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Abstract

Introduction: Red blood cell (RBC) transfusion may affect the
recipient immune system. During RBC storage in an unphysi-
ological environment, RBC quality and function are impaired,
the cells bleb extracellular vesicles (EVs), and other bioactive
substances accumulate in the storage medium. EVs can carry
reactive biomolecules and mediate cell-cell interactions.
Thus, EVs could explain RBC transfusion related immunomod-
ulation, particularly after prolonged storage. Methods: We
exposed peripheral blood mononuclear cells (PBMCs) to al-
logeneic RBC supernatant (SN) and EVs from fresh and longer-
stored RBC units, diluted plasma, and storage solution SAGM,
and studied activation and proliferation of T-cells by flow cy-
tometry, and cytokine secretion of LPS-stimulated PBMCs by
enzyme-linked immunosorbent assay (ELISA). Results: Both
fresh and longer-stored RBC SN but not EVs induced immu-
nomodaulation in recipient cells. RBC SN and diluted plasma
augmented the proliferation of particularly CD8* T-cells in a
4-day proliferation assay. T-cell activation by SN was evident
already after 5 h as shown by upregulation of CD69. SN sup-
pressed monocyte TNF-a and increased IL-10 secretion while
diluted plasma increased secretion of both cytokines. Conclu-
sion: This in vitro study demonstrates that stored RBC SN will
have mixed immunomodulatory effects depending on re-
sponder cells and conditions, independent of RBC storage
age. Fresh RBCs containing relatively few EVs can induce im-
mune responses. Residual plasma in the products may con-

tribute to these effects. © 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Stored red blood cells (RBCs) may affect the immune
system, referred as transfusion-related immunomodula-
tion (TRIM) [1, 2]. Studies have demonstrated the immu-
nomodulatory effects of stored RBCs in vitro. Depending
on assay conditions and cells, these effects can be immu-
nosuppressive [3, 4] or proinflammatory [5-9].

RBCs are stored up to 35-42 days at 5°C. RBC storage
lesions are well documented in laboratory settings [10],
and observational clinical studies suggest that transfusing
longer-stored RBCs could be harmful, especially for the
critically ill patients [11, 12]. Randomized clinical trials
have demonstrated, however, that the freshest RBCs are
not superior to standard-time stored RBCs [13, 14]. Nev-
ertheless, transfused RBCs of any storage age can poten-
tially induce immune responses. TRIM-mediating bioac-
tive substances may be present already early on storage
and perhaps more abundantly in aged products.

During storage, lipid bilayer extracellular vesicles
(EVs) bleb from cell membranes and accumulate in RBC
units [7, 15, 16]. EVs may transfer bioactive molecules
and mediate cell-to-cell interactions [15, 17]; thus, EVs
are suspected to act as mediators of TRIM. RBC EVs can
enhance T-cell responses [7], whereas in another study,
this effect was seen with stored RBC supernatant (SN),
but not with EVs alone [5]. RBC EVs also have immuno-
suppressive properties [3]. Furthermore, RBC SN, but
not EVs, has been shown to suppress monocyte function
in vitro [4]. These disparate results may reflect the vary-
ing effects of RBC EVs and SN on distinct cell types as
well as differences in manufacturing and storage condi-
tions.
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Fig. 1. T-cell proliferation study design. PBMCs were stimulated
with anti-CD3 and cultured exposed to either PBS, SN, EVs,
SAGM, or diluted plasma. The first experiment included four RBC
units from which EVs, SN, and samples for NTA were obtained at
early and late phases of storage. The experiments were continued
utilizing SN (but no more EVs) sampled at various RBC unit stor-

We initially hypothesized that EVs in RBC products
would mediate TRIM and be proinflammatory, and due
to RBC storage lesions and increasing EV concentrations,
the magnitude of the effects would increase with pro-
longed storage. Accordingly, we studied the effect of fresh
and longer-stored RBC EVs and SN on T-cell and mono-
cyte activation. Furthermore, we tested the role of resid-
ual plasma as a potential contributing factor in SN on the
observed T-cell responses.

Materials and Methods

Overview of Study Design

At first, we studied how exposure to EVs and SN obtained from
RBC units (n = 4) at fresh (4 days) and 28 days later at end-stage
storage (32 days) will affect proliferation and differentiation of an-
ti-CD3-activated T-cells in peripheral blood mononuclear cell
(PBMC) cultures. After seeing that storage age was irrelevant and
that only SN was effective, we later repeated experiments utilizing
SN from available RBC units of varying storage ages. The number
of EVsin the centrifugate samples from the four RBC units utilized
in the first experiment was measured with nanoparticle tracking
analysis (Fig. 1). After detecting that SN augments T-cell prolif-
eration, we studied whether CD69-expression can be exploited as
a quicker way of showing T-cell activation.

Immunomodulatory Properties of RBCs

age ages. Altogether seven individual PBMCs were used in the ex-
periments, utilizing always the same individuals when comparing
fresh versus old RBCs. RBCs, stored red blood cells; BCs, buffy
coats; SN, supernatant; EVs, extracellular vesicles; PBMCs, periph-
eral blood mononuclear cells; NTA, nanoparticle tracking analysis;
SAGM, saline-adenine-glucose-mannitol - solution.

We also wanted to see whether LPS-stimulated leukocytes in
PBMC cultures will alter their cytokine secretion after exposure to,
again, EVs and SN obtained from RBC units at early (5 days) and
late storage (33 days) (study design not included in Fig. 1). The
same RBC units (n = 4) were used in the first T-cell proliferation
and cytokine assay. Both experiments, T-cell proliferation and cy-
tokine assay, were later repeated adding diluted plasma condition-
ing to test whether residual plasma in RBC units might be behind
the observed immune responses.

Packed RBCs and PBMCs

Whole blood was collected and RBCs were produced accord-
ing to standard operating procedures at FRC Blood Service. Brief-
ly, whole blood units were collected from eligible volunteer do-
nors and manufactured by using red cell filtration (RCF; top/bot-
tom). Whole blood (460 mL) was collected with 63 mL of
citrate-phosphate-dextrose (CPD) anticoagulant using Compo-
Flow sets (Fresenius), and units were rapidly cooled to 20-24°C
and held overnight. Whole blood units were centrifuged for 12
min at 4,389 g (Hettich centrifuges, Germany) and processed into
RBCs, plasma, and buffy coats using an automatic extractor
(Compomat G5; Fresenius) and saline-adenine-glucose-mannitol
(SAGM, 100 mL) was added to the extracted RBCs. The RBC units
were leukoreduced by filtration at room temperature. All RBC
units produced were stored at 1-6°C. Maximum storage time for
RBCs is 35 days in Finland.

Figure 1 presents the study design regarding T-cell prolifera-
tion. In the first experiment (n of RBCs = 4), samples (6 + 35 mL)
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were aseptically drawn from the bags at day 4 (early) and day 32
(prolonged storage). The assay was later repeated with samples
from RBC units (n = 4) of variable storage times (Fig. 1).

PBMC:s (n = 7 individual donors for T-cell proliferation [fro-
zen], and n = 16 for cytokine assays [used instantly]) were isolated
from buffy coats. Ficoll-Paque PLUS (Amersham Biosciences)
density gradient centrifugation was used according to the manu-
facturer’s instructions and the cells were frozen in 10% dimethyl
sulfoxide (Wak-Chemie Medical) - fetal bovine serum (Gibco, Life
Technologies) media. When thawed the cells were washed three
times with phosphate-buffered saline (PBS; Sigma-Aldrich), pH
7.2, and suspended to assay medium (RPMI 1640 Medium (1X)
with L-glutamine and HEPES buffer, with 5% fetal bovine serum
and 1% penicillin-streptomycin; Gibco, Life Technologies).

EV and SN Isolation

To obtain cell-free SN, a 6 mL aliquot of an RBC concentrate
was centrifuged two times, first for 20 min at 805 g without brake
and subsequently 3,000 g 20 min. SNs used in assays were not fur-
ther manipulated and thus included EVs too. For EV isolation, 35
mL of an RBC concentrate was diluted with 35 mL of PBS (Sigma-
Aldrich) and centrifuged two times as described. The resulting su-
pernatant was ultracentrifuged for 1 h at 100,000 g (+4°C, fixed-
angle MLA-50 rotor; Beckman Coulter) to obtain EVs. The EVs
were washed once with PBS, ultracentrifuged for 1 h at 100,000 g
(+4°C, swing out MLS-50 rotor; Beckman Coulter) and resuspend-
ed in 1.75 mL of PBS. SNs (1 = 8) and EVs (n = 4) were stored at
+5°C and used in assays within 24 h.

Nanoparticle Tracking Analysis

Concentration of EVs in RBC SNs (n = 4, each analyzed two
times, at day 4 and at day 32) was examined by Nanoparticle
Tracking Analysis (NTA). Of the RBC concentrates, 0.5 mL was
resuspended in 2 mL of SAGM solution and centrifuged two
times for 20 min at RT and 805 g without a brake (Eppendorf
centrifuge 5810R). The resulting supernatant was analyzed for
particle content by NTA (instrument LM14C with violet laser
405 nm, 70 mW; Malvern Instruments Ltd., Malvern, UK) and a
sCMOS camera (Hamamatsu Photonics K.K., Hamamatsu City,
Japan). The samples were injected manually, and data acquisition
was conducted at ambient temperature in triplicate using the
NanoSight software v. 2.3 (Malvern Instruments Ltd.). Settings
for data acquisition were: basic, camera level 14, autosettings off,
polydispersity and reproducibility high, with particles per image
40-100 (acquisition time 90 s). Data were analyzed in the Nano-
Sight software v. 3.0 (Malvern Instruments Ltd.) with threshold
5 and gain 10.

T-Cell Proliferation Assay and CD69 Expression

One million PBMCs were labeled with carboxyfluorescein di-
acetate succinimidyl ester (CFSE; Life Technologies) at a final con-
centration of 5 uM for 5 min. Labeled cells were combined in 550
uL assay media with 50 pL of either EVs, SN, PBS, SAGM, or di-
luted plasma. T-cell proliferation was activated with anti-CD3
(LEAF Purified anti-human CD3; BioLegend) at a final concentra-
tion of 0.5 pg/mL. Proliferation was analyzed after 4 days as a dilu-
tion of CFSE intensity. Non-stimulated CFSE-labeled and stimu-
lated/non-stimulated non-labeled MNC cells were used as con-
trols. All conditions were in triplicate. EVs, SN, and plasma were
allogeneic to PBMCs. At the end, PBMCs were labeled with fluo-
rescent-conjugated anti-CD4 (eBioscience, Thermo Fischer Scien-
tific), and anti-CD8 (BD Biosciences) antibodies according to the
manufacturer’s recommendations. Samples were run on BD FACS
Aria ITu (BD) and the acquired data were analyzed with FlowJo
v10.0.7 (BD) software. T-cell proliferation was analyzed first by
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gating the lymphocyte population and then evaluating CFSE in-
tensity as median fluorescence intensity in each sample. CD4 and
CD8 positive cells were gated to get proportions of cells in each
condition.

To test early T-cell activation, PBMCs were activated as de-
scribed above and incubated with 50 pL of either SN, PBS, or
SAGM. SNs were obtained from 3- to 31-day-stored RBCs. After
for 5 h, cells were stained for CD69 surface marker (BD) expres-
sion, as well as with anti-CD3, anti-CD4, anti-CD8 and corre-
sponding isotype control antibodies and run on BD FACS Aria ITu.
CD69 expression was analyzed first by gating the lymphocyte pop-
ulation, and the percentage of CD69-positive cells was obtained
based on gating to the corresponding isotype control-labeled cells.
CD69 median fluorescence intensity was obtained from the whole
lymphocyte population.

Cytokine Assay

Freshly isolated PBMCs (n = 16 individual responders) were
suspended in assay medium (RPMI) to a final concentration of
500,000 cells per 0.5 mL. Fifty ul aliquot of EV, SN, PBS, SAGM,
or diluted plasma was added to each well. EVs, SNs, and plasma
were allogeneic. Altogether, 8 responders received EVs or SN from
5 days (fresh) RBC units (n = 4) and 8 responders received EVs or
SN from the same 33-day-stored RBC units (# = 4). Experiments
with diluted plasma were done separately and involved two indi-
vidual PBMC responders and three plasma donors (n = 6 individ-
ual combinations). PBMCs were stimulated with 5 ng/mL LPS
(Escherichia coli O55:B5; Sigma-Aldrich) at 37°C in 5% CO,. After
20 h, the supernatants were collected after centrifugation (300 g 15
min) and stored at —80°C. All conditions were performed in trip-
licate.

Concentrations of TNFa and IL-10 in supernatants were deter-
mined using a standard cytokine sandwich ELISA protocol, ac-
cording to the manufacturer’s instructions. All antibodies, stan-
dards, and other reagents were purchased from BD Pharmingen
(SanJose, CA). Briefly, 96-well Maxi Sorp microtiter plates (Nunc)
were coated with a monoclonal capture antibody (mouse anti-hu-
man TNFa or rat anti-human IL-10), and after blocking with 1%
bovine serum albumin (Sigma-Aldrich) in PBS, the samples were
incubated in the wells. The bound cytokines were detected by bio-
tinylated mouse anti-human TNFa or rat anti-human IL-10 anti-
body, avidin-horseradish peroxidase conjugate and tetramethyl-
benzidine substrate. The color reactions were stopped by adding
1 M phosphoric acid. The intensities of the color reactions were
measured at 450 nm with Clariostar (BMG Labtech, Ortenberg,
Germany). Two-fold dilutions of purified recombinant human
TNFa and IL-10 were used as standards.

Diluted Plasma

Whole blood in citrate tubes (n = 4 individuals for T-cell pro-
liferation, and n = 3 for cytokine assay) was collected from stan-
dard blood donation. Blood was centrifuged 2,200 g for 11 min to
obtain plasma. FRC Blood Service quality control statistics show
that RBC unit cell-free supernatant contains on average 15.6% of
residual plasma, thus we diluted plasma in SAGM in ratios 1:5 and
1:10.

Statistical Analysis

The Friedman test was used to study related samples, and to
compare independent groups of samples, the Kruskal-Wallis test
was used. Dunn’s multiple comparisons were calculated for both
tests. p value <0.05 was considered statistically significant. Data are
presented as median (IQR). Analyses were performed with Graph-
Pad Prism (version 8.1.2, GraphPad Software).
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Fig. 2. PBMCs were labeled with CFSE,
stimulated with anti-CD3 and cultured for
4 days. CFSE is halved with each cell divi- e
sion; alower CFSE MFI indicates augment-
ed proliferation. a The data are presented
as median (IQR). PBMCs exposed to fresh
(n=18) and longer stored RBC SN (n =24)
proliferated significantly more in relation
to control (n = 20), while fresh (n = 16) and
longer stored RBC EVs (n = 16) had vary-
ing effects on proliferation with no statisti-
cal significance in relation to control. Both
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Results Activation and Proliferation of T-Cells
Independent of RBC storage age, SN but not EVs en-
Nanoparticle Tracking Analysis hanced proliferation of anti-CD3-activated T-cells within

The number of EVs increased in each tested RBC PBMC cultures (Fig. 2). SNs from both fresh and longer-
product during storage. The median number of EVs was  stored RBC units increased T-cell proliferation compared
67,120 x 10° (IQR 22,680-101,710 x 10°) at day 4, and with EVs from fresh and longer-stored RBC units and
119,300 x 10° (IQR 89,740-139,610 x 10°) at day 32. with control (all SNs vs. ctrl p = 0.012, SN fresh vs. SN old

non-significant, EV fresh vs. SN fresh p = 0.005, EV fresh
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vs. SN old p = 0.007, EV old vs. SN fresh p < 0.001, and
EV old vs. SN old p < 0.001). EVs had a varying, statisti-
cally non-significant, effect in such a way that individual
PBMCs responded uniquely, and proliferation was boost-
ed in some, while suppressed in some responders. No
RBC-donor dependent variation was seen, and RBC stor-
age age was irrelevant (EVs fresh vs. EV old non-signifi-
cant) (Fig. 2a). SN-induced proliferation augmentation
was evident in intermediate RBC storage ages too. SAGM
suppressed T-cell proliferation (p = 0.032). The response
of T-cells from individual donors to activation had high
variation. No distinguishable RBC-donor-dependent
variation existed.

CD69-staining demonstrated that incubation with SN
(storage age 3-31 days) for as short as 5 h resulted in in-
creased activation of T-cells (Fig. 3). Increase in CD69
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expression was seen equally in CD4+ and CD8+ T-cells
(data not shown).

T-Cell Differentiation

Exposing PBMCs to SN resulted in increased propor-
tion of CD8+ T-cells among lymphocytes after four-day
incubation (p = 0.01) while EVs alone and SAGM did not
have a significant effect (Fig. 4a, c). The proportion of
CD4+ T-cells was similar among exposures (Fig. 4b).
RBC storage age had no effect and thus not displayed in
Figure 4a, b.

PBMC Cytokine Secretion

Both fresh and longer stored SN but not EVs de-
creased secretion of pro-inflammatory cytokine TNF-a
(SN vs. ctrl p = 0.0003) and increased secretion of IL-10
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Fig. 5. All PBMCs were stimulated with LPS. Cytokine levels were
compared with the Friedman test. The data are presented as me-
dian (IQR). Exposure to SN decreased the secretion of TNF-a (a)
significantly (SN vs. control p = 0.0003, other comparisons ns) and
increased the secretion of IL-10 (b) significantly (SN vs. control p
<0.0001, other comparisons ns). The data are here shown as ratios

(SN vs. ctrl p < 0.0001) in LPS-stimulated PBMC cultures
(Fig. 5). No significant differences were found in relation
to RBC storage time (Fig. 5¢, d). There was no observable
variation among SNs and among EVs from individual
RBC-donors, but there was high individual variation in
the tendency of individual donor PBMCs to produce cy-
tokines. When the data are examined visually, EVs seem
to have a small effect in the same direction as SNs, where-
as SAGM seems to affect PBMCs conversely; however,
these results remained statistically non-significant
(Fig. 5a, b).

Residual Plasma

Finally, we went on to test whether residual plasma in
stored RBCs would be behind the immune responses. In-
deed, diluted plasma in concentrations mimicking resid-
ual plasma in RBC SN resulted in a boost in prolifera-
tion of activated T cells. Exposure to plasma, like SN,
made PBMC:s to secrete more IL-10, but opposed to SN,
plasma resulted in increased secretion of TNF-a too
(Fig. 6).

Immunomodulatory Properties of RBCs

in relation to control. Sixteen individual PBMCs (represented by
individual symbols in a, b) and four individual RBCs (each at stor-
age day 5 and 33) were used in the assays. High individual variation
of responder PBMCs cytokine secretion is seen. RBC storage age
(¢, d) did not affect cytokine secretion.

Discussion

This study demonstrates that regardless of age within
clinical storage period, RBC SN but not RBC EVs alone,
have both anti- and proinflammatory effects depending
on the cell type that is exposed. These findings add to and
are in line with current evidence from clinical studies that
fresh RBCs are not superior to longer-stored ones [13, 14]
and demonstrate some of the potential mechanisms of
adverse effects of RBC transfusion. Contrary to our initial
hypothesis, the role of EVs as a mediating factor could not
be confirmed. Exposure to SN boosts T-cell proliferation.
SN activates especially CD8+ T-cells, and activation is de-
tected as early as at 5 h of incubation. SN alters monocyte
cytokine secretion in an anti-inflammatory direction. Di-
luted plasma has partly similar properties compared with
RBC SN, suggesting that residual plasma in RBC units
could contribute to, but not fully explain, the immuno-
modulation. The TRIM-inducing substance or substanc-
es within SN are unknown.

Unexpectedly, fresh and longer-stored RBC SNs
equally provoked immune responses, indicating that the
mediating factors within SN are present already early on
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Fig. 6. Diluted plasma (PL;an =4 and ¢, d n = 3 individual donors)
mimicking residual plasma in SN within RBC units augmented T-
cell proliferation (a, b). CESE-labeled PBMCs (1 = 4) were stimu-
lated with anti-CD3 for 4 days. CFSE is halved with each cell divi-
sion; a lower CFSE MFI indicates augmented proliferation. a Both
dilutions of plasma enhanced proliferation significantly in relation
to control (PL 1:5 p = 0.016, PL 1:10 p = 0.003). Plasma was diluted
in storage solution SAGM 1:5 and 1:10 to imitate residual plasma

storage. Prolonged storage with more numerous EVs or
bioactive substances did not affect the immune responses.
Based on the initial results, we suspected that the mediat-
ing factor could be located in the residual plasma fraction
of an RBC unit and, thus, be present immediately after
RBC manufacture. Plasma diluted in SAGM indeed, like
SN, augmented T-cell proliferation, but affected TNF-a
secretion opposingly, proposing that residual plasma may
induce some but does not explain all the immune re-
sponses seen here. Obviously, there may be several bioac-
tivities in the RBC storage medium that can induce im-
munomodulation, perhaps some derived from residual
plasma, while others from RBCs or residual cells. Karsten
et al. [18] detected numerous cytokines and chemokines
when erythrocytes were conditioned in PBS for 24 h, so
apparently, although anucleate, erythrocytes themselves
may quickly release cytokines in their storage medium.
Particularly, CD8+ T-cells proliferated when exposed
to SN. Generally, CD8+ T-cells defend the body against
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in RBC SN. b Representative example of T-cell proliferation of the
same PBMCs exposed to the two different dilutions of plasma. Per-
centages of proliferating cells from lymphocyte population are
shown. ¢, d In comparison to control, diluted plasma increased
LPS-stimulated PBMCs TNF-a (c) (PL 1:5 p = 0.04) and IL-10 (d)
secretion (PL 1:5 p = 0.04, PL 1:10 p = 0.04). The data are present-
ed as median (IQR). MFI, median fluorescence intensity.

viruses and cancer by killing infected or damaged cells
and their activation requires antigen-presentation and
co-stimulation by direct cell contact [19]. Soluble anti-
CD3 represents the first signal to CD3-T-cell receptor. SN
induces the second, co-stimulatory signal, which requires
cell-to-cell contact. Hence, a bioactive substance within
SN likely activates T-cells indirectly via antigen-present-
ing cells (APCs), supported by the findings of another
study [7]. SN did not affect PBMCs without anti-CD3
stimulation (data not included), in agreement with that
CD8+-T-cell-activation requires multiple signals. Inter-
estingly, intact erythrocytes have been shown to enhance
CD8+-T-cell expansion preferentially over CD4+ T-cells
[20], and later the same group demonstrated erythrocyte-
conditioned EV-free media to support proliferation of all
T cells [5]. Although not carried out with packed RBCs,
those results are in line with ours and propose that T-cell
boosting bioactivities within SN or plasma may originate
from erythrocytes. Antunes et al. [5] argued that potential
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bioactive proteins include peroxiredoxins, hemoglobin in
oxy and deoxy states, and p-globin.

SN increased the expression of early activation marker
CD69 in T-cells already after 5 h of incubation, suggesting
that the immune cells, likely in vivo too, will react to
transfusion quickly. Staining with CD69 might be utilized
in laboratory experiments of TRIM as a faster sign of T-
cell activation instead of full four-day cell proliferation
assay. The expression of CD69 increased equally in both
CD4+ and CD8+ T-cells, although augmented prolifera-
tion was only seen in CD8+ cells.

PBS and SAGM were used as control conditions for SN
and EV samples in our experiments. Unexpectedly, stor-
age solution SAGM independently suppressed T-cell pro-
liferation compared with anti-CD3-stimulated control
incubated in PBS. In addition to saline, SAGM contains
adenine, glucose, and mannitol, some of which affects the
recipient cells in this in vitro assay, and clearly the im-
mune response to SN exposure is not caused by SAGM.

While CD8+ T-cells were activated, indicating a pro-
inflammatory response, cytokine assays with monocytes
revealed somewhat opposing results. Monocytes secreted
more anti-inflammatory cytokine IL-10 and less proin-
flammatory TNF-a when exposed to SN. Similarly to the
T-cell proliferation assay, the effect was seen with SN but
not EVs, and product storage age did not have an impact.
When the data are examined visually, EVs seem to have
slight effect in similar direction with SN but much more
subtle and statistically non-significant. Likewise, SAGM
seemed visually to affect cytokine secretion conversely to
SN.

Comparison with the literature is challenging due to
various study design, and we consider that the seemingly
disparate results in the field of ex vivo TRIM studies are
mostly explained by different study settings. Some re-
searchers have used fresh blood, some packed RBCs with
various manufacturing methods and storage solutions,
and recipient cells and assays also vary. Muszynski et al.
[4], similarly to us, found only RBC SN but not EV's func-
tional when they studied monocytes in vitro. Other
groups have demonstrated, utilizing distinct types of as-
says, that RBC-derived EVs or other EVs within RBC
units may be functional and be either immunosuppres-
sive [3] or -stimulatory [6-8, 21]. Indeed, Danesh et al. [7]
found specifically that exosomes are proinflammatory
and T-cell boosting. Our results likely differ due to un-
alike EV-definition and isolation technique, and dissimi-
lar handling of source RBCs.

An in vitro RBC transfusion model suppressed prolif-
eration of purified T-cells [22], which is explained by the
absence of APCs. When using soluble instead of plate-
bound anti-CD3 in T-cell proliferation assay, like we did,
accessory cells are required for T-cell activation [23].
Small changes in laboratory study arrangements can lead
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to seemingly contradicting results, and immune cells af-
fect one another in complex ways; therefore, ex vivo stud-
ies must be compared and interpreted cautiously.

In this study, we observed T-cell and monocyte re-
sponses with the same RBC units at different ages and
repeated with RBC units from several individual donors.
These findings suggest that the effects are not based on
the donor’s individual qualities or RBC storage age. In-
stead, there was wide variation in the magnitude of im-
mune cell responses of different PMBC-donors, and in-
terestingly, the effect of EV's varied so that they enhanced
T-cell proliferation in some while suppressing the prolif-
eration in other PBMCs, resulting in statistically non-sig-
nificant results (Fig. 2a). This could reflect that individu-
al patients in their immune states at the time of transfu-
sion could react differently to RBC transfusion, i.e.,
depending on whether their body is under inflammation,
resolution, or immunosuppression. Therefore, it would
be intriguing to repeat these studies using PBMCs from
patients having, e.g., sepsis or other inflammatory or im-
munosuppressive states. EVs could provoke an effect in
some but not all immune states.

Considering study strengths, we included diluted plas-
ma and SAGM-controls which the latest related studies
lack, providing novel findings that SAGM-stored RBC
SN and diluted plasma boost T-cell proliferation while
SAGM itself suppresses it. We provide further evidence
that EVs seem not to be the main immune cell activating
factor within stored RBCs but recipient cells may react to
EVs in varying ways. Our numerous samples reliably ex-
clude RBC donor-dependent and storage-time depen-
dent variation in the effects. The results were further con-
firmed and early activation of T-cells was demonstrated
by CD69-staining.

Our study has some limitations. First, SAGM and di-
luted plasma controls per se are not perfect controls be-
cause SAGM and residual plasma within RBC products
may be altered due to cell metabolism. Second, EV char-
acterization was limited to NTA. We have no reason,
however, to expect the EVs qualities to differ from the
RBC EVs from the several RBC products that we have
previously thoroughly characterized [16]. EVs did not
have consistent functionality in our experiments; hence,
further characterization would not add value to the re-
sults. However, we cannot exclude the theoretical effect
of the EVs of the lowest density that may not be included
in the centrifuged EV aliquot. It would have been valuable
to carry out experiments with EV-depleted supernatant
which we were unable to do. A recent study demonstrat-
ed that washing reduced monocyte secretion of proin-
flammatory cytokines/chemokines after exposure to
RBCs [21] and it would be interesting to study also T-cell
proliferation with SNs from washed RBCs. To limit
TRIM, in theory, washing would remove most of SN and
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bioactivities within, but a large randomized trial would be
needed to prove clinical benefit.

The purpose of RBC transfusion is to increase oxygen
delivery to tissues, not to cause undesired immune re-
sponse such as TRIM. Our results indicate that RBCs of
any storage age have immunomodulatory potential, me-
diated by bioactivities contained in SN. Residual plasma
in RBC units may contribute to immune responses. The
direction and magnitude of immune responses may vary
depending on baseline immune state and disease course
of transfusion recipient.
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