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Abstract.

In pregnancy-associated malaria, infected erythrocytes accumulate in the placenta. It is unclear if in

polyclonal infections this results in distinct peripheral and placental parasite populations. We used long amplicon deep
sequencing of Plasmodium falciparum var2csa ID1-DBL2X from 15 matched peripheral and placental samples collected
at delivery from a high transmission area to determine genetic homology. Despite substantial sequence variation and
detecting 23 haplotypes, the matched pairs mostly contained the same genetic variants, with 11 pairs sharing 100% of
their variants, whereas others showed some heterogeneity. Thus, at delivery, peripheral and placental parasites appear to
intermix and placental genotypes can be inferred through peripheral sampling.

INTRODUCTION

Malaria is one of the most common preventable causes of
poor birth outcomes." Pregnancy-associated malaria (PAM),
most commonly caused by infection with Plasmodium falci-
/oarum,2 is common in endemic regions and often leads to
maternal anemia and low birth weight,® which are important
risk factors for neonatal and infant mortality.>* In sub-Saharan
Africa, it is estimated that one in four mothers are infected with
parasites at delivery and/or develop severe anemia as a result
of PAM.% In addition, one in five low birth weight deliveries can
be attributed to PAM.®

The pathology of PAM is mediated by the accumulation of
infected erythrocytes (IEs) in the placenta via binding of the
parasite protein VAR2CSA to placental chondroitin sulfate A
(CSA).%7 Typically, only erythrocytes infected with mature
asexual P. falciparum forms (schizonts and trophozoites) are
observed in the placenta, whereas immature rings are most
commonly found in circulating blood.® There is some evidence
to suggest that erythrocytes infected with ring stages may
also be able to adhere to the placenta.® "

VAR2CSA s alarge, highly variable protein and expressed
only when the infected host is pregnant.” In areas of higher
transmission, primigravid women are most susceptible to PAM
and risk decreases with gravidity.'*® Multigravid women have
a higher prevalence and titer of anti-VAR2CSA antibodies'®,
and high levels of VAR2CSA-specific IgG are associated with a
decreased risk of delivering a low-birth weight baby,” indicating
that a strong immune response targets VAR2CSA. The mini-
mum binding region of VAR2CSA to CSA is the 54 kDa ID1-
DBL2X epitope, part of the extracellular region of the protein
and encoded by a 1,600 bp segment of the var2csa gene.' ID1-
DBL2X was shown to induce the cross-reactive antibodies that
block adhesion of IEs to CSA'® and is being considered as a
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PAM vaccine candidate.'®2° The two leading PAM vaccines,
PlacMalVac and PRIMALVAC target overlapping constructs of
ID1-DBL2X, are based on different parasite strains (FCR3 and
3D7, respectively).'92°

There are facets of VAR2CSA function that remain poorly
understood. For example, it is not known whether certain
VAR2CSA variants accumulate in the placenta more than
others. Furthermore, when there is a polyclonal infection, it is
unclear whether the placenta acts as a separate compartment
from the peripheral blood;i.e., are placental VAR2CSA variants
the same or different from those in circulation. In our previous
study of placental parasites in Benin, we found 57 distinct
placental haplotypes in 56 pregnant women.2! Furthermore,
most women were infected with more than one haplotype, with
a mean number of variants per woman of 1.88 (range: 1-7).%"
Given its sequence diversity, the var2csa gene could serve as
a marker to distinguish parasite haplotypes in the different
compartments in the context of polyclonal infections.

Studies have attempted to compare parasites in the pe-
riphery with parasites in the placenta with variable results, as
the range of allele overlap between placental and peripheral
compartments ranged from 10% to >90%.273° These studies
used methods that were insensitive to minority variants and
measured variations in small genetic regions which did not
capture a high degree of variation or regions which do not en-
code domains directly implicated in CSA binding. Comparison
of circulating versus placental genotypes has not been in-
vestigated at the ID1-DBL2X locus or with deep sequencing.
Here, we use long amplicon deep sequencing of the 1.6 kb
region encoding the minimum binding epitope of P. falciparum
VAR2CSA to human CSA'® in matched placental and periph-
eral samples at delivery to determine whether the same parasite
haplotypes found in the placenta are also found in the circula-
tion or whether the placenta selects for specific variants.

MATERIALS AND METHODS

Study population. Matched peripheral and placental
blood samples were collected at the time of delivery from
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P. falciparum-infected women, as part of a prospective
cohort study (“Strategies to Prevent Pregnancy Associated
Malaria”) in Comé province, Benin (2008-2010).3" At the
time of collection, the study area had high malaria trans-
mission with an estimated entomological inoculation rate of
35-60 infective bites per person per year.3' Mother and
newborn demographic and clinical data were recorded®’
and are shown in Supplemental Table 1. The current and
parent studies have been approved by the institutional re-
view boards of the Research Institute for Development in
France, the Science and Health Faculty at the University of
Abomey Calavi in Benin, and the University of North Caro-
lina Chapel Hill in United States.

P. falciparum samples. The placental samples used in this
study have been previously sequenced by Patel et al.,®’
(Genbank accession numbers MF061812-MF061963). Per-
fused placental blood sampling was performed as described
elsewhere, with precautions to minimize contamination with
peripheral maternal blood.®233 In brief, the placenta was
flushed as described by a published protocol®* with the fol-
lowing modifications: 50 mL of one part citrate phosphate
dextrose adenine (CPDA) and nine parts phosphate buffered
saline with 0.05 g/L gentamycin was drawn in a 50 mL syringe.
Maternal blood was flushed out of the placenta by injecting the
buffer into the placenta with a moderate flow rate changing
places for every 10 mL injected. This was repeated two more
times, and the blood accumulating at the edge of the dish was
retained. Smears of perfused placental blood were prepared in
parallel, which confirmed that at least 95% of parasitized
erythrocytes collected were mature and therefore seques-
tered forms.®232 The matching peripheral samples from the
same patients were collected by venepucture in CPDA®" and
processed for the current study, using the same DNA ex-
traction, polymerase chain reaction (PCR) amplification, se-
quencing methodologies, and bioinformatics as performed on
the placental samples.?"

Deep sequencing. Genomic DNA was extracted from red
blood cell pellets of both peripheral and placental samples
using the Thermo Scientific GeneJET DNA extraction kit
(Thermo Fisher, Waltham, MA) following manufacturer’s pro-
tocols. The 1.6 kb var2csa gene region encoding ID1-DBL2X
was amplified in technical duplicates for each sample using a
hemi-nested approach.?! Primer details and amplification
conditions are given in Supplemental Text 1. Primer barcodes
specific to each PCR replicate and patient allowed pooling of
amplicons before PacBio deep sequencing using the P5-C4
chemistry at the University of North Carolina High Throughput
Sequencing Facility. To determine haplotypes, the raw se-
quences were analyzed using a novel deep sequencing clus-
tering algorithm integrated in the SeekDeep software program
(baileylab.umassmed.edu/SeekDeep) (Supplemental Text 2).
The robustness of the PCR assay and clustering algorithm has
been previously validated by our group,2’ by mixing seven
P. falciparum reference lines (3D7, FCR3, 7G8, DD2, K1, RO33,
and V1/S) in varying frequencies (1-50%), which were then
amplified at the var2csa-ID1-DBL2X locus, and deep se-
quenced on the PacBio CCS platform. The PacBio-derived
sequences were clustered using the SeekDeep k-mer cluster-
ing algorithm. The results from k-mer clustering showed reliable
variant calling and clustering of ID1-DBL2x variants.?’

Analyses of var2csa ID1-DBL2X haplotype diversity. The
distribution of variants was visualized in Graphpad Prism

(La Jolla, CA). The correlation between haplotype distribution
and frequency between matched samples was visualized using a
quantile-quantile plot in STATA 13 (Release 13, College Station,
TX). Differences in haplotype proportions between matched
samples were investigated using the Fisher’s exact test.

To estimate haplotypes richness in the placenta and pe-
ripheral groups, we computed haplotype accumulation curves
(or rarefaction curves) with the package vegan in R using the
rarefy function,®>*® with 1,000 subsamplings. The output was
visualized in GraphPad Prism. We also evaluated estimators
of haplotype richness (i.e., expected number of haplotype
variants) and haplotype diversity (these indices combine the
number and frequency of variants) for each of the placenta and
peripheral groups of samples (Chao1l and Chao2, Fisher’'s
alpha, Shannon, Simpson, abundance cover estimator [ACE],
and incidence cover estimator [ICE]) with 500 randomizations.
Genetic relatedness among haplotypes was investigated with
principal components analysis using the adegenet®” and
PopGenome®® packages in R.

Associations with clinical outcomes. Associations be-
tween haplotypic concordance between placenta and periph-
ery parasites within-patient and clinical outcomes (gravidity,
low birth weight, preterm birth, anemia, number of P. falciparum
diagnoses during pregnancy, and intermittent preventive treat-
ment during pregnancy with sulfadoxine-pyrimethamine,
IPTp-SP) were evaluated with regression models.

RESULTS

Haplotype determination. The var2csa-ID1-DBL2X locus
was successfully amplified and deep sequenced using the
PacBio platform in 15 peripheral samples, where matched
placental sequences were available,?" resulting in 30 total
samples. The raw data from previously sequenced and newly
sequenced samples were combined for k-mer clustering and
haplotype identification. The raw data of the newly sequenced
samples were deposited at the National Center for Bio-
technology Information (NCBI) Sequence Read Archive under
the accession PRJNA398389. A total of number of 43,899
reads were obtained from PacBio sequencing. After quality
filtering, 27,151 reads (61.8%) with a mean number of 707.3
reads per sample (range = 180-2,136 reads/sample; % reads
used/sample = 84.8-100.0%) contributed to k-mer clustering
and haplotype identification. Read frequencies between rep-
licates correlated well (R?> = 0.97) (Supplemental Figure 1).
Among the 30 samples, we identified 23 unique variants or
haplotypes (Figure 1, Supplemental Text 3). These 23 variants
represented frequencies of > 1.3% in individual samples (Figure 1)
and were supported by both independent PCR amplifications of
each sample. Within sample populations (i.e., circulating and
placental parasite groups), the frequencies of the variants ranged
from 0.07% to 11.81% (Figure 2A and B). Population abundances
are estimated by the sum of fractional representation across the
30 individual samples in each of the circulating and placental
groups. The five phylogenetic clades, noted in placental infec-
tions from Benin in a previous analysis by our group,?' were also
represented in this dataset (Supplemental Figure 2).

The 23 haplotypes displayed 580 variable sites across the
sequence (1,738 total nucleotide sites investigated, including
insertions and deletions (INDELS), Supplemental Figure 3).
Percent pairwise nucleotide identity between haplotypes
(calculated as number of matches in the pairX100/length of
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Ficure 1. Within-patient var2csa ID1-DBL2X haplotype composition and frequencies. Matched samples from circulation (C1-C15) and placenta
(P1-P15) of 15 patients. Within-patient haplotype comparisons revealed the following situations: identical matches (Group 1, patients 1-8), partial
matches with 100% shared haplotypes at different frequencies (Group 2, patients 9-11), partial matches with 20.0-66.7 % shared haplotypes and
additional minor haplotypes in one of the tissue compartments (Group 2, patients 12—14), and finally a mismatch where the haplotypes in circulation
did not overlap with those in the placenta (Group 3, patient 15).

sequence, including INDELS) ranged from 69.0% to 99.8% samples of the same patient (Figure 1). Only three haplotypes

(Supplemental Table 2). Eight were private haplotypes (i.e., were found in more than one woman: two haplotypes

observed in one sample) and 15 were shared among sam- appeared in three women (haplotypes 1 and 2), and one

ples, predominantly between the peripheral and placental haplotype was shared by two women (haplotype 3, Figure 1).
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Ficure 2.  Alpha-diversity of peripheral and placental infections. (A) var2csa ID1-DBL2X genetic diversity in peripheral samples. A total of 17
haplotypes were observed. The within-population abundance of each of the haplotype is given, as percentage. Haplotypes 17 and 21 were only
observed in peripheral parasites. (B) var2csa ID1-DBL2X genetic diversity in placental samples. In addition to 15 haplotypes observed in the periphery
and placenta (haplotypes 1-15), six private haplotypes (haplotypes 16, 18-20, 22-23) were observed in the placental group, bringing the total number
of placental haplotypes to 21. The within-population abundance of each of the haplotype is given, as percentage. (C) Rarefaction curve analysis of
peripheral and placental infections. Rarefaction with 1,000 re-samplings curves were performed. Diversity was slightly higher in placental infections.
Both rarefaction curves approached the diversity asymptote, indicating our methods have uncovered nearly all the variation in these samples.
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The 23 haplotypes also represented 23 unique amino acid
sequences (Supplemental Table 3), with amino acid differ-
ences among sequences ranging from 1.0% to 84.0%.

Multiplicity of infection (MOI) and haplotype diversity.
More than half of all 30 samples were monoclonal (18/30,
60%), and 11 (36.7%) had a clearly predominant haplotype,
typically witha MOl of 2 (MOI, defined as the number of distinct
haplotypes observed in an individual sample) (Figure 1). Only
one sample had an MOI > 3, harboring five haplotypes with
balanced abundances (Figure 1). Among circulating parasites,
we observed 17 different variants, with a mean MOI = 1.4
(range = 1-2) (Figure 2A). Of these, 15 variants were also ob-
served in the placenta. An additional six haplotypes were
detected only in the placenta (mean MOI = 1.6, range = 1-5)
(Figure 2B). In polyclonal infections, minority variants with a
within-sample frequency as low as 1.3% (mean number of
reads/haplotype/sample = 477.7, range 12-2,136) were de-
tected. Within-sample frequencies for dominant and minor
variants ranged from 60.8% to 100% and 1.3% to 39.0%,
respectively. Eight haplotypes were identified only as minority
variants (Figure 1).

The within-population diversity was assessed by rarefaction
(Figure 2C). The rarefaction curves approached the diversity
asymptote, indicating that our methods have uncovered nearly
all the variation in these samples. The analysis indicated slightly
greater diversity in placental samples, with four additional
haplotypes detected in this group. This finding was supported
by other diversity metrics (Shannon’s index, H’, ACE, ICE, and
Chao richness, Supplemental Table 4).

Haplotype comparison between peripheral and
placental parasites. The haplotype frequency and distribu-
tion correlated well among within-patient peripheral and pla-
cental pairs (Supplemental Figure 4), and 14/15 pairs (93.3%)
shared 20.0-100% of haplotypes. More specifically, we
identified three situations (Figure 1):

1. The pair was an identical haplotype match (N = 8/15,
53.3%) (Figure 1, Group 1).

2. The pair had a partial haplotype match (shared 100% of
haplotypes, but at different frequencies, N = 3/15, 20.0%;
or in addition to shared haplotypes, additional minor vari-
ants were detected, N = 3/15, 20.0%) (Figure 1, Group 2).

3. Complete mismatch (i.e., haplotypes did not overlap be-
tween the two compartments, N = 1/15, 6.7%) (Figure 1,
Group 3).

The identical matches (N = 8) belonged to women mono-
clonally infected (patients 1-8, Figure 1). Among partial
matches of Group 2 (N = 6), three patients had pairs which
shared the same haplotypes with different frequencies (pa-
tients 9-11, Figure 1). The remaining three partial matches
shared 20.0-66.7% of their haplotypes (patients 12-14,
Figure 1). This within-patient sharing of haplotypes was cal-
culated as the lesser number of haplotypes observed (in the
peripheral or placental sample) divided by the highest number
of haplotypes seen in the other sample. For example, the
placental sample of patient 13 had a total of three variants, but
only two of these were observed in the peripheral sample;
thus, in this patient, the parasites in the two tissues shared two
of three variants, 66.7% sharing. Overall, differences in hap-
lotype composition in the partial matches were driven by mi-
nority variants. The only fully discordant pair (patient 15)

comprised two distinct haplotypes in each of the peripheral
and placental samples (Figure 1). The percent sequence
identity of haplotypes not shared between placental and pe-
ripheral samples of the same patient ranged from 69.2% to
97.9% (patients 12-15, Supplemental Table 2). These differ-
ences were reflected in phylogenetic analyses of these un-
shared haplotypes (Supplemental Figure 5).

Associations with clinical outcomes. Associations be-
tween clinical characteristics of the woman and haplotype
concordance between her placental and peripheral parasites
were evaluated, but low sample size may have precluded
conclusions. Results are shown in Supplemental Table 5.

DISCUSSION

Here, we compare P. falciparum genotypes found in the
circulation to those found in the placenta using long-read
deep-sequencing of ID1-DBL2X locus, the minimal binding
epitope of var2csa. A high degree of diversity was found with
that in the placenta slightly greater than that in the periphery.
Because VAR2CSA is involved in parasite sequestration in the
placenta, we sought to determine whether specific var2csa
variants are compartmentalized in the placenta or whether the
same variants circulate in both the placenta and periphery. Our
findings show that within an individual patient, parasite pop-
ulations in the two compartments mostly contain the same
parasite genetic variants. Fourteen of 15 peripheral-placental
pairs (93.3%) were either an identical match or had over-
lapping haplotype compositions and of 23 total haplotypes
observed, 16 (69.5%) were found in both. This is generally
consistent with previous studies that have noted that, al-
though not all peripheral alleles detected during pregnancy
matched those found in the placenta, peripheral and placental
alleles at delivery were frequently a match.22725-30

Despite significant sequence variation among the haplo-
types and minority variants being confidently called at fre-
quencies as low as 1.3%, most infections were monoclonal
(18/30, 60.0%) or had a clearly dominant haplotype (11/30,
36.7%). Previous studies have noted that placental and pe-
ripheral P. falciparum infections at delivery have a lower MOI
than antenatal and nonpregnant infections?? and that over the
course of pregnancy MOl may decrease.?® As MOI in preg-
nancy is influenced by several factors, including transmission
level, gravidity, continued acquisition of immunity during
pregnancy, and clinical status of the mother, our single time-
point analysis presents limitations in disentangling these re-
lationships, and thus the use of deep-sequencing to track
genotype dynamics throughout pregnancy should be ex-
plored in future studies. In addition, we note the possibility of
bias that only samples with relatively higher parasitaemia
yielded amplicons which were able to be deep-sequenced.
Nevertheless, in our study whenever infections were mono-
clonal, the same clone was present in both the peripheral and
placental samples, and that in all polyclonal infections but one,
placental and peripheral parasites shared 20.0-66.7 % of their
haplotypes. This is consistent with the possibility that by the
time of delivery there may be a selection of genetic variants
and these variants may be those which can establish placenta
infection due to placenta binding-capacity. Indeed by late
pregnancy, the placenta is of considerable size (mean placenta
weight at 40 week gestational age = 690 + 135 g)*° to exert
selective pressure. As a result, CSA-adherent genotypes may
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be at a selective advantage over non CSA-adherent genotypes,
and this fitness advantage may also manifest itself in the cir-
culation. If this hypothesis is correct, variants which express
var2csa bind in the placenta and then seed the peripheral cir-
culation, meaning circulating parasites are the young asexual
forms of sequestered mature asexual parasites.

In patients 9-11 (MOI = 2, Figure 1, Group 2), we observed
the same haplotypes in both compartments, but at differing
frequencies. One strength of deep sequencing is the ability to
detect minor clones which represent as little as 1% of the
population. However, the number of reads for each haplotype
may not be a precise indicator of population size; thus, the
within population structure may have, in reality, been identica
between the periphery and placenta but yielded different se-
quencing read distributions.

There were three patients in whom not all placental geno-
types were also observed in the periphery (patients 13 and 14,
Figure 1 Group 2 and patient 15, Figure 1, Group 3). There is
limited evidence from previous studies for a “cryptic placental
cycle,” i.e., whereby all stage asexual forms are noncirculating
and sequestering in the placenta.®~'" Patients 13 and 14 may
support this hypothesis, but this is based on minority variants
only. Patient 15, a primigravida, had complete discordance
between peripheral and placental haplotypes. This may be the
result of two independent infections—a past infection se-
questering in the placenta and a more recent one in the pe-
riphery. This is consistent with two types of observations from
previous studies: 1) that primigravidae are more likely to carry
chronic placenta infections*® and 2) the occurrence of mixed
CSA-adherent and non-CSA-adherent (i.e., CD36-adherent)
parasite populations inimmunological studies, suggesting the
possibility of concomitant infections foci, one in the placenta
and one in the periphery.#1=44

In addition, previous reports have suggested the presence of
duplicated var2csa copies within one genome”® The strongest
evidence has been provided for the laboratory strain HB3,*®
with 89.6% sequence identity between the two copies,*® and
both copies being simultaneously transcribed.*® Data for du-
plicated var2csa in clinical isolates remain limited.?** If this
duplication event of var2csa is commonin natural infections, our
interpretation of ID1-DBL2X genetic diversity, particularly in
patients where multiple variants are identified, may change in
that these alternative sequences would reflect variable copies
of the same parasite clone and not distinct infections.

While questions remain about how P. falciparum carrying
specific var2csa types establish placental malaria infections
via VAR2CSA-CSA interaction, our deep sequencing of ID1-
DBL2X, the minimal binding epitope of var2csa, shows that by
the time of delivery in an area of high transmission, the rep-
ertoire of peripheral genetic variants is a good indicator of
placental variants. Thus, the placental population can be
inferred through peripheral blood sampling.
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