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m Extracellular vesicles (EVs) are active components of red blood cell (RBC) concentrates and
may be associated with beneficial and adverse effects of transfusion. Elucidating controllable
* Whole-blood filtration
processing methods,
as well as some filter
types (inducing higher
residual platelets), in-
crease EVs in RBC
units.

factors associated with EV release in RBC products is thus important to better manage the
quality and properties of RBC units. Erythrocyte-derived EVs (EEVs) and platelet-derived EVs
(PEVs) were counted in 1226 RBC units (administered to 280 patients) using a standardized
cytometry-based method. EV size and CD47 and annexin V expression were also measured.
The effects of donor characteristics, processing methods, and storage duration on EV counts
were analyzed by using standard comparison tests, and analysis of covariance was used to
determine factors independently associated with EV counts. PEV as well as EEV counts were
higher in whole-blood-filtered RBC units compared with RBC-filtered units; PEV counts were
associated with filter type (higher with filters associated with higher residual platelets), and
CD47 expression was higher on EEVs in RBC units stored longer. Multivariate analysis
showed that EEV counts were strongly associated with filter type (P < .0001), preparation,
and storage time (+25.4 EEV/pL per day [P = .01] and +42.4 EEV/uL per day [P < .0001],
respectively). The only independent factor associated with PEV counts was the residual
platelet count in the unit (+67.1 PEV/uL; P < .0001). Overall, processing methods have an

* Storage time increases
EEVs and CD47
expression.

impact on EV counts and characteristics, leading to large variations in EV quantities
transfused into patients. RBC unit processing methods might be standardized to control the
EV content of RBC units if any impacts on patient outcomes can be confirmed. The IMIB
(Impact of Microparticles in Blood) study is ancillary to the French ABLE (Age of Transfused
Blood in Critically Il Adults) trial (ISRCTN44878718).

Introduction

Extracellular vesicles (EVs) are small vesicles released in vivo by cells and are present in most body
fluids. Their role in many biological processes, including cell-to-cell communication, is now widely
recognized. EVs include microvesicles (or microparticles), originating from the plasma membrane, and
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Table 1. Filters used for RBC unit preparation

Method Manufacturer Filter reference No. of pack Abbreviations

WBf Fenwal RZ-2000 320 Fe-WBf
Fresenius T2975 158 Fr-WBf
MacoPharma LXT 71 M-WBf

RBCf Fenwal OptiPure-RC 566 Fe-RBCf
MacoPharma LCRD2 111 M-RBCf

exosomes, which originate from the endosomal system. Erythro-
cytes release EVs during the storage of red blood cell (RBC) units
as a consequence of storage-related damage from the moment
blood components are separated and stored in nonphysiological
conditions (4°C, without agitation and gas exchange, and for
a maximum of 42 days in France).! During the first days of storage,
altered components resulting from oxidation are tolerated and
eliminated by the RBC proteasome. After prolonged storage,
however, the proteasome may become overloaded or inhibited, and
oxidized proteins accumulate on the intracellular side of the RBC
membrane, leading to lipid raft and cytoskeletal protein network
rearrangement, membrane asymmetry disruption, and, eventually,
hemolysis.2 These irreversible macromolecular modifications in-
duce aggregative properties and EV release, a physiological
response to stress, activation, or apoptosis.®

EVs are small components (from 0.1-1 wm in diameter) that can be
released by any cell type during activation or senescence and which
carry antigens of their parent cells. During the blebbing that
precedes EV formation, phospholipids are externalized onto the
outer leaflet of the cell membrane. Hence, EVs are enriched in
negatively charged phospholipids involved in the coagulation
pathway, giving the highly procoagulant properties of EVs.*
Accordingly, EVs can initiate thrombin generation and clot
propagation but also activate fibrinolysis by providing a catalytic
surface for plasmin generation.® EVs have also been associated
with malignant proliferation by affecting the expression of genes
involved in tumor invasion, © although these results have yet to be
confirmed.

Moreover, by their interaction with leukocytes, EVs can modulate
immune responses, with very different effects depending on the
context: pro-inflammatory cytokine secretion, immune cell activa-
tion, or proliferation,7 but, conversely, reduction of macrophage
activity® or B-cell activation and inhibition of lymphocyte proliferation.
Indeed, EVs are involved in transfusion-related immunomodulation
events, although there is some controversy in this area.®'°

Based mostly on murine and in vitro models, it is also argued that
EVs could be involved in various adverse transfusion events,'" such
as antibody-independent transfusion acute lung injury," by activat-
ing neutrophils via FcR binding'® or by inducing pro-inflammatory
cytokine release by endothelial cells and monocytes.'

Thus, determining the factors affecting the production of EVs in
RBC units seems highly relevant. Storage duration is known to lead
to EV production,’® and donor characteristics as well as prepara-
tion methods could also affect EV production.'®'?

A key step in RBC unit preparation is the leukoreduction step,
occurring before (whole-blood filtiration [WBH]) or after RBC (RBC
filtration [RBCf]) separation by centrifugation and decantation.
Previous studies have shown that hemolysis and EV amount or size
may vary depending on the filtration process used.'®'®

The aim of the current study was to determine parameters that
influence the extent of platelet-derived EV (PEV) and erythrocyte-
derived EV (EEV) production in RBC units transfused into patients
included in the IMIB (Impact of Microparticles in Blood) study,
ancillary to the French ABLE (Age of Transfused Blood in Critically
Il Adults) trial.

Materials, patients, and methods

IMIB study

IMIB is an ancillary study of the ABLE trial that evaluated the impact
of RBC storage on survival in patients from intensive care units.'®
Overall, 287 patients from 10 French university hospitals (Besan-
¢on, Clermont-Ferrand, Dijon, Lille, Nancy, Nimes, Paris Bichat,
Paris St Antoine, Reims, and Strasbourg) were enrolled in the ABLE
trial. The objective of the IMIB study was to evaluate donor and
production parameters affecting EV numbers and characteristics in
RBC units.

RBC unit processing and sample collection

RBC units were prepared by 7 regional Etablissement Frangais du
Sang (EFS) branches located in Besangon (BES), Clermont-
Ferrand, Nancy, Strasbourg, the Paris metropolitan area, Lille, and
Nimes. RBC units were prepared from whole blood collected into
citrate-phosphate-dextrose anticoagulant and leukoreduced using
either filtration before (WBf) or after (RBCf) RBC separation.
Processing methods and filters used for leukoreduction are outlined
(supplemental Figure 1; Table 1). All RBC units were stored at 1°C
to 6°C for a maximum of 42 days.

EFS Besangon/UMR1098
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Figure 1. RBC unit (RBCu) course stages and associated studied parameters. ICU, intensive care unit.
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Figure 2. EV quantification and composition per RBC unit. (A) Sum of PEVs and EEVs, CD31*% 41" PEVs, and CD47" GPA™ EEVs per unit (red circle). (B) Proportion
of PEVs and EEVs per RBC unit. (C) Proportion of annexin V—positive (A5*) EVs in sum of EVs, PEVs, and EEVs per unit. (D) Proportion of small EVs in sum of EVs, PEVs,
and EEVs per unit. For all panels, each horizontal bar reports the mean, and each vertical bar, the SD.

All preparation steps were traced in the EFS information system and
database (Inlog, Haemonetics, Lyon, France). The following data
were collected for each RBC unit: preparation center, storage
duration (days), volume (milliliters), time to processing (the time
between whole blood donation and the beginning of processing,
in hours), preparation method (RBCf or WB), and data from the
donor (age, sex, blood group, and complete blood cell count
[CBC]) (Figure 1).

After RBC transfusion, empty blood bags were sent to the local EFS
within 5 hours and stored at 4°C. The time from transfusion to
storage at 4°C was recorded as “time at room temperature.” The
bag was then kept at 4°C and sent to the laboratory for analysis

(UMR1098, EFS BES). Duration of 4°C preservation before sample
preparation was recorded as “time at 4°C.” A total of 1577 RBC
units were collected, and 347 were excluded for lack of sufficient
material for analysis and 3 because they were the only ones
donated after apheresis. A single unit processed in a separate Paris
processing center was also excluded (supplemental Figure 2).

The remainder of the RBC unit was collected (tubing containing the
few residual milliliters of the RBC unit). A CBC count was
performed by using an XE-2100 automated analyzer (Sysmex
Corporation, Kobe, Japan) to quantify leukocytes, RBC, hemoglo-
bin, hematocrit, and platelet count. Microparticle supernatants were
prepared from each RBC unit as previously described,?® following

Table 2. EV quantification in RBC unit and proportion of subpopulations of interest

Sum of EVs PEVs EEVs
Variable Count/pL % small % A5+ % PEV % EEV Count/pL % small % A5+ Count/pL % small % A5*
Mean 1334 55 80 17 83 668 64 56 657 592 85
SD 3766 16.8 20 27 27 3331 29 28 1306 15 15
Median 383 67 88 4 96 13 67 51 335 54 91
Q1-Q38 174-827 46-64 73-94 1-16 84-99 15036 48-88 35-75 148-670 43-62 79-95
Minimum-maximum 6-51124 11-99 6-100 0-100 0-100 0-50933 0-100 0-100 3-18737 4-100 16-100

EVs = sum of PEVs and EEVs. Proportion of annexin V—positive (A5*) and small (0.3-0.5 um) EVs in sum of EVs (= PEVs + EEVs), PEVs and EEVs are presented. Q1-Q3, 1st and 3rd

quartile of the distribution.
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Figure 3. Processing centers and filtration systems used. (A) Proportion of RBC units according to processing center. (B) Proportion of RBC units according to the filter

used in each processing center. BFC, Bourgognne Franche Comté; CFD, Clermont-Ferrand; Fe, Fenwal; Fr, Fresenius; IDF, lle de France; LIL, Lille; M, MacoPharma; NAN,
Nancy; NDF, Nord de France; NIM, Nimes; PAR, the Paris metropolitan area; STR, Strasbourg.

International Society of Thrombosis and Hemostasis recommenda-
tions (ie, using double centrifugation at 2500g for 15 minutes and
stored at —80°C until EV quantification).

EV quantification

EV quantification was performed as previously described.?® Briefly,
frozen microparticle supernatants were rapidly thawed for 1 minute
at 37°C and stained with annexin-V-FITC (ApoScreen Annexin V,
Southern Biotech, Birmingham, AL), CD31-PE (1F11, Beckman Coulter
Immunotech, Fullerton, CA), and CD41-PC7 (P2, Beckman Coulter
Immunotech) for PEV identification, and annexin-V-FITC, Glycophorin
A-PC7 (KC16, Beckman Coulter Inmunotech), and CD47-PE (B6H12,
BD Pharmingen, Le Pont de Claix, France) for EEV identification. The
sum of EVs was defined as the sum of GPA™ CD47" EEVs and
CD31" CD41" PEVs (supplemental Figure 3). Others EVs potentially
present in small quantities in the RBCs are not assessed.

CytoCount beads (DakoCytomation, Trappes, France) were added,
following distributor recommendations to calculate EV concentra-
tion per microliter. Cytometer calibration of size ranges was
performed by using calibrated beads (Megamix-Plus FSC, Bio-
Cytex, Marseille, France),2%" allowing the definition of 2 standard-
ized size ranges of EVs, namely large EVs (0.5-0.9 wm) and small
EVs (0.30-0.5 pm). Titration of antibodies was performed on healthy
donor plasma supernatants before each phenotyping.

Statistical analysis

Total EV counts, EV counts by origin (PEV and EEV), and other
characteristics (small and large EVs, phosphatidylserine [PS]
expression), were described by using summary statistics.

To study the impact of processing methods on the EV count, all
the following analyses were performed on RBC units prepared at
a single center (BES). EV counts were described according to the
filtration method (WBf vs RBCH), filter type, and preparation time
(<10 hours [or day 1 (D1)] vs 10-24 hours [or day 2 (D2)]). Groups
were compared by using Student ¢ tests or analysis of variance.

Platelet concentration and PEV counts were described according
to filter type. The association between PEV count and residual
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platelet was explored by using linear regression. PEV and EEV
counts, the relative proportion of small, CD47"sh  and annexin
V-positive (A5™) EEV or PEV were described according to storage
time (in days and with the following categories: 1-7 days, 8-21 days,
and =22 days). P values for trend were obtained from linear regression
analysis and analysis of variance comparisons. PEV and EEV counts
were compared according to donor ABO blood group and sex using
analysis of variance, and age using Spearman correlation.

Finally, linear regression models were built with the total EV, PEV,
and EEV counts as explained variables and the studied factors as
covariates: donor factors (sex, age, ABO blood group and rhesus
factor, and CBC count), processing factors (filter type and
preparation time), and product factors (volume, storage time,
residual erythrocytes, and residual platelets). Multivariate models
were selected by using a stepwise method with selection and
exclusion thresholds of P = .2 and P = .05, respectively. Interaction
terms tested were: donor blood group and storage time, product
platelet count, and filter type.

Results

A large disparity in EV concentrations exists between
RBC units at issuance

After elimination of nonconsenting patients and noncompliant units,
EVs were quantified in 1226 RBC units (supplemental Figure 2).
We found high variability between units (Figure 2): a mean of
1334 EVs/pL was quantified, ranging from 6 to 51 124/pL with
a standard deviation (SD) of 3766 EVs/pL (Table 1). This
variability was mainly driven by PEVs, whereas EEVs exhibited
less variability ([minimum-maximum] = SD = [3-18 731] = 1306)
and was not related to the transport parameters (time at room
temperature and time at 4°C; P = NS) (data not shown). The
average proportion of EEVs per unit was 83% of the summed
PMPs and EEVs, and it was also highly variable (Table 2). Of note
is that the PEV burden in two-thirds of the units was <10% of the
total EVs in the unit.

The proportions of small and large EVs in RBC units were
assessed: on average, 64% of PEVs and 52% of EEVs were small.

10 NOVEMBER 2020 - VOLUME 4, NUMBER 21 & blood advances
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Figure 4. EV concentration according to preparation parameters in RBC units prepared at the BES (n = 648). (A) PEV and EEV counts according to filtration
method. (B) PEV and EEV counts according to leukoreduction filter. White bars indicate WBF units, and gray bars indicate RBCf units. (C) PEV and EEV counts according to
time for preparation, calculated as hours elapsed between blood donation and RBC unit preparation. Mean concentrations are shown for units prepared on the day of donation
(D1, green bar) and for units prepared the day after donation (D2, purple bar). ***P < .0001, **P < .001, and *P < .05 according to Student ¢ test. For all panels, each

horizontal bar reports the mean, and each vertical bar represents the SD.

Annexin V—positive EVs represented 85% of EEVs ([16-100] *+ 15)
and 56% of PEVs ([0-100] + 28). On average, 78% of EEVs were
CD47"e" (gating strategy is presented in supplemental Figure 3).

Processing methods affect EV counts in RBC units
at issuance

The RBC units included in the study were prepared at 7 different
centers, with the majority processed at BES (Figure 3A). Although
the specifications of RBC products are standardized in France,

€ blood advances 1o NovEMBER 2020 - vOLUME 4, NUMBER 21

processing methods are not: RBCf is used for 20% to 100% of
units prepared, depending on the processing center. Filters used
for leukoreduction and time to processing may also vary between
centers (Figure 3B). Thus, because the BES center used both
filtration methods and all the filter types, we focused on it for the
analysis of the impact of preparation methods. Because STR used
a unique method of filtration and one filter, units prepared in the STR
center were used to analyze the influence of donor characteristics
on EV counts.
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Regarding the impact of manufacturing processes on EV release
(n = 648), WBFf units showed higher PEV and EEV concentrations
than RBCf units (1210 = 4314 vs 25 = 160 PEV/uL [P < .0001]
and 724 = 1501 vs 422 = 494 EEV/pL [P = .0013], respectively)
(Figure 4A). In light of these differences, the influence of the filters
used for leukoreduction (Fresenius [Fr]-WBf, Fenwal [Fe]-WBf, and
MacoPharma [M]-WBf for WBf; Fe-RBCf and M-RBCf for RBCf)
on EV content at issuance was examined. Units leukoreduced with
the Fr-WB filter contained the highest number of PEVs (Figure 4B):
4555 + 7608 PEVs/pL on average for Fr-WBf vs 16 = 10/pL for
M-RBCf; 73 + 398/pL for Fe-WBf; 25 + 165/p.L for Fe-RBCf; and
34 = 216/pL for M-RBCH. Regarding EEVs, differences were less
obvious: units filtered using Fr-WBf and M-RBCf contained more
EEVs (1096 + 2486/pL and 1098 * 1437/pL) than others (477 +
709/p.L for Fe-WBf, 439 =+ 501/pL for Fe-RBCf, and 129 = 180/uL
for M-RBCH).

According to time until processing, PEV and EEV numbers
were increased in RBCs prepared the day after blood collection

5532 GAMONET et al

(D2, n = 321) compared with units prepared the same day
(D1, n = 327), from 63 to 1366/uL (P < .0001) for PEVs and
277 to 336/pL for EEVs (P < .001) (Figure 4C). Because there
was a nonrandom use of filters in relation to day of preparation (in
the BES center, 75% of Fr-WBf-filtered units are prepared on
D2, whereas 91% of Fe-WBffiltered units are prepared on D1),
we completed the analysis focusing on the clermont ferrand
center preparation center, which filtered using Fr-WBf on D1
(hn = 20) and D2 (n = 25). We confirmed a statistically
significantly higher level of PEVs in units prepared on D2
compared with D1 (7422 = 11370 on D2 vs 1781 = 4260 on
D1; P = .034) (data not shown) but found no statistically
significant difference in EEVs.

Impact of residual platelets on PEV concentration

Considering the filters’ impact on PEV numbers, the potential
role of residual platelets in RBC units was investigated. Units
filtered by Fr-WBf had a higher residual platelet count compared

10 NOVEMBER 2020 - VOLUME 4, NUMBER 21 & blood advances
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with other filter types (mean of 63 X 10°/L for Fr-WBf-filtered
units vs <2 X 10%/L for others; P < .0001) (Figure 5A). This
observation may partly explain the higher PEV quantity in these
units, because PEV concentration was correlated with residual
platelets (Figure 5B). In addition, focusing on units with very low
residual platelet levels (<5 X 10%/L), units filtered by using Fr-
WBf (160 = 171 PEVs/pL) and Fe-WBf (75 + 413 PEVs/pl)
had higher PEV levels compared with units filtered with any of
the other 3: M-WBf, 16 = 10 PEVs/plL; Fe-RBCf, 21 = 159
PEVs/pL; and M-RBCf, 34 = 34 PEVs/pL (Figure 5C). These
findings indicate a filter effect independent of the residual
platelet content.

Donor characteristics affect the EV concentration in
RBC units

Donor information was cross-referenced with EV quantifications
for units prepared in the STR center to overcome the variability
related to the preparation process, as only 1 Fe filter (fenwall)
was used in this center. In this subcohort (n = 264), PEV
concentration was lower in units donated by type B donors
(mean of 6 = 8 PEVs/pL, n = 20) compared with type A (24 +
147 PEVs/pL, P = .0014, n = 113), O (20 = 114 PEVs/pL,
P =.0001,n = 109), and AB (12 * 43 PEVs/pL, P = .0007,
n = 22) donors. It is noteworthy that these differences are
not explained by differences in platelet levels in these units
(data not shown). In parallel, EEV concentration was higher in
units from type B donors (mean of 1503 * 4230 EEVs/uL)
compared with type A (417 + 544 EEVs/pL, P = .0011) and O
(484 = 743 EEVs/uL, P = .0001) donors. The same trend was
observed with AB donors (487 = 375 EEVs/ulL) but did not
reach significance (Figure 6A). No differences were observed
between units from male and female donors (Figure 6B) or when
considering donor age (Figure 6C), even within each sex (data
not shown).

With regard to donor CBC, erythrocyte counts as well as
hematocrit and hemoglobin levels were correlated with the
EEV count (P <.0001, P <.0001, and P = .002, respectively)
(Figure 6D). These results were also confirmed by using
amultivariate model performed with data from units prepared in
the BES center, in which the EEV level is explained by donor
erythrocyte counts. PEV concentration was not correlated with
any CBC parameter.

EEV but not PEV count increases with RBC
unit storage

Because EV release is part of the storage lesion, we analyzed EEV
and PEV counts according to unit “age” (time of conservation from
processing to transfusion, in days) in the BES center (n = 648). We
grouped fresh (stored <7 days), intermediate (stored from 8-21
days), and old (stored >28 days) units. PEV counts remained
constant in the 3 age groups, but EEVs increased from 327 =+
882 EEVs/pL for fresh units to 1413 = 2009 EEVs/uL in older

units, a fold change of 4.3 (P < .0001) (Figure 7A), with
a statistically significant linear trend (P < .0001) as confirmed by
its analysis as a continuous variable (Figure 7B). Similar results
were observed in other centers and when all RBC units were
analyzed (data not shown).

Size repartition of EEVs as well as CD47 and PS expression by
EEVs were assessed and compared in fresh, intermediate, and
old units. The proportions of small EEVs and PS-positive EEVs
remained constant, whereas the proportion of EEVs strongly
expressing CD47 was higher in older units (92%) than in fresh
units (87%; P < .0001) (Figure 7C). To verify these trends, the
percentages of small, CD47"9", and PS-positive EEVs were
regressed against unit age for each RBC unit. This showed that
unit age was positively correlated with the proportion of
CD47"e" EEVs (P < .0001) but not with PS-positive EEVs
(P = .893) or small EEVs (P = .229) (Figure 7D-F).

Multivariate analysis

In an attempt to identify parameters that influence EV counts
in RBC units independently of other measured variables,
a multivariate linear regression analysis was performed for units
prepared at BES (Table 3). Residual platelets in units were
positively associated with PEV counts (P < .0001). When Fr-
WBf-filtered units were removed from the analysis, residual
platelets no longer explained PEV counts, suggesting that
residual platelet count is strongly correlated with this filter, as
previously shown in Figure 5.

For EEVs, 3 parameters affect their abundance: storage duration
(P < .0001), time to RBC unit processing (P = .0001), and donor
erythrocyte count (P = .02).

Focusing on subtypes of EV (size, PS, and CD47 expression) and
preparation methods, we showed that these subpopulations are
mostly affected in the same way as the total population, with the
exception of small EEVs, which are not affected by the duration of
preparation, unlike the total EEV population.

Discussion

Using data generated with a robust and standardized method of
EV quantification,® our study confirms that EV levels in RBC
units are affected by preparation parameters at various stages,
from blood donation to unit storage. The preparation method
is a source of stress for cells, and a key step in RBC unit
preparation is leukoreduction, occurring before or after RBC
separation by centrifugation and decantation. We highlight the
high impact of this step, with lower EV levels after RBCf than
after WBf. This effect is mainly driven for PEVs by the Fr-WBf
filter, which contrary to other filter types allows a considerable
quantity of residual platelets to remain after leukoreduction,
leading to greater PEV release. For EEVs, the predominant EVs
in RBC units, RBCf units also contain fewer EEVs than WBf
units (regardless of the erythrocyte counts in the 2 groups)

Figure 6. EV concentrations according to blood donor characteristics in RBC units prepared at the Strasbourg center (n = 264). (A) PEV and EEV counts
according to donor blood group. Mean and SD are presented. ***P < 0.0001, **P < 0.001, with Mann-Whitney U test. A group = 113 units; B = 20; O = 110; AB = 22.
(B) PEV and EEV counts according to donor sex. Mean and SD are presented. The Student ¢ test was not significant (NS). Female (F) donors, n = 108. Male (M) donors,

n = 156 units. (C) PEV and EEV counts according to donor age and sex. (D) EEV counts according to donor erythrocyte count.
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Figure 7. EEV counts during RBC unit (RBCu) storage at 4°C. (A) Mean PEV and EEV concentrations are compared between RBCu prepared in the Bourgogne Franche-
Comté center and stored <7 days (red bars, n = 351), between 8 and 21 days (blue bars, n = 192), and >21 days (green bars, n = 105). (B) PEV and EEV concentrations
according to days of storage. (C) EEV size and phenotype are compared in RBCu prepared at the Bourgogne Franche-Comté center and stored <7 days, between 8 and 21
days, and >21 days. Mean repartition of small (0.3-0.5 um, pink bars) and large (0.5-0.9 um, red bars), high (CD47"", light blue bars) and low (CD47"°", blue bars) CD47
expression, and PS positive (annexin V—positive [A57], light green bars) and negative (A5—, green bars) EEVs are presented. Percentages of small, CD47"9" and A5* EEVs
are noted. (D) Percentage of CD47"9" expressing EEVs among total EEVs, according to storage duration for each RBCu. Pearson correlation is significant, P < .0001;

r = 0.2545. (E) Percentage of small EEV among total EEVs according to storage duration for each RBCu. Pearson correlation is nonsignificant, P = .9182; r = 0.004. (F)
Percentage of A5™ EEVs among total EEVs according to storage duration for each RBCu. Pearson correlation is nonsignificant (NS), P = .8928; r = —0.001. ***P < .0001
according to Student t test.

indicating that RBCf (meaning filtration of RBCs after de-
cantation) has less of an impact on EV release than WBHf.
Preparation duration, the time between blood donation and unit
preparation, also seemed to affect EV levels in our study,
particularly for WBf units; however, this result was strongly

€ blood advances 1o NovEMBER 2020 - vOLUME 4, NUMBER 21

influenced by the nonrandom use of filters for leukoreduction
and must be confirmed. Our findings are consistent with
physical and biochemical analyses performed by others and
summarized by Ning et al,>2 showing differences in the amount
or size of released EVs,'®'® hemolysis levels, and deformability
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of erythrocytes (and other parameters) according to the
processing method used.

The current study also confirmed an increase in EEV levels
during RBC unit storage, verifying that EV release is part of the
storage lesion caused by oxidative stress®® or adenosine
triphosphate decrease.?* The increase seems progressive,
extending from the first to the last week of storage, meaning
that EV release is permanent. Overall, the increase of 46 EEVs/
pL per storage day in an entire unit of 280 mL would, on average,
lead to an increase of 12.8 million EEVs per unit each storage
day, highlighting the relevance of a comprehensive analysis of
the clinical impact of these transfused EVs. Interestingly, the
proportion of EEVs strongly expressing CD47 increased over
storage time. CD47 is a key regulator of RBC homeostasis,
preventing phagocytosis by macrophages. It is lost over the RBC
life cycle, to favor senescent cell uptake.?®2® Because EVs
enable RBC to shed undesirable, altered, or harmful material,?”
more in-depth studies are needed to determine if the CD47
increase on EV is an indication of physiological RBC senescence
or a sign of stress, and to evaluate clinical outcomes in recipients
of the combination of RBC that have lost CD47 and CD47"o"
EVs.

Studies have suggested effects of donor age and sex on the
recovery and biochemistry of RBCs,?® as well as on transfu-
sion outcomes,?®29 although these results are the subject of
debate.®® Our data did not reveal any significant differences
in EV counts dependent on age or sex, suggesting that if
the impact of age and sex on transfusion outcomes is real, it is
unlikely to be mediated by EV concentrations. We found
differences in PEV and EEV concentrations across donor
ABO groups. In multivariate analysis, differences in EEV levels
seemed to be explained by differing effects of storage in
the various blood groups, with B and AB donor units appearing
to be most affected by storage. This tentative finding may
need to be confirmed in a larger cohort, because for this
analysis, we focused on only 264 RBC units, and many other
factors may be implicated in EV variation (genetic profiles,
obesity,®" metabolic syndrome,®? activity levels, or other unexplored
factors).3®

Our study has several limitations. Flow cytometry is a low-cost
analysis method, and although highly reproducible,?® it does
not detect very small EVs (<0.3um) and likely underestimated
EV quantities. Moreover, our method did not encompass
leukocyte-derived, endothelial-derived, or uncharacterized EVs in
packed RBCs.

Advances in biological knowledge about EVs and parameters that
induce their generation in packed RBC units should improve
bioclinical approaches to personalized transfusion. The procoa-
gulant properties of a transfusion product may be desirable in
cases of massive hemorrhage but not in patients with high
cardiovascular risk. EVs are likely to be involved in transfusion-
related immunomodulation, and their potential proliferative effects
on tumors might be considered for patients with cancer. Beyond
these considerations, the origin, number, and activities of EVs
might be taken into account in transfusion products. Our work

€ blood advances 1o NovEMBER 2020 - vOLUME 4, NUMBER 21

provides information on how to reduce and measure micro-
particles in blood products.

In conclusion, our study found that donor factors, processing
methods, and storage duration contribute to EV variations in
RBC units, leading to large variations in EV quantities received by
patients. The respective contributions of these parameters
seem to differ for PEVs and EEVs. Some of these factors may
be easily standardized in future transfusion practice. Under-
standing the relationship between these factors and EV content
and composition in transfusion products might be relevant in
clinical practice, as transfused EVs may be deleterious or
beneficial for patients, depending on the clinical context. The
possibility of determining the precise profile of EVs in blood
products opens a path to a more personalized transfusion
medicine in which the properties of the products transfused are
precisely matched to patient needs.

Acknowledgments

The authors thank all members of the preparation and distribution
service of the EFS Bourgogne Franche-Comté, EFS Auvergne
Rhone-Alpes, EFS Grand-Est, EFS Hauts de France/Normandie,
EFS Occitanie Pyrénées/Méditerrannée, EFS Provence—Alpes
Cote d'Azur/Corse, and EFS lle de France, as well as F. Schillinger,
the technicians from the cytology laboratory, and the Plateforme de
Biomonitoring (EFS Bourgogne Franche-Comté) for their valuable
collaboration. The authors also thank Franck Leroux, Lucie
Vettoretti, Laurent Sanseigne, Jean Pierre Bequart, Pascale LeNet,
Mohamed Slimane, and Sophie Depierre for their help in
collecting data.

This work was supported by grants from the Programme
Hospitalier de Recherche Clinique 2013 (PHRCN13299328N)
and EFS National 2011 (2011-11).

Authorship

Contribution: C.G., S.B., and S.A. performed laboratory inves-
tigations and collected data; C.L.,A.F.,E.R,,F.B. L.B., C.N.,and N.M.
collected RBC units; C.G., M.D., G.M,, D.B., and C.V. designed the
statistical analysis and interpreted data; F.G.-O., G.C., and J.L.
designed the study; M.D., C.G., and F.G.-O. wrote the manuscript
with the help of FAD., P.S, PM, P.T,, and JL.; and all authors
reviewed and approved the manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.

ORCID profiles: M.D., 0000-0002-3801-5297; G.M., 0000-
0002-9772-9898; F.B., 0000-0002-7424-429X; P.S., 0000-0002-
8857-9939; P.T., 0000-0002-9310-8322.

Correspondence: Francine Garnache-Ottou, University Bour-
gogne Franche-Comté, INSERM, Etablissement Francgais du
sang Bourgogne Franche Comté, Unité Mixte de Recherche
1098, Interactions Hote-Greffon-Tumeur, Ingénierie Cellulaire et
Génique, 8 rue Dr JFX Girod, 25000 Besangon, France; e-mail:
francine.garnache@efs.sante.fr.

EXTRACELLULAR VESICLE COUNTS IN RBC UNITS 5537


https://orcid.org/0000-0002-3801-5297
https://orcid.org/0000-0002-9772-9898
https://orcid.org/0000-0002-9772-9898
https://orcid.org/0000-0002-7424-429X
https://orcid.org/0000-0002-8857-9939
https://orcid.org/0000-0002-8857-9939
https://orcid.org/0000-0002-9310-8322
mailto:francine.garnache@efs.sante.fr

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,
25.

26.
27.

28.

Prudent M, Tissot JD, Lion N. In vitro assays and clinical trials in red blood cell aging: lost in translation. Transfus Apher Sci. 2015;52(3):
270-276.

Bordbar A, Johansson PI, Paglia G, et al. Identified metabolic signature for assessing red blood cell unit quality is associated with endothelial damage
markers and clinical outcomes. Transfusion. 2016;56(4):852-862.

Burnouf T, Chou ML, Goubran H, Cognasse F, Garraud O, Seghatchian J. An overview of the role of microparticles/microvesicles in blood components:
are they clinically beneficial or harmful? Transfus Apheresis Sci. 2015;53(2):137-145.

Sinauridze El, Kireev DA, Popenko NY, et al. Platelet microparticle membranes have 50- to 100-fold higher specific procoagulant activity than activated
platelets. Thromb Haemost. 2007;97(3):425-434.

Vallier L, Cointe S, Lacroix R, et al. Microparticles and fibrinolysis. Semin Thromb Hemost. 2017;43(2):129-134.

Taheri B, Soleimani M, Aval SF, Memari F, Zarghami N. C6 glioma-derived microvesicles stimulate the proliferative and metastatic gene expression of
normal astrocytes. Neurosci Lett. 2018;685:173-178.

Danesh A, Inglis HC, Jackman RP, et al. Exosomes from red blood cell units bind to monocytes and induce proinflammatory cytokines, boosting T-cell
responses in vitro. Blood. 2014;123(5):687-696.

Sadallah S, Eken C, Martin PJ, Schifferli JA. Microparticles (ectosomes) shed by stored human platelets downregulate macrophages and modify the
development of dendritic cells. J Immunol. 2011;186(11):6543-6552.

Remy KE, Hall MW, Cholette J, et al. Pediatric Critical Care Blood Research Network (Blood Net). Mechanisms of red blood cell transfusion-related
immunomodulation. Transfusion. 2018;58(3):804-815.

Goubran H, Sheridan D, Radosevic J, Burnouf T, Seghatchian J. Transfusion-related immunomodulation and cancer. Transfus Apheresis Sci. 2017,
56(3):336-340.

Kim Y, Xia BT, Jung AD, et al. Microparticles from stored red blood cells promote a hypercoagulable state in a murine model of transfusion. Surgery.
2018;163(2):423-429.

Peters AL, van Hezel ME, Juffermans NP, Vlaar AP. Pathogenesis of non-antibody mediated transfusion-related acute lung injury from bench to bedside.
Blood Rev. 2015;29(1):61-61.

Bosman GJ, Lasonder E, Luten M, et al. The proteome of red cell membranes and vesicles during storage in blood bank conditions. Transfusion. 2008;
48(5):827-835.

Morel O, Morel N, Jesel L, Freyssinet JM, Toti F. Microparticles: a critical component in the nexus between inflammation, immunity, and thrombosis. Semin
Immunopathol. 2011;33(5):469-486.

Bakkour S, Acker JP, Chafets DM, et al. Manufacturing method affects mitochondrial DNA release and extracellular vesicle composition in stored red
blood cells. Vox Sang. 2016;111(1):22-32.

Jordan A, Chen D, Yi QL, Kanias T, Gladwin MT, Acker JP. Assessing the influence of component processing and donor characteristics on quality of red
cell concentrates using quality control data. Vox Sang. 2016;111(1):8-15.

Heddle NM, Arnold DM, Acker JP, et al. Red blood cell processing methods and in-hospital mortality: a transfusion registry cohort study. Lancet
Haematol. 2016;3(5):e246-254.

Bicalho B, Pereira AS, Acker JP. Buffy coat (top/bottom)- and whole-blood filtration (top/top)-produced red cell concentrates differ in size of extracellular
vesicles. Vox Sang. 2015;109(3):214-220.

Lacroix J, Hébert PC, Fergusson DA, et al; Canadian Critical Care Trials Group. Age of transfused blood in critically ill adults. N Engl J Med. 2015;
372(15):1410-1418.

Gamonet C, Mourey G, Aupet S, et al. How to quantify microparticles in RBCs? A validated flow cytometry method allows the detection of an increase in
microparticles during storage. Transfusion. 2017;57(3):504-516.

Tumahai P, Saas P, Ricouard F, et al. Vitreous microparticle shedding in retinal detachment: a prospective comparative study. Invest Ophthalmol Vis Sci.
2016;57(1):40-46.

Ning S, Heddle NM, Acker JP. Exploring donor and product factors and their impact on red cell post-transfusion outcomes. Transfus Med Rev. 2018;
32(1):28-35.

D'Amici GM, Rinalducci S, Zolla L. Proteomic analysis of RBC membrane protein degradation during blood storage. J Proteome Res. 2007;6(8):
3242-3255.

Tissot JD, Bardyn M, Sonego G, Abonnenc M, Prudent M. The storage lesions: from past to future. Transfus Clin Biol. 2017;24(3):277-284.

Burger P, Hilarius-Stokman P, de Korte D, van den Berg TK, van Bruggen R. CD47 functions as a molecular switch for erythrocyte phagocytosis. Blood.
2012;119(23):5512-5521.

van den Berg TK, van Bruggen R. Loss of CD47 makes dendritic cells see red. Immunity. 2015;43(4):622-624.

Kriebardis AG, Antonelou MH, Stamoulis KE, Economou-Petersen E, Margaritis LH, Papassideri IS. RBC-derived vesicles during storage: ultrastructure,
protein composition, oxidation, and signaling components. Transfusion. 2008;48(9):1943-1953.

Tzounakas VL, Georgatzakou HT, Kriebardis AG, et al. Donor variation effect on red blood cell storage lesion: a multivariable, yet consistent, story.
Transfusion. 2016;56(6):1274-1286.

5538 GAMONET et al 10 NOVEMBER 2020 - VOLUME 4, NUMBER 21 & blood advances



290.

30.

31.

32.

33.

Desmarets M, Bardiaux L, Benzenine E, et al. Effect of storage time and donor sex of transfused red blood cells on 1-year survival in patients undergoing
cardiac surgery: an observational study. Transfusion. 2016;56(5):1213-1222.

Edgren G, Ullum H, Rostgaard K, et al. Association of donor age and sex with survival of patients receiving transfusions. JAMA Intern Med. 2017;177(6):
854-860.

Stepanian A, Bourguignat L, Hennou S, et al. Microparticle increase in severe obesity: not related to metabolic syndrome and unchanged after massive
weight loss. Obesity (Silver Spring). 2013;21(11):2236-2243.

Zahran AM, Sayed SK, Abd El Hafeez HA, Khalifa WA, Mohamed NA, Hetta HF. Circulating microparticle subpopulation in metabolic syndrome: relation
to oxidative stress and coagulation markers. Diabetes Metab Syndr Obes. 2019;12:485-493.

Noulsri E, Palasuwan A. Effects of donor age, donor sex, blood-component processing, and storage on cell-derived microparticle concentrations in
routine blood-component preparation. Transfus Apheresis Sci. 2018;57(4):587-592.

€ blood advances 1o NovEMBER 2020 - vOLUME 4, NUMBER 21 EXTRACELLULAR VESICLE COUNTS IN RBC UNITS 5539



