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Editorial on the Research Topic
Insights in red blood cell physiology: 2023

The contributions of the Research Topic “Insights in Red Blood Cell Physiology: 2023”
brought to our attention most relevant areas of red blood cell (RBC) research. They include the
RBC:s as targets and the active players defining the severity of disease manifestation in patients
with SARS-CoV-2 (Lechuga et al; Rogers et al.) and sickle cell disease (Goksel et al.), the
possibilities to use RBCs as drug carriers (Biagiotti et al.), the role of RBC membrane dynamics in
progression of storage lesions of RBCs (Ghodsi et al.) and in asplenic patients (Dumas et al.), as
well as various aspects of optimization of oxygen delivery (Hsu; Wise et al.).

Since the first days of SARS-CoV-2 pandemics, RBC oxidation (Papadopoulos et al.,
2022; Bellanti et al, 2023), anemia (Chen et al, 2021) or secondary polycythemia
(Yavorkovsky et al., 2023), and increased risk of thrombosis (Vrecko et al, 2022;
Bellanti et al, 2023; Farooqui et al, 2023) were reported as confounding factors
associated with compromised respiratory function contributing to the severe
impairment of oxygen delivery. Also changes in RBC shape and deformability were
previously reported for COVID-19 patients (Kubankovd et al., 2021; Recktenwald et al.,
2022). In their paper Rogers et al. use Lorrca Maxsis to assess the changes in rheological
parameters and aggregation index caused by SARS-CoV-2 infection in patients with A and
O blood groups and investigated the impact of disease on oxygen transport by hemoglobin.
The obtained results reveal the alterations in RBC rheology and oxygen transport capacity
in patients with COVID-19 questioning the “protective role” of the blood group O that was
claimed by other studies to be associated with milder disease phenotype. A review article by
Lechuga et al. summarizes the recent updates on the alterations in RBC caused by “long
COVID-19” when symptoms prevail 12 weeks after the disease onset. It is complementary
to the review of Papadopulos et al. which focuses on the changes in RBC properties during
the acute COVID-19 phase (Papadopoulos et al., 2022). The impact of the interaction of
erythroid precursor cells and the circulating cells with the virus itself and the
proinflammatory cytokines on RBC indices, deformability, and morphology as well as
on the iron metabolism is discussed. Transfusion is a common measure to correct for
anemia, also for COVID patients. However, both unstable RBC membranes and stored
RBCs release vesicles that may induce a hypercoagulation state (Leal et al., 2018). In their
study, Ghodsi et al. show that RBCs of some donors are more prone to vesiculation during
storage than those of others. The authors revealed that the two groups of donors differ in the
abundance of cholesterol content of plasma membranes suggesting that cholesterol-rich
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domains are focal points for the onset of vesiculation. Another type
of vesiculation is associated with the release of organelles from
reticulocytes during their maturation (Dumas et al.). In this case,
theese “vacuoles” are formed that encapsulate the organelles inside
the cell and then released from the cells in the process requiring
passages through the spleen.

Vesiculation is a challenge for those who try to use RBCs as delivery
systems for cytotoxic drugs (Wang et al., 2023). A review dedicated to the
recent developments in using RBCs as carriers for drug transport is
presented by Biagiotti et al. The optimization of delivery and the possible
applications of this delivery system are discussed including modulators
of oxygen delivery and immunosuppressive drugs, chemotherapeutics,
anti-diabetic and psychoactive drugs.

RBCs are a natural carrier of the compounds regulating vascular
tone. The group of Hsu explores the role of anion exchanger-1 in the
transport of nitrite into RBCs, where it is reduced to NO by
deoxyhemoglobin and released from the cells when they face
hypoxic microenvironment causing vasodilatation. Wise et al.
discuss plasticity in adjusting oxygen delivery by RBCs from the
lungs to hypoxic peripheral tissues by combining vaso-regualtory
action with precise control over hemoglobin oxygen affinity.
Modulators of hemoglobin’s oxygen affinity decreasing the
concentration of 2,3-bisphosphoglycerate are currently trialed as
symptomatic therapy for patients with sickle cell disease (Parekh
etal., 2024). In contrast, from a high-altitude study, it was suggested
that hypoxia modulates 2,3-bisphosphoglycerate levels in human
RBCs (D’Alessandro et al., 2024). Goksel et al. suggest that inhibitors
of phosphodiesterase PDEl may further contribute to the
optimization of oxygen delivery in sickle cell disease patients by
making RBC more deformable when exposed to shear stress.

Having a compilation of contributions dealing with basic
physiological principles (Wise et al, Hsu), relating to diseases
with direct and indirect involvement of RBCs (Goksel et al;
Dumas et al; Rogers et al; Lechuga et al), concerning
transfusion medicine-related topics (Ghodsi et al.), and reviewing
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Variability of extracellular vesicle
release during storage of red
blood cell concentrates is
associated with differential
membrane alterations, including
loss of cholesterol-enriched
domains
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Brussels, Belgium, *Service du Sang, Croix-Rouge de Belgique, Suarlée, Belgium

Transfusion of red blood cell concentrates is the most common medical
procedure to treat anaemia. However, their storage is associated with
development of storage lesions, including the release of extracellular vesicles.
These vesicles affect in vivo viability and functionality of transfused red blood cells
and appear responsible for adverse post-transfusional complications. However,
the biogenesis and release mechanisms are not fully understood. We here
addressed this issue by comparing the kinetics and extents of extracellular
vesicle release as well as red blood cell metabolic, oxidative and membrane
alterations upon storage in 38 concentrates. We showed that extracellular
vesicle  abundance increased exponentially during storage. The
38 concentrates contained on average 7 X 10% extracellular vesicles at
6 weeks (w) but displayed a ~40-fold variability. These concentrates were
subsequently classified into 3 cohorts based on their vesiculation rate. The
variability in extracellular vesicle release was not associated with a differential
red blood cell ATP content or with increased oxidative stress (in the form of
reactive oxygen species, methaemoglobin and band3 integrity) but rather with red
blood cell membrane modifications, i.e., cytoskeleton membrane occupancy,
lateral heterogeneity in lipid domains and transversal asymmetry. Indeed, no
changes were noticed in the low vesiculation group until 6w while the
medium and the high vesiculation groups exhibited a decrease in spectrin
membrane occupancy between 3 and 6w and an increase of sphingomyelin-
enriched domain abundance from 5w and of phosphatidylserine surface exposure
from 8w. Moreover, each vesiculation group showed a decrease of cholesterol-
enriched domains associated with a cholesterol content increase in extracellular
vesicles but at different storage time points. This observation suggested that
cholesterol-enriched domains could represent a starting point for vesiculation.
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Altogether, our data reveal for the first time that the differential extent of
extracellular vesicle release in red blood cell concentrates did not simply result
from preparation method, storage conditions or technical issues but was linked to

intracellular ATP, oxidative stress, spectrin network,

cholesterol, phosphatidylserine surface exposure, sphingomyelin-enriched domains,
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membrane alterations.
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Introduction

Blood conservation outside the bloodstream started a century
ago with the discovery of citrate as anticoagulant and the addition
of dextrose. From that time, scientists have been trying to improve
continuously blood storage conditions and the transfusion efficacy.
Nowadays, thanks to leukoreduction and additive solutions such as
Saline-Adenine-Glucose-Mannitol (SAGM), red blood cell
concentrates (RCCs) can be conserved for 42 days at 2°C-6"C.
However, despite these considerable advances, the storage period is
characterized by the appearance and the accumulation of
detrimental changes in erythrocytes, collectively termed as
‘storage lesions’ (Garcia-Roa et al., 2017). Among those lesions,
the irreversible loss of plasma membrane through the formation
and the release of extracellular vesicles (EVs) is particularly
problematic as they affect the in vivo viability and functionality
of transfused red blood cells (RBCs) (Barshtein et al., 2016). In
addition, EVs seem to be responsible for adverse post-
transfusional complications such as thromboembolic and
immunomodulatory events as suggested by in vitro studies
(Rubin et al,, 2012; Rubin et al,, 2013). Therefore, it appears
essential to carefully investigate EV biogenesis and release
mechanisms in RCCs in order to improve RBC quality
maintenance and to reduce risks of potential adverse effects
upon transfusion.

Vesiculation seems to be the consequence of a series of lesions,
supposed to be mainly induced by the development of oxidative stress.
Throughout storage, the glycolysis pathway is reduced by the
accumulation of lactate as well as the hypothermic and acidic storage
conditions. As a result, high energy (ATP) and reducing (NAD(P)H and
glutathione) compounds are progressively depleted. Moreover, due to
the high concentration of ferrous ions and oxygen, chemical oxidation
takes place. Since antioxidant defences are affected by metabolic
impairments and the low temperature, they are rapidly overwhelmed,
leading to the development of oxidative stress. The produced reactive
oxygen species (ROS) then oxidize cytosolic and membrane proteins as
well as lipids. This phenomenon has been proposed to (i) disturb the
RBC cytoskeleton network and anchorage (Kriebardis et al., 2007), (ii)
initiate the lipid peroxidation cycle (D’Alessandro et al., 2012), and (iii)
disrupt the transversal membrane asymmetry by triggering the surface
exposure of phosphatidylserine (PS), normally confined to the inner
leaflet (Lu et al., 2011). In consequence, oxidative stress-related damage
might finally lead to plasma membrane loss through vesiculation.

Nevertheless, literature data on vesiculation are difficult to
compare due to differential RCC preparation and storage
conditions (e.g., different storage solutions or leukoreduction
protocols) and varying experimental procedures to evidence the
storage lesions. Additionally, we still do not properly understand (i)
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the precise succession of events, (ii) the exact link between the
different parameters due to the labile boundary between cause and
effect and (iii) if other mechanisms could be involved in EV
biogenesis independently of the oxidative stress (Orlov and
Karkouti, 2015; Yoshida et al., 2019).

Among the alternative mechanisms, one could propose the
budding of EVs from specific regions of the plasma membrane
such as submicrometric lipid domains. We previously showed the
coexistence of 3 types of lipid domains at the outer plasma
membrane leaflet of resting RBCs: (i) those mainly enriched in
cholesterol (chol) (referred below as chol-enriched domains) and
mostly located at the high curvature (HC) area of RBCs; (ii) those
co-enriched in ganglioside GM1, phosphatidylcholine and chol
(referred as GM1-enriched domains), found in the low curvature
(LC) area, corresponding to the centre of the RBC; and (iii) those co-
enriched in sphingomyelin (SM), phosphatidylcholine and chol
(referred as SM-enriched domains), also found in LC areas
(Carquin et al,, 2014; Carquin et al., 2015; Conrard et al., 2018).
During RBC deformation, GM1I-enriched domain abundance
increases in the LC area concomitantly with calcium influx while
chol-enriched domains gather to increase the HC area needed for
RBC deformation. After deformation, the SM-enriched domain
number rises in parallel to calcium efflux in order to restore the
initial discoid shape (Leonard et al., 2017b; Conrard et al., 2018;
Leonard et al., 2018).

During the storage of RBCs in K'/EDTA-coated tubes at 4°C, we
observed that, among the 3 types of lipid domains at the RBC area,
only those enriched in chol are reduced in abundance (Cloos et al.,
2020), suggesting a fine tuning of lipid domain dynamics during
storage. This decrease occurs concomitantly with the increase of EV
release and is preceded by a transient increase in the membrane
microviscosity which could create a line tension between the bulk
membrane and lipid domains and lead to their loss by vesiculation
(Vind-Kezunovic et al., 2008; Leonard et al., 2018). Although storage
of RBCs in K*/EDTA tubes accelerates and exacerbates the
accumulation of lesions, this phenomenon could also occur
during storage of RCCs as the chol-binding protein stomatin was
found to decrease from RBC membranes and to be enriched in EVs
during storage of RCCs (Salzer et al., 2008; Prudent et al., 2018).

The present study aimed at determining the mechanisms behind
EV release in 38 RCCs by deciphering the time courses and extents of
RBC metabolic (ATP (ROS  and
methaemoglobin (metHb) levels and band3 integrity) and membrane

concentration), oxidative
(membrane:cytoskeleton interactions, membrane microviscosity, lateral
heterogeneity in lipid domains and transversal asymmetry) alterations.
Based on data generated for those RBC parameters, we then evaluated
the chol composition as well as the content of some membrane and
cytoskeletal proteins in the isolated EVs.
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Materials and methods

RBC concentrate preparation and whole
blood collection

The study was approved by the Medical Ethics Committee of the

Cliniques  universitaires  Saint-Luc ~ (Brussels,  Belgium).
Leukoreduced RCCs were prepared by La Croix-Rouge de
Belgique (Suarlée, Belgium) according to standard protocols
defined by European legislations. Briefly, 450 + 60 mL of whole
blood were drawn by venipuncture from donor volunteers and
collected into blood bags containing 63 mL of citrate-phosphate-
dextrose solution (anticoagulant). Whole blood units were rapidly
cooled and maintained at 18°C-22°C overnight. Next, RBCs were
separated from plasma and buffy coat by centrifugation at 4,000 g
for 10 min, resuspended in 100 mL of SAGM additive solution,
leukoreduced by filtration and stored at 2°C-6°C. In total 38 RCCs
from 36 different donors were included into the study. Seven RCCs
entered the study immediately after preparation and were stored in
our laboratory at 2°C-6°C for 2-70 days, while the 31 others were
stored at La Croix-Rouge de Belgique for 2 weeks (w) (n = 3), 3w
(n=12), 4w (n = 5), 5w (n = 4) or 6w (n = 7) before delivery to our
laboratory after ordering. All donors provided written consent for
the use of their donation for scientific research. Donors were aged
between 28 and 64 years and covered 20 men and 16 women. To
avoid experimental variability and to determine a basal level for each
parameter, a fresh blood tube from a female donor was selected as
the internal and reference control for comparison with RCCs.
However, as few is known about the ex vivo evolution of RBC
membrane parameters, we ensured that this reference donor was not
significantly different from additional donors (3 men and 5 women
aged between 25-35 years). Fresh whole blood tubes were collected
by venipuncture after informed consent and corresponded to
citrate-coated blood tubes. K*/EDTA-coated tubes were also used

for the measurement of lipid domain abundance (see below).

RBC preparation

Except for EV isolation, metHb and extracellular K" and glucose
measurements, blood (from tubes) or RBCs (from RCCs) were
diluted in the appropriate medium (10-fold and 13-fold,
respectively) and washed before experiments, as decribed in
(Cloos et al., 2020). Dulbecco’s Modified Eagle Medium (DMEM,
Invitrogen) was employed for PS surface exposure, lipid domain
abundance and membrane microviscosity measurement while
Hanks’ Balanced Salt Solution (HBSS, Cytiva) without calcium
was used for all other experiments.

Particle/EV abundance, size and
morphology

Particle/EV isolation was performed as in (Cloos et al., 2020).
Briefly, RBCs were centrifuged 2 times at 2,000 g for 15 min at room
temperature (RT) to collect the supernatant. Then, 800 pL of
supernatant were diluted 8.75-fold in sterile filtered phosphate-
buffered saline (PBS, Cytiva) solution and centrifuged one last
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time at 2,000 g at RT for 10 min. The resulting supernatant was
submitted to ultracentrifugation at 20,000 g for 20 min at 4°C to
pellet particles. After particle resuspension in sterile PBS, samples
were submitted to a second ultracentrifugation step in the same
conditions. The final pellet was resuspended in 1 mL of sterile PBS.
Particle abundance and size were determined on freshly isolated
particle samples by Nanoparticle Tracking Analysis (NTA) with the
Zetaview (Particle Metrix). Samples were diluted 5- to 5,000-fold in
sterile PBS depending on the initial sample concentration and
determined for particle size (in nm) and abundance (in particles/
mL). The particle concentration was converted into a particle
number/RBC by considering the volume of supernatant engaged
and the average number of RBCs/uL in RCCs.

Freshly isolated particles were prepared for electron microscopy
as in (Cloos et al., 2020). Briefly, particles were immobilized on poly-
L-Lysine (PLL)-coated coverslips at RT, washed with 0.1 M
cacodylate, fixed with 1% glutaraldehyde in 0.1 M cacodylate,
critical-point dried, sputter-coated with 10 nm of gold and finally
observed in a CM12 electron microscope with SED detector at
80 kV.

RBC morphology

RBCs were fixed in suspension for 15 min at RT in a solution
containing 4% paraformaldehyde and 0.05% glutaraldehyde (v:v).
Fixed RBCs were then washed and dropped off on PLL-coated
coverslips for 8 min. Coverslips were finally mounted with Dako
(Invitrogen) on SuperFrost Plus adhesion slides (VWR) and
observed by light microscopy. RBCs were classified into
discocytes, echinocytes and spherocytes. Their respective
abundance was assessed through manual counting and expressed
as % of the total RBC population.

RBC ATP level

ATP levels were determined with the luminescent ATP detection
assay kit (Abcam) as in (Cloos et al., 2020; Pollet et al., 2020). Data
were normalised by the Hb content evaluated spectrophotometrically
and expressed as % of fresh citrate-coated blood tubes.

RBC reactive oxygen species and
methaemoglobin levels

Intracellular ROS levels were detected by using the 2,7-
(H,DCEDA,
probe as in (Cloos et al., 2020), except that the experiment was

dichlorodihydrofluoresceindiacetate Invitrogen)
performed in calcium-free HBSS. The median fluorescence intensity
(MFI) for RCCs was expressed as % of the MFI calculated for fresh
citrate blood tubes. For positive control, 15 x 10" RBCs from fresh
blood tubes were treated with 10 umol H,O, for 3 min. Intracellular
metHDb levels were assessed with the automated blood gas analyser
ABL-90 (Radiometer) from the Cliniques universitaires Saint-Luc
(Brussels, Belgium). As the device detects metHb in whole blood,
RBCs were not washed before measurement. The metHb amount
was expressed as % of total Hb levels (oxygenated Hb, deoxygenated
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Hb, carboxyHb and metHb). The physiological range of metHb
levels corresponded to the values provided in the ABL-90 manual.
For positive control, 15 x 107 RBCs from fresh blood tubes were
treated with 3 pmol H,O, for 15 min.

RBC phosphatidylserine surface exposure

RBCs were labelled with Annexin-V-FITC (Invitrogen) and
analysed by flow cytometry as in (Cloos et al, 2020). Since
Annexin-V labelling requires the presence of calcium ions,
calcium-containing DMEM was used for this experiment. The %
of PS-exposing RBCs in fresh citrate-coated blood tubes was
subtracted from the % of PS-exposing RBCs in concentrates.

RBC spectrin immunofluorescence

Immunolabelling of a,3-spectrin was performed as in (Cloos et al.,
2020; Pollet et al., 2020), except that RBCs were blocked with 3% bovine
serum albumin (BSA, Sigma) in PBS for 60 min and that coverslips
were mounted with Dako and examined with the Zeiss confocal
microscope LSM980 using a plan-Apochromat 63x NA 14 oil
immersion objective. The illumination settings used were identical
for all samples from the same experiment. The membrane spectrin
occupancy was determined with the Fiji software and data from RCCs
were expressed as % of data obtained on fresh citrate-coated tubes.

RBC cholesterol and sphingomyelin vital
imaging

Chol and SM were visualized on living RBCs by fluorescence
microscopy using respectively the mCherry-Theta toxin fragment and
the fluorescent lipid analog BODIPY-SM (Invitrogen) as detailed in
(Conrard et al., 2018; Cloos et al., 2020; Cloos et al., 2021). The mCherry-
Theta toxin fragment concentrations ranged from 0.55 to 1.75 uM, due
to several productions and purifications during the study. Lipid domain
abundance was assessed through manual counting, normalised by the
average hemi-RBC area calculated with the Fiji software and finally
expressed as % of lipid domain abundance in fresh citrate-coated tubes
or K*/EDTA-coated tubes (usually used in our laboratory for lipid
domain imaging). While the abundance of SM-enriched domains was
similar whatever the anticoagulant, a 1.5-fold higher abundance of chol-
enriched domains was detected in citrate tubes. Therefore, values
obtained on K*/EDTA tubes were multiplied by this factor. For chol-
enriched domains, their abundance was either determined for the global
hemi-RBC area or separately at HC and LC areas to distinguish domains
mainly enriched with chol located in HC areas from those co-enriched
with chol and polar lipids in LC areas (Conrard et al., 2018). The HC area
corresponds to the periphery of spread RBCs while the LC area
represents the centre of spread RBCs (Leonard et al.,, 2017b).

EV and RBC membrane cholesterol content

Chol content was assessed using the Amplex Red cholesterol
assay kit (Invitrogen) in the absence of chol esterase (Grimm et al.,

Frontiers in Physiology

10.3389/fphys.2023.1205493

2005; Tyteca et al, 2010). Washed RBCs were lysed in 1 mL of
distilled water and diluted 8-fold in the kit reaction buffer while
PBS-resuspended EVs were diluted 2-fold. Data on RBCs were
normalised by the Hb content evaluated spectrophotometrically
and expressed as % of fresh citrate blood tubes while data on
EVs were expressed as a chol content (in pg) for 10°EVs.
Following an internal study in our laboratory, we noticed that
the average RBC chol content was consistently higher in women
than in men. As a result, the RBC chol content of the female
reference control in the study was compared with the one of
2 female and 3 male donors. While the former was very close to
the one measured for the two other female donors, it was 1.3-fold
higher compared with average RBC chol content for the male donors
(data not shown). Data obtained on lysed RBCs from male RCC
donors were then corrected by this factor.

RBC membrane microviscosity

RBC membrane microviscosity was studied by fluorescence
lifetime imaging (FLIM) technique using a molecular rotor
(BODIPY-C10), whose fluorescence lifetime is dependent on the
microviscosity of the environment. RBCs were labelled in
suspension for 60 min at 37°C with 1pM of BODIPY-C10
dissolved in 1 mg/mL DMEM-BSA. After incubation, RBCs were
washed in fresh DMEM, dropped off in plastic chambers (ibidi) for
8min at RT. Cells observed with the
LSM980 multiphoton microscope, which was equipped with a

were Zeiss
time-correlated single-photon counting (TCSPC) FLIM module
(PicoQuant) for high-resolution microscopy. BODIPY-CI0 was
excited by a coherent (Chameleon Discovery) pulsed laser
(80 MHz) at 800 nm. The emission was captured with a
505-545 nm bandpass filter at a resolution of 512 x 512 pixels.
The fluorescence lifetimes for each pixel of the image corresponding
to the cells were recorded to create the FLIM images. A minimum of
1,000 photons in the brightest pixel were acquired before stopping
the FLIM acquisition. The FLIM images were analyzed using the
SymPhoTime64 software (PicoQuant, Germany).

Western blotting

After isolation, EV samples were resuspended in RIPA lysis
buffer. RBC ghosts and human platelet lysates were prepared as in
(Prausnitz etal., 1993; Octave et al., 2021) respectively. Equal protein
amounts (except for plasma samples and platelet lysates) were
diluted in a buffer containing 10 mM of dithiothreitol (DTT) and
then loaded for sodium dodecylsulfate polyacrylamide gel
electrophoresis (Mini-Protean TGX Precast Gels 4%-15% (w/v)
SDS-PAGE; BioRad or Novex 4-12% Gels,
Invitrogen). Then, proteins were transferred to polyvinylidene
fluoride (PVDF) membranes and blocked for 2h. Membranes
were incubated overnight with anti-apolipoprotein B100 (Apo
B100; BioConnect, SC-13538; 1:500), anti-apolipoprotein Al
(Apo Al; BioConnect, SC-376818; 1:500), anti-CD41 (Abcam,
ab134131; 1:2,000), anti-glycophorin A (GPA; Merck, MABF758;
1:1,000), anti-flotillin 1 (BD Biosciences, BD610820; 1:500), anti-
ankyrin (Merck, MAB1683; 1:1,000), anti-spectrin (a and p) (Merck,

Tris-Glycine
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FIGURE 1

RBC vesiculation increases exponentially during storage whatever the donor cohort. (A,B) Particle abundance and size in the whole red blood cell
concentrate (RCC) cohort. RCCs were centrifuged at low speed to separate cells from supernatants. Then, resulting supernatants were ultracentrifuged
to pellet particles. Particle concentration and size were determined with NTA. The concentration was converted into a number of particles expressed in
relation to the number of RBCs and the size was expressed in nm. The maximum legal storage period of 6 weeks (w) is indicated by a vertical blue
dotted line. (A), Number of particles expressed in relation to the number of RBCs at each week of storage from the 38 RCCs included in the study. Data are
expressed as mean + SD (open symbols). Unpaired t-test. Statistical significance is indicated above a line connecting 2 time intervals. (B), Size of particles
innm (n = 38 RCCs). Data are expressed as mean + SD. Unpaired t-test. (C) Purity of particle preparations. Western blotting for lipoprotein (apolipoprotein
B100 (Apo B100) and apolipoprotein Al (ApoA1l)) and platelet (CD41) contaminations as well as for the presence of RBC (glycophorin A, GPA) and vesicle
(flotillin-1) markers. 20 pg/well of particles and RBC ghost proteins. ApoB100 and ApoAl were revealed on the same cut membrane. CD41 and GPA as
well. Flotillin-1 was revealed after GPA membrane stripping. Fresh plasma from blood tubes, platelet lysates and RBC ghosts were used as positive
controls. (D) Particle morphology. Particles isolated from 2 RCCs stored for the indicated times were laid down on poly-L-Lysine (PLL)-coated coverslips,
prepared for and analysed by scanning electron microscopy. (E) Comparison of the 38 RCCs for kinetics of EV release during storage. One concentrate,
one color. The vesiculation groups were arbitrarily established based on the EV level at 6w of storage: 'high’ level with a vesiculation rate >7.5 EVs/RBC
(area above the grey horizontal dotted line), ‘medium’ level with a vesiculation rate >2-7.4 EVs/RBC (area between the grey and pink horizontal dotted
lines) and ‘low’ level with a vesiculation rate 0-2 EVs/RBC (area below the pink horizontal dotted line). (F) Classification of the whole RCC cohort into
3 groups based on the extent of vesiculation. High level (dark green, n = 9 RCCs), medium level (intermediate green, n = 20 RCCs), low level (light green,
n = 9 RCCs). Data are expressed as mean + SD. Mann Whitney test.

$3396; 1:500), anti-stomatin (Abcam, ab67880; 1:500) or anti-band3
MAI1-20211;  1:4,000) antibodies.  Secondary
peroxidase-conjugated goat anti-rabbit or anti-mouse IgGs were
then incubated for 1 h and washed. Signal revelation was performed
with SuperSignalTM West Pico or Femto (ThermoScientific).

(Invitrogen,

Hemolysis and extracellular potassium and
glucose measurements

RCCs were centrifuged at 2,000 g for 10-15min and the
supernatant was collected for Hb and extracellular K* content for
measurement with the ABL-90. As the device is calibrated for fresh
blood samples, RCC supernatants were diluted in SAGM solution if
necessary and data corrected for the dilution factor. The
physiological range of plasma K* levels corresponded to the
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values provided in the ABL-90 manual. For hematocrit, total Hb
and glucose contents, RCCs were directly injected into the device. As
RCCs contain the glucose-rich additive SAGM solution, the
comparison with blood tubes was not relevant. Data were
expressed in mmol/L for K" and in mg/dL for glucose. The
percentage of hemolysis was calculated as follows: (100-
hematocrit) x supernatant Hb/total Hb.

Data presentation and statistical analysis

Kinetics during storage were represented in the form of weekly
storage intervals (except in Figure 1E; Supplementary Figure S2;
Supplementary Figure S8). The end of the legal storage period is
indicated by a vertical blue dotted line. Horizontal black dotted line
indicates reference values obtained from fresh blood tubes, mainly
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citrate-coated tubes except otherwise stated. The physiological range
for metHb and K* content in blood is represented by a grey frame
while the maximal percentage of hemolysis authorized by the
Council of Europe guidelines and the glucose concentration in
SAGM and plasma are indicated by horizontal red full and
dotted lines. Whenever data for a specific parameter was
collected within one storage week from more than one RCC, the
mean + SEM (for most parameters) or + SD (for EV abundance and
size measurements, metHb content, hemolysis and extracellular K*
and glucose concentrations) for the concerned RCCs was calculated
and represented on graphs. Notice that, in some conditions, the
error bars are smaller than the size of the symbols.

In Figure 1E, data are presented for each RCC individually
through color associations and in the form of the precise storage
days in order to identify the ‘high’, ‘medium’ and low’ vesiculation
groups. The 3 groups were defined arbitrarily based on the number
of EVs released at the legal storage period (42 days). The ‘high’
vesiculation group contains RCCs with a vesiculation rate >7.5 EV's/
RBC at 42 days of storage (area above the horizontal grey dotted
line), the ‘medium’ group includes RCCs with >2-7.4 EVs/RBC
(area between horizontal pink and grey dotted lines) and the ‘low’
vesiculation group is composed of RCCs with 0-2 EVs/RBC (area
below the horizontal pink dotted line). These groups consisted of 9,
20 and 9 RCCs respectively. To distinguish the different groups, the
entire RCC cohort is represented by black opened circles, the high
vesiculation by dark green closed circles, the medium vesiculation
group by intermediate green closed circles and the low vesiculation
group by light green closed circles. In Supplementary Figure S1, data
from blood tubes were represented by squares.

To compare the 3 vesiculation cohorts at one specific time point, one-
way ANOVA followed by Tukey’s multiple comparisons test or Kruskall-
Wallis test with Dunn’s multiple comparison was performed. The
statistical significance of these tests is presented in Supplementary
Table S1. For the comparison of 2 time points during storage, an
unpaired f-test (with Welch’s correction if required) or a Mann-
Whitney test was performed. Graphically, statistical significance is
indicated above a horizontal full line connecting 2 time intervals.
Statistical
(corresponding to the storage interval in which RCCs are mostly

comparison was mainly performed between 3w
transfused) and 6w (the maximal legal storage period) or between 3w
and 9w (the longest storage period in this study). When necessary and
when presenting similar behavior upon time, data from 2 and 3w or 9 and
10w were merged to get sufficient data for statistical analysis. Furthermore,
if no data could be collected for these intervals, data from the neighboring
intervals were used instead. Finally, to determine whether a difference
exists between a reference value/internal control and a specific time point
during storage or between a control and a treatment or to evaluate
whether the reference blood tube donor is representative of 3 to 5 others,
one sample -test or Wilcoxon signed rank test was realized. Graphically,
statistical significance is indicated in orange above one specific time
interval to give comparison with the reference value/internal control
(horizontal black dotted lines). Logarithmic transformation of particles/
RBC, ROS, SM-enriched domains/hemi-RBC and the percentage of
hemolysis was realized before the statistical test in order to fulfil
normality. ***, p < 0.001; **, p < 0.01; *, p < 0.05; ns, not significant.

For correlations, data were transformed when necessary to
ensure linearity. Correlation coefficients higher than 0.6 were
plotted on graphs.
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Results
Study design

A total of 38 RCCs were included into the study and followed for
different parameters up to 10w. However, it should be noted that due to
specific experiment timelines, all parameters were not assessed on the
overall RCC cohort. In addition, 7 RCCs were freshly delivered from La
Croix-Rouge de Belgique to our laboratory and evaluated from the first
day of storage while 3 RCCs were delivered after 2w of storage, 12 RCCs
after 3w, 5 RCCs after 4w, 4 RCCs after 5w and 7 RCCs after 6w. Since the
overall RCC cohort could not be studied at all time points, data for most
parameters were expressed in relation to values obtained on fresh blood
tubes from the same control donor (represented on graphs by horizontal
black dotted lines). In this manner, we avoided data misinterpretation due
to experimental variability and all RCCs were compared with the same
basal level. However, as few is known about control donor RBC
membrane parameters routinely measured in our laboratory, we
ensured that these parameters were not significantly different between
the reference blood tube donor and 3 to 5 additional tube donors
(Supplementary Figure S1).

RBC concentrates can be divided into
3 groups based on their extent of
vesiculation

Particles in RCC supernatants were concentrated by differential
ultracentrifugation and measured by NTA for their abundance and
size. As previously shown (Rubin et al, 2008; Roussel et al, 2017;
Lauren et al,, 2018), the number of particles, expressed in relation to
the number of RBCs present in RCCs, increased exponentially during
storage, revealing significant differences between 3 and 6w and between
3 and 9w (Figure 1A). However, the size remained stable over storage, at
around 180 nm (Figure 1B). At 6w, a mean of 4 particles for one RBC was
measured (Figure 1A), corresponding to ~7 x 10' particles in a 250 mL
bag. In reality, this number showed a ~40-fold variability
(~0.5-20 particles/RBC) between RCCs. This difference did not result
from measurement irreproducibility by NTA, since 4 RCCs which
originated from the same 2 donors (2 RCCs from a single donor)
showed a similar particle abundance during storage (Supplementary
Figure S2). A potential contamination of samples was also excluded, as
shown by very few amounts of lipoproteins and platelets (or their vesicles)
compared with fresh plasma (Figure 1C; Supplementary Figures S3A, B).
Inversely, particles appeared to have an erythrocytic origin, as revealed by
the detection of the RBC marker GPA, and exhibited the raft marker
flotillin-1, known to be associated with EVs (Salzer and Prohaska, 2001;
Freitas Leal et al,, 2020). Further analysis with electron microscopy showed
vesicle-like structures with a spherical morphology and no aggregates
(Figure 1D). Altogether these data indicated that particles were mainly, if
not exclusively, EVs and that RCCs released a variable quantity of vesicles
upon storage which cannot be explained by technical issues.

To further determine the origin of this variability, RCCs were
separated into 3 groups based on their vesiculation rate at the legal
storage period of 6w: low rate (0-2 EVs/RBC), ‘medium’ rate
(>2-74 EVS/RBC) or ‘high’ rate (>7.5 EVs/RBC) (Figures 1E, F).
These groups consisted of 9, 20 and 9 RCCs respectively. Each cohort
showed an exponential and significant increase of EVs between 3 and 9w
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FIGURE 2

Spherocytes (% total)

The late appearance of spherocytes during storage correlates positively with the extent of EV release. RBCs were fixed in suspension, placed on PLL-
coated coverslips and observed by light microscopy. (A) Representative image of RBC morphology at 6w of storage. (B) Quantification of the relative
abundance of discocytes (black), echinocytes (dark grey) and spherocytes (light grey) and expression as % of the global RBC population (n = 15 RCCs). The
horizontal black dotted line represents the discocyte abundance of the fresh blood tube. Data are expressed as mean + SEM. Unpaired t-test. (C)
Correlation between the number of EVs released per RBC and the % of spherocytes in the global population.

(Figure 1F) but was significantly different from each other in terms of
amounts of EVs released (Supplementary Table S1, first column). This
variability could not be attributed to basic quality measures such as
hemolysis and extracellular K" and glucose contents, since these
parameters were in the expected range and were not different from one
cohort to another (Supplementary Figure S4).

Spherocytes appear late during storage and
correlate positively with the extent of EV
release

Since vesiculation is usually associated with RBC morphological
modifications (D’alessandro et al., 2012; Roussel et al, 2017; Alaarg
et al,, 2013), we next evaluated the relative proportion of discocytes,
echinocytes and spherocytes upon time. The abundance of discocytes
was already less important than in fresh blood tubes at 1w and further
decreased upon storage in favour of echinocytes and a minority of
spherocytes (Figures 2A, B). The decrease of discocytes and the increase
of spherocytes both correlated with the rise of released EVs for all
vesiculation cohorts (data not shown and Figure 2C), suggesting that
the relatively late appearance of spherocytes from 6w of storage could be
attributed to vesiculation (Roussel et al., 2017).

Intracellular ATP concentration is
maintained higher than in fresh tubes until
4 weeks and do not differ at 6 weeks
between the 3 vesiculation cohorts

We next wondered whether the high variability in EV abundance
between groups could be explained by a differential intracellular ATP
concentration. Indeed, ATP levels are known to decrease during storage
leading to reorganisation of cytoskeleton, reduction of the antioxidant
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FIGURE 3

Intracellular ATP concentration remains higher in the

3 vesiculation groups in comparison with fresh tubes until 4 weeks of
storage and does not differ at 6 weeks. Intracellular ATP concentration
was assessed with the luminescent ATP detection assay kit,
normalized on the haemoglobin (Hb) content and expressed in % of
fresh RBCs in blood tubes. Reference values from fresh blood tubes
are represented by horizontal black dotted lines. Evolution of the ATP
concentration during storage in the overall RCC population ((A), n =
24 RCCs) and in the 3 cohorts of vesiculation ((B), n = 7; (C), n = 11; (D),
n = 6 RCCs). Data are expressed as mean + SEM. Statistical significance
of unpaired t-test is indicated above a line connecting 2 time intervals
while one sample t-test (for the entire cohort) or Wilcoxon signed rank
test (for each cohort individually) are indicated in orange above one
time interval to give comparison with the internal control (fresh blood
tubes).
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FIGURE 4

Oxidative stress in the form of reactive oxygen species and methaemoglobin does not accumulate during storage. (A—D) Intracellular reactive oxygen
species levels were detected with the 2,7-dichlorodihydrofluoresceindiacetate (H,DCFDA) probe in RCCs and in fresh blood tubes and analysed by flow
cytometry. The median fluorescence intensity (MFI) for RCCs was expressed as % of the MFI calculated for blood tubes (horizontal black dotted lines).
Evolution upon time of the intracellular ROS content in the overall population ((A), n = 17 RCCs) and in the 3 vesiculation cohorts ((B), n = 5; (C), n = 8; (D),

n = 4 RCCs). Data are expressed as mean + SEM. Statistical significance of unpaired t-test is indicated above a line connecting 2 time intervals while one
sample t-test (for the entire cohort) or Wilcoxon signed rank test (for each cohort individually) are indicated in orange above one time interval to give
comparison with the internal control (fresh blood tubes). (E—H) Intracellular metHb concentration was assessed with the automated blood gas analyser ABL-
90 in RCCs and in fresh blood tubes. The metHb amount was expressed as % of total Hb levels. The physiological range of metHb levels is indicated by the
clear grey frame. Evolution upon time of the intracellular metHb content in the overall population ((E), n = 13 RCCs) and in the 3 vesiculation cohorts ((F), n = 3;
(G), n = 8; (H), n = 2 RCCs). Data are expressed as mean + SD. Mann-Whitney test (for the entire cohort).

system activities and EV formation (Yoshida et al, 2019). In the overall
RCC population, intracellular ATP levels first increased, showing a peak
between 1 and 4w of storage, and then decreased progressively
(Figure 3A), as observed by Gevi et al. (Gevi et al, 2012). Despite
differential kinetics, no significant difference in ATP level could be
detected at 6w between groups (Figures 3B-D; Supplementary Table
S1, second column). Compared with fresh tubes (horizontal black dotted
line), ATP levels in RCCs stayed higher until 4w whatever the cohort
(Figure 3). This could be due to the fact that, despite a constant decrease,
the glucose content in SAGM never dropped to the plasma level during the
whole storage period in each cohort (Supplementary Figures S4I-L).
Taken together, these data indicated that the EV abundance variability
between the 3 cohorts at 6w could not be explained by a differential
intracellular ATP content.

Reactive oxygen species and
methaemoglobin do not accumulate during
storage in the 3 vesiculation cohorts

As oxidative stress is proposed to be a key player in the development

of storage lesions (D’Alessandro et al.,, 2012; Kriebardis et al., 2008; Gevi
et al., 2012; Delobel et al., 2012; Yoshida et al., 2019), we next measured
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intracellular ROS and metHb contents. Surprisingly, the ROS content
was similar in fresh concentrates and in blood tubes and was not
modified upon storage (Figure 4A). MetHDb levels showed a tendency of
constant increase upon storage but stayed in the normal range for fresh
blood tubes as defined by the manufacturer of the automated blood gas
analyser ABL-90 (grey area at Figure 4E). A technical issue was excluded
as ROS and metHb highly increased under H,O, treatment
(Supplementary Figure S5) and during the storage of K'/EDTA
blood tubes (Cloos et al., 2020). Moreover, even after cohort division,
we were not able to detect accumulation of ROS (Figures 4B-D) or
metHb (Figures 4F-H) in RCCs. Overall, oxidative stress did not appear
to develop in RCCs at least in the form of ROS and metHb and can
therefore not reflect the differences in vesiculation between the 3 groups.

Spectrin occupancy is impaired early during
storage and differentially in the
3 vesiculation cohorts

Intrigued by the absence of ROS accumulation, we next wondered
whether these reactive species could have attacked other targets than
Hb, ie, the anchorage complex-associated anion transporter
band3 and the cytoskeletal protein spectrin (Antonelou et al.,, 2010;
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The cytoskeleton membrane occupancy is altered early but differentially in the 3 vesiculation groups in contrast to band3 integrity. (A) Band3 in EVs.
Representative Western blot for the presence of band3 in EVs at 3 and 6w in the 3 vesiculation cohorts (n = 4 RCCs; 1, 2 and 1 RCC(s) from the low, medium
and high vesiculation cohort, respectively). 2.4 ug/well of EV proteins. (B) Band3 in RBC ghosts. Representative Western blot for the presence of band3 in RBC
ghosts at 3 and 7w in the 3 vesiculation cohorts (n = 9 RCCs). 20 pg/well of RBC ghost proteins. L for RBC ghosts from the low vesiculation cohort, M for

the medium and H for the high vesiculation cohort. (C—G) RBC spectrin membrane occupancy. RBCs were dropped off on PLL-coated coverslips,
permeabilised, fixed, immunolabelled for a,p-spectrin and analysed by confocal microscopy. Spectrin-membrane occupancy was determined with Fiji
software and expressed as % of fresh blood tubes (horizontal black dotted lines). (C), Representative images of spectrin membrane occupancy during storage.
Kinetics of spectrin membrane occupancy during storage in the overall RCC population ((D), n = 17 RCCs) and in the 3 cohorts of vesiculation ((E), n = 4; (F),
n =10; (G), n = 3RCCs). Data are expressed as mean + SEM. Statistical significance of unpaired t-test is indicated above a line connecting 2 time intervals while
one sample t-test is indicated in orange above one time interval to give comparison with the internal control (fresh blood tube).

Rinalducci et al,, 2012; Prudent et al., 2018), thereby preventing their
accumulation and detection. We started by evaluating the presence of
band3 in EVs at 3 and 6w of storage by Western blotting in reducing
conditions for the 3 vesiculation cohorts. Band3 was found in EVs
mainly in the form of monomers but also in dimers at both 3 and 6w
whereas no degradation products were detected. However, no obvious
differences were visible between 3 and 6w of storage or between the
3 vesiculation cohorts (Figure 5A). We then determined whether
band3 dimers were also present in RBC ghosts for each vesiculation
cohort. We observed that dimers detected in EVs are present in
considerably lower proportions in RBC ghosts when compared with
the monomeric form. However, degradation products at
approximately 60, 40, 35 and 25kDa could be visualised
(Figure 5B). These band3 fragments were previously reported by
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Rinalducci et al. and were attributed to oxidative lesions (Rinalducci
et al, 2012). Once again, no obvious changes in the profile of
band3 could be noticed in the RBC ghosts regarding storage time
or according to the vesiculation cohort. The spectrin network was
then immunolabelled, visualised by confocal microscopy and
quantified for membrane surface occupancy. In the overall RCC
population, spectrin occupancy was significantly 2-fold lower than
in blood tubes and did not considerably evolve over time (Figures 5C,
D). Once cohorts were separated, spectrin occupancy tended to
decrease between 2-3 and 5w in the medium and high
vesiculation cohorts. In contrast, the low vesiculation cohort
showed a stable spectrin occupancy until 6w and then started to
decrease (Figures 5E-G). Altogether, these data suggested that the
membrane:cytoskeleton interactions were impaired early during
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The proportion of phosphatidylserine exposing RBCs increases exponentially in the medium and high vesiculation groups from 8 weeks of storage.
RBCs were labelled with Annexin-V-FITC and then analysed in flow cytometry. The % of Annexin V-FITC positive RBCs was determined by positioning the
cursor at the edge of the labelled cell population for fresh blood tubes. The proportion of labelled RBCs in tubes was subtracted from the percentage of
labelled cells in RCCs. (A,C—E) Number of PS-exposing RBCs upon time in the overall RCC population ((A), n = 16 RCCs) and in each vesiculation
cohort ((C), n=4; (D), n = 8; (E), n = 4 RCCs). Data are expressed as mean + SEM. Statistical significance of unpaired t-test (for the entire cohort) or Mann-
Whitney test (for each cohort individually) is indicated above a line connecting 2 time intervals. In orange, one sample t-test (for the entire cohort) or
Wilcoxon signed rank test (for each cohort individually) are indicated above one time interval to give comparison with the internal control (fresh blood
tube). (B) Correlation between EVs released per RBC and the % of Annexin-V-labelled RBCs.

storage which could in part be attributed to oxidative stress. However,
whereas spectrin occupancy was differentially altered in the
3 vesiculation groups and evolved over time, it was not the case
for band3 alterations.

Membrane transversal asymmetry is altered
late during storage and differentially in the
3 vesiculation cohorts

To explore whether cytoskeleton alterations were associated with
impairments of membrane transversal asymmetry (Manno et al,, 2002),
PS externalisation was determined by flow cytometry using Annexin-V
labelling. Although PS exposure remained similar to that of fresh blood
tubes until 6w of storage, a significant increase was noticed between 6 and
9w with ~2% of PS-exposing RBCs at 9w (Figure 6A). This parameter
correlated positively with EV release by RBCs (Figure 6B). More
importantly, the 3 cohorts could be discriminated with this parameter.
Indeed, the low vesiculation group did not expose PS whatever the storage
duration while the medium and high vesiculation groups showed an
increase from 8w of storage reaching ~1.5% and ~3% PS exposure at 10w,
respectively (Figures 6C-E). Moreover, significant differences were
obtained between the low and high groups at 9w of storage
(Supplementary Table SI, third column). Taken together, our data
revealed that the 3 cohorts could be distinguished by the extent of PS
surface exposure. Nevertheless, the kinetics of changes were quite late,
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occurring during 7-10w. As PS-cytoskeleton interactions are known to
modulate membrane stability (Manno et al,, 2002), we next wondered
whether lateral membrane heterogeneity in domains at the RBC surface
could also be altered and contribute to the variability in EV release
between groups.

Sphingomyelin-enriched domains rise
exponentially upon storage and differentially
in the 3 vesiculation cohorts

We therefore analysed the abundance of SM-enriched domains,
mostly if not exclusively associated with the LC areas of RBCs
(Leonard et al., 2017b). Until 4w of storage in the overall RCC
population, this abundance remained stable and was relatively
similar to fresh blood tubes. From 5w, SM-enriched domains
started to significantly and exponentially increase (Figures 7A, B)
and correlated positively with the amount of EVs released (Figure 7C).
As for PS exposure, the low vesiculation cohort was protected from
this membrane change and showed no correlation between the
number of SM-enriched domains and EVs (Figures 7D,G).
Conversely, the medium and high vesiculation groups showed a
significant exponential increase of SM-enriched domains which
correlated with the amount of EVs released (Figures 7E, F, H, I).
Nevertheless, no significant difference between the 3 groups could be
detected at 9w (Supplementary Table S1, fourth column).
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Sphingomyelin-enriched domain abundance increases exponentially in the medium and high vesiculation groups and positively correlates with EV

accumulation. RBCs were immobilized on PLL-coated coverslips, labelled with BODIPY-SM and then observed by fluorescence microscopy. The domain
abundance at the RBC surface in RCCs corresponds to the average number of domains per hemi-RBC area and expressed as % of domain abundance in
fresh blood tubes. (A) Representative images upon time. Yellow arrowheads, lipid domains in low curvature (LC). (B,D—F) Evolution upon time of the

number of SM-enriched domains from the overall RCC population ((B) n = 15 RCCs) and the 3 cohorts of vesiculation ((D), n = 4; (E), n = 8; (F), n = 3RCCs).
Data are expressed as mean + SEM. Unpaired t-test (for the entire cohort) or Mann-Whitney test (for each cohort individually). Statistical significance is
indicated above a line connecting 2 time intervals. In orange, one sample t-test (for the entire cohort) or Wilcoxon signed rank test (for each cohort
individually) are represented above a precise time interval to give comparison with the internal control (fresh blood tube). (C,G-1) Correlation between the
number of EVs released by RBC and the SM-enriched domain abundance in the total RCC population (C) or in the 3 vesiculation groups (G-1). Correlation

coefficients are indicated only if > 0.6.

The decrease of cholesterol-enriched
domains from the RBC surface upon storage
occurs with differential kinetics in the

3 vesiculation cohorts and is accompanied
by an increase of cholesterol in EVs

Next, we evaluated the abundance of chol-enriched domains at
the RBC surface in RCCs by fluorescence microscopy. We observed
a complex non-significant kinetics with a first transient increase
around 2w of storage followed by a decrease between 2 and 5w and a
re-increase from 6w of storage. Of note, the number of chol-
enriched domains remained lower than in fresh RBCs from
blood tubes for the whole storage period (Figures 8A,B). As no
statistical difference during storage could be evidenced, we tried to

Frontiers in Physiology

16

determine from which membrane region the decrease of chol-
enriched domains between 2 and 5w could occur. Indeed, we
previously showed that lipid domains are preferentially lost from
HC areas in K'/EDTA tubes upon storage (Leonard et al 2017b;
Cloos et al., 2020). We therefore differentiated and quantified the
domain abundance in HC (red arrowheads) and LC areas (yellow
arrowheads) for several RCCs. This analysis showed a significantly
lower number of chol-enriched domains in HC but not in LC at 5w
compared with fresh tube (Figure 8C), supporting our previous data
in K*/EDTA tubes upon storage (Cloos et al., 2020) and suggesting
that chol-enriched domains could be lost by vesiculation from HC
areas.

An alternative explanation behind the absence of statistical
differences during storage is that the 3 vesiculation cohorts could
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FIGURE 8

The decrease of cholesterol-enriched domain abundance from the RBC surface and the cholesterol association with EVs are observed in the 3
vesiculation cohorts but with differential kinetics. (A—F) Abundance of cholesterol (chol)-enriched domains at the RBC surface. RBCs were labelled in
suspension with the fluorescent Theta toxin fragment, immobilized on PLL-coated coverslips and then observed by fluorescence microscopy. The
domain abundance at the RBC surface in RCCs corresponds to the average number of domains per hemi-RBC area and expressed as % of domain
abundance in fresh blood tubes. (A) Representative images upon time. Red arrowheads, lipid domains in high curvature (HC) area; yellow arrowheads,
lipid domains in low curvature (LC) area. (B,C) Kinetics upon storage of the abundance of total chol-enriched domains ((B), n = 18 RCCs) or chol-enriched
domains associated with either RBC HC areas (red) or LC areas (yellow) from the overall RCC cohort (C, n = 6 RCCs). Data are expressed as mean + SEM.
Mann-Whitney test. Statistical test is indicated above a line connecting 2 time intervals. In orange, Wilcoxon signed rank test is represented above a
precise time interval to give comparison with the internal control (fresh blood tube). (D-F), Kinetics of the abundance of content chol-enriched domains
in the 3 vesiculation groups ((D), n = 6; (E), n = 8; (F), n = 3RCCs). Data are expressed as mean + SEM. (G—I). Evolution of chol content in EVs upon time in
the 3 groups of vesiculation ((G), n = 7; (H), n = 16; (I), n = 8 RCCs). Chol was evaluated using the Amplex Red cholesterol assay kit. Data were expressed as
a quantity of chol (in pg) for 10° EVs and presented as mean + SEM. Mann-Whitney test. (J—L) Correlation between the EV chol content and the
abundance of chol-enriched domains in each vesiculation cohort. Horizontal red lines in G-L indicate the EV chol content upon a30% decrease of chol-
enriched domain abundance.

exhibit differential kinetics of chol-enriched domain alteration. We
therefore analysed separately the evolution of chol-enriched
domains in the 3 cohorts. Despite different behaviours, the
3 vesiculation groups exhibited a decrease in domain abundance
at some time points (Figures 8D-F). To address whether this
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decrease could be associated with an increase of chol content in
EVs, we first evaluated by Western blotting the EV content in
stomatin, a chol-binding protein (Salzer et al., 2007). We showed
that stomatin was the only protein enriched in EVs compared with
RBC ghosts regardless of the storage time. GPA and spectrin were
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also present in EVs but not enriched compared with RBC ghosts and
ankyrin could not be detected (Supplementary Figures S6A, B).
Additionally, stomatin was more enriched in EVs than the raft
marker flotillin-1 at 6w except for one RCC from the high
vesiculation group (Supplementary Figures S6C, D). Second, we
measured the chol content in EVs during storage in the
3 vesiculation groups. A mirror image between the evolution of
chol-enriched domains and EV chol content was evident for the
3 groups (Figures 8D-I) and was reflected in the correlations
between these two parameters (Figures 8]-L) suggesting that
chol-enriched domains could contribute to vesiculation. However,
while a negative correlation was observed for the low and medium
vesiculation groups as expected, a positive correlation was seen in
the high vesiculation group (Figures 8]-L), indicating that lower the
abundance of chol-enriched domains, lower the chol content in EVs.
Combined with the observations that this high vesiculation cohort
presented the highest EV number released, the strongest chol level in
EVs at 3w (Figures 8G-I) and a loss of chol content from the RBC
membrane (Supplementary Figure S7), this positive correlation
suggested that other membrane regions than chol-enriched
domains are lost from RBCs in this group.

To confirm the potential contribution of the loss of chol-
enriched domains to the vesiculation process whatever the
cohort, we looked at the chol content in EVs of the 3 groups for
a same chol-enriched domain loss of ~30% (corresponding to the
average drop observed for the entire cohort; see Figure 8B and
vertical red dotted lines in Figures 8]-L). Such domain decrease was
associated with a similar chol content of ~1.9 pg per 10° EVs in all
3 groups and was reached only after 6w of storage for the low
vesiculation group, between 3 and 4w for the medium vesiculation
group and as early as 2w for the high vesiculation group (horizontal
red dotted lines in Figures 8G-I). Altogether, these data indicated
that the decrease of chol-enriched domains was accompanied by an
increase of chol in EVs, suggesting that chol-enriched domains were
lost by vesiculation. Moreover, this decrease occurred at differential
time points during the storage in the 3 vesiculation cohorts,
providing an additional explanation for the non-significant
kinetics of chol-enriched domains in the overall cohort besides
the differential domain decrease from HC and LC areas.

The RBC membrane microviscosity
increases transiently during storage and
precedes vesiculation

To then gain insight on the mechanism behind the decrease of
chol-enriched domains in the 3 vesiculation groups while addressing
the possibility of additional RBC membrane alterations in the high
group, we the RBC membrane
microviscosity. For this purpose, fluorescence lifetime of
BODIPY-C10 was monitored at 1, 4 and 7w of storage of RBCs
from 1 medium and 2 high vesiculation RCCs (Figures 9A, B). The
lifetime of this probe correlates with the viscosity of its environment

vesiculation measured

(Mozaheb et al, 2022), a longer lifetime indicating a higher
microviscosity of the membrane. After labelling, RCCs were
observed by multiphoton microscopy and analysed for the
BODIPY-C10 lifetime. Data were expressed as a difference of
BODIPY-C10 lifetime versus fresh blood tubes. The increase in
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membrane microviscosity as compared with RBCs from fresh tubes
was already present after 1w in the RCC exhibiting the highest
vesiculation rate (characterized by the number 2, Figure 9C). It then
continued to increase up to 4w and was followed by a decrease in the
3 RCCs (Figures 9A, C). This suggested a transient increase in RBC
membrane microviscosity which was reminiscent to the transient
rise of ATP concentration (Figures 3C, D). Accordingly, both
parameters correlated positively (Figure 9D). Correlation with the
EV number was also observed, but was negative between BODIPY-
C10 lifetimes and the EV number at the same storage time.
Correlation became positive if the lifetimes at 1 and 4w were
correlated with EVs released at 4 and 7w respectively (Figures
9E, F). Altogether, these data suggested that the transient
increase in membrane microviscosity preceded the release of EVs,
atleast in the 3 RCCs analysed. The release of EVs and chol from the
RBC membrane could in turn affect the RBC membrane in such a
way that other membrane regions could be affected.

Discussion
Main observations

The measurement of EV abundance revealed an exponential
increase during storage but with a ~40-fold variability between the
38 RCCs included in the study. These RCCs were subsequently
classified into 3 cohorts based on their vesiculation rate (Figures
10A-C) and compared for intracellular and membrane parameters
(Figures 10D-F). The variability in EV release at 6w was not
associated with a differential ATP content or with increased
oxidative stress (in the form of ROS, metHb and band3 integrity)
but rather with RBC membrane modifications, ie., cytoskeleton
membrane occupancy, lateral heterogeneity in domains and
transversal asymmetry, which were not affected simultaneously or
with the same rate in each vesiculation group (Figures 10D-F).
Among these membrane modifications, the decrease in chol-
enriched domain abundance from the RBC surface suggested that
those domains could represent a starting point for EV release and
prompted us to decipher the mechanism.

The RCCs exhibit an exponential release of
EVs characterized by a constant size upon
storage

The presence of vesicles in RCCs upon storage is no longer
debated (Rubin et al., 2008; Prudent et al., 2018). However, their
number and size vary largely between studies. As Rubin et al. and
Lauren et al. (Rubin et al., 2008; Lauren et al., 2018), we showed that
the EV number increased exponentially during storage. More than
2 x 107 EVs/puL of RCC were measured at 42 days. This value is in
concordance with Almizraq et al. who showed by tunable resistive
pulse sensing that RCCs stored for 21 days contain between 0.5 and
2.5 x 107 EVs/uL (Almizraq et al, 2017). Likewise, Lauren et al.
reported by NTA that the number of EVs climbs up to ~10” EVs/uL
after 42 days of storage (Lauren et al., 2018). Nevertheless, other
groups reported considerably lower numbers, between 650 and
20,000 RBC-derived EVs/uL after 42 days (Rubin et al, 2008;
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FIGURE 9

The membrane microviscosity increases early during storage and positively correlates with ATP and precedes EV release. RBCs from 3 RCCs were
labelled in suspension with BODIPY-C10, washed, dropped off in plastic chamber and examined by confocal microscopy using multiphoton mode.
Lifetimes of BODIPY-C10 were determined with SymPhoTime 64 software and expressed as a delta of fresh tube. (A) Representative images during
storage. The lifetime values (1) ranged from 0.5 to 4 ns and were shown in pseudocolor-coded images. The longer the lifetime, the higher the
membrane microviscosity. (B) Number of EVs per RBC at each week of storage from 3 RCCs, 1 from the medium group and 2 from the high vesiculation
group (distinguished by a number). (C) Evolution of BODIPY-C10 lifetime upon time in the 3 RCCs as a delta of fresh tube. (D,E) Correlation between the
intracellular ATP content (D) and Napierian logarithm of EVs (E) with the BODIPY-C10 at the same time intervals. (F) Correlation between the Napierian
logarithm of EVs and the BODIPY-C10 lifetime in RCCs realized by associating microviscosity at 1w with the EV level at 4w and the microviscosity at 4w

with the EV level at 7w.

Almizraq et al., 2017; Roussel et al., 2017; Gamonet et al., 2020). This
difference could be related to the flow cytometry-based approaches
which have difficulties to detect particles smaller than 200 nm
(Serrano-Pertierra et al., 2020). Combined with the fact that
optimal RBC markers (mostly GPA) are needed for these
approaches, these studies have probably underestimated the
number of EVs released in RCCs. Regarding EV size, most
studies report an increase over storage (Kriebardis et al., 2008;
Bicalho et al., 2016; Almizraq et al,, 2017). In our study, the size
of vesicles stayed stable all along storage. This difference might be
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related to different degrees of contamination. Indeed, Bicalho et al.
and Almizraq et al. used differential centrifugation at low speed to
isolate EV's whereas we observed that 2 steps of ultracentrifugation at
20,000 g were necessary to get rid of lipoprotein and platelet markers
(Bicalho et al., 2016; Almizraq et al., 2017). Since both lipoproteins
(except chylomicrons) and platelet-derived EVs are supposed to be
smaller than EVs produced by RBCs, their presence could influence
size measurements, especially at the beginning of storage during
which RBC vesiculation is limited (Simonsen, 2017; Lopez et al.,
2019).
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Graphical summary of the extent and kinetics of EV release and RBC alterations upon storage in the 3 vesiculation cohorts. The 3 RCC cohorts
differed by the extent and kinetics of EV release (A—C) but also RBC membrane parameters, including (i) the cytoskeleton membrane occupancy (yellow)
and chol-enriched domain abundance (red) during the 1-5w period; (ii) SM-enriched domain abundance (grey) from 5w; and (iii) PS-surface exposure
(orange) from 8w (D—F). On the other hand, the RBC membrane microviscosity (blue) and the intracellular ATP content (pink) evolved upon time but
were not different between cohorts and ROS/metHb (green) did not appear modified.

The RCCs can be classified into 3 cohorts
based on the extent of EV release

The variability in the EV number between RCCs was previously
reported and attributed to RCC processing, storage conditions, EV
isolation and detection techniques as well as donor characteristics
(Rubin et al., 2012; Bicalho et al., 2016; Almizraq et al., 2017;
Almizraq et al., 2018; Gamonet et al, 2020; Serrano-Pertierra
et al, 2020; Shopsowitz and Shih, 2021). We excluded a
variability in RCC preparation as all RCCs were processed by La
Croix-Rouge de Belgique. Contaminations and measurement
irreproducibility due to EV isolation and detection methods were
also dismissed as the comparison of EV kinetics upon storage of
4 RCCs originating from 2 same donors revealed reproducible
results with NTA. Regarding donor characteristics, we cross-
referenced the data for donor age, gender, BMI and blood group
with the number of released EVs at 6w of storage for 25 RCCs. On
this specific RCC cohort, no statistical difference could be detected
for any of these donor characteristics (data not shown). Confusing
data arise in the literature regarding this point. The study of Lelubre
et al. showed that female and older donors are associated to
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increased RBC vesiculation tendency (Lelubre and Vincent, 2013)
while the study of Gamonet et al,, including 264 RCCs, showed no
significant differences in EV abundance according to donor age or
gender but described higher EV levels in RCCs from donors with the
blood group B and with higher RBC counts (Gamonet et al., 2020).
Moreover, in this global picture, the RBC parameters were generally
not included, precluding the possibility to better understand the
vesiculation mechanism. Here, by classification of RCCs into
3 cohorts based on their extent of vesiculation (Figures 10A-C)
we were able to better understand the variability in EV release, both
in quantity and kinetics.

The variable EV number between cohorts
does not result from differential metabolic
impairments or from ROS and metHb
accumulation but could be linked to distinct
cytoskeleton occupancy alterations

In the medium and high vesiculation groups, the extent of
spectrin membrane occupancy was close to fresh blood tubes at
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3w of storage before abruptly decreasing. In contrast, in the low
vesiculation cohort, this percentage was weaker than in fresh tubes
from the beginning of storage and did not evolve until 6w (Figures
10D-F, yellow curves). The lower spectrin membrane occupancy is
consistent with the study of Kozlova et al. who reported by atomic
force microscopy the apparition of large pores formed in the RBC
ghost cytoskeleton from 3w due to the rupture of cytoskeletal
filaments (Kozlova et al, 2021; Sherstyukova et al., 2021). This
alteration might be responsible for the rapid changes in RBC shape
observed from 1w of storage. At this time point, echinocytes
represented already more than 25% of RBCs. The abundance of
echinocytes then continued to increase and even reached ~60%
at 6w.

One possible mechanism for the lower interaction between
membrane  and  cytoskeleton the  ATP-dependent
phosphorylation (Manno et al, 1995; Gov and Safran, 2005;
Rinalducci et al, 2015). Indeed, Rinalducci et al. observed a
substantial increase in the phosphorylation status at 3w of

is

storage in RCCs and visualized by modelling that this event
destabilizes interactions between ankyrin and B-spectrin
(Rinalducci et al, 2015). In our study, ATP levels increased
transiently up to 3w of storage before decreasing progressively.
Despite the decrease, ATP levels remained elevated during the
whole storage period in the 3 cohorts (Figures 10D-F, pink
curves). As a consequence, exaggerated phosphorylation events
could occur and alter the cytoskeleton occupancy. The transient
increase of ATP agrees with Gevi et al. (Gevi et al,, 2012) but is in
discordance with other studies that described a slight but constant
linear decrease (Burger et al., 2010; Karger et al., 2012; Livshits et al.,
2021). During their ex vivo storage, RBCs are immersed in a highly
concentrated glucose solution. Since the glucose transporter GLUT1
facilitates unidirectional glucose uptake along the concentration
gradient, it is not surprising that RBCs react to their new
environment and produce high ATP levels (Guizouarn and
Allegrini, 2020). In favour of this hypothesis, we found that after
1w of storage the extracellular glucose concentration was ~2-fold
reduced, which implicated that half of the disposable glucose in
SAGM (900 mg/dL) solution was used within this storage period
(Burger et al., 2010). Additionally, it has been proposed that
deoxygenated Hb binds to the cytoplasmic tail of band3 inducing
the displacement of glycolytic enzymes allowing for their activation
(Yoshida et al., 2019).

An alternative hypothesis for the impairment of membrane-
cytoskeletal interactions is protein oxidation. Supporting this
possibility, oxidative stress in RCCs has been described in the
literature mainly in the form of protein and lipid oxidation or
through the measurement of antioxidants such as glutathione and
urate (D’Alessandro et al., 2012; Kriebardis et al., 2008; Gevi et al.,
2012; Delobel et al., 2012). Although we measured variations in ROS
content between RCCs, we did not observe any evolution over time
(Supplementary Figure S8C; Figures
Furthermore, the metHb content, a major target of ROS, was
also not increased. This could be explained by the fact that ROS
are extremely reactive and metHb unstable in hypothermic
conditions (Shihana et al, 2011; Bardyn et al, 2018). We
wondered therefore whether ROS could have attacked lipids or
proteins other than Hb. The hypothesis that lipids could have been

10D-F, green curves).

modified was rapidly discarded. Indeed, during the storage of K*/
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EDTA tubes, we previously reported that lipid peroxidation did not
significantly increase during storage despite a strong and significant
accumulation of ROS and metHb (Cloos et al., 2020). For this reason
and since stored blood tubes are an accelerated model for
vesiculation, we excluded the possibility that lipid peroxidation
would be consequential in stored RCCs. In addition to lipids and
Hb, band3, a key component of the membrane-cytoskeleton
anchorage complexes, is a preferential target for oxidative attack
that leads to its aggregation in membrane and loss in EVs during
storage (Prudent et al, 2018). As several research groups, we
detected the presence of band3 in EVs from 3w as well as
degradation products in RBC ghosts after 3w of storage,
suggesting a certain level of oxidative damage at least at the
protein level (Rinalducci et al., 2012; Prudent et al., 2018; Freitas
Leal et al, 2020). in EVs
band3 fragments in RBC ghosts did not accumulate upon storage

However, band3 dimers and
and showed no obvious differences between the 3 vesiculation

cohorts.

The differential EV release in the 3 cohorts is
associated with unequal and late
impairments of membrane transversal
asymmetry during storage

In contrast to the cytoskeleton occupancy, the RBC transversal
asymmetry was maintained during the whole legal storage period
and started to be altered only after 8w, to reach ~3% of PS-exposing
cells in the highest vesiculation group (Figures 10D-F, orange
curves). This is in agreement with previous studies which have also
reported a limited increase in PS exposure with storage time with
maximum levels seen at 7w (Verhoeven et al., 2006; Burger et al.,
2010; Dinkla et al., 2014). This very late and limited increase could
result from the early loss of PS by vesiculation. Indeed, Freitas Leal
et al. observed that nearly 100% of EVs were PS-positive after 3w
(Freitas Leal et al,, 2020). Alternatively, the use of fluorescent
Annexin-V could have underestimated the number of PS-exposing
RBCs since Lu et al. detected 18% of PS-exposed RBCs with
lactadherin at 6w of storage in RCCs versus only 4.5% with
Annexin-V (Lu et al,, 2011). Nevertheless, low PS exposure in
the present storage conditions should be expected and might be
explained by the independency of PS exposure from enzymes
implicated in transversal asymmetry regulation. In fact, the
transversal asymmetry could be largely preserved as calcium is
absent in the SAGM solution, preventing the activation of
scramblase, and as ATP stores are maintained high until 6w,
allowing for flippase activity. Besides calcium, the RBC
membrane chol content is also involved in the control of
transversal asymmetry and could play a role here. Indeed, in
our previous study on RBC storage in K*/EDTA-coated tubes,
we observed that the restoration of the RBC chol content is
associated to restored levels of PS exposing RBCs (Cloos et al.,
2020). In the present study, we revealed that the highest
vesiculation group showed a clear decrease of the RBC chol
content, as described for stored RBCs in blood tubes, and the
highest increase in PS exposure, which supports this last
hypothesis. Nevertheless, even if the mechanism behind PS
exposure remains to be elucidated, this alteration was late in all
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vesiculation groups, reducing the possibility that it could represent
a triggering factor for early EV production.

The variability in EV release in the 3 cohorts is
associated with a late and variable increase
of SM-enriched domains

The 3 vesiculation cohorts can also be distinguished based on the
abundance of SM-enriched domains. The increase in SM-domains
abundance was consistent with the maintenance of SM species in
stored RBCs and the similar SM enrichment of EVs compared with
their parent cells (Lauren et al, 2018; Freitas Leal et al., 2020).
Among the triggering factors for SM-enriched domain increase, we
can consider the impairment of membrane-cytoskeleton interaction.
Indeed, the spectrin membrane occupancy started to decrease at
~6w, 2w and 3w, in the 3 cohorts respectively while the increase in
SM-enriched domains started to rise with a delay of 2-3w (Figures
10D-F, grey curves). Additionally, the decrease in chol-enriched
domain abundance might represent an another or additional cause
for SM-enriched domain alterations, resulting from impairment of
RBC global or local membrane fluidity and/or curvature, both
regulated by chol (Leonard et al., 2017a).

The differential EV release in the 3 cohorts is
associated with a decrease of chol-enriched
domains at different times of storage

The chol-enriched domain decrease started from 2w of storage
and was specifically observed in RBC HC areas. We therefore asked
whether these domains could represent the starting point for EV
departure from specific regions of the RBC surface upon storage.
Four lines of evidence support this hypothesis. First, the abundance
of chol-enriched domains at the HC areas correlated with EV
release, at least in the low and medium vesiculation groups (data
not shown). Second, as previously shown (Salzer et al., 2008; Freitas
Leal et al, 2020), the chol-binding protein stomatin was more
enriched in EVs compared with RBC ghosts and with the raft
protein flotillin-1 at 6w. This is interesting since stomatin
displays a scaffolding function by assembling small membrane
microdomains to form larger complexes and to regulate the
activity of membrane proteins (Salzer et al, 2007). Third, chol
was found in EVs from the 3 cohorts but was more abundant in
the high vesiculation group. Finally, the reduction in the abundance
of chol-enriched domains was also observed in stored blood tubes in
contrast to SM-enriched domains (Cloos et al., 2020). Altogether,
our data support the hypothesis that the decrease of chol-enriched
domains at the RBC surface did not result from a redistribution of
chol in the bilayer but rather from their release by vesiculation.

On a mechanistic point-of-view, based on our previous study on
K'/EDTA tubes upon storage at 4 °C, the increase in membrane
microviscosity (Figures 10E,F, blue curves) during storage could
represent the starting point for chol-enriched domain loss from the
RBC surface. Nevertheless, the opposite hypothesis that loss of chol-
enriched domains impacts membrane viscosity cannot be excluded.
Such increase in membrane microviscosity was already shown by
Kozlova et al. from 4w of storage (Kozlova et al, 2021). The
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mechanism behind is not clear. Some studies have suggested that
it could result from the ATP decrease (Xu et al., 2018). Others rather
attributed the decrease to the rupture of cytoskeletal proteins
dissociations with the bilayer by phosphorylation and oxidation,
leading to the aggregation of membrane components and thickening
of cytoskeletal filaments. As a consequence, the membrane
organisation and composition change and the cytoskeleton
rearrange abnormally with the RBC surface triggering new
tensions and an increase in the membrane microviscosity
(Kozlova et al, 2021). Additionally, the hypothermic storage
could also be implicated as the lower temperature decreases the
membrane fluidity (Nozawa, 2011) and the activity of glycolytic and
antioxidant enzymes during storage (Yoshida et al, 2019). As a
result, lipid peroxidation has been demonstrated through detection
of malondialdehyde (D’Alessandro et al., 2012; Bardyn et al., 2018;
Collard et al., 2014; Dumaswala et al., 1999), changing membrane
composition and organisation. Whatever the mechanism, the
increase in microviscosity could cause a line tension at the edges
of chol-enriched domains, inducing their release by vesiculation, as
previously suggested (Leonard et al., 2017b; Leonard et al., 2018).
Nevertheless, chol-enriched domains started to re-increase from
5w. As this perfectly coincided with the beginning of SM-enriched
domain increase in the LC areas and as SM-enriched domains are
coenriched in chol (Conrard et al., 2018), one can reasonably
propose that the re-increase of chol-enriched domains reflects the
increase of SM-enriched domains observed in LC areas from 5w.
However, this is probably not the only explanation since chol-
enriched domains also re-increased in HC areas. This observation
could result from the fact that, after losing chol, the HC area
becomes more fluid, facilitating lipid lateral diffusion and
allowing new domains to be recruited or to newly form. Those
domains could contain polar lipids (e.g., SM or GM1 ganglioside) as
well and be lost by vesiculation at later time point, providing a
potential explanation behind the positive correlation between the
kinetics of chol-enriched domains and EV chol content upon storage
in the high vesiculation group. This possibility is supported by the
fact that the RBC membrane chol content also specifically decreased
in this group upon storage. These data suggested that the decrease of
chol-enriched domains represented probably only a part of the
global vesiculation mechanism in the high vesiculation group.

Study limitations

Although this study included 38 RCCs from 36 different donors,
it encountered limitations. First, most of RCCs were not followed
during the whole storage period, meaning that several time intervals
did not comprise the exact same RCCs and potentially introducing
donor-related issues. However, we did not detect statistical differences
for 25 RCCs regarding the following donor characteristics: age,
gender, BMI and blood groups. Second, since a large number of
RCCs were not studied from day 0, early time points for the different
parameters require to be further investigated. This is not easy to
implement since RCCs are intended to be transfused at those times.
To overcome this difficulty, data for most parameters were expressed
in relation to values obtained on fresh whole blood tubes from the
same control donor, avoiding data misinterpretation due to
experimental variability. To ensure this internal control did not

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1205493

Ghodsi et al.

alter the real kinetics of each RCC, we followed 2 RCCs throughout
the whole storage period for the main parameters (i.e., EV abundance,
ATP and ROS contents, PS exposure, chol-enriched domain
abundance and membrane chol content) and revealed that,
whatever the parameter, the 2 RCCs followed the trend of the
overall cohort (Supplementary Figure S8). Third, by stratifying our
RCC cohort into 3 groups and working with weekly storage intervals,
we reduced the number of RCCs studied which complicated the
statistical analysis and impacted the probability to reach statistical
significance. Nevertheless, despite the absence of statistical analysis or
the lack of statistical significance for some parameters, we commented
on the observed alterations to encourage the scientific community to
further characterize those showing differences between cohorts.
Finally, although studying the 8-10w period overtook the
acceptable in vitro status, it allowed us to confirm that the
3 vesiculation cohorts behave differently, to better understand how
and when lesions became substantial and to pave the way for
extending the storage time of the low vesiculation cohort.

Conclusion

Our data reveal for the first time that the differential extent of EV
release in RCCs did not simply result from RCC preparation method,
storage conditions or technical EV-related issues but could be linked to
RBC membrane alterations, which are distinct in the 3 cohorts both in
terms of extent and kinetics. Among those, the cytoskeleton occupancy
changes and the kinetics of SM-enriched domain rise and of PS exposure
increase could be distinguished between the 3 groups. Moreover, EV
release from specific chol-enriched domains occurs in the 3 vesiculation
cohorts but at different time points and they show differential correlation
with the EV chol content. These results implicate that chol-enriched
domains, combined or not with membrane microviscosity, could
represent a potential target to limit EV generation in RCCs since
they represent two early membrane alterations. However, in the light
of the protective role of EVs in RBC survival and functionality, the
contribution of lipid domains in membrane signaling and the significant
role of chol in membrane homeostasis, a better understanding of the
relationship between those two parameters as well as the precise kinetics
in the 3 cohorts is absolutely required.
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Long COVID-19 is a condition characterized by persistent symptoms lasting
beyond the acute phase of COVID-19. Long COVID-19 produces diverse
symptomatology and can impact organs and systems, including the
hematological system. Several studies have reported, in COVID-19 patients,
hematological abnormalities. Most of these alterations are associated with a
higher risk of severe disease and poor outcomes. This literature review
identified studies reporting hematological parameters in individuals with Long
COVID-19. Findings suggest that Long COVID-19 is associated with a range of
sustained hematological alterations, including alterations in red blood cells,
anemia, lymphopenia, and elevated levels of inflammatory markers such as
ferritin, D-dimer, and IL-6. These alterations may contribute to a better
understanding of the pathophysiology of Long COVID-19 and its associated
symptoms. However, further research is needed to elucidate the underlying
mechanisms and potential treatments for these hematological changes in
individuals with Long COVID-19.

KEYWORDS

long COVID-19, hematology, post-acute sequelae, SARS-CoV-2, red blood cells,
COVID-19

1 Introduction

The COVID-19 pandemic, caused by the SARS-CoV-2 virus, spread rapidly and
significantly impacted societies and economies worldwide. Although efforts are ongoing
to control the virus’s spread and reduce its effects, the successful vaccination strategy
significantly decreased morbidity and mortality (Hadj Hassine, 2022). However, the
emergence of SARS-CoV-2 variants due to viral mutations produced deep concern in
the population. Due to increased transmissibility, some variants became dominant.
Furthermore, the spread of Omicron variants, which are more transmissible,
demonstrated that these variants also increased resistance to neutralization and
vaccination (Hoffmann et al., 2022).

The disease primarily affects the respiratory system. However, COVID-19 can also
impact other organs and systems, including the hematological system. Several studies have
reported hematological abnormalities in COVID-19 patients. Some alterations include an
increase in white blood cell count, a decrease in red blood cell count and hemoglobin levels,
an increase in ferritin levels, increase in levels of D-dimer and other markers of coagulation
(Stomka et al., 2020; Ye et al., 2020; Al-Saadi and Abdulnabi, 2022; Gajendra, 2022). These
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abnormalities are associated with a higher risk of severe disease and
worse outcomes (Hariyanto et al., 2021).

The symptoms of COVID-19 can range from mild to severe and
can include fever, cough, shortness of breath, fatigue, body aches,
loss of taste or smell, and sore throat. It is important to highlight that
not all COVID-19 patients experience hematological abnormalities,
and the severity of these abnormalities can vary widely among
patients (Gajendra, 2022).

Some symptoms can persist for months after the initial infection
with COVID-19. In this case, the disease is known as Long COVID,
or post-acute sequelae of SARS-CoV-2 infection (PASC). These
symptoms can occur even in individuals who have mild or
asymptomatic infections. Although Long COVID’s effects are still
under investigation, the symptoms vary widely. They can include
fatigue, shortness of breath, chest pain, joint pain, headaches, brain
fog, difficulty concentrating, loss of taste or smell, and mood
disorders. Neurological damages are mainly associated with Long
COVID (Proal and VanElzakker, 2021). However, people may also
experience organ damage, such as heart, lung, or kidney problems
(Davis et al., 2023).

Evidence suggests that age, sex, and race can influence the
development and severity of Long COVID. Long COVID affects
both males and females, but some studies indicate that females have
a higher risk (Bai et al., 2022; Perlis et al., 2022; Subramanian et al.,
2022). In addition, older individuals are generally more likely to
experience persistent symptoms and prolonged recovery (Bai et al.,
2022; Perlis et al,, 2022). Certain racial and ethnic groups have
differences in cognitive symptomology associated with Long
COVID (Jacobs et al., 2023). A recent meta-analysis showed that
female sex, age, high body mass index, and smoking were associated

Formation of blood clots
and endothelial dysfunction

e,
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with an increased risk of developing Long COVID (Tsampasian
et al.,, 2023).

The pathophysiological mechanisms of Long COVID are still
under debate and include the effect of immune response to the virus,
inflammation, and autoimmune response (Davis et al., 2023).
Evidence suggests that the hematological system is altered in
Long COVID, with reports of lower hemoglobin levels and
increased D-dimer levels that could lead to blood clotting
frequently associated with Long COVID (Lehmann et al,, 2021).
Also, some patients with Long COVID-19 displayed anemia,
2021;
Sonnweber et al., 2022). The subsequent sections of this review

thrombocytopenia, and lymphopenia (Pasini et al,

provide a comprehensive analysis of the hematological alterations in
COVID-19 and Long COVID
mechanisms.

and possible pathological

2 Long COVID-19

Long COVID, or PASC, is a multisystem disorder with multiple
persistent or new symptoms (Davis et al., 2023), affecting 10%-30%
of infected individuals. However, the exact pathophysiology remains
poorly understood. According to the latest definition, Long COVID
is considered if symptoms and abnormalities are present beyond
12 weeks of acute COVID-19. Symptoms between weeks 4-12 are
defined as ‘sub-acute’ or ‘ongoing symptomatic COVID-
19’(Haunhorst et al., 2022).

This morbidity has been associated with debilitating systemic
disorders such as cardiovascular disease, cerebrovascular disease,
thrombotic events and coagulopathy, type 2 diabetes, and myalgic
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Mechanism involved in Long COVID. Studies have identified the main factor in persistent symptoms that characterize Long COVID. Mechanisms
include vascular dysfunction and formation of micro clots that lead to thrombosis, immune dysregulation with increased pro-inflammatory response and
autoreactive immunity driven by molecular mimicry and bystander activation of lymphocytes, the persistence of viral replication and SARS-CoV-

2 proteins circulation, and reactivation of human latent herpes viruses.
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TABLE 1 Summary table of most frequent hematological biomarkers of Long
coviD.

Hematological

Status in long COVID
parameter

Cells and cellular parameters

RBC 1 (Kubankova et al., 2021; Grau et al., 2022; Lin
et al.,, 2022)

MCV T(Lin et al., 2022)

MCHC T(Alfadda et al., 2022)
Lymphocytes | (Mandal et al., 2021; Moreno-Pérez et al., 2021;

Alfadda et al., 2022); «>(Darcis et al., 2021)
Blood components and proteins

Hemoglobin | (Kubdnkovd et al., 2021; Pasini et al., 2021; Grau

et al., 2022; Pereira-Roche et al., 2022); & (Darcis
et al,, 2021; Alfadda et al., 2022)

Platelet count o (Mandal et al., 2021; Pasini et al., 2021; Alfadda

et al., 2022)
D-dimer T (Mandal et al., 2021; Moreno-Pérez et al., 2021;
Pasini et al., 2021; Fan et al., 2022; Kalaivani and
Dinakar, 2022)
Ferritin T (Moreno-Pérez et al., 2021; Pasini et al., 2021);

—(Darcis et al., 2021; Mandal et al., 2021; Alfadda
et al., 2022; Pérez-Gonzalez et al., 2022)

T (Mandal et al., 2021; Pasini et al., 2021;
Pérez-Gonzalez et al., 2022); & (Darcis et al., 2021;
Kalaivani and Dinakar, 2022)

C-reactive protein (CR.P.)

—(Moreno-Pérez et al., 2021; Pasini et al., 2021;
Alfadda et al., 2022)

Lactate dehydrogenase

Cytokines

IL-6 T (Fan et al., 2022; Schultheif§ et al., 2022);
L(Williams et al., 2022); «> (Kalaivani and Dinakar,
2022; Queiroz et al., 2022)

TNF-a T(Peluso et al., 2021; Schultheifd et al., 2022); <>
(Queiroz et al., 2022; Williams et al., 2022)
IL-1p T(Schultheif et al., 2022); < (Williams et al., 2022)
IL-2 1 (Williams et al., 2022); T (Queiroz et al., 2022)
1L17 | (Williams et al., 2022); T(Queiroz et al., 2022)
IFNy | (Williams et al., 2022); < (Queiroz et al., 2022)
IFN-B T(Phetsouphanh et al., 2022)
IFN-\1 T(Phetsouphanh et al., 2022)
IL-8 l(Williams et al., 2022); & (Schultheif et al., 2022);
T(Phetsouphanh et al., 2022)
1L-10 © (Williams et al., 2022); |(Queiroz et al., 2022)
IL-4 1(Queiroz et al.,, 2022; Williams et al., 2022);

—(Schultheif3 et al., 2022)

Note: < denotes no significant change to a reference value or control group, while T denotes
an increase and | denotes a decrease in the parameter.

encephalomyelitis/chronic fatigue syndrome (ME/CEFS) (Davis et al.,
2021; 2023; Peghin et al., 2021; Xie and Al-Aly, 2022; Xie et al,
2022). Symptoms can persist for years, and for some, symptoms can
be expected to be lifelong. Recently, it was suggested that Long
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COVID could have a more deleterious effect on society and
economics. Neurocognitive impairment was linked to loss of
(Perlis et al, 2023).
in PASC,
occurring in approximately 70% of individuals. Dysfunction

productivity and unemployment
Neurocognitive disorders are frequently found

varies from brain fog, depression, anxiety, headaches, insomnia,
dizziness, anosmia, and dysgeusia (Davis et al., 2021; Graham et al.,
2021; Guo et al., 2022).

Multiple factors may overlap to cause Long COVID. Several
hypotheses for its pathogenesis have been suggested (Figure 1). One
proposed mechanism is the persistent presence of SARS-CoV-2 in
tissues (Sumi and Harada, 2022). In addition, the study
demonstrated the presence of Spike protein after 1 year of
infection (Swank et al., 2023).

COVID-19 is an immune-mediated disease, and dysregulation
of the immune system is also present in Long COVID. Individuals
with Long COVID had persistent immune dysregulation, including
increased levels of inflammatory cytokines and decreased T cells and
B cells (Shuwa et al, 2021)and dysregulation of innate and
adaptative immune cells population (Ryan et al, 2022). It was
observed that individuals with Long COVID had higher levels of
autoantibodies compared to healthy controls (Rojas et al., 2022) and
sex-matched patients with other respiratory infections (Son et al.,
2022). Molecular mimicry and bystander lymphocyte activation
could explain the autoimmune-driven Long COVID hypothesis.
Evidence that cytokines could activate CD8" cell populations
without involving TCR has been proposed to explain post-acute
COVID-19 complications (Gregorova et al., 2020; Churilov et al.,
2022). In addition, the reactivation of latent pathogens, including
herpesviruses and others, may contribute to Long COVID (Peluso
et al,, 2023). Immune-mediated vascular dysfunction is another
mechanism proposed in Long COVID that leads to persistent
microvascular blood clotting, thrombosis, and thromboembolism
(Pretorius et al, 2021). A persistent capillary rarefaction was
observed in Long COVID, even after 18 months (Osiaevi et al.,
2023). Also, a study demonstrated changes in the size and
morphology of red blood cells in Long COVID that potentially
can affect oxygen diffusion (Kubdnkova et al,, 2021; Grau et al,
2022). Blood biomarkers can potentially predict Long COVID status
and aid the treatment and medical intervention. Changes in
hematological parameters and blood biomarkers persist in Long
COVID (Brundyn et al.,, 2022).

3 Hematological alterations in
sub-acute and long COVID-19

Different blood alterations occur in COVID-19 and are a
predictor of possible biomarkers for outcome and treatment.
However, for most infected individuals, hematological parameters
return to normal within days after disease onset. However, this
parameter remains elevated for a fraction of infected individuals for
months and even years. These hematological markers, in some cases,
are associated with PASC. Here we list the most relevant alteration
in hematological parameters associated with Long COVID (Table 1).
The following discussions included studies evaluating hematological
alterations in sub-acute (symptoms between 4-12 weeks) and Long
COVID-19 (symptoms present beyond 12 weeks).
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3.1 Cells

A decrease in lymphocyte count is a common feature in Long
COVID (Mandal et al., 2021; Moreno-Pérez et al., 2021; Alfadda
et al., 2022). In COVID-19, lymphopenia is a predictor of severity
(Illg et al., 2021), and the reduction of T lymphocytes is unusual in
viral infections. It is believed that in severe COVID-19, deficient
interferon production driven by SARS-CoV-2 can impair T cells, as
interferons are important to promote survival and effector functions
of T cells (Sa Ribero et al., 2020; Proal and VanElzakker, 2021).
Lymphopenia can be caused by direct viral infection since
lymphocytes express Angiotensin-converting enzyme 2 (ACE2)
(Xu et al., 2020), cytokine storm with a significant increase of IL-
6 induce lymphopenia (Tang et al., 2020; Montazersaheb et al., 2022)
and lymphocytic infiltration to organs (Proal and VanElzakker,
2021). T-cell exhaustion is also believed to contribute to SARS-
CoV-2 persistence (Ramakrishnan et al., 2021).

Alteration in red blood cells (RBC) can occur in COVID-19
(Russo et al., 2022), and despite most studies showing that in the
Long COVID normal range is recovered for most individuals
(Darcis et al, 2021; Mandal et al, 2021; Moreno-Pérez et al,
2021; Alfadda et al, 2022), evidence suggests a phenotypic
change that could be linked to Long COVID (Grau et al., 2022).
Pasini et al. (2021) showed a high degree of erythrocyte
sedimentation after 2 months of follow-up. Determination of
RBC parameters after an average of 60.7 days shows that
hemoglobin concentration, mean corpuscular volume (MCV),
and mean corpuscular hemoglobin (MCH), were highly altered
in COVID-19 and RBC deformability was significantly reduced
in post-COVID-19 patients (Grau et al, 2022). Indeed, RBC
morphology changes were observed in patients discharged after
4 and 8 months.
deformability of erythrocytes of hospitalized and recovered
COVID-19 patients (Kubankovd et al., 2021).

These altered physical properties reflect the changes in plasma

Alterations include decreased size and

membranes and cytoskeleton networks. The interaction between
SARS-CoV-2 and RBC occurs via the Band-3 and the spike
protein, and in the bone marrow, the virus interacts with nascent
erythroblasts through CD147 and CD26 (Wang et al, 2020;
Kronstein-Wiedemann et al, 2022). Changes in RBC include
modifications in shape, size, and deformability, which can alter
microvascular perfusion, endothelial cell integrity, blood flow
behavior, and hemostasis (Kubdnkova et al., 2021; Nader et al.,
2022; Russo et al., 2022). Reduced deformability of RBCs increases
their likelihood of adhering to the vessel wall, resulting in elevated
vascular resistance and risk of thrombosis (Weisel and Litvinov,
2019). In addition, vascular endothelial damage can be caused by
long-term viral infection, chronic hypoxia, and inflammation (Wang
et al., 2022). Also, alteration in RBC structure and metabolism linked
to high shear rates, inflammation, and oxidative stress activate
scramblase externalizing phosphatidylserine (P.S.) on the outer
membrane, P.S. provides a scaffold for coagulation cascade
(Whelihan and Mann, 2013; Weisel and Litvinov, 2019), enhances
RBC adherence and activation of the endothelium, and increase RBC-
microvesicle secretion that enhances the hypercoagulability state (Kim
et al., 2018; Leal et al., 2018).

The decrease in deformability can lead to impaired rheology and
hemolysis, RBCs from COVID-19 patients may be particularly
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susceptible to the attack of reactive oxygen species (R.O.S.),
leading to cell lysis and reduced oxygen-carrying capacity. The
RBC rigidity increases hemolysis and releases free hemoglobin
molecules that scavenge nitric oxide leading to platelet activation
(Rother et al., 2005; Diederich et al., 2018). During acute SARS-
CoV-2 infection, damaged endothelial cells are critical in promoting
diffuse microthrombi formation and disrupting various endothelial
barriers throughout the body. These microthrombi contribute to
multiple organ dysfunction (Wu et al., 2023). These alterations
could impair proper circulation, promote hypoxia, and favor
coagulopathies, common in Long COVID (Gillespie and Doctor,
2021).

Understanding these complex interactions and their impact on
RBCs is crucial for comprehending the hematological changes
associated with Long COVID-19, particularly concerning vascular
effects and disease severity.

Individuals who followed for 6 months, with at least one Long
COVID-19-related symptom, had a significantly higher mean
corpuscular hemoglobin concentration (MCHC) than those who
recovered with no signs (Alfadda et al., 2022). Higher MCHC can
have multiple causes, including autoimmune hemolytic anemia, and
rare events have been reported in COVID-19 (Lazarian et al., 2020;
Al-Mashdali et al., 2021; Fattizzo et al., 2021).

Changes in blood parameters can be evidenced after 2 years.
Most hematologic indicators regarding WBC and platelet counts in
COVID-19 convalescents were comparable to those of the healthy
control group. However, RBC counts, hemoglobin, red blood cell
distribution width-coefficient of variation, and mean corpuscular
hemoglobin showed statistical differences. Although indicators
related to RBC showed recovery to the normal range, RBC
counts were abnormal in 26.4% (20/76) after 1 year and 8.5% (5/
59) after 2 years of disease onset. Interestingly, the 2-year follow-up
showed the proportion of mean corpuscular volume (MCV) above
the normal range increased significantly from 2.6% (2/76) to 37.3%
(22/59) (Lin et al.,, 2022).

3.2 Blood components and proteins

Hemoglobin is responsible for gas exchange in RBCs. COVID-
19 hemoglobin levels were reported to be low, compromising oxygen
transport of RBCs in COVID-19 patients leading to hypoxia and is
related to disease severity (Anai et al., 2021). Several hypotheses were
elaborated to explain this viral effect. First, it was evidenced that
SARS-CoV-2 can interact with RBC via receptors CD147 and Band
3 (Cosic et al.,, 2020; Wang et al., 2020), and several structural,
including Spike and nucleoprotein and non-structural proteins, can
bind hemoglobin and heme (Lechuga et al., 2021), possibly altering
protein function. Second, the virus scavenges some molecules like
bilirubin and biliverdin, a heme and hemoglobin degradation
product, to evade antibodies (Rosa et al, 2021). Third, SARS-
CoV-2 was found to infect erythroid precursor cells derived from
peripheral CD34" blood stem cells and disrupt hemoglobin
2022). Another
possibility is that the virus triggers an immune response that

biosynthesis (Kronstein-Wiedemann et al,

causes inflammation, the release of cytokines, and oxidative

stress, which can lead to the breakdown of RBCs and the release
of hemoglobin into the bloodstream. This can decrease hemoglobin
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levels, induce hypoxia and anemia (Russo et al., 2022). The chronic
hypoxia in Long COVID is mostly related to lung function
impairment (Caruso et al., 2021; Cueto-Robledo et al.,, 2022), but
it also provides enhanced release of inflammatory cytokines
(@stergaard, 2021). Under the hypoxic stimulus, changes in the
erythroid precursor maturation of reticulocytes and young RBC
occur. They seem to have low catalase, and increased ROS formation
contributes to the preferential destruction of young RBC upon
return to normoxia (Risso et al., 2007; Song et al.,, 2015). These
events can promote anemia, inflaimmation, and iron deficiency in
Long COVID (Sonnweber et al., 2022).

In Long COVID, hemoglobin levels tend to return to normal
values, but some reports showed that for some patients, this
parameter is still altered (Pasini et al., 2021; Pereira-Roche et al.,
2022; Lai et al, 2023). Generally, Long COVID symptoms have
multiple causes, but low hemoglobin levels and anemia can
contribute to fatigue, weakness, and shortness of breath.

Alterations of iron homeostasis can persist in Long COVID-19,
markedly hyperferritiemia. Ferritin is a protein composed of two
subunits, H and L. Its main function is to store iron, regulating
cellular oxygen metabolism (Plays et al., 2021). Ferritin expression
and upregulation can be triggered by inflammation and oxidative
stress. Serum ferritin levels are increased in COVID-19 due to
inflammation and the release of cytokines, particularly IL-6, that
stimulate hepcidin synthesis, a master regulator of iron uptake and
distribution (Ganz, 2011). Ferritin has immune modulatory
functions, mediating inflammation and exerting
immunosuppressive effects on T and B cells (Kernan and
Carcillo, 2017). Elevated serum levels of ferritin have been found
to correlate with the severity of COVID-19 (Kaushal et al., 2022).
Iron overload can lead to oxidative stress, lipid peroxidation, and,
ultimately, cell death by ferroptosis (Winterbourn, 1995; Girelli
et al,, 2021).

Additionally, ferritin-increased levels have been linked to
interactions between RBCs and platelets in COVID-19 patients,
suggesting a role in thrombosis in COVID-19 (Venter et al., 2020)
and possibly in Long COVID. After 60days of follow-up,
hyperferritinemia remained elevated in 38% of individuals and
was more frequent in patients with severe disease (Pasini et al.,
2021). Additionally, persisting ferritin elevation correlated with
severe lung disease and iron dysmetabolism contributed to
impaired stress resilience at long-term COVID-19 follow-up
(Sonnweber et al., 2022).

An analysis of hematological changes in long-COVIDI9
revealed that in some patients, the increased D-dimer levels are
sustained for several months. D-dimer is produced by fibrin
degradation. Elevated levels of D-dimer correlate with COVID-19
severity (Yu et al,, 2020). A post-COVID follow-up study showed
that 30% of patients had elevated D-dimer approximately 54 days
after hospital discharge (Mandal et al., 2021). Another study showed
that all 75 patients with previously confirmed COVID-19 had
increased D-dimer and ferritin 2 months after hospital discharge
(Pasini et al., 2021). After a median of 3 months following COVID-
19 patients, 15% still had a persistent D-dimer elevation. It was more
frequently associated with patients that had severe COVID-19
(Lehmann et al., 2021). After 4 months, increased D-dimer levels
(>500 ng/ml) were observed in 25.3% of convalescent patients, but
in most (>90%) of this patient’s other coagulation markers
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(prothrombin time, activated partial thromboplastin time,
fibrinogen, platelet count) had returned to normal values
(Townsend et al., 2021). The D-dimer levels start to decrease but
continue high for up to 6 months in patients after discharge from the
hospital. The persistence of D-dimer elevated levels is associated
with Long COVID symptoms (Kalaivani and Dinakar, 2022).
Indeed, thromboembolic complications are a common feature of
Long COVID. In this viral infection, the coagulation pathway is
activated due to the immune response and cytokine storm leading to
the hypercoagulable and pro-inflammatory state (Lazzaroni et al.,
2021). RBC could also play a role in the cytokine storm since RBC
store and release several cytokines, including pro-inflammatory
TNF-a and IL-1P(Karsten et al., 2018).

Additionally, intravascular hemolysis could lead to an
inflammatory state and excessive cytokine release, due to
oxidative imbalance induced by hemoglobin degradation and the
release of heme and iron (Bozza and Jeney, 2020). Iron metabolism
is directly influenced by cytokines that trigger the production of
hepcidin, which binds to ferroportin, restricting the availability of
iron and preventing its export to cells (Ganz, 2011). However, in
COVID-19, there is an excess of iron within cells and tissues,
accompanied by reduced serum iron levels. Iron dysmetabolism
could restrict hemoglobin and RBC synthesis, leading to anemia and
sustained hypoxia in Long COVID (Cavezzi et al., 2020; Girelli et al.,
2021; Russo et al., 2022).

Several works also showed higher levels of C-reactive protein
(CRP), an acute phase protein, in Long COVID (Mandal et al.,
2021; Pasini et al., 2021). CRP is produced in the liver after
stimulating inflammatory cytokines like IL-6 (Sproston and
Ashworth, 2018). This biomarker is sustained increased and is
possibly linked to cytokine sustained elevation in Long COVID
(Lai et al., 2023). The enzyme lactate dehydrogenase (LDH) is a
mark of tissue damage. Levels of this enzyme in some post-acute
COVID-19 are also increased. After 2 months of infection, LDH
levels were elevated in more than 27% of subjects (Pasini et al,,
2021). Multiple factors may contribute to long-term COVID cell
lysis, including viral persistence and immune dysregulation
(Davis et al., 2023).

3.3 Cytokines

During COVID-19, virus infection induces an intense
production of cytokines, the “cytokine storm.” This response
is implicated in triggering immunopathological reactions.
Various cytokines (IFN-y, IL-1f, IL-6, IL-2, and TNF-a) had
altered levels in COVID-19, and the cytokine storms correlate
with the severity and progression of COVID-19 (Huang et al,,
2020; Chang et al., 2021). However, studies evaluating cytokine
levels in Long COVID are contradictory. A Long COVID cohort
of 12 individuals showed reductions in circulating levels of
remarkably Interferon (IFNy) and
Interleukin-8 (IL-8). Authors proposed that immune
exhaustion drives long-COVID (Williams et al., 2022). SARS-
CoV-2 expresses proteins that allow it to counteract the

cytokines, Gamma

induction or escape the antiviral activity of interferons.
Additionally, an delayed IFN-I
contributes to the disease (Sa Ribero et al., 2020). In contrast,

inadequate or response
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an increased expression of interferon I (IFN-f) and IIT (IFN-A1)
was evidenced 8 months after infection. Patients with Long-
Covid have higher levels than age- and gender-matched
Long COVID,
donors, and individuals infected with other coronaviruses
(Phetsouphanh et al, 2022). The IFN type I and III
production

recovered individuals without unexposed

imbalance is consistent with the prolonged
activation of plasmacytoid dendritic cells, indicating a chronic
inflammatory response.

Another study with 135 individuals with PASC revealed that
subjects with Long COVID-19 had higher levels of IL-17 and IL-2,
and subjects without PASC had higher levels of IL-10, IL-6, and IL- 4
(Queiroz et al., 2022). However, a cohort that followed Long COVID
subjects for 8 months observed a different profile. The study showed
a long-lasting cytokine signature consisting of elevated levels of
interleukin (IL)-1f3, IL-6, and tumor necrosis factor (TNF- a)
(Schultheify et al., 2022). Similarly, a study found that IL-6 and
TNF-a elevation was sustained in subjects that experienced
symptoms at approximately 120 days following COVID-19
(Peluso et al., 2021).

These works confirm that immune dysregulation and sustained
pro-inflammatory cytokine production are linked to Long COVID
symptomatology. Current data of a cytokine biomarker are relevant
as they can serve as diagnostic or prognostic information and be

used to monitor Long COVID.

4 Conclusion

This paper highlights the hematological alterations associated
with Long COVID-19, which may have important implications for
diagnosing, monitoring, and treating this condition. A literature
review suggests that Long COVID-19 is a respiratory disease and a
systemic disorder affecting multiple organs and systems, including
the hematopoietic system. Researchers and clinicians should
identify  the
alterations and consider monitoring these parameters in
individuals with Long COVID-19. Future research should focus
on elucidating the underlying mechanisms of these hematological

most frequent and relevant hematological

changes and exploring potential therapeutic interventions to
improve outcomes in individuals with Long COVID-19. It is
important to note that not all Long COVID-19 patients
experience hematological abnormalities. The symptomatology
and the severity of these abnormalities can also vary widely
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A preliminary study of
phosphodiesterases and adenylyl
cyclase signaling pathway on red
blood cell deformability of sickle
cell patients
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d'Excellence du Globule Rouge (Labex GR-Ex), PRES Sorbonne, Paris, France, °Institut Hématologique et
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Sickle cell disease (SCD) is an inherited hemoglobinopathy characterized by
chronic anemia, intravascular hemolysis, and the occurrence of vaso-occlusive
crises due to the mechanical obstruction of the microcirculation by poorly
deformable red blood cells (RBCs). RBC deformability is a key factor in the
pathogenesis of SCD, and is affected by various factors. In this study, we
investigated the effects of adenylyl cyclase (AC) signaling pathway modulation
and different phosphodiesterase (PDE) modulatory molecules on the
deformability and mechanical stress responses of RBC from SCD patients
(HbSS genotype) by applying 5Pa shear stress with an ektacytometer
(LORRCA). We evaluated RBC deformability before and after the application of
shear stress. AC stimulation with Forskolin had distinct effects on RBC
deformability depending on the application of 5Pa shear stress. RBC
deformability was increased by Forskolin before shear stress application but
decreased after 5Pa shear stress. AC inhibition with SQ22536 and protein
kinase A (PKA) inhibition with H89 increased RBC deformability before and
after the shear stress application. Non-selective PDE inhibition with
Pentoxifylline increased RBC deformability. However, modulation of the
different PDE types had distinct effects on RBC deformability, with
PDE1 inhibition by Vinpocetine increasing deformability while PDE4 inhibition
by Rolipram decreased RBC deformability after the shear stress application. The
effects of the drugs varied greatly between patients suggesting some could benefit
from one drug while others not. Developing drugs targeting the AC signaling
pathway could have clinical applications for SCD, but more researches with larger
patient cohorts are needed to identify the differences in the responses of
sickle RBCs.

KEYWORDS

sickle cell disease, deformability, shear stress, adenylyl cyclase, phosphodiesterases,
protein kinase A
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1 Introduction

Sickle cell disease (SCD) is an inherited hemoglobinopathy
characterized by a point mutation in the B-globin gene, resulting
in the production of an abnormal hemoglobin (HbS) (Piel et al.,
2017). The polymerization of HbS, which occurs in deoxygenated
conditions, causes a mechanical distortion of red blood cells (RBC)
resulting in a change of cell morphology into a sickle shape (Rees
et al,, 2010; Connes et al,, 2018). Repeated cycles of sickling and
unsickling may damage the RBC membrane, deteriorate
deformability, increase cell adhesiveness and ultimately lead to
vaso-occlusions, intravascular hemolysis, and chronic anemia
(Lamarre et al., 2012; Alapan et al, 2014; Connes et al., 2014;
Jang et al., 2021). Stiff and poorly deformable sickle RBCs have
detrimental effects on the microcirculation by being trapped in the
postcapillary venules and impairing blood flow, which may lead to
painful vaso-occlusive crises and organ damages (Eaton and
Hofrichter, 1987; Chiang and Frenette, 2005; Conran et al., 2009).

RBC deformability depends on intracellular viscosity, surface/
volume ratio, and the cytoskeletal interactions with the integral
membrane components, as well as ATP levels and redox state
(Huisjes et al, 2018; Kuck et al, 2020). ATP is an important
energy source for the proper function of ion channels and
essential for the intracellular jon balance to maintain cell
hydration (Chu et al, 2012; Leal Denis et al, 2016; Gallagher,
2017). Dehydration and reduced ATP levels have been reported
in RBCs from SCD patients (Gulley et al., 1982; Banerjee and
Kuypers, 2004, Sabina et al., 2009). The impaired production of
ATP in sickle RBCs could adversely affect AC signaling pathway.
The activation of signaling molecules and enzymes involved in
adenylyl cyclase (AC) pathway is dependent on the conversion of
ATP to cAMP. Several studies demonstrated a role of AC signaling
pathway in the regulation of the deformability of healthy RBCs
(Sprague et al, 2001; Muravyov et al, 2009; Muravyov and
Tikhomirova, 2013; Semenov et al., 2019). Indeed, ATP levels
could affect AC pathway, which may participate to the decrease
in RBC deformability in this disease. We have previously shown the
potential role of AC pathway for the modulation of RBC
deformability in SCD patients and demonstrated that the
inhibition of cAMP hydrolysis by phosphodiesterases increased
the deformability of RBCs from SCD patients (Ugurel et al., 2019).

Once the AC enzyme is activated by the G protein coupled
receptor (GPCR), it catalyzes the conversion of ATP to cAMP that
activates cAMP-dependent enzyme (Protein kinase A, PKA). The
signal transduction within the cell is carried out depending upon
enhanced cAMP levels, and the signal is terminated when cAMP is
converted to AMP by phosphodiesterases (PDE). Hence, PDEs
provide negative feedback for the signaling pathways. It has also
been shown in SCD mice model that activation of PKA through
stimulation of A,gR receptor with adenosine promotes cAMP
production, leading to RBC sickling (Zhang et al, 2011).
Significantly higher RBC cAMP levels have been reported in SCD
patients, and correlation with the frequency of painful vaso-
occlusive crises has been reported (Hines et al., 2003; Jit et al.,
2019). A reduction in cAMP level was also observed in sickle RBCs
during hydroxyurea treatment (Bartolucci et al., 2010), a treatment
that decrease the risk of vaso-occlusive crises and acute chest
syndrome in SCD. Six different PDE types (PDE1, PDE2A,
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PDE3B, PDE4, PDE5, and PDE9A) have been identified in RBCs
to date and are important for the regulation of cAMP or cGMP
(Almeida et al., 2008; Adderley et al., 2010; Adderley et al., 2011),
however, their distinct roles in the regulation of RBC deformability
in SCD are unknown.

In the present study, we hypothesized that RBC deformability
from SCD patients is modulated by selective PDE types and AC
signaling pathway. We investigated the modulatory effects of AC,
PKA, and different PDE types on RBC deformability by incubating
SCD RBCs with selective stimulators and inhibitors. Moreover,
RBCs undergo various levels of shear stress in the blood
circulation that is fundamental for their ability to deform. Shear
stress at the physiological level regulates ATP release from RBCs and
calcium (Ca*?) influx within RBCs, the latter of which could directly
stimulate AC through Ca**-calmodulin (Halls and Cooper, 2011;
Cinar et al., 2015; Danielczok et al., 2017). Indeed, we also exposed
RBCs from SCD patients to prolonged shear stress that is
physiologically relevant and evaluated mechanical stress
responses of RBCs by the changes in deformability, before and
after the application of shear stress and with or without drugs known

to modulate AC, PKA and PDE signaling pathways.

2 Materials and methods
2.1 Patients and controls

Homozygous SCD patients with HbSS genotype (n = 7) were
included in the study: age = 21.4 + 16.5 years, HbF = 13.1 + 6.6%,
HbS = 83.3 + 6.0%, Hct = 24.5 + 3.2%, RBC number = 2.85 + 0.39
10%*/L, MCHC = 347 + 124 g/L, MCV = 87.4 + 15.91], all under
hydroxyurea therapy. The patients were diagnosed and followed at
the Sickle Cell Center of the Academic Hospital of Lyon. All patients
were at clinical steady state for at least 2 months prior to their
inclusion in the study (i.e., no acute episodes of infection, vaso-
occlusive crises, acute chest syndrome, stroke, priapism and no
blood transfusions in the preceding 3 months). Every donor gave
written informed consent before sampling. The study was conducted
in accordance with the guidelines set by the Declaration of Helsinki
and was approved by the Regional Ethics Committees (CPP Lyon-
Est, Hospices Civils de Lyon, L14-127).

2.2 Preparation of blood samples

Peripheral blood was withdrawn from antecubital vein of
each donor and taken into EDTA vacuum tubes (15 IU/ml).
Hematocrit was set to 40% for the experiments with autologous
plasma. Blood samples were treated with the stimulators or
inhibitors of the enzymes involved in the PKA pathway.
Forskolin (10 uM) and SQ22536 (100 uM) were used for the
stimulation and the inhibition of AC, respectively. H-89
(10 uM) and Pentoxifylline (10 uM) were used for the
inhibition of PKA and PDEs, respectively. For the selective
inhibition of PDEs, Vinpocetine (30 uM), Milrinone (20 uM),
and Rolipram (10 uM) were used to block the activities of PDEI,
PDE3, and PDE4, respectively. All chemical agents were
purchased from Sigma-Aldrich Co (MO, United States) and
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continuous 5 Pa shear stress (B), maximum elongation index (Elyay) (C), and the shear stress required to reach half of maximum elongation index (SS;,)
(D) are shown. Elynax:SSy/5 is shown in (E). n = 6, ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001

Frontiers in Physiology

37

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2023.1215835

Goksel et al.

10.3389/fphys.2023.1215835

A 077 -e Vehicle Before SS B 077 @ Vehicle After S
064 H-89 Before SS 0.6 -@- H-89 After SS .
0.5+ * 0.5+
_ 044 0.4
m
0.3 0.3
0.2 0.2
0.1 0.1
0.0 T T 1 0.0 1
0.1 1 10 100 0.1 1 10 100
Shear stress (Pa) Shear stress (Pa)
C . D X E
o o Vehicle 559 — o Vehicle 10- ., ———— o Vehide
1 . ki * e H-89 y
I, ) . g O el sof e 9 o o e H-89
0.60- ° ° ® :
= o 4.5 - _E 8-
£ 0.55- j-E hd %3 — i
— )
w 9 404 510 ° = 7- o
0.50 a o
oe o
045 © o 351 '{7 61 °© e
0.40 : T 3.0 . T 5 . T
Before SS After SS Before SS After SS Before SS After SS
FIGURE 3

Effects of H-89 on samples before and after shear stress. Changes in elongation index (El) before continuous 5 Pa shear stress (A) and after
continuous 5 Pa shear stress (B), maximum elongation index (Elmay) (C), and the shear stress required to reach half of maximum elongation index (SSy,)
(D) are shown. Elmay:SS1/2 is shown in (E). n = 5, ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001.

incubated with blood samples at 37 C for 15min, except
Vinpocetine which was incubated for 30 min. A vehicle
(DMSO or PBS) was prepared in the same volume (v/v) and
studied under the same conditions as a control. After the
incubation with the agents, whole blood samples were
measured directly. All experiments were performed within 4 h
after blood sampling.

2.3 Measurements of RBC deformability

RBC deformability was measured by ektacytometry, using the
laser-assisted optical rotational cell analyzer (LORRCA MaxSis,
Mechatronics, Netherlands) at 37°C. The laser integrated device
consists of a rotating and a static cylinder that generate shear
stresses. Briefly, 2.5 mL iso-osmolar polyvinylpyrrolidone (PVP)
solution (360 kDa, 29.9 + 0.5 mPas, Mechatronics, Netherlands)
was mixed with 12.5 uL of the blood sample and placed into the
measuring chamber between the two cylinders. RBC deformability
was measured by applying 9 different shear stresses (0.30, 0.57, 1.08,
2.04, 3.87, 7.34, 13.92, 26.38, and 50 Pa). A diffraction pattern of
RBCs was generated by the laser beam traversing the blood sample.
An Elongation Index (EI) was calculated from the diffraction pattern
collected by the camera of the LORRCA, which reflected RBC
deformability, (A-B)/(A + B), with A and B
corresponding to the vertical and horizontal axis of a theoretical

such as:

ellipse fitting the diffraction pattern. The Lineweaver-Burke method
was used to calculate the maximum elongation index at infinite
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shear stress (EImax) and the shear stress required to reach half of
this maximum elongation index (SS1/2) (Baskurt et al., 2009). In
order to normalize SS1/2, the ratio SS1/2/EImax was calculated
(Baskurt and Meiselman, 2013).

2.4 Application of prolonged shear stress to
blood samples

The effects of prolonged shear stress on the deformability of
RBCs treated or not with the different molecules used in this study,
were also investigated. Mixed PVP-RBC suspensions were exposed
to continuous shear stress of 5Pa for 300 s using ektacytometry
(LORRCA MaxSis, Mechatronics, Hoorn, Netherlands).The shear
stress level at 5 Pa corresponds to a physiological shear stress level at
arterial  walls and Stefanadis, 2005). RBC
deformability was measured before and after the application of

(Papaioannou

shear stress. Data were recorded as curves of El-shear stresses.

The following experimental procedure was conducted on blood
samples with or without chemical agents: (1) RBC suspensions were
used to evaluate RBC deformability before continuous shear stress
exposure between 0.3 and 50 Pa, (2) after the measurement has been
completed, the sample is aspirated from the gap and the cup is
cleaned before the replacement of the next sample, (3) the measuring
chamber was filled with new suspension, and 300 s of continuous
5Pa shear stress were applied and, (4) RBC deformability was
measured again immediately following the end of the 5 Pa shear
stress exposure.
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2.5 Statistical analysis

Statistical analysis and data presentation using commercial
GraphPad Sofware Inc.,
United States). The results are shown as a mean + SD. Shapiro-

software were performed (Prism,

Wilk normality test was applied for all data sets whether they are
normally distributed. A non-parametric Wilcoxon test was
performed for the matched data sets which were not normally
distributed. Deformability measurements were evaluated before
and after shear stress application using a two-way ANOVA with
repeated measures followed by Bonferroni multiple comparisons
test. A p-value less than 0.05 was considered statistically significant.

3 Results

3.1 RBC deformability from SCD patients is
improved by the inhibition of adenylyl
cyclase and protein kinase A

Adenylyl cyclase (AC) stimulation by Forskolin exerted distinct
effects on RBC deformability depending on the application of the
constant shear stress of 5 Pa. Deformability was improved before the
continuous 5 Pa application by 3.7% but deteriorated after by 4.8%,
particularly at high shear stress levels (26.38 Pa and 50 Pa) (Figures
1A, B). Interestingly, EImax decreased with Forskolin treatment
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before and after the 5Pa application although SS1/2 and SS1/2:
Elmax values did not change (Figures 1C-E). On the other hand, AC
inhibition by SQ22536 resulted in an increase of RBC deformability
by 8%-10% between 1.08 Pa and 50 Pa both before and after the
constant 5 Pa application (Figures 2A, B). SQ22536 increased EImax
values and decreased SS1/2 and SS1/2:EImax values, which indicates
a significant increase in RBC deformability (Figures 2C-E). The
inhibition of Protein kinase A (PKA) by H89 slightly increased RBC
deformability by 2.7% before the 5Pa application but only at
13.92Pa level (Figure 3A). After the 5Pa application,
H89 increased RBC deformability between 2.04 Pa and 50 Pa
levels by 4% (Figure 3B). EImax values increased and SS1/2 and
SS1/2:EImax values decreased with H89 both before and after the
application of the continuous 5Pa shear stress (Figures 3C-E).
These results support a modulatory effect of AC/PKA signaling
pathway on RBC deformability in SCD.

3.2 Different PDE types exert distinct effects
on sickle cell deformability

Non-selective inhibition of PDEs by Pentoxifylline resulted in an
increase of RBC deformability between 1.08 Pa and 50 Pa by 5.5%
before the 5 Pa application and between 1.08 Pa and 7.34 Pa after by
4.7% (Figures 4A, B). EImax did not change but SS1/2 and SS1/2:
EImax values significantly decreased with Pentoxifylline both before
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and after the 5 Pa application (Figures 4C-E). We then investigated
the effects of the different types of PDEs on RBC deformability from
SCD patients. The inhibition of PDEI by Vinpocetine significantly
increased EI values at high shear stresses (>7.34 Pa) by 3% both
before and after the application of 5 Pa. The inhibition of PDE4 by
Rolipram also changed EI values at high shear stresses (>13.92 Pa).
However, Rolipram increased deformability before the 5Pa
application by 4.5% and decreased it after by 6.5% (Figures 5A,
B; Figures 6A, B). Vinpocetine decreased SS1/2:EImax ratio but did
not change Elmax and SS1/2 values (Figures 5C-E). On the
contrary, Rolipram did not change S$S1/2 and SS1/2:EImax but
decreased EImax values both before and after the application of
5 Pa (Figures 6C-E). The inhibition of PDE3 by Milrinone did not
significantly affect RBC deformability (data not shown). Figure 7
shows the changes in RBC deformability obtained with the different
drugs, before and after the 5 Pa shear stress application, for one SCD
patient.

4 Discussion

The salient findings in the present study demonstrate the
beneficial effects of the inhibitors of adenylyl cyclase (AC)/
Protein kinase A (PKA) signaling pathway on the deformability
of RBCs from SCD patients. The inhibition of AC and PKA
increased RBC deformability before the application of shear
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stress, while the stimulation of AC decreased it after the 5 Pa
shear stress application. To our knowledge, this is the first study
investigating the effects of different PDE families on mechanical
stress responses of sickle RBCs. Non-selective phosphodiesterase
(PDE) inhibition increased RBC deformability. However, blocking
particular PDE families produced divergent results showing that the
function of the different PDEs is variable in RBCs from SCD
patients.

In SCD, RBC ATP level is reduced, and ATP depletion is
associated with increased number of irreversibly sickled RBCs
(Jensen et al., 1973; Banerjee and Kuypers, 2004). RBCs are
known to release ATP in a response to mechanical stress.
Inactivation of AC/PKA signaling pathway attenuates ATP
release and improves mechanical stress responses of RBC by
increasing deformability (Sprague et al, 2001). Therefore, one
may suggest that PKA inhibition could be beneficial for the
rheological properties of sickle RBCs. Since PKA activity is
dependent on cAMP levels, AC activity is also important for
PKA-dependent processes by the conversion of AMP to cAMP.
Sickle RBCs are known to contain more than 4-fold cAMP levels
compared to healthy RBCs (Hines et al., 2003). The stimulation of
AC by Forskolin has been shown to further increase cAMP levels in
sickle RBCs, which resulted in increased adhesiveness to laminin
(Hines et al., 2003). Our results in the present study demonstrate
that AC stimulation by Forskolin lead to a reduction of RBC
deformability, plausibly by the enhancement of cAMP levels.
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Effects of Rolipram on samples before and after shear stress. Changes in elongation index (El) before continuous 5 Pa shear stress (A) and after
continuous 5 Pa shear stress (B), maximum elongation index (Ela,) (C), and the shear stress required to reach half of maximum elongation index (SSy,,)
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Interestingly, few studies showed that Forskolin increased
deformability of healthy RBCs (Muravyov et al., 2009; Muravyov
and Tikhomirova, 2013). (2019)
demonstrated that the improvement of RBC deformability by

However, Semenov et al.
Forskolin would be dependent on both the dosage of the drug
and the level of shear stress. Similarly, we showed that Forskolin
increased RBC deformability before the implementation of constant
shear stress; however, RBC deformability was decreased after the
5Pa application. Physiologically relevant shear stress increases
deformability in healthy RBCs (Meram et al., 2013). The
impairment of RBC deformability by Forskolin after 5Pa
application in SCD patients could be explained by the calcium
influx through shear stress sensing mechanisms that could stimulate
AC and lead to the elevation of intracellular cAMP levels (Figure 8).
Several nonselective cationic ion channels are present at the
membrane of RBCs and can be activated by shear stress,
resulting in increased Ca** influx (Kaestner et al., 2020; Egée and
Kaestner, 2021; Nader et al, 2023). The decrease of RBC
deformability through AC stimulation was well observed at high
shear stresses suggesting that the effect of Forskolin is shear stress
dependent.

The inhibition of AC and PKA by SQ22536 and H89,
respectively, significantly increased RBC deformability of SCD
patients. The improving effects of H89 and SQ22536 on RBC
deformability were more pronounced than the effects of

Frontiers in Physiology

Forskolin, which can be observed in SS;/5, El e and SSy/5:El .,
parameters. The SS;/, parameter provides a global index of RBC
deformability, while EI,,,,, indicates the limiting elongation index at
infinite shear stress (Baskurt et al., 2009). El,;,.x may be affected by
cell shape and membrane properties, however, this parameter is not
impacted by cytoplasmic viscosity (Baskurt et al., 2009). A reduced
SS1/, often indicates improved RBC deformability, however, this
might also be related to a reduced EI,,,,x. Therefore, SS;5:El,y ratio
should be considered and reflects the dependence of EI on SS
independent of El,,, alterations (Baskurt and Meiselman, 2013).
In our previous study, we also showed that the inhibition of AC/
PKA signaling pathway resulted in a rise of RBC deformability in
SCD patients (Ugurel et al,, 2019). AC inhibition reduces cAMP
levels and suppresses PKA activation. PKA targets several
membrane proteins and regulates the activities of ion channels.
PKA phosphorylates dematin, Protein 4.1 and adducin in RBC
membrane that promotes the dissociation of the spectrin network
and reduces membrane stability (Cohen and Gascard, 1992;
Koshino et al,, 2012; Chen et al,, 2013). PKA also targets CFTR
channel in RBC and regulates Cl efflux (Decherf et al., 2007). This
mechanism could affect cell volume with a significant impact on
RBC deformability. On the other hand, the enhancement of AC/
PKA signaling increases the adhesion of sickle RBCs to endothelium
through Lu/BCAM adhesion molecule (Zennadi et al, 2004;
Gauthier et al., 2005). Abnormal adherence of sickle RBCs to
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Representative figure of the effects of Forskolin, SQ, H-89, Pentoxifylline, Vinpocetine, Milrinone, and Rolipram on a blood sample collected from a

patient with sickle cell disease.

endothelial cells was postulated to be important in the initiation and
progression of vaso-occlusive crises (Hebbel, 1997; Kaul and Fabry,
2004). AC/PKA signaling pathway also activates ERK1/2 signaling
molecule, which phosphorylates ICAM-4 adhesion receptor on
RBCs and promotes sickle cell adhesion (Zennadi et al., 2012).
This mechanism of action could be reversed by blocking AC or PKA
activities that suppresses sickle RBC adhesion to the endothelium
(Zennadi et al., 2012).

AC induced synthesis of cCAMP requires the stimulation of G
protein coupled receptors (GPCR) which includes B2-adrenergic
receptors (BAR) and prostacyclin receptors (IPR) in RBCs (Sprague
et al., 2008). Intracellular signal transduction is mediated by
increased levels of cAMP, which is then carried out by PKA
(Figure 8). However, the signal can be attenuated due to the
hydrolysis of cAMP by phosphodiesterases (PDEs) (Baillie, 2009).
Although 11 different PDE families are present in various cell types,
only 6 of them (PDEI, 2, 3, 4, 5, and 9) are defined in mature RBCs
or erythroid precursors (Almeida et al., 2008; Adderley et al., 2011).
Non-selective inhibition of PDE by Pentoxifylline in the present
study significantly increased the deformability of RBCs from SCD
patients, both before and after the application of a constant shear
stress for prolonged time, which confirms previous findings (Ugurel
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et al., 2019) but contrast with another study (Cummings and Ballas,
1990). A previous case report in the late seventies showed that
Pentoxifylline treatment in a patient with SCD and frequent vaso-
occlusive crises improved RBC deformability and decreased blood
viscosity (Keller and Leonhardt, 1979). A recent study demonstrated
that the elastic modulus of RBC was decreased by Pentoxifylline
treatment in vivo, which improved blood flow in subjects with
cerebrovascular and peripheral arterial diseases (Aifantis et al.,
2019). Pentoxifylline is postulated to increase intracellular ATP
concentrations, decrease Ca®" concentrations by activation of the
Ca**—Mg** ATPase and calmodulin, and
phosphorylation of proteins into the RBC membrane (Schubotz
and Miihlfellner, 1977; Aifantis et al., 2019), which could increase
RBC deformability. We previously demonstrated that tyrosine

increase the

phosphorylation of membrane proteins was increased by the
application of Pentoxifylline in vitro and was accompanied by an
increase of RBC deformability in healthy donors (Ugurel et al.,
2022). However, several clinical trials conducted in SCD did not
demonstrate any clinical improvement induced by Pentoxifylline, as
a preventive molecule, in patients with frequent vaso-occlusive crises
(Sherer and Glover, 2000). In contrast, a study demonstrated that
the use of Pentoxifylline during the acute phase of vaso-occlusive
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crisis could be helpful for faster recovery (Poflee et al, 1991).
Nevertheless, its clinical impact seems to be rather limited
(Sherer and Glover, 2000).

According to the present study, the inhibition of PDEI by
Vinpocetine significantly increased RBC deformability of SCD
patients. Vinpocetine was previously shown to improve RBC
deformability in healthy subjects and stroke patients (Hayakawa,
1992; Muravyov and Tikhomirova, 2015). This selective inhibitor of
PDELI has no effect on the increase of cAMP in either PAR or IPR
pathway suggesting that PDELI is involved in hydrolysis of cGMP in
RBCs (Adderley et al, 2009). The improvement of RBC
deformability from SCD patients by PDE1 inhibition could be
explained by the elevation of intracellular cGMP levels.
PDE4 inhibition by Rolipram decreased RBC deformability from
SCD patients. The alterations seem to be more pronounced after the
5 Pa application showing that mechanical stress responses of sickle
RBCs are deteriorated by PDE4 inhibition. PDE4 is known to be
responsible for hydrolyzing cAMP in healthy RBCs. The selective
inhibition of PDE4 by Rolipram increased cAMP levels in RBCs with
the stimulation of adrenergic pathway by isoproterenol (Adderley
et al,, 2009). Rolipram was shown to increase the deformability in
healthy RBCs (Muravyov and Tikhomirova, 2015), however we have
demonstrated that this drug decreased RBC deformability from SCD
patients, particularly at high shear stress. We suspect that the
responses of sickle RBCs to mechanical stress would be altered
due to the impairment in cAMP signaling. Furthermore, prolonged
hypoxia in transgenic SCD mice increased PDE4 levels in lung
tissue, which was reversed by Rolipram, preventing the development
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of pulmonary arterial hypertension (De Franceschi et al., 2008).
Rolipram was also shown to reduce ischemic/reperfusion liver injury
in transgenic SCD mice most likely by inducing over-expression of
Nos3 and reducing vascular activation (Filippini et al, 2008).
Although these studies revealed the protective effects of
PDE4 inhibition for ischemic injury and hypertension in a SCD
model, they did not investigate the efficacy of PDE4 on sickle RBCs.
Another PDE family investigated in the present study was PDE3,
which hydrolyzes both cAMP and cGMP in a complex manner. The
hydrolysis of cGMP by PDE3 can inhibit the hydrolysis of cAMP in
various cell types (Degerman et al., 1997; Bender and Beavo, 2006).
PDE3 inhibition in RBC had no effect on cAMP levels stimulated by
BAR, however PDE3 selectively regulates cAMP synthesis when
stimulated by IPR signaling (Hanson et al., 2008; Adderley et al.,
2009). We did not initially stimulate PAR or IPR pathways; however,
we studied the effects of PDE3 inhibition on sickle RBCs in native
conditions. Accordingly, the inhibition of PDE3 by Milrinone did
not significantly alter RBC deformability in SCD patients suggesting
sickle RBC deformability is not modulated in an IPR dependent way.

5 Conclusion

Although our study showed an effect of most of the drugs used
on RBC deformability from SCD patients, the potential clinical
relevance is unknown. Most of the changes observed in RBC
deformability are rather small in comparison with the effects of
other drugs currently used in the context of SCD, such as
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Hydroxyurea (Charache et al, 1995; Lemonne et al., 2015) or
Voxelotor (Dufu et al., 2018; Migotsky et al., 2022), and where
clinical benefits have been reported. The only change we noted,
which seems to be physiologically relevant, is the decrease of RBC
deformability observed when stimulating AC with Forskolin and
blocking PDE4 by Rolipram. Following the application of prolonged
shear stress, both drugs reduced the RBC deformability of SCD
patients, indicating that the effects of these two compounds might be
shear-dependent. However, the results from the present study are
preliminary and limited to a small sample size: further studies are
needed with a larger group of patients to identify the factors that
could be involved in the variability of the responses. Developing
drugs targeting the AC signaling pathway mediated by PAR
receptors could have potential clinical application but further
studies are needed. Nevertheless, the Figure 7 shows the example
of a patient with SCD whose in-vitro responses to most of the drugs
were highly significant from a physiological/rheological point of
view, suggesting that the effects of the different drugs tested in the
present study are highly variable from one patient to another and
that some patients could benefit from one drug while other not.
Differential responses of sickle RBCs might be due to variable
expression levels of PDEs in each patient, as well. Our next
studies will include the quantification of PDEs in RBC samples
from SCD patients. Further large in-vitro studies are needed to
identify why some sickle RBCs could respond more than others.
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Drug transport by red blood cells

Sara Biagiotti, Elena Pirla and Mauro Magnani*

Department of Biomolecular Sciences, University of Urbino, Urbino, Italy

This review focuses on the role of human red blood cells (RBCs) as drug carriers.
First, a general introduction about RBC physiology is provided, followed by the
presentation of several cases in which RBCs act as natural carriers of drugs. This is
due to the presence of several binding sites within the same RBCs and is regulated
by the diffusion of selected compounds through the RBC membrane and by the
presence of influx and efflux transporters. The balance between the influx/efflux
and the affinity for these binding sites will finally affect drug partitioning.
Thereafter, a brief mention of the pharmacokinetic profile of drugs with such a
partitioning is given. Finally, some examples in which these natural features of
human RBCs can be further exploited to engineer RBCs by the encapsulation of
drugs, metabolites, or target proteins are reported. For instance, metabolic
pathways can be powered by increasing key metabolites (e, 2,3-
bisphosphoglycerate) that affect oxygen release potentially useful in
transfusion medicine. On the other hand, the RBC pre-loading of recombinant
immunophilins  permits increasing the binding and transport of
immunosuppressive drugs. In conclusion, RBCs are natural carriers for different
kinds of metabolites and several drugs. However, they can be opportunely further
modified to optimize and improve their ability to perform as drug vehicles.

KEYWORDS

red blood cells, drug transport, blood-to-plasma ratio, pharmacokinetic, blood
distribution

1 The unique properties of human red blood cells that
have an impact on drug transport

Human red blood cells (RBCs) represent 99% of the cellular compartment in the blood
and comprise the most numerous cells in the body. One microliter of blood contains
approximately 4-5 million RBCs, which means approximately 25 million million RBCs in
the total body of an adult human being. Moreover, thanks to their shape and deformability,
they can reach almost all organs and tissues and, for this reason, they are considered the
carriers par excellence. Mature RBCs mainly contain hemoglobin; thus, it can be argued that
RBCs are passive carriers and that their role only relies on oxygen and CO, transport (Hsia,
1998). Indeed, a lot of other molecules can be carried by RBCs. As a matter of fact,
erythrocytes are not mere gas transporters, but they are also involved in other functions,
i.e., vascular function, coagulant pathways, defense processes, and metabolic pathways,
thanks to their further contents (Helms et al., 2018; Olver, 2020; Stosik et al., 2020).
Regarding vascular function, they are the main source of nitric oxide, and consequently, they
are involved in blood pressure homeostasis as well. Concerning metabolism involvement,
physiological examples are given by amino acids, in particular the alanine’s transport in the
so-called glucose-alanine cycle through the muscle tissue and liver. It was demonstrated that
the carriage percentage of alanine is higher in whole blood, thanks to the binding with RBCs,
than in plasma (Felig et al, 1973). Other examples are nucleosides which are major
precursors for nucleotide biosynthesis. RBCs present different specific membrane
transport systems for nucleosides, including the equilibrative nucleoside transporter 1
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FIGURE 1

Drug partitioning into RBCs. Lipophilic drugs and small molecules can enter the RBC through the lipid bilayer, while hydrophilic compounds can
enter via the aqueous channels (in blue) or other transporters such as Glut 1 (in brown). Once in the cytoplasm, drugs can find several binding sites. Among
those, we can find hemoglobin, carbonic anhydrase, and immunophilins that possess an affinity for several drugs. RBC partitioning is also affected by drug
efflux across several transporters like P-glycoprotein and multidrug resistance-associated protein (MRPs) (in red and yellow, respectively). Hb,

hemoglobin; CA-I/ll, carbonic anhydrase | and II.

(ENT1), whose absence is related to defective erythropoiesis
(Mikdar et al., 2021). Finally, RBCs are also important carriers of
hormones, folate, (e.g.,
hydrocortisone), and small metabolites that play key roles in gas

drugs valproate, phenytoin, and
exchanges (Highley and De Brujin, 1996). All of these molecules are
involved in a complex homeostatic balance between in- and out-flux
(Kirk, 2001; Sharma et al, 2001) mediated not only by passive
diffusion but also by the use of active transport mechanisms
(Sharma et al., 2001), which may be involved in the transport of

drugs.

2 RBCs as natural carriers for drugs

The RBC surface area is approximately 163 um® (Beutler et al.,
1995), and with a few calculations, we can estimate a total surface
area of more than 4,000 m”. In light of the above, it is quite easy to
understand that with a similarly wide area, drugs can easily be
distributed into the RBC compartment. In particular, drug
molecules can bind to the membrane and/or to proteins into the
cytosol. Among the drugs that can bind to the RBC membrane, we
can cite codeine, mefloquine, chlorpromazine, imipramine,
pyrimethamine (Hinderling, 1997; Dash et al., 2021), and several
others. As a matter of fact, the RBC membrane provides an extended
surface area that may also be used for anchoring various therapeutic
molecules intended to act in the bloodstream. Interested readers can
find more information in papers published by Murciano et al.
(2009), Muzykantov (2010), Carnemolla et al. (2017), Villa et al.
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(2018), and Rossi et al. (2019). However, this review will not focus on
drugs binding to the RBC membrane but on those that enter into the
cell and bind to cytosolic components of RBCs. Indeed, several
features affect the partitioning of drugs into RBCs, such as
lipophilicity and molecular size. Lipophilic drugs can cross the
RBC lipid membrane by simple diffusion, while hydrophilic
compounds can enter due to the aqueous channels or other
membrane-facilitated or active transport systems such as Glutl
(Dash et al., 2021). Once into the RBC cytoplasm, drugs can find
several enzymes and/or proteins to bind to. The most important
protein is notably represented by hemoglobin. Hemoglobin
represents 10% of the total body proteins of an adult and is able
to carry many substances. A review from Hinderling summarized in
a table the drugs known to be bound by hemoglobin, and among
them, we can find barbiturates, digoxin and derivatives, and salicylic
acid (Hinderling, 1997). A more recent review also cites
sulfonamides, phenytoin, phenothiazines, phenylbutazones and
derivatives, imipramines and derivatives, proquazone, and
pyrimethamine (Dash et al., 2021). Some of these drugs may
induce allosteric modifications in the hemoglobin structure,
changing its affinity for oxygen. In addition to hemoglobin, there
are other proteins known to be the binding site for drugs. The
nucleoside transporter can bind to draflazine and acetazolamide,
while carbonic anhydrase represents the binding site for
antidiuretics like chlortalidone, dorzolamide, and methazolamide
(Hinderling, 1997). However, the most important example of drug-
binding protein is represented by immunophilins (e.g., cyclophilin
and FKBI12) that bind with very high-affinity immunosuppressive
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Sample choice for pharmacokinetic evaluation. Drug distribution strictly affects the pharmacokinetic properties of the same therapeutic agent.
Thus, the choice of the most suitable sample for therapeutic drug monitoring is pivotal. In the case of drugs with a blood-to-plasma ratio lesser than 1,
plasma is the sample of choice for pharmacokinetic evaluations. On the contrary, when the blood-to-plasma ratio is higher than 1, whole blood is the
recommended sample on which the assessment of drug concentration is performed. Either plasma or whole blood is appropriate if the ratio is

around 1.

drugs such as cyclosporine and tacrolimus (Magnani et al., 2012).
Finally, drug partitioning into RBCs is affected by the presence of
efflux transporters onto the plasma membrane. Evidence showed the
presence of P-glycoprotein and breast cancer resistance protein
(BCRP) in the RBC membrane. On the contrary, multidrug
resistance-associated proteins MRP1, MPR4, and MPR5 are not
only involved in the uptake of antimalarial drugs but also in the
efflux of some metabolites (e.g., oxidized glutathione conjugates and
cyclic nucleotides) (Dash et al., 2021) (Figure 1). Moreover, RBCs
can be engineered as drug delivery systems, thanks to their features
of biocompatibility, biodegradability, and long-circulating life (Villa
et al,, 2017). Recently, various types of drug delivery systems based
on blood cells have been developed, as well as blood-cell-inspired
carriers that mimic the features of native blood cells (Wang et al.,
2022). Finally, a new kind of next-generation carrier arising from
RBCs has been proposed; this is the case of RBC-derived
extracellular vesicles (RBCEVs), which are promising nanosized
drug carriers for the intracellular delivery of cargoes (Biagiotti
et al., 2023).

Despite the big importance that has been given to plasma
protein-binding drugs, the study of RBC partitioning has received
much less attention over time. Currently, the routine practice
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focuses on the systematic investigation of the distribution of
drugs into plasma or serum, while it quite completely neglected
the measure of the drug distribution into RBCs. Hinderling and
other authors have proposed several methods for the measurement
of drug partitioning in vitro and/or ex vivo (Hinderling, 1997). This
is very important, especially for the drugs that show high blood-to-
plasma ratios. In other words, the plasma concentration of this drug
is not at all representative of the real drug bioavailability and
pharmacokinetics (Figure 2). In the following paragraphs, some
examples are provided.

The drug partitioning rate between RBCs and plasma is
calculated using the erythrocyte suspension in plasma and/or
buffer after the times required to reach the equilibrium between
the compartments and centrifugal separation of the phases. The
RBC partitioning rate is calculated by measuring the ratio between
the concentrations of the drug in the RBC compartment and those in
the plasma or buffer. The partitioning rate in buffer can be
considered a measure of the drug’s absolute affinity for the RBC-
binding sites, while the partitioning rate in plasma indicates the
relative drug’s affinity for RBC-binding sites with respect to that of
the plasma, such as albumin (Hinderling, 1997). Hence, only the
unbound fraction in plasma (i.e., drug molecules that are not bound
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to albumin or other plasma-binding sites) can partition into RBCs.
However, these plasma proteins are saturable; thus, the exceeding
drugs’ molecules remain unbound in plasma and can additionally
partition into RBCs, apparently increasing their affinity for the
erythrocyte compartment (Hinderling, 1997). Of note, RBC-
associated drugs have a longer life span in circulation compared
to the ones portioned in plasma because they are protected by RBCs
from macrophage uptake, the liver metabolism, and renal clearance.
On the other hand, engineering RBC membranes may induce some
feature changes such as an increase rigidity, increasing mechanical
stress-induced hemolysis, C-reactive protein activation, and
(PS) these kinds of
modifications can lead to precocious clearance of RBCs from the

phosphatidylserine translocation.  All
bloodstream if not adequately treated. Several authors have
investigated in vitro and in vivo biocompatibility of membrane-
bound molecules, and by appropriate approaches, they have
identified the best conditions that do not affect cell clearance
(Ferguson et al, 2022) or permit to direct the cargo to the
preferred target tissue (Villa et al, 2017; Pan et al, 2018;
Glassman et al,, 2022). It is worth noting that RBCs can bind to
not only drugs but also immune complexes, components of the
complement system, biomolecules, small thrombi, and microbial
agents, affecting their clearance and eventual transfer to phagocytic
cells. In our case, we consider drugs loaded within the inner volume
of RBCs, which determine some morphological modifications but do
not significantly affect the in vivo longevity of the RBC, so they are
considered such an optimal drug delivery system able to avoid the
liver and spleen metabolisms (Robert et al., 2022). Hence, these
drugs can be slowly released into a patient’s circulation over a longer
period of time (Glassman et al., 2020; 2022). Moreover, RBCs, as
drug delivery systems, not only ameliorate the pharmacokinetics
drugs’ profile but may also represent a new and safe means to deliver
therapeutic molecules that otherwise would induce a toxic response
(Zaitsev et al., 2006; 2012; Villa et al., 2018).

2.1 Which kind of drugs can bind to RBCs?

In the last years, several drugs have been demonstrated to be able
to cross the RBC membrane and highly distribute within them. Thus,
RBC partitioning of drugs should be considered at least for these
drugs with known RBC affinity. Indeed, the pharmacokinetic profile
of those molecules can be extremely affected by this partitioning, and
thus, the blood-to-plasma ratio could be opportunely assessed.

2.1.1 Immunosuppressive drugs

Since its first use in the late 80s, cyclosporine A (CsA) has
revolutionized the world of transplantation by enabling patients to
reduce the possibility of rejection. However, CsA exhibits significant
intra- and inter-patient pharmacokinetic variabilities and has
limited bioavailability. The tolerability profile of CsA is marked
by several potentially severe adverse effects, i.e., acute or chronic
nephrotoxicity, hypertension, and neurotoxicity. The primary dose-
limiting adverse effect associated with CsA is nephrotoxicity,
typically manifested as a reversible decrease in the glomerular
filtration rate (Shen et al, 2010). In comparison to CsA,
tacrolimus offers greater potency and a more favorable side-effect
profile, leading to increased long-term survival in patients (Yang,
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2010). Despite its therapeutic efficacy, tacrolimus has a narrow
therapeutic window (5-20 ng/mL whole blood 10-12 h post-dose)
and frequently displays episodes of toxicity, such as nephrotoxicity,
neurotoxicity, and glucose intolerance (Chow et al., 1997). For this
reason, therapeutic drug monitoring is highly recommended, and
whole blood concentration has been selected as the gold standard
pharmacokinetic parameter. As mentioned, immunosuppressive
drugs, after their administration in the clinical practice, show the
highest blood-to-plasma ratio, owing to an extensive spontaneous
binding to RBCs. It is worth noting that these immunophilins are
highly expressed in native RBCs, and this confers, to the respective
drug, high RBC partitioning. Indeed, more than 70% of CsA binds to
erythrocytes at concentrations ranging from 50 to 1,000 ng/mL. The
cytosolic form of CsA is specifically bound to the erythrocyte
peptidyl-prolyl cis-trans isomerase cyclophilin A (Malaekeh-
Nikouei and Davies, 2009). The overall binding capacity of CsA
to red blood cells (RBCs) is approximately 43 x 10° nmol per 10°
RBCs (Malaekeh-Nikouei and Davies, 2009; Sander and Holm,
2009) equivalent to 2 pg CsA/mL in a suspension of RBCs at
40% Notably, FK506 exhibits higher
partitioning into RBCs. In blood, approximately 85% of
FK506 associates with erythrocytes, followed by plasma (14%)
and lymphocytes (0.46%) (Kim et al, 2008). This elevated RBC
fraction is attributed to the presence of at least two types of

hematocrit. even

immunophilins in erythrocytes, binding the drug with really high
affinity. Immunophilins are a highly conserved family of proteins
with a cis-trans peptidyl-prolyl isomerase activity sharing the ability
to bind immunosuppressive drugs (Corcoran, 2009). Cyclophilin A
was originally discovered as a specific CsA-binding protein, while
FK506-binding proteins (FKBPs) as tacrolimus, also known as
FK506-binding proteins (Czogalla, 2009; Fukata et al, 2011). In
FKBP12 is a 12-kDa
peptidyl-prolyl cis-trans isomerase activity, while FKBP-13 is a

particular, cytosolic  protein  with
13-kDa membrane-associated protein with 43% amino acid identity
with FKBP12 (Lai et al.,, 2010). A saturable binding capacity has also
been calculated for FK506 and amounted to 440 ng/mL of blood
(Kim et al.,, 2008). Furthermore, similar to CsA, FK506 exhibits
considerable variability in its pharmacokinetic profile among
patients. Consequently, the pharmacokinetics of
immunosuppressive drugs heavily relies on their interaction with
red cell immunophilins. Additionally, the tolerability of these drugs
is influenced by the fraction that is unbound in plasma as the portion
transported by red cells does not induce toxic side effects.

Another class of immunosuppressant is represented by the
serine/threonine kinase inhibitor; they do not inhibit calcineurin
but act by inhibiting mTOR kinase (Mika and Stepnowski, 2016).
Sirolimus (rapamycin) is the most representative of this class;
chemically, it is a 31-membered macrolide that competes with
FK-506 due to the great similarity of their chemical structure.
Identically to FK-506, it forms a complex with the cytosolic
protein FKBP. However, it establishes a ternary complex
involving the pivotal serine/threonine kinase mTOR (mammalian
target of rapamycin). Similar to FK-506, sirolimus has a high affinity
for erythrocytes, thanks to the presence of high FKBP expression;
RBC partitioning reaches 95% of the whole drug concentration
(Yatscoff et al,, 1995). Hence, the establishment of therapeutic
monitoring protocols for the drug is mandatory, and whole
blood is the preferred matrix (Figure 2).
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2.1.2 Chemotherapeutics

Chemotherapeutic agents undergo oral and parenteral

administration and are carried to various tissues via the
bloodstream, partitioning into plasma water, plasma proteins, or
cells. Red blood cells may be involved in anthracyclines, ifosfamide
and its metabolites, topoisomerase I and I/II inhibitor storage,
transport, and metabolism. RBCs vehicle these drug molecules to
the tumor tissues and release them through different active or passive
transport mechanisms. For example, among these classes of anti-
tumor drugs that can spontaneously partition into RBCs, there are
doxorubicin and daunorubicin. Studies both in patients and rats
demonstrated that almost 50% of doxorubicin can be found in the
RBC compartment after intravenous administration (Colombo et al.,
1981; De Flora et al, 1986). Moreover, when increasing the
drug  dose, the RBC-bound

concentration increases, suggesting that their storage capacity is

administered doxorubicin
even higher. After partitioning, this drug is released by the
RLIP76 transporter, a carrier specialized in the cytotoxic agents’
elimination (Schrijvers, 2003). In addition, daunorubicin, another
anthracycline drug used in the treatment of solid and liquid cancers,
can be found together with its metabolites in RBCs after intravenous
administration (Lachatre et al, 2000). Lastly, the erythrocyte
importance in the mercaptopurine transport and metabolism has
been demonstrated. Indeed, the mercaptopurine concentration within
RBCs has been proven to have a prognostic value in the treatment of
childhood acute lymphoblastic leukemia (Schrijvers, 2003). These
native features have been widely exploited for drug engineering and
will be further analyzed in the following paragraphs.

2.1.3 Metformin

Metformin, an FDA-approved antidiabetic agent, is broadly
used every day for the first-line treatment of type 2 diabetes
mellitus, even if its therapeutic action is still not well-defined.
Remarkably, metformin demonstrated immunomodulatory
features in pathological contexts, including cancer, hyper-
inflammatory diseases, and infectious disease, and its potential
use for other medical conditions is currently being investigated in
many clinical trials (Foretz et al, 2023). Recently, its role in
has that

metformin action in lymphomas can be related to glucose

hematological tumors been evaluated, showing
metabolism (Bagaloni et al., 2021). Considering drug partitioning,
metformin shows a high blood-to-plasma ratio (>10 at C min) in
humans; thus, erythrocytes are considered a key distributional
compartment for this drug molecule. However, the literature is
currently lacking in metformin’s intrinsic in vitro B/p values. Xie F.
et al. emphasized on different drug partitioning blood cells in a
dynamic in vivo system and static in vitro values, especially when
repartitioning from blood cells is slower than drug clearance in
plasma (Xie et al., 2015). These data reveal that the clinical terminal
half-life of metformin in plasma (6 h) is three- to four-fold shorter
than its half-life in whole blood (18 h) and RBCs (23 h). Despite this,

more demonstrative results are still needed.

2.1.4 Berberine

Berberine (BBR) is a naturally occurring benzylisoquinoline
alkaloid widely used in traditional Chinese medicine (Ai et al,
2021) and characterized by low concentration and high tissue
distribution. Unfortunately, most pharmacokinetic research has
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focused on the drug’s concentration in plasma, making a deep
knowledge of its pharmacokinetic process difficult. Yu K. et al.
investigated how berberine interacts with RBCs and how it is
combined with hemoglobin (Yu et al, 2022). The results
indicated that berberine was more concentrated in RBCs than in
plasma and the maximum concentration of drug loading was
0.185 g/mL, while higher concentrations have been associated
with hemolysis. Actually, co-incubation of berberine and RBCs
the
intracellular vacuole development (Yu et al., 2022). Both in vitro

induced internalization of the RBC membrane and
and in silico findings showed that berberine had a binding affinity for
bovine Hb and altered the molecular environment of Hb residues,
such as tryptophan and tyrosine, changing the conformation of its
secondary and tertiary structures. Molecular docking demonstrated
a hydrogen bond-based interaction between berberine and Arg-141
residue, whereas molecular dynamics simulation proposed the
establishment of a stable conformation (Wang et al, 2007).
Considering all these data together, it is reasonable to assume the
existence of an RBC-Hb self-assembly system and a spontaneous
system of drug release by RBCs after oral or intravenous
administration of this drug, which provided a new understanding
of the discrepancy between the high tissue concentration and
extremely low plasma concentration of berberine.

2.1.5 Benzodiazepines

Benzodiazepines are
(NPS) that
numbers. To completely understand their potential benefits

the
are recently emerging

among new psychoactive

substances in large
and side effects, information about their pharmacological
features is necessary. One parameter which is still
undescribed is the B/P ratio. Manchester et al. (2022) used
gas to mass to

chromatography tandem spectrometry

determine the blood-to-plasma ratio for the following

benzodiazepines: deschloroetizolam, diclazepam, etizolam,
meclonazepam, phenazepam, and pyrazolam (Manchester
et al., 2022). The results reported various ranges of blood-to-
plasma ratios, some of which significantly differ from those
found in the literature. As a result, it is incorrect to presume that
blood-to-plasma ratios are always assumed to be 1.0 or
equivalent to those of other species when they are unknown;
instead, they must be determined. It is necessary to determine
pharmacodynamics, i.e., the binding affinity to the GABA

receptor, as well.

2.1.6 Topiramate

Topiramate is an antiepileptic drug that acts through the
inhibition of isoenzymes of carbonic anhydrase (CA). CA-I and
CA-II are significantly present in RBCs and, for this reason, may
influence the drug pharmacokinetics. Shank RP et al. demonstrated
the topiramate linearity of the pharmacokinetics in plasma, while its
clearance from whole blood seemed to increase with escalating doses
(Shank et al., 2005). In contrast, as the topiramate concentration
increased, the B/P ratio decreased from 8 to 2, suggesting a
significant and saturable topiramate-RBC binding. Additionally,
the kinetic parameter analysis indicated that the overall binding
of topiramate could be due to RBC CA-I and CA-II. Consequently,
RBCs may function as a reservoir for topiramate, mitigating its loss
through clearance from plasma.
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3 How we can take advantage in
converting RBCs into a drug carrier or
improving the delivery of physiological
molecules

As is often the case, engineering mimics certain processes that
occur spontaneously in nature. For example, many of the cases
reported above showed the spontaneous binding of drugs to RBC-
binding proteins. However, this binding capacity is usually
saturable, owing to the saturation of the available binding sites in
the proteins. To overcome this issue, some engineering processes
envisage the loading of said binding proteins in order to increase the
binding capacity of RBCs. In other cases, the strategy encompasses
the engineering of enzymes so as to modify some key metabolites
and, thus, modify oxygen release and/or other metabolites.

3.1 Inositol hexaphosphate and oxygen
release

As stated above, hemoglobin is the major component of the
RBCs and is responsible for oxygen delivery to all tissues of the body.
Hemoglobin has a high affinity for oxygen that is physiologically
affected by temperature, hydrogen ions, carbon dioxide, and
intraerythrocyte 2,3-bisphosphoglycerate (2,3-BPG). Furthermore,
a physiological change in hemoglobin affinity for oxygen favors
oxygen binding in the lung and oxygen release to peripheral tissues.
Based on these simple observations and other experiments, a
decrease in O, affinity was observed to enhance tissue O,
1968). In attempts to produce
erythrocytes with a lower oxygen affinity to be administered in a

delivery (Lenfant et al,
patient in need when normal blood flow is impaired, inositol
hexaphosphate (InsP6)-loaded erythrocytes were prepared and
investigated (Teisseire et al., 1985). InsP6 cannot diffuse through
the erythrocytes’ membrane and is the most effective Hb allosteric
effector (Benesch et al., 1977), even a thousand times more effective
than 2,3-BPG. InsP6 was incorporated into erythrocytes by using a
reversed osmotic-lysis process (Ropars et al., 1985) and shown to be
effective in mini pig animal models and in sickle transgenic mice
(Bourgeaux et al., 2012).

Although these and other data support the possible use of
inositol hexaphosphate-loaded erythrocytes as effective treatments
to improve the delivery of O, to tissues in need, there is an ongoing
debate about the advantages of higher or lower hemoglobin-oxygen
affinity in humans, particularly during hypoxia (Webb et al., 2021)
that require further investigations.

3.2 Engineering RBC metabolism and
storage conditions

During their storage at refrigerated temperatures, red blood cells
go through several biochemical and morphological modifications
known as “storage lesion.” Indeed, during this period, 2,3-BPG and
other high-energy phosphate compounds gradually decrease
because of the reduced glycolytic activity at 1°C-6°C storage
temperatures, the acidification of the intracellular pH, and the
reversible and irreversible oxidation of the active site of rate-
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limiting glycolytic enzymes, such as glyceraldehyde 3-phosphate

dehydrogenase.
2,3-Bisphosphoglycerate  (2,3-BPG) is an intermediate
metabolite  present in  high  concentrations in  RBCs

(approximately 5mM) and is the principal allosteric effector for
hemoglobin (that is present at almost the same concentration as a
tetramer), decreasing its affinity for oxygen. During storage
conditions, the erythrocyte 2,3-BPG concentration decreases,
which impacts the oxygen dissociation curve by shifting it to the
left. This means that the oxygen delivery to tissues is reduced. In an
attempt to overcome this problem, a number of additives have been
proposed to extend 2,3-BPG preservation for weeks. Other authors
have suggested that 2,3-BPG preservation should be obtained by
modifying red cell metabolism through inhibition of key glycolytic
enzymes (Vora, 1987; Beutler et al.,, 1995). The rationale for this
approach is based on observations that patients who have pyruvate
kinase deficiency have higher-than-normal levels of 2,3-BPG, while
hexokinase-deficient patients have below-normal levels. Several
years ago in our laboratory, we confirmed this assumption by
loading human RBCs with hexokinase-inactivating antibodies
(Magnani et al, 1989). RBCs loaded with these antibodies
showed only 20% residual activity and lactate production was
only 30% of controls, while the hexose monophosphate pathway
was normal under basic conditions but only 12% of controls if the
cell was stimulated by the addition of methylene blue. These cells
were not able to maintain in vitro normal ATP and 2,3-BPG
concentrations. In contrast, if RBCs were loaded with human
hexokinase, they showed a doubled glycolytic activity, a normal
hexose monophosphate pathway, and normal ATP and 2,3-BPG
concentrations (Magnani et al., 1988). Storage at 4°C of these cells
showed that 2,3-BPG was normal and ATP slightly decreased,
proving that encapsulation of key glycolytic enzymes can provide
anew way to maintain functionally active RBCs and prevent the loss
of the most important hemoglobin effector (2,3-BPG) for several
weeks (Magnani et al., 1989).

Furthermore, as the 2,3-BPG concentration decreases and
0, there
accumulation of reactive species of oxygen (ROS) due to the
impaired RBCs’ antioxidant capability (Yoshida et al., 2019). So,
RBCs cannot face oxidative stress because of the insufficient

hemoglobin affinity for increases, is also an

glutathione synthesis and the inefficient pentose phosphate
pathway to produce NADPH, which leads to the irreversible
oxidation of key structural and functional proteins such as
hemoglobin, band 3, and peroxiredoxin 2 (Bayer et al, 2015;
Wither et al., 2016; Reisz et al., 2018). Some studies have
exploited some new storage strategies to prevent RBC senescence,
which may affect the transfusion efficiency and clinical implications
including increased complications and mortality (Jones et al., 2019;
Rogers etal., 2021). It was demonstrated that the supplementation of
RBCs stored with uric acid and ascorbic acid, both antioxidant
molecules, reduces oxidative damage and induces GSH synthesis
(Tzounakas et al., 2022; Anastasiadi et al., 2023). Furthermore,
washing stored RBCs with PBS seems to reduce senescence
and band-3
membrane fragility (Pulliam et al,, 2021). D’Alessandro et al.

pathways, phosphatidylserine exposure, and
proved that hypoxic storage conditions improved 2,3-BPG and
GSH synthesis, and ameliorated redox metabolism (D’Alessandro

et al., 2020). Moreover, donor selection could influence the
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FIGURE 3

Engineered RBCs as immunophilin carriers. The figure schematizes how we can increase the drug-binding capacity of RBCs by increasing the
concentration of the intracellular receptor (binding site). The example of immunosuppressants and immunophilins is given as a proof-of-concept. The
immunophilin FKBP12 is known to bind to the immunosuppressant FK506 (also known as tacrolimus); thus, the overloading of the recombinant protein
FKBP12 can increase the affinity for the same drug. The overloading of cyclophilin A can increase the affinity for cyclosporine A. Abbreviation in the
figure: FKBP12, FK506-binding protein; CypA, cyclophilin A; CsA, cyclosporine A.

transfusion efficiency. For example, the enrollment of G6PD

deficiency donors might result in increased hemolysis,
mechanical fragility, and ROS accumulation after the transfusion,
even if their adjustment to oxidative stress could make them better
recipients of RBCs long-stored rather than donors (Garcia-Roa et al.,

2017; Putter and Seghatchian, 2017).

3.3 Immunophilin-loaded RBCs

Biagiotti et al. first reported the pioneering use of engineered
RBCs overloaded with cyclophilin A or FKBP12 as the drug delivery
system for CsA or FKBP12, respectively (Biagiotti et al,, 2011). As
they can be spontaneously recruited into RBCs, our strategy is
designed to increment the FK506 or CsA’s levels in RBCs by the
augmentation of the cytosolic concentration of FKBP12 or
cyclophilin A, respectively (Figure 3). In order to do that,
FKBP12 and cyclophilin A were produced.
Furthermore, a new approach is intended to enhance the FK506/

recombinant

CsA amount carried by erythrocytes. This involves recombinant
forms of human FKBP12 and cyclophilin A loaded into RBCs
through a process of hypotonic dialysis and isotonic resealing.
Thus, engineered RBCs have the capacity to bind up to an
order of magnitude more drugs than their native counterparts. In
summary, our findings suggest that diffusible immunosuppressants
could be sequestered into red blood cells by loading the respective
target proteins. This proposes the potential use of immunophilin-
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loaded RBC:s as a promising delivery system for immunosuppressive
agents.

Moreover, a patent application has been filed by Magnani et al.
(2010). The patent suggests two different uses of immunophilin-
loaded RBC:s: the first one proposes the loaded-RBC reinfusion into
patients in need of immunosuppressive drugs after their ex vivo
incubation with the drug of interest. In this way, the drug is not
freely administrated, and the carriers slowly release the drug in
which  could bind
immunophilins. In contrast, according to the second modality,

circulation, eventually endogenous
the patient will receive, first, the immunophilin-loaded red blood
cells that can remain in circulation for months and then the drug (in
any administration way). Thus, a significant portion of free drugs
will be carried preferentially by the engineered cells due to their
higher affinity. Both strategies are used in treating patients in need
of immunosuppressive therapy, but which one is better in
pharmacokinetics is still not known. However, the initial
administration of immunophilin-loaded erythrocytes should
coincide with the erythrocytes’ binding capacity saturation time
with the selected drug. Once in circulation, the loaded erythrocytes
will release the captured drug. Given their prolonged stay in
circulation, bind other
immunosuppressive drugs circulating in the system. In a further
application, the patient’s RBCs could be loaded with more than one
immunophilin simultaneously (i.e., FKBP12 and cyclophilin A),
either separately or in combination with the same RBC. This

they may also and transport

approach aims to increase the quantity of immunosuppressive
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drugs administered to a patient without inducing pharmacological
side effects.

The abovementioned example is potentially applicable to all
human “druggable” proteins, that is, proteins that have been
demonstrated to be able to bind a drug. The primary limiting
step seems to lie in obtaining the recombinant forms of the
selected proteins, produced under Good Manufacturing Practice
(GMP) conditions and at a reasonable cost. According to the
literature, single-protein domains or a combination thereof, can
be exploited to create engineered RBCs to bind and transport all
necessary drugs to a patient. Moreover, since the drug’s rate of
dissociation from its protein-binding partner is determined by the
protein’s affinity for the drug of choice, it may, one day, be possible
to modify the specific site of the protein so that the drug would be
released at a predetermined rate, maintaining the proper
concentration of free drug in the bloodstream. Hence, by taking
advantage of the potential erythrocytes loading with specific drug-
binding proteins, then we will have new means to administer almost
all drugs in patients.

3.4 RBC-mediated delivery of anti-tumor
drugs

Anthracycline antibiotics are effective anti-cancer agents widely
used for the treatment of different cancer diseases. Given that their
high toxicity may provoke serious side effects, researchers are
proposing different ways to reduce their toxicity without
decreasing their efficacy. One of them is to extend the time of the
drug in the bloodstream so that its dosage can be reduced. So, clinical
studies evaluated the pharmacokinetics of RBC-bound daunorubicin
and doxorubicin, in patients with acute leukemia and lymphoma,

respectively. The results will be summarized in the following sections.

3.4.1 Erythrocyte-bound daunorubicin

Pharmacokinetics of erythrocyte-bound daunorubicin (EBD)
has been evaluated in 14 patients with acute leukemia, after the
drug’s loading into RBCs (Skorokhod et al., 2004). Daunorubicin-
loaded RBCs were prepared in order to have a final dose of 45 or
60 mg/m> of the patient body surface, and the erythrocytes’
deformability was not affected during the EBD preparation. The
results highlighted an increase in the average plasma and blood
daunorubicin concentrations for the EBD compared to its standard
free form, during the chemotherapy course. Moreover, EBD was
better tolerated by patients, and in nine of them, side effects were
uncommon, unlike those treated with the free form of daunorubicin.
Although the primary purpose of this study was not to assess the
antileukemic efficacy of EBD, it is worth mentioning that remission
was achieved in eight out of 10 patients who received three infusions.
Hence, the clinical application of daunorubicin-loaded red blood
cells looks bright.

3.4.2 Erythrocyte-bound doxorubicin

Intact RBCs can naturally bind anthracycline antibiotics in
isotonic media (Kravtzoff et al., 1990; Ataullakhanov et al., 1992).
Despite that, this binding is weak, so anthracycline antibiotics need to
be immobilized by the use of glutaraldehyde (Ataullakhanov et al.,
1994; Skorokhod et al., 2004). The use of engineered doxorubicin-
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loaded erythrocytes (DLEs) increased the drug’s presence in the
bloodstream and facilitated its targeted delivery to the spleen, liver,
and lungs, thereby reducing the doxorubicin load on other organs
(Zocchi et al., 1989; Tonetti et al., 1990). Yet, glutaraldehyde treatment
likely induced an unpredictable variation in antibiotic toxicity, and the
DLE efficacy seems to be independent of the solidity of the binding
between antibiotics and cells. Hence, DLE prepared without
glutaraldehyde pharmacokinetics was evaluated in patients with
lymphoproliferative disorders (Tonetti et al., 1992; Ataullakhanov
etal, 1997). DLEs were set up to achieve a final dose of 25 or 50 mg/
m? post-infusion. The mixture was incubated at 37°C for 60 min and
then infused into patients immediately thereafter. Compared to the
standard administration of doxorubicin, the concentration over time
of DLE administration was approximately five-fold higher for blood
and six-fold higher for plasma (Ataullakhanov et al, 1997).
Furthermore, DLE was well-tolerated in patients as neither
prolonged or severe myelosuppression was observed nor evidence
of cardiotoxicity was seen. Once more, these results refer to the
delivery of anthracycline antibiotics through erythrocytes as a
promising tumor treatment.

More recently, Lucas et al. submitted a methodology for the
synthesis of DOX-loaded red blood cells (RBC-DOX) through
electrophoresis (Lucas et al., 2019). The strategy has been tested
both in in vitro models and in preclinical models, manifesting the
faculty of RBCs to carry higher doses of DOX and limit cardiac
toxicity with superior antitumorigenic effects.

3.5 Conclusion

In conclusion, human RBCs are not only hemoglobin-
containing bags involved in gas exchanges but may have great
importance in drug transport. This opens the way to two fields
of investigation. On one hand, being that RBC partitioning has an
enormous impact on drug pharmacokinetics, clinicians must take
into account the therapeutic drug monitoring in whole blood for
those drugs showing a high blood-to-plasma ratio. On the other
hand, biomedical researchers can set up innovative strategies that
are aimed at increasing the RBC power to bind and transport
selected drugs by exploiting some of their natural features.
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The spleen plays a dual role of immune response and the filtration of red blood
cells (RBC), the latter function being performed within the unique
microcirculatory architecture of the red pulp. The red pulp filters and
eliminates senescent and pathological RBC and can expell intra-
erythrocytic rigid bodies through the so-called pitting mechanism. The loss
of splenic function increases the risk of infections, thromboembolism, and
hematological malignancies. However, current diagnostic tests such as
quantification of Howell-Jolly Bodies and splenic scintigraphy lack
sensitivity or are logistically demanding. Although not widely available in
medical practice, the quantification of RBC containing vacuoles, i.e., pocked
RBC, is a highly sensitive and specific marker for hyposplenism. The peripheral
blood of hypo/asplenic individuals contains up to 80% RBC with vacuoles,
whereas these pocked RBC account for less than 4% of RBC in healthy subjects.
Despite their value as a spleen function test, intraerythrocytic vacuoles have
received relatively limited attention so far, and little is known about their origin,
content, and clearance. We provide an overview of the current knowledge
regarding possible origins and mechanisms of elimination, as well as the
potential function of these unique and original organelles observed in
otherwise “empty” mature RBC. We highlight the need for further research
on pocked RBC, particularly regarding their potential function and specific
markers for easy counting and sorting, which are prerequisites for functional
studies and wider application in medical practice.

KEYWORDS

spleen, hyposplenism, asplenia, red blood cell, pocked RBC, pitted RBC, vacuoles

Introduction

The spleen displays a dual immunologic and cell filtering function, and its
parenchyma contains white pulp and red pulp. The marginal/perifollicular zone lies
in between and likely connects these distinct functions. The white pulp and the
marginal/perifollicular zone initiate the innate and adaptative immune responses.
The latter traps and removes blood-borne antigens from the circulation. Based on a
unique microvasculature architecture, the red pulp eliminates intact RBC (culling
mechanism), ghosts, or small cellular components (pitting mechanism). Pitting is a
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spleen-specific process whereby intra-erythrocyte rigid bodies
(i.e., Howell Jolly bodies, Pappenheimer bodies, dead malaria
parasites, or intraerythrocytic vacuoles, Figure 1; Howell, 1890,
Pappenheimer et al., 1945, Jauréguiberry et al., 2014, Box 1) are
expelled from the RBC without lysis. These spleen functions can
be partially or totally impaired, leading to hyposplenism or
asplenia, respectively. The main cause of asplenia is
splenectomy which is mainly performed for traumatic spleen
injury, pancreatic cancer, hematologic malignancy, or inherited
or auto-immune hematologic diseases. The main medical
conditions that lead to a partial or complete loss of splenic
function are sickle cell disease (SCD), celiac and inflammatory

bowel diseases, and auto-immune disorders (William and

10.3389/fphys.2023.1324463

Corazza, 2007; Corazza et al, 1982). The loss of splenic
function is associated with an increased risk of infections
with encapsulated bacteria (including the rare but very severe
Overwhelming Post-Splenectomy Infection Syndrome) and a
higher incidence of thromboembolism and cancer (Kristinsson
et al,, 2014). Reference methods to measure spleen filtering
function are splenic scintigraphy and quantification of
Howell Jolly Bodies (HJB). Scintigraphy requires the infusion
of (mildly) radioactive material and is expensive. Results are
semi-quantitative and few patients/guardians now accept this
procedure. The quantification of HJB (that are DNA-containing
intra-erythrocytic bodies) (Felka et al., 2007) is performed on
venous blood and is also semi-quantitative. It lacks sensitivity,

FIGURE 1

(A) Blue arrows: Howell Jolly Bodies (HIB) following Giemsa coloration. (B) Dark arrows: Pappenheimer bodies after Prussian blue coloration. (C)

Blue arrow: HJIB, Dark arrows: dead malaria parasites after Giemsa coloration. (D) pocked RBC with one vacuole (dark arrows) or multiple vacuoles (red
arrows). (E) Left: Plasmodium falciparum-infected RBC by epifluorescence, visualized by anti-Resa antibody, staining the plasma membrane, and the DNA
marker DAPI staining the intracellular parasite nucleus. Right (White arrow): Once-infected RBC stained by the anti-Resa antibody, from which the
parasite has been expelled by pitting, hence the absence of DAPI staining. (F). P. falciparum-infected RBC, pre-exposed to artesunate before perfusion
ex-vivo in a human spleen, squeezing through an inter-endothelial slit with the dead parasite remnant retained upstream from the slit (Giemsa-stained
histological section). (G) Same aspect generated by filtration through layers of microspheres (Epifluorescence and bright field, with dead parasite remnant
stained with DAPI). (H) "Herniated” RBC from a patient with sickle cell disease. The cell trace yellow-stained vacuole looks almost expelled from the RBC.
(E and G) from Ndour et al JID 2015; (F) from Buffet at al. Blood 2006; (H) from Sissoko et al. AJH 2022, with permission.
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and is operator-dependent (Casper et al., 1976; Sills and Oski, 1979),
although optimized quantification methods have recently emerged (El
Hoss et al,, 2018). Though not widely used, another specific and
sensitive marker exists (Sills et al., 1988). This marker, conventionally
called “pitted cells”, more accurately “pocked RBC” (Holroyde et al.,
1969), corresponds to RBC containing vacuoles and has been
observed for the first time by Koyama in 1962 (Koyama, 1962).
Sissoko et al. compared specificity and sensitivity of pocked RBC and
HJB. ROC curves in healthy and splenectomized subjects (Sissoko
et al.,, 2022) showed that the most effective thresholds for the best
diagnostic performance were 0.15% of RBC for HJB and 10% for
pocked RBC. With these threshold, specificity and sensitivity of
pocked RBC counts as a diagnostic test for hyposplenism were
100% for pocked RBC, and 96% and 91% for HJB, respectively
(Sissoko et al., 2022). Patients with asplenia have impaired splenic
filtration of RBC but also defective immune functions, as indicated by
abnormal levels of lymphocytes subpopulations and tuftsin, a soluble
marker. Tuftsin, that stimulates phagocytosis, displays decreased
plasma levels in splenectomized patients compared to healthy
subjects (Constantopoulos et al, 1973). Its activity is negatively
correlated with the concentration of pocked RBC (Zoli et al,
1994). The concentration of memory B cells (switched and
unswitched) is lower in splenectomized than in control subjects
(Cameron et al, 2011; Lammers et al, 2012). This review is
focused on RBC-related markers of hyposplenism.

BOX 1 | Relevance of models to study pitting

An in vivo spleen model relevant to human physiology would be
helpful to study the mechanism of pitting and the genesis of vacuoles.
Spleen anatomy and function differ between animal species, including
Homo sapiens. Spleens of equine and feline are reservoirs of RBC unlike
those of humans, rabbits, dogs and mice. Spleens of humans, rats and
dogs display a sinusal structure as opposed to spleens of mice, cats and
horses (Bowdler, 2001). In splenectomized mice, rats, and rabbits,
vacuoles have been observed in RBC but their proportion increase
only slightly, to less than 10% of all RBC after splenectomy (Buchanan
et al, 1987; Shet et al,, 2008). In mice and rats, the mean proportion of
pocked RBC quantified by DIC was 0.4% and 3%, 63 days and 100 days
post-splenectomy, respectively (Buchanan et al,, 1987; Shet et al, 2008).
In rabbits, a transient increase from 2.5% to 10% in the first 45 days was
observed, but the proportion returned to baseline 90 days after
splenectomy (Buchanan et al, 1987). Only dogs showed proportions
similar to those observed in humans with pocked RBC reaching a
plateau at 100 days post-splenectomy. However, the maximal rate of
pocked RBC was lower than in humans (13%—39% at 100 days) (Buchanan
etal, 1987). The most accurate observations are thus performed in human
subjects and/or human tissues. Ex-vivo perfusion of human spleens
preserves key RBC filtering functions, including pitting, but is a
demanding, very low throughput model (Buffet et al, 2006).

Although more than half of circulating RBC in asplenic patient
contain vacuoles, little is known about their genesis, content and
clearance. We review here current knowledge about possible origins
and mechanisms of elimination of these unique and original organelles,
observed in otherwise “empty” mature RBC.

Methods

Articles reviewed here were selected on google scholar using the
following keywords: “pocked cells” OR “pitted cells” OR “pocked red
blood cells” OR “pitted red blood cells” AND “sickle cell disease” OR
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“splenectomy” as of 21 July 2023. Additional articles not found by
these keywords-based queries were selected from references of the
selected articles, and personal collection of the authors.

Pocked red blood cells counts to quantify
hyposplenism

To quantify pocked RBC, whole blood is collected in tubes
containing EDTA or heparin (de Haan et al.,, 1988; Reinhart and
Chien, 1988). Pocked RBC are fixed in 0.1%-3% PBS-buffered
glutaraldehyde (Pearson et al., 1979; Sills and Oski, 1979) or in
2% PBS-buffered paraformaldehyde (Nardo-Marino et al., 2022).
Counts are against 250 to 2000 RBC under the oil-immersion
objective  (x1000) using differential interference contrast
microscope (DIC Nomarski optics) (Pearson et al, 1979; Sills
and Oski, 1979). Such fixed RBC can be stored for at least
1 month at room temperature, and at least 24 months at 4°C,
after glutaraldehyde fixation (Holroyde and Gardner, 1970), and
6 weeks at 37°C or room temperature after paraformaldehyde
fixation (Nardo-Marino et al., 2022). Recently, two automated
quantification methods of pocked RBC were published: one using
deep neural network analysis (Nardo-Marino et al., 2022), the other
imaging flow cytometry after fluorescent labeling (Sissoko et al.,
2022). Marino et al. generated a learning model from DIC pictures
(Nardo-Marino et al., 2022). This automated count was reliable and
correlated with manual counts (albeit with lower performance when
the proportion of pocked RBC was high). Sissoko et al. observed the
presence of spotted RBC after labeling with Cell Trace Yellow. The
proportion of these spotted RBC correlated with the proportion of
pocked RBC counted manually by DIC (Sissoko et al., 2022).

In healthy subjects, pocked RBC generally account for less than
4% of RBC (Holroyde et al., 1969; Holroyde and Gardner, 1970;
Casper et al., 1976) while in splenectomized patients, the proportion
of pocked RBC varies between 20% and 80% (Koyama, 1962;
Holroyde and Gardner, 1970). There is a good correlation
between splenic scintigraphy, HJB, and pocked RBC (Rogers
et al, 2011; El Hoss et al, 2019) but HJB are generally not
observed when pocked RBC counts are lower than 8% (Phoon,
1997). The marked difference in proportions of pocked RBC
between controls and hyposplenic subjects makes it a robust
1997). defined
hyposplenism by the presence of 3.5%-10% pocked RBC, and

quantitative method (Phoon, Phoon et al
asplenia by the presence of more than 12% of pocked RBC
(Phoon, 1997). However, none of the thresholds published so far
have been validated by large-scale clinical studies correlating them
with the risk of long-term complications. Of note, this marker is
irrelevant in neonates where 5%-40% of RBC are pocked (Holroyde
et al,, 1969; Kim et al., 1980). This high rate is probably associated
with spleen developmental immaturity. The proportion of pocked
RBC returns to normal (low) levels during the first month of life.

Vacuoles are morphologically diverse
Vacuoles in pocked RBC appear by DIC microscopy as punctate

light or dark craters (Figure 1) (Koyama, 1962). Pocked RBC contain
single or multiple vacuoles in hyposplenic subjects (0.2pm-1.5 pm
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diameter) and only a single and generally small vacuole in healthy
subjects (0.2um-0.8 um diameter) (Holroyde and Gardner, 1970;
Sills and Oski, 1979). By transmission electron microscopy (TEM),
Reinhart et al. observed that 13% of RBC pictures contained small
vacuoles (40 and 330 nm) in healthy subject, either empty (1.7% of
RBC) or containing small grainy material (11.3% of RBC) (Reinhart
and Chien, 1988). In the same study, RBC pictures with small
vacuoles were four times more frequent in splenectomized patients
than in healthy individuals (42.5% of RBC pictures) and were empty
(36.2% of RBC pictures) or containing dense material (6.3% of RBC
pictures). In these patients, the authors also observed low
proportions of RBC with large vacuoles (diameter >300 nm) and
clusters of small vacuoles (3.2% and 2.6% respectively). Kent et al.
described by TEM larger vacuoles (200-1000 nm), containing
electron dense material, in healthy subjects as well as in patients
with anemia, with or without splenectomy (Kent et al., 1966). Large
vacuoles seen optically may correspond to the coalescence of small
vacuoles seen by TEM, which may ultimately fuse to generate a
single large vacuole (Holroyde and Gardner, 1970; Reinhart and
Chien, 1988). When vacuoles content was studied by TEM (Kent
etal,, 1966; Holroyde and Gardner, 1970; Schnitzer et al., 1971), they
appeared either empty or heterogeneous, and sometimes contained
material identified as altered organelles like mitochondria,
ribosomes and smooth internal membranes surrounded by an
external membrane (Kent et al., 1966; Holroyde and Gardner,
1970; Schnitzer et al, 1971). These observations were based
exclusively on morphological characteristics and, so far, no
immunostaining has confirmed that these structures are altered
organelles. Other vacuoles have a homogenous internal structure,
similar to the cytoplasm in aspect and density, which suggests that
they may contain hemoglobin (Kent et al., 1966; Schnitzer et al.,
1971). Another subtype of iron-containing vacuoles has been
observed, that may correspond to Pappenheimer bodies (Kent
et al,, 1966). Finally, few autophagic vacuoles with a phosphatase
acid activity have been described (Kent et al., 1966). These
observations do not robustly establish the origin of vacuoles and
their content.

This wealth of morphological observations leaves indeed
significant knowledge gaps (Please see Box 2). There is currently
no method to sort pocked RBC or to isolate vacuoles. Therefore, it
remains uncertain whether all TEM observations of vacuoles
correspond to those observed by DIC. As mentioned above,
several subtypes of vacuoles have been observed by TEM,
suggesting that vacuoles may have multiple origins. Small
(<400 nm) vacuoles observed by TEM cannot be seen by DIC
and have been observed in RBC from healthy subject in which
the proportion of pocked RBC is usually very low. Largest vacuoles
identified as
correspond to remnants of reticulocyte multivesicular bodies but,

containing  structures altered organelles may

as mentioned, no direct staining has confirmed this hypothesis
so far.

BOX 2 | Knowledge gaps and current research questions
1. The fine mechanism of pitting, responsible for vacuole clearance, is
only partially understood. It may involve inter-endothelial slits,
splenic macrophages, or a synergistic contribution of both.
(Continued in next column)

Frontiers in Physiology

10.3389/fphys.2023.1324463

BOX 2 (Continued) | Knowledge gaps and current research questions

2. The origin and composition of small vacuoles present in almost all
RBC is unknown.

3. The origin and composition of large, complex vacuoles, containing
organelle-like remnants is unknown.

4. How the coalescence of small vacuoles generates larger, optically

observable, vacuoles is not known.
. The role of these vacuoles in the RBC physiology is unknown.
6. The theranostic value of pocked RBC is not robustly established.

w

Genesis of vacuoles: confronting
hypotheses

Following splenectomy, a gradual increase in the proportion of
pocked RBC is observed, and the plateau is reached after
60-100 days (Koyama, 1962; Zago et al., 1986; Buchanan et al,,
1987), or 130 days in one study (de Haan et al.,, 1988). Vacuoles
may appear during erythropoiesis and persist as remnants in
mature RBC. Alternatively, they may be created de novo in
circulating RBC (Reinhart and Chien, 1988). To solve the
quandary, searchers have quantified vacuoles in young versus
old RBC (de Haan et al., 1988; Reinhart and Chien, 1988).
Young and old RBC were separated based on density using
microhematocrit tubes (Reinhart and Chien, 1988), or angle-
1988). Using DIC
microscopy on RBC from splenectomized subjects, Reinhart

head centrifugation (de Haan et al,

et al. found 2.6 times more pocked RBC in old than in young
cells (52.2% vs 20.8%). De Haan et al. reported a similar difference
(42.2% vs 27.6%) as well as a continuous increase of pocked RBC
both in young and old RBC between 10 and 130 days after
splenectomy (de Haan et al, 1988). A positive correlation
between the proportion of pocked RBC and levels of glycated
hemoglobin (HbAlc), a marker of RBC aging, was also observed
(de Haan et al., 1988). Selective case reports also support the
hypothesis that most vacuoles appear de novo in mature RBC. In
two patients with idiopathic autoimmune hemolytic anemia
unresponsive to splenectomy (that had been performed 17 and
54 months previously), Zago et al. observed that therapy with
improved RBC
reticulocytosis. In parallel, 12 weeks after starting treatment, the
proportion of pocked RBC had increased from 5.5% to 29.8% in
one patient; and from 13% to 47.4% in the other (Holroyde and

corticosteroids survival and  reduced

Gardner, 1970). Similarly, when a splenectomized patient was
transfused with normal RBC for pure red cell aplasia, Holroyde
et al. observed a dilution of pocked RBC immediately after
transfusion (from 44% to 26% of RBC) followed by a rapid
increase and return to high baseline proportions in about
20 days, suggesting that vacuoles had appeared in transfused
RBC, which were most likely mature in vast majority (Holroyde
and Gardner, 1970).

A theoretical argument against the hypothesis of de novo
appearance of vacuoles is the elusive mechanism of their
(potential) creation in mature RBC, a highly differentiated
enucleated cell entity devoid of organelles and endocytosis
machinery. The formation of intracellular vacuoles is a well-
known mechanism in erythroid precursors but the mechanism
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underlying their suspected appearance in mature RBC remains
currently an enigma. Several teams have tried to replicate
experimentally this process in vitro (Reinhart and Chien, 1988;
Sills et al., 1988; Colin and Schrier, 1991). Incubating RBC with
0.5 mM chlorpromazine for 2 min at 37°C induced the appearance
of vacuoles similar in shape and size (40-234 nm) to that observed
in healthy subjects, as observed by TEM (Reinhart and Chien,
1988). In a more physiological approach, Sills et al. compared the
creation of vacuoles in vitro (upon incubation of normal RBC for
6 days at 37°C in physiologic buffer or plasma), to the in vivo
formation of vacuoles during the same period immediately after
splenectomy (Sills et al., 1988). The proportion of vacuoles
increased at a similar pace in these two groups: from 0.3% to
4.9% in vitro and 0.4%-4.1% in patients, suggesting that vacuoles
do appear in mature RBC. The experience in vitro could not be
extended further because of the increasing crenation of RBC
(echinocytosis) when they were incubated for more than a
week. Crenation impairs an accurate visualization of vacuoles.
Colin et al. performed the same experiment with and without
FITC-BSA in order to determine whether vacuoles could be
created by the invaginations of the plasma membrane (Colin
and Schrier, 1991). No fluorescence was observed inside RBC,
despite the appearance of vacuoles after 144 h of incubation in
medium containing FITC-BSA. Conversely, in the presence of the
antimalarial drug primaquine, the appearance of vacuoles was
accompanied by intra-erythrocytic fluorescence, which strongly
suggested that these primaquine-induced vacuoles, unlike
“spontaneous” vacuoles, were created by internalization of the
plasma membrane (Colin and Schrier, 1991). How vacuoles
spontaneously appear in vitro and in vivo is therefore still
mysterious. Spontaneous appearance of vacuoles in Eagle’s
modified buffer was not inhibited by the addition of sodium
vanadate (that inhibits ATPase activity required for drug-
induced endocytosis), NaF (that inhibits ATP production by
glycolysis thereby blocking endocytosis), or NaCN (which
inhibits transferrin receptor-mediated endocytosis). The process
is therefore ATP- and transferrin receptor-independent, and, in
the absence of primaquine (to which splenectomized patients are
generally not exposed), is probably not due to plasma membrane
invagination (Colin and Schrier, 1991).
appearance of intra-erythrocytic vacuoles in vitro replicates the
natural mechanism in action in hypo- or a-splenic patients, they are

If the experimental

not generated by an endocytosis-like mechanism. One hypothesis that
reconciles all currently available information would be the progressive
coalescence (both in vitro or in vivo) of preexisting smaller vacuoles
created during erythropoiesis (Reinhart and Chien, 1988). They would
“appear” optically in mature RBC but from elements already present,
too small to be seen by DIC, but observable by TEM.

As a further source of complexity, vacuoles are morphologically
diverse. The different types may therefore stem from different
mechanisms. Empty vacuoles and those containing homogenous
material resembling RBC cytoplasm may be “created” (probably by
coalescence, see above) de novo in circulation, and would be removed
rapidly by the spleen, except in subjects with hyposplenism. Larger and
more complex vacuoles containing organelle-like components may be
remnants from erythropoiesis never removed from the mature RBC in
asplenic subjects. Indeed, no known autonomous, active process
enabling their expulsion persists in mature RBC. As summarized at
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the previous section, the appearance of optically visible vacuoles in
mature RBC is supported by several observations (Holroyde and
Gardner, 1970; de Haan et al., 1988; Reinhart and Chien, 1988). That
the minority of “complex” vacuoles are remnants from erythropoiesis is
a logical assumption but leans only on TEM pictures (Kent et al., 1966;
Holroyde and Gardner, 1970; Schnitzer et al,, 1971). Currently, there is
no way to differentiate these two types of vacuoles by other methods.

Clearance of intra-erythrocytic vacuoles

The observation that high proportions of pocked RBC are present
only in splenectomized subjects strongly suggests that vacuoles are
eliminated by the spleen (Koyama, 1962; Kent et al, 1966). The
demonstration was made in humans by Holroyde et al who
*'Cr labelled RBC from
splenectomized donor having 49.5% of pocked RBC (Holroyde and
Gardner, 1970). Seventy hours after transfusion, 90% of *'Cr RBC were
still in circulation in the recipient, while the proportion of pocked RBC
had dropped to 0 (Holroyde and Gardner, 1970). Buchanan et al.
performed the same experiment in dogs: pocked RBC counts decreased
from 6.5% to 1% in 170 h after transfusion while transfused RBC were
still in circulation (Buchanan et al,, 1987). This persistence of labeled

transfused a normal subject with

RBC with disappearance of pocked RBC is strongly reminiscent of a
prior observation by Crosby using RBC containing Pappenheimer
bodies (Crosby and Benjamin, 1957) that forged the concept of
pitting. Pitting was later observed with malaria parasites, with initial
suggestive pictures by TEM (Schnitzer et al., 1972) later confirmed by
RBC labeling (Angus et al., 1997; Chotivanich et al., 2002). Searchers in
Thailand observed a rapid parasite clearance (in less than a week) in
spleen-intact malaria patients treated with artemisinins, followed by the
appearance in circulation of uninfected RBC labeled with a parasitic
protein, called RESA (Ring-Erythrocyte Surface Antigen) (Angus et al,,
1997; Chotivanich et al.,, 2002). This peculiar subpopulation was called
“once-infected RBC”. This process was later replicated in human spleens
perfused ex-vivo (Buffet et al, 2006) enabling the visualization on
histological sections of infected RBC squeezing through narrow
splenic slits with the dead parasite remnant laying upstream from the
slit (Figure 1). In splenectomized subjects, post-treatment parasite
clearance is much longer, often lasting several weeks, without
appearance of “once infected” RESA-positive RBC in circulation
(Angus et al, 1997; Chotivanich et al, 2002). This suggests that
vacuoles are eliminated from RBC by pitting, enabling the almost
intact pitted RBC to go back into circulation. A similar process is
likely operating for Howell-Jolly bodies and Pappenheimer bodies.
Pitting likely requires squeezing through inter-endothelial slits of the
spleen, selective engulfment of the vacuole by macrophages, or the
synergistic contribution of both mechanisms. Ndour et al. performed
microsphiltration experiments, where layers of microspheres of different
sizes mimic inter-endothelial slits (Ndour et al, 2015). Using RBC
infected by the malaria parasite Plasmodium falciparum and exposed to
artesunate, they quantified “once-infected” RESA-positive RBC, before
and after microsphiltration. A low (<5%) rate of pitting was observed,
lower than the rate observed in vivo, generally greater than 50% (Ndour
et al, 2015). Anyona et al co-incubated infected RBC with
THP1 monocytes and observed the appearance of uninfected, RESA-
positive RBC (Anyona et al., 2006). Pocked RBC are also pitted by the
spleen and a similar uncertainty exists regarding the specific cellular
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FIGURE 2
Timeline of the main discoveries on markers of splenic function.

mechanism leading to this expulsion of vacuoles (Nagelkerke et al,
2018).

Discussion

Pocked RBC were first reported in 1962 and have since received
relatively limited attention. Large studies to validate their quantitative
theranostic value are still missing. Their clearance, or, more accurately
said, the clearance of their vacuoles by pitting is better understood
than their genesis (Figure 2). Several teams have shown that vacuoles,
rather than being former intra-erythroblastic organelles, may appear
in circulating mature RBC, likely by a process distinct from
conventional endocytosis. Yet, by TEM, residues resembling
organelles are observed in a proportion of vacuoles. “Empty”
vacuoles, which are the majority, likely appear by coalescence in
mature RBC, whereas the minority of more complex and large
vacuoles may be remnants from erythropoiesis. Not least, the
possible function of intra-erythrocytic vacuoles (if there is any) has
been poorly explored so far. Small vacuoles (visible only by TEM) are
present in almost all RBC, including those from healthy subjects,
which suggests they may have a (yet to be identified) physiological
role. Because of their high numbers in asplenic individual, a
pathogenic (e.g., procoagulant) role is also conceivable. A better
knowledge of the composition of each subtype of vacuoles would
help identify specific markers, for simple counting and sorting, as
prerequisite for functional studies and wider use in medical practice.
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Introduction: Coronavirus disease 2019 (COVID-19) is characterized by impaired
oxygen (O,) homeostasis, including O, sensing, uptake, transport/delivery, and
consumption. Red blood cells (RBCs) are central to maintaining O, homeostasis and
undergo direct exposure to coronavirus in vivo. We thus hypothesized that COVID-19
alters RBC properties relevant to O, homeostasis, including the hematological profile,
Hb O, transport characteristics, rheology, and the hypoxic vasodilatory (HVD) reflex.

Methods: RBCs from 18 hospitalized COVID-19 subjects and 20 healthy controls
were analyzed as follows: (i) clinical hematological parameters (complete blood
count; hematology analyzer); (i) O, dissociation curves (p50, Hill number, and
Bohr plot; Hemox-Analyzer); (iii) rheological properties (osmotic fragility,
deformability, and aggregation; laser-assisted optical rotational cell analyzer
(LORRCA) ektacytometry); and (iv) vasoactivity (the RBC HVD; vascular ring bioassay).

Results: Compared to age- and gender-matched healthy controls, COVID-19
subjects demonstrated 1) significant hematological differences (increased WBC
count—with a higher percentage of neutrophils); RBC distribution width (RDW);
and reduced hematocrit (HCT), Hb concentration, mean corpuscular volume
(MCV), and mean corpuscular hemoglobin concentration (MCHC); 2) impaired
O,-carrying capacity and O, capacitance (resulting from anemia) without
difference in p50 or Hb—O, cooperativity; 3) compromised regulation of RBC
volume (altered osmotic fragility); 4) reduced RBC deformability; 5) accelerated
RBC aggregation kinetics; and (6) no change in the RBC HVD reflex.

Discussion: When considered collectively, homeostatic compensation for these
RBC impairments requires that the cardiac output in the COVID cohort would
need to increase by ~135% to maintain O, delivery similar to that in the control
cohort. Additionally, the COVID-19 disease RBC properties were found to be
exaggerated in blood-type O hospitalized COVID-19 subjects compared to
blood-type A. These data indicate that altered RBC features in hospitalized
COVID-19 subjects burden the cardiovascular system to maintain O, delivery
homeostasis, which appears exaggerated by blood type (more pronounced with
blood-type O) and likely plays a role in disease pathogenesis.

KEYWORDS

red blood cell, coronavirus disease 2019, oxygen, rheology, osmotic fragility,
deformability, aggregation, vasoactivity
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Introduction

Red blood cells (RBCs), the most abundant cells in the body
(Sender et al., 2016), play an essential role in oxygen (O,)
homeostasis (i.e., O, sensing, uptake, transport, and delivery).
Whilst the RBC number and hemoglobin concentration (Hb)
define blood O,-carrying capacity, homeostatic modulation of
Hb-0, affinity ultimately regulates O, capture/release in a
manner that stabilizes O, delivery in the setting of reduced O,
availability (i.e., hypoxia and anemia) or increased consumption
(i.e., stress and disease). This effect is achieved via the production
of allosteric effectors (i.e., 2,3 DPG and ATP) and adjustment of
the RBC internal milieu (i.e., pH and anion concentration) in
response to external stimuli (i.e., temperature and CO, tension).
In addition to modulating Hb-O, affinity, RBCs play a direct but
less well-appreciated role in O, delivery homeostasis by
regulating blood flow itself. This includes both active
whereby RBCs

vasoactive factors that modulate vessel caliber in an O,-

signaling, control the bioavailability of
dependent manner (i.e., S-nitrosothiols and ATP) (Ross et al.,
1962; Frandsenn et al.,, 2001; Doctor and Stamler, 2011), and
biophysical effects, via the influence of RBCs on blood rheology
(determined by RBC deformability), aggregation (with each
other), Together, these
functions place RBCs at the center of O, homeostasis regulation.

The highly infectious coronavirus 2019 disease (COVID-19)

caused by severe acute respiratory coronavirus 2 (SARS-CoV-2)

and adhesion (to endothelium).

(Zhu et al., 2020) is characterized by impaired O, delivery
homeostasis. The COVID-19 virus S1 spike protein is
postulated to interact with RBCs via RBC CD147 (Wang et al.,
2020), evidenced by the detection of RBC surface viral spike
protein and complement activation products (Lam et al., 2020;
Bouchla et al., 2021). Additionally, COVID-19 spike protein
glycans may also bind to glycoconjugates on the surface of red
blood cells (Boschi et al., 2022). These interactions, in addition to
the acute inflammation, which is a feature of COVID-19 (Wong,
2021) [and already known to affect RBC rheological properties
(Pretorius, 2018)], likely affect RBC surface chemistry and
rheology, which are proposed to result in intravascular
thrombosis (Weisel and Litvinov, 2019), associated lung injury
(Lam et al., 2021), and hypoxemia (Montenegro et al., 2021).
Additionally, COVID-19 subjects often present with anemia, the
severity of which appears greatest in those most critically ill
(Chen et al., 2021), although it is not clear if this effect arises from
increased RBC  hemolysis and/or clearance, reduced
hematopoiesis, or a combination of these factors. Unless
compensated through homeostatic adaptation of blood flow
Hb-0,
diminishes O, capacitance (i.e., the amount of O, released

and/or affinity, reduced O,-carrying capacity
across any given arteriovenous pO, difference) (Mairbaurl and
Weber, 2012), thereby loading and placing undue strain on the
cardiovascular system to compensate for reduced O, delivered
per mL blood, which requires work to increase cardiac output in
the setting of reduced capacity for myocardial O, delivery,
potentially contributing to disease pathogenesis.

Despite the fundamental RBC role in O, homeostasis and the
known impact of COVID-19 on O, delivery homeostasis, the effect

of COVID-19 on RBC properties and physiology is not well
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described nor quantified. The aim of this study was to determine
whether RBCs from hospitalized COVID-19 subjects demonstrated
altered features (or impaired compensation) relevant to O,
homeostasis, i.e., hematological parameters, altered O, transport
(i.e, Hb-O, affinity/cooperativity),
rheology, and/or altered release of vasoactive compounds, ie., a

characteristics impaired
diminished hypoxic vasodilatory reflex. Additionally, given the ABO
blood-type dependence on susceptibility to COVID-19 infection and
spike protein-RBC interaction (Barnkob et al., 2020; Severe Covid
et al,, 2020; Wu et al., 2023), we assessed whether changes observed
in features relevant to O, homeostasis were associated with
blood type.

Materials and methods
Subjects

This study was approved by the UMB Human Research Ethics
Committee, and written informed consent was obtained from all
participants in accordance with the Declaration of Helsinki. We
studied 18 COVID-19 subjects who were hospitalized at the
University ~ of Maryland  Medical = Center  (Baltimore,
United States) between September 2020 and January 2022 and
20 non-hospitalized healthy control individuals. SARS-CoV-
2 infection was confirmed in all subjects by polymerase chain
reaction (PCR) performed on material collected using the
nasopharyngeal swab. Medical records were reviewed to collect
demographic and general clinical data.

Blood sampling and processing

Venous blood was drawn into EDTA or heparin vacutainers and
immediately placed on ice until analysis, which was performed
within 24 h of collection. For complete blood count (CBC),
oxygen dissociation curve (ODC—Hemox), and ektacytometry
(LORRCA) analyses, whole blood was used, so no further
processing was performed. RBC counts (CBC HORIBA) were
adjusted for each assay platform (following the addition of whole
blood to assay buffer) according to assay specifications. For hypoxic
vasodilation (HVD), RBCs were separated from whole blood and
washed three times (2,000 g, 10 min, 4°C, PBS) prior to analysis.
Blood samples were equilibrated at the appropriate assay
temperature prior to measurement.

Materials and reagents

Unless stated, reagents were purchased from Sigma-Aldrich Inc.
(St. Louis, United States).

Hematological parameters and oximetry

Standard hematological parameters were measured in the clinic
or research laboratory using conventional complete blood count
analyzers (HORIBA, Kisshoin, Japan).
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TABLE 1 Healthy control and COVID-19 subject demographics.

10.3389/fphys.2023.1320697

Healthy COVID-19
Female Total Male Female
Demographics N 9 11 20 9 9 18
Age (mean) 454 £ 9.8 46.5 £ 9.6 46.1 £9.4 50.8 + 15.4 544 + 9.2 52.6 £ 12.5
Age [median (25th and 75th percentile)] 44 [41; 52] 54 [35; 54] 44 [39; 54] 55 [35; 64] 58 [45; 62] 58 [42; 62]
Comorbidities Obesity — — — 5 (56%) 7 (78%) 12 (67%)
Hypertension — — — 6 (67%) 6 (67%) 12 (67%)
Diabetes — — — 1 (11%) 8 (89%) 9 (50%)
Heart failure — — — 3 (33%) 3 (33%) 6 (33%)
Hyperlipidemia — — — 0 (0%) 5 (56%) 5 (28%)
Chronic kidney disease (CKD) — — — 4 (44%) 1 (11%) 5 (28%)
Sample collection (days from symptom onset) — — — 134 + 10.3 113 + 64 12 (67%)
Severity SAPS 1I score — — — 27.3 £ 13.1 23.0+95 25.6 + 11.6
Outcome Death (%) 0 0 0 2 (22%) 1 (11%) 3 (17%)

Hemorheological parameters

RBC osmotic fragility, deformability, and aggregation were
measured through ektacytometry using LORRCA (RR Mechatronics,
Hoorn, Netherlands). This assay quantifies cell deformability as an
elongation index [i.e., a ratio in the difference between the major and
minor axes in cellular diffraction patterns over their sum (Lazarova
et al.,, 2017; Gutierrez et al., 2021)], whilst cells are under constant shear.
Three different measurements were performed: 1) osmoscan, yielding a
set of elongation indices measured at 37°C and a single shear (30 Pa),
across a wide osmotic gradient (~80-700 mOsm); 2) deformability
scan, yielding a set of elongation indices at 37°C and a fixed physiologic
osmolality, across a shear range (0.3-30 Pascal); and 3) aggregation
scan, ie, a syllectogram, a time-dependent intensity plot of
backscattered light generated when RBCs, initially subjected to shear
(to fully induce disaggregation), are allowed to return to their original
randomly oriented biconcave shape, lose alignment, and aggregate (as
the shear is stopped) (Dobbe et al., 2003). Measurement outputs of
aggregation included aggregation index (see Figure 4A) calculated as
area A (the area within the rectangle above the syllectogram curve)
divided by area A plus area B (the area within the rectangle below the
syllectogram curve) multiplied by 100, the amplitude of aggregation,
and t;/,. Whole blood was used (aggregation) or added and thoroughly
mixed in an iso-osmolar polyvinylpyrrolidone (Elon ISO solution for
osmoscan and deformability measurements—5 mL; RR Mechatronics,
Hoorn, Netherlands; mean viscosity ~29.8 mPa*s, osmolality
~285 mOsm, pH ~7.4), allowing normalization of the RBC count
for each specific assay platform (as outlined by the manufacturer).

O, transport parameters
O,-hemoglobin dissociation curves were composed from the

simultaneous direct in vitro measurement of O, partial pressure
(pO,) and hemoglobin O, saturation (HbSO,) during controlled

Frontiers in Physiology

hemoglobin deoxygenation (O, unloading) and re-oxygenation (O,
loading) (Guarnone et al., 1995) (Hemox-Analyzer, TSC Scientific
Corporation, New Hope, PA, United States). Whole blood (25 pL
was diluted in 3 mL 50 mM BIS-Tris, and 100 mM NaCl buffered to
either pH 7.2, 7.4, or 7.6) (Benesch et al., 1969) with the addition of
bovine serum albumin (BSA) (12 pL) and an antifoaming agent
(6 uL), both supplied by the manufacturer. Samples were
equilibrated (37°C) while bubbled with air and then subsequently
deoxygenated, with exposure to N,. The Hb p50 value (pO, at which
HbSO, is 50%) was extrapolated from the plotted relationship of the
above two variables (oxy-hemoglobin desaturation curve; ODC). In
addition, the Hill coefficient was calculated (TCS Hemox Data
Acquisition System, TCS Scientific Corp, New Hope, PA,
United States), providing an index of cooperativity, and the Bohr
plot was determined (Guarnone et al., 1995). Additional analyses
were performed from ODC data, including the calculation of blood
O, content from the O, unloading arm of the Hemox ODC curves;
SO, was converted to blood O, content assuming that 1 g Hb binds
to 1.34 mL O, and multiplying this by the subjects [Hb]. Blood O,
capacitance was also calculated from the ODC, using the calculation
of Mairbaurl and Weber (2012).

RBC vasoactivity (hypoxic vasodilation)

Male New Zealand white rabbits (1.8-2 Kg) were euthanized
by intravenous injection of sodium pentobarbital. The aorta was
harvested, and endothelium-intact rings were prepared for
isometric tension recordings by mounting on a Radnoti
vascular ring array (Harvard Apparatus, Holliston, MA,
United States): 2g resting tension, 37°C, and Krebs (NaCl
118 mM, KCl 4.8 mM, KH,PO, 1.2mM, MgSO, 1.2 mM,
NaHCO; 24 mM, glucose 11.0 mM, CaCl, 2.5 mM, and
disodium EDTA 0.03 mM); bath pO, was controlled by
bubbling appropriate gas mixtures, as described (Pinder et al,
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FIGURE 1

Clinical hematological parameters of healthy control and hospitalized COVID-19 subjects. Compared to healthy controls, blood samples from
COVID-19 subjects demonstrated higher white blood cell (WBC) counts (H), with a higher percentage of neutrophils (I). No difference between groups
was observed in red blood cell (RBC) counts (A). COVID-19 subjects also demonstrated lower hematocrits (HCT) (B), hemoglobin concentration [Hb] (C),
mean corpuscular volume (MCV) (D), mean corpuscular hemoglobin (E), mean corpuscular hemoglobin concentration (MCHC) (F), and higher red

cell distribution width (RDW) (G). Data are presented as the box and whisker plot. The median is indicated by a solid line, and the mean is represented by +.
Notably, a subset of controls (n = 5) did not have CBC measures performed. In addition, neutrophil counts were not available for some of the COVID-19

subjects

2009). Isometric tension was recorded continuously by transducers
linked to a PowerLab 8SP/octal bridge (AD Instruments, Colorado
Springs, CO, United States) connected to a PC running LabChart 7
(AD Instruments, Colorado Springs, CO, United States). Rings
were pre-conditioned at 95% O,, 5% CO,, with 107° mol/L
phenylephrine (PE) and 107° mol/L acetylcholine (ACh); then,
under hypoxia (95% Nj, 5% COy ~1% O,), PE (5 x 107° mol/
L) was used to increase baseline tension, before 30 uL of pelleted
RBCs were injected into each bath, and the data were analyzed, as
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outlined previously (James et al., 2004). In brief, endothelium-
intact rings were identified as those producing an ACh relaxation
response during preconditioning that was >60% of the maximal
induced tension (by PE); rings that did not produce this amount of
relaxation were excluded. For each experiment, eight ring
preparations were run in parallel, n = 1 represents data
averaged from all endothelium-intact rings (possibly 8 in total)
that were treated identically; the % relaxation was calculated as the
RBC-induced decrease in tension as a percentage of the preceding
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Shear-induced RBC osmotic fragility in healthy controls and hospitalized COVID-19 subjects measured using LORRCA. Compared to healthy

control RBCs, COVID-19 RBCs demonstrated significant impairment in cell

volume regulation, with higher elongation index minimum, EImin (A), lower

elongation index maximum, Elmax (B), lower delta elongation index (C), and elongation index hyper (D). No differences were observed in buffer
osmolality at EImin (Omin), Elmax (OElmax), the delta osmolality, or hyperosmolality (Ohyper). Representative traces from healthy controls and
COVID-19 subjects (E). Data are presented as the box and whisker plot. The median is indicated by a solid line, and the mean is represented by +.

baseline plateau tension (both under the above hypoxic bath
conditions) (James et al., 2004).

Statistical analyses

Results are presented as the mean + standard deviation (SD) (or
SEM where indicated). Column statistics were performed, and a
normality/lognormality test (Shapiro-Wilk test) was undertaken to
confirm normal data distribution. Data were plotted as box and
whisker plots with each data point shown (box extending from the
25th to 75th percentile) and the whiskers representing minimum and
maximum points. For parametric data, group comparisons of means
were analyzed using the t-test (Student’s). For non-parametric data,
group comparisons of mean ranks were analyzed using Mann-Whitney
U-test (Prism, GraphPad Inc.; La Jolla, CA). Curves (Figures 3E, 5F, 8E)
were compared via two-way ANOVA (mixed-effects analysis), and
comparison of means at each shear (3E, 8E) or each lung-to-tissue O,
flux (5F) between groups were performed. Pearson’s product moment
correlation coefficient was computed to assess the relationship between
mean corpuscular hemoglobin concentration (MCHC)/mean
corpuscular volume (MCV) and RBC deformability (Figure 3H). A
p-value <0.05 was considered significant. For original data please
contact Allan Doctor at ADoctor@som.umaryland.edu.
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Results

Patient demographics and clinical
presentation

Healthy age/sex-matched controls were compared with COVID-
19 subjects (sex distribution; chi-squared test (X* 1, N = 38) = 0.095,
p =0.758; mean age; COVID-19: 52.6 + 12.5 years vs healthy control
46.1 + 9.4 years, p = 0.074) (Table 1). As is typical of hospitalized
subjects in intensive care, COVID-19 subjects presented with
multiple comorbidities (Table 1). As a gauge of COVID-19
severity, we report the mean Simplified Acute Physiology Scores
(SAPS 1II) (25.6 + 11.6 AU), in addition to the fact that 3 of the
18 COVID-19 subjects (17%) died during their hospitalization stay
(Table 1).

Clinical hematologic parameters—healthy
controls vs COVID-19 subjects

The WBC count was higher in hospitalized COVID-19 subjects
than in healthy controls (12.1 £ 11.32 vs 6.1 + 1.2: 103/mm’, p <
0.0001; Figure 1H), and WBC counts from the COVID-19 subjects
comprised a significantly higher percentage of neutrophils than
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Shear-induced RBC deformability in healthy controls and hospitalized COVID-19 subjects, measured using LORRCA. Compared to healthy controls,
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Deformability curve (E) and the calculated values from the deformability curves plotted, including SS1/2 (F) and Elmax (G). Correlation between MCHC
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those from healthy controls (79.6 + 8.4 vs 52.9 + 8.8: %, p < 0.0001;
Figure 1I). RBC counts did not differ between groups (Figure 1A).
Compared to healthy controls, hematocrit (35.9 + 7.38 vs 42.0 +
2.62: %, p = 0.0043; Figure 1B), Hb concentration (11.6 + 2.42 vs
14.1 £0.93: g/dL, p = 0.0012; Figure 1C), MCV (87.1 £ 6.75 vs 94.1 +
3.94: um’, p = 0.0012; Figure 1D), mean corpuscular hemoglobin
(MCH; 28.0 + 2.99 vs 31.7 + 1.31: pg, p = 0.0001; Figure 1E), and
MCHC (32.3 + 1.64 vs 33.6 + 0.41: g/dL, p = 0.0073; Figure 1F) were
all lower in COVID-19 subjects, whilst RBC distribution width was
higher (14.2 + 2.08 vs 11.4 + 0.67: %, p < 0.0001; Figure 1G).

Hemorheological parameters—healthy
controls vs COVID-19 subjects

RBCs from COVID-19 subjects demonstrated altered ability to
control the cell volume across an osmotic gradient (~100-500 mOsm)
under shear (30 Pa). At low osmolality (~140 mOsm—at EImin),
COVID-19 RBCs showed higher EI than healthy control RBCs
(0.177 + 0.027 vs 0.155 + 0.028, respectively: EImin, p = 0.0165;
Figure 2A). This hypotonic osmolality coincides with the osmolality at
which 50% of the cells would hemolyze in an osmotic fragility assay
(Clark et al., 1983), suggesting a lower surface area-to-volume ratio of
the COVID-19 cells compared to the healthy controls and/or a loss of
cell volume regulation. At physiologic and hyper-osmolality, RBC
deformability in the COVID-19 subjects trended lower than that in
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healthy controls, although this difference was not statistically
significant (EImax p = 0.0858 and EThyper p = 0.0889; Figures 2B,
D). The dynamic range in deformability across the measured osmotic
gradient (deltaEI) was significantly lower in RBCs from COVID-19
subjects than those from controls (0.404 + 0.028 vs 0.433 + 0.032,
respectively: deltaEl, p = 0.0075; Figure 2C). Buffer osmolalities at
EImin, EImax, deltaEl, and Elhyper were not significantly different
between the two groups (Figure 2E—representative osmoscans).

RBC deformability at fixed osmolality (~285 mOsm) across a range
of shears (0.3-30 Pascal; Pa) was significantly lower in the hospitalized
COVID-19 subjects than in healthy controls (Figure 3). Importantly,
this difference between groups was observed in the physiologic shear
range (ie, 1.69 Pa, p = 0.0367; 3 Pa, p = 0.0150; 5.33 Pa, p = 0.0477;
Figures 3A-D). No difference was observed in the deformability curves
between the healthy controls and COVID-19 subjects (Figure 3E), as
confirmed in the analysis of SS1/2 (Figure 3F) and the calculated EImax
(Figure 3G). Given that cell geometry dictates that MCHC (and MCV)
are linked to the ability of RBCs to deform, we assessed the relationship
between MCHC/MCV and deformability (at 3 Pa) and observed an
expected significant correlation between these parameters (MCHC vs
deformability = r (31) = 0453, p < 0.0001; Figure 3H; MCV vs.
deformability = r (31) = 0.17, p = 0.0172; data not shown).

Whilst the extent of RBC aggregation (Amplitude, AMP; AU)
was not significantly different between the healthy controls and
COVID-19 subjects (Figures 4A-C), RBC aggregation kinetics
were significantly accelerated in the hospitalized COVID-19
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FIGURE 4

RBC aggregation (syllectogram) in healthy controls and hospitalized COVID-19 subjects, measured using LORRCA. Syllectogram of RBC
aggregation plotted on a logarithmic timescale demonstrating the indices plotted (A). Representative syllectogram traces from healthy controls and
COVID-19 subjects (B). No difference was observed in the total aggregation response between healthy controls and COVID-19 subjects (amplitude) (C).
Aggregation profile (aggregation index) (D) and the kinetics of aggregation (t1/2) (E) were significantly different between the groups, with COVID-19
subjects demonstrating higher Al% and a shorter time to reach half-maximal aggregation (t1/2). Data are presented as the box and whisker plot. The
median is indicated by a solid line, and the mean is represented by +. Notably, two control subjects did not have aggregation measurements performed.

subjects compared to healthy controls, as defined by the
aggregation index (74.3 + 9.96 vs 66.2 = 7.27: Al%, p
0.0081; COVID-19 vs healthy control) and t1/2 (1.10
0.457 vs 1.99 £ 0.69: t1/2 s, p < 0.0001; COVID-19 vs healthy
control; Figures 4A, B, D, E).

I+

RBC O, transport parameters—healthy
controls vs COVID-19 subjects

No significant difference was observed in RBC-O, affinity
(i.e, p50) between the healthy control and COVID-19 subjects
across three pH measurements (pH 7.2: 28.77 + 1.87 vs 29.83 +
2.31, p=0.2198; pH 7.4: 23.06 + 1.69 vs 24.3 + 2.25, p = 0.124; and
pH 7.6: 18.69 + 1.67 vs 19.59 + 1.72, p = 0.1929, healthy control vs.
COVID-19, respectively; Figure 5A). Hb-O, cooperativity was not
significantly different between the healthy controls or COVID-19
subjects (pH 7.2:2.68 £ 0.20 vs 2.57 £ 0.11, p = 0.1433; pH 7.4: 2.65 +
0.21vs2.56 +0.12, p = 0.1826; and pH 7.6: 2.66 + 0.28 vs 2.51 + 0.14,
p = 0.0968, healthy control vs COVID-19, respectively; Figure 5B).
The Bohr effect (i.e., the shift in the ODC in response to pH change),
tested by running ODCs at three fixed pH levels, was not different
between the healthy control and COVID-19 groups (Figure 5C). We
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calculated the mean total blood O, content as a function of blood
pO, for each pH, per gram Hb (Figure 5D) and per Liter blood
(Figure 5E) after calculating blood O, content from acquired data
[ie., for per gram Hb calculation, SO, was converted to blood O,
content given that 1 g hemoglobin binds to 1.34 mL O, for per Liter
blood calculation, SO, was converted to blood O, content per gram
Hb and then multiplied by each subject’s [Hb]; (Figure 5D); this
analysis demonstrates the significant reduction in blood O, content
between the COVID-19 subjects and healthy controls for similar O,
tensions. Next, we calculated O, capacitance [absolute amount of O,
released by RBCs upon transit across a given physiologic O, gradient
(lung — tissue)] (Mairbaurl and Weber, 2012) from the Hb-O,
saturation at 100 mmHg, using an O, loading curve at pH 7.4
(representing RBC O, content in pulmonary veins) and the Hb-O,
saturation at various pO, values on the O, dissociation curve
measured at pH 7.2 (representing RBC O, content in perfused
tissue). These data, which integrate both O,-carrying capacity and
Hb-0, affinity, quantify the amount of O, unloaded across the
physiologic range of arterio-venous (A-V) pO, differences
encountered during circulatory transit. We observed a significant,
progressive reduction in O, capacitance in COVID-19 subjects for
A-V O, gradients >70 mmHg (i.e., equivalent to tissue pO, <
30 mmHg, p < 0.05; Figure 5F), with RBCs from COVID-19
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RBC O, transport parameters of healthy controls and hospitalized COVID-19 subjects. No significant differences were observed between healthy
controls or COVID-19 subjects in p50 (i.e., partial pressure of O, that hemoglobin within RBCs 50% saturated with O,) (A), Hb cooperativity as determined
by the Hill number (mean) (B), or Bohr effect (C). No significant differences were observed in blood O, content per gram Hb (calculated from Hemox
ODCs) between healthy controls and COVID-19 RBCs (D). Impact of anemia on O, delivery evaluated via the calculation of O, content per liter of
blood (from ODC and CBC analyses). COVID-19 subjects demonstrated significantly reduced blood O, content (ml O,/L) (E). The reduction in blood O,
content was explored following the calculation of O, capacitance (quantifying the amount of O, unloaded for a given A-V pO, difference). COVID-19
subjects presented with significantly reduced O, capacitance, calculated from the Hb—O, saturation at 100 mmHg, taken from the O, loading curve
measured at pH 7.4 (reflecting O, uptake conditions in the lung) and the corresponding Hb—-O, saturations at various pO, values taken from the O,
unloading curve measured at pH 7.2 (reflecting O, unloading from RBCs at the tissue level) (Mairbaurl and Weber, 2012) (F). To overcome the O, deficit,
the proportional increase in cardiac output necessary to achieve O, delivery equivalence to healthy control RBCs was calculated (need in COVID-19
subjects was ~1.3—1.4 times that of healthy control individuals) (G). Data are presented as the box and whisker plots. The median is indicated by a solid line,
and the mean is represented by + (A,B). Data plotted as the XY plot + SD (C), (G) plotted without error bars, (D—E) plotted as mean + SD, (F) plotted as the
proportion between healthy controls and COVID-19 subjects. Notably, Hemox analysis was not performed on all subjects, and some subjects did not
undergo CBC analysis, allowing the calculation of blood O, content or O, capacitance.

subjects demonstrating capacity for only ~70-75% of the calculated
lung-to-tissue O, flux (mL) across the physiologic O, gradient
compared to that for healthy controls (Figure 5F).

RBC vasoactivity (HVD response)—healthy
controls vs COVID-19 subjects

No difference was observed in the hypoxic vasodilatory response
of RBCs from healthy controls vs COVID-19 subjects, normalized to
the maximal PE constriction of the respective vascular rings
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(8.67% + 1.9% vs 9.4% * 2.3%, p = 0.413, control vs COVID-19,
respectively—data not shown).

RBC properties COVID-19 blood type

Analysis was performed to assess whether blood type influenced
RBC properties in the hospitalized COVID-19 subjects. Patient numbers
and demographics between the two majority blood-type groups in our
cohort (ie., A and O; sex distribution, age, and sample collection time
from disease onset) were not significantly different (p > .05-Table 2).
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TABLE 2 COVID-19 subject demographics by blood type.

10.3389/fphys.2023.1320697

Blood type A Blood type O

Demographics Age (mean) 52.6 + 13.2 57.2 + 8.6
Age [median (25th and 75th percentile)] 59 [47; 61] 58 [52; 64]
Subject number 7 6
Sex (M/F) 3/4 3/3
Obesity 5 (71%) 3 (50%)
Hypertension 4 (57%) 5 (83%)
Diabetes 5 (71%) 3 (50%)
Heart failure 4 (57%) 2 (33%)
Hyperlipidemia 3 (43%) 1 (17%)
Chronic kidney disease (CKD) 2 (29%) 2 (33%)
Sample collection (days from symptom onset) 103 £ 7.8 14.7 £ 11.7
Severity SAPS II score 26.6 + 8.8 30.0 + 14.0
Qutcome Death (%) 2 (29%) 1 (17%)

Clinical hematologic parameters—COVID-
19 blood type

Hospitalized COVID-19 subjects with blood-type A or O
showed similar hematological values (no difference between
groups in RBC count, HCT, Hb concentration, MCV, RDW,
WBC count, or neutrophil %) (Figures 6A-D, G-I). However,
MCH (25.8 + 3.72 vs 29.5 + 1.58, p = 0.0348; Figure 6E) and
MCHC were significantly lower in the blood-type O group than in
the blood-type A group (33.2 = 0.56 vs 30.6 + 1.42, p = 0.0008;
Figure 6F).

Hemorheological parameters—COVID-19
blood type

Hospitalized COVID-19 subjects with blood type O
demonstrated significant impairment in the ability to regulate cell
volume during osmotic stress. At low osmolality (~140 mOsm),
RBC deformability in the blood-type O COVID-19 patient group
was significantly higher than that in the blood-type A group (0.200 +
0.026 vs 0.162 * 0.021, respectively: EImin p = 0.0148; Figure 7A).
Once again, this hypotonic osmolality coincides with the osmolality
at which 50% of the cells would hemolyze in an osmotic fragility
assay (Clark et al., 1983), suggesting a lower surface area-to-volume
ratio of the blood type-A COVID-19 cells compared to the blood-
type O and/or a loss of cell volume regulation. At physiologic and
hyperosmolality, RBC deformability was not different between the
two groups (Figures 7B, D, respectively). The dynamic range for
deformability across the osmotic gradient (deltaEI) was significantly
lower in the blood-type O COVID-19 group than in the blood-type
A group (0.381 + 0.033 vs 0.421 + 0.016, respectively: deltaEI p =
0.0156; Figure 7C). Furthermore, buffer osmolalities at EImin
(i.e., Omin) and Elmax (i.e,, OEImax) were significantly lower in
the blood-type O COVID-19 group than in the blood-type A group
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(Figures 7E, F, respectively) but not the DeltaO or Ohyper (Figures
7G, H, respectively).

Across a range of physiological shear stress (from 0.95 to
5.33 Pa), RBC deformability in the blood-type O hospitalized
COVID-19 patient group was significantly lower than that in the
blood-type A group (Figures 8A-E). Whilst no significant difference
was observed in the deformability curves between blood-types O and
A (Figure 8E), blood-type A subjects demonstrated a significantly
reduced SS1/2 (3.34 + 0.65 vs 2.14 + 0.66, respectively: p = 0.0072;
Figure 8F) and higher calculated EImax (0.58 + 0.02 vs 0.61 + 0.03,
respectively: p = 0.0527; Figure 8G).

The total extent of RBC aggregation (AMP, AU) was
significantly lower in the blood-type O COVID-19 group than in
the blood-type A group (10.36 + 2.48 vs 16.76 + 2.89: AMP AU, p =
0.0025; Figure 9A). Additionally, the kinetics of RBC aggregation
were significantly different between groups, with RBCs from
hospitalized COVID-19 subjects with blood-type O aggregating
faster than those with blood-type A (79.0 £ 7.5 vs 71.0 + 4.7:
aggregation index;, p = 0.0471; Figure 9B; 0.92 + 0.46 vs 1.48 + 0.34:
t1/2 s, p = 0.0471; Figure 9C).

Discussion

We quantified RBC features relevant to O, delivery homeostasis in
hospitalized COVID-19 subjects and observed 1) an altered
hematological profile, with significantly elevated WBC counts, higher
neutrophil levels, marked anemia (HCT and Hb), reduced RBC volume
(MCV) and RBC [Hb] (MCH and MCHC), and increased RDW; 2)
diminished O,-carrying capacity and O, capacitance [integrated effect
of lower (Hb) and lower O, delivery per gram Hb across the physiologic
O, gradient]; and 3) impaired hemorheology, distinguished by (a) loss
of cell volume regulation, (b) reduced RBC deformability, and (c)
accelerated RBC aggregation kinetics, but 4) without change in the
hypoxic vasodilatory reflex of RBCs. These COVID-19 disease RBC
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features were found to be exaggerated in hospitalized COVID-19
subjects with blood-type O compared to those with blood-type A.
Others have observed that hospitalized COVID-19 subjects
present with anemia (i.e, RBC lack or diminished hemoglobin
concentration) (Taneri et al., 2020; Bergamaschi et al., 2021) and
hypoxemia (Montenegro et al., 2021). Blood O,-carrying capacity
(i.e, blood O, content) is essential to maintain O, delivery
homeostasis and is determined by both hemoglobin
concentration and O, affinity. Reduced blood O,-carrying

capacity has obvious implications for tissue O, delivery and
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potential O, supply/demand gap, which is a risk factor for organ
injury (Bergamaschi et al., 2021). Herein, we report reduced Hb
concentration, hematocrit, MCV, MCH, and MCHC in our
COVID-19 subjects, without a change in RBC count. The RBC
count trended lower in the COVID-19 subjects than in healthy
controls; however, the large variation in this measurement might
explain the non-significant finding. These changes in RBC size, in
addition to RBC [Hb], are indicative of microcytic hypochromic
anemia, which has previously been observed in COVID-19 subjects
(Elemam et al., 2022). However, we caution that some of these
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Effect of blood-types A and O on COVID-19 shear-induced RBC osmotic fragility. RBCs from COVID-19 subjects with blood-type O demonstrated
significant impairment in cell volume regulation, with higher elongation index minimum (Elmin) (A), compared to those with blood-type A. No difference
between blood types was observed in the elongation index maximum (EImax) (B). Consequently, COVID-19 subjects with blood-type O demonstrated a
significantly reduced delta elongation index (C) compared with subjects with blood-type A. No difference between blood types was observed in
elongation index hyper (D). The buffer osmolality at EImin (Omin) (E) and Elmax (OEImax) (F) was significantly lower in blood-type O than in blood-type A
subjects. However, the delta osmolality (G) and hyperosmolality (Ohyper) (H) were not different between blood types. Data are presented as the box and
whiskers plot. The median is indicated by a solid line, and the mean is represented by +.

findings might partially be explained by comorbidity differences
between the COVID-19 and healthy control populations.
Non-hemodynamic homeostatic adaptations counter the effect
of anemia, increasing erythropoietin (EPO) (stimulating RBC
production) and 2,3 DPG (right-shifting the ODC, aiding HbO,
offloading) and altering the intra-erythrocytic milieu (i.e., affecting
pH). These adaptations can be quantified by measuring [Hb],
reticulocyte count (RBC production), and the O, dissociation
curve (2,3 DPG and intra-RBC milieu changes), on which the
p50 point is defined by the pO, at which HbSO, is 50%. In line
with multiple other studies, we show no difference in the standard
p50 between acute COVID-19 subjects and controls (Daniel et al.,
2020; DeMartino et al., 2020; Renoux et al., 2021). However, we
observed a non-significant trend toward higher p50 in the COVID-
19 subjects across all three pH measurements. Considering that the
reported effect of anemia typically elicits a p50 increase of ~4 mmHg
(~26.7-~30.7 mmHg; pH 7.4, 37°C), following a ~50% reduction in
[Hb] (resulting from reduced RBC production or loss of RBCs;
~14.8 g/dL to ~7.5 g/dL), with compensation provided by increased
2,3 DPG (~12.7 pmol/gHb to ~18.7 pmol/gHb) (Boning and Enciso,
1987); the variance in our data and lack of a statistically significant
change in p50 might simply reflect the moderate degree of anemia in
our COVID-19 population [(Hb) 11.6 +2.42 vs 14.1 £ 0.93: g/dL, p =
0.0012; Figure 1E]. Unfortunately, we did not measure 2,3 DPG in
this study, which has been an issue with many COVID-19 studies,
due to the lack of availability of test kits (Boning et al., 2021). Only
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one study to date reports on 2,3 DPG in COVID-19, showing a
significant increase with moderate anemia compared to non-
COVID subjects (measurement technique only reported arbitrary
units) (Thomas et al., 2020).

O, delivery homeostasis is not only a function of blood O,
content but also blood flow. In fact, the latter is the more important
determinant, specifically because the dynamic range in O, content
is limited [varying linearly with (Hb) and percentage O,
saturation], whereas regional blood flow (a function of vessel
radius to the fourth power) may be increased or decreased by
several orders of magnitude. Consequently, it is the volume and
distribution of blood flow that are modulated by physiologic
reflexes that maintain dynamic coupling between O, delivery
and metabolic demand (Ross et al, 1962; Frandsenn et al,
2001). For the COVID-19 subjects to offset the reduction in
blood O,-carrying capacity resulting from anemia (shown in
Figure 5E), we would have expected a larger adaptive increase
in p50 (Figure 5A) and a resulting greater difference between the
healthy control and COVID-19 subjects in terms of blood O,
content per gram Hb (Figure 5D). Conversely, we observed
diminished O, capacitance (accounting for both the effect of
anemia and lack of adaptation in HbO, affinity, i.e., calculated
as the amount of O, unloaded for a given A-V pO, difference from
ODCs 16; Figure 5F). This finding quantifies the burden of
increased cardiac output required to compensate for impaired
blood O, transport capacitance in COVID-19 subjects, which
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Effect of blood-types A and O on COVID-19 RBC aggregation. Individuals with blood-type A demonstrated significantly greater total aggregation
(amplitude) (A) but a slower aggregation response, i.e., lower aggregation index (B) and longer t1/2 (C). Data are presented as the box and whisker plot.
The median is indicated by a solid line, and the mean is represented by +. Notably, one blood-type O individual did not have enough blood for aggregation

measurement.

requires an increase of 130%-140% in cardiac output relative to
that in healthy control individuals (Figure 5G, calculated from
Figure 5F, ie., the fold difference in O, capacitance between
COVID-19 subjects and healthy controls). This is particularly
problematic since the demand for increased cardiac output
burdens the increased work despite
concurrent diminished myocardial O, delivery.

myocardium  with

Frontiers in Physiology

75

Numerous physical (i.e., deformability) and biochemical

(i.e., factors which modulate vascular smooth muscle
contractility) properties of RBCs play an essential role in
determining microcirculatory flow (Lanotte et al., 2016) and
as such play a significant role in maintaining O, homeostasis.
RBC biomechanical have been previously

be COVID-19  subjects

properties
demonstrated to altered in
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(Kubankova et al., 2021; Grau et al., 2022), with RBCs exhibiting
structural protein damage and membrane lipid remodeling
(Thomas et al., 2020). We likewise demonstrate a significant
reduction in RBC deformability across an isotonic shear stress
gradient—LORRCA, RR Mechatronics 0.53-30 Pa (Figure 3).
Deformability was also measured across an osmotic gradient
(osmotic fragility—LORRCA Osmoscan), wherein we observed
greater RBC deformability in RBCs from COVID-19 subjects
than in those from healthy controls at low osmolality (i.e., higher
EImin) in combination with a lower dynamic range in
deformability across the osmotic gradient (i.e., lower deltaEI),
suggestive of a lower surface area-to-volume ratio of the
COVID-19 RBCs compared to the healthy controls, and/or a
loss in the ability to regulate cell volume. A decrease in the
surface area-to-volume ratio could be explained by increased
blebbing and loss of damaged membrane from the COVID-19
RBCs, whilst loss of the ability to regulate cell volume might
result from impaired RBC energetics, with reduced ATP for ion
channel function, although the lack of change in p50 values
between groups is suggestive of no critical change in ATP
content. Furthermore, we also observed significant differences
in RBC aggregation kinetics between the hospitalized COVID-19
subjects and controls, with COVID-19 enhancing aggregation,
as shown by others (Nader et al., 2021; Renoux et al., 2021). In
combination, these changes RBCs
hospitalized ~COVID-19  subjects rheological
impairment that would be expected to significantly impair

observed for from

indicate

blood flow and contribute to dysregulation of O, delivery
homeostasis.

RBCs themselves also play an essential role in matching
perfusion sufficiency to O, demand via the release or scavenging
of vasoactive signaling molecules (NO, NO+, and ATP). One such
reflex is the regulation of hypoxic vasodilation (Ross et al., 1962;
McMabhon et al., 2000; Pawloski et al., 2001; McMahon et al., 2002;
Buehler and Alayash, 2004; Singel and Stamler, 2005) through a
series of O,-responsive, thiol-based transfers of NO groups to the
endothelium (McMahon et al., 2002; Doctor et al., 2005; Palmer
et al,, 2007). We assessed the ability of RBCs to elicit the HVD
response in the aortic tissue ring bath. Interestingly, we observed no
difference in the HVD response between RBCs from hospitalized
COVID-19 subjects and healthy controls. This was somewhat
surprising, given the fact that others have shown higher levels of
NO inside RBCs from COVID-19 hypoxemic subjects (Mortaz et al.,
2020). Whilst the mechanism(s) causing the accumulation of
intracellular NO in RBCs of COVID-19 subjects is still unclear, it
appears that the higher NO content is not associated with an
increase in vasoactive NO species release under hypoxic
conditions, and thus, the physiologic relevance of this increased
NO remains undefined.

Several recent studies have investigated the association
between blood type and COVID-19 infection (Kim et al,
2021). Whilst it has been reported that blood-type A might be
predisposed to increased susceptibility of infection with SARS-
CoV-2 and type O and Rh-negative blood groups might be
protective, no clear relationship appears to exist between
blood type and COVID-19-related severity of illness or
mortality. We looked to identify whether any relationship
existed between blood type and RBC features related to
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maintenance of O, homeostasis. In a limited subset of
individuals, we compared RBCs of hospitalized COVID-19
subjects with blood type A or O. Somewhat surprisingly, we
observed that the abnormal RBC properties associated with
hospitalized COVID-19 subjects appeared exaggerated in
blood-type O hospitalized COVID-19 subjects compared to
blood type A. This is contrary to a reported putative
protective role of blood-type O in terms of severity of illness
and mortality.

We are aware of the limitations of our study. First, we
acknowledge the small subject size, in addition to the fact
that the hospitalized COVID-19 subjects 1) present with
numerous comorbidities, which might also be expected to
influence RBC physiology, in addition to 2) being given
medications that might potentially have impacted the
measurements herein (i.e., O, affinity and NO metabolism). It
is also likely that even though all subjects studied were
hospitalized, which itself is an indication of disease severity,
individuals studied had wide-ranging morbidity; thus, the
variance in the data from COVID-19 subjects likely reflect
wide-ranging subject morbidity. We also wish to highlight
itself is known to affect RBC
rheological properties (Pretorius, 2018). Consequently, we

that acute inflammation
cannot rule out that altered RBC features observed in
hospitalized COVID-19 subjects may have resulted from the
inflammatory response induced by COVID-19 and not directly
from COVID-19 virus interaction with RBCs. Rheological
studies have previously demonstrated blood sensitivity to
anti-coagulant, short-term storage, and cold shock (Baskurt
et al., 2009). We consequently wish to highlight that a subset
of the healthy controls (n = 6) was collected in EDTA (all
remaining samples were collected in heparin). Furthermore,
this small subset of controls was analyzed within 24h of
collection, while all other samples were analyzed within 6 h of
collection (no significant differences in any of the measurements
were observed between this subset and the other controls). To
put into context the impairment in blood oxygen transport
capacitance observed in COVID-19 subjects, we calculated the
increase in cardiac output necessary to compensate for this. We
would like to highlight that cardiac output was not measured in
this study. In addition, we did not collect data on mechanical
ventilation, which would increase pulmonary vascular
resistance, due to inflation in lung volume, and would affect
the cardiac output. Finally, the samples for aggregation studies
were not normalized for hematocrit. Despite these limitations,
our observations highlight that multiple RBC features essential
for the maintenance of O, delivery homeostasis and the
matching of perfusion sufficiency to O, demand are disrupted
in hospitalized COVID-19 subjects and that the surface
chemistry of the RBC may play a role in COVID-19-related
RBC impairment. This could explain the enhanced risk for
thromboembolic events observed in COVID-19 subjects as
well as impairment to microvascular blood flow. Whilst these
findings demonstrate altered RBC properties in the acute phase
of infection, it would be interesting to further study and follow
on hospital release to assess whether these features are prolonged
for the lifespan of RBCs (i.e. 120 days) and/or play a role in long-
term COVID-19.
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Glycophorin A and glycophorin B are structural membrane glycoproteins bound
in the band 3 multiprotein complexes on human red blood cells (RBCs). Band 3 is
an erythroid-specific anion exchanger (AE1l). AEl-mediated HCO3™ transport
provides the substrate for the enzyme-catalyzed conversion HCOz 5 =
COy). which takes place inside the RBCs. Bicarbonate transport via
AE1 supports intravascular acid—base homeostasis and respiratory excretion of
COs. In the past decade, we conducted several comparative physiology studies
on Taiwanese people having the glycophorin variant GPMur RBC type (which
accompanies greater AE1 expression). We found that increased anion transport
across the erythrocyte membrane not only enhances gas exchange and lung
functions but also elevates blood pressure (BP) and reduces nitric oxide (NO)-
dependent vasodilation and exhaled NO fraction (FeNO) in healthy individuals
with GP.Mur. Notably, in people carrying the GPMur blood type, the BP and NO-
dependent, flow-mediated vasodilation (FMD) are both more strongly correlated
with individual hemoglobin (Hb) levels. As blood NO and nitrite (NO,") are
predominantly scavenged by intraerythrocytic Hb, and NO,~ primarily enters
RBCs via AE1, could a more monoanion-permeable RBC membrane (i.e., GPMur/
increased AE1) enhance NO,/NO3~ permeability and Hb scavenging of NO,™ and
NO to affect blood pressure? In this perspective, a working model is proposed for
the potential role of AEl in intravascular NO availability, blood pressure, and
clinical relevance.

KEYWORDS

band 3 (anion exchanger-1, AE1), GP.Mur (Miltenberger subtype Ill, Mi.lll), nitric oxide,
blood pressure, vasodilation, dipyridamole, glycophorin, erythrocyte

Introduction

Hemoglobin (Hb) is the main scavenger of NO species in the mammalian vasculature
(Lancaster, 1994; Patel et al., 2011). Band 3, an anion transporter with ~ a million protein
copies per human RBC, has been postulated to play a critical role in erythrocyte processing
of NO species since late 1990s (Vaughn et al., 2000; Huang et al., 2001; Pawloski et al., 2001;
Han et al., 2003; Kim-Shapiro et al., 2006; Jana et al., 2018; Premont et al., 2020). We came
across this perplexing topic of research when we were conducting human exercise tests that
examined the impacts of GP.Mur on respiration and unexpectedly found a significant
association between GP.Mur and higher blood pressure. GP.Mur (a glycophorin B-A-B
variant exclusively expressed on human RBCs) is a blood type unique to Southeast Asian
(SEA) populations, with ~4.7% prevalence in Taiwan and 2-23% in many areas of SEA, and
is rare among non-SEA ethnic populations (e.g., Japanese and other ethnic groups of the
Northeastern Asian origins) (Prathiba et al, 2002; Hsu et al, 2013; Wei et al, 2016;
Jongruamklang et al., 2020; Yang et al.,, 2021; Kaito et al., 2022). The main molecular

79 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fphys.2024.1363987/full
https://www.frontiersin.org/articles/10.3389/fphys.2024.1363987/full
https://orcid.org/0000-0003-1009-0997
https://crossmark.crossref.org/dialog/?doi=10.3389/fphys.2024.1363987&domain=pdf&date_stamp=2024-04-10
mailto:khsu1@mmh.org.tw
mailto:khsu1@mmh.org.tw
https://doi.org/10.3389/fphys.2024.1363987
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/journals/physiology#editorial-board
https://www.frontiersin.org/journals/physiology#editorial-board
https://doi.org/10.3389/fphys.2024.1363987

Hsu

function of GP.Mur is to enhance AE1 protein expression on the
RBC membrane (Hsu et al., 2009). Since the cytoplasmic domain of
AE1  binds
submembranous interface and deoxyHb also functions as a nitrite

hemoglobin (preferentially deoxyHb) in the
reductase that produces nitric oxide (Walder et al., 1984; Gladwin
et al, 2009), we hypothesized that AE1 might be involved in
regulation of blood pressure intraerythrocytic
Hb-NOx reactions.

through

Blood pressure and NO-dependent
vasodilation are affected by GP.Mur/
increased AE1

From the respiratory/exercise physiology studies conducted on
healthy adults and professional athletes, we repeatedly observed a
slightly but statistically significant higher systolic blood pressure
(SBP) among those carrying the GP.Mur blood type (Hsu et al,
2015; Chen et al, 2022; Hsu et al, 2023). For verification, we
collaborated with one of our health check-up centers located in
Eastern Taiwan, where the GP.Mur+ population is four times higher
than that in other regions of Taiwan (Chen et al,, 2022). We selected
989 Eastern Taiwanese residents under 55 years of age (one-fifth of them
were GP.Mur+) whose clinical laboratory data from the annual health
check-up were within the normal ranges and who were not on any drug
treatments, including antihypertensives. Among them, the non-diseased
men and women with GP.Mur indeed presented 3-5 mmHg higher
systolic blood pressure (SBP) than the negative control people (Chen
et al, 2022). Intriguingly, in this study, the incidence of early-onset
hypertension (BP > 130/80 mmHg in those <45 years old) is significantly
higher among GP.Mur+ carriers. Young men and women under
45 years of age are 1.6-fold and 3.4-fold more likely to present
hypertension than age-matched controls living in the same area. As
early-onset hypertension is largely hereditary (Suvila et al., 2020), this
type of early-onset hypertension found among GP.Mur+ carriers is
unlikely to be mainly due to unhealthy lifestyles (“GP.Mur-unique
hypertension”).

To test our hypothesis that AE1-Hb could contribute to “GP.Mur-
unique hypertension” via AEl1-Hb-NO reactions in RBCs, we
examined the impacts of GP.Mur/more AEl on NO-dependent
vasodilation in male college athletes. We measured their flow-
mediated vasodilation (FMD, reflecting NO-mediated vasodilation
(Green et al, 2014)) and nitroglycerin-induced, NO-independent
vasodilation (NID) in this homogeneous population. Ultrasound was
used to track vasodilation or the degree of increase in the brachial
arterial diameter of each subject during a period of stimulation and
recovery (FMD was stimulated by 5-minute vasoconstriction and NID
by sublingual nitroglycerin). While NID in GP.Mur+ and the control
athletes was not different, FMD measured in the GP.Mur+ athletes was
significantly lower than FMD measured in the control athletes (4.6% *
2.3% [GP.Mur] versus 6.3% * 2.4% [control]) (Hsu et al.,, 2021).

Stronger dependence of FMD and BP
on Hb levels in GP.Mur+ people

From a seminal study on Andean high-altitude dwellers with
excessive erythrocytosis (EE), a significantly inverse correlation was
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found between Hb and NO-dependent vasodilation (%FMD) in EE
patients (Tremblay et al.,, 2019). In these GP.Mur+ athletes, we also
observed a significantly inverse correlation between Hb and %FMD
(Figure 1B: the correlation is shown as the solid line); this correlation
was not found in the control athletes (Figure 1B: shown as a dotted
line as the correlation was not statistically significant) (Hsu et al.,
2021). A closer comparison between Tremblay’s and our data
revealed a key difference: Hb in the highlanders with EE was
abnormally high (20-27 g/dL), and that for the male college
athletes in this study with or without GP.Mur was all within the
normal range for men (12.5-17 g/dL). The inverse correlation of
Hb-FMD was not found in our GPMur-negative control athletes or
in the Andean non-patient highlander subjects whose Hb levels were
below 21 g/dL (Tremblay et al., 2019). Hb is a major NO scavenger,
and abnormally high Hb concentrations (accompanied with an
abnormally higher RBC count) undoubtedly scavenge more NO
in the vasculature and result in lower FMD (as in the EE cases). In
contrast, the significant Hb-FMD inverse correlation found within
the normal range of Hb in the GP.Mur+ subjects indicates that their
NO-dependent vasodilation is more sensitive to intravascular Hb
concentrations (Figure 1B).

Hb and blood pressure are weakly but directly correlated. The
direct correlation of Hb and BP was first identified in half a million
Dutch blood donors at Sanquin: an increase of 1g/dL Hb
accompanies an increase of ~0.81 mmHg SBP among Dutch men
(Atsma et al,, 2012). The degrees of the Hb-BP correlation vary
slightly between men and women or among different ethnic
populations (Gobel et al., 1991; Kawamoto et al., 2012; Lee et al,,
2015; Xuan et al., 2019; Abumohsen et al., 2021).

In our population study conducted at the health check-up center
in Eastern Taiwan, an increase of 1g/dL Hb accompanies a
~2.9 mmHg increase of SBP in GP.Mur+ men, compared to an
~1.8 mmHg increase of SBP in the control (GP.Mur-negative) men,
after controlled for age and BMI by multivariate regression
(Figure 1C) (Chen et al, 2022). Compared to the controls, the
blood pressure in the GP.Mur+ men was ~60% more dependent on
individual Hb levels. The positive correlation between Hb and BP
could be caused by the following: (1) more circulating RBCs (as
RBC count and Hb
concentrations in high-altitude EE) increase blood viscosity and

shown with an abnormally higher

intravascular pressure (Tremblay et al.,, 2019), and (2) Hb scavenges
intravascular NO species more effectively (as shown with a stronger
Hb-FMD correlation and stronger Hb-BP correlation found in
GP.Mur+ carriers) (Figure 1B, C) (Hsu et al, 2021; Chen et al,
2022). Since Hb is enclosed inside the RBC membrane, the second
scenario points to the fact that GP.Mur/increased AE1 activities on
the RBC membrane could promote Hb scavenging of NO species
during blood circulation.

Toward developing a hypothesis that
increased AE1 expression could reduce
systemic NO

A higher monoanion permeability of the GP.Mur+ RBC
membrane enhances the NO, /NO;~ flux across the RBC
membrane and intraerythrocytic processing of NO species
(Figure 1A, D). NO,  and NO; (nitrate) are the major

frontiersin.org


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2024.1363987

Hsu 10.3389/fphys.2024.1363987
A
smh & : , N7
HCO HCO,"
N023 - %ontrol NO 3 M
NO; € >,
NO
B Cc
c .e ing p>0.05, —_ 5 =R
§ = o o o i oy
© 1
;g 10 4 é180- i
g s * §160- ;
3 : ssemmee £ ] i
o % ° e
B4 . ™ * _8120- :
£ 3 =
5 * 2 400
g 2 * §1oo
= 3
0 > 80 . v T
°\° 13 14 15 16 o 10 12 14 16
hemoglobin (g/dL) hemoglobin (g/dL)
D
.I,—_ \‘
> NO; e
<0 NO; NO; 3 No;
co.
Cl ot
HCOs~
NO NO No
FIGURE 1

A modelillustrating that GP.Mur/higher AE1 expression could increase NOx metabolic cycling and NO scavenging by intraerythrocytic Hb. (A) The
bidirectional arrows indicate anion fluxes (mostly HCOs~, Cl-, NO,~, and NO3") via AE1 (Jennings, 2021). The GP.Mur+ RBC membrane is more permeable
to these monoanions (shown as thicker bidirectional arrows). (B, C) Previous studies on healthy people showed that GPMur/increased AE1l imposes higher
sensitivities of FMD and SBP to Hb levels. (B) The Hb—FMD correlation for GP.Mur+ male athletes (R ~ 0.53) was replotted using the published data

(Hsu et al,, 2021). (C) The Hb—SBP correlations for GP.Mur+ men (R ~ 0.44) and for control men (R ~ 0.37) were replotted using the published data
collected at the MMH health check-up center in Eastern Taiwan (Chen et al.,, 2022). These GP.Mur comparative human studies revealed that GP.Mur/
higher AE1 expression reduces NO-dependent FMD and increases blood pressure. (D) In the proposed model, AE1 (green gate) transports nitrite (orange-
colored arrow) and nitrate (blue arrow) across the red cell membrane. Nitrite influx is followed by rapid and complex redox reactions catalyzed by Hb
inside the RBCs, and thus the large concentration gradient of nitrite across the RBC membrane should favor nitrite influx (Chen et al., 2024). Nitrate is
generally synthesized from excessive NO by oxyHb and is a stable reservoir of NO that permeates in or out of the RBCs via AE1 following its concentration
gradient (bidirectional flux of nitrate). If depletion of plasma nitrite could accelerate the enzymatic conversion of extracellular nitrate to nitrite by nitrate
reductase and xanthine oxidoreductase (dotted arrows), this may help explain how GP.Mur/higher AE1 lowers systemic NO and triggers high BP.

constituents of the intravascular NO reservoir. Excessive NO in the
vasculature is mainly converted to nitrate by oxygenated Hb (NO +
oxyHb — NO;™ + metHb). Compared to nitrite, nitrate is a more
stable and much less reactive NO metabolite. Both NO,™ and NO;~
freely permeate across the RBC membrane through AE1 (Jennings,
2021; Chen et al., 2024). The more reactive nitrite (half-life ~0.5 h
compared to 5-8 h of nitrate) tends to be converted to NO in a less
oxygenated environment, e.g., arterioles. This reaction stimulated by
hypoxia (NO,™ + deoxyHb — NO + metHb) facilitates vasodilation
and blood flow (Cosby et al., 2003; Dejam et al., 2005). In the case of
GP.Mur, enhanced nitrite flux helps facilitate deoxyHb-catalyzed
reduction of nitrite to NO gas. NO, with a half-life of ~2 msec,
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dissipates extremely rapidly. Faster erythrocyte processing of NO
conceivably may reduce systemic NO (Figure 1D).

However, from the previous study, we did not find blood plasma
levels of NO,™ and NO;™ to be significantly different between GP.Mur+
and GP.Mur-negative athletes (Hsu et al., 2021), although we also did
not ask the study participants to have the same diet. Various factors,
including individual diet preferences, could dynamically affect their
blood NOx levels (NO,™ + NO3"). NO bioavailability can be increased
in our body with consumption of more leafy green vegetables and
beetroot (and even more nitrate-cured meats) in the diet.

On the other hand, fractional exhaled NO (FeNO) was affected
by GP.Mur. FeNO was measured using NIOX, a clinical instrument
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TABLE 1 FeNO from GP.Mur+ versus non-GP.Mur college athletes before and after an exhaustive running test. Minute ventilation (Vg) was measured by
cardiopulmonary exercise testing (CPET), which was immediately followed by FeNO measurement within a minute post-run. Statistical testing was
performed by unpaired t-test. n.s., not significant. The study was approved by the MMH Institutional Review Board (MMH-IRB registration: 199MMHIS081e).

Group (N) Non-GP.Mur (36) GP.Mur (15) p-value
Pre-run FeNO (ppb) 313 £ 224 21.3 + 14.8 n.s.
1 min post-run FeNO (ppb) 255+ 17.1 15.7 £ 10.7 *p < 0.05
4 min post-run FeNO (ppb) 26.5 + 16.8 179 £ 11.8 n.s.
Pre-run Vg (L/min) 13.5 £ 3.1 169 £ 4.8 p <005
0-1 min post-run Vg (L/min) 1323 +24.3 1455 + 17.1 P ~ 0.06
Pre-run VNO (nL/min) 339.0 + 242.7 274.0 £ 171.0 n.s.
0-1 min post-run VNO (nL/min) 2771.3 + 1983.1 1847.0 + 1134.3 *p < 0.05

that is intended to measure NO generated from Th2-driven
inflammatory iNOS activities for the diagnosis of asthma
(Menzies-Gow et al., 2020). We challenged the college athletes
with an exhaustive running test protocol and measured their
FeNO before the run and at the first and the fourth minute post-
run. Their FeNO values decreased substantially from the exhaustive
run and then rebounded gradually during the recovery phase,
indicating a greater need for NO for vasodilation as intense
exercise increased blood flow and gas exchange (Table 1: nearly
10-fold increases in minute ventilation [Vg]). Both FeNO and the
minute volume of exhaled NO (VNO = Vg * FeNO) were generally
lower in GP.Mur+ than GP.Mur-negative athletes, and the
differences reached statistical significance immediately after
iNOS-
associated type II airway inflammation was not involved, and

exercise (Table 1: 1-min post-run measurements).
clinical asthma was not found in these athletes since none of
them showed >50ppb FeNO. Thus, GP.Mur/increased
AE1 affected exhaled NO (FeNO), which reflects lower NO in
the pulmonary vasculature, especially during exercise-expanded
pulmonary circulation (Table 1).

Although the levels of blood plasma NO metabolites were not
different between GP.Mur and non-GP.Mur college athletes (Hsu
et al,, 2021), in our recently developed GYP.Mur knock-in (GPMur
KI) B6J mice, significantly reduced NO bioavailability and early-
onset hypertension were observed (unpublished data). Unlike the
human study (Hsu et al., 2021), GPMur KI and the wildtype B6]J
mice are all bred under the same condition and fed with the same
chow. The new murine data support the hypothesis that GP.Mur/
more AEI could contribute to reduced NO bioavailability. Perhaps
by means of reduction of blood NO bioavailability (e.g., nitrate), the
individual blood pressure setting could be elevated. The eNOS
knock-out mice also show similar phenotypes—reduced blood
NO bioavailability and hypertension (Wood et al., 2013).

AE1 transports NO, /NOs~ for
erythrocyte processing of NO

To examine the effects of AE1-mediated NO, /NO;™ transport
on intraerythrocytic processing of NO species, we treated human
whole blood samples (containing plasma and blood cells) with

excessive  nitrite (1 mM, compared to the generally
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submicromolar nitrite in human blood). The excessively added
nitrite in the whole blood sample decreased from 1 mM to
10 uM  within 20 min, indicating a rapid scavenging and
metabolism of NO,~ by Hb. Using live-cell image recording with
NO-sensitive fluorophore DAF, a surge of DAF fluorescence inside
the RBCs appeared visibly within 1-2 min after adding excessive
NO,™ in the milieu (Chen et al., 2024). If erythroid anion transport
was first blocked by AEl-targeting antibodies or was delayed by
replacing Cl™ (the counter-ion of AEl-mediated transport) with
AEl-impermeant gluconate monoanion in the milieu, excessively
added nitrite could remain imperishable in the blood plasma for a
very long time. These demonstrate that inhibition of erythroid anion
transport substantially reduces the rates of NO,/NO scavenging
and metabolism catalyzed by intraerythrocytic Hb (Chen
et al., 2024).

Discussion

From our human studies conducted in 2017-2022, we found
that GP.Mur/increased AEl is associated with early-onset
hypertension. Non-diseased people with the GP.Mur blood type
generally have slightly higher blood pressure, lower NO-dependent
vasodilation, and lower fraction of exhaled nitric oxide (Table 1;
Figure 1B, C) (Hsu et al,, 2021; Chen et al., 2022). It has been a
general impression among health workers in Eastern Taiwan that
the local populations with higher percentages of GP.Mur are more
susceptible to stroke and type II diabetes (T2D), though rigorous
epidemiologic surveys have not been reported. Notably,
hypertension is the major risk factor for both stroke and T2D.

To understand how the expression of glycophorin B-A-B variant
GP.Mur on RBCs leads to higher blood pressure, we began to
formulate a working model with the basic science that it is
thermodynamically unfavorable for charged ions to permeate
through the lipid bilayer (Figure 1A, D). More AE1 embedded in
the RBC membrane makes the cells more permeable to monoanions
and expedites NO,/NO;~ membrane transport. NO,™ influx is
particularly affected, as its concentration gradient across the red
cell membrane is presumably much bigger due to deoxyHb-
mediated NO, reduction to NO gas, which takes place inside
the RBCs. When NO,™ enters an erythrocyte, NO,™ is also

converted to N,Os;, GSNO, and other NO species catalyzed by
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the Hb of different oxidation states (Patel et al., 2011). Thus, higher
AE]1 expression accelerates intraerythrocytic NO,/NO metabolism,
driving the conversion of NO;~ to NO,” by microbiota nitrate
reductases and xanthine oxidoreductase (Kapil et al., 2013); this
conceivably also lowers plasma nitrate.

Since GP.Mur/increased AEIl is associated with blood NOx
reduction, could blockade of AEl instead help maintain NO
bioavailability? Dipyridamole is an old anti-thrombotic and
antianginal drug that blocks erythroid AE1 (Allahham et al,
2022). Dipyridamole reduces platelet aggregation and potentiates
vasodilation with multiple mechanisms; its most well-studied
mechanism for vasodilation is inhibition of adenosine receptors
(Gamboa et al., 2005; Allahham et al., 2022). Whether dipyridamole
as an AE1 inhibitor could also potentiate vasodilation has not been
investigated because the link between AE1 and NO has been unclear
for a long time. Dipyridamole, as a blocker of adenosine receptors,
reduces the cellular uptake of adenosine and increases extracellular
adenosine concentrations, which stimulates the activities of
adenosine cyclase to generate more cAMP to potentiate eNOS
activities and prostacyclin production (Gamboa et al, 2005;
Allahham et al, 2022). Nonetheless, the transcript level of
AE1l in human whole blood is 3-fold or higher than that of
adenosine receptors (78.9 transcripts per million or TPM [AEl]
versus 24.3 TPM [ADORA2A] from the human GTEx consortium)
(Consortium et al., 2017). With our recent findings (Hsu et al., 2021;
Chen et al,, 2022; Chen et al, 2024), it is thus possible that
dipyridamole-induced vasodilation could also be due to
inhibition of erythroid AEI.

Dipyridamole binds to the AE1 dimer in a 1:1 stoichiometry
and with a high affinity (K4 ~1.2 uM) (Falke and Chan, 1986). As
a secondary effect of AEl inhibition, dipyridamole indirectly
reduces K+ efflux from RBCs. Clinically, this function of
dipyridamole protects sickle RBCs from excessive cation
efflux and consequent dehydration (Joiner et al, 2001).
Through the same mechanism, dipyridamole also protects
RBC concentrates (i.e., as a transfusion product) from K+
caused by
treatments (vanSteveninck et al., 2000). In the latter example,

leakage virus-inactivating  photosensitizer
AEl-dipyridamole binding not only protects RBCs from K+
leak-associated hemolysis but also from peroxidative damage
(Nepomuceno et al., 1997; van; Steveninck et al., 2000). Since
AELl is functionally versatile, without a doubt, our current model
of AEI in blood NO processing and vasodilation (Figure 1D) is
far from complete.

Similar to the finding that GP.Mur increases erythroid HCO3~
permeability and respiratory excretion of CO, (Hsu et al., 2009; Hsu
et al., 2015; Hsu et al., 2023), here, we proposed that GP.Mur also
erythroid NO;7/NO,” permeability to
erythrocyte processing of NO metabolites, which affects blood
pressure (Patel et al., 2011) (Figure 1D). Could the two distinct
anion transport modes of AE1 be coupled and AEI serve as a

increases accelerate

coordinator for the seemingly separate physiological processes? A
recently emerged clue is that GP.Mur+ carriers tend to rely more on
aerobic respiration during intense exercise (Hsu et al., 2023). As
intense physical activities demand more O, delivery and blood flow,
conceivably intravascular NO is metabolized and dissipated faster.
With the new GPMur KI mouse model that recapitulates the
hypertensive phenotype of GP.Mur+ people, we hope to uncover
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these physiologic interplays and health relevance stemming from the
AEl-mediated transport of HCO;/ClI” and NO;7/NO,  in
the future.
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Efficient distribution of oxygen (O,) to the tissues in mammals depends on the
evolved ability of red blood cell (RBC) hemoglobin (Hb) to sense not only O, levels,
but metabolic cues such as pH, PCO,, and organic phosphates, and then dispense or
take up oxygen accordingly. O, delivery is the product of not only oxygen release
from RBCs, but also blood flow, which itself is also governed by vasoactive molecular
mediators exported by RBCs. These vascular signals, including ATP and
S-nitrosothiols (SNOs) are produced and exported as a function of the oxygen
and metabolic milieu, and then fine-tune peripheral metabolism through
context-sensitive vasoregulation. Emerging and repurposed RBC-oriented
therapeutics can modulate either or both of these allosteric and
vasoregulatory activities, with a single molecule or other intervention
influencing both arms of O, transport in some cases. For example, organic
phosphate repletion of stored RBCs boosts the negative allosteric effector
2,3 biphosphoglycerate (BPG) as well as the anti-adhesive molecule ATP. In
sickle cell disease, aromatic aldehydes such as voxelotor can disfavor sickling
by increasing O, affinity, and in newer generations, these molecules have
been coupled to vasoactive nitric oxide (NO)-releasing adducts. Activation of
RBC pyruvate kinase also promotes a left shift in oxygen binding by consuming
and lowering BPG, while increasing the ATP available for cell health and export
on demand. Further translational and clinical investigation of these novel
allosteric and/or vasoregulatory approaches to modulating O, transport are
expected to yield new insights and improve the ability to correct or
compensate for anemia and other O, delivery deficits.

S-nitrosothiols, ATP, transfusion, sepsis, sickle cell disease, hypoxia, endothelium

Background

Coupling of O, sensing and O, release in red blood cell
hemoglobin

Red blood cells (RBCs) operate on several levels to sense and regulate the flux of O,
from lung air to tissues and the removal of CO, and other waste products from tissues to
lung air. Specifically, RBC hemoglobin (Hb) senses O, tension and adopts an O,-
binding (in the lungs) or O,-releasing (when perfusing the tissues) posture according to
host needs and the environment. This tight coupling of O, sensing and demand is fine-
tuned and made to fit the metabolic context through relevant allosteric effectors of Hb
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FIGURE 1

Modulation of the allosteric and vasoregulatory arms of
erythrocytic O, transport. (A) Glycolysis in healthy RBCs generates the
allosteric effector BPG and the ATP vital for cell-intrinsic (e.g., integrity,
deformability) and cell-extrinsic (antiadhesive) functions. RBCs
export vasoregulatory ATP via Px1 (pannexin 1). SNO is formed on RBC
Hb, and can exit via membrane LAT1, possibly after being relayed by
AEL. (B) In banked RBCs, SNOs and vasoactivity are depressed early
(hours) and BPG and ATP are depressed later (weeks). Impaired
vasoactivity, heightened O, affinity (lower Psp), and a proadhesive
phenotype (among others) result. The respective mediator and
functional changes can be rescued by preserving (e.g., using hypoxic
RBC storage) or repleting the precursors (e.g., with PIPA) of organic
phosphates or by using a SNO donor such as ENO (ethyl nitrite). (C) In
sickle RBCs, both SNO and ATP are depressed, in turn depressing
vasoactivity. BPG is elevated, shifting O, affinity "rightward (Psq is up)”
to favor deoxygenation and thus sickling. Activating PKR increases ATP
at the expense of BPG (upstream in glycolysis), resulting in resistance
to hemolysis and potentially improving ATP export, and disfavoring
sickling, respectively. VZHE039-NO stabilizes oxygenated Hb

(i.e., lowers Ps), directly inhibits Hb polymerization (thus preventing
sickling two ways), and donates antiadhesive (S)NO. Diagonal dashed
lines segregate the BPG/ATP/glycolysis and Hb/SNO/AE1/LAT1 axes
for illustration, but these cascades do interact (e.g., BPG and Hb; SNO
and GAPDH).

function such as pH, temperature and CO, tension. Longer-term
adjustment of the balance between O, binding and release is
accomplished through the generation in RBCs of BPG, which
favors O, offloading, for example, in chronic anemia. Additional
layers of adaptation recruit increased RBC numbers, for example,
via erythropoietin’s coupling of new RBC production to the
sensing of hypoxia via hypoxia-inducible factor (HIF) and
other regulators.
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Coupling of O, sensing and vascular
mediator release by RBCs (and Hb)

More recently recognized is the ability of the RBC to generate
and export vasoregulatory mediators as a function of the metabolic
context, a “second arm” of the coupled O, sensing and delivery
function of the RBC. For example, an S-nitrosothiol (SNO) group
formed on Hb from precursor NO can be relayed to the RBC
subsequently effect hypoxic
vasodilation, an allosterically governed fundamental vascular
This

regulation by

membrane and exported to
reflex dependent on RBCs (Figure 1).
allosterically ~ governed  blood
S-nitrosohemoglobin  (SNO-HDb)
distributed tissue oxygenation. RBCs also generate and export
vasoregulatory and antiadhesive ATP (Figure 1) preferentially in

O,-sensitive,
flow

ensures efficient and well-

hypoxia, because the docking of deoxygenated Hb at the cytoplasmic
domain of the protein band 3 (cdB3) in the RBC membrane allows
the cytosolic re-assembly of the glycolytic enzyme complex (which
is sequestered on cdB3 when Hb is oxygenated and thus unable to
effect glycolysis). Dysregulation of these vasoregulatory activities
of the RBC characterize both RBC-intrinsic (e.g., sickle cell disease,
malaria, or blood storage) and RBC-extrinsic (e.g., sepsis, diabetes
mellitus) diseases. In RBCs, ATP and (S)NO are also critical in cell
health, including the maintenance of RBC deformability necessary
for its efficient transit through narrow capillaries (Ramdani and
Langsley, 2014). In turn, mechanical deformation also triggers
ATP release from RBCs and can stimulate endothelial nitric oxide
(NO) synthesis, in turn regulating blood flow and the delivery of
oxygen (O,) to tissues (Ramdani and Langsley, 2014).

Emerging and existing or repurposed RBC therapeutics can
modulate the setpoints and gain for O, binding and release, the
vasoregulatory mediators harnessed by RBCs for O, delivery, or
even both of these two arms of the RBC’s control of O, delivery. In
some cases, a single molecule or therapeutic can modulate both RBC
arms of O, delivery. Interactions between the former (allosteric
effectors) and the latter (vasoregulatory factors) can at least in theory
have net additive, neutral, or even inhibitory effects on O, delivery
or uptake. Here we review newer therapeutic approaches to restoring
RBC function when deficient, as well as mechanistically novel
applications of existing molecules. We describe these approaches
to modulating RBC function in healthy RBCs and in the context of
disease states.

Red blood cell storage
RBC storage lesions

RBC storage lesions affect RBC quality and
transfusion outcomes

While lifesaving for treatment of anemia in selected patients,
transfusion of RBCs is neither entirely benign nor frequently
beneficial. The process of RBC storage for later transfusion alters
the RBC in multiple ways, collectively known as “storage lesions”
(Bennett-Guerrero et al, 2007). These storage lesions include
changes in RBC structure, composition, and function including
decreased BPG, ATP, and SNO levels (Yoshida et al., 2019).
These changes contribute to progressive increases in hemolysis,
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decreasing RBC membrane integrity, and depressed vasoactivity,
and may contribute to the well documented lack of benefit (or even
harm) of RBC transfusion for many patients with mild to moderate
anemia (Hebert et al., 1999; Lacroix et al., 2007; Koch et al., 2008;
Wang et al.,, 2012; Holst et al,, 2014).

Variability in donor RBC metabolism
and function

Variability in RBC behavior and underlying
mediators even among healthy donors

Variation in RBC metabolic activity is not limited to disease
states such as PKD, G6PD deficiency, or sickle cell disease, and the
inter-donor variability in rates of RBC lysis with cold storage has
long suggested metabolic polymorphism. The functional
significance of varying RBC ATP was illustrated in a large study
of healthy blood donors, along with new genetic insights into its
control. Nemkov et al. demonstrated that even after accounting for
age, sex and ethnicity, genetic = polymorphisms in
phosphofructokinase 1 (PFKP), hexokinase 1 (HK1) and the
ADP-ribosyl cyclase CD38 accounted for variability in glycolysis
in healthy blood. ATP (and other indices of glycolytic activity such
as lactate and hypoxanthine) in turn associated significantly with
hemolytic propensity ex vivo and after RBC transfusion in critically
ill patients. PKLR (encoding PK in the liver and RBCs) was among
the genes for which metabolite quantitative trait loci associated
significantly with glycolysis, suggesting a druggable target for

potential intervention (Nemkov et al., 2024).

RBC transfusion and metabolomics

Large studies of the degree of post-transfusion recovery of
RBCs in recipients have revealed substantial variability from
donor to donor, and high reproducibility of post-transfusion
recovery (PTR) of RBCs from a given donor, consistent with the
importance of heritable traits governing this essential measure of
transfusion effectiveness. The variability in PTR is clearly linked
and metabolomes (Nemkov

to variable donor

et al., 2024).

genetics

Altered RBC storage quality secondary to specific
donor characteristics

Specific characteristics in donors affect the quality and
longevity of stored RBC units derived from their donated
blood. Donor obesity, sex, and HbAlc level correlate with
stored RBC quality (Hazegh et al, 2021; Tzounakas et al,
2021; Li et al, 2022). The underlying variability has led
researchers and clinicians to assert that storage time alone is
insufficient to assess quality of stored RBCs (Barshtein et al.,
2020). Researchers have explored more accurate methods to non-
invasively measure unit hemolysis and quality including
sphingomyelinase activity and using spectroscopy (Melzak
et al., 2020; Vardaki et al., 2021).

Inter-individual variability of RBC O, affinity/Psq
In general, an individual’s O, carrying capacity can be estimated

in part by the hemoglobin (Hb) concentration and the Hb O,

saturation (measured, for example, by pulse oximetry). These are
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important indicators but do not take into account the hemoglobin
O, affinity, which plays a key role in O, delivery to tissues. Recent
research has shown variation in a patient Hb O, affinity and
established that patient-specific normal variants may affect
oxygen delivery. While O, dissociation curves are necessary to
accurately determine the Psy, and the hemoglobin O, affinity,
estimates in real time of a patient’s (or a donor’s) P, and other
indices of O,-binding properties from blood gas samples could guide
RBC transfusion decision-making more precisely (Lilly et al., 2013;
Balcerek et al., 2020).

Individualized assessment of RBC qualities and
directed use of RBC additives

The study of RBC-omics, a global detailed analysis of all
molecules involved in RBC processes, has led to a richer
understanding of the complexity of RBC metabolism and
signaling. Some omics experts, including D’Alessandro, view the
results as indicating that RBCs are not a mere vehicle for oxygen
delivery, but also an organ complex interacting bidirectionally with
its microenvironment via molecular mediators. This reframing
aligns with newly recognized RBC functions (e.g., vasoregulation)
and arrives in an era of new technologies in anemia management,
such as new additives, evolving medical indications for treatment,
and new blood preservation techniques. This new landscape
demands the investigation of when, how, and with whom these
technologies should be used to mitigate and treat the burden of
anemia. RBC omics are helping to answer these questions when
paired with new high-throughput devices and machine learning
programs (D’Alessandro, 2023).

RBC unit selection for transfusion, D’Alessandro et al. (2023)
argue, could be informed by omics and machine learning to
personalize decision-making. Current strategies consist of
weighing consideration for maximizing inventory usage (first
in-first out) with prioritizing fresh units (last in-first out).
Detailed study of the units themselves will give physicians more
tools to assess the units. Merely using storage duration assumes a
direct and proportional correlation between storage duration and
storage lesions. This heuristic, while inexpensive and convenient,
may not provide the best possible match of patient to blood product.
Significant diversity and variation were evident in the genomics of
RBC samples, with almost 900,000 polymorphisms found from
13,000 different donors. This variation corresponded with a wide
variation in the propensity of blood to hemolyze. In addition to these
genomic  variations, many medications (acetaminophen,
antidepressants, and others) and molecules from donor diets
present in donated blood may affect their storage (D’Alessandro
et al., 2023).

Some have discussed recent large randomized clinical trials
(RCTs) that

transfusion are not correlated with the storage duration of blood

and concluded adverse events from blood
products (Donovan et al., 2022). RBC omics and more precise RBC
measurements may offer new insights. RBC gas exchange in the
capillaries occurs in seconds in concert with several molecular
mediators. Omics may illuminate differences in the patient and
blood product that also play a role in the exchange, not controlled
for in previous studies. The trials discussed mainly included patients
with stable anemia. Excluded, therefore, were populations most

affected by the known storage lesions, i.e. those requiring massive
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transfusions, those with reduced cardiac output, and those at risk for
decreased organ perfusion (Donovan et al., 2022). Additionally,
“negative” RCTs comparing outcomes after transfusion of RBCs
stored “shorter vs longer” would not be expected to reflect the
consequences of the set of changes that we and others have
demonstrated early in storage (days 0-7) (Bennett-Guerrero
et al.,, 2007).

“Lab-on-a-chip” technology can evaluate in real time
individual RBC units for quality and compatibility with
recipient patients. This could allow for more specific matching
of blood products to patients and would bring blood transfusion
into the century of “personalized medicine” (Isiksacan et al.,
2023). Nemkov et al. established a high-throughput platform
with the ability to inform the development and approval of novel
additives to stored RBC. Previously, the process of testing new
possible additives has been bottlenecked by a lack of expeditious
and efficient evaluation techniques and platforms. Modern
platforms could accelerate the process and identify novel
candidates for research. Their platform was validated against
well-established previous studies (Nemkov et al., 2022).

Oxygen delivery

Disconnect between O, delivery and changes in
tissue PO,

In hamsters made anemic by isovolemic hemodilution,
Cabrales et al. compared the microvascular and systemic
effects of transfusion with RBCs of either higher or lower O,
affinity  than RBCs, using
electroporated into the cells. In animals receiving high-affinity

native allosteric  effectors
RBCs, systemic hemodynamics and O, delivery were maintained
stable, while tissue PO, decreased (contributing to a steep O,
gradient driving O, diffusion to tissues) (Cabrales et al., 2008). In
RBCs

microvascular vasoconstriction, decreased O, delivery and O,

contrast, with moderately low affinity induced
extraction, and raised tissue PO,. Taken together, these findings
point to a disconnect between tissue PO, changes on the one
hand, vs changes in O, delivery and O, extraction by tissues on
the other, in the face of allosteric modulation in the setting of
anemia. The relationship of these observations to physiological

benefit or harm has not yet been elucidated.

Hypoxic blood storage

Hypoxic RBC storage

As an alternative to repleting deficient factors lost during blood
banking as discussed above, one may modify storage conditions driving
these losses to proactively avoid lesion development. One common lesion,
oxidative damage, is caused by the buildup of oxidative species secondary
to storage in the face of high levels of O,. Pittman et al. (2022) discussed
how RBCs stored in hypoxemic environments could mitigate this while
having no effect on the efficacy of the RBC transfusion. The authors argue
that these hypoxically stored RBCs endure exposure to fewer oxidative
insults and thus less exposure to the downstream harmful lipid oxidation
products following the oxidation of hemoglobin to methemoglobin.
These oxidative products may disrupt the normal physiologic
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functioning of the RBC as well as have inflammatory effects on the
patient following transfusion. Yoshida et al. developed and described a
method of hypoxic RBC storage, in which the oxygen content in RBC
units is lowered before refrigeration and maintained at low levels
throughout cold storage. This alternative storage method, now known
by the trade name Hemanext, mitigates oxidative stress (driven by
abundant O,) and thus storage lesion development, and preserves
BPG and to some extent ATP, suggesting potential advantages for
critically ill and other anemic patients needing RBC transfusion
for anemia. Interestingly, while the finding that RBCs stored
conventionally become progressively more fully saturated with
O, over the typical 6 weeks of storage is generally universal,
Yoshida et al. (2017) demonstrated a surprising variability in
RBC HDO, saturation levels, even when comparing at the
beginning of storage. Accordingly, hypoxic RBC storage
could potentially increase the degree of consistency of post-
storage (and post-transfusion) RBC functions. More broadly,
multiple investigators have highlighted the fact that inter-donor
variability in RBC function and metabolic profile is high, and
that stored RBC behavior is poorly described in terms of the
storage time alone (Dumbill et al., 2023).

Advantage of hypoxically stored RBC in
hemorrhagic shock

Williams and their team used mouse models of hemorrhagic
shock to investigate whether the anaerobic storage of RBC could
confer better outcomes than traditionally stored RBC through the
reduction of oxidative damage to RBC while not depleting patient
oxygen levels. Their model demonstrated that the deoxygenated
blood quickly returns to physiologic levels of oxygenation following
transfusion and mixing with patient blood in circulation. This, in
concert with previous studies validating that anaerobically stored
RBCs undergo decreased oxidative damage, advances this storage
medium as a promising avenue for further research. In a rat model,
resuscitation using hypoxically stored RBCs for transfusion reduce
RBC transfusion volumes needed in hemorrhagic shock (Williams
et al., 2020).

Stored RBC senescence markers modified by
hypoxic RBC storage

Bencheikh et al. (2022) demonstrated a protective influence of
hypoxic RBC storage (using Hemanext technology) on the
of RBC (ROS
phosphatidylserine (PS) exposure, and calcium entry as assessed

appearance senescence markers increases,
by flow cytometry), particularly at 21 and 42 days of otherwise
conventional storage. Adhesivity of hypoxically stored RBCs in
healthy plasma or in plasma from SCD (at rest or obtained
during acute chest syndrome crisis) to thrombospondin (TSP)-
1 was significantly attenuated on Day 0, with trends for a
beneficial effect of hypoxic storage seen at the longer timepoints
(21 and 42 days). The effects of the hypoxic storage of RBCs used to
condition subsequent adhesion responses of SCD RBCs to
endothelial cells was significant only for 42-day RBCs, and only
when a 10% hemolysate was also included in the preconditioning
medium. In summary, these findings point to storage-time-
dependent beneficial effects of hypoxic RBC storage on indices
reflecting senescence changes and adhesivity of sickle RBCs in
cell culture models.
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Metabolic modulation for pRBC oxidative stress
due to irradiation

When immunocompromised patients need RBC transfusion,
the units are first irradiated to lower the risk of transfusion-
associated graft-vs.-host disease. The gamma-(y-)irradiation
used can accelerate the storage-induced adverse changes in
RBCs, largely by promoting the storage-associated oxidative
changes. The oxidative changes stem in part from the
increasing O, levels in the RBC unit. Bardyn et al. (2021)
demonstrated that RBC unit storage under conditions of low
(and falling) O, and CO, protects against storage-induced
deterioration in RBC deformability and the progressive RBC
lysis and formation of abnormal spherocytes. The authors
consider the possibility that the in vitro benefits are secondary
to preserved RBC glycolysis and, in fact ATP and BPG levels are
better preserved after hypoxic (vs conventional) storage in y-
irradiated RBC units. Consistent with the prediction that
preserved BPG stability can promote the ability of stored
RBCs to offload O, Rabcuka et al. (2022), Rabcuka et al.
demonstrated in Hemanext RBCs superior O, offloading
kinetics and a distinct metabolic signature characterized by
preserved pyruvate consistent with protection of glycolysis.

Normoglycemic RBC storage

Normoglycemic RBC storage preserves RBC ATP
content and export and RBC deformability

Just as functional excess of O, may drive RBC storage
lesions, excessive glucose may also be harmful to optimal
RBC function. Typical additive solutions contain glucose
at >30 mM (five-fold or more over normal blood glucose).
Wang et al. (2014) and Liu et al. (2022) demonstrated
storing RBCs in normoglycemic conditions may mitigate
storage lesions when compared to the current accepted
practice of storage under hyperglycemic conditions. Using a
3D-printed transfusion-on-a-chip platform Liu et al. and
Spence et al. observed erythrocytes under both storage
conditions and in a model of post-transfusion conditions.
They found that use of the conventional additive solution AS-
1, a hyperglycemic mediums led to a decrease in ATP release and
a change in the deformability of the RBC membrane which is
reversible upon introduction into their in vitro model of
transfusion only up to 14 days of storage. Normoglycemic
storage medium (“AS-1N”) allowed for RBCs to maintain
deformability and release ATP at normal levels for up to
5weeks, and these “AS-IN” RBCs also responded to
stimulation with Zn (zinc) and C-peptide by releasing ATP
and deforming maximally. A reduction in storage lesions
could decrease the volume of RBC units necessary for
effects of
transfusion overall. More studies into the storage medium and

resuscitation as well as reduce the adverse
its role in storage lesions could benefit future anemic patients
(Liu et al., 2022). Co-development of technology supporting
sustained normoglycemia adds to the translational promise of
this improved approach to optimizing RBC function during

storage (Soule et al., 2024).
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Rejuvenated stored RBCs (organic
phosphate repletion), and roles of other
phosphates

PIPA (Rejuvesol) and “rejuvenation” of stored RBCs

Depletion of BPG, the negative allosteric effector of O, binding
activity of Hb (Figure 1; Table 1) begins to occur during the first
week of RBC storage and is effectively complete by the second week.
The BPG depletion raises the O, affinity in banked blood, which
could limit facile O, delivery to tissues after RBC transfusion and
thus be detrimental in certain anemic populations. Secondary
additive solutions such as PIPA solutions (containing pyruvate,
inosine, phosphate, and adenine; known commercially as
Rejuvesol”) can be added to RBC units to mitigate this effect as
well as related ATP storage lesions and storage-dependent
morphological deterioration of the RBC. Such “rejuvenation” was
originally performed in the last few days of the typical 6-week
storage period but can restore ATP and BPG levels after 2 weeks of
storage. In addition to restoring BPG, PIPA treatment of stored
RBCs does restore the ability to export ATP upon demand, in turn
promoting salutary RBC vasoactivity including the ability to resist
adhesion to the endothelium (Kirby et al., 2014).

In practice, however, and despite FDA approval, PIPA is seldom
used outside of its application in the cryopreservation of rare blood
types. Gehrke et al. and Evans et al. tested the effects of an approach
that makes PIPA incubation (aka “rejuvenation”) more practical: the
addition of PIPA at Day 3 of cold storage. This avoids the
conventional (but cumbersome) one-hour, 37°C incubation of the
RBC unit with PIPA (conditions linked to its FDA-approved clinical
use) (Gehrke et al., 2018; Gehrke et al., 2019). Cold PIPA incubation,
like conventional PIPA use, increased ATP and BPG levels (Figure 1,
middle panels) to just above the upper limit of normal and mitigated
the storage-induced increase in O, affinity, without engendering
additional RBC lysis or vulnerability to lysis of the RBCs in a
benchtop model of a cardiopulmonary bypass circuit. This
approach could improve post-storage RBC function not only via
maintenance of the Ps, at near-normal values, but also via the
increased erythrocytic ATP, which is necessary for enzymes
functioning to defend RBC integrity and for blood flow-
regulating vasoactivity that fine-tunes O, delivery. Indeed, cold
“rejuvenation/PIPA  treatment”  attenuated  storage-induced
declines in deformability and the progressive increases in
mechanical fragility and RBC lysis (Evans et al., 2020). Among
other potential downstream mechanisms of the benefits of
preserving these critical organic phosphates, they may inhibit
fatty acid desaturases, in turn limiting fatty acid accumulation
(Thomas et al., 2021). When the ability of Rejuvesol to restore
metabolites in RBCs stored over an extended period was studied, it
was found to be effective in restoring BPG and ATP levels in RBCs
stored in multiple mediums for up to 120 days. While the stored cells
responded to “rejuvenation” less over time, when rejuvenated their
BPG and ATP levels exceeded those in fresh blood for 72- and 96-
hours post-treatment, respectively (Meyer et al.,, 2011; Smethurst
et al, 2019). Notably, following transfusion, BPG is gradually
regenerated in the transfused RBCs, with levels ultimately
matching those of the recipient by 72 h (Valeri and Hirsch, 1969;
Heaton et al., 1989).
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TABLE 1 Changes in erythrocytic allosteric function and vasoregulation in selected diseases or conditions, and effects following some relevant modulatory

interventions.
Disease or condition

RBC storage Effect on RBC allosteric mediators

Intervention

References

Allosteric modulator

lesion

Name and mechanism Effect

|ATP export, late | ATP content; =~ PIPA—Rejuvesol: RBC rejuvenation using =~ TATP content and export; TBPG, Kirby et al. (2014), Srinivasan

|BPG, TOxygen affinity; a solution of pyruvate, inosine, phosphate =~ |Oxygen affinity; TRBC deformability, = et at. (2018), Rabcuka et al.

1S1P; |[SNO and adenine adhesivity, and oxygen delivery (2022)
Hypoxic RBC storage—Hemanext: TATP content and export; TBPG, Yoshida et al. (2017),
Decreases oxidative stress inherent to 1Oxygen affinity; | Post-transfusion Nazeman et al. (2022),
conventional storage inflammation; reduces RBC volume Pittman et al. (2022), Williams

needed to resuscitate after hemorrhage et al. (2020)

Normoglycemic storage: Prevents lesions =~ TATP export; TRBC deformability Wang et al. (2014), Liu et al.
secondary to conventional storage at more (2022), Soule et al. (2024)
than 5x normal glucose levels

Effect on RBC function and Vasoregulatory modulator

vasoregulation
Name and mechanism Effect

|RBC deformability; TRBC S1P supplementation: Promotes RBC TATP content and export; TBPG, Hay et al. (2023)

adhesivity; | Vasoactivity; glycolysis by mediating the binding of 1Oxygen affinity; TRBC deformability,

|Survival; |Oxygen delivery hemoglobin to the N-terminus of the RBC = adhesivity, and oxygen delivery; |
membrane anion transporter Band 3 NADPH
Ethyl nitrite (ENO): SNO donor repletes = TRBC SNO, |RBC adhesivity, TRBC | Riccio et al. (2015), Reynolds
pathologically deficient level in recipient = deformability, THypoxia-induced et al. (2007)

vasodilation
Sickle cell Effect on RBC allosteric mediators Allosteric modulator

disease (SCD)

|ATP content and export; TBPG,
1Oxygen affinity

Name and mechanism
PIPA—Rejuvesol
Polymerization inhibitor—Voxeletor:

Increases Hb oxygen affinity, favoring
oxyHb state

Effect

|BPG, TOxygen Affinity, |RBC
transfusion dependence

Lopez Domowicz et al. (2020)

Suhail (2024), Howard et al.
(2021), Shah et al. (2022)

|BPG, TOxygen Affinity, |RBC
sickling and polymerization; THb
levels; | Hemolysis

Polymerization inhibitor/NO
donor—VZHE-039-NO: Increases Hb
oxygen affinity AS WELL AS directly
interrupts polymerization and donates
vasoactive NO

|BPG, TOxygen affinity, |RBC
sickling and polymerization; THb
levels; |Hemolysis; |RBC adhesivity

Huang et al., 2022;
Abdulmalik et al.,

Effect on RBC function and
vasoregulation

Vasoregulatory modulator

Name and mechanism

Effect

Decreased deformability;
increased adhesivity; decreased
vasoactivity; increased RBC
polymerization; |[SNO

RBC-specific pyruvate kinase activator
(PKRA)—Mitapivat, Etavopivat:
Activation of pyruvate kinase R increases
production of ATP through RBC
glycolysis; lowers BPG

TRBC ATP content and export; |[BPG, ~ Quezado et al. (2022)
TOxygen affinity; TRBC

Deformability, |RBC Sickling;

|Hemolysis

ENO

TRBC SNO, |RBC adhesivity, TRBC
deformability, THypoxia-induced
vasodilation

Reynolds et al. (2023),
Pawloski et al. (2005)

Malaria Effect on RBC allosteric mediators

TATP export — TParasitemia

Effect on RBC function and
vasoregulation

Vasoregulatory modulator

Name & mechanism

Effect

|RBC deformability, THemolysis

Frontiers in Physiology

Purinergic P2Y receptor inhibitor —KN-
62, Ip5I: Inhibition of Pxn 1 channels;
decreases RBC ATP export and
extracellular ATP

90

Tanneur et al. (2006); Levano-
Garcia et al. (2010); Alvarez
et al. (2014)

|ATP export — |Parasitemia

(Continued on following page)
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TABLE 1 (Continued) Changes in erythrocytic allosteric function and vasoregulation in selected diseases or conditions, and effects following some relevant

modulatory interventions.

Disease or condition Intervention

Pyruvate kinase | Effect on RBC allosteric mediators
deficiency
(PKD) |ATP content and export; TBPG,

1Oxygen affinity

Effect on RBC function and

E-NTPDase inhibitor: Inhibition of this P.
falciparum specific ectonucleotidase
decreases the hydrolysis of ATP to AMP,
thus decreasing RBC cAMP levels

References

|RBC cAMP, |ATP export, TRBC
deformability — | Parasitemia

Borges-Pereira et al. (2017),
Paul et al. (2019)

Vasoregulatory modulator

vasoregulation
Name & mechanism

Hemolysis PKRA

B-Thalassemia Effect on RBC allosteric mediators

Effect

TPK enzymatic activity, TRBC
Glycolysis, TATP content and export

Ayi et al. (2008); Al-Samkari
et al. (2022)

LATP content and export; TBPG,
1Oxygen affinity

Effect on RBC function and

vasoregulation
Name and mechanism

Hemolysis PKRA

Vasoregulatory modulator

Effect

TATP export; TErythropoiesis;
| Oxidative stress; TMitochondrial
function

Al-Samkari et al. (2022); Matte
et al. (2021)

Pulmonary Effect on RBC function and
arterial vasoregulation
hypertension Name and mechanism

ISNO; Decreased vasoactivity ENO

Transfusion with “rejuvenated” blood (PIPA RBCs)
could increase tissue O, delivery

As stated previously, RBC storage results in an increase in
hemoglobin oxygen affinity (decreased Psp), in part due to
depletion of BPG. This increase in oxygen affinity may have
particularly deleterious effects in anemic patients undergoing
cardiac surgery or massive hemorrhage. These populations are
particularly susceptible due to limited cardiac reserve and risk of
decreased organ perfusion. Srinivasan et al. asked the question
“Could one unit of low oxygen affinity blood offer the same
benefits of two units of standard blood?” They created and
utilized an in vitro model of transfusion to assess this question.
Their simulated model demonstrated that ‘rejuvenated” units could
incrementally decrease hemoglobin oxygen affinity (increase Ps)
following transfusion with 1, 2 and 3 units compared to standard
stored RBC units. While standard RBC transfusion increased oxygen
delivery, rejuvenated units were calculated to increase oxygen
utilization in the tissues based on calculations of arteriovenous
oxygen content difference. For patients with robust reserve of
cardiac output, standard RBC transfusion may not confer
negative outcomes secondary to its increased hemoglobin oxygen
affinity, but in patients with reduced cardiac reserve, treatment of
perioperative anemia with rejuvenated RBC units may promote
improved outcomes (Srinivasan et al., 2018). This assertion is also
supported by evidence of better metabolic resuscitation in an animal
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Effect

TRBC SNO, TRBC vasoactivity,
Improved pulmonary hemodynamics

McMahon et al. (2005), Moya
etal. (2001), Moya et al. (2002)

hemorrhage model using blood with preserved BPG and ATP versus
standard storage (Williams et al., 2020)%, as discussed later in the
section on hypoxic blood storage methods. While clinical studies
comparing outcomes after rejuvenated versus standard RBC
treatment, are lacking it has been demonstrated that Ps, does
decrease in vivo after large volume transfusions, and this decrease
can be ameliorated by transfusing rejuvenated/PIPA treated RBCs.
In a pilot study in sickle cell disease (SCD) patients undergoing red
blood cell exchange (RCE) transfusion therapy, standard RCE was
compared with RCE using the last 4 RBC units treated with PIPA.
The findings indicated that PIPA-treated RCE maintained RBC
oxygen affinity (consistent with the preservation of BPG), and more
generally identified favorable or neutral effects on key metabolic and
vascular biomarkers in chronically transfused SCD patients (Lopez
Domowicz et al., 2020).

PIPA, BPG, and O, offloading kinetics in vitro
Efficient and responsive offloading of O, is an essential function
of RBCs. Although the O,-binding characteristics of Hb and RBCs
are widely understood through O, equilibrium curves, the kinetics of
O, fluxes is also critical. Using a microfluidic chamber designed to
rapidly switch between oxygenated and hypoxic perfusate and
fluorescent probes reading hemoglobin O, saturation, Rabcuka
et al. (2022) demonstrated in banked RBCs that single-cell O,
desaturation kinetics in hypoxia are superior after hypoxic
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storage (Hemanext™ storage system) or after mid-storage PIPA
loading (“rejuvenation”) as compared to those after conventional
RBC storage. The benefits of hypoxic RBC storage persisted until
about 35 days of storage. Metabolomic signatures common to the
benefits of rejuvenation and hypoxic RBC storage were identified, as
were signatures unique to each. In contrast, only a few proteins were
significantly protected from oxidation by hypoxic storage, and no
distinguishing lipidomic signature was identified.

Diffusion-limited state and the effects of PIPA/BPG
in perfused kidneys

The clinical significance of changes in the kinetics of O, binding
and release, or in the position and shape of the O, dissociation curve
in general, has been debated. In banked RBCs, for example, the
leftward shift driven in part by depletion of BPG has been viewed as
only a minor concern. One argument holds that PO, in blood will
equilibrate with that of the tissues during the time it takes the RBC to
traverse the capillary; higher-affinity RBCs may take longer (the
argument goes) but offloading ultimately does take place during
transit. This condition in O, delivery is sometimes referred to as a
“perfusion-limited” state. Dumbill et al. (2023) recently published
elegant new findings challenging this contention. In explanted
human  kidneys considered for transplantation, they
demonstrated that perfusion with PIPA-treated RBC transfusates,
which returns the Psy and O,-offloading time constant toward that
of fresh RBCs, resulted in 60% higher renal cortical PO, as compared
to perfusion with control stored RBCs from the same donor. These
findings support a “diffusion-limited” model of O, delivery, in
which the O,-offloading kinetic properties of the perfusing RBCs
play an important role in O, transfer. The diffusion-limited model
may be particularly relevant in organs with higher O, needs,
including the brain, skeletal muscle, and the heart; when regional
blood flow is elevated (shortening RBC transit time), and when
anemia is present.

Should microcirculatory indices be investigated to
inform decision-making for RBC transfusion?
Microcirculatory functions that govern tissue perfusion are
logical indices to guide medical decision-making and act as
therapeutic targets, but progress has been limited by a paucity of
evidence of their incremental value beyond standard parameters
(macrohemodynamic indices like blood pressure, cardiac output,
and pulse oximetry) and by uncertainty over the relevance of
microcirculatory data from accessible circulatory beds (e.g., the
sublingual microvasculature). In critically ill adults, Van Manen
et al. (2020) identified significant differences in the RBC-
transfusion-induced ~ change in  microcirculatory  indices
(proportion of perfused vessels and microvascular flow index) in
patients with greater illness severity as compared to those with
moderately severe illness, as defined by SOFA (sequential organ
failure assessment) scores. The results suggest that the addition of a
microcirculatory index in decision-making over about RBC
transfusion is worthy of study. Given the emergence of clinically
accessible modulators of both arms (O, kinetics and vasoregulation)
of the control of O, delivery by RBCs, it is also tempting to speculate
that integration of a microcirculatory endpoint in decision
algorithms could identify critically ill patient endotypes (subsets
of patients) who may benefit from transfusion with modified units of
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RBCs that are (for example) poised to offload O, more efficiently,
poised to vasodilate more readily, or both (or neither). Alternatively,
differential (or mutual) regulation of these RBC O,-delivery
functions could be influenced independent of the need for RBC
transfusion by systemic (oral) administration of agents in these
therapeutic classes.

Metabolic effects of S1P in the RBC

Multiple approaches to augmenting organic phosphates (ATP
and/or BPG particularly) in either native or transfused (stored)
RBCs have been demonstrated. In contrast to the PIPA approach
which depends upon boosting substrate/precursors, agents that
promote glycolysis enzymatically or via competition (described
below) are also effective but may have different advantage/
disadvantage profiles. Sphingosine-1-phosphate (SIP) promotes
RBC glycolysis by mediating the binding of hemoglobin to the
N-terminus (cytoplasmic tail) of the RBC membrane anion
transporter Band 3 (also termed anion exchanger 1 (AE1)). This
drives glycolysis by freeing up the complex of glycolytic enzymes
that otherwise remain inactivated by assembling on the cytoplasmic
domain of Band 3 (cdB3). Because RBC storage leads to loss of S1P,
supplementing S1P is logical. Hay et al. demonstrated the ability of
exogenous S1P (“dosed” so as to restore pre-storage levels) boosted
RBC ATP and BPG levels. However, this came at the expense of
generation of NADPH, a reductant generated via the pentose
phosphate pathway (PPP), whose activity is blunted when
glycolysis accelerates due to substrate competition. While the
immediate result may be disappointing, there is reason to
reconsider the SIP approach, for example, in combination with
provision of additional substrate and/or under conditions (such as in
vivo) where RBCs are cycling normally between oxygenated
activity and NADPH generation) and
deoxygenated (promoting glycolysis and thus ATP and BPG
synthesis) states (D’Alessandro et al., 2023; Donovan et al.,, 2022;
Isiksacan et al., 2023; Nemkov et al., 2022; Nielsen et al., 2017).

(promoting PPP

Red blood cells in disease states
PKD and thalassemia

Pyruvate kinase, ATP, and hemolytic anemias

The sole pathway for the generation of ATP in red blood cells is
glycolysis, with pyruvate kinase generating ATP from ADP late in
glycolysis. Persons with PK deficiency (PKD) are susceptible to
hemolytic anemia. PKD patients are relatively protected from
infection with malaria, an effect that may have driven the high
frequency of the PKLR genetic variants in the sub-Saharan African
population (Ayi et al., 2008). This paradoxical protective effect is
reminiscent of the protective effect of HbS against malarial infection.
Conversely, when heterozygous HbS (“sickle trait”) and PKD
coincide, an SCD phenotype emerges. In two independent
cohorts of child and adult patients with HbSS or HbSPo (beta-
thalassemia) SCD, certain PKLR variants were demonstrated to
associate with the frequency of acute pain episodes requiring
hospitalization (Wang et al., 2022). These findings underscore a
modulatory role for RBC PK (PKR) in SCD outcomes and
symptoms and are supportive of investigation of the use of PKR
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activators in reducing the frequency of such acute pain episodes and
other pathophysiology, especially in individuals with such PKLR
variants (Wang et al., 2022). PKD is characterized by chronic
hemolytic anemia and iron overload. The benefits of pyruvate
kinase activation are several: improvements are seen in
erythropoiesis and iron homeostasis. Recent clinical reports have
indicated that the PKR activators etavopivat and mitapivat have
beneficial effects in other etiologies of anemia beyond PKD,

including beta-thalassemia.

PKR activation in PKD and thalassemia

The pyruvate kinase (PK) activators AG-348 (mitapivat, by Agios
Pharmaceuticals) and FT-4202 (known as etavopivat, originally by
Forma now Novo Nordisk), have shown early promise in addressing
various hereditary hemolytic anemias, in PK deficiency (PKD) and
beyond. In a study investigating PKD, a rare hereditary condition
affecting red blood cell (RBC) glycolytic metabolism, AG-348 effectively
increased PK enzymatic activity and stability in PK-deficient RBCs,
apparently restoring glycolytic pathway activity (Rab et al, 2021). In
phase III clinical trials for PK deficiency, mitapivat was shown to be safe
and efficacious, with results suggesting its potential as a disease-
modifying therapy for hereditary hemolytic anemias (Al-Samkari
and van Beers, 2021). Mitapivat also showed promise in treating -
thalassemia-related anemia by improving erythropoiesis, reducing
oxidative stress, and enhancing mitochondrial function (Matte et al,
2021). Additionally, mitapivat demonstrates potential beyond these
disorders, showing efficacy in hereditary spherocytosis according to
preclinical studies (Matte et al., 2021). Clinical trials focusing on PK
deficiency patients reveal mitapivat’s capacity to improve markers of
ineffective erythropoiesis and iron homeostasis, offering a potential
reduction in iron overload. With convenient oral administration and a
safety profile comparable to placebo in adults with PK deficiency,
mitapivat and etavopivat have emerged as promising new therapeutic
options for various hereditary hemolytic anemias, including those
lacking currently approved drug therapies (Schroeder et al, 2022;
Shrestha et al, 2021). The results suggest that PKRAs have the
potential to be effective and disease-modifying therapies for PK
deficiency, offering early and robust Hb responses and the
normalization of Hb levels in a significant proportion of patients.

Sickle cell disease

Allosteric modulation using voxelotor in SCD

The hallmark transformation to sickle (crescent)-shaped cells in
sickle cell disease (SCD) takes place upon SCD RBC deoxygenation as
HbS gains the ability polymerize when in its deoxygenated, but not in
the oxygenated, state. Polymerization leads to the formation of long,
insoluble fibers that stretch and distort the RBC, ultimately forcing the
sickle shape. The polymerization of sickled HbS leads to vaso-occlusive
crises (VOCs) in patients, and the number of sickled RBCs has been
shown to rise one to three days before the clinical presentation of VOC
(Table 1). Polymerized sickled RBCs have decreased deformability,
obstruct the microvasculature, and promote end-organ damage, as well
as intense pain for the patient. VOCs drive much of the morbidity and
mortality in SCD with hospitalization necessary for 95% of VOC
presentations (Darbari et al, 2020; Suhail, 2024). Metcalf et al.
(2017) investigated the use of positive allosteric RBC modulators
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(that can increase the oxygen affinity of hemoglobin) to increase the
proportion of HbS in the oxy-HbS state. The aim was to assess whether
stabilizing HbS in the oxygenated state could prevent polymerization.
They found success with a compound, then called GBT440, which
through reversible and covalent binding to hemoglobin, stabilized the
oxygenated state and limited polymerization. Advantageously, it was
also found to be orally bioavailable and partitioned to RBC at an RBC/
plasma ratio of 150, allowing for low systemic concentrations while still
having a therapeutic effect. A large phase III randomized trial, the
Hemoglobin Oxygen Affinity Modulation to Inhibit HbS
Polymerization (HOPE) Trial, showed this molecule, now known as
voxelotor, to be safe and effective and led to its FDA approval for
treatment of sickle cell disease (Vichinsky et al., 2019; Howard et al.,
2021). In these trials, voxelotor increased hemoglobin levels, decreased
the incidence of anemia, and decreased hemolysis. However, treatment
was not associated with any change in frequency of VOCs. Since its
approval, voxelotor has been associated with lower transfusion
requirements, fewer prescribed opiates, and an increase in mean Hb
as compared to standard therapy (Shah et al., 2022). Overall, voxelotor
has been a proof of concept for the therapeutic power and clinical
impact of the altering Hb O, affinity.

With multiple new interventions including voxelotor and PKR
activators (acting to suppress BPG) such as etavopivat, there is now a
need to compare therapies. Moody et al. (2024) created a
quantitative model allowing comparison of each intervention
with an effective dose of hydroxyurea (induction of endogenous
HbF to 30%) and modeling how the two medications might work
together (which can also reduce the required dosing of each agent).
This clinical tool, and others like it, could, if validated, guide
providers in their choice of therapy and dosage for treatment of
SCD. Investigating other potential benefits of voxelotor in SCD
patients, Mendelson et al. (2024) used a mouse model to show that of
voxelotor could replace the several months of RBC transfusion
currently required prior to gene therapy for SCD. New assays
will allow the future identification of novel anti-sickling
compounds (Nakagawa et al, 2022). These new roles for
voxelotor, as well as the discovery of novel compounds, could
increase the overall availability and use of disease-modifying
therapy (DMT) for SCD, as rates of DMT use remain low even
with the introduction of newer therapies (Newman et al., 2023).

Voxelotor in acute lung injury and hypoxemia

The ability to manipulate the oxygen affinity of hemoglobin may
also be leveraged in situations of hypoxia outside of SCD. There is a
theoretical advantage to left-shifting the oxygen dissociation curve, and
thus increasing the oxygen affinity for Hb, in hypoxemia. This
intervention allows for increased oxygen binding at a given PO,,
which could increase the uptake of oxygen in the lungs in critically
ill patients including those with acute lung injury. While voxelotor is
only FDA-approved at this time for use in sickle cell disease, recent
studies explored its usage in other settings. Vlahakis et al. (2019) showed
the promise of this therapy in idiopathic pulmonary fibrosis (IPF)
patients, showing that voxelotor decreased exercise-induced hypoxemia
in a small cohort of IPF patients. Stewart et al. (2020) showed voxelotor
could increase arterial oxygen saturation in healthy patients during
hypoxia and submaximal exercise. With the goal of reducing
hypoxemia by means other than via supplemental oxygen delivery
(which can itself be toxic), improving ventilation/perfusion (V/Q)
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mismatch, and limiting RBC transfusion, centers have begun to trial
voxelotor with patients receiving intensive care. Two such cases in
critically ill patients experiencing hypoxemia were treated with
voxelotor at Duke University by one of the authors. While clinical
benefit cannot be established by case reports, no adverse effects from the
trial were noted and the tolerability of the therapy was demonstrated
(Al-Qudsi et al., 2023). More robust testing with large RCTs is necessary
to further assess the efficacies and roles of these interventions.
Voxelotor has been successful in increasing Hb levels in patients
but relying on this singular metric as a heuristic for oxygen supply to
tissues could lead to misunderstanding and even patient harm. The
oxygen carrying capacity of Hb as well as its ability to offload oxygen
are also important factors in transferring oxygen from the lungs to
tissues. Increasing the oxygen affinity of hemoglobin allows for
increased onloading of oxygen in the lungs, but, conversely, may
disfavor or decrease unloading of oxygen to the tissues. This fact has
led to concern around the possibility that these DMTs that increase
O, affinity of Hb could have the negative effect of decreased tissue
O, delivery. Longer-term follow-up of participants in the HOPE trial
has shown no end-organ perfusion related damage secondary to
voxelotor treatment, although these studies might lack the power
needed to find such changes (Howard et al., 2021). Alternatively, the
lack of net harm (via impaired O, offloading in the tissues), if
confirmed, could reflect compensatorily increased activity of local
microcirculatory regulators including ATP and SNO.

O, affinity in SCD and the rationale(s) for PKR
activation

PKR activation is rational in SCD not only because boosting
RBC ATP may be beneficial, but also by lowering BPG levels
resulting in a favorable change in O, affinity (Figure 1; Table 1).
O, affinity and dissociation behavior in SCD blood differ from that
of healthy blood in several respects. BPG levels are increased in SCD,
but the degree of change varies (Table 1; Figure 1). Overall, the
resulting “rightward shift” in the O, binding curve is small, and
depressed O, saturation of HbS arises more from increases in CO-
Hb (carbonmonoxyHb; CO is generated endogenously as a
byproduct of heme turnover following hemolysis) and in
oxidized metHb (Needleman et al., 1999). Variable compensatory
upregulation of production of fetal Hb moves O, affinity in the
opposite direction (higher). Finally, once polymerized (as during
SCD crisis), functional HbS affinity is lower. Pulse oximetric
readings of Hb O, saturation may be misleading for two major
reasons: first, there is a now well-recognized algorithmic bias in
pulse oximetry based SpO, readings owing to subject skin color
(pigment), with major implications in patients of African descent
(Wong et al.,, 2021). Secondly, the SpO, values are skewed by the
presence of CO-Hb and metHb as noted.

The investigational erythrocyte pyruvate kinase (PKR)
activator etavopivat was also studied in clinical trials (Xu
et al, 2022) focused on sickle cell disease (SCD) patients
(Figure 1). These trials aimed to identify the maximum dose
with an acceptable safety profile. Cohorts of patients with SCD
treated were with varying doses of etavopivat for 2 weeks;
improvements were seen in various markers and the drug was
well-tolerated according to safety profiles (Forsyth et al., 2022).
In an open-label study of patients treated with etavopivat for
12 weeks, similarly reassuring results were demonstrated in terms
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of safety, along with improved markers of anemia and hemolysis
(Saraf et al., 2024). These findings suggest that etavopivat could
be an effective treatment for SCD patients, potentially reducing
the risk of vaso-occlusive crises and end-organ damage.
Etavopivat may hold promise for the treatment of sickle cell
disease and other hemoglobin disorders by targeting some of the
underlying pathophysiology. Interestingly, the benefits in SCD
may reflect not only the increased RBC ATP levels, but also
decreased BPG, as described below.

PKR activation in a mouse model of SCD

In sickle cell disease, RBC sickling and its downstream
consequences depend on HbS (sickle hemoglobin) deoxygenation.
In the SCD RBC, deoxygenation is favored due to elevated levels of
BPG. Treatments that lower the BPG concentration and thereby
raise O, affinity (lower Ps,) are therefore predicted to have
therapeutic benefit (Table 1). Indeed, indirect (e.g., hydroxyurea,
which stimulates production of high-O,-affinity fetal hemoglobin,
HDF) and direct (voxelotor) approaches to increase O, affinity have
demonstrated benefits in SCD. RBCs from persons with SCD
contain and export lower amounts of vasoregulatory ATP, which
may contribute to the dysregulation of the microcirculation in this
disease, as manifested acutely by vasoocclusion and chronically by
increased susceptibility to ischemic strokes. Activation of PKR in
SCD is therefore therapeutically attractive for at least two effects: it
can raise intra-RBC ATP, which is important for both numerous
cell-intrinsic functions such as preserving cell integrity and
minimizing hemolysis and for extrinsic RBC actions such as
vasoregulatory effects of ATP. Additionally of benefit in SCD is
that PKR activation can lower BPG. In both human SCD and the
Berkeley SCD mouse model, BPG levels are elevated, and ATP is
depressed as compared to controls (Jensen et al., 1973; Zhang et al.,
2011; Shrestha et al., 2021; Forsyth et al.,, 2022; Schroeder et al.,
2022). In contrast, the Townes SCD mouse model is characterized by
upregulated PKR protein, elevated ATP, and decreased BPG
(Quezado et al.,, 2022). Nevertheless, the PKR activator mitapivat
increased RBC ATP values further while having no effect on BPG
levels in Townes mice. In parallel, the PKRA induced favorable
changes in RBC mitochondrial retention, RBC oxidative tone, and
leukocytosis but no significant attenuation of sickling threshold.
These findings suggest that increases in RBC ATP alone may be
beneficial in SCD, even when baseline ATP values are near normal.
In sickle cell disease, mitapivat’s ability to increase ATP levels and
reduce complications in a mouse model underscores its potential
therapeutic effects, although the differences between mouse models
and actual human SCD are acknowledged (Al-Samkari and van
Beers, 2021; Matte et al., 2021).

Dual- and triple-action drugs for SCD: allosteric
modulation, anti-polymerization, and
vasoregulatory

Therapeutic approaches to anti-sickling have focused on both
measures to disfavor facile deoxygenation and methods to inhibit
polymerization. Hydroxyurea is an established therapy in SCD that
induces the production of fetal hemoglobin (HbF). HbF has higher O,
affinity than adult Hb (accounting for the ability of the fetus to extract
O, from maternal blood), and its presence alongside HbS can prevent
deoxyHbS from achieving the critical concentrations necessary for
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polymerization. More recently, voxelotor (Oxbryta) gained FDA
approval, and this aromatic aldehyde raises O, affinity, disfavoring
the deoxygenation-dependent polymerization process. Next-generation
aromatic aldehydes such as VZHE-039 (Abdulmalik et al, 2020),
developed and synthesized by Dr. Martin Safo et al., not only raise
O, affinity (thus preventing HbS polymerization through an “O,-
dependent” anti-sickling mechanism), but also have direct anti-
polymerization action through direct interactions with the alpha
subunits of HbS. Safo et al. went further and incorporated into
VZHE-039 a nitric oxide (NO)-donor moiety by synthesizing the
nitrate ester derivative of VZHE-039, VZHE-039-NO (Figure 1)
(Huang et al., 2022). This molecule retains both the O,-dependent
(allosteric) and O,-independent (direct) anti-polymerization properties
while introducing antiadhesive effects on the treated SCD RBCs by
delivering the NO group (Huang et al, 2022). We have also
demonstrated antiadhesive actions of NO/SNO repletion using
simple NO donors in SS RBCs (McMahon et al., 2019).

RBC ATP and malaria: the dark side of RBC-
derived ATP

Following parasitic infection with P. falciparum, ATP release has
been found to contribute to parasitic growth via various mechanisms.
ATP release is stimulated by surges in intracellular cyclic adenosine
monophosphate (cAMP) concentrations in response to hypoxia or
mechanical stress (Table 1). (Sluyter, 2015) Binding of ATP to
purinergic receptors, specifically P2Y receptors, on the cell
membrane induces the opening of “new permeability pathways
(NPP),” channels for osmolytes and anions (Tanneur et al, 2006)
whose entry facilitate growth of the parasite as nutrients such as
carbohydrates and amino acids can be imported intracellularly and
metabolic waste can be removed (Tanneur et al., 2006; Ramdani and
Langsley, 2014). Additionally, binding of RBC P2Y receptors by the
released ATP has been linked to an upregulation of cAMP production,
associated with decreased deformability of malaria-infected cells due to
phosphorylated cytoskeletal proteins, establishing positive feedback for
the further release of ATP (Ramdani and Langsley, 2014; Sluyter, 2015).
The reduced deformability can contribute to pathophysiology by
rendering these RBCs more susceptible to the lysis seen in
malarial disease.

ATP is normally far more abundant in the RBC than in the plasma.
Since increased extracellular ATP content has been associated with
increased rates of parasitemia (Alvarez et al,, 2014), preventing release of
ATP may be a new approach to limiting parasitic growth and infection.
ATP is primarily released through pannexin 1 (Pxl), a membrane
channel or pore that facilitates the passive export of ATP; therefore,
blocking the release of ATP could minimize extracellular ATP content
(Alvarez et al, 2014). Widely used anti-malaria drugs, such as
mefloquine, block the Px1 channel and their success in combating
malaria infection appears to be tied to prevention of ATP release (Dahl
etal., 2013) in addition to their direct anti-parasite actions. With the rise
of parasitic resistance to currently-available anti-malarial drugs (Borges-
Pereira et al., 2017), another possible avenue for malaria therapeutics is
the use of inhibitors of purinergic P2Y receptors, such as KN-62 and
Ip5I, which have been associated in vitro with reduced levels of
parasitemia in human RBCs (Tanneur et al, 2006; Levano-Garcia
et al, 2010). Purinergic receptors have additionally been linked to
opening Px1 channels, consequently increasing extracellular ATP
(Locovei et al, 2006), so inhibition of P2Y receptors could
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potentially also limit ATP release by disrupting the feedback
loop. Further research regarding selective inhibitors of purinergic
receptors could be advantageous for preventing the opening of
NPPs and changes in the deformability (fragility) of infected RBCs.
Another potential target of therapy are the ectonucleotidases,
extracellular enzymes typically located on the surface of RBCs and
other cells that can hydrolyze extracellular ATP molecules into AMP,
which can then be converted to adenosine, a molecule that signals to
increase of cCAMP levels within RBCs (Borges-Pereira et al., 2017; Paul
et al, 2019). As mentioned, increased intracellular cAMP content
stimulates the further release of ATP and additionally increases the
rigidity of RBCs (Paul et al, 2019). The genome of P. falciparum
contains a specific ectonucleoside E-NTPDase whose activity is
heightened with higher levels of extracellular ATP (Alvarez et al,
2014). Inhibition of E-NTPDase hinders the development of infected
RBCs, emphasizing the link between ectonucleotidases and parasitic
growth (Borges-Pereira et al., 2017).

RBC SNO depletion and cardiovascular/
cardiopulmonary disease

RBC vasoactivity and SNO

The binding and release of NO by RBC Hb are allosterically
controlled by the oxygenation and deoxygenation-induced toggling
between the R (relaxed) and T tense) conformations of Hb. Upon
oxygenation, an SNO adduct forms from precursor NO at the reactive
and highly conserved 93 Cys thiol residue of Hb. Conversely, and in
keeping with basic thermodynamics, the SNO moiety is released from
Hb upon the allosteric transition to the deoxygenated, T structure. The
released SNO can exit the RBC, unlike precursor NO whose affinity for
the heme groups in RBC Hb so great that escape is exceedingly rare.
SNO-Hb displays higher O, affinity and a leftward shift in the O,
dissociation curve relative to unmodified Hb. This elevated O, affinity
acts to disfavor profligate SNO release but has no meaningful impact on
aggregate blood O, affinity because only about 1 per 1000 Hb molecules
carries a SNO group, and the ODC shift is not huge. Stated otherwise,
blood (RBC) Hb is densely concentrated (millimolar), but RBC Hb-
bound SNO is in low abundance (~1 uM). Nevertheless, given the high
vasoregulatory potency of SNOs, nanomolar fluxes of this vascular
signal resulting from the release of only a small fraction of RBC Hb-
derived SNO are sufficient to effect blood flow-regulating vasodilation.
We recently identified the type 1 system L amino acid transporter
(LAT1) as the conduit responsible for SNO export by RBCs (Figure 1)
and its import by endothelial cells. LAT1 inhibitors diminish the
extracellular accumulation of SNOs that is typical when RBCs are
deoxygenated, and in a mouse deficient in endothelial LATI
(LAT15KP), cellular uptake of CSNO is impaired (Dosier et al,
2017). The broad vasoregulatory purview of RBC-derived SNOs is
underscored by the observation that when LATI®®® mice are
transfused, recipient RBCs are sequestered in the lungs and blood
oxygenation is depressed. These findings are reminiscent of the
impaired oxygenation typical of patients transfused with stored
RBCs, which are depleted of SNOs.

Some investigators questioned the importance of SNO-Hb in
vasoregulation. In particular, RBCs from a mouse model bearing
human hemoglobin in which the B93 Cys residue was mutated to
Ala (alanine) were reported to function normally. But this mouse was
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also engineered to express gamma hemoglobin [a component of fetal
hemoglobin (HbF)], which we have shown is also reversibly
S-nitrosylated (Riccio et al,, 2016); this rescue may account for the
lack of phenotype in this mouse. By contrast, Zhang and coworkers
demonstrated that even the persistence (or presence by knock-in) of
SNO-susceptible fetal hemoglobin does not fully compensate for the
mutation of the critical Cys normally present at residue 93 of the beta-
globin subunit of hemoglobin (Zhang et al, 2015). In mice where
393 Cys is mutated to Ala, peripheral blood flow is depressed at baseline
and declines during hypoxia, rather than increasing, which is the classic
adaptive peripheral vascular response. Accordingly, tissue oxygenation
is lower at baseline in the C93A mice than in transgenic controls
expressing non-mutated human Hb and declines further during
hypoxia. In humanized mouse models of myocardial infarction and
heart failure (Zhang et al, 2016), mutation of Hb at the relevant
CysP93 residue rendering it incapable of forming and transferring
the SNO group led to greater cardiac injury and mortality. Also
underscoring the essential nature of this RBC activity was that in
the mutant mice, coronary vessel collateralization was demonstrated
(but did not suffice to prevent injury and mortality) (Zhang et al., 2016).

The regional nature of the hypoxic vasodilatory reflex is
exemplified in reactive hyperemia, in which blood flow to an
organ (a leg, for example) rebounds higher than baseline flow
following the release of a briefly enforced arterial occlusion (e.g.,
by tourniquet). Reynolds and coworkers found RH responses, and
the associated post-reperfusion rebound in tissue oxygenation, to be
deficient in C93A mutant mice as compared to mice expressing
wild-type (C93) human Hb. In humans, the time needed for tissue
reoxygenation upon reactive hyperemic responses correlated
inversely with both SNO-Hb absolute values and with the ratio
of SNO-HDb to total Hb-bound NO. In patients with peripheral
arterial disease, tissue reoxygenation was slowed and SNO-Hb
values were depressed. Taken together these findings indicate a
role for SNO-Hb in the metabolite-driven (and O,-sensitive)
hyperemic response to reperfusion, a clinically relevant adaptive
response involving hypoxic vasodilation and RBCs (Reynolds
et al., 2023).

In an elegant test of the role of RBCs, NO and SNO in human
hypoxic vasodilation, Hoiland et al. (2023) demonstrated that
changes in cerebral blood flow in response to hypoxia were
associated with increases in the transcerebral [arterial-to-jugular
venous (A-V)] SNO gradient, but not associated with a cerebral
A-V  nitrite
augmented during hemodilution in both lowlanders and in

gradient. Cerebral hypoxic vasodilation was
polycythemic native Andeans living at high altitude (4300 m),
underscoring the apparent role of vasoregulatory mediators
downstream of the exquisite O, sensor hemoglobin. Taken
together, these findings support the assertion that the hypoxia-
driven release of SNOs (perhaps ultimately formed from precursor
NO by endothelial-type NO synthase) from RBCs contributes
critically to the characteristically O,-sensitive vasoregulation
typical of the brain.

Modulation of RBC-dependent vasoregulation by
SNO donors

Deficient RBC-based SNO-dependent vasoactivity contribute to
pathology in disease states including SCD, pulmonary arterial
hypertension, and ischemic cardiovascular disease (McMahon
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et al., 2005; Pawloski et al., 2005; Zhang et al., 2015; Sonveaux
et al., 2007). RBC transfusion for anemia only benefits a subset of
patients: those with moderate or severe anemia (Hb < 7 gm/dL in
several randomized studies) (Hebert et al., 1999; Lacroix et al., 2007),
and the early, deficient vasoregulatory capacity of stored blood
secondary to depletion of SNO and ATP appears contributory.
One possible exception to the general lack of benefit of more
aggressive RBC transfusion is the patient with acute myocardial
infarction, with the recently reported MINT trial showing a strong
trend in outcomes (Carson et al., 2023) interpreted by some (Bloch
and Tobian, 2023) as supporting a more liberal transfusion strategy
in these patients and, by extension, a recognition that one size does
not fit all in RBC transfusion decision-making. In the heart, a high
O, utilization downstream of flow-limiting stenosis and/or
thrombosis may contribute to benefits of RBC transfusion
outweighing its potential harms.

Restoration of RBC vasoactivity

Decreased vasoactivity due to diminished RBC export of SNO
can be restored to more physiologic levels by either direct exposure
of the RBCs or by administration to patients of SNO precursors. In
banked human RBCs deficient in SNO, exposure to NO donors
under the appropriate conditions is sufficient to regenerate SNO
using the ability of Hb to form SNO from NO (Riccio et al., 2015). In
stored RBCs this SNO restoration improves RBC deformability and
attenuates RBC adhesivity (Riccio et al., 2015). RBCs exposed to the
SNO donor ethyl nitrite (ENO) regain their ability to effect hypoxic
vasodilation (Reynolds et al., 2007). In adults PAH patients
breathing ENO, RBC SNO and RBC vasoactivity are restored,
with parallel improvements in pulmonary hemodynamics
(phenocopying that seen in animals) (McMahon et al, 2005;
Moya et al, 2001). Newborns with persistent pulmonary
hypertension see
(Moya et al., 2002).

similar pulmonary hemodynamic benefits
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