2-week). *£<0.01 differs vs
FRBC.

28 Figs, 2A-2C are graphs depicting serum ron levels 2 h afler transfusion with
FRBC or SRBC m awake WT (A}, HFD-fed WT (B} and db/db (C) mice. Control, no
transfusion (n=4/group); FRBC, transfusion with FRBC (n=6/group); SRBC, transfusion
with SRBC {n=6/group). *P<0.05 differs vs control and FRBC.

Figs, 3A-3C are graphs depicting plasma levels of 1L-6 (A}, Hp (B), and Hx (C) at

25 2 hafier transfusion of FRBC or SRBC in awake WT, HFD-fed WT and db/db mice.
Control, no transfusion (n=4/group); FRBC, transfusion with fresh RBC (n=6/group);
SRBC, transfusion with stored RBC (n=6/group}. *P<0.05 differs vs control; TP <0.01
differs vs FRBC.

Figs. 4A~4C are graphs depicting changes of hepatic HO-1 mRNA levels at 2 h

30 afier transfusion of FRBC or SRBC in awake WT (A}, HFD-fed WT (B} and db/db (C)

(¥4
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mice. Control, no transfusion (n=4/group}); FRBC, transfusion of fresh RBC (n=6/group};
SRBC, transfusion of stored RBC {(p=6/group}. *P<0.05 differs vs control and FRBC.

Figs. SA-SE arc graphs depicting systemic blood pressure (SBP, mmHg) after
different types of transfusions (10% estimated blood volume) in awake WT, HFD-fed
WT, or db/db mice. (A} Transtusion with FRBC (n=5) or SRBC (n=6) in awake WT
mice. (B) Transtusion with FRBC (n=6} or SRBC (n=6} in awake HFD-fed WT mice,
{C} Transtusion with FRBC (n=9) or SRBC with (n=12)} or without {n=9) breathing nitric
oxide (iNO, 80 ppm) 1n awake db/db mice. (D) Transfusion with supernatant from FRBC
{(SFRBC, p=11), supernatant from SRBC (SSRBC, n=7), or oxidized SSRBC (p=6) n
awake db/db mice, (E) Transtusion with washed FRBC (n=9) or washed SRBC (n=6} in
awake db/db mice. FRBC, fresh red blood cells: SRBC, stored red blood cells. *P<0.05
differs vs FRBC and SRBC+HiNO.

Figs. 6A-6B are graphs depicting comparison of changes in systemic
hemodynamic measurements in ancsthetized db/db mice before and after transfusion of
supernatant of FRBC (SFRBC, n=6}, supernatant of SRBC (S8RBC, n=6), FRBC (n=7)
or SRBC (n=7). (A) Changes in LVESP (immHg) before and 10 min afler transfusion. (B)
Changes in SVRI (%) before and 10 nun after transfusion, LVESP, left ventricular end-
systolic pressure; SVRI, systemic vascular resistance index *P<0.05 differs vs either
supernatant of FRBC or FRBC group.

Fig. 7 is a graph depicting in vivo survival of leukoreduced ovine PRBC stored in
additive solution-1. Circulating biotinylated PRBC are depicted on the y-axis, 96+4% of
biotinylated fresh PRBC survived the first 24 b after transfusion, whereas 764+7% of
biotinylated stored PRBC were circulating 24 h after transfusion. *P=0.001, value differs
from fresh PRBC, tP=0.002, value differs from fresh PRBC, #P<0.001, value differs
from fresh PRBC |, §P=0.002, value fresh PRBC differs from stored PRBC. PRBC =
packed erythrocytes. All data mean = SD,

Figs. 8A-8B are graphs depicting (A) Mean pulmonary arterial pressure and
(B} pulmonary vascular resistance index measured during and after transfusion of fresh
and stored PRBC in awake lambs. Sore lambs received inhaled nitric oxide during and
after transfusion of stored PRBC, *P<0.03, stored PRBC value differs from both fresh

PRBC and stored PRBC + ING, ANOVA, iINO = inhaled nitric oxide; PAP = mean

6
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pulmonary arterial pressure; PRBC = packed erythrocytes; PVRI = pulmonary vascular
reststance index. All data mean + SD.

Figs. 9A-9C are graphs depicting (A) Mean pulmonary arterial pressure, (B)
pulmonary capillary wedge pressure, and (C) pulmonary vascular resistance index
measured during and after transfusion of fresh and stored PRBC., Some lambs received
imhaled nitvie oxide during and afler transfusion of stored PRBC. *P<0.05, siored PRBC
value differs from both fresh PRBC and stored PRBC + iINO, ANOVA. L-NAME was
administered prior to transfusion in order to induce endothelial dystunction (tP<0.05,
measurements at -60 min {(before L-NAME) differ from measurements between -50 and -
10 mun in cach group). INO = inhaled nitric oxide; L-NAME = NG-nitro-L-arginine
methyl-ester; PAP = mean pulmonary arterial pressure; PCWP = pulmonary capillary
wedge pressure; PRBC = packed erythrocytes; PVRI = pulmonary vascular resistance
mdex, All data mean + SD.

Fig. 10 s a graph depicting plasma hemoglobin levels measured before and after
transfusion of fresh and stored PRBC in healthy awake lambs. Sorve lambs received
inhaled nitric oxide during and after transfusion of stored PREBC. *P<0.05, fresh PRBC
value differs from both stored PRBC and stored PRBC + ING, ANOVA, iNO = inhaled
nitric oxide; PRBC = packed erythrocytes. All data mean = SD.

Figs, 11A-11B arc graphs depicting plasma (A) nitrate and (B) nitrite levels
measured before and after transfusion of fresh and stored PRBC in awake lambs.
*P<.085, stored PRBC + iNO value differs from both fresh PRBC and stored PRBC,
ANOV A, NG = inhaled nitric oxide; PRBC = packed erythrocytes. All data mean = SD.

Fig. 12 1s a graph depicting the relative concentration of hemoglobin species in
red blood cell supernatant treated with gaseous nitric oxide in nitrogen via @ microporous
gas exchanger.

Fig. 13 is a graph depicting the relative concentration of methemoglobin in red

blood cells treated with gaseous nitric oxide in mitrogen via a microporous gas exchanger,

-3
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Figs, 14A-14B are graphs depicting the effects of MAHMA/NO treatment on
human and murine stored red blood cells, A} Oxidation of supernatant cell-free
hemoglobin compared with intracellular red blood cell levels of methemoglobin,

B) Concentration of hemoglobin n the supernatant ([Hb], pM) and in the red blood cells

5 (Het, %).

Fig. 15 1 a graph depicting systolic blood pressure (romHg) measured by non-
invasive tail-cuff before and after infusion into awake db/db mice either stored red blood
cells (stored for 2 weeks) or stored red blood cells pre-treated with | mM MAHMA/NQ,
5% v/v. *P<0.05 differs versus SRBC pre-treated with MAHMA/NGO.

10 Fig. 16 depicts a membrane-containing device used for gas to gas transfer

experiments.

Fig. 17 is a graph depicting nitric oxide concentrations measured across
wicroporous (MP} and polymethylpentene {PMP) roembranes at various gas flow ratios
(data are presented as mean+SD, n=6; G1/G2 7:1, gas flow ratios at 7:1; G1/G2 14:1,

15 gas flow ratios at 14:1}.

Detailed Description

Vasoconstriction and other adverse effects result from the admmistration of stored
red blood cells to a mammal. The present invention provides corapositions and methods
20 for reducing or ehminating the occuarrence of adverse effects following the administration
of stored red blood cells. As detailed in the accompanying examples, oxidizing the
supernatant of stored red blood cells by exposure to nitric oxide converts extracellular
active ferrous hemoglobin to inactive ferric hemoglobin and eliminates the occurrence of

vasoconstriction resulting from adrmnistration of the stored red blood cells.

Red Blood Celis

Red blood cells can be dertved from an autologous or allogeneic donor and
subsequently administered to a recipient. Storage of red blood cells results in an
imduction of vasoconstriction following administration of the stored blood to a recipient

30 (Reynolds et al. (2007} Proc. Natl. Acad Sci. 104:17058-62; Bennett-Guerrero et al.

(2007 Proc. Narl. Acad. Sci. 104:17063-68). Human red blood cells can be stored fora
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variety of time periods {c.g., at feast 1,2, 3,4, 5, 6,or 12 hoursorat least 1, 2, 3, 4, 5, 6,
7, 14, 21, 28, 42 days, or longer) prior to infusion to a donor according to the methods
described herein, Red blood cells can be administered as, ¢.g., whole blood or packed red

blood celis.

(o)}

Nitrie Oxide

A suitable concentration of nitric oxide for use in treatment of a red blood cell
sample can vary, e.g., from 20 ppm to 80 ppm, 200 ppm to 500 ppm, 500 ppm to
800 ppm, 2,800 ppm, 3,000 ppm, or higher, depending on factors such as the size of the

10 red blood cell sample, the flow rate, the length of the nitric oxade exposure period, the
degree of laminar flow versus mixing in the microporous gas dialyzer, and/or other
factors that a treating physician may deem relevant. Pharmaceutical grade nitric oxide is
available commercially (INCmax™, Ikaria, Inc., Clinton, NJ}.

(ascous nitric oxide used in the treatment of a red blood cell sampie can be

15 administered from a source of stored, compressed nitric oxide gas. The source of nitric
oxide can be 100% nitric oxide, or diluted with N, or any other inert gas {e.g., helium).
The nitric oxide can be obtained and stored as a mixture free of any contaminating O or
higher oxides of nitrogen. If desired, purity of the nitric oxide may be demonstrated with
chemiluminescence analysis. Chemiluminescence NO-NOy analyzers arc conumercially

20 available {e.g., Model 14A, Thermo Environrental Instruments, Franklin, MA). The
final concentration of nitric oxide in the mixture may be verified with a chemical or
chemilurminescence technigue (see, e.g., Fontijin et al,, Anal. Chem. 42:575 (19703,
Alternatively, NO and NO, concentrations may be monitored by means of an
electrochemical analyzer. Any impuritics such as NO» can be scrubbed by exposure to

25 NaOH solutions, baralyme, or sodalime. As an additional control, the Fi0; of the final
gas mixture may also be assessed.

Admimstration of nitric oxide gas to a red blood cell sample can be accomplished,
for example, by attaching a tank of compressed nitric oxide gas in N, {or an inert gas),
and a second taok of nitrogen (or another inert gas) , to a device designed fo mix gas from

30 two sources. By controlling the flow of gas from each source, the concentration of nitric

oxide administered 1o the red blood cell sample can be maintained at an optimal level.
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Nitric oxide gas may also be nmuxed with room air, using a standard low-flow blender
{e.g., Bird Blender, Palm Springs, CA).
Nitrie oxide can be generated from Ny and O, (i.e., air) by using an olectric nitric

oxide generator. Such a generator 1s described in Zapol, U.S. Patent No. 5,396,882,

(o)}

NGO, formation from such a device can be reduced by scavenging the gas mixture before
exposing the blood sample to NG,

A gas delivery device for nitric oxide delivery to a red blood cell sample can
contain a nitric oxide dosimeter to perrutt the monitoring of the total dose of nitric oxide
to which the sample is exposed. By use of a dosimeter, a determination can be made of
10 when a saruple has received the required amount of nitric oxide so that administration of

the nitric oxide can be tapered off or terminated. A dosimeter can integrate the
concentration of nitric oxide in the therapeutic gas {as measured by a nitric oxide
conceniration meter) with the gas flow rate (as roeasured by a gas {low meter) to
determine the total amount of nitric oxide to which the red blood cell sampie is exposed.
is A gas-permeable material can be used to allow gaseous nitric oxide to diffuse
across it and contact the red blood cell sample. Examples of such materials inclhude
gas-permeable membranes such as those used 1 blood oxygenators
{(e.g., dimethylpolysiloxane or polyalkylsulfone)}, and microporous materials such as
Gore-tex™ or Celgard™, which allow gas molecules such as nitric oxide to pass through
20 its micropores to dissolve n Haquid, Use of an exemplary oxygenator {(Living Systems
Instrumentation Inc., St, Albans, Vermont) s described in the accompanying examples,
A section of the gas-permeable material can be coufigured with one face in contact with
the red blood cell sample and a second face in contact with a source of nitric oxide,
separating the red blood cells from the source of nitric oxade but permitting individual
25 molecules of nitric oxide gas to pass through and diffuse into the sample. Nitric oxide
can optionally be contacted with a red blood cell sample during the infusion process,
whereby the red blood cell sample flows from a vessel in which 1t is contaimed, is
exposed to nitric oxide by passing across the gas-permeable material (which allows for
nitric oxide diffusion into red blood cell saraple}, and 1s ultimately adminustered to the
30 recipient. Gas cxchangers with secondary flows can be used (see, e.g., Zapol and Qvist,

Artificial Lungs for Acute Respiratory Failure, New York, Academic Press, 1976)
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Aqueous solutions containing nitric oxide can be prepared for dehivery of nitric
oxide to a red blood cell sample. The nitric oxide may be dissolved in a pharmaceutically
acceptable carrier liquid prior to introduction into the red blood cell sample. Carrier

figuids usetul for this purpose juclade standard saline solutions, aliquots of the red blood

(o)}

cell sample, and hiquids such as fluorocarbons or organic solvents in which nitric oxide
exhibits a high level of solubility (Shaw aund Vosper I, Chewm. Soc. Faraday Traps. 1.
73:1239-1244, 1977; Young, Solubility Data Series 8:336-351, 1981}, so that a large

congcentiration of nitric oxide can be delivered 1n a small volume of carrier.

10 Nitric Oxdde-Releasing Compounds

As an alternative to {or in addition to} use of nitric oxide, a nitric oxide-releasing
compound can be exposed to a red blood cell sample according to the methods described
herein. Nitric oxide-releasing compounds useful in the methods described herein nelude:
nitroso or nitrosyl compounds {¢.g., S-nitrose-N-acetylpenicillamine, S-nitroso-L-

15 cysteing, and nitrosoguanidine) characterized by a nitric oxide moiety that is
spontaneously released or otherwise transferred from the compound under physiclogical
conditions; compounds in which nitric oxide 1s a ligand on a transition metal complex,
and as such is readily released or transferred from the compound under physiological
conditions {¢.g., nitroprusside, nitric oxide-ferredoxin, or a nitric oxide-heme complex);

20 and nitrogen-containing compounds that are metabolized by eneymes to produce the
nitric oxide radical (e.g., arginine, glyceryl trinitrate, iscamyl nitrite, sodium nitrite,
morganic nitrite, azide, and hydroxylamine). Additional nitric oxide-releasing
compounds include nitroglycerin and SIN-1.

The nitric oxide-releasing compound can be an ultra-short-acting nitric oxide-

25  releasing compound such as {-[2-{carboxylato}pyrrolidin-1-yljdiazen-1-um-1,2-diolate
(“PROLING”), I-hydroxy-2-0x0-3-(N-methyl-3-aminopropyl)-3-methyl-1-iriazene
(“WNOC-77; Zhang et al. (1996} Crreulation 94:2235), a nitric oxide adduct of N, N'-
dimethylhexanediamine (“"DMHD/NO”; Kaul et al. (1997} J. Cardiovasc. Pharmacol.
Ther, 1997 2(3):181), or (Z)-1-[N-Methyl-N-[6~{N-methylammoniohexyljarmno}jdiazen-

30 l-um-1,2-divlate ("MAHMA/NO”} In some embodiments, the ulira-short-acting nitric

oxide-releasing corupound has a half-life of less than 90 minutes (or less than 60 winuies,
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less than 30 nunutes, less than 20 minutes, less than 10 minutes, less than 5 minutes, less
than 2 minutes, or less than | minute),

A compound known or believed to be a nitric oxade-releasing compound
{(¢.g., an ultra-short-acting nitric oxide-releasing compound) can be directly tested for s

fficacy by use of an animal model described herein. Alternatively, such a compound

(4]

may first be screened for its ability to stimulate guanylate cyclase, the enzyme to which
nitric oxude binds and thereby exerts its biological activity, in an in vitro assay such as 18

deseribed by Ishii et al. (1991 Am. 1. Physiol. 261:H598-HA03.

The following arc examples of the practice of the mvention. They are not to be

construed as limiting the scope of the invention in any way.

Examples

Example ;. Diabetes Augments and Nitric Oxide Prevenis Adverse Hemodynamic

Effects of Transfusing Syneeneic Stored Blood in Mice

Animals

All animal studies were approved by the Subconumittee on Research Animal Care
at Massachusetts General Hospital, Boston, MA, Eight- to ten~-week-old male CSTBL/6]
wild-type (WT) mice and B6.Cg-nri/+Leprdb/J (C57BL/6T background) diabetic {db/db)
mice were studies. Additional WT rce were fed a high-fat diet (60 keal% fat; Research
Diets, Inc., New Brunswick, NJ} for 4-6 weeks (HFD-fed WT). Eight- to ten-week-old,
male green tluorescent protein (GFP) transgenic C57BL/6-Tg (UBC-GFP) 30Scha/y
{C57BL/6] background) mice with GFP expressed on ervthrocytes were used to measure

RBC survival, All mice were obtained from Jackson Laboratory (Bar Harbor, ME).

Murine Blood Collection and Storage
Blood (~1 mi/mouse) was withdrawn aseptically by open chest cardiac puncture
from CS7BL/6J WT mice into a syringe containing CPDA-1 (Sigma-Aldrich, St. Louis,

MO}, The final concentration of CPDA-1 was 14%. Afler collection, blood was
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leukoreduced by passage through a neonatal leukoreduction filter (Pall Biomedical
Products Co., East Hills, NY). Efficacy of leukoreduction was measured by a complete
blood count {HemaVet Veterinary Analyzer, Heska, Loveland, CO). Leukoreduced
blood was cenirifuged for 15 min at 600 g, adjusted to a hematoerit (Het) of 70-75% by
romoving plasma, and stored in Eppendorf tubes at 4°C. The lipopolysaccharide (LPS}
levels in saraples of fresh leukoreduced murine RBC (FRBC) or stored leukoreduced
murine RBC (SRBC) were measured using a limulus amoebocyte lysate assay (LAL)

{see Novitsky et al. J Clin Microbiol 1985;21: 211-6).

FPreparation of Stored RBC Components

Supernatants were obtained after centrifuging FRBC or SRBC at 400 g for 10 min
at 4°C. To minimize hemolysis induced by washing, FRBC and SRBC were gently
washed with 10 volumes of 1.5% sodium chloride and centrifuged at 400 g for 10 min at
4°C. Prior to transfusion, washed FRBC or SRBC were resuspended in fresh murine
plasma to obtain a final Het of 70-75%.

To oxidize ferrous Hb in the supernatant of SRBC, the supernatant was exposed
to 800 ppm niiric oxide gas in nitrogen through an oxygenator (Living Systems
Instrumentation Inc., 8t. Albans, Vermont) for 2 h to produce metHb (Yu et al,,
Circulation 2008;117: 1982-90). Supernatant (2 ml) was then dialyzed 3 times
{Spectra/Por molecular porous membranve MWCO: 12-14,000, Spectram Laboratories
Inc., Rancho Dominguez, CA) against 3 L of 0.9% saline to reduce low molecular weight

miiric oxide metabolites,

Biochemical, Hematological, and Morphological Changes in Stored Murine RBCs
Blood gas tensions (PCO, and POs), pH, and standard base excess (SBE) were
measured in FRBC and SRBC (ABL800 FLEX, Radiometer, Westlake, OH). Electrolyte
concentrations (sodium, potassium, calcium, chloride, HCO3'), and lactate were also
determined in FRBC and SRBC (Critical Care Xpress, Nova Biomedical, Waltham, MA}.
To determine Hb levels in the supernatant, FRBC or SRBC were centrifuged at
1700 g for § min at 4°C, and supernatant Hb levels were measured with a QuantiChrom

Hb Assay Kit (BioAssaySystems, Hayward, CA). Hemolysis (%) was calculated using a
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standard fornula; Hemolysis(%)=[supernatant Hb x {1-%Hct)}}/total Hb#100 (sce Kamel
et al., Blood Transfus 2010;8: 260-6).
To investigate the impact of storage on RBC morphology, FRBC or SRBC were

smeared and stained with the Hema3 manual staining system (Fisher Diagnostics,

(o)}

Middletown, VA), and images were obtained using a Nikon EDIPSE 801 upright
microscope fitted with a Plan Fluor 60x dry objective (Nikon fustruments Inc., Melville,
NY).

Oxygen dissociation curves {ODC) of FRBC and SRBC (adding 20 pl of RBC to
5 ml Hemox-solution containing 20 ul of additive-A and 10 pl of anti-foaming agent)
10 were determined with 8 Hemox-analyzer (TCS Scientific Corp., New Hope, PA). P50,
defined as the partial pressure of oxygen at which Hb is 50% saturated, was calculated
from the ODC. The levels of 2,3-DPG in FRBC and SRBC were measured using a 2,3~

DPG kit (Roche Diaguostics, Manoheim, Germany),

1S Measuring Murine RBEC Survival
The GFP-labeled RBC method reported by Gilson et al. (Gilson et al,,

Transfusion 2009:49: 1546-53) was used to measure survival of transfused murine RBCs,
Briefly, blood was withdrawn from both UBC-GFP and WT mice by cardiac puncture
into a 1 ml syringe containing CPDA-1, and blood mixtures were prepared containing

20 409 RBCs from UBC-GFP mice and 60% RBCs {rom WT mice, leukoreduced,
centrifuged, and stored at 4°C for < 24 h (FRBC} and 2 weeks (SRBC). WT mice were
transfused with 100 pl of FRBC or SRBC containing GFP-labeled RBCs via a tail vewn.
At 10 mun, 30 min, 1 h, 24 h, and 8 d after transfusion, blood samples were obtained from
the retro-orbital space mto heparinized glass microcapillary tubes, The percentage of

25  GFP-positive RBCs was determined by forward scatter/side scatter (FSC/SSC)ona s
Laser LSR Fortessa (BD Biosciences, San Jose, CA). The tlow cytometer was calibrated
to the same settings oun different acquisition days by Sphero rainbow fluorescent particles
{(Spherotech Inc., Lake Forest, IL}. The RBC survival rate at 24 h afier transfusion (%)
was calculated by dividing the percent of GFP-positive RBC measured 24 h after

30 transfusion by the percent of GFP-positive RBC at time 0. Fluorescence at time § was

extrapolated by hnear regression from the data at 10 von, 30 min, and 1 b,
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Biochemical Assavs 2 b Afier Transfusion

After transfusion of FRBC or SRBC, mice were sacrificed at 2 h with an
wiraperitoneal wjection of pentobarbiial (200 mg/kg). Approximately 1 ml of blood was
withdrawn from each mouse by cardiac puncture into a heparinized syringe and
centrifuged at 4000 rpm, 4°C for 8 min. Heparinized plastoa was obtained to measure
blood chemistry, as well as interleukin-6 {(IL-6), haptoglobin (Hp}, and hemopexin (Hx}
fevels. Serum samples were obtamed for the measurement of ron levels. Liver
specimens were snap-frozen in liguid nitrogen for subsequent determination of heme
oxygenase-1 (HO-1).

To compare the acute biochemical effects of transfusing FRBC or SRBC, 12 WT
and 12 db/db mice were sacrificed at 10 min post-transfusion with an intraperitoneal
mjection of pentobarbital (200 mg/kg). Whole blood was obtaimed by cardiac puncture

for blood chemistry measurements.

Measurement of Servum fron Levels
Serum won levels were determined using an fron/Unsaturated Iron Binding

Capacity Assay {Thermo Fisher Scientific, Middletown, VA3

Measurvement of Plasma IL-6, Hp, and Hx Levels
Plasma IL-6 levels were determined with a Duoset mouse 1L-6 Elisa Kit (R&D
Systems, Minneapolis, MN}. Plasma Hp and Hx levels were measared using mouse Hp

and Hx Elisa kits, respectively (Life Diagnostics, Inc., West Chester, PA).

Quantification of Tissue mRNA Levels

Total mRNA was extracied from murine livers using Trizol reagent (Invitrogen
Life Technologies, Carlsbad, CA). ¢DNA was synthesized by the reverse transcriptase
reaction (MMLV-RT, Invitrogen Life Technologics, Carlsbad, CA}. Real-time
amplification of travscripts was performed by the SYBR method using an Eppendor{

Mastercyeler Realplex (Eppendorf, Hamburg, Germany}. The relative expression of
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target transeripts was normalized to the levels of 18S rRNA and analyzed using the

relative CT method.

Non-invasive Measurement of Blood Fressuve in Awake WT, HED-fed WT and db/db
Mice after Transfusion of FREC or SBRC
FRBC, SRBC, washed FRBC and SRBC, supernatants frora FRBC and SRBC,

(o)}

and oxidized supernatant from SRBC were transfused (total injectate volume was 10% of
estimated blood volume) via a tail vein imto WT, HFD-fed WT, or db/db mice. Systolic
blood pressure was measured with a non-invasive blood pressure system (XBP 1000,

10 Kent Scientific, Torrington, CT) (Yu et al,, Cwculation 2008;117; 1982-90; Yu et al,,
Anesthesiclogy 2010;112: 586-94). All tail vein injections were performed over one
minute. One group of db/db mice received SRBC while breathing 80 ppm nitric oxide in
atr {Medical-Technical Gases, Inc., Medford, MA) from 10 mn prior to transfusion until

2 h after transfusion using methods described in Yu et al., Circulation 2008;117: 1982-90.

Invasive Hemodynamic Measurements in Anesthetized Mice
Invasive hemodynamic measurements were performed as described in Yu ot al.,
Anesthesiology 2010:112: 586-94. Left ventricular pressure-vohime loops and cardiac
output (CO), as well as mean arterial blood pressures (MAP), were measured at baseline
20 and S min afer transfusion with FRBC, SRBC, the supernatant from FRBC, or the
supernatant from SRBC (10% of estimated blood volume, infused at a rate of 75 pl/min

over 3 min through a separate catheter placed 1o the night jugular vein).

Statistical Analvsis

25 All values are expressed as meantSEM. Data were analyzed by a one-way
ANOVA with Tukey adjustment (SigmaStat 3.0.1; Systat Software, Inc,, San Jose, CA).
Systolic blood pressure mieasurements in awake mice were analyzed by a repeated
measures two-way ANOV A with interaction. Probability values less than 0.05 were

constdered significant.
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Characterization of Stored Murine Blood

FRBC stored for < 24 h were compared with SRBC stored for 2 weeks. In SRBC,
pH, POy, HCOy, and SBE were markedly decreased while PCQO,, and lactate were greater
than 1o FRBC (Table 1}, In addition, sodium levels were less and potassium levels were
greater in SRBC than in FRBC. The level of hemolysis in SRBC was markedly greater
than that i FRBC. Simtlarly, superpatant Hb levels were greater in SRBC than
FRBC. MetHb levels measured in the supernatant of both FRBC and SRBC were less

than 1% of the supernatant Hb.

Table 1. Comparison of blood chemisiry in FRBC (<24 h) and SRBC (2 wecks)

FRBC (1=5) SRBC (n=5)
pH 7.06+0.03 6.53+0.03
PCO, (rumHg) 1641 3544"
PO, (mmHg) 21749 140+12"
HCO: (mmol/L) 444 340"
SBE (mmoV/L) 2440 301"
Na' (mmol/L) 152+0 13741
K" (mmol/L) 3.7+0.4 34.442.6"
Cl {(mmiol/L) 12141 12041
Ca” {mmol/L) 0.06:0 0.05+0
Lactate (mmol/L) 2.240.3 18.322.00
Hb (g/d) 14.141.6 12.940.2
Supernatant Hb (mg/dl} 6416 571451
Hemolysis (%) 0. 1+0 0.8:+0"

Values are mean + SEM. FRBC, fresh red blood cells; SRBC, stored red blood cells;
SBE, standard base excess; Hb, hemoglobin,
*P<.01 differs vs FRBC

In FRBC, cell morphology was dominated by discocytes (Fig. 1A, upper panel}.
After storage for 2 weeks, the majority of RBCs were abuormually shaped
{c.g., echinocytes or spheroechinocytes, as indicated by arrows n Fig. 1A, lower panel),
Storage-induced morphological changes were observed in murine RBCs that appear
sirailar to those reported in stored human RBCs (Makley et al,, Shock 2010;34: 40-5).
The primary function of the RBC is to transport oxygen; thus, changes of Hb-
oxygen affinity after RBC storage were mieasured. The ODC of SRBC was markedly

feft-shiffed, as conpared to FRBC (21+1 versus 4340 mmHg, respectively; Fig. 1B, n=5,

]
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P<0.01). Ervthrocyte 2,3-DPG levels decreased from 3.8£0.1 mmolVL m FRBC to
0.2+0.1 molE 1 SRBC (Fig. 1C). Since oxygen affinity is modulated by the allosteric
mhibitory binding clfects of 2,3-DPG to Hb in mice, the reduction of 2,3-DPG with
storage, similar to that observed in stored hursan RBC, markedly augriented the oxygen
affinity., These results demonstrate that murine RBCs undergo biochemical,

hematological, and morphological changes during the 2-week storage.

Impact of Storage Duration on RBC Survival After Syngeneic Transfusion

To track the survival of infused FRBC and SRBC, the impact of storage on GFP-
labeled RBCs was studied. Twenty-tfour hours after transfusing GFP-labeled FRBC, the
fraction of GFP-labeled erythrocytes was 99+3% of that calculated at time 0 after
mfusion (Fig. 1D). Twenty-four hours after transfusing GFP-labeled SRBC, the fraction
of GFP-labeled erythrocytes was 68:+£1% of that calculated at time 0 after travsfusion
(Fig. 1D). Beginning 24 h after transfusion, the rate of decrease in GFP-labeled
erythrocytes was similar in FRBC and SRBC. These results are counsistent with those
reported by (ilson and colleagues (Gilson et al., Transfusion 2009:49: 1546-53) and
suggest that storage lesion seen in stored blood has a heterogeneous impact on

erythrocytes.

Impact of FRBC and SREC Transfusion on Her, Hb and Plasma FHb in WT, HFD-fed WT,
and db/db Mice

Axterial blood samples were drawn from mice at 10 mun (WT and db/db nuce)
and 2 h (WT, HFD-fed WT, and db/db mice} afier transtusion of FRBC or SRBC,
Transtusion of either FRBC or SRBC mcreased Het and total Hb levels at [0 minand 2 h
after transfusion m all studied mice. Transfusion with SRBC, but not FRBC, increased
plasmua Hb levels at 10 min and 2 h after transtusion in all groups of mice studied. These
results indicate that increased plasma Hb levels after SRBC transfusion is most likely due

to the release of Hb during storage and after transfusion.
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Serum Ifron Levels After Transfusion

Since SRBC have a shortened lifespan and are rapidly removed from the
circulation, they could contribute iron from their heme to enhance the reactive oxygen
species generation, Serum won levels were measured in mice at 2 h afier transfusion of
FRBC or SRBC (Fig. 2). Serum iron levels were greater at 2 h after transfusion of SRBC
mto WT, HFD-fed WT, and db/db mice, but not affer transfusion of FRBC., These results

demonstrate that transfusion of SRBC increases serunm iron more than FRBC transfusion.

Inflammation after Transfusion

To learn whether transfusion of either FRBC or SRBC would induce a systemic
inflammatory response in mice, 1L-6 levels were measured in plasma samples collected
from WT, HFD-fed WT, and db/db mice at 2 h afier transfusion (Fig. 3A). Transtusion
of SRBC, but not FRBC, increased plasma [L-6 levels in WT, HFD-fed WT, and db/db
nice (P<0.05). Since approximately 97% of the white blood cells (WBC) in stored cells
were reraoved by leukoreduction and no endotoxin (e.g., LPS) was detected i the

transfused samples, the increased IL-6 level is most likely a result of SRBC transfusion.

Plasma Hp, Hx and Hepatic HO-T After Transfusion

The primary protective mechanisms against extracellular Hb are often termed
“antioxidant proteins”, such as Hp, Hx and HO-1. Extracellalar Hb binds to circulating
Hp. Clearance of the Hb-Hp complex takes place within the circulation and the liver
{macrophages), eventually leading (o the breakdown of heme via HO-1 (Buehler et al,,
Antioxid Redox Signal 2010;14: 1713-28). Hx serves as the primary carrier of plasma
heme and participates in tts clearance by transporting it to the liver (Gutteridge et al.,
Biochem J 1988;256: 861-5). HO-1 1s the inducible isoform of heme degradation and is
protective against mflammatory injury (Immenschuh et al, Curr Drug Targets 2010;1 1
1541-50)

After measuring increased levels of plasma Hb after SRBC transfusion, the
fpact of FRBC and SRBC transfusion oun the mechanisms responsible for clearing
plasma Hb was examined. Plasma Hp levels decreased at 2 h after either FRBC or SRBC

transfusion (Fig. 3B). Transfusion of SRBC decreased plasma Hx levels at 2 hon HFD-
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fod WT and db/db mice, but not in WT mice (Fig. 3C). Tramsfusion of FRBC did not
change Hx levels. At 2 h afier transfusion, hepatic HO-1 mRNA levels were greater in
WT, HFD-fed WT, and db/db mice afier SRBC transfusion, but not after FRBC
transfusion (Fig. 4, P<0.05). These results suggest that since Hp levels at basehine are
guite low in the mouse, the small amounts of Hb released in response to FRBC
transfusion are sufficient to markedly reduce Hp levels, whereas the Hx levels are higher
and were only modestly reduced at 2 h after transfusion. Transfusion of SRBC induced

hepatic HO-1 mRINA levels due to increased here released from SRBC.

Hemodynamic Effects of Transfusing FRBC and SRBC

Transfusing a blood substitute containing less than 1% of tetrameric Hb can
produce systemic vasoconstrictor effects (Yu et al., Anesthesiology 2010;112: 586-94).
To examine the effects of transfusing FRBC and SRBC on systolic blood pressure, FRBC
or SRBC (as a 10% of blood volume injection) were administered via a tail vein in awake
mice. Transfusion of either FRBC or SRBC did not change systolic blood pressure in
awake WT mice (Fig. 5A). Mice with endothelial dysfunction (e.g. HFD-fed WT or
db/db mice) are more sensitive to the vasoconstrictor effocts of tetrameric Hb (see Yu ot
al., Anesthesiology 20103;112: 586-94). In awake HFD-fed WT mice, transfusion of
FRBC or SRBC did not change systolic blood pressure (Fig, 5B). In contrast, transfusion
of SRBC, but not FRBC, mcreased systolic blood pressure in awake db/db mice (from
11142 mmHg at bascline to 12743 nmumHg at 10 nun, P<0.05, Fig. 5C). Since nitric oxide
breathing preveuted the systernic vasoconstriction induced by infusing tetrameric Hb in
nice {Yu et al., Circulation 2008;117: 1982-90), the ability of inhaled nitric oxide to
prevent the vasoconstricting effects of transfusing db/db mice with SRBC was studied.
Breathing 80 ppm nitric oxide beginning 10 min prior to transfusion and continuing for 2
h thereafter completely prevented the systemic hypertension nduced by the transfusion
of SRBC into db/db mice (Fig, 3C).

To investigate which component of SRBC is responsible for its vasoconstricting
effects, the supernatant obtained from SRBC or washed SRBC was transfused into awake
dbv/db mice. Transfusing the supernatant of SRBC (10% of estimated blood volume of

db/db mouse38 or 250 ul, equivalent (o 4 times the volume of supernatant given by
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transfusing 250 pL of SRBC) increased systemic blood pressure (from 11244 to 13244
mmHg, P<0.05}, which lasted for 40 min (Figs. 5D and 5E).

To minimize hemolysis induced by washing, SRBC were suspended in 1.5 g%
sodiwm chloride. The trausfusion of washed SRBC mto db/db nuce did not jucrease
systeric blood pressure {(Fig. SE}.

Invasive hemodyunamic measurements obtained 1o anesthetized db/db mice
confirmed the findings in awake db/db mice. Transfusion of SRBC or supernatant from
SRBC increased left ventricular (LV) end-systolic pressure (LVESP, Fig. 6A) and
systemic vascular resistance index (SVR], Fig. 6B), whereas transfusion of FRBC or
supernatant from FRBC did not alier these hemodynaric parameters. Afier the
supernatant obtained from SRBC was oxidized by exposure to nitric oxide gas (thereby
converting ferrous Hb to ferric Hb) with subsequent dialysis to remove low molecular
weight components (e.g. nitrite and uitrate), transfusion into awake db/db wice did not
increase their systemic blood pressure (Fig. 5D). These hemodynamic results suggest
that infusion of the supernatant from SRBC causes systemic vasoconstriction, which is
most likely due to the infusion of supernatant Hb released during 2 weeks of storage
{Donadee et al,, Circulation 2011;124: 465-76; Yu ¢t al., Anesthesiology 2010;112: 586-
943.

Example 2; Pulmonary Hyperiension in Lambs Trans{used with Siored Blood

Processing of Blood Products

All experiments were approved by the Subcommittee on Research Animal Care,
Massachusctts General Hospital, Boston, MA. Thirty-six 3- to 4-month-old Polypay
fambs (New England Ovis, Dover, NH} weighing 3242 kg were studied (Huletetal,, |
Anim Sci 1984; 58:15-24). Following an intramuscular injection of ketamine HCI (15
mg/kg: Hospira, Inc., Lake Forest, IL), blood (450 mly was drawn from an exiernal
jugular vein into a Double Blood-Pack Unit (Fenwal, Inc., Lake Zurich, 1L} containing
citrate-phosphate-dextrose solution. Blood was then leukoreduced at room temperature,
using an integrated RS2000 leukoreduction filter, Erythrocytes were separated from

plasma by centrifugation {600 g for 10 min at 24°C} and stored for either 2 or 40 days at
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4°C n an additive solution (110 ml) contaming saline, adenine, glicose and mannitol

{AS-1, Adsol Solution, Fenwal, Inc.).

Biotinviation of Ovine Erythrocytes

In vivo survival of transtused packed erythrocytes (PRBCs) was measured in
& lambs using a modified version of the methods of Mock et al, Transfusion 1999;
39:156-6. After storage in AS-1 for either 2 (n=4) or 40 days {n=4}), PRBCs {60 ml} were
withdrawn from the blood storage bag and separated from supernatant by centrifugation
at 600 g for 15 min at 4°C. Supernatant was stored at 4°C. The pelieted PRBCs were
resuspended 1n washing solution (60 mi; sodmm chlonide 0.87%, sodium bicarbonate
0.2%, dextrose 0.2%, and sodium phosphates 0.1%; Hospira, Inc.}. Centrifugation was
repeated, and the supernatant was discarded. Washed PRBCs were resuspended in
washing solation (68 i) containing sulfo-N-hvdroxysuccimmide-biotin (10 pg/mi;
Thermo Fisher Scientific, Rockford, IL) and incubated at room temperature for 40 min.
To remove unbound sulfo-N-hydroxysuccinimide-biotin, PRBC were washed twice with
washing sohution, as described above. After the final washing step, PRBC were
resuspended in the previously stored supernatant.

Biotinylated PRBCs were transfused into sheep donors via a 16-0G Angiocath (BD
Infusion Therapy Systems, Inc., Sandy, UT) placed in an external jugular vein, Venous
blood samples were drawn into heparinzed 4-rol Vacutaners (BD, Fraokiin Lakes, NJ) at
15 min, 30 nun, 60 min, 24 h, and 7 days later.

To assess the survival of botinylated PRBC, blood samples (50 pl) were
mcubated for 20 min at room temperature with fluorescein isothiocyanate-tagged
streptavidin (230 pl of washing solution containing 20 pg/mi streptavidin-fluorescein
isothiocyanate; Biolegend, San [Mego, CA). Fluorescein isothiocyanate-labeled PRBC
were detected in forward versus side scatter (FSC/SSC) on a LSRFortessa flow cytometer
{BD Biosciences, San Jose, CA). Sphero rainbow fluorescent particles (3.0-3.4 poy;
Spherotech, Inc., Lake Forest, IL) were used to calibrate settings of the flow cytometer on
different acquisition days, An exirapolation of the number of botinylated PRBC at 0 h

was performed and equated to 100%. Of 100,000 total events, the ratio of the percentage
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of biotinylated cells in blood samples obtained after the transtusion to the percentage of

biotinylated cells calculated to be present at 0 h was calculated.

Animal Preparation and Hemodynamic Monitoring

Invasive hemodynamic measurements were performed in 28 lambs. Ancsthesia
was mnduced by breathing 5% isoflurane (Baxter, Deerfield, 11} in oxygen via rask.
After endotracheal mtubation, animals underwent a tracheostony and were instrumented
with indwelling carotid artery and pulmonary artery catheters, as previcusly described
{Yu et al,, Anesthesiclogy 2010; 112:586-94). After a 2-h recovery period from general
ancsthesia in a large-animal restraint unit (Lomw, Malone, NY), the mean arterial
pressure {MAP), mean pulmonary arterial pressure (PAFP), and central venous pressure
were monitored continuously using a Gould 6600 amplifier system {Gould Electromnics,
Inc., Eastlake, OH). Pulmonary capillary wedge pressure (PCWP) and heart rate were
intermittently measured every 10-30 min. Cardiac output was assessed by thermal
dilution as the average of three measurerients after intravenous bolus-injection of 10 ml
ice~cold saline solution. Systemic vascular resistance index and pulmonary vascular
resistance index (PVRI), as well as cardiac index, were calculated using standard

formulae. Hemodynamic data was collected until 4 b after the end of transfusion.

Hemodynamic Effects of Stored PRBC Transfusion in Awake Lambs

Six groups of awake lambs were studied. All animals received an autologous
transfusion of PRBCs, equivalent to 14% of thew respective total blood volume,
assuming 6.5% of body weight was blood volume (Hansard et al., Proc Soc Exp Biol
Med 1956; 91:31-4), PRBCs were warmed to 37°C and transfused over 30 min while the
famibs breathed spontaneously via a tracheostomy at inspired oxygen fraction {(Fi(3,) 0.25.
One group {(n=5} of lambs received PRBCs, which were processed and stored for 2 days
prior to transfusion (fresh PRBCs). A second group of lambs (n=6) was transfused with
PRBCs that were stored for 40 days before transfusion (stored PRBCs}. A third group
{n=4} of lambs breathed 80 ppm nitric oxide (Medical-Technical Gases, Medford, MA) at
0.25 Fi10, during transfusion with stored PRBCs, Nitric oxide breathing was continued

for 30 min afier the transfusion ended.

b
(]
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Hemodynamic Effects of Transfusing Stored PREC in a Lamb Model of Endothelial
Dysfunction

Three additional groups of larabs were studied after infravenous mfusion of the
NOS inhibitor, ',NGwnitm—L—arginine methyi-cster (L-NAME, Sigma-Aldrich, St. Louis,
MO). A bolus of 25 mg/kg L-NAME was mjected IV 1 b before transfusion (Weimann
et al., Anesthesiology 2000; 92:1702-12). Concomitantly, an infusion of 5 mg/kg/h
L-NAME was started and continued throughout the study. Partial inhibition of nitric
oxide production was confirmed before, as well as 45 min and S h after commencing
L-NAME admunistration by assessing the systemic vasodilation induced by an
intravenous bolus injection of acetylcholine (Sigma-Aldrich). NOS-independent
systemic vasodilation was also assessed by mtravenous injection of sodium nitroprusside
{Sigma-Aldrich} at the end of each experiment.

After L-NAME treatiment, a fourth group of lambs (n=4) received fresh PRBCs,
and a {ifth group (v=53) received stored PRBCs. In the sixth group (v=4), following
L-NAME injection, inhalation of 80 ppm nitric oxide at Fi(; .25 was commenced 10
min prior to franstusion of stored PRBC. Nitric oxide breathing continued throughout the

transfusion and for 30 min after transfusion ended.

Biochemical Analysis of Blood Samples

Arterial and venous blood samples (10 ml) were drawn immediately betore
transfusion, as well as 30 mun, 2 hand 4 b afler ending transfosion. Saruples (10 mi)
from the transfusion storage bags were obtained and processed immediately after
transtusion mn order to avoid bacterial contamination. Blood gas tensions and pH were
analvzed using an ABLB0O Flex blood gas analyzer (Radiometer Medical, Copenhagen,
Denmark).

Cell-free hemoglobin levels in plasma and supernatant were measured using a
QuantiChrom hemoglobin assay kit (BioAssay Systems, Hayward, CA). Hematocrit was
measured by cenirifugation of whole blood at 400 g for 10 min in capillary tubes (Fisher
Scientific, Pittsburgh, PA). Hemolysis (in percent) was calculated from the following

formula: Cell-free Hemoglobin {g/di}-(100-Hematocerit [%])/Total Hemoglobin {g/dl}



WO 2013/070592 PCT/US2012/063690

Plasma and supernatant concentrations of nitrate and nitrife were measured with a
Nitrate/Nitrite fluorometric assay kit {Cayman Chemical Company, Ann Arbor, M)
Plasma thromboxane B, (TXB;) levels were determined with an EIA kit (Cayman

Chermcal Company). The levels of 2,3~diphosphoglycerate (2,3-DPG) were roeasured

(o)}

with a kit from Roche Diagnostics (Mannheim, Germany). Plasma interleukin-6 (1L-6)
levels were measured with a bovine kit from Therwo Fisher Scientific. Haptoglobin (Hp)
concentrations were assessed using a bovine Hp ELISA kit (Immunology Consultants
Lab, Inc., Newherg, OR).

The oxygen dissociation curve of leukoreduced blood stored for either 2 or 40
10 days was deternuned using a Hemox-analyzer (TSC Scientific Corp., New Hope, PA).
The oxygen tension at which hemoglobin is half saturated (Psq) was calculated from the

oxygen dissociation curve.

Chuantitation of messenger RNA (mRNA) Levels

i5 At 4 b after transfusion, animals were euthanized by intravenous igjection of SO
ml of 20% potassium chiloride solution during tsoflurane anesthesia. Tissue samples
were obtained from the lung and liver, snap frozen in hquid nitrogen, and stored at -80°C
until further analysis.

RNA was extracted from tissues using Trizol (Invitrogen, Carlsbad, CA), and

20 complementary DNA was synthesized using MMLV-RT (Invitrogen). Real-time
amplification of transcripts was detected using a Mastercycler ep Realplex (Eppendort,
Hamburg, Germany). The relative expression of target transcripts was normalized to
fevels of 188 regulatory RNA. Primer pairs were used to detect transcripts encoding {L-6,
CAGAAAATAAGCTGAAACTTCCA, ATGTCAGTGTGTGTGGCTGGAG; tumor

25 mecrosis factor-a, GGCTCTCCTGTCTCCCGT, GTTGGUCTACAACGTGGGC; and
miyeloperoxidase, GCTGAGGCGGGACACAACCE, CCCAGTTCCGTTTCCOGGHGE.

Statistical Analysis
All data are expressed as meantSD. Statistical analysis was performed using
30 GraphPad Prism S software (GraphPad Software, Inc., La Jolla, CA}. For comparisons of

fresh and stored PRBC after AS-1-storage, PRBC-survival experiments, and coruparisons

b
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of mRNA levels a two-tatled, two-sample, independent t-test was applied to compare
differences between two groups, and corrected for multiple comparisons using a
Bonferront adjustiment.  For hemodynamic experiments, a two-way ANOVA with
repeated measures was used to corpare differeuces between groups at various thwoe
points. However, when the interaction P value between time and condition was
significant, comparisous were wade at cach individual time point using a ope~way
ANOVA with post-hoc Bonferroni-adjusted comparison testing. Within-group
comparisons were performed using a two-tailed paired t-test. P values < 0.05 were

considered significant.

Chemical Properties of Levkoreduced and AS-1-stored Lamb PRBCs

The chemical characteristics of leukoreduced PRBCs and their supernatants were
avalyzed afler storage im AS-1 for either 2 or 40 days. Cell-free hemoglobin
concentrations in the supernatant of fresh PRBCs were 41413 mg/dl, resulting in a
calculated level of hemolysis of 0.1040.04%. o stored PRBC supernatant, cell-free
hemoglobin concentrations and hemolysis levels were higher than in fresh PRBC
supernatant (148220 mg/dl and 0.50+£0.05%, respectively; P<0,001, values differ versus
fresh PRBC for both parameters), but the levels remained below values required by the
Food and Drug Administration for stored human blood.

Potassiurn and lactate councentrations were greater in supernatant of stored PRBCs
than in fresh PRBCs, whereas the pH was less. The PO, was greater in stored than in
fresh PRBCs. As described previously (Bunn, Science 1971; 172:1049-5), levels 0f 2,3~
DPG measured in ovine erythrocytes were very low. Intra-erythrocytic levels of 2,3~
DPG did not differ between fresh and stored PRBCs. The Psg did not differ between fresh
and stored PRBCs. Afler leukoreduction, leukocytes were not detectable in PRBCs.
Thus, ovine PRBCs showed many sitmilar storage properties in AS-1 when compared to

previous studies of human PRBC storage.

Invivo Survival of Leukoreduced and AS-1-stored Lamb PREC
PRBCs were biotinylated and transfused after 2 or 40 days of storage. Survival

7

curves for circulating biotinylated PRBC are shown in Fig. 7. When fresh PRBCs were
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biotinylated and transfused, 96+4% survived for at least 24 h, whereas 76+7% of stored
PRBCs remained n the circulation at 24 h after transfusion (P=0.002, values differ).
Nearly all of the loss of biotinylated stored PRB{'s occurred during the first hour after
transfusion, with only 7742% remaining 1 h afier transfusion. Between | hand 24 b after
transfusion, the circulating levels of labeled fresh and stored PRBC remained stable
{(stored PRBC: 7742% after | hand 7617% after 24 b, P=0.72; fresh PRBC: 9942% after
1 h and 96+4% after 24 h, P=0.26). Onec week afier transfusion, 80+8% and 54+4% of
biotinylated fresh and stored PRBCs, respectively, remained in circulation. Thus, in vive
survival properties of ovine PRBCs after storage and transfusion are similar to those

measured in human PRBCs,

Hemodynamic Effects of Transfusing Stoved PRBC in Awake Lambs

The effects of stored PRBC transfusion on PAP and PVRI differed from the
effects of fresh PRBC transfusion (one-way ANOVA, P<0.001 for PAP and P=0.02 for
PVRI, Fig. 8). Transfuston of fresh PRBC did not alter any of the measured
hemodynamic parameters from baseline. Transfusion of stored PRBC ncreased PAP
{baseline 131 versus 18+1 mmHg, P<(.001) and PVYRI (baseline 108+19 versus 156435
dyn-sec-em™-m”, P=0.02), with both parameters peaking at the end of transfusion
{Fig. 8). Both PAP and PVRI returned to baseline values 60 min after transfusion ended
{Fig. 8}). Ali other hemodynamic parameters measured did not change afier transfusion of
stored PRBCs. Therefore, transfusion of stored PRBCs increased pulmonary, but not

systemic vascular pressures and resistances in lambs.

Hemodyaamic Lffects of Stoved PRBC Transfusion in a Lamb Model of L-NAME-induced
Endothelial Dysfunction

To mvestigate whether endothehal dysfunction alters the pulmonary
vasoconstrictor response to transfusion of stored PRBC, lambs were pretreated with
L-NAME. A dose of L-NAME was infused that partially inhibited NOS activity, as
reflected by a 50% reduction in the ability of acetylcholine infusion to induce systemic
vasodilation. As anticipated, L-NAME administration did not alter the vasodilator

response 1o an intravenous bolus infusion of sodium nitroprusside. Infusion of L-NAME

b2
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mcreased MAP, PAP, ceniral venous pressure, and PCWP, as well as systemic and
pulmonary vascular resistance indices, whereas both cardiac index and heart rate
decreased (Fig. 9).

Transfusion of fresh PRBCs did not alter any measured hemodyunamic parameter.
In contrast, transfusion of stored PRBCSs increased PAP (bascline 17+1 versus 2644
mmHg, P<0.001), PCWP (bascline 7+1 versus 1042 vamHg, P=0.02), and PVRI
(baseline 170434 versus 312485 dyn-sec-cm™ -m™, P=0.009) in L-NAME-treated awake
fambs (Fig. 9). The increase in PAP and PVRI induced by transfusing stored PRBCs was
greater in the presence of L-NAME than without L-NAME (A PAP without L-NAME
S+1 mmHg differs from A PAP with L-NAME 944 mmHg, P=0.03; A PVRI without L-
NAME 47433 dyn-sec-cm™ -m™ differs from A PVRI with L-NAME 142453 dyn-sec-cny
., P=0.006). MAP was not statistically different between groups (one-way ANOVA,
P=03.09). Hence, partial inhibition of NOS potentiated the vasoconstrictor effect of stored

PRBCs on the pulmonary, but not the systemic circulation.

Concurrent Inhalation of Nitric Oxide during Transfusion of siored PRBCs
Inhaled nitric oxide prevents pulmonary vasoconstriction during mfusion of

HBOC-201 (Yu et al,, Anesthesiology 2009; 110:113-2). To examine whether breathing
nitric oxide prevents the pulmonary vasoconstrictor response to transtusion of stored
PRBCs, 80 ppm nitric oxide was adminisiered concurrently during transfusion and for 30
min thereafier. In lambs, which were not pretreated with L-NAME, breathing nitric
oxide prevented the nerease of PAP (baseline 1241 versas 1341 wmmHg, P=0.13) and
PVRI (baseline 10714 versus 10522 d}qrsec-cm's'm‘z, P=0.87} associated with
transtusion of stored PRBCs (Fig. 8).

In lambs pretreated with L-NAME, concurrent inhalation of 80 ppm nitric oxide
reduced the PAP and PVRI to baseline, and prevented the pulmonary vasoconstriction
observed with transfusion of stored PRBCs. After nitric oxide breathing ceased at 30 mun
after transfusion, PAP and PVRI gradually increased, returning to pre-transfusion levels
60 min after nitric oxide breathing ended (Figs. 9A and 9C}. As expected, mhalation of

nitric oxide did not alter MAP {one-way ANOVA, P=0.89). Thus, nitric oxide breathing

b2
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prevented the pulmonary vasocounstrictor effects associated with transfusion of stored

PRBCs in lambs.

Paotential Mechanisms for the Pulmonary Hypertension Caused by Transfusing Stored
¥ S . ol 2 &

PRECs

(o)}

To elucidate the mechanisms potentially responsible for the pulmonary
vasoconstriction observed after transfusion of stored PRBC, cell-free hemoglobin
concentrations i ovine plasma were measured before and after transfusion of fresh and
stored PRBC. Transfusion with fresh PRBCs did not alter cell-free hemoglobin levels

10 (Fig. 10). In contrast, transtusion of stored PRBCs increased cell-free hernoglobin levels
at 60 min with levels remaining elevated for up to 4.5 h. Breathing nitric oxide did not
alter the ability of transfusing stored PRB(Cs to increase cell-free hemoglobin.

Corapared to hurnans, sheep have a low plasma concentration of the hemoglobin-
scavenger Hp (Kallapur et al,, Am J Respir Crit Care Med 2009; 179:955-61). Plasma

15 levels of Hp decreased afler transfusion of either fresh or stored PRBCs. However, a
more pronounced decrease of Hp was measured after transfusion of stored PRBCUSs (two-
way ANOVA comparing fresh PRBC with stored PRBC over time, P=0.002).

Thromboxane B, {TXH,) is the stable metabolite of the potent vasoconstrictor
thromboxane A,. Release of thromboxane metabolites by pulmonary intravascular

20 macrophages can mduce pronounced pulmonary hypertension {Staub, Aunu Rev Physiol
1994; 56:47-67). To determine whether the imcrease of PAP and pulmonary vascular
resistance 1nduced by transfusing stored PRBCs was mediated by increased plasma
concentrations of thromboxane metabolites, TXB, levels were measured before and after
transtusion of fresh and stored PRBCs. Plasma concentrations of TXB, did not differ

25  before and at 30 min after transfusion of either {resh or stored PRBECs, providing
evidence that thromboxane s unlikely to be responsible for the pulmonary hypertension
associated with transfusion of stored PRBCs.

Nitrite can be converted to nitric oxide via nitrite reductases (Weitzberg et al.,
Auesthesiology 2019; 113:1460-75). Depletion of plasma nitrite afler transfusion might

306 therefore be associated with transfusion of stored PRBCs. To examine if transfusion of

PRBCs resulted in changes of plasma nitric oxide metabolites, levels of plasma nitrate



(o)}

10

15

20

WO 2013/070592 PCT/US2012/063690

and nitrite were measured after {ransfusion of fresh and stored PRBCs. Plasma nitrate
and nitrite levels did not differ before or after transfusion of fresh or stored PRBC (two-

way ANOVA, P=0.37 for mitrate and P=0.21 for nitrite; Fig, 11},

Transfusion of Leukorediced and AS-1-stored Lamb PRBC Does not Induce Systemic
Inflammation

In order to determine whether transfusion of autologous PRBCs results inan
mflammatory response, plasma IL-6 concentrations were measured as well as lung and
fiver levels of mRNAs encoding [L.-6, tumor necrosis factor-u, and myeloperoxidase
before and after transtusion of either fresh or stored PRBCs. Neither plasma I1L-6 levels
nor levels of mRNAs encoding inflammatory mediators were altered by transfusing fresh
or stored PRBCs. Leukocyte concentrations measured before and after transfusion of
fresh or stored PRBCs did not differ. Thus, transfusion of autologous and leukoreduced
fresh or stored PRBCs did not induce an mflammatory response in this lamb model

within 4 h after trans{usion.

Example 3: Methemoglobin Conversion Following Treatment of Red Blood Cells with

Nitric Oxide

Plasma containing added human hemoglobin was added to adsol-preserved
haman red blood cells, The red blood cells were pumped {(at flow rates of 5, 7.5, aud 10
mb/min} through a membrane gas exchanger (Living Systems Instrumentation Inc., St.
Albans, Vermont), which exposed the cells (on a single pass through the gas exchanger)
to 2600 ppm nitric oxide gas in nitrogen. The nitric oxide treatment resulted in
approximately 50% of supernatant oxyhemoglobin being converted to methemoglobin
{Fig. 12). However, since human red cells contain large quantities of the enzyme
methemoglobin reductase, the nitric oxide treatment caused only a few percent of human

red cell hemoglobin to be converted to methemoglobin (Fig. 13}
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Exarnple 4. Treatment of Stored Red Blood Cells with a Nitnie Oxide-Releasing

Compound

Human stored red blood cells (stored, 46 days} were treated with MAHMA/NG
({Z)-1-[N-Methyl-N-[6-(N-methylammoniohexyljamino}ldiazen-1-1am-1,2-diolate).
Treatment with 0.5 mM MAHMA/NO resulted in 99% of the supernatant hemoglobin
bemg oxidized to methemoglobin (Fig. 14A). In contrast, only 15% of'the red blood celi

emoglobin was oxidized by this treatment (Fig. 14A}. In addition, no further hemolysis

of the human stored red blood cells occurred after addition of MAHMA/NO (Fig. 14B).

Studies with murine stored red blood cells (stored, 14 days) indicated thata
greater amount of MAHMA/NO was required to increase the amount of oxidized
supernatant {1 mM MAHMA/NO resulted in 70% supernatant methemoglobing
Fig. 14A). This is likely due to the higher levels of hemolysis observed in murine red
blood cell storage. At bascline levels, hemolysis is higher than in human stored red blood
cells, and increasing concentrations of MAHMA/NGQ were required to fully oxidize the
cell-free bemoglobin. The level of cell-free bemoglobin in the supernatant of murine
stored red biood cells varies, and decreases upon addition of MAHMA/NO (Fig. 14B).

Murine stored red blood cells were pretreated with 1 mM MAHMA before
infusion into dbv/db mice. A total of 8 db/db mice were studied, in two groups: stored red
blood cells (n=2; SRBC), pre-treated stored red blood cells {n=6; Mahma treated-
SRBC). Pre-treatment of the stored red blood cells with MAHMA/NQ attenuated the

hypertensive effect caused by infusion of stored red blood cells into db/db mice (Fig. 15).
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The rate of transport of gaseous nitric oxide across commercially available
membranes was assessed ina gas to gas study, using a nucroporous {MP) membrane
{Micro-1 Rat Oxygenator, Kewei Rising, Shenzhen, Guangdong Province, China)and a
polymethylpentene (PMP} membrane oxygenator (Quadrox-iD Pediatric Oxygenators,
MAQUET Cardiovascular, Wayne, NJ}. Assessment of the membranes was performed
using countercurrent streams of (i) 300 parts per million (ppm) nitric oxide in nitrogen
{to avoid oxidation to NO») i the gas phase and (i1} pure nitrogen gas in the other phase,
which was usually blood (Fig. 16}, The MP membrane allowed almost total equilibration
of nitric oxide levels across the device (Fig. 17}, The PMP membrane also performed
well, with nitric oxide levels approaching the gas phase nitric oxide level of 300 ppm
{Fig.17). Thus, PMP and MP membranes may be used to expose blood to nitric oxide as

a means to oxidize extracellular wethemoglobin.

{Other Embodiments

While the invention has been described in conjunction with the detailed
description thereof, the foregoing description is intended to tllustrate and not hmit the
scope of the invention, which is defined by the scope of the appended claims. Other

aspects, advantages, and modifications are within the scope of the fbllowing claims,

(o8]
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What is claimed is;

I. A method of treating a red blood cell sample, the method comprising

contacting a red blood cell sarple ex vivo with an amount of nitric oxide or a nitric

(o)}

oxide-releasing compound sufficient to convert at least a portion of the extracellular

ferrous hemoglobin present in the red blood cell sample to ferric hemoglobin.

2. The method of claim 1, wherem the red biood cell sample has been subjected
to hemodialysis, intraoperative blood salvage, or cardiotonty suction ex vive prior to

10 being contacted with nitric oxide or the nitric oxide-releasing compound.

3. The method of claim 1, wherein the red blood cell sample has been subjected
to one or more of a pump, a raembrane, or air bubbles ex vive prior to being contacted

with nitric oxide or the nitric oxide-releasing compound.

is
4, The method of claim 1, wherein the red blood cell sample has been stored
ex vivo for at least 24 hours after removal from a donor and prior to being contacted with
nitric oxide or the nitric oxide-releasing compound.
28 5. The method of claim 1, wherein the red blood cell saraple has been stored

ex vive for at least 7 days after removal from a donor and prior to being contacted with

nitric oxide or the nitric oxide-releasing compound.

6. The method of claim 1, wherein the red blood cell sample has been stored
25  exvive for at least 14 days after removal from a donor and prior to being contacted with

nitric oxide or the nitric oxide-releasing compound.

7. The method of claim 1, wherein the red blood cell sample has been stored
ex vive for at least 28 days after removal from a donor and prior to being contacted with

30 nitric oxide or the nitric oxide-releasing compound.

(W8]
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8. The method of claim 1, wherein the red blood cell saruple has been stored
ex vive for at least 42 days after removal from a donor and prior to being contacted with

nitric oxide or the nitric oxide-releasing compound.

9. The method of any one of the preceding claims, wherein at least 20% of
extracellular ferrous hemoglobin present in the red blood cell saruple is converted to

ferric hemoglobin.

10. The method of any one of the preceding claims, wherein at least 50% of
extracellular ferrous hemoglobin present in the red blood cell saruple is converted to

ferric hemoglobin.

11, The roethod of any one of the preceding claims, wherein at least 80% of
extracellular ferrous hemoglobin present in the red blood cell sample is converted to

erric hemoglobin,

12, The method of any one of the preceding claims, wherein the red blood cell

sample is contacted with a therapeutic gas comprising gaseous nitric oxide.

13. The method of claim 12, wherein the concentration of gaseous nitric oxide in

the therapeutic gas is at least 20 ppm.

14. The method of claim 12, wherein the concentration of gaseous nitric oxude in

the therapeutic gas 1s at least 40 ppm.

15, The method of claim 12, wherein the concentration of gaseous nitric oxide in

the therapeutic gas is at least 30 ppm.

16, The method of claim 12, wherein the concentration of gaseous nitric oxide in

the therapeutic gas is in the range of 100 ppm to 800 ppm.



WO 2013/070592 PCT/US2012/063690

17. The method of claim 12, wherein the concentration of gascous nitric oxide i

the therapeutic gas 1s in the range of 40 ppm to 200 ppm.

18. The wethod of ¢lamm 12, wherein the concentration of gaseous nitric oxide in

5 the therapeutic gas is in the range of 40 ppm to 3,600 ppm.
19, The method of any one of claims 12 to 18, wherein the red blood cell samiple
18 contacted with the therapeutic gas for fower than 5 seconds.
10 20. The method of any one of claims 12 to I8, wherein the red blood cell sample
is contacted with the therapeutic gas for at least 15 minutes.
21. The method of any one of ¢laitus 12 to 1R, wherein the red blood cell sample
is contacted with the therapeutic gas for at least one hour.
15

22, The method of any one of claims 12 to 18, wherein the red blood cell samiple

1s contacted with the therapeutic gas for at least two hours,

23. The method of any one of ¢laims | to 11, wherein the red blood cell sample 1s

20 contacted with a witric oxide-releasing compound.

24. The wethod of claim 23, wherein the nitric oxide-releasing compound

comprises nitrite.

25 25. The method of claim 23, wherein the nitric oxide-releasing compound is an

ulira-short-acting nitric oxide-releasing compound,

26. The method of claim 25, wherein the ultra-short-acting nitric oxide-releasing
compound 15 1-[2-(carboxylatojpyrrolidin-1-ylidiazen-1-wum-1,2~dwolate or (Z3-1-[N-

36 Methyl-N-[6-(N-methylammonichexyljamino]idiazen-1-tum-1,2-diclate.

(O]
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27. The method of any one of the preceding claims, wherein the method is

performed under sterile conditions.

28. A method of preventing or reducing vasoconstriction m a maromal following

(o)}

administration of red blood cells, the method comprising administering to a mammal a
red blood cell sample that has been contacted ex vive with an amount of nitric oxide ot a
nitric oxide-releasing compound sufficient to convert at least a portion of the extracellular

ferrous hemoglobin present in the red blood cell sample to ferric hemoglobin.

i0 29. The method of claim 28, wherein the red blood cell sample comprises

autologous red blood cells.

30, The method of claim 28, wherein the red blood cell sample comprises

allogeneic red blood cells.

31. The method of any one of claims 28 to 3{, wherein the red blood cell samiple
18 frozen and thawed prior to treatment with nitric oxide or a nitric oxide-releasing

conmpound.

28 32. The method of any one of claims 28 to 31, wherein the red blood cell sample
is contacted with nitric oxide as part of an in-line infusion system wherein the red blood
cell sample flows from a vessel comprising the red blood cell sample, contacts a gas-
permeable material that is connected to a source of nitric oxide and exposes the red blood
cell sample to nitric oxade, and s delivered to the mammal after exposure to nitric oxide.

25

33, The method of claim 32, wherein the source of nitric oxide is a tank

comprising compressed nitric oxide gas.

34, The method of claim 32, wherein the source of nitric oxude is an ¢lectric niiric

36 oxide generator.
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35, The method of any one of the preceding claims, wherein the mammal s a

human.

o8
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Human RBCs in Adsol (SN) - 2600 ppm NO
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Human RBCs in Adsol - 2600 ppm NO
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