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Cerebral malaria (CM) is associated with excessive host proinflammatory responses and endothelial activation. The hematopoi-
etic hormone erythropoietin (EPO) possesses neuroprotective functions in animal models of ischemic-hypoxic, traumatic, and
inflammatory injuries. In the Plasmodium berghei ANKA model of experimental CM (ECM), recombinant human EPO (rhEPO)
has shown evident protection against ECM. To elucidate the mechanism of EPO in this ECM model, we investigated the effect of
rhEPO on host cellular immune responses. We demonstrated that improved survival of mice with ECM after rhEPO treatment
was associated with reduced endothelial activation and improved integrity of the blood-brain barrier. Our results revealed that
rhEPO downregulated the inflammatory responses by directly inhibiting the levels and functions of splenic dendritic cells. Con-
versely, rhEPO treatment led to significant expansion of regulatory T cells and increased expression of the receptor cytotoxic T
lymphocyte antigen 4 (CTLA-4). The data presented here provide evidence of the direct effect of rhEPO on host cellular immu-
nity during ECM.

Cerebral malaria (CM), characterized by seizures and loss of
consciousness, is a serious complication and a major cause of

death in Plasmodium falciparum infections. Although the exact
pathogenesis of CM is still not clearly defined, a current, unified
view postulates that CM is associated with sequestration of para-
sitized red blood cells (pRBCs) in the presence or absence of leu-
kocytes and platelets in the brain microvasculature and an over-
whelming host proinflammatory response (1). Despite highly
effective antimalarial drug treatments, a significant proportion of
CM patients develop neurological sequelae, and therefore, it is of
strategic importance to explore new adjunct therapies.

Erythropoietin (EPO), produced mainly in the kidneys, is a
hematopoietic growth factor with major effects on the prolifera-
tion and survival of erythroid progenitor cells (2). EPO also pos-
sesses extrahematopoietic properties that are associated with the
EPO receptor (EPOR) expressed on various nonerythroid tissues,
such as brain, heart, muscles, and vascular endothelium (3, 4). For
example, recombinant human EPO (rhEPO) can cross the blood-
brain barrier (BBB) and is protective in animal models of isch-
emic-hypoxic, traumatic, and inflammatory injuries (5, 6). The
erythropoietic response to EPO in RBC precursors is initiated
upon EPO binding to EPOR homodimers, whereas in non-
erythroid tissues, EPO utilizes a receptor complex that is com-
posed of EPOR and CD131, the beta common receptor (�cR)
shared by granulocyte-macrophage colony-stimulating factor, in-
terleukin 3 (IL-3), and IL-5 (7, 8), thus connecting EPO with
immune responses.

The immune-modulatory effects of EPO have been studied in
various disease models and conditions, where EPO is frequently
found to counteract the innate immune responses that are acti-
vated by proinflammatory cytokines during pathogen infections,
trauma, and hypoxia (9). For example, in disease conditions
linked to excessive inflammatory responses, such as experimental
autoimmune encephalomyelitis (EAE), a model of multiple
sclerosis, EPO treatment blocks clinical progression and amelio-

rates the disease pathology by reducing ischemia-induced produc-
tion of inflammatory cytokines, such as tumor necrosis factor
(TNF) and IL-6, through blockade of the proliferation of dendritic
cells (DCs) and concomitant induction of regulatory T cell (Treg)
expansion (10–13). Similarly, dampening host proinflammatory
responses by EPO administration blunts disease severity in chem-
ically induced colitis in mice (14). However, in multiple-myeloma
patients and experimental murine models, EPO administration
improves both cellular and humoral immunity, which includes
CD8� T cell activation, enhanced T cell proliferation potential,
and increased antibody production (15–17). Thus, it seems that
the spatial organization and temporal sequence of a plethora of
mediators produced and pathways involved may dictate whether
the effects are enhanced or inhibited by EPO administration. In-
terestingly, EPOR expression was detected in murine DCs and
macrophages, and rhEPO had profound effects on these cells in
culture, leading to upregulation of costimulatory molecules, cyto-
kine secretion, and maturation of DCs (18, 19) but downregula-
tion of NO, TNF, and IL-6 expression in macrophages (14), sug-
gesting that EPO may affect both innate and adaptive immune
responses.
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The importance of EPO in malaria infection has long been
recognized. High levels of EPO are found in African children suf-
fering severe malarial anemia (20–22) and are correlated with
�80% reduction in the risk of developing neurological sequelae
during CM (23). In the murine experimental CM (ECM) model,
administration of rhEPO significantly improves host survival
without influencing parasitemia (24, 25). The neuroprotective ef-
fect of EPO in ECM includes reduced IFN-� and TNF mRNA
levels in the brain, diminished neuronal apoptosis, and activated
neuronal stem cells (24–26). Furthermore, since hypoxia occurs in
brain tissues of ECM and hypoxia induces EPO expression (27),
systemic EPO administration substantially reduces the degree of
neural hypoxia (28). In this report, we aimed to elucidate the
mediators of EPO’s neuroprotection during ECM. We focus on
the roles of EPO in cell-mediated immunity using a well-estab-
lished ECM model, C57BL/6 mice infected with Plasmodium ber-
ghei ANKA.

MATERIALS AND METHODS
Mice, parasite, and EPO treatment. Female C57BL/6 mice, aged 6 to 8
weeks, were purchased from Benxi Animal Institute, Liaoning, China.
Infections were initiated by intraperitoneal injection of 106 P. berghei
ANKA pRBCs into C57BL/6 mice. In the EPO treatment group (P. berghei
ANKA plus EPO), mice were treated daily by intravenous injection of 50 U
rhEPO/mouse (Roche, Basel, Switzerland) dissolved in phosphate-buff-
ered saline (PBS) at 2 to 4 days postinfection (p.i.). The control received
the same volume of PBS at the same time points. For the mortality and
parasitemia experiment, 10 mice were used in each group. Parasitemia
was monitored by counting the pRBCs per 1,000 RBCs by light micros-
copy of Giemsa-stained blood smears, and mortality was monitored daily.
Hematological parameters (RBCs and platelets) were determined in five
mice in each group by using an automated analyzer with blood collected
from the retro-orbital venous plexus and anticoagulated by EDTA. For
the study of immune responses, nine mice were divided into three repli-
cates at each time point for each treatment. All experiments were per-
formed in compliance with animal ethics committee requirements in
China.

Histopathology, immunohistochemistry, and BBB permeability.
Three mice from each of the three groups (uninfected control, P. berghei
ANKA, and P. berghei ANKA plus EPO) were euthanized at 5 days p.i. The
brains were immediately removed, fixed in 4% paraformaldehyde for 24
h, and embedded in paraffin. Serial 4-�m-thick horizontal sections were
made and processed for hematoxylin and eosin staining and immunohis-
tochemical studies. To detect ICAM-1 and VCAM-1 along the endothelial
lining, immunohistochemical staining was performed with specific poly-
clonal antibodies against ICAM-1 (Abcam, USA) and VCAM-1 (Santa
Cruz Biotechnology, USA) using a previously described method (29),
which was followed by biotin-conjugated goat anti-rabbit IgG antibody.
Finally, streptavidin-conjugated peroxidase was added, and color devel-
opment was done using 3-amino-9-ethylcarbazole as the substrate. In
each experiment, ICAM-1- or VCAM-1-positive vessels were visualized
by microscopy at �400 magnification for each section. The vessels in 20
fields were counted in each mouse. The integrity of the BBB was examined
using Evans blue extravasation as previously described (30). At 5 days p.i.,
mice were injected intravenously with 200 �l of 2% Evans blue solution
(Sigma, St. Louis, MO, USA). The mice were euthanized 1 h later, and the
brains were isolated and incubated in 2 ml of formamide for 48 h at 37°C.
The amount of Evans blue in 100 �l of the brain tissue extracts was deter-
mined by measuring absorbance at 620 nm (31).

Splenocyte culture and quantification of cytokines and nitrite.
Splenocytes were harvested and cultured essentially as previously de-
scribed (32). Aliquots (5 � 106 cells/well) of the cell suspensions were
seeded in 24-well flat-bottom tissue culture plates (Falcon) in triplicate in
a humidified 5% CO2 incubator. For testing the in vitro effect of rhEPO on

splenycytes, 5 � 106 cells were incubated with 5 U/ml of rhEPO for 48 h at
37°C. Levels of gamma interferon (IFN-�), TNF, and IL-10 in culture
supernatants and plasma samples were measured by enzyme-linked im-
munosorbent assays (ELISA) (R&D Systems, Minneapolis, MN, USA).
Concentrations of NO2

�, the stable oxidation product of NO, in cell
supernatants were measured by the Griess reaction (33).

Flow cytometry. Splenocytes from a portion of each group were col-
lected to differentiate Th1-type cells, Tregs, the subsets of splenic DCs
(myeloid DCs [mDCs] and plasmacytoid DCs [pDCs]), and the expres-
sion of major histocompatibility complex class II (MHC-II), CD86, Toll-
like receptor 4 (TLR4), and TLR9 on CD11c� DCs. Unless otherwise
indicated, antibodies were purchased from BD Biosciences. To measure
Th1-type cells (CD4� T-bet� IFN-��), 107 fresh splenocytes were stim-
ulated in 12-well plates with phorbol myristate acetate (50 ng/ml) and
ionomycin (0.5 �g/ml). After 2 h, 2 �M Golgi stop reagent (BD Pharmin-
gen) containing brefeldin A was added to block cytokine export. After 4
additional hours of culture, the cells were stained with anti-CD4 –fluores-
cein isothiocyanate (FITC) (clone H1.2F3). The cells were then fixed,
permeabilized, and stained with anti-T-bet–phycoerythrin (PE) (clone
eBio4B10), and anti-IFN-�–allophycocyanin (APC) (XMG1.2). To assess
Tregs, splenocytes were incubated with FITC–anti-CD4 (clone H1.2F3),
peridinin chlorophyll protein (PerCP)–anti-CD25 (clone PC61), and PE–
anti-cytotoxic T lymphocyte antigen 4 (CTLA-4) (clone UC10-4F10-11)
for surface staining in 100 �l of PBS supplemented with 3% fetal calf
serum (FCS). Then, the cells were fixed and permeabilized, and intracy-
toplasmic staining was performed using APC–anti-Foxp3 antibody (clone
FJK16s) (34).

For DCs, cells were double stained with FITC-conjugated CD11c
monoclonal antibody (MAb) (clone HL3) and PE-conjugated anti-
CD11b (clone M1/70), CD86 (clone GL1), MHC-II MAb (clone M5/
114.15.2), PerCP-conjugated CD45R/B220 (clone RA3-6B2), or TLR4
(clone MTS510). To assess the expression of TLR9 in CD11c� DCs, spleen
cells were stained first with FITC-conjugated CD11c MAb. After fixation
and permeabilization, the cells were incubated with biotinylated anti-
TLR9 MAb (clone 5G5; Hycult Biotech), followed by PE-conjugated
streptavidin.

Brain mononuclear cells were isolated from brains on day 5 p.i. A
single-cell suspension was obtained by grinding the tissue and resuspend-
ing the resulting cells in 5 ml of RPMI 1640, which contained 100 U/ml
type IV collagenase (Invitrogen, USA), and incubated at 42°C for 45 min.
The cells were pelleted at 300 � g for 10 min, resuspended in 30% Percoll
in PBS (Sigma), layered on 70% Percoll, and centrifuged at 515 � g for 30
min at room temperature. The cells at the interface were isolated, washed
twice, resuspended in PBS, and labeled with the following antibodies:
FITC–anti-CD4, PerCP–anti-CD8 (clone 53-6.7), and APC–anti-CD3
(clone 145-2C11). The cells were incubated at 4°C for 30 min and washed
twice with PBS.

Flow cytometric analysis was performed using a FACSCalibur, and
data were analyzed with the FlowJo software.

Statistical analysis. Data are presented as the mean and standard error
of the mean (SEM). Survival analysis was performed using the Kaplan-
Meier log rank test. The statistical significance of the differences was an-
alyzed by the t test or one-way analysis of variance (ANOVA) (SPSS 17.0).
A P value of 	0.05 was considered significant.

RESULTS
EPO treatment protects mice from ECM and ameliorates ECM
pathology. Through a pilot study of rhEPO treatment of P. berghei
ANKA-infected mice at three daily dosages (10, 50, or 200
U/mouse) for 3 days (2 to 4 days p.i.), we selected the 50-U/mouse
dosage in subsequent experiments (see Fig. S1 in the supplemental
material). P. berghei ANKA-infected C57BL/6 mice typically dis-
played neurological symptoms around day 7 p.i., and most suc-
cumbed to death between days 7 and 12 (Fig. 1A). Consistent with
earlier reports (24, 25), rhEPO treatment offered significant pro-

Wei et al.

166 iai.asm.org Infection and Immunity

http://iai.asm.org


tection of mice against ECM compared with the untreated group
(Kaplan-Meier analysis; P 	 0.05; log rank test), and 80% of the
mice in the P. berghei ANKA-plus-EPO group survived longer
than 15 days (Fig. 1A). No significant differences in the levels of
daily parasitemia were observed between the treatment groups
(Fig. 1B). Since the protective effect of rhEPO may be associated
with increased erythropoiesis from rhEPO treatments, we moni-
tored the RBC and platelet densities. Compared with the baseline
levels, daily RBC and platelet counts at 3 and 5 days p.i. did not
differ significantly between the untreated and rhEPO-treated
groups (Fig. 1C and D).

A common feature of CM pathology is sequestration of pRBCs
and inflammatory cells in the brain microvasculature and altera-
tion of BBB integrity (35, 36). In addition, endothelial activation
and increased expression of adhesive molecules in cerebral mi-
crovessels are responsible for sequestration of pRBCs and inflam-
matory cells during CM (37, 38). At 5 days p.i., when ECM symp-
toms became evident, P. berghei ANKA-infected mice contained
intense intravascular leukocyte aggregates and vascular obstruc-
tion in various brain regions (Fig. 2). In contrast, sequestration of
inflammatory cells in the cerebral microvasculature was much less
in rhEPO-treated mice. Immunohistochemistry confirmed dra-
matically increased expression of the adhesive molecules ICAM-1
and VCAM-1 in the brain microvasculature of infected mice,
whereas rhEPO administration significantly decreased their ex-
pression (P 	 0.001, t test), indicating reduced endothelial activa-
tion (Fig. 2). Further, brain vascular leakage was evident in in-
fected mice, whereas rhEPO treatment significantly reduced the
amount of dye in the brains of infected mice (Fig. 2), indicating
better-preserved BBB integrity in rhEPO-treated mice.

EPO treatment decreases plasma IFN-� and TNF levels. Both

TNF and IFN-� are implicated in the pathogenesis of CM (39).
rhEPO treatment has been shown to downregulate the expression
of IFN-� and TNF mRNAs in the brains of infected mice on day 6
p.i. (24). Analysis of the plasma IFN-�, TNF, and IL-10 levels
found that P. berghei ANKA infection drastically increased the
levels of these cytokines in plasma at 5 days p.i. (Fig. 3). However,
rhEPO treatment significantly reduced the plasma IFN-� and
TNF levels (P 	 0.05; t test). Conversely, the level of the anti-
inflammatory cytokine IL-10 in plasma was significantly increased
in rhEPO-treated mice (P 	 0.05; t test).

EPO counteracts Th1 cell subsets in the spleen during ECM.
To determine the in vivo effect of rhEPO on the differentiation of
Th1-type cells, we quantified the Th1 cell CD4� T-bet� IFN-��

subtype. rhEPO treatment had no effect on the numbers of this
cell subtype in uninfected mice. However, rhEPO treatment sig-
nificantly reduced the CD4� T-bet� IFN-�� Th1 cells in the P.
berghei ANKA-plus-EPO group at both 3 and 5 days p.i. (P 	 0.05)
(Fig. 4A). Murine macrophages, as important effector cells, ex-
press considerable amounts of EPOR and CD131 and are there-
fore targets of EPO (14, 40). EPO has been shown to downregulate
the expression of inflammatory cytokines by macrophages in
vitro. Compared with the baseline levels before inoculation, P.
berghei ANKA infection increased the numbers of splenic macro-
phages (F4/80� cells) at 3 days p.i., and a significant increase could
be detected at 5 days p.i. In comparison, rhEPO treatment reduced
the numbers of splenic macrophages in P. berghei ANKA mice on
both days, though the differences between the P. berghei ANKA
and P. berghei ANKA-plus-EPO groups did not achieve statistical
significance (Fig. 4B).

We then evaluated the effects of in vitro rhEPO treatment on
the production of proinflammatory molecules by splenic cells.

FIG 1 Treatment with rhEPO increases survival of mice with P. berghei ANKA-induced ECM. P. berghei ANKA-plus-EPO group mice (n 
 10) were infected
with P. berghei ANKA and received 50 U/mouse rhEPO at 2 to 4 days p.i. The control group (P. berghei ANKA) was treated with PBS (n 
 10). (A) Cumulative
survival analysis. P. berghei ANKA (PbA)-infected mice were monitored daily for survival. (B) Parasitemia was monitored by microscopic evaluation of thin
blood films with Giemsa staining. The values represent the means � SEM. (C and D) Effects of rhEPO treatment (50 U) on total numbers of RBCs (C) and
platelets (PLT) (D). The values represent the means � SEM (n 
 5 mice per group).

EPO and Experimental Cerebral Malaria

January 2014 Volume 82 Number 1 iai.asm.org 167

http://iai.asm.org


Primary splenic cells from P. berghei ANKA-plus-EPO mice pro-
duced significantly smaller amounts of nitrite and IFN-� than
those from P. berghei ANKA mice at both 3 and 5 days p.i. (P 	
0.05) (Fig. 4C and D). rhEPO treatment markedly reduced the
expression of TNF from the splenocytes on both days, although
the difference between the P. berghei ANKA and P. berghei ANKA-
plus-EPO groups was significant only at 5 days p.i. (P 	 0.05) (Fig.
4E). Similarly, treatment of the in vitro-cultured splenocytes with
5 U/ml of rhEPO resulted in reduced production of TNF and
IFN-� (see Fig. S2 in the supplemental material).

EPO treatment reduces trafficking of CD4� and CD8� T cells
to the brain. Increased T cell trafficking to the brain is involved in
the pathogenesis of ECM (41). To determine whether EPO treat-
ment affects T cell trafficking to the brain, we isolated brain
mononuclear cells from control mice and untreated and rhEPO-
treated P. berghei ANKA-infected mice at 5 days p.i. As expected,
CD4� and CD8� T cells were present in the brains of uninfected
mice at baseline levels, whereas P. berghei ANKA infection resulted
in a significant increase of the CD4� T cells (P 	 0.05; t test), as
well as an elevation of the CD8� T cell population in the brains of

FIG 2 Treatment with rhEPO decreases endothelium activation and improves BBB integrity. (A) At 5 days p.i., three mice from each of the three groups
(uninfected, P. berghei ANKA, and P. berghei ANKA plus EPO) were processed for histology with hematoxylin and eosin (H&E) staining and immunohisto-
chemical analysis with anti-ICAM-1 and -VCAM-1 antibodies. The arrows point to the cerebral microvessels. (B) Quantification of ICAM-1- and VCAM-1-
positive vessels. ICAM-1- or VCAM-1-positive microvessels per microscopic field were quantified in 20 fields per mouse. The values are means and SEM from
three mice in each group. (C) Representative brain images for qualitative evaluation of vascular leakage using Evans blue extravasation. (D). Quantitative
assessment of BBB leakage shown as the optical density (OD) readings of brain extracts at 620 nm. The values are means and SEM (n 
 3). **, significant
difference at a P value of 	0.05 (t test) between treatment groups.

FIG 3 Effects of rhEPO treatment on plasma IFN-� (A), TNF (B), and IL-10 (C) levels. For each experiment, three mice were used per group. Each experiment
was repeated three times. The values represent the means and SEM. * and **, significant differences at P values of 	0.05 and 	0.01, respectively.
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infected mice (Fig. 5). However, rhEPO treatment lowered the
numbers of CD4� (P 	 0.05; t test) and CD8� T cells in the brains
of P. berghei ANKA-infected mice (Fig. 5), indicating reduced traf-
ficking of these T cells to the brain.

EPO treatment causes Tregs to proliferate and express
higher levels of CTLA-4. Tregs are specialized T-cell subgroups
with potent immune-regulatory functions to prevent ECM via
CTLA-4 (42, 43). Compared with the P. berghei ANKA group, we
detected a highly significant elevation of CD4� CD25� FoxP3�

Tregs in rhEPO-treated mice at 3 and 5 days p.i. (P 	 0.05) (Fig.
6A). Concomitantly, significantly increased expression of CTLA-4
was detected in CD4� CD25� FoxP3� Tregs from P. berghei
ANKA-plus-EPO mice at 5 days p.i. compared to the P. berghei
ANKA group (Fig. 6B). These results indicated that rhEPO treat-
ment triggered the expansion of Tregs, which expressed higher
levels of CTLA-4.

EPO inhibits DC expansion. DCs have been found to express
EPOR and are potentially targeted by EPO (18, 19). To determine
the potential impacts of EPO on DCs, we measured the levels of
DC differentiation, maturation, and activation. rhEPO signifi-
cantly inhibited differentiation of DCs; the numbers of mDCs and
pDCs were significantly lower in the P. berghei ANKA-plus-EPO
group than in the P. berghei ANKA group at both 3 and 5 days p.i.
(P 	 0.01) (Fig. 7A, a, B, and b). We further compared the expres-
sion of the maturation markers MHC-II and CD86 on splenic
CD11c� DCs, which are essential for induction of T cell responses.
The expression of both MHC-II and CD86 was decreased in the
rhEPO-treated group at 5 days p.i., though the difference between
the rhEPO-treated and untreated P. berghei ANKA groups was not
significant (Fig. 7C, c, D, and d). Finally, the expression of TLR4
and TLR9 on DCs was decreased by rhEPO treatment, although
the difference between treated and untreated groups was signifi-

FIG 4 Effects of rhEPO treatment on splenic Th1 cells, macrophages, and secretion of cytokines. (A) Absolute numbers (top) and proportion (bottom;
representative dot plots) of CD4� T-bet� IFN-�� Th1 cells in spleens were quantified by flow cytometry. d, day. (B) Absolute numbers (top) and proportion
(bottom; representative histograms) of macrophages (F4/80� cells) in spleens were quantified by flow cytometry. (C to E) Splenocytes were cultured, and the
supernatants were analyzed for concentrations of nitrite (C) and cytokines IFN-� (D) and TNF (E). For each experiment, three mice were used per group. Each
experiment was repeated three times. The values represent the means and SEM. * and **, significant differences compared with baseline levels on day 0 at P values
of 	0.05 and 	0.01, respectively. # and ##, significant differences between P. berghei ANKA-infected and rhEPO-treated groups at P values of 	 0.05 and 	0.01,
respectively.
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cant only at 3 days p.i. (P 	 0.05) (Fig. 7E, e, F, and f). Together,
these results indicate that rhEPO administration inhibits the ex-
pansion and functions of DCs.

DISCUSSION

Although the early Th1 immune responses triggered by malaria
parasites are crucial for preventing rapid proliferation of the par-
asites, excessive effects mediated by Th1 cells and related inflam-
matory cytokines, such as TNF, IFN-�, and IL-1�, promote the
occurrence of CM (1, 44). Consistent with the anti-inflammatory
effect of EPO, we found that rhEPO treatment significantly re-
duced the splenic CD4� T-bet� IFN-�� T cell and macrophage
populations in P. berghei ANKA-infected mice. Since IFN-�-pro-
ducing CD4� T cells play an essential regulatory role in the cere-
bral accumulation of CD8� T cells (45), the effector cells respon-
sible for ECM mortality (46), rhEPO-mediated reduction of the
CD4� IFN-�� population may result in lower levels of accumu-
lation of the CD8� T cells in the brain (46–49). In addition, rhEPO
may directly inhibit expression of NO by macrophages through
interaction with the EPOR, since mouse macrophages express a
relatively high level of EPOR mRNA (14).

Tregs play an essential role in balancing protective immune
responses and immune-mediated pathology (42). Tregs can sup-
press the development of P. berghei ANKA-specific Th1 responses
(50). Accordingly, increasing the number of Tregs in vivo provides
protection of mice against ECM (43). The CTLA-4 receptor is
expressed on activated T cells, including Tregs. Recently, the pro-
tective function of Tregs against ECM has been shown to be highly
dependent on CTLA-4 expression but modestly affected by IL-10

FIG 5 rhEPO inhibits migration of CD4� and CD8� T cells to the brains of P.
berghei ANKA-infected mice. At 5 days p.i., three mice from each of the three
groups (uninfected, P. berghei ANKA, and P. berghei ANKA plus EPO) were
processed for the quantification of CD4� and CD8� T cells in the brains. The
values are means and SEM (n 
 3). * and **, significant differences at P values
of 	0.05 and 	0.01 (t test) between treatment groups, respectively.

FIG 6 rhEPO stimulates expansion of Tregs and increases CTLA-4 expression by splenocytes. Absolute numbers (left) and proportion (right; representative dot
plots) of Tregs (CD4� CD25� Foxp3�) in the spleens (A) and mean fluorescence intensity (MFI) of CTLA-4 (B) on Tregs were quantified by flow cytometry. For
each experiment, three mice were used per group. Each experiment was repeated three times. The values represent the means and SEM. * and **, significant
differences compared with baseline levels on day 0 at P values of 	0.05 and 	0.01, respectively. #, significant difference between P. berghei ANKA and P. berghei
ANKA-plus-EPO groups (P 	 0.05).
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blockade (43). Furthermore, Tregs impair antigen-specific CD4�

T cell and CD8� T cell responses that would normally promote
parasite tissue sequestration in this model (43). Our data are con-
sistent with the role of CTLA-4 in pathogenic T cell responses,
demonstrating that elevated Tregs and upregulation of CTLA-4 as
a result of rhEPO treatment could protect mice against ECM (51).

DCs are central to T lymphocyte activation and differentiation
and play a key role in initiating adaptive immune response (52).
Murine studies show that DCs can phagocytize Plasmodium cha-
baudi pRBCs (53) and present related antigens to CD4� T cells to
initiate the development of Th1 immune responses (54, 55).
Among the DC populations, the balance of mDC and pDC sub-
populations regulates the types of T cell immune responses, and
Th1 responses are primarily mediated by mDCs (48, 56). During
vivax malaria infection, mDCs and pDCs exhibit distinct prolifer-
ative activities under the same stimuli (57). In this study, rhEPO
suppressed the differentiation of both mDCs and pDCs and
downregulated the expression of MHC class II and the costimula-
tory molecule CD86 on DCs. The functions of DCs are regulated
through the pathogen recognition receptors (58), and activation
of TLRs induces maturation of DCs (59). During malaria infec-
tions, parasite-derived glycosylphosphatidylinositol induces sig-
naling in host cells via TLR-2 and -4 (60), while hemozoin-in-

duced and/or parasite nucleosome-induced immune activation
involves TLR-9 (61, 62). This study showed downregulation of
TLR4 and TLR9 expression in CD11c� DCs in rhEPO-treated
mice, implying impaired activation and maturation of DCs during
ECM. These results indicate that the abilities of DCs to mount an
effective innate immune response and initiate T cell responses are
diminished by rhEPO treatment.

This study confirmed the neuroprotective role of rhEPO dur-
ing ECM and suggested that an immune-regulatory function of
EPO was an important mechanism. The anti-inflammatory effects
of EPO in ECM are highly compatible with that in disease condi-
tions such as EAE, which involves excessive or dysregulated in-
flammatory responses (10–12, 14). The immunosuppressive ac-
tion of EPO might be exerted on DCs and macrophages, since
these cells express remarkable amounts of EPOR-�cR (14, 40). In
contrast, the expression of heterodimeric EPOR complexes is rel-
atively low in CD4� T cells (14). The inhibitory effect of EPO on
the expression of proinflammatory genes, such as TNF and iNOS,
in activated macrophages has been attributed to reduced NF-�B
p65 activation (14). This mechanism is compatible with the ob-
served reduction of DC differentiation, downregulation of
MHC-II and costimulatory factors, and lower expression of TLRs
in DCs during ECM, which indicate a reduced ability of DCs to

FIG 7 rhEPO inhibits expansion of DC subsets and DC maturation and function. All DC subpopulations and markers were analyzed by flow cytometry. Shown
are the absolute numbers (A) and proportion (a) of mDCs, absolute numbers (B) and proportion (b) of pDCs, absolute numbers (C) and proportion (c) of DCs
expressing MHC-II, absolute numbers (D) and proportion (d) of DCs expressing costimulatory marker CD86, absolute numbers (E) and proportion (e) of DCs
expressing intracellular TLR-9, and absolute numbers (F) and proportion (f) of DCs expressing TLR-4. The data are presented as means and SEM (n 
 3). The
results are representative of three independent experiments. * and **, significant differences compared with baseline levels on day 0 at P values of 	0.05 and
	0.01, respectively. # and ##, significant differences between P. berghei ANKA-infected and EPO-treated groups at P values of 	0.05 and 	0.01, respectively.
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mount innate immune responses and to prime adaptive immune
responses. As a result, reduction of the mDC level and its activa-
tion by rhEPO lead to the taming of Th1 responses and elevation
of Tregs and anti-inflammatory cytokines, such as IL-10 and
transforming growth factor beta (TGF-�), which prevent the oc-
currence of ECM in mice.

The extrahematopoietic functions of EPO have been widely
acknowledged, especially for their neurotropic and neuroprotec-
tive effects in the brain (63). In this study, we confirmed the pro-
tective role of rhEPO in ECM (24, 25) and showed that EPO may
downregulate the inflammatory response by directly inhibiting
the differentiation and function of splenic DCs during ECM. In
addition, EPO, as a major hematopoietic hormone, may also ame-
liorate anemia induced by malaria. Thus, these data provide a
further theoretical basis for clinical adjunct treatment of human
CM patients with EPO.
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