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Abstract
Background:$FTXLUHGDQWLERG\UHVSRQVHVIROORZLQJQDWXUDOLQIHFWLRQSURYLGHvaluable information for selection of candidate antigens for
malaria vaccines. $SLFDOPHPEUDQHDQWLJHQRIPlasmodium vivax 3Y$0$ KDV potential as a component of a subunit vaccine for vivax
malaria. In addition, genetic diversity in this antigen is responsibleIRUFKDOOHQJHVLQWKHGHYHORSPHQWRIDQHIIHFWLYH3Y$0$ based vaccine. Therefore, the main aim of this study was to determine whether allelic polymorphisms in pvama-1LQÀXHQFHWKH recognition of naturally
RFFXUULQJDQWLERGLHV$OVRWKHSUR¿OHRI,J*LVRW\SHVWRWZRVHTXHQFHW\SHVRI3Y$0$DQWLJHQZDV evaluated among subjects exposed
to P. vivax in areas of low and unstable transmission.
Methods: For this purpose, the WZRYDULDQWIRUPVRI3Y$0$ 3Y$0$$DQG% were expressed in Escherichia coli M15-pQE30 system
using genomic '1$IURP,UDQLDQLQGLYLGXDOVZLWKSDWHQWP. vivaxLQIHFWLRQ$QWL$0$UHVSRQVHDQGLVRW\SHFRPSRVLWLRQWRWZRYDULDQW
forms were measured in target P. vivax-infected individuals (n = 110, 2 to 65 years old) using Enzyme-linked immunosorbent assay.
Results: 7KHUHVXOWVVKRZHGWKDWRIWKHVWXGLHGLQGLYLGXDOVKDGSRVLWLYH,J*UHVSRQVHVWRWZR3Y$0$ variants, and the prevaOHQFHRIUHVSRQGHUVGLGQRWGLIIHUVLJQL¿FDQWO\ P = 0.32 $OVRDPDUNHGLVRW\SHVZLWFKLQJWRF\WRSKLOLF ,J*,J* DQWLERGLHV was evident
with increasing age, and adults responded more frequently to these antigens than did younger children.
Conclusion: The presence of mature, protective isotype antibodies and equal immune responses to two genetically distinct variant forms
of antigens in individuals from low transmission areas implicates that one of these forms could be used in a universal blood-stage vaccine
EDVHGRQ3Y$0$DQWLJHQ
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sponses from different malaria endemic regions.13–16
Asexual blood stages of Plasmodium life cycle are responsible
alaria is one of the most devastating parasitic human dis- for the clinical symptoms associated with the infection, and a vaceases in the world, accounting for the death of about one cine against these stages would reduce clinical burden and paramillion people annually.1 Plasmodium vivax is the second site load. Therefore, asexual blood-stage antigens (expressed in
most common agent of human malaria that is responsible for sig- the merozoite parasite form with critical roles during the invasion
QL¿FDQW PRUELGLW\ LQ /DWLQ$PHULFD 3DSXD 1HZ *XLQHD VRPH of red blood cells) are attractive targets for development of an
parts of Africa, the Middle East, and Asia.2,3 This parasite also has effective vaccine.17–20 Apical membrane antigen-1 (AMA-1) is a
a potential of fatal infection4–6 that causes periodic relapse with the leading asexual blood-stage vaccine candidate, and it is a type I
emergence of chloroquine-resistant strains and lower sensitivity integral membrane protein present in all Plasmodium species. It
WRSULPDTXLQHZKLFKFDXVHJUHDWGLI¿FXOW\LQDFKLHYLQJPDODULD is a well-characterized antigen that is synthesized and localized
eradication. Since there is no effective tool for prevention of this in the rhoptries of the apical complexes of both merozoites20–22
parasite species, its control, elimination, and eradication are more and sporozoites.23 AMA-1 is expressed as an 83-kDa precursor
GLI¿FXOW WKDQ Plasmodium falciparum.7,8 Therefore, traditional form.23–25 Before translocation to the merozoite or sporozoite surcontrol measures such as insecticides and anti-malarial drugs are face, prior to invasion, this precursor form is proteolytically proLQVXI¿FLHQW WR FRPEDW vivax malaria, and the development of a cessed to a 66-kDa and then to 48- and 44-kDa products.21–24,26–28
vaccine can be considered a priority.9–12 However, development of Moreover, this protein contains three putative ectodomain regions
such a vaccine requires the understanding of natural immune re- (I, II, and III) GH¿QHGE\HLJKWLQWUDPROHFXODUGLVXO¿GHERQGV29
The data available from rodent and non-human primate studies
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sponses.30–32 There is strong evidence that antibodies against this
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India,39 and Sri Lanka40 have demonstrated naturally acquired human immune responses to PvAMA-1 even in individuals with a
limited exposure to the disease. Also, several studies on naturally
acquired immunity to PvAMA-1 have illustrated that cytophilic
immunoglobulins (IgG1 and IgG3) against this protein are correlated with protection.13,24,40 Altogether, these data indicate that
PvAMA-1 can be considered among the most promising bloodstage antigens to be used as a subunit malaria vaccine.34
In spite of the predominance of P. vivax malaria in Iran, as well
as in the Indian subcontinent, relatively few studies have been
performed to DVVHVV WKH VSHFL¿FLW\ RI QDWXUDOO\ DFTXLUHG LPmune responses in individuals exposed to P. vivax infection.39,41–44
In addition, genetic diversity in protective antigens, a common
phenomenon in a complex pathogen such as malaria parasite, is
responsible for challenges in development of an effective malaria vaccine, and this phenomenon will increase the parasite
ability to evade immune responses. Besides, limited genetic
polymorphisms have been reported in pvama-1 JHQHIURP¿HOG
isolates24,45–51; consequently, these polymorphisms could alter the
antigenic character of the protein,51,52 which could possibly hinder
the development RI 3Y$0$EDVHG YDFFLQH E\ VWUDLQVSHFL¿F
response. Therefore, development of a malaria vaccine needs the
evaluation of antigenic diversity as well as naturally acquired antibodies to different variant forms of vaccine candidate antigens
in various populations.
Therefore, given the importance of understanding naturally acquired immunity to P. vivax antigens in vaccine development, and
in continuation of our immuno-epidemiological studies in the malaria-endemic region of Iran, the purpose of this study was to determine whether allelic polymorphisms described for pvama-151
LQÀXHQFHWKHUHFRJQLWLRQRIQDWXUDOO\RFFXUULQJ antibodies. Also,
WKHSUR¿OHRI,J*LVRW\SHVWRWZRVHTXHQFH types of PvAMA-1
antigen as well as the association between naturally acquired antiPvAMA-1 isotype responses and host age was evaluated among
subjects exposed to P. vivax in areas of low and unstable transmission.

this study. In total, 2 mL venous blood was collected from all
participants in EDTA-containing tubes for both P. vivax DNA
detection and serum collection. The diagnosis of vivax malaria
was made by microscopic examination of blood smears stained
with Giemsa staining in the study areas. In the main laboratory in
Tehran, all blood samples were analyzed again for P. vivax DNA
by QHVWHG3&5DPSOL¿FDWLRQDVGHVFULEHGSUHYLRXVO\53 This investigation was approved by the Ethical Review Committee of
Research of Pasteur Institute of Iran.
Haplotype selection
In our previous molecular work, genetic analysis of pvama-1
gene was carried out in the same malaria endemic region of Iran.51
In all 37 sequences analyzed, 29 haplotypes with different frequencies were recognized. The single nucleotide polymorphism
613  ZDV LGHQWL¿HG LQ ama-1 ectodomain based on pvama-1
gene of Sal-1 strain (accession no. AF063138). Only three of
these SNPs were located in B-cell epitope regions, and all of the
detected SNPs were outside intrinsically unstructured/disordered
regions (IURs).51 Therefore, for further analysis, two of the haplotypes were selected in this study: PvAMA-1A (GenBank accession no. JX624741, total frequency of 5.4%) and PvAMA-1B
(GenBank accession no.JX624758, total frequency of 8.1%) (Table 2). PvAMA-1A haplotype consisted of 13 SNPs, two of which
were located in B-cell epitopes. However, PvAMA-1B haplotype
had nine SNPs, three of which were located in predicted B- cell
epitopes.51 Interestingly, both of these selected haplotypes have
been previously reported from different malaria settings, including India (EF025196)54 and Sri Lanka (EF218694, EF218696,
and EF218700).47

3&5DPSOL¿FDWLRQDVZHOODVFORQLQJDQGVXEFORQLQJRI3Y$0$
Parasite genomic DNA was prepared IURPȝ/ZKROHEORRG
cells by phenol/phenol-chloroform extraction and ethanol precipitation as described previously.53 The DNA was dissolved in 30 mL
Tris-EDTA buffer (10 mM Tris-HCl, pH 8.0, and 0.1 mM EDTA)
and kept at -20oC until use. The pvama-1A and pvama-1B genes
ZHUHDPSOL¿HGZLWKWKH following primers designed in our laboraMaterials and Methods
tory according to the pvama-1 gene of Sal-1 strain (accession no.
AF063138):
Study area and subjects
AMAF: 5´-ATTATGGATCCGGGCCTACCGTTGAGAG- 3’
This study was carried out in tropical southeastern region of Iran
(Chabahar district in Sistan and Baluchistan Province). In this re- (underlined: BamHI site; nucleotides 124-140)
AMAR: 5´-TTCACCCGGGTTATAGTAGCATCTGCTTG- 3´
gion, malaria is hypoendemic, and more than 80% of cases have
(underlined:
SmaI site; Italic: stop codon; nucleotides 1446-1461)
been reported as P. vivax species. Over the last few years, the
7KH
F\FOLQJ
FRQGLWLRQV IRU DPSOL¿FDWLRQ ZDV & IRU  PLQ
burden of malaria was reduced gently from 15,712 total cases in
followed
by
30
cycles of 60°C for 1 min, 72°C for 1 min, and
2007 to about 1373 in 2013 (Iranian CDMC, surveillance report,
&
IRU

PLQ
ZLWK D ¿QDO H[WHQVLRQ DW & IRU  PLQ$Iunpublished). In this area, the majority of patients have experiterward,
the
PCR
products were analyzed by electrophoresis on
enced several infections by P. falciparum and P. vivax; however,
no reports of deaths or serious infections caused by malaria have 1% agarose gel (Invitrogen, Carlsbad, CA) and observed on an
been reported. In this investigation, 110 subjects (male = 94, fe- ultraviolet transilluminator after ethidium bromide staining. Then,
male = 16; mean age = 25.9 (13.4) years, median age=24, 2–65 WKH3&5SURGXFWVZHUHSXUL¿HGE\4,$TXLFN*HO([WUDFWLRQ.LW
years) with patent P. vivax infection were enrolled from Chabahar (Qiagen, Germany) following the manufacturer’s instructions.
district during cross-sectional surveys performed during 2008 to $IWHU VHTXHQFLQJ FRQ¿UPDWLRQ WKH JHOSXUL¿HG 3&5 SURGXFWV
2012. $OOSDUWLFLSDQWVLQWKHVWXG\¿OOHGRXWDTXHVWLRQQDLUHIRU of the two variant forms were cloned into pGEM-T Easy Vector
demographic and clinical information for assessment of malaria (Promega, Madison, WI, USA) and transformed into Escherichia
exposure (Table 1). For negative control in all tests, the blood coli'+Į7KHWUDQVIRUPHGFORQHVZHUHVHOHFWHGRQWKH/XULD
samples (n = 39) were obtained from residents outside malaria Bertani (LB) agar medium, containing 100 μg/mL ampicilin, 0.2
settings (Tehran) with no known pervious exposure to malaria. P0LVRSURS\Oȕ'WKLRJDODFWRS\UDQRVLGH ,37* DQG;
Before blood collection, an informed consent was obtained from JDO3RVLWLYHFORQHVZHUHFRQ¿UPHGE\SODVPLGLVRODWLRQZKLFK
adults or parents/legal guardians of children who participated in was followed by EcoRI digestion, and the cloned fragments were
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Table 1. Demographic and clinical information of the participants in this study.
6H[ 

Nationality (%)

Number of
patients

Male

Female

Iranian

Afghani

Pakistani

110

94 (85.5)

16 (14.5)

60 (54.5)

23 (20.9)

27 (24.5)

Mean age (SD)
25.9 (13.4)

SD = standard deviation
Table 2. $PLQRDFLGVXEVWLWXWLRQVRIWKHVHOHFWHG3Y$0$ $0$$DQG$0$% KDSORW\SHVLQWKHSUHVHQWVWXG\
Domains
P. vivax strains
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* Sequences were compared with the published Sal-1 reference strain (AF063138) sequence. Dots represent identical residues with Sal-1. Only highlighted
amino acids in gray are located in B cell epitopes. No SNPs were found in intrinsically unstructured/disordered regions (IURs).

then sequenced. The fragments corresponding to the PvAMA-1
sequence were removed by BamHI and SmaI restriction enzymes
and ligated to the BamHI-SmaI sites of vector pQE-30 (Qiagen,
Germany) for subcloning PvAMA-1 into pQE30 vector. This process provided poly-histidine (6-His) tag in N-terminus of PvA0$ WR IDFLOLWDWH IXUWKHU SXUL¿FDWLRQ7KH RSHQ UHDGLQJ IUDPH
ZDVFRQ¿UPHGE\VHTXHQFLQJDQGWKLVFRQVWUXFWZDVWKHQXVHGWR
be transformed into E. coli M15 (pREP4) expression host (Qiagen, Germany).

tions. Then, the fractions containing a clear single protein band
were pooled, and the concentration of the protein was determined
using Bradford’s assay with a spectrophotometer (Eppendorf,
Germany). Immuno-blotting was carried out by standard protocols, with both anti-His antibody (Qiagen, Germany) and the P.
vivax-infected human sera in both reduced and non-reduced conditions.

Enzyme-linked immunosorbent assay (ELISA)
Antibody responses to recombinant PvAMA-1 (PvAMA-1A
and PvAMA-1B variants) in human were evaluated by ELISA
([SUHVVLRQDQGSXUL¿FDWLRQRIUHFRPELQDQW3Y$0$
In this study, two recombinant proteins of PvAMA-1 were ob- DVGHVFULEHGSUHYLRXVO\ZLWKVRPHPRGL¿FDWLRQV41%ULHÀ\0D[LWDLQHGXVLQJWKHVDPHSURWRFRO%ULHÀ\RYHUQLJKWFXOWXUHVIURP VRUS ÀDWERWWRPHG ZHOO PLFURSODWHV *UDLQHU /DERUWHFKQLF
single colonies of recombinant PvAMA-1 were expanded in Ter- *HUPDQ\  ZHUH FRDWHG GXSOLFDWH ZLWK  QJ RI HDFK DI¿QLW\
UL¿F%URWK 7% PHGLXPFRQWDLQLQJDPSLFLOOLQ ȝJP/ DQG SXUL¿HG 3Y$0$YDULDQW EDVHG RQ FKHFNHUERDUG WLWUDWLRQV  LQ
NDQDP\FLQ ȝJP/ ZLWKVKDNLQJ USPPLQ XQWLODQ2' 0.06 M carbonate-bicarbonate buffer (pH 9.6) and incubated at
at 600 nm of 0.6 to 0.8 was reached. The expression of PvAMA-1 &RYHUQLJKW$IWHUZDVKLQJ¿YHWLPHVZLWKSKRVSKDWHEXIIHUHG
was induced with 0.2 mM IPTG (Sigma, USA). The culture was saline (PBS, pH 7.4) containing 0.05% Tween 20 (PBS-T, pH
further grown for 4 hr, and the E. coli cells were harvested by 7.4), the microplates were blocked with 200 μL PBS containing
centrifugation and kept at -80oC until use. Moreover, after induc- 2.5% bovine serum albumin (BSA; Sigma, USA) at room tempertion, the protein expression was analyzed by 12% SDS-PAGE ature for 1 hr. Then, the duplicate antigen-coated wells were ingels under reducing conditions. The PvAMA-1was expressed in cubated with 100 μL test sera (diluted 1:200 in PBS-T containing
inclusion bodies; therefore, the cell pellet was dissolved in dena- 0.5% BSA) for 1 hr. After washing with PBS-T, the plates were
turation buffer (8 M urea, 20 mM Tris-HCl, 1 M NaCl, 30 mM incubated with enzyme-labeled secondary antibody (horseradish
immidazol, and 1 mM PMSF, pH 7.9) and incubated at 4oC for peroxidase-labeled anti-human immunoglobulin) (IgG, 1:30,000;
1.5 hr. The cells were then lysed on ice by sonication (Ultraschall- Sigma, USA) at room temperature for 1 hour. Then, the plates
prozessor, Germany) with 10 cycles, each consisting of 20-second were washed again with PBS-T, and the enzyme reaction was
(s) pulses with 40-s intervals. The bacterial lysate was centrifuged developed with o-phenylediamine dihydrochloride-H2O2 (OPD,
at 14,000 ´ g at 4oC for 30 min. The supernatant was incubated Sigma, USA) and stopped with 2N H2SO4. The OD was recorded
at 4°C for 2 hr using the equilibrated Ni2+-nitrilotriacetic acid- at 490 nm by use of a microplate reader (BioTech, USA). The
agarose resin (Ni-NTA agarose, Qiagen, Germany, equilibrated in detection of human IgG subclasses among anti-PvAMA-1anti8M urea, 20mM Tris-HCl, 40 mM immidazol, and 1 M NaCl, bodies was achieved using ELISA as described above, but with
pH 7.9).The resin was packed into a column and washed with a VHFRQGDU\DQWLERGLHVRIELRWLQFRQMXJDWHGLVRW\SHVSHFL¿FPRXVH
10-column volume of wash buffer (containing 6 M urea, 20 mM anti-human IgGs (Sigma, USA) at dilutions of 1:4,000 (IgG1) and
Tris-HCl, 1 M NaCl, and 60 mM imidazol, pH 7.9). The bound 1:2,000 (IgG2, IgG3, and IgG4) at room temperature for 1 hr. Afprotein was eluted with elution buffer containing 4 M urea, 20 ter washing, streptavidin-peroxidase conjugate (1:2,500, Sigma,
mM Tris-HCl, 300 mM NaCl, and 200 mM imidazol, pH 7.9. The USA) was added and incubated at room temperature for 1 hr. The
elute containing PvAMA-1 was desalted with Econo-Pac 10DG enzyme reaction was developed with OPD-H2O2 (Sigma, USA)
columns (BioRad, USA) according to the manufacture’s manual and stopped with 2N H2SO4. The ELISA cut-offs were obtained
and then concentrated with a concentrator (Eppendorf, Germany). from the average of the negative sera (n = 39) plus three standard
All elutes were analyzed by 12% SDS-PAGE gels under reducing deviations (SD).The serum of one of our patients, who had one
and non-reducing (in the absence of 2 ME and boiling) condi- of the highest values of IgG, was selected and added to duplicate
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The purity of the recombinant proteins was evaluated by Western
blot assay. The result showed that the expressed proteins migrated
at different sizes in the presence and absence of 2ME, indicatStatistical analysis
A database was created in SPSS 20 (SPSS Inc., USA), NCSS 10 LQJWKHH[LVWHQFHRIDGLVXO¿GHERQG7KH result also showed that
Statistical Software (2015)55 and SAS 9.3 (Inc, USA) for windows. both recombinant proteins had a tertiary shape in their antigens
The comparison of antibody levels was tested using non-paramet- and had proper conformation and folding (data not shown). Total
ric Wilcoxon signed-rank tests (for paired samples). In addition, IgG antibody responses to these two variant forms of PvAMA-1
differences between the proportions of subjects positive for IgG were determined in 110 individuals (aged 2 to 65 years; median
and different subclasses were assessed using the exact type of = 24 years; Table 1), of whom only 65.5% had positive IgG anMcNemar’s test (McNemar’s test with continuity correction) and tibody responses to PvAMA-1 antigens (Figure 1). Furthermore,
DQHIIHFWVL]HRIWKLVWHVWDQGLWVFRQ¿GHQFHOLPLW &/ ZHUH difference in the prevalence of anti-PvAMA-1 IgG responses
computed and reported with Asymptotic Wald C.C method. The in the studied population ZDV QRW VWDWLVWLFDOO\ VLJQL¿FDQW WR WKH
association between the prevalence of positive responders with two variants (PvAMA-1A: 65.5%, 72/110, cut-off = 0.29, mean
different age groups and rPvAMA-1A and rPvAMA-1B antigens OD490 = 0.9 (0.49); PvAMA-1B: 65.5%, 72/110, cut-off = 0.25,
was analyzed with Pearson’s chi-squared test and the Fisher’s ex- mean OD490 = 1.014 (0.545), P = 0.32, effect size = 0.000 (CL=
DFWWHVWZDVFRPSXWHGIRUH[DFWW\SHRIFKLVTXDUHWHVW Ȥ2). The -0.027 - 0.027), McNemar’s test; Figure 1 and Table 3). However,
RGGV UDWLRV > FRQ¿GHQFH LQWHUYDOV &, @ ZHUH FRQVLGHUHG DV a VLJQL¿FDQWFRUUHODWLRQZDVIRXQGLQWKHOHYHORI,J*WRPvAMAthe effect size. Moreover, the heterogeneity in antibody responses 1A and PvAMA-1B variants (r = 0.925, P < 0.001, Spearman’s
to both tested variants in subjects infected with P. vivax was also correlation test, Figure 2, Table 3). Moreover, analysis of the anperformed with Pearson’s chi-squared test and the Fisher’s exact tibody responses to PvAMA-1A and PvAMA-1B showed high
WHVWZDVFRPSXWHGIRUH[DFWW\SHRIȤ2 association test. The sym- (6.36 % and 8.2%), medium (21.8% and 30%), and low (37.2%
metric Lambda criteria (95% CL) were considered as the effect and 27.3%) responses to the allelic forms (OD > 2, high positive
size. Furthermore, the Pearson’s correlation test was also used to responses; 1< OD < 2, medium positive responses; cut-off < OD
assess the association between antibody levels with age. P values <1, low positive responses; OD < cut-off, negative responses, Figure 3). None of the sera from healthy individuals (control group)
ZHUHFRQVLGHUHGVWDWLVWLFDOO\VLJQL¿FDQW
contained IgG antibodies to PvAMA-1, whichFRQ¿UPVWKHVSHFL
¿FLW\RIWKHSUHVHQWUHVXOWV
Results
wells of all the tested plates as positive control.

Detection of P. vivax parasites by nested PCR
Based on both microscopy and nested-PCR results, all 110 patients were infected with P. vivax, as a mono infection, and none
of the healthy control individuals had either P. vivax or P. falciparum infections (data not shown).
$QWLERG\UHVSRQVHVWR3Y$0$YDULDQWV
The PvAMA-1 variants (PvAMA-1A and PvAMA-1B) were
expressed in E. coli0S4(DQGWKHSXUL¿HGSURWHLQVZHUH
analyzed by SDS-PAGE and had a molecular mass of ~52 kDa.

,J*VXEFODVVUHVSRQVHVWR3Y$0$DQWLJHQV
The serum samples that were positive for total anti-PvAMA-1
IgG were evaluated for IgG subclass responses to PvAMA-1A
and PvAMA-1B antigens. In individuals who were infected with
P. vivax, the IgG1 (63.6%, OD490 = 0.89 for PvAMA-1A; 64.5%,
OD490 = 1.1 for PvAMA-1B) was the dominant subclass, whereas
the second frequent subclasses was IgG3 (33.6%, OD490 = 0.75
for PvAMA-1A; 37.3%, OD490 = 0.93 for PvAMA-1B) (Figure
1DQG7DEOH )XUWKHUPRUHDVLJQL¿FDQWFRUUHODWLRQZDVIRXQG
between the antibody level of both IgG1 and IgG3 and the two
variant antigens (Spearman’s correlation test, P < 0.001, Figure 2

3Y$0$$
3Y$0$%

Figure 1. 3UHYDOHQFHRI,J*DQGLWVVXEFODVVUHVSRQVHVWRWZRYDULDQWIRUPVRI3Y$0$DQWLJHQ 3Y$0$$DQG3Y$0$% LQLQGLYLGXDOVZLWKP. vivax
SDWHQWLQIHFWLRQ Q  IURPPDODULDHQGHPLFDUHDRI,UDQ1RVLJQL¿FDQWGLIIHUHQFHZDVREVHUYHGLQWKHSURSRUWLRQRI,J*,J*,J*,J*DQG,J*
UHVSRQVHVWR3Y$0$$DQG3Y$0$%YDULDQWV P = 0.32 for IgG, P = 1 for IgG1, P = 1 for IgG2, P = 0.34 for IgG3 and P IRU,J*0F1HPDU¶V
WHVW 7KHFXWRIIYDOXHVRIWKHFRQWUROVZHUHDVIROORZ3Y$0$$,J*  ,J*  ,J*  ,J*  DQG,J*  3Y$0$%
IgG (0.256), IgG1 (0.234), IgG2 (0.205), IgG3 (0.275), and IgG4 (0.229).
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Table 3. &RPSDUDWLYHDQDO\VLVRIWKHLVRW\SHVSHFL¿FDQWLERGLHVWR3Y$0$YDULDQWVDPRQJLQGLYLGXDOVZLWKSDWHQW P. vivax infection in Southeastern Iran.
Mean OD490 (SD)
Antigen

PvAMA-1A
Cut-off
PvAMA-1B
Cut-off
P-value
(Spearman’s correlation test)

IgG

IgG1

IgG2

IgG3

IgG4

0.9 ( 0.49)

0.89 ( 0.76)

0.284 ( 0.002)

0.75 ( 0.66)

0.75 (0.44)

0.29

0.245

0.247

0.292

0.207

1.014 ( 0.545)

1.1 ( 0.84)

0.376*

0.93 ( 0.81)

1 ( 0.98)

0.256

0.234

0.205

0.275

0.229

< 0.001

< 0.001

< 0.001

< 0.001

= 0.424

The meanOD490QPYDOXHZDVFRQVLGHUHGDVDPHDVXUHRIWKHDQWL3Y$0$VSHFL¿FDQWLERG\UHVSRQVHVRIHDFKVHUXPVDPSOHE\(/,6$DVVD\7KHFXWRII
YDOXHVZHUHFDOFXODWHGE\PHDQ2'VRIQRUPDOKXPDQVHUD Q  RXWRIPDODULDHQGHPLFUHJLRQSOXVWKUHH6WDQGDUG'HYLDWLRQ 6' 7KHUHZDVDVLJQL¿FDQW
correlation between the mean ODs of IgG, IgG1, IgG2, and IgG3and to PvAMA-1A and PvAMA-1B variant antigens (IgG, r = 0.925, P <0.001, IgG1, r =
0.651, P < 0.001; IgG2, r = 0.453, P < 0.001; and IgG3, r = 0.856, P < 0.001; Spearman’s correlation test). *SD was not calculated because the positive sample
for this subclass was only one.

Figure 2. 7KHFRUUHODWLRQRI,J*,J*DQG,J*DQWLERG\UHVSRQVHVDQGWKHWZRYDULDQWIRUPVRI3Y$0$DQWLJHQ 3Y$0$$DQG3Y$0$% $VLJQL¿FDQWFRUUHODWLRQZDVREVHUYHGEHWZHHQWKHDQWLERG\OHYHOVRI,J*,J*DQG,J*DQGWKHWZRYDULDQWDQWLJHQV P < 0.001, spearman’s correlation test).

and Table 3). Regarding IgG2 and IgG4, the frequency distribution of individuals was 1.8% and 1.8% for PvAMA-1A (mean
OD490 = 0.284 and 0.75, respectively) and also 0.9% and 1.8%
for PvAMA-1B (mean OD490 = 0.376 and 1, respectively) (Figure 1 and Table 3). Furthermore, heterogeneity in IgG1 and IgG3
isotype responses of the individuals was not statistically different
in the two variant antigens (P = 0.82, effect size = 0.028 (CL = 0 0.144), Ȥ2 test; Table 4). The results indicated that IgG1 and IgG3
were predominant over IgG2 and IgG4 antibodies, and all of the
tested antigens were equally recognized by IgG1 and IgG3 antibodies in individuals from hypoendemic malaria regions in Iran
(P = 1, effect size = 0.009, (CL = -0.018–0.036) for IgG1 and P

= 0.34 effect size = -0.036 (CL = -0.101–0.029) for IgG3, McNemar’s test). InDGGLWLRQVLJQL¿FDQWGLIIHUHQFHVZHUHREVHUYHGLQ
the levels of IgG, IgG1, and IgG2 (but not for IgG3 and IgG4)
for PvAMA-1A and PvAMA-1B (P < 0.001 for IgG, P = 0.01
for IgG1, P < 0.001 for IgG2, P = 0.83 for IgG3 and P = 0.24 for
IgG4; Wilcoxon signed-rank test).
$JHGHSHQGHQW,J*,J*DQG,J*UHVSRQVHV
The levels of IgG, IgG1, and IgG3 antibodies to PvAMA-1A
and PvAMA-1B variants did not correlate with age (PvAMA-1A:
r = -0.001, P = 0.98 for IgG; r = 0.03, P = 0.81 for IgG1; and r
= 0.17, P = 0.14 for IgG3; PvAMA-1B: r = - 0.049, P = 0.61
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Antibody responses (OD490nm)
patient code
101
64
47
48
57
109
3
24
29
65
11
74
93
43
69
52
17
75
58
12
100
28
20
66
53
78
49
5
89
85
9
68
80
4
18
98
96
39
108
88
60
10
51
22
13
79
87
31
107
15
30
16
36
67
72
86
27
104
21
71
23
45
83
33
84
106
1
40
99
90
63
42

PvAMA-1A
Age
45
27
30
15
20
42
30
20
24
25
27
17
23
18
22
22
17
30
17
17
18
22
35
19
32
28
25
61
14
25
25
30
20
25
13
15
18
53
26
20
61
38
35
14
45
30
30
17
21
38
19
60
3
9
14
13
2
22
55
32
50
15
25
41
40
19
8
34
19
26
22
18

IgG

PvAMA-1B

IgG1

IgG3

IgG

IgG1

IgG3

Figure 3. 7KHSDWWHUQVRI,J*,J*DQG,J*UHVSRQVHVWRWZRYDULDQWIRUPRI3Y$0$LQSRVLWLYHVHUD Q  7KHQHJDWLYHVHUD Q PHDQDJH
6'    DUHQRWVKRZQLQWKH)LJXUH$JHVDUHJLYHQLQ\HDUV&XWRIIYDOXHVDUHDQGIRU,J*DQGIRU,J*DQG
DQGIRU,J*UHVSRQVHVWR3Y$0$$DQG3Y$0$%YDULDQWVUHVSHFWLYHO\7KH2'PHDQVYDOXHVDUHGLYLGHGLQWRWKHIROORZLQJJURXSV2'!
+LJKSRVLWLYHDQWLERG\UHVSRQVHV EODFN !2'!PHGLXPSRVLWLYHUHVSRQVHV GDUNJUD\ 2'ORZSRVLWLYHUHVSRQVHV OLJKWJUD\ DQG2'
cut-off: negative (white).

for IgG; r = -0.072, P = 0.53 for IgG1; and r = 0.114, P = 0.32
for IgG3; Pearson’s correlation test ). However, the prevalence of
positive sera for IgG and IgG1 to PvAMA-1A variant and IgG,
IgG1, and IgG3 to PvAMA-1B variant was increased in the age
group of 11-20 years (PvAMA-1A: P = 0.02, effect size = 0.149,

(CI = 0.033 - 0.666) for IgG and P = 0.29, effect size = 0.186, (CI
= 0.043 - 0.8) for IgG1; PvAMA-1B: P = 0.02, effect size = 0.149,
(CI = 0.033 - 0.666) for IgG; P = 0.02, effect size = 0.149, (CI
= 0.033 - 0.666) for IgG1 and P = 0.03, effect size = 0.97, (CI =
0.011 - 0.855) for IgG3; Ȥ2 test; Figure 4A and B).
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Table 4. 7KHKHWHURJHQHLW\LQ,J*DQG,J*UHVSRQVHVWR3Y$0$$DQG3Y$0$%YDULDQWDQWLJHQVLQLQGLYLGXDOVZLWKSDWHQWP. vivax infection
who are living in Chabahar district of Iran.
IgG1+/IgG3+
No. (%)

IgG1+/IgG3No. (%)

IgG1-/IgG3No. (%)

IgG1-/IgG3+
No. (%)

PvAMA-1A

35 (31.8)

35 (31.8)

38 (34.5)

2 (1.8)

PvAMA-1B

40 (36.4)

31 (28.2)

38 (34.5)

1 (0.9)

Antigen

Ȥ2 Test
P-value

= 0.82

Figure 4. $VVRFLDWLRQEHWZHHQWKHDJHDQG,J*,J*DQG,J*DQWLERG\UHVSRQVHVWR3Y$0$$ D DQG3Y$0$% E KDSORW\SHVRI3Y$0$DQWLgen. The prevalence of positive responders for IgG, IgG1, and IgG3 antibodies for each age group is shown in the Figure. The prevalence of responders
WR3Y$0$$IRU,J*DQG,J*DVZHOODV3Y$0$%IRU,J*,J*DQG,J*ZDVVWDWLVWLFDOO\KLJKHULQWKHDJHJURXSRI\HDUVFRPSDUHGWRDJH
group of 1-10 years (P < 0.05, X2WHVW $JHJURXSVDUH\HDUV Q  \HDUV Q  \HDUV Q  DQG\HDUV Q  

Discussion
According to the WHO recommendation, elimination and eradication of malaria is a worthwhile goal in many countries today.
Since elimination and eradication of malaria requires complete
removal of all parasites, and successes achieved by scaling-up use
of existing tools are inadequate, additional or alternative strategies
such as vaccine are highly needed.56 Also, in development of malaria vaccine, immuno-epidemiological data from various populations with a different genetic background from diverse endemicity
is necessary to provide information on mechanisms of immunity
and its targets. Therefore, in the current investigation, naturally

acquired antibody to two different variant forms of AMA-1, one
of the important asexual stage vaccine candidates of P. vivax was
analyzed and compared in individuals living in the malaria hypoendemic and unstable transmission areas, in Iran.
It should be noted that immuno-epidemiological studies could
help to identify the proper target antigens that might be used in
vaccine development against malaria. In this regards, in the present study, 65.5% of the studied individuals had positive anti-PvAMA-1 IgG antibody responses to both variant forms of antigens,
suggesting that PvAMA-1 is a well-recognized asexual-stage
parasite antigen. However, the absence of such response in 34.5%
of the individuals could be SRVVLEO\ H[SODLQHG E\ ¿UVW RU VKRUW
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exposure to this antigenZKLFKPD\EHLQVXI¿FLHQWWRLQGXFHFRQsiderable immune responses. This slow development of naturally
acquired malaria immunity has been shown by others in low to
moderate malaria transmission settings.14,39,57
In high-transmission regions, all individuals had many infections during their life; therefore, protective immunity developed
with age/exposure in these individuals. In contrast, in low and unstable transmission regions, there was a lack of such correlation
with age.24,58–60 In our study area with unstable and hypoendemic
malaria transmission, the level of antibodies to both variant antigens was notVLJQL¿FDQWO\FRUUHODWHGWRWKHKRVWDJH7KLV¿QGLQJ
was also reported for an area with intense malaria transmission,61
and also from similar malaria settings in north of Brazil.24 However, the prevalence of positive sera for IgG and IgG1 to PvAMA-1
variants increased with age. This fact might indicate that the immune system in both younger and older children is boosted due
to patent P. vivax infection, but such a response in adults may be
induced by longOLYHGPHPRU\FHOOV7KLVUHVXOWDJDLQFRQ¿UPV
the need for boosting the antibody response induced by vaccination in malaria.
Since the IgG subclasses produced in response to a given antigen may determine the function of the antibodies, in this work, the
anti-PvAMA-1 IgG subclasses to both expressed variant forms of
PvAMA-1 were analyzed. The total IgG andLWVLVRW\SHSUR¿OHV
to PvAMA-1 in this study are in agreement with those from previous immuno-epidemiologic studies performed in India,39 Sri
Lanka,40 and Brazil,24,35,38 in which the IgG1 and IgG3 isotype
responses were high in vivax malaria. In our study, although antiPvAMA-1 IgG1 was predominant, there was also a mixed IgG1/
IgG3 response. This heterogeneity in IgG1 and IgG3 recognition
could be related to either different epitopes in PvAMA-1 antigen
recognized by these two IgG subclasses or short half-life of IgG3
antibody in the serum sample. On the other hand, since IgG3 has
a relatively short half-life, detection of antibody response to PvAMA-1 for this isotype may be induced by frequent re-exposure
to the parasite, which is required to increase the level of IgG3
antibody isotype.62 Moreover, it is well established that IgG1 and
IgG3 subclasses mediateRSVRQL]DWLRQDQGFRPSOHPHQW¿[DWLRQ
of pathogens and they are involved in antibody-mediated protective immunity against Plasmodium blood stages.28,63,64 Therefore,
WKH ¿QGLQJ WKDW ,J* VXEFODVVHV WR 3Y$0$ DUH mainly of the
IgG1/IgG3 type may contribute to protective effect through cellmediated mechanisms. Also, this result was comparable to the
frequency observed in our recent studies to PvMSP-119.65 and
PvDBP.42,66 during patent infection in the same study areas.
The present results extended the impact of the allelic polymorphism described for PvAMA-1 on antibody recognition of recombinant proteins representing different allelic forms of the protein.
Our previous molecular epidemiological study51 in the same area
of the present study showed that PvAMA-1A (5.4%)- and PvAMA-1B (8.1%)-bearing parasite isolates are prevalent. Although
the detected SNPs in the B-cell epitopes of pvama-1 gene are different in these two variant forms, and it is supposed that these
SNPs dramatically impair the binding of peptides to MHC molecules, the present study shows that the prevalence of responders to
both tested variant antigens does notGLIIHU7KLV¿QGLQJVXJJHVWV
that the majority of our individuals have cross-reactive antibodies
against both PvAMA-1 variants. This result is in line with our
earlier studies on other Plasmodium antigens, PfMSP-119,65 and
PvDBP,42 which were performed in the same study areas and indi-

cated the presence of cross-reactive antibodies.
In summary, our results add more information to the available
immuno-epidemiological data on the characteristics of naturally
acquired antibodies to PvAMA-1 in populations with distinct degrees of exposure to P. vivax. In addition, the presence of mature,
cytophilic isotype antibodies with equal immune responses to
two genetically distinct variant forms of PvAMA-1 antigen in the
studied individuals could be explained by the fact that this protein is immunogenic. Therefore, the persistence and the similarity
of this result from different malaria endemic regions could support and emphasize the use of PvAMA-1 in designing a universal
vivax malaria vaccine.

Disclosure Statement
1RFRPSHWLQJ¿QDQFLDOLQWHUHVWVH[LVW
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