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Numerous observations indicate that red blood cells (RBCs)
affect T-cell activation and proliferation. We have studied ef-
fects of packed RBCs (PRBCs) on T-cell receptor (TCR)
signaling and the molecular mechanisms whereby (P)RBCs
modulate T-cell activation. In line with previous reports,
PRBCs attenuated the expression of T-cell activation markers
CD25 and CD69 upon costimulation via CD3/CD28. In addi-
tion, T-cell proliferation and cytokine expression were mark-
edly reduced when T-cells were stimulated in the presence of
PRBCs. Inhibitory activity of PRBCs required direct cell–cell
contact and intact PRBCs. The production of activation-
induced cellular reactive oxygen species, which act as second
messengers in T-cells, was completely abrogated to levels of
unstimulated T-cells in the presence of PRBCs. Phosphoryla-
tion of the TCR-related zeta chain and thus proximal TCR
signal transduction was unaffected by PRBCs, ruling out
mechanisms based on secreted factors and steric interaction
restrictions. In large part, downstream signaling events
requiring reactive oxygen species for full functionality were
affected, as confirmed by an untargeted MS-based phospho-
proteomics approach. PRBCs inhibited T-cell activation more
efficiently than treatment with 1 mM of the antioxidant N-
acetyl cysteine. Taken together, our data imply that
inflammation-related radical reactions are modulated by
PRBCs. These immunomodulating effects may be responsible
for clinical observations associated with transfusion of PRBCs.

Following specific T-cell receptor (TCR) stimulation in
lymphoid organs, T-cells can transmigrate into tissues, pri-
marily exerting their immunological functions in the inter-
stitium. Numerous checkpoints and control mechanisms that
interrupt T-cell activation prevent unspecific stimulation and
harmful consequences such as autoimmune disease (1).
Among numerous other factors, the quantity and quality of T-
cell activation depends on the metabolic micromilieu (i.e.,
availability of carbohydrates, lipids, or amino acids) and on
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local concentrations of small molecules, electrolytes, oxygen,
and reactive oxygen species (ROS). Thus, the alteration of
metabolism offers multiple targets for intervention of T-cell
responses (2–4). In this context, T-cells may also serve as a
model to improve our knowledge of cell activation, prolifera-
tion, apoptosis, and survival (5–7).

Previous observations indicate that red blood cells (RBCs)
act as modulators of T-cell growth and survival (8, 9) and have
been linked to enhanced T-cell proliferation (9, 10). These
effects were in part mediated by RBC-derived factors (11).
RBCs can be processed and stored as packed red blood cells
(PRBCs) for up to 42 days before being transfused. During
prolonged storage, PRBCs undergo biochemical changes.
Research has shown that PRBCs can modulate the immune
system of the recipient, which is referred to as transfusion-
related immunomodulation. In particular, PRBCs suppressed
T-cell proliferation via cell–cell contact in a dose-dependent
manner (12) and decreased cytokine production in T-cells
(13). Moreover, RBC-derived extracellular vesicles induced
both inflammatory and immunosuppressive effects (14).

Similarly, conflicting results were reported in clinical studies
of PRBC transfusion. Patients receiving intraoperative PRBCs
had a higher risk to develop systemic inflammation (15). In
line, extracellular vesicles from fresh and stored PRBCs may
mediate a strong proinflammatory host response associated
with an enhanced production of proinflammatory cytokines
(16–18). Contrarily, in two other studies, PRBCs and hemo-
lytic products of RBCs suppressed immune function in vitro
and in vivo (19, 20). Some of these differences may relate to
alterations of RBC metabolism during storage or to specific
patient populations (21). Proteomics-based investigations have
revealed alterations of RBC metabolism, depending on genetic
background of donors and storage of PRBCs, which may
further explain differences among studies (22, 23).

We have previously reported mechanisms involved in the
regulation of T-cell function (6, 24–27), focusing on distinct
signaling events and/or transcriptional signatures. In this
respect, modulation of receptor-mediated signaling cascades of
T-cells has been linked with radical stress management and
cell metabolism (5). In the present investigation, we focused on
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The immunomodulatory effect of red blood cells
a detailed analysis of the effects of PRBCs on T-cell activation
using primary human cells.

Results

PRBCs inhibit activation and proliferation of CD4+ T-cells

To determine the inhibitory effect of PRBCs on CD4+ T-cells,
CD4+ T-cells were activated during incubation with increasing
numbers of PRBCs. Expression of the activation markers CD25
(interleukin-2 [IL-2] receptor alpha chain) and CD69 (trans-
membrane C-type lectin) was used as readouts for early T-cell
activation, since these two molecules are upregulated within the
first hours following TCR stimulation. These activation markers
were markedly reduced on stimulated CD4+ T-cells in coculture
with PRBCs starting at a PRBC:CD4+T-cell ratio of 12:1 (Fig. 1,A
and B). At PRBC:CD4+ T-cell ratios greater than 50:1, CD25 and
CD69 expression did not differ from that observed at a ratio of
50:1. Thus, we used a PRBC:CD4+ T-cell ratio of 50:1 for sub-
sequent experiments (Fig. 1C). The proliferation rate of stimu-
lated CD4+ T-cells was reduced in coculture with PRBCs
(Fig. 1D). Similarly, PRBCs reduced the mRNA expression of the
T-cell growth factor IL-2 (Fig. S1A) and Th1-, Th2-, and Th17-
related cytokines (Fig. S1, B–D) in stimulated CD4+ T-cells.
Furthermore, coculture with PRBCs reduced activation-induced
mRNA expression levels of the transcription factor MYC
(Fig. S1E), which is involved in metabolic reprogramming of
activatedT-cells aswell as inT-cell growth andproliferation (28).
Monocytes, B-cells, or natural killer cells did not interfere with
the inhibitory effect of PRBCs, as PRBCs in the presence of pe-
ripheral blood–derived mononuclear cells (PBMCs) also
inhibited anti-CD3/anti-CD28 monoclonal antibody–mediated
T-cell activation (Fig. S1F).

Next, we compared the inhibitory effect of PRBCs on naïve
and memory T-cells, as these cell types differ in their meta-
bolic and functional states. PRBCs inhibited the activation of
both naïve and memory T-cells (Fig. S1F). Previous studies
have shown that heme, a major compound of hemoglobin, is
released during hemolysis (29). Heme has immunomodulatory
properties and strongly inhibits phagocytosis and migration of
phagocytes (19). Thus, we tested whether PRBC lysates con-
taining heme or purified PRBC membranes would inhibit T-
cell activation. In these experiments, only intact PRBCs were
able to modulate activation-induced CD25 upregulation on T-
cells (Figs. 1E and S2A) In addition, direct cell–to–cell contact
of PRBCs and CD4+ T-cells was required, as the inhibitory
effect was abolished when PRBCs and CD4+ T-cells were
cocultured using transwell plates (Figs. 1F and S2B). Sup-
pression of T-cell responses by PRBCs did not apparently
induce Treg polarization or anergy since the expression of
FOXP3 did not differ between stimulated CD4+ T cells incu-
bated in the presence or the absence of PRBCs (Fig. 1G).
Similarly, the anergy-associated factor p27kip1 (30) was not
altered by coincubation with PRBCs (Fig. S2C).

As the next step, we tested the ability of PRBCs stored for
different periods to inhibit CD4+ T-cell activation. Storage
duration had a minor effect on the ability of PRBCs to inhibit
CD25 expression on CD4+ T-cells (Fig. S3A). Activated CD4+
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T-cells secreted more IL-2 as storage duration of cocultured
PRBCs increased, but even PRBCs stored until the regulatory
limit of 42 days significantly inhibited IL-2 secretion (Fig. S3B).

PRBCs inhibit T-cell activation–induced ROS generation and
express high levels of enzymes regulating oxidation

ROS produced by mitochondria are known to act as a
critical second messenger for T-cell receptor signaling and T-
cell activation and directly coregulate IL-2 production (31).
PRBCs modulate redox activity and provide antioxidative
protection in their microenvironment but may also exert
prooxidative activities in human disease (32). We therefore
evaluated the influence of PRBCs on the oxidative potential of
activated CD4+ T-cells. Activation-induced mitochondrial
superoxide production was significantly reduced in the pres-
ence of PRBCs (Fig. 2A), which was corroborated by corre-
sponding changes in mitochondrial membrane potential
(Fig. 2B). Similarly, total cellular ROS generated during T-cell
activation was inhibited to levels of unstimulated CD4+ T-cells
by coincubation with PRBCs (Fig. 2C).

Proteomic analyses of PRBC identified 732 protein groups
and indicate that redox proteins are highly expressed in PRBCs
compared with CD4+ T-cells (Fig. 2D and Table S2).
Accordingly, PRBC rapidly degraded hydrogen peroxide
(H2O2) (Fig. 2E). The enzymatic inhibitor sodium azide (NaN3)
significantly slowed but did not completely inhibit degradation
of H2O2 (Fig. 2E). To independently demonstrate the impact of
redox modulation leading to CD4+ T-cell inhibition, we also
performed activation assays in the presence of the antioxidant
N-acetyl-L-cysteine (NAC) instead of PRBCs (Fig. S4, A–C).
Both PRBCs and NAC reduced the number of CD25- and
CD69-expressing CD4+ T-cells as well as the mRNA expres-
sion of IL-2 (Fig. S4, A and B, respectively). Phosphorylation of
the TCR zeta chain (CD247) was increased following anti-
CD3/anti-CD28–mediated TCR stimulation, an effect that was
not modulated by PRBCs or NAC (Fig. S4C).

Phosphoproteomic profiling demonstrates suppression of
mitogen-activated protein kinase, cyclin-dependent kinase 5,
and mechanistic target of rapamycin kinases upon
coincubation with PRBCs

Phosphoproteomic analyses of activated CD4+ T-cells in
presence of PRBCs or NAC identified 2310 phosphopeptides
corresponding to 691 phosphoprotein groups (Table S3). Map-
ping the differentially expressed phosphopeptides to kinase ac-
tivities revealed key signaling events significantly triggered upon
T-cell activation such as eight distinctMAP-kinases,mechanistic
target of rapamycin (mTOR), cyclin-dependent kinase 5, ribo-
somal protein S6 kinase, among others (Fig. 3A). Interestingly,
cell activationnot only caused the activationof signaling cascades
but also resulted in the significant suppression of kinase activities
including three distinct casein kinases (Fig. 3A). Coincubation
with PRBCs significantly reduced the kinase activities of five
MAPkinases aswell as cyclin-dependent kinase 5 andmTORbut
apparently restored casein kinase activity (Fig. 3B). Treatment
with NAC caused largely similar but less pronounced effects



Figure 1. Activation of CD4+ T-cells is inhibited by the presence of packed red blood cells (PRBCs). A and B, CD4+ T-cells were activated in the
presence of the indicated PRBC:CD4+ T-cell ratios. At 24 h after activation, CD25 (A) and CD69 (B) were measured by flow cytometric analysis. Data show
percentage of CD25-/CD69-positive CD4+ T-cells normalized to unstimulated CD4+ T-cells and are presented as mean ± SD; ns, p > 0.05; *p < 0.05; **p <
0.01; ***p < 0.001 (one-way ANOVA). C and D, CD4+ T-cells were activated, and PRBCs were added at a ratio of 50:1 (PRBCs:T-cells). C, at 24 h after activation,
the activation markers CD25 and CD69 were assessed by flow cytometric analysis. Left, fluorescence-activated cell sorting blots of one representative donor.
Right, percentage of CD25-/CD69-positive cells in the presence/absence of PRBCs; values of unstimulated cells were subtracted. Data are presented as
mean ± SD. ***p < 0.001; ****p < 0.0001 (paired t test). D, cell proliferation dye (CPD)-labeled CD4+ T-cells were activated in the presence/absence of PRBCs.
Four days after stimulation, the proliferation rate of CD4+ T-cells was measured by flow cytometry. Left, histograms of one representative donor. Numbers
indicate mean fluorescence intensity of CPD. Right, data are presented as proliferation index relative to stimulated cells in the absence of PRBCs. **p < 0.01
(paired t test). E and F, CD4+ T-cells were activated with anti-CD3/anti-CD28–coated microbeads in the presence of (E) intact PRBCs, PRBC lysate, or PRBC
membrane fraction at a ratio of 50:1 (PRBCs:T-cells) or (F) in a transwell plate (5.0 μm pores) preventing direct contact of CD4+ T-cells and PRBCs. At 24 h
after activation, the activation marker CD25, gated on CD4+ T-cells, was assessed by flow cytometric analysis. Data are represented as mean ± SD. E, ns >
0.05; *p < 0.05 (one-way ANOVA). F, ns > 0.05 (paired t test). G, CD4+ T-cells were activated with anti-CD3/anti-CD28–coated microbeads, and PRBCs were
added at a ratio of 50:1 (PRBCs:T-cells). FOXP3 was measured by flow cytometric analysis in unstimulated cells (day 0) or after 4 or 7 days of stimulation. Left,
data are presented as mean ± SD. Right, histogram overlays of one representative donor.
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Figure 2. PRBCs) inhibit T-cell activation-induced reactive oxygen species (ROS) generation and express high levels of enzymes regulating
oxidation. A–C, CD4+ T-cells were activated for 24 h with anti-CD3/anti-CD28–coated microbeads, and PRBCs were added in a ratio of 50:1 (PRBCs:T-cells). A,
mitochondrial superoxide production was measured using the Mitosox dye. Left, fluorescence-activated cell sorting blots of one representative donor.
Numbers above the gate indicate percentage of Mitosox-positive CD4+ T-cells. Right, statistical analyses. Data show percentage of Mitosox-positive CD4+ T-
cells and are represented as mean ± SD; **p < 0.01 (paired t test). B, mitochondrial membrane potential was measured using the tetramethylrhodamine
ethyl ester (TMRE) dye. Data show mean fluorescence intensity (MFI) of TMRE and are represented as mean ± SD. **p < 0.01 (paired t test). C, cellular ROS
was measured using the 20 ,70-dichlorofluorescin (DCF) reagent. Left, fluorescence-activated cell sorting histogram overlays of one representative donor.
Right, statistical analyses, data are represented as mean ± SD; **p < 0.01 (paired t test). D, for proteome analyses, PRBCs were analyzed after 7 and 42 days
of storage. In addition, unstimulated CD4+ T-cells or CD4+ T-cells stimulated for 24 h were harvested, and proteome analyses were performed. The heat map
shows log2 label-free quantification values, measuring relative protein abundance. Data were normalized to actin (n = 3). E, PRBCs were pretreated with PBS
or PBS containing 150 μM sodium azide (NaN3; for inhibition of redox proteins) and were then incubated with 500 μM hydrogen peroxide (H2O2) for
indicated periods. H2O2 was measured in the supernatant using the Amplex Red H2O2 detection kit. Data are shown as mean ± SD (n = 4).
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Figure 3. Kinase–substrate enrichment analysis of phosphoproteomic data of CD4+ T-cells stimulated in the the presence/absence of packed red
blood cell (PRBC) (ratio of 50:1) or 1 mM N-acetyl-L-cysteine (NAC). Waterfall plots illustrating kinase–substrate enrichment analysis data for A, com-
parison of CD3-/CD28-stimulated CD4+ T-cells versus unstimulated-CD4+ T-cells (baseline; n = 5). B, comparison of CD3-/CD28-stimulated CD4+ T-cells
coincubated with PRBCs versus CD3-/CD28-stimulated CD4+ T-cells (baseline; n = 5) and (C) comparison of CD3-/CD28-stimulated CD4+ T-cells coincubated
with NAC versus CD3-/CD28-stimulated CD4+ T-cells (baseline; n = 5). Significantly altered kinase activities are illustrated by red or blue, for upregulation and
downregulation, respectively. Significance thresholds were set to a NetworKIN score cutoff of 2, p value cutoff of 0.05, and substrate count cutoff of 5.

The immunomodulatory effect of red blood cells
when compared with the effects of PRBCs (Fig. 3C). In order to
illustrate to what extent the total kinome was affected by the
treatments, kinome trees highlighting affected pathways are
provided in Figures S5–S7 and Tables S4 and S5.

PRBCs selectively modulate downstream signaling in
activated CD4+ T-cells

In parallel to the global phosphoproteomic profiling, selected
major TCR downstream signaling nodes of T-cell activation
were assessed using intracellular (IC) flow cytometry. During T-
cell activation, one of the earliest events following anti-CD3/
anti-CD28–mediated TCR stimulation is the phosphorylation
of the TCR zeta chain (CD247). PRBCs did not interfere with
CD247 phosphorylation (Fig. 4A) or phosphorylation of zeta
chain–associated protein kinase 70 (Fig. S4D) at a PRBC:T-cell
ratio of 50:1. Of note, phosphorylation of major downstream
targets including S6 ribosomal protein (S6; a downstream target
of the PI3K/Akt/mTOR pathway), p38, and NFkB were signif-
icantly reduced when CD4+ T-cells were activated in the
presence of PRBCs (Fig. 4, B–D).

Discussion

In this study, we have confirmed that PRBCs inhibit T-cell
activation. The observed effect was concentration dependent,
indicating a well-defined dose–response relationship and thus
a mechanistic background.

The following experiments focused on the characterization
of a molecular mechanism. In line with previous reports, the
inhibitory effects were dependent on direct cell–cell contact
rather than soluble factors. Phosphorylation of the TCR-
associated zeta chain (CD247 pY142) was essentially unaf-
fected by coincubation with PRBCs. Thus, we could rule out
that binding of the stimulatory anti-CD3/anti-CD28 antibodies
to their respective ligands was blocked by PRBCs. However,
TCR downstream signaling events, such as phosphorylation of
mTOR-related S6RP (pS240), p38 mitogen-activated protein
kinase (pY182), and NFkB p65 (pS529), were inhibited by
coincubation with PRBCs. Accordingly, we conclude that IC
signaling events successfully initiated by stimulation of CD3/
CD28 are blocked after initial signal transduction, and the
main downstream targets were all inhibited.

T-cell signaling events propagate efficiently when phos-
phatase activities are inhibited by oxidative modifications of
critical cysteine residues mediated by ROS. RBCs have previ-
ously been described to express a catalytic ring of proteins
counteracting oxidative stress, required for their oxygen
transport capability without causing exuberant oxidative
damage (33). As a consequence, we suggest that the immune-
J. Biol. Chem. (2021) 296 100487 5



Figure 4. Upstream T-cell receptor (TCR) phosphorylation is fully activated, whereas downstream TCR signaling is inhibited by packed red blood
cells (PRBCs) during CD4+ T-cell activation. A–D, CD4+ T-cells were activated with anti-CD3/anti-CD28, and PRBCs were added in a ratio of 50:1 (PRBCs:T-
cells). A, at 1 h after activation, phosphorylation of the TCR-related zeta chain (CD247 pY142) was measured by flow cytometric analysis. Left, histogram
overlays of one representative donor. Right, statistical analyses. Data are represented as mean ± SD. ns p > 0.05 (one-way ANOVA). At 24 h after activation,
phosphorylation of the (B) mechanistic target of rapamycin–related S6RP (pS240), (C) p38 MAPK (pY183), and (D) NFkB p65 (pS529) was measured by
fluorescence-activated cell sorting. Left, histogram overlays of one representative donor. Right, statistical analyses, mean fluorescence intensity (MFI) was set
relative to unstimulated cells. Data are represented as mean ± SD. *p < 0.05 (one-way ANOVA).
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modulatory effects of PRBCs on T-cells are based on their
ability to prevent formation of critical ROS levels in neigh-
boring T-cells required for successful amplification of
signaling events. In line with this hypothesis, coincubation
with PRBCs suppressed IC mitochondrial superoxide and total
ROS formation in T-cells. Furthermore, treatment with the
antioxidant NAC largely replicated the inhibitory effects of
PRBCs. Support for these functional observations was also
provided by an untargeted phosphoproteomics method, which
independently verified the observations obtained with flow
cytometric analysis. We again interpret this finding as a
consequence of the H2O2 dissipation capacity of PRBCs.

The proposed model is fully compatible with and potentially
explains all the apparently conflicting data reported and pre-
sented in previous studies. It is quite plausible that stressed old
RBCs eventually release danger-associated molecular patterns
mediating proinflammatory effects. These mechanisms are
capable to trigger proinflammatory events, potentially by
mainly acting as danger-associated molecular patterns on
innate immune cells (34). Contrarily, direct cell–cell contact
may mediate the anti-inflammatory and antiapoptotic effects
repeatedly reported by attenuating formation of ROS. From a
chemical perspective, H2O2 is known to act as a second
messenger (35) capable of crossing cell membranes facilitated
by aquaporins (36), which are known to be strongly expressed
6 J. Biol. Chem. (2021) 296 100487
by activated T-cells (37). RBC catalase, which dissipates H2O2,
belongs to enzymes with the highest known turnover rates (38).

These considerations may have far-reaching consequences,
which obviously require further investigation in the future. In-
flammatory signaling involves radical reactions, which are
crucial for oxidation of phosphatases and for the formation of
inflammatory mediators (39). It is well recognized that inflam-
matory processes largely occur in the interstitium rather than
full blood. Thus, RBCs may act as physiological buffers pre-
venting inappropriate activation of T-cells during their migra-
tion phase from secondary lymphoid organs to the sites of
inflammation. Once transmigrated to the interstitium free of
RBCs, T-cells regain their full activation capacity and are
therefore able to perform their effector functions. Thus, RBCs
may also serve an important role in immune homeostasis. In this
respect, especially solid tumors often present with increased
RBC infiltration because of disorganized and inappropriate
angiogenesis, which may support several features of tumori-
genesis including deregulation of cellular energetics and
avoiding immune destruction. T-cells are pivotal players in
antitumor immunity and have high potency to even remove
ongoing malignant processes. Given that many solid tumors
display a high degree of vascular permeability due to disorga-
nized angiogenesis, assessing the interaction between RBCs and
T-cells may also impact future oncologic immunotherapies.
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In conclusion, we present a mechanistic model explaining
how (P)RBCs might modulate immune functions, especially T-
cell activation. This model has potential implications on
pathomechanisms such as vessel leakiness in solid tumors and
the resulting inhibition of anticancer immune functions. We
suggest that radical reaction products may be detectable in
interstitial fluids rather than full blood, potentially serving as
inflammatory in situ biomarkers. The described findings might
promote future studies highlighting the physiological conse-
quences of RBC/T-cell interactions.

Experimental procedures

Cells and cell culture

The study was approved by the local Ethics Committee of
the Medical University of Vienna (protocol number: EK1043/
2015) and registered at clinicaltrials.gov (NCT02639780). All
experimental procedures were carried out in accordance with
the ethical standards laid down in the Declaration of Helsinki.
Peripheral blood buffy coat samples of healthy donors were
provided by the Austrian Red Cross (Vienna, Austria) upon
written informed consent. PBMCs were isolated by standard
Ficoll–Paque centrifugation. CD4+ T-cells were isolated using
a MagniSort Human CD4 T-cell Enrichment Kit (Thermo
Fisher Scientific) according to the manufacturing instructions.
Purity assessed by flow cytometry was above 95% for CD4+ T-
cells. All functional assays were performed in Iscove’s modified
Dulbecco’s medium (Gibco/Thermo Fisher Scientific) sup-
plemented with 10% fetal calf serum (FCS; Gibco), 10 μg/ml
gentamycin (Gibco), and 1.25 μg/ml amphotericin B (Lonza).
RBCs were donated by healthy volunteers upon written
informed consent. Demographic data of this donor cohort
have been previously published (40). In short, blood was leu-
kofiltered (log 4 leukocyte reduction), processed according to
standard protocols of transfusion services of the Austrian Red
Cross, and stored in a saline–adenine–glucose–mannitol so-
lution under standard blood banking conditions at 4 �C for up
to 42 days.

Fluorescence-activated cell sorting

For cell sorting, isolated CD4+ T-cells were washed in PBS/
0.5% FCS/2 mM EDTA (Sigma–Aldrich) and stained with
antihuman mononuclear mouse antibodies against CD4 (clone
OKT4, FITC conjugated) and CD45RO (clone UCHL1, APC-
Cy7 conjugated; both Invitrogen). Cells were incubated at 4
�C for 30 min and washed thereafter. The technique to purify
naïve and memory CD4+ T-cells was fluorescence-activated
cell sorting (FACS) sorted on a FACSAria Fusion cell sorter
(BD Biosciences). Naïve CD4+ T-cells were identified by the
CD4+CD45RO− phenotype and memory T-cells by the
CD4+CD45RO+ phenotype. Purity assessed by flow cytometry
was above 98%.

Stimulation of primary CD4+ T-cells

CD4+ T-cells were cultured with PRBCs at a ratio of 200:1
(PRBCs:PBMCs) or a ratio of 50:1 (PRBCs:CD4+ T-cells). T-cells
were activated with anti-CD3/anti-CD28–coated microbeads
(Invitrogen; cells-to-beads ratio of 2:1). As control, CD4+ T-cells
were activated in the absence of PRBCs. All experiments were
performed in either 12-well plates with 2 × 106 cells, 48-well
plates with 3 × 105 cells, or 96-well plates with 1 × 105 cells. In
some experiments, the antioxidant NAC (Sigma–Aldrich) was
added to CD4+ T-cells at a concentration of 1 mM.

Expression of CD4+ T-cell activation markers

After 24 h in culture, cells were washed in PBS/0.5% FCS/
0.05% NaN3 (Sigma–Aldrich). Cells were incubated with anti-
human mononuclear antibodies CD4 (clone SK3, phycoerythrin
[PE]–Cyanine5.5 conjugated), CD25 (clone 2A3, PE conjugated),
andCD69 (clone FN50, eFluor450 conjugated; all eBioscience) at
RT for 15 min. PRBCs were lysed with BD FACS lysing solution
for 10 min and washed with PBS/0.5% FCS/0.05% NaN3. Cells
were analyzed on a BD FACS Canto II flow cytometer and
analyzed using the FlowJo software (version 10; BD Biosciences).

FOXP3 staining

CD4+ T-cells were cultured in the presence/the absence of
PRBCs at a ratio of 50:1 (PRBCs:CD4+ T-cells) as indicated.
PRBCs were lysed with BD FACS lysing solution for 10 min,
and T-cells were stained with antihuman mononuclear anti-
bodies against CD4 (clone SK3, PE–Cyanine5.5 conjugated)
and prepared for IC staining using the eBioscience Foxp3/
Transcription Factor Staining Buffer Set (Invitrogen) accord-
ing to the manufacturer’s recommendations. Cells were incu-
bated with antihuman mononuclear antibody against FOXP3
(clone FJK-16s, PE–Cyanine7 conjugated; eBioscience) for
30 min at RT and washed with PBS/0.5% FCS/0.05% NaN3.
Cells were analyzed on a CytoFLEX (Beckman Coulter) flow
cytometer and analyzed using the Kaluza Analysis software
(Beckman Coulter).

p27 Kip1 staining

CD4+ T-cells were cultured in the presence/absence of PRBCs
at a ratio of 50:1 (PRBCs:CD4+ T-cells), as indicated. PRBCswere
lysed with BD FACS lysing solution for 10 min and were stained
with antihuman mononuclear antibodies against CD4 (clone
SK3, PE–Cyanine5.5 conjugated) followed by incubation in the
IC fixation buffer (eBioscience) for 30 min at +4 �C. Cells were
washed in PBS/0.5% FCS/0.05% NaN3 and blocked with 2%
bovine serum albumin/PBS for 30 min at RT. Cells were washed
in 1× permeabilization buffer (eBioscience) and incubated with
antihuman monoclonal antibody against p27 Kip1 (clone DCS-
72.F6; Invitrogen) for 60 min at RT. Cells were washed in PBS/
0.5% FCS/0.05% NaN3 and were stained with Goat anti-Mouse
IgG (H+L) Cross-Adsorbed Secondary Antibody (Alexa Fluor
488 conjugated; Invitrogen) for 40min at RT.After washing, cells
were resuspended in PBS/0.5% FCS/0.05% sodium azide and
were analyzed on aCytoFLEX (BeckmanCoulter)flowcytometer
and analyzed using the Kaluza Analysis software.

Proliferation assay

CD4+ T-cells were labelled with a cell-proliferationdye (CPD;
eFluor 670; eBioscience) and were activated in the presence/
J. Biol. Chem. (2021) 296 100487 7
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absence of PRBCs for 96 h. PRBCs were lysed with BD FACS
lysing solution for 10min, and proliferationwasmeasured by flow
cytometry. Proliferation rate was calculated using the following
formula: Division index = log (mean fluorescence unstimulated
cells/mean fluorescence stimulated cells)/log (2) (41).

Experiments using PRBC lysates, PRBC membranes, and
transmembrane assay

PRBCs were lysed with water for 10 min at RT and centri-
fuged at 14,000g for 5 min. The PRBC lysate was supplemented
with PBS, and the PRBC pellet containing PRBC membranes
was washed twice with PBS. The used volume of lysate/
membranes was adjusted to the amount of viable PRBCs. To
test whether direct PRBC-CD4+ T-cell contact is necessary to
inhibit CD4+ T-cell activation, PRBCs were added onto the
bottom of a Costar transwell plate (Corning, Inc). CD4+ T-
cells were added onto a polycarbonate membrane with 5 μm
pores, preventing a direct cell–cell contact between CD4+ T-
cells and PRBCs. CD4+ T-cells were activated for the indicated
time points, and mRNA expression of IL-2 or expression of the
T-cell activation markers CD25 and CD69 was measured.

Quantitative PCR

About 4 h after T-cell activation, RNA was isolated using
the RNeasy Mini Kit (Qiagen) according to the manufacturer’s
recommendations. Complementary DNA was generated by
random hexamer-primed reverse transcription. Relative tran-
scriptional levels of the indicated genes were quantified using
the Luna Universal qPCR Master Mix (New England Biolabs)
on a 7900HT Fast Real-Time PCR system (Applied Bio-
systems). Transcriptional levels of GAPDH were used as
reference. Primers are listed in Table S1.

IL-2 ELISA

For quantitative detection of IL-2, IL-2 Human Uncoated
ELISA Kit (Thermo Fisher Scientific) was used. Supernatants of
cells were collected 24 h after activation and were diluted in a
ratio of 1:5. The ELISA was performed according to the man-
ufacturer’s recommendations, and the plate was read at 450 nm
(including wavelength subtraction of 570 nm from 450 nm).

Cellular ROS detection

For ROS detection, the 20,70-dichlorofluorescin diacetate
(DCFDA) Cellular ROS Detection Assay Kit (Abcam) was used.
In this assay, DCFDA, a fluorogenic dye, is deacetylated by
cellular esterases and later oxidized by ROS into 20,70-dichloro-
fluorescein, a highly fluorescent compound that correlates with
IC ROS activity and can be detected in the FITC channel. First,
CD4+ T-cells were labeled with a CPD (eFluor 670; eBioscience)
to differentiate CD4+ T-cells from PRBCs. At 24 h after T-cell
activation in the presence/absence of PRBCs, 1 &times 105 cells
were stained in culture medium with 20 μMDCFDA for 30 min
at 37 �C and were then immediately transferred onto ice.
Without washing, ROS levels on eFluor670-gated lymphocytes
were quantified by flow cytometry in the FITC channel.
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Mitosox assay

For detection of mitochondrial superoxide, the MitoSOX
Red Mitochondrial Superoxide Indicator (Molecular Probes,
Invitrogen) was used according to the manufacturer’s recom-
mendations. In this assay, MitoSOX Red reagent selectively
targets mitochondria and is rapidly oxidized by superoxide but
not by other ROS or reactive nitrogen species, yielding a red
fluorescent compound. First, CD4+ T-cells were labeled with a
CPD (eFluor 670; eBioscience) to differentiate CD4+ T-cells
from PRBCs. At 24 h after CD4+ T-cell activation in the
presence/absence of PRBCs, 1 × 105 cells were washed and
then stained in cell sort buffer containing PBS/0.5% FCS/2 mM
EDTA with 5 μM MitoSOX Red reagent for 10 min at 37 �C
and were then washed three times with cell sort buffer at RT.
The expression of MitoSOX Red reagent was quantified on
eFluor670-gated lymphocytes in the PE channel via flow
cytometry.

Mitochondrial membrane potential

For the quantification of changes in mitochondrial mem-
brane potential, the tetramethylrhodamine ethyl ester
(TMRE)-Mitochondrial Membrane Potential Assay Kit
(Abcam) was used. TMRE is a positively charged dye that
accumulates in active mitochondria because of their relative
negative charge. First, CD4+ T-cells were labeled with a CPD
(eFluor 670; eBioscience) to differentiate CD4+ T-cells from
PRBCs. Twenty-four hours after T-cell activation in the
presence/absence of PRBCs, 1 × 105 cells were incubated with
50 nM TMRE for 30 min at 37 �C. Without washing, cells were
analyzed via flow cytometry, and TMRE signal was detected in
the PE channel.

H2O2 assay

To measure the capacity of PRBCs to degrade H2O2, 5 × 106

PRBCs were incubated in PBS in the presence of 500 μMH2O2

(Merck, Calbiochem) at indicated time points (30–240 s).
Immediately after incubation, PRBCs were removed by
centrifugation, and H2O2 concentration was measured in the
supernatant using an Amplex Red Hydrogen Peroxide/
Peroxidase Assay Kit (Invitrogen) according to the manufac-
turer’s instructions. Absorbance was measured on a microplate
reader at 560 nm. For inhibition of redox proteins including
catalase, PRBCs were pretreated with 150 μM NaN3 (Sigma–
Aldrich) for 1 h at 37 �C and washed before testing H2O2

degradation.

IC phosphoprotein detection by flow cytometry

To determine whether phosphorylation of upstream or
downstream targets of TCR signaling is inhibited by PRBCs,
CD4+ T-cells were activated in the presence/absence of PRBCs
with plate-bound anti-CD3 and anti-CD28 for the indicated
time points. PRBCs were then lysed on ice with BD FACS
lysing solution for 10 min, and cells were fixed with BD Fix-
ation buffer at 37 �C for 10 min. The fixation buffer was
removed by centrifugation. The cell pellet was resuspended
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with precooled 90% methanol and was incubated at −80 �C for
30 min to permeabilize the cell membranes. Afterward, the
cells were washed twice with PBS/0.5% FCS/0.05% NaN3. Cells
were stained with following antihuman monoclonal antibodies:
phospho-zeta chain (anti-CD247, pY142, clone K25-407.69,
Alexa Fluor 647 conjugated; BD Phosflow), phospho-S6
(anti-pS240, clone N4-41, Alexa Fluor 647 conjugated; BD
Phosflow), phospho-p38 (anti-p38 mitogen-activated protein
kinase, pT180/pY182, clone 36/p38, PerCP Cy5.5. conjugated;
BD Phosflow), or phospho-NFkB (anti-NFkB p65, pS529, clone
K10-895.12.50, Alexa Fluor 488 conjugated; BD Phosflow) for
1 h at RT. Expression of phosphorylation status of the indi-
cated targets was measured by flow cytometry.

Proteomics

PRBCs stored for 7 days or 42 days were washed and lysed
using sample buffer (7.5 M urea, 1.5 M thiourea, 4% CHAPS,
0.05% SDS, and 100 mM DTT) and ultrasound after 7 and
42 days of storage. Protein concentration of PRBC lysates was
determined via Bradford assay (Bio-Rad Laboratories). About
20 μg of protein from each sample were enzymatically digested
using an adaption of the filter-aided sample preparation pro-
tocol as described previously (42, 43). Briefly, samples were
preconcentrated onto prewashed 3 kDa molecular weight
cutoff filters (Pall Austria Filter GmbH) by centrifugation at
15,000g for 15 min to obtain a final sample volume of 10 to
20 μl. Proteins were reduced and carbamidomethylated using
DTT (5 mg/ml dissolved in 8 M guanidinium hydrochloride in
50 mM ammonium bicarbonate buffer; pH 8) and iodaceta-
mide (10 mg/ml in 8 M guanidinium hydrochloride in 50 mM
ammonium bicarbonate buffer), respectively. Afterward, 1 μg
trypsin was added, and samples were incubated overnight at 37
�C. Peptide samples were further cleaned up using C-18 spin
columns (Pierce, Thermo Scientific). Samples were dried and
stored at −20 �C until further MS analyses.

For LC–MS/MS analysis, dried peptide samples were dis-
solved in 5 μl of 30% formic acid (FA) containing four syn-
thetic standard peptides each 10 fmol/μl and further diluted
with 40 μl mobile phase A (97.9% H2O, 2% acetonitrile [ACN],
and 0.1% FA), as described previously (43, 44). LC–MS/MS
analyses were performed on a Dionex Ultimate 3000 nano LC
system coupled to a QExactive orbitrap mass spectrometer,
which was equipped with a nanospray ion source (Thermo
Fisher Scientific). Each sample was analyzed in technical du-
plicates. A preconcentration of 5 μl of the peptide solution on
a 2 cm × 75 μm C18 Pepmap100 precolumn (Thermo Fisher
Scientific) was performed at a flow rate of 10 μl/min using
mobile phase A. Afterward, peptides were eluted from the
precolumn to a 50 cm × 75 μm Pepmap100 analytical column
(Thermo Fisher Scientific) at a flow rate of 300 nl/min, and
chromatographic separation was achieved applying a gradient
from 7% to 40% mobile phase B (79.9% ACN, 20% H2O, and
0.1% FA) over 41 min and a total LC run time of 85 min. Mass
spectrometric detection was performed achieving MS scans in
the range fromm/z 400 to 1400 at a resolution of 70,000 (atm/
z = 200). By applying higher energy collisional dissociation
fragmentation at 30% normalized collision energy, MS/MS
scans of the eight most abundant ions were achieved and
subsequently analyzed in the orbitrap at a resolution of 17,500
(at m/z =200).

Protein identification as well as label-free quantification was
carried out using MaxQuant 1.5.2.8 (freeware © Max-Planck-
Institute of Biochemistry) running Andromeda as search en-
gine and searching against the SwissProt Database (version
201014 with 20,195 entries) (45). An allowed peptide tolerance
of 25 ppm and a maximum of two missed cleavages were
applied as search criteria. Furthermore, carbamidomethylation
on cysteines was set as fixed modification, whereas methionine
oxidation as well as N-terminal protein acetylation was set as
variable modifications. In addition, a minimum of two peptide
identifications per protein, at least one of them unique, was
used as further search criteria. A 5 min match time window
and a 15 min alignment time window were applied for
achieving match between runs. All peptide as well as protein
identifications were meeting a false discovery rate ≤0.01. After
protein identification, proteins were filtered for common
contaminants as well as reversed sequences, and data evalua-
tion was performed using Perseus software (freeware © Max-
Planck-Institute of Biochemistry; version 1.5.1.6) (46).

Proteomics data of unstimulated and stimulated CD4+ T-
cells have been previously published (6). To compare relative
amounts of redox protein expression in PRBCs and CD4+ T-
cells, label-free quantification values were normalized to actin,
ACTA1 (UniProtKB-P68133). The heat map was designed
using heatmapper tool (http://www.heatmapper.ca/) (47).

Phosphoproteomics

About 1 × 107 CD4+ T-cells of five healthy donors were
stimulated with CD3-/CD28-coated microbeads for 3 h in the
presence/absence of PRBCs or 1 mM NAC. Thereafter, cells
were washed thoroughly using RBC lysis buffer (154 mM
NH4Cl, 10 mM KHCO3, and 100 μM Na2 EDTA). Washed
CD4+ T-cells were lysed in lysis buffer (4% sodium deoxy-
cholate, 100 mM Tris–HCl pH 8.5) followed by mechanical
shear stress via ultrasonication and subsequent heat inactiva-
tion at 95 �C for 5 min.

For the posphopeptide enrichment, a modified protocol of
the EasyPhos workflow was applied (48). Briefly, the total
protein content of 1 × 107 CD4+ T-cells was used for the
enrichment procedure. Protein reduction using 100 mM Tris-
(2-carboxyethyl) phosphine and alkylation using 400 mM
2-carboxyamidomethylcysteine with subsequent enzymatic
digestion with trypsin/Lys-C mixture (1:100 enzyme to sub-
strate ratio) at 37 �C for 18 h was performed. The solution
containing the peptides was mixed with enrichment buffer
containing 48% TFA (v/v) and 8 mM potassium dihydrogen
phosphate. Samples were incubated with 3 mg titanium di-
oxide Titansphere beads for 5 min at 40 �C with subsequent
washing and elution from StageTips with 40% ACN and 5%
ammonium hydroxide solution. Samples were dried and
reconstituted in 15 μl MS loading buffer containing 97.7%
H2O, 2% ACN, and 0.3% TFA.
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LC–MS/MS analysis was performed as described previously
(49). In short, peptides were separated and detected using a
Dionex Ultimate 3000 nano LC system (Thermo Fisher Sci-
entific) coupled to a trapped ion mobility spectrometry time-
of-flight Pro mass spectrometer (Bruker Daltonics). About
10 μl of phosphopeptide-enriched proteome samples were
loaded on a 2 cm × 100 μm C18 Pepmap100 precolumn
(Thermo Fisher Scientific) at a flow rate of 10 μl/min using
mobile phase A. Afterward, peptides were eluted from the
precolumn to a 25 cm × 75 μm 25 cm Aurora Series emitter
column (IonOpticks) at a flow rate of 300 nl/min. Separation
was achieved using a gradient of 8% to 40% mobile phase B
(79.9% ACN, 20% H2O, and 0.1% FA) over 90 min. The
trapped ion mobility spectrometry time-of-flight Pro mass
spectrometer was operated in the parallel accumulation serial
fragmentation mode. Trapped ion mobility separation was
achieved by applying a 1/k0 scan range from 0.60 to 1.60 V s/
cm2 resulting in a ramp time of 100 ms. All experiments were
performed with ten parallel accumulation serial fragmentation
MS/MS scans per cycle leading to a total cycle time of 1.16 s.
MS and MS/MS spectra were recorded using a scan range (m/
z) from 100 to 1700. Further, the collision energy was ramped
as a function of increasing ion mobility from 20 to 59 eV, and
the quadrupole isolation width was set to 2 Th for m/z <700
and 3 Th for m/z >800. For each experimental group, five
biological replicates were obtained. All samples were measured
once, resulting in a total number of 20 measurements.

Data analysis was performed using MaxQuant 1.6.17.0 (45)
employing the Andromeda search engine for protein identifi-
cation against the UniProt Database (version 12/2019 with
20,380 entries) allowing a mass tolerance of 20 ppm for MS
spectra and 40 ppm for MS/MS spectra, a false discovery rate
of <0.01, and a maximum of two missed cleavages. Further-
more, search criteria included carbamidomethylation of
cysteine as fixed modification and methionine oxidation, N-
terminal protein acetylation, as well as phosphorylation of
serine, threonine, and tyrosine as variable modifications.

For the evaluation of phosphoproteomics data, a two-sided t
test of site-centric intensity values between experimental groups
was performed, with subsequent kinase–substrate enrichment
analysis of class 1 phosphosites (p > 0.75) utilizing Phospho-
SitePlus and NetworKIN, applying a NetworKIN score cutoff of
2, p value cutoff of 0.05, and substrate count cutoff of 5 (50–52).
For the visualization of enriched kinases in context of the global
kinome, the Coral application (freeware © 2018 Phanstiel Lab)
was used (53).

Western blot

About 1 × 107 CD4+ T-cells were stimulated with
aCD3-/CD28-coated microbeads for 30 min in the presence/
absence of PRBCs or 1 mM NAC. Thereafter, cells were
washed thoroughly using RBC lysis buffer (154 mM NH4Cl,
10 mM KHCO3, and 100 μM Na2 EDTA). Washed CD4+

T-cells were lysed with radioimmunoprecipitation assay
buffer supplemented with protease inhibitor and
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phosphatase inhibitors (all Sigma–Aldrich). After 30 min of
incubation on ice with periodic pulse vortexing, cell lysates
were centrifuged at 16,000g for 15 min at +4 �C. For equal
loading, protein concentration was measured using Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific) according
to manufacturing instructions. A 4%–12% SDS-PAGE (Bio-
Rad) was used to separate proteins following a transfer onto
polyvinylidene difluoride membranes (GE Healthcare). The
membrane was blocked with bovine serum albumin (Sigma–
Aldrich), and the following antibodies were used for incubation
overnight: Phospho-Zap-70 (Tyr319)/Syk (Tyr352) (1:2000,
#2701; Cell Signaling Technology) and total Zap-70 (1:1000,
99F2; Cell Signaling Technology). Protein bands were visualized
using horseradish peroxidase–linked anti-rabbit (Cell Signaling
Technology) or antigoat (Abcam) antibodies and SuperSignal
West Pico Chemiluminescent Substrate (Thermo Fisher
Scientific).

Data availability

All data are contained within the article and the supporting
information. Proteomic data of CD4+ T-cells (Fig. 2D) have
been previously published (6).

The MS proteomics data have been deposited to the Pro-
teomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the PRIDE partner repository (54)
with the data set identifier PXD023144.

Annotated spectra from the phosphoproteomics data set
were uploaded to the MS-Viewer repository (55). Data can be
accessed with the unique search key 64ofijyrob.
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information (53).
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