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Abstract.

Peptide vaccine strategies using Plasmodium-derived antigens have emerged as an attractive approach

against malaria. However, relatively few studies have been conducted with malaria-exposed populations from non-
African countries. Herein, the seroepidemiological profile against Plasmodium falciparum of naturally exposed individuals
from a Brazilian malaria-endemic area against synthetic peptides derived from vaccine candidates circumsporozoite
protein (CSP), liver stage antigen-1 (LSA-1), erythrocyte binding antigen-175 (EBA-175), and merozoite surface protein-3
(MSP-3) was investigated. Moreover, human leukocyte antigen (HLA)-DRB1* and HLA-DQB1* were evaluated to char-
acterize genetic modulation of humoral responsiveness to these antigens. The study was performed using blood samples
from 187 individuals living in rural malaria-endemic villages situated near Porto Velho, Ronddnia State. Specific IgG and
IgM antibodies and IgG subclasses were detected by enzyme-linked immunosorbent assay, and HLA-DRB1* and HLA-
DQB1* low-resolution typing was performed by PCR-SSP. All four synthetic peptides were broadly recognized by
naturally acquired antibodies. Regarding the IgG subclass profile, only CSP induced IgG1 and IgG3 antibodies, which is
an important fact given that the acquisition of protective immunity appears to be associated with the cytophilicity of IgG1
and IgG3 antibodies. HLA-DRB1*11 and HLA-DQB1*7 had the lowest odds of responding to EBA-175. Our results
showed that CSP, LSA-1, EBA, and MSP-3 are immunogenic in natural conditions of exposure and that anti-EBA antibody
responses appear to be modulated by HLA class Il antigens.

INTRODUCTION

Malaria remains a major public health problem around the
world, affecting approximately 212 million people annually in
tropical areas and taking an estimated 429,000 lives, mostly
those of children under 5 years of age.! In high-endemic
malaria areas, young children are particularly susceptible,
whereas with exposure, older children and adults develop
considerable protection from severe malaria and death, al-
though sterile immunity is likely never achieved.?® These
changes are thought to reflect the parasitological and clinical
immunity, collectively referred to as naturally acquired im-
munity, which generally determines not only the age-specific
incidence and the prevalence of infections but also the ex-
pression of pathological processes that underlie the clinical
manifestations of the infection.

Because experiments demonstrating that adoptive trans-
ferred serum from naturally immune individuals protects
against clinical malaria or significantly attenuates the severity
and disease burden,*? it is widely assumed that antibodies
play an important role in malarial protective immunity. In this
regard, several studies have demonstrated that cytophilic
antibodies are particularly critical for immunity to malaria
infection.®™'” Therefore, efforts have been made to identify
target antigens that induce antibodies in sufficient quantity
and, above all, are functionally capable of participating in the
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development of an antimalarial immunity. Collectively, these
data reflect the importance of studies of the humoral immune
response to malaria vaccine candidates in individuals natu-
rally exposed to malaria infection. Moreover, this type of
evaluation is a crucial point for field trials of potentially pro-
tective vaccine candidates.

In this scenario, studies assessing the immune response
against Plasmodium falciparum vaccine candidates in natu-
rally exposed individuals from the Brazilian Amazon were
conducted by our group.'®'822 |n Brazil, malaria is hypo- to
meso-endemic, present throughout the year with clear sea-
sonal fluctuations and is frequently associated with migration
movements of nonimmune individuals to areas where malaria
is endemic.?®> The exposed populations are composed of
autochthonous and migrant individuals from the nonendemic
regions of Brazil. Asymptomatic and or paucisymptomatic
infections by P. falciparum and Plasmodium vivax were de-
tected in epidemiological studies in the states of Ronddnia
(RO) and Amazonas, which likely indicates a pattern of clinical
immunity in both populations.?4~28 Seropidemiological stud-
ies investigating the type of immune responses elicited in
naturally exposed populations to several malaria vaccine
candidates in Brazilian populations provide important in-
formation on whether immune responses specific to these
antigens are generated in natural infections and their immu-
nogenic potential as vaccine candidates.

In the present work, the natural acquired humoral immune
response against four synthetic antigens derived from
P. falciparum sporozoites, liver and blood stage antigens
in malaria-exposed individuals from the Brazilian Amazon
was analyzed, and HLA-DRB1* and -DQB1* were used as
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molecular markers in an attempt to determine the presence of
a genetic modulation of the humoral responsiveness to the
P. falciparum antigens. The identification of antigens recog-
nized by antibodies of such individuals may help to establish
the best targets for a potential multipeptide-based vaccine for
future use in this population.

MATERIALS AND METHODS

Study area and subjects. The study described here was
performed using blood samples obtained from individuals
from rural malaria-endemic villages situated near Porto Velho,
the capital of the state of RO, and a malaria-endemic region in
the Brazilian Amazon (63°54’'13"W 8°45'43"S). The population
of Porto Velho, sampled in this study, is composed both of
autochthonous individuals and migrants from several non-
endemic areas of Brazil who have lived in the region for 10
years or more.

Serum samples were obtained from 187 malaria exposed
(autochthonous and migrant) individuals (77 women and 110
men) with ages ranging from 8 to 74 years (average age 31 + 16
years). The average time of residence in the malaria-endemic
area was 24 + 16 years. These individuals composed the ex-
posed group. Additionally, serum samples from 109 individ-
uals (61 women and 48 men with an average age of 38 + 10
years) living in downtown Porto Velho, where malaria trans-
mission does not occur, were included in our study as non-
infected individuals. These individuals composed the
nonexposed group. This population was also composed of
autochthonous and Brazilian migrants inhabiting the region for
26 + 18 years. All of the individuals from the nonexposed group
were negative for malaria parasites as assessed by thick blood
films. Most of the individuals (64%) denied prior malaria in-
fection, and 36% reported an average of 1.8 + 1.4 past epi-
sodes of malaria occurring at least 5 years before the
collection of the samples. Nonendemic control blood samples
from 15 individuals of the laboratory staff (Rio de Janeiro,
Brazil) who had neither a history of malaria nor contact with
malaria transmission were included in our study as controls.
Written informed consent was obtained from all of the indi-
viduals before admission to the study. This study was
reviewed and approved by the Oswaldo Cruz Foundation
Ethical Committee (258/04).

The samples and the survey data were collected 2-4 times
during the dry months (June to August), from 1996 to 2007,
coinciding with the period of increased malaria transmission in
the RO State. The longitudinal study of antibody response
allowed us to discriminate more precisely between re-
sponders and nonresponders. To evaluate the degree of ex-
posure to malaria, the survey data used were age, time of
residence in the endemic area and the number of malaria
episodes reported by each individual.

Venous peripheral blood (10 mL) was collected into EDTA
tubes for both an antibody analysis and HLA class Il typing.
The plasma was stored at —20°C, and the pellets, containing
peripheral blood cells, were mixed with equal volumes of a
cryopreservation solution (0.9% NaCl/4.2% sorbitol/20%
glycerol) and were stored in liquid nitrogen until use. Thin
and thick blood smears were examined for the identification of
the malaria parasite by a technician experienced in malaria
diagnosis from the Brazilian Malaria Health Services and from
the Laboratory of Malaria Research (Fiocruz), which is the

headquarters of the Center for Malaria Research and Training,
a reference center for malaria diagnosis in the Extra-
Amazonian Region for the Brazilian Ministry of Health. Thick
blood smears from all of the subjects were stained with
Giemsa, and a total of 200 microscopic fields were examined
under a 1,000-fold magnification. Thin blood smears of the
positive samples were examined for species identification.
The parasite density was determined by counting the para-
sites in a predetermined number of white blood cells in the
thick blood films, and the number of blood parasites per mil-
liliter was calculated.?® To increase the sensitivity of the par-
asite detection, molecular analyses using specific primers for
genus (Plasmodium sp.) and species (P. falciparum and
P. vivax) were performed in all of the samples as previously
described.®® Donors positive for P. vivax and/or P. falciparum
at the time of blood collection were subsequently treated per
the chemotherapeutic regimen recommended by the Brazilian
Ministry of Health.

Synthetic peptides. The evaluation of the antibody re-
sponse was performed using synthetic peptides derived from
P. falciparum sporozoite-, liver- and blood-stages antigens.
Peptides were synthesized by fluorenylmethoxycarbonyl
(F-moc) solid-phase chemistry.! Analytical chromatography
of the peptides demonstrated a purity of > 90%. Peptide se-
quences were the following:

Circumsporozoite protein. A long synthetic peptide con-
sisting of 50 repeat sequences of asparagine-alanine—
asparagine—proline of the circumsporozoite protein (CSP),
which is the predominant surface antigen on the sporozoites
(GenBank: AKU89585.1)

Liver stage antigen-1. A 41-mer peptide containing the
epetitive epitope of the pre-erythrocytic stage Liver Stage
Antigen-1 (LSA-1). The sequence is LAKEKLQEQQS
DLEQERLAKEKLQEQQSDLEQERLAKEKLQ (GenBank:
CZT98619.1

Erythrocyte binding antigen. A 42-mer peptide contain-
ing region IV of the erythrocyte binding antigen 175
(EBA-1754089-1130). The sequence is SNNEYKVNERE
DERTLTKEYEDIVLKSHMNRESDDGELYDEN (GenBank:
001349207)

Merozoite surface protein-3. A 27-mer peptide containing
the central region of the merozoite surface protein-3
(MSP-3511.237). The sequence is AKEASSYDYILGWEFGGG
VPEHKKEEN (GenBank: CZT98611.1)

Enzyme-linked immunosorbent assay. Microtiter 96-well
plates (Maxisorp, NUNC, Denmark) were coated with the
antigens at an optimal dilution using phosphate-buffered
saline at pH 7.4 (PBS) or a carbonate-bicarbonate buffer
at pH 9.6 at 100 pL/well overnight at 4°C (see Table 1). The
plates were washed, and the uncoated sites were blocked
and then reacted for 1 hour with sera in duplicate that was
diluted (1/100) in dilution buffer. The plates were washed,
and mouse antihuman IgG or IgM (Sigma, St. Louis, MO) was
diluted 1/2,000 in dilution buffer and incubated for 1 hour.
To detect specific IgG subclasses plates were incubated
with mouse anti-human IgG1, IgG2, IgG3, or IgG4 antibodies
peroxidase conjugate (Sigma) diluted 1/1,000 in dilution
buffer for 2 hours. After washing, 100 pL of a solution of
orthophenylenediamine (Sigma) and H>O, (Sigma) in citrate-
phosphate buffer at pH 5.0 was added to each well, and
the plate was incubated for 15-30 minutes at room tem-
perature in the dark, and then 50 plL/well of H,SO4 (Sigma)
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TaBLE 1
Antigens and enzyme-linked immunosorbent assay antibody assays
Antigen Coating Washing Blocking Serum Anti-serum
(NANP)50 1 pg/mLin PBS 3 times with 1 hour with 5% (wt/vol) BSA 1 hour diluted in 2.5% (wt/vol)  Diluted in 2.5% (wt/vol)
PBST in PBST at 37°C BSA in PBST at 37°C BSA in PBST at 37°C
LSA-1 2 ng/mL in PBS 3 times with  Overnight with 2.5% (wt/vol) 1 hour diluted in 1.25% Diluted in 1.25% (wt/vol)
PBST powdered-milk in PBS (wt/vol) powdered milk in powdered milk in PBS
at RT PBS at RT at RT
EBA 2 ng/mL in carbonate- 3 times with 1 hour with 5% (wt/vol) 1 hour diluted in 1.25% Diluted in 1.25% (wt/vol)
bicarbonate buffer PBST powdered-milk in PBST (wt/vol) powdered milk in powdered milk in PBST
at 37°C PBST at 37°C at 37°C
MSP-3 2 ng/mL in carbonate- 3 times with 1 hour with 3% (wt/vol) 1 hour diluted in 1% (wt/vol) Diluted in 1% (wt/vol)
bicarbonate buffer PBST powdered-milk in PBST powdered milk in PBST powdered milk in PBST

at RT

at RT atRT

EBA-157 = erythrocyte binding antigen-175; LSA-1 = liver stage antigen-1(LSA-1); MSP-3 = merozoite surface protein-3; PBST = PBS-Tween 20 0.05%; wt/vol = weight/volume; RT = room

temperature.

2 N was used to stop the reaction. The plates were read at
492 nm in a spectrophotometer (Spectramax 250, Molecular
Devices). Serafromthe 15 Rio de Janeiro controls were used
to establish the normal range for the assay. The cut-off value
was determined as the mean optical density (OD) + 3 stan-
dard deviations of the Rio controls. To standardize the OD
data obtained in the different experiments, an OD index was
calculated for each immunoglobulin determination as the
ratio of the observed OD/cut-off values. Samples with an OD
index > 1.0 were considered positive. The cut off values for
CSP, LSA-1, EBA, and MSP-3 were, respectively, 0.094,
0.089, 0.067, and 0.075 for IgG, 0.195, 0.164, 0.101, and
0.131, forIlgM, 0.083, 0.086, 0.084, and 0.072 for IgG1, 0.179,
0.151, 0.104, and 0.131 for IgG2, 0.099, 0.105, 0.120, and
0.128, for IgG3 and 0.109, 0.110, 0.123, and 0.18 for IgG4.

HLA typing. HLA typing was performed in the 107 malaria
naturally exposed individuals and the 77 malaria nonexposed
individuals. Genomic DNA was isolated from frozen periph-
eral blood by the phenol-chloroform extraction procedure
as previously described.®? HLA-DRB1* and -DQB1* low-
resolution typing was performed by polymerase chain re-
action with sequence-specific primers on all of the samples as
previously described.3-34

Statistical analysis. The data were stored in the dBASE
data bank software (Ashton Tate, Borland, CA). Statistica
(Microsoft, Redmond, WA) and the Epilnfo version 6 (Centers
for Disease Control and Prevention, Atlanta, GA) statistical
software programs were used for the data analysis. Student’s ¢
test was used to analyze the differences in the mean values,
and ¥? analysis was applied to compare the prevalence of the
positive responses. The Spearman rank coefficient test was
used to analyze the correlation between the variables. The
antigen frequencies were calculated by the formula af = n/N,
where n is the number of samples positive for the antigen and
N is the total number of samples, and the gene frequencies
were calculated by the formula gf = 1 — v/ (1 — af).®® The HLA
antigen-specific associations with the responders and non-
responders were analyzed by multiple logistic regression us-
ing R version 2.14.0 statistical software (The R Foundation for
Statistical Computing, Vienna, Austria, available at http://
www.R-project.org/) and were corrected by the time of resi-
dence in a malaria-endemic area and the number of previous
malaria attacks. The HLA unidentified specificities (blank) as
well as the HLA specificities with frequencies equal to zero in
at least one of the studied groups were pooled into one group
as other specificities.

RESULTS

Clinical and epidemiological characteristics of the
studied population. Individuals from the exposed group
claimed to have experienced an average of 1.2 malaria epi-
sodes in the previous 12 months. All except 13 individuals
reported at least one malaria episode during their life, and 44
(23.5%) of the subjects reported more than 10 episodes.
Forty-eight (26%) of the individuals had detectable para-
sitemia (4,389 + 9,610 parasites/pL) at the time of the blood
sampling, and 37 were infected with P. falciparum, nine were
infected with P. vivax and two were infected with P. falciparum
and P. vivax.

IgG and IgM antibody responses against CSP, LSA-1,
EBA, and MSP-3. The prevalence of individuals presenting
antibodies, regardless of their IgM or IgG type and IgG isotype
against CSP, LSA-1, EBA, and MSP-3 were, respectively,
67% (125/187), 73% (136/187), 78% (146/187), and 61%
(115/187). Antibodies against EBA and LSA-1 were signifi-
cantly more prevalent than antibodies against MSP-3 (x* =
11.413; P =0.0007, MSP-3 x EBA; x° = 4.693; P = 0.03, MSP-
3 x LSA-1). The antibody responses to CSP, LSA-1, EBA, and
MSP-3 were strongly associated with the time of residence in
a malaria-endemic area (CSP: P = 0.01; LSA-1: P = 0.0003;
EBA: P = 0.01; MSP-3: P = 0.01) (Table 2).

The frequencies of individuals presenting IgG and IgM an-
tibodies are shown in Figure 1. IgG antibodies against EBA
were significantly more prevalent (70%) than antibodies
against LSA1 (45%), MSP-3 (41%), and CSP (38%) (P <
0.0001, x2 - 22.191, EBA x LSA-1; P < 0.0001, x® = 31.548,
EBA x MSP-3; P < 0.0001, x® = 37.573, EBA x CSP). Not only
was the frequency of the responders to EBA higher, but EBA
alsoinduced higher levels of IgG antibodies than LSA-1, MSP-
3,and CSP (P=0.03, EBA x LSA-1; P=0.0006, EBA x MSP-3;
P < 0.0001, EBA x CSP) (Figure 2). The frequency of the re-
sponders showed that IgM antibodies to LSA-1 were signifi-
cantly more prevalent (68%) than IgM antibodies to EBA
(48%), MSP-3 (55%), and CSP (57%) (P < 0.0001, x* = 15.852,
LSA-1 x EBA; P=0.01, % = 6.521, LSA-1 x MSP-3; P = 0.02,
X% =4.944, LSA-1 x CSP). Interestingly, MSP-3 showed higher
levels of an IgM antibody response than EBA, LSA-1, and CSP
(P < 0.0001, MSP-3 x EBA; P = 0.03, MSP-3 x LSA-1; P <
0.0001, MSP-3 x CSP) (Figure 2). The levels of IgG and IgM
antibodies to LSA-1, EBA, and MSP-3 increased with age
(LSA-1: P=0.02, r = 0.2433 for IgG, P = 0.006, r = 0.2384 for
IgM; EBA: P=0.007,r=0.2344forIgG, P=0.001,r=0.3343 for
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TABLE 2
Characteristics of the CSP, LSA-1, EBA, and MSP-3 responders and non-responders in the exposed group

CSP LSA-1 EBA MSP-3
R NR R NR R NR R NR
N 125/187 62/187 136/187* 51/187 146/187* 41/187 115/187 72/187
(66.8%) (33.2%) (72.7%) (27.3%) (78.1%) (21.9%) (61.5%) (38.5%)
Sex
Male (%) 63.2 50 61.5 52.9 61.6 48.8 58.3 59.7
Female (%) 36.8 50 38.5 471 38.4 51.2 1.7 40.3
Age® 32+16 30+ 16 32+16 29+ 14 32+16 31+14 34 +16 28+ 14
Time of 26 + 16 21+16 27 £ 19%* 1813 26 = 17 20+ 13 28 +17% 19+£13
residence in
malaria-endemic
areat
Reported number 15+ 16 13+15 15+ 16 14 +14 14 +15 15+17 16+ 16 13+14
of previous
malaria attacks

CSP = circumsporozoite protein; EBA-157 = erythrocyte binding antigen-175; HLA = human leukocyte antigen; LSA-1 = liver stage antigen-1(LSA-1); MSP-3 = merozoite surface protein-3;
N = number of positive individuals/number of tested individuals; R = responders; NR = nonresponders; 1 = years. * P = 0.0007, LSA-1 vs MSP-3; ** P = 0.03, EBA vs MSP-3; *** P = 0.01, CSP
responders vs nonresponders; *** P = 0.0008, LSA-1 responders vs nonresponders; **** P = 0.04, EBA responders vs nonresponders; £ MSP-3 responders vs nonresponders.

IgM; MSP-3: P =0.03, r=0.2451 for IgG, P =0.004, r= 0.2767
for IgM) and time of residence in a malaria-endemic area (LSA-
1: P=0.02, r=0.2510 for IgG, P = 0.006, r = 0.2407 for IgM;
EBA: P=0.03,r=0.1822 for IgG, P =0.005, r = 0.2944 for IgM;
MSP-3: P = 0.001, r = 0.3693 for IgG, P = 0.01, r = 0.3464
for IgM).

Twenty-one of the 109 individuals (19.3%) from the non-
exposed group presented antibodies against P. falciparum
antigens. Of these, 16 individuals (14.7%) presented anti-
bodies against a single antigen, three individuals (2.7 %) pre-
sented antibodies against two antigens and two individuals

(1.8%) presented antibodies against three antigens. The fre-
quencies of the antibodies against individual antigens were
low: 10 (9.2%) individuals presented antibodies against CSP,
10 (9.2%) presented antibodies against LSA-1, five (4.6%)
presented antibodies against EBA and four (3.7 %) presented
antibodies against MSP-3. None of the 15 Rio-controls, who
had neither a history of malaria nor contact with malaria
transmission areas, had detectable antibodies to CSP, LSA-1,
EBA, or MSP-3 (OD index values for IgG and IgM, respectively:
CSP: 0.586 and 0.765; LSA-1: 0.476 and 0.698; EBA: 0.627
and 0.821; MSP-3: 0.611 and 0.876).
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Ficure 1. Frequency of individuals from the exposed group with IgG and IgM antibodies to circumsporozoite protein (CSP), liver stage antigen-1
(LSA-1), erythrocyte binding antigen (EBA), and merozoite surface protein-3 (MSP-3) antigens. * P < 0.0001, IgM LSA-1 vs IgM EBA; P = 0.02, IgM
LSA-1 vs IgM CSP; P = 0.01, IgM LSA-1 vs IgM MSP-3; ** P < 0.0001, IgG EBA vs IgG CSP, IgG LSA-1, and IgG MSP-3.
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Ficure 2. Distribution of the IgG and IgM antibody response (OD index) against erythrocyte binding antigen (EBA), liver stage antigen-1 (LSA-1),
merozoite surface protein-3 (MSP-3), and circumsporozoite protein (CSP) in the exposed group. * P < 0.0001, IgG EBA vs IgG CSP; P = 0.03, IgG
EBA vs IgG LSA-1; P =0.0006, IgG EBA vs IgG MSP-3. ** P < 0.0001, IgM MSP-3 vs IgM EBA; P < 0.0001, IgM MSP-3 vs IgM CSP; P = 0.03, IgM

MSP-3 vs IgM LSA-1.

IgG isotypes against CSP, LSA-1, EBA, and MSP-3. IgG
isotypes were analyzed in all of the IgG positive samples. The
frequencies of the individuals presenting IgG1, IgG2, IgG3,
and IgG4 antibodies against CSP, LSA-1, EBA, and MSP-3 are
shown in Figure 3. The results show that CSP mainly induced
cytophilic IgG1 and IgG3 antibodies, and LSA-1 and MSP-3
preferentially induced an IgG1 and IgG4 antibody response,
whereas EBA mainly induced an IgG1 antibody response (P <
0.05, for all analyses). As shown in Figure 4, EBA and LSA-1
induced higher levels of IgG1 antibodies, whereas CSP in-
duced higher levels of IgG3 antibodies, and MSP-3 induced
higher levels of IgG4 antibodies. The levels of IgG1 antibodies
against LSA-1 and EBA and the levels of IgG3 antibodies
against CSP showed a positive correlation with age (LSA-1:
P =0.04, r =0.2344; EBA: 0.004, r = 0.2764; CSP = 0.03, r =
0.2656). No correlation between the level of the isotypes and
the time of exposure or parasitemia was detected.

HLA class Il typing. The majority of the individuals from the
exposed group (107/187-57%) and from the nonexposed
group (77/109-70%) were typed for HLA class Il, and there
were no differences in the HLA-DR and HLA-DQ antigen fre-
quencies between these groups (x> =23.376,df =14, P> 0.05
for HLA-DR; (x2= 6.064, df =7, P > 0.05 for HLA-DQ; data not
shown). To evaluate the effect of class Il antigens on the im-
mune responses to CSP, LSA-1, EBA, and MSP-3 antigens in
the exposed group, the individuals were regrouped into re-
sponder and non-responder groups. The individuals from the
exposed group who were classified as nonresponders were

those who had no detectable antibodies in the different time-
points in the study period. Using a multiple logistic regression
analysis, corrected for the time of residence in a malaria-
endemic area and the number of previous malaria attacks, it
was possible to observe that HLA-DRB1*11 (OR = 0.16;
P value: 0.006) and HLA-DQB1*7 (OR: 0.24; P value: 0.034)
had the lowest odds ratios for responding to EBA-175 (Table 3).

DISCUSSION

Over the years, peptide vaccine strategies using P. falciparum
derived antigens have reemerged as an attractive approach
against malaria in Africa. However, few studies have been
conducted on malaria-exposed populations from non-African
countries, particularly in Brazil. Therefore, the seroepidemio-
logical profiles of the naturally exposed individuals from a
malaria-endemic setting of the Brazilian Amazon against four
synthetic peptides derived from the main vaccine candidates
against P. falciparum were investigated. The association be-
tween the immunological recognition of a given antigen and a
certain degree of protection against malaria may indicate
the potential value of the antigen as a candidate vaccine.
Moreover, is important to identify the baseline of the naturally
acquired immune response to distinguish it from the vaccine-
induced response in future clinical trials.®®

The results indicate that all four synthetic peptides were
broadly recognized by naturally acquired antibodies and that
these antibody responses were associated with the time



1586

PRATT-RICCIO AND OTHERS

K
MSP-3 h U
9
[]
EBA
. f
E oOlgG4
= olgG3
E D e olgG2
mlgG1
LSA-1
d
) g
CsSP Ib
a
0 10 20 30 40 50 60 70 80 90

%

Ficure 3. Frequency of the individuals from the exposed group with IgG1, 1I9G2, IgG3 and IgG4 antibodies against the circumsporozoite protein
(CSP), liver stage antigen-1 (LSA-1), erythrocyte binding antigen (EBA), and merozoite surface protein-3 (MSP-3) antigens. a: P < 0.0001, CSP
IgG1 x CSP1gG2 and CSP IgG4; b: P <0.0001, CSP IgG2 x EBA 1gG2; P=0.0009, CSP IgG2 x LSA-119G2; c: P <0.0001, CSP IgG3 x CSP IgG2 and
CSP I1gG3 x CSP IgG4; P < 0.0001, CSP IgG3 x LSA-11gG3, MSP-31gG3, and EBA IgG3; d: P <0.0001, LSA-1 IgG1 x LSA-11gG2 and LSA-1 1gG3;
P=0.0001,LSA-11gG1 x MSP-31gG1;e: P<0.0001, LSA-11gG4 x LSA-11gG2 and LSA-11gG3; P <0.0001, LSA-11gG4 x CSP IgG4, EBA1gG4, and
MSP-3 1gG4; f: P <0.0001, EBAIgG1 x EBA IgG2, EBA IgG3 and EBA IgG4; P =0.0001, EBA IgG1 x MSP-31gG1; g: P <0.0001, MSP-3 IgG1 x MSP-3
19G2; P =0.02, MSP-2 IgG1 x IgG3; h: P < 0.0001, MSP-3 IgG2 x EBA 1gG2; P = 0.0003, MSP-3 IgG3 x LSA-1 1gG2; i: P = 0.0002, MSP-3 IgG4 x

MSP-3 IgG2.

of residence in a malaria-endemic area, indicating that
CSP, LSA-1, EBA, and MSP-3 are immunogenic in natural
conditions of exposure and appear to be dependent of the
time of exposure. Curiously, no association was recorded
between the anti-CSP, -LSA-1, -EBA, and -MSP-3 antibody
prevalence and the number of previous malaria episodes in the
studied population. This finding may be limited by the donor-
reported data, particularly for individuals born in the area who
do not recall childhood infections. Moreover, people living for
longer periods of time in the region may have acquired some
degree of immunity to the clinical disease after experiencing a
number of infections and, therefore, report less episodes of
clinical malaria in the more recent years, leading to a bias in the
analysis. In fact, studies have reported a high frequency of
asymptomatic malaria infections among individuals in this
area.?®26:3740 | this regard, the population in the present
study has been living in the Amazon region for an average of
24 years. Most likely, given the high prevalence of P. vivax in
relation to P. falciparum in the area, the number of malaria
infections does not necessarily mean stimulation of responses
to P. falciparum antigens.

IgG antibodies to a number of pre-erythrocytic and eryth-
rocytic malaria vaccine candidates are associated with
protection against malaria in areas with different levels of
transmission. 913194146 |5 the present study, the results
showed that both the prevalence of the responders and the
levels of IgG antibodies were higher for EBA than for LSA1,
MSP-3, and CSP. These results differ from those in a study
performed by Ford et co-workers who observed a low im-
munoreactivity to EBA-175 in individuals living in different
states of the Brazilian Amazon region, including Mato Grosso,
Amap4, Rondonia, Para, and Acre.*” These differences may
be a result of dissimilarities in exposure, age, and time of
residence of the studied populations in the endemic area be-
cause several studies have demonstrated a direct effect of
these parameters on the antibody response to several plas-
modial antigens.'® 194548 Given that the repertoire of the host
erythrocyte receptors available in specific populations will
select for the expression of specific parasite ligands that can
mediate a successful erythrocyte invasion, the immune re-
sponse to such ligands may vary in different populations,
correlating to their expression. We can also hypothesize that
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Ficure 4. Distribution of the IgG1, 1I9G2, 1IgG3, and IgG4 antibody response (OD index) against the circumsporozoite protein (CSP), liver stage
antigen-1 (LSA-1), erythrocyte binding antigen (EBA), and merozoite surface protein-3 (MSP-3) antigens in the exposed group. @ P=0.01, CSP IgG3
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MSP-3 IgG4 vs MSP-3 I1gG3.

the difference in immunoreactivity may be due the differential
usage of the EBA-175-glycophorin A invasion pathway. In-
terestingly, the prevalence of IgG antibodies against EBA-175
in our study was similar to that observed in Gambia and
Nigeria.*® Notably, high levels of IgG antibodies against EBA
have been consistently associated with protection from clin-
ical malaria in previous studies.'®-50-%2

IgM antibodies to LSA-1 were significantly more prevalent
than IgM antibodies to EBA, MSP-3 and CSP. A high fre-
quency of IgM antibodies against LSA-1 was observed in in-
dividuals living in Kenya; however, in this study, IgM
antibodies to LSA-1 were more frequent in individuals with
parasitemia than in individuals without parasitemia.>® In our
study, no association was observed between the IgM anti-
bodies against LSA-1 and the presence or levels of para-
sitemia. The elevated prevalence of IgM against LSA-1 in this
population may be related with the genetic background of the
studied individuals. A recent study compared the breadth and
magnitude of P. falciparum-specific IgM and IgG responses in
two distinct ethnic groups, Fulani and Dogon, with a micro-
array containing 1,087 P. falciparum proteins. The authors
observed that IgM response more strongly distinguished the

two ethnic groups. Therefore, the authors suggest that the
selective pressure of malaria may result in host genetic poly-
morphisms that yield more robust IgM responses in certain
ethnic groups, influencing the antigen specificity of IgM re-
sponses to infection.>*

The specific antibodies induced by natural infections to
most proteins are associated with age and time of exposure in
endemic regions, a phenomenon that has been frequently
reported for various antigens.'%:18:19:41-46.85.56 | the present
work, the levels of IgG and IgM antibodies to LSA-1, EBA, and
MSP-3 increased with age and time of residence in a malaria-
endemic area, reflecting the most likely exposure to the
malaria parasites and, possibly, the maturation of the immune
system over time.

Evidence that protective immunity to P. falciparum malaria
is associated with different classes and subclasses of anti-
bodies reveals the importance of considering the quality of the
response. Cytophilic IgGs play an important role in protection
against malarial disease.®®"®! The acquisition of protective
immunity is associated with the cytophilicity of IgG1 and IgG3
antibodies and the reduced proportion of IgG2 and IgG4
noncytophilic subclasses of the same specificity that can
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block the effector mechanisms. The binding of the Fc portions
of IgG1 and IgG3 cytophilic antibodies to Fc receptors on
phagocytic cells triggers a range of effector functions, such as
phagocytosis, the production of cytokines and chemokines,
cytotoxicity, and the generation of reactive oxygen and
nitrogen species.®® However, the contribution of parasite-
reactive IgG2 antibodies to protection against clinical malaria
is suggested in some epidemiological settings.6'364 By
contrast, several studies have suggested that IgG4 antibodies
most likely do not protect against the disease.®>™® In Brazil,
an analysis of the antibody isotypes specific for several
P. falciparum proteins revealed that all four IgG subclasses are
present and, for some proteins, such as the N-terminal region
of the P126 protein, individuals with higher levels of the anti-
Nt47 cytophilic IgG antibody had significantly lower para-
sitemia levels."® In the present work, the IgG1, 19G2, 19G3, and
IgG4 subclasses against LSA-1, EBA, CSP, and MSP-3 were
observed.

The results of the present study, which show different IgG
subclass profiles in response to the four studied antigens, may
be related to the antigen properties because it has been
suggested that the characteristics of antigens themselves
influence class switching in B cells.®®"" The results show that
CSP induced mainly cytophilic IgG1 and IgG3 antibodies.
Similar data were obtained by Oluwasogo and coworkers,
which confirmed the prevalence of the cytophilic IgG1 and
IgG3 antibodies over the noncytophilic IgG2 and IgG4 sub-
classes specific to P. falciparum CSP in individuals living in
Nigeria.”? Furthermore, the results presented here showed
that the levels of IgG3 antibodies against CSP showed a
positive correlation with age. Significant age-related in-
creases in IgG3 antibodies to CSP have also been reported in
areas of stable malaria transmission, but none were identified
in unstable malaria transmission where IgG3 responses to
CSP declined with age.”

Here, the IgG1 and IgG4 isotypes were preferentially in-
duced by the LSA-1 antigen. In a study performed in Kenya,
John and others reported different data: most antibodies
against LSA-1 belonged to the IgG1 and IgG3 subclasses,
although IgG2 was observed at lower frequencies. However,
the IgG4 isotype was not found.**”*"5 The difference ob-
served between that study and ours may be a result of the
cumulative exposure to antigens, which varies according to
the intensity of malaria transmission, because 1gG1/IgG3
class switching is independently affected by the cumulative
exposure to the antigen.”!

Studies performed by independent research groups have
demonstrated the dominance of the MSP-3-specific IgG1 and
IgG3 antibodies in different settings.®®"®"” In our study, MSP-
3 preferentially induced an IgG1 isotype, but MSP-3-specific
IgG3 antibodies were infrequent. Interestingly, arelatively high
frequency of individuals presenting IgG4 antibodies was ob-
served. The high frequency and levels of IgG4 may be related
to helminthic infections; it has been suggested that some al-
lergens or helminths are known to induce IgG4 expression and
stimulate both IgG4 and IgE induction.”® However, except for
LSA-1, both the frequency and the levels of IgG4 to other
studied antigens were low.

In the present study, we noted that EBA mainly induced an
IgG1 antibody response, and the levels of this IgG1 antibody
response showed a positive correlation with age, consistent
with previous reports showing that this P. falciparum protein

predominantly induced the IgG1 subclass and that the levels
of IgG1 against EBA correlated positively with age.”®%°
However, our results differ from those described by others
who reported a predominance of the IgG1 and IgG3 sub-
classes in children living in malaria-endemic areas of Gabon
and Mozambique.'>7°

The HLA class Il molecules, originally called immune re-
sponse genes, play an essential role in stimulating the immune
response by binding and presenting antigen peptides to CD4+
T lymphocytes. Differences in HLA binding affinities can
result in a decreased binding and an inefficient presenta-
tion of peptides to CD4+ T lymphocytes, leading to a de-
creased cytokine production by CD4+ T lymphocytes and,
consequently, a decreased production of antibodies by
B lymphocytes, because B lymphocytes must interact with
CD4+ T lymphocytes to be activated. Therefore, HLA allelic
forms can influence the host capacity to mount both a natu-
rally acquired and an artificially induced antiplasmodial hu-
moral immune response.'®1981-8 | view of these data, we
hypothesized the possible involvement of HLA class Il mole-
cules in the modulation of the antibody specificity profiles in-
duced by P. falciparum antigens in the exposed group. In our
study, the analysis of the presence of the HLA-DRB1* and
HLA-DQB1* allelic groups and the antibody response to CSP,
LSA-1, and MSP-3 did not show any association. However,
using a multiple logistic regression analysis, corrected for the
time of residence in a malaria-endemic area and the number of
previous malaria attacks, we observed that HLA-DRB1*11 and
HLA-DQB1*7 had the lowest odds ratios for responding to
EBA-175. Considering the importance of anti-EBA-175 anti-
bodies in the development of antiparasite immunity and its
possible inclusion in a subunit vaccine, additional studies
should focus on the evaluation of the genetic restriction of the
anti-EBA-175 humoral response.

In conclusion, the results from the present study show that
the CSP, LSA-1, EBA, and MSP-3 antigens evoke an antibody
response, particularly of the IgG1 subclass, in a high per-
centage of individuals naturally exposed to P. falciparum in-
fections. The results also show that the anti-EBA IgG antibody
response appears to be modulated by HLA class Il antigens.
Given the increasing focus on the use of subunit malaria
vaccines, evaluating the influence of class Il allele frequencies
in ethnically diverse populations may be important before
vaccine trials are conducted among people naturally exposed
to malaria parasites.
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