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Abstract. Hemoglobin C is the second most common structural hemoglobinopathy in Africa, and carriers have a
reduced risk of severe malaria. However, the effect of HbAC on the antibody response to malaria antigens in pregnancy
has not been studied. Here, we measured PfEMP1-specific antibodies in plasma samples from 74 Beninese pregnant
women with either HbAA or HbAC. IgG-mediated inhibition of VAR2CSA1 infected erythrocytes adhesion to chondroitin
sulfate A (CSA) was also tested. PfEMP1-specific IgG levels to VAR2CSA were significantly lower in HbAC women, sug-
gesting less exposure to VAR2CSA. In contrast, the percentage of VAR2CSA1-infected erythrocytes adhesion to CSA
was not different between HbAA and HbAC women. Moreover, IgG levels to PfEMP1 variants associated with severe
malaria were not significantly different between groups. The findings indicate similar exposure to Plasmodium falcipa-
rum parasites expressing PfEMP1 variants causing severe malaria, and justify more comprehensive studies of
hemoglobinopathy-related qualitative and quantitative differences in PfEMP1-specific antibody responses.

Pregnant women are at high risk of malaria. In 2019,
12million pregnant women in Africa were exposed to Plas-
modium falciparum parasites during pregnancy.1 This can
frequently lead to placental malaria (PM), a major cause of
mother–offspring mortality and severe morbidity. In PM,
infected erythrocytes (IEs) bind to oncofetal chondroitin sul-
fate A (CSA) in the placenta via VAR2CSA,2 a member of the
P. falciparum erythrocyte membrane protein 1 (PfEMP1) fam-
ily, expressed on the surface of IEs. Other PfEMP1 members
enable adhesion of IEs to endothelial host receptors such as
intercellular adhesion molecule 1 (ICAM-1) and endothelial
protein C receptor (EPCR),3,4 which have been associated
with severe malaria. Naturally acquired antibodies targeting
PfEMP1 proteins are mainly acquired during childhood and
can play a role in clinical protection in malaria.4

Malaria has exerted a strong evolutionary pressure on the
human genome, selecting host polymorphisms that protect
against the disease.5 These include structural variants of
adult hemoglobin (HbA, wildtype) involving a single point
mutation within the b-globin gene as in HbS, HbC, and HbE,
or reduced production of globin as in thalassemias. HbC is
the second most common structural Hb variant and is highly
frequent in West Africa (15%). Carriers have a reduced risk of
severe malaria by P. falciparum.5,6 This has been attributed
to the reduced adhesiveness of HbC IEs to the endothelial
cells and reduced PfEMP1expression on the IE surface.7,8

However, the effect of HbAC on the antibody response to
VAR2CSA and other malaria-specific antigens in pregnancy
has not been studied previously. Thus, we measured levels
of PfEMP1-specific antibodies in Beninese pregnant women
with either HbAA or HbAC, as well as IgG-mediated inhibition
of VAR2CSA1 IEs-adhesion to CSA.
Plasma samples collected at delivery from pregnant

women as part of the STOPPAM study in Com�e District,
Benin, between 2008 and 2011 were used.9 Declaration of
voluntary, free-will participation in the study and written
informed consent were obtained from all participants before

enrollment. On the basis of the availability of samples, we
carried out a case–control study with 74 plasma samples.
Cases (HbAC) and controls (HbAA) were matched 1:1
according to age and gravidity because both are known to
increase antibody levels to malaria antigens. The Hb geno-
typing was performed by polymerase chain reaction (PCR)
as previously described.10 Peripheral blood samples were
tested by real-time PCR to detect submicroscopic P. falcipa-
rum infection.11 PM was defined as the presence of malaria
parasites in placental blood by microscopy or histological
evidence of parasites in the placenta.
IgG reactivity at delivery against recombinant PfEMP1 anti-

gens (100 ng/well) was measured by ELISA as described else-
where.12 Antigens included the entire ectodomains of a
VAR2CSA-type (IT4VAR04)12 and three non-VAR2CSA-type
(HB3VAR06, IT4VAR09, IT4VAR60) PfEMP1 proteins, pro-
duced in baculovirus-transfected Sf9 insect cells as described
previously.13 Two recombinant DBLb domains containing an
ICAM-1 binding motif (HB3VAR34, PFD1235w)3,14 and the R0
domain of glutamate-rich protein (GLURP),15 all produced in
Escherichia coli, were also used. HB3VAR06 and IT4VAR60
bind uninfected erythrocytes, leading to formation of rosettes,
which are a marker of parasites causing severe malaria.
HB3VAR34 and PFD1235w are involved in adhesion of IEs to
ICAM-1 and EPCR. IT4VAR09 causes rosetting and binds to
human brain microvascular endothelial cells. Plasma samples
from eight nonpregnant Danish women without P. falciparum
exposure and a pool of 20 nonpregnant Ghanaian women
previously exposed to P. falciparum during pregnancy were
included as negative and positive controls, respectively. Spe-
cific antibody levels were calculated in arbitrary units (AU)
using the equation 100 3 [(ODSAMPLE – ODBLANK)/(ODPOS.CTRL

– ODBLANK)], essentially as described elsewhere.12 Negative
cutoff values were calculated as the mean AU values plus two
standard deviations (SD) obtained with the negative control
samples. Individuals were considered responders if the specific
antibody level was higher than the cutoff. IgG reactivity to native
VAR2CSA expressed on the surface of intact and unfixed IEs
was analyzed by flow cytometry as described elsewhere.16 A
CytoFLEX S (Beckman Coulter Life Sciences, Brea, CA) flow
cytometer was used for data acquisition and FlowLogic
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software (Inivai Technologies,Mentone, Australia) for data anal-
ysis. To normalize data between plates, IgG binding to IEs is
presented as normalized median fluorescence intensity (nMFI)
using the equation (MFISAMPLE/MFINEG. CTRL)3 100.
The inhibition of IE adhesion to CSA (5 mg/mL decorin) by

plasma samples collected at delivery was evaluated using a
static adhesion assay described elsewhere.17 Briefly, 20%
parasite suspension of late-stage VAR2CSA1 IEs was incu-
bated with plasma (1:5) or soluble CSA (500mg/mL). After
removing nonadherent erythrocytes, the remaining bound
cells were fixed with 1.5% glutaraldehyde in PBS, and then
stained with 10% Giemsa. Adherent cells were quantified by
light microscopy as the number of IEs bound/mm2. The
positivity threshold was defined as the mean plus 3 SD
obtained with plasma from 30 pregnant French women with-
out P. falciparum exposure.
Data were analyzed and plotted using GraphPad Prism

version 9.0 (GraphPad Software, San Diego, CA). Mann-
Whitney U was used to compare two groups. Spearman’s
rank correlation (rs) was used to assess the association
between numeric variables. Fisher’s exact test was used to
compare proportions. P values , 0.05 were considered sta-
tistically significant.
Matched plasma samples collected at delivery from 37

pregnant women in each group were analyzed. Overall, the
women had a median age of 28 years (IQR 17–45 years) and
three children on average (range 1–12 children). Two women
in each group were primigravidae (5.4%), and 38% had at
least one malaria episode during the current pregnancy
(range 0–4). Women with PM (10.1%) had a higher number of
infections during pregnancy (median 2 versus 0; P , 0.001,
Mann-Whitney test). Whether those were new infections or
recrudescence of previous episodes was not assessed. No
significant differences were observed in demographic and
clinical characteristics between the two groups (Table 1).
Antibody levels to CSA-adhering IEs and VAR2CSA-

type PfEMP1 increase with parity and can inhibit adhe-
sion of IEs to CSA.2,18,19 Here, we found that specific IgG
levels to recombinant (18.0 versus 63.2, P50.022) and
native (64.0 versus 70.3, P50.07) VAR2CSA correlated
positively (rs50.47; P , 0.001) and were lower in HbAC
than in HbAA pregnant women (Figure 1), suggesting a
reduced exposure to VAR2CSA. One possible explana-
tion is the decreased expression of VAR2CSA on the
HbAC IE surface.8 In contrast, we have previously
reported that levels of VAR2CSA-specific IgG in pregnant

women with HbAS are comparable to those among HbAA
women.16,20 Expression of VAR2CSA is also reduced in
HbAS IEs, but the cytoadhesion to CSA seems to be less
affected than in HbAC.8 As expected, levels of
VAR2CSA-specific IgG increased with parity (rs50.27;
P50.02) regardless of the Hb genotype. We also tested the
ability of the plasma antibodies to inhibit IE adhesion to CSA
(Figure 1). Most of the women (76%) had antibodies that
inhibited the adhesion of IEs to CSA, and the percentage of
inhibition was similar among HbAC and HbAA samples
(49.1% versus 43.8%; P5 0.36, Mann Whitney test). How-
ever, levels of VAR2CSA-specific IgG correlated positively
with the percentage of adhesion inhibition in HbAA women
(rs50.43; P50.009) but not in HbAC women (rs50.27;
P50.13). This indicates that VAR2CSA-specific IgG in both
groups is a mixture of neutralizing (inhibited adhesion of IE)
and non-neutralizing antibodies, and that IgG levels were suf-
ficient to inhibit IE adhesion to CSA.
It has previously been reported that HbC does not protect

against P. falciparum infection or uncomplicated malaria,5

and our finding of similar levels of GLURP-specific IgG in
HbAA and HbAC women supports this observation (Figure
1). In contrast, HbC has been associated with decreased
risk of severe malaria in children.5,6 We proceeded to com-
pare levels of IgG specific for PfEMP1 variants previously

TABLE 1
Characteristics of pregnant women according to the

hemoglobin genotype

Variable
HbAA (N 5 37) HbAC (N 5 37)

P value*n (%) n (%)

Infection at enrollment 3 (8.1) 1 (2.7) 0.61
Infection during pregnancy 15 (40.5) 13 (35.1) 0.81
Placental malaria† 4 (11.1) 3 (9.1) 0.99
Parasite infection‡ 16 (43.2) 13 (35.1) 0.63
Number of parasite infections

0 22 (59.5) 24 (64.9) 0.38
1 8 (21.6) 10 (27.0)
$ 2 7 (18.9) 3 (8.1)
* P value using Fisher’s exact test.
† Placental malaria data were available for 69 women (36 HbAA and 33 HbAS).
‡ Women having at least one of these: infection at enrollment (most of the women were

enrolled in the second trimester of pregnancy), during pregnancy, or placental malaria.

FIGURE 1. Antibody response to VAR2CSA and inhibition of bind-
ing to chondroitin sulfate A (CSA). Recombinant and native
VAR2CSA-specific IgG levels determined by an ELISA (n 5 74) and
flow cytometry (n 5 67) are expressed in arbitrary units and normal-
ized mean fluorescence intensity (nMFI), respectively. Inhibition of
infected erythrocytes adhesion to CSA at delivery is expressed as a
percentage (n 5 70). IgG levels against R0 domain of glutamate-rich
protein (GLURP) as determined by an ELISA (n 5 74) are expressed
in arbitrary units. Median, interquartile range (IQR), and whiskers (1.5
times the IQR) are shown. Dotted line indicates the threshold of posi-
tivity. P values using Mann-Whitney U test are also indicated. This fig-
ure appears in color at www.ajtmh.org.
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associated with severe P. falciparum malaria. IgG levels
against HB3VAR06, IT4VAR09, and IT4VAR60 were not sig-
nificantly different between HbAA and HbAC women (Figure
2). Furthermore, no differences in levels of IgG specific for
two ICAM-1-binding DBLb domains were found (Figure 2).
Finally, the breadth of the antibody response, defined as the
number of antigens recognized was not significantly different
between HbAA and HbAC women, with a median of five anti-
gens in both groups (P50.40, Mann-Whitney test). The find-
ings indicate similar exposure to P. falciparum parasites
expressing these particular PfEMP1 variants and thus do not
explain the previously reported enhanced clinical protection
among HbC carriers. In contrast, the current data suggest a
reduced exposure to VAR2CSA in HbAC women. Neverthe-
less, due to the small sample size, larger studies should be
done to confirm the findings.
In conclusion, our present and earlier data, combined with

the strong evidence that severe P. falciparum malaria is
related to the expression of particular PfEMP1 variants and
controlled by PfEMP1-specific immunity, justify more com-
prehensive studies of hemoglobinopathy-related qualitative
and quantitative differences in PfEMP1-specific antibody
responses. Such investigations are currently in progress.
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