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Abstract

Mechanisms involved in severe P. vivax malaria remain unclear. Parasite polymorphisms,
parasite load and host cytokine profile may influence the course of infection. In this study,
we investigated the influence of circumsporozoite protein (CSP) polymorphisms on parasite
load and cytokine profile in patients with vivax malaria. A cross-sectional study was carried
out in three cities: S&o Luis, Cedral and Buriticupu, Maranh&o state, Brazil, areas of high
prevalence of P. vivax. Interleukin (IL)-2, IL-4, IL-10, IL-6, IL-17, tumor necrosis factor alpha
(TNF-a, interferon gamma (IFN-y and transforming growth factor beta (TGF-3 were quanti-
fied in blood plasma of patients and in supernatants from peripheral blood mononuclear cell
(PBMC) cultures. Furthermore, the levels of cytokines and parasite load were correlated
with VK210, VK247 and P. vivax-like CSP variants. Patients infected with P. vivax showed
increased IL-10 and IL-6 levels, which correlated with the parasite load, however, in multiple
comparisons, only IL-10 kept this association. A regulatory cytokine profile prevailed in
plasma, while an inflammatory profile prevailed in PBMC culture supernatants and these
patterns were related to CSP polymorphisms. VK247 infected patients showed higher para-
sitaemia and IL-6 concentrations, which were not associated to IL-10 anti-inflammatory
effect. By contrast, in VK210 patients, these two cytokines showed a strong positive correla-
tion and the parasite load was lower. Patients with the VK210 variant showed a regulatory
cytokine profile in plasma, while those infected with the VK247 variant have a predominantly
inflammatory cytokine profile and higher parasite loads, which altogether may result in more
complications in infection. In conclusion, we propose that CSP polymorphisms is
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associated to the increase of non-regulated inflammatory immune responses, which in turn
may be associated with the outcome of infection.

Author Summary

Recent evidences have associated P. vivax infections with clinical complications, previ-
ously only attributed to P. falciparum malaria. The interaction between host and parasite
may contribute to severity of the disease, however, the specific contribution of each factor
remains unclear. Previous studies have shown that polymorphisms in Plasmodium vivax
CSP may interfere in systemic reactions, response to drug treatments, leading to different
symptoms as well as humoral responses. In this study, we investigate whether these poly-
morphisms could influence the parasite load and cytokine profile, which altogether may
influence the malaria outcome. In this sense, studies have shown that subjects with high
parasitic loads, responding with production of pro-inflammatory cytokines develop a
more severe disease. The present data indicate that VK247 variant are associated with sig-
nificant higher parasite loads and pro-inflammatory cytokine profile compared to VK210
variant. In this regard, this study demonstrates that P. vivax CSP polymorphisms have sys-
temic effects in the host immune response, and the investigation of immunogenicity of
parasite proteins may provide evidences for a better understanding of this infection.

Introduction

Malaria caused by Plasmodium vivax is responsible for approximately 50% of malaria cases
that occur outside Africa, predominantly in countries which are in the disease elimination or
pre-elimination phase [1]. Once considered clinically mild when compared with P. falciparum
infection, P. vivax malaria cause debilitating effects that affect social and economic indices of
the endemic regions and has been associated with the occurrence of severe cases around the
world, including Brazil [2-5]. The mechanisms involved in this process are poorly understood
[1,6], however evidences of parasite virulence, host inflammation and parasite burden might
play a key role in malaria outcome[7].

Parasite virulence can be determined by genetic variations in Plasmodium, particularly on
genes encoding immunogenic parasite antigens, such as the repeated portion of the central
region of circumsporozoite protein (CSP)[8], which is highly immunogenic, being one of the
most studied epitopes of the Plasmodium genus [9]. In P. vivax, CSP exhibits two highly con-
served terminal regions (N- and C-terminal) and one variable central region composed by two
nonapeptides that repeat in tandem, GDRA(A/D)GQPA and ANGA(G/D)(N/D)QPG, charac-
teristic of the VK210 and VK247 molecular variants, respectively [10,11]. In addition to these
two variants, there is also a third variation, P. vivax-like, whose CSP present the repeated
APGANQ(E/G)GGAA sequence [12].

In Brazil, serological and molecular studies have shown the prevalence of these genotypes
across the country, especially in the Brazilian Amazon region as confirmed by molecular diag-
nosis, in a study carried out by Machado and Pévoa [13] in the states of Ronddnia, Amapa and
Para. Interestingly, in this work the occurrence of VK210 variant was observed in single infec-
tions, whereas the VK247 and P. vivax-like variants were demonstrated only in mixed infec-
tions. The distribution of these variants was reassessed later in five endemic areas of Brazil, and
VK210 still the most prevalent variant. However, these results showed a change in the
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dynamics of the distribution of the VK247 and P. vivax-like variants because both of them
were also observed in single infections [14].

Immunologically, the course of infection by Plasmodium depends on the balance in the pro-
duction of pro- and anti-inflammatory cytokines. In cases where an inflammatory pattern is
prevalent, the disease tends to be more severe. In severe malaria, there is an increased level of
inflammatory cytokines, such as interferon gamma (IFN-y, tumor necrosis factor alpha (TNF-
o and interleukin (IL)-6 [15,16]. In the other hand, high levels of IL-10 have also been reported
in individuals with severe disease and has been associated with cerebral malaria. Nonetheless,
the upregulation of IL-10 appears to occur after the increase in inflammatory cytokines, due to
a regulatory mechanism, to prevent the exacerbated of inflammatory response and its deleteri-
ous effects [15-17].

There are still many questions concerning which factors inherent to the host and the para-
site are responsible for increased systemic inflammation, parasite load and worsening of the
disease. CSP variants infection may affect drug response, symptom severity and humoral
response patterns in the host [13,18,19], however the influence of these variants in the cytokine
response and parasite load remains unclear. Thus, the present study aimed to characterize the
molecular variants of CSP and to correlate them with the cytokine profile and the parasite load
in studied region. This research can demonstrate, even indirectly, differences in the degree of
virulence of these P. vivax variants and clarify the immunological aspects of infection by P.
vivax variants to understand this new scenario associated with the disease.

Materials and Methods
Study design, region and population

A cross-sectional study was conducted from January 2011 to February 2013 with P. vivax-
infected patients from Sao Luis, Cedral and Buriticupu, a pre-Amazon region of the state of
Maranhio, which presents a high prevalence of P. vivax infections. Eligible P. vivax-infected
patients were selected among people who sought medical care at the Center for Infectious and
Parasitic Diseases (CREDIP) in Sdo Luis, Unit of Basic Health (UBS) in Cedral and Center of
Health UFMA in Buriticupu. Epidemiological questionnaires were applied to every patient
who freely agreed to participate the study. The patients group included individuals of both gen-
ders who were positive for Plasmodium vivax in thick blood smear and negative for Plasmo-
dium falciparum, that had not yet received treatment. A control group included healthy
individuals who lived in the same area, that were not infected with either Plasmodium vivax or
Plasmodium falciparum. The thick blood smear malaria diagnosis was further confirmed by
nested PCR with species-specific primers based on the Plasmodium small subunit ribosomal
RNA (ssTRNA) genes, as described by Singh and colleagues[20] with modifications (see S1
Method). The treatment recommended by Brazilian Ministry of Health was guaranteed for all
patients, including those who did not agree to participate in the study.

Collection of plasma, peripheral blood mononuclear cells (PBMC) and
erythrocytes

A total of 8 to 10 mL of blood was collected by standardized venipuncture in ethylenediamine
tetraacetic acid (EDTA) tubes Vacutainer (Becton Dickinson, San Jose, CA, USA). Then, ali-
quots obtained from plasma were frozen at -80°C for subsequent evaluation of the cytokines
concentration. Approximately 7 mL of the remaining blood was used to the separation process
on a Ficoll-Paque PLUS gradient (GE Healthcare, New Jersey, USA) to obtain PBMC. The cells
were then resuspended in 1 mL of RPMI 1640 medium (Sigma, St. Louis, USA), supplemented
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with 2 mM L-glutamine (Sigma, St. Louis, USA), 1% streptomycin (100 ug/mL, Merck), peni-
cillin G (100 U/mL, Sigma, St. Louis, USA) and 10% fetal bovine serum (Sigma, St. Louis,
USA). Sample were stained with Trypan Blue and cell counts and viability were accessed using
a hemocytometer (Neubauer) chamber. Subsequently, the cells were cultured as posteriorly
described. Erythrocytes were stored in two aliquots at -20°C to characterize the molecular vari-
ants of P. vivax and to quantify the parasite load as described later.

PBMC cultures

PBMCs (2 x 10° cells/mL/well) were plated in duplicates in 48-well flat bottom plates for 48 h
at 37°C in a humidified incubator containing 5% CO,. After this period, the culture superna-
tants were collected and frozen at -80°C for subsequent analysis of the cytokines.

Determination of cytokines by cytometric bead array (CBA)

The concentrations of the IL-2, IL-4, IL-6, IL-10, IFN-y, TNF-a, IL-17 cytokines were mea-
sured using CBA. Th1/Th2/Th17 (Becton Dickinson Biosciences, San Jose, CA, USA). The dos-
age of TGF-p was carried out using the Single Plex Flex Set (Becton Dickinson Biosciences, San
Jose, CA, USA) kit. A total of 50 pL of plasma sample and culture supernatants were analyzed
in FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA, USA) previously calibrated
with “setup beads” incubated with fluorescein isothiocyanate (FITC) or phycoerythrin (PE)
according to the manufacturer's recommendations. A standard curve was performed for each
cytokine. The results were analyzed in the FCAP Array Software (Becton Dickinson, San Jose,
CA, USA) and the values were expressed in pg/mL for each cytokine.

Genotyping of the CSP of P. vivax

Plasmodial DNA was extracted from an aliquot of erythrocytes using the Easy-DNA Kit (Invi-
trogen, Carlsbad, CA, USA), according to the recommendations of the manufacturer. The
amplification was performed according to the description by Cassiano and colleagues, with
modifications [21]. A reaction mix with a final volume of 25 pL was obtained: P. vivax DNA,

1 X PCR buffer (20 mM Tris-HCI pH 8.4, 50 mM KCl), 1.6 mM MgCl, 0.2 mM of each dNTP,
0.2 uM of each primer (5> AGGCAGAGGACTTGGTGAGA 3’ and 5CCACAGGTTACACTG
CATGG 3’) and 1 U of Taq Platinum (Invitrogen, Carlsbad, CA, USA).

The reaction was performed in a thermocycler (DNA MasterCycler, Eppendorf, Germany)
as follows: an initial cycle of 94°C for 15 min, followed by 30 cycles of 94°C for 1 min, 58°C for
1 min and 72°C for 1 min, with a final extension at 72°C for 10 min. As a positive control, three
plasmids were used, containing a gene insert of the repeat portion of CSP amplified from the
VK210, VK247 and P. vivax-like variants (BlueScript, Stratagene, La Jolla, USA). For the nega-
tive control of the reaction, sterile water was used.

The P. vivax CSP variants were characterized by the analysis of the PCR-restriction frag-
ment length polymorphism (PCR-RFLP), following the method described by Cassiano and col-
leagues [21]. The digestion reaction was performed in a final volume of 20 pL: 10 U of Alul
(Invitrogen), 2 pL of the enzyme reaction buffer, 10 pL of the PCR product and 7 uL of sterile
DNAse-free water. The reactions were performed in a water bath at 37°C overnight.

Quantification of the parasite load by real-time PCR (qgPCR)

Plasmodial DNA was extracted from an aliquot of the blood using the QIAamp DNA Mini Kit
(QIAGEN, Hilden, Germany), according to the recommendations of the manufacturer. The
qPCR was developed according to Gongalves et al. [22], using the commercial kit Maxima

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004479 March 4, 2016 4/15



@' PLOS NEGLECTED
2 : TROPICAL DISEASES CSP Polymorphisms and Malaria Outcome

SYBR Green (Fermentas, Lithuania) and preparing a reaction mix with a final volume of 15 uL:
7.5 uL of Maxima SYBR Green master mixture, 0.5 M of each primer, 4.0 uL of DN Ase-free
water and 2 pL of genomic DNA. The P1 genus-specific primer (5-ACGATCAGATACCG
TCGTAATCTT-3’) was combined with a species-specific oligonucleotide primer for P. vivax,
V1 (5-CAATCTAAGAATAAACTCCGAAGAGAAA-3’). These primers amplified a 100-bp
species-specific fragment of the 18S rRNA gene.

The assays were performed in triplicate in a Mastercycler Realplex Gradient Thermal Cycler
(Eppendorf, Hamburg, Germany) and consisted in the denaturation of the template DNA at
95°C for 10 minutes and 40 cycles of 15 seconds at 95°C and 1 minute at 60°C, acquiring fluo-
rescence at the end of each step of the extension. The amplification was immediately followed
by a dissociation curve that consisted of 15 seconds at 95°C, 15 seconds at 60°C and one grad-
ual temperature increase of 0.2°C.s™ up to 95°C, acquiring fluorescence at each temperature
transition. The result obtained by the software is expressed as the number of copies of the plas-
modial genome in a DNA sample, which allows the estimation of the corresponding number of
parasites in the sample. The sequence target possessed a length of about 100 base pairs. For
quantitation of parasitemia it was used as standard an amplified fragment with oligonucleotide
species-specific, purified and cloned into plasmid vector (P GEM T-Easy, Promega), used to
transform bacteria DH10B strain. After confirmation of the sequence of cloned recombinant
plasmids by sequencing, the solutions with the correct sequence were measured by spectropho-
tometry and the number of copies per pL of the target sequence was calculated. It was con-
structed a curve with 10 points from the serial dilution (dilution factor: 10) of the plasmidial
solution. The first point contained 1.468x10” copies of the target sequence and the qPCR quan-
tification limit was 0.2 parasites/pL of blood.

Statistical analysis

The statistical analyses were performed using GraphPad Prism 5.0 and Stata 12 softwares. The
gender proportion on the variants was compared using Fisher’s exact test. After the normality
test of D’Agostino and Pearson, the differences observed in the cytokine profile were evaluated
using the two-tailed Mann-Whitney test. For the correlation analyses, the values were log trans-
formed, and the Spearman test was used to evaluate individual cytokines and parasite load associ-
ations. To verify the multiple association of cytokines with parasite load the multivariable linear
regression model was used. Cytokines and parasite load data were expressed by median (inter-
quartile range-IQR). Differences were considered significant when p values < 0.05.

Ethics considerations

The present study was approved by the Ethics and Research Committee of the Universidade
Federal do Maranhéo (Protocol no. 23115 008013/ 2010-07). All the study participants signed
a written informed consent or had their legal guardians, if they were underage.

Results
Study samples and population

A total of 33 individuals tested positive for P. vivax, however 8 were excluded because they had
already started treatment. The 25 remaining patients were from the pre-Amazon region of
Maranhao, of both genders (24% were women and 76% were men) with mean of 32.9 years old
(range 3 and 58 years). All patients were identified infected only with P. vivax. The healthy
group consisted of nine individuals from pre-Amazon region, state of Maranhao, Brazil, which
had similar profile to patients group, with mean of 29.4 years old (23% women and 77% men).
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Genotyping of the CSP

The most prevalent genotype was VK210 (56%), followed by mixed infection (VK210/VK247)
(24%) and VK247 (20%). None of the patients had the P. vivax-like variant. VK210, VK247
and mixed infection groups had a similar mean of age (38.7, 44.4 and 43.4 years, respectively).
The gender difference was not statistically significant among VK210 and VK247 groups (85.8%
and 80% of males, respectively) (p = 1.0). On the other hand, mixed infection group had a half
of male patients (50%), but also was not statistically different of VK247 (p = 0.54) and VK210
(p =0.13) proportion.

Plasma cytokine profile

The plasma levels of IL-2, IL-4, TNF-o. and IL-17 were very low or undetectable in patients
and healthy group. The concentrations of IL-6 (median of 1.75 pg/mL; IQR 0.005-18.7 pg/mL)
(Fig 1A) and IL-10 (median of 33.05 pg/mL; IQR 3.9-135.4 pg/mL) (Fig 1B), in turn, were
higher in individuals infected by P. vivax (p = 0.0009 and p = 0.0002, respectively) when compared
to healthy group (median of zero for both IL-6 and IL-10). Conversely, the TGF-f concentration
was lower in infected individuals (median of 22417 pg/mL; IQR 14341-33508 pg/mL) (p = 0.0009)
when compared to healthy group (median of 90507 pg/mL; IQR 56580-107531 pg/mL) (Fig 1C).
Only eight patients had detectable IFN-y concentrations with a median of approximately zero;
however, there was no significant difference compared to the healthy group (Fig 1D).
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Fig 1. Cytokine profile in the plasma of patients infected with P. vivax. Cytokines were measured by CBA. A: Interleukin 6; B: Interleukin 10; C:
Transforming growth factor beta; D: Interferon gamma. The bar represents the median of the group, n = 25 infected patients and 9 healthy patients (A,B,D)
and n = 24 infected patients and 9 healthy patients (C). P values were determined by nonparametric Mann-Whitney U tests (*p<0.001).

doi:10.1371/journal.pntd.0004479.9001
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Relation between cytokines and parasite load

The median parasite load quantified by qPCR was 837 parasites/uL (IQR 65-2000 parasites/
uL), with positive correlation both with IL-6 (r = 0.68; p = 0.0002) and IL-10 (r = 0.64;
p =0.0005) (Fig 2A and 2B), indicating that these two cytokines tend to increase in response to
a raise in parasitaemia. In addition to their correlation with the parasite load, IL-6 and IL-10
also had a positive correlation with each other (r = 0.86 and p<0.0001) (Fig 2C). The correla-
tion between the remaining cytokines was not performed due to very low or undetectable con-
centrations in the plasma of patients.

However, the multiple linear regression analyses among the IL-10, IL-6 and parasite load
showed that only IL-10 keeps this association with parasite load (r = 0.79 and p = 0.005)
(Table 1).

Influence of the CSP genotypes in the cytokine profile and in the parasite
load

The parasite loads were higher in individuals infected by VK247 (median of 3.35 log parasites/
uL; IQR 3.1-3.8 log parasites/uL) compared to patients infected by VK210 (median of 2.5 log
parasites/uL; IQR 1.8-3.1 log parasites/uL) (p = 0.05) and patients with mixed infection
(median of 1.8 log parasites/uL; IQR 0.52-3.1 log parasites/puL) (p = 0.01) (Fig 3A). The same
fact was observed regarding IL-6 concentrations, which levels were higher in patients with
VK247 (median of 16.7 pg/mL; IQR 13.9-82.39 pg/mL) compared to patients with VK210
(median of 1.08 pg/mL; IQR 0.0001-25.54 pg/mL) (p = 0.04) and to those with mixed infec-
tions (median of 0.08 pg/mL; IQR 0.0001-11.25 pg/mL) (p = 0.05) (Fig 3B).

The variants did not influence the IL-10 concentrations (Fig 3C), but in patients infected
with VK210, the IL-10 levels correlated with IL-6 concentrations (r = 0.92 and p<0.0001) (Fig
3E). However, in patients with VK247, this was not observed and no correlation between the
two cytokines was found (r = 0.3 and p = 0.68) (Fig 3D), which indicates that the increase in
inflammatory cytokines was not followed by the regulatory effect of IL-10 in these patients.

Cytokine profile in the culture supernatant

In the PBMC culture supernatants, only the IL-10 (median of 0.09 pg/mL; IQR 0.0001-2.5 pg/
mL) and TNF-a (median of 10.02 pg/mL; IQR 0.78-52.06 pg/mL) concentrations were signifi-
cantly different compared to the healthy group (median of zero for IL-10 and 54.98 pg/mL
with IQR 23.3-375.6 pg/mL for TNF-o; IL-10 was higher (p = 0.03) (Fig 4B) and TNF-a was
lower (p = 0.03) (Fig 4C). In contrast to the results observed in the plasma, IL-6 produced by
PBMC:s of patients (median of 194 pg/mL; IQR 38.3-808.3 pg/mL) did not show a significant
difference from the healthy group (median of 126 pg/mL; IQR 55.8-1472 pg/mL) (Fig 4A).

Interestingly, a different cytokine profile was observed between plasma and the PBMC cul-
tures supernatants. The median IL-10 concentration was 367 times higher in the plasma from
patients when compared to that of the culture supernatant. The concentration of the inflamma-
tory cytokines TNF-o and IL-6 were higher in the culture supernatant than in the plasma, and
IL-6 reached 111 times higher concentrations in the supernatant (Fig 4D). Most patients had
an increased IL-6 concentration in the culture supernatant compared to that in the plasma (Fig
4E). Individuals who exhibited a greater IL-10 response in the plasma (above 30 pg/mL) had
cells that produced lower amounts of the same cytokine in culture (below 8 pg/mL) (Fig 4F). In
addition, patients with low levels of IL-10 in the plasma maintained this low baseline produc-
tion in culture supernatant. Altogether, these facts explain the small median value found for
this cytokine in the culture supernatant. Little or no TNF-a production was detected in the
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mL) (B) and (C). Each point represents the relative parasitaemia and cytokine responses of a single patient
(A and B) or represents the relative IL-10 and IL-6 (C) responses of a single patient, n = 25 infected patients.
The correlations were determined by Spearman’s correlation tests.

doi:10.1371/journal.pntd.0004479.9002

plasma of infected patients, however an increase in production was observed the culture super-
natants (Fig 4G).

Discussion

P. vivax sporozoites are covered with CSP, a highly immunogenic protein, which is involved in
invasion mechanisms into hepatocytes. In the present study, it was shown that the CSP poly-
morphisms are determinants for both the cytokine balance and the parasite load in vivax
malaria. Further, the VK247 variant induced a more prominent inflammatory profile and the
highest parasite loads, suggesting that these CSP polymorphisms have systemic effects chang-
ing variables that may influence the course of infection.

Initially, it was observed that patients infected with P. vivax showed increased plasma IL-10
and IL-6 levels which was associated with the parasite load. This result corroborates with other
authors who demonstrated that increased concentrations of IL-6 and IL-10 producing cells,
were associated with increased parasitaemia [16,23]. Our results support the notion that in the
initial moments of the infection, the IL-6 concentration increased as a response to increase in
parasite load and is subsequently controlled by IL-10 secretion as has been discussed for other
authors [15-17]. This hypothesis was reinforced in this study by the multivariable regression
analyses, which showed that, despite the individual correlation of parasite load with IL-6, only
IL-10 is associated to parasite load in this context. Thus, we suggest that the increase of IL-6
induces a counter-regulatory IL-10 production, which, in turns, is crucial to the balance of the
parasite-host interaction.

It is important to emphasize that the severity of the malaria is intrinsically related to inflam-
matory reaction and, despite the fact that IL-10 prevents the deleterious effects caused by a
exacerbated inflammatory response [23,24], it may contributes to the maintenance of the para-
site in the host, in an equilibrated relation. Hence, it is reasonable to think that the malaria out-
come depends on the ability of parasite to regulate the inflammatory response by induction of
IL-10 production. This hypothesis is reinforced by a murine model where it was demonstrated
that IL-10 depleted mice are able to control parasite replication during P. chabaudi AS infec-
tion, however, they develop a severe malaria mediated by inflammatory cytokine action
[25,26].

The cytokines IL-10, IL-6 and TNF-a were detected in the PBMC culture supernatants,
however an inversion in the cytokines pattern was observed in relation to plasma levels (Fig
4D). The IL-10 concentration was higher in plasma than in the supernatant (Fig 4E), in the
other hand inflammatory cytokines such IL-6 and TNF-o were higher in the supernatant (Fig
4E and 4F). These results suggest that despite the PBMC from patients produced more IL-10
than healthy individuals (Fig 4B), the IL-10 production was almost abolished in the absence of

Table 1. Multivariable analysis of correlation among cytokines and parasite load.

Factors Log parasite load
Coeficient p value 95% Conf. interval
Log IL-6 -0.002 0.980 -0.230; 0.224
Log IL-10 0.795 0.005 0.267; 1.324

doi:10.1371/journal.pntd.0004479.t001
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by nonparametric Mann-Whitney U tests (*p<0.05). In E, F, and G, each point represents the relative plasma/supernatant IL-6 (E), IL-10 (F), and TNF-a (G)
responses of a single patient. In D, the bars represent the median of each cytokine in the plasma or supernatant.

doi:10.1371/journal.pntd.0004479.9004

systemic influence of parasite (Fig 4D). Based on that we suppose that the regulatory pattern
observed in vivo is not necessary ex vivo anymore, despite the presence of high levels of IL-6,
differently from that observed in vivo, where the regulatory response was important to control
IL-6.

Given this regulatory response that seems to occur in vivo, we investigated the influence of
CSP gene polymorphisms on the plasmatic cytokine profile. The present study provided evi-
dences, even that indirectly, of differences in the modulation of host response and malaria out-
come among variants of this protein. In this study, there was a prevalence of VK210 in single
infections, what corroborate with other studies performed in the same region [14,27]. This
demonstrates that there was no dominance alternation among the variants along years in this
endemic area.

It has already been shown that individuals with severe vivax malaria have an imbalance in
their cytokine response toward an inflammatory profile and also have higher parasitaemia
compared to those with uncomplicated malaria [15]. Based on this fact, we investigated the
influence of the variants on the parasite load of the individuals. The results of Fig 3A show that
patients infected with VK247 exhibited a significantly higher parasite load than those with
VK210 and mixed infections. This result differs from that found by Machado and Pévoa [13],
who observed the greatest parasitaemia in individuals infected by VK210. This difference may
be because the authors not found patients with VK247 in single infections, what impairs to
compare the results. A possible hypothesis for VK247 higher parasite loads is the “immune
selection” occurrence, since the constant VK210 prevalence over all these years in analyzed
region may have generated high anti-VK210 antibody titers, hindering the infection establish-
ment by this variant and facilitating by VK247. Even though we did not conduct the antibodies
research, it is known that in Brazilian Amazon endemic areas there is a smaller antibody
response to VK247 in the presence of VK210 [18].

Even though CSP expression occurs only in liver stage [28] the immunological response to
this protein reflects in blood stage of the parasite, since it is a target not only to humoral
response but also to a protective cellular response [29]. Moreover, in a murine model of natural
infection, it was demonstrate that CSP-specific CD8+ T cells were primed by dendritic cells not
only locally in liver but also in draining lymph nodes [30]. Beside this, it was found in a murine
model that sporozoite antigen persists for over 8 weeks after immunization and remains being
presented to naive cells, including those that are recently recruited from thymus [31].

In order to investigate the systemic influence of CSP variants, we performed correlation analy-
sis of these variants with the plasmatic cytokines. A significant increase of IL-6 in patients with
VK247 infection was observed when compared to VK210 and mixed infections (Fig 3B). On the
other hand, there was no difference in IL-10 production among the groups (Fig 3C). Addition-
ally, in patients with VK210 infection there was a significant positive correlation between IL-6
and IL-10, which suggests that the increase in inflammatory cytokines was followed by increase
in the regulatory response in the same patients (Fig 3E), correlation that was not observed in
VK247 infected patients (Fig 3D). These findings demonstrate that VK247 may cause a sustained
and stronger inflammatory response than VK210 since this response was not followed by IL-10.
Due to this absence of association, we suggest that the necessary equilibrium to control the infec-
tion is not present in the VK247, since there is a high inflammatory response and parasite load,
without association to the counter-regulatory effect of IL-10 cytokine. Based on this context we
suggest that VK247 may induce a more severe infection pattern.
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Despite the apparent association of plasmatic inflammatory pattern to the variant, there was
no significant difference in IL-6 and IL-10 in PBMC supernatant. Besides, there was no correla-
tion between these cytokines in each variants groups (S1 Fig). This result from plasma and
PBMC cultures demonstrates that the CSP variants may be, at least partially, different in their
ability to induce initial inflammatory response.

In conclusion, we showed for the first time that P. vivax CSP polymorphisms may have sys-
temic effects that influence the cytokine profile and parasite load. It is important to emphasize
that VK247 is not common in single infection in the pre-Amazon region [13,14,27]. However,
in our study, the sample of VK247 in single infection was representative since we had a high
percentage (20%). Our findings represent an important step for better understanding the new
scenario related to vivax malaria and shows that polymorphisms in immunogenic proteins of
the parasite may be crucial to better understanding this infection and predict malaria outcome.

Supporting Information

S1 Fig. Cytokine profile in supernatant according circumsporozoite protein (CSP) geno-
types. Cytokines were measured by CBA. A: Interleukin 6 (pg/mL); B: Interleukin 10 (pg/mL);
The bar represents the median of the group, n = 25 patients. P values were determined by non-
parametric Mann-Whitney U tests. In correlations analyses, the x axis indicates Log IL-6
supernatant concentrations (pg/mL) in VK210 (C) or VK247 (D); the y axis indicates Log IL-
10 supernatant concentrations (pg/mL) in VK210 (C) or VK247 (D). Each point represents the
relative IL-10 and IL-6 responses of a single patient. Correlations were determined by Spear-
man’s correlation tests.
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S1 Method. Nested PCR for Plasmodium vivax and Plasmodium falciparum characteriza-
tion. To confirm the thick blood smear diagnosis was performed a nested PCR with species-
specific primers based on the Plasmodium small subunit ribosomal RNA (ssTRNA) genes.
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(XLSX)

Acknowledgments

The authors would like to thank Prof. Dr. Eloisa Gongalves and Prof. Dr. Anténio Rafael, from
the Reference Center for Infectious and Parasitic Diseases (Centro de Referéncia em Doencas
Infeciosas e Parasitarias—CREDIP), Erika Mesquita and Guilherme Tude for the valuable help
in the recruitment of patients. We also would like to thank Valéria Daltibari Fraga and Luciana
Moran Conceigdo from School of Medicine of Sdo José do Rio Preto (Faculdade de Medicina
de Sio José do Rio Preto—FAMERP).

Author Contributions

Conceived and designed the experiments: BAPR FREN RLDM CRFM. Performed the experi-
ments: BAPR DNC GCC RMdS. Analyzed the data: BAPR APSdAdS MAGG RLDM CRFM

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004479 March 4, 2016 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004479.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004479.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004479.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004479.s004

@ PLOS | Teshicat biseases

CSP Polymorphisms and Malaria Outcome

FREN. Contributed reagents/materials/analysis tools: FREN RLDM CRFM. Wrote the paper:
BdPR CRFM MAGG RLDM FREN.

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

WHO. World Malaria Report 2013. Geneva WHO. 2013.

Alexandre MA, Ferreira CO, Siqueira AM, Magalhaes BL, Mourao MPG, Lacerda M V, et al. Severe
Plasmodium vivax malaria, Brazilian Amazon. Emerg Infect Dis. 2010; 16: 1611—4. doi: 10.3201/
eid1610.100685 PMID: 20875292

Genton B, D’Acremont V, Rare L, Baea K, Reeder JC, Alpers MP, et al. Plasmodium vivax and mixed
infections are associated with severe malaria in children: a prospective cohort study from Papua New
Guinea. PLoS Med. 2008; 5: e127. doi: 10.1371/journal.pmed.0050127 PMID: 18563961

Kochar DK, Das A, Kochar SK, Saxena V, Sirohi P, Garg S, et al. Severe Plasmodium vivax malaria : a
report on serial cases from Bikaner in Northwestern India. Am J Trop Med Hyg. 2009; 80: 194—198.
PMID: 19190212

Barber BE, William T, Grigg MJ, Menon J, Auburn S, Marfurt J, et al. A prospective comparative study
of knowlesi, falciparum, and vivax malaria in Sabah, Malaysia : high proportion with severe disease
from Plasmodium knowlesi and Plasmodium vivax but no mortality with early referral and artesunate
therapy. Clin Infect Dis. 2013; 56: 383—97. doi: 10.1093/cid/cis902 PMID: 23087389

Marin-Menéndez A, Bardaji A, Martinez-Espinosa FE, B6tto-Menezes C, Lacerda M V, Ortiz J, et al.
Rosetting in Plasmodium vivax: a cytoadhesion phenotype associated with anaemia. PLoS Negl Trop
Dis. 2013; 7: €2155. doi: 10.1371/journal.pntd.0002155 PMID: 23593522

Gongalves BP, Huang C-Y, Morrison R, Holte S, Kabyemela E, Prevots DR, et al. Parasite burden and
severity of malaria in tanzanian children. N Engl J Med. 2014; 370: 1799-1808. doi: 10.1056/
NEJMoa1303944 PMID: 24806160

De Souza-Neiras WC, de Melo LMS, Machado RLD. The genetic diversity of Plasmodium vivax-a
review. Mem Inst Oswaldo Cruz. 2007; 102: 245-54. PMID: 17568928

Herrera S, Corradin G, Arevalo-Herrera M. An update on the search for a Plasmodium vivax vaccine.
Trends Parasitol. 2007; 23: 122—128. PMID: 17258937

Arnot DE, Barnwell JW, Tam JP, Nussenzweig V, Nussenzweig RS, Enea V. Circumsporozoite protein
of Plasmodium vivax: gene cloning and characterization of the immunodominant epitope. Science.
1985; 230: 815-8. PMID: 2414847

Rosenberg R, Wirtz RA, Lanar DE, Sattabongkot J, Hall T, Waters AP, et al. Circumsporozoite protein
heterogeneity in the human malaria parasite Plasmodium vivax. Science. 1989; 245: 973—-6. PMID:
2672336

Qari SH, Shi YP, Goldman IF, Udhayakumar V, Alpers MP, Collins WE, et al. Identification of Plasmo-
dium vivax-like human malaria parasite. Lancet. 1993; 341: 780-3. PMID: 8095999

Machado RLD, Pévoa MM. Distribution of Plasmodium vivax variants (VK210, VK247 and P.vivax-like)
in three endemic areas of the Amazon region of Brazil and their correlation with chloroquine treatment.
Trans R Soc Trop Med Hyg. 2000; 94: 377-381. PMID: 11127238

Storti-Melo LM, Souza-Neiras WC, Cassiano GC, Joazeiro ACP, Fontes CJ, Bonini-Domingos CR,
et al. Plasmodium vivax circumsporozoite variants and duffy blood group genotypes in the Brazilian
Amazon region. Trans R Soc Trop Med Hyg. 2009; 103: 672—678. doi: 10.1016/j.trstmh.2008.07.018
PMID: 18804827

Andrade BB, Reis-filho A, Souza-Neto SM, Claréncio J, Camargo LMA, Barral A et al. Severe Plasmo-
dium vivax malaria exhibits marked inflammatory imbalance. Malar J. 2010; 9: 13—20. doi: 10.1186/
1475-2875-9-13 PMID: 20070895

Lyke KE, Burges R, Cissoko Y, Sangare L, Dao M, Diarra |, et al. Serum levels of the proinflammatory
IL-8, IL-10, tumor necrosis factor alpha, and IL-12 (p70) in malian children with severe Plasmodium fal-
ciparum malaria and matched uncomplicated malaria or healthy controls. Infect Immun. 2004; 72:
5630-5637. PMID: 15385460

Medina TS, Costa SPT, Oliveira MD, Ventura AM, Souza JM, Gomes TF, et al. Increased interleukin-
10 and interferon-g levels in Plasmodium vivax malaria suggest a reciprocal regulation which is not
altered by IL-10 gene promoter polymorphism. Malar J. BioMed Central Ltd; 2011; 10: 264.
Souza-Neiras WC, Storti-Melo LM, Cassiano GC, Couto VSCA Couto AARA, Soares IS, et al. Plasmo-

dium vivax circumsporozoite genotypes : a limited variation or new subspecies with major biological
consequences ? Malar J. 2010; 9: 178-185. doi: 10.1186/1475-2875-9-178 PMID: 20573199

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004479 March 4, 2016 14/15


http://dx.doi.org/10.3201/eid1610.100685
http://dx.doi.org/10.3201/eid1610.100685
http://www.ncbi.nlm.nih.gov/pubmed/20875292
http://dx.doi.org/10.1371/journal.pmed.0050127
http://www.ncbi.nlm.nih.gov/pubmed/18563961
http://www.ncbi.nlm.nih.gov/pubmed/19190212
http://dx.doi.org/10.1093/cid/cis902
http://www.ncbi.nlm.nih.gov/pubmed/23087389
http://dx.doi.org/10.1371/journal.pntd.0002155
http://www.ncbi.nlm.nih.gov/pubmed/23593522
http://dx.doi.org/10.1056/NEJMoa1303944
http://dx.doi.org/10.1056/NEJMoa1303944
http://www.ncbi.nlm.nih.gov/pubmed/24806160
http://www.ncbi.nlm.nih.gov/pubmed/17568928
http://www.ncbi.nlm.nih.gov/pubmed/17258937
http://www.ncbi.nlm.nih.gov/pubmed/2414847
http://www.ncbi.nlm.nih.gov/pubmed/2672336
http://www.ncbi.nlm.nih.gov/pubmed/8095999
http://www.ncbi.nlm.nih.gov/pubmed/11127238
http://dx.doi.org/10.1016/j.trstmh.2008.07.018
http://www.ncbi.nlm.nih.gov/pubmed/18804827
http://dx.doi.org/10.1186/1475-2875-9-13
http://dx.doi.org/10.1186/1475-2875-9-13
http://www.ncbi.nlm.nih.gov/pubmed/20070895
http://www.ncbi.nlm.nih.gov/pubmed/15385460
http://dx.doi.org/10.1186/1475-2875-9-178
http://www.ncbi.nlm.nih.gov/pubmed/20573199

@ PLOS | Teshicat biseases

CSP Polymorphisms and Malaria Outcome

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Kain KC, Brown AE, Lanar DE, Ballou WR, Webster HK. Response of Plasmodium vivax variants to
chloroquine as determined by microscopy and quantitative polymerase chain reaction. Am J Trop Med
Hyg. 1993; 49: 478-84. PMID: 8214278

Singh B, Bobogare A, Cox-Singh J, Snounou G, Abdullah MS, Rahman HA. A genus- and species-spe-
cific nested polymerase chain reaction malaria detection assay for epidemiologic studies. Am J Trop
Med Hyg. 1999; 60: 687—-692. PMID: 10348249

Cassiano GC, Storti-Melo LM, Pévoa MM, Galardo AKR, Rossit ARB, Machado RLD. Development of
PCR-RFLP assay for the discrimination of Plasmodium species and variants of P. vivax (VK210,
VK247 and P. vivax-like) in Anopheles mosquitoes. Acta Trop. Elsevier B.V.; 2011; 118: 118—-122.

Gongalves RM, Salmazi KC, Santos BAN, Bastos MS, Rocha SC, Boscardin SB, et al. CD4+CD25
+FOxp3+ regulatory T cells, dendritic cells, and circulating cytokines in uncomplicated malaria : do dif-
ferent parasite species elicit similar host responses ? Infect Immun. 2010; 78: 4763—4772. doi: 10.
1128/IA1.00578-10 PMID: 20713627

Bueno LL, Morais CG, Araujo FF, Silva JA, Corréa-Oliveira R, Soares IS, et al. Plasmodium vivax:
Induction of CD4+CD25+FoxP3 regulatory T cells during infection are directly associated with level of
circulating parasites. PLoS One. 2010; 5: 1-10.

Riley E, Wahl S, Perkins D, Schofield L. Regulating immunity to malaria. Parasite Immunol. 2006; 28:
35-49. PMID: 16438675

Li C, Corraliza I, Langhorne J. A defect in interleukin-10 leads to enhanced malarial disease in Plasmo-
dium chabaudi chabaudi infection in mice. Infect Immun. 1999; 67: 4435-42. PMID: 10456884

Li C, Sanni LA, Omer F, Riley E, Langhorne J. Pathology and mortality of Plasmodium chabaudi cha-
baudi infection in IL-10-deficient mice is ameliorated by anti-TNF-[alpha] and exacerbated by anti-TGF-
[beta] antibodies. Infect Immun. 2003; 71: 4850-4856. PMID: 12933825

Machado R, Filho A, Calvosa V, Figueredo M, Nascimento J, Pévoa M. Correlation between Plasmo-
dium vivax variants in Belém, Para State, Brazil and symptoms and clearance of parasitaemia. Brazilian
J Infect Dis. 2003; 7:175-177.

Mueller A- K, Camargo N, Kaiser K, Andorfer C, Frevert U, Matuschewski K, et al. Plasmodium liver
stage developmental arrest by depletion of a protein at the parasite-host interface. Proc Natl Acad Sci
U S A. 2005; 102: 3022-7. PMID: 15699336

Hafalla JC, Silvie O, Matuschewski K. Cell biology and immunology of malaria. Immunol Rev. 2011;
240:297-316. doi: 10.1111/1.1600-065X.2010.00988.x PMID: 21349101

Chakravarty S, Cockburn | a, Kuk S, Overstreet MG, Sacci JB, Zavala F. CD8+ T lymphocytes protec-
tive against malaria liver stages are primed in skin-draining lymph nodes. Nat Med. 2007; 13: 1035—
1041. PMID: 17704784

Cockburn IA., Chen YC, Overstreet MG, Lees JR, van Rooijen N, Farber DL, et al. Prolonged antigen
presentation is required for optimal CD8+ T cell responses against malaria liver stage parasites. PLoS
Pathog. 2010; 6: 1-13.

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004479 March 4, 2016 15/15


http://www.ncbi.nlm.nih.gov/pubmed/8214278
http://www.ncbi.nlm.nih.gov/pubmed/10348249
http://dx.doi.org/10.1128/IAI.00578-10
http://dx.doi.org/10.1128/IAI.00578-10
http://www.ncbi.nlm.nih.gov/pubmed/20713627
http://www.ncbi.nlm.nih.gov/pubmed/16438675
http://www.ncbi.nlm.nih.gov/pubmed/10456884
http://www.ncbi.nlm.nih.gov/pubmed/12933825
http://www.ncbi.nlm.nih.gov/pubmed/15699336
http://dx.doi.org/10.1111/j.1600-065X.2010.00988.x
http://www.ncbi.nlm.nih.gov/pubmed/21349101
http://www.ncbi.nlm.nih.gov/pubmed/17704784

