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Clinical immunity to pregnancy associated-malaria (PAM) in multigravida women has been attributed to antibodies that recog-
nize VAR2CSA on the infected erythrocyte (IE) surface. The size and complexity of VAR2CSA have focused efforts on selecting
one or more of its six Duffy binding-like (DBL) domains for vaccine development. Presently, however, there is no consensus as
to which DBL domain(s) would be most effective in eliciting immunity. This is because antibodies to a number of the DBL do-
mains have been found to block the adhesion of VAR2CSA-expressing erythrocytes to chondroitin sulfate A (CSA)—a major
criterion for evaluating vaccine candidacy. Opsonization of IEs by cytophilic antibodies that recognize VAR2CSA represents an
important yet understudied effector mechanism in acquired immunity to PAM. To date, no studies have sought to determine the
targets of those antibodies. In this study, we found that IgGs from multigravida Malian women showed (i) higher reactivity to
recombinant DBL domains by enzyme-linked immunosorbent assay (ELISA), (ii) more binding to VAR2CSA-expressing IEs,
and (iii) greater opsonization of these IEs by human monocytic cells than IgGs from malaria-exposed Malian men and malaria-
naive American adults. Preincubation of IgGs from multigravida women with recombinant DBL2�, DBL3�, or DBL5� domains
significantly diminished opsonization of VAR2CSA-expressing IEs by human monocytes. These data identify the DBL2�,
DBL3�, and DBL5� domains as the primary targets of opsonizing IgGs for the first time. Our study introduces a new approach
to determining the antigenic targets of opsonizing IgGs in phagocytosis assays.

More than 100 million pregnant women in areas of malaria
endemicity are at risk of developing pregnancy-associated

malaria (PAM), a potentially severe consequence of Plasmodium
falciparum infection in mothers and their unborn children and
infants. It has been estimated that at least 10,000 women and
100,000 infants die each year from PAM-associated complications
(1). Afflicted women suffer from the extensive accumulation of
parasitized erythrocytes and leukocytes in the intervillous spaces
of the placenta, which increases their risk of anemia, hypertension,
premature delivery, and the potential death of low-birth-weight
infants (2, 3). Trophozoite-infected erythrocytes (IEs) that ex-
press VAR2CSA, a member of the �350-kDa P. falciparum
erythrocyte membrane protein 1 (PfEMP1) family, bind to chon-
droitin sulfate A (CSA) on the surface of syncytiotrophoblasts, the
placental cells that mediate nutrient transfer between mother and
fetus (4).

Women from areas of endemicity show decreased susceptibil-
ity to PAM after successive pregnancies, suggesting that they ac-
quire immunity through repeated exposure to PAM-specific an-
tigens. Indeed, previous studies have shown that sera or plasma
from multigravida women recognize IEs collected from placenta
(5, 6) as well as in vitro-selected, CSA-binding parasite lines (7).
These findings, along with observations that IgGs of multigravida
women recognize placental parasite isolates from different areas
(8) and recombinant VAR2CSA proteins (7), support the exis-
tence of conserved domains of VAR2CSA targeted by protective
antibodies. Identifying these putative domains would greatly fa-
cilitate the generation of a PAM vaccine (9), as the use of full-
length VAR2CSA is challenging due to its large size and numerous
disulfide bonds (10, 11). Hence, there is substantial impetus for
utilizing one or more of the six cysteine-rich DBL domains

(DBL1�, DBL2�, DBL3�, DBL4ε, DBL5ε, and DBL6ε) in a vac-
cine.

To date, evaluating immunity to PAM has primarily involved
measures of antibody capacity to block the binding of VAR2CSA-
expressing IEs to CSA (12, 13). While studies have shown evidence
of DBL domain-specific antibody binding to placental parasite
isolates and blocking of IE adhesion to CSA, nearly all six DBL
domains have been implicated to some extent (11, 14–19). This
lack of consensus on which DBL domains are the most critical to
the development of PAM immunity has slowed progress in devel-
oping a practical vaccine. The accumulation of circulating mono-
cytes and tissue-resident macrophages within the placenta during
PAM (20) underscores the importance of antibody-mediated
phagocytosis (i.e., opsonization), an often-overlooked aspect of
the acquired immune response (21, 22). Numerous in vitro studies
have shown that human monocytes readily phagocytose IEs (23–
27) and VAR2CSA-expressing IEs specifically (28–30). Keen et al.
introduced opsonic phagocytosis as a novel correlate of protection
against PAM (31). Subsequent studies by Ataide et al., using a flow
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cytometry-based phagocytosis assay, found that opsonizing anti-
bodies to VAR2CSA-expressing IEs correlated positively with in-
fant birth weight in secundigravidae with placental malaria infec-
tion and were decreased in those with HIV infection; in contrast,
this correlation was not seen in primigravidae (32, 33). Nonethe-
less, no studies have sought to determine the targets of these
opsonizing antibodies (34).

To identify these targets, we measured the binding of IgG from
10 malaria-exposed multigravida Malian women to all six DBL
domains of VAR2CSA. IgGs from these women recognized several
VAR2CSA DBL domains and mediated the phagocytosis of
VAR2CSA-expressing IEs significantly better than IgGs from ma-
laria-exposed Malian men and malaria-naive American adults.
Importantly, preincubation of IgGs from multigravida women
with recombinant DBL3�, DBL5ε, and to a lesser extent DBL2�
significantly diminished the opsonization of VAR2CSA-express-
ing IEs by human monocytes. Our results support these
VAR2CSA DBL domains as primary targets of IgG-mediated
phagocytosis in multigravida women.

MATERIALS AND METHODS
Ethics statement. Blood samples obtained from Malian adults were col-
lected after written informed consent under a protocol (08-I-N120) ap-
proved by the Institutional Review Board (IRB) at the National Institute
of Allergy and Infectious Diseases and the Ethics Committee of the Faculty
of Medicine, Pharmacy, and Odontostomatology at the University of Ba-
mako, Bamako, Mali.

Buffy coat cells were harvested from units of blood obtained from
healthy American adult volunteers after written informed consent at the
Department of Transfusion Medicine under a protocol approved by the
IRB at the NIH Clinical Center (Bethesda, MD); monocytes were isolated
from the buffy coat cells as indicated below.

Human antibodies. In brief, sera were collected during the malaria
transmission season in August 2010 from six healthy men and 10 healthy
multigravida women living permanently in an area of Kenieroba, Mali,
where P. falciparum is endemic. Women were not pregnant, and none of
the Malian adults had symptoms of malaria at the time of blood collection.
Sera pooled from 40 healthy malaria-naive American adults were pur-
chased from the Interstate Blood Bank (Memphis, TN). IgGs were puri-
fied from serum samples using protein G Sepharose 4 Fast Flow columns
(GE Healthcare, Laurel, MD).

P. falciparum antigens. From the genomic DNA of the P. falciparum
FCR3 cell line, DBL (GenBank AAQ73926) domains DBL1� (residues 44
to 452), DBL2� (residues 518 to 979), DBL3� (residues 1209 to 1580),
DBL4ε (residues 1587 to 1988), DBL5ε (residues 1989 to 2306), and
DBL6ε (residues 2309 to 2632) were cloned in the pLM1 expression plas-
mid and later transformed into Escherichia coli BL21(DE3)-RIL cells. For
expression, cells were cultured at 37°C to an optical density of 0.8 at 600
nm and induced with 1 mM isopropyl-�-D-thiogalactopyranoside
(IPTG) for 3 h. Cells were harvested and lysed. Recovered inclusion bodies
were solubilized in 6 M guanidine-HCl. All six DBL domains were re-
folded and purified as previously described (35). Purified recombinant
DBL domains were dialyzed against 1� phosphate-buffered saline (PBS),
pH 7.4, at 4°C and concentrated to 5 mg/ml. All constructs were con-
firmed by DNA sequencing. The identity of each DBL domain was con-
firmed by N-terminal sequencing. Molecular masses of constructs were
confirmed by 4 to 20% SDS-PAGE using standard procedures. Merozoite
apical membrane antigen 1 (AMA1), produced from recombinant E. coli
and based on the genomic DNA of the P. falciparum FVO line, was a gift
from David Narum (36).

ELISA. Binding of IgGs in sera from individual Malian adults and
the pool from American adult sera to P. falciparum antigens was mea-
sured by enzyme-linked immunosorbent assay (ELISA) as previously de-
scribed (37).

Parasites. P. falciparum 3D7 and FCR3 lines were cultured in human
type O� (38) erythrocytes (Interstate Blood Bank, Memphis, TN) at 2%
hematocrit in parasite growth medium consisting of RPMI 1640 medium
supplemented with L-glutamine, 25 mM HEPES, 50 mg/ml hypoxanthine
(KD Medical, Columbia, MD), 28.5 mM sodium bicarbonate (Gibco,
Grand Island, NY), 50 �g/ml gentamicin (Gibco), and 0.5% (wt/vol)
Albumax II (Gibco), pH 7.2, in an atmosphere of 5% O2, 5% CO2, and
90% N2 at 37°C. FCR3 in vitro CSA binding selection was performed as
previously described (39, 40) to establish FCR3-CSA. To limit variation in
surface protein expression on IEs between experiments, parasites were
cultured to a high volume, aliquoted, frozen, and later thawed when
needed for experimentation. All cultures tested negative for Mycoplasma
contamination.

Phagocytes. THP-1 leukemia-derived monocytic cells (ATCC, Ma-
nassas, VA) were cultured between 1 � 105 and 5 � 105 cells/ml in mono-
cyte growth medium consisting of RPMI 1640 (ATCC) supplemented
with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS; Gibco) and
2% (vol/vol) �-mercaptoethanol (Sigma-Aldrich) in an atmosphere of
20% O2, 5% CO2, and 75% N2 at 37°C.

Human primary monocytes were isolated from the buffy coats of
healthy American adults by negative selection with Ficoll diatrizoate den-
sity centrifugation as previously described (41). Briefly, donor buffy coats
were collected by the NIH Clinical Center Department of Transfusion
Medicine in the early morning. Within 1 h, 5 to 10 ml of buffy coat packed
cell volume was spin-washed three times with 1� PBS and resuspended to
30 ml with 1� PBS. For negative selection of primary monocytes, cells
were then incubated for 20 min with RosetteSep human monocyte enrich-
ment cocktail (Stemcell Technologies, Vancouver, Canada) according to
the manufacturer’s specifications. Subsequently, the cell suspension was
carefully layered over 15 ml of Ficoll-Paque Plus (GE Healthcare) and
centrifuged for 20 min at 600 � g. Purified monocytes were collected from
the interface between 1� PBS and Ficoll, spin-washed with 1� PBS twice,
and maintained at 1 � 105 cells/ml in primary monocyte growth medium
consisting of RPMI 1640 with Glutamax (Gibco) supplemented with 10%
(vol/vol) FBS and 1% (vol/vol) penicillin-streptomycin (Sigma-Aldrich)
in an atmosphere of 20% O2, 5% CO2, and 75% N2 at 37°C. Monocytes
were maintained in culture for no more than 4 h following blood collec-
tion.

Enrichment was validated by flow cytometry using antibodies against
cluster of differentiation (CD) antigens for monocytes (CD14), T cells
(CD3), B cells (CD19), and natural killer cells (CD56). Briefly, 1 � 106

leukocytes sampled before or after the aforementioned primary monocyte
enrichment were spin-washed and resuspended in 1 ml of 1� PBS in
polypropylene fluorescence-activated cell sorter (FACS) tubes (BD Fal-
con, Franklin Lakes, NJ). Cells were then incubated with 5 �l of either
mouse anti-CD14 Pacific Blue (clone M5E2; BD PharMingen), mouse
anti-CD3 Alexa Fluor 700 (clone OKT3; eBioscience, San Diego, CA),
mouse anti-CD56 PE (clone B159; BD PharMingen), and mouse anti-
CD19 PE-Cy5 (clone SJ25C1; BD Biosciences) antibodies. Following
three spin-washes, at least 250,000 leukocyte events were assessed by flow
cytometry with the MACSQuant analyzer (Miltenyi Biotec, Inc., Auburn,
CA). Leukocyte events were gated by size and granularity on forward
scatter—area (FSC-A) and side scatter—area (SSC-A). For compensa-
tion, single-color-stained cells and unstained cells were analyzed using
FlowJo software (Tree Star, Ashland, OR).

Antibody binding to IE surface. 3D7, FCR3, and FCR3-CSA parasite
lines were cultured to the late trophozoite stage at 2 to 4% parasitemia.
Erythrocytes were stained with 50 �g/ml hydroethidine (dihydro-
ethidium bromide) (42) for 30 min at 37°C, spin-washed twice, and ali-
quoted at 5 � 106 erythrocytes/well into 96-well V-bottom plates. Cells
were incubated with 2.5 mg/ml of purified adult IgG in RPMI 1640 at a
total volume of 200 �l for 1 h at 37°C. After three spin-washes, cells
were incubated with 5 �g/ml of either mouse anti-human IgG1 (BD
PharMingen), IgG2 (BD PharMingen), IgG3 (SouthernBiotech), or
IgG4 (SouthernBiotech) at a total volume of 100 �l for 1 h at 37°C.
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Following three spin-washes, cells were incubated with 100 �l of 6
�g/ml Alexa Fluor 647-conjugated goat anti-mouse antibody (Molecular
Probes) for 1 h at 37°C. Samples were then washed thoroughly and im-
mediately analyzed by flow cytometry. Erythrocytes were gated by for-
ward and side scatter dot plot, with IEs subsequently gated by elevated
ethidium fluorescence signal. A minimum of 5,000 IE events were col-
lected. Surface binding was measured as the median fluorescence intensity
(MFI) of the IE population.

Phagocytosis imaging. Giemsa smears of cells were viewed using the
Olympus CX41 microscope using an Olympus PLCN 100�/1.25 oil im-
mersion objective. Photography was performed with the Lumenera
Infinity3-1R research grade 1.4 megapixel cooled digital camera and soft-
ware.

For live-cell imaging, 1 � 105 THP-1 cells were plated onto Lab-Tek
polylysine-coated chambered slides (NalgeneNunc Thermo Fisher Scien-
tific, Rochester, NY) for 24 h to allow adhesion. Late-stage FCR3-CSA IEs
were magnetically enriched to �90% purity with QuadroMACs using
Miltenyi LS columns (Miltenyi Biotec Inc.). IEs were stained with 2
drops/ml of Hoechst NucClue live-cell stain (Molecular Probes) for 20
min at room temperature, spin-washed four times, stained with 10 �g/ml
of pHrodo succinimidyl ester (Molecular Probes) for 30 min at 37°C,
spin-washed four times, and incubated with 10 mg/ml of purified IgG.
Following three spin-washes, stained IEs were added to plated THP-1 cells
and immediately imaged on a Leica TCS SP5 II confocal microscope
(Leica, Heidelberg, Germany) using a Leica HCX Plan Apo 63�/1.4 to 0.6
oil immersion objective, equipped with a temperature- and atmosphere-
controlled incubator for live-cell imaging. For 1 h, cells were viewed (orig-
inal magnification, �630) every 5 min at five 1-�m depths for z-stack
analysis with Imaris 7.5 (Bitplane Scientific Software, Zurich, Switzer-
land).

In vitro phagocytosis assay. The procedure was adapted from an assay
previously described (29). Briefly, late-stage IEs were magnetically en-
riched to �90% purity, stained with 50 �g/ml hydroethidine for 30 min at
37°C, and suspended to 3 � 107 cells/ml. Purified IgGs were titrated in
RPMI 1640 into a sterile 96-well V-bottomed plate (Corning) to a volume
of 50 �l. For IgG binding, 50 �l of IE suspension was added to the 96-well
plates containing IgG (total volume 100 �l) and left in the dark for 60 min
at 37°C. Subsequently, IEs were spin-washed twice and then added to 1 �
105 THP-1 cells (IE-to-monocyte ratio of 15:1) in 1 ml of monocyte
growth medium for coincubation in a sterile 24-well polypropylene plate
(Thomson, Oceanside, CA) for 2 h in an atmosphere of 20% O2, 5% CO2,
and 75% N2 at 37°C. Following coincubation, nonphagocytosed erythro-
cytes were lysed by the addition of ammonium-chloride-potassium
(ACK) lysis buffer (Lonza) with debris spin-washed away. THP-1 cells
were then fixed in 2% (vol/vol) paraformaldehyde (Electron Microscopy
Sciences, Hatfield, PA) at 4°C, spin-washed, and stored at 4°C for �2 h
until analysis. At least 5,000 THP-1 events were collected and analyzed for
each sample. The level of phagocytosis was measured as the proportion of
THP-1 events positive for ethidium fluorescence, denoted “Phagocytosis
(%).”

For experiments with primary monocytes, procedures were per-
formed as described above with the following modifications. Following
incubation with IgGs, IEs were added to 1 � 105 primary monocytes
(IE-to-monocyte ratio of 15:1) in 1 ml of primary monocyte growth me-
dium. Following 2 h of phagocytosis challenge, lysis of nonphagocytosed
erythrocytes, and two spin-washes, cells were stained with 5 �l of Pacific
Blue-conjugated mouse anti-CD14 (BD PharMingen) for 30 min at 4°C.
Subsequently, primary monocytes were spin-washed twice, fixed, spin-
washed again, and analyzed. CD14� primary monocytes were gated ini-
tially by forward and side scatter dot plot and subsequently identified as
the Pacific Blue-positive subpopulation. A minimum of 5,000 CD14�

primary monocyte events were collected, with Phagocytosis (%) calcu-
lated as the percentage of events that were ethidium fluorescence positive.

Antigen reversal of phagocytosis. For antigen reversal studies, test
IgGs at 1.25 mg/ml were incubated with 100 �g of the recombinant P.

falciparum antigen of interest for 1 h at 37°C prior to incubation with
hydroethidine-labeled IEs.

Statistical data analysis. Comparisons between unpaired data sets
(i.e., gender groups) were analyzed by a two-tailed Mann-Whitney U test.
Comparisons between paired data sets were analyzed by a two-tailed Wil-
coxon signed-rank test. Correlations were examined by Spearman’s rank
sum tests. The significance limit was set at P values of 	0.05. Calculations
were performed using GraphPad Prism (Graph Pad Prism Inc., San Di-
ego, CA).

RESULTS
IgGs from multigravida Malian women recognize recombinant
VAR2CSA domains. The six recombinant DBL domains of
VAR2CSA showed appropriate molecular masses when analyzed
by reducing and nonreducing SDS-PAGE (Fig. 1A). We per-
formed ELISAs to assess IgG recognition of DBL domains in ma-
laria-exposed multigravida Malian women, malaria-exposed Ma-
lian men, and malaria-naive American adults (see Table S1 in the
supplemental material). Compared to Malian men, Malian
women showed significantly higher IgG reactivity to five DBL do-
mains (DBL2�, P 
 0.0005; DBL3�, P 
 0.0002; DBL4ε, P 

0.0312; DBL5ε, P 
 0.0002; DBL6ε, P 
 0.0110) (Fig. 1B). Malian
men and women showed no significant differences in IgG reactiv-
ities to DBL1�, which were low for both genders, or to merozoite
apical membrane antigen 1 (AMA1), which were high for both
genders. American adult IgG showed limited reactivity to all of
these antigens (“Naive” in Fig. 1B). IgG1 was the predominant IgG
subclass involved in DBL binding, with IgG2, IgG3, IgG4, and IgM
exhibiting low recognition (see Fig. S1 in the supplemental mate-
rial). The greater IgG reactivity to five VAR2CSA DBLs in multi-
gravida Malian women than in Malian men suggests that the re-
combinant DBL proteins express epitopes of the native parasite
protein.

CSA-selected IEs highly express VAR2CSA. Our studies re-
quired comparisons between trophozoites expressing high levels
of VAR2CSA and trophozoites expressing little or no VAR2CSA.
To generate these parasite populations, we established a CSA-
binding P. falciparum line, FCR3-CSA, by repeatedly selecting for
FCR3 trophozoite-IEs that adhered to CSA-coated plastic plates in
vitro. Nonselected parental FCR3 and 3D7 lines served as controls.
To confirm whether FCR3-CSA had increased VAR2CSA expres-
sion levels relative to nonselected FCR3 and 3D7 parasite lines, we
labeled cells with purified IgG from a rabbit immunized with
DBL3� (43). Rabbit anti-DBL3� IgGs labeled FCR3-CSA IEs spe-
cifically and minimally labeled nonselected FCR3 or 3D7 IEs (Fig.
2A). Control IgGs from a rabbit immunized with adjuvant alone
showed minimal labeling of FCR3-CSA, FCR3, and 3D7 IEs, sim-
ilar to that of uninfected erythrocytes (Fig. 2A).

IgGs from multigravida Malian women bind to the surface of
FCR3-CSA IEs. To confirm that IgGs from multigravida Malian
women also bind specifically to native VAR2CSA on the tropho-
zoite-IE surface, we first purified IgGs from sera to control for IgG
concentration differences between serum samples and to avoid
the possibility of IgM interfering with the binding of IgG to
VAR2CSA (28, 44). Using flow cytometry, we found that IgG1
from Malian women showed significantly higher recognition of
FCR3-CSA IEs than did IgG1 from Malian men (P 
 0.0002) (Fig.
2B). This was also true for IgG2 (P 
 0.0002), but the reactivity
was low (MFI, �1,000). IgG3 and IgG4 from Malian women and
men showed no differences in reactivity to FCR3-CSA (Fig. 2B).
No significant differences in the binding of any IgG subclasses to
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FCR3 or 3D7 IEs were observed between Malian women and men
(MFIs were consistently 	1,000 units). In Malian women, IgG1
binding to FCR3-CSA IEs showed a significant positive correla-
tion to DBL3� (P 
 0.0022, r 
 0.84) and DBL5ε (P 
 0.005, r 

0.89) recognition by ELISA (Fig. 2C).

IgG- and Fc�R-dependent phagocytosis of IEs by THP-1
cells. FCR3-CSA IEs incubated with purified IgGs pooled from
Malian women and men were efficiently internalized by THP-1
cells (Fig. 3A). Acidification of IEs, as revealed by pHrodo stain-
ing, occurred within 25 min of monocyte uptake (Fig. 3B; see

FIG 1 Malian adult IgG reactivity to P. falciparum antigens by ELISA. (A) Coomassie blue-stained reducing and nonreducing 4 to 20% SDS-PAGE gels indicating
the correct mass for each of the six recombinant VAR2CSA DBL domains produced from E. coli. The molecular mass markers are shown in the leftmost lane. (B)
Adult serum IgG reactivity to VAR2CSA DBL domains and P. falciparum merozoite protein AMA1 as measured by ELISA. Antigen-coated plates were incubated
with a 1:200 dilution of serum. Optical density (OD) responses ranged from 0 to 4. For each antigen, P values refer to comparisons between Malian men and
women (n.s., not significant). “Naive” samples refer to pooled IgGs from American adults. Bars show the means of results from one to four independent
experiments run at least in triplicate.
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FIG 2 FCR3-CSA IgG1 recognition by Malian women correlates with DBL3� and DBL5ε ELISA reactivity. (A) Uninfected erythrocytes and magnetically
enriched P. falciparum 3D7, FCR3, and FCR3-CSA IEs were incubated with purified IgGs from rabbits immunized with DBL3� or adjuvant alone. Cells were then
incubated with Alexa Fluor 488-conjugated goat anti-rabbit IgG for fluorescence detection (x axis). Each experiment was performed at least twice, with �50,000
IE events collected per experiment. Representative histograms are shown. (B) Human IgG subclass binding to FCR3-CSA late-stage IEs was detected by flow
cytometry using mouse anti-human IgG subclass-specific antibodies and Alexa Fluor 647-conjugated goat anti-mouse antibodies. At least 5,000 IE events were
analyzed for median fluorescence intensity (MFI). Bars show the means of duplicates. Malian women showed significantly higher IgG1 binding than Malian men
(P 
 0.0002). (C) For Malian women, IgG1 binding to FCR3-CSA IEs is shown in relation to IgG recognition of DBL3� and DBL5ε by ELISA. The P value and
Spearman’s r coefficient are reported for each antigen.
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FIG 3 Infected erythrocytes incubated with IgGs from Malians are phagocytosed by monocytic THP-1 cells. (A) Giemsa-stained smears contrasting a THP-1 cell
that did not internalize FCR3-CSA IEs (Parasite �) and the parasite-filled phagosomes (black arrows) seen in THP-1 cells that internalized parasites (Parasite �).
Bar, 10 �m. (B) Confocal images of a THP-1 cell acidifying a Hoechst- and pHrodo-SE-labeled FCR3-CSA IE at four time points during coincubation. An IE
(white arrow) adjacent to a THP-1 cell (yellow arrow) is subsequently engulfed (green arrow) and acidified, as depicted in Movie S1 in the supplemental material.
Bar, 10 �m. (C) Representative flow plots of THP-1 cells after coincubation with ethidium-fluorescent FCR3-CSA IEs preincubated with pooled IgG either from
malaria-naive Americans (left) or from malaria-exposed multigravida Malian women (right). Following a 2-h coincubation with IEs and ammonium-chloride-
potassium buffer (ACK) lysis treatment to remove noninternalized erythrocytes, THP-1 cells that phagocytosed IEs exhibited high ethidium fluorescence.
Phagocytosis was measured as the proportion of THP-1 cells above the autofluorescent level (horizontal bar) as denoted by the green bracket. Each flow plot
shows 5,000 events. (D) Phagocytosis of P. falciparum 3D7, FCR3, and FCR3-CSA IEs preincubated with 10 mg/ml IgGs from malaria-exposed Malian men and
multigravida women, pooled IgGs from malaria-naive American adults, or no IgGs. A sample containing only THP-1 cells served as a negative control. Bars
represent means � standard errors of the means (SEM) from three independent experiments. IgGs from Malian women mediated significantly higher phago-
cytosis of FCR3-CSA IEs than IgGs from Malian men (P 
 0.0002). Also, IgGs from Malian women mediated significantly greater phagocytosis of FCR3-CSA IEs
than either FCR3 (P 
 0.002) or 3D7 (P 
 0.002) IEs. (E) For Malian women, IgG1 binding to the surface of FCR3-CSA IEs (Fig. 2B) is shown in relation to
IgG-mediated phagocytosis of FCR3-CSA IEs. The P value and Spearman’s r coefficient are shown.
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Movie S1 in the supplemental material). To assess quantitatively
the internalization of IEs, we used a flow cytometry-based phago-
cytosis assay (Fig. 3C). IEs were first highly enriched by magnetic
selection and then stained with hydroethidine to identify viable
parasites. In metabolically active cells, nonfluorescent hydroethi-
dine is converted to fluorescent ethidium, which intercalates with
cellular nucleic acids (42). Thus, hydroethidine distinguishes
highly fluorescent viable parasites from autofluorescent dead par-
asites and uninfected erythrocytes.

IgGs from Malian women efficiently opsonize FCR3-CSA
IEs. IgGs from Malian men and women did not differ in their
opsonization of FCR3 or 3D7 IEs (Fig. 3D). In contrast, IgGs from
multigravida Malian women mediated higher phagocytosis of
FCR3-CSA IEs than did IgGs from Malian men (Fig. 3D, P 

0.0002). Also, IgGs from Malian women mediated significantly
greater phagocytosis of FCR3-CSA IEs than either FCR3 (P 

0.002) or3D7 (P 
 0.002) IEs. Such a difference was not observed
with IgGs from Malian men. Note that purified IgGs from Amer-
ican adults had very low opsonic activity for FCR3-CSA, FCR3,
and 3D7 IEs, similar to results without IgG (Fig. 3D, “Naive” and
“No IgG”). In Malian women, only IgG1 binding to the surface of

FCR3-CSA IEs showed a significant positive correlation to IgG-
mediated phagocytosis (P 
 0.0347, r 
 0.6848) (Fig. 3E).

DBL2�, DBL3�, and DBL5� are the targets of IgG-mediated
phagocytosis of FCR3-CSA IEs. As an initial step to determine the
targets of opsonizing antibodies from multigravida women, we
prepared pools of IgGs purified from multigravida Malian
women, Malian men, or American adults and exposed them to
individual DBL domains. These IgG pools were then incubated
with IEs at 1.25 mg/ml, an IgG concentration that mediated
slightly less than the maximum response on average for most in-
dividual samples to FCR3-CSA IEs (see Fig. S2 in the supplemen-
tal material). In this antigen reversal assay, using pooled IgG from
Malian women without preincubation with antigen, the extent of
phagocytosis was about 60% (Fig. 4A, FCR3-CSA, “no antigen”).
When the same pooled IgG was preincubated with recombinant
DBL domains, we found that phagocytosis of FCR3-CSA IEs was
substantially reduced by 30 to 50% with DBL2� (P 
 0.001),
DBL3� (P 
 0.0005), and DBL5ε (P 
 0.0005), but not with
DBL1�, DBL4ε, DBL6ε, or AMA1 (Fig. 4A). In contrast, prior
exposure to each of these antigens did not alter IgG-mediated
phagocytosis of FCR3 or 3D7 IEs (Fig. 4A). Antigen reversal also

FIG 4 Antigen reversal with DBL2�, DBL3�, and DBL5ε lowers opsonization of FCR3-CSA for THP-1 cells. (A) Purified IgG pools (1.25 mg/ml) from Malian
women, Malian men, and American adults were exposed to 100 �g of the recombinant P. falciparum antigen of interest, as noted on the x axis, for 1 h. 3D7, FCR3,
and FCR3-CSA IEs were incubated with the pretreated IgGs for 1 h and then incubated with THP-1 cells. Means � SEM of phagocytosis from three independent
experiments are shown. (B) IgGs (1.25 mg/ml) from all 16 malaria-exposed Malian adults were independently exposed to 100 �g parasite antigen (or no antigen)
and coincubated with FCR3-CSA IEs and THP-1 cells as above. For IgGs from Malian women, significant antigen reversal of phagocytosis was seen with DBL2�
(P 
 0.001), DBL3� (P 
 0.0005), and DBL5ε (P 
 0.0005) but not with AMA1. For IgGs from Malian men, antigen reversal of phagocytosis was not seen with
any antigen. Phagocytosis mediated by pooled IgGs from American adults was 	4% (data not shown) and not impacted by antigen reversal. Black bar, mean of
the group.
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had no effect on the IgG-mediated phagocytosis of FCR3-CSA,
FCR3, or 3D7 IEs in assays using pooled IgGs from Malian men
and American adults.

Building on this result, we evaluated DBL2�, DBL3�, and
DBL5ε antigen reversal of FCR3-CSA IE opsonization for each of
the 16 Malian adults. In antigen reversal assays using individual
IgG samples from Malian women, phagocytosis of FCR3-CSA IEs
was significantly reduced by 30 to 55% with DBL2� (P 
 0.001),
DBL3� (P 
 0.0005), and DBL5ε (P 
 0.0005), but not with
AMA1 (Fig. 4B). Similar reductions were not observed in antigen
reversal assays using individual IgGs from Malian men (Fig. 4B).
We then sought to determine if the magnitude of phagocytosis
reduction due to antigen reversal would correlate to antigen rec-
ognition; interestingly, ELISA responses showed no significant
correlation with antigen reversal (data not shown).

Anti-DBL2�, DBL3�, and DBL5� IgGs mediate phagocytosis
of FCR3-CSA IEs by primary monocytes. IgG has high affinity for
Fc
RI, which is present on undifferentiated THP-1 cells. How-
ever, the lack of Fc
RIII expression by THP-1 cells (45) suggested
that the in vitro phagocytosis of IEs by THP-1 cells might not be
fully representative of the in vivo phagocytosis of IEs by mono-
cytes. To address this possibility, we repeated some experiments
using human CD14� primary monocytes enriched from periph-
eral blood mononuclear cells (PBMCs) by negative selection (Fig.
5A). Primary monocytes efficiently phagocytosed FCR3-CSA IEs
in the presence of purified IgGs pooled from Malian women (Fig.
5B). Phagocytosis was higher in the presence of IgGs from malar-
ia-exposed Malian women than from malaria-naive American
adults (Fig. 5C). In antigen reversal assays using pooled IgGs from
Malian women, phagocytosis of FCR3-CSA IEs was substantially
decreased by 25 to 45% with DBL2�, DBL3�, and DBL5ε, but not
with DBL1�, DBL4ε, DBL6ε, or AMA1 (Fig. 5D). Prior exposure
to any of these antigens did not affect IgG-mediated phagocytosis
of FCR3 or 3D7 IEs. Also, similar reductions were not observed in
antigen reversal assays using pooled IgG samples from Malian
men or American adults (Fig. 5D).

DISCUSSION

P. falciparum infection during pregnancy remains a threat to the
health of women and their children in areas of endemicity. Vacci-
nation to induce immunity against placental parasitemia repre-
sents an attractive long-term, cost-effective strategy to protect
women from PAM. However, challenges in developing this and
other malaria vaccines include identifying protective antibody
specificities and antigenic epitopes and establishing assays that
predict clinical protection in humans living in areas of endemicity.
In this study, we identified the DBL domain targets of IgGs that
mediate the phagocytosis of VAR2CSA-expressing IEs by human
monocytes, an essential yet often-overlooked effector mechanism
against PAM. We demonstrate that in contrast to malaria-exposed
Malian men, IgGs from malaria-exposed multigravida Malian
women highly recognize five recombinant DBL domains of
VAR2CSA as well as the surface of FCR3-CSA IEs. In addition,
IgGs from Malian multigravida women more efficiently opsonize
FCR3-CSA IEs than IgGs from Malian men, using either THP-1
cells or primary human monocytes. We performed the first appli-
cation of antigen reversal of IgG-mediated phagocytosis of P. fal-
ciparum-infected erythrocytes. In doing so, we demonstrate that
DBL3�, DBL5ε, and to a lesser degree DBL2� are the primary
targets of opsonizing antibodies from multigravida women.

Consistent with previous observations (46, 47), the serum IgGs
of malaria-exposed multigravida women predominantly recog-
nized the DBL3� and DBL5ε domains of VAR2CSA by ELISA.
Sequencing and structural modeling have characterized DBL3�
and DBL5ε as relatively conserved (48) due to stabilizing cysteine
residues and DBL4ε and DL6ε as heterogeneous by way of variable
loops (49). While the structure of full-length VAR2CSA has yet to
be resolved, one study proposed a compact structure whereby the
extracellular region of VAR2CSA radiates outwardly from the cell
surface, starting with DBL6ε, with the large and aromatic residue-
rich interdomain region between DBL2� and DBL3� forming a
structural turn that causes the protein to bend upon itself (50).
Previous studies have generally used binding to CSA as a means to
determine which domains might be responsible for the placental
accumulation of IEs. Investigators have reported that DBL2� (19,
51) and DBL3� (19, 35, 43, 52) are involved in VAR2CSA binding
to CSA. Conversely, while DBL4ε and DBL6ε have both been im-
plicated in binding to CSA or placental tissue (17, 18, 52), they did
not reverse IgG-mediated opsonization of VAR2CSA-expressing
IEs. Moreover, our results show that DBL5ε was recognized by
IgGs from multigravida women and induced antigen reversal.
While this domain has previously been shown to be immunogenic
(53–55), it has not been conclusively shown to be essential for CSA
binding despite showing some affinity to negatively charged gly-
cans (56). Nonetheless, DBL3� and DBL5ε are considered highly
homologous (10), possibly expressing the same epitopes. This re-
dundancy may explain the similar degree to which DBL3� and
DBL5ε antigen reversal reduces the IgG-mediated phagocytosis of
FCR3-CSA in samples from Malian women. According to this
model, DBL2� and DBL3� are located at the apex, a practical
location for opsonizing antibodies to attach. It may be that reac-
tivity to DBL5ε is primarily due to its similarity to DBL3�.

IgG1 was the major IgG subclass involved in recognizing
VAR2CSA DBL domains by ELISA as well as binding to the sur-
face of FCR3-CSA IEs by flow cytometry. This result is in agree-
ment with a previous study that found that IgGs from multigrav-
ida Cameroonian women reactive to placental parasite isolates
were mainly IgG1 and to a lesser extent IgG3 (57). In addition,
IgG1 and IgG3 have been reported to bind to or opsonize
VAR2CSA-expressing IEs (31, 58), and IgG3 from multigravida
women has been shown to recognize VAR2CSA-DBL5ε (59). The
human IgG1 and IgG3 subclasses are recognized as efficient me-
diators of opsonization, attributable to their high affinities for
Fc
Rs (60).

We utilized phagocytosis by human monocytes (either undif-
ferentiated THP-1 cells or primary monocytes) as a functional
assay to assess the uptake of VAR2CSA-expressing IEs. Imaging of
pHrodo-labeled IEs confirmed that human monocytes internalize
and subsequently acidify parasites. Further, the use of hydroethi-
dine to label erythrocytes ensured that the flow cytometry assay
was reflecting phagocytosis of infected, viable erythrocytes (42).
While we observed clear differences between IgGs from Malian
men and multigravida Malian women, when we focus only on
IgGs from multigravida women and compare results from differ-
ent assays, there are several inconsistencies in the data. For exam-
ple, IgGs from female 5, who showed the highest IgG ELISA titers
to nearly all VAR2CSA domains as well as IgG1 binding to the
surface of FCR3-CSA IEs, mediated only the fourth highest level of
phagocytosis of these cells. Alternatively, women with relatively
low IgG reactivity to DBL domains (females 1, 2, and 10) showed
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levels of opsonization and antigen reversal comparable to those of
multigravida women with higher reactivity to DBL domains.
Moreover, despite showing substantial reactivity to DBL domains,
female 6 consistently showed the lowest levels of IgG1 surface
binding to and opsonization of FCR3-CSA IEs among women.
These seemingly discordant results may arise from differences in
the fine specificity or avidity of the antibody repertoires in the
individual women.

We reasoned that preincubation of IgGs from multigravida

Malian women with specific recombinant DBL domains would
reduce IgG opsonization of FCR3-CSA IEs. Any resulting de-
creases in phagocytosis, termed “antigen reversal,” would reflect
the degree to which particular DBL domains are targeted by op-
sonizing IgGs. Given that antigen reversal of phagocytosis was
typically highest for those domains with high antibody responses
from multigravida women (DBL3� and DBL5ε), our assay may
reflect the higher depletion of antibodies after incubation with the
recombinant antigens.

FIG 5 DBL2�, DBL3�, and DBL5ε antigen reversal lowers opsonization of FCR3-CSA for primary monocytes. (A) Representative flow plots of PBMCs collected
from malaria-naive Americans before (Pre) and after (Post) depletion of T cells, B cells, and NK cells to negatively select for primary monocytes. Propidium
iodide labeling confirmed �99% viability of monocytes. Each plot shows at least 50,000 events. (B) Giemsa smears of enriched primary monocytes before
(Parasite �) and after (Parasite �) phagocytosis of IEs. Bar, 10 �m. Photomicrographs were collected as stated in the legend for Fig. 3A. (C) Representative flow
plots of enriched primary monocytes after coincubation with ethidium-labeled FCR3-CSA IEs preincubated with pooled IgGs from either malaria-naive
Americans (left) or malaria-exposed multigravida Malian women (right). Following a 2-h coincubation with IEs and ACK lysis treatment to remove noninter-
nalized erythrocytes, CD14� monocytes that phagocytosed IEs showed high ethidium fluorescence. Phagocytosis was measured as the proportion of CD14�

monocytes above the autofluorescence level (horizontal bar). Each flow plot shows 5,000 events. (D) Purified IgG pools (1.25 mg/ml) from Malian women,
Malian men, and American adults were pretreated with 100 �g of recombinant antigens (or no antigen) for 1 h. 3D7, FCR3, and FCR3-CSA IEs were incubated
with pretreated IgGs for 1 h and then incubated with CD14� monocytes. Means � SEM of phagocytosis from three independent experiments (using monocytes
from three separate donors) are shown.
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We did not have full clinical histories for the multigravidae
who participated in this study (i.e., whether they suffered from
PAM in one or more pregnancies, and when they last delivered).
Therefore, it is difficult to assess how strongly the phagocytosis
activity measured in this study associates with clinical protection
against PAM. Previous studies have linked IgG recognition of pla-
cental parasite isolates and VAR2CSA during pregnancy with
good birth outcomes at delivery (61, 62). Moreover, we consid-
ered only HIV-negative volunteers. It would be interesting to ob-
serve how HIV coinfection influences domain targeting. Ataide
and colleagues recently showed that coinfection with HIV in pri-
migravida women was associated with the worst outcomes (32)
and that HIV impairs the development of IgG subclasses that prin-
cipally mediate phagocytosis (33). However, the authors suggest
that constant exposure to VAR2CSA-expressing IEs may override
the immunosuppressive effects of HIV. Evaluating primigravidae
in the opsonization assays and monitoring women through serial
pregnancies is beyond the scope of the present study. However, a
longitudinal study monitoring young women from nonpregnant
to multigravida status would permit us to define relationships
between different types of assays as well as between in vitro op-
sonization and in vivo resistance to PAM. Such a longitudinal
study in a larger group of women would facilitate identification of
assays that could be used to evaluate clinical trials of vaccine can-
didates directed to PAM. Further, it will be important to deter-
mine whether the opsonization patterns observed with these cul-
tured parasites are similar to those using parasites derived from
the placenta.

Despite a limited number of samples, our investigation sheds
light onto important areas of interest in the field of acquired im-
munity to PAM. We provide the first evidence that the DBL2�,
DBL3�, and DBL5ε domains of VAR2CSA are targeted by the
opsonizing IgGs of P. falciparum-exposed multigravida women.
These findings demonstrate that antigen reversal of antibody-me-
diated phagocytosis is a practical tool for identifying specific tar-
gets of functional polyclonal antibodies in studies of PAM and
potentially other infectious diseases.
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