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Placental malaria (PM) caused by Plasmodium falciparum contrib-
utes significantly to infant mortality in sub-Saharan Africa and is
associated with pregnancy loss. We hypothesized that fetal genes
that modify PM would be associated with fetal fitness. During PM,
placental trophoblasts produce soluble fms-like tyrosine kinase 1
(sFlt1), also known as soluble VEGF receptor 1, an angiogenesis
inhibitor associated with preeclampsia. Here we present a study
examining the genotype of the fms-related tyrosine kinase 1 (FLT1)
3� UTR in Tanzanian mother–infant pairs. First-time mothers suffer
the most PM, and newborn FLT1 genotype distribution differed by
birth order, with newborns of first-time mothers outside of Hardy–
Weinberg equilibrium (HWE) during peak PM season. Among
first-time but not other mothers, maternal FLT1 genotype was
associated with a history of prior pregnancy loss. During PM,
newborn FLT1 genotype was associated with low birth weight and
placental inflammatory gene expression. FLT1 genotype was also
associated with Flt1 levels among study subjects and in vitro. Thus,
FLT1 variants confer fetal fitness in utero and are associated with
the maternal immune response during PM. This indicates that FLT1
is under natural selection in a malaria endemic area and that
human exposure to malaria can influence the evolutionary genetics
of the maternal-fetal relationship.
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In Africa, 30 million women living in malaria-endemic areas
become pregnant each year and are at risk for placental

malaria (PM), which is estimated to cause nearly one-third of
perinatal mortality (1), including stillbirths (2). Plasmodium
falciparum-infected erythrocytes adhere to chondroitin sulfate A
and sequester in the maternal circulation of the placenta (3).
First-time mothers have the highest rates of PM and of severe
placental inflammation, which is specifically related to poor
outcome. PM is less frequent and severe in multiparae, who have
developed antibodies against chondroitin sulfate A-adherent
infected erythrocytes (4).

Trophoblasts secrete soluble fms-like tyrosine kinase 1 (sFlt1)
into the maternal circulation (5), and levels are elevated during
preeclampsia (6, 7). Adenoviral delivery of sFlt1 in a rat model
causes the features of preeclampsia: Hypertension, proteinuria,
and glomerular endotheliosis (7). During PM in first-time moth-
ers, sFlt1 levels are elevated and maternal inflammatory cells
produce its ligand, VEGF, suggesting maternal-fetal conflict (8).
sFlt1 has been postulated to be involved in maternal-fetal
conflict over nutrient allocation (9), but sFlt1 also has anti-
inflammatory effects through VEGF antagonism (10, 11), and
therefore sFlt1 might modulate maternal inflammation during
PM (8) and modify fetal outcomes.

A dinucleotide repeat polymorphism, rs3138582 (TG)n 24�, is
�3 kb downstream of the last exon of the fms-related tyrosine
kinase 1 (FLT1) gene. Polymorphism length was not associated
with renal disease in one study (12), and it has not been examined
further in other human conditions. RNA structure prediction
indicates that the repeat forms a stem-loop [supporting infor-
mation (SI) Fig. S1], suggesting a possible role in message

regulation or stability. Sequence analysis also suggests that
repeat length has increased within the primate lineage. We
therefore investigated FLT1 repeat length in Tanzanian mother–
infant pairs and its relationship with poor outcomes caused
by PM.

Results
Dinucleotide Repeat Is Expressed Within the FLT1 UTR. The dinucle-
otide repeat was included in the UTR of a FLT1 transcript
(X51602) obtained from a placental cDNA library (13); how-
ever, subsequent sequences including RefSeq NM002019.3 end
2.5 kb upstream from the repeat (Fig. 1A). To confirm that the
repeat is expressed within the UTR of FLT1, we designed
primers targeting the last exon and the UTR downstream of the
repeat. We amplified a �3-kb fragment from cDNA generated
from total placental RNA by using a FLT1-specific reverse
primer (Fig. 1B).

FLT1 Repeat Length Is Diverse in the Tanzanian Study Population. The
study reported here included pregnant women who enrolled in
the Mother–Offspring Malaria Studies Project and delivered
singleton newborns in Muheza, Tanzania, an area of intense
malaria transmission (14). Of mothers having their first live
delivery (nulliparous), 19% had active PM at the time of
delivery, compared with 6% of mothers having their third or
subsequent live delivery (multiparous). DNA for genotyping was
available from 239 infants and 235 mothers from nulliparous
pregnancies and 359 infants and 330 mothers from multiparous
pregnancies. The repeat length distribution in Tanzania was
more diverse than previously reported in countries free of
malaria (Fig. 2A, graph). The shortest and most frequent (24
repeats) polymorphism had a frequency of 36% compared with
reported frequencies within the United States and the United
Kingdom of 68% (13) and 88% (12), respectively.

The frequencies of dinucleotide repeat polymorphisms �27
repeats in length formed a separate normal distribution, and
these were classified as the long (L) allele of the repeat poly-
morphism, with those 27 repeats or less classified as the short (S)
allele. SNPs that flanked the dinucleotide repeat region and that
varied in frequency between Caucasian and Yoruba populations
were identified by using the International HapMap (15). These
SNPs were sequenced for individuals in the study who were
homozygous for discrete dinucleotide repeat lengths. The SNPs
were linked to the S and L alleles (Fig. 2 A, boxes below graph),
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indicating that the S and L alleles form discrete haplotypes. SNPs
associated with Caucasian ethnicity were linked to S alleles and
those associated with African ancestry to L alleles. The fre-
quency of the S allele did not differ by maternal affiliation with
the major tribes of Bondei and Sambaa or the �50 minor tribes
(n � 457, �2 P � 0.40) living in our study area under endemic
malaria transmission. The genotypes of all subjects were within
Hardy–Weinberg equilibrium (HWE) (n � 1159, P � 0.99).

Infant FLT1 Genotype Differs by Parity and Birth Season. PM is most
frequent and most severe in first-time mothers; therefore infant
and maternal genotypes were stratified by maternal parity (Fig.
2B). Overall, the frequency of the S allele was similar between
infants and mothers. However, genotype distribution among
infants, but not mothers, differed by parity. Fewer S-homozygous
(SS) offspring were born to first-time mothers than to multip-
arous mothers. Although not significant, there was a trend
toward increased numbers of SS offspring born to multiparous
mothers. Allele frequencies are reported in Table S1. PM had a
seasonal variation during this study that peaked during May–
September (with PM in 28% of first-time mothers) and troughed
during October–April (with PM in 15% of first-time mothers).
During the peak PM season, significantly fewer SS infants were
born to first-time mothers than to multiparous mothers (Fig. 2C).
Infants born to first-time mothers during peak PM season were
outside of HWE (P � 0.018), consistent with disproportionate
mortality for SS fetuses. All other groups were within HWE.

FLT1 Genotype Is Associated with History of Pregnancy Loss and Low
Birth Weight. The proportion of mothers who reported prior
pregnancy loss varied by parity and FLT1 genotype (Fig. 3A).
Among mothers delivering their first live infant in our study, SS
mothers reported the highest rate of a prior pregnancy loss,
whereas none of 46 L-homozygous (LL) mothers reported a
pregnancy loss, and heterozygous (SL) mothers had an inter-
mediate rate of loss. Thus, rates of prior pregnancy loss among

nulliparae were consistent with the likelihood of having an SS
fetus. Reports of multiparous mothers reflected a cumulative
increase in prior pregnancy losses, with all genotypes reporting
a similar rate of loss. The data suggest that mothers experience
excess loss of LL offspring after their first pregnancy; however,
data regarding pregnancy order of the prior losses were not
available.

Low birth weight (LBW) is a complication of PM frequently
observed in first-time mothers and predicts increased infant
mortality. Rates of LBW were elevated in SS offspring, but not
SL or LL offspring, born to first-time mothers with PM (Fig. 3B).
In contrast, SS offspring of PM-negative first-time mothers had

Fig. 1. The dinucleotide repeat is expressed within the FLT1 UTR. (A)
Diagram of the FLT1 3� UTR, not drawn to scale. Coding exons are indicated in
black and the UTR in white, showing both the RefSeq annotation and X51602,
which includes the dinucleotide repeat. The locations of the two SNPs exam-
ined in this study are indicated as triangles. Primer sites for both the reverse
transcriptase reaction and PCR are indicated. (B) Amplification of a �3-kb
product using primers encompassing the last exon of the FLT1 gene and the
dinucleotide repeat (expected size, 3436 bp).

Fig. 2. Newborn genotype at the FLT1 locus differs according to maternal parity and season of birth. (A) Frequency distribution of FLT1 3� UTR repeat lengths,
with S and L allele classification shown on graph as black and white bars, respectively. Relative proportion of flanking SNP variants, for individuals homozygous
for specific repeat lengths with the reference allele (i.e., allele most common in Caucasians), is shown as black in boxes below graph. (B) Genotypes of mothers
and their newborns, shown as proportions stratified by parity. (C) Genotypes of newborns according to season of birth, shown as proportions stratified by
maternal parity. The proportions of SS and LL homozygotes are represented in black and white, respectively, with the SL heterozygotes in a hatched pattern.
P values were calculated by using �2 test (2 � 3) across all genotypes. P1, nulliparous pregnancy; P�3, multiparous pregnancy.

Fig. 3. Association of FLT1 genotype with pregnancy outcome. (A) Rates of
reported prior pregnancy loss of women stratified by parity and maternal
genotype. P1, nulliparous pregnancy; P�3, multiparous pregnancy. (B) Rates
of LBW delivery for first-time mothers stratified by newborn genotype and PM
status. (C) Maternal peripheral plasma sFlt1 levels of first-time mothers strat-
ified by newborn genotype and PM status. (D–F) Placental transcript levels of
inflammatory genes in first-time mothers stratified by newborn genotype and
PM status. Transcript levels are shown as fold change relative to cytokeratin 7.
P values calculated by �2 test for categoric variables and t test for log-
transformed sFlt1 levels and corrected cycle threshold (CT) values. *, P � 0.08;

*, P � 0.05; ***, P � 0.01.
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the lowest rates of LBW among all groups of children. Maternal
genotype was not associated with LBW during PM. Rates of PM
did not differ by maternal or infant genotype (data not shown),
consistent with the role of maternal acquired immunity as the
major determinant of PM risk. Rates of hypertension were not
associated with maternal or infant FLT1 genotype.

Infant FLT1 Genotype Is Associated with Placental Inflammation.
Inflammatory responses are associated with pregnancy loss, and
animal studies indicate that immune-mediated pregnancy failure
is a consequence of immune activation at the maternal-fetal
interface (reviewed in ref. 16). We earlier observed that during
PM, sFlt1 was specifically elevated in mothers who had placental
inflammation by histology (8). sFlt1 levels in maternal plasma
were elevated during PM in first-time mothers of SS offspring,
but not LL offspring (Fig. 3C), and were heterogenous in
mothers of SL offspring. Placental transcript levels of IFN-� and
IgG and �M heavy chains were previously associated with poor
pregnancy outcome in this cohort (17) and were elevated in the
placentas of SS and SL but not LL infants during PM (Fig.
3D–F). The placentas of SS infants had the greatest levels of
these transcripts. sFLT1 and IFN-� placental transcript levels
approached significant correlation (R � 0.392, n � 24,
P � 0.0584).

FLT1 Genotype Is Associated with Expression Levels In Vitro. To
determine whether dinucleotide repeat length may be a func-
tional polymorphism, we examined the effect of LPS on FLT1
expression in peripheral blood mononuclear cells (PBMC) ob-
tained from cord blood from infants of different genotypes. LPS
stimulation of PBMC from SS and SL infants resulted in
increased FLT1 mRNA and protein expression, whereas PBMC
from LL individuals did not increase FLT1 expression (Fig. 4).
PBMC from SS and SL individuals also had higher levels of FLT1
expression compared with LL individuals.

Discussion
PM is a major public health problem in tropical countries, and
first-time mothers are particularly affected by poor outcomes.
Our data suggest that FLT1 genotype is causally related to
pregnancy outcome during PM. This may be a direct effect of 3�
UTR dinucleotide repeat length, or alternatively, length may be
linked to a distinct causative site. We observed alleles of 24–34
repeats in this study. Data indicate that the chimpanzee allele
contains 20 repeats, whereas the rhesus and mouse contain
10–12 repeats, suggesting recent expansion in the human lin-
eage. The dinucleotide repeat is predicted to form a stem-loop,
thus repeat length may alter RNA secondary structure (Fig. S1)
and regulate mRNA stability, splicing, or translation. Subse-
quent mRNA processing may affect the regulation of Flt1
production or downstream Flt1 signaling in the fetoplacental
unit.

Functional data using PBMC suggest that the polymorphism
has an effect on FLT1 mRNA and protein expression in response
to LPS stimulation. A major caveat is that during pregnancy and
during PM, the trophoblast is the major source of the soluble
isoform of FLT1, and the trophoblast possesses unique FLT1
regulatory mechanisms (18). The effect of this polymorphism on
trophoblast FLT1 expression remains to be determined.

Poor outcomes during PM are associated with placental
inflammation, and the infiltrating immune cells are of maternal
origin. We observed that infant FLT1 genotype was associated
with pregnancy outcome during PM, and therefore we postulate
that infant FLT1 genotype may modulate the maternal inflam-
matory response to PM. Two observations support this model:
First, infant FLT1 genotype was associated with inflammatory
gene expression in this study, and second, placental sFlt1 levels
were previously associated with inflammation during PM (8).
These relationships are intriguing because sFlt1 has anti-
inflammatory effects in experimental models (10, 11). Further
evidence of causation between FLT1 genotype, maternal inflam-
mation, and sFlt1 expression during PM will require longitudinal
data during PM episodes or an experimental model of PM.

Our data from Tanzania suggest that maternal malaria exerts
selective pressure in utero at the FLT1 locus through pregnancy
loss. SS offspring seem to be at a selective disadvantage in
first-time mothers in malaria endemic areas. The data may also
suggest that SS offspring are at an advantage in the absence of
malaria pressure: SS offspring were slightly enriched among
malaria-immune multiparous mothers, and LBW was least fre-
quent among SS offspring born to PM-negative mothers, al-
though neither trend attained significance. The effect of this
polymorphism on pregnancy outcomes in nonmalarious areas
has not been characterized, although populations in the United
States and United Kingdom have a large preponderance of the
SS genotype. The natural role of sFlt1 in pregnancy is not known;
however, it may contribute to the pathogenesis of preeclampsia.
Preeclampsia, like PM, is most frequent in first-time mothers,
and sFlt1 levels are elevated in healthy first vs. second pregnan-
cies (19). We speculate that exposure to malaria during human
evolution influenced sFlt1 regulatory mechanisms, and this
might continue to affect pregnancies outside of malaria endemic
areas.

This study reports a human gene that confers resistance to
infectious disease in utero. Because this was a community-based
study with a high rate of disease, we were able to observe natural
selection occurring in a human population. During a major
malaria epidemic in Sri Lanka during 1934–1935, PM caused
perinatal death in 67% of cases with half occurring in utero (20).
Therefore epidemic PM, which largely affects nonimmune pop-
ulations, may lead to large-scale selective sweeps, whereas
endemic PM may influence the genotype of only first-born
offspring whose mothers lack immunity to chondroitin sulfate
A-adherent infected erythrocytes. These data suggest that fetal
genes that modify maternal inflammation may be under natural
selection secondary to malaria, thereby contributing to the
evolution of the human maternal-fetal relationship.

Methods
Human Subjects. The study reported here included nulliparae and multiparae
who enrolled in the Mother–Offspring Malaria Studies Project, delivering at
the Muheza Designated District Hospital between September 2002 and April
2005. Cord blood for PBMC isolation was collected from deliveries occurring at
the Morogoro Regional Hospital during 2007. Women provided informed
consent for themselves and their offspring. Birth weight was measured on
digital scales and LBW defined as �2,500 g. PM was diagnosed by microscopic
examination of placental blood obtained by mechanical extraction from the
placenta after delivery.

FLT UTR Amplification. cDNA was generated from placental RNA and isolated
as described in a following section by using SuperScript III (Invitrogen) and a

Fig. 4. Association of FLT1 genotype with expression levels in vitro. (A)
Transcript levels of the transmembrane isoform of FLT1 and (B) protein levels
of Flt1 in supernatants of cultured PBMC stratified by genotype and LPS
treatment (100 ng/ml for 24 h). P values calculated by paired t test for
log-transformed Flt1 levels and corrected CT values. *, P � 0.05; **, P � 0.01.
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FLT1-specific reverse primer TGCCACAGGATGTTTTAACG. PCR was performed
by using ex-Taq polymerase (TaKaRa) and the primers CTTCACCTGGACTGA-
CAGCA (forward) and GGTTCGAAAACCCCATACAA (reverse) with an anneal-
ing temperature of 59°C for an expected product size of 3,436 bp.

FLT1 Genotyping. DNA was extracted from filter–paper blood spots and frozen
blood pellets (Qiagen). The FLT1 3� UTR dinucleotide repeat rs3138582 was
PCR amplified by using AmpliTaq gold (ABI) and the primers TGGCCGACAGT-
GGTGTAAC (forward) and AACTTTAAAATTCCAGTTTCCTTAAA (reverse) with
5� 6-FAM modification of the forward primer and an annealing temperature
of 50°C. Fragment length was determined by capillary electrophoresis (ABI).
The following SNPs were PCR amplified: rs9554314 (C/A) at �1.14 kb and
rs17086497 (A/C) at �0.99 kb from the dinucleotide repeat. The following primer
pairs were used: AGCAATCCACTGTTGCCTCT (forward) with GGGAGACAGGG-
TAGGAAAGG (reverse) and TTTCCAGAGCCATGAGAACA (forward) with
GGCAAGAGGCATTTTGTCTT (reverse) for each SNP, respectively. PCR products
were purified and sequenced by using the reverse primers for each SNP.

Flt1 ELISA. sFlt1 levels in maternal plasma were assayed as previously described
(8). Briefly, peripheral blood was collected in citrate phosphate dextrose
immediately after delivery, and plasma was separated and frozen at �80°C.
Soluble Flt1 levels in peripheral plasma were determined in duplicate by ELISA
kit DVR100A (R&D Systems). Cell culture media was centrifuged and Flt1 levels
determined in duplicate by ELISA kit DVR100B (R&D Systems).

Quantitative PCR. Placentas were collected at delivery, and fresh tissue was
frozen in liquid nitrogen. Total RNA was extracted from cryosections as
previously described (17) or harvested from PBMC samples by using RNeasy
Mini Kits (Qiagen). cDNA was synthesized by using a SuperScript III enzyme
(Invitrogen Life Technologies) and anchored oligo(dT)20 primers. Real-time
PCR was performed in duplicate by using SYBR Green Master Mix and an ABI
Prism 7500 system (Applied Biosystems). Quantitative PCR was performed by

using previously specified primers (17) in addition to the transmembrane
isoform of FLT1: AGGGGAAGAAATCCTCCAGA (forward) and GAGGTTTCG-
CAGGAGGTATG (reverse) and GAPDH: ACTTCAACAGCGACACCCACTC (for-
ward) and CACCCTGTTGCTGTAGCCAAA (reverse). Threshold cycles (CT) were
calculated and normalized to the CT of KRT7 or GAPDH for placental or PBMC
samples, respectively.

Cell Culture. Cord blood samples were obtained immediately after delivery.
PBMC were isolated by using lymphocyte separation media, frozen in RPMI
with 40% FCS and 10% DMSO, stored in liquid nitrogen, and shipped to
Seattle on dry ice. FLT1 genotype was determined as previously described. Cell
viability was determined by trypan blue exclusion, and cells were plated at 1 �
106/ml. Cells were cultured in RPMI-1640 (Sigma) supplemented with 10%
heat-inactivated FCS, penicillin, streptomycin, and gentamicin. After 24 h of
incubation, 100 ng/ml LPS from Escherichia coli O55:B5 (Sigma) was added for
another 24 h.

Statistical Analysis. Analyses were performed by using Statview (SAS). P values
were calculated by �2 test for categorical variables, and t test for log-
transformed Flt1 levels and corrected CT values. For cell culture assays, paired
t test was used. Regression coefficients were calculated by using simple
regression analysis. A P value of �0.05 was considered significant.
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