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Abstract

Rhoptry-associated membrane antigen (RAMA) is an abundant glycophosphatidylinositol
(GPIl)-anchored protein that is embedded within the lipid bilayer and is implicated in parasite
invasion. Antibody responses against rhoptry proteins are produced by individuals living in
a malaria-endemic area, suggesting the immunogenicity of Plasmodium vivax RAMA
(PvRAMA) for induction of immune responses during P. vivax infection. To determine
whether PvRAMA contributes to the acquisition of immunity to malaria and could be a ratio-
nal candidate for a vaccine, the presence of memory T cells and the stability of the antibody
response against PvRAMA were evaluated in P. vivax-exposed individuals. The immunoge-
nicity of PvRAMA for the induction of T cell responses was evaluated by in vitro stimulation
of peripheral blood mononuclear cells (PBMCs). High levels of interferon (IFN)-y and inter-
leukin (IL)-10 cytokines were detected in the culture supernatant of PBMCs, and the CD4*
T cells predominantly produced IL-10 cytokine. The levels of total anti-PvRAMA immuno-
globulin G (IgG) antibody were significantly elevated, and these antibodies persisted over
the 12 months of the study. Interestingly, IgG1, IgG2 and IgG3 were the major antibody sub-
types in the response to PvRAMA. The frequency of IgG3 in specific to PvRAMA antigen
maintained over 12 months. These data could explain the immunogenicity of PvRAMA anti-
gen in induction of both cell-mediated and antibody-mediated immunity in natural P. vivax
infection, in which IFN-y helps antibody class switching toward the IgG1, IgG2 and IgG3 iso-
types and IL-10 supports PvRAMA-specific antibody production.
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Introduction

One of the major global public health problems is malaria, a life-threatening blood disease
caused by the Plasmodium parasite, which is transmitted to humans by female Anopheles mos-
quitoes. Among the five Plasmodium species known to infect humans, Plasmodium vivax has a
wide geographical distribution in Southeast and East Asia, which causes approximately 66% of
the total global vivax malaria burden [1, 2]. Although P. vivax is less virulent than P. falcipa-
rum, it presents as a characteristic unique relapsing disease that may reactivate after months or
years without symptoms. Because the number of reports of P. vivax resistance to first-line anti-
malarial drug treatment has significantly increased, research into the development of a vaccine
is considered be an important approach to blocking malaria transmission [3].

Evidence from both immunization experiments in animals and from human studies has
suggested the possibility of vaccination against malaria [4-8]. Effective targets for inducing a
protective immune response have been identified from each of the three stages of the life cycle
of Plasmodium: the pre-erythrocytic stage, the asexual erythrocytic stage, and the sexual stage.
Vivax vaccine candidates have been developed based on orthologues of P. falciparum antigens,
because of the limitations of effective and continuous in vitro culture of P. vivax. Candidate
vaccines against pre-erythrocytic stage antigen P. vivax circumsporozoite surface protein
(PvCSP) and sexual stage antigen P. vivax ookinete surface protein 25 (Pvs25) have been evalu-
ated in Phase I clinical trials [9], while blood stage vaccine candidates such as merozoite surface
protein 1-42 (MSP1,,), merozoite surface protein 1-19 (MSP1,y), the N-terminal fragment of
merozoite surface protein 1 (Pv200L), Dufty-binding protein region IT (DBPII), and apical
membrane antigen 1 (AMA-1) are undergoing preclinical studies [10, 11].

Besides the role of the merozoite surface proteins, the secretory organelles (micronemes,
rhoptries, and dense granules) of the apical complex are involved in the invasion of erythro-
cytes [12]. The rhoptries are significant structures that have been implicated in the parasito-
phorous vacuole and in formation of the parasitophorous vacuole membrane [12, 13].
Antibody responses against the rhoptry proteins, rhoptry-associated protein (RAP)-1, RAP-2,
RAP-3, and the high-molecular-weight complex of rhoptry protein-3 (RhopH3) were detected
in a population of individuals living in malaria-endemic areas [14-17]. Antibodies against
RAP-1 and RAP-2 antigen inhibited P. falciparum growth in an in vitro erythrocyte invasion
assay [18]. Importantly, RAP-1 protein was reported to be protective against a lethal blood-
stage infection of P. falciparum malaria response in an immunized monkey [19]. The immuno-
genicity of rhoptry-associated membrane antigen (RAMA) was identified and characterized in
individuals exposed to P. falciparum [13]. The immunodominant p60 form of the RAMA epi-
tope (RAMA-E) showed the highest prevalence in the antibody response. This epitope strongly
boosted a humoral response that persisted for up to 28 days postinfection. Interestingly, high
levels of anti-RAMA-E IgG3-type antibodies were detected in protected individuals who had
no detectable parasites even though they lived in a high-incidence malaria area, indicating that
this antibody response might be associated with protection against P. falciparum. Recently, the
well-characterized P. falciparum RAMA (PfRAMA) orthologue was used to identify P"PRAMA
[20, 21]. A high rate of positivity for anti-PvRAMA antibodies was reported in P. vivax-
infected patients, implying that this antigen could be a serological marker of recent exposure to
vivax malaria. To evaluate PVRAMA antigen as a vaccine candidate, its ability to elicit an
immune response, including the development of memory T cells and specific antibody against
PvRAMA, and the stability of the anti-PvRAMA antibody response were assessed in P. vivax-
exposed individuals from malaria-endemic areas.
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Fig 1. Profile of IFN-y and IL-10 in 96-h culture supernatants. PBMCs from individuals who had recovered from P. vivax infection 8—10 weeks previously
were stimulated with PvRAMA antigen, media alone (negative control), or PHA (positive control) for 96 h. The concentrations of cytokines in supernatants
from stimulated cells were measured by enzyme-linked immunosorbent assay (ELISA). The histograms represent the mean cytokine levels from PBMCs of
ten P. vivax-recovered subjects. The significance of differences was assessed using the Wilcoxon matched-pairs signed-rank test.

doi:10.1371/journal.pone.0148723.9g001

Results

Cytokine profile in culture supernatant of peripheral blood mononuclear
cells (PBMCs)

The presence of effector T lymphocytes whether they are Th1 or Th2 cell responses to P"RAMA
was assessed by measurement of IL-10 and IFN-y cytokines in the culture supernatant following
antigen stimulation of PBMCs. The IFN-y concentrations produced by P"RAMA-stimulated
PBMC:s from patients who had recovered from P. vivax infection were significantly higher than
those produced by unstimulated control cells (PYRAMA = 72.45 + 80.07 pg/ml, (mean + standard
deviation [SD]), unstimulated = 13.59 + 22.53 pg/ml, P = 0.0078, Fig 1). For IL-10 cytokine, the
levels of PvRAMA -induced IL-10 were also significantly higher than those in unstimulated con-
trols (PvRAMA = 101.90 + 105.14 pg/ml, unstimulated = 59.64 + 65.33 pg/ml, P = 0.0019, Fig 1).
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Fig 2. CD4* and CD8" T cell response specific for PvRAMA antigen assessed by intracellular cytokine staining and multiparameter flow cytometry.
(A). Gating strategy for analysis by multiparameter flow cytometry to identify the T-cell response of PBMCs from P. vivax-recovered subjects to PvRAMA or
media alone (negative control) or to phorbol myristate acetate (PMA)/ionomycin (positive control). The bar graphs represent the results obtained for
PvRAMA-specific (B) IL-10-producing cells, (C) IFN-y-producing cells and IL-2-producing cells. The significance of differences in the percentages of
cytokine-producing cells were determined with the Wilcoxon matched-pairs signed-rank test.

doi:10.1371/journal.pone.0148723.9002

PBMC:s from acutely infected P. vivax patients showed no significant IFN-y and IL-10 responses
to PVRAMA antigen compare to unstimulated control cells (data not shown). Production of both
IFN-vy and IL-10 production in response to phytohemagglutinin (PHA) was threefold higher than
that in response to PVRAMA antigen.

Effector response of PvRAMA-specific CD4* and CD8" T cells

To identify cell phenotypes from effector responses to PYRAMA antigen in P. vivax infection,
the levels of IFN-y- and IL-10-producing cells induced in response to PYRAMA stimulation
were analyzed using flow cytometry (Fig 2A). After stimulation, CD4" T cells were major cell
population produced IL-10 cytokine against PYRAMA antigen (PvRAMA = 0.004 + 0.007%,
(median + standard deviation [SD]), unstimulated = 0.001 + 0.002%, P = 0.0313, Fig 2B). Both
CD4" and CD8™ T cells were not IFN-y-producing cells in response to PPRAMA antigen
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(CD4*; PVRAMA = 0.080 * 0.036%, unstimulated = 0.038 + 0.022%, P = 0.0625, CD8";
PvRAMA = 0.034 + 0.049%, unstimulated = 0.027 + 0.014%, P = 0.5000, Fig 2C). The detection
of IL-2-producing cells showed that both CD4" and CD8" T cells produced IL-2 cytokine after
PvRAMA stimulation and CD8" effector T cells were the main IL-2 source (CD4*; P"RAMA =
0.048 + 0.036%, unstimulated = 0.034 + 0.023%, P = 0.1563, CD8"; PvRAMA = 0.140 + 0.080%,
unstimulated = 0.077 £ 0.078%, P = 0.0313, Fig 2C).

Serological response to PvRAMA

To measure the antibody response to P"RAMA during P. vivax infection, the levels of total IgG
specific for purified recombinant PYRAMA and PvMSP1-19 were analyzed in plasma samples
from acutely P. vivax-infected patients. Antibody specific to PYRAMA in acute P. vivax
patients were significantly higher than those in naive controls (P. vivax patient, optical density
[OD] =0.263 + 0.348, (mean + standard deviation [SD]), Naive controls, OD = 0.040 + 0.018,
P < 0.0001, Fig 3A) and PvMSP1-19 (P. vivax patient, OD = 0.709 + 0.485, Naive control,

OD =0.050 + 0.026, P < 0.0001, Fig 3A). The result confirms the ability of P"RAMA and
PvMSP1-19 to induce antibody responses during natural P. vivax exposure. To investigate the
stability of these anti-RAMA antibody responses further, the antibody levels specific to
PvRAMA and PvMSP1-19 antigens were measured in individuals followed up at 3,9, and 12
months after they recovered from P. vivax infection. The results show that antibody levels in
response to PYVRAMA antigen presented in P. vivax recovery at least 12 months (Fig 3A). The
seropositivities in a period of 3, 9, and 12 months after treatment were observed 61.9%, 73.3%
and 50%, respectively. In contrast, anti-PvMSP1-19 antibody levels in 9 month P. vivax recov-
ery were significantly lower than acute P. vivax patients (Fig 3A) and 100%, 68.8% and 68.8%
of individuals showed seropositivity in a period of 3, 9 and 12 months following treatment,
respectively (Table 1). Additionally, the following anti-PvRAMA antibody levels in eight indi-
viduals of acute and in a period of 3, 9, and 12 month following treatment showed that anti-
body responses to this antigen still presented in individuals. All recovery subjects who were
seropositive at the acute phase remained seropositive to PRAMA over the 12 months of the
study (Fig 3B). No correlation between anti-PvRAMA antibody levels with gender and age
were observed in this study (data not shown).
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Fig 3. Levels of naturally acquired antibody against PvRAMA in P. vivax-exposed individuals. (A). The level of PvRAMA and PvMSP1-19-specific total
IgG in 77 serum samples from P. vivax-exposed individuals, including 27 samples from the acute phase, 21 samples collected 3 months after recovery, 15
samples collected 9 months after recovery, and 14 samples collected 12 months after recovery, plus 32 serum samples from malaria-naive individuals. (B).
Stability of the antibody response against PvRAMA in a group of recovered patients at different time points (acute phase, 3 months, 9 months and 12 months
of recovery). The cutoff value for seropositivity was an OD greater than the mean plus two SD of that for the naive controls (PvRAMA cutoff OD = 0.071,
PvMSP1-19 cutoff OD = 0.101). Antibody levels in different groups were compared using the Mann-Whitney U test.

doi:10.1371/journal.pone.0148723.9003
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Table 1. Prevalence and magnitude of anti-PvRAMA and anti-PvMSP1-19 antibody responses.

Time point® PvRAMA PvMSP1-19
Percent positive® OD values Percent positive® OD values
(%) (%)
Min® Max® Mean® SD P- Min°® Max® Mean® SD' P-
value? value®

Acute phase 741 0.025 1.595 0.263 0.348 <0.0001 96.4 0.098 1.310 0.709 0.485 <0.0001
3 months of 61.9 0.020 0.633 0.178 0.153 NS 100.0 0.102 1.163 0.536 0.396 NS
recovery
9 months of 73.3 0.037 0.447 0.116 0.101 NS 68.8 0.019 0.632 0.219 0.172 0.0014
recovery
12 months of 50.0 0.032 0.446 0.107 0.106 NS 68.8 0.011 0.518 0.212 0.158 0.0017
recovery

& Time point: the time at which blood samples were collected after recovery from P. vivax infection.

b Percent positive: the percentage of seropositive individuals who had OD values greater than the cutoff value (mean + 2 SD of the OD value of malaria-
naive individuals).

¢ Min: the lowest antibody level at each time point.

9 Max: the highest antibody level at each time point.

¢ Mean: the average of antibody level presented as mean OD value at each time point.

f SD: the standard deviation of antibody levels at each time point.

9 P value of the difference between the mean antibody levels of P. vivax-infected subjects with recovery phase or malaria-naive compared using the
Mann-Whitney U test. NS: not significant.

doi:10.1371/journal.pone.0148723.1001

Anti-PvRAMA IgG antibody isotypes

To evaluate whether specific IgG subclasses were sustained in antibody response to PYRAMA
antigen, the prevalence of PPRAMA and PvMSP1-19-specific antibodies of different IgG iso-
types were evaluated in acutely P. vivax-infected patients and in a period of 3, 9, 12 months fol-
lowing treatment. In plasma collected from acute P. vivax infection, the percentages of sera
positive against PVRAMA for IgGl, IgG2, IgG3, and IgG4 isotype antibodies were 55.6%,
77.8%, 63%, and 51.9%, respectively. The anti-RAMA antibodies in P. vivax patients were pre-
dominantly of the IgG2 and IgG3 isotype, followed by IgG1, whereas IgG4 was barely measur-
able (Table 2 and Fig 4A). The levels of IgG1, IgG2, and IgG3 isotype antibodies against

Table 2. Comparison of anti-PvRAMA antibody isotypes in P. vivax-exposed individuals and malaria-naive individuals.

Time point® IgG1 1gG2 1gG3 1gG4
Percent positive® Median® Percent positive® Median® Percent positive® Median® Percent positive® Median®
(%) (%) (%) (%)

Acute phase 55.6 0.060 77.8 0.195 63.0 0.107 51.9 0.051
3 months of 50.0 0.052 53.3 0.122 73.3 0.114 20.0 0.048
recovery

9 months of 42.9 0.043 46.7 0.070 60.0 0.102 46.7 0.048
recovery

12 months of 35.7 0.043 28.6 0.067 42.9 0.077 28.6 0.048
recovery

Naive 0.0 0.050 0.0 0.075 0.0 0.068 0.0 0.049

& Percent positive: the percentage of seropositive individuals who had an OD value greater than the cutoff value.
b Median: the median antibody level presented as median OD value.

doi:10.1371/journal.pone.0148723.1002
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Fig 4. 1gG isotype antibody response to PvRAMA. (A). The levels of PvRAMA- and (B) PvMSP1-19-specific antibodies of each IgG isotypes were
determined in plasma from acutely P. vivax-infected patients and naive individuals by ELISA. Vivax patients (n = 27) and naive controls (n = 16) were
randomly selected for IgG isotype prevalence studies. The cutoff value for each IgG isotype was calculated from the mean plus 2SD of the OD at 450 nm of
malaria-naive control as shown by dashed line (PvRAMA; IgG1 =0.058, IgG2 = 0.119, IgG3 = 0.082, IgG4 = 0.051, PvMSP1-19; IgG1 =0.011, IgG2 = 0.066,
1gG3 = 0.050, IgG4 = 0.053). The significance of differences between the levels of IgG isotypes were assessed using the Mann—-Whitney U test.

doi:10.1371/journal.pone.0148723.9004
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PvRAMA were significantly higher in P. vivax-infected patients than in naive controls. More-
over, analysis of the IgG3 isotype response in acute patients showed that the level of this anti-
body isotype in each individual was significantly higher than that of IgG1, and that there was a
significant correlation between the levels of these two cytophilic isotypes (r, = 0.7597,

P < 0.0001, data not shown). Similarly, for the noncytophilic isotypes, an increased IgG2 level
was significantly associated and correlated with low IgG4 levels (r, = -0.4817, P < 0.0001, data
not shown). In PvMSP1-19 antigen, 100%, 22.2%, 100% and 14.8% of individuals were sero-
positive at acute P. vivax infection for IgG1, IgG2, IgG3, and 1gG4 isotype antibodies, respec-
tively. IgG1 and IgG3 were the predominant subclasses that recognized PvMSP1-19 protein
(Fig 4B).

Because IgG1, IgG2 and IgG3 showed significantly higher in acute patients, we then mea-
sured stability of these IgG subclasses specific to PPRAMA antigen in individuals of acute P.
vivax patients in period of 3, 9 and 12 months following treatment. The result found that
42.9%, 28.6% and 50.0% of individuals maintained positive of IgG1, IgG2 and IgG3 at 12
months (Fig 5A-5C). The frequency of individual with specific IgG1 and IgG2 responses was
still significantly higher at 9 months and at 3 months, respectively compared to these antibody
levels in acute patients (Fig 5A and 5B). Interestingly, the prevalence of IgG3 specific to
PvRAMA antigen did not change at 12 months (Fig 5C).

Discussion

Rhoptry proteins of Plasmodium parasites have been implicated in the invasion of erythrocytes.
There is growing evidence that rhoptry proteins are an important target for a protective
humoral immune response against malaria. In P. vivax, RAMA was first identified by screening
expression libraries with patient sera, which showed a high prevalence of specific antibodies in
>90% of sera from P. vivax patients [20]. The C-terminal region of P"RAMA is antigenic, and
antibodies against this region are associated with immunity during infection. These data sug-
gested that PVRAMA could be a serological marker of recent exposure to P. vivax infection.
Here, we investigated cellular and antibody mediated immune responses to recombinant
PvRAMA protein in P. vivax-exposed patients. A significantly higher level of production of
IFN-y and IL-10 induced by PYRAMA antigen stimulation of PBMCs was observed in PBMC
cultures from P. vivax-recovered subjects. CD4" T cells were the major source of IL-10,
whereas the high levels of IFN-y were not produced by effector CD4" and CD8" memory cells.
Analysis of the antibody responses against PVRAMA showed that there was a persistence of
total IgG anti-PvRAMA antibody levels in P. vivax infection as the antibody was detected in
acutely infected patients and at 3, 9 and 12 months after recovery from P. vivax, respectively.
IgG1, IgG2 and IgG3 were the predominant antibody isotypes generated in response to
PvRAMA. Moreover, a study of IgG isotype response in individuals of acute patients showed a
strong correlation between the levels of anti-PvRAMA IgG2 and IgG4 isotypes, as well as
between the levels of IgG3 and IgG1, which showed that IgG2 and IgG3 increased when the
levels of IgG4 and IgG1 were low (data not shown). This observation suggested that the
PvRAMA antigen has some characteristics that can trigger effector memory T cells and influ-
ence the patterns of IgG isotype switching to IgG1, IgG2 and I1gG3 during P. vivax infection.
The level and the IgG isotype profile of antibody against blood stage antigens are associated
with the quality of protective immunity to P. vivax malaria, which in turn can result in a reduc-
tion in parasitemia and clinical malaria symptoms [22]. Antibodies to most asexual blood stage
antigens have been reported to be easily induced by P. vivax infection but are apparently short-
lived in the absence of repeat infection [23]. However, a previous study demonstrated the pres-
ence of high-titer antibody responses to key vaccine-candidate blood stage antigens including
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2SD of that from naive controls as shown by dashed line (IgG1 = 0.058, IgG2 =0.119, IgG3 = 0.082,
IgG4 = 0.051). IgG subclass levels in different groups were compared using the Mann-Whitney U test.

doi:10.1371/journal.pone.0148723.9g005

PvAMA-1, PvMSP1,o, and PvDBP [24]. Similarly, antibodies to anti-P. vivax tryptophan-rich
antigen persisted stably for 5 to 12 years in Chinese residents who lived in low malaria-endemic
areas [25]. Recently, P. vivax patients living in an endemic area of the Republic of Korea
showed significant rates of seropositivity for antibody against PvRhopH2 (>59%) and
PvRAMA (>90%) [20, 21]. In the present study, we demonstrated a high prevalence of anti-
PvRAMA antibodies in Thai residents, which persisted for over one year although the antibody
level gradually decreased. Some patients, aged 30-68 years, displayed a consistent level of anti-
bodies over all periods of convalescence. This may be a feature of individuals who have lived in
a malaria-endemic area for a long time, leading to the long-lived persistence of anti-RAMA
antibodies. However, further studies of the correlation between the levels of antibody and the
frequency of circulating memory B cells specific for PVPRAMA antigen are required to elucidate
the factors leading to the induction of a long-lived antibody response.

It is well established that T-cells play a crucial role in driving the pattern of antibody isotype
switching. Different malaria antigens are capable of inducing different IgG isotype profiles
[26]. The protective activity of the cytophilic isotypes, IgG1 and IgG3, is believed to eliminate
parasites by means of opsonization of the infected red blood cells and cooperation between
cells by the process called antibody-dependent cellular inhibition [27]. Malaria blood-stage
antigens, such as MSP5, MSP1,4, and DBPII, in P. vivax mostly tend to generate antibody
responses that are polarized towards either IgG1 or IgG3 isotypes [28-32]. In particular, IgG3
has the highest binding affinity for the Fcy receptor on the surface of monocytes, which
strongly induces phagocytosis and complement fixing [33]. The prevalence of IgG3 is also
influenced by the maturity of the immune system (age) or repeated exposure to antigen [26].
PvMSP1,4 and P. vivax reticulocyte binding protein 1,39, »97¢ predominantly induced noncy-
tophilic isotypes IgG2 and IgG4 in patients from a malaria-endemic area of Brazil [34, 35].
Here, we demonstrated that IgG1, IgG2 and IgG3 were the predominant IgG isotypes present
in the response against PYRAMA antigen whereas IgG1 and IgG3 showed high immune
responses to PvMSP1-19 antigen. The higher levels of PVRAMA-induced IgG2 and IgG3
appear to be correlated with lower levels of I[gG1 and IgG4 during acute P. vivax infection of
individuals 18-64 years old. Interestingly, seropositivity of PVRAMA-specific IgG3 maintained
at least 12 months after treatment. These data indicated that antibody responses to P"VRAMA
antigen were associated with immunoglobulin IgG isotype switching during natural P. vivax
exposure. A study of association between IgG isotype responses and protective activity against
malaria was shown in previous studies of P. falciparum ring-infected erythrocyte surface anti-
gen and P. falciparum MSP2 antigen showed that IgG2 antibodies against these antigens were
involved in the protection against malaria infection and that their levels were associated with
age [36]. Nevertheless, in this study, we could not confirm whether the increase in levels of
IgG2 and IgG3 antibodies against PVRAMA was completely associated with the degree of pro-
tective immunity to P. vivax. Further studies are required to determine the correlation of anti-
PvRAMA IgG2 and IgG3 antibody levels with a reduction in parasitemia and the rate of rein-
fection with P. vivax.

In addition to antibody-mediated immunity, cell-mediated immunity also plays a crucial
role in antimalarial protection [22, 37]. The function of blood stage antigen-specific CD4" T
cells in P. vivax patient during acute infection and after recovery from the infection has been
studied widely [38-42]. In this study, we found that P"RAMA stimulation triggered a host
immune response and elevated levels of production of IFN-y and IL-10 by PBMC collected
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from individuals 8—-10 weeks following treatment. These results suggest that individuals natu-
rally infected by P. vivax can generate effector memory cells specific to PVRAMA antigen. The
re-stimulation with PVRAMA triggers effector memory cell response by IFN-y and IL-10 pro-
duction. Because high levels of IFN-y support IgG isotype switching, a high IFN-y levels after
antigen stimulation could suggest that the IFN-y-producing cell response induced protective
IgG isotype switching toward IgG1, IgG2 and IgG3 during P. vivax infection. However, the
IFN-y production responded to PYRAMA stimulation was not produced by CD4" T cells. It
may secreted from other sources of human memory cells such as CD8" T cells and y3 T cells
besides CD4" T cells [43, 44]. Additionally, here we also demonstrated a significant elevation
of IL-10 levels in PBMC culture and of the percentage of IL-10-producing CD4" T cells after
PvRAMA stimulation. Increased IL-10 production upon PvRAMA stimulation may help the
induction of memory B cells or long-lived plasma cells because we showed that anti-PvRAMA
antibodies can persist for at least 12 months. Consistent with this hypothesis, Wipasa et al.
showed that long-term maintenance of antibody and of memory B cells were linked, because
after P. falciparum exposure of individuals who had specific memory B cells, IL-10 responses
were detected that were maintained for at least 6 years. This led to the suggestion that the half-
life of those IL-10 responses was indefinite [24, 39].

In conclusion, PYRAMA has the ability to induce a potent effector T cell response and a
long-lived antibody response following P. vivax infection. High levels of IFN-y induced by
PvRAMA stimulation and the predominance of IgG1, IgG2 and IgG3 specific for PYRAMA
during acute infection could imply that effector IFN-y-producing cells play an important role
in immunoglobulin IgG isotype switching in response to this antigen. A substantial antibody
response was detected for over 12 months and CD4" IL-10-producing cells were observed dur-
ing convalescence, suggesting that Th2 cells were involved in long-term memory B cell
responses to PVRAMA antigen. All data suggest that PVRAMA could be an effective vaccine
candidate because it has the ability to induce both potent effector memory T cells and a long-
lived antibody response in P. vivax-exposed individuals living in a malaria-endemic area.

Materials and Methods
Ethics statement

Ethics approval was obtained from the Committee on Human Rights Related to Human Exper-
imentation, Mahidol University, and the Ministry of Health, Thailand (MUIR 2012/079.2408).
The patients signed informed consent to enrolment in this study before blood samples were
collected. Human immunodeficiency virus-infected individuals, pregnant women, and children
<18 years old were excluded from this study.

Study population and blood collection

To evaluate the cellular immune response to P"RAMA, PBMCs were isolated from 10 P. vivax-
experienced individuals who had recovered from their last P. vivax malaria episode about 8 to
10 weeks prior to sample collection. The subjects were 18-63 years old (38 + 14 years old) and
comprised 3 women and 7 men. To assess the prevalence and longevity of anti-PvRAMA anti-
body, blood samples were collected from 27 acutely P. vivax-infected patients and at 3, 9, and
12 months after their recovery, and plasma was isolated (Table 3). All study subjects were from
Rap Ro, a village near the Myanmar border, which is in a malaria-endemic area of southern
Thailand. Blood samples for malaria-naive controls were obtained from 32 healthy volunteers
who live in Bangkok and had no history of exposure to Plasmodium parasites. Venous blood
samples were collected in Vacuette Heparin tubes (Greiner Bio-One, Monroe, NC, USA) and
transported to the laboratory within 6 h. Thick and thin blood smears were used to examine
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Table 3. Characteristics of P. vivax-exposed subjects from a malaria-endemic area in Thailand.

Characteristics

Total (n)
Sex ratio (male:female)
Age (y)

Mean (SD)

Range

P. vivax-exposed subjects Healthy subject
Acutely infected subjects Recovered subjects
3 months® 9 months® 12 months®
27 21 15 14 32
1.6:1 2:1 0.8:1 1.3:1 0.5:1
35.1 (12.6) 36.5 (14.2) 39.4 (13.2) 39.5 (13.1) 21.1 (0.82)
18-63 18-63 22-63 22-63 20-24

& 3 months: 2-3 months after recovery from P. vivax infection.
© 9 months: 8-9 months after recovery from P. vivax infection.
¢ 12 months: 12 months after recovery from P. vivax infection.

doi:10.1371/journal.pone.0148723.t003

for the presence of vivax parasites in acute infected P. vivax patients and in recovery subject at
3,9, 12 months following treatment.

The selecting criteria of acute P. vivax infected volunteers were as followings: (1) systolic
blood pressure was not less than 90 mm, (2) body temperature was not higher than 40°C, (3)
Hematocrit was not less than 25% (4) The patients did not receive treatment with corticoids or
non-steroidal anti-inflammatory drugs (NSAIDs) and (5) all subjects have to be the age of 18
or above. Those who were not fitting the criteria were excluded.

Expression of recombinant PvRAMA protein

The 810 bp fragment of pvrama (PlasmoDB ID: PVX_087885) was amplified by PCR. The
primers used for In-Fusion cloning were as follows: 5'-AAG GAG GCA GTG AAG GG-3' and
5-TTA ATT GGT GAA ACA TAA CAA TCC G-3'. The target gene was cloned into pEU plas-
mid DNA and the inserted nucleotide sequence confirmed using an ABI PRISM 310 Genetic
Analyzer and a BigDye Terminator v. 1.1 Cycle Sequencing kit (Applied Biosystems, Foster
City, CA, USA). The plasmid DNA was highly purified using a Maxi Plus Ultrapure plasmid
extraction system (Viogene, Taipei, Taiwan). Briefly, purified plasmid DNA was eluted in 0.1x
TE buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA) and used for in vitro transcription and sub-
sequent translation in a wheat-germ cell-free protein expression system (CellFree Sciences,
Matsuyama, Japan) [45]. Recombinant PVRAMA protein was purified using a Ni-nitrilotriace-
tic acid agarose column (Qiagen, Valencia, CA, USA). Recombinant PvMSP1 protein was
expressed described previously [46] and used for this study.

ELISA measurement of cytokine production in PBMC cultures

Supernatants from PVRAMA-stimulated cultures were used to measured soluble cytokine pro-
tein using cytokine ELISA kits (BD OptEIA; BD Biosciences, San Diego, CA, USA). Anti-IL-2,
IL-10, and anti-IFN-y antibodies were immobilized onto plastic microwell plates according to
the manufacturer’s protocol. Then, 50 pl of ELISA diluent was added to each well followed by
100 pl of culture supernatant. After 2 h incubation, the immobilized antibodies had specifically
captured the soluble cytokine protein in the sample, and then the plates were washed to remove
unbound materials. The captured cytokine proteins were detected with streptavidin-horserad-
ish peroxidase conjugate mixed with biotinylated anti-human cytokine antibodies (detection
antibodies). Thirty minutes following the addition of 100 pl of the chromogenic substrate tetra-
methylbenzidine (TMB) solution 50 pl of stop solution was applied. The level of colored
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product was measured with a spectrophotometer, as the OD at 450 nm. A standard curve or
calibration curve was generated for each ELISA plate, which was used to calculate the cytokine
concentration (typically pg of cytokine/ml).

Flow cytometry

The phenotypes of cells responding to PRAMA antigen were defined by staining for surface
markers of T cells using monoclonal antibodies against CD3 (Alexa700), CD4 (PerCP Cy5.5)
and CD8 (APC Cy?7) plus monoclonal antibodies specific for IFN-y (PE Cy7), IL-2 (APC), and
IL-10 (PE), and analyzed by flow cytometry (BD FACS Canto II; Becton Dickinson, Oxford,
UK). In brief, one million PBMCs were stimulated with 20 ng/ml PMA plus 1 pg/ml ionomycin
(Sigma-Aldrich, St. Louis, MO, USA), or with 10 pg/ml recombinant PVRAMA antigen, or
with medium alone. A protein transport inhibitor, 10 pl/ml brefeldin A, was also included in
the cultures, which were kept at 37°C in 5% CO, for 6 h. Cells were washed with washing buffer
(PBS, 1% BSA, 0.1% NaNj3) followed by staining with anti-CD3/CD4/CD8 for 15 min at 4°C,
and then fixed with 0.5% paraformaldehyde solution at 4°C for 20 min. The cells were then
permeabilized using the BD Cytofix/Cytoperm buffer system (BD Biosciences, San Jose, CA,
USA) for 30 min at room temperature and labeled with anti-IL-2/anti-IFN-y/anti-IL-10 for 20
min in the dark. After labeling, cells were washed and maintained in the buffer until data acqui-
sition. Data were analyzed using Flow]Jo (v. 7.0; Tree Star Inc., San Carlos, CA, USA).

Serological response against PvRAMA

To investigate the prevalence and stability of antibody responses to P"RAMA antigen, human
plasma from 27 acutely infected P. vivax patients and follow-up samples taken at 3, 6, and 12
months after recovery were assayed by ELISA. Purified PYRAMA at 5 ug/ml or purified
PvMSP1-19 antigen at 2 ug/ml was coated onto 96-well plates, and plates were covered and
incubated at 4°C overnight. The plates were then washed three times by filling the wells with
200 pl of washing buffer (0.2% Tween-20 in PBS). The recombinant protein-coated wells were
incubated with 100 ul of blocking buffer (5% nonfat dry milk in PBS) for 2 h at room tempera-
ture, and washed three times with washing buffer. One hundred microliters of plasma diluted
1:200 in blocking buffer was added to each well and incubated for 1 h at room temperature,
then plates were rinsed at least five times with washing buffer. Goat anti-human IgG-alkaline
phosphatase diluted 1:1000 in blocking buffer was added to each well, and incubated for 1 h.
The plate was washed 7 times with washing buffer, and 2,2’-azino-bis(3-ethylbenzthiazoline-
6-sulfonic acid) substrate (Sigma-Aldrich, St. Louis, MI, USA) was added. Absorbance was
recorded at 405 nm at 1 h after addition of developer reagent. The OD values for duplicate
wells per individual were averaged. A baseline OD was established using plasma from 32 sam-
ples from malaria-naive Thai, and this control value was subtracted from the test OD values to
standardize the assay. The cutoff value for seropositivity was an OD greater than the mean plus
two SD of that for the naive controls.

The prevalence of various IgG isotypes specific for PYRAMA or PvMSP1-19 antigen in sera
from 27 acutely infected P. vivax patients and 16 negative serum samples were selected. Briefly,
5 ug/ml of PVRAMA or 2 pug/ml of PvMSP1-19 in PBS was added to 96-well ELISA plates and
placed at 4°C overnight. The remaining protein-binding sites in the coated wells were blocked
by adding 100 pl blocking buffer for 2 h at room temperature, and then the plates were incu-
bated with 100 pl of each individual serum diluted 1:100 in blocking buffer. Horseradish perox-
idase-conjugated anti-human IgG1, IgG2, IgG3, and IgG4 antibodies diluted 1:1000 in
blocking buffer were used for detection. Production of a colored product developed after the
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addition of TMB enzyme substrate. The cutoff value was the mean plus two SD of the OD at
450 nm of all negative serum samples.

Statistical analysis

The differences in individual cellular responses and stability of antibody levels in each individ-
ual were evaluated using the Wilcoxon matched-pairs signed-rank test for non-normal distri-
butions. Comparison of antibody and IgG isotype levels and between unpaired groups
(patients compared to recovery or patients compared to naive controls) was performed using
the Mann-Whitney U test. Spearman’s rank correlation test was used to evaluate the correla-
tions between IgG isotypes. The prevalence of seropositive responders was compared using
Fisher’s exact test (3%). P-values <0.05 were considered significant. The statistical analysis was
performed and graphs prepared using GraphPad Prism (v. 5; GraphPad Software, San Diego,
CA, USA).

Supporting Information

$1 Text. Summary of raw data for figures and tables.
(XLSX)

Acknowledgments

This work was supported by the National Research Foundation of Korea (NRF) grant funded
by the Korea government (MSIP) (No. NRF-2014R1A2A1A11052079) and a grant from the
Korea Health Technology R&D Project, the Ministry of Health & Welfare, Republic of Korea
(A121180). The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript. We thank all the staff at the Tha Sae and Malaria
Clinic, Vector Borne Disease Control 11.4, Chumphon Province, Thailand for collection of the
samples.

Author Contributions

Conceived and designed the experiments: PC ETH. Performed the experiments: SC PC. Ana-
lyzed the data: SC BW JHH SKL MHN. Contributed reagents/materials/analysis tools: TT BW
JHH SKL MHN CSL. Wrote the paper: SC PC ETH.

References

1. Arevalo-Herrera M, Chitnis C, Herrera S. Current status of Plasmodium vivax vaccine. Human vac-
cines. 2010; 6(1):124—-32. PMID: 20009526.

2. Gething PW, Elyazar IR, Moyes CL, Smith DL, Battle KE, Guerra CA, et al. A long neglected world
malaria map: Plasmodium vivax endemicity in 2010. PLoS neglected tropical diseases. 2012; 6(9):
e1814. doi: 10.1371/journal.pntd.0001814 PMID: 22970336; PubMed Central PMCID: PMC3435256.

3. Targett GA, Moorthy VS, Brown GV. Malaria vaccine research and development: the role of the WHO
MALVAC committee. Malaria journal. 2013; 12:362. doi: 10.1186/1475-2875-12-362 PMID: 24112689;
PubMed Central PMCID: PMC4021081.

4. Artavanis-Tsakonas K, Tongren JE, Riley EM. The war between the malaria parasite and the immune
system: immunity, immunoregulation and immunopathology. Clinical and experimental immunology.
2003; 133(2):145-52. PMID: 12869017; PubMed Central PMCID: PMC1808775.

5. Clyde DF. Immunization of man against falciparum and vivax malaria by use of attenuated sporozoites.
The American journal of tropical medicine and hygiene. 1975; 24(3):397—401. PMID: 808142.

6. Clyde DF. Immunity to falciparum and vivax malaria induced by irradiated sporozoites: a review of the
University of Maryland studies, 1971-75. Bulletin of the World Health Organization. 1990; 68 Suppl:9—
12. PMID: 2094597; PubMed Central PMCID: PMC2393030.

PLOS ONE | DOI:10.1371/journal.pone.0148723 February 17,2016 14/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0148723.s001
http://www.ncbi.nlm.nih.gov/pubmed/20009526
http://dx.doi.org/10.1371/journal.pntd.0001814
http://www.ncbi.nlm.nih.gov/pubmed/22970336
http://dx.doi.org/10.1186/1475-2875-12-362
http://www.ncbi.nlm.nih.gov/pubmed/24112689
http://www.ncbi.nlm.nih.gov/pubmed/12869017
http://www.ncbi.nlm.nih.gov/pubmed/808142
http://www.ncbi.nlm.nih.gov/pubmed/2094597

@’PLOS ‘ ONE

Naturally-Acquired Immune Response against P. vivax RAMA

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

McGregor IA. The Passive Transfer of Human Malarial Immunity. The American journal of tropical med-
icine and hygiene. 1964; 13:SUPPL 237-9. PMID: 14104823.

Sabchareon A, Burnouf T, Ouattara D, Attanath P, Bouharoun-Tayoun H, Chantavanich P, et al. Para-
sitologic and clinical human response to immunoglobulin administration in falciparum malaria. The
American journal of tropical medicine and hygiene. 1991; 45(3):297-308. PMID: 1928564.

Sauerwein RW, Roestenberg M, Moorthy VS. Experimental human challenge infections can accelerate
clinical malaria vaccine development. Nature reviews Immunology. 2011; 11(1):57-64. doi: 10.1038/
nri2902 PMID: 21179119.

Richards JS, Beeson JG. The future for blood-stage vaccines against malaria. Immunology and cell
biology. 2009; 87(5):377-90. doi: 10.1038/icb.2009.27 PMID: 19417768.

Menard R, Tavares J, Cockburn |, Markus M, Zavala F, Amino R. Looking under the skin: the first steps
in malarial infection and immunity. Nature reviews Microbiology. 2013; 11(10):701-12. doi: 10.1038/
nrmicro3111 PMID: 24037451.

Counihan NA, Kalanon M, Coppel RL, de Koning-Ward TF. Plasmodium rhoptry proteins: why order is
important. Trends in parasitology. 2013; 29(5):228-36. doi: 10.1016/j.pt.2013.03.003 PMID: 23570755.

Topolska AE, Richie TL, Nhan DH, Coppel RL. Associations between responses to the rhoptry-associ-
ated membrane antigen of Plasmodium falciparum and immunity to malaria infection. Infection and
immunity. 2004; 72(6):3325-30. doi: 10.1128/IAl.72.6.3325-3330.2004 PMID: 15155636; PubMed
Central PMCID: PMC415694.

Rojas-Caraballo J, Mongui A, Giraldo MA, Delgado G, Granados D, Millan-Cortes D, et al. Immunoge-
nicity and protection-inducing ability of recombinant Plasmodium vivax rhoptry-associated protein 2 in
Aotus monkeys: a potential vaccine candidate. Vaccine. 2009; 27(21):2870-6. doi: 10.1016/j.vaccine.
2009.02.083 PMID: 19428897.

Perez-Leal O, Mongui A, Cortes J, Yepes G, Leiton J, Patarroyo MA. The Plasmodium vivax rhoptry-
associated protein 1. Biochemical and biophysical research communications. 2006; 341(4):1053-8.
doi: 10.1016/j.bbrc.2006.01.061 PMID: 16458855.

Patarroyo MA, Perez-Leal O, Lopez Y, Cortes J, Rojas-Caraballo J, Gomez A, et al. Identification and
characterisation of the Plasmodium vivax rhoptry-associated protein 2. Biochemical and biophysical
research communications. 2005; 337(3):853-9. doi: 10.1016/j.bbrc.2005.09.120 PMID: 16214111.

Mongui A, Perez-Leal O, Rojas-Caraballo J, Angel DI, Cortes J, Patarroyo MA. Identifying and charac-
terising the Plasmodium falciparum RhopH3 Plasmodium vivax homologue. Biochemical and biophysi-
cal research communications. 2007; 358(3):861—6. doi: 10.1016/j.bbrc.2007.05.015 PMID: 17511961.

Fonjungo PN, Stuber D, McBride JS. Antigenicity of recombinant proteins derived from rhoptry-associ-
ated protein 1 of Plasmodium falciparum. Infection and immunity. 1998; 66(3):1037—-44. PMID:
9488393; PubMed Central PMCID: PMC108013.

Ridley RG, Takacs B, Etlinger H, Scaife JG. A rhoptry antigen of Plasmodium falciparum is protective in
Saimiri monkeys. Parasitology. 1990; 101 Pt 2:187-92. PMID: 2263413.

LuF, LiJ, Wang B, Cheng Y, Kong DH, Cui L, et al. Profiling the humoral immune responses to Plasmo-
dium vivax infection and identification of candidate immunogenic rhoptry-associated membrane antigen
(RAMA). Journal of proteomics. 2014; 102:66—82. doi: 10.1016/j.jprot.2014.02.029 PMID: 24607491.

Wang B, Lu F, Cheng Y, Li J, Ito D, Sattabongkot J, et al. Identification and characterization of the Plas-
modium falciparum RhopH2 ortholog in Plasmodium vivax. Parasitology research. 2013; 112(2):585—
93. doi: 10.1007/s00436-012-3170-9 PMID: 23097184.

Wipasa J, Elliott S, Xu H, Good MF. Immunity to asexual blood stage malaria and vaccine approaches.
Immunology and cell biology. 2002; 80(5):401-14. doi: 10.1046/.1440-1711.2002.01107.x PMID:
12225376.

Langhorne J, Ndungu FM, Sponaas AM, Marsh K. Immunity to malaria: more questions than answers.
Nature immunology. 2008; 9(7):725-32. doi: 10.1038/ni.f.205 PMID: 18563083.

Wipasa J, Suphavilai C, Okell LC, Cook J, Corran PH, Thaikla K, et al. Long-lived antibody and B Cell
memory responses to the human malaria parasites, Plasmodium falciparum and Plasmodium vivax.
PLoS pathogens. 2010; 6(2):e1000770. doi: 10.1371/journal.ppat.1000770 PMID: 20174609; PubMed
Central PMCID: PMC2824751.

Wang B, LuF, Cheng Y, Chen JH, Jeon HY, Ha KS, et al. Immunoprofiling of the Tryptophan-Rich Anti-
gen Family in Plasmodium vivax. Infection and immunity. 2015; 83(8):3083-95. doi: 10.1128/IA1.03067-
14 PMID: 25987709; PubMed Central PMCID: PMC4496608.

Tongren JE, Drakeley CJ, McDonald SL, Reyburn HG, Manjurano A, Nkya WM, et al. Target antigen,
age, and duration of antigen exposure independently regulate immunoglobulin G subclass switching in
malaria. Infection and immunity. 2006; 74(1):257—-64. doi: 10.1128/IAl.74.1.257-264.2006 PMID:
16368979; PubMed Central PMCID: PMC1346665.

PLOS ONE | DOI:10.1371/journal.pone.0148723 February 17,2016 15/17


http://www.ncbi.nlm.nih.gov/pubmed/14104823
http://www.ncbi.nlm.nih.gov/pubmed/1928564
http://dx.doi.org/10.1038/nri2902
http://dx.doi.org/10.1038/nri2902
http://www.ncbi.nlm.nih.gov/pubmed/21179119
http://dx.doi.org/10.1038/icb.2009.27
http://www.ncbi.nlm.nih.gov/pubmed/19417768
http://dx.doi.org/10.1038/nrmicro3111
http://dx.doi.org/10.1038/nrmicro3111
http://www.ncbi.nlm.nih.gov/pubmed/24037451
http://dx.doi.org/10.1016/j.pt.2013.03.003
http://www.ncbi.nlm.nih.gov/pubmed/23570755
http://dx.doi.org/10.1128/IAI.72.6.3325&ndash;3330.2004
http://www.ncbi.nlm.nih.gov/pubmed/15155636
http://dx.doi.org/10.1016/j.vaccine.2009.02.083
http://dx.doi.org/10.1016/j.vaccine.2009.02.083
http://www.ncbi.nlm.nih.gov/pubmed/19428897
http://dx.doi.org/10.1016/j.bbrc.2006.01.061
http://www.ncbi.nlm.nih.gov/pubmed/16458855
http://dx.doi.org/10.1016/j.bbrc.2005.09.120
http://www.ncbi.nlm.nih.gov/pubmed/16214111
http://dx.doi.org/10.1016/j.bbrc.2007.05.015
http://www.ncbi.nlm.nih.gov/pubmed/17511961
http://www.ncbi.nlm.nih.gov/pubmed/9488393
http://www.ncbi.nlm.nih.gov/pubmed/2263413
http://dx.doi.org/10.1016/j.jprot.2014.02.029
http://www.ncbi.nlm.nih.gov/pubmed/24607491
http://dx.doi.org/10.1007/s00436-012-3170-9
http://www.ncbi.nlm.nih.gov/pubmed/23097184
http://dx.doi.org/10.1046/j.1440-1711.2002.01107.x
http://www.ncbi.nlm.nih.gov/pubmed/12225376
http://dx.doi.org/10.1038/ni.f.205
http://www.ncbi.nlm.nih.gov/pubmed/18563083
http://dx.doi.org/10.1371/journal.ppat.1000770
http://www.ncbi.nlm.nih.gov/pubmed/20174609
http://dx.doi.org/10.1128/IAI.03067-14
http://dx.doi.org/10.1128/IAI.03067-14
http://www.ncbi.nlm.nih.gov/pubmed/25987709
http://dx.doi.org/10.1128/IAI.74.1.257&ndash;264.2006
http://www.ncbi.nlm.nih.gov/pubmed/16368979

@’PLOS ‘ ONE

Naturally-Acquired Immune Response against P. vivax RAMA

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Ahmed Ismail H, Tijani MK, Langer C, Reiling L, White MT, Beeson JG, et al. Subclass responses and
their half-lives for antibodies against EBA175 and PfRh2 in naturally acquired immunity against Plas-
modium falciparum malaria. Malaria journal. 2014; 13:425. doi: 10.1186/1475-2875-13-425 PMID:
25373511; PubMed Central PMCID: PMC4232678.

Mehrizi AA, Zakeri S, Salmanian AH, Sanati MH, Djadid ND. IgG subclasses pattern and high-avidity
antibody to the C-terminal region of merozoite surface protein 1 of Plasmodium vivax in an unstable
hypoendemic region in Iran. Acta tropica. 2009; 112(1):1-7. doi: 10.1016/j.actatropica.2009.05.016
PMID: 19481997.

Pandey JP, Morais CG, Fontes CJ, Braga EM. Immunoglobulin GM 3 23 5,13,14 phenotype is strongly
associated with IgG1 antibody responses to Plasmodium vivax vaccine candidate antigens PvMSP1-
19 and PvAMA-1. Malaria journal. 2010; 9:229. doi: 10.1186/1475-2875-9-229 PMID: 20696056;
PubMed Central PMCID: PMC2924350.

Pitabut N, Panichakorn J, Mahakunkijcharoen Y, Hirunpetcharat C, Looareesuwan S, Khusmith S. IgG
antibody profile to c-terminal region of Plasmodium vivax merozoite surface protein-1in Thai individuals
exposed to malaria. The Southeast Asian journal of tropical medicine and public health. 2007; 38(1):1—
7. PMID: 17539238.

Woodberry T, Minigo G, Piera KA, Hanley JC, de Silva HD, Salwati E, et al. Antibodies to Plasmodium
falciparum and Plasmodium vivax merozoite surface protein 5 in Indonesia: species-specific and cross-
reactive responses. The Journal of infectious diseases. 2008; 198(1):134—42. doi: 10.1086/588711
PMID: 18471084.

Zakeri S, Babaeekhou L, Mehrizi AA, Abbasi M, Djadid ND. Antibody responses and avidity of naturally
acquired anti-Plasmodium vivax Duffy binding protein (PvDBP) antibodies in individuals from an area
with unstable malaria transmission. The American journal of tropical medicine and hygiene. 2011; 84
(6):944-50. doi: 10.4269/ajtmh.2011.11-0001 PMID: 21633032; PubMed Central PMCID:
PMC3110374.

Bruhns P, lannascoli B, England P, Mancardi DA, Fernandez N, Jorieux S, et al. Specificity and affinity
of human Fcgamma receptors and their polymorphic variants for human IgG subclasses. Blood. 2009;
113(16):3716-25. doi: 10.1182/blood-2008-09-179754 PMID: 19018092.

Tran TM, Oliveira-Ferreira J, Moreno A, Santos F, Yazdani SS, Chitnis CE, et al. Comparison of IgG
reactivities to Plasmodium vivax merozoite invasion antigens in a Brazilian Amazon population. The
American journal of tropical medicine and hygiene. 2005; 73(2):244-55. PMID: 16103583.

Riccio EK, Totino PR, Pratt-Riccio LR, Ennes-Vidal V, Soares IS, Rodrigues MM, et al. Cellular and
humoral immune responses against the Plasmodium vivax MSP-1,9 malaria vaccine candidate in indi-
viduals living in an endemic area in north-eastern Amazon region of Brazil. Malaria journal. 2013;
12:326. doi: 10.1186/1475-2875-12-326 PMID: 24041406; PubMed Central PMCID: PMC3850502.

Aucan C, Traore Y, Tall F, Nacro B, Traore-Leroux T, Fumoux F, et al. High immunoglobulin G2 (IgG2)
and low IgG4 levels are associated with human resistance to Plasmodium falciparum malaria. Infection
and immunity. 2000; 68(3):1252—-8. PMID: 10678934; PubMed Central PMCID: PMC97275.

Holdsworth SR, Kitching AR, Tipping PG. Th1 and Th2 T helper cell subsets affect patterns of injury
and outcomes in glomerulonephritis. Kidney international. 1999; 55(4):1198-216. doi: 10.1046/j.1523-
1755.1999.00369.x PMID: 10200982.

Changrob S, Leepiyasakulchai C, Tsuboi T, Cheng Y, Lim CS, Chootong P, et al. Naturally-acquired
cellularimmune response against Plasmodium vivax merozoite surface protein-1 paralog antigen.
Malaria journal. 2015; 14:159. doi: 10.1186/s12936-015-0681-8 PMID: 25889175; PubMed Central
PMCID: PMC4403936.

Wipasa J, Okell L, Sakkhachornphop S, Suphavilai C, Chawansuntati K, Liewsaree W, et al. Short-
lived IFN-gamma effector responses, but long-lived IL-10 memory responses, to malaria in an area of
low malaria endemicity. PLoS pathogens. 2011; 7(2):e1001281. doi: 10.1371/journal.ppat.1001281
PMID: 21347351; PubMed Central PMCID: PMC3037361.

Alam MT, Bora H, Mittra P, Singh N, Sharma YD. Cellularimmune responses to recombinant Plasmo-
dium vivax tryptophan-rich antigen (PvTRAg) among individuals exposed to vivax malaria. Parasite
immunology. 2008; 30(6—7):379-83. doi: 10.1111/.1365-3024.2008.01033.x PMID: 18435687.

Zeeshan M, Bora H, Sharma YD. Presence of memory T cells and naturally acquired antibodies in Plas-
modium vivax malaria-exposed individuals against a group of tryptophan-rich antigens with conserved
sequences. The Journal of infectious diseases. 2013; 207(1):175-85.

Bouillet LE, Dias MO, Dorigo NA, Moura AD, Russell B, Nosten F, et al. Long-term humoral and cellular
immune responses elicited by a heterologous Plasmodium vivax apical membrane antigen 1 protein
prime/adenovirus boost immunization protocol. Infection and immunity. 2011; 79(9):3642-52. doi: 10.
1128/1A1.05048-11 PMID: 21730090; PubMed Central PMCID: PMC3165491.

PLOS ONE | DOI:10.1371/journal.pone.0148723 February 17,2016 16/17


http://dx.doi.org/10.1186/1475-2875-13-425
http://www.ncbi.nlm.nih.gov/pubmed/25373511
http://dx.doi.org/10.1016/j.actatropica.2009.05.016
http://www.ncbi.nlm.nih.gov/pubmed/19481997
http://dx.doi.org/10.1186/1475-2875-9-229
http://www.ncbi.nlm.nih.gov/pubmed/20696056
http://www.ncbi.nlm.nih.gov/pubmed/17539238
http://dx.doi.org/10.1086/588711
http://www.ncbi.nlm.nih.gov/pubmed/18471084
http://dx.doi.org/10.4269/ajtmh.2011.11&ndash;0001
http://www.ncbi.nlm.nih.gov/pubmed/21633032
http://dx.doi.org/10.1182/blood-2008-09-179754
http://www.ncbi.nlm.nih.gov/pubmed/19018092
http://www.ncbi.nlm.nih.gov/pubmed/16103583
http://dx.doi.org/10.1186/1475-2875-12-326
http://www.ncbi.nlm.nih.gov/pubmed/24041406
http://www.ncbi.nlm.nih.gov/pubmed/10678934
http://dx.doi.org/10.1046/j.1523-1755.1999.00369.x
http://dx.doi.org/10.1046/j.1523-1755.1999.00369.x
http://www.ncbi.nlm.nih.gov/pubmed/10200982
http://dx.doi.org/10.1186/s12936-015-0681-8
http://www.ncbi.nlm.nih.gov/pubmed/25889175
http://dx.doi.org/10.1371/journal.ppat.1001281
http://www.ncbi.nlm.nih.gov/pubmed/21347351
http://dx.doi.org/10.1111/j.1365-3024.2008.01033.x
http://www.ncbi.nlm.nih.gov/pubmed/18435687
http://dx.doi.org/10.1128/IAI.05048-11
http://dx.doi.org/10.1128/IAI.05048-11
http://www.ncbi.nlm.nih.gov/pubmed/21730090

@’PLOS ‘ ONE

Naturally-Acquired Immune Response against P. vivax RAMA

43.

44.

45.

46.

Teirlinck AC, McCall MB, Roestenberg M, Scholzen A, Woestenenk R, de Mast Q, et al. Longevity and
composition of cellularimmune responses following experimental Plasmodium falciparum malaria
infection in humans. PLoS pathogens. 2011; 7(12):e1002389. doi: 10.1371/journal.ppat.1002389
PMID: 22144890; PubMed Central PMCID: PMC3228790.

Kraaij MD, Vereyken EJ, Leenen PJ, van den Bosch TP, Rezaee F, Betjes MG, et al. Human mono-
cytes produce interferon-gamma upon stimulation with LPS. Cytokine. 2014; 67(1):7—12. doi: 10.1016/
j-cyt0.2014.02.001 PMID: 24680476.

Tsuboi T, Takeo S, Iriko H, Jin L, Tsuchimochi M, Matsuda S, et al. Wheat germ cell-free system-based
production of malaria proteins for discovery of novel vaccine candidates. Infection and immunity. 2008;
76(4):1702-8. doi: 10.1128/IA1.01539-07 PMID: 18268027; PubMed Central PMCID: PMC2292889.

Chen JH, Jung JW, Wang Y, Ha KS, Lu F, Lim CS, et al. Immunoproteomics profiling of blood stage
Plasmodium vivax infection by high-throughput screening assays. Journal of proteome research. 2010;
9(12):6479-89. doi: 10.1021/pr100705g PMID: 20949973.

PLOS ONE | DOI:10.1371/journal.pone.0148723 February 17,2016 17/17


http://dx.doi.org/10.1371/journal.ppat.1002389
http://www.ncbi.nlm.nih.gov/pubmed/22144890
http://dx.doi.org/10.1016/j.cyto.2014.02.001
http://dx.doi.org/10.1016/j.cyto.2014.02.001
http://www.ncbi.nlm.nih.gov/pubmed/24680476
http://dx.doi.org/10.1128/IAI.01539-07
http://www.ncbi.nlm.nih.gov/pubmed/18268027
http://dx.doi.org/10.1021/pr100705g
http://www.ncbi.nlm.nih.gov/pubmed/20949973

