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Introduction

The putative ‘red blood cell (RBC) hypothermic storage lesion’ is the focus of intense
interest and investigation in transfusion medicine . Owing to detrimental changes taking
place during a period of up to 42 days, the RBC ability to sustain normal functionality after
transfusion can become compromised. While our understanding of the RBC storage lesion
has been advanced by a myriad of historical and more recent studies!-10, the clinical
significance of transfusing “old blood” remains unclear. In this issue of Transfusion, Yu et
al'l, discuss the possible outcomes of transfusing stored versus fresh mouse RBCs into
syngeneic susceptible hosts, that is mice with diabetes. They demonstrate that transfusion of
stored RBCs or supernatants from stored RBCs can induce systemic hypertension and
vasoconstriction in mice suffering endothelial dysfunction (diabetic mice), and that
transfusion-induced vasoconstriction can be prevented by nitric oxide (NO) inhalation or
oxidation of supernatants from stored RBCs. They correlate the hypertensive effects with
hemolysis of stored RBCs and NO scavenging by cell-free hemoglobin.

Yu and colleagues’ study supports recent mechanisms for the putative RBC storage lesion
related to red cell hemolysis and inactivation of endothelial nitric oxidel312.13 that may in
part contribute to transfusion-related multi-organ injury, particularly in the setting of
massive transfusion. Their work highlights the interaction between the age of banked blood
and the health of the blood recipient (susceptible host), as well as characterizes the potential
therapeutic use of NO to ameliorate severe outcomes in patients suffering from endothelial
dysfunction caused by transfused blood hemolysis.

Defining the storage lesion: How old is “old blood”?

While there is no consensus on what time defines blood as new or old, a number of studies
suggest that major changes occur between 7-14 days of storage. During this period there is a
depletion of vital metabolites, particularly, 2,3-diphosphoglycerate (2,3-DPG)4.
Interestingly, the average age of RBC units transfused in the US during 2009 was 18.2
days®> meaning that the average unit is transfused at storage duration less than half of its
maximum shelf life (42 days). Correspondingly, most retrospective and prospective clinical
studies, which evaluate the outcomes of stored RBC transfusion in different patient
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populations, define “old blood” as greater than 14 days or 21 days, whereas only a small
number of studies have evaluated the consequences of transfusing RBC units nearing the
maximum shelf life of 42 days (for review see Triulzi and Yazerl4).

In addition to ongoing human clinical trials, several animal models have clarified some of
the mechanisms associated with adverse reactions to transfusion of “old blood”3":11, Such
studies simulate transfusion of fresh versus old RBCs (mostly mouse erythrocytes but also
human) into syngeneic recipients, and evaluate different aspects of hemolytic response,
including nitric oxide scavenging by cell free hemoglobin, hypertension, tissue injury,
infections, and inflammation. An advantage of these animal models is the blood recipient
severity of illness and the age and volume of transfused blood can be perfectly controlled.
An important limitation of these studies is that the definition of old blood is typically the
maximum allowable period of time equivalent to 42-day storage of human RBCs. Using this
worst-case scenario does not reflect the typical practice used in North American hospitals.
The progression of multicenter randomized clinical trials, such as the Red Cell Storage
Duration Study (RECESS) and Age of Blood Evaluation (ABLE), may provide a more
accurate definition of what should be considered as “old blood” in current practice.

Does transfusion into a susceptible host result in a “double-hit”?

Yu and colleagues’ study! reveals that syngeneic transfusion of stored mouse RBCs (14-
day storage that is equivalent to 42 day storage of human RBCs) can induce systemic
hypertension and vasoconstriction in mice suffering endothelial dysfunction (diabetic mice),
whereas such responses are not evident in wild type (healthy) mice or mice fed with high fat
diet. Yu et al, findings support a “double-hit hypothesis” where adverse reactions to “old
blood” transfusion are correlated with the existence of certain pathological conditions in the
host. For instance, Hod and colleagues have shown that the presence of sepsis in mice can
significantly exacerbate inflammatory reaction to “old blood” transfusion, possibly via
enhanced bacterial growth due to consumption of RBC-derived free iron’.

A “double-hit” hypothesis for risk of transfusion of aged stored blood raises fundamental
questions regarding the actual risk associated with transfusion of “old blood” including
which pathological situations are expected to promote transfusion injury? Which patient
populations are at high risk and which, if any, are likely to tolerate” old blood”? These
questions also raise ethical issues, such as possible discrimination among patient
populations, where some are given higher priority to fresher RBC units while other are
subjected to possible risks associated with older RBC units. Risk assessment would require
comprehensive studies to characterize the response of different patient populations to old
blood transfusion. One approach can use animal models to compare the 24-hour clearance
rate of stored RBCs in vivo under various pathological situations such as anemia, sepsis or
endothelial dysfunction. If proven relevant, RBC storage duration may become a significant
factor that cannot be overlooked in the case of transfusing susceptible hosts.

Mechanisms for the “double-hit”: Red cell hemolysis in a hostile
environment?

While our primary concern during transfusion is the well being of the patient, we tend to
disregard the fact that the patient’s circulation can be a hostile environment for transfused
RBCs. In other words, intravascular hemolysis of transfused RBCs may be induced by
factors related to the patient rather than the RBCs. Oxidative stress and inflammation have
been associated with several pathological conditions including obesity, insulin resistance,
hypertension, and coronary artery diseasel6-17. Elevated levels of reactive oxygen species in
the patient’s circulation can compromise RBC membrane integrity via oxidation leading to
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changes in rheological properties and possibly hemolysis. Likewise, increased expression of
endothelial adhesion molecules, related to systemic inflammatory or oxidative stress, can
increase red cell-endothelial shear and hemolysis'8. In addition, drug treatments could affect
the survival of transfused RBCs in the circulation, as some xenobiotics, such as
phenylhydrazine or aniline, are redox active agents that are capable of inducing hemolysis
through oxidative denaturation of the hemoglobin1920,

Interestingly, Holtom and colleagues!® have demonstrated enhanced formation of RBC-
derived membrane microparticles in response to incubation of fresh whole blood with
inflamed endothelium under flow. These studies revealed the capacity of inflamed
endothelial cells to induce membrane damage in fresh RBCs. Prolonged hypothermic
storage may render RBCs even more susceptible to membrane injury under similar
conditions, and may explain the higher rate of clearance of stored RBCs from the
circulation. RBC-derived microparticles can promote transfusion injuries as hemoglobin
entrapped within can enhance nitric oxide scavenging leading to vasoconstriction3. Other
mechanisms are related to pro-inflammatory effects and interactions with platelets?L.

Evaluating hemolytic propensity: Are all red cell donors the same?

The current selection criteria for blood donors have significantly reduced the risk of
transmitting infectious diseases or inducing immune responses in patients requiring blood
transfusion. Other regulations ensure that RBC units with greater than 1 % hemolysis will be
discarded, thereby protecting patients from hemolysis-mediated transfusion injury. Despite
the regulations and selection of what are believed to be “healthy donors”, our research group
and others have observed that specific donor RBC units are more likely to hemolyze during
storage while others hardly hemolyze at all (for instance, Donadee et al3, reported free heme
concentrations in the range of 55 pmol/L to 100 pmol/L in RBC units stored for 39 days).
This interesting phenomenon has motivated a new field of research in transfusion medicine
that is investigating the genetic and molecular basis of donor red blood cell hemolysis22:23,

For example, it is now apparent that the donor’s gender may relate to the propensity of
RBCs to hemolyze during storage and under various stress conditions. Raval and
colleagues?* have demonstrated that premenopausal female gender is associated with less
RBC hemolysis during experimental mechanical stress. We have reported gender differences
in human and mouse models where female RBCs hemolyzed less than males in response to
osmatic stress (human and mouse), mechanical stress (human), and oxidative stress
(mouse)?2:23 These studies suggest that female sex hormones may enhance membrane
integrity by protecting against mechanical®* or osmotic stress2°. Other studies in progress
evaluate whether having a genetic trait associated with hemolytic disorders (i.e. donors who
are heterozygous to sickle cell disease, thalassemia, or glucose-6-phosphate dehydrogenase
(G6PD) deficiency) renders RBCs more susceptible to storage hemolysis. Since most
countries do not screen blood donors for such traits, a large number of donors with no
history of disease are not aware that they are carriers of hemolytic disorders.

In addition to genetic background, RBC characteristics can be affected by the donor’s
lifestyle. A recent survey of over one million blood donors in the US during the years
2007-2008 revealed that 25 % of donors were obese (body mass index = 30.0 kg/m2)26. The
correlation between obesity and hemolytic propensity is yet to be determined,although the
high risk of cardiovascular disease and oxidative stress associated with obesity could
potentially compromise RBC functionality. Understanding the molecular mechanisms of
hemolysis could improve the process of donor screening and may reduce storage hemolysis,
although subsequent studies should clarify whether these observations are clinically
significant.
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Inhaled nitric oxide: NO more storage problems?

Recently, Donadee et al,® provided insight to the critical role that hemolysis plays in
promoting hypertension via NO scavenging by cell-free hemoglobin and red cell
microparticles. Yu and colleagues’ study!! supports these finding by showing that the
hypertensive reactions to transfusion of “old blood” are correlated with increased levels
hemolysis, and accumulation of free or microparticle-encapsulated hemoglobin in the
supernatant. They further showed that hemolysis-mediated hypertension could be prevented
by treating hypertensive animals with inhaled NO. Similarly, studies by Roback and
colleagues?’ have demonstrated the ability of stored RBCs (28-42 days) to antagonize NO-
mediated vasodilation in rat aortic ring models. The correlation between hemolysis-mediated
NO depletion and transfusion injuries, particularly in patients suffering endothelial
dysfunction, has encouraged the investigation of methods to improve NO bioavailability in
the circulation. For example, Hu and colleagues?8 have demonstrated that enhancing NO-
dependent signaling via Sildenafil treatment in mice suffering pulmonary arterial
hypertension (PAH) reduced platelet activation, thrombosis and even mortality, which were
induced by acute hemolysis and NO depletion by free hemoglobin.

The potential use of NO for therapeutics has gained growing attention over the last decade
with myriad human and animal model studies demonstrating the positive effects of NO
treatments in various pathological situations (for reviews see Lundberg et al,29:30),
Administration of NO precursors, nitrite and nitrate, or NO gas inhalation has been proven
effective in protecting against ischemia reperfusion injury, stomach ulcers, myocardial
infarction, and bacterial infection in mice and other animal models. In regard to
transfusion, the use of NO therapeutics for restoring normal NO signaling and blood flow
after transfusion could be highly relevant, as demonstrated by Yu et al, 1.

Further Thoughts

In this editorial we highlight new insights into the significance of red cell donor genetics,
red cell storage time, the susceptible host, and the number of units transfused that may all
interact to mediate adverse reactions in critically ill patients. These new studies also
highlight the use of NO therapeutics, specifically inhaled NO gas, to improve NO
bioavailability. Despite signigicant progress, numerous issues require further investigation,
such as better definition of a storage duration associated with higher risks of transfusion
injuries, characterization of patient populations likely to be susceptible to transfusion of “old
blood”, and which genetic factors contribute to hemolytic propensity. Fortunately, several
large research projects, such as RECESS and ABLE, have been established to address the
issue of RBC storage duration and transfusion injuries. Additionally, a growing number of
studies are aimed at characterizing the molecular and genetic basis of hemolysis. Future
resolution of these fundamental issues could improve the process of donor screening, and
reduce storage hemolysis as well as transfusion-related injuries.
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Figure 1.

Donor genetic variation including gender can affect hemolytic propensity and red cell
storage recovery. The red cell storage lesion can involve modifications in membrane
structure leading to the release of microparticles and hemolysis. Massive transfusions of red
cell units or transfusion into patients suffering endothelial dysfunction, infection, and other
pathological situations (susceptible hosts) can exacerbate inflammation, vasoconstriction
and hypertension leading to multiple organ dysfunction syndrome (MODS). Additionally,
hemolysis can exacerbate sepsis by the release of iron from denatured hemoglobins. Nitric
oxide therapeutics can potentially mitigate transfusion-related injuries in patients suffering
endothelial dysfunction by improving NO bioavailability required for vasodilation and
proper endothelial function.
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