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Hypoxic storage of red blood cells improves metabolism and

post-transfusion recovery

Angelo D’Alessandro 2T Tatsuro Yoshida,>” Shawnagay Nestheide,* Travis Nemkov,’ Sarah Stocker,*

Davide Stefanoni,’ Fatima Mohmoud,” Neeta Rugg,* Andrew Dunham,® and Jose A. Cancelas

BACKGROUND: Blood transfusion is a lifesaving
intervention for millions of recipients worldwide every
year. Storing blood makes this possible but also
promotes a series of alterations to the metabolism of the
stored erythrocyte. It is unclear whether the metabolic
storage lesion is correlated with clinically relevant
outcomes and whether strategies aimed at improving the
metabolic quality of stored units, such as hypoxic
storage, ultimately improve performance in the
transfused recipient.

STUDY DESIGN AND METHODS: Twelve healthy
donor volunteers were recruited in a two-arm cross-
sectional study, in which each subject donated 2 units to
be stored under standard (normoxic) or hypoxic
conditions (Hemanext technology). End-of-storage
measurements of hemolysis and autologous
posttransfusion recovery (PTR) were correlated to
metabolomics measurements at Days 0, 21, and 42.
RESULTS: Hypoxic red blood cells (RBCs) showed
superior PTR and comparable hemolysis to donor-paired
standard units. Hypoxic storage improved energy and
redox metabolism (glycolysis and
2,3-diphosphoglycerate), improved glutathione and
methionine homeostasis, decreased purine oxidation and
membrane lipid remodeling (free fatty acid levels,
unsaturation and hydroxylation, acyl-carnitines). Intra-
and extracellular metabolites in these pathways
(including some dietary purines) showed significant
correlations with PTR and hemolysis, though the degree
of correlation was influenced by sulfur dioxide (SO,)
levels.

CONCLUSION: Hypoxic storage improves energy and
redox metabolism of stored RBCs, which results in
improved posttransfusion recoveries in healthy
autologous recipients—a Food and Drug Administration
gold standard of stored blood quality. In addition, we
identified candidate metabolic predictors of PTR for
RBCs stored under standard and hypoxic conditions.

4,5,1

ore than 11 million red blood cell (RBC)
units are transfused every year in the United
States alone.' This lifesaving intervention is
made logistically possible by storage in the
blood bank, which allows preservation of RBC units under
refrigerated conditions for up to 42 days in most countries.
However, storage is accompanied by the progressive accu-
mulation of a series of biochemical and morphological
modifications, collectively referred to as the “storage
lesion.”* During the first 2 weeks of storage, high-energy
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phosphate compounds—especially 2,3-diphosphoglycerate
(2,3-DPG) are progressively consumed, owing to a combina-
tion of 1) slower rates of glycolytic enzyme activities at 1 to
6°C storage temperatures’; 2) progressive acidification of
the intracellular pH in the closed system of a bag; 3) revers-
ible and irreversible oxidation of the active site of rate-
limiting  glycolytic =~ enzymes, like glyceraldehyde
3-phosphate dehydrogenase.* As 2,3-DPG is consumed and
hemoglobin affinity for oxygen increases, sulfur dioxide
(SO,) levels progressively rise from approximately 60% to as
high as greater than 95% by Storage Day 21.° This phenom-
enon is paralleled by the accumulation of reactive oxygen
species,® which is aggravated by a progressive loss in the
RBCs capacity to cope with oxidant stress.” As a result, RBCs
face a supraphysiological oxidant insult, ultimately resulting
in the irreversible oxidation of critical structural and func-
tional proteins such as hemoglobin, band 3, and per-
oxiredoxin 2.”"'" While RBCs are naturally equipped to cope
with oxidant stress, most of these mechanisms either fail or
are overwhelmed as a function of storage duration. Exam-
ples include 1) the progressive consumption and slower
capacity to synthesize de novo reduced glutathione'? 2) the
incapacity of the pentose phosphate pathway (PPP) to sus-
tain the generation of nicotinamide adenine dinucleotide
phosphate (NADPH) which is necessary to recycle oxidized
glutathione™'3; 3) the failure/limited activity of purine oxi-
dation salvage reactions in the mature erythrocyte; 4) the
consumption of other antioxidant thiols (e.g., methionine),
which is in part explained by the consumption of these
metabolites by oxidant damage-repair enzymes’; and, 5) the
failure of proteasomal-dependent degradation of irreversibly
modified proteins.®

Ultimately, these processes cause the release of irre-
versibly oxidized proteins and metabolites (especially
oxylipins) in the supernatants of stored units through a pro-
cess of vesiculation.'"* The increased vesiculation rate in
stored RBCs negatively impacts the morphology of the
erythrocyte, which loses the classic discocytic shape and
acquires an echinocytic, spheroechinocytic, and, finally,
spherocytic phenotype.® As the morphological lesions accu-
mulate in the stored RBC, its structural rigidity and suscepti-
bility to lyse in the face of oxidant or mechanical insults
increases.’® Consistently, some clinical trials have shown
that transfusion of end-of-storage RBCs (older than 35 days)
results in increased extravascular hemolysis.'®

Despite a series of reassuring evidence from random-
ized clinical trials,'” it is still unclear whether the “age of
blood” ultimately impacts clinical outcomes.” As reassuring
prospective evidence on the nonsuperiority of fresh blood
versus standard of practice keeps accumulating (e.g., with
respect to multiple organ failure in pediatric patients),'®
meta-analyses of such evidence has shown that transfusion
of packed RBCs with an age of 30 days or more was associ-
ated with an increased risk of in-hospital mortality com-
pared to mean RBCs of less than 10 days.'" While some
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preliminary studies have shown that the metabolic impact
of blood storage is detectable in the bloodstream of both
healthy autologous recipients*® and patients with sickle cell
disease receiving exchange transfusion,®' it is not known if
the metabolic storage lesion correlates to any extent with
clinically relevant variables. Elegant studies in rodent models
have suggested that various mouse strains are differentially
susceptible to storage-induced oxidant stress (especially to
the lipid fraction),?**® suggesting a significant role of donor
biology on the progression and severity of the storage lesion,
as well as the capacity of the stored RBC to circulate at
24 hours after transfusion, defined as chromium-51-labeled
posttransfusion recovery (PTR). Despite the limitations of
this assay (described extensively here**), PTR is one of the
two gold standards of stored blood quality as per Food and
Drug Administration and European Council guidelines,
along with the propensity of stored RBCs to hemolyze as a
function of storage duration. To the best of the authors’
knowledge, while studies in rodents have attempted to corre-
late metabolic measurements of the storage lesion to PTR
and hemolysis, no similar studies have been performed in
humans and only preliminary correlations of single metabo-
lites have been reported.’

In the light of the above, it is clear that clinical trials on
the age of blood may have been confounded not just by the
age of the unit but also by factors related to the biology of
the donor and the recipient. In other terms, units from some
donors may store better than others for genetic, dietary,
and/or environmental reasons, and the metabolic age of an
RBC unit may differ from its chronological age.?® Findings
from the Recipient Epidemiology and Donor Evaluation
Study III (REDS-III) demonstrate donor-dependent hetero-
geneity in the propensity of RBCs to hemolyze in vitro in
response to storage duration, oxidative stress, and mechani-
cal/osmotic insults.*® Heterogeneity in antioxidant pathways
may thus impact the severity and progression of the storage
lesion and the associated outcomes upon transfusion of
those units into recipients. This heterogeneity can be in part
explained by processing strategies (e.g., leukoreduction,?” stor-
age additives®®), dietary factors or other habits (e.g., exercise
or smoking®®), or genetic factors. For example, glucose
6-phosphate dehydrogenase deficiency—the most common
enzymopathy in human that affects approximately 400 million
people and approximately 13% of the African American donor
population in some metropolitan areas®® —results in an
impaired capacity to activate the PPP and thus an exacerbation
of the redox storage lesion.®' In addition, interdonor heteroge-
neity in SO, at the time of donation is a potentially com-
pounding and unappreciated factor.” Therefore, improving
RBC storage conditions through an increased understanding
of RBC metabolism could be a viable strategy to enhance RBC
quality for all donated units, independent of donor-specific
factors, and improve transfusion outcomes overall.

In the past 10 years, we have provided compelling evi-
dence that hypoxic storage of RBCs ameliorates the storage
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lesion through a series of compounding mechanisms,
including 1) the concomitant removal of carbon dioxide
during the process of deoxygenation, which results in the
intracellular alkalinization of the unit, and in turn favors the
activation of glycolysis, the Rapoport-Luebering shunt and
the activity of glucose 6-phosphate dehydrogenase; 2)
improved preservation of DPG and redox metabolism, both
by constraining reactive oxygen species-generating reac-
tions and promoting adenosine triphosphate (ATP)-
dependent glutathione synthesis; 3) preventing oxidation of
functional and structural proteins, including hemoglobin,
band 3, peroxiredoxin 2, and glyceraldehyde 3-phosphate
dehydrogenase; and 4) improved end-of-storage morphol-
ogy and decreased vesiculation.*>%*?=* In the light of this
evidence, we recently showed in a rodent model of trauma
and hemorrhage that transfusion of end-of-storage hypoxic
RBCs was superior to transfusion of conventional blood in
correcting systemic hypoxia and preventing organ damage
at a fraction of the transfused volume.* Despite this
encouraging evidence, until now only preliminary studies
have been performed in humans to demonstrate the safety
and efficacy of hypoxic blood transfusion. To this end, In
the present study we hypothesized that hypoxic blood stor-
age would outperform conventionally stored blood with
respect to the energy and redox metabolic lesion, and that
hypoxic storage of RBCs would not only meet the 75% PTR
threshold required by the Food and Drug Administration
(FDA) for licensing, but would also be superior to conven-
tionally stored units donated by the same donor in a two-
arm cross-sectional study. Finally, we describe the first com-
prehensive report of candidate metabolic correlates to the
FDA gold standards of PTR and hemolysis in normoxic and
hypoxic fresh and stored RBCs and supernatants.

MATERIALS AND METHODS

Clinical study

Twelve healthy donor volunteers were enrolled at the
Hoxworth Blood Center under an FDA investigational new
drug application and Institutional Review Board-approved
protocol of the University of Cincinnati (number 2017-6190)
and in conformity with the Declaration of Helsinki. Each
subject donated 2 units with a minimum of 8 weeks
between donations following FDA and AABB regulations.
Both units were processed to obtain log, leukofiltered RBC
products (Haemonetics), which were randomized to be
stored either under standard conditions in citrate phosphate
double dextrose solution/additive solution-3, or under hyp-
oxic storage with SO, levels controlled at less than 20%.
Deoxygenation of the units was performed through proprie-
tary Hemanext Inc. technology and workflows, as exten-
sively described.*®* At the completion of the two-arm
cross-sectional study, 24 units were stored under standard
(n = 12) or hypoxic conditions (n = 12) for up to 42 days,

with each donor acting as their own control. Each unit was
sterilely docked and sampled at Storage Day 0 (defined as a
starting timepoint within 24 hr of completion of processing),
-21, and -42 for metabolomics and lipidomics analyses, SO,,
partial pressure of oxygen, partial pressure of carbon diox-
ide, hemolysis, pH, ATP, 2,3-DPG, and lactate measure-
ments, as previously described.**

Determination of PTR via 'Cr labeling

Autologous in vivo PTR studies were performed at
Hoxworth Blood Center, as previously described.*” On Day
42, each unit was inspected for any signs of unusual hemo-
lysis or discoloration indicative of bacterial growth. The unit
was well mixed by hand (1 min), and approximately 15 mL
of the RBCs removed and labeled with approximately 15 pCi
of chromium-51 (*'Cr) using standard techniques.*” Briefly,
the labeling agent, *>'Cr sodium chromate, was mixed asep-
tically with the RBCs at room temperature for 30 minutes.
One double-volume saline wash was conducted. An aliquot
of the final volume was reserved for assay as a standard,
and the remaining labeled cells (approx. 10 mL) were
injected into a free-flowing peripheral vein. Samples (5 mL
each) were taken from a contralateral vein within the first
30 minutes after infusion, as well as at 24 hours. The sam-
ples were counted in a gamma counter to determine *'Cr
activity. The activity of the samples from the first 30 minutes
was back-extrapolated to determine a TO activity. The
amount of RBCs and the amount of radioactivity infused
were determined based on the methods of Moroff and
coworkers®® and the International Committee for Standardi-
zation in Hematology.>® All °'Cr specimens used for survival
analysis were counted at the same time and corrected for
decay. Areas under the curve (AUCs) were calculated by
integrating the slope of °'Cr as a function of time over the
first 24 hours (GraphPad Prism 8.0, GraphPad Software,
Inc). Posttransfusion recovery at 24 hours and AUC were
used for correlation to metabolomics and lipidomics
measurements.

Sample processing and metabolite extraction

A volume of 50 pL of frozen RBC and supernatant aliquots
was extracted 1:10 or 1:25, respectively in ice cold extraction
solution (methanol:acetonitrile:water 5:3:2 v/v)° or pure
methanol.*’ Samples were vortexed and insoluble material
pelleted, as described,'**" before further metabolomics and
lipidomics analysis via ultra-high-pressure liquid chroma-
tography coupled to mass spectrometry (Vanquish-
Qexactive, Thermo Fisher), as extensively described in prior
publications® and detailed in Supplementary Methods,
available as supporting information in the online version of
this paper. Metabolite assignments were performed with a
metabolomics data  analyzer (MAVEN  (Princeton
University),** as previously detailed.”*° Graphs and statisti-
cal analyses (either one-tail paired t test or repeated
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measures analysis of variance [ANOVA]), as well as network
analyses and circos plots of correlations were prepared with
computer software (GraphPad Prism; GENE E, Broad Insti-
tute; the Metscape 2.0 plugin for Cytoscape®; Meta-
boAnalyst 4.0**; and the OmicsNet plugin).*®

RESULTS

Hypoxic storage of RBCs results in improved PTR

Twelve healthy donor volunteers were recruited to partici-
pate in a two-arm cross-sectional study. Each donor
donated 2 units of blood over the time span of 3 months
(Fig. 1A). The 2 units were randomized to be stored under
standard (normoxic) and hypoxic conditions (n = 12 per
group, each donor representing their own control). At the
end of storage, we measured the two FDA gold standards of
storage quality, hemolysis and PTR (i.e., the percentage of
transfused RBCs that still circulate in the bloodstream of the
recipient, 24 hours after autologous transfusion). All of the
tested units met the FDA requirement of 75% or greater
PTR. However, hypoxic RBCs were characterized by an
increased PTR over standard RBCs (87.3 & 4.1 in controls
vs. 90.2 £ 6.5 in hypoxic tests; p < 0.05 one-tail paired t test;
Fig. 1B). Notably, hypoxic storage improved PTR measure-
ments in paired units donated by the same donor in 9 of
12 units (Fig. S1, available as supporting information in the
online version of this paper), while hemolysis was improved
in only one-half of the units, probably owing to the extra
processing required for deoxygenation itself. As a result, no
significant differences were observed between the two
groups with respect to storage hemolysis, which was lower
than the FDA-mandated 1% threshold in all the 24 units
tested in this study (Fig. 1B).

The metabolic impact of blood storage under
normoxic and hypoxic conditions

Metabolomic analyses were performed on RBCs and superna-
tants from the 12 normoxic and 12 hypoxic units, sterilely
sampled at Storage Days 0, 21, and 42, consistent with prior
studies.*>*?® The results from this analysis are extensively
reported in tabulated form in Table S1, available as supporting
information in the online version of this paper.

Unsupervised analyses of metabolomics data were per-
formed, including principal component (PC) analysis (Fig. 1C),
network representation of metabolic pathways based on
the significant metabolites by repeated-measures ANOVA
(Fig. 1D) and hierarchical clustering analysis (Fig. 1E). Consis-
tent with previous studies,”®*” storage duration had the stron-
gest impact on the metabolic phenotypes of RBCs and
supernatants (PC1, explaining 22.5% of the total variance).
However, a significant impact of hypoxic storage was noted
along PC2 and PC3 (Fig. 1C, approx. 10% of the total variance).
Significant metabolites for RBC (top half of Fig. 1E) and super-
natants (bottom half) were represented in the form of a heat
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map, with a summary of the main pathways annotated on the
right-hand side of the panel (scalable versions of these maps,
also including the metabolite names are provided in Figs. S2
and S3, available as supporting information in the online ver-
sion of this paper). Omicsnet was used to generate a 3D net-
work visualization of the main pathways affected by hypoxic
storage, which included 1) purine oxidation, 2) oxylipins, 3)
guanosine and purine metabolism, 4) glutathione homeostasis,
5) tryptophan and indole metabolism, 6) glycolysis, 7) methio-
nine (and methylation) metabolism, 8) heme metabolism, 9)
glutaminolysis, and 10) one-carbon metabolism (Fig. 1D).

Hypoxic RBCs display higher glycolysis, altered
carboxylic acid, and redox metabolism

Previous studies on metabolic responses to hypoxic storage
in the laboratory setting highlighted an increase in glycolysis
and a decrease in oxidant stress markers in comparison to
standard, normoxic storage strategies.*>**>*® While some
of these changes recapitulated observations from hypoxic
exposure in vivo—e.g., following exposure to high-altitude
hypoxia®® —we wanted to test whether a commercially
ready platform could phenocopy the benefits of hypoxic
storage observed in our previous smaller scale, more con-
trolled laboratory studies. We could thus confirm that hyp-
oxic storage increased glucose consumption and lactate
generation (Fig. 2), consistent with a decrease in pH com-
pared to conventionally stored units. Higher glycolytic fluxes
were accompanied by decreases in the steady-state levels of
PPP metabolites at the early storage time points (Fig. 2), in
keeping with previous observations. Consistent with the
previously reported impact of hemoglobin oxygen saturation
on the rate of carboxylic acid metabolism,*® hypoxic RBCs
had lower levels of succinate and higher levels of malate
compared to standard RBCs (Fig. 2). Decreased levels of
glutathione oxidation and turnover, purine oxidation
(e.g., hypoxanthine), tryptophan oxidation (e.g., kynurenine
and its catabolites)) and methionine oxidation were
detected in hypoxic units (Fig. 2). Arginine metabolism was
also differentially regulated, with higher levels of ornithine
and lower levels of citrulline in hypoxic RBCs, and a similar
trend in the accumulation of arginine as a function of stor-
age duration (Fig. 2).

RBC metabolic correlates to PTR in normoxic and
hypoxic units

While previous studies had extensively characterized the
metabolic lesion in stored RBCs and supernatants, to the
best of the authors’ knowledge no previous study has com-
pared metabolic readouts to the FDA gold standard of PTR.
While such studies have been extensively performed in
rodent models,**** similar studies in humans have been
limited to single-candidate metabolic markers like hypoxan-
thine.” As such, in the present study we correlated meta-
bolic measurements in RBCs and supernatants from units
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Fig. 1. Hypoxic storage results in superior PTR and different metabolic reprogramming in stored RBCs. Overview of the experimental
design. Twelve healthy donor volunteers donated 2 units of blood (two-arm, cross-sectional study) that were stored either under
standard (normoxic) or hypoxic conditions for up to 42 days (A). At the end of storage, Food and Drug Administration gold standards
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analysis (PCA) (C). Pathway analysis of significantly altered metabolites are reported in the form of a network in (D) or heat map with

hierarchical clustering in (E). [Color figure can be viewed at wileyonlinelibrary.com]
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stored under standard normoxic conditions and hypoxia.
Results are extensively reported in tabulated form in
Table S1, available as supporting information in the online
version of this paper. Circos plots were generated based on
correlation data through the Metscape 2.0 plugin for Cyto-
scape for intracellular metabolites. Briefly, RBC metabolites
were graphed around a circumference and connected to
other metabolites with an edge if the module of the
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Spearman correlation between their relative abundances
was higher than 65% (|r| >0.65), and color coded in red or
blue to visualize a positive or negative correlation, respec-
tively. This representation offers the opportunity to visually
appreciate the impact of storage duration, exposure to hyp-
oxia and storage under hypoxic conditions on RBC metabo-
lism (Fig. 3). This phenomenon, referred to as the
metabolic linkage,®' is based on the concept that fluxes
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through different metabolic pathways are constrained by
shared substrate/product availability. Therefore, small mol-
ecule metabolites involved in pathways that cross regulate
will be characterized by a high degree of correlation. Alter-
ations of the degree of cross regulation between metabolites
in these pathways can occur as a function of environmental
changes (e.g., normoxia vs. hypoxia and storage). Perturba-
tion of a pathway as a function of (hypoxic) storage will thus
be reflected in cross-regulated pathways. This representa-
tion also affords the opportunity to highlight RBC metabo-
lites with significant correlations to PTR at Storage Days
0, 21, and 42 (left to right) under normoxic (top row) or
hypoxic conditions (Fig. 3, bottom row). Notably, acyl-carni-
tines, free fatty acids (FAs; especially mono and polyunsatu-
rated: 14:1, 16:1, 18:1; 20:4; 22:5; 22:6) were among the top
negative correlates in normoxic cells at any tested storage
day. Some of these correlates were preserved under hypoxic
conditions (e.g., FA 16:1; 9-hydroxyoctadecadienoic acid
[9-HODE] and prostaglandin E, isobars). Purines and their
deaminated counterparts (adenosine, hypoxanthine, xan-
thine, hydroxyisourate, NADPH, ATP, adenosine monop-
hosphate [AMP], inosine monophosphate) were positively
and negatively correlated to PTR, respectively, in both

Day 21

normoxic and hypoxic units. However, hypoxic RBCs, espe-
cially at Days 0 and 42 showed additional correlations to
PTR that were not observed or were not as strong in
normoxic units. This list includes metabolites in glycolysis
(hexose phosphate isobars, fructose bisphosphate), several
carnitines, tryptophan metabolites (anthranilate and
kynurenic acid) spermidine and dehydroascorbate (Fig. 3,
bottom row).

Further elaboration of these data was performed via
hierarchical clustering of correlation values at Days 0, 21,
and 42 in normoxic and hypoxic RBCs (Fig. 4). This analysis
highlighted that the levels of some metabolites are candi-
date markers of PTR at any given storage day in normoxic
RBCs but not in hypoxic RBCs, and vice versa (Fig. 4). These
metabolites are color coded by pathway in Fig. 4, and
include amino acids, acyl-carnitines and oxylipins, phos-
phatidylcholines and ethanolamines, and xeno/dietary
metabolites (caffeine, theobromine, catechin). Of note,
metabolites in this heat were among the top ones
influenced by oxygen levels, as gleaned by their correlation
to SO, levels (Fig. 4, bottom right panel). As expected, glu-
cose consumption (r* = 0.921; p < 0.0001) and lactate gener-
ation (r* = 0.764; p<0.0001) accompanied by pH
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Fig. 3. Circos plot of correlation networks among metabolites and PTR. Circos plots were generated for normoxic (top row) and hypoxic

(bottom row) RBCs at Days 0, 21, and 42 (from left to right). Metabolites were connected by an edge if the module of the Spearman

correlation between their relative levels or with end-of-storage PTR was higher than 65%. Edges in red highlight metabolites with

significant correlation with end-of-storage PTR at each time point in each condition. For those instances in which >10 edges were

identified, selected metabolites were graphed among the most significant ones for representative pathways. [Color figure can be viewed

at wileyonlinelibrary.com]
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acidification were by far the top-ranking metabolites in this
analysis.

Finally, a subset of metabolites was identified by
unsupervised clustering as potential good predictors of PTR
in normoxic RBCs, and hypoxic RBCs only at Storage Day
42 (top of the heat map in Fig. 4). This subgroup included
several oxylipins (9-HODE; FA 18:1-OH), acyl-carnitines
(hexanoyl, methylglutaryl, decanoyl)) and amino acids
(proline).

Metabolic correlates to hemolysis, PTR, and other
physiological measurements in RBCs and
supernatants

Upon finalization of the unsupervised network analyses
described above on RBC metabolites and PTR, we per-
formed additional elaborations to visualize a digested ver-
sion of the data. The results of these analyses are
extensively reported in Table S1, available as supporting
information in the online version of this paper. In Fig. 5, we
highlighted the top correlates to PTR in all units (A),
normoxic units (B), or hypoxic units (C), and hemolysis
independently of the condition (D). Hemolysis was treated
in a combined fashion, owing to the lack of significant dif-
ferences between the two conditions. Consistent with older
reports,”” the high-energy phosphate compound ATP had
moderate but significant correlation to PTR (Fig. 5A). Other
metabolites like hexose and pentose sugar phosphate com-
pounds (e.g., glucose 6-phosphate, ribose 5-phosphate, or
other isobar, which could not be resolved in the current
analyses), glycolytic metabolites (glucose, fructose
bisphosphate), and other purines (AMP) and deamination
products, methionine and its metabolites (methionine sulf-
oxide), free FAs, and oxylipins/hydroxylated FAs
(e.g., consistent with previous reports in rodents®?) showed
stronger and more significant correlations with PTR
(Fig. 5A). Notably, supernatant levels of several metabolites
were stronger predictors than their intracellular counter-
parts, including several oxylipins (Fig. 5A and B). Elevated
intracellular carnitines and free FAs (especially monounsat-
urated and relative hydroxylated forms), and the coenzyme
A precursor pantetheine were instead negative predictors of
PTR, in both normoxic and hypoxic units (Fig. 5B, C), sug-
gestive of poor PTR in the face of extensive membrane lipid
remodeling. Finally, high-energy phosphate compounds
(ATP, adenosine diphosphate, and AMP), oxidized purines
(hypoxanthine, as previously reported®) and other oxidized
purines (xanthine), sulfur-containing compounds (methio-
nine, methionine sulfoxide), and tryptophan metabolites
(anthranilate, kynurenic acid, and methyldioxyindole, a
putative metabolite of microbiome origin) displayed strong
correlation with PTR and AUC (Fig. 5A, Fig. S1, available as
supporting information in the online version of this paper).
Of note, N-acetylmethionine—a marker of proteolysis as this
acetylated amino acid is released from proteolysis of the N-

term initiator methionine—was among the top negative cor-
relates with PTR in hypoxic RBCs (Fig. 5C). Increased
markers of NADPH metabolism (hexose phosphate, markers
of PPP activation, Fig. 5A-C; and riboflavin, biliverdin, Figs. 3
and 4, markers of NADPH-dependent biliverdin reductase B
activity®™), were positively and negatively associated with
PTR, respectively (Fig. 5C). Increased levels of carboxylic
acids (malate and citrate, but not 2-oxoglutarate) were also
positive correlates to PTR in normoxic and hypoxic RBCs
(Fig. 5B, C).

Correlation of Day 42 metabolites to hemolysis
highlighted a significant negative correlation between the
levels of methionine, purine oxidation metabolites, and cross-
talk between the two pathways via salvage reactions, including
methionine, methionine sulfoxide, S-adenosylmethionine,
methylthioadenosine, polyamines (e.g., cadaverine, spermine),
hypoxanthine and 50H-isourate, guanine, and guanosine
diphosphate (connected to this pathway via the activity of the
enzyme hypoxanthine guanosine phosphoribosyltransferase;
Fig. 5D). Markers of PPP activation (gluconolactone phos-
phate, 6-phosphogluconate, and pentose phosphate isobars)
were also positively correlated to hemolysis (Fig. 5D).

DISCUSSION

During the past decade, omics investigations of human RBC
units stored using all currently licensed storage addi-
tives®”**5° helped to identify the impact of processing strat-
egies (including leukoreduction®” and storage solutions®®)
and donor variability”*' on the molecular heterogeneity of
stored units. In the face of a growing body of evidence
documenting the storage lesion, little is known about
whether any of these metabolic changes that accumulate
during storage in the blood bank ultimately impact RBC
performance upon transfusion in vivo.>® Efforts to overcome
such limitations have been brought about by Zimring and
colleagues, who showed that some metabolic lesions corre-
late with PTR in rodent models of blood transfusion. How-
ever, only a subset of these metabolites may be
mechanistically, not just correlatively, associated with PTR,
as they propagate across generations of mice that have been
genetically manipulated in a fine way to isolate single bio-
logic variables (e.g., the ferroreductase STEAP3).?>** While
such studies are not feasible in humans owing to obvious
limitations, other programmatic efforts like the REDS-III
study have set out to associate donor genetic factors
(e.g., polymorphisms in genes relevant to RBC structural
integrity and function) to in vitro outcomes such as hemoly-
sis and hemoglobin increments in the recipients of those

2 Metabolomics measurements in a subset of the

units.
units from the REDS-III study have already been reported,®
though correlations to clinically relevant outcomes are still

pending.
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Fig. 5. Ranked Day 42 metabolic correlates to PTR measurements. PTR—in the tested units: all (A), normoxic (B) or hypoxic (C), and

hemolysis (D). Highlights of representative correlation curves (E). [Color figure can be viewed at wileyonlinelibrary.com]

In the light of these considerations, the rationale
behind the present study was to 1) modify blood processing
strategies with the goal to mitigate the storage metabolic
lesion, an outcome that we had shown to be achievable
through hypoxic storage of RBCs*>****% and 2) to deter-
mine whether improvements in the metabolic state of the
stored erythrocyte would result in improved measurements
with respect to the two FDA standards of RBC storage qual-
ity, i.e., end-of-storage hemolysis and PTR. As a result, we
report that hypoxic storage results in superior PTR com-
pared to paired units stored under standard normoxic con-
ditions. We confirm the metabolic benefits of hypoxic
storage, ultimately resulting in improved energy and redox
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metabolism. Finally, we show metabolites in pathways that
respond to alteration of SO, levels ranked among the top
correlates to PTR and hemolysis. This first-of-its-kind report
confirms and expands on previous evidence in humans and
rodents of a role of purine’ and lipid oxidation®*?®
(e.g., hypoxanthine and 9-HODE) as candidate markers of
hemolysis and PTR. The identification of such markers
paves the way for interventional studies that leverage mech-
anistic interventions to prevent the accumulation of purine
and lipid oxidation products and thus enhance stored blood
quality.

By highlighting correlations between acyl-carnitines,
CoA precursors (panthothenol), free FA levels, and
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membrane lipid unsaturation and hydroxylation, we con-
clude that membrane lipid remodeling is a potentially target-
able pathway that can be leveraged to improve RBC PTR.
Future studies will be necessary to test whether dietary inter-
ventions aimed at modifying fatty acyl composition through
food intake or supplementation of lipid-targeting antioxidants
(vitamin E, carnitines®”) ultimately impact this phenotype.
Interestingly, dietary purines like caffeine metabolites had
already been preliminarily reported as potential markers of
PTR in independent cohorts.*® Polymorphisms in cyto-
chrome P450 1A2 have been suggested to underlie the het-
erogeneity in caffeine metabolism and the potential impact/
correlation this may have with the capacity of transfused
RBC:s to circulate upon transfusion. Others reported here, like
catechin and theobromine (dietary) or methyldioxindole and
glycine-conjugated bile acids (bacterial origin/metabolism),
have not been reported in previous studies. For other metab-
olites like purines (including AMP and ATP) and purine
deamination (including hypoxanthine, xanthine, and urate),
their cross-talk to sulfur metabolism via methionine and
recycling pathways (that generate polyamines) had been pre-
viously documented as hallmarks of the progression of the
storage lesion,>” although these were in the absence of a
direct measurement of a potentially clinically relevant out-
comes such as PTR.

Several limitations of the present study must be
acknowledged. First of all, correlative analyses were per-
formed on metabolic measurements on a total of 24 units
(paired normoxic and hypoxic units from the same
12 donors). Owing to the elevated numbers of observations,
despite post hoc correction for multiple observations per-
formed here (false discovery rate), some of the reported
findings may just result from spurious correlation and will
need to be confirmed prospectively in independent cohorts.
The small sample size of the cohort recruited for this study
may also be insufficient to appreciate the impact of the het-
erogeneity of donor biology—including donor sex, ethnicity,
and age—with respect to hemolysis*® and PTR* parame-
ters. Undoubtedly, RBCs have to survive storage without
hemolyzing and circulate long enough upon transfusion to
ensure the delivery an efficacious “dose” of transfused
blood. However, such conditions are necessary but not suf-
ficient to ensure that transfused RBCs are actually func-
tional. Future studies will be necessary to determine
whether the metabolic markers of PTR reported here would
also be predictive of direct measurements of the RBC
“physiome,” that is, measurements of the RBC physiological
profile that are affected by RBC metabolism (e.g., oxygen
affinities, deformability, control of cell volume, control of
vasoactive effectors, redox “buffering” capacity). In prior
work on rodent models of shock, limited improvements in
PTR (approx. 3%) did not mirror a remarkably superior per-
formance of hypoxic RBCs in resuscitating hemorrhaged
rats.* Units donated by the same donors (as is the case in

the present study) tend not to show consistent reproducible
levels of spontaneous hemolysis across multiple dona-
tions.®° In addition, spontaneous hemolysis does not reca-
pitulate the RBC propensity to hemolyze following
additional, more physiologically relevant insults, such as
oxidant, osmotic, or mechanical stress.®® In addition, PTR in
healthy subjects does not suffice to provide information on
the actual RBC recovery in nonhealthy, heterologous
patients. Several studies have highlighted that PTR of
allogenically transfused RBC in patients with acute inflam-
matory disorders is significantly reduced,®”®* while in
patients with immature innate immune systems, the PTR is
increased or is insensitive to age-mediated storage.®®

Despite the limitations noted above, in the present
study we report that hypoxic storage ameliorates the meta-
bolic phenotypes of stored RBCs (lower markers of oxidant
stress to lipids and purines and higher levels of high-energy
phosphate compounds) and improves PTR in a two-arm
cross-sectional clinical study powered to appreciate signifi-
cant effects on this parameter. We thus report the first com-
prehensive correlative analysis of metabolic parameters to
hemolysis and PTR, suggesting potential candidate markers
in fresh and stored units to predict end of storage blood
quality. We highlight that storage under normoxic and hyp-
oxic conditions significantly impacts differential pathways
related to energy and redox homeostasis and, as such, future
studies aimed at validating the candidate markers of stored
blood quality will have to take into account processing strat-
egies in the study design. Larger studies will be necessary to
validate and expand on the present observations by taking
into account the role of donor biology on transfusion out-
comes and markers thereof. Finally, identification of energy
and redox metabolic pathways that correlate with potentially
clinically relevant variables may inform new strategies to
intentionally manipulate these very pathways, for example,
with the use of novel storage additives aimed at maximizing
the quality of RBCs stored under hypoxic conditions.
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