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Abstract

BACKGROUND—Red blood cell (RBC) alloimmunization can be a serious complication of
blood transfusion, but factors influencing the development of alloantibodies are only partially
understood. Within FDA-approved time limits, RBCs are generally transfused without regard to
length of storage. However, recent studies have raised concerns that RBCs stored for more than 14
days have altered biologic properties that may affect medical outcomes. To test the hypothesis that
storage time alters RBC immunogenicity, we utilized a murine model of RBC storage and
alloimmunization.

STUDY DESIGN AND METHODS—BIood from transgenic HOD donor mice, which express a
model antigen (hen egg lysozyme [HEL]) specifically on RBCs, was filter leukoreduced and
stored for 14 days under conditions similar to those used for human RBCs. Fresh or 14-day-stored
RBCs were transfused into wild-type recipients. The stability of the HOD antigen and post-
transfusion RBC survival were analyzed by flow cytometry. RBC alloimmunization was
monitored by measuring circulating anti-HEL immunoglobulin levels.

RESULTS—Transfusion of 14-day-stored, leukoreduced HOD RBCs resulted in 10- to 100-fold
higher levels of anti-HEL alloantibodies as detected by enzyme-linked immunosorbent assay than
transfusion of freshly collected, leukoreduced RBCs. RBC expression of the HOD antigen was
stable during storage.

CONCLUSIONS—These findings demonstrate that HOD murine RBCs become more
immunogenic with storage and generate the rationale for clinical trials to test if the same
phenomenon is observed in humans. Length of storage of RBCs may represent a previously
unappreciated variable in whether or not a transfusion recipient becomes alloimmunized.

Alloantibody formation to foreign antigens on transfused red blood cells (RBCs) can be a
serious development leading to adverse outcomes, including immediate and delayed
hemolytic transfusion reactions as well as the inability to provide transfusion support due to
difficulties in locating compatible RBC units.! Thus, developing strategies to decrease rates
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of RBC alloimmunization is of medical importance. However, the rational development of
such strategies requires detailed understanding of the biology of RBC alloimmunization.
Only a fraction of patients become RBC alloimmunized, despite multiple transfusions with
allogeneic RBCs.2™ Genetics plays a role in this process, both in the degree of antigenic
difference between donor(s) and recipient and also in background recipient immune
response genes.>8 However, environmental factors are also likely to be involved, because
the same variable response that is seen in humans is also observed in age-matched, sex-
matched, genetically identical mice.’

One potential variable that may regulate RBC alloimmunization is the storage conditions of
the transfused RBCs. Anticoagulant preservative solutions allow storage of human RBCs for
up to 42 days.! Recent studies have raised concerns that RBCs stored for more than 14 days
have altered biologic properties that may affect medical outcomes.8 In this context, we
hypothesized that RBC alloimmunization is regulated by biologic changes in RBC units that
accumulate as a function of storage time. Currently, within the approved 42-day time frame,
most RBC units are transfused without regard to length of storage.

It is challenging to isolate factors in humans that regulate RBC alloimmunization by
juxtaposing alloimmunized versus nonalloimmunized transfusion recipients, due to the large
number of simultaneous independent variables, including antigenic differences between
donor and recipient, recipient HLA type, dose and duration of antigen exposure, and clinical
condition of the recipient at the time of transfusion.>:6:10-12 Additionally, the inflammatory
status of the recipient at the time of transfusion may further complicate such studies.”-13.14
Although potentially variant from human biology, animal models circumvent the above
difficulties by allowing for the independent isolation of variables.

Herein, we utilize a murine model of RBC alloimmunization to test the hypothesis that RBC
immunogenicity is altered by storage in vitro. We previously optimized conditions for
storing murine RBCs to closely mimic those in human blood banking® and use those
conditions in the present studies. Through the use of a tractable animal model and isolation
of a single variable, we now report that RBCs become progressively more immunogenic as a
function of storage time, with a 10- to 100-fold increase in immunogenicity after 14 days of
storage.

MATERIALS AND METHODS

Mice

C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME); HOD and
FVB mice were bred by the Emory University Department of Animal Resources. HOD mice
have RBC-specific expression of the transgenic model antigen hen egg lysozyme (HEL)
fused to a multipass human Duffy antigen (FyP).16:17 Recipient mice were 8- to 12-week-old
females, and all protocols were approved by Emory University Institutional Animal Care
and Use Committee.

Murine blood collection, storage, and transfusion

Blood collection, leukoreduction, storage, and transfusion were performed as described.15
Briefly, HOD blood was collected into CPDA-1 by retro-orbital bleeding or cardiac
puncture. The CPDA-1 was obtained directly from di(2-ethylhexyl)phthalate-polyvinyl
chloride human blood storage bags, and a final CPDA-1 concentration of 14% was used.
Blood was leukoreduced through a neonatal leukoreduction filter (Pall Biomedical Products
Co., East Hills, NY). Efficiency of leukoreduction was monitored for each unit by
propidium iodide (P1) staining as previously described.” Blood was centrifuged for 10
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minutes at 324 x g, adjusted to a hematocrit (Hct) level of 75%, and stored in 500-p.L
Eppendorf tubes at 4°C for 14 days.

Recipients received 75 pL of RBCs in a total volume of 500 L of phosphate-buffered
saline via the lateral tail vein. At the indicated time points, peripheral blood (3 p.L) was
obtained by retro-orbital bleed for determination of posttransfusion RBC survival by flow
cytometry.

Flow cytometry

The integrity of the HOD protein on stored RBCs and post-transfusion survival were
monitored by flow cytometry. Before transfusion and at 10 minutes, 30 minutes, 2 hours,
and 24 hours posttransfusion, the presence of HEL and Duffy epitopes was measured by
staining with polyclonal anti-HEL antisera or monoclonal anti-Fy3 (MIMA 29 antibody, a
gift from M. Reid and G. Halverson), under conditions previously described.1” Goat anti-
mouse immunoglobulins conjugated to allophycocyanin (Becton-Dickinson, San Jose, CA)
was used as a secondary antibody. Fresh HOD RBCs and wild-type FVB mice were utilized
as positive and negative controls, respectively. Twenty-four-hour posttransfusion survival
was determined by the percentage of HOD-positive RBCs at 24 hours divided by the
estimated percentage at Time 0 (determined by logistic regression analysis using Prism,
GraphPad Software, San Diego, CA).

Detection of 1gG anti-HEL

Enzyme-linked immunosorbent assays (ELISAS) and flow cytometry—based crossmatches
for anti-HEL 1gG were performed 2 weeks posttransfusion, as described.” Briefly, wells
were coated in triplicate with HEL or borate-buffered saline, and immune sera was plated at
dilutions of 1:50 to 1:500,000. The secondary antibody was horseradish peroxidase—
conjugated goat anti-mouse 1gG Fcy fragment specific (Jackson ImmunoResearch, West
Grove, PA). Absorbance of the converted horseradish peroxidase substrate was read at an
optical density of 415 nm. For crossmatching, sera was used at a 1:5 dilution; HOD RBCs
and control FVB RBCs were used at a concentration of 3%.

Statistical analysis

RESULTS

Two-way analysis of variance with a Bonferroni posttest was performed on ELISA data,
utilizing computer software (Prism, GraphPad Software). A significant result was
determined by a p value of 0.05 or less.

HOD RBCs become more immunogenic during storage

To determine the effect of RBC storage on alloimmunogenicity, HOD RBCs were stored
under conditions that mimic human RBC storage;1> HOD RBCs were collected in a final
CPDA-1 concentration of 14%, filter leukoreduced, Hct adjusted to 75%, and stored at 4°C
in plastic tubes. After 14 days, the stored RBCs were transfused into C57BL/6 recipients;
fresh HOD RBCs collected under the same conditions were transfused into parallel
recipients. Two weeks after transfusion, alloantibody responses were determined by anti-
HEL ELISA. In five of five independent experiments (total n = 52 mice [five to six mice per
group per experiment]), transfusion of 14-day-stored HOD RBCs led to 10- to 100-fold
higher levels of anti-HEL compared to transfusion of fresh HOD RBCs (Fig. 1A shows a
representative experiment). Significance was reached in four of five experiments, with a p
value of less than 0.05 comparing the alloimmunogenicity of stored versus fresh HOD
RBCs. A low but detectable anti-HEL response was observed in 25 of 27 recipients of fresh
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HOD RBCs, compared with 25 of 25 recipients of stored RBCs (with a response defined as
exceeding 2 standard deviations [SD] of historic naive controls).

Although ELISA provides a highly sensitive and quantitative measure of anti-HEL levels,
the target antigen in the ELISA may differ slightly from the immunogen (i.e., native HEL is
used in the ELISA); moreover, there are additional epitopes on the HOD antigen other than
HEL. To control for these differences, flow cytometric—based crossmatching was also
performed using HOD RBCs as the antigen source. Similar to the ELISA findings, the flow-
based crossmatch showed increased anti-HOD RBC antibodies in recipients transfused with
stored compared to fresh HOD RBCs (Fig. 1B). By this less-sensitive technique, 2 of 27
recipients of fresh HOD RBCs had a detectable anti-HOD response, compared with 23 of 25
recipients of 14-day-stored HOD RBCs (with a response defined as a mean fluorescence
intensity of sera crossmatched with HOD RBCs exceeding 2 SDs of the mean per
experiment of the mean fluorescence intensities of sera crossmatched with control FVB
RBCs).

Pretransfusion evaluation of HOD RBCs

Before transfusion, units of RBCs were evaluated for residual white blood cells (WBCs),
bacterial contamination, and HOD antigen integrity. Filter leukoreduction resulted in a 3 log
or more decrease in WBCs in each case, as determined by PI staining (Fig. 2A). All
transfused units tested for bacteria by direct Gram stain were negative. Additionally, no
bacteria were detected by thiol glycolate culture on the transfused units tested. To increase
sensitivity as much as possible, some RBC units were cultured past the time the transfusion
was performed. A single RBC unit cultured after 21 days of storage grew a Gram-positive
rod; all remaining units were negative.

To test the stability of the HOD antigen during storage, HOD RBCs were stained with
antibodies to either HEL or to the Duffy anchor present in the HOD antigen. HEL and Fy3
antigen expression was similar on stored and freshly collected blood in four of the five
experiments (Fig. 2B shows a representative experiment). In a single experiment, a small
population of RBCs had decreased HEL expression on Storage Day 14 (data not shown); the
significance of this negative population is unclear, and the increased alloimmune response
induced by transfusion of these RBCs was similar to those in other experiments.

Posttransfusion survival of HOD RBCs

To determine the survival in vivo of transfused HOD RBCs, mice were bled at 10 minutes,
30 minutes, 2 hours, and 24 hours posttransfusion. Transfused RBCs were visualized with
antibodies specific for epitopes on the HOD protein (anti-HEL and anti-Fy3), and expression
levels of both antigens were similar in all samples evaluated. Representative flow plots for
anti-HEL are presented for control and transfused mice (Figs. 3A and 3B). Transfused RBCs
were enumerated by the percentage of HOD RBCs to total RBCs at the indicated time
points. Compared to fresh RBCs, which had a survival of 97.9% (95% confidence interval
[CI], 95.4%-100%), 14-day-stored RBCs had a 24-hour survival of 43.9% (95% ClI, 35.9%—
51.9%); Fig. 3C shows a representative experiment.

DISCUSSION

The data presented herein demonstrate that leukoreduced murine HOD RBCs, stored for 14
days under conditions similar but not identical to those used in human blood banking, induce
a significantly stronger alloantibody response than freshly collected, leukoreduced HOD
RBCs. This strong alloimmune response to stored RBCs was detectable by both anti-HEL
ELISA and flow cytometric crossmatching against HOD RBCs. In contrast, a weak response
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to fresh RBCs was detected only by sensitive ELISA. In aggregate, these data introduce
length of in vitro storage as a factor influencing alloimmunization to an erythroid-specific
antigen in a reductionist murine model and suggest length of storage may be a previously
unrecognized factor influencing alloimmunization to other RBC antigens.

The ability to extrapolate findings in the murine storage model to human biology is untested,
and there are notable differences between murine and human RBCs as well as the murine
and human immune systems.18 One relevant difference between murine and human RBCs is
life span: murine RBCs have a 55- to 60-day lifespan versus 120 days in humans. It is for
this reason that mouse RBCs were used after 14 days of storage, a time point that
approximates the 35-day storage limit of human RBCs in CPDA-1 when corrected for the
normal murine RBC life span. We recently reported that under the storage conditions
utilized herein, 14-day-stored mouse RBCs (C57BL/6 background) have a 24-hour
posttransfusion survival similar to 35-day-stored human RBCs.1°

In the current studies, HOD RBCs (FVB background) had only a 44% 24-hour
posttransfusion survival after 14 days of storage. It is currently unclear if this is due to
differences between the FVB and C57BL/6 backgrounds and/or a function of expression of
the HOD antigen on RBCs. Furthermore, the impact of posttransfusion survival on
alloimmunogenicity remains to be determined. However, this finding is not inconsistent with
what is observed in humans; that is, the posttransfusion survival of human RBCs is often
well below the 75% guideline.19-21 Substantially decreased survival of stored human RBCs,
due to donor factors, has been well documented; RBCs collected from certain healthy
human donors consistently have 24-hour posttransfusion survivals as low as 40%.2° The
Biomedical Excellence for Safer Transfusion (BEST) Collaborative evaluated 941 RBC
recoveries and determined that the probability of passing the current FDA approval
guidelines was poor.2! Luten and colleagues?® recently demonstrated that 6 of 10 units
stored for 25 to 35 days had a posttransfusion survival less than 75%. Thus, while the 24-
hour posttransfusion survival of HOD RBCs is well below the FDA guidelines, it is within
the range of stored human RBCs and serves as a model to test the effects of biologic changes
of stored RBCs on immunogenicity.

The mechanisms by which stored RBCs induce a stronger antibody response are unclear,
and biochemical changes associated with stored murine blood have not been fully analyzed.
However, there are several potential hypotheses consistent with the current paradigms of
immunology that may explain these findings. First, antigenic dose is a well-known
determinant in immune responses. The more rapidly RBCs are cleared, the larger the dose of
antigen delivered to antigen-presenting cells (i.e., macrophages and to a lesser extent,
dendritic cells?2). At first consideration, these data may seem contradictory, given that
mothers are less likely to develop anti-D after exposure to fetal D+ RBCs in the presence of
ABO incompatibility leading to rapid clearance.23 However, the mechanisms of clearance of
senescent RBCs are distinct from those of IgM-mediated complement lysis.

Another possible hypothesis is that storage of RBCs results in activation of inflammatory or
innate immune pathways that enhance subsequent adaptive immunity.24:2 In fact, we and
others have reported that the inflammatory status of transfusion recipients can regulate rates
of RBC alloimmunization.”13:26 |t s unlikely that ligation of toll-like receptors is involved,
because microbial contamination was undetectable in experiments that showed increased
immunogenicity with stored RBCs. However, the receptor for advanced glycation end
products (RAGE) is now understood to respond to damaged self-molecules in a fashion
analogous to toll-like receptors.2’ Thus, degeneration of RBC molecules, with subsequent
activation of receptors that recognize damaged self (e.g., RAGE), may be involved. An
alternative hypothesis is that the accumulation of cytokines may play a role. It is unlikely

Transfusion. Author manuscript; available in PMC 2013 February 11.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hendrickson et al.

Page 6

that such cytokines would come from WBCs, because filter leukoreduction substantially
decreases WBC contamination (Fig. 2). However, as in human RBC units, platelets persist at
some level in the murine storage conditions used in this study and are capable of releasing
immune-regulatory molecules.28-30

In summary, the data presented herein demonstrate that storage of murine HOD RBCs in
vitro significantly increases humoral immune response after transfusion. The
generalizability of these findings to other murine RBC antigens, as well as to human
transfusion biology, remains unclear. However, these studies provide proof of principle that
RBC storage length is a factor influencing alloimmunization in one model system and
thereby provide a rational basis to test the hypothesis that a similar effect is present in
human transfusion therapy.
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Fig. 1.

HOD RBCs stored for 14 days result in higher levels of alloantibodies after transfusion.
HOD RBCs were filter leukoreduced and transfused fresh or stored for 14 days and then
transfused. Alloantibody response was assessed 14 days after transfusion. (A) Anti-HEL
response as determined by ELISA in a representative experiment with five mice per group,
transfused with fresh leukoreduced HOD RBCs (—@-) or 14-day-stored leukoreduced HOD
RBCs (--A--); mean and SD are shown with sera dilutions of 1:50-1:500,000. This
experiment was repeated five times (five to six mice/group/experiment) with similar results.
(B) Anti-HOD response as determined by flow cytometric crossmatch. Representative flow
histograms are shown, with serum at a 1:5 dilution from a recipient of fresh HOD RBCs and
from a recipient of 14-day-stored HOD RBCs crossmatched with control FVB RBCs
(shaded) or HOD RBCs (solid).
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Analysis of HOD RBCs. (A) After filter leukoreduction, WBCs were enumerated using Pl
and Trucount beads; a 3-log or greater WBC reduction seen. (B) Before transfusion, HEL
and Fy?2 expression were evaluated by flow cytometry, using polyclonal sera from HEL -
immunized mice and the MIMA 29 anti-Fy3 monoclonal antibody, respectively, with control
FVB RBCs (shaded), fresh HOD RBCs (solid), and 14-day-stored HOD RBCs (dotted). This
experiment was repeated five times, with similar results.
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Fig. 3.

Posttransfusion HOD RBC survival. To determine 24-hour posttransfusion survival,
recipients were bled at 10 minutes, 30 minutes, 2 hours, and 24 hours posttransfusion, and
the percentage of transfused HEL-positive RBCs circulating in the recipient was assessed by
flow cytometry. (A) HEL expression in control FVB RBCs. (B) Representative plot of HEL -
positive RBCs in a recipient after transfusion. (C) Representative plot of posttransfusion
HEL-positive RBC survival (mean and SD), with three mice per group. (A) 14-day-stored
leukoreduced HOD; (@) fresh leukoreduced HOD.
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