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ABSTRACT

Introduction: There is high malaria related morbidity and mortality amongst infants and children in malaria endemic areas. An
In-depth understanding of protective immunity correlates enables the long due necessary development of an effective malaria
vaccine. This study aimed at evaluating antibody responses to apical membrane antigen 1 (AMA 1) that helps P falciparum
entry into red blood cells, Glutamate rich protein (GLURP), an antigen expressed in the whole life cycle of the malaria causing
pathogen, merozoite surface protein-1 (MSP 1) coding for a major antigen in the asexual stage of P falciparum and merozoite
surface protein 3 (MSP 3), a polymorphic blood stage malaria antigen in Zimbabwean children living in malaria endemic areas.
Methods: We characterized humoral immune responses to malaria vaccine candidates in a two year longitudinal survey among
136 children (6-16 years) from Burma and Kariba in Zimbabwe. Blood samples were collected and analyzed for malaria parasites,
plasma and antibody titers against malaria vaccine candidates [MSP1, MSP3, GLURP, AMA] by ELISA technique. The blood
samples were also checked for potential confounders like anemia, bilharzia and HIV sero-status using the ELISA technique.
Results: Ig levels were significantly different (p < .0001) across the three time points, and against the different candidates (p
<.0001). MSP3 had the highest (13,552.2) and GLURP the least (4,741.6) IgM titers. However, IgG, 1gG1, IgG3 and 1gG4
levels were highest against AMA compared to other vaccine candidates, [anti-MSP3 IgG3 (15.3) and anti-GLURP 1gG4 (58.7)].
Anemia burden was about 44% at baseline with a threefold decrease (-16%) over the 12 month follow up.

Conclusions: This study highlights the need for robust evaluation of several malaria vaccine candidates in combination to
understand correlates of protective immunity as suggested by the significant antibody levels against the four vaccine candidates.
Longer follow up periods are needed to assess the impact of continuous malaria exposure on host immune responses. Multivalent
malaria vaccine development offer a better chance towards an efficacious malaria vaccine compared to monovalent vaccine.
Antibody levels against the four vaccine candidates were significant suggesting that an ideal malaria vaccine should target more
than one antigen.
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1. INTRODUCTION

The World Health Organization estimated about 3.3 billion
people being at risk of malaria by 2011, with 80% of these
people in sub Saharan Africa.!'l There is however a marked
decrease in burden in Southern Africa, mostly owing to inter-
vention strategies: although with varying degrees of decrease
in different countries within this region, some areas have had
resurgence of malaria.>>! Malaria is a major contributor
to high morbidity and mortality in the Zimbabwean popula-
tion!®” despite the massive campaign of control strategies.
There is however a marked decrease in malaria related mor-
tality rates globally (45%), with most of the African countries
recording a 49% decrease. Malaria related mortality rates in
African children remains high (54%).18! In Zimbabwe, 100%
of malaria infections are caused by Plasmodium falciparum
(P. falciparum),l'! with about 70 other species known to cause
malaria in other parts of the world, and to other animal hosts
other than humans.

It is important to note that the same populations with a burden
of malaria have high numbers of other major infections like
human immunodeficiency virus (HIV), helminthes and My-
cobacterium tuberculosis (Mtb). Human co-infection with P.
falciparum and helminthes is common trend in Africa, with
school going age groups having the highest risk.””! Zimbab-
wean primary school children have a high risk of malaria
and helminthes infections, a phenomenon that raises concern
in incorporating helminthes control in the existing malaria
control strategies./ 1!

The development of a safe and effective malaria vaccine re-
mains an urgent unmet medical need for vast populations
living in malaria-endemic regions; and for those visiting
these regions. Because severe morbidity and mortality due to
P. falciparum disproportionately occurs in infants and young
children living in sub-Saharan Africa; Zimbabwe included,
this target population has been the principal focus of malaria
vaccine development. Recently, significantly increased fund-
ing through private and public partnerships has encouraged
the industrial sector to become more involved in the develop-
ment of candidate malaria vaccines.®! This process in turn
has led to more clearly articulated target product profiles
and clinical development plans that have facilitated decision
making and promoted rapid progress on several fronts.[!!]

Among several human pathogens, malaria gives insights into
the difficulty in designing an effective vaccine.!'?! Malaria
vaccine strategies target the different life cycle stages of the
causative pathogen: that is the sporozoites and liver stages,
the blood stages and the gametocyte stages. In-depth under-
standing of protective immunity correlates is key in designing
an effective malaria vaccine. Whole sporozoites vaccination
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strategy target the pre-erythrocytic stages of the malaria para-
site.[3! Attenuated whole parasite approaches to malaria vac-
cine design together with the subunit approaches have gave
hope to an effective malaria.'"*! Although the mechanisms
and specific targets are not well characterized, it is apparent
that anti-merozoite antibodies are key in protective immunity
against malaria. Most malaria antigens evoke a distinct IgG
immune response, with different IgG sub classes being impli-
cated.['! Measurement of humoral immune responses is the
best standardized method of accessing protective immunity
following vaccination.['®! Immunoglobulin quantification
by enzyme linked Immunosorbent assay (ELISA) correlate
with protection against several infections including Plasmod-
ium falciparum.!'”! There is slow development of immunity
to malaria following infection, and immune responses only
improve after the second exposure to the malaria pathogen.
ELISA evaluation of immune responses.'®!

There is no available malaria vaccine as yet despite the exten-
sive research and development efforts. Other socio-economic
issues are of concern during the development of vaccines,
including the acceptance or uptake of a new vaccine.[!>-20]
Incorporating malaria vaccines during childhood vaccina-
tion campaigns would be ideal for most nations.”?!! Despite
heavy efforts in developing a vaccine, there is currently no
licensed malaria vaccine.’?®! Should a malaria vaccine be-
come available in the future, a strategy to integrate it into the
immunization programmes would be most ideal approach.??!
Challenges for developing an effective malaria vaccine in-
clude weak regulatory frameworks of clinical trial adminis-
tration especially in endemic areas.?*! Efficacy evaluation
of an effective malaria vaccine especially in phase II clinical
trials are met with logistical challenges like unstandardised
description of clinical and severe malaria definitions across
malaria endemic nations to facilitate vaccine candidate eval-
uation."8! Our current study aimed at evaluating antibody
responses to apical membrane antigen 1 (AMA 1) that helps
P falciparum entry into red blood cells, Glutamate rich pro-
tein (GLURP), an antigen expressed in the whole life cycle
of the malaria causing pathogen, merozoite surface protein-1
(MSP 1) coding for a major antigen in the asexual stage of
P falciparum and merozoite surface protein 3 (MSP 3), a
polymorphic blood stage malaria antigen in Zimbabwean
children living in malaria endemic areas.

2. METHODS

2.1 Study design and population

Ethical approval was sought and granted by the Medical
Research Council of Zimbabwe to conduct a longitudinal
survey of humoral immune responses to malaria vaccine can-
didates among 136 children (aged between 6 and 16 years)
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from Burma and Kariba in Zimbabwe. The Burma Valley
in Eastern Zimbabwe and Kariba are malaria endemic ar-
eas.[?4-26] Written informed consent was sought from all the
participants together with assent from their parents/guardians
to partake in the study. Each study participants’ demographic
data was collected and recorded during the two year follow
up period.

2.2 Sample collection and diagnosis

Whole blood samples were collected at baseline, six month
and twelve month follow up period in accordance with the
WHO guidelines in EDTA containing tubes.!! The collected
blood samples were processed to collect plasma and serum
which were stored at -80°C until processed. Thick and thin
smears (gold standard for confirming malaria) were done for
peripheral malaria parasite (MP) examination. The blood
samples were also checked for anemia, bilharzia and HIV
sero-status.

2.3 Humoral Immune response measurement by ELISA
Humoral immune responses against vaccine candidates
(malaria antigens) AMA1, GLURP, MSP1 and MSP3 were
assessed by ELISA technique. Immunoglobulin (Ig) lev-
els [IgM, IgG, IgGl, IgG3 and IgG4] against the four
malaria vaccine candidates AMA1, GLURP, MSP1 and
MSP3 were determined by ELISA. The quantification was
done using Afro Immuno-Assay standard procedure ac-
cording to the manufacturer’s instructions as previously de-
scribed.[!-13:17.27-30] Briefly; 96 well Nunc MaxiSorbTM
microtitre plates (Nunc, Denmark) were coated overnight at
4°C with 100 pl/well of recombinant P. falciparum antigen
(1.0 pg/ml for AMA-1, MSP1 and MSP-3 and 0.5 pg/ml
for GLURP) in columns 3-12 and with serial dilutions of
standard reference in columns 1 and 2. The unbound anti-
gens were removed by washing with PBS/0.1% Tween 20
washing buffer. After washing, 150 ul/well of 3% skimmed
milk powder in PBST (free antigen blocking buffer) was
added into each well, followed by plate washing as before.
After the second wash, 100 ul/well of diluted plasma was
added to columns 5-12 of each plate in duplicate, columns
3 and 4 were for positive and negative controls respectively.
The plates were then incubated at room temperature for two
hours before washing as before. Peroxidase conjugated goat
anti-human IgM/IgG (Caltag) for IgM and IgG quantification
and mouse anti-human IgG1/1gG3/1gG4 for IgG1, IgG3 and
IgG4 quantification (100 pl/well) were added, and then they
were left in plates for an hour. The detection stage involved
adding 100 ul/well of HRP substrate and a 30 minutes in-
cubation in the dark. The reaction was then stopped by the
addition of 100 pl/well of 0.2 M sulphuric acid (H2SO,4) and
absorbance was read at 492 nm with a multiscan ELISA plate
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reader. The recorded OD values were inferred to antibody
concentrations by using a standard curve derived from the
standards in the assay.

2.4 Statistical analysis

The data was analysed using SAS (SAS, 2010) software.
Stratified analysis and Multivariate Analysis of Variance
(MANOVA) methods were used to control for confounders
and to detect mean difference due to effects of antibody im-
mune responses; and the means were separated by adjusted
Tukey methods.

3. RESULTS
3.1 Demographic information

Serum samples used in the study were obtained from 136
children residing in malaria endemic Burma and Kariba areas
in Zimbabwe. The mean age of the participants was 9.8 years
(standard deviation, SD 2.2). Only one (0.7%) participant
was HIV seropositive with the rest being negative. Table
1 summarizes the demographic characteristics of the study
population.

Table 1. Demographic characteristics of the study
population

Characteristics Frequency n (%)

Age mean (SD) years 9.8 (2.2)
Gender
Male 58 (42.6)
Female 78 (57.4)
HIV status
Sero positive 1(0.7)
Sero negative 135 (99.3)
Schistosoma infection status
Positive 116 (85.3)
Negative 20 (14.7)

Note. SD = Standard deviation; The study group comprised mainly girls (~58%), with most of the participants

(85.3%) being infected by schistosomiasis

3.2 Anemia amongst the study participants

Anemia was defined as hemoglobin less than 13 mg/dl in men
or less than 12 mg/dl in women as previously described.(*!!
At baseline, 44.1% of children enrolled in the study were
anemic, with the burden decreasing over the 12 month follow
up period. As shown in detail in Figure 1, the percentage of
anemic children decreased from 44.1% at baseline to 20.4%
and 15.8% in 6 month and 12 month follow up periods re-
spectively.
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Figure 1. Anemia status of study participants at baseline,
after six months and after twelve months

3.3 Immunoglobulin levels elicited by different vaccine
candidates

We analyzed antibody levels [IgM, IgG, IgGl, IgG3 and

IgG4] stratified by age, gender, follow up period, malaria

infection status and the different vaccine candidates as sum-

marized in Table 2.

IgM levels were statistically different between males and fe-
males (p =.002), with other Ig being insignificantly different
between the genders. The age of participants significantly in-
fluenced IgM levels (p = .049), but was insignificant for IgG,
IgG1, IgG3 and IgG4 levels. Antibody levels were not sig-
nificantly different between the malaria positive and malaria
negative samples of the study population. The five Ig levels
measured at baseline, six months and twelve month were sig-
nificantly different (p < .0001) across the three time points,
suggesting that duration of exposure to malaria significantly
influence humoral immune responses of individuals. All Ig
levels against the four malaria vaccine candidates were sta-
tistically significant (p < .0001) as shown in Table 2. MSP3
vaccine candidate had the highest IgM levels (13,552.2) and
GLURP (4,741.6) with the least IgM antibody titers. How-
ever, IgG, IgG1, IgG3 and IgG4 levels were highest against
AMA compared to other vaccine candidates, with very low
IgG3 levels (15.3) against MSP3 and IgG4 (58.7) against
GLUREP (see Table 2).

4. DISCUSSION

Malaria is still a global problem despite efforts to eradicate
the tropical disease.[®7-32] Malaria vaccine development ef-
forts target different stages of the parasite life cycle, and there
is growing evidence that no single antigen based vaccine is
effective in controlling malaria.*?! We sought to evaluate
humoral immune responses against AMA, MSP1, MSP3 and
GLURP malaria vaccine candidates amongst children in a
malaria endemic area in Zimbabwe. Although children are
at higher risk of malaria acquisition and developing severe
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malaria disease, they tend to develop protective immunity
faster than adults. They are an ideal population to test the
efficacy of the different vaccine candidates.'’!

In our current study; anemia burden was about 44% at base-
line with a threefold decrease (approximately 16%) over
the 12 month follow up period. Global anemia problem is
most pronounced in South Asia and sub-Sahara regions with
females more burdened than males. The major causes of
anemia are iron deficiency and infections like malaria and
schistosomiasis. Children under five years are the highly ane-
mia affected age groups.[**! Anemia contributes more than
50% of malaria related deaths globally.!*>36! Malaria causes
anemia through destruction of red blood cells (hemolysis),
increased clearance of infected and uninfected red blood
cells by the spleen, and cytokine-induced dyserythropoiesis
(abnormal formation of red blood cells). Anemia has thus
implications on the design and development of malaria vac-
cines.

We also evaluated the contribution of schistosomiasis on
anemia. There was a decrease in anemia burden amongst
Schistosoma negative children compared to Schistosoma pos-
itive children overtime. Schistosoma and malaria treatment
might have contributed to the overall decrease in anemia inci-
dence. The study findings are in agreement with Soares et al.
2013, which showed a decrease of anemia burden through
treatment of Schistosoma haematobium infections.*”! This
notion supports the need for concerted efforts in controlling
helminthes infections to reduce the global childhood anemia
burden. Other studies have confirmed a reduction in child-
hood anemia through malaria control in malaria endemic
areas in Africa.l%

Although only one participant was HIV positive in our cur-
rent study, HIV and malaria co infections have claimed sev-
eral lives globally especially in developing nations.[3% 47
HIV infection is associated with an increased risk of clin-
ical malaria.[*"4?l" Other studies though have showed no
major differences in malaria clinical outcomes between HIV
positive and negative populations. 3!

Many epidemiological, clinical and laboratory data has
shown that women generally have higher serum immunoglob-
ulin levels and mount stronger antibody responses follow-
ing vaccination or infection compared to their male coun-
terparts.*®! Our current study demonstrated then significant
antibody levels between male and female participants. The
gender difference in antibody levels may be explained by
differences in gonadal steroid hormones blood. Female hor-
mone, estrogen, stimulates immune responses whilst male
hormone, testosterone is immunosuppressive./*”-43 It is thus
important to evaluate humoral immune responses to malaria
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vaccine candidates amongst male and female children. This
study demonstrated the potential of AMA1, MSP1, MSP3
and GLURP as potential malaria vaccine candidates since all
the antigens elicited a humoral immune response which was

measured by ELISA. The varying antibody levels against the
studied antigens suggest differing immunogenicity of these
vaccine candidates.

Table 2. Summary of Immunoglobulin levels stratified by different parameters

Mean Immunoglobulin levels

Parameter
IgM 19G 19G1 19G3 19G4

Gender

Males (n = 58) 9,571.8 374,539.0 39,055.0 8,727.7 13,239.0

Females (n = 78) 11,497.8 454,131.0 44,025.0 9,465.6 11,312.0

p value 002" 1135 508" 414" 182"
Age (yrs)

<10 (n=57) 9,916.2 455,055.0 44.851.0 9,762.8 10,851.0

>10 (n="79) 10,868.1 380,721.0 38,892.0 8,578.6 13,402.0

p value 142" 112% 383" 134% 049"
Period (months)

0 (n=49) 10,327.7 900,014.0 39,916.0 7,908.5 16,396.0

6 (n=45) 18,194.3 223,452.0 68,607.0 14,291.3 13,649.0

12 (n=42) 2,389.0 54,076.0 13,969.0 4,831.0 6,298.0

p value <.0001" <.0001" <.0001" <.0001" <.0001"
Malaria status

Positive (n = 44) 10,784.0 568,422.0 40,746.0 8,696.7 13,272.0

Negative (n = 92) 10,322.8 337,317.0 41,675.0 9,250.6 11,896.0

p value 941" 976" 676" 536" 835"
Vaccine candidate

AMA (n = 35) 6,091.3 814,496.4 48,166.6 9,004.7 16,860.1

MSPI (n = 35) 6,311.7 171,624.2 4,439.8 3,641.9 5,700.1

MSP3 (n = 33) 13,552.2 84,859.9 5,925.0 159 2,395.2

GLURP (n = 33) 4,741.6 49,798.1 5,515.7 3,370.6 58.7

p value <.0001" <.0001" <.0001" <.0001" <.0001"

Note. " statistically different at alpha = 0.05; “not statistically different at alpha = 0.05

Protective humoral immunity to malaria is achieved after sev-
eral years of re-infections; hence malaria is a major concern
in endemic areas. Natural immunity to malaria is associ-
ated with prolonged exposure to the parasite. The ratio of
naive memory T cells decrease with age together with the
ability of the thymus to produce more naive T cells.*”! Our
study results show a significant difference in antibody lev-
els measured at baseline, six and twelve month follow up
period, thereby supporting the theory that protective immu-
nity to malaria develops over time and through re infections.
Although our results did not show an association between
parasitemia levels and antibody levels, we expected high an-
tibody titers in participants with high malaria parasite counts.
Although in our current study, age influenced IgM levels sig-
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nificantly, Dodoo et al. 2008, showed an increase in IgG with
age.’"! Ladeia-Andrade et al. 2009, suggested an increasing
malaria infection rate with increasing age, and induction of
a significant anti parasite immunity amongst native Ama-
zonians in Brazil.®!! Some studies have shown a negative
correlation between IgM levels parasitemia levels.?! IgM is
a potent inducer of the complement system which might con-
tribute to anti-malaria immunity.’>>3 Specific antibodies
might promote antibody dependant phagocytosis, with IgM
being more protective than I1gG.">34 Our study found high
anti MSP3 IgM and very low levels of anti GLURP IgM.
Brown et al. 1986, suggest that IgM plays a critical role
in malaria resistance compared to IgG.* In other studies,
anti MSP1 IgM and IgG antibodies were associated with
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protective role to malaria in infants and pregnant women. >

Total IgG levels were high across all the tested vaccine candi-
dates as compared to IgG subclasses (IgG1, IgG3 and IgG4).
In a related study, IgG1, IgG2 and IgG3 were significantly
high in complicated malaria cases compared to no compli-
cated malaria. IgG3 was shown to be associated with a
reduced risk of complicated malaria in this study.® An-
other study showed profound differences in the distribution
of immunoglobulin subclasses between clinically protected
and susceptible individuals, with cytophilic subclasses (IgG1
and IgG3) being dominant in protected individuals while
non-cytophilic antibodies were predominant in non-protected

individuals.[*”!

GLURP from Plasmodium falciparum is present in all stages
of the parasite in humans, and is highly conserved in geo-
graphically distant P. falciparum isolates. Anti GLURP anti-
bodies target the erythrocyte and hepatic stages of malaria,
and stimulate both B and T cell immune responses.”®! This
class of antibodies was shown to be high in clinically ill chil-
dren compared to the asymptomatic one, suggesting the im-
portance of anti GLURP antibodies in malaria immunity.!>°!
MSP3 and GLURP proteins have been shown to have a com-
plementary effect that provides a rationale for combining
these two antigens in a hybrid vaccine formulation.[*! MSP1-
19 and apical membrane antigen 1 (AMA1) antibodies have
also been shown to be associated with a reduced risk of clin-
ical malaria.’®! Multivalent malaria vaccine development
offer a better chance towards an efficacious malaria vaccine
compared to monovalent vaccine.!®®! Antibody levels against
the four vaccine candidates were significant suggesting that
an ideal malaria vaccine should target more than one antigen.

Despite being a global problem, there is currently no licensed
malaria vaccine. Our study sought to evaluate malaria vac-
cine candidates in children living in malaria endemic area.

All the vaccine candidates were shown to be potentials in an
effective malaria vaccine, although our study did not assess
cell mediated immune responses elicited by the vaccine can-
didates. The high anemia incidence in our study warrants the
need for routing screening, treatment and prevention of both
malaria and schistosomiasis. We conclude that there is need
for robust evaluation of several vaccine candidates in com-
bination to come with a protective malaria vaccine that will
evoke both humoral and cell mediated immune responses.
Longer follow up periods are needed to assess the impact of
continuous malaria exposure on host immune responses.

5. CONCLUSIONS

We conclude that there is need for robust evaluation of several
vaccine candidates in combination to come with a protective
malaria vaccine that will evoke both humoral and cell medi-
ated immune responses. Longer follow up periods are needed
to assess the impact of continuous malaria exposure on host
immune responses. Multivalent malaria vaccine development
offer a better chance towards an efficacious malaria vaccine
compared to monovalent vaccine. Antibody levels against
the four vaccine candidates were significant suggesting that
an ideal malaria vaccine should target more than one antigen.
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