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The Journal of Immunology

Identification and Prioritization of Merozoite Antigens as
Targets of Protective Human Immunity to Plasmodium
falciparum Malaria for Vaccine and Biomarker Development

Jack S. Richards,*’*"“t’§ Thangavelu U. Arumugam,11 Linda Reiling,* Julie Healer,*
Anthony N. Hodder," Freya J. L. Fowkes,*’"’# Nadia Cross,* Christine Langer,*

Satoru Takeo," Alex D. Uboldi,” Jennifer K. Thompson,  Paul R. Gilson,* Ross L. Coppel,*
Peter M. Siba,** Christopher L. King,"" Motomi Torii,”* Chetan E. Chitnis,**

David L. Narum,w Ivo Mueller,T’** Brendan S. Crabb,* Alan F. Cowman,*’§

Takafumi Tsuboi,qI and James G. Beeson* "

The development of effective malaria vaccines and immune biomarkers of malaria is a high priority for malaria control and elim-
ination. Ags expressed by merozoites of Plasmodium falciparum are likely to be important targets of human immunity and are
promising vaccine candidates, but very few Ags have been studied. We developed an approach to assess Ab responses to a compre-
hensive repertoire of merozoite proteins and investigate whether they are targets of protective Abs. We expressed 91 recombinant
proteins, located on the merozoite surface or within invasion organelles, and screened them for quality and reactivity to human Abs.
Subsequently, Abs to 46 proteins were studied in a longitudinal cohort of 206 Papua New Guinean children to define Ab acquisition
and associations with protective immunity. Ab responses were higher among older children and those with active parasitemia. High-
level Ab responses to rhoptry and microneme proteins that function in erythrocyte invasion were identified as being most strongly
associated with protective immunity compared with other Ags. Additionally, Abs to new or understudied Ags were more strongly
associated with protection than were Abs to current vaccine candidates that have progressed to phase 1 or 2 vaccine trials.
Combinations of Ab responses were identified that were more strongly associated with protective immunity than responses to their
single-Ag components. This study identifies Ags that are likely to be key targets of protective human immunity and facilitates the
prioritization of Ags for further evaluation as vaccine candidates and/or for use as biomarkers of immunity in malaria surveillance

and control. The Journal of Immunology, 2013, 191: 795-809.

alaria caused by Plasmodium falciparum remains
a leading cause of global morbidity and mortality (1).
The development of effective malaria vaccines is a
high priority for malaria control and elimination, particularly in
light of increasing drug resistance (2, 3), as well as the declining
efficacy of vector control interventions in some populations that
is compromising current control efforts (4). Effective immunity
develops naturally in humans following exposure to P. falciparum

infection, which has long provided a strong rationale that the
development of malaria vaccines is achievable and highlights the
importance of understanding the targets and mechanisms of im-
munity (5). Therefore, an important criterion for objectively
identifying and prioritizing Ags for malaria vaccine development
is the demonstration that a specific Ag is a target of acquired
human immunity and that the immune response is associated with
protection from symptomatic disease (6). Abs are important in
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protecting individuals from high parasitemias and clinical malaria,
as demonstrated by passive-transfer studies in humans (7).

Acquired human immunity predominantly targets the blood stage
of infection, and Ags expressed by the merozoite, the extracellular
form of Plasmodium that infects erythrocytes, are especially im-
portant immune targets and vaccine candidates (5). Erythrocyte
invasion occurs over several steps, with multiple interactions in-
volving proteins on the merozoite surface and proteins contained
within dedicated invasion organelles, the micronemes and rhoptries
(8). These proteins are thought to represent the major protective Ab
targets and most attractive merozoite vaccine candidates because of
their exposure to host immune responses and their important roles
in invasion. Abs to merozoite Ags may act by directly inhibiting
parasite replication, through blocking binding of merozoite ligands
to their receptor or binding partner, or by inhibiting processing that
may be required for function (9—12). Abs can also act by Ab-depen-
dent cellular inhibition involving monocytes and opsonization
of merozoites for phagocytosis and killing by monocytes, macro-
phages, and neutrophils (13, 14).

Of the many known or predicted merozoite proteins, very few have
been assessed as targets of human immunity (6), and few studies
have examined Abs to multiple Ags concurrently in the same
populations (15-21), as highlighted by the findings of a recent
systematic review of longitudinal studies of human immunity (6).
Detailed studies of human immune responses have only been
performed for a small number of Ags (6), including MSP1, MSP2,
MSP3, GLURP, AMAL1, and EBA175. All of these progressed to
phase 1 or 2 clinical trials, with mixed results; generally, phase 2
trials showed limited efficacy (5, 6). Additionally, there are no
established correlates of protective human immunity or bio-
markers of immunity that would be of great value in malaria
surveillance and control. Recent advances in genomics and pro-
teomics and methods for protein expression have facilitated the
identification and expression of a greater number of Ags that are
potential targets of immunity or vaccine candidates.

We sought to develop a comprehensive and rational approach to
identify and prioritize an extensive list of known or predicted
merozoite Ags as targets of human immunity to advance vaccine
development and the identification of immune biomarkers for
malaria surveillance. We expressed and screened 91 recombinant
proteins corresponding to proteins located on the merozoite surface
or the invasion organelles, which are likely to represent the major
targets of protective Abs. Forty-six of these were assessed for Ab
responses in a prospective study of 206 Papua New Guinean (PNG)
children to identify proteins that are naturally immunogenic, to
understand the acquisition of Ab responses, and to identify IgG
responses most strongly associated with protection from malaria.
The potential additive effects of combined responses to multiple
Ags and the relationship between Ab levels and protective asso-
ciations were also investigated.

Materials and Methods
Details of the study population and ethics approval

Plasma samples were obtained from a prospective treatment-reinfection cohort
study of 206 school-aged children (5-14 y) conducted in Madang Province,
PNG (22). The study commenced at the end of the high-transmission
season in June 2004. An enrollment blood sample was obtained and was
used for determining the Ab responses described in this article. All chil-
dren were then treated with 7 d of artesunate (4 mg/kg/d) monotherapy to
clear parasitemia, in accordance with the guidelines at that time. Treatment
failures were differentiated from reinfection by msp2 genotyping. Partic-
ipants were actively followed up with clinical assessment and finger-prick
blood sampling every 2 wk at their school for 6 mo. Reinfection was
determined using these finger-prick samples by light microscopy (LM) and
post-PCR ligase detection reaction-florescent microsphere assay. PCR-
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based detection had a much higher sensitivity for detecting parasitemia
compared with LM; 67.5% (n = 139) of children were PCR positive and
345% (n = 71) were LM positive for P. falciparum at enrollment (22).
Consequently, PCR detection of parasitemia was used to classify children as
infected or uninfected. A clinical episode of malaria was defined as a febrile
episode (>37.5°C) with P. falciparum density > 5000/p.l. Further details of
the cohort are described elsewhere (22). Samples were also obtained from
anonymous Australian residents (n = 9) as malaria-naive controls. Samples
from malaria-exposed PNG adults were used as positive controls and to
standardize interplate variation for each Ag.

Ethics approval for this study was obtained from the Medical Research
Advisory Committee, Department of Health, PNG; the Alfred Hospital
Ethics Committee (for Burnet Institute); Walter and Eliza Hall Institute of
Medical Research (Melbourne); and the Veterans Affairs Medical Center
(Cleveland, OH). Informed consent was obtained in writing from parents or
guardians of all participants prior to enrollment.

Expression of rAgs

We aimed to include all merozoite proteins that have been established as
important Ags, have a role in erythrocyte invasion, and/or have been localized
on the merozoite surface or in the invasion organelles of the merozoite (Table
I, Supplemental Table I). Ags were expressed or synthesized in different
collaborating laboratories using a variety of expression methods, predomi-
nantly Escherichia coli and a wheat germ cell-free expression system
(WGCF) (23, 24); a small number of Ags was expressed in yeast or gen-
erated as synthetic peptides (Table I). Purification tags included either 6-His
tags or GST. All Ags were assessed for quality and purity by SDS-PAGE and
Western blot (reduced and nonreduced). Ags were screened for immunore-
activity in ELISA assays using pools of serum from malaria-exposed PNG
adults compared with malaria-naive Australian residents. Immobilization of
Ags was assessed using anti-his Ab, where appropriate. Immunoreactivity
by human serum Abs to the purification tags was assessed and found to be
negligible. In addition to merozoite Ags, reactivity to a synthetic peptide
(NANPg repeat) of the circumsporozoite protein (CSP) was assessed as
a marker of exposure to pre-erythrocytic Ags.

The quality of protein expression and folding had been validated previously
for some of the protein constructs used by demonstrating that vaccine-induced
Abs raised against the recombinant protein recognize native protein (25—
37); vaccine-induced Abs have functional antiparasite activity in growth-
inhibition assays (GIAs) or Ab-dependent cellular-inhibition (ADCI)
assays (12, 28, 30, 33—43); or the recombinant protein has appropriate
biological function by binding its receptor (25, 28, 34, 35, 38, 39) (Sup-
plemental Table I). Validation of WGCF as an appropriate system for
expression of P. falciparum merozoite proteins has also been established in
several ways. For example, recombinant proteins representing PfRhS,
GAMA, and EBA175 bound the surface of the erythrocyte, consistent with
their proposed function in invasion and suggesting that they were folded
correctly (44—46). Abs generated by immunization to several Ags showed
relevant functional activity in GIAs (e.g., AMA1, EBA175, and GAMA)
(33, 44-46). As described below, many of the WGCF-expressed proteins
showed strong reactivity with Abs from malaria-exposed donors, but not
with malaria-naive donors, and Abs to many Ags were strongly associated
with protection from malaria, further suggesting that the proteins were
correctly folded or representative of native proteins.

Measurement of IgG responses by ELISA

Each Ag was individually optimized for coating concentration, and the
plasma concentration was selected on the basis that it reflected reactivity on
the linear aspect of the Ab-response gradient (47). It was necessary to vary
the plasma dilutions used to test each Ag to ensure a good spread of data
points, and these ranged from 1/250 to 1/1000; AMA1 was the only ex-
ception and tested at 1/4000 (Table I). All Ags were optimally coated,
diluted in PBS, onto Maxisorp microtiter plates (Nunc) at saturating
concentrations, which were typically 0.5-1.0 pg/ml. Diluted serum sam-
ples were incubated for 2 h. Secondary Ab was polyclonal sheep anti-
human IgG HRP Ab used at 1/2500 (Chemicon). Color was developed
with an ABTS liquid substrate system (Sigma) and stopped after 15 min
with 1% NaDodSO, (SDS). OD was measured at 405 nm using a GENios
microplate reader (Tecan). Sera from nine Australian blood donors were
used as negative controls, and sera from three malaria-exposed PNG adults
were used as positive controls. All wash steps were done in PBS/0.05%
Tween 20. All blocking and Ab dilutions were in 5% skim milk/PBS/
0.05% Tween 20, with incubations at room temperature. All samples
were tested in duplicate and were repeated if there was a discrepancy
>25% between duplicates. Background absorbance was determined using
PBS controls on each plate and was deducted from all other values. Var-
iability across plates was standardized using a titration of the positive
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controls. Poor plate coating of Ags was defined by lack of reactivity using
serum Abs of malaria-exposed donors and Abs to the recombinant protein
tag (e.g., His-tag).

Statistical analysis

Ab responses for the cohort were not distributed normally, and it was not
possible to transform all of the data; therefore, nonparametric methods of
analysis were used. The association between categorical variables was
assessed using x> tests, and differences in median Ab responses between
groups were assessed using Wilcoxon rank-sum or Kruskal-Wallis tests, as
appropriate. Seropositivity was calculated as the mean of malaria-naive
controls plus 3 SD for each response.

Survival analysis used Ab responses categorized into three equal groups
(low, medium, and high tertiles). Tertile responses were calculated using the
“xtile” command within STATA to create new tertile variables, based on
OD values after adjustment for plate-to-plate variation. This method of
categorization overcame the finding of high seroprevalence for most
responses, and it also allowed a dose-response relationship to be examined
while maintaining sufficient numbers of participants in each group for
statistical power. The Cox proportional-hazards model was used to cal-
culate hazard ratios (HRs) for time to first symptomatic malaria episode
(defined as fever and P. falciparum parasitemia > 5000/ul) between Ab-
responder groups. Treatment failures (n = 12) were excluded from the
survival analysis (22). Assumptions of proportional hazards were assessed
using the Schoenfeld residuals test and visual inspection of data using log-
log plots. In most cases, Ab variables showed nonproportional hazards
over the follow-up time; therefore, an interaction term between the Ab
variable and time (three categories: t = 0—-100, t = 101-150, and t >150 d)
was included in the analysis. Although some children had multiple epi-
sodes of parasitemia or symptomatic malaria, the analysis presented ex-
amined the time to first symptomatic episode only. This is consistent with
previous analytic approaches used in this cohort (48-51). A range of de-
mographic, clinical, and biological variables was assessed as potential
confounders of associations between Abs and malaria outcomes. Only host
age (=9 y or >9y) and location of residence (defined as distance from the
sea: <1 km or >1 km) were identified as being significantly associated
with Abs and malaria outcomes (22, 50). Therefore, all Cox-regression
analyses were performed unadjusted and with adjustments for these pre-
viously defined covariates in this study cohort (22, 50). Previous analyses
in this cohort showed that concurrent parasitemia and erythrocyte poly-
morphisms are not significant confounders (48, 52). Regression analysis
investigating multiple Ab responses was limited by their highly correlated
nature. Interaction terms were also investigated between Ab tertile cate-
gories but, again, the highly correlated nature of the responses meant that
some cells had so few children as to make them uninterpretable. Reported
p values were not adjusted for multiple comparisons (53); rather, the in-
terpretation of associations is based on the level of significance and the
direction and magnitude of the association between Ab responses and
prospective risk for malaria.

To assess the effect of Ab combinations, a summation of the quartile
responses from each Ag-specific response was used. The quartile responses
for each Ag were designated as 0, 1, 2, or 3, representing low to high IgG
responses. These quartile categories were then added together for each
combination (i.e., a combination of two different responses yields a score
between 0 and 6). These additive combination scores were then used to
create three equal groups reflecting low, intermediate, and high combination
responses. These tertile combination responses were used in the Cox-
regression analysis, as described above. All statistical analyses were per-
formed using STATA 9.2 (StataCorp) or Prism 5.01 (GraphPad) software.
Ab responses to MSP1-19, MSP2, AMAL1, EBAs, PfRh2, and PfRh4 in this
population were reported previously (48-51), and the data were reanalyzed
for comparison with other Ags and in combination analyses.

Results

Selection and screening of merozoite Ags

The aim of this study was to assess a comprehensive repertoire of
merozoite proteins that may be plausible targets of protective Ab
responses in humans, focusing on Ags that are known or proposed to
be located on the merozoite surface or located within the invasion
organelles. We compiled a list of all established merozoite Ags
(Table I, Supplemental Table I), and bioinformatics approaches
were used to identify other potential merozoite Ags from the
P. falciparum genome on the basis of expression profile, signal
peptides, putative GPI anchor, and homology to other known
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merozoite Ags. The likely localization of these Ags was checked
in the ApiLoc database (54) to determine whether they were located
on the merozoite surface or in the apical organelles. The rationale
was that these Ags might be accessible to Abs and, therefore, could
be targets for naturally acquired or vaccine-induced protective Abs
that inhibit merozoite invasion or by promoting opsonization of
merozoites for phagocytosis and killing by monocytes, macro-
phages, and neutrophils. All known and candidate proteins that
have been localized to the merozoite surface, rhoptries, or micro-
nemes were expressed as recombinant proteins (n = 91; Fig. 1A).
For some Ags, protein expression and purification in E. coli or yeast
had already been developed (Supplemental Table I), and these
proteins were used if available (E. coli, n = 21; Pichia pastoris, n =
2). For the remainder, expression was attempted using WGCF (n =
65). Recombinant expression of GLURP and S-Ag was not suc-
cessful, and synthetic peptides were generated. The long synthetic
peptide of MSP3 was also included, because it was previously in-
cluded in multiple cohort studies and has progressed to clinical
trials (55). Abs to CSP peptide (NANPg) were also assessed as a
marker of responses to sporozoite Ags as a comparison with mer-
ozoite Ags.

The quality of these 91 proteins was assessed by SDS-PAGE and
Western blotting, which excluded 16 proteins of poor quality
(Fig. 1A). The remaining 75 Ags were screened for Ab reactivity
against a panel of sera from malaria-exposed residents of PNG and
nonexposed residents of Australia. An additional 16 proteins were
excluded because of poor ELISA plate coating, and 13 Ags were
excluded because of poor immunoreactivity (protein detected in
plate wells but very little or no reactivity with Abs from malaria-
exposed donors). The remaining 46 proteins were used to study Ab
responses in a longitudinal cohort of PNG children (Fig. 1A). The
expression system for these 46 proteins included E. coli (n = 18),
WGCEF (n = 24), yeast (n = 2), and peptides (n = 2; not including
CSP peptide). These 46 recombinant proteins represented 36 mer-
ozoite proteins (i.e., some recombinant proteins represented multiple
regions of the same merozoite Ag; Fig. 1B). For some Ags it was
possible to assess protein quality by additional methods (see
Materials and Methods). Expression of proteins in E. coli or
P. pastoris was validated previously for several Ags, and valida-
tion of WGCF as an appropriate system for expression of
P. falciparum merozoite proteins was also established previously
(Supplemental Table I). Additionally, we compared the reactivity
of human Abs between WGCF-expressed proteins and well-
characterized proteins that were expressed in established bacte-
rial- or yeast-expression systems; this demonstrated a high degree
of correlation in the reactivity among individuals between proteins
expressed in different systems (e.g., AMAL: r = +0.921, p <
0.0001; MSP2: r = +0.944, p < 0.0001).

Acquisition of Abs to merozoite Ags and their association with
age and concurrent parasitemia

To identify Ags that are targets of naturally acquired Abs, we de-
termined whether Abs to each of the 46 proteins were specific to
individuals exposed to P. falciparum infection and examined the
association of Abs with age and active P. falciparum infection,
which may reflect boosting of responses. Median IgG responses for
the cohort were significantly higher than for malaria-naive indi-
viduals for all Ags when tested at the same dilution, reflecting the
specificity of P. falciparum Ab responses (data not shown). IgG
seropositivity to most Ags was high: almost all were >75% (Table
II). Notable exceptions included Ripr (44.8%) and PfRhS (53.2%).
The median seroprevalence of responses appeared to differ
according to the localization of the Ags; merozoite surface proteins
(MSPs) typically had higher seropositivity than did micronemal and
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Table I. rAgs of P. falciparum merozoites included in the study
Ag Gene ID Region Amino Acid Residues ~ Expression System  Outcome or Plasma Dilution
MSPs (GPI anchored)
MSP1-19° PFI1475w MSP1-19 1597-1704 E. coli 1/1000
MSP1-42¢ PFI11475w MSP1-42 1362-1720 E. coli 1/1000
MSPp2¢ PFB0300c Full length 19-249 E. coli 1/1000
MSP4“ PFB0310c Full length 21-248 E. coli 1/1000
MSP10“ PFF0995¢ Full ectodomain 29-506 WGCF 1/1000
Pf12¢ PFF0615c¢ Full ectodomain 25-321 E. coli 1/1000
Pf12p PFF0620c Full ectodomain 21-352 E. coli Poor coating
Pf38“ PFE0395¢ Full ectodomain 22-327 E. coli 1/1000
P92 PF13-0338 Full ectodomain 28-772 WGCF Poor coating
MSPs (non-GPI anchored)
MSP3“ PF10-0345 Full ectodomain 27-354 WGCF 1/1000
MSP3¢ PF10-0345 Long synthetic peptide 154-249 Peptide 1/250
MSP6* PF10-0346 Full ectodomain 23-371 WGCF 1/1000
MSP7¢ PF13-0197 Full ectodomain 24-351 WGCF 1/1000
MSRP1? PF13-0196 Full ectodomain 23-380 WGCF 1/500
MSRP2 MALI13P1.174 Full ectodomain 23-281 WGCF Poor immunoreactivity
ABRA/MSPY* PFK1385c¢ Full ectodomain 25-743 WGCF 1/250
H101 PF10-0347 Full ectodomain 25-424 WGCF Poor immunoreactivity
H103/MSP11¢ PF10-0352 Full ectodomain 26-405 WGCF 1/250
GLURP* PF10-0344 R2 peptide 887-905 Peptide 1/1000
S-Ag PF10-0343 Full ectodomain 25-585 WGCF Poor coating
S-Ag PF10-0343 Repeat sequence 136-151 Peptide Poor coating
SERA4 PFB0345¢c Papain domain 376-962 WGCF Poor expression
SERAS5“ PFB0340c Central domain 391-828 E. coli 1/500
SERAS5 PFB0340c Papain domain 513-822 WGCF Poor expression
Pf41¢ PFD0240c Full ectodomain 21-378 E. coli 1/1000
MSPDBL1%? PF10-0348 Full ectodomain 26-697 WGCF 1/500
MSPDBL1 (PfMSPDBL1)” PF10-0348 DBL domain 243-443 E. coli Poor coating
MSPDBL2“¢ PF10-0355 Full ectodomain 30-762 WGCF 1/500
MSP3.4 PF10-0350 Full ectodomain 23-712 WGCF Poor immunoreactivity
ROM4 PFE0340c Full ectodomain 17-759 WGCF Poor immunoreactivity
Microneme Ags
AMA1“ PF11-0344 Full ectodomain 26-546 WGCF 1/1000
EBA140RII” MALI13P1.60 Region II 146-713 Pichia 1/500
EBA140RIII-V* MALI13P1.60 Region 1II-V 746-1045 E. coli 1/500
EBA175F2° PF07-0128 F2 447-795 E. coli 1/500
EBA175RII" PF07-0128 Region II 145-760 Pichia 1/1000
EBA175RIII-V* PF07-0128 Region 1II-V 761-1271 E. coli 1/500
EBAISIRII PFA0125¢ Region II 122-704 WGCF Poor expression
EBA181RIII-V* PFAO125c¢ Region III-V 755-1339 E. coli 1/500
MTRAP PF10-0281 Full ectodomain 24-432 WGCF Poor immunoreactivity
ASP PFD0295c¢ Full ectodomain 22-711 WGCF Poor coating
GAMA“ PF08-0008 Full ectodomain 25-714 WGCF 1/250
GAMA* PF08-0008 N-terminal 25-337 WGCF 1/500
GAMA“ PF08-0008 C-terminal 500-714 WGCF 1/500
Ripr” PFC1045¢ EGF-like domain 279-995 WGCF 1/500
Ripr PFC1045¢ N-terminal 238-368 WGCF Poor expression
Ripr PFC1045¢ C-terminal 791-900 WGCF Poor expression
SUB2“ PF11-0381 N-terminal 19-681 WGCF 1/500
SUB2 PF11-0381 C-terminal 625-1136 WGCF Poor coating
Rhoptry proteins
RAMA? MAL7P1.208 Full ectodomain 18-786 WGCF 17250
PfRh1 PFDO110w N-terminal 500-833 WGCF Poor expression
PfRh2-297¢ PF13-0198 PfRh2-297 297-726 E. coli 1/500
PfRh2-2030¢ PF13-0198 PtRh2-2030 2030-2528 E. coli 1/500
PfRh2a” PF13-0198 PfRh2a-2874 2874-3060 E. coli 1/500
PfRh2b¢ PF13-0198 PfRh2b-2792 2792-3185 E. coli 1/500
PfRh4.1 PFD1150c PfRh4.1 607-773 E. coli Poor expression
PfRh4.2¢ PFD1150c PfRh4.2 1277-1451 E. coli 1/1000
PfRh4.4 PFD1150c PfRh4.4 1445-1619 E. coli Poor expression
PfRh4.9" PFD1150c PfRh4.9 28-340 E. coli 1/500
PfRh5¢ PFD1145¢ Full ectodomain 25-526 WGCF 1/500
RALP-1¢ MAL7P1.119 Full ectodomain 21-749 WGCF 1/500
Rhop148 PF13-0348 N-terminal 1-694 WGCF Poor expression
Rhop148 PF13-0348 C-terminal 569-1262 WGCF Poor expression
RhopH1(9) PFI1730w N-terminal 267-850 WGCF Poor expression
RhopH1(9) PFI1730w C-terminal 752-1340 WGCF Poor expression
RhopH1(3.1)¢ PFC0120w N-terminal 25-721 WGCF 1/500
RhopH1(3.1) PFCO120w C-terminal 722-1417 WGCF Poor coating
RhopH1(3.2) PFCO110w N-terminal 25-722 WGCF Poor immunoreactivity
RhopH1(3.2) PFCO110w C-terminal 723-1416 WGCF Poor expression

(Table continues)
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Ag Gene ID Region Amino Acid Residues  Expression System  Outcome or Plasma Dilution
RhopH1(2)* PFB0935w N-terminal 25-732 WGCF 1/500
RhopH1(2) PFB0935w C-terminal 733-1440 WGCF Poor coating
RhopH2 PFI1445w N-terminal 20-693 WGCF Poor coating
RhopH2 PFI1445w C-terminal 94-1378 WGCF Poor coating
RhopH3 PFI10265¢ C-terminal 56-897 WGCF Poor coating
RON2“ PF14-0495 N-terminal 84-968 WGCF 1/500
RON2 PF14-0495 C-terminal 1786-2071 WGCF Poor coating
RON3 PFL2505¢ N-terminal 574-1394 WGCF Poor expression
RON3 PFL2505¢ C-terminal 1395-2215 WGCF Poor expression
RON4“ PF11-0168 N-terminal 25-709 WGCF 1/500
RON4 PF11-0168 C-terminal 710-1201 WGCF Poor expression
RON6* PFB0680w C-terminal 124-950 WGCF 1/500
SPATR PFB0570w Full ectodomain 23-250 WGCF Poor coating
Pf34 PFD0955w Full ectodomain 26-299 WGCF Poor immunoreactivity
Likely apical proteins

without clearly defined

localization
Pf113¢ PF14-0201 C-terminal 97-948 WGCF 1/500
HYP PF10-0119 Full ectodomain 22-267 WGCF Poor immunoreactivity
HYP PFL0300c Full ectodomain 24-304 WGCF Poor immunoreactivity
HYP Pf10-0166 Full ectodomain 26-310 WGCF Poor coating
HYP PF14-0119 Full ectodomain 22-320 WGCF Poor immunoreactivity
PTRAMP PFLO870w Full ectodomain 26-309 WGCF Poor immunoreactivity
HYP PFD1130w Full ectodomain 27-362 WGCF Poor immunoreactivity
HYP PFB0475¢ Full ectodomain 33-446 WGCF Poor immunoreactivity
Protease PFD0230c Papain domain 116-939 WGCF Poor expression

Nonmerozoite Ags

CSP* PFC0210c Repeat region (NANP)q Peptide 1/125

Bioinformatics approaches were used to identify merozoite Ags that were potential targets of protective Ab responses. All Ags listed demonstrated peak expression
during late trophozoite/schizont stage, and all were predicted to have a signal peptide (except Rhop148). Selection was also made on the likely accessibility to Ab
recognition (i.e., merozoite surface or invasion organelles). Ags predicted to have a GPI anchor (as listed) are likely to be localized to the merozoite surface. The
localization of some Ags is still not well established. Known localization for all Ags was assessed using the ApiLoc database and used to categorize the Ags in the respective
areas in the table. Homology to known merozoite Ags was also assessed using the PlasmoDB database. Ag expression was in E. coli, P. pastoris, or the WGCF system. Peptides

were synthesized commercially.

“These Ags were tested in the prospective cohort of PNG children at the plasma dilution indicated. Ags were not tested in the cohort if they were poorly expressed or yielded
poor results in screening ELISAs (poor Ag coating or poor immunoreactivity when tested with malaria-exposed adult controls).

bThis protein has recently been renamed DBLMSP.

“This protein has recently been renamed MSP3.8.

S-Ag repeat sequence peptide: KVSNGGEDEVSNGRED.
HYP, Hypothetical protein.

rhoptry Ags (89.8, 87.2, and 84.1%, respectively; p = 0.057). There
was no significant difference between the median seroprevalence of
GPI- and non—-GPI-anchored MSPs (90.6 and 89.8%, respectively;
p = 0.801).

The acquisition of Ab responses in malaria-endemic regions
generally increases with age, largely reflecting a cumulative in-
crease in exposure to blood-stage parasitemia over time. Consistent
with this, the seroprevalence of Abs was higher in older children
compared with younger children for the majority of Ags (statis-
tically significant for 38 of 46 proteins [82.6%]) (Table II); for
those Ag-specific responses that did not reach statistical signifi-
cance, there was a clear trend toward a difference between age
groups. The same was found for Ab levels, with significantly
higher median levels among older children compared with youn-
ger children for most Ags (examples shown in Fig. 2A).

The potential boosting effect of concurrent parasitemia at
the time of sample collection on IgG responses was explored.
Seroprevalence was higher in PCR-positive individuals compared
with PCR-negative individuals for 42 of 46 (91.3%) merozoite
Ags (Table II). Median Ab levels were also higher among children
with concurrent parasitemia compared with aparasitemic children
for the majority of Ags (examples shown in Fig. 2B). In contrast,
responses to CSP peptide did not show any statistically significant
differences with regard to age (p = 0.817) or P. falciparum in-
fection status (p = 0.301).

Association between Abs to merozoite Ags and reduced risk for
malaria

The relationship between Ag-specific IgG responses and prospective
risk for episodes of symptomatic malaria was examined in a longi-
tudinal cohort of 206 PNG children for all 46 Ags. Following the
initial clearance of parasitemia at enrollment among children in the
cohort, high P. falciparum reinfection rates were observed in the
subsequent 6 mo of follow-up by active and passive case detection;
95.3% had reinfection detected by PCR, whereas 87.6% had it
detected by LM (22). In 6 mo of follow-up, 38.8% of the cohort had
a symptomatic episode of malaria (defined as fever and P. falciparum
parasitemia > 5000/]). Individuals were classified into three equal
groups (tertiles), reflecting high, intermediate, or low IgG responses
for each Ag. The risk for malaria was compared between children
with high IgG responses and children with low IgG responses for
each Ag; analysis examining the intermediate tertile response group
is described later in relation to Ab dose-response associations with
protection. For 36 of 46 merozoite Ags tested (78.3%), children with
high Ab levels had a reduced risk for malaria (unadjusted HR [uHR]
< 1 by Cox-regression analysis) that was statistically significant
compared with those with low levels (Table III). Adjusting the
Cox-regression models for the predefined confounders age and
location (22) had little impact on the magnitude of protective
associations (Table III), and protective associations calculated
from unadjusted and adjusted models were highly correlated
(data not shown).
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TARGETS OF HUMAN IMMUNITY TO MALARIA

Identify merozoite antigens known or predicted to be
on the merozoite surface or in the apical organelles

L

n=91 recombinant proteins

Protein expression and screening of antigen quality

Poor expression
n=16 recombinant proteins

)

y

Screening of coating and immunoreactivity
Coating efficiency in ELISA

exposed vs. malaria naive individuals

Immunoreactivity with serum antibodies from malaria

Poor coating
n=16 recombinant proteins

v

Poor immunoreactivity
n=13 recombinant proteins

n=75 recombinant proteins

Good coating and immunoreactivity

n=46 recombinant proteins

Merozoite surface n=19 recombinant proteins
Micronemes n=12 recombinant proteins
Rhoptries n=14 recombinant proteins

Apical (undefined) n=1 recombinant protein

Assessment in prospective cohort of PNG children

B

Merozoite surface (GPl-anchored)
MSP1, MSP2, MSP4, MSP10, Pf12, Pf38

Merozoite surface (non GPl-anchored)
MSP3, MSP6, MSP7, MSRP1, MSP9, H103, GLURP,
SERAS, Pf41, PIMSPDBL1, PfIMSPDBL2

Micronemes
AMAT1, EBA140, EBA175, EBA181, GAMA, Ripr, SUB2

Rhoptries
RAMA, PfRh2a, PfRh2b, PfRh4, PfRh5, RALP-1,
RhopH1(3.1), RhopH1(2), RON2, RON4, RON6

FIGURE 1. Flow chart of screening and evaluation of merozoite Ags. (A) Merozoite Ags were identified by late schizont—stage transcription, appropriate
signal sequences, putative GPI anchor, or homology to other known merozoite Ags. These were expressed as recombinant proteins if known or reported to
have localization to the merozoite surface or apical organelles. Expressed proteins were then purified and screened for quality by SDS-PAGE and Western
blots. Coating efficiency and immunoreactivity to naturally acquired human responses were assessed by ELISA. Ags of sufficient quality, coating efficiency,
and immunoreactivity were then tested in a cohort of 206 PNG children. (B) The localization of merozoite Ags tested in the cohort. Forty-six recombinant
proteins were tested, and these represented 36 distinct merozoite proteins (i.e., some were subregions of the same merozoite protein). Details on the

recombinant proteins that were tested in the study are provided in Table I.

When Ag-specific responses were ranked according to the
strength of their protective associations, many of the Ags that were
most strongly associated with protection were relatively under-
studied rhoptry and micronemal proteins, particularly proteins with
a demonstrated role in erythrocyte invasion, rather than the more
extensively studied MSPs (Fig. 3A). To assess this further, Ag-
specific responses were classified into three equal groups, defined
as strong, intermediate, and weak categories (Fig. 3A); however, it
should be noted that, even in the intermediate group, there were

Ab responses that were strongly associated with protective out-
comes (HRs ranging from 0.20 to 0.32). The majority of responses
to thoptry and microneme Ags were in the strong or intermediate
protective-association groups, whereas the majority of responses
against merozoite surface Ags were in the weak association group
(p < 0.001, Fig. 3B).

Interestingly, IgG responses against a number of recently de-
scribed erythrocyte invasion ligands, such as PfRhS5, Ripr, PfRh2,
RON2, GAMA, EBAI175RII-V, EBA140RII, and MSPDBLI,

20T ‘v 1snSny uo 1sans Aq /310 ounurr-mmam//:dny woiy papeorumo(q


http://www.jimmunol.org/

The Journal of Immunology 801
Table II.  Associations among Ab prevalence, age, and parasitemia
Age =9y Age >9y PCR™ PCR*
Ag Region No. Positive (%) (no. [%]) (no. [%]) p Value (no. [%]) (no. [%]) p Value
Surface proteins
(GPI anchored)
MSP1 MSP1-19 199 (96.6) 85 (93.4) 114 (99.1) 0.024 62 (92.5) 137 (98.6) 0.025
MSP1 MSP1-42 191 (92.7) 80 (87.9) 111 (96.5) 0.018 57 (85.1) 134 (96.4) 0.003
MSP2 Full length 182 (88.4) 74 (81.3) 108 (93.9) 0.005 51 (76.1) 131 (94.2) <0.001
MSP4 Full length 194 (94.2) 80 (87.9) 114 (99.1) 0.001 57 (85.1) 137 (98.6) <0.001
MSP10 Full ectodomain 178 (86.4) 71 (78.0) 107 (93.0) 0.002 50 (74.6) 128 (92.1) 0.001
Pf12 Full ectodomain 196 (95.2) 81 (89.0) 115 (100.0) <0.001 59 (88.1) 137 (98.6) 0.001
P£38 Full ectodomain 182 (88.4) 77 (84.6) 105 (91.3) 0.137 53 (79.1) 129 (92.8) 0.004
Surface proteins (non-
GPI anchored)
MSP3 Full ectodomain 180 (87.4) 70 (76.9) 110 (95.7) <0.001 50 (74.6) 130 (93.5) <0.001
MSP3 LSP 135 (65.5) 48 (52.8) 87 (75.7) 0.001 34 (50.8) 101 (72.7) 0.002
MSP6 Full ectodomain 182 (88.4) 76 (83.5) 106 (92.2) 0.054 50 (74.6) 132 (95.0) <0.001
MSP7 Full ectodomain 199 (96.6) 85 (93.4) 114 (99.1) 0.024 63 (94.0 136 (97.8) 0.157
MSRP1 Full ectodomain 175 (85.0) 68 (74.7) 107 (93.0) <0.001 50 (74.6) 125 (89.9) 0.004
ABRA/MSP9 Full ectodomain 185 (89.8) 75 (82.4) 110 (95.7) 0.002 53 (79.1) 132 (95.0) <0.001
H103/MSP11 Full ectodomain 195 (94.7) 82 (90.1) 113 (98.3) 0.010 58 (86.6) 137 (98.6) <0.001
GLURP R2 peptide 185 (89.8) 74 (81.3) 111 (96.5) <0.001 55 (82.1) 130 (93.5) 0.011
SERAS Full ectodomain 199 (96.6) 85 (93.4) 114 (99.1) 0.024 61 (91.0) 138 (99.8) 0.002
Pf41 Full ectodomain 183 (88.8) 73 (80.2) 110 (95.7) <0.001 51 (76.1) 132 (95.0) <0.001
MSPDBL1 DBL domain 193 (93.7) 81 (89.0) 112 (97.4) 0.014 58 (86.6) 135 (97.1) 0.004
MSPDBL2 Full ectodomain 186 (90.3) 75 (82.4) 111 (96.5) 0.001 53 (79.1) 133 (95.7) <0.001
Micronemal proteins
AMAL Full ectodomain 195 (94.7) 81 (89.0) 114 (99.1) 0.001 58 (86.6) 137 (98.6) <0.001
EBA140 Region II 176 (85.4) 74 (81.3) 102 (88.7) 0.136 51 (76.1) 125 (89.9) 0.009
EBA140 Region III-V 165 (80.1) 66 (72.5) 99 (86.1) 0.016 47 (70.2) 118 (84.9) 0.013
EBA175 F2 186 (90.3) 75 (82.4) 111 (96.5) 0.001 56 (83.6) 130 (93.5) 0.024
EBA175 Region II 1617 (79.3) 64 (70.3) 97 (86.6) 0.004 46 (69.7) 115 (83.9) 0.019
EBA175 Region III-V 184 (89.3) 75 (82.4) 109 (94.8) 0.004 50 (74.6) 134 (96.4) <0.001
EBA181 Region III-V 183 (88.8) 73 (80.2) 110 (95.7) <0.001 56 (83.6) 127 (91.4) 0.097
GAMA Full ectodomain 180 (87.4) 74 (81.3) 106 (92.2) 0.020 51 (76.1) 129 (92.8) 0.001
GAMA N-terminal 1697 (83.3) 71 (78.0) 98 (87.5) 0.072 48 (72.7) 121 (88.3) 0.005
GAMA C-terminal 56 (27.6) 26 (28.6) 30 (26.8) 0.777 11 (16.7) 45 (32.9) 0.016
Ripr EGF-like domain 91“ (44.8) 35 (38.5) 56 (50.0) 0.100 26 (39.4) 65 (47.5) 0.280
SUB2 N-terminal 177 (87.2) 71 (78.02) 106 (94.6) <0.001 50 (75.8) 127 (92.7) 0.001
Rhoptry proteins
RAMA Full ectodomain 177 (85.9) 72 (79.1) 105 (91.3) 0.013 48 (71.6) 129 (92.8) <0.001
PfRh2 PfRh2-297 161 (78.2) 67 (73.6) 94 (81.7) 0.162 45 (67.2) 116 (83.5) 0.008
PfRh2 PfRh2-2030 194 (94.2) 80 (87.9) 114 (99.1) 0.001 59 (88.1) 135 (97.2) 0.009
PfRh2 PfRh2a 191 (94.1) 82 (91.1) 109 (96.5) 0.108 58 (87.9) 133 (97.1) 0.009
PfRh2 PfRh2b 175 (85.0) 72 (79.1) 103 (89.6) 0.037 47 (70.1) 128 (92.1) <0.001
PfRh4 PfRh4.2 195 (94.7) 82 (90.1) 113 (98.3) 0.010 60 (89.6) 135 (97.1) 0.024
PfRh4 PfRh4.9 193 (93.7) 81 (89.0) 112 (97.4) 0.014 57 (85.1) 136 (97.8) <0.001
PfRh5 Full ectodomain 108 (53.2) 35 (38.5) 73 (65.2) <0.001 28 (42.4) 80 (58.4) 0.033
RALP-1 Full ectodomain 1897 (93.1) 81 (89.0) 108 (96.4) 0.038 56 (84.9 133 (97.1) 0.001
RhopH1(3.1) N-terminal 1207 (59.1) 38 (41.8) 82 (73.2) <0.001 32 (48.5) 88 (64.2) 0.033
RhopH1(2) N-terminal 154% (75.9) 60 (65.9) 94 (83.9) 0.003 45 (68.2) 109 (79.6) 0.076
RON2 N-terminal 167 (82.3) 62 (68.1) 105 (93.8) <0.001 41 (62.1) 126 (92.0) <0.001
RON4 N-terminal 1917 (94.1) 81 (89.0) 110 (98.2) 0.006 56 (84.9) 13