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Background. Placental malaria is caused by Plasmodium falciparum-infected erythrocytes (IEs) that surface-express VAR2CSA
and bind chondroitin sulfate A. The inflammatory response to placenta-sequestered parasites is associated with poor pregnancy out-
comes, and protection may be mediated in part by VAR2CSA antibodies that block placental IE adhesion.

Methods. In this study, we used a new approach to assess VAR2CSA domains for functional epitopes recognized by naturally
acquired antibodies. Antigen-specific immunoglobulin (Ig) G targeting Duffy binding-like (DBL) domains from different alleles
were sequentially purified from plasma pooled from multigravid women and then characterized using enzyme-linked immunosor-
bent assay, flow cytometry, and antiadhesion assays.

Results. Different DBL domain-specific IgGs could react to homologous as well as heterologous antigens and parasites, suggest-
ing that conserved epitopes are shared between allelic variants. Homologous blocking of IE binding was observed with ID1-DBL2-
ID2a-, DBL4-, and DBL5-specific IgG (range, 42%-75%), whereas partial cross-inhibition activity was observed with purified IgG
specific to ID1-DBL2-ID2a and DBL4 antigens. Plasma retained broadly neutralizing activity after complete depletion of these

VAR2CSA specificities.
Conclusions.

Broadly neutralizing antibodies of multigravidae are not depleted on VAR2CSA recombinant antigens, and hence

development of VAR2CSA vaccines based on a single construct and variant might induce antibodies with limited broadly neutral-

izing activity.
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The risk of Plasmodium falciparum infection is increased during
pregnancy despite immunity gradually acquired by malaria-
exposed individuals [1]. Pregnant women become highly suscep-
tible to malaria particularly during their first pregnancy [1], with
selective accumulation of P. falciparum-infected erythrocytes
(IEs) in the intervillous spaces of the placenta [2]. Placental se-
questration of IEs leads to an inflammatory infiltrate in the pla-
centa with major consequences for mothers and fetus, such as
anemia and low birth weight [3-5].

Chondroitin sulfate A (CSA) expressed by the syncytiotro-
phoblast has been identified as the major placental receptor in-
volved in the cytoadherence of the parasites in the placenta [6].
Placental parasites predominantly express a member of P. falcip-
arum erythrocyte membrane protein (PfEMP1) family, named

Received 2 February 2016; accepted 5 May 2016; published online 18 May 2016.

Presented in part: 64th Annual Meeting of American Society of Tropical Medicine and
Hygiene, Philadelphia, Pennsylvania, 25-29 October 2015

Correspondence: P. E. Duffy, Laboratory of Malaria Immunology and Vaccinology, National
Institute of Allergy and Infectious Diseases, National Institutes of Health, Twinbrook I, Rm
1111, 5640 Fishers Ln, Rockville, MD 20852 (patrick.duffy@nih.gov).

The Journal of Infectious Diseases®  2016;214:577-86

Published by Oxford University Press for the Infectious Diseases Society of America 2016. This
work is written by (a) US Government employee(s) and is in the public domain in the US.
DOI: 10.1093/infdis/jiw197

VAR2CSA on the IE surface. VAR2CSA comprises an intracy-
toplasmic region, a transmembrane domain and an extracellular
region that contains 6 Duffy binding-like (DBL) domains with
additional interdomain (ID) regions. Several lines of evidence
support VAR2CSA as the prime vaccine candidate against pla-
cental malaria (PM). Placental parasites consistently bind CSA
and dominantly express VAR2CSA [7-10]. Knockout of var2csa
blocks IE adhesion to CSA [11]. Anti-VAR2CSA antibodies are
acquired over successive pregnancies [12-14] and are associated
with protection against PM and low birth weight of neonates
[15-18]. This protection correlates with the capacity of these
antibodies to inhibit adhesion of the parasites to CSA [19].
Women acquire such functional antibody over successive preg-
nancies [16], resulting in high levels of these antibodies in mul-
tigravid women [18].

Despite the promising features of VAR2CSA, its large mole-
cular weight and amino acid sequence polymorphisms are 2
major challenges that need to be overcome to develop an effi-
cient manufacturable vaccine candidate. One approach has
been to define smaller domains of VAR2CSA that can generate
broadly neutralizing activity similar to that observed in serum
samples from multigravid African women. Numerous studies
have reported that smaller fragments from different alleles of
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VAR2CSA can elicit functional antibodies by animal immuni-
zation [20-25]. Evidence of shared epitopes between different
alleles of VAR2CSA that cross-reacted with animal antisera
raised against individual DBL domains has also been demon-
strated [26].

Although several reports have addressed the characteristics of
naturally acquired functional antibodies against VAR2CSA [27-
29], the relative contribution of antibody specific to individual
DBL domains in the total functional activity of immunoglobu-
lin (Ig) G in multigravidae has not yet been defined. Whether
antibody induced by animal immunization with recombinant
protein displays a similar pattern of activity as naturally acquired
antibody needs to be investigated. By dissecting protective or
more specifically the adhesion-blocking antibody responses ac-
quired by multigravid women, it may be possible to establish
the relative importance of functional VAR2CSA antigen-specific
antibodies in humans. In this study, we depleted specific anti-
bodies to DBL domains from different alleles of VAR2CSA by
affinity-purification from a pool of plasma from multigravid
women (MG pool) and assessed the characteristics of the purified
antibodies.

MATERIAL AND METHODS

MG Pool and P. falciparum Isolates

Maternal isolates of P. falciparum were collected from pregnant
women during a study conducted from 2002-2006 in Muheza,
Tanzania. Details of the project have been reported elsewhere
[30]. Plasma samples of multigravid women were collected
between 2011 and 2013 at the time of delivery in a study
conducted in Ouelessebougou (Mali), according to a protocol
approved by the institutional review boards of National Institute
of Allergy and Infectious Diseases and of Mali. For this work,
the MG pool was prepared, and 5 CSA-binding maternal iso-
lates expressing VAR2CSA as well as 2 laboratory strains
(FCR3 and CS2) selected to bind CSA were maintained in cul-
ture for the assays.

Production of Recombinant Proteins

Composite amino acid sequences of several P. falciparum
VAR2CSA DBL domains from different parasite lines, as illus-
trated in Figure 1A, were used to generate codon-optimized syn-
thetic genes for expression in Escherichia coli (T7 Express cells),
essentially as described elsewhere [31]. The production and puri-
fication of the recombinant proteins DBL3X-FCR3, DBL4e-
FCR3, DBL5¢-FCR3, and Pichia pastoris—produced AMA1-C1
have been described elsewhere [25, 32, 33]. E. coli clones ex-
pressing the other recombinant DBL proteins (ID1-DBL2X-
ID2a-1010, ID1-DBL2X-ID2a-711, ID1-DBL2X-ID2a-FCR3,
DBL4¢-1010, DBL4¢e-711, DBL5¢-1010, and DBL5¢-466) were
grown in 5-L bioreactors (BioFlo 310; New Brunswick Scienti-
fic) using standard procedures [34]. Cells were grown at 37°C
and induced with isopropyl-1-thio-B-galactopyranoside before

cell harvesting by centrifugation. Recombinant DBL proteins
were found packed in the inclusion bodies, diluted in Tris buff-
er, and lysed by microfluidization, as described elsewhere [35].

The identity, purity and integrity of each recombinant ID1-
DBL2X-ID2a protein was assessed. Amino-terminal sequencing
was performed by the Research Technology Branch, National
Institute of Allergy and Infectious Diseases, National Institutes
of Health, as described elsewhere [35]. The refold integrity was
evaluated by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis gel mobility shifts under reducing and nonreducing
conditions. Integrity was also assessed with reversed-phase
high-performance liquid chromatography, according to methods
reported elsewhere [31, 32, 35], using a Jupiter C4 reversed-phase
column (Phenomenex). The theoretical masses were verified by
electrospray ionization mass spectrometry [35]. Solution mass
and aggregation profile was assessed by means of analytical size
exclusion chromatography with multiangle light scattering, as
reported elsewhere [31, 35]. The proteins were run on a Zenix-C
SEC-150 size exclusion column (Sepax Technologies) with
a phosphate-buffered saline (PBS) plus 308-mmol/L sodium
chloride mobile phase. The column was in line with a DAWN
HELEOS 1I light scattering detector (Wyatt Technologies) to
determine molar mass. Far-UV circular dichroism spectra were
collected as described elsewhere [36], but with a signal averaging
time of 2.0 seconds.

Surface Plasmon Resonance Analysis

Binding affinity of ID1-DBL2X-ID2a recombinant proteins to
chondroitin sulfate proteoglycan (CSPG) was analyzed using
a Biacore3000 system (GE Healthcare), as described elsewhere
[32]. Briefly, NeutrAvidin protein (Thermo Scientific) was cova-
lently immobilized on a CM5 sensor chip (GE Healthcare)
using N-hydroxysuccinimide amine coupling chemistry, fol-
lowed by the immobilization of biotinylated CSPG (Sigma Al-
drich) in flow cell 4, while a biotin-labeled irrelevant peptide
was similarly immobilized in reference flow cell 3. Specific pro-
tein binding to the immobilized CSPG was obtained by subtract-
ing the response on reference flow cell 3 from that on flow cell 4,
after injection of a serial dilution of the ID1-DBL2X-ID2a recom-
binant proteins. The 1:1 Langmuir binding model was used in the
kinetic and affinity analysis in BIAevaluation software (version
4.1.1; GE Healthcare).

Purification of Antigen-Specific 1gG

Recombinant proteins were chemically cross-linked to N-
hydroxysuccinimide-activated Sepharose beads (GE Healthcare),
according to the manufacturer’s instruction. VAR2CSA domain-
specific and AMA1-specific antibodies were sequentially re-
moved from the MG pool by affinity purification, by applying
the flow-through sample from one antigen-specific column to
the next column until all specificities were depleted. Bound anti-
bodies were eluted with a low-pH buffer (Invitrogen), neutralized
with 2 mol/L Tris buffer (pH 9.0), and dialyzed into PBS (pH
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Figure 1. VAR2CSA antigenic constructs and specific antibodies in the pool of plasma from multigravid women (MG pool). A, Recombinant ID1-DBL2X-ID2a (no color), DBL3X
(gray), DBL4e (blue), and DBL5e (red) proteins were constructed for VAR2CSA FCR3 variant (no pattern) and maternal isolates M466 (), M711 (£=3), and M1010 (Z4). Boundaries
of each construct are indicated relative to FCR3 VAR2CSA (GenBank accession No. KU665624). The same residue limit was used for all DBL4e and DBL5e constructs [25].
Different boundaries were used for ID1-DBL2X-ID2a-1010 and ID1-DBL2X-ID2a-711 (GenBank for accession No. KU665625), and ID1-DBL2X-ID2a-FCR3 (GenBank for accession
No. KU665626) recombinant constructs. B, The MG pool was screened by means of enzyme-linked immunosorbent assay (ELISA) against the VAR2CSA DBL domain recombinant
and AMA1 (used as non-VAR2CSA antigen control) antigens. Data are presented as level of antibody binding to the recombinant proteins, measured by optical density (OD).
Bars represent means and standard deviations of duplicate wells. Abbreviations: ATS, acidic terminal sequence; TM, transmembrane.

7.4). The concentration of the purified antibodies was measured
using a NanoDrop spectrophotometer (ND-2000; Thermo Fisher
Scientific). Total IgG was also purified from the MG pool using
Protein G Sepharose 4 Fast Flow beads (GE Healthcare Life Sci-

ences), according to the manufacturer’s instruction.

Enzyme-Linked Immunosorbent Assay

Antigen recognition of the MG pool and the antigen-specific
purified IgG was assessed with enzyme-linked immunosorbent
assay (ELISA), as described elsewhere [37]. In brief, recombinant
proteins were used to coat flat-bottom 96-well ELISA plates
(Immulon 4; Dynex Technology), at 100 ng per well. Plates
were incubated at 4°C overnight and blocked with buffer that
contained 5% (wt/vol) skim milk powder (Difco) in Tris-
buffered saline (BioFluids) for 2 hours at room temperature
(RT). Serum samples (dilution, 1:500) or purified specific IgG
(final concentration, 1 pg/mL) was added to antigen-coated
wells in duplicate and incubated for 2 hours at RT. Plates
were washed and incubated with anti-human IgG (heavy and
light chains) (KPL) conjugated with alkaline phosphatase for
2 hours at RT, followed by 20 minutes of incubation in the
dark at RT with the substrate (0.1 mg of p-nitrophenyl phos-
phate per well; Sigma 104 substrate; Sigma Aldrich). Absor-
bance at 405 nm was read using a Spectramax 340PC
microplate reader (Molecular Devices). High cross-reactivity

was defined as reactivity to heterologous versus homologous
of >50%, and partial cross-reactivity was defined as reactivity
>10% but <50%.

Inhibition of Binding Assay

Functional activity of the antibodies was defined as their abil-
ity to inhibit adhesion of IEs to CSA and assessed by inhibition
of binding assay. Briefly, 20 pg/mL of CSA (Sigma Aldrich) in
PBS was coated as spots in a Petri dish (Falcon 351029), incu-
bated overnight at 4°C, and blocked with 3% bovine serum al-
bumin-PBS. Late-stage IEs were gelatin enriched, and parasite
density was adjusted to 20% at 0.5% hematocrit. IEs were
blocked in 3% bovine serum albumin-Roswell Park Memorial
Institute medium for 30 minutes at RT and incubated with
serum samples (1:5 dilution) or 0.1 mg/mL of purified IgG
for 30 minutes at 37°C. Cells were added to receptor-coated
wells in duplicate and incubated for 15 minutes at RT. Nonad-
herent IEs were washed using a shaker washing system. Bound
IEs were immediately fixed with 1.5% glutaraldehyde, stained
with Giemsa, and quantified as the mean number of IEs per
square millimeter counted in images acquired with an Mi5 mi-
croscope (LW Scientific). The percentage of inhibition was de-
termined relative to the well without test sample. Inhibition
activity property was attributed to antibody with percentage
of inhibition >20%.
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Flow Cytometry Analysis

VAR2CSA antigen-specific purified antibodies were analyzed
with flow cytometry to assess their capacity to label the native
protein expressed on the surface of erythrocytes infected by
homologous and in some cases heterologous parasites. Briefly,
mature-stage IEs were enriched by 1% gelatin (Sigma Aldrich)
flotation and resuspended at 1 x 10” in PBS containing 2% fetal
bovine serum. Cells were incubated with purified IgG (final
concentration, 20 pg/mL) or a 1:20 dilution of the MG pool
samples, and IEs were labeled with 0.1% Sybr Green (Life Tech-
nologies). After washing, bound antibodies were detected with
phycoerythrin-conjugated goat (Fcy-specific) anti-human IgG
(eBioscience). Then 2 x 10° cells were acquired by an LSRII
flow cytometer (BD Bioscience) and analyzed using the Flow]Jo
9.2 software program (Tree Star).

RESULTS

Strain-transcending Reactivity of Naturally Acquired Antibodies to
VAR2CSA DBL Domains

To assess the level of antibodies naturally acquired against VAR2-
CSA DBL domains, the MG pool was screened with ELISA
against the ID1-DBL2-ID2a, DBL3X, DBL4¢, and DBL5¢ recom-
binant protein domains from FCR3, as well as composite se-
quences for field isolates M1010, M711, and M466 allelic
forms of VAR2CSA. Recombinant ID1-DBL2X-ID2a proteins
were biochemically and biophysically characterized and were

shown to have good identity, integrity, and purity (Supplemen-
tary Figure 1). Recombinant ID1-DBL2X-ID2a from FCR3-
bound CSPG with nanomolar affinity (36 nmol/L; x> = 1.75)
(Supplementary Figure 2A4), and other ID1-DBL2X-ID2a con-
structs bound with micromolar affinities (13 umol/L [x* = 11.4]
for M1010 and 7.68 pmol/L [* = 11.5] for M711). Interestingly,
the secondary structures of these proteins as evaluated by circular
dichroism showed similar patterns (Supplementary Figure 2B).
ELISA absorbance values were greater for DBL3X, DBL4e and
DBL5¢ antigen-constructs than for ID1-DBL2-ID2a (Figure 1B).
The sequence identity between the antigenic constructs is provid-
ed in Supplementary Table 1. To ensure that antigen-specific
antibodies were removed from the MG pool, fractions of the
flow-through samples after each antigen-specific antibody puri-
fication were also screened with ELISA against the same panel of
antigens. Naturally acquired antibodies to VAR2CSA DBL do-
mains and AMALI antigens used in this study depleted from
the MG pool so that the remaining level was similar to that in
US naive serum samples (Supplementary Figures 3 and 4).
Purified IgG cross-reacted with homologous and heterolo-
gous constructs of the antigens, as determined by ELISA (Fig-
ure 2). In accordance with the order of the antigen-specific
purified antibodies (Table 1), specificity of the purified IgG to
the previous antigen was removed in the successive purified
IgG targeting the same antigenic constructs from different al-
leles. For instance, IgG specific to DBL4-711 (first DBL4
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Figure 2. Antigenic reactivity of the purified antigen-specific immunoglobulin (Ig) G. Purified naturally acquired antibody specific to each VAR2CSA Duffy binding—like (DBL)
domain and AMA1 recombinant protein were screened by enzyme-linked immunosorbent assay (ELISA) against the panel of antigens to analyze their specificity and cross-
reactivity. A-K, Antigen binding profile of each specific purified IgG following the order of depletion. Data are presented as level of antibody binding to the recombinant
proteins, measured by optical density (OD). Bars represent means and standard deviations of duplicate wells.
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Table 1. Purified Antigen-Specific Antibody From 4 mL of the MG Pool

Order of Depletion Specific Purified Antibodies Antibody Yield, ug

1 |ID1-DBL2-ID2a-1010 26

2 DBL5-1010 225
3 AMA1 298.6
4 ID1-DBL2-ID2a-711 17.5
5 DBL4-711 16.9
6 DBL4-FCR3 15.84
7 DBL5-FCR3 16.81
8 DBL3-FCR3 21.84
) DBL4-1010 55
10 ID1-DBL2-ID2a-FCR3 7.22
" DBL5-466 6.44

Abbreviation: MG pool, pool of plasma from multigravid women.

antigen used) cross-reacted to DBL4-FCR3 (second DBL4) and
DBL4-1010 (third DBL4) antigens, whereas DBL4-FCR3-
specific IgG cross-reacted only to DBL4-1010 and not to
DBLA4-711. IgG specific to DBL4-1010 showed no cross-reactivity
to the heterologous DBL4 antigens. Similar pattern of cross-
reactivity was observed for ID1-DBL2-ID2a- and DBL5-specific
antibodies. Only the ID1-DBL2-ID2a-1010-specific IgG, which
was purified first from the MG pool, showed a partial cross-
reactivity to other VAR2CSA domains from different allelic
forms. As expected, AMA1-specific IgG showed no reactivity
to VAR2CSA DBL domain antigens.

Most importantly, the VAR2CSA DBL domain purified IgG
recognized the native protein expressed by homologous parasites
at various levels, as shown by flow cytometry (Figure 3). Owing to
limited volumes, cross-labeling assay with heterologous parasites
could not be performed for all the purified antibodies. However,
ID1-DBL2-1D2a-1010-and DBL5-1010-specific IgG (first 2 pu-
rified antibodies) cross-labeled heterologous strains, consistent
with the cross-reactivity of the purified IgG to immobilized re-
combinant antigens in ELISA.

Homologous and Partial Heterologous Blocking Activity of the

Purified IgG

The mean CSA-binding levels of M711, M1010, M736, M918, CS2,
and FCR3 isolates determined per square millimeter were 510, 914,
929, 790, 953, and 960, respectively. Inhibition activity of the MG
pool was assessed on M711, M1010, M736, and FCR3 isolates.
Variable functional activity of the MG pool (dilution 1:5) was ob-
served with inhibition levels that ranged from 37% for FCR3 to
98% for M711 (Figure 4). Isolates M1010 and M736 were similarly
inhibited by the MG pool. Notably, adhesion of the maternal iso-
lates to CSA was highly inhibited by the MG pool compared with
the laboratory-adapted strain FCR3. However, the degree of FCR3
inhibition varied among different MG pool preparations (data not
shown), presumably reflecting variant-specific antibody activity.
The total IgG purified from the MG pool showed the similar
inhibitory activity against the isolates, supporting that the antiad-
hesion antibodies are mainly derived from IgG.
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Figure 3.

Recognition of the native VAR2CSA by the purified antigen-specific immunoglobulin (Ig) G. In flow cytometry, the ability of the purified VAR2CSA Duffy binding—like

(DBL) domain-specific antibody to label the native VAR2CSA expressed on the surface of Plasmodium falciparum-infected erythrocytes by homologous (b/ue) and heterologous
(red) parasites, was assessed on isolates FCR3 (A), M466 (B), M1010 (C), and M711 (D). Median fluorescent intensity (MFI), is shown, as well as the proportion of labeled

infected erythrocytes relative to the total cells.
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Figure 4. Functional activity of the pool of plasma from multigravid women (MG pool). Inhibitory profile of the MG pool of plasma as well as different concentration of total
immunoglobulin (Ig) G purified from the same pool were assessed on isolates M711 (A), M1010 (B), M736 (C) and FCR3 (D). Proportions of inhibited infected erythrocytes
relative to the well without test sample are presented. Bars represent means and standard deviations of duplicate wells.

Functional activity of the purified antibodies against VAR2- antibodies showed homologous inhibitory activity, except
CSA domains was also assessed on homologous and heterol- naturally acquired antibodies against DBL3-FCR3 and DBL5-
ogous parasites (Figure 5). All VAR2CSA domain-specific 1010. However, of those 2 exceptions, binding of heterologous
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Figure 5. Functional activity of VAR2CSA antigen-specific purified antibodies on different strains of Plasmodium falciparum. Blocking activity of the naturally acquired
antibody specific to VAR2CSA Duffy binding—like (DBL) domain against the chondroitin sulfate A (CSA)-binding parasites was assessed. Purified antibodies specific to
ID1-DBL2X-ID2a (A), DBL3 (B), DBL4 (C), and DBL5 (D) domain constructs from FCR3, M1010, and M711 variants were tested on the corresponding isolates, to analyze
their homologous (blue histogram) and heterologous (red histogram) inhibition activity. Proportion of inhibited P, falciparum—infected erythrocytes relative to the well without
test sample are presented. Bars represent means and standard deviations of duplicate wells.
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Figure 6. Characteristics of the depleted pool of plasma from multigravid women (MG pool). A, The MG pool and depleted MG pool were characterized for their inhibitory
activity against laboratory strains (FCR3 and CS2) and 4 maternal isolates (M711, M736, M318, and M1010). B, Levels of antibody specific to merozoite surface protein 1 (MSP1)
antigen were compared in both plasma pools. C, Their capacity to label the native VAR2CSA expressed on the surface of Plasmodium falciparum-infected erythrocytes from 3
isolates are reported, shown as median fluorescent intensity (MFI) and the proportion of labeled infected erythrocytes relative to the total cells. Bars represent means and

standard deviations of duplicate wells.

parasite to CSA was blocked only by DBL3-FCR3 antibodies
(Figure 5B). Anti-DBL5-1010 showed no functional activity
against either of the tested isolates (Figure 5D), despite the
fact that this purified antibody significantly labeled the native
VAR2CSA expressed on the surface of several isolates. Interest-
ingly, cross-inhibition activity against different parasite variants
was observed with antibodies specific to ID1-DBL2-ID2a-1010
and DBL4-FCR3 (Figure 5A and 5C). These antibodies blocked
adhesion to CSA of homologous (45% for ID1-DBL2-ID2a-
1010 and 42% for DBL4-FCR3) and heterologous parasites
(63% and 38% on M711 isolate for ID1-DBL2-ID2a-1010 and
DBL4-FCR3, respectively). Other purified antibodies targeting
the same constructs of VAR2CSA (ID1-DBL2-ID2a and
DBL4) from different alleles showed modest (25% for DBL4-
1010) and moderate (47% for ID1-DBL2-ID2a-711 and 74%
for DBL4-711) inhibition activity against homologous parasites
but were not tested on heterologous strains due to the limited
material. As expected, no inhibitory activity was observed
with anti-AMAL1 antibodies (Supplementary Figure 5).

Retention of Broadly Neutralizing Activity by the Depleted MG Pool

To assess the effect on functional activity of the depletion of pu-
rified antibodies against the VAR2CSA domain, we compared
the inhibition profile of the MG pool before and after antibody
depletion (Figure 6A). Although the level of inhibition had de-
creased slightly, there was no significant difference before and
after the antibody depletions (P > .05 by paired ¢ test for each

isolate). Indeed, significant functional activity remained in the
MG pool despite the removal of antibodies with CSA-binding
inhibition property. Dilution of the MG pool after repeated an-
tibody depletion was assessed by comparing antibody level to
merozoite surface protein 1 (MSP1) antigen in both pools (Fig-
ure 6B). Level of anti-MSP1 did not significantly decrease in the
depleted MG pool (P =.156, by paired t test), suggesting that the
slight difference measured in the functional activity of both MG
pool is not attributable to the sample dilution. Of note, the level
of native VAR2CSA recognition was decreased markedly in the
depleted MG pool, suggesting that antibodies targeting immu-
nodominant epitopes in VAR2CSA had been largely removed
(Figure 6C).

DISCUSSION

Naturally acquired immunity that mediates protection of multi-
gravidae against the consequences of PM is the key basis for
development of a vaccine to protect women during pregnancy.
This specific immunity against placental parasites can recognize
geographically diverse CSA-binding isolates [14, 19, 38],
suggesting that multigravidae acquire a repertoire of strain-
transcending functional antibodies over successive pregnancies
[7, 14, 39]. An effective vaccine protecting women against PM
should therefore induce antibodies that mimic this broadly neu-
tralizing activity observed in multigravidae. VAR2CSA is cur-
rently the leading PM vaccine candidate and efforts to design
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boundaries that can elicit potent strain-transcending antibody
are ongoing [40]. Indeed, despite the available promising data
that support a VAR2CSA-based vaccine, particularly its
N-terminal fragments [18,24,41-43], it remains unclear wheth-
er protection is mediated by antibodies targeting conserved
VAR2CSA epitopes or by a broad range of antibodies against
several alleles of VAR2CSA [28].

In this study, we characterized naturally acquired antibodies
to VAR2CSA DBL domains purified from plasma pooled from
multigravidae with broadly neutralizing activity. As reported in
previous studies, plasma from multigravid women had higher
titers of antibodies reacting to DBL3, DBL4, and DBL5 domains
compared with ID1-DBL2-ID2a constructs [18, 28], supporting
the idea that these DBL domains are more immunogenic. Irre-
spective of the allelic form of VAR2CSA, this difference in reac-
tivity between DBL domains was maintained.

Specificity and cross-reactivity of the VAR2CSA DBL domain
purified antibodies were similar to those generated by immuniza-
tion of experimental animals against different alleles (3D7 and
It4) [26]. This observation is in line with recent reports on anti-
body responses to VAR2CSA antigens in Cameroonian pregnant
women [28], suggesting that naturally acquired antibodies specif-
ic to DBL domains target epitopes shared by different alleles of
VAR2CSA. Antigenic variation is probably the main factor con-
tributing to differences in antibody recognition. Our data dem-
onstrate that, although multigravid women acquire several
VAR2CSA allele-specific antibodies, antibodies against the
most conserved shared epitopes were removed by the first anti-
genic variant. To investigate whether this observation is allele or
domain dependent, the antigen order was changed in processing
a second MG pool. Purified IgG from the first column (which
used different domain and allele) cross-reacted to the same do-
main from other alleles (Supplementary Figure 4).

Interestingly, all the DBL domain-purified antibody labeled
the native VAR2CSA expressed by IEs, and several showed
blocking activity against homologous parasites. As reported
from animal immunization studies [20, 21,44], though DBL do-
main-specific antibodies can recognize recombinant and native
epitopes, functional activity is limited to few constructs and var-
iants. For example, anti-DBL5-1010 antibody that cross-reacted
with DBL5 antigenic constructs used in this study, and recog-
nized native VAR2CSA from different alleles, showed no block-
ing activity. Blocking activity of antibody might be mediated by
the modification of VAR2CSA conformational epitopes (by
binding to the epitopes), by direct inhibition of the key bind-
ing-residues involved in the interaction with CSA, or by binding
to proximal epitopes, thereby blocking key residues for adhe-
sion to CSA by steric hindrance [45].In this study, partial block-
ing activity against homologous and heterologous isolates has
been observed with naturally acquired antibody to ID1-DBL2-
ID2a and DBL4 constructs, suggesting that these constructs
might be of potential interest in the VAR2CSA-based vaccine

design [22, 43]. The fact that anti-DBL3 antibody showed no
blocking activity against the homologous strain yet disrupted
binding of a heterologous strain to CSA was unexpected. An expla-
nation might be that functional antibodies were impeded by non-
functional variant-specific antibodies that react to homologous but
not heterologous parasites. An example of impeding nonfunction-
al antibody has been observed with IgG against the merozoite an-
tigen MSP1 [46] as well as IgM against VAR2CSA [47].

Of particular interest, we found that the functional antibodies
naturally acquired by multigravid women were largely not de-
pleted by VAR2CSA constructs used in this study, including
N-terminal constructs, which are currently being evaluated in
clinical trials. This may suggest that functional antibodies target
multiple conserved epitopes from several alleles of VAR2CSA.
Indeed, multigravid women may have developed a repertoire
of functional antibodies against several alleles of VAR2CSA
that are not all represented among the variants used in this
study. It is therefore possible that the functional antibodies in
the depleted MG pool might have affinity either to conforma-
tional epitopes not displayed by any of the antigenic constructs
used in this study or to epitopes from different variants of
VAR2CSA. Investigations are needed to identify conformational
epitopes in VAR2CSA that react to functional antibodies. Ap-
proaches that map functional epitopes throughout the full-
length VAR2CSA might help define the residues of interest.
The functional antibody in the depleted pool might also be di-
rected to other conserved proteins [48] that could form a com-
plex with VAR2CSA and display epitopes recognized by broadly
neutralizing antibody [40]. Studies aiming to identify additional
proteins as potential vaccine candidates for use in combination
with VAR2CSA are still needed.

Opverall, this study yielded some key observations regarding the
specificity of functional antibodies naturally acquired by multi-
gravid women. Several functional epitopes targeted by naturally
acquired functional antibodies in multigravidae are present
throughout the extracellular part of VAR2CSA and appear in
different alleles. Antibodies against a subunit construct of VAR2-
CSA from a single allele might not display the complete reper-
toire of functional epitopes and might show limited breadth of
activity against field isolates. As with vaccines against other ma-
laria antigens, such as AMA1, a multivalent vaccine comprising
3-5 alleles [49, 50], or incorporating additional PM vaccine can-
didates [40], may be needed to elicit the broadly neutralizing ac-
tivity seen in serum samples from African multigravidae.
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