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Abstract

Background: The GMZ2.6¢ malaria vaccine candidate is a multi-stage Plasmodium falciparum chimeric protein which
contains a fragment of the sexual-stage Pfs48/45-6C protein genetically fused to GMZ2, a fusion protein of GLURP

and MSP-3, that has been shown to be well tolerated, safe and immunogenic in clinical trials performed in a malaria-
endemic area of Africa. However, there is no data available on the antigenicity or immunogenicity of GMZ2.6¢ in
humans. Considering that circulating parasites can be genetically distinct in different malaria-endemic areas and that
host genetic factors can influence the immune response to vaccine antigens, it is important to verify the antigenicity,
immunogenicity and the possibility of associated protection in individuals living in malaria-endemic areas with differ-
ent epidemiological scenarios. Herein, the profile of antibody response against GMZ2.6c and its components (MSP-3,
GLURP and Pfs48/45) in residents of the Brazilian Amazon naturally exposed to malaria, in areas with different levels of
transmission, was evaluated.

Methods: This study was performed using serum samples from 352 individuals from Cruzeiro do Sul and Mancio
Lima, in the state of Acre, and Guajar3, in the state of Amazonas. Specific IgG, IgM, IgA and IgE antibodies and IgG
subclasses were detected by Enzyme-Linked Immunosorbent Assay.

Results: The results showed that GMZ2.6¢ protein was widely recognized by naturally acquired antibodies from
individuals of the Brazilian endemic areas with different levels of transmission. The higher prevalence of individuals
with antibodies against GMZ2.6¢c when compared to its individual components may suggest an additive effect of
GLURP, MSP-3, and Pfs48/45 when inserted in a same construct. Furthermore, naturally malaria-exposed individuals
predominantly had IgG1 and IgG3 cytophilic anti-GMZ2.6c antibodies, an important fact considering that the acquisi-
tion of anti-malaria protective immunity results from a delicate balance between cytophilic/non-cytophilic antibodies.
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Interestingly, anti-GMZ2.6¢ antibodies seem to increase with exposure to malaria infection and may contribute to
parasite immunity.

Conclusions: The data showed that GMZ2.6¢ protein is widely recognized by naturally acquired antibodies from
individuals living in malaria-endemic areas in Brazil and that these may contribute to parasite immunity. These data

highlight the importance of GMZ2.6c as a candidate for an anti-malarial vaccine.
Keywords: Malaria, Plasmodium falciparum, Immune response, Antibodies, GMZ2.6¢, Vaccine

Background

Malaria, an infectious parasitic disease caused by
blood-borne apicomplexan parasites of the genus Plas-
modium, remains a tremendous burden to global public
health, causing 405,000 deaths annually and generating
morbidity to more than two hundred million of indi-
viduals [1]. Among the seven Plasmodium species able
to infect humans, Plasmodium falciparum is responsi-
ble for most of the severe cases and deaths [1]. Control,
elimination, and the ultimate eradication of malaria
will require effective therapeutics. Artemisinin-based
combination therapy (ACT) is currently the first-line of
therapy for uncomplicated P. falciparum malaria infec-
tion in most parts of the world; however, resistance to
artemisinin and to its partner combination drugs has
developed in the Greater Mekong Subregion (GMS)
and more recently in South America [2-7], highlight-
ing the need for the development and implementa-
tion of an effective vaccine [8]. Malaria vaccine efforts
have focused on determining which of the antigens
expressed by P. falciparum are targets of protective
immunity.

The GMZ2.6¢ malaria vaccine candidate is a multi-
stage P falciparum chimeric protein that contains
a fragment of the sexual-stage Pfs48/45-6C protein
genetically fused to recombinant protein GMZ2, an
asexual-stage vaccine construct consisting of the N-ter-
minal region of the Glutamate-Rich Protein (GLURP)
and the C-terminal region of Merozoite Surface Pro-
tein-3 (MSP-3) [9, 10] (Fig. 1).

GLURP is expressed in both pre-erythrocytic and
erythrocytic stages in the vertebrate host and may partic-
ipate in the binding to receptors on erythrocytes surface
during merozoite invasion and formation of the parasito-
phorous vacuole; MSP-3 is expressed in the erythrocytic
stage and has a crucial role not only in binding to the host
red blood cell, but also in protecting the parasite against
haem that is released during parasite egression; Pfs48/45
is expressed on the surface of gametocytes and gametes
playing an important role in fertilization, thus consid-
ered a candidate for the transmission-blocking vaccine
[11-15]. GLURP, MSP-3 and Pfs48/45 vaccine candi-
dates have been selected based on their immunogenicity
in natural conditions of exposure, correlation between
specific antibody titers with degrees of clinical protection
of individuals living in endemic areas and/or the ability
of antibodies to inhibit the P. falciparum in vitro growth
[16-26]. A recent study with GMZ2.6c showed that this
chimera elicits functional antibodies in mice and that
the formulations containing synthetic TLR4 agonist glu-
copyranosyl lipid adjuvant (GLA) or synthetic lipid adju-
vant (SLA) induce high parasite-specific antibody titers,
IFN-y responses in CD4 + TH1 cells, and a high percent-
age of multifunctional CD4+T cells expressing IFN-y
and TNF in response to GMZ2.6¢ [9].

Until now, there is no data available on the antigenic-
ity or immunogenicity of GMZ2.6c in humans. How-
ever, clinical trials performed in a malaria-endemic
area of Africa showed that GMZ2, the vaccine con-
struct of GLURP and MSP-3, was well tolerated, safe,
and immunogenic [27-31]. The immunization with
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Fig. 1 Schematic representation of PfGLURP, PAMSP3, Pfs48/45 and the GMZ2.6¢ hybrid protein. A. Schematic representation of PAGLURP
(red), showing N-terminal RO Region; PAMSP-3 (green), showing C-terminal Regions and Pfs48/45 (blue), showing the 6¢ Region. B. Schematic
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GMZ2 elicited high levels of specific and cytophilic
IgG antibodies which mediated parasite killing in vitro
as measured by antibody-dependent cellular inhibition
(ADCI) assays, and decreased the incidence of clini-
cal malaria in individuals with higher concentration
of vaccine-induced anti-GMZ2 IgG antibodies [27-
31]. Moreover, high antibody titers naturally acquired
against GMZ2 and its components have been observed
in individuals living in highly endemic areas in Africa
[28, 30, 32] and are associated with lower parasite den-
sities [33]. It is also believed that GLURP and MSP-3
has a synergistic effect, since higher prevalence indi-
viduals with antibodies as higher titers of antibodies
were detected against GMZ2 compared to either of its
components separately, in naturally exposed popula-
tions [32].

Considering that circulating parasites can be geneti-
cally distinct in different malaria-endemic areas and
host genetic factors can influence the immune response
to vaccine antigens, it is important to verify the anti-
genicity, immunogenicity, and the possibility of associ-
ated protection in malaria-endemic areas with different
epidemiological scenarios. The goal of this work is,
therefore, to evaluate the profile of antibody response
against the chimeric protein GMZ2.6¢ and its compo-
nents (MSP-3, GLURP and Pfs48/45) in residents of
the Brazilian Amazon, naturally exposed to malaria, in
areas with different levels of malaria transmission.
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Methods

Study area and volunteers

A cross-sectional cohort study was carried out from
June to August 2016, in three malaria-endemic areas
of the Brazilian Amazon, where 99% of autochtho-
nous cases are reported. Two of them, Cruzeiro
do Sul (07°37'50”S/72°40'13”W) and Mancio Lima
(07°36'49”S/72°53'47"W), are high-risk areas situated at
the Jurud Valley, state of Acre, and correspond, respec-
tively, to the 3'¢ and 6™ main hotspots, among the 17
municipalities that concentrate 80% of falciparum
malaria transmission in the whole Amazon. The Guajara
municipality (02°58'18”S/57°40'38'W), a medium-risk
area in the state of Amazonas (Fig. 2), was also included.
[34]. In Brazil, the risk of contracting malaria is meas-
ured by the Annual Parasitological Indexes (API), which
serves to classify transmission areas into high (>50),
medium (<50 and >10), low risk (<10 and > 1) and very
low risk (< 1), according to the number of autochthonous
cases per 1,000 inhabitants. In 2016, a year of sample
collection, Cruzeiro do Sul, Mancio Lima and Guajara
registered, respectively, 5447, 1432 and 674 cases of fal-
ciparum malaria, and the API of 85.3, 67.3 and 43.3 for P
falciparum.

Serum samples were obtained from 299 malaria
exposed individuals from Cruzeiro do Sul (CZS group,
n=124), Méncio Lima (ML group, n=388) and Guajara
(GJ group, n=_87). In addition, serum samples from indi-
viduals who have never had malaria were included in the
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Fig. 2 Map of Brazil showing the malaria-endemic areas with their respective transmission levels. In detail, the studied areas of Cruzeiro do Sul
(CZS) and Mancio Lima (ML), state of Acre, and Guajara (GJ) state of Amazonas
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study as area control (CO group, n=53). All individuals
from this group were negative for the presence of malaria
parasites as assessed by thick blood films. Non-endemic
control blood samples from 40 individuals from the labo-
ratory staff (Rio de Janeiro, Brazil) who had neither his-
tory of malaria nor contact with malaria transmission
areas, were included as Rio de Janeiro Controls.

Ethics statement

The study protocol was reviewed and approved by the
Oswaldo Cruz Foundation Ethical Committee (CEP-
FIOCRUZ CAAE 46,084,015.1.0000.5248), which
included obtaining the following patients’ written con-
sents for research use of their blood samples. Written
informed consent was obtained from all adult donors
or from donor’s parents in the cases of children. All the
procedures adopted in this study fully complied with spe-
cific federal permits issued by the Brazilian Ministry of
Health.

Epidemiological survey, malaria diagnosis, and blood
sampling

Donors who provided informed consent also completed
an epidemiological survey. In order to evaluate the
degree of malaria exposure, subjects responded to ques-
tions related to personal data such as: age, time of resi-
dence in the endemic area, number of previous malaria
episodes, the time elapsed from the last infection, use of
malaria prophylaxis, and presence of symptoms.

Venous peripheral blood (20 ml) was collected into
heparin or EDTA tubes for antibodies analyses and
molecular diagnosis, respectively. The plasma was stored
at —20 °C, and the pellets, containing peripheral blood
cells collected into EDTA tubes, were mixed with equal
volumes of a cryopreservation solution (0.9% NaCl/4.2%
sorbitol/20% glycerol) and were stored at —70 °C for later
DNA extraction for molecular diagnosis. Thin and thick
blood smears were examined for identification of malaria
parasites by a technician experienced in malaria diagno-
sis from the Laboratory of Malaria Research (Fiocruz),
which is the headquarters of the CEMART (Center for
Malaria Research and Training), a reference center for
malaria diagnosis in the Extra-Amazonian Region for the
Brazilian Ministry of Health. Malaria diagnosis was per-
formed in Giemsa-stained thin and thick blood smears,
and parasitological evaluation was done by examination
of 200 fields at 1,000 x magnification under oil-immer-
sion. Thin blood smears of the positive samples were
examined for species identification. The parasitaemia
was expressed as the number of parasites/pl of blood
in the thick blood smear. The number of parasites/pl of
blood was calculated by multiplying the number of para-
sites counted against 500 leucocytes, and the number
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of leukocytes of the subject and dividing the product
by 500. To increase the sensitivity of the parasite detec-
tion, molecular analyses were performed in all samples.
Briefly, DNA was extracted from the blood samples using
the QIAamp DNA blood midi kit (Qiagen, Germantown,
MD, USA) according to manufacturer instructions, and
Polymerase Chain Reaction (PCR) was performed using
specific primers for genus (Plasmodium sp) and species
(P. falciparum and Plasmodium vivax), as previously
described [35]. Positive donors for P. vivax and/or P.
falciparum at the time of blood collection were subse-
quently treated by the chemotherapeutic regimen recom-
mended by the Brazilian Ministry of Health [36].

Recombinant proteins and antibody assays

The multi-stage GMZ2.6¢ construct was created from
GLURP,g 1590 and MSP-3,, -4, fragments genetically
fused to the Pfs48/4545, ;444 region (6¢c). GMZ2.6¢c and
its fragments were expressed in Lactococcus lactis strain
MG1363 and purified as previously described [9]. Briefly,
L. lactis containing pSS4 was cultured in LAB medium
supplemented 5 mM cysteamine/0.5 mM cystamine.
The recombinant protein in the supernatant of the cul-
ture was purified by affinity chromatography with a 5 ml
HisTrap™ HP column (GE Healthcare, Sweden) followed
by a 5 ml HiTrap NHS-activated HP column containing
monoclonal antibody mAb45.1 (epitope I), according to
the manufacturer (GE Healthcare, Sweden). To assess
purity in purified proteins, reversed-phase HPLC was
performed, showing a relative purify ~ 95%. Production
of GLURP-RO, MSP3 and Pfs48/45-6C was done as previ-
ously described [37, 38].

Microtiter 96-well plates (Maxisorp, NUNC, Denmark)
were coated with the recombinant proteins at an optimal
dilution using phosphate-buffered saline at pH 7.2 (PBS)
or a carbonate-bicarbonate buffer at pH 9.6 at 100 ul/
well overnight at 4 °C (Additional file 1: Table S1). The
plates were washed, the uncoated sites were blocked and
then plasma samples diluted 1:100 in dilution buffer were
added in duplicate wells for each individual. The plates
were washed, 100 pl of peroxidase-conjugated mouse
anti-human IgG, IgM, IgA, or IgE (Sigma, St. Louis, MO),
1:1,000 in dilution buffer were added, and the plates were
incubated for 1 h at RT or 37 °C. To detect specific IgG
subclass, plates were incubated with peroxidase-con-
jugated mouse anti-human IgG1, IgG2, IgG3, or IgG4
(clones 4E3 for 1gG1, 31-7-4 for IgG2, HP6050 for IgG3
and HP6025 for IgG4; SouthernBiotech, Birmingham,
AL, USA) 1:1,000 in dilution buffer for 1 h at RT or 37 °C.
After washing, 100 pl of a solution of 0.4 mg/ml ortho-
phenylenediamine (OPD, Sigma) and H202 30% (Merck)
in citrate—phosphate buffer at pH 5.0 (24 mM citric acid,
Sigma, and 51 mM dibasic sodium phosphate, Sigma)
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were added to each well, the plates were incubated for
5 min at room temperature in the dark, and then 50 pl/
well of 2 N H2S0O4 (Merck) were added. Optical density
(OD) was identified at 492 nm using a SpectraMax 250
ELISA reader (Molecular Devices, Sunnyvale, CA, USA).
Sera from five Rio de Janeiro controls were used to estab-
lish the normal range for each assay. The cut-off values
were determined as the OD mean plus 3 standard devia-
tions (SD) of the Rio de Janeiro controls. The results were
expressed as a semi-quantitative Reactivity Indices (RIs),
which were calculated by the OD mean of each tested
individual divided by cut-off value. Subjects were scored
as responders if the RI against each recombinant protein
was higher than 1.0.

Statistical analyses

Data were stored in the Epi-Info 6 (Centers for Disease
Control and Prevention, Atlanta, GA) data bank software.
Epi-Info and GraphPad Instat (GraphPad Software, Inc)
statistical software programs were used for data analy-
ses. Kruskal-Wallis followed by Mann—Whitney pairwise
tests were used to analyse the differences in distributions
of continuous numerical variables, and the chi-square
analysis was applied to test independence of prevalence
among groups. The Spearman rank coefficient test was
used to analyse the correlation between variables.

Results

Population characteristics

The main characteristics of the studied groups are shown
in Table 1. CZS, ML, and GJ groups were not different in
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terms of gender, age, natural exposure to malaria infec-
tion, the time elapsed since the last malaria episode,
and P, falciparum or P. vivax parasitaemia. However, the
group ML showed a higher number of past malaria epi-
sodes than CZS and GJ, as well as GJ group had a longer
time since symptom onset (number of past malaria epi-
sodes: P=0.01, ML versus CZS; P=0.0008, ML versus
GJ; time of symptoms: P=0.003, GJ versus CZS and ML).

All individuals of the CO group were residents of the
studied areas, CZS, ML or GJ but reported no previous
malaria episode, and none had symptoms or circulat-
ing parasites at the time of collection. CO group showed
a higher frequency of females and a lower mean of age
and time of residence in malaria endemic area than CZS,
ML and GJ groups (gender: P=0.008, CO versus CZS;
P=0.03, CO versus ML; P=0.02 CO versus GJ; age and
time of residence in malaria endemic area: P <0.0001, CO
versus CZS, ML and GJ, for all analyses).

Prevalence of antibody response against GMZ2.6¢ and its
components, GLURP, MSP-3, and Pfs48/45

Considering the prevalence of individuals with detect-
able antibodies that recognize GMZ2.6c, regardless anti-
body class (whether IgG, IgM, IgA and/or IgE), GMZ2.6¢
was shown to be largely recognized by naturally acquired
antibodies in the CZS, ML and GJ groups, and these
three groups showed comparable prevalence of individ-
uals presenting GMZ2.6¢ specific antibodies: 103/124
(83%), 65/88 (74%), and 63/87 (72%), respectively. The
analyses of the prevalence of individuals with detect-
able antibodies that recognize GMZ2.6c components,

Table 1 Personal, clinical, and epidemiological characteristics of the studied populations

Cczs ML GJ co
n=124 n=88 n=87 n=53
Personal Data
Gender Male 66 (53.2%) 44 (50%) 25 (51.7%) 16 (30.2%)
Female 58 (46.8%) 44 (50%) 42 (48.3%) 37 (69.8%)*
Age (years) 334152 3534158 369+17 22.8+6.2**
Time of residence in malaria-endemic area (years) 328%15 3434166 369417 217 &£7.7%
Clinical and Epidemiological Data
Number of past malaria episodes 102+£13 13£13.3%% 894103 NA
Time elapsed since the last malaria episode (months) 60+97 28+45 48+73 NA
Time of symptoms (days) 444 6+14 848 ¥¥*x NA
Diagnosis P, falciparum 25 (20.2%) 12 (13.6%) 6 (6.7%) NA
P vivax 39 (31.4%) 25 (28.4%) 11 (12.8%) NA
Parasitaemia (parasites/ul of blood) P, falciparum 16,000+ 20,092 560043577 8000+ 5656 NA
P vivax 19,1424+17,559 23,294 +£15,507 10,666 + 8326 NA

* P=0.008, CO versus CZS; P=0.03, CO versus ML; P=0.02 CO versus GJ. **P<0.0001, CO versus CZS, ML and GJ. *** P=0.01, ML versus CZS; P=0.0008, ML versus GJ.

***¥¥P—0.003, GJ versus CZS; P=0.003, GJ versus ML. n: number of individuals. Age, time of residence in malaria-endemic areas, number of previous malaria episodes,
time elapsed since the last malaria episodes, time of symptoms and parasitaemia represent median QR (interquartile range) and were compared by Kruskal-Wallis
followed by Mann-Whitney pairwise tests. Prevalence of gender and infective Plasmodium species at the time of collection (diagnosis) inter groups was compared by

Chi-squared tests. NA: Not analysed



Baptista et al. Malaria Journal (2022) 21:6

Page 6 of 16

| |

Pis4d/45
MSP-3
|

GLURP-RO

T T T T T 1
10 20 30 40 50 60

%
G/ M. ECZS
Fig. 3 Prevalence of individuals presenting antibodies that
recognizes GLURP, MSP-3, and Pfs48/45. The data refer to the
prevalence of individuals with IgG, IgM, IgA and/or IgE detectable
antibodies in each group studied. *P<0.01, CZS MSP-3 versus
ML MSP-3; P<0.0001, CZS MSP-3 versus GJ MSP-3. Prevalence of

oq

responders were compared by Chi-squared tests

regardless antibody class (whether IgG, IgM, IgA and/
or IgE), is shown in Fig. 3. The prevalence of individuals
with antibodies against GLURP and Pfs48/45 was similar
in CZS, ML and GJ groups. However, the CZS group pre-
sented a higher prevalence of anti-MSP-3 positive indi-
viduals than the ML and GJ groups (P<0.01, CZS versus
ML; P<0.0001, CZS versus GJ).

No volunteers from the CO group, who reported
no previous malaria episodes, had antibodies against
GMZ2.6¢c, GLURP, MSP-3, or Pfs48/45. Likewise, none of
the 40 Rio-controls, with no history of malaria or previ-
ous travel to malaria transmission areas, had detectable
antibodies to GMZ2.6c, GLURP, MSP-3, or Pfs48/45.

The prevalence of individuals with IgG, IgM, IgA, and
IgE anti-GMZ2.6c antibodies in CZS, ML, and GJ groups
is shown in Fig. 4a. A higher frequency of IgG antibody
positive individuals was observed in CZS than in ML and
G]J groups (P <0.0001, for both). Not only the frequency
but also the levels of anti-GMZ2.6c IgG antibodies were
higher in the CZS group (Fig. 4b). Although a high preva-
lence of individuals with anti-GMZ2.6¢c IgM antibodies
has been observed, no difference was found when com-
paring the different groups. In contrast, anti-GMZ2.6¢
IgA and IgE antibodies were uncommon.

As showed in Fig. 5, the prevalence of individuals with
IgG, IgM, and IgA antibodies against GLURP were simi-
lar in the three studied groups, except for IgE antibod-
ies against GLURP that were more prevalent in CZS
than in ML and GJ groups (P<0.0001, for both). Simi-
larly, the CZS group showed a higher prevalence of indi-
viduals with IgG against MSP-3 than ML and GJ groups
and IgM antibodies against MSP-3 than GJ group (IgG:
P=0.001, CZS versus ML; P=0.0003, CZS versus GJ.
IgM: P<0.0001 CZS versus GJ). For Pfs48/45, IgG anti-
bodies were more prevalent in CZS than in the ML group

%
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P <0.0001

Reactivity indices (log 2)
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Fig. 4 Prevalence (A) and Reactivity indices (B) of individuals
presenting antibodies that recognize GMZ2.6¢. * P <0.0001, CZS
versus ML and GJ groups. Reactivity indices are individual values.
Dashed line represents the cutoff for the Reactivity Index value that
was considered to classify individuals as positive (> 1) and negative
(<1). Lines represent the medians. Prevalence of responders within
and between groups were compared by Chi-squared tests and
Reactivity Indices were compared by Kruskal-Wallis followed by
Mann-Whitney pairwise tests

(P=0.04), while IgE antibodies were more prevalent in
CZS than in the GJ group (P=0.02). The Reactivity Indi-
ces of IgG, IgM, IgA and IgE against GLURP, MSP-3 and
Pfs48/45 were similar when comparing the CZS, ML and
G]J groups (Fig. 6).

Prevalence of individuals presenting IgG1, IgG2, IgG3,

and IgG4 antibodies to GMZ2.6c and to its GLURP, MSP-3,
and Pfs48/45 components, in CZS, ML, and GJ groups

The analyses of the IgG1, IgG2, IgG3 and IgG4 antibod-
ies were performed in all samples with detectable IgG
antibodies. Anti-GMZ2.6¢ antibodies were mainly of cyt-
ophilic subclass in all study groups (P<0.0001, CZS and
GJ, IgG1 versus IgG2 and IgG4; P=0.01, ML IgG1 versus
IgG2; P<0.001, ML IgG1 versus 1gG4; P<0.0001, CZS
and GJ IgG3 versus IgG2 and IgG4; P=0.01, ML IgG3
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versus 1gG2; P<0.0001ML IgG3 versus 1gG4) (Fig. 7).
The CZS group showed a higher frequency of individu-
als with anti-GMZ2.6c IgG1l antibodies than the GJ
group (P=0.02), while the frequency of individuals with
IgG3 antibodies was not different between the groups.
CZS and ML groups also showed higher levels of IgG1
and IgG3 than of IgG2 and IgG4 antibodies (P <0.0001,
CZS IgG1 and IgG3 versus IgG2 and IgG4; P=0.0002,
ML IgG1 versus IgG2, P=0.01, ML IgG1 versus IgG4;
P <0.0001, ML IgG3 versus IgG2 and IgG4). The GJ group
showed higher levels of IgG3 than of IgG2 and IgG4 anti-
bodies (P <0.0001; for all analyses) (Fig. 8).

As showed in Table 2, GLURP induced mainly a cyt-
ophilic antibody response in CZS group (P <0.0001, IgG1
and IgG3 versus IgG2 and IgG4) whereas, in ML and
GJ groups, GLURP induced mainly an IgGl antibody
response (ML: P<0.0001, IgG1 versus IgG2, IgG3 and

Fig. 6 Levels of IgG, IgM, IgA and IgE antibodies (Reactivity indices)
against GLURP, MSP-3 and Pfs48/45. Reactivity indices are individual
values. Dashed line represents the cutoff for the Reactivity Index
value that was considered to classify individuals as positive (> 1) and
negative (< 1). Lines represent the medians. Reactivity indices were
compared by Kruskal-Wallis followed by Mann-Whitney pairwise
tests

IgG4; GJ: P<0.0001, IgG1 versus IgG2 and IgG4) as did
MSP-3 in the CZS group (P<0.0001, IgG1 versus IgG2,
IgG3, and IgG4). In the three studied groups, the levels
of anti-GLURP IgG1 antibodies were higher than the lev-
els of 1gG2, IgG3, and IgG4 (P <0.0001, for all analyses),
as well as the levels of IgG3 antibodies that were higher
than the levels of IgG2 and IgG4 in CZS group (CZS:
P <0.0001, IgG3 versus IgG2 and IgG4). Also, the levels
of anti-MSP-3 IgG1 antibodies were higher than those of
IgG2, IgG3, and IgG4 in the CZS group (P <0.0001, for
all analyses) (Fig. 9). No difference was observed in IgG1,
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difference was observed in antibody levels against MSP-3
and Pfs48/45 between infected and non-infected individ-
uals (Fig. 10).

Associations of antibody responses against GMZ2.6c,
GLURP, MSP-3, and Pfs48/45 to personal, clinical

and epidemiological data

In order to evaluate the associations of antibody
response to GMZ2.6¢, GLURP, MSP-3, and Pfs48/45 to
personal, clinical, and epidemiological data, individu-
als from exposed (CZS, ML, and GJ) groups were all

considered in a single group. Individuals with higher
levels (>75th percentile) of IgG and IgG3 antibodies
against GMZ2.6¢ were older and presented a higher time
of residence in malaria-endemic areas than individuals
with lower IgG and IgG3 antibody levels (< 75th percen-
tile) (mean =+ standard deviation: 40418 versus 33 %15,
P=0.03, for IgG; 47 £17 versus 35+16, P=0.0002, for
IgG3) (Fig. 11). IgG anti-GMZ2.6¢ antibody levels were
negatively correlated (P=0.01; r= — 0.557) to P falci-
parum parasitaemia and positively correlated (P=0.02;
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Table 2 Prevalence of individuals presenting IgG subclass that

(2022) 21:6

recognizes GMZ2.6¢c components in studied groups

Groups 1gG1 19G2 19G3 9G4
GLURP
CZS  40/46* (87%) 10/46 (21,7%) 33/46* (71,7%) 10/46 (21,7%)
ML 30/34** 7/34(20,6%)  12/34(353%) 6/34 (21,7%)
(88,2%)
GJ 23/24%** 1724 (42%)  9/24(375%)  2/24 (83%)
(95,8%)
MSP-3
CZS  28/31%x** 0/31 (0%) 8/31(258%)  0/31 (0%)
(90,3%)
ML 6/7 0/7 3/7 0/7
GJ 5/5 1/5 4/5 2/5
Pfs48/45
czs 272 0/2 0/2 1/2
ML 2/2 0/2 0/2 0/2
GJ 3/7 1/7 3/7 4/7

" P<0.0001,gG1 and IgG3 versus IgG2 and IgG4. **P<0.0001, IgG1 versus
19G2, IgG3 and IgG4. ***P < 0.0001, IgG1 versus IgG2 and IgG4. ****P < 0.0001,
1gG1 versus I9G2, IgG3 and IgG4. Only the IgG positive samples were tested
for subclasses. Prevalence of responders within and between Groups were
compared by Chi-squared tests
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r=0.1349) with the number of previous malaria infec-
tions. Levels of anti-GMZ2.6¢ IgG3 antibodies were also
negatively associated (P=0.02; r= — 0.3007) to parasi-
taemia. Individuals with higher levels (>75th percentile)
of anti-GLURP IgG3 antibodies were also older and pre-
sented a higher time of residence in the malaria-endemic
areas (mean = standard deviation: 46 + 15 versus 36 £ 16,
P=0.02) (Fig. 11), but did not show different levels of
parasitaemia when compared to those of low IgG3 anti-
body levels. No association was observed between anti-
body response to MSP-3 and Pfs48/45 and age, gender,
time of exposure, presence of symptoms, number of
previous malaria episodes, time elapsed since the last
malaria episode and current or last infecting plasmodial
species.

Discussion

Given the complexity of the life cycle and of the para-
site-host interactions, as well as the extensive parasite
genetic variability, and the mechanisms it uses to evade
the host immune response, an ideal malaria vaccine
should be directed against antigens expressed in dif-
ferent development stages of the Plasmodium. In this
sense, the recombinant GMZ2.6¢ protein has shown to
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be a promising multi-stage anti-malarial vaccine can- the GMZ2.6¢ protein and its fragments, GLURP, MSP-
didate. In this work, the antibody response profiles to 3, and Pfs48/45, was assessed in individuals living in
the recombinant Plasmodium falciparum GMZ2.6¢c three cities of the Brazilian Amazon: Cruzeiro do Sul
vaccine candidate in individuals living in Brazilian and Méncio Lima, in the state of Acre, and Guajar4, in
malaria-endemic areas, with different levels of trans- the state of Amazonas.

mission, was evaluated. The humoral response against
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Fig. 11 Levels of antibodies (Reactivity Indices) against GMZ2.6¢
and GLURP according to personal and epidemiological parameters.
Reactivity indices are individual values. Dashed line represents the
cutoff for the Reactivity Index value that was considered to classify
individuals as positive (> 1) and negative (< 1). Lines represent 75t
percentile. *P=0.03; ** P=0.0002; *** P =0.02. The associations are
age and time of residence in malaria-endemic area (TRMAE) between
individuals with high antibody levels (> 75th percentile) and low
antibody levels (< 75th percentile). Reactivity indices were compared
by Kruskal-Wallis followed by Mann-Whitney pairwise tests and

correlations were represented by Spearman rank coefficients

Individuals were not differently distributed by sex,
age, origin and previous exposure to malaria in Cru-
zeiro do Sul (CZS), Mancio Lima (ML), and Guajara
(GJ), although individuals from ML have reported a
higher number of previous infections, even though ML is
a highly endemic city like CZS. Most of the individuals
reported previous infections by both P. falciparum and P
vivax, but P. vivax was the most prevalent infecting plas-
modial species, reflecting the current malaria scenario in
Brazil, where P. vivax is responsible for 89% of infections
[39].

Most individuals from CZS, ML, and GJ had anti-
GMZ2.6¢ antibodies, regardless of the immunoglobulin
class, indicating that GMZ2.6c is widely recognized for
naturally acquired antibodies from resident individuals.
The antigenicity of GMZ2.6c seems to be independent of
the endemicity levels, since the prevalence of individuals
with antibodies that recognized GMZ2.6¢c was similar in
the three study sites, with different endemicity levels.

Sixty-eight individuals (21 in CZS, 23 in ML, and
24 in GJ) had no antibodies that recognized GMZ2.6¢
(nor its individual fragments). The non-detection of
anti-GMZ2.6¢ antibodies in these individuals could be
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associated to the absence of a previous contact with the
parasite. However, of these, only 4 reported no previous
malaria episodes and 10 reported only previous infec-
tion by P. vivax. The other individuals reported at least
one P. falciparum infection. The non-detection of these
antibodies could also be related to functional exhaustion
among T and B cell subsets, well-described in viral infec-
tions [40—43] and equally considered for malaria [44—49].
Besides atypical memory B cells and the exhausted CD4
T cells, the absence of specific antibodies may depend
on other factors, such as P, falciparum genetic polymor-
phisms, intensity of infection, coinfections, malnutrition,
or human host genetic factors.

Clinical trials in naive subjects and in individuals natu-
rally exposed to malaria in Africa to evaluate the safety
and immunogenicity of GMZ2 showed a more potent
response against GMZ2 when compared to its individ-
ual components [27, 28]. In the present study, a similar
observation was made, where there was a higher preva-
lence of individuals with antibodies and higher levels of
anti-GMZ2.6c antibodies, by comparing to its individual
components, which may suggest an additive effect of
GLURP, MSP-3, and Pfs48/45 when inserted in a same
construct, and that GMZ2.6c may be a more promising
anti-malarial vaccine candidate than its individual com-
ponents. The data obtained in the present study corrobo-
rate a previous report of higher prevalence of individuals
with antibodies anti-GMZ2 antibodies when compared
to those against GLURP and MSP-3, in individuals nat-
urally exposed to malaria in Ethiopia [32]. However, the
possibility that the data observed in the present study
are a simple reflex of the sum of the antibody response
directed towards each of the antigens that make up
GMZ2.6¢, sufficient for individuals with antibody levels
below the detection limit to exceed the threshold, can-
not be excluded. Clarifying this point and evaluating the
possibility of a synergistic effect of anti-GLURP, and anti-
MSP-3 antibodies are ongoing in the laboratory.

Independent studies have evaluated the potential of
humoral immune response against GLURP and MSP-3
in conferring clinical immunity to malaria in Afri-
can endemic areas with different transmission inten-
sities. A wide variety of results regarding the natural
immunogenicity of GLURP and MSP-3 was observed.
Some studies have reported the higher immunogenic-
ity of MSP-3 when compared to GLURP-RO [50, 51],
while GLURP was more immunogenic in other studies
[25, 52, 53]. However, in all of them, both MSP-3 and
GLURP have been considered as endowed with greater
immunogenicity properties. In the present study, both
GLURP and MSP-3 have been shown to be widely rec-
ognized by antibodies, mainly in high-endemicity areas
of CZS and ML.
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In the present study, the prevalence of individuals with
anti-Pfs48/45 antibodies ranged from 24 to 40%. These
prevalences are lower than those (74.7%) observed in the
Central Region of Ghana for the same Pfs48/45 construct
(Pfs48/45.6¢) (37), possibly reflecting differences in expo-
sure to gametocytes as previously reported in a longitudi-
nal study in a hypo-endemic area in Tanzania [54].

In this work, many individuals from the CZS, ML
and GJ groups had IgG and IgM antibodies recognizing
GMZ2.6¢, contrasting with an uncommon IgA and IgE
specific response. The data presented here also showed
that anti-GMZ2.6c IgG antibodies were more frequent
and present higher levels in the CZS group when com-
pared to the ML and GJ groups. It is widely accepted
that IgG antibodies are the main mediators of protection
against clinical malaria [10, 55], and its important pres-
ence mainly in the CZS group may be reflecting a higher
degree of anti-parasitic immunity. The higher prevalence
of individuals with antibodies and higher antibody levels
in the CZS group may be due to the genetic background
of the study population since allelic forms of the Major
Histocompatibility Complex (HLA) antigens may influ-
ence the host’s ability to mount a naturally acquired
humoral immune response [23, 56—58]. Additionally, the
genetic variability of P falciparum isolates circulating at
variable levels in the Brazilian Amazonian Region may
explain this difference in immune response in the CZS
group, since genetic polymorphisms in B epitopes may
influence the immunological properties of the antigen
[59]. This remains to be elucidated.

The role of IgE antibodies in the outcome of malaria
infection remains controversial and poorly understood.
The levels of P. falciparum-specific IgE are proposed to
be associated with protection as well as to participate in
the pathogenesis of malaria [60—63]. Thus, the IgE anti-
body response against GMZ2.6c, GLURP, MSP-3 and
Pfs48/45 was also assessed. The prevalence of individuals
with anti-GMZ2.6c IgE antibodies and the levels of these
antibodies were low (2.3 to 8.9%) in the three studied
groups. However, a relatively high prevalence of individu-
als with IgE antibodies against GLURP and Pfs48/45 was
verified, mainly in CZS. Some studies have reported that
individual anti-Anopheles salivary gland IgE level is posi-
tively correlated with the antiplasmodial IgE antibody
levels, and a hypothesis proposes that, during Anopheles
bite, the injection of saliva containing pharmacologically
active proteins and peptides predisposes individuals to
the development of an antiplasmodial IgE response [64,
65].

It has been proposed that cytophilic IgG1 and IgG3
isotypes are more correlated with protective responses
than the IgG2 and IgG4 (non-cytophilic) antibodies
[10, 55]. Here, the profile of the IgG subclass against
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the GMZ2.6c, GLURP, MSP-3 and Pfs48/45 proteins
was evaluated in all samples presenting IgG antibod-
ies to the studied proteins. Naturally malaria-exposed
individuals predominantly had anti-GMZ2.6¢ IgG1 and
IgG3 cytophilic antibodies, an important fact consider-
ing that it has been proposed that not only the acquisi-
tion of anti-malaria protective immunity would result
from a delicate balance between cytophilic/non cyt-
ophilic antibodies, but also that IgG2 and IgG4 non-
cytophilic antibodies with the same specificity could
block the effector mechanisms of the cytophilic ones
[18, 66, 67]. Indeed, the interaction between cytophilic
antibodies and Fc receptors on phagocytic cells can lead
to cellular activation and to triggering of effector func-
tions such as phagocytosis, cytokine and chemokine
production, cytotoxicity, and the generation of reac-
tive oxygen and nitrogen species [68]. Cytophilic anti-
bodies may also mediate parasite death in cooperation
with mononuclear cells through the antibody-depend-
ent cellular inhibition mechanism (ADCI) besides the
opsonization of P. falciparum merozoites [10, 69, 70].

Studies have shown that the inherent characteris-
tics of plasmodial antigens can influence the molecu-
lar events that lead to the preferential induction of
different IgG subclasses. The presence of both repeti-
tive and polymorphic amino acid sequences predomi-
nantly induces an IgG3 response, whereas the absence
of such polymorphic repeats predominantly induces
IgG1 responses. Polymorphic antigens with no repeti-
tive sequence induce an IgG1 + IgG3 response, with the
predominance of IgG3, whereas conserved repetitive
antigens tend to induce IgG1 or IgG1 + IgG3 responses
[71, 72]. The data here obtained showed a predomi-
nantly cytophilic antibody response (IgG1l+IgG3) to
GLURP, whereas MSP-3 induced a predominantly IgG1
response. These results may be due to the conserved
nonrepetitive characteristic of GLURP contrasting with
the repetitive nature and relatively more polymorphic
of MSP-3 [73-75]. However, factors such as cumulative
malaria exposure, age of individuals, HLA and the poly-
morphism of the FCy receptor have also been shown to
influence the distribution of IgG subclass against plas-
modial antigens [71, 76]. In addition, specific combi-
nations of cytokines and B-cell activators have shown
to induce the switch to certain classes and subclass in
experimental models [77]. In vitro experiments with
human and murine B cells have identified cytokines
that selectively induce the synthesis of a particular
immunoglobulin class by the stimulation of DNA rear-
rangement and selective transcription of CH genes
[78-81].

IgG and IgM antibodies levels against GMZ2.6c and
GLURP were higher in parasitized individuals when
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compared to non-parasitized subjects. This result may
reflect the stimulation of the immune system leading to
the production of antiplasmodial antibodies, including
anti-GLURP antibodies, due to infection. This booster, in
response to infection, seems to induce a predominantly
IgG1 and IgG3 antibodies that recognize GMZ2.6c and
GLURP.

Classically, levels of antibodies against several plasmo-
dial antigens seem to be associated with age and time of
exposure to malaria in endemic regions [23, 82-88]. In
the present study, individuals with higher levels of IgG
and IgG3 anti-GMZ2.6¢c (>75th percentile) antibod-
ies were older and presented a longer time of residence
in malaria-endemic areas than individuals with levels of
antibody below the 75th percentile. Negative correla-
tions were observed between parasitaemia and levels of
IgG and IgG3, and a positive one was registered between
the number of previous malaria infections and IgG anti-
bodies against GMZ2.6c. Taken together, these data
indicate that the prevalence of individuals with antibod-
ies that recognize GMZ2.6¢ as well as the anti-GMZ2.6¢
antibody levels increase with exposure to infection and
that these antibodies may contribute to parasite immu-
nity. Considering the cross-sectional design of this work,
additional studies are needed to confirm these find-
ings. Moreover, the evaluation of the functional role of
antibodies against MSP-3 and GLURP in inhibiting the
in vitro growth of P, falciparum and of the anti-Pfs48/45
antibodies in inhibiting fertilization has been currently
conducted in the laboratory and could also help to clarify
this issue.

The analysis of the antibody response against the indi-
vidual (GLURP, MSP-3 and Pfs48/45) proteins consti-
tuting the GMZ2.6¢ vaccine candidate did not provide
evidence of a possible protective role of these antibodies,
since no relationship was verified between prevalence or
levels of specific antibodies and the presence or absence
of parasites in the blood, the presence or absence of
symptoms at the time of collection, parasitaemia, num-
ber of previous malaria episodes, time elapsed since the
last malaria episode, current or last infecting plasmodial
species. Associations between high anti-GLURP and
anti-MSP3 antibody levels and low parasite densities in
malaria patients living in the Central Region of Ghana
have however been reported [33].

Taken together, the data presented here showed that
GMZ2.6¢ protein is widely recognized by naturally
acquired antibodies from individuals living in endemic
areas of Brazil with different levels of transmission. The
higher prevalence of individuals with antibodies that rec-
ognize GMZ2.6¢ and the higher levels of these antibodies
when compared to their individual components may sug-
gest an additive effect of GLURP, MSP-3, and Pfs48/45
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when inserted in a same construct. Also, anti-GMZ2.6¢
antibodies seem to increase with exposure to malaria
infection and may contribute to parasite immunity. These
data highlight the importance of GMZ2.6c as a candi-
date for an anti-malarial vaccine. Additional studies in
other endemic areas, with populations with different
genetic backgrounds, besides the evaluation of the func-
tional role of anti-GMZ2.6¢ antibodies, are important
to confirm the potential of GMZ2.6¢ as an anti-malarial
vaccine.
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