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Abstract Red blood cells (RBC) have emerged as a novel
regulatory cell type endowed with bioactivities toward
activated human T cells. Herein we show that the RBC
bioactivities act on intracellular pathways initiated by T
cell receptor (TCR)-dependent and -independent stimuli,
including IL-2, IL-15, and the mixture of phorbol dibuty-
rate and ionomycin. The RBC bioactivities preserve the
antioxidant status and are capable of rescuing activated T
cells from cell death induced by serum deprivation. They
are not mediated by glycosylphosphatidylinositol-linked
receptors or sialic acids, and kinetic studies revealed that
they hasten the entrance into the cell cycle. By using
cyclosporine A (CsA) and rapamycin (Rapa) we show that
the RBC bioactivities are calcineurin-dependent. Thus,
treatment of T cells with CsA, but not Rapa, impaired RBC
bioactivities, and preincubation of RBC with CsA
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completely abolished their bioactivities. We have demon-
strated that RBC carry out bioactivities that are sensitive
to CsA.
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Introduction

Red blood cells (RBC) are emerging as a cell type with the
capacity to regulate other cells. A number of studies have
shown that besides transporting oxygen and carbon diox-
ide, RBC are endowed with the capacity to regulate
biological processes of non-erythroid cells, including vas-
cular endothelial cell contraction [1], platelet aggregation
[2, 3], neutrophil apoptosis [4], T cell rolling [5], fibroblast
secretion of metalloproteinases [6], B cell responses [7]
and IL-12 secretion by dendritic cells [8]. We have
reported that human RBC have the capacity to synergize
with TCR/CD3-mediated activation signals and enhance T
cell growth and proliferation [9]. The RBC-induced T cell
proliferation was associated with inhibition of apoptosis
and upregulation of cytoprotective proteins and the labile
iron pool on dividing T cells [10-12]. Although these
studies have unveiled novel regulatory roles for mature
circulating RBC, the molecular mechanisms used have
remained uncertain. However, recent studies indicate that
RBC receptors and released factors may underlie their
regulatory role toward non-erythroid cells. Thus, release of
nitric oxide by RBC hemoglobin has been proposed to
mediate vascular contraction [1]. On the other hand, the
RBC-mediated inhibition of IL-12 secretion by dendritic
cells depends on interactions between CD47 present on
RBC and SIRPo present on dendritic cells [8]. Preliminary
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studies have shown that interactions between LFA-3/CD58
on RBC and CD2 on T cells might mediate T and B cell
responses [7, 13].

Most, if not all, studies examining the role that RBC
exert on T cell responses have used polyclonal stimuli,
including antibodies against CD3/CD28 receptors and the
lectin phytohemagglutinin (PHA) in its different forms [9].
Both CD3 ligation and PHA are known to activate intra-
cellular signaling cascades that lead to early tyrosine
phosphorylation events, calcium fluxes and activation of
downstream kinases, phosphatases and transcription factors
that co-ordinately drive T cells into the cell cycle [14].
However, CD3 ligation and PHA are also associated with
the triggering of activation-induced cell death (AICD) or
apoptosis [15]. In this context, CD28 ligation activates
intracellular signals that surpass some of the apoptotic
pathways and promote cell cycle progression [16]. Mito-
genic combinations that bypass the TCR/CD3 complex,
such as phorbol esters and calcium ionophores, also lead to
T cell proliferation by inducing calcium fluxes and acti-
vation of genes that regulate cell cycle progression [17].
On the other hand, homeostatic cytokines such as IL-2 and
IL-15 are known to induce TCR/CD3-independent prolif-
eration and survival of T cells via Jak/Stat dependent
signaling pathways [18]. Both cytokines stimulate T cell
proliferation and act as survival factors, but IL-15 can
inhibit the IL-2-dependent sensitization to AICD [19]. In
this context, RBC have consistently been shown to deliver
signals that upregulate pathways leading to cell cycle
progression while downplaying apoptotic pathways on
CD3/PHA-activated T cells [9]. It remains to be elucidated
whether the cell growth and survival bioactivities carried
out by RBC are also seen when T cells are activated by
external signals that bypass the TCR/CD3 complex.

Among the downstream signaling molecules that are
activated as a result of these external signals are calcineurin
and the mammalian target of rapamycin (mTOR). Calci-
neurin is a serine/threonine phosphatase that is activated
after receptor-mediated signals that lead to an increase in
intracellular calcium levels and regulates the activity of the
nuclear factor of activated T cells (NFAT), a transcription
factor that upon translocation into the nucleus upregulates
the expression of IL-2, which stimulates growth and dif-
ferentiation of activated T cells [20, 21]. In contrast, mMTOR
is a serine/threonine kinase involved in the integration of
extracellular signals initiated by growth factors and regu-
lates cell growth, proliferation and survival, in part by
regulation of the initiation of protein translation [22, 23].
Calcineurin and mTOR are the targets of the immunosup-
pressive drugs cyclosporine A (CsA) and rapamycin (Rapa),
respectively. While CsA binds to endogenous cyclophilin A
(CypA), Rapa binds to endogenous FK506 binding protein
(FKBP)-12 [24]. These complexes bind and inactivate

calcineurin and mTOR, respectively, leading to a decrease
in T cell proliferation [25].

In the present study, we report that RBC are carriers of
bioactivities that act on intracellular pathways regulating
inhibition of oxidative stress and apoptosis and entry into
the cell cycle. We show that treatment of RBC with CsA,
but not with Rapa or a phosphatidylinositol 3-kinase
(PI3K) inhibitor (LY294002), completely blocked their
capacity to increase T cell growth, proliferation and sur-
vival of activated T cells. These findings will be discussed
in the context of recent findings pointing to CypA as a
novel cytokine-like factor mediating cell-to-cell commu-
nication [26, 27].

Materials and methods
Reagents and antibodies

Phytohaemagglutinin (PHA-P, from Phaseolus vulgaris),
antibiotic-antimycotic solution (APS), bovine serum albu-
min (BSA), propidium iodide (PI), neuraminidase (Neu,
from Vibrio cholerae), phosphatidylinositol-specific phos-
pholipase C (PI-PLC, from Bacillus cereus), ionomycin
(Ion, from Streptomyces conglobatus), phorbol dibutyrate
(PdB) and Triton X-100 were from Sigma-Aldrich
(Madrid, Spain). Lymphoprep was from Nycomed (Oslo,
Norway). RPMI 1640 GlutaMAX, Hanks Balanced Salt
Solution (HBSS) and inactivated Fetal Bovine Serum
(FBSi) were obtained from Gibco (Paisley, Scotland).
Human rIL-15 and rIL-2 were obtained from R&D Systems
(Minneapolis, MI). Rapamycin (Rapa) and Cyclosporin A
(CsA) and LY294002 were obtained from Calbiochem
(Nottingham, UK). 5-(and -6)-Carboxyfluorescein diace-
tate succinimidyl ester (CFSE) and Annexin V-Alexa488
were purchased from Molecular Probes (Amsterdam, The
Netherlands). Anti-human glycophorin A PE-conjugated
(clone AME-1, CD235a-PE) was from ImmunoTools
(Friesoythe, Germany). Anti-human CD3-PE, CD4-APC,
CDS8-PE-Cy5 and rabbit anti-mouse (RAM)-fluorochrome
conjugated antibodies were from DAKO (Glostrup, Den-
mark). Anti-LFA-3/CD58 antibodies (TS2/9) were kindly
provided by Dr. Angelo Cardoso (Melvin and Bren Simon
Cancer Center, Indiana University School of Medicine,
Indianapolis, IN). NHS-sulfo-biotin and biotinylated
iodoacetamide (BIAM) were from Pierce (Rockford,
USA). Protein-A Sepharose CL-4 beads were form
Amersham Biosciences (Pittsburgh, PA).

Cells

Fresh peripheral blood mononuclear cells (PBMC) were
obtained from buffy coats after centrifugation over



RBC bioactivities are cyclosporine sensitive

3389

Lymphoprep. PBMCs were washed twice with HBSS and
contaminating RBC lysed in red cell lysis solution (RCLS,
10 mM Tris, 150 mM NH,4CL, pH 7.4) for 10 min at 37°C.
RBC were collected from the pellet region after Lym-
phoprep centrifugation, washed twice with HBSS and
diluted 1:10 in RPMI supplemented with 1% APS solution
and stored at 4°C until use. RBC purity was assessed by
flow cytometry and CD235a labeling, which revealed
>99.5% CD235a*. Partially purified peripheral blood T
lymphocytes (PBL) were obtained after culture of PBMC
overnight in RPMI supplemented with 1% APS solution
and 5% FBSi. The recovered non-adherent cell suspen-
sions were routinely >85% CD3+ T cells and are referred
to as PBL. T cells were enriched by rosetting with sheep
RBC (ProBiologica, Lisboa, Portugal), yielding a popula-
tion with <1% monocytes or B cells. An Epstein-Barr
virus transformed B cell line was kindly provided by
Dr. Angelo Cardoso and maintained in RPMI 1640
GlutaMAX supplemented with 10% of FBSi and 1% APS
solution.

Cell treatments
CFSE labeling

Ten million PBL/T cells were labeled with CFSE at a final
concentration of SuM for 10 min, with occasional mixing,
at 37°C. Then, cells were washed twice with PBS/20%
FBSi and resuspended in culture media. Analysis of cells
immediately following CFSE labeling indicated a labeling
efficiency higher than 99%. Rounds of cell divisions were
determined by sequential halving of CFSE-fluorescence
intensity.

Rapamycin and cyclosporine treatment

One and a half million PBLs (or 15 million RBC) were
incubated for 1 h at 37°C, 5% CO, and 99% humidity in
culture media alone (see composition below) or supple-
mented with 10 ng/ml of rapamycin or 1 pg/ml of
cyclosporin, and washed exhaustively prior to their culture
in vitro.

Phospholipase C and neuraminidase treatment

Fifteen million RBC were treated with culture media (see
composition below) containing 0.1 U of phosphatidylino-
sitol-specific phospholipase or 0.1 U neuraminidase during
1 h in an orbital rotator at 37°C. As a control, RBC were
incubated under identical conditions in control media.
Afterwards RBC were centrifuged and extensively washed
before addition to cultures of activated PBLs and/or
T cells.

Culture conditions

PBLs or purified T cells (1.5 x 106) were cultured in
6-well plates or 24-well plates, in a final volume of 5 or
1 ml, respectively, for a maximum of 7 days in an incu-
bator at 37°C, 5% CO, and 99% humidity. PBLs or T cells
were either left unstimulated or stimulated with the fol-
lowing mitogens: (1) 5 pg/ml PHA-P; (2) 5nM PdB + 100
nM Ion; (3) 10 ng/ml of IL-15; (4) 10 ng/ml of IL-2. PBLs
and/or T cells were cultured in the absence or presence of
autologous RBC at a PBL:RBC ratio of 1:10 for up to
7 days. In some experiments heterologous RBC were also
used. Culture medium was RPMI 1640 GlutaMAX sup-
plemented with 1% APS solution and 1% FBSi. In some
experiments PBLs and/or T cells were cultured in the
absence of serum in RPMI 1640 GlutaMAX supplemented
with 1% APS. For immunossupression studies, 1.5 x 10°
PBLs were stimulated with 5 pg/ml PHA-P and cultured in
the absence or presence of untreated RBC or RBC treated
with rapamycin and cyclosporin at a PBL:RBC ratio of
1:10 and cultured in six-well plates as above. At the end of
the culture PBL/T cells were harvested, washed and
acquired in a FACSCalibur (Becton-Dickinson, Mountain
View, CA). For each sample 50,000 events were acquired
using FSC/SSC characteristics and analyzed using Cell-
Quest or FlowJo software.

Flow cytometry determinations

Cell stainings were normally performed at 4°C for 30 min
in 1X PBS or staining buffer (PBS, 0.2% BSA, 0,1%
NaN3) in 96-well round-bottom plates (Greiner bio-one,
Frickenhausen, Germany). In cultures that received RBC,
erythrocytes were first lysed with RCLS. Irrelevant mAbs
were used as negative controls to define background
staining. T cell death and survival were determined by two
methods: (1) a decrease in cell size according to forward
light scatter (FSC)/side light scatter (SSC) parameters; (2)
double Annexin V and PI staining using Ca®'-based
staining buffer (10mM HEPES/140 mM NaCl/2.5 mM
CaCly). T cell activation and division were studied by two
methods: (1) determination of cell size and complexity
according to FCS/SSC parameters (blasts); (2) CFSE
fluorescence loss.

Biotinylation, immunoprecipitation, SDS/PAGE
and Western blot

For the detection of cell surface LFA-3/CD58, 5 x 10° B
cell lymphoma cells and 250 x 10° RBC were surface
biotinylated as described [10]. Briefly, cells were incubated
with 0.5 mg/ml of NHS-sulfo-biotin (Pierce, Rockford, IL)
in PBS for 10 min at room temperature followed by four
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washes in PBS. After washing, labeled cells were lysed in
lysis buffer (20 mM Tris pH 7.6, 150 mM NaCl, 1 mM
PMSF and 1% Triton X-100) for 30 min on ice. The lysates
were centrifuged at 10,000x g to remove cell debris and
precleared for 1 h with protein-A Sepharose beads
(Amersham Biosciences). Precleared detergent lysates
were immunoprecipitated with TS2/9 antibodies followed
by Sepharose beads for 2 h at 4°C. Washed immunopre-
cipitates were boiled in sample buffer and resolved by
SDS/PAGE under non-reducing conditions and resolved
proteins transferred to nitrocellulose membranes (Whatman,
Pittsburgh, PA). Membranes were blocked with 5% non-fat
dry milk in TBS-T and then incubated with ExtrAvidin
horseradish peroxidase (Sigma-Aldrich). Biotinylated pro-
teins were visualized after exposure to Kodak Biomax
MRI films (Sigma-Aldrich) using the enhanced chemilu-
minescence (ECL Super Signal West Pico detection
reagent). For the detection of proteins containing free
thiols, cell lysates of activated T cells in the absence or
presence of RBC were labeled with BIAM for 30 min at
room temperature. The labeling reaction was quenched by
the addition of dithiothreitol (DTT). Afterwards, equivalent
aliquots of cell lysates, quantified by the BCA protein assay
kit (Pierce), were run in a 10% SDS/PAGE, transferred to a
membrane and visualized by ECL, as described above. In
parallel, a similar aliquot of cell lysates was run and total
proteins visualized by Coomassie brilliant blue R250
(Sigma-Aldrich).

Statistical analysis

Statistical analysis was performed using Excel or Graph-
Pad™ Prism 5 software. Student’s 7 test was used to
evaluate the significance of the differences between group
means. Statistical significance was defined as p < 0.05.

Results

RBC have bioactivities that enhance cell growth
and division signals initiated by TCR/CD3-independent
stimuli

Our previous studies showed that the presence of RBC in
close proximity of peripheral blood lymphocytes (PBLs)
that have been activated in vitro with polyclonal stimuli
dependent on the expression of a TCR/CD3 complex
(e.g., PHA-P, PHA-L, anti-CD3, anti-CD3+ anti-CD28)
enhanced proliferation and survival of the activated T cells
([10-12], Fig. 1). To ascertain whether the RBC bioac-
tivities can also influence TCR/CD3-independent signals,
PBLs were left unstimulated or stimulated with TCR/
CD3-dependent (PHA-P) and TCR/CD3-independent

(phorbol + calcium ionophore, IL-15 and IL-2) stimuli in
the absence or presence of autologous RBC and prolifer-
ation determined by CFSE fluorescence loss using flow
cytometry. As expected, PHA stimulation induced an
overall increase in cell growth (Fig. l1a) that correlated
with reasonable levels of T cell proliferation (Fig. 1b).
However, PHA also induced marked levels of activation-
induced cell death (Fig. 1a). The presence of RBC, either
autologous or heterologous, augmented cell growth and
proliferation while markedly inhibiting cell death (Fig. la,
b, and data not shown). Similar results in cell growth,
survival and proliferation were observed when T cells
were activated with the combination of PdB and iono-
mycin, two mitogens that bypass plasma membrane
receptors (Fig. la, b). RBC had no effect when either
mitogen was used alone (see Supplemental Figure 1).
IL-15 also induced an overall increase in cell growth
(Fig. 1a) that correlated with modest levels of proliferation
(Fig. 1b). In contrast to PHA, IL-15 induced high levels of
survival (Fig. 1a). As a result, the presence of RBC did
not impact on survival but induced a significant increase in
the number of blasts and proliferating cells instead
(Fig. 1a, b). CD3-labeling at the end of the culture showed
that the large majority of lymphocytes that divided in
response to IL-15 were CD3+ T cells, and the presence of
RBC induced the preferential expansion of CD3+ CD8+
T cells (data not shown). Similar results in cell growth,
survival and proliferation were observed when T cells
were activated with IL-2 (Fig. la, b). Overall, RBC were
capable of augmenting the percentage of T cells that
entered cell division (Fig. 1c) and also the percentage of
cell survival (Fig. 1d) both after TCR-dependent and
-independent stimuli.

RBC bioactivities are independent of GPI-linked
receptors and sialic acids

RBC have been reported to express LFA-3/CDS58, the
ligand for CD2, and previous studies suggested that the
enhancing effect that human RBC have on T cell prolif-
eration was mediated by CDS58 present on the plasma
membrane of RBC [7]. However, neither removal of GPI-
linked receptors from the cell surface of RBC by treatment
with PLC nor preincubation of RBC with TS2/9 antibodies
(that specifically recognize CDS58) abolished the RBC
bioactivities toward activated T cells (Fig. 2). In view of
these results, we investigated the expression of LFA-3/
CD58 by freshly isolated human RBC. Surprisingly, flow
cytometry and immunoprecipitation studies consistently
showed that LFA-3/CD58 cannot be detected on the cell
surface of human RBC, or at least it is expressed at levels
beyond detection, indicating the unlikelihood of mediating
the RBC bioactivities (Fig. 3, see inset). The lack of
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Fig. 1 RBC bioactivities strengthen proliferation and survival of
dividing T cells. PBLs (1.5 x 106) were labeled with CFSE and
cultured either alone or with autologous or heterologous red blood
cells (1:10 ratio) in the absence or presence of different stimuli for
7 days, and then harvested, stained and acquired in a FACSCalibur.
a Dot plots (FCS vs. SSC) show the percentage of T cell death (left
gated population, as determined by positive PI labeling) and survival
(right gated population, as determined by negative PI labeling) of
PBLs cultured alone (—RBC) or in the presence of autologous RBC
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(+RBC). Also shown are the percentage of small (lower right gated
population) and blast (upper right gated population) cells. b Histo-
grams illustrate the corresponding T cell proliferation levels obtained
in the different conditions shown in a, in the absence (—RBC, thin
line) or presence (+RBC, thick line) of RBC, as determined by CFSE
fluorescence loss. ¢, d Graphs show the percentage of dividing (c¢) and
surviving (d) T cells (mean £ SEM, n =4) for the different
conditions in the absence (—) or presence (+) of RBC
(***p < 0.001; **p < 0.01; *p < 0.05)
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Fig. 2 RBC bioactivities are independent of major RBC membrane
proteins. PBLs (1.5 x 10%) labeled with CFSE were stimulated with
5 pg/ml of PHA and cultured for 7 days either alone or in the
presence of untreated RBC or RBC treated with PLC, anti-LFA-3/
CD58 and neuraminidase. Afterward, cells were harvested and
acquired in a FACSCalibur. The graph shows the percentage of
proliferating PBLs (mean £ SEM, n = 7) as determined by CFSE
fluorescence loss in the different conditions (**p < 0.01; *p < 0.05)

detection of LFA-3/CD58 on RBC was not an artifact since
the TS2/9 antibodies detected LFA-3/CD58 on the cell
surface of an immortalized B cell line (Fig. 3, see inset).
Next, we examined whether removal of sialic acids from
the RBC membranes could influence RBC bioactivities.
Sialic acids are the ligands of certain receptors (SIGLEC),
some of which are involved in the regulation of activation
events in T cells [28]. As shown in Fig. 2, treatment with
neuraminidase to remove sialic acids did not abolish RBC
bioactivities; rather, neuraminidase-treated RBC signifi-
cantly increased the percentage of T cells entering division.
Sialic acid removal was confirmed by a complete down-
modulation in glycophorin A expression (data not shown),
which is known to represent more than 80% of the total
sialic acid amount of RBC membrane glycoproteins [29].

RBC bioactivities rescue T cells from activation-
induced cell death: correlation with the preservation
of thiol levels

In order to ascertain whether the RBC bioactivities needed
accessory cells, we purified T cells, and their cell growth,
proliferation and survival rates were examined upon PHA-
activation. As shown in Fig. 4a, PHA stimulation of pure T
cells induced high levels of cell death without inducing cell
growth when compared to PBL preparations which was
paralleled by very low levels of proliferation (Fig. 4b). Of
note, the presence of RBC in the cultures completely
reversed the incapacity of pure T cells to grow and pro-
liferate (Fig. 4). The effect of RBC on reversing the
unresponsiveness of pure T cells was of such a magnitude
that it resulted in more than a 25-fold increase in cell
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Fig. 3 Human RBC lack expression of LFA-3/CD58. Red blood cells
(RBC) and B cell lymphoma (BCL) cells were cell surface labeled
with anti-LFA-3/CD58 antibodies (TS2/9) followed by RAM-FITC
conjugated antibodies and acquired in a FACSCalibur. Histograms
show CD58 expression (thick line) in BCL cells (upper histogram)
and RBC (lower histogram). Background staining with RAM-FITC
(thin line) is shown. Inset: BCL cells and RBC were surface
biotinylated, lysed and LFA-3/CD58 immunoprecipitated with TS2/9
antibodies as described in “Materials and methods.” Aliquots of the
immunoprecipitates were resolved in a SDS/PAGE, blotted and
visualized by the ECL technique. The band corresponding to LFA-3/
CD58 is indicated

proliferation when compared to T cells alone. Interestingly,
examination of the level of cell surface thiols in dividing T
cells in the absence or presence of RBC by using the free-
cysteine reagent BIAM showed higher levels in cultures
with RBC (Fig. 4b, inset). In order to examine further the
strength of the RBC bioactivities, cultures of PBL prepa-
rations in the absence of serum were performed. Removal
of serum from the culture medium resulted in a complete
absence of T cell proliferation (Fig. 5a) mostly because of
a strong decrease in cell survival (Fig. 5b). However, the
presence of RBC in these cultures allowed T cells to pro-
liferate to levels very similar to those observed in cultures
with serum (Fig. 5a), literally rescuing the activated T cells
from cell death (Fig. 5b).

Finally, kinetic studies (1-6 days) of cultures of PHA-
activated PBLs revealed that T cell division is only
detectable 3 days after the start of the culture (Fig. 6).
Thus, the percentage of T cells that divided at least once
after 3 days of activation was, on average, about 23%
(Fig. 6). Noteworthily, the presence of RBC shortened the
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Fig. 4 RBC bioactivities rescue activated T cells from cell death.
PBLs or purified T cells (1.5 x 106) were labeled with CFSE,
stimulated with 5 pg/ml of PHA and cultured in the absence or
presence of RBC for 7 days. Then, cells were harvested and acquired
in a FACSCalibur. a Dot plots (FCS vs. SSC) show the percentage of
T cell death (left gated population, as determined by positive PI
labeling) and survival (right gated population, as determined by
negative PI labeling) of PHA-activated PBLs or T cells cultured alone
(—RBC) or in the presence of RBC (+RBC). Also shown are the
percentage of small (lower right gated population) and blast (upper
right gated population) cells. b The graph shows the percentage of
proliferating cells (mean £ SEM, n = 6) in cultures of PHA-
stimulated PBLs (gray bars) or PHA-stimulated T cells (black bars)
in the absence or presence of RBC. The percentage of proliferating
cells in unstimulated (none) cultures are included (****p < 0.0001;
##%p < 0.001). Inset: Cell lysates of 48-h cultures of PBLs activated
with PHA in the absence (—) and presence (+) of RBC were labeled
with BIAM as described in “Materials and methods,” and two
aliquots of the cell lysates were run on separate SDS/PAGE under
non-reducing conditions. One of the gels was stained with Coomassie
blue to visualize the total amount of protein (left graph). The other gel
was blotted into membranes and thiols-containing proteins visualized
by the ECL technique (right graph). Molecular weight markers are
indicated

time necessary to see the same level of T cell division by
24 h (compare PHA with PHA + RBC in Fig. 6). As a
result, the percentage of T cells that divided at least once in

cultures with RBC 3 days after activation was threefold
higher than in cultures without RBC (67 vs. 23%, Fig. 6).
This difference was maintained thereafter. Studies exam-
ining the phosphorylation status of intracellular signaling
molecules regulating cell survival and proliferation showed
that the PI3K/Akt axis may be a target of the RBC bio-
activities (see Supplemental Figure 2).

RBC bioactivities are differently sensitive
to the immunosuppressive drugs rapamycin
and cyclosporine A

Based on the aforementioned results and in view of the
overwhelming effects that RBC exert on T cells that have
been activated in vitro, we decided to investigate whether
these RBC bioactivities could be abolished or inhibited by
drugs commonly used to suppress immune responses, such
as cyclosporine (CsA) and rapamycin (Rapa). Preliminary
dose-inhibition experiments showed that 10 ng/ml of Rapa
and lug/ml of CsA induced more than 50% inhibition on T
cell proliferation without decreasing cell death (data not
shown, see also Fig. 7d), and these were used in all sub-
sequent experiments. As shown in Fig. 7a (thin lines), pre-
treatment of PBLs with either drug negatively impacted on
the relative extent of T cell proliferation as determined by
higher levels of CFSE mean fluorescence intensity. As
summarized in Fig. 7b (gray bars), these differences were
statistically significant. In addition, Rapa and CsA treat-
ment also negatively affected the percentage of T cells that
divided without significantly affecting survival (Fig. 7c, d,
gray bars). The addition of RBC to the cultures surpassed
the immunosuppressive effects of both drugs differently.
Thus, even though the addition of RBC to the cultures of
Rapa- and CsA-treated PBLs reversed the inhibition caused
by these drugs, as determined by loss of CFSE labeling
(Fig. 7a), the effect was less efficient in CsA-treated PBLs
(Fig. 7b, black bars). The lesser capacity of RBC to surpass
the immunosuppressive effect of CsA was also observed at
the level of the percentage of dividing T cells (Fig. 7c,
black bars; see also Fig. 7a thick lines) and the level of
survival (Fig. 7d, black bars). Then, we wanted to ascertain
whether treatment of RBC with these drugs, prior to their
addition to the cultures, could have an impact on their
bioactivities. As shown in Fig. 8a, Rapa-treated RBC were
as efficient as untreated RBC in augmenting the extent of T
cell proliferation. In marked contrast, CsA-treated RBC
were completely incapable of augmenting T cell prolifer-
ation (Fig. 8a). The differential sensitivity of the RBC
bioactivities to Rapa and CsA treatment is summarized in
Fig. 8b and is corroborated when the percentages of T cells
that divided (Fig. 8c), and the percentage of live cells
(Fig. 8d) were analyzed. Interestingly, the level of survival
observed in cultures with Rapa-treated RBC increased



Fig. 5 RBC bioactivities rescue activated T cells from cell death and
enhance proliferation under serum deprivation. PBLs or purified T
cells (1.5 x 106) were labeled with CFSE, stimulated with 5 pg/m of
PHA in culture media with or without serum and cultured for 7 days
in the absence or presence of RBC. Then, cells were harvested and
acquired in a FACSCalibur. a Histograms show loss of CFSE
fluorescence in cultures of PHA-activated PBLs with (left histogram)
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Fig. 6 Kinetics of the effect of RBC on T cell proliferation. PBLs
(1.5 x 10° were labeled with CFSE, and either left unstimulated
(none) or stimulated with 5 pg/ml of PHA and cultured for 6 days in
the absence or presence of RBC. Then, cells were harvested at days 1,
2, 3,4, 5 and 6 and acquired in a FACSCalibur. Graph shows the
percentage (mean + SEM, n = 2) of dividing cells for the different
culture conditions along the culture period
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or without (right histogram) serum, in the absence (thin line, PHA) or
presence (thick line, PHA +RBC) of RBC. Dotted-line (none) shows
CFSE fluorescence in unstimulated PBL. b Graph shows the
percentage of live cells (mean = SEM, n = 3) for the different
culture conditions in the presence (gray bars) or in the absence (black
bars) of serum (**p < 0.01; *p < 0.05)

significantly when compared with untreated RBC (Fig. 8d).
Addition of either drug directly to the culture media had
the same effect as drug pretreatment of RBC (data not
shown). The negative impact that the treatment of RBC
with CsA has on their bioactivities toward activated T cells
is specific since treatment of RBC with Rapa (Fig. 8) or the
specific PI3K inhibitor L.Y294002 (data not shown) had
negligible effects on the RBC bioactivities.

Discussion

We have previously shown that RBC can enhance cell
proliferation and inhibit apoptosis of human T cells that
have been activated in vitro with polyclonal stimuli, such
as phytohemagglutinin or CD3 triggering either alone or in
combination with CD28 [11, 12]. By using different
approaches we showed that the RBC effect is closely
linked with the upregulation of cytoprotective proteins
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Fig. 7 RBC bioactivities differently overcome immunossupression
induced by Rapa and CsA. PBLs (1.5 x 10°) were incubated with
culture media Rapa (10 ng/ml) and CsA (lug/ml) for 1 h at 37°C and
extensively washed. Then, PBLs were labeled with CFSE and left
either unstimulated or stimulated with 5 pg/ml of PHA and cultured
in the absence or presence of RBC for 7 days. Afterwards, cells were
harvested, stained and acquired in a FACSCalibur. a Histograms
show proliferation levels of activated PBLs, as determined by CFSE
fluorescence loss, of either PBLs that were untreated (PBLy,,) and
pre-treated with Rapa (PBLgapa) or CsA (PBL¢4), and cultured in the
absence (—RBC, thin line) or presence of RBC (+RBC, thick line).
CFSE levels in unstimulated PBLs (control, dotted-line) are also
shown. b-d The graphs show the corresponding percentage
(mean = SEM, n = 9) of proliferating T cells (b), the percentage
of dividing T cells (¢) and the percentage of survival (d) in the
different culture conditions in the absence (gray bars) or presence
(black bars) of RBC. Proliferation and survival values in unstimulated
PBLs are indicated in the first-left bar (***p < 0.001; **p < 0.01;
*p < 0.05, ns not significant)

heme oxygenase 1 and ferritin and downregulation of the
prooxidant state generated after activation [10]. As a result,
we proposed that the RBC is a cell type endowed with
bioactivities capable of regulating T cell growth and sur-
vival of normal human T cells [9].

In the present study we extend these findings by showing
that bioactivities carried out by RBC act on intracellular
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Fig. 8 RBC bioactivities are abolished by treatment CsA. RBC
(15 x 10° were incubated with culture media alone or containing
either Rapa (10 ng/ml) or CsA (1 pg/ml) for 1 h at 37°C and
extensively washed. Then, PBLs were labeled with CFSE and left
either unstimulated or stimulated with 5 pg/ml of PHA and cultured
in the absence or presence of RBC for 7 days. Afterwards, cells were
harvested, stained and acquired in a FACSCalibur. a Histograms
show proliferation levels of activated PBLs, as determined by CFSE
fluorescence loss, in the absence of RBC (—RBC) or in the presence
of RBC that were either left untreated (RBCy,,) or treated with Rapa
(RBCRrypa) or CsA (RBCcsa). CFSE levels in unstimulated PBLs
(control, dotted-line) are also shown. b—d The graphs show the
corresponding percentage (mean == SEM, n = 6) of proliferating T
cells (b), the percentage of dividing T cells (¢) and the percentage of
survival (d) in the indicated different culture conditions (**p < 0.01;
*p < 0.05, ns not significant)

pathways initiated by TCR-dependent and TCR-indepen-
dent stimuli, including IL-15 and the mixture of phorbol
dibutyrate and a calcium ionophore. IL-15 is a gamma-
common cytokine with a wide range of biological effects on
cells of the immunological system. Regarding T cells, we
have shown the induction of activation and proliferation of
CDS8+ T cells and contribution to T cell homeostasis [18].
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The interaction of IL-15 with its receptor triggers activation
signals different from the ones triggered by the TCR,
namely the activation of the JAK/STAT family proteins
whose combined action leads to the subsequent activation
of the MEK/ERK and PI3K/Akt pathways, which regulate T
cell survival and proliferation [30]. RBC increased IL-15-
induced T cell growth and proliferation while leaving sur-
vival levels unchanged, suggesting that the RBC
bioactivities are able to intersect in a positive manner with
the intracellular pathways activated by IL-15, namely
pathways related with cell growth and entry into the cell
cycle. This assumption is supported by similar results
obtained with IL-2, another gamma-common cytokine that
activates similar activation pathways. The lack of an effect
on survival of RBC on IL-15 stimulated T cells is not sur-
prising since IL-15 is already known to markedly increase T
cell survival. The combination of PdB and ionomycin,
though bypassing TCR-proximal events, initiates a cascade
of downstream events that are very similar to the ones ini-
tiated by TCR-mediated signals and include activation of
serine/threonine protein kinase C and the serine/threonine
phosphatase calcineurin. Of note, the presence of RBC
increased cell growth, proliferation and survival of
PdB + ion activated T cells to levels similar to those seen
in PHA-activated T cells. These results strongly suggest that
RBC bioactivities act on downstream signaling regulators,
such as calcineurin, responsible for the initiation of tran-
scription of genes related with the control of proliferation,
such as IL-2, and not on isolated early pathways that are
activated when PdB and ionomycin are used alone.

We have also demonstrated that the RBC bioactivities
are not mediated by RBC receptors, are exerted directly
over T cells and are independent of serum factors. Our
previous studies suggested that RBC surface receptors
proposed to mediate the effect of RBC were not involved
[11, 12]. In this study we have extended these results by
showing that neither GPI-linked receptors nor sialic acids
present at the plasma membrane of RBC are involved in the
enhancement of T cell growth, survival and proliferation,
pointing to a different mechanism of action. It is worth
mentioning that in our studies we could not detect
expression of LFA-3/CD58 in human RBC. However, the
possibility that the levels of LFA-3/CD58 on the surface of
human RBC are below the detection limits of these sensi-
tive techniques cannot be ruled out. In any case, these
levels of expression would be inappropriate in terms of the
delivery of co-stimulatory signals to activated T cells and
most likely do not play an important role in the RBC effect.
These data together with previous results indicating that
the RBC effect could be observed even when RBC are
added to cultures of activated T cells 1-2 days after the
initial stimulation suggest a lack of involvement of RBC
co-stimulatory signals during the early stages of T cell

activation [11]. Importantly, RBC were also capable of
driving unresponsive pure T cells activated with PHA to
increase cell size and proliferate, reinforcing the notion that
RBC bioactivities act directly on the activated T cells
without the need of accessory cells. Moreover, we have
shown that this effect is associated with the preservation of
the antioxidant state of the activated T cells, namely the
level of cell surface thiols. These results are in agreement
with our previous results showing that RBC are capable of
reducing the intracellular production of oxygen and nitro-
gen radicals in activated T cells [12]. The possible role of
NF-kB, a transcription factor regulated by oxidative stress,
in mediating the RBC effect remains to be determined.
NF-kB is known to block apoptotic pathways that in turn
will favor cell division [31]. The pro-survival bioactivities
of RBC are of such magnitude that they were able to rescue
activated T cells from cell death induced by serum depri-
vation and allow the activated T cells to enter multiple
cycles of cell division. Besides stressing the importance of
the bioactivities carried out by RBC, these results indicate
that the RBC bioactivities do not need any serum factor to
augment survival and proliferation of activated T cells.
Based on the kinetic studies, we concluded that the RBC
bioactivities are not exerted during the immediate hours
following T cell activation but later on, perhaps after
18-24 h when key cell cycle regulators have already been
activated. As a result there is a hastened entry of activated
T cells into the cell cycle in cultures with RBC in com-
parison with cultures without, namely at days 2 and 3 after
activation, and our results point to the PI3K/Akt axis as a
putative target of the RBC bioactivities. Akt is thought to
be an upstream regulator of NF-kB, reinforcing the possi-
ble involvement of this transcription factor on the RBC
effect [32].

From these studies we can conclude that two main
bioactivities can be distinguished in RBC: (1) survival
bioactivities responsible for inhibiting pathways related
with apoptosis and (2) cell growth bioactivities responsible
for potentiating pathways related with progression of
T cells into the cell cycle. The combined action of these
bioactivities is capable of rescuing activated T cells from
cell death induced by serum deprivation. In this context, by
using the immunosuppressive drugs rapamycin and cyclo-
sporine A, we have provided evidence that the RBC
bioactivities appear to use the calcineurin and mTOR
pathways differently. Thus, we have shown that the RBC
bioactivities were able to revert very efficiently the
immunosuppressive effect caused by Rapa, but not by CsA
when PBLs were pre-treated with these drugs. While Rapa
is known to bind to a family of proteins known as FK506-
binding proteins (FKBP), more specifically to FKBP12,
CsA binds to a family of proteins called cyclophilins,
namely to cyclophilin A [22, 24]. While the Rapa-FKBP
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complex binds and inhibits the kinase mTOR, the CsA-
CypA complex binds and inhibits the phosphatase calci-
neurin [24]. The capacity of RBC to efficiently counteract
the inhibition caused by Rapa but not by CsA has, in our
opinion, several interpretations. First, the peptidyl-prolyl-
isomerases FKBP12 and CypA are part of the RBC pro-
teome and compete for the binding of the drugs present
within the pre-incubated T cells releasing the inhibitory
effect and allowing the RBC bioactivities to exert their
function. Although FKBP12 and CypA are present in RBC
[33, 34], we think this hypothesis unlikely. Second, dif-
ferent amounts of CsA-CypA and Rapa-FKBP12
complexes within the T cells used in our assays might
underlie the differences observed. This hypothesis is not
unlikely if we consider early studies indicating differences
in the amount of CypA among lymphocyte populations
[35]. Third, the RBC bioactivities are capable by them-
selves to overcome efficiently the inhibition caused by
Rapa but not by CsA, through the activation of downstream
signaling pathways capable of driving T cells into the cell
cycle. These pathways may be independent of mTOR
activity but not from upstream pathways, such as those
resulting from calcineurin activity, therefore justifying the
differences observed. In this context, a recent study has
shown that the inhibitory capacity of Rapa in leukemia
cells can be overcome by IL-7-mediated signaling, most
likely through the alternative activation of the p70 S6
kinase [36]. The RBC bioactivities may act in a similar
manner. Nevertheless, the two latter hypotheses are not
mutually exclusive.

Considering that the Rapa and CsA ligands are also
present in RBC [33, 34], we wanted to ascertain whether
treatment of RBC with these drugs had any effect on their
bioactivities. Most interestingly, pretreatment of RBC with
CsA, but not Rapa, completely blocked the bioactivities of
RBC. Similar results were obtained when the drugs were
added directly to cultures, mimicking an in vivo drug
administration. To our knowledge, these are novel results
regarding the biology of RBC, and they unveil a novel
relationship between RBC and the immunosuppressive drug
CsA. The fact that the bioactivities carried out by RBC are
also exerted with heterologous RBC (unpublished data)
raises important issues in the context of blood transfusions
administered to patients undergoing immunossupression
[9]. In this context, the complete block of the RBC bioac-
tivities described herein by CsA and not Rapa raises
interesting questions. First, both drug ligands are present in
the RBC, but only CsA interferes with the RBC bioactivities
that regulate T cell growth, survival and proliferation,
pointing to a specific inhibitory effect. Indeed, pretreatment
of RBC with LY294002, an inhibitor of PI3K lacking an
endogenous RBC ligand, had no effect on the RBC bio-
activities. All these results suggest the possible involvement

of CypA, the CsA ligand, as being responsible for the RBC
bioactivities. In this context, recent studies point to CypA as
a novel growth factor involved in cell-cell communication
that is secreted under inflammatory conditions by several
types of leucocytes and endothelial cells [26, 27]. Unfor-
tunately, we found that recombinant human CypA per se is
incapable of augmenting T cell growth, survival and pro-
liferation as intact RBC do (unpublished observations). The
possibility that CypA involvement could be related to its
isomerase activity within the RBC or to the regulation of the
secretion of bioactive factors present within the RBC
remains to be elucidated.
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