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ABSTRACT During pregnancy, Plasmodium falciparum-infected erythrocytes (IE) ac-
cumulate in the intervillous spaces of the placenta by binding to chondroitin sulfate
A (CSA) and elicit inflammatory responses that are associated with poor pregnancy
outcomes. Primigravidae lack immunity to IE that sequester in the placenta and thus
are susceptible to placental malaria (PM). Women become resistant to PM over suc-
cessive pregnancies as antibodies to placental IE are acquired. Here, we assayed
plasma collected at delivery from Malian and Tanzanian women of different parities
for total antibody levels against recombinant VAR2CSA antigens (FCR3 allele), and
for surface reactivity and binding inhibition and opsonizing functional activities
against IE using two CSA-binding laboratory isolates (FCR3 and NF54). Overall, anti-
body reactivity to VAR2CSA recombinant proteins and to CSA-binding IE was higher
in multigravidae than in primigravidae. However, plasma from Malian gravid women
reacted more strongly with FCR3 whereas Tanzanian plasma preferentially reacted
with NF54. Further, acquisition of functional antibodies was variant dependent: bind-
ing inhibition of P. falciparum strain NF54 (P � 0.001) but not of the strain FCR3 in-
creased significantly with parity, while only opsonizing activity against FCR3
(P � 0.001) increased significantly with parity. In addition, opsonizing and binding in-
hibition activities of plasma of multigravidae were significantly correlated in assays
of FCR3 (r � 0.4, P � 0.01) but not of NF54 isolates; functional activities did not cor-
relate in plasma from primigravidae. These data suggest that IE surface-expressed
epitopes involved in each functional activity differ among P. falciparum strains. Con-
sequently, geographic bias in circulating strains may impact antibody functions. Our
study has implications for the development of PM vaccines aiming to achieve broad
protection against various parasite strains.
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In areas of malaria endemicity, pregnant women are at high risk of Plasmodium
falciparum infection resulting in placental malaria (PM), which is characterized by the

sequestration of infected erythrocytes (IE) in the intervillous spaces. PM results in
inflammatory responses and adverse outcomes, such as maternal anemia, low birth
weight (LBW), and prematurity, and increases maternal and perinatal mortality (1–4).
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First-time mothers are most susceptible to PM, which is explained by the absence of
preexisting immunity against IE that bind chondroitin sulfate A (CSA) and sequester in
the placenta. In contrast, multigravidae have acquired this immunity over successive
pregnancies and can better control PM (5–10).

Women acquire antibodies against placental parasites over successive pregnancies,
and these can vary in function (8, 11). High serum reactivity to placental IE, commonly
found in protected multigravidae, has been associated with increased hemoglobin
levels, birth weight, and gestational age (7–9, 12). Serum IgG that either blocks IE
binding to CSA or opsonizes IE for phagocytosis has been related to reduced risks of
infection and of LBW, as well as increased hemoglobin levels, birth weight, and
gestational age (5, 13, 14). These relationships between antibody functions and im-
proved outcomes strongly suggest that naturally acquired functional antibodies pro-
tect against PM, and therefore the target antigens can be exploited for vaccination
strategies. However, the antibody effector mechanism that primarily confers protection
against PM remains unclear (2, 15).

VAR2CSA (�350 kDa), a member of the Plasmodium falciparum erythrocyte mem-
brane protein 1 (PfEMP1) family, is the immunodominant variant IE surface antigen
expressed by placental parasites (12, 16–18). Several lines of evidence suggest that
VAR2CSA is the major surface protein expressed by placental parasites (10, 17), the
principal ligand for CSA binding (19), and the main target of antibodies acquired during
PM (17), supporting this protein as the leading vaccine candidate to prevent PM. Thus
far, the design of VAR2CSA-based vaccines has focused on identifying subunit con-
structs comprising VAR2CSA domains or fragments from representative allelic variants
that are capable of inducing potent antibodies, similar to those acquired by multigrav-
idae, to offer broad protection against PM (20–23). Although VAR2CSA-specific opsoniz-
ing antibodies also appear to contribute to protection, their clinical significance has
received less attention (5, 14). Consequently, a deeper understanding of naturally
acquired protective or functional antibodies in pregnant women is needed to inform
vaccine design.

Protective antibodies found in multigravidae may target conserved epitopes shared
by multiple variants of a parasite or may represent the combined effect of specific
reactivities against multiple parasite variants (24). The latter hypothesis has been
recently demonstrated in a report showing that naturally acquired host immune
defenses to different P. falciparum antigens act in an allele-specific manner to block
specific parasite haplotypes from establishing blood-stage infections in infants and
children, suggesting that vaccines targeting polymorphic parasite antigens must ac-
count for allele-specific immunity (25). Many studies have demonstrated that VAR2CSA
displays extensive diversity between parasites/alleles, contains conserved interspersed
regions shared between alleles (26–28), and is targeted by cross-reactive antibodies
acquired during PM (29–32). However, the differential susceptibility of different CSA-
binding parasites to binding inhibition and opsonizing antibody functions has not
previously been established. Two VAR2CSA-based vaccine candidates based on
N-terminal fragments from FCR3 and 3D7 parasite variants recently entered clinical
trials (ClinicalTrials.gov registration numbers NCT02647489 and NCT02658253); hence,
understanding functional activities of naturally acquired antibodies against these vari-
ants can inform the interpretation of clinical trial results.

Data on the geographical differences in the binding inhibition and opsonizing
functions of naturally acquired antibodies in PM against CSA-binding parasites and the
differential susceptibility of parasite variants to these antibody functions are undocu-
mented. In this study, we explored the impact of parasite variant, as well as of maternal
parity and geographical origin, on PM-specific antibody functions.

RESULTS
Plasma reactivities to recombinant VAR2CSA antigens are similar in Mali and

Tanzania. Plasma antibodies were assessed for their reactivity to ID1-DBL2X-ID2a,
DBL3, DBL4, and DBL5 recombinant domains of the FCR3 VAR2CSA (VAR2CSAFCR3) by
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enzyme-linked immunosorbent assay (ELISA) and were significantly higher in multi-
gravidae than in primigravidae (P � 0.001) (Fig. 1). This parity-dependent reactivity was
consistent across individual VAR2CSA domain antigens and between sites. Reactivities
to the P. falciparum merozoite antigen apical membrane antigen-1 (AMA-1), an asexual
stage merozoite protein, were similar in primigravidae and multigravidae (see Fig. S1 in
the supplemental material), suggesting a comparable exposure to malaria infection in
these geographical areas. Overall, plasma IgG reactivities to VAR2CSAFCR3 antigens
were similar between the two sites, suggesting similar levels of exposure to VAR2CSA-
expressing parasites (Fig. S2).

Plasma IgG reactivity to native VAR2CSA increases with parity but depends on
parasite variant and antibody subclass. Following the selection of IE that bind CSA,
both FCR3 and NF54 parasites expressed VAR2CSA on the IE surface (Fig. S3). The levels
of surface reactivity of naturally acquired immunoglobulins to both parasites were
analyzed by parity and study site (Fig. 2A and Fig. S4 and S5). IE reactivity was
significantly higher in multigravidae than in primigravidae (P � 0.02 for FCR3 and
P � 0.001 for NF54) (Fig. 2A), and this difference was greater in pregnant women from
Mali (P � 0.001). The higher reactivity of IgG in multigravidae to native VAR2CSA is
consistent with the higher reactivity to VAR2CSA recombinant proteins and sup-
ports previous evidence that VAR2CSA is the major antigen targeted by PM-specific
immunity.

The reactivity of plasma IgA, IgM, and isotypes IgG1 and IgG3 to parasites was also
examined by flow cytometry. IgG3 binding to both parasites was significantly higher in
multigravidae (P � 0.04 for FCR3 and P � 0.001 for NF54) (Fig. S5). While the binding of
IgG1, IgA, and IgM antibodies to NF54 IE was greater in multigravidae, their binding to
FCR3 IE was not significantly related to parity (Fig. S5).

Plasma binding inhibition and opsonizing activities increase with parity. Over-
all, levels of binding inhibition activity (BIA) against CSA-binding NF54 and FCR3 IE were
significantly higher in plasma from multigravidae than from primigravidae at both
study sites (P � 0.001). After stratifying the analysis by parity and parasite variant,
greater BIA in multigravidae was observed against both isolates, but the difference was
significant only for NF54 (P � 0.001) (Fig. 2B). Stratified analysis by site and parasite
variant revealed that multigravidae in Tanzania had higher BIA against both parasites,
while those in Mali had significantly higher BIA against NF54 but not FCR3 parasites
(Fig. S6A and S7A and B).

We next explored plasma opsonizing activity (OA) against NF54 and FCR3 IE in
malaria-exposed pregnant women. Overall, OA was significantly higher in multigravi-
dae than in primigravidae (P � 0.001). However, when the analysis was stratified by

FIG 1 Reactivity of plasma IgG to ID1-DBL2X-ID2a, DBL3, DBL4, and DBL5 recombinant domains of VAR2CSAFCR3 by
ELISA. The forest plot shows mean differences and 95% confidence intervals (CI) for the levels of IgG binding to all
VAR2CSA antigens between primigravidae and multigravidae with analysis stratified by site and VAR2CSA domains.
Levels of antibodies in optical density units were compared. N, combined number of samples assessed on all
VAR2CSA recombinants or individually; SD, standard deviation.
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parity and parasite variant, multigravidae displayed significantly stronger OA than
primigravidae only against FCR3 (P � 0.001) (Fig. 2C). This pattern was observed at both
study sites (Fig.S6B and S7C and D) and notably was the opposite of the pattern seen
for BIA against the parasite variants (see above).

Levels of plasma functional activities are parasite variant dependent. Because
plasma functional activity depended on parasite variant and study site, we compared
the plasma antibody reactivity to the IE surface of both parasite variants as measured
by flow cytometry. Total-IgG reactive to CSA-binding IE revealed a parasite variant bias
toward FCR3 in Mali and toward NF54 in Tanzania. Indeed, total-IgG reactivity to FCR3
was significantly higher than that to NF54 IE in Mali (P � 0.001) (Fig. 3A), while total-IgG
reactivity to NF54 was higher than that to FCR3 in Tanzania (P � 0.009) (Fig. 3A). After
stratifying the analysis by parity, pregnant women from both study sites had greater
IgG reactivity to FCR3 than to NF54, but the difference was not statistically significant
in primigravidae (Fig. 3A). Moreover, plasma IgG1 and IgG3 as well as plasma IgA,
regardless of parity, bound preferentially to FCR3, whereas IgM showed significantly
higher binding to NF54 than to FCR3 (Fig. S8).

Overall, the binding of IE to CSA was inhibited by the plasma sets to similar degrees
for both parasite variants (Fig. 3B). However, when the analysis was stratified by site,
plasma samples from Tanzania showed stronger BIA against NF54 than against FCR3
(P � 0.02), largely explained by the activity in plasma of multigravidae (Fig. S9A).

The parasite variants were also opsonized to similar degrees by the two plasma sets
(P � 0.4) (Fig. 3C). However, while plasma of primigravidae demonstrated higher OA
against NF54 than against FCR3 (P � 0.001) (Fig. 3C), plasma of multigravidae demon-
strated higher OA against FCR3 than against NF54, albeit this difference was not
statistically significant (P � 0.05). Notably, these patterns were seen at both study sites
(Fig. S9B).

Binding inhibition and opsonizing activities correlate in plasma of multigrav-
idae but not of primigravidae. Relationship between OA, BIA, and the total-IgG

FIG 2 Reactivity and function of plasma antibodies to CSA-binding parasites by parity. (A) The forest plot shows the mean difference with 95% confidence
interval (CI) for total IgG binding to CSA-adhering parasites by parity, and data represent the relative median fluorescence intensity. N, number of samples in
each group; SD, standard deviation. rBIA (B) and rOA (C) against FCR3 and NF54-CSA between primigravidae (hatched box) and multigravidae (open box) are
shown. Horizontal lines indicate medians, boxes indicate interquartile ranges, and error bars indicate ranges. A Mann-Whitney test was performed for
significance, and P values are reported.
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binding to the parasites was explored. The OA function of antibodies against both
parasites was significantly associated with the level of IE-bound total IgG (Fig. 4A and
B). Conversely, the level of parasite-specific total IgG was related to BIA function against
NF54 IE (P � 0.05) but less related to that against FCR3 (Fig. 4C and D). We then
examined the relationship between BIA and OA functions. Among all pregnant women,
these two functions were correlated in assays of both parasites but significantly only for

FIG 3 Reactivity and function of plasma antibodies from pregnant women by parasite variant and stratified by site and parity. The forest plot shows mean
differences with 95% confidence intervals (CI) for relative MFI of total IgG binding to CSA-adhering parasites (A), rBIA (B), and rOA (C) against FCR3 and NF54
isolates. N, number of samples.

FIG 4 Comparison of the binding inhibition and opsonizing activities of plasma by parasite variant and parity. Relationships between OA (A and B) and BIA
(C and D) and the level of total-IgG (T-IgG) binding to FCR3 and NF54 parasites are shown. The relationship between BIA and OA functions against FCR3 (E)
and NF54 (F) is shown. (G and H) Stratified analysis by comparing activities of plasma from multigravidae and primigravidae against FCR3 and NF54 parasites
was carried out. Pearson’s (r) coefficient of correlation and P values are reported for each comparison.

Analyzing Functional Placental Malaria Antibodies Infection and Immunity

July 2019 Volume 87 Issue 7 e00865-18 iai.asm.org 5

https://iai.asm.org


FCR3 (P � 0.002) (Fig. 4E and F). When the analysis was stratified by parity, this
relationship between BIA and OA of FCR3 was significant for multigravidae (P � 0.01)
(Fig. 4G) but not primigravidae (Fig. 4H). For NF54, BIA and OA were not significantly
related for either group. Notably, many multigravidae with relatively low levels of OA
against NF54 had high BIA against the same parasite.

Parity, site, and seroreactivity profiles differ in their associations with variant-
dependent plasma functional activity. We performed a multivariate analysis to
determine factors associated with BIA and OA against each parasite variant (Table 1).
Parity was consistently associated with both antibody functions, particularly the BIA,
irrespective of parasite variant; multigravidae displayed significantly greater activity
against both parasite variants. Generally, Tanzanian women had lower BIA levels
against the FCR3 variant than Malian women, and elevated BIA against NF54 was
significantly associated with higher levels of antibodies specific to the DBL3 domain of
VAR2CSAFCR3 (DBL3FCR3) (P � 0.03). However, these DBL3FCR3-specific antibodies failed
to predict the inhibition of the homologous parasite, suggesting that additional
antibodies with other VAR2CSA specificities might be required to inhibit FCR3 binding
to CSA. Unexpectedly, only IgA binding to FCR3 was positively associated with a high
level of BIA against FCR3.

While OA against the FCR3 parasite was highly associated with parity (P � 0.001), OA
against NF54 parasites showed no significant association. Instead, OA against NF54 was
associated with NF54 total-IgG reactivity (P � 0.02), and OA against FCR3 parasites was
inversely associated with IgG1 reactivity against FCR3 (IgG1FCR3) (P � 0.008).

Surface displays of VAR2CSA differ between parasite variants. We observed that
the function of PM-specific antibodies can depend on the parasite variant. We hypoth-
esized that the variant-dependent nature of functional antibodies might be related to
the differential display of antigens on the IE surface. We therefore examined IE surface
expression of VAR2CSA by both parasites using imaging. The densities of knobs on
the IE surface did not differ between isolates, based on scanning electron microscopy
(SEM) (Fig. 5A). However, based on fluorescence of IE surface-bound PAM1.4 measured
in Airyscan microscopy, VAR2CSA was more abundant on NF54 than on FCR3 IE
(P � 0.002) (Fig. 5B). This finding was confirmed by total internal reflection fluorescence
(TIRF) microscopy (Fig. S10).

A cluster-based analysis was performed from the TIRF data to investigate whether
the topologies of PAM1.4 surface-stained VAR2CSA were similar between isolates. FCR3
IE appeared to have more clusters of VAR2CSA with multiple discrete foci of surface-

TABLE 1 Multivariate analysis of factors associated with BIA and OA

Antibody source
or type

Binding inhibition activity Opsonizing activity

FCR3 NF54 FCR3 NF54

Coefficient SEa P value Coefficient SE P value Coefficient SE P value Coefficient SE P value

Mali 46.7 10.3 �0.001 10.7 6.6 0.1 14.3 13.9 0.3 9.03 8.2 0.3
Primigravidae �21.4 7.9 0.008 �26.8 6.8 �0.001 �53.6 10.8 �0.001 �3.03 8.3 0.7
DBL3_VAR2CSA �6.3 9.9 0.5 17.7 8.1 0.03 �0.7 13.08 0.9 �4.6 10.04 0.7
ID1-ID2a_VAR2CSA 6.3 9.3 0.5 �14.7 7.6 0.065 1.1 12.2 0.9 �1.2 9.1 0.9
DBL4_VAR2CSA �2.03 8.4 0.8 �8.7 7.3 0.244 10.8 11.5 0.3 10.1 9.0 0.3
DBL5_VAR2CSA 10.3 10.1 0.3 12.1 8.4 0.17 17.5 13.8 0.2 2.8 10.2 0.8
IgA_FCR3 0.08 0.03 0.008 NDb

IgG1_FCR3 �0.04 0.05 0.4 �0.2 0.06 0.008
IgG3_FCR3 �0.05 0.03 0.1 �0.01 0.03 0.7
IgM_FCR3 �0.05 0.1 0.7 ND
Total IgG_FCR3 �0.1 0.0 0.06 0.005 0.08 0.9
IgA_NF54 �0.005 0.1 0.9 ND
IgG1_NF54 0.1 0.2 0.6 �0.3 0.2 0.1
IgG3_NF54 �0.07 0.1 0.6 0.008 0.2 0.9
IgM_NF54 �0.01 0.07 0.9 ND
Total IgG_NF54 �0.004 0.2 0.9 0.4 0.2 0.03
aSE, standard error.
bND, not done.
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stained VAR2CSA than NF54 IE wherein a single large VAR2CSA cluster was often
observed (Fig. 5C and D). In summary, the surface displays of VAR2CSA stained by
PAM1.4 differed between the two isolates despite their similar knob topologies.

VAR2CSA sequences from Mali and Tanzania exhibit a bias in circulating FCR3-
and NF54-like parasites. To investigate whether there is a bias in the geographical
distribution of parasites similar to FCR3 and NF54, VAR2CSA sequences originating from
Mali and Tanzania were analyzed. The phylogenetic tree highlighted the distance
between the VAR2CSA sequences from Mali and Tanzania and different lab strains,
including FCR3 and NF54 (Fig. 6A). Based on phylogenetic distances, FCR3 and NF54
alleles represent relatively distal points on their respective branches of the phyloge-
netic tree while another subset of isolates branched off the tree at a point roughly
equidistant to FCR3 and NF54. Among the sequences that clustered in the NF54 or
FCR3 branch, the Malian isolates were equally likely to be in either branch (9 NF54-like
versus 9 in FCR3-like) while Tanzanian isolates were more frequently observed in the

FIG 5 Knob density and surface display of VAR2CSA by FCR3 and NF54 isolates. (A) Knob density on VAR2CSA-expressing FCR3 and NF54 parasites. (B) Total
fluorescence of PAM1.4-labeled VAR2CSA measured by Airyscan microscopy. (C and D) Number and size of VAR2CSA clusters identified on CSA-binding FCR3
and NF54 parasites. Horizontal lines indicate medians, boxes indicate interquartile ranges, and error bars indicate ranges. A Mann-Whitney test was performed
for significance, and P values are reported.

FIG 6 Distribution of FCR3- and 3D7-like strains in Mali and Tanzania. (A) A phylogenetic tree based on sequence alignment of full-length extracellular VAR2CSA
sequence highlighting the distance of the VAR2CSA sequences from Mali (red dots) and Tanzania (blue squares) to FCR3 and NF54. Eleven sequences from other
lab strains are also included. (B) Edit distance values of NTS-DBL6 of VAR2CSA sequences originating from Mali and Tanzania are plotted to assess the similarities
of the sequences to NF54 and FCR3. Horizontal lines indicate medians, boxes indicate interquartile ranges, and error bars indicate the 10 to 90% range. A
Mann-Whitney test was performed for significance, and P values are reported.
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NF54 branch (21 NF54-like versus 15 in FCR3-like). Based on the edit distance values,
while NF54-like parasites were more prevalent at both study sites, the bias to NF54 and
away from FCR3 is stronger in Tanzania than in Mali, with a greater difference in the edit
distances and higher significance (Fig. 6B).

DISCUSSION

A vaccine that can induce antibodies with broadly neutralizing activity is key to
ensuring its efficacy, but this threshold has been challenging to attain for placental
malaria vaccine development. Observations that multigravidae living in areas of malaria
endemicity acquire strain-transcendent antibody activity (7–9) has supported the fea-
sibility of a vaccine such as VAR2CSA against PM. In this study, we confirm that
antibodies in plasma from multigravidae bind VAR2CSA recombinant proteins at
significantly higher levels than those of primigravidae, as previously reported (33).
Moreover, the high reactivity of IgG to native VAR2CSA among multigravidae, in line
with the IgG reactivity to recombinant VAR2CSA antigens, supports VAR2CSA as the
major IE surface antigen involved in PM pathology. Indeed, the levels of IgG binding to
the recombinant VAR2CSA antigens were positively correlated to the level of total IgG
that bound to surface antigens of FCR3 and NF54 IE (see Fig. S11 in the supplemental
material). Parity-dependent immunity to VAR2CSA was also observed in assays against
native protein expressed by different CSA-binding parasites, including IE surface reac-
tivity as well as functions measured by binding inhibition and opsonizing assays.

Antibodies that block adhesion of P. falciparum IE to CSA have been associated with
protection (6, 34) while OA has been associated with reduced risk of maternal anemia
and LBW (5, 15). Here, the parity-related functional antibody activity appeared to be
significantly shaped by the parasite variant. Prior studies have described variant-specific
BIA and OA of naturally acquired antibodies in pregnant women (16, 35) although
related data assessing these two functions of antibodies in the same samples are
absent. Plasma BIA in multigravidae was significantly higher against NF54 parasites, and
plasma OA was significantly higher against FCR3 parasites than in primigravidae. These
findings underscore the importance of parasite variant selection in evaluating these
two functions. NF54 and FCR3 share 79% identity and 85% similarity in VAR2CSA amino
acid sequences, differing at 553/2,678 amino acid positions in the extracellular domain.
Further studies are required to identify VAR2CSA epitopes shared by multiple variants
of parasite that are targeted by antibodies capable of engendering both functional
activities in PM. Additional data on more isolates, including field isolates, would also be
valuable. For this study, we have focused on the parasite lines carrying VAR2CSA alleles
included in the leading VAR2CSA vaccines as these data will be pertinent to interpret-
ing immunogenicity results for those vaccines.

Differential display of VAR2CSA on the IE surface could also influence high-avidity,
cross-linking antibody reactions (36) and thereby impact antibody function. We ob-
served a higher surface density of PAM1.4-stained VAR2CSA on NF54 while FCR3
displayed a greater number of VAR2CSA clusters on the IE surface. This topological
difference in surface-expressed VAR2CSA by the two parasites was independent of the
densities of IE surface knobs, which were similar between the isolates (37). PAM1.4 is a
human monoclonal antibody which is specific for an unknown conformational epitope
in full-length VAR2CSA (38–40). It is therefore possible that differential folding of
VAR2CSA on NF54 and FCR3 may lead to a difference in PAM1.4 epitopes displayed by
the two parasites. The lower PAM1.4-stained VAR2CSA density on FCR3 might also be
explained by the presence of other parasite surface antigens on the knobs (36). A
previous study demonstrated that the fractions of the PfEMP1 pool exported to the
membrane differed greatly between parasite strains expressing the same PfEMP1 (41).
Here, our data suggest that surface density or change in the tertiary structure of
VAR2CSA might impact BIA and OA functions of antibodies. However, this hypothesis
requires additional investigation of antibodies responsible for each of these functions
with regard to the distribution of VAR2CSA by different parasite lines.

While ELISA titers of plasma samples from Mali and Tanzania showed similar
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reactivities to multiple recombinant FCR3 allele VAR2CSA antigens, Malian plasma had
greater reactivity to FCR3 IE surface than Tanzanian plasma (mean of 165.1 for Malian
plasma versus mean of 52.3 for Tanzanian plasma; P � 0.0001), suggesting potential
differences in epitopes displayed by recombinant and native antigens. Tanzanian
plasma samples consistently showed higher IE surface reactivity, BIA, and OA to NF54
parasites, while Malian samples favored FCR3 (IE surface reactivity) or showed no bias
(BIA and OA). These observations suggest that parasites similar to FCR3 might be more
prevalent in Mali and that those like NF54 might be more prevalent in Tanzania;
however, our data indicate that parasites from both sites have greater similarity to NF54
(Fig. 6). Further, a recent study on the global diversity of VAR2CSA did not find any
evidence of genetically different clades in East and West Africa (42). Nonetheless, the
higher reactivity of antibodies from Malian pregnant women to FCR3 than to NF54
detected in this study was in line with recent reports from Mali showing that antibody
levels were significantly higher against DBL4FCR3 than against DBL43D7 in all gravidity
groups (13). It is also possible that antibodies against FCR3-like parasites have greater
durability, as was reported from Malawi and Papua New Guinea, where total antibodies
against CS2 isolate (isogenic of FCR3) remained relatively stable despite declining
malaria transmission (43).

Many studies have underlined the predominance of IgG in naturally acquired
antibodies associated with protection against adverse pregnancy outcomes (6, 9).
Cytophilic IgG, IgG1, and IgG3 are the main subclasses involved in acquired immunity
to placental parasites (44). In vitro studies have provided evidence that IgG1 and IgG3
can mediate OA (45) by targeting VAR2CSA (35, 46), suggesting that these antibodies
may also play a major role in protection against PM. In general, IgG1 or IgG3 reactivities
were not positively related to OA or to BIA, but a more detailed understanding of
antibody specificities may be needed to identify such relationships. Our data confirm
parity-dependent levels of these IgG isotypes and for the first time indicate a greater
reactivity of IgG1 and IgG3 as well as IgA to the FCR3 isolate than to NF54, a pattern
unrelated to parity (Fig. S8). Conversely, the higher reactivity of IgM to the NF54 isolate
independent of parity indicates that the patterns of PM-related antigen recognition by
these antibody types differ.

The role of IgA in malaria immunity is unclear although it has been suggested that
IgA targeting Fc�RI (CD89) could offer greater potential for therapeutic antibodies.
Fc�RI is believed to be the most potent Fc receptor at triggering lysis of antibody-
targeted tumor cells as well as phagocytosis of antibody-coated pathogens via neu-
trophils, eosinophils, most monocytes/macrophages, and other myeloid lineage cells
(47–49). Maternal serum IgA binding to P. falciparum antigens has been reported but
at a lower level than that of secretory IgA in breastmilk (50). This study is the first
documented investigation to examine PM-specific IgA and its association with BIA: IgA
levels correlated to BIA against FCR3 parasites. However, the correlation was modest,
and further investigations on a larger sample size can better define any role for IgA in
PM immunity.

One limitation of this work is the lack of antibody reactivity data to VAR2CSA
recombinant proteins generated from NF54 sequence. Nevertheless, relatively low
sequence diversity within the DBL3, DBL4, and DBL5 domains of VAR2CSA has been
reported (18, 26). In this study, high levels of antibody reactivity to recombinant
DBL3FCR3 were associated with greater BIA against NF54 but not against the FCR3
isolate. This observation is consistent with our previous report showing that anti-DBL3
antibodies purified from multigravidae had no BIA against the homologous isolate yet
disrupted binding of a heterologous parasite to CSA (16). This unexpected failure of BIA
against the homologous FCR3 parasite may be explained by allele-specific nonfunc-
tional anti-DBL3FCR3 antibodies that impede the binding of functional antibodies (51),
but this hypothesis requires additional study. Another limitation is the small size of
samples used in this study, resulting in some borderline significant observations. A
calculation of the power estimates based on the data reported in this study was
performed and is reported in Table S1. Thus, further studies on a larger sample size are
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needed to refine various biological trends observed in this work. Finally, we cannot
exclude the possibility that IE surface antigens other than VAR2CSA may contribute to
antibody reactivity or function against CSA-binding parasites. However, there are
limited data to support roles for other IE surface antigens in PM, and VAR2CSA is known
to be the immunodominant antigen targeted by parity-specific antibodies (19).

To inform the design of future PM-specific vaccines, these findings reinforce
VAR2CSA as a potential candidate by demonstrating that multigravidae develop
greater functional activities to parasites with a placenta-binding phenotype. In addition,
our investigation sheds light on the relationships between the parasite variant and the
binding inhibition and opsonizing function of antibodies as well as the geographical
bias in those antibodies. To our knowledge, this is the first study to simultaneously
measure binding inhibition and opsonizing activities within the same plasma samples
and show that the balance of binding inhibition versus opsonizing activities can be
biased by the parasite variant and geographical location. Understanding these issues is
crucial for vaccine design with respect to selecting alleles for inclusion in future
vaccines and determining whether vaccine antigens may need to differ between
regions. While pregnant women may benefit from other malaria vaccines such as those
that target sporozoites to prevent infection, similar issues of antigenic diversity may
pertain to these as well.

MATERIALS AND METHODS
Study populations. One set of samples used in this study was collected from women participating

in the Mother-Offspring Malaria Studies (MOMS) project conducted in northeastern Tanzania. Details of
the project have been reported elsewhere (52). Briefly, pregnant women between the ages of 18 and
45 years who delivered at the Muheza Designated District Hospital, Tanga region, were recruited to
participate between September 2002 and October 2005. The U.S. National Institutes of Health (NIH)
International Clinical Studies Review Committee of the Division of Microbiology and Infectious Diseases
approved the study procedures, and the Institutional Review Boards of the Seattle Biomedical Research
Institute and the National Institute for Medical Research in Tanzania provided ethical clearance.

A second set of samples was collected from pregnant women participating in the immunoepi-
demiology (IMEP) study conducted in Ouelessebougou (a region of intense seasonal malaria transmis-
sion), Mali. A detailed description of the IMEP study has been previously reported (13). This study
protocol was approved by the Institutional Review Board of the National Institute of Allergy and
Infectious Diseases, National Institutes of Health (USA), and by the Ethical Review Committee of the
Faculty of Medicine and Pharmacology in Bamako, Mali.

All participating mothers provided informed consent before their enrollment in these studies. For this
work, 80 (Tanzania, n � 40; Mali, n � 40) women with no evidence of placental malaria (determined by
blood smears) were selected (20 multigravidae and 20 primigravidae in each setting).

P. falciparum isolates and cell cultures. P. falciparum lines FCR3 and NF54 selected to bind CSA salt
from bovine trachea (Sigma) by repeated panning, as previously described (53), and expressing VAR2CSA
on the IE surface were maintained in culture for assays. THP-1 monocyte-like cells were cultured as
previously described (54) and used to quantify opsonizing phagocytic antibodies.

Antibody binding to VAR2CSA recombinant antigens. Plasma IgG reactivity to several VAR2CSA
recombinant antigens based on the FCR3 allele were assessed by ELISA as previously described (16).
Briefly, Escherichia coli-produced ID1-DBL2X-ID2a (16, 55) and DBL3X, DBL4ε, and DBL5ε (16, 55) recom-
binant proteins from the FCR3 strain were coated at 100 ng per well in flat-bottom 96-well plates
(Immulon 4; Dynex Technology, Inc., Chantilly, VA). Plates were incubated at 4°C overnight and blocked
with 5% (wt/vol) skim milk (Difco, Detroit, MI) in Tris-buffered saline (BioFluids, Camarillo, CA) for 2 h at
room temperature (RT). Plasma (diluted 1:500) was added in duplicate to antigen-coated wells and
incubated for 2 h at RT, followed by washes. Samples were then incubated with anti-human IgG (H�L)
secondary antibody (KPL, Inc., Gaithersburg, MD) conjugated with alkaline phosphatase for 2 h at RT and
washed, followed by a further 20-min incubation with substrate (p-nitrophenyl phosphate, Sigma 104
substrate; Sigma-Aldrich, St. Louis, MO) in the dark at RT. Absorbance at 405 nm was read using a
SpectraMax 340PC microplate reader (Molecular Devices Co., Sunnyvale, CA).

Antibody binding to surface antigens of infected erythrocytes. Flow cytometry experiments were
performed to assess the capacity of naturally acquired IgG1, IgG3, IgA, IgM, and total IgG to recognize
the native protein expressed on the surface of FCR3- and NF54-parasitized IE surfaces. For each
synchronized parasite culture, mature trophozoites/schizonts were magnetically enriched using CS
magnetically activated cell sorting (CS-MACS) columns (Miltenyi Biotec, Auburn, CA) and resuspended in
phosphate-buffered saline (PBS) containing 2% fetal bovine serum. Cells (2.5 � 106) were incubated in a
96-well U-bottom plate (Corning) with individual plasma samples (1:20 final dilution). After plates were
washed, IE were resuspended and split into five replicate wells, and the subclasses and isotypes of bound
antibodies were detected by incubation with mouse anti-human specific to IgG1, IgG3, IgA, IgM, and
total IgG (Invitrogen), followed by Alexa-Fluor-conjugated goat anti-mouse IgG (Invitrogen) staining. IE
were labeled with 0.1% SYBR green (Life Technologies). Data were acquired using an LSRII flow cytometer
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(BD Biosciences, San Jose, CA) and analyzed with FlowJo, version 10, software (Tree Star, Inc.). Median
fluorescence intensity (MFI) was converted into relative fluorescence intensity as described previously
(56), using plasma pooled from hyperimmune multigravidae and U.S. naive individuals as positive and
negative controls, respectively.

Binding inhibition activity of plasma antibodies to CSA-binding isolates. One function of
antibodies acquired by malaria-exposed pregnant women was defined as their ability to inhibit adhesion
of IE to CSA, assessed by an in vitro binding inhibition assay as previously described (16). Briefly, CSA
(10 �g/ml) was adsorbed as spots on a 100- by 15-mm petri dish (Falcon 351029) by overnight incubation
at 4°C in a humid chamber and then blocked with 3% bovine serum albumin (BSA)-PBS. Mature
trophozoite/schizont-stage IE were magnetically enriched, adjusted to 20% parasitemia at 0.5% hemat-
ocrit, and incubated with plasma (1:5 dilution). Cells were added to CSA-coated spots in duplicate and
incubated for 15 min at RT. Nonadherent IE were washed away on a shaker washing system, and bound
IE were immediately fixed, stained, and quantified by microscopy. The percentage of inhibition was
determined relative to the blank spot without plasma to measure the antibody binding inhibition activity
(BIA). Plasma samples pooled from multigravidae and U.S. naive individuals were used as positive and
negative controls, respectively.

Plasma opsonizing activity against CSA-binding isolates. A second function of antibodies ac-
quired by malaria-exposed pregnant women was defined as their ability to opsonize for phagocytosis of
CSA-binding IE in vitro. Enriched trophozoite/schizont P. falciparum IE were stained with ethidium
bromide (EtBr), resuspended at 1.67 � 107/ml, and opsonized with plasma samples (dilution 1:10) for 1 h.
After a washing step, phagocytosis was performed by incubating IE with THP-1 cells (ATCC) (1 effector
to 10 target cells) for 40 min in a 5% CO2 humidified incubator at 37°C. Phagocytosis was stopped by
centrifugation at 4°C for 5 min. Nonphagocytosed IE were lysed, and cells were resuspended in 2%
paraformaldehyde. Samples were analyzed by Accuri (BD) flow cytometry, and opsonizing antibodies
were expressed as the percentage of THP-1 cells that were EtBr positive. All available samples were tested
in duplicate, and experiments included plasma pooled from multigravidae (positive controls) and a pool
of U.S. naive sera and no serum (negative controls).

Microscopy experiments. Late-trophozoite and schizont stages were magnetically isolated from
synchronized cultures of FCR3 and NF54 parasites and washed with 1� PBS (pH 7.4). For scanning
electron microscopy (SEM), IE were fixed with 2.5% glutaraldehyde, 3% paraformaldehyde, 0.05 M
phosphate buffer, and 4% sucrose and then postfixed with 1.0% osmium tetroxide in 0.1 M sodium
cacodylate buffer. Specimens were dehydrated with a graded ethanol series, critical-point dried under
CO2 in a Bal-Tec model cpd 030 drier (Balzers, Liechtenstein), mounted on aluminum studs, and sputter
coated with approximately 75 Å of iridium in a model IBSe ion beam sputter coater (South Bay
Technologies, San Clemente, CA) prior to viewing at 5 kV in a Hitachi SU-8000 field emission scanning
electron microscope (Hitachi, Tokyo, Japan). For each isolate, images of about 20 single IE were captured
at the same magnification, and the knob densities were determined manually.

Late-trophozoite- and schizont-enriched IE from both isolates were also stained with PAM1.4
(VAR2CSA-specific antibody [38]), followed by Alexa-Fluor 647-conjugated anti-human IgG and
4=,6=-diamidino-2-phenylindole (DAPI; for nucleic acid) labeling. Confocal fluorescence microscopy
was performed on the stained cells using a Zeiss LSM 880 microscope equipped with Airyscan
detectors. Airyscan processing of the z-stack images was executed with Zen, version 2.3, and the
generated images were analyzed using Imaris, version 8.0. Surfaces relevant to nucleic acid content
and PAM1.4-bound VAR2CSA were generated, and the intensity of the channel corresponding to
each surface area was quantified.

Total internal reflection fluorescence (TIRF) microscopy, recently described to study the interaction of
appropriately labeled membrane-associated molecules (57), was also performed for single VAR2CSA
molecule detection and cluster analysis. Briefly, DAPI- and PAM1.4-stained cells were applied to a LabTek
II chamber that had been treated with polylysine for 1 h, and images were captured using a Nikon Ti2
microscope with a 100�/1.49 numerical aperture (NA) TIRF objective. We wrote an algorithm in MATLAB
to process the TIRF images. Otsu’s method (58) was used to perform clustering-based analysis of the
surface-expressed VAR2CSA molecules by both FCR3 and NF54 parasites.

Analysis of VAR2CSA sequences from Mali and Tanzania. The distribution of VAR2CSA sequences
with similarities to NF54 and FCR3 sequences was assessed in our in-house database of transcriptomic
VAR2CSA sequences generated from parasites collected from pregnant and nonpregnant individuals and
those publicly available online (public accession numbers for raw sequence data analyzed are contained
in the NCBI Sequence Read Archive under accession numbers SRP007838, ERP003908, and ERP000190).
A total of 71 N-terminal segment (NTS)-DBL6 fragments of VAR2CSA sequences from Mali (26) and
Tanzania (34) have been analyzed. Sequences were aligned, and the edit distance score defined as the
number of mismatched residues of amino acids using NF54 and FCR3 sequences as references was
generated for each sequence. The lowest edit distance value against FCR3 and NF54 is used to qualify
the sequence as FCR3- or NF54-like.

To estimate the distribution of the sequences in clades containing the FCR3 and NF54 strains, a
phylogenetic tree of the NTS-DBL6 VAR2CSA sequences was generated using the Hamming distance
method in SplitsTree4 (version 4.14.6) software. This method computes a minimum spanning network of
edit distance between every pair of sequences (59). Sequences from 11 well-established lab strains were
included in this analysis in addition to those of NF54 and FCR3.

Statistical analysis. Statistical analysis was executed using GraphPad Prism (version 7), SAS (version
9.4), and the R program (version 3.2.2). The binding inhibition and opsonizing activities of antibody data
were converted into relative binding inhibition activity (rBIA) and relative opsonizing activity (rOA) using
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the following equation: 100 � [(MFIsample – MFIpooled U.S naive samples)/(MFIpooled samples of multigravidae –
MFI

pooled U.S. naive samples
)]. Reproducibility studies of both the binding inhibition and opsonizing assays have

been previously described (60, 61). For the THP-1 cell-based opsonizing and phagocytosis assay, a low
interassay variation with a correlation coefficient r2 of 0.9 has been reported (60), while a relatively large
interassay variation of 33% was reported for a petri dish-based static binding inhibition assay (61).
Continuous variables were compared by nonparametric Mann-Whitney tests using GraphPad Prism,
version 7, for Windows (GraphPad Software, La Jolla, CA, USA). Forest plots were produced to visually
assess the mean difference(s) and 95% confidence intervals (CI) of each parameter, and a P value was
generated from a two-sample t test by the R function t.test. Analyses stratified by study site, parity,
parasite variant, and antibody type were conducted. Relationships between the BIA and the OA
capacities of the plasma samples in relation to parity and to parasite variant were determined by
Pearson’s correlation test. Multivariate regression models were performed to investigate factors associ-
ated with these functions of plasma antibodies using SAS software, version 9.4 (SAS Institute, Inc., Cary,
NC, USA).
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