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Department of Biochemistry, Radboud University Medical Center, Nijmegen, Netherlands

Red blood cells (RBCs) generate microvesicles to remove damaged cell constituents
such as oxidized hemoglobin and damaged membrane constituents, and thereby
prolong their lifespan. Damage to hemoglobin, in combination with altered
phosphorylation of membrane proteins such as band 3, lead to a weakening of the
binding between the lipid bilayer and the cytoskeleton, and thereby to membrane
budding and microparticle shedding. Microvesicle generation is disturbed in patients
with RBC-centered diseases, such as sickle cell disease, glucose 6-phosphate
dehydrogenase deficiency, spherocytosis or malaria. A disturbance of the membrane-
cytoskeleton interaction is likely to be the main underlying mechanism, as is supported
by data obtained from RBCs stored in blood bank conditions. A detailed proteomic,
lipidomic and immunogenic comparison of microvesicles derived from different sources
is essential in the identification of the processes that trigger vesicle generation. The
contribution of RBC-derived microvesicles to inflammation, thrombosis and autoimmune
reactions emphasizes the need for a better understanding of the mechanisms and
consequences of microvesicle generation.
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INTRODUCTION

Generation of microvesicles, i.e., extracellular vesicles that are shed from the plasma membrane
(Raposo and Stoorvogel, 2013), constitutes an integral part of red blood cell (RBC) homeostasis,
and is responsible for the loss of 20% of the hemoglobin and the cell membrane during
physiological RBC aging in vivo, and the accompanying decrease in cell volume and increase
in cell density (Willekens et al., 2003, 2008). The blood of healthy subjects contains
approximately 1000 RBC-derived vesicles per microliter of plasma (Berckmans et al., 2001;
Hron et al., 2007; Westerman et al., 2008; Willekens et al., 2008). The microvesicle hemoglobin
composition suggests an enrichment of the irreversibly modified hemoglobins HbA1c and
HbA1e2. Microvesicles contain various immunological recognition and removal signals (Willekens
et al., 2008), that are responsible for a rapid elimination – probably within minutes – from
the circulation (Willekens et al., 2005, 2008). Shedding of damaged cellular components by
vesiculation prevents untimely removal of otherwise functional RBCs, as well as unwanted
reactions of the hemostasis and immune systems. Thus, vesiculation couples general aging
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processes such as oxidation and glycation to organismal
homeostasis. On the other hand, RBC-centered
hemoglobinopathies such as sickle cell disease and thalassemia
are accompanied by a substantial increase in microvesicle levels
(Ferru et al., 2014; Camus et al., 2015). Also, infection of RBC
with the malaria parasite Plasmodium induces vesicle formation.
However, the underlying mechanism is likely to be strongly
influenced by parasite-derived proteins, and therefore beyond
the scope of this review (e.g., Mantel et al., 2013). Increased
vesiculation is associated with systemic inflammation, which
may be directly responsible for hemolysis and anemia (Dinkla
et al., 2012b, 2016). Thus, microvesicles are part of the complex
of interactions between RBCs and the organism (Bosman,
2016a,b). In this review, we aim to integrate the newest data on
microvesicle composition and production in various conditions,
in order to obtain more insight into the basic mechanisms
underlying microvesicle generation, and the involvement of
RBC-derived microvesicles in pathophysiology.

MICROVESICLES IN VIVO

Immunochemical analyses together with a proteomic inventory
of RBC-derived microvesicles from the plasma of healthy
individuals show the almost exclusive presence of the membrane
proteins band 3 and actin (Bosman et al., 2012). Microvesicles
are enriched in enzymes involved in redox homeostasis, i.e.,
glutathione S-transferase, thioredoxin and peroxiredoxin-1 and
peroxiredoxin-2, and in ubiquitin. The hemoglobin composition
of microvesicles isolated from plasma resembles that of the oldest
cells, with an enrichment in irreversibly modified hemoglobins
HbA1c and HbA1e2 (Willekens et al., 1997). Microvesicles
display removal signals such as phosphatidylserine in the outer
membrane layer and senescent cell-specific band 3 epitopes that
are mainly found in the oldest RBCs (Willekens et al., 2008).
Also, microvesicles contain the glycosylphosphatidylinositol
(GPI)-anchored, complement-inhibiting proteins CD55 and
CD59. These may not be in a functional configuration,
as recently shown for the, similarly GPI-anchored enzyme
acetylcholinesterase (Willekens et al., 2008; Freitas Leal et al.,
2017). The striking absence of spectrin and ankyrin in
microvesicles, together with immunoblot and proteomic patterns
indicating extensive protein degradation in the oldest RBCs,
as well as the aging-related increase in membrane-associated
proteasome components (Bosman et al., 2012), all support
a role for proteolytic breakdown of the band 3-ankyrin
connection between the cytoskeleton and the lipid bilayer in the
vesiculation process. However, the absence of especially spectrin
in microvesicles isolated from the blood has led to alternative
explanations for the aging-associated changes in RBC cell volume
and density (Ciana et al., 2017a,b). The breakage of the band
3-ankyrin binding is predicted to cause a relaxation of the
cytoskeletal spring and thereby spontaneous buckling of the lipid
bilayer, resulting in evagination and vesiculation (Sens and Gov,
2007; Bosman et al., 2012) (Figure 1). Proteomic analysis of aging
RBCs and RBC-derived microvesicles purified from the plasma
support this model (Bosman et al., 2012), but do not provide

many clues for the upstream processes, or for the relatively high
concentration of actin in the microvesicles. The hemoglobin
data, together with the accumulation of redox status-regulating
enzymes, indicate that damage to hemoglobin may be such an
upstream process, if not the primary trigger for vesiculation.
A role for damaged hemoglobin in vesiculation is supported by
the finding that the concentration of RBC-derived microvesicles
is increased in the blood of patients with hemoglobinopathies
(Westerman et al., 2008). The microvesicles from the blood of
thalassemia patients contain high concentrations of oxidized,
denatured alpha globin chains (Ferru et al., 2014). Also, these
microvesicles contain enzymes involved in the maintenance of
redox status such as catalase and peroxiredoxin-2, as well as large
amounts of complement proteins and immunoglobulins (Ferru
et al., 2014).

The protein composition of microvesicles from patients with
membranopathies, i.e., abnormal RBCs such as elliptocytes
and stomatocytes due to genetic aberrations in membrane
proteins, is likely to differ from those of control RBCs.
Actual data are lacking, but this prediction can be deduced
from the effects of splenectomy on the membrane protein
composition of spectrin/ankyrin-deficient and band 3-deficient
spherocytes (Reliene et al., 2002; Alaarg et al., 2013). In
RBCs from patients with thalassemia intermedia, hemoglobin
damage may induce the formation of band 3 polymers,
associated with increased phosphorylation that leads to a
weakening of the band 3-ankyrin connection, resulting in
microvesicle formation (Ferru et al., 2014). These observations,
together with the vesiculation-reducing effect of p72Syk kinase
inhibitors, not only support a central role for the binding of
modified hemoglobin, possibly especially to oxidized and/or
proteolytically degraded band 3 (Arashiki et al., 2013; Lange
et al., 2014) in the vesiculation process (Figure 1), but also
show the involvement of phosphorylation networks in RBC
homeostasis. The involvement of various signaling pathways in
RBC vesiculation was supported by the relative large numbers of
signaling proteins in microvesicles obtained from the plasma of
a healthy donor (Bosman et al., 2012), and in a pharmacological
screening in vitro (Kostova et al., 2015).

THE INVOLVEMENT OF MICROVESICLES
IN COAGULATION AND INFLAMMATION

Most RBC-derived microvesicles from healthy donors as well
as from various patients expose phosphatidylserine, which
promotes not only phagocytosis but also coagulation.

In vitro, thrombin generation through the intrinsic pathway
has been shown to be induced by RBC-derived microvesicles
derived from sickle cell patients, storage units, or after treatment
with a calcium ionophore (van Beers et al., 2009; van der Meijden
et al., 2012; Rubin et al., 2013). In addition, correlations have been
reported between the number of phosphatidylserine-exposing,
RBC-derived microvesicles, and thrombin generation in sickle
cell patients (van Beers et al., 2009; Gerotziafas et al., 2012).
Microvesicles may also disturb anticoagulation reactions of the
protein C system, possibly through binding of protein S (e.g.,
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Koshiar et al., 2014). Increases in RBC-derived microvesicles in
sickle cell disease and thalassemia patients is often accompanied
by a decrease in deformability and hemolysis, which may as such
constitute a risk factor for thrombosis.

Phagocytosis-triggered monocyte activation may induce
proinflammatory and procoagulant endothelial cell responses
(Straat et al., 2016). Thrombin may promote inflammation
by activation of the complement system, e.g., by acting as
C3 or C5 convertase (Zecher et al., 2014). RBCs of patients
with paroxysmal nocturnal hemoglobinuria (PNH) lack the
GPI-anchored proteins CD55 and CD59 that protect against
complement activation-associated hemolysis. GPI-anchored
proteins may be involved in raft formation (Salzer and Prohaska,
2001), and their absence may be directly responsible for the
release of relatively high numbers of RBC-derived microvesicles
with procoagulant activity in PNH patients in vitro (Hugel et al.,
1999; Kozuma et al., 2011; Devalet et al., 2014). In addition,
microvesicles scavenge NO almost as fast as free hemoglobin
and much faster than RBCs, which may impair vasodilation
(Donadee et al., 2011). This effect is already detectable with the
number of microvesicles present in one transfusion unit (Liu
et al., 2013).

THE ROLE OF THE SPLEEN

The spleen facilitates vesiculation, as apparent from the
retention of microvesicles in RBCs in asplenic individuals.
In these individuals, the normal aging-related decrease in
total RBC hemoglobin is absent, due to an increase in
HbA1c (Willekens et al., 2003). In patients with spherocytosis,
splenectomy increased RBC deformability in vitro, probably
by inhibiting spleen-mediated microvesicle shedding (Reliene
et al., 2002). The molecular mechanism underlying vesiculation
in the spleen is unknown, but may involve a combination of
biochemical and biophysical stress. Recent model simulations
support the involvement of degraded hemoglobin in reducing
the cytoskeleton/membrane connection, thereby promoting
microvesicle shedding during splenic flow (Zhu et al., 2017).
Thus, the mechanical and biochemical circumstances in the
spleen, together with the presence of specialized macrophages,
may make the spleen a microvesicle-based quality control and
repair system. This emphasizes the importance of establishing
the functionality of the spleen, especially in the study of
diabetic control (Willekens et al., 2003). Also, the notable
paucity of data for microvesicles generated in vivo warrants
a more detailed investigation on the fundamental and clinical
relationship between splenectomy or functional asplenia, RBC-
derived microvesicles and RBC homeostasis (Wernick et al.,
2017).

MICROVESICLES IN VITRO

Vesiculation also occurs during storage of RBCs in the blood
bank. Storage microvesicles contain removal signals such as
phosphatidylserine in the outer layer of their membrane and

degraded as well as aggregated band 3 molecules, similar to
microvesicles in the circulation (Bosman et al., 2008; Willekens
et al., 2008). In blood bank microvesicles, the number of carbonyl
groups is increased relative to RBC membranes, possibly due
to the accumulation of oxidized membrane proteins band 3,
actin and protein 4.1 (Bosman et al., 2008; Kriebardis et al.,
2008; Delobel et al., 2016). This is accompanied by a correlation
between oxidized cell constituents and vesiculation during
storage (D’Alessandro et al., 2017). Blood bank microvesicles
are immunologically active, as they contain immunoglobulins
and complement factors, derived from the plasma fraction
of the storage fluid (Bosman et al., 2008; Kriebardis et al.,
2008). Also, storage microvesicles are readily recognized by
pathological autoantibodies from patients with autoimmune
hemolytic anemia (Dinkla et al., 2012a). These data indicate that
the coupling of removal of damaged components from the RBC
to their removal from the circulation is a general phenomenon for
RBC-derived microvesicles. The enrichment of the GPI-anchored
proteins acetylcholinesterase and CD55, as well as raft-associated
forms of stomatin and the flotillins in storage microvesicles,
indicates that lipid-related changes in membrane organization
are involved in vesiculation during storage (Bosman et al., 2008;
Salzer et al., 2008). The underlying mechanism has been proposed
to be revolving around membrane budding and fission. This
could be triggered by the loss of binding between cytoskeletal and
membrane proteins, followed by large-scale separation of various
lipid phases that may be formed by membrane protein-stabilized
microdomains (Salzer et al., 2008). The loss of interaction
between the cytoskeleton and cell membrane may be triggered
by oxidized hemoglobin, similar to what may happen in vivo.
Indeed, accumulation of oxidized hemoglobin residues during
storage is accompanied by their enrichment in microvesicles
(Wither et al., 2016). This role of hemoglobin in microvesicle
formation is supported by the observation that, in the early phase
of storage, a significant amount of hemoglobin is associated with
the lipid bilayer in microvesicles (Szigyártó et al., 2018). There
is a shortage of detailed quantitative and qualitative information
on the primary triggers driving microvesicle production in vitro.
The available data, albeit mostly showing associations, support
a role of phosphorylation and rearrangement of band 3. For
example, inhibition of tyrosine dephosphorylation not only
induces RBC shapes such as echinocytes, which indicates a loss
of interaction between the cytoskeleton and the lipid bilayer but
also stimulates microvesicle production in vitro (Ferru et al.,
2011, 2014; Cluitmans et al., 2016). In the misshapen cells found
in patients with neuroacanthocytosis, disturbed phosphorylation
and altered cell morphology are accompanied by disturbed
microvesicle generation (Bosman and De Franceschi, 2008).
Phosphorylation of band 3 is associated with clustering and
correlates with microvesicle formation during storage and in
the RBCs of patients with thalassemia intermedia (Ferru et al.,
2014; Azouzi et al., 2018). Similar effects are observed upon
treatment of RBCs with agents that induce aggregation of band
3 (Ferru et al., 2011; Cluitmans et al., 2016). A well-known
stimulus for microvesicle formation in vitro is an artificial
increase in intracellular calcium concentration. However, the
protein composition of calcium-induced microvesicles differs
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FIGURE 1 | Vesiculation in progress. Structure of the RBC membrane during vesiculation, showing mechanisms involved in microvesicle shedding: breakdown of
the cytoskeleton by calcium-dependent proteases; lipid bilayer rearrangement due to altered phospholipid transporter activities, which results in phosphatidylserine
exposure; changes in band 3 configuration and distribution due to oxidation, binding of damaged hemoglobin, and phosphorylation, leading to loss of binding to the
cytoskeleton at the ankyrin complex, recognition by IgG, and vesiculation. The order and interdependence of these processes are discussed in the text. PC,
phosphatidylcholine; SM, sphingomyelin; PS, phosphatidylserine; PE, phosphatidylethanolamine.

from storage or blood microvesicles, e.g., the content of
membrane proteins, the presence of band 3 aggregates and
breakdown products, and of raft-associated proteins (Bosman
et al., 2008; Salzer et al., 2008; Prudent et al., 2015). This indicates
that alterations in intracellular calcium concentrations are not
primary factors in microvesicle generation in vivo, nor in the
blood bank.

MECHANISMS OF VESICULATION:
INVOLVEMENT OF LIPIDS

The few data that are available indicate that disturbances
of the organization of the lipid part of the cell membrane
may play a role in the vesiculation process. The RBC
membrane contains sphingomyelin/cholesterol-enriched as well
as cholesterol-enriched domains that are associated with high-
curvature areas. Since these domains become associated with
budding membrane areas during storage at 4◦C, they have
been speculated to be specific sites of microvesicle generation
(Leonard et al., 2017). However, RBCs and microvesicles
obtained during storage in blood bank conditions showed
no significant differences in the main phospholipid classes

(Laurén et al., 2018). This included the lack of enrichment
of the raft-associated lipids cholesterol and sphingomyelin.
Thus, lipid-involving reorganizations in the RBC membrane
may be instrumental in microvesicle generation, but they do
not seem to result in significant alterations in microvesicle
lipid composition. Changes in membrane lipid organization,
such as an increase in exposure of phosphatidylserine and/or
phosphatidylethanolamine, may promote vesiculation during
storage (Verhoeven et al., 2006; Larson et al., 2017). However,
severe disruptions of the protein-protein interactions, that are
associated with altered RBC morphology, may induce increased
microvesicle generation, but are not always accompanied by
increased phosphatidylserine exposure (Cluitmans et al., 2016)
(Figure 1). In this context, it should be emphasized that not
all RBC-derived microvesicles expose detectable amounts of
phosphatidylserine (Willekens et al., 2008; Nielsen et al., 2014).
Disruption of the lipid bilayer, e.g., by treating RBCs with
sphingomyelinase, strongly catalysed microvesicle generation
in vitro. This process was accompanied by the appearance
of CD59 and stomatin clusters in the RBCs, supporting
a role for lipid rearrangement in microvesicle formation.
The sphingomyelinase-induced microvesicles were much more
heterogeneous in phosphatidylserine exposure and glycophorin
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A content than the microvesicles generated by spontaneous
vesiculation, indicating the involvement of different mechanisms
(Dinkla et al., 2012b). Thus, changes in lipid organization may
facilitate microvesicle formation, but may not constitute the
primary mechanism in most physiological conditions.

MECHANISMS OF VESICULATION:
COMPARISON WITH EXOSOME
FORMATION

All reports on RBC-derived microvesicle composition, especially
in combination with the aging-associated changes in the RBC
membrane proteome, indicate the involvement of proteins that
are involved in the release of exosomes as well (Raposo and
Stoorvogel, 2013). This includes small GTPases, lipid raft-
associated proteins such as acetylcholinesterase and flotillins, and
annexins (Bosman et al., 2012; Raposo and Stoorvogel, 2013;
Prudent et al., 2015). Although it is not clear how cytosolic
components end up in exosomes, the mechanisms by which
cytosolic molecules are recruited into RBC-derived microvesicles
may be similar to those involved in exosome generation, as
indicated by the presence of various chaperone proteins (Bosman
et al., 2012; Raposo and Stoorvogel, 2013). The molecular details
of the mechanisms underlying microvesicle generation in other
cell types are largely unknown. Incorporation of the available
data on RBC-derived microvesicles into the catalog ‘Vesiclepedia’
(Kalra et al., 2012) may be a worthwhile first step toward further
elucidation of the mechanism of microvesicle in RBCs, as well
as in other cell types. A comparison of RBC microvesicle data
with the already available data on RBC exosomes that are shed
by reticulocytes from human cord blood (Chu et al., 2018) will
facilitate the identification of the molecular mechanisms involved
in various types of vesiculation in vivo. Already, endocytosis and
autophagy have been involved in the disappearance of CD71
and other membrane proteins during reticulocyte maturation
in vitro (Griffiths et al., 2012). Such an approach profits from
the possibility that RBCs create to study exosome as well as
microvesicle formation during differentiation and aging in the
same cell, that has a relatively homogeneous and well-charted
membrane system.

FROM MECHANISM TO MARKER TO
MEDICINE

Red blood cells form microvesicles in response to a variety of
physiological and pathological triggers. Although the inventory

of the composition of microvesicles generated in different
circumstances is far from complete, the available data indicate
that they all are enriched in damaged RBC components,
depending on the various stimuli (Figure 1). This suggests that an
exhaustive study of RBC-derived microvesicles will offer insights
into the molecular mechanisms of their generation in vivo,
and thereby into the physiological and pathological triggers.
Also, RBC-derived microvesicles may constitute a model for
the study of the biological, biophysical and clinical properties
of microvesicles in general. This model will benefit from the
comparison of the composition and characteristics of RBC-
derived microvesicles with microvesicles generated by other
cell types, and with exosomes. RBC-derived microvesicles are
potentially sensitive and specific biomarkers for the clinical
severity of RBC-centered diseases such as sickle cell disease,
thalassemia or spherocytosis (Reliene et al., 2002; Hebbel
and Key, 2016; Kittivorapart et al., 2018). Also, microvesicles
may reveal the activity as well as the clinical consequences,
such as anemia or thrombosis, of systemic processes, such as
inflammation. In addition, RBC-derived microvesicles may be
useful in the transfer of surface proteins, as has been shown in
the ‘painting’ of RBCs of PNH patients with the complement-
protecting proteins CD55 and CD59 (Sloand et al., 2004).

Where RBC-derived microvesicles may be actively involved
in pathology, e.g., by their procoagulant, proinflammatory or
autoimmune activity (Sadallah et al., 2008), pharmacological
prevention of the formation of harmful microvesicles may
become of clinical importance. The recent finding that inhibition
of sphingomyelinase attenuated lung inflammation caused by
infusion of stored RBC-derived microvesicles (Hoehn et al.,
2017), supports this notion. Thus, on one hand, microvesicle
shedding may prevent the untimely removal of functional RBCs
in physiological conditions. On the other hand, in pathological
conditions, prevention of vesiculation following splenectomy
may have beneficial effects, or prevent a pathological immune
reaction, for example after massive or frequent RBC transfusion
in compromised, transfusion-dependent patients.

AUTHOR CONTRIBUTIONS

GB conceived the topic and wrote the final version. GB, JL, and
MA-H wrote parts of the manuscript.

FUNDING

JL was supported by the National Council for Scientific and
Technological Development - Brazil.

REFERENCES
Alaarg, A., Schiffelers, R. M., Van Solinge, W. W., and Van Wijk, R. (2013). Red

blood cell vesiculation in hereditary hemolytic anemia. Front. Physiol. 4:365.
doi: 10.3389/fphys.2013.00365

Arashiki, N., Kimata, N., Manno, S., Mohandas, N., and Takakuwa, Y. (2013).
Membrane peroxidation and methemoglobin formation are both necessary for

band 3 clustering: mechanistic insights into human erythrocyte senescence.
Biochemistry 52, 5760–5769. doi: 10.1021/bi400405p

Azouzi, S., Romana, M., Arashiki, N., Takakuwa, Y., El Nemer, W., Peyrard, T.,
et al. (2018). Band 3 phosphorylation induces irreversible alterations of stored
red blood cells. Am. J. Hematol. 93, E110–E112. doi: 10.1002/ajh.25044

Berckmans, R. J., Nieuwland, R., Boing, A. N., Romijn, F. P., Hack, C. E.,
and Sturk, A. (2001). Cell-derived microparticles circulate in healthy humans

Frontiers in Physiology | www.frontiersin.org 5 June 2018 | Volume 9 | Article 703

https://doi.org/10.3389/fphys.2013.00365
https://doi.org/10.1021/bi400405p
https://doi.org/10.1002/ajh.25044
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-00703 June 6, 2018 Time: 16:19 # 6

Leal et al. Red Blood Cell Vesiculation and Homeostasis

and support low grade thrombin generation. Thromb. Haemost. 85, 639–646.
doi: 10.1055/s-0037-1615646

Bosman, G. (2016a). The proteome of the red blood cell: an auspicious source
of new insights into membrane-centered regulation of homeostasis. Proteomes
4:35. doi: 10.3390/proteomes4040035

Bosman, G. J. (2016b). The involvement of erythrocyte metabolism in organismal
homeostasis in health and disease. Proteom. Clin. Appl. 10, 774–777. doi: 10.
1002/prca.201500129

Bosman, G. J., Lasonder, E., Groenen-Döpp, Y. A., Willekens, F. L., and Werre,
J. M. (2012). The proteome of erythrocyte-derived microparticles from plasma:
new clues for erythrocyte aging and vesiculation. J. Proteomics. 76, 203–210.
doi: 10.1016/j.jprot.2012.05.031

Bosman, G. J., Lasonder, E., Luten, M., Roerdinkholder-Stoelwinder, B., Novotný,
V. M., Bos, H., et al. (2008). The proteome of red cell membranes and vesicles
during storage in blood bank conditions. Transfusion. 48, 827–835. doi: 10.
1111/j.1537-2995.2007.01630.x

Bosman, G. J. C. G. M., and De Franceschi, L. (2008). “Neuroacanthocytosis-
related changes in erythrocyte membrane organization and function,” in
Neuroacanthocytosis Syndromes II, ed. R. H. Walker et al. (Berlin: Springer-
Verlag), 133–142. doi: 10.1007/978-3-540-71693-8_10

Camus, S. M., De Moraes, J. A., Bonnin, P., Abbyad, P., Le Jeune, S., Lionnet, F.,
et al. (2015). Circulating cell membrane microparticles transfer heme to
endothelial cells and trigger vasoocclusions in sickle cell disease. Blood 125,
3805–3814. doi: 10.1182/blood-2014-07-589283

Chu, T. T. T., Sinha, A., Malleret, B., Suwanarusk, R., Park, J. E., Naidu, R.
et al. (2018). Quantitative mass spectrometry of human reticulocytes reveal
proteome-wide modifications during maturation. Br. J. Haematol. 180, 118–
133. doi: 10.1111/bjh.14976

Ciana, A., Achilli, C., Gaur, A., and Minetti, G. (2017a). Membrane remodelling
and vesicle formation during ageing of human red blood cells. Cell. Physiol.
Biochem. 42, 1127–1138. doi: 10.1159/000478768

Ciana, A., Achilli, C., and Minetti, G. (2017b). Spectrin and other membrane-
skeletal components in human red blood cells of different age. Cell. Physiol.
Biochem. 42, 1139–1152. doi: 10.1159/000478769

Cluitmans, J. C., Gevi, F., Siciliano, A., Matte, A., Leal, J. K., De Franceschi, L., et al.
(2016). Red blood cell homeostasis: pharmacological interventions to explore
biochemical, morphological and mechanical properties. Front. Mol. Biosci. 3:10.
doi: 10.3389/fmolb.2016.00010

D’Alessandro, A., Nemkov, T., Reisz, J., Dzieciatkowska, M., Wither, M. J., and
Hansen, K. C. (2017). Omics markers of the red cell storage lesion and metabolic
linkage. Blood Transfus. 15, 137–144. doi: 10.2450/2017.0341-16

Delobel, J., Prudent, M., Crettaz, D., ElHajj, Z., Riederer, B., Tissot, J.-D.,
et al. (2016). Cysteine redox proteomics of the hemoglobin-depleted cytosolic
fraction of stored red blood cells. Proteomics Clin. Appl. 10, 883–893. doi:
10.1002/prca.201500132

Devalet, B., Mullier, F., Chatelain, B., Dogne, J.-M., and Chatelain, C. (2014).
The central role of extracellular vesicles in the mechanisms of thrombosis in
paroxysmal nocturnal haemoglobinuria: a review. J. Extracell. Vesicles. 3, 1–8.
doi: 10.3402/jev.v3.23304

Dinkla, S., Novotný, V. M. J., Joosten, I., and Bosman, G. J. C. G. M.
(2012a). Storage-induced changes in erythrocyte membrane proteins promote
recognition by autoantibodies. PLoS One 7:e42250. doi: 10.1371/J.pone.
0042250

Dinkla, S., van Eijk, L. T., Fuchs, B., Schiller, J., Joosten, I., Brock, R. et al. (2016).
Inflammation-associated changes in lipid composition and the organization of
the erythrocyte membrane. BBA Clin. 5, 186–192. doi: 10.1016/j.bbacli.2016.03.
007

Dinkla, S., Wessels, K., Verdurmen, W. P. R., Tomelleri, C., Cluitmans, J. C. A.,
Fransen, J., et al. (2012b). Functional consequences of sphingomyelinase-
induced changes in erythrocyte membrane structure. Cell. Death Dis. 3,
410–412. doi: 10.1038/cddis.2012.143

Donadee, C., Raat, N. J. H., Kanias, T., Tejero, J., Lee, J. S., Kelley, E. E.,
et al. (2011). Nitric oxide scavenging by red blood cell microparticles
and cell-free hemoglobin as a mechanism for the red cell storage
lesion. Circulation 124, 465–476. doi: 10.1161/CIRCULATIONAHA.110.
008698

Ferru, E., Giger, K., Pantaleo, A., Campanella, E., Grey, J., Ritchie, K., et al. (2011).
Regulation of membrane-cytoskeletal interactions by tyrosine phosphorylation

of erythrocyte band 3. Blood 117, 5998–6006. doi: 10.1182/blood-2010-11-
317024

Ferru, E., Pantaleo, A., Carta, F., Mannu, F., Khadjavi, A., Gallo, V., et al. (2014).
Thalassemic erythrocytes release microparticles loaded with hemichromes by
redox activation of p72Syk kinase. Haematologica 99, 570–578. doi: 10.3324/
haematol.2013.084533

Freitas Leal, J. K., Adjobo-Hermans, M. J. W., Brock, R., and Bosman, G. J. C. G.
M. (2017). Acetylcholinesterase provides new insights into red blood cell ageing
in vivo and in vitro. Blood Transfus. 15, 232–238. doi: 10.2450/2017.0370-16

Gerotziafas, G. T., Van Dreden, P., Chaari, M., Galea, V., Khaterchi, A., Lionnet, F.,
et al. (2012). The acceleration of the propagation phase of thrombin generation
in patients with steady-state sickle cell disease is associated with circulating
erythrocyte-derived microparticles. Thromb. Haemost. 107, 1044–1052.
doi: 10.1160/TH11-10-0689

Griffiths, R. E., Kupzig, S., Cogan, N., Mankelow, T. J., Betin, V. M.,
Trakarnsanga, K., et al. (2012). Maturing reticulocytes internalize plasma
membrane in glycophorin A-containing vesicles that fuse with autophagosomes
before exocytosis. Blood 119, 6296–62306. doi: 10.1182/blood-2011-09-376475

Hebbel, R. P., and Key, N. S. (2016). Microparticles in sickle cell anaemia: promise
and pitfalls. Br. J. Haematol. 174, 16–29. doi: 10.1111/bjh.14112

Hoehn, R. S., Jernigan, P. L., Japtok, L., Chang, A. L., Midura, E. F., Caldwell,
C. C., et al. (2017). Acid sphingomyelinase inhibition in stored erythrocytes
reduces transfusion-associated lung inflammation. Ann. Surg. 265, 218–226.
doi: 10.1097/SLA.0000000000001648

Hron, G., Kollars, M., Weber, H., Sagaster, V., Quehenberger, P., Eichinger, S., et al.
(2007). Tissue factor-positive microparticles: cellular origin and association
with coagulation activation in patients with colorectal cancer. Thromb.
Haemost. 97, 119–123.

Hugel, B., Socié, G., Vu, T., Toti, F., Gluckman, E., Freyssinet, J. M., et al.
(1999). Elevated levels of circulating procoagulant microparticles in patients
with paroxysmal nocturnal hemoglobinuria and aplastic anemia. Blood 93,
3451–3456.

Kalra, H., Simpson, R. J., Ji, H., Aikawa, E., Altevogt, P., Askenase, P., et al.
(2012). Vesiclepedia: a compendium for extracellular vesicles with continuous
community annotation. PLoS Biol. 10:e1001450. doi: 10.1371/journal.pbio.
1001450

Kittivorapart, J., Crew, V. K., Wilson, M. C., Heesom, K. J., Siritanaratkul, N., and
Toye, A. M. (2018). Quantitative proteomics of plasma vesicles identify novel
biomarkers for hemoglobin E/β-thalassemic patients. Blood Adv. 2, 95–104.
doi: 10.1182/bloodadvances.2017011726

Koshiar, R. L., Somajo, S., Norström, E., and DahlBäck, B. (2014). Erythrocyte-
derived microparticles supporting activated protein C-mediated regulation of
blood coagulation. PLoS One 9:e104200. doi: 10.1371/journal.pone.0104200

Kostova, E. B., Beuger, B. M., Klei, T. R. L., Halonen, P., Lieftink, C.,
Beijersbergen, R., et al. (2015). Identification of signalling cascades involved in
red blood cell shrinkage and vesiculation. Biosci. Rep. 35:e00187. doi: 10.1042/
BSR20150019

Kozuma, Y., Sawahata, Y., Takei, Y., Chiba, S., and Ninomiya, H. (2011).
Procoagulant properties of microparticles released from red blood cells
in paroxysmal nocturnal haemoglobinuria. Br. J. Haematol. 152, 631–639.
doi: 10.1111/j.1365-2141.2010.08505.x

Kriebardis, A. G., Antonelou, M. H., Stamoulis, K. E., Economou-Petersen, E.,
Margaritis, L. H., and Papassideri, I. S. (2008). RBC-derived vesicles
during storage: ultrastructure, protein composition, oxidation, and signaling
components. Transfusion. 48, 1943–1953. doi: 10.1111/j.1537-2995.2008.
01794.x

Lange, P. F., Huesgen, P. F., Nguyen, K., and Overall, C. M. (2014). Annotating N
termini for the human proteome project: N termini and Nα-acetylation status
differentiate stable cleaved protein species from degradation remnants in the
human erythrocyte proteome. J. Proteome Res. 13, 2028–2044. doi: 10.1021/
pr401191w

Larson, M. C., Karafin, M. S., Hillery, C. A., and Hogg, N. (2017).
Phosphatidylethanolamine is progressively exposed in RBCs during storage.
Transfus. Med. 27, 136–141. doi: 10.1111/tme.12382

Laurén, E., Tigistu-Sahle, F., Valkonen, S., Westberg, M., Valkeajärvi, A., Eronen, J.,
et al. (2018). Phospholipid composition of packed red blood cells and that
of extracellular vesicles show a high resemblance and stability during storage.
Biochim. Biophys. Acta. 1863, 1–8. doi: 10.1016/j.bbalip.2017.09.012

Frontiers in Physiology | www.frontiersin.org 6 June 2018 | Volume 9 | Article 703

https://doi.org/10.1055/s-0037-1615646
https://doi.org/10.3390/proteomes4040035
https://doi.org/10.1002/prca.201500129
https://doi.org/10.1002/prca.201500129
https://doi.org/10.1016/j.jprot.2012.05.031
https://doi.org/10.1111/j.1537-2995.2007.01630.x
https://doi.org/10.1111/j.1537-2995.2007.01630.x
https://doi.org/10.1007/978-3-540-71693-8_10
https://doi.org/10.1182/blood-2014-07-589283
https://doi.org/10.1111/bjh.14976
https://doi.org/10.1159/000478768
https://doi.org/10.1159/000478769
https://doi.org/10.3389/fmolb.2016.00010
https://doi.org/10.2450/2017.0341-16
https://doi.org/10.1002/prca.201500132
https://doi.org/10.1002/prca.201500132
https://doi.org/10.3402/jev.v3.23304
https://doi.org/10.1371/J.pone.0042250
https://doi.org/10.1371/J.pone.0042250
https://doi.org/10.1016/j.bbacli.2016.03.007
https://doi.org/10.1016/j.bbacli.2016.03.007
https://doi.org/10.1038/cddis.2012.143
https://doi.org/10.1161/CIRCULATIONAHA.110.008698
https://doi.org/10.1161/CIRCULATIONAHA.110.008698
https://doi.org/10.1182/blood-2010-11-317024
https://doi.org/10.1182/blood-2010-11-317024
https://doi.org/10.3324/haematol.2013.084533
https://doi.org/10.3324/haematol.2013.084533
https://doi.org/10.2450/2017.0370-16
https://doi.org/10.1160/TH11-10-0689
https://doi.org/10.1182/blood-2011-09-376475
https://doi.org/10.1111/bjh.14112
https://doi.org/10.1097/SLA.0000000000001648
https://doi.org/10.1371/journal.pbio.1001450
https://doi.org/10.1371/journal.pbio.1001450
https://doi.org/10.1182/bloodadvances.2017011726
https://doi.org/10.1371/journal.pone.0104200
https://doi.org/10.1042/BSR20150019
https://doi.org/10.1042/BSR20150019
https://doi.org/10.1111/j.1365-2141.2010.08505.x
https://doi.org/10.1111/j.1537-2995.2008.01794.x
https://doi.org/10.1111/j.1537-2995.2008.01794.x
https://doi.org/10.1021/pr401191w
https://doi.org/10.1021/pr401191w
https://doi.org/10.1111/tme.12382
https://doi.org/10.1016/j.bbalip.2017.09.012
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles


fphys-09-00703 June 6, 2018 Time: 16:19 # 7

Leal et al. Red Blood Cell Vesiculation and Homeostasis

Leonard, C., Conrard, L., Guthmann, M., Pollet, H., Carquin, M., Vermylen, C.,
et al. (2017). Contribution of plasma membrane lipid domains to red blood cell
(re)shaping. Sci. Rep. 7:4264. doi: 10.1038/s41598-017-04388-z

Liu, C., Zhao, W., Christ, G. J., Gladwin, M. T., and Kim-Shapiro, D. B. (2013).
Nitric oxide scavenging by red cell microparticles. Free Radic. Biol. Med. 65,
1164–1173. doi: 10.1016/j.freeradbiomed.2013.09.002

Mantel, P. Y., Hoang, A. N., Goldowitz, I., Potashnikova, D., Hamza, B.,
Vorobjev, I., et al. (2013). Malaria-infected erythrocyte-derived microvesicles
mediate cellular communication between the parasite population and with the
host immune system. Cell Host Microbe 13, 521–534. doi: 10.1016/j.chom.2013.
04.009

Nielsen, M. H., Beck-Nielsen, H., Andersen, M. N., and Handberg, A. (2014).
A flow cytometric method for characterization of circulating cell-derived
microparticles in plasma. J. Extracell. Vesicles. 3, 1–12. doi: 10.3402/jev.v3.20795

Prudent, M., Crettaz, D., Delobel, J., Seghatchian, J., Tissot, J. D., and
Lion, N. (2015). Differences between calcium-stimulated and storage-induced
erythrocyte-derived microvesicles. Transfus. Apher. Sci. 53, 153–158. doi: 10.
1016/j.transci.2015.10.012

Raposo, G., and Stoorvogel, W. (2013). Extracellular vesicles: Exosomes,
microvesicles, and friends. J. Cell Biol. 200, 373–383. doi: 10.1083/jcb.201211138

Reliene, R., Mariani, M., Zanella, A., Reinhart, W. H., Ribeiro, M. L., del Giudice,
E. M., et al. (2002). Splenectomy prolongs in vivo survival of erythrocytes
differently in spectrin/ankyrin- and band 3-deficient hereditary spherocytosis.
Blood 100, 2208–2215.

Rubin, O., Delobel, J., Prudent, M., Lion, N., Kohl, K., Tucker, E. I., et al. (2013).
Red blood cell-derived microparticles isolated from blood units initiate and
propagate thrombin generation. Transfusion 53, 1744–1754. doi: 10.1111/trf.
12008

Sadallah, S., Eken, C., and Schifferli, J. A. (2008). Erythrocyte-derived ectosomes
have immunosuppressive properties. J. Leukoc. Biol. 84, 1316–1325. doi: 10.
1189/jlb.0108013

Salzer, U., and Prohaska, R. (2001). Stomatin, flotillin-1, and flotillin-2 are major
integral proteins of erythrocyte lipid rafts. Blood 97, 1141–1143. doi: 10.1182/
blood.V97.4.1141

Salzer, U., Zhu, R., Luten, M., Isobe, H., Pastushenko, V., Perkmann, T., et al.
(2008). Vesicles generated during storage of red cells are rich in the lipid
raft marker stomatin. Transfusion 48, 451–462. doi: 10.1111/j.1537-2995.2007.
01549.x

Sens, P., and Gov, N. (2007). Force balance and membrane shedding at the red-
blood-cell surface. Phys. Rev. Lett. 98:018102. doi: 10.1103/PhysRevLett.98.
018102

Sloand, E. M., Mainwaring, L., Keyvanfar, K., Chen, J., Maciejewski, J., Klein,
H. G., et al. (2004). Transfer of glycosylphosphatidylinositol-anchored proteins
to deficient cells after erythrocyte transfusion in paroxysmal nocturnal
hemoglobinuria. Blood 104, 3782–3788. doi: 10.1182/blood-2004-02-0645

Straat, M., van Hezel, M. E., Böing, A., Tuip-De Boer, A., Weber, N., Nieuwland, R.,
et al. (2016). Monocyte-mediated activation of endothelial cells occurs only
after binding to extracellular vesicles from red blood cell products, a process
mediated by β-integrin. Transfusion 56, 3012–3020. doi: 10.1111/trf.13851

Szigyártó, I. C., Deák, R., Mihály, J., Rocha, S., Zsila, F., Varga, Z., et al. (2018). Flow
alignment of extracellular vesicles: structure and orientation of membrane-
associated bio-macromolecules studied with polarized light. ChemBioChem. 19,
545–551. doi: 10.1002/cbic.201700378

van Beers, E. J., Schaap, M. C., Berckmans, R. J., Nieuwland, R., Sturk, A., van
Doormaal, F. F., et al. (2009). Circulating erythrocyte-derived microparticles
are associated with coagulation activation in sickle cell disease. Haematologica
94, 1513–1519. doi: 10.3324/haematol.2009.008938

van der Meijden, P. E., van Schilfgaarde, M., van Oerle, R., Renné, T., ten Cate, H.,
and Spronk, H. M. (2012). Platelet- and erythrocyte-derived microparticles
trigger thrombin generation via factor XIIa. J. Thromb. Haemost. 10,
1355–1362. doi: 10.1111/j.1538-7836.2012.04758.x

Verhoeven, A. J., Hilarius, P. M., Dekkers, D. W. C., Lagerberg, J. W. M.,
and De Korte, D. (2006). Prolonged storage of red blood cells affects
aminophospholipid translocase activity. Vox Sang. 91, 244–251. doi: 10.1111/
j.1423-0410.2006.00822.x

Wernick, B., Cipriano, A., Odom, S. R., MacBean, U., Mubang, R. N., Wojda, T. R.,
et al. (2017). Temporal changes in hematologic markers after splenectomy,
splenic embolization, and observation for trauma. Eur. J. Trauma Emerg. Surg.
43, 399–409. doi: 10.1007/s00068-016-0679-0

Westerman, M., Pizzey, A., Hirschman, J., Cerino, M., Weil-Weiner, Y.,
Ramotar, P., et al. (2008). Microvesicles in haemoglobinopathies offer
insights into mechanisms of hypercoagulability, haemolysis and the effects
of therapy. Br. J. Haematol. 142, 126–135. doi: 10.1111/j.1365-2141.2008.
07155.x

Willekens, F. L., Bosch, F. H., Roerdinkholder-Stoelwinder, B., Groenen-Döpp,
Y. A., and Werre, J. M. (1997). Quantification of loss of haemoglobin
components from the circulating red blood cell in vivo. Eur. J. Haematol. 58,
246–250. doi: 10.1111/j.1600-0609.1997.tb01662.x

Willekens, F. L., Roerdinkholder-Stoelwinder, B., Groenen-Döpp, Y. A., Bos, H. J.,
Bosman, G. J., Van den Bos, A. G., et al. (2003). Hemoglobin loss from
erythrocytes in vivo results from spleen-facilitated vesiculation. Blood 101,
747–751. doi: 10.1182/blood-2002-02-0500

Willekens, F. L., Werre, J. M., Groenen-Döpp, Y. A., Roerdinkholder-
Stoelwinder, B., De Pauw, B., and Bosman, G. J. (2008). Erythrocyte
vesiculation: a self-protective mechanism? Br. J. Haematol. 141, 549–556. doi:
10.1111/j.1365-2141.2008.07055.x

Willekens, F. L., Werre J. M., Kruijt, J. K., Roerdinkholder-Stoelwinder, B.,
Groenen-Döpp, Y. A., van den Bos A. G., et al. (2005). Liver Kupffer
cells rapidly remove red blood cell-derived vesicles from the circulation
by scavenger receptors. Blood 105, 2141–2145. doi: 10.1182/blood-2004-04-
1578

Wither, M., Dzieciatkowska, M., Nemkov, T., Strop, P., D’Alessandro, A., and
Hansen, K. C. (2016). Hemoglobin oxidation at functional amino acid residues
during routine storage of red blood cells. Transfusion 56, 421–426. doi: 10.1111/
trf.13363

Zecher, D., Cumpelik, A., and Schifferli, J. A. (2014). Erythrocyte-derived
microvesicles amplify systemic inflammation by thrombin-dependent
activation of complement. Arterioscler. Thromb. Vasc. Biol. 34, 313–320.
doi: 10.1161/ATVBAHA.113.302378

Zhu, Q., Salehyar, S., Cabrales, P., and Asaro, R. J. (2017). Prospects for human
erythrocyte skeleton-bilayer dissociation during splenic flow. Biophys. J. 113,
900–912. doi: 10.1016/j.bpj.2017.05.052

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Leal, Adjobo-Hermans and Bosman. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Physiology | www.frontiersin.org 7 June 2018 | Volume 9 | Article 703

https://doi.org/10.1038/s41598-017-04388-z
https://doi.org/10.1016/j.freeradbiomed.2013.09.002
https://doi.org/10.1016/j.chom.2013.04.009
https://doi.org/10.1016/j.chom.2013.04.009
https://doi.org/10.3402/jev.v3.20795
https://doi.org/10.1016/j.transci.2015.10.012
https://doi.org/10.1016/j.transci.2015.10.012
https://doi.org/10.1083/jcb.201211138
https://doi.org/10.1111/trf.12008
https://doi.org/10.1111/trf.12008
https://doi.org/10.1189/jlb.0108013
https://doi.org/10.1189/jlb.0108013
https://doi.org/10.1182/blood.V97.4.1141
https://doi.org/10.1182/blood.V97.4.1141
https://doi.org/10.1111/j.1537-2995.2007.01549.x
https://doi.org/10.1111/j.1537-2995.2007.01549.x
https://doi.org/10.1103/PhysRevLett.98.018102
https://doi.org/10.1103/PhysRevLett.98.018102
https://doi.org/10.1182/blood-2004-02-0645
https://doi.org/10.1111/trf.13851
https://doi.org/10.1002/cbic.201700378
https://doi.org/10.3324/haematol.2009.008938
https://doi.org/10.1111/j.1538-7836.2012.04758.x
https://doi.org/10.1111/j.1423-0410.2006.00822.x
https://doi.org/10.1111/j.1423-0410.2006.00822.x
https://doi.org/10.1007/s00068-016-0679-0
https://doi.org/10.1111/j.1365-2141.2008.07155.x
https://doi.org/10.1111/j.1365-2141.2008.07155.x
https://doi.org/10.1111/j.1600-0609.1997.tb01662.x
https://doi.org/10.1182/blood-2002-02-0500
https://doi.org/10.1111/j.1365-2141.2008.07055.x
https://doi.org/10.1111/j.1365-2141.2008.07055.x
https://doi.org/10.1182/blood-2004-04-1578
https://doi.org/10.1182/blood-2004-04-1578
https://doi.org/10.1111/trf.13363
https://doi.org/10.1111/trf.13363
https://doi.org/10.1161/ATVBAHA.113.302378
https://doi.org/10.1016/j.bpj.2017.05.052
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/Physiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/Physiology#articles

	Red Blood Cell Homeostasis: Mechanisms and Effects of Microvesicle Generation in Health and Disease
	Introduction
	Microvesicles In Vivo
	The Involvement of Microvesicles in Coagulation and Inflammation
	The Role of the Spleen
	Microvesicles In Vitro
	Mechanisms of Vesiculation: Involvement of Lipids
	Mechanisms of Vesiculation: Comparison With Exosome Formation
	From Mechanism to Marker to Medicine
	Author Contributions
	Funding
	References


