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Abstract Cytokines and immune effector cells play an im-
portant role in determining the outcome of infection with var-
ious intracellular pathogens, including protozoan parasites.
However, their role during lethal and nonlethal malaria needs
further validation. In the present study, we examined the role
of cytokines and various immune effector cells during lethal
and nonlethal malaria caused by Plasmodium vinckei in AKR
mice. We show that lethal P. vinckei infection (PvAS) in AKR
mice is characterized by increased parasite growth, decreased
production of pro-inflammatory cytokines, and attenuated cell
proliferation and nitric oxide (NO) synthesis resulting in in-
creased parasitemia which ultimately leads to death of all an-
imals by day 5 post infection. In contrast, AKR mice infected
with lethal parasite (PvAR) showed elevated levels of pro-
inflammatory cytokines, heightened cell proliferation, and
NO synthesis leading to complete parasite clearance by day
22 post infection. Flow cytometric analysis performed on
splenocytes from PvAS- and PvAR-infected mice shows that
host immunity is severely compromised in PvAS-infected
mice as was evident by decreased percentages of CD4+ and
CD8+ T cells, B cells, plasma cells, dendritic cells (DCs), and
macrophages (MΦs) which was in complete contrast to
PvAR-infected animals which exhibited elevated numbers of
all the cell types analyzed. Taken together, findings of the

present study show that coordinated actions of pro-
inflammatory cytokines and other immune effector cells are
essential to control lethal malarial infection and their attenua-
tion leads to increased parasite growth and, ultimately, death
of animals.
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Introduction

Malaria, caused by protozoan parasite of the genus
Plasmodium, is one of the most life-threatening infectious
diseases of the world. Around 200 million people are infected
annually while about one million die every year from this
disease (WHO 2013). Despite an urgent need for an effective
vaccine against malaria, progress on vaccine development has
been slow and disappointing (Salvador et al. 2012). Though
naturally acquired immunity against Plasmodium falciparum
can be gradually attained after years of multiple repeated in-
fectious episodes in adults, it has been seen that it neither
persists over long periods of time nor is seen in pregnant
women or young children meaning that it is incomplete,
nonsterilizing, and short-lived (Doolan et al. 2009) which un-
derlines that the major obstacle for vaccine development is an
incomplete understanding of the host immune response cru-
cial for eradication of the malaria parasites.

Though various murine models of malarial infection,
namely Plasmodium berghei, Plasmodium yoelii, and
Plasmodium chabaudi have provided a good understanding
of the host immune response during infection, a complete
understanding is lacking due to factors linked with malarial
defense mechanisms, especially with respect to the role of
innate immune cells which play a very crucial role in limiting
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parasite density (Stevenson and Riley 2004). Also important is
a regulated cytokine production in the form of sequential Th1-
Th2 response which is essential for eliminating blood-stage
parasites in mice infected with nonlethal, self-resolving infec-
tion (Langhorne 1989).

On the other hand, disproportionate inflammatory response
to the blood-stage parasite causes severe immune-mediated
pathology which is associated with morbidity during acute
malarial infection (Schofield and Grau 2005). Thus, the deli-
cate balance between control of infection and prevention of
immunopathology is important and has been attributed to the
presence of CD4+CD25+FoxP3+ regulatory Tcells which play
an important role in maintaining immune homeostasis by con-
trolling excessive immune response (Sakaguchi and Powrie
2007). The role of antigen-presenting cells (APCs) is also
important, as they activate CD4+ T cells and other immune
cells such as macrophages and B cells to produce cytokines
and antibodies which further help in the fight against infection
(Good and Engwerda 2011).

Among APCs, dendritic cells (DCs) have been shown to
act differently following infection with lethal and nonlethal
parasites suggesting their varied roles in determining the vir-
ulence of malaria parasites (Niikura et al. 2011). Several re-
ports also suggest induction of different subsets of CD4+ T
cells including pathological CD4+ T cells (Campanella et al.
2008), IL-10-producing CD4+ T cells (Couper et al. 2008),
and Treg cells (Abel et al. 2012) following lethal and nonlethal
malarial infection. Previous reports have also documented that
immune protection against blood-stage malaria is dependent
on B cells and CD4+ Tcells, while CD8+ T cells play a crucial
role against sporozoite and liver-stage infection; importantly,
the role of CD8+ T cells during blood-stage infection remains
controversial (Good and Doolan 1999). Here, it is impor-
tant to point out that the role of another T cell subtype viz.
Th17 cells which possess pro-inflammatory potential and usu-
ally act in manners opposite to that of Tregs has not yet been
scrutinized in detail. The vital role of antibodies in providing
protective immune response against malaria has also been
reported in humans and animal models as they block merozo-
ite invasion and inhibit cytoadherence of mature parasite-
infected RBCs (iRBCs) (Perlmann and Troye-Blomberg
2002).

We previously investigated the role of various pro- and
anti-inflammatory cytokines during lethal and nonlethal
P. vinckei infection and found that higher messenger RNA
(mRNA) expression of pro-inflammatory cytokines during
nonlethal P. vinckei infection correlated with clearance of
parasitemia and survival of animals, while lethal P. vinckei
infection exhibited higher anti-inflammatory cytokine
mRNA expression which was associated with increased
parasitemia and death of animals (Siddiqui et al. 2012).
Following up on our findings, the present study was under-
taken to investigate the mechanism behind improved survival

observed in mice infected with nonlethal P. vinckei infection.
Many diseases are characterized by a biased cytokine profile;
hence, determining their level becomes an important diagnos-
tic and research tool. We evaluated cytokine response, nitric
oxide (NO) liberation, dynamics of T cell subsets, B cells,
plasma cells, DCs, and macrophages (MΦs) during lethal
and nonlethal P. vinckei infection in AKR mice as we hypoth-
esized that these factors may be responsible for different out-
comes observed in the two models, and our results show that
lethal P. vinckei infection in AKR mice is characterized by
impaired effector T cell response which leads to increased
parasite growth and, ultimately, death of animals. In contrast,
nonlethal P. vinckei infection is characterized by augmentation
of effector T cell function which helps in parasite clearance
and survival of mice.

Methods

In vivo malarial infection

Laboratory-bred female AKR mice (weight 24–25 g) were
used for all experiments. Animals were housed in polypropyl-
ene cages (five animals per cage) under standard conditions of
temperature (24±1 °C) and humidity (55–68 %) and fed stan-
dard pellet diet supplemented with soaked grain and water ad
libitum. Plasmodium vinckei petteri (PvAS) which causes le-
thal infection and its derived isolate P. vinckei arteether resis-
tant (PvAR) which causes nonlethal infection as described
earlier were used in the study (Chandra et al. 2011; Puri and
Chandra 2006). P. vinckei was routinely maintained through
blood-induced sequential passage at day 15 post infection for
PvAR strain and once in a week for PvAS strain. All experi-
mental mice were infected intraperitoneally (i.p.) with 1×106

infected RBCs (iRBCs). Parasitemia was monitored bymicro-
scopic examination of Giemsa-stained thin blood smears and
expressed as percentage of parasitized RBCs. Ethical guide-
lines on handling and use of experimental animals were
followed during the study.

Sample collection

PvAS-infected mice were sacrificed on days 2 and 5 while
PvAR-infected mice were sacrificed on days 2, 5, 12, 17,
and 24. Spleen and serum samples were collected at each time
point from at least three mice per group and processed for
further analysis as detailed below.

Culture of splenic macrophages

Spleens were aseptically removed from infected animals and
gently crushed over a 70-μm cell strainer to prepare single cell
suspension in incomplete Roswell Park Memorial Institute
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(RPMI) medium. Thereafter, cell suspensions were centri-
fuged at 300g for 10 min. and contaminating erythrocytes
were lysed using 1× RBC lysis buffer. After lysis, the cells
were washed with 1× PBS and centrifuged again. The
resulting cell pellet was resuspended in 5 ml of complete
RPMI medium, and viable cells were counted using Trypan
blue exclusion method with the help of a hemocytometer. For
estimation of cytokines and NO present in the culture super-
natant of splenic MΦs, the following protocol was followed.
Briefly, a total of 1×106 splenocytes/well were added to 48-
well tissue culture plates in complete RPMI medium and in-
cubated for 24 h in a CO2 incubator set at 37 °C. After 24 h,
fresh medium was added to each well and cells were stimu-
lated with lipopolysaccharide (LPS) (1 μg/well) and further
incubated for 48 h. Thereafter, supernatants were collected
and used for cytokine and NO estimation as described below.

Nitric oxide assay

NO released in culture supernatants of splenic MΦs was de-
termined by Griess reagent. Briefly, Griess reagent was added
to each well in 1:1 ratio, and samples were incubated for
15 min. After incubation, absorbance was measured at
540 nm using enzyme-linked immunosorbent assay (ELISA)
plate reader and concentration of NO released was calculated
from a standard curve constructed using tenfold serial dilu-
tions of known concentration of sodium nitrite and its corre-
sponding absorbance value by a linear regression equation.

Estimation of cytokines

Th1, Th2, and Th17 cytokines present in the culture superna-
tants of splenic MΦs from naive, PvAS-infected, and PvAR-
infected mice were estimated by Cytometric Bead Array
(CBA) Mouse Th1/Th2/Th17 cytokine kit (BD Bioscience)
following themanufacturer’s protocol. Samples were acquired
on BD FACSCalibur flow cytometer equipped with blue and
red laser, and FCAPArray software (BDBioscience) was used
for data analysis.

Cell proliferation assay

Cell proliferation was assessed using XTT cell proliferation
assay kit (Biological Industries Israel Beit-Haemek Ltd.,
Israel) following instructions of the manufacturer. Briefly,
cells were stimulated with LPS for 48 h, and XTT reagent
was added in each well followed by further incubation for
20 h at 37 °C in a CO2 incubator. After incubation, absorbance
was measured in a spectrophotometer at 450 nm. Six hundred
fifty nanometer was used as a reference wavelength.

Flow cytometry

For flow cytometry experiments, cells were first incubated with
Fc block (CD16/32) for 15–20 min at 4 °C in the dark to avoid
nonspecific binding after which they were stained with respec-
tive fluorochrome-conjugated monoclonal antibodies, e.g.,
FITC-anti-CD4, PerCPCy5.5-anti-CD8, phycoerythrin (PE)-
anti-CD19, APC-anti-CD80, PerCP Cy5.5-anti-CD11c, and
APC-anti-F4/80 (all BD Biosciences). For estimation of
Tregs, cells were first stained with anti-CD4 monoclonal anti-
body, followed by fixation, permeabilization, and subsequent
addition of PE-conjugated anti-Foxp3 antibody. Acquisitions
were done on FACS Aria flow cytometer, and data were ana-
lyzed using FlowJo 8.1.0 software (Tree Star Inc., USA).

Enzyme-linked immunosorbent assay

ELISA was used to quantify P. vinckei-specific antibodies in
the serum of infected mice following standard protocols (Xu
et al. 2002). Briefly, serum was collected from naive mice
(negative control), repetitively infected-cured mice (positive
control), and PvAS- and PvAR-infected mice at different time
points (days 2 and 5 for PvAS-infected mice and days 2, 5, 12,
17, and 24 for PvAR-infected mice). ELISA plate was coated
with crude parasitized RBC antigen (1 μg/ml in PBS) over-
night at 4 °C and blocked with 1.5 % bovine serum albumin
(BSA) at room temperature (RT) for 1 h. Diluted sera (1:100)
were used and incubated for 2 h at RT. Subsequently, 100 μl of
1:1000 diluted horseradish peroxidase (HRP)-conjugated anti-
mouse IgG secondary antibody (Sigma) was added and plates
were further incubated for 1 h and finally developed using
ortho-phenylenediamine (OPD) as substrate. After 10 min,
50 μl of stop solution (5 N H2SO4) was added in each well
and absorbance was recorded at 490 nm using ELISA reader.

Statistical analysis

Data are presented as mean±SD values. Statistical signifi-
cance between different groups was determined with
Student’s t test using Graph Pad Prism 5.0 software. P values
of ≤0.05, ≤0.005, and ≤0.001 were considered significant,
highly significant, and very highly significant and depicted
as *, **, and ***, respectively. Each experiment was per-
formed twice with three to five animals per group.

Results

Increased parasitemia is observed in AKR mice infected
with lethal strain (PvAS) of P. vinckei

AKR mice infected with either lethal (PvAS) or nonlethal
strain (PvAR) of P. vinckei showed different parasitemia and
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survival levels during the course of infection (Fig. 1). Results
show that PvAR-infected mice developed moderate
parasitemia (0.25±0.12%) by day 3 post infection (p.i.) which
increased steadily over the course of time, reaching its
peak level of 17.31±5.13 % by day 12 p.i. and finally
resolving on its own by day 22 p.i. In contrast, PvAS-
infected mice exhibited fulminating infection with peak
parasitemia levels of 40.13±5.25 % resulting in death of all
mice by day 5 p.i. The summary of mean parasitemia levels in
PvAS- or PvAR-infected mice at various time points is given
in Table 1.

Immune response in AKR mice infected with PvAS
and PvAR strain

To elucidate the cytokine pattern in infected animals, kinetics
of Th1, Th2, and Th17 cytokine secretion was assessed in
splenocyte culture supernatants of naive, PvAS-, and PvAR-
infectedmice during the course of infection by flow cytometry
as described in materials and methods (Fig. 2). Data shows
that PvAR-infected mice exhibited higher levels of pro-
inflammatory cytokines viz. interferon gamma (IFN-γ)
(Fig. 2a), tumor necrosis factor alpha (TNF-α) (Fig. 2b), and
IL-17 (Fig. 2d) as compared to PvAS-infected mice. On the
other hand, PvAS-infected mice responded with elevated
levels of anti-inflammatory cytokines viz. IL-4 (Fig. 2e)
and IL-10 (Fig. 2g) during the same period. However,
surprisingly, PvAS-infected mice showed higher levels
of IL-2 (Fig. 2c) and IL-6 (Fig. 2f) than PvAR-
infected animals on day 5 p.i., but the combined levels
of all pro-inflammatory cytokines in PvAS-infected ani-
mals were always lower than PvAR-infected mice at all
time points analyzed. Overall, these results highlight
more potent Th1 and Th17 immune response in
PvAR-infected mice which might have contributed to-
ward better protection in these animals as compared to
PvAS-infected mice which exhibited a dominant Th2
response leading to increased parasitemia and, ultimate-
ly, death of these animals.

Splenocytes of PvAR-infected mice are potent producers
of nitric oxide

NO levels present in the culture supernatants of splenocytes
from naive, PvAS-, and PvAR-infected mice were estimated
at different time points as described in materials and methods.
Results show that splenocytes of PvAR-infected mice released
more NO during the course of infection as compared to naive
and PvAS-infected mice (Fig. 3a). NO levels in PvAR-
infected mice increased from day 2 onward and reached their
peak at day 17 p.i. (72.63 μM) after which they declined
marginally. In contrast, NO levels in PvAS-infected mice did
not change substantially as compared to controls (Fig. 3a).
These results show that, in contrast to lethal infection, nonle-
thal infection is associated with higher NO release which
helps in limiting parasitemia and improves survival in mice.

Splenocytes of PvAR-infected mice show higher cell
proliferation as compared to PvAS-infected mice

Proliferation of splenocytes in different groups of mice viz.
naive, PvAS-, and PvAR-infected mice was assessed by XTT
assay as described in material and methods. Results plotted as
optical density (OD) versus time and presented in Fig. 3b
show that splenocytes of PvAR-infected mice exhibited
higher cell proliferation throughout the course of study with
highest proliferation being observed on day 12 p.i. after which
it declined marginally. In contrast, splenocyte proliferation of
PvAS-infected mice was almost similar to controls (Fig. 3b).
These results again show that higher cell proliferation rates
might have contributed toward increased clearance of para-
sites and survival of PvAR-infected mice.

Muted antibody response is observed during lethal
P. vinckei infection

Antibody levels in PvAS-infected mice were similar to naive
mice at days 2 and 5 p.i. (OD value=0.079±0.02 in naive mice
andOD value=0.084±0.004 and 0.087±0.003 in PvAS infected

Fig. 1 Course of infection in
AKR mice. AKR mice were
intraperitoneally infected with 1×
106 P. vinckei causing either lethal
(PvAS) or nonlethal (PvAR)
infection as described in materials
and methods. Figure shows
parasitemia levels in PvAR- and
PvAS-infected mice with each
line showing mean±SD values of
at least five mice per group
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at days 2 and 5 p.i., respectively). In contrast, PvAR-infected
mice showed a continuous increase in the antibody levels with
a peak at day 24 (OD value=0.63±0.02), thereby highlighting
the importance of increased antibody levels in clearance of the
parasite in nonlethally infected animals (Fig. 3c).

PvAS-infected mice show attenuated effector T cell
response

To ascertain the role of different T cell subsets in the spleens of
naive, PvAR-infected, and PvAS-infected mice,
immunophenotypic analysis of CD4+T cells, CD8+T cells, and
Tregs was done during the course of infection using flow cy-
tometry as described in materials and methods. Results show
that percentages of both CD4+ and CD8+ T cells increased in
PvAR-infected mice reaching its peak by day 12 p.i. and de-
clined thereafter (Fig. 4). In contrast, PvAS-infected mice
showed decreased percentages of both CD4+ and CD8+ T cells
in their spleens as compared to PvAR-infectedmice and untreat-
ed controls (Fig. 4). Surprisingly, we did not find any significant
difference in splenic Treg population between lethal and nonle-
thal P. vinckei-infected mice during the time points studied (data
not shown). These results show that increased effector T cell
pool in PvAR-infected mice might have contributed toward
clearance of blood-stage parasites while attenuated effector T
cell response in PvAS-infected mice supported fulminating par-
asite growth leading to early death of these animals.

B cells and plasma cells contribute to parasite clearance
during nonlethal P. vinckei infection

To ascertain the role of B cells and plasma cells present in the
spleens of naive, PvAR-, and PvAS-infected mice,

immunophenotypic analysis of CD19+B cells and CD19+

CD80+ plasma cells was done using flow cytometry. Results
show that PvAR-infected mice exhibited significantly in-
creased percentages of B cells and plasma cells during the
course of infection as compared to PvAS-infected mice with
peak percentages of both cells being observed at day 24 p.i.
(Fig. 5). In contrast, B cell and plasma cell numbers decreased
significantly in PvAS-infected mice as compared to naive and
PvAR-infected mice (Fig. 5). These results point to the impor-
tant role of B cells and plasma cells in clearing blood-stage
malaria parasite, thereby contributing toward enhanced sur-
vival of PvAR mice.

Splenic dendritic cells and macrophages accumulate
during nonlethal infection

To ascertain the role of splenic DCs and M s present in naive,
PvAR- and PvAS-infected mice, immunophenotypic analysis
of F4/80−CD11c+ conventional DCs and F4/80+CD11c+

splenic M s was done during the course of infection using
flow cytometry. Results show a steady increase in the percent-
ages of splenic DCs in PvAR-infected mice from 2.22±
0.21 % at day 2 to their peak level of 3.33±0.15 % at day
17 p.i. Though the percentages of splenic DCs declined there-
after, they remained at higher levels as compared to con-
trol (1.86±0.12 %). In contrast, lethally PvAS-infected
mice exhibited no significant change in their splenic DC
content at day 2 (1.59±0.12 %) but subsequently
showed significant decrease at day 5 (1.37±0.07 %) as
compared to controls 1.86±0.12 % (Fig. 6). Similarly,
percentages of splenic M s in PvAR-infected mice in-
creased from 1.62±0.11 % at day 2 to their peak levels
of 5.16±0.14 % at day 17 p.i. (Fig. 6). In contrast,

Table 1 Parasitemia levels in
mice infected with PvAS and
PvAR strain of P. vinckei at
different time points

Time point(days) Parasitemia in mice at the
time of sacrifice (n=3) mean±SD

Parasitemia in mice under daily
observation (n=5) mean±SD

PvAS PvAR PvAS PvAR

1 Not detected Not detected Not detected Not detected

2 1.56±0.25 0.19±0.20 1.83±0.67 0.12±0.03

3 7.58±2.32 0.30±0.11 8.51±2.45 0.25±0.12

4 18.6±2.56 0.85±0.26 17.25±3.20 1.34±0.47

5 38.6±4.33 4.89±1.45 40.13±5.25 5.99±2.68

7 6.6±2.56 7.68±3.22

9 11.32±2.46 11.52±4.05

11 16.46±2.95 15.33±4.52

12 18.5±4.50 17.31±5.13

13 15.4±2.32 14.5±3.32

15 12.3±2.9 10.58±3.51

17 4.20±1.70 5.58±2.75

19 1.5±1.25 1.1±1.56

23 Not detected Not detected
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PvAS-infected mice exhibited significant decline in their
splenic M content on day 2 (0.5±0.11 %) and day 5
(0.86±12 %) as compared to control (1.4±0.10 %,
Fig. 6). Overall, these observations show that an in-
creased pool of APCs in PvAR-infected mice is respon-
sible for early initiation of adaptive immunity in PvAR-
infected mice which helps in parasite clearance and im-
proved survival of these animals.

Discussion

Among the four species of malaria parasites known to infect
rodents, P. vinckei has been least explored with respect to their
patho-immunological profiling and mimics P. falciparum-in-
duced pathology in several ways including dyserythropoiesis
and erythrophagocytosis (Clark and Chaudhri 1988). In the
present study, we investigated the immunological basis of

Fig. 2 Cytokine response in culture supernatants of splenic macrophages
from naive and infected mice. Concentrations of pro- and anti-
inflammatory cytokines in culture supernatants of splenic macrophages
from naive, PvAS-, and PvAR-infected animals were assessed at different
time points. a IFN-γ level. b TNF-α level. c IL-2 level. d IL-17 level. e

IL-4 level. f IL-6 level. g IL-10 level. Mean±SD values of cytokines
are representative of at least three different experiments. Results were
evaluated by unpaired Student t test (*p<0.05, **=p<0.01, ***=
p<0.001)
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virulence of two closely related strains of P. vinckei PvAS and
PvAR strain that cause lethal and nonlethal infection. Our
results show that lethal P. vinckei infection is associated with
uncontrolled parasitemia resulting in death of all mice by day
5 p.i. In contrast, during nonlethal infection, parasitemia in-
creased slowly, reached its peak by day 12 p.i., and was
cleared by day 22 p.i. The main cause of death of mice infect-
ed with P. vinckei lethal strain (PvAS strain) is believed to be
due to hyper-parasitemia which leads to severe anemia, multi-
organ failure, hypoxia, and, finally, death of infected animals
(McDevitt et al. 2004). Previous reports have shown that rise
in parasitemia is correlated with decrease in hematocrit due to
excessive hemolysis (Kotepui et al. 2015; Kretschmar 1969).
The mechanism associated with malaria-induced anemia re-
mains incompletely understood despite studies in both human
and murine systems. However, there is a strong correlation
between parasite density and severity of malarial infections.
High parasitemia during Plasmodium infection takes a serious
turn in anemia which is caused due to excessive hemolysis of
parasitized RBCs. Moreover, hemolysis of nonparasitized
erythrocytes during malarial infection also contributes to se-
verity of anemia. Thus, malarial anemia is multi-factorial and
comprises hemolysis, erythrophagocytosis, dyserythropoiesis,
and ineffective erythropoiesis. Immunological expressions of
certain cytokines also play a role in induction of malarial
anemia by antagonizing the action of erythropoietin.

To gain a mechanistic insight behind such an observation,
we evaluated Th1, Th2, and Th17 cytokines; NO levels; cell
proliferation; and percentages of CD4+ and CD8+ T cells,
DCs, MΦs, regulatory T cells (Tregs), B cells, and plasma
cells, present in the spleens of PvAS- and PvAR-infected an-
imals by flow cytometry during the course of infection. Our
data shows lower cell proliferation and decreased NO activity
in PvAS-infected mice as compared to PvAR-infected mice.
This is significant because NO has parasiticidal functions
in vivo and its increased production along with higher cell

proliferation helps in parasite clearance. Reduced NO and cell
proliferation levels in PvAS-infectedmicemight have contrib-
uted toward fulminating infection and early death of these
animals.

Similarly, cytokine data obtained from PvAS-infected mice
showed decreased levels of pro-inflammatory cytokines viz.
IFN-γ, TNF-α, and IL-17 along with increased levels of Th2
cytokines viz. IL-4 and IL-10 as compared to PvAR-infected
mice. Elevated levels of IL-10 observed in this study during
lethal P. vinckei infection are in line with previous observa-
tions reported by Kobayashi et al. who showed that elevated
IL-10 response in P. yoelii-infected C57BL/6 mice is associ-
ated with attenuation of pro-inflammatory response, higher
levels of parasitemia, and, eventually, death of infected ani-
mals (Kobayashi et al. 1996). Interestingly, we observed
higher IL-2 levels in PvAS-infected animals as compared to
PvAR-infected mice which are similar to previous reports
documented in humans and rodents by other groups
(Amante et al. 2007; Bueno et al. 2010; Zago et al. 2012).

It is worth noting that immunity to infection with blood-
stage Plasmodium parasites is critically dependent on type 1
cytokines viz. IFN-γ and TNF-α (Artavanis-Tsakonas and
Riley 2002) and requires coordinated and timely initiation of
innate and adaptive immune response involving DCs, NK
cells, CD4+ T cells, γδ T cells, and B cells (McCall and
Sauerwein 2010; Stevenson and Riley 2004). These cytokines
act synergistically to optimize IFN-γ and NO production
which is associated with parasite killing in human and rodent
models (Rockett et al. 1991). Similarly, it has been shown that
IL-12 assists in parasite clearance during nonlethal malarial
infection, suggesting its significant role in protective immuni-
ty via IFN-γ production in murine malaria. In contrast, elevat-
ed levels of IL-10 and TGF-β are linked with inhibition of
pro-inflammatory cytokines resulting in fulminating
parasitemia and subsequent death of infected mice (Niikura
et al. 2011). We believe that attenuation of pro-inflammatory

Fig. 3 Nitric oxide, cell proliferation, and antibody response in naive and
infected mice. a NO levels present in culture supernatants of splenic
macrophage from naive, PvAS-, and PvAR-infected mice were
measured at different time points as described in materials and methods.
Results show higher NO response in animals infected with PvAR-
infected mice. b Cellular proliferation in spleens of naive, PvAS-, or
PvAR-infected mice was determined at different time points using XTT
reagent as described in materials and methods. Higher cell proliferation

was observed in PvAR-infected mice. c Antibody levels were measured
in the serum of naive, PvAS-, and PvAR-infected mice at designated time
points as described in materials and methods. Results show elevated
antibody levels in PvAR-infected mice. Data shown are OD values
(mean±SD) at 490 nm from at least three mice per group from two
independent experiments with similar results (*p≤0.05, **p≤0.01,
***p≤0.001)
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and domination of anti-inflammatory cytokines in PvAS-
infected mice in this study might be a reason behind increased
parasite growth and early death of these animals.

To gain further insights into the early death of PvAS-
infected mice at the effector cell level, we analyzed percent-
ages of DCs and M s present in spleens of infected mice. Our

Fig. 4 FACS analysis of CD4+ and CD8+ T cells in spleens of naive,
PvAS-, and PvAR-infected mice. aDot plots show significant increase in
CD4+ and CD8+ T cells in PvAR-infected mice as compared to PvAS-

infected animals. Dot plot is representative of three independent
experiments. b Bar graphs show mean±SD percentages of CD4+ and
CD8+ cells from different groups (*p≤0.05, **p≤0.01, ***p≤0.001)
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data shows reduced percentages of DCs and M s in spleens of
PvAS-infected mice as compared to PvAR-infected mice.
Depletion of phagocytic splenic M s might have also

contributed toward enhanced parasitemia in PvAS-infected
mice. Similarly, reduced DC pool in PvAS-infected mice
might have leaded to either impaired or, at least in part,

Fig. 5 FACS analysis of B cells (CD19+) and plasma cells
(CD19+CD80+) in spleens of naive, PvAS-, and PvAR-infected mice. a
Dot plots show significant increase in B cell and plasma cell population in
PvAR-infected mice as compared to PvAS-infected animals. Dot plot is

representative of three independent experiments. b Bar graph shows
mean±SD percentages of B cell and plasma cells from different groups
(*p≤0.05, **p≤0.01, ***p≤0.001)
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delayed adaptive immune response in these animals.
Concomitant with our observations of APCs, we observed
decreased numbers of CD4+T cell and CD8+ effector T cell

in the spleens of PvAS-infected mice as compared to PvAR-
infected mice. Recently, Chandele et al. have reported the
importance of CD8+ and CD4+ T cells during acute self-

Fig. 6 FACS analysis of dendritic cells and macrophages in spleens of
naive, PvAS-, and PvAR-infected mice. aDot plots show F4/80−CD11c+

splenic dendritic cells (DCs) and F4/80+CD11c+ splenic macrophages
(M s) at different time points. Each figure is representative of three

independent experiments having three mice per group. b Bar graphs
show percentages (mean±SD) values of splenic DCs and macrophages
(*p≤0.05, **p≤0.01, ***p≤0.001)
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resolving blood-stage infection (Chandele et al. 2011). Also, a
growing body of evidence suggests that CD8+ T cells provide
immune protection against the liver stage of malaria whereas
blood-stage malaria is mainly regulated by humoral immunity
(Good and Doolan 1999; Pombo et al. 2002). However,
contradictory reports exist on the role of CD8+T cells in pro-
viding protection against blood-stage malaria. While Vinetz
et al. have shown that adoptively transferred CD8+Tcells from
immunized animals do not confer protective immunity to
blood-stage infection (Vinetz et al. 1990), work published by
Imai et al. strongly supports the role of memory CD8+T cells
in providing protective immunity against blood-stage infec-
tion (Imai et al. 2010). Nevertheless, our observations concur
with the findings of Miyakoda et al. and Imai et al. showing
strong CD8+ T cell response against nonlethal P. vinckei
blood-stage infection (Imai et al. 2010; Miyakoda et al.
2008). Surprisingly though, we failed to notice any marked
difference in the splenic Treg pool in both PvAS- and PvAR-
infected mice during the time points studied which is in con-
trast to an earlier report by Couper et al. showing augmenta-
tion of Treg numbers during lethal malarial infection in mice
(Couper et al. 2008).

Similarly, Hisaeda et al. have shown that depletion of nat-
ural Tregs protects mice from overwhelming parasitemia and
death after infection with lethal P. yoelii infection, raising the
possibility that natural Treg provides an essential escape
mechanism used by malaria parasites to evade host-mediated
immunity (Hisaeda et al. 2004). Another important observa-
tion of our study was reduced percentages of B cells and lower
antibody levels in PvAS-infected mice as compared to PvAR-
infected animals; this is interesting because an important role
of antibodies secreted by plasma cells has been documented in
human and animal models (Cohen et al. 1961; Jayawardena
et al. 1978), and there is evidence suggesting impairment of
functional B cell response in the absence of T cell help and
vice versa (Langhorne et al. 1998; Wipasa et al. 2002). In
contrast, positive B cell response and higher antibody level
during nonlethal P. vinckei infection have been observed
which assists in the clearance of blood-stage parasites. Von
der et al. have nicely demonstrated the essential role of B cells
in clearance of parasitemia using B cell-deficient mice which
fail to eliminate P. chabaudi blood-stage infection and, in-
stead, develop chronic relapsing parasitemia (von der Weid
et al. 1996). Helmby et al. have also reported alteration in
splenic B cell numbers in mice following malaria blood-
stage infection (Helmby et al. 2000) while others have pro-
posed redistribution of B cell subsets in human (Asito et al.
2008; Weiss et al. 2009) and changes in the composition and
distribution of B cells and plasma cells in secondary lymphoid
organs following immunization and infection (Blanchard-
Rohner et al. 2009; Blink et al. 2005; Tarlinton et al. 2008).
Another study by Nduati et al. compared analysis of B cells
and plasma cell response in peripheral blood mononuclear

cells (PBMC) with those in the lymphoid organs (spleen and
bonemarrow) and showed that memory B cell and plasma cell
response in PBMC is not a true reflection of the ongoing
response in spleen and bone marrow (Nduati et al. 2010).

We believe that cytokine milieu present in PvAR- and
PvAS-infected mice was the determining factor behind these
observations. We know that hematopoiesis is a tightly con-
trolled phenomenon that is regulated by a complex communi-
cation network of cytokines as erythropoietic progenitor cells
proliferate, differentiate, and mature into erythrocytes.
Previous studies using P. yoelii infection have shown striking
differences in erythropoiesis-related cytokines that result in
malarial anemia. Moreover, dysregulated cytokine network,
in particular, hematopoiesis-related cytokines including IL-
17 and IL-10, appears to play an important role in malarial
anemia induced by P. vinckei as observed by Xu et al. in
P. yoelii-infected mice (Xu et al. 2013). In the current study,
levels of IL-17 (stimulator of erythroid precursor prolifera-
tion) were drastically reduced, while those of regulatory cyto-
kine such as IL-10 (inhibitor of erythroid progenitor cell
growth) were constantly increased during lethal P. vinckei in-
fection. Also, the levels of IFN-γ and TNF-α increased during
nonlethal infection. Previous reports have shown that MΦ
activation is the first response that occurs after infection, giv-
ing rise to the production of TNF-α and IL-12, both of which
stimulate NK cells to produce IFN-γ, which in turn enhances
MHC II expression and, finally, Th1 cell and B cell activation,
leading to production of subclass-specific anti-parasite anti-
bodies (De Souza et al. 1997). These early cytokine responses
are therefore critical in activating the effector mechanisms
necessary for resolution of parasitemia, and one consequence
of this is to adjust the balance of T helper cell subset activation
and probably that of other immune responses, so as to enhance
the mechanisms that are essential for elimination of the para-
sites. The protective value of early IFN-γ responses is consis-
tent with the hypothesis of Garside and Mowat (1995) who
suggest that polarization of Th cell subset responses is deter-
mined by nonspecific, inflammatory responses occurring soon
after infection. In our study, failure of PvAS-infected mice to
induce IFN-γ could theoretically be due to suppression of NK
cell activation by parasite-derived molecules which
corresponded well with the drastically decreased levels of
CD4+ and CD8+ T cells during lethal P. vinckei infection.
Thus, we believe that markedly dysregulated cytokine net-
work along with insufficient activation of T helper cells during
lethal P. vinckei infection might be the reason behind early
death observed in these animals. Our findings thus provide
immunological insights into the mechanisms behind malaria-
induced anemia during lethal infection.

Taken together, findings of the present study provide mech-
anistic insights into the coordinated actions of pro-
inflammatory cytokines and other immune effector cells that
act together to control blood-stage Plasmodium infection
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which is in agreement with previous reports showing that both
cell and antibody-mediated mechanisms are essential for the
development of immunity in vaccinated mice. We believe that
further studies like this one are necessary to gain an in-depth
understanding of the host defense mechanisms during lethal
malaria which would help in designing better therapeutic strat-
egies to combat this dreaded disease.
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