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Abstract
The specific negative clinical manifestations associated with the transfusion of stored red blood
cells (RBCs) and the corresponding mechanisms responsible for such phenomena remain poorly
defined. Our recent studies document that leukodepleted older RBC units potentiate transfusion-
related toxicity in trauma patients. It is our hypothesis that the transfusion of relatively older blood
impedes microvascular perfusion. The central mechanisms proposed to mediate this
microcirculatory alteration include: i) the loss of RBC-dependent control of nitric oxide mediated
homeostasis concerning vasodilation, and ii) immune cell and complement activation. In this
review, we outline the background for our hypothesis and detail our current investigations toward
the understanding of this pathophysiology.

Introduction
Well-documented degradative changes occur during conventional storage of red blood cells
(RBCs) for allogenic transfusion. The clinical relevance of this “storage lesion,” however,
remains unclear. As trauma patients utilize a considerable proportion of the blood supply, it
would be reasonable to expect that if any important association between RBC storage age
and outcome exists, it would be observable in this patient population. Indeed, we have
demonstrated in the trauma patient population at the University of Alabama at Birmingham
University Hospital significant associations between RBC storage age and adverse clinical
outcomes 1–4. In our most recent analysis of trauma patients who received exclusively older
(stored beyond two weeks) versus fresher RBC transfusions, receipt of older blood was
associated with a significantly increased risk of mortality4.

The question as to whether the association between the transfusion of relatively older RBCs
and adverse outcomes is truly causative remains contentious and yet to be satisfactorily
answered. Similarly, the corresponding pathophysiologic mechanisms have yet to be clearly
defined. It is our hypothesis that the transfusion of relatively older blood impedes
microvascular perfusion. The central mechanisms proposed to mediate this microcirculatory
alteration include: i) the loss of RBC-dependent control of nitric oxide mediated
homeostasis concerning vasodilation, and ii) immune cell and complement activation. In this
review, we outline the background for our hypothesis and detail our current investigation
toward the understanding of this pathophysiology.
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The RBC storage lesion in Trauma
The application of allogenic transfusion to the care of the injured patient over the course of
the twentieth century has been transformative, allowing for the correction of hemorrhagic
shock physiology that was historically fatal. However, there has been a growing
appreciation of transfusion’s potentially deleterious effects in this patient population.
Agarwal et al. demonstrated an association between blood transfusion and infection in a
trauma patient cohort in the early 1990s5. Subsequent studies have identified post-injury
transfusion to be a significant predictor of pulmonary morbidity, multi-organ failure,
infection, and death 6–8. Although it remains difficult to discern whether allogenic
transfusion is causally related to adverse outcomes in trauma patients, or rather simply a
surrogate marker of injury severity, concern regarding the relative benefit versus risk of
transfusion has captured the attention of the surgical community and has been an area of
ongoing investigation.

Recognition that the RBC storage lesion might contribute to the deleterious effects
associated with transfusion has led to multiple clinical studies evaluating the influence of
RBC storage age on outcomes in trauma patient cohorts, utilizing various study designs 9–12.
Most, but not all, of these studies have demonstrated associations between morbidity or
mortality and the transfusion of relatively older RBC units. The variation regarding the
approaches taken in these studies, specifically concerning the categorization of RBC units
and patients with respect to storage age, is notable.

The challenge inherent to such studies is the evaluation of the independent role of storage
age on outcomes in cohorts where many of the patients received a mix of relatively old and
fresh RBC units. Studies that approach this problem by categorizing patients according to
the mean or median age of all units received are problematic in that the assumption is made
that relatively fresher units can mitigate the proposed deleterious effects of older blood.
Alternatively, analyses that focus on the volume of old blood transfused, while avoiding this
particular assumption of mechanism, are hindered by the fact that patients receiving more
blood are likely to be more severely injured. Thus, the observed associations between the
transfusion of relatively older blood and morbidity or mortality may be more reflective of
the confounding effect of total transfusion volume rather than RBC storage age.

With this in mind, we recently evaluated the association between mortality and storage age
in trauma patients2. With the purpose of dissociating the effect of RBC storage age from
RBC volume transfused, we chose to evaluate the association between mortality and the
transfusion of both relatively old and fresh blood, respectively. Among 1,813 severely
injured patients who received one or more units of blood within the initial 24 hours of
hospitalization, we observed that while larger volumes of blood, irrespective of storage age,
were associated with an increased odds of mortality, the transfusion of blood stored beyond
14 days appeared to significantly potentiate this association, suggesting the existence of a
bona fide association between storage age and outcome.

In our most recent analysis, we sought to simplify the evaluation of storage age’s effect on
mortality by limiting our study cohort to those patients who received exclusively old (>14
days) versus fresh blood in the first 24 hours4. 1,647 trauma patients met study inclusion
criteria, and risk ratios were calculated for the association between mortality and RBC age,
adjusted for patient age, injury severity score, gender, mechanism of injury, presence of
brain injury, and volume of plasma, platelets, and RBCs received. Among patients who were
transfused 1 or 2 RBC units, no difference in mortality with respect to RBC age was
identified. However, among patients transfused 3 or more units, receipt of old versus fresh
RBCs was associated with a significantly increased risk of mortality (adjusted risk ratio of
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1.57, 95% confidence interval 1.14 – 2.15). No difference was observed concerning the
mean number of old versus fresh units transfused to patients who received 3 or more units
(6.05 vs. 5.47 respectively, p = 0.11).

The mechanisms responsible for the deleterious clinical effects of older blood remain poorly
understood. Biffl et al. hypothesized that stored RBCs delay PMN apoptosis, but that pre-
storage leukodepletion or post-storage washing could abrogate the effect13. They
determined, however, that plasma from stored RBCs, even if leukoreduced, delays apoptosis
and primes PMNs. It is notable that in our studies, all patients had been transfused with
blood that had undergone pre-storage leukoreduction. Recently, Kiraly et al., utilizing
noninvasive near infrared spectroscopic measurement of skeletal tissue oxygen saturation,
demonstrated a significant decrease in tissue oxygen saturation following transfusion of
RBCs of relatively older storage age compared with fresher blood14.

The collective observations concerning the persistent potentiation of the inflammatory
response despite leukoreduction and the inhibition of tissue perfusion following the
transfusion of relatively older RBCs has led to our current course of investigation. We are
conducting a prospective observational study that ties bedside observation of the
microcirculation during transfusion to ex vivo assessment of nitric oxide-mediated vascular
homeostasis and inflammatory modulation. Patient enrollment was initiated at the University
of Alabama at Birmingham University Hospital and is ongoing at the Elvis Presley
Memorial Trauma Center in Memphis, Tennessee.

Specifically, we are enrolling trauma patients admitted to the intensive care unit who are
otherwise stable and euvolemic and receiving an RBC transfusion for anemia. During and
for one hour following the period of transfusion, tissue oxygen saturation is assessed at the
bedside non-invasively by near-infrared spectroscopy, as performed by Kiraly et al14 The
monitoring device consists of a spectrometer that is placed over the thenar eminence, and a
display box that records tissue oxygen saturation continuously as measured by the
spectrometer (Hutchinson Technology, Hutchinson, MN). In addition, in vivo sublingual
microcirculatory perfusion is concomitantly imaged with a hand-held microscope utilizing
sidestream dark field illumination (Microscan BV, Amsterdam, The Netherlands). This
bedside technique involves the application of the handheld microscope with a sterile lens
cover to the sublingual tissue. Imaging is obtained immediately pre-transfusion, immediately
post-transfusion, and one hour post-transfusion. The images are subsequently analyzed
(according to the guidelines set forth by a round-table conference reported by De Backer et
al15) to determine the change in the percentage of perfused capillaries following transfusion.

In concert with the completion of these bedside observations, small aliquots from both the
allogenic RBC unit and patient’s serum pre and post transfusion will be collected. These
samples will be utilized to both evaluate the association between RBC storage age and
alternative mechanisms that modulate hypoxic microcirculatory vasodilation and
complement-mediated activation of the inflammatory response.

RBC and vascular Nitric oxide function
Nitric oxide (NO) is a central mediator of vascular homeostasis16. Two of its key functions
in this regard are as a vasodilator and maintaining an anti-inflammatory state. A traditional
view has been that hemoglobin (Hb) in RBC inhibits or ‘turns off’ NO-signaling by virtue of
rapid reactions (rate constant of ~107M−1s−1) between NO and the oxyferrous (Fe2+-O2) or
deoxyferrous (Fe2+) heme17. In fact, increased rates of NO scavenging, secondary to
hemolysis or microparticle formation during RBC storage is one hypothesis to explain the
RBC storage lesion 18,19.
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In contrast, the last decade has seen the development of a new paradigm in which RBC and
Hb are proposed to stimulate NO-signaling in hypoxic tissue beds subserving one
mechanism for hypoxic blood flow. Importantly, hypoxic blood flow does not correlate with
dissolved O2 tensions in vivo, but directly correlates with deoxyHb concentrations20–22. The
general model proposed involves hemoglobin deoxygenation being coupled to a process that
stimulates NO-signaling in the vessel wall. Three distinct mechanisms for the latter have
been proposed including ATP-release and subsequent activation of endothelial nitric oxide
synthase, S-nitrosohemoglobin (SNOHb)-dependent bioactivity, and deoxyhemoglobin
mediated nitrite-reduction to NO. These 3-mechanisms, their potential inter-relationships
and regulation have been discussed extensively in several articles to which the reader is
referred23–35. Important to this discussion is the potential for dysfunction in all of these
proposed mechanisms during RBC storage leading to compromised NO-signaling. Studies
suggesting acute and almost complete loss of SNOHb <1d of RBC storage and subsequent
loss of RBC mediated hypoxic vasodilation31,32 is consistent with this idea, although how
these observations relate to the clinical data on the RBC storage lesion which suggest
several days of storage are required is not clear36. Nevertheless, many of the biochemical
changes that occur during RBC storage including increases in oxygen affinity, increased
oxidative stress and altered hemoglobin-membrane interactions to name but a few, are all
proposed to uncouple hemoglobin desaturation and promotion of NO-signaling ultimately
contributing to dysregulated tissue perfusion and a pro-inflammatory state. Our primary
hypothesis is that nitrite- and ATP-dependent pathways will be the most affected by RBC
storage and planned studies aim to combine in vivo and ex vivo assessment of these
pathways with in vivo indices of vascular perfusion, tissue perfusion and inflammatory
stress in trauma patients.

Potential role of complement cascade in RBC storage lesion
The role of complement in acute graft rejection in solid organ transplantation is well
established 37–40. In case of a mismatched organ transplant, complement activation by
antibody and subcellular components through the classical pathway results in significant
vascular damage and tissue destruction leading to hyperacute rejection. The role of
complement in allograft rejection is less well understood, although it is becoming
increasingly clear that complement may contribute at many levels to this process. Initially,
vascular-derived complement was thought to be the primary source of complement in
allograft rejection leading to activation of and deposition of complement at inflammatory
sites41. In addition, complement activation in this setting also results in modulation of
antigen presenting cells by opsonizing apoptotic and necrotic cells for uptake and
presentation 42,43 and by inducing cytokine production44. Complement can also be activated
by natural antibodies (IgM) that have complexed with antigens exposed on ischemic or
damaged tissues enhancing complement-mediated opsonization and inflammation 45,46.
Complement activation in transplantation contributes to an escalating circle of inflammation
through the acute phase response via increased complement production, elevated adhesion
molecule expression and complement-mediated induction of acute phase proteins including
pro-inflammatory cytokines (reviewed in 47). Recently it has become clear that complement
produced in the allograft itself, not blood-derived complement, plays a dominant role in
allograft survival based on seminal studies by Sacks and colleagues 48. Even more striking
are studies demonstrating that complement, particularly the anaphylatoxins C3a and C5a,
modulate T cell alloimmunity at the level of cell survival and proliferation and the strength
of the T cell response 49,50. Together these studies demonstrate that complement is a central
player in allograft inflammation much more than appreciated in the early days of
transplantation.
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In contrast, the question of complement-mediated mechanisms in the development of the
RBC storage lesion and downstream consequences including multi-organ failure has
received limited attention. Unlike solid organ transplantation, immunological events in RBC
transfusion are limited largely to the vasculature (at least initially) and present a diffuse and
rapidly diluted target. Nevertheless, complement has been implicated as a potential
contributor to inflammation in transfusion-related acute lung injury (reviewed in 51) and
studies have demonstrated complement activation after leukocyte depletion in a filter-
dependent fashion 52,53. It has been known for some time that there is a time-dependent loss
of the complement regulatory molecules, decay-accelerating factor (DAF) and CD59, from
the surface of RBC during storage 54. Both of these proteins are GPI-anchored and
susceptible to release by phospholipases generated by leukocytes during storage.
Complement-mediated destruction of poorly protected RBCs releases myosin light chains,
which serve as antigens for natural antibody55 leading to the formation of complement-
activating antigen-antibody complexes. Importantly it has been shown that the complement
anaphylatoxins C3a and C5a and the membrane attack complex (MAC) are present in
leukocyte-depleted RBCs 53,56–59. The source of C3a and C5a in leukocyte-depleted RBCs
is likely derived from activation of complement in plasma and from activation of newly
synthesized complement produced by non-depleted leukocytes, including, PMNs, APCs and
lymphocytes (particularly T cells). Importantly, essentially all leukocyte cell types in stored
RBCs and in the transfusion recipient (along with endothelial cells) express C3a and C5a
receptors 60,61. A continuous release of complement anaphylatoxins (which may be at
concentrations approaching the microgram/ml range53) during RBC transfusion has the
potential to activate a number of cell types and induce a significant spectrum of
complement-mediated inflammatory biological processes.

Although complement activation fragments have been quantitated in leukocyte-depleted
RBCs destined for transfusion, the significance of their role in the storage lesion remains
obscure, due in large part to greater interest in pro-inflammatory cytokine levels and
activated PMNs. It is becoming clear that stored RBCs contain, aside from complement
proteins, a complex milieu of cytokines, PMNs, natural antibodies, bioactive lipids and
lysophosphatidycholine (LPC) that favors complement activation and production, especially
when transfused into a trauma patient. The patient receiving stored RBCs is in the acute
response, characterized by elevated levels of complement, C-reactive protein (CRP),
cytokines and activated leukocytes. Transfusion of stored RBCs allows the formation of at
least two complement-activating complexes: 1) Ag-Ab complexes, generated from natural
and allogenic-specific antibodies from both the donor and host to alloantigens and
neoantigens derived from damaged and apoptotic cells, and 2) LPC-CRP complexes. These
complexes are excellent activators of complement through the classical pathway. In
addition, bioactive lipids and other subcellular components may activate the alternative
complement pathway and, alternative pathway activation will be enhanced in those patients
with bacterial infections.

Thus, although it may intuitively seem that the classical pathway is the primary complement
pathway involved in RBC storage lesion pathology, we hypothesize the alternative pathway
also makes a contribution. The end result would be an augmented acute phase response that,
in the appropriate clinical setting contributes to increased morbidity and mortality. The
kinetics of such a response are consistent with studies demonstrating that transfused blood is
an independent risk factor multi-organ failure in trauma patients 10,51. We feel these
observations make a compelling argument for complement as a central player in the
pathology of the RBC storage lesion and we propose to directly examine for changes in
complement activation and production in trauma patients after transfusion of stored RBCs.
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Based on this background, we have designed studies to improve our understanding of the
relationship between complement and activated neutrophils and the RBC storage lesion. We
hypothesize that older blood will be more inflammatory, in part due to elevated levels of
complement activation fragments, thus adding to the potency of the numerous components
including cytokines, natural and allogenic antibodies and bioactive lipids found in the stored
RBCs. We will examine for changes in the levels of complement activation fragments
(including anaphylatoxins and components specific to classical and alternative pathway
activation) in leukocyte-depleted blood before transfusion. We will also examine for
complement activation fragments and neutrophil activation (surface markers, respiratory
burst and reactive oxygen species formation in blood samples from patients on the trauma
service, pre- and post-transfusion, to clarify the risk of newer versus older transfused RBC.
We anticipate this approach will i) allow us to correlate the effect of storage age on the level
of complement activation and ultimately with changes in microvascular flow in vivo and (ii)
allow us to correlate the effect of storage age on complement and neutrophil activation after
transfusion of leukocyte-depleted RBC. We predict that increased complement and/or
neutrophil activation, will correlate with the age of the RBC pack.
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