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Abstract
Background—Although a subset of recent studies have suggested red blood cell (RBC) storage
length is associated with adverse patient outcomes, others have shown no such relationship. Adults
may be transfused with RBC units of different storage lengths, and existing studies do not take
into consideration that fresh RBCs may alter responses to concurrently transfused stored RBCs.
To test this possibility, we utilized a murine model and investigated transfusion outcomes of fresh,
stored, or fresh plus stored RBCs.

Study Design and Methods—Fresh, 14-day stored, or fresh plus 14-day stored leukoreduced
RBCs from HOD transgenic donors (with RBC specific expression of hen egg lysozyme,
ovalbumin, and human Duffyb) were transfused into naïve C57BL/6 recipients. Serum cytokines
and anti-HOD alloimmunization were evaluated following transfusion.

Results—In 6 of 6 experiments (n=90 mice total), a pro-inflammatory serum cytokine storm of
interleukin-6, keratinocyte-derived chemokine/CXCL1, and monocyte chemoattractant protein-1
was observed in transfusion recipients of stored but not fresh RBCs, along with high degrees of
anti-HOD alloimmunization. However, concurrent transfusion of fresh HOD RBCs along with
stored HOD RBCs significantly decreased these adverse outcomes (p<0.05).

Conclusions—These results are consistent with fresh murine HOD RBCs losing protective
properties during storage, and introduce a previously unrecognized variable in RBC storage
studies. If translatable to humans, uniform “old blood” groups may be needed in future clinical
studies to most accurately investigate the biological effects of older RBC units.

Introduction
FDA guidelines allow storage of human RBCs for up to 42 days before transfusion. A
number of clinical studies have suggested that transfusion of “older” stored RBCs may lead
to worse medical outcomes than fresher RBC units, including increases in multi-system
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organ failure, infection, deep vein thrombosis, inadequate oxygenation, and mortality 1–6.
However, other studies have failed to find an association between older stored RBCs and
adverse clinical outcomes 7–11. Thus, although it cannot be disputed that changes occur in
RBCs over the course of storage 12, the effects of these changes on post-transfusion clinical
outcomes are not entirely obvious.

There is no uniform definition of an “older” RBC unit, and different definitions of RBC age
have been used in past studies, the majority of which have been retrospective in nature.
Some investigators have defined the length of storage by median RBC unit age 13, some by
oldest RBC unit age 7,10, and some by RBC unit age in hours 14. Complicating factors in
these studies include that the most ill patients receive the largest number of blood products
and thus are more likely to receive an older RBC unit. Furthermore, it is not known whether
there is a certain RBC storage age beyond which adverse outcomes are seen (e.g. is a 22 day
old unit safe but a 30 day old unit dangerous?). Thus, variation in the definition of an
“older” RBC unit may have influenced the results of past studies.

The largest study to date investigating potential adverse outcomes of older RBCs was
recently published by Koch et al in the NEJM 3. This retrospective study contained nearly
6000 patients receiving RBCs during surgery for coronary artery bypass grafting (CABG) or
valve replacement. Patients were separated by whether they received RBC stored for 14
days or less or RBCs stored for more than 14 days; patients receiving RBCs of overlapping
ages (e.g. both younger and older than 14 days) were excluded. Patients in the older RBC
group had more adverse outcomes, including higher in hospital death rates (2.8%) compared
to those in the fresher RBC group (1.7%). Although galvanizing, this study was limited not
only by its retrospective nature but also by the fact that patients in the older RBC group had
a higher incidence of left ventricular dysfunction, peripheral vascular disease, and mitral
valve regurgitation 15.

The Koch study, in combination with conflicting conclusions drawn from past retrospective
studies, have led to the recent initiation of 4 large-scale, prospective, randomized trials
investigating the effect of RBC storage duration on patient outcome. Koch and colleagues
are conducting a prospective study entitled Red Cell Storage Duration and Outcomes in
Cardiac Surgery, comparing post-operative morbid outcomes in 2800 cardiovascular surgery
recipients of fresher (<14 days) or older (>20 days) RBCs 16. In addition, The National
Heart Lung Blood Institute Red Cell Storage Duration Study (RECESS) is comparing the
effects of fresher RBC units (≤10 days of storage) to older RBC units (≤21 days of storage)
in cardiac surgery patients at 17 US hospitals 17. The Canadian Institutes of Health Research
Age of Blood Evaluation (ABLE) study is comparing the effects of fresher RBC units (<8
days of storage) to standard issue RBC units (2–42 days of storage) in critically ill
patients18. Lastly, The Age of Red Blood Cells in Premature Infants (ARIPI) trial is
comparing fresher RBC units (<7 days of storage) to standard issue RBC units (<42 days) in
low birth weight infants (<1250 g) 19. Patients on the “older” or “standard issue” arms of
these studies may receive moderately old RBC units, RBC units near their outdates, or a
mixture of fresher and older RBC units.

To control for precise RBC unit age and for underlying recipient disease status in a
reductionist setting, we have developed a murine model of blood storage. We recently
reported the characterization of this model, which uses the same storage solutions, pre-
storage leukoreduction filters, and post-collection processing as is used for human RBCs20.
Using this system, we have reported that transfusion of 14-day stored RBCs rapidly induces
a pro-inflammatory recipient cytokine storm (e.g. interleukin-6 (IL-6), the murine IL-8
homologue keratinocyte-derived chemokine/CXCL1 (KC/CXCL1), and monocyte
chemoattractant protein-1 (MCP-1)) 21. As cytokine storm is well-known to contribute to
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morbidity/mortality in some disease states 22–25, these findings may be of particular
relevance to transfusion recipients. Moreover, stored murine RBCs are significantly more
immunogenic than fresh RBCs, resulting in a substantial increase in recipient alloantibody
formation 26, an issue of significance to patients requiring ongoing transfusion support.

Taking into account that most adult transfusion recipients require more than 1 unit of
transfused RBCs at a time (often of different storage lengths), we have now utilized this
reductionist murine system to test the combined effects of transfusing fresh and stored
murine RBCs into the same recipient. Herein, we report that transfusion of fresh RBCs,
concurrent with 14-day stored RBCs, decreases the cytokine storm and also decreases the
alloantibody response seen following the transfusion of stored RBCs alone. The described
studies thus introduce a previously unappreciated factor that may be relevant to human
transfusion medicine, and one that may complicate the interpretation of studies investigating
the effects of older versus fresher blood. Furthermore, uniform “old blood” groups may be
needed in ongoing trials (including Red Cell Storage Duration and Outcomes in Cardiac
Surgery, RECESS, ABLE, and ARIPI) to assess the biological effects of older RBC units.

Materials and Methods
Mice

C57BL/6 and FVB mice were purchased from Jackson Laboratories (Bar Harbor, ME) or
the National Cancer Institute (Frederick, MD). HOD mice (containing RBC specific hen egg
lysozyme, ovalbumin, and human Duffyb antigen sequences) 27 were bred by the Emory
University Department of Animal Resources; all protocols were approved by the Emory
University Institutional Animal Care and Use Committee. C57BL/6 mice were utilized as
transfusion recipients, HOD mice were utilized as blood donors for transfusion of antigen
positive RBCs, and RBCs from FVB mice were utilized as negative controls for flow
cytometric crossmatching (FVB mice are on the same genetic background as HOD mice, but
their RBCs lack the HOD antigen).

Murine Blood Collection, Processing, and Transfusion
Donor blood was collected in CPDA-1 with a final concentration of 14%, leukoreduced
using a dry Pall neonatal leukoreduction filter (East Hills, NY), centrifuged at 250 x g,
adjusted to an hematocrit of 75%, and stored in Eppendorf tubes at 4° C for 0 or 14 days
prior to transfusion, as previously described 20. C57BL/6 recipients were transfused with
100 or 200 microliters (1 or 2 “units”) of fresh or stored leukoreduced HOD RBCs, or a
combination of 1 unit of fresh plus 1 unit of stored RBCs.

Flow Cytometry
Peripheral blood was collected 90 minutes after transfusion and cytokines were measured in
serum by cytokine bead array assay (Mouse Flex Kit, BD Biosciences). Alloantibody
responses to the HOD antigen were measured 2 weeks following transfusion by indirect
immunofluorescence using HOD RBCs as targets and wild-type FVB RBCs to establish
non-specific background. Antibody binding was detected by flow cytometry using goat anti-
mouse immunoglobulin antibody (Becton Dickinson). Direct antiglobulin testing was
performed by staining RBCs with goat anti-mouse immunoglobulin and gating on HOD
RBCs using anti-Fy3 (MIMA 29, generously provided by Greg Halverson and Marion Reid
of the NY Blood Center).
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Statistical Analysis
Statistical analysis and graphing was performed with Graph Pad Prism software. One way
ANOVA with Bonferroni post test or student’s t-test were performed, with a statistically
significant value defined as p<0.05.

Results
C57BL/6 mice were transfused with 1 or 2 units of fresh HOD RBCs, 1 or 2 units of 14-day
stored HOD RBCs, or a combination of fresh and stored HOD RBCs (1 unit each, transfused
minutes apart into opposite lateral tail veins). As previously observed in a different murine
model of autologous transfusion 21, transfusion of 14-day stored HOD RBCs resulted in a
recipient cytokine storm 90 minutes post-transfusion, with high serum levels of IL-6, the
murine IL-8 homologue KC, and MCP-1. In contrast, only very low levels of cytokines were
measured after transfusion of fresh HOD RBCs (Fig. 1), similar to baseline cytokine
levels 21. However, in 3 of 3 experiments (n= 5 mice/group/experiment: 45 mice total)
concurrent transfusion of fresh HOD RBCs along with stored HOD RBCs resulted in a
substantial decrease in recipient serum IL-6, KC, and MCP-1 levels, compared to that seen
following transfusion of stored blood alone (p<0.05). No statistically significant differences
were observed in levels of IL-10, IFN-γ, or TNF-α. Of note, the mice with the highest levels
of IFN-γ were all from the same cage, in the same experiment.

Two weeks post-transfusion, recipients were evaluated for alloantibody response(s) to
transfused HOD RBCs by flow cytometric crossmatch. Sera were crossmatched with target
HOD or control antigen negative (FVB) RBCs, with adjusted mean fluorescence intensity
being determined by background binding (FVB) subtracted from target binding (HOD).
Consistent with our prior observations, 14-day stored HOD RBCs were significantly more
immunogenic than fresh HOD RBCs. However, in 6 of 6 experiments (5 mice/group/
experiment: 90 recipients total) fresh HOD RBCs transfused concurrently with stored HOD
RBCs significantly blunted the anti-HOD alloantibody response as compared to transfusion
of stored RBCs alone (Fig. 2A).

The recipients of the fresh plus stored groups received twice as much HOD antigen as the
recipients in the fresh or stored only groups. Thus, to determine if the observed antibody
blunting was due to either excess HOD antigen or increased RBC volume being
immunosuppressive, further experiments were completed in which recipients received 1 or 2
units of 14-day stored HOD RBCs. In 3 of 3 experiments (5 mice/group/experiment: 30
recipients total), recipients of 2 units of 14-day stored HOD RBCs made significantly more
anti-HOD than did recipients of 1 unit (Fig. 2B), p<0.05. Thus, the decreased anti-HOD in
the fresh plus stored group was not simply due to recipients being exposed to more HOD
antigen or greater RBC volume.

While fresh HOD RBCs circulate for many weeks after transfusion, 14-day stored HOD
RBCs are cleared more rapidly 26. Thus, two additional experiments were performed to
investigate whether the low serum levels of alloantibodies detected in the fresh plus stored
group were an artifact of antibodies being removed from serum through binding to increased
numbers of HOD RBCs in circulation. Direct antiglobulin tests (DATs) were performed in
recipients of fresh plus stored HOD RBCs, using directly conjugated anti-Fy3 to gate on
recipient circulating HOD RBCs and goat anti-mouse immunoglobulin to look for bound
antibody. In 2 of 2 experiments (n=10 recipients total), there was no significant anti-HOD
bound to residual circulating HOD RBCs at any time point evaluated (7, 10, or 14 days post-
transfusion) (Fig. 2C shows a representative DAT). This negative result was not due to an
inability of the assay to detect anti-HOD binding, as controls utilizing HOD RBCs incubated
with polyclonal anti-HEL serum were DAT positive.
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Moreover, to determine the amount of anti-HOD that fresh HOD RBCs were capable of
removing from the serum, fresh HOD RBCs were transfused into mice with high-titer anti-
HOD (recipients of 14-day stored RBCs). Anti-HOD was measured in recipient sera prior to
the transfusion of fresh HOD RBCs and again at 1 hour and 24 hours post-transfusion. In 2
of 2 experiments, only subtle changes in serum anti-HOD levels were detected in 9 of 10
alloimmunized recipients following transfusion of HOD RBCs (e.g. indirect antiglobulin
tests of serum anti-HOD levels were only slightly decreased after transfusion of target
RBCs) (Fig. 2D shows a representative example). Based upon these additional control
studies, we reject the interpretation that the fresh HOD RBCs simply titrate out anti-HOD
from the serum and conclude that fresh HOD RBCs truly do inhibit the enhanced
alloantibody responses seen following the transfusion of stored HOD RBCs alone.

Discussion
Together, these data demonstrate that concurrent transfusion of fresh HOD RBCs along with
stored HOD RBCs blunts both the recipient pro-inflammatory cytokine storm and also
blunts the alloimmunization response seen following the transfusion of stored HOD RBCs
alone. These unexpected results suggest that fresh murine HOD RBCs possess immune
dampening properties, and that these properties are lost at some point prior to 14 days of
storage. The implications of these findings, should they reflect a general property of RBCs
in humans, may be of significance to both interpreting clinical trials in particular and to
transfusion management of patients in general.

Adverse outcomes of stored human RBC units have been described to include blood
infection, thrombosis, pneumonia, renal failure, myocardial infarction, decreased systemic
oxygenation, increased number of ventilator days, increased length of hospital stay, and
death. The largest trial to date 3 examined a composite outcome of 17 different clinical
outcomes, as well as 30-day mortality. However, none of the studies have examined
recipient cytokine responses directly. Cytokines (including IL-1, IL-6, IL-8, TNF-α) are
known to have both direct and indirect effects on a number disease processes 22–25,28.
Hence, cytokine storm pathology is likely to have significant effects on medical outcomes,
especially in patients with underlying co-morbidities. The cytokines examined in these
experiments include those previously noted to be altered after transfusion of stored murine
RBCs21 as well as those felt to be pertinent negatives; a more thorough analysis of recipient
cytokine profiles following transfusion may offer additional insight into the presumed
immune dampening effects of fresh HOD RBCs.

RBC alloimmunization was chosen as an outcome in these studies because it can be both
medically and logistically problematic. The development of antibodies against an RBC
antigen can result in hemolysis of the transfused unit 29. Furthermore, the presence of
multiple alloantibodies may delay the provision of compatible units of blood for
transfusion 30. Although rates of alloimmunization can be variable 31–33, all RBC
transfusion recipients are potentially at risk for this complication.

The described findings may potentially be relevant to the interpretation of past clinical
studies investigating effects of stored blood. More than half of these studies have suggested
older RBCs are more detrimental than fresher RBCs, though study design and definition of
RBC age vary significantly. Some studies have utilized the mean age of RBC units for
analysis. A mean RBC age of 19 days would be reported for both a patient who received 2
units that were stored for 19 days and also for a patient who received a 3-day old and a 35-
day old unit. Of note, the largest retrospective study to date that detected increased adverse
outcomes in recipients of older RBC units 3 used neither mean nor median age as a measure,
and had a true segregation based upon RBC unit ages. In contrast, many of the smaller
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studies that did not detect a difference used either mean or median age. Thus, a full
understanding of the biology described herein, and its analysis within the context of human
transfusion, are necessary.

Our findings may also potentially have relevance to the design of the ongoing Red Cell
Storage Duration and Outcomes in Cardiac Surgery study, as well as the RECESS, ABLE,
and ARIPI studies. Indeed, it is possible that a transfusion recipient on the “standard issue”
arm of the ABLE study may receive a 3-day old unit along with a 42-day old unit, with the
3-day old unit potentially abrogating adverse effects seen had the 42-day old unit been
transfused alone. Furthermore, realizing the time line by which a human RBC may lose
immune dampening properties is not known, a cardiac patient in the Red Cell Storage
Duration and Outcomes in Cardiac Surgery study or the RECESS study could receive a 22-
day old unit along with a 42-day old unit, with the 22-day old unit potentially abrogating
adverse effects of the 42-day old unit. These scenarios could lead to underestimation of the
sequelae of older RBCs units.

Although the murine studies were carefully controlled and are highly reproducible, we
present the results with complete recognition of the caveats of the model system. The murine
RBCs were stored in the same anti-coagulant preservative solution (CPDA-1) used for
humans but were not stored in bags with DEHP [Di(2-ethylhexyl)phthalate] plasticizer, and
murine RBCs have a natural life-span that is substantially shorter at baseline than human
RBCs. The RBCs used in these studies were stored for 14-days, which, when indexed for the
murine 55 day RBC life span, approximates a human RBC unit near its 42-day outdate.
However, 14-day stored murine HOD RBCs have a lower 24 hour post-transfusion recovery
than typical 42-day stored human RBCs. In addition, the rate of transfusion is more rapid in
the murine system than in most non-emergent human transfusion settings. Finally, like most
human RBCs, HOD RBCs contain the human Duffyb antigen. This antigen has been shown
to bind interleukin-8, MCP-1, and RANTES 34–38. The role of the Duffy antigen in the
described findings is not entirely clear; however, as this antigen is also found on most
human RBCs, its presence is consistent with protein biology of human RBCs.

In summary, the presented data suggest that HOD murine RBCs lose protective effects with
storage. Additional studies are underway to determine whether this effect is generalizable to
donor strains of other genetic backgrounds, to antigens other than HOD, and to outcomes
other than recipient cytokine response and alloimmunization. Being cognizant that murine
biology may not reflect human biology, these data introduce a previously unrecognized
factor in the evaluation of the effects of fresh versus stored RBCs, and raise the question of
whether human RBCs also lose immune dampening effects with storage. If so, human trials
involving true “fresh” and “old” RBC arms, with a limited storage length distribution within
each group, may be warranted to evaluate the biological effects of older stored transfused
RBCs.
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Figure 1. Concurrent transfusion of fresh HOD RBCs with stored HOD RBCs decreases the
proinflammatory cytokine storm seen following the transfusion of stored HOD RBCs alone
Wild-type C57BL/6 recipient mice were transfused with either 1 unit (i.e. 100 microliters of
packed RBCs) of fresh, leukoreduced HOD RBCs, 1 unit of 14-day stored, leukoreduced
HOD RBCs, or a combination of 1 unit of fresh, leukoreduced HOD RBCs and 1 unit of 14-
day stored, leukoreduced HOD RBCs. In the combined group, the units were transfused
minutes apart and into different tail veins. Recipient cytokine responses were evaluated in
sera collected 90 minutes following transfusion. Concurrent transfusion of fresh plus stored
HOD RBCs blunted the cytokine response of IL-6 (A), KC (B), and MCP-1 (C), as
compared to stored RBCs alone, in a statistically significant manner (*p<0.05 by one way
ANOVA with Bonferroni post-test). No statistically significant differences in recipient
serum levels of IL-10 (C), IFN-γ (E), or TNF-α (F) were seen. A compilation of data from 3
independent experiments (4–5 mice/group/experiment) is shown.
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Figure 2. Concurrent transfusion of fresh HOD RBCs with stored HOD RBCs decreases the
enhanced alloantibody response seen following the transfusion of stored HOD RBCs alone
Anti-HOD alloantibody responses in recipients were measured by flow cytometric
crossmatch two weeks following the transfusion of either 1 unit of fresh, leukoreduced HOD
RBCs, 1 unit of 14-day stored, leukoreduced HOD RBCs, or a combination of 1 unit of
fresh, leukoreduced HOD RBCs and 1 unit of stored, leukoreduced HOD RBCs. Anti-HOD
alloantibodies were assayed by indirect immunofluorescence; the adjusted mean
fluorescence intensity (MFI) shown is the difference of the signal of sera crossmatched with
control, antigen-negative target RBCs from the signal of sera crossmatched with target,
transgenic HOD RBCs (A); a compilation of data from 6 independent experiments (4–5
mice/group/experiment) is shown, with a statistically significant difference in alloantibody
level seen in the fresh plus stored RBC group, as compared to the stored RBC group
(*p<0.05 by one way ANOVA with Bonferroni post-test). In 4 of these experiments, an
additional group of mice was transfused with 2 units of stored, leukoreduced HOD RBCs or
2 units of fresh, leukoreduced RBCs. A compilation of the anti-HOD alloantibody response
(mean + 1 sd) to 1 versus 2 units of fresh or stored HOD RBCs is shown (B); 2 units of
stored RBCs induced significantly higher levels (*p<0.05) of anti-HOD alloantibodies than
1 unit. To determine whether the “fresh plus stored” group of transfusion recipients had less
detectable anti-HOD in their sera due to the presence of circulating HOD antigen-positive
RBCs binding anti-HOD antibody, a direct antiglobulin test (C) was performed 2 weeks
following transfusion. A RBC gate (C, left panel) was established by forward and side
scatter properties with circulating HOD-positive RBCs identified by anti-Fy3 (C, middle
panel). Binding of antibodies to gated HOD RBCs was assessed using a goat anti-mouse
immunoglobulin secondary antibody (C, right panel): the solid line is a positive control of
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HOD RBCs with bound polyclonal mouse anti-HEL antiserum; the dashed line is RBCs
from a representative recipient of fresh plus stored HOD RBCs; the shaded area is the
negative control of HOD RBCs incubated with anti-mouse immunoglobulin secondary
antibody alone. To determine the degree to which circulating HOD RBCs were capable of
binding anti-HOD antibody, mice who had been transfused with 14-day stored,
leukoreduced HOD RBCs 2 weeks prior were transfused with 1 unit of fresh, leukoreduced
HOD RBCs and anti-HOD alloantibody was measured prior to (D, solid line) and 1 hour
after (D, dashed line) the transfusion of fresh HOD RBCs; shaded histogram represents sera
crossmatched with control, antigen-negative RBCs.
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