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ABSTRACT Plasmodium falciparum infections are serious in pregnant women, be-
cause VAR2CSA allows parasitized erythrocytes to sequester in the placenta, causing
placental malaria (PM). In areas of endemicity, women have substantial malarial im-
munity prior to pregnancy, including antibodies to merozoite antigens, but produce
antibodies to VAR2CSA only during pregnancy. The current study sought to deter-
mine the importance of antibodies to VAR2CSA and merozoite antigens in pregnant
women in Yaoundé, Cameroon, where malaria transmission was relatively low. A to-
tal of 1,377 archival plasma samples collected at delivery were selected (at a 1:3 ra-
tio of PM-positive [PM+] to PM-negative [PM—] women) and screened for antibod-
ies to full-length VAR2CSA and 7 merozoite antigens. Results showed that many
PM+ women and most PM— women lacked antibodies to VAR2CSA at delivery.
Among PM+ women, antibodies to VAR2CSA were associated with a reduced risk of
having high placental parasitemia (odds ratio [OR], 0.432; confidence interval [Cl],
0.272, 0.687; P = 0.0004) and low-birth-weight (LBW) babies (OR = 0.444; Cl, 0.247,
0.799; P = 0.0068), even during first pregnancies. Among antibodies to the 7 mero-
zoite antigens, i.e, AMA1, EBA-175, MSP1,,, MSP2, MSP3, MSP11, and Pf41, only anti-
bodies to MSP3, EBA-175, and Pf41 were associated with reduced risk for high pla-
cental parasitemias (P = 0.0389, 0.0291, and 0.0211, respectively) and antibodies to
EBA-175 were associated with reduced risk of premature deliveries (P = 0.0211).
However, after adjusting for multiple comparisons significance declined. Thus, in
PM+ women, antibodies to VAR2CSA were associated with lower placental para-
sitemias and reduced prevalence of LBW babies in this low-transmission setting.

KEYWORDS Cameroon, IgG, Plasmodium falciparum, VAR2CSA, antibody, immunity,
low transmission, malaria, merozoite, pregnancy

n areas where malaria is endemic, pregnant women often become infected with

Plasmodium falciparum parasites that express the adhesive ligand VAR2CSA (1). As a
result, infected erythrocytes (IE) accumulate in the placenta, causing placental malaria
(PM), a condition that increases the risk of maternal anemia, low-birth-weight (LBW)
babies, and preterm deliveries (2, 3). Women in areas of endemicity have substantial
immunity to malaria prior to pregnancy and often produce antibodies (Ab) to VAR2CSA
(1, 4-8) that reduce the severity of PM.
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The frequency of P. falciparum infection affects Ab acquisition to VAR2CSA. For
example, studies in a high-transmission area detected Ab to VAR2CSA in primigravidae
at ~10 gestational weeks, whereas these Ab were not detected until ~20 weeks in a
lower-transmission area (7, 9). Women living in villages with high transmission usually
become infected many times during pregnancy and are exposed to multiple parasite
genotypes (10). As a result, they rapidly acquire Ab to all six Duffy-like domains (11) of
VAR2CSA, whereas the Ab repertoire develops more slowly in women with fewer
infections (12). In contrast to high-transmission areas, pregnant women in low-
transmission areas may not become infected or may be infected only a few times
during a single pregnancy, and it is unclear if infection always results in PM. A study
conducted in Yaoundé, Cameroon, found that among 48 women who were PCR
positive for P. falciparum before 6 months of pregnancy, 47.9% were PM negative at
delivery without having developed Ab to VAR2CSA (12, 13). These data suggest either
that the women cleared their infections before PM became established or that Ab to
malarial antigens other than VAR2CSA were responsible for eliminating the infection.
Thus, the possibility arises that Ab to malarial antigens other than VAR2CSA, e.g.,
antigens on the surface of merozoites, might be sufficient to protect women in
low-transmission areas.

Malaria transmission is declining worldwide due to active efforts for malaria elimi-
nation, including implementing intermittent preventive treatment for pregnant women
(IPTp), children, and infants, using insecticide-treated bed nets (ITN), residual spraying,
and larvicides, and awareness campaigns. In addition, many rural areas are becoming
urbanized. As a result, intermediate- and high-transmission areas are transitioning into
low-transmission areas. Most comprehensive studies on the role of Ab to VAR2CSA in
pregnant women were conducted in areas of relatively high transmission (4, 6).
Therefore, it is necessary to determine the relative importance of naturally acquired Ab
to VAR2CSA and merozoite antigens in lower-transmission settings.

Accordingly, this study was conducted using archival samples collected between
1995 and 2001 from 1,377 pregnant women residing in Yaoundé, Cameroon. During
this period, individuals received ~1 infectious mosquito bite per month and natural
immunity helped control PM infections, since the initial study was conducted before
IPTp and ITN implementation. Multivariable analysis of the original data demonstrated
that the biggest risk factor for PM was age, not gravidity (14), suggesting that the
situation in Yaoundé was different from higher-transmission areas (2, 10, 15-17). Thus,
the study sought to determine if at delivery Ab to full-length VAR2CSA (FV2) and seven
individual merozoite antigens (MSP1,,, MSP2, MSP3, MSP11, AMA1, EBA-175, Pf41)
were associated with reduced maternal anemia, placental parasitemias, preterm deliv-
eries, and LBW babies.

RESULTS

Characteristics of PM+ and PM— women in the study. The characteristics of the
pregnant women and their neonates are described in Table 1. Placental malaria had a
significant impact on maternal health and pregnancy outcomes in Yaoundé, Cameroon.
Compared to PM-negative (PM—) women (n = 1,036), PM-positive (PM+) women (n =
341) were younger (P < 0.0001) and had fewer pregnancies (P < 0.0001), lower
hemoglobin levels (P < 0.0001), higher prevalence of maternal anemia (P < 0.0001),
more preterm deliveries (P = 0.014), and more LBW babies (P = 0.0011), as well as
lower birth weight of full-term babies (P < 0.0001).

Percentages of women with Ab to FV2 and merozoite antigens. The percentages
of women who had Ab to FV2 and seven merozoite antigens are shown in Table 2.
Overall, more women in the PM+ group had Ab to FV2 than women in the PM— group
(P < 0.0001). The percentage of women with Ab to FV2 at delivery increased with
gravidity (P < 0.0001 for both PM+ and PM— groups). Interestingly, many women did
not have Ab to FV2 even after multiple pregnancies. For example, over one-half of
primi- and secundigravidae who were PM+ at delivery were Ab negative to FV2,
showing that infection did not always result in Ab production. Even among women
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TABLE 1 Characteristics of women in the study and the influence of placental malaria on pregnancy outcomes

Infection and Immunity

Characteristic PM+ (n = 341) PM- (n = 1,036) P value®
Age, yr (mean * SD) 243 *£54 263 £538 <0.0001
Gravidity (mean = SD) 27+*19 3.2+ 2.1 <0.0001
Placental parasitemia, % median (25th, 75th) 0.8 (0.2, 3.1) 0 NA
Maternal hematocrit, % (mean *+ SD) 31.3%£6.2 349 +59 <0.0001
Women with anemia, %? 26.4 15.3 <0.0001
Preterm deliveries, %° 24.2 17.8 0.014
Infant birth weight, g (mean = SD) 2,922 = 656 3,134 = 635 <0.0001
Infant birth weight from full-term deliveries, g (mean = 3,128 = 513 3,300 * 488 <0.0001
SD)
Low-birth-weight infants, %¢ 216 14.0 0.0011

aThese percentages were calculated for samples with available data.

bTwins and stillbirths were excluded from the comparisons for birth weight and preterm deliveries. Significant values (i.e., P < 0.05) are highlighted in bold. NA, not

applicable.

who had =4 pregnancies and were PM+ at delivery, 26.9% remained Ab negative.
Furthermore, among women in the PM— group, only 17.6% of primigravidae (G1),
31.9% of secundigravidae (G2), 32.0% of G3, and 43.8% of G4+ had Ab to FV2. Thus, the
proportion of women with Ab to FV2 increased with gravidity, but many women lacked
Ab even after multiple pregnancies.

Overall, more than 88% of all the women had Ab to at least one merozoite antigen
(Table 2). Although fewer than 20% of the women had Ab to MSP3 and MSP11, more
than 48% of all the women had Ab to the other merozoite antigens. The proportion of
women with Ab to the merozoite antigens significantly increased with gravidity in
MSP1,, (P = 0.0075), MSP2 (P = 0.033), and MSP3 (P = 0.0003), adjusting for the
placental malaria status (Table 2).

Effects of gravidity on antibody levels. Figure 1 illustrates the Ab levels to FV2
across gravidity by PM status. Ab levels to FV2 increase with gravidity (P < 0.0001 for
PM+ and PM—) (Fig. 1A and B) in part because the number of Ab-positive women
increased in each gravidity group. On the other hand, when Ab levels were compared
among women who had Ab to FV2 (i.e, FV2 Ab-positive women), the amount of Ab
increased with gravidity in PM— women (P = 0.012) (Fig. 1D), but not in PM+ women
(P = 0.55) (Fig. 1C). Although most primigravidae remained Ab negative (Table 2), those
who produced Ab had levels of Ab to FV2 similar to those of the multigravidae (Fig. 1C).
That is, Ab levels to FV2 in PM+ women were similar at delivery in primigravid and
multigravid women.

Overall, Ab levels to the seven merozoite antigens were also higher in PM+ than
PM— women (all P values were <0.0001; see Fig. S2 in the supplemental material).
Levels of Ab to five of the seven merozoite antigens increased with gravidity, primarily
in PM+ women; these five included MSP1,, (P = 0.041 in PM+ women), MSP2 (P =
0.002 in PM— women), MSP3 (P = 0.027 in PM+ and P = 0.007 in PM— women), MSP11
(P = 0.0085 in PM+ women), and EBA-175 (P = 0.031 in PM+ women). The age range
for women in the different gravidity groups is provided in Table S1 in the supplemental
material. Ab levels to MSP1,, had a significant but small correlation with age (r = 0.19
and P = 0.0007 for PM+ women; r = 0.09 and P = 0.0039 for PM— women), but this
was not the case for other merozoite antigens. Thus, levels of Ab to merozoite antigens
at delivery increased with infection, age, and gravidity.

Influence of Ab in PM+ and PM— women on pregnancy outcomes. Table 3
shows that Ab to FV2 were associated with a protective effect in PM+ but not PM—
women. PM+ women who had Ab to FV2 had lower median placental parasitemia
(P < 0.0001), fewer preterm deliveries (P = 0.022), higher-birth-weight babies (P =
0.0005), and fewer LBW babies (P = 0.0014) than PM+ mothers without Ab to FV2.
Having Ab to FV2 reduced the odds of having high placental parasitemia (odds ratio
[OR] = 0.432; 95% confidence interval [Cl], 0.272 to 0.687) and LBW babies (OR = 0.444;
95% Cl, 0.247 to 0.799) after adjusting for age and gravidity (Table 4). On the other
hand, among PM— women, Ab to FV2 were associated with negative outcomes,
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FIG 1 Antibody levels to FV2 in PM+ (n = 328) and PM— (n = 1,014) women stratified by gravidity (G). P
values were based on the Cochran-Armitage trend tests. Boxes illustrate the median and IQR of the median
fluorescence intensity (MFI). Note that equivalent data for the subset of women who were Ab positive for
FV2 are shown in the second row; other antigens are shown in Fig. S2 in the supplemental material.

including slightly lower hematocrits (P = 0.022), increased prevalence of anemia (P =
0.021), and more preterm deliveries (P = 0.014).

Antibodies to some merozoite antigens were also associated with a protective effect
in PM+ but not PM— women (Table 4; see Table S2 in the supplemental material for
data for PM— women). A reduced risk of having high placental parasitemia was
associated with the presence of Ab to MSP3 (OR = 0.593; 95% Cl, 0.361 to 0.974),
EBA-175 (OR = 0.444; 95% Cl, 0.214 to 0.920), and Pf41 (OR = 0.486; 95% Cl, 0.309 to
0.765). Antibodies to EBA-175 were associated with a reduced risk of preterm delivery
(OR = 0.406; 95% Cl, 0.118 to 0.873) (Table 4). When adjustments were made for
multiple comparisons, only Ab to Pf41 remained significantly associated with improved
outcomes. No significant association was found between Ab to any of the merozoite
antigens and maternal anemia. Thus, Ab to FV2 and possibly MSP3, EBA-175, and Pf41
were associated with lower placental parasitemia in PM+ women but not PM— women.
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TABLE 3 Comparison of pregnancy outcomes in women with and without antibodies to FvV27

PM+ (n = 328) PM— (n = 1,014)

FV2 Ab+ FV2 Ab— FV2 Ab+ FV2 Ab—
Clinical outcome, unit (n = 184) (n = 144) P value (n = 334) (n = 680) P value
Placental parasitemia, % median (25th, 75th) 0.5(0.1,19 1.7(0.3,99 <0.0001 0 0 NA
Maternal hematocrit, % (mean = SD) 314 +59 31.3+6.3 0.87 342+ 55 35.1 = 6.0 0.022
Women with anemia, %°? 24.5 29.2 0.18 15.8 12.1 0.021
Preterm deliveries, %° 16.9 27.1 0.022 204 14.2 0.014
Infant birth weight, g (mean = SD) 3,059 =578 2,807 £ 661 0.0005 3,147 =624 3,148 £624 0.99
Infant birth weight from full-term deliveries, g (mean = SD) 3,194 =484 3,067 =484  0.052 3,319 =477 3,305+480 0.72
Infant birth weight from preterm deliveries, g (mean = SD) 2,493 =632 2,233 £ 651 0.097 2,587 =713 2432 *665 0.17
Low-birth-weight infants, %?® 13.0 27.1 0.0014 13.5 12.5 0.64

aSignificant values (i.e., P < 0.05) are highlighted in bold. NA, not applicable.
bThese percentages were calculated for samples with available data.

DISCUSSION

This study sought to determine if Ab to FV2 or merozoite antigens were associated
with better pregnancy outcomes, including reductions in maternal anemia, placental
parasitemia, and premature deliveries and higher infant birth weight. The initial study
was conducted between 1998 and 2001 in Yaoundé, Cameroon, a typical African urban
area. At that time, the entomological inoculation rate was relatively low (1 to 2
infectious bites per month) and pregnant women had easy access to health care at
government-supported facilities. Results from the prior epidemiological study found
that young women had a higher risk of PM (P = 0.008), with adjusted ORs (95% Cl) of
2.0 (1.3 to 3.0) for women of <20 years and 1.4 (1.0 to 19.9) for women aged 20 to 25
years (14). Surprisingly, after adjusting for age and other covariates, gravidity was no
longer a major risk factor for PM (P = 0.278), indicating that malaria in pregnant women
in this urban setting was different from that in rural areas, where malaria transmission
was higher (2, 10, 15-17). Today, malaria transmission is declining globally due to
malaria elimination efforts, and many rural areas are becoming urbanized and transi-
tioning into low-transmission areas. Thus, it is important to understand what consti-
tutes natural protective immunity to PM in lower-transmission areas like Yaoundé,
Cameroon.

The first step was to define the impact of PM in this urban setting (Table 1). Like in
higher-transmission rural areas, PM+ women residing in Yaoundé were younger and of
lower gravidity and had lower hematocrits, higher prevalence of anemia, more preterm
deliveries, and babies with lower mean birth weights than PM— women (Table 1).
Clearly, PM had a negative influence on mothers and their newborns in this relatively
low transmission area, showing data similar to those reported previously for rural
settings. Thus, it was possible to evaluate the influence of Ab to FV2 and merozoite
antigens on these PM-associated conditions.

The failure to detect a positive effect of Ab to FV2 (Table 3) and/or the merozoite
antigens in PM— women was unexpected. Initially, it was hypothesized that PM—

TABLE 4 Odds ratios for the influence of antibodies to FV2 and merozoite antigens on pregnancy outcome in PM+ women?
OR (95% Cl)

Antigen  Anemia High placental parasitemia LBW Preterm delivery

Fv2 0.726 (0.429, 1.229)  0.432 (0.272, 0.687)* (P = 0.0004)  0.444 (0.247, 0.799)* (P = 0.0068)  0.590 (0.335, 1.040)

MSP1,, 1.408 (0.768, 2.583) 1.367 (0.828, 2.257) 0.873 (0.468, 1.632) 1.210 (0.641, 2.283)

MSP2 0.608 (0.289, 1.278)  0.538 (0.272, 1.063) 0.546 (0.256, 1.163) 0.720 (0.329, 1.572)

MSP3 0.727 (0.405, 1.304)  0.593 (0.361, 0.974) (P = 0.0389) 1.268 (0.680, 2.363) 0.927 (0.494, 1.737)

MSP11 0.653 (0.317, 1.346) 1.197 (0.679, 2.108) 1.547 (0.767, 3.123) 2.168 (1.114, 4.222)

AMA1 0.777 (0.180, 3.354)  0.216 (0.046, 1.019) 0.990 (0.197, 4.981) 0.410 (0.103, 1.636)

EBA-175  0.690 (0.307, 1.553)  0.444 (0.214, 0.920) (P = 0.0291) 0.575 (0.263, 1.257) 0.406 (0.188, 0.873) (P = 0.0211)
Pf41 0.685 (0.409, 1.149)  0.486 (0.309, 0.765)* (P = 0.0018)  0.832 (0.471, 1.469) 0.722 (0.414, 1.257)

a0Rs with 95% Cls reported were based on logistic models, adjusted for age and gravidity. The 95% Cls of ORs reaching outside 1.0 (highlighted in bold) were
statistically significant. *, statistically significant ORs after Bonferroni correction for multiple comparisons among four pregnancy outcomes.
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women would have higher Ab levels to FV2 and/or the merozoite antigens that would
protect them from infection, but such was not the case. In fact, higher Ab levels were
generally found in PM+ women with ongoing infections (Fig. 1), making high Ab levels
a marker of infection, not protection, as proposed in other studies (4, 8). It is possible
that some of the PM— women had not become infected during pregnancy, since
approximately two-thirds (680/1,014) lacked Ab to FV2 at delivery. If they were not
infected, then the women had malaria-free pregnancies and would not suffer the
consequences of PM, explaining their favorable “normal” pregnancy outcomes. Inter-
estingly, PM— women who had Ab to FV2, most likely resulting from PM during the
current pregnancy, had lower hematocrits (P = 0.022), higher prevalence of anemia
(P = 0.021), and a higher percent premature delivery (P = 0.014) than PM— women
without Ab, suggesting that they had malaria during pregnancy, which affected the
health of the mother, but the women cleared their infections prior to delivery. Overall,
there was no direct evidence that Ab levels at delivery were associated with improved
pregnancy outcomes in PM— women.

On the other hand, Ab to FV2 were associated with better pregnancy outcomes in
PM+ women. That is, PM+ women with Ab to these antigens had better outcomes
than those who lacked Ab. For example, when PM+ women were stratified into two
groups, those above and those below the median placental parasitemia of 0.8%,
women who had Ab to FV2 were more likely to be in the low-placental-parasitemia
group. Antibodies to FV2 most likely reduced placental parasitemia by preventing
cytoadherence of IE to the placental tissue, resulting in IE being eliminated in the
spleen. PM+ women who had Ab to FV2 were also less likely to have LBW babies.
Antibodies to FV2 may have helped prevent LBW by inhibiting the direct binding of IE
to the placenta and/or by reducing inflammation in the intervillous space (IVS) that can
result in dysregulation of metabolic pathways, including those involved in nutrient
transport, production of factors for placental angiogenesis and vasculogenesis, and
growth hormones (18-22).

Results for Ab to the merozoite antigens were less clear. Like for FV2, women with
higher (above the median) Ab levels to MSP3, EBA-175, and Pf41 were more likely to
have lower placental parasitemias, suggesting that Ab to these antigens helped reduce
the circulating parasite burden, including within the IVS. In addition, Ab to EBA-175
were associated with a reduced risk of premature deliveries (Table 4). Why Ab to
EBA-175 were associated with reduced risk of premature deliveries whereas the other
merozoite antigens were not remains unclear. However, Andersen et al. (23) reported
that the interdomain 2 region (ID2) of VAR2CSA has homology with EBA-175. Today, it
is clear that the major binding site for VAR2CSA is in the DBL1-2 or ID1-ID2a region.
Thus, it is tempting to speculate that Ab to EBA-175 might bind to shared epitopes and
alter IE binding. However, when the Bonferroni adjustment was applied, some of the P
values lost significance. This may not be surprising, as it has been difficult to correlate
Ab levels to any single antigen and protection from malaria (24, 25). Clearly, further
studies are warranted, but the current data suggest only a possible role of Ab to
merozoite antigens in reducing placental parasitemias and better pregnancy outcomes.

Although the epidemiology of PM in Yaoundé appears to differ somewhat from that
in higher-transmission areas, it was surprising that many women failed to produce Ab
to FV2 even after multiple pregnancies. For example, among women who were infected
and had PM at delivery, only 47% of primigravidae and 60% of multigravidae had Ab
to FV2 (Table 2). The reason why women failed to produce Ab to FV2 is unclear, but
possible explanations include the following: (i) the women did not become infected
until close to term, and the time was too short for them to mount a detectable Ab
response; (ii) the women had sufficient natural immunity to P. falciparum to rapidly
clear the parasite before it switched to the VAR2CSA phenotype; (iii) they had sufficient
immunity, e.g., via Ab to merozoites, to maintain VAR2CSA-expressing IE at levels too
low to induce a primary, acquired Ab response (i.e., at very low submicroscopic levels);
(iv) the women were immunologically tolerant to VAR2CSA; or (v) women had VAR2CSA
Ab that did not cross-react with the parasite serotype used in the assay. Data provided
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by Walker-Abbey et al. support the possibility of the second, third, and fourth expla-
nations, since from 1996 to 1998, 27.5% of pregnant women at delivery were peripheral
and placental blood smear positive, but an additional 54.9% had submicroscopic
infections (26). Further studies are needed to clarify why many of the women lacked Ab
to FV2, in order to help ensure the immunogenicity of future VAR2CSA-based vaccines.

Few prior studies have assessed the importance of Ab to malarial antigens other
than to VAR2CSA in pregnant women. Two early studies reported that pregnant
women who did not have Ab to RESA were more susceptible to P. falciparum (27, 28),
but three other studies did not (29-31). Women who lacked Ab to MSP1,4 were also
reported to be at a higher risk of having PM and reduced placental parasite densities
than women who had Ab to MSP1,, (29, 32, 33), but there was no evidence that the
presence or absence of Ab to MSP1,, or MSP1,, influenced infant birth weight (33).
More recently, a study by Mayor et al. demonstrated that babies born to mothers in
Mozambique with high levels of Ab against AMAT had increased birth weights and
gestational ages, but only if the mothers had experienced malaria episodes during
pregnancy (34). Recently, Ab to the serine repeat antigen-5 (SE36) were found to be
associated with both reduced risk of PM and better infant birth weight in women
residing in Kampala, Uganda, a city with low, seasonal malaria transmission (33). Clearly,
further efforts to evaluate the role of other malarial antigens as well as VAR2CSA are
needed to obtain a clear picture of the natural protective immunity of pregnant women
living in urban areas like Yaoundé, Cameroon.

MATERIALS AND METHODS

Ethics statement. The original study was approved by the National Ethics Committee, Cameroon, and
the Institutional Review Board at Georgetown University. Women participating in the study gave written
informed consent to use their plasma and clinical data in studies on immunity to malaria. The use of
deidentified, archival plasma samples and clinical information was determined to be exempt from human
subject research by the Committee on Human Studies, University of Hawai'i, Manoa (CHS #19912).

Study site. Clinical specimens had been collected in a study conducted between 1995 and 2001 in
Yaoundé, Cameroon (14, 26). Pregnant women were consecutively recruited at two government-
supported hospitals: the Biyem-Assi Hospital, a district hospital that provides care for women in the
surrounding area, and the Central Maternity Hospital, a referral hospital for a diverse group of women.
When the initial study was conducted, P. falciparum transmission in Yaoundé was perennial, with an
annual estimated entomological inoculation rate of ~13 infectious bites per individual per year (35).
Women were not tested for HIV; but the average prevalence of HIV among pregnant women visiting
antenatal clinics in major urban areas in Cameroon was 7.14% (36). Thus, it is unlikely that HIV had a great
effect on the study.

Sample collection and parasitological studies. Upon obtaining informed consent, information on
each woman'’s age, gravidity, gestational age, and residence was recorded on a standardized question-
naire. Peripheral blood samples and a biopsy specimen of the placenta were collected at delivery, and
information on the baby’s birth weight was recorded.

Samples were processed at the Biotechnology Center, University of Yaoundé I. Thick and thin blood
smears of maternal peripheral and placental blood were stained with Diff-Quick (Polysciences, War-
rington, PA) and examined for IE by two microscopists. Heparinized microhematocrit tubes, filled with
maternal peripheral blood, were centrifuged, and the packed cell volume was measured. Whole
peripheral blood was centrifuged at 400 X g for 10 min, and plasma was stored in —80°C until used.
Small pieces of placental biopsy specimens were used to make impression smears that were stained and
examined for IE. Placental biopsy specimens were also fixed in buffered formalin for histology. A woman
was considered to be PM positive (PM+) if IE were detected in the placental blood smear, impression
smear, or histological section. Women whose samples showed absence of parasites in both peripheral
blood and placenta were considered PM negative (PM—). Women who were peripheral blood smear
positive but placental negative were excluded from the study.

Study design. Initially, 1,649 blood samples were available to study. Because the goal of the
study was to determine if Ab to FV2 and merozoite antigens had a role in influencing pregnancy
outcomes, all PM-positive women (n = 341) were included in the study to create a group
representative of women with PM in Yaoundé. To enable comparisons, approximately three times
the number of PM— women (n = 1,036) were randomly selected to provide the control group of
women who were PM— at delivery.

Measuring Ab to FV2 and merozoite antigens. A multiplex bead-based assay was used to measure
IgG to the malarial antigens. Characteristics of the antigens (37, 38), methods for coupling and
optimization of the Luminex-based multianalyte platform assay (12, 39), and reproducibility (38) have
been reported previously. Antigens used in the current study included recombinant FV2 and 7 merozoite
antigens (AMA1, EBA-175, MSP1,,, MSP2, MSP3, MSP11, and Pf41). Briefly, the optimal amount of each
recombinant protein was covalently coupled to seroMAP beads with different spectral addresses using
a carbodiimide cross-linking reaction with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochlo-
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ride (EDC) and sulfo-N-hydroxysulfosuccinimide. Beads were blocked and stored at 4°C in phosphate-
buffered saline (PBS) containing 0.05% sodium azide and pooled immediately prior to use. During the
optimization process, beads were assayed as a monoplex and multiplex to ensure that inhibition or
competition among the antigens did not occur.

Plasma samples were diluted to 1:200 in PBS-1% bovine serum albumin (BSA), and 50 ul was incubated
with 50 ul of pooled beads (i.e., 1:400 dilution was combined with 2,000 beads of each antigen) in microtiter
wells for 1 h at room temperature on a shaker. Four positive and two negative controls were included on each
plate to control for plate-to-plate and day-to-day variation (38), including 4 pools of plasma from women with
high levels of Ab to FV2 (positive controls), from Cameroonian males who had high levels of Ab to merozoite
antigens but lacked Ab to FV2, and from pregnant U.S. women who lacked Ab to malarial antigens. After
being washed three times, beads were incubated with 50 ul R-phycoerythrin-conjugated, affinity purified
F(ab’),, heavy-chain-specific goat anti-human IgG (2 ug/ml; Jackson ImmunoResearch) in PBS-1% BSA for 1
h. After three washes, beads were analyzed using a LiquiChip 100 reader (Luminex Corp., Austin, TX), and
results are reported as median fluorescence intensity (MFI). The cutoff for Ab positivity for Ab to FV2 was the
mean plus 2 standard deviations (SD) for 30 Cameroonian male adults who lacked Ab to FV2, and the cutoff
for the merozoite antigens was the mean plus 2 SD for 30 plasma samples collected at delivery from U.S.
women who lacked Ab to malaria. Data for establishing the cutoffs for each antigen are provided in Fig. S1
in the supplemental material.

Statistical analysis. Demographic, clinical variables, and assay results were summarized with means
and SD for continuous variables and with frequencies and percentages for categorical variables. Women
with <30% packed cell volume (PCV) were classified as having anemia (WHO definition), singletons
weighing <2,500 g were considered LBW, and newborns delivered between 28 and 37 weeks of
gestation were considered preterm. Since the measurements for parasitemia were not normally distrib-
uted, median and interquartile ranges (IQR) were reported. In the analyses related to Ab, women whose
pregnancies ended with stillbirth (at >28 gestational weeks) were excluded, because there might not
have been sufficient time for Ab production. Differences between the outcome groups (PM+ versus
PM—, FV2 Ab+ versus Ab—) were compared using two-sample t tests or the Mann-Whitney U test for
continuous variables and chi-square or Fisher's exact tests for categorical variables. The Cochran-
Armitage test was performed to evaluate the trends in the proportion of seropositive women across
gravidity in PM+ and PM— women separately. Further, the Cochran-Mantel-Haenszel test was
performed to test if the association between seropositivity and gravidity changed after controlling
for the placental malaria status. Logistic regression models were developed to assess the association
between seropositivity and frequency of (i) low-birth-weight babies, (ii) high parasitemia (defined as
samples above the median parasitemia, which was =0.8%), (iii) maternal anemia, and (iv) preterm
deliveries, with or without adjustment for demographic and/or clinical variables. The odds ratios (40)
with 95% confidence intervals (41) were reported, stratified by placental malaria status. Ab to each
antigen were investigated individually. To adjust for multiple testing among the four clinical
outcomes, the Bonferroni correction procedure was applied to each antigen. All statistical analyses
were performed using SAS 9.4 software (2013; SAS Institute Inc., Cary, NC), and P values of less than
0.05 were regarded as statistically significant.
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