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It is unclear whether naturally acquired immunity to Plasmodium falciparum results from the acquisition of antibodies to mul-
tiple, diverse antigens or to fewer, highly conserved antigens. Moreover, the specific antibody functions required for malaria im-
munity are unknown, and hence informative immunological assays are urgently needed to address these knowledge gaps and
guide vaccine development. In this study, we investigated whether merozoite-opsonizing antibodies are associated with protec-
tion from malaria in a strain-specific or strain-transcending manner by using a novel field isolate and an immune plasma-
matched cohort from Papua New Guinea with our validated assay of merozoite phagocytosis. Highly correlated opsonization
responses were observed across the 15 parasite strains tested, as were strong associations with protection (composite phagocyto-
sis score across all strains in children uninfected at baseline: hazard ratio of 0.15, 95% confidence interval of 0.04 to 0.63). Op-
sonizing antibodies had a strong strain-transcending component, and the opsonization of transgenic parasites deficient for
MSP3, MSP6, MSPDBL1, or P. falciparum MSP1-19 (PfMSP1-19) was similar to that of wild-type parasites. We have provided
the first evidence that merozoite opsonization is predominantly strain transcending, and the highly consistent associations with
protection against diverse parasite strains strongly supports the use of merozoite opsonization as a correlate of immunity for
field studies and vaccine trials. These results demonstrate that conserved domains within merozoite antigens targeted by op-
sonization generate strain-transcending immune responses and represent promising vaccine candidates.

Despite progress toward a reduced global burden of malaria,
parasites of the genus Plasmodium continue to cause approx-

imately 200 million clinical cases and 600,000 deaths annually (1).
Although several malaria vaccines are currently in clinical trials,
none has yet shown sufficient efficacy in settings of malaria ende-
micity to be a stand-alone vaccine against the highly complex,
variant, and virulent Plasmodium falciparum parasite. Develop-
ment of effective vaccines requires knowledge of the essential
mechanisms for protective immunity, as well as robust assays to
serve as correlates of immunity. The merozoite represents an at-
tractive vaccine target since it is briefly exposed to the immune
system prior to host cell invasion and since antibodies to numer-
ous merozoite antigens have been associated with protective im-
munity in humans (2, 3).

Exactly which antibody functions are necessary to control par-
asitemia and clinical symptoms during natural infection remain
unclear. Direct inhibition of parasite growth is commonly used in
preclinical vaccine development; however, associations between
growth-inhibitory antibodies measured in vitro and protective
immunity have been inconsistent (4, 5). Recent evidence has
strongly implicated antibodies that opsonize P. falciparum and
elicit parasite killing through Fc receptor-dependent mechanisms
as important for naturally acquired immunity (6–8). We previ-
ously developed a robust in vitro assay to measure opsonization-
dependent merozoite phagocytosis (9, 10) and have demonstrated
that phagocytic responses to the 3D7 P. falciparum laboratory
strain are associated with protective immunity in a Papua New
Guinea (PNG) cohort (6), findings that have been confirmed in
African cohorts (11). However, currently it is not clear what im-

pact antigenic diversity and the contribution of individual mero-
zoite antigens have in generating an opsonizing antibody re-
sponse, limiting the interpretive power of these assays for vaccine
development.

Parasite genetic diversity is a significant hurdle to the develop-
ment of effective subunit malaria vaccines, with many merozoite
antigens displaying considerable sequence diversity (12). FMP2.1/
AS02A and combination B vaccines that consist of a single allelic
sequence of AMA-1 and MSP2, respectively, showed only partial
protective efficacy that was restricted to infections with P. falcip-
arum that expressed vaccine-like alleles (13, 14). Growth-inhibi-
tory and trophozoite-agglutinating antibodies are acquired in a
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strain-specific manner (15–19); however, the impact of parasite
diversity on opsonization remains unknown. More generally, it is
unclear to what extent malaria immunity results from the accu-
mulation of a broad repertoire of uniquely specific antibodies or
from a narrow repertoire against conserved antigens. These ques-
tions are of critical importance as numerous single-antigen ma-
laria vaccines are in development, and current attenuated whole-
parasite vaccine strategies incorporate a single laboratory parasite
strain.

Using a panel of common laboratory strains and parasites from
PNG that we adapted to growth in vitro, we have comprehensively
demonstrated that parasite diversity does not impact the ability of
merozoite opsonization responses to predict immunity to ma-
laria. Strikingly, similar opsonization responses were observed
across all strains tested, whether the parasite line was from the
same cohort as the plasma samples or not, and these responses
were consistently associated with protective immunity. Through
use of transgenic parasite lines, we report that the absence of
prominent immunogenic merozoite surface antigen MSP3,
MSP6, MSPDBL1, or MSP1-19 did not impact the overall level of
merozoite phagocytosis. With the depletion of antibody reactivity
to 3D7 merozoites, opsonization of merozoites from PNG strains
also declined, indicating the presence of conserved antigenic tar-
gets across parasite strains. These findings demonstrate that mero-
zoite-opsonizing antibodies in semi-immune children are cross-
reactive and likely contribute to the broad protection against
diverse strains that is a hallmark of naturally acquired immunity
to malaria.

MATERIALS AND METHODS
Study population and ethics. Plasma samples were obtained from a
treatment-reinfection study of 198 children aged 5 to 14 years from
Madang Province, PNG, and a full description of the cohort is available
elsewhere (20). In brief, a plasma sample was collected at enrollment,
following which all participants received 7 days of oral artesunate (4
mg/kg/day) monotherapy to clear parasitemia, in accordance with na-
tional guidelines at the time. Treatment failures were determined by
MSP2 genotyping. The cohort was monitored for symptomatic illness
and parasitemia for 6 months through fortnightly visits and presenta-
tion at the Mugil Health Centre, with parasitemia determined from
finger-prick sampling by light microscopy (LM) and post-PCR ligase

detection reaction-fluorescent microsphere assay (PCR). In this study,
PCR detection of parasitemia was used to classify children as infected
unless otherwise stated. Clinical malaria was defined as a measured
fever (axillary temperature of �37.5°C) or history of febrile illness
during the preceding 48 h, in conjunction with P. falciparum infection
as measured by light microscopy. The study was approved by the Medical
Research Advisory Committee of Papua New Guinea and by the Walter
and Eliza Hall Institute Human Research Ethics Committee (HREC). In-
formed consent was obtained in writing from parents or guardians of all
participants prior to enrollment.

Parasite strains and lab adaptation. 3D7, D10, K1, HB3, E8B, Palo
Alto, and W2MEF strains were cultured as described previously (21). The
D10PfMSP1-19 and D10PcMSP1-19 lines (where Pf is P. falciparum and
Pc is Plasmodium chabaudi, respectively) were maintained with 24 ng/ml
pyrimethamine (22), and 3D7�MSP3, 3D7�MSP6, and 3D7�MSPDBL1
lines were generated by transfection with constructs assembled in pCC1
(23). The PNG strain XHA_A has been reported previously (24), whereas
all other PNG strains were adapted from erythrocytes cryopreserved in
Glycerolyte 57 (Fenwal) from high-parasitemia baseline blood samples.
Erythrocytes were thawed using a NaCl gradient and cultured in RPMI
1640 medium supplemented with 25 mg/ml HEPES, 50 �g/ml hypoxan-
thine, 2 mg/ml NaHC03, 5% (vol/vol) pooled AB human serum, and
0.25% (wt/vol) Albumax (Invitrogen) at 2% hematocrit for 2 weeks or
until sufficiently expanded. All strains were confirmed to be single and
unique strains by MSP2 genotyping (25), with XHA_C and XHA_K re-
duced to single clones by limiting dilution prior to use.

Phagocytosis assay. Phagocytosis assays were performed as described
previously (6, 9, 10). In brief, freshly prepared merozoites were generated
by filtration of magnet-purified E64-treated schizonts (26), followed by
hemozoin removal and staining with ethidium bromide (EtBr). Stained
merozoites were then opsonized with diluted plasma samples (1 in 2,000)
and then incubated for 40 min at 37°C with THP-1 monocytic cells.
Phagocytosis by THP-1 cells was assessed by flow cytometry as the per-
centage of EtBr-positive cells with the test plasma minus the percentage of
positive cells with a nonimmune Australian plasma pool. All cohort
plasma samples were tested in a single experiment with a single batch of
merozoites for each parasite line, and tests were run and analyzed blinded.
For depletion experiments, 107 merozoites were added to plasma samples
at a final dilution of 1/2,000 in 200 �l. Samples were incubated with gentle
rolling for 1 h at room temperature (RT), followed by centrifugation
(13,000 � g for 3 min) to pellet merozoites. A further 107 merozoites were
used to repeat the depletion. Nondepleted plasma was handled similarly,
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FIG 1 Opsonizing antibodies are influenced by concurrent P. falciparum infection. Phagocytosis responses for each parasite strain were stratified by the density
of P. falciparum infection at baseline. Infection was detected by PCR (A) or microscopy (B) or by PCR in children where infection was not detected by microscopy
(C). Median values are shown, with differences assessed using a Wilcoxon rank sum test (*, P � 0.05; **, P � 0.01, ***, P � 0.001; ns, not significant).

Hill et al.

2176 iai.asm.org August 2016 Volume 84 Number 8Infection and Immunity

http://iai.asm.org


except without the addition of merozoites. After depletion, plasma sam-
ples were used in phagocytosis assays as described above.

Statistical analysis. Statistical analysis was performed using STATA,
version 12 (STATA Corp.), and Prism, version 6.0 (GraphPad). Differ-
ences in median phagocytosis responses between categorical variables
were assessed by a Wilcoxon rank sum test. For survival analyses, phago-
cytosis responses were categorized into equal-sized tertiles (low, medium,
and high). Poisson regression for incidence rate ratios (IRR) of clinical
malaria during follow-up and Cox proportional-hazard models for haz-
ard ratios (HR) of time to first clinical episode included adjustment for
age (�9 years or �9 years) and location (�1 km or �1 km) as described
previously (20). Children that failed to clear infections following treat-
ment at baseline (n � 12) were excluded from analysis. Tertile responses
for each parasite strain were designated 0, 1, or 2 for a low, medium, or
high response, respectively, and summed across strains to yield a reactivity
score. These scores were then used to generate tertiles reflecting low, me-
dium, and high reactivity scores and used in regression analysis as de-
scribed above.

RESULTS
Opsonizing antibodies are influenced by P. falciparum infec-
tion and are higher in individuals protected from clinical ma-
laria. Merozoite-opsonizing antibodies were measured in 198
plasma samples against a panel of seven lab strains and eight
strains from study participants that we adapted to in vitro culture.
As the majority of children were parasitemic at the baseline time
point, the influence of malaria infection on opsonization re-
sponses was assessed. Phagocytosis responses were higher in chil-
dren with an infection at baseline measured by PCR than in unin-
fected children (Fig. 1A). When infections were determined by
microscopy, the boosting effect of concurrent infection was in-
consistent across strains (Fig. 1B). However, the moderate effect
for microscopy-detected infections resulted from the influence of
low-density infections as individuals with submicroscopic PCR-
detected infection had significantly boosted opsonization against

3D7 
D10
K1
HB3 
E8B
P.ALTO
W2MEF
XHA_A
XHA_B
XHA_C
XHA_D
XHA_E
XHA_K
XHA_L
XHA_M

**
**

*

**
*
**
**
**
**
****
**

0

10

20

30

40

50

60

70

P
ha

go
cy

to
si

s 
(%

)
0

10

20

30

40

50

60

70

P
ha

go
cy

to
si

s 
(%

)

0 Episodes  ≥1 episodes 0 Episodes  ≥1 episodes 

Uninfected at baseline Infected at baseline

ns
ns

ns
ns

ns
nsns
ns
ns
ns

ns
ns
ns
ns

ns

ns
ns

n = 28 n = 36 n = 70 n = 64

BA

0

10

20

30

40

50

60

70

P
ha

go
cy

to
si

s 
(%

)

0 Episodes  ≥1 episodes 

All Individuals

n = 98 n = 100

C

*

**

**ns*

*

ns

*

***

*
*

*

*

- +
0 episodes 1 episodes 2 episodes 3 episodes

10

20

30

40

50

60

70

n = 28 n = 70 n = 22 n = 40 n = 12 n = 20 n = 2 n = 4 

**
ns
ns

ns
ns
ns*
*ns

ns
ns
ns
ns

*****
*********
***
ns

ns

********

***

********
***********
****
********

ns
ns
ns
ns
ns

ns
ns

ns
ns

ns

ns

ns
ns

ns

ns

P
ha

go
cy

to
si

s 
(%

)

- + - + - +0

D

**

*

**

*

FIG 2 Association of opsonizing antibodies, concurrent P. falciparum infection, and clinical malaria outcomes. Phagocytosis responses for each parasite strain
were stratified by the presence of at least one episode of clinical malaria during follow-up for the entire cohort (A), for children uninfected at baseline (B), and
for children with P. falciparum infection at baseline (C). (D) The cohort was stratified based on the number of clinical P. falciparum infections during follow-up,
and phagocytosis responses were compared between individuals infected (�) and uninfected (	) at baseline. Median values are shown, with differences assessed
using a Wilcoxon rank sum test (*, P � 0.05; **, P � 0.01, ***, P � 0.001; ns, not significant).

Strain-Transcending P. falciparum-Opsonizing Immunity

August 2016 Volume 84 Number 8 iai.asm.org 2177Infection and Immunity

http://iai.asm.org


all parasite strains (Fig. 1C). Therefore, low-density P. falciparum
infection was sufficient to elevate merozoite-opsonizing anti-
bodies.

Following antimalarial drug treatment at baseline, all children
were reinfected with P. falciparum during the 6-month follow-up
period while half experienced at least one episode of clinical ma-
laria (n � 100 of 198). Baseline opsonizing antibody levels were
higher in children who did not experience clinical malaria during
follow-up for all strains except D10 and K1 (Fig. 2A). The impact
of baseline infection was investigated, and plasma from children
uninfected at baseline and with no clinical malaria episodes dur-
ing follow-up had significantly higher merozoite phagocytosis for
all strains except D10 and K1 than plasma from children who
developed clinical malaria (Fig. 2B). Boosted opsonizing antibod-
ies present in plasma from children with baseline parasitemia were
not different between children who did and those who did not
experience a clinical episode during follow-up (Fig. 2C). There-
fore, when opsonizing antibodies were not boosted by concurrent
P. falciparum infection, higher phagocytosis responses across the
majority of parasite lines were observed in children protected
from clinical malaria, consistent with our previous observations
with 3D7 merozoites (6). Children infected at baseline had a sim-
ilar risk of reinfection and clinical disease as uninfected children
during the 6 months of follow-up in this cohort (20), indicating
that higher levels of opsonizing antibodies in children with base-
line infections are not predictive of increased immunity to P. fal-
ciparum.

Children in the cohort experienced up to three episodes of
clinical malaria during the 6 months of follow-up, and the effect of
concurrent parasitemia on opsonizing antibodies differed across

these clinical groups. Baseline infection had less effect in children
with no clinical episodes during follow-up than in those that ex-
perienced one, two, or three episodes of clinical malaria (Fig. 2D).
Significantly boosted responses were observed for 5 strains, 13
strains, and all strains in children that experienced no, one, and
two clinical malaria episodes during follow-up, respectively.
Although a striking trend for boosted antibodies was observed
in children with three clinical episodes during follow-up, the
small sample size did not enable the comparisons to reach sta-
tistical significance (P � 0.06 for all comparisons). Therefore,
these data demonstrate that opsonizing antibody levels become
more stable and less influenced by concurrent infections as
immunity develops.

Broad opsonization responses are strongly associated with
protection. Phagocytosis responses were compared across the 15
parasite strains to determine how consistent opsonization re-
sponses were against diverse parasites. Responses were highly cor-
related between all parasite strains tested (Fig. 3A) and thus indi-
cated that the acquired antibody repertoire could recognize a
broad range of parasites. To investigate whether phagocytosis re-
sponses were associated with acquired immunity, children were
stratified into low, medium, or high phagocytosis responders for
each parasite strain and assessed for the incidence of clinical dis-
ease (Fig. 3B; see also Tables S1 to S3 in the supplemental mate-
rial). High levels of phagocytosis were associated with a reduced
incidence of clinical malaria for 14 out of 15 lines (IRR range
across parasite strains, 0.45 to 0.67), and stronger associations
with protection were observed in individuals without infection at
baseline (IRR range across parasite strains, 0.07 to 0.49). Age and
location were previously identified as confounding variables for

−1
−0. 9
−0. 8
−0. 7
−0. 6
−0. 5
−0. 4
−0. 3
−0. 2
−0.1

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

3D
7

D
10

K
1

H
B

3
E

8B
P

al
o

A
lto

W
2

M
E

F
X

H
A

_A
X

H
A

_B
X

H
A

_C
X

H
A

_D
X

H
A

_E
X

H
A

_K
X

H
A

_L
X

H
A

_M

3D7
D10

K1
HB3

E8B
PaloAlto

W2MEF
XHA_A

XHA_B
XHA_C

XHA_D
XHA_E

XHA_K
XHA_L

XHA_M

3D7
D10

K1
HB3
E8B

PaloAlto
W2MEF
XHA _A
XHA _B
XHA _C
XHA _D
XHA _E
XHA _K
XHA _L
XHA _M

0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8
1.9
2.0

A
ll 

In
di

vi
du

al
s

U
ni

nf
ec

te
d 

In
fe

ct
ed

*
*
**
*
*
*

***
**
**
***
**
**
**
**

**

*

*

*

*

*
*

**

**
*
**
**
 *
 *
**
**
**
 *

**
 *

 *
*
**
 *

 *
**
*
**

 *

Unadjusted Adjusted

A
ll 

In
di

vi
du

al
s

U
ni

nf
ec

te
d

In
fe

ct
ed

In
ci

de
nc

e 
R

at
e 

R
at

io

BA

S
pe

ar
m

an
 c

or
re

la
tio

n 
co

ef
fic

ie
nt

FIG 3 Merozoite opsonization is highly correlated and associated with immunity across diverse parasite strains. (A) Phagocytosis responses from the entire
cohort (n � 198) were correlated across 15 parasite strains by Spearman correlation. The strength of the correlation coefficient is indicated by the shape and color
of the ellipses (all correlations, P � 0.0001). (B) Phagocytosis responses were stratified into three equal groups (tertiles) representing high, medium, and low
opsonization levels, and incidence rate ratios (IRR) were calculated by Poisson regression to compare the incidence of clinical malaria over the 6-month
follow-up period between the high- and low-phagocytosis tertiles. Results for the entire cohort and for uninfected and infected children at baseline are shown,
and the strength of the IRR is indicated by the color scale (blue, protective, with an IRR of �0; red, increased incidence, with an IRR of �1). Poisson regression
models were also adjusted for age and location (distance from coastline). Significant IRR are indicated as follows: *, P � 0.05; **, P � 0.01. See also Tables S1 to
S3 in the supplemental material.

Hill et al.

2178 iai.asm.org August 2016 Volume 84 Number 8Infection and Immunity

http://iai.asm.org


antibody responses in this cohort (20), and after the Poisson re-
gression model was adjusted for age and location, the majority of
parasite strains remained significantly associated with immunity
in individuals uninfected at baseline (IRR range across parasite
strains, 0.08 to 0.62). In contrast, in individuals infected at base-
line, phagocytosis responses to each strain were significantly asso-
ciated with protection after adjustment (IRR range across parasite
strains, 0.66 to 1.21). As the majority of children were infected at
baseline, this likely accounts for the moderate protective associa-
tions measured for the whole cohort.

To further investigate the reactivity across multiple parasite
strains, a reactivity score was generated in which tertile responses

for each strain were assigned an arbitrary numerical value (low, 0;
medium, 1; high, 2) and summed across strains. Children unin-
fected at baseline had a range of responses, and a large proportion
of this group had low reactivity scores, reflective of low responses
to all strains (Fig. 4A). A large proportion of children with baseline
infections had high reactivity scores, indicating that infection-
boosted responses recognized multiple strains (Fig. 4B). Never-
theless, in children uninfected at baseline, high reactivity scores
were associated with a reduced incidence of clinical malaria com-
pared to the incidence in those with low scores across lab strains,
PNG strains, and all strains combined (Fig. 4C) (IRR of 0.24, P �
0.008; IRR of 0.14, P � 0.006; IRR of 0.21, P � 0.009, respectively).
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Reactivity scores were not associated with protection in children
infected at baseline across lab strains, PNG strains, and all strains
combined (Fig. 4D) (IRR of 0.92, P � 0.7; IRR of 0.73, P � 0.2;
IRR of 0.78, P � 0.4, respectively). Similarly, strong associations
with protective immunity were observed by analysis of time to
clinical disease for uninfected individuals with high reactivity
scores to all strains (Fig. 4E) (hazard ratio, 0.15; 95% confidence
interval [CI], 0.04 to 0.64; P � 0.01). No significant reduction in
risk of clinical malaria was observed for infected individuals (Fig.
4F) (hazard ratio, 0.83; 95% CI, 0.44 to 1.48; P � 0.49). Hence,
consistent with the results for individual strains, opsonizing anti-
bodies did not predict protection against subsequent clinical dis-
ease when boosted by concurrent infection. In contrast, high levels
of merozoite opsonization across diverse parasite strains in
plasma from uninfected children were associated with an 85%
reduced risk of clinical malaria immunity.

Variations in opsonization are not restricted to autologous
parasite isolates. To assess whether opsonizing antibodies were
acquired and boosted in a strain-specific manner, plasma samples
from baseline, 28 days, and 56 days following antimalarial treat-
ment were used to opsonize merozoites from six PNG strains and
3D7. To investigate the acquisition of antibodies without the in-
fluence of subsequent infections, analysis was restricted to the six
individuals from which a parasite strain was successfully lab
adapted and who were reinfected with P. falciparum after day 56.
Of these children, three developed clinical malaria while three
were asymptomatically infected. No consistent increase in strain-
specific opsonizing antibodies was observed between baseline, day
28, and day 56 (Fig. 5). When variations in phagocytosis did occur,
the changes were not restricted to the corresponding autologous
parasite strain. Thus, these data do not support strain-specific
acquisition of opsonizing antibodies but, rather, indicate that in-

FIG 5 Opsonization responses during follow-up against autologous and heterologous parasite strains. Phagocytosis responses to seven parasite strains were
tested in triplicate for six study individuals, indicated by letters, with plasma collected at baseline, at 28 days, and at 56 days after antimalarial treatment. The
autologous parasite strain corresponding to each individual is indicated by dark shading. Values are means 
 standard deviations. Differences between means
were determined by Sidak-corrected multiple comparison testing, and significance is indicated: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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fection modulates opsonization responses that are reactive to
multiple strains.

Merozoite opsonization can transcend the diversity between
parasite strains. The consistent opsonization responses across the
parasite strains in semi-immune individuals could have resulted
from a broad antibody repertoire to strain-specific antigens, the
recognition of conserved antigens, or a combination of both sce-
narios. To investigate whether opsonizing antibodies were cross-
reactive across diverse parasite strains, plasma was preincubated
with merozoites from the 3D7 lab strain or the PNG strain XHA_E
to deplete strain-specific antibodies. When depleted plasma sam-
ples were used to opsonize PNG strain XHA_E and XHA_B mero-
zoites, significant decreases in phagocytosis were observed for the
majority of samples (Fig. 6). Although opsonization of XHA_E
merozoites with XHA_E-depleted plasma demonstrated that
complete depletion of XHA_E-specific antibodies was not
achieved, phagocytosis of XHA_E and XHA_B merozoites was
reduced with 3D7-depleted plasma. Hence, the decreased op-
sonization to XHA_B with XHA_E- and 3D7-depleted plasma
demonstrates that shared opsonization targets exist between par-
asite strains.

Absence of MSP3, MSP6, MSPDBL1, or MSP1-19 does not
affect opsonization responses. The MSP3 family and MSP1-19
have been implicated as targets of opsonizing antibodies in neu-
trophil respiratory burst assays (27), in ADCI assays (28), or, more
recently, in merozoite phagocytosis assays (11, 29). Antibodies
measured by enzyme-linked immunosorbent assay (ELISA) to the
MSP3 family and MSP1-19 correlate with immunity from clinical
malaria in this cohort (3, 30), and MSP1-19 antibodies were
strongly correlated with phagocytosis responses to all strains (see
Fig. S4 in the supplemental material). Therefore, it would be ex-
pected that phagocytosis of parasites deficient in MSP3, MSP6, or
MSPDBL1 or containing the P. chabaudi MSP1-19 sequence
would differ relative to wild-type parasites if these antigens were
dominant targets of the phagocytic response. However, no differ-
ences in phagocytosis were observed for parasites deficient in any
antigen tested (Fig. 7), indicating that there are multiple targets of
opsonizing antibodies and that MSP3-, MSP6-, MSPDBL1-, and
MSP1-19-specific sequences do not predominate as targets of the
opsonization response.

DISCUSSION

A wealth of evidence has demonstrated that antibodies to mero-
zoite antigens are important for immunity to P. falciparum; how-
ever, the mechanisms by which these antibodies provide protec-
tion from clinical disease remains less defined. We recently
reported the first evidence for phagocytosis of opsonized merozo-
ites as a correlate of protective immunity (6), which has now also
been demonstrated in Kenyan cohorts (11). In this study, we have
provided the first evidence that opsonic phagocytosis of P. falcip-
arum merozoites is a robust correlate of acquired immunity using
both laboratory parasite strains and plasma-matched isolates
adapted from the field. Both growth inhibition and trophozoite
functional antibodies have been shown to be largely strain specific
(15–19), which limits their utility for assessing immunity in areas
of endemicity with diverse parasite populations. In this study,
high levels of opsonizing antibodies against all strains were asso-
ciated with an 85% decrease in the risk of clinical malaria in indi-
viduals uninfected at baseline. These findings further validate
merozoite opsonization as a robust functional assay of humoral

immunity to malaria and provide strong support for merozoite
opsonization and the phagocyte effector functions elicited by
these antibodies as important immune mechanisms for reducing
P. falciparum parasitemia and clinical disease.

Although baseline infection boosted opsonizing antibodies to
multiple strains, the boosted responses were not associated with
protection. Several studies have reported that antibodies to mero-
zoite antigens decline quickly following infection in children, with
reported antibody half-lives ranging from 5 to 52 days (31, 32).
These values are consistent with both the intrinsic catabolic half-
lives of 21 days for IgG1 and 7 days for IgG3 (33) and with the
decay of short-lived plasma cells (34). These reported half-lives
suggest that the boosted opsonizing antibodies measured from

FIG 6 Depletion of opsonizing antibodies reduces responses to heterologous
strains. Phagocytosis responses to nondepleted and XHA_E- and 3D7-de-
pleted plasma samples were tested against XHA_E merozoites (A) and XHA_B
merozoites (B). Plasma samples from eight study individuals were tested in
triplicate. Values are means 
 standard deviations. Differences between means
were determined by Sidak-corrected multiple comparison testing, and signif-
icance is indicated as follows: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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infected children would display rapid and substantial decay to
potentially nonprotective levels. Thus, the presence of short-lived
antibodies in plasma from infected individuals is likely to inflate
the level of opsonization measured at baseline, resulting in phago-
cytosis responses that are not predictive of long-lived immunity.
Interestingly, the boosting effect was most pronounced in those
children susceptible to multiple clinical episodes during follow-
up. This suggests that opsonizing antibodies stabilize once immu-
nity has developed, which further indicates the ability of opsoniz-
ing antibody levels to predict immunity. Baseline infection per se
did not alter risk of reinfection or of clinical disease during the 6
months of follow-up in this cohort (20). Nevertheless, infection
strongly elevated levels of opsonizing antibodies as well as those of
antibodies to numerous merozoite surface antigens in this cohort
(3). The findings from this study demonstrate that a current P.
falciparum infection strongly modulates merozoite antibodies,
many of which are likely the result of a short-lived, extrafollicular
plasma cell response. Thus, careful assessment of parasitemia
should be incorporated into cohort designs that intend to measure
merozoite humoral immunity in regions where malaria is en-
demic, especially as nonclinical submicroscopic infections were
sufficient to strongly modulate opsonization responses, particu-
larly in children with limited acquired immunity.

Following an infection at baseline, no consistent increases in
opsonizing antibodies to autologous or heterologous parasite
strains were observed on day 28 or 56 after antimalarial drug treat-
ment. Where responses were variable over time, changes were not
restricted to autologous parasite strains and thus were not strain
specific. Additional evidence in support of conserved targets of
opsonization was revealed by experiments in which plasma de-
pleted of strain-specific antibodies displayed reduced phagocyto-
sis of heterologous strains. Due to the moderate to high malaria
transmission rate in the study site (entomologic inoculation rate
of 37 infective bites/person/year) (20), study participants would
have experienced numerous malaria episodes throughout child-
hood. Therefore, we hypothesize that following an initial malaria
infection, opsonizing antibodies are generated to conserved and
variant merozoite antigens, and during subsequent infections
with heterogeneous parasites, antibodies targeted to conserved
epitopes may be boosted incrementally to eventually predominate
over responses to variant merozoite antigens. We have demon-
strated that conserved targets constitute the majority of the op-
sonization repertoire and thus elucidated how opsonization re-
sponses transcend the antigenic variation between strains.

Antibody responses, as determined by ELISA, to recombinant
MSP3, MSP6, MSPDBL1, and MSP1-19 have correlated with pro-
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tective immunity in this cohort (3, 29, 30), and these antigens have
also been described as targets of opsonizing antibodies (11, 29,
35). Through opsonization of transgenic parasites, these antigens
proved dispensable for opsonization as a whole, which may indi-
cate that multiple targets of merozoite opsonization exist.
MSP1-19 was recently demonstrated to significantly contribute to
the neutrophil respiratory burst response to P. falciparum mero-
zoites (27), which suggests that the antigenic targets of these
related immune mechanisms are different. Antibodies to the con-
served C-terminal SPAM domain of the MSP3-family can cross-
react across the MSP3 family (28), and antibodies to SPAM do-
mains from MSPDBL1 and MSPDBL2 were associated with
protective immunity in this cohort (29). Therefore, cross-reactive
anti-SPAM antibodies could potentially opsonize merozoites de-
ficient for a single MSP3 family member and may contribute to the
observed strain-transcending response. Other merozoite antigens
could also play important roles. Vaccination with conserved mi-
croneme and rhoptry proteins, such as P. falciparum Rh1 (PfRh1),
PfRh2, PfRh4, EBA-175, and PfRh5, can elicit cross-reactive neu-
tralizing antibodies against different P. falciparum strains (36–38).
Whether these antigens or MSP3 family SPAM domains are im-
portant targets for merozoite opsonization remains to be deter-
mined.

Robust, reproducible, and well-validated assays are a priority
to aid preclinical vaccine development and evaluate vaccine clin-
ical trials (39). Using a novel combination of plasma samples and
matched field isolates, we report similar phagocytosis responses
across a large panel of laboratory strains and local isolates, further
validating merozoite opsonization as a strong correlate of protec-
tive immunity in populations where malaria is endemic. The dis-
covery of strain-transcending responses further supports the use
of this assay to evaluate vaccine-induced immunity. Conserved
antigens or their domains that elicit strain-transcending op-
sonization represent attractive vaccine candidates, and the iden-
tity of these epitopes warrants further exploration.
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