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Abstract

The N-terminal domain of Plasmodium falciparum merozoite surface protein-3 (PfMSP3) has been
excluded from malaria vaccine development largely because of genetic diversity concerns. However,
no study to date has followed N-terminal diversity over time. This study describes PFMSP3 variation
in a hypoendemic longitudinal cohort in the Peruvian Amazon over the 2003-2006 transmission
seasons. Polymerase chain reaction was used to amplify the N-terminal domain in 630 distinct P.
falciparum infections, which were allele-typed by size and also screened for sequence variation using
a new high-throughput technique, denaturing high performance liquid chromatography. PfMSP3
allele frequencies fluctuated significantly over the 4-year period, but sequence variation was very
limited, with only 10 mutations being identified of 630 infections screened. The sequence of the
PfMSP3 N-terminal domain is relatively stable over time in this setting, and further studies of its
status as a vaccine candidate are therefore warranted.

INTRODUCTION

Plasmodium falciparum is responsible for between 300 and 500 million clinical episodes of
malaria and between 1 and 3 million deaths annually, with ~90% of mortalities occurring in
young children.1:2 With the continual threat of the emergence of drug-resistant P.
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falciparum strains, the need for a safe and effective malaria vaccine is more urgent than ever.
Although a handful of P. falciparum vaccine candidates, such as merozoite surface protein 1
(MSP1),3-5 apical membrane antigen 1 (AMAZ1),%:7 and circumsporozoite protein (CSP),8-10
have been extensively studied for many years, there are many other promising vaccine
candidates that have received much less attention. For many of these candidates, a pool that
has radically increased with the recent rapid increase in genomic data,1! there are little, if any,
supporting data, particularly regarding the candidate's sequence diversity or role in the
generation of protective immunity in vivo. Given the problems of sequence diversity and poor
antigenicity that can afflict even the most well-studied vaccine candidates, there is critical need
for the rapid and early characterization of novel vaccine candidate potential and the adoption
of high-throughput techniques to facilitate this type of analysis. It is with such concerns in
mind that a collaborative malaria vaccine roadmap was recently released, which identifies key
issues that need to be addressed for a vaccine candidate to effectively progress through the
development pipeline (www.malariavaccineroadmap.net). With the increasing cost of vaccine
clinical trials, this roadmap proposes that strict go/no-go criteria be enforced on candidate
antigens (i.e., studies be conducted early that characterize the candidate's vaccine potential and
either lay the groundwork for subsequent studies or remove it from the pool of viable
candidates).

Plasmodium falciparum merozoite surface protein-3 (PfMSP3) is a major vaccine candidate
that has not yet advanced to Phase Il field trials. PFMSP3 is a highly immunogenic non-integral
protein expressed on the surface of merozoites and has been suggested to be involved in
erythrocyte binding, although its function remains unknown.12:13 Structurally, it possesses
three blocks of heptad repeats that are proposed to form alpha-helical coil/coil domains, a
hydrophobic glutamine-rich domain, and a putative leucine zipper domain at the extreme C
terminus.1415 Importantly, it is a major target of antibodies from malaria-immune African
individuals, and immunization studies using full-length PfMSP3 elicited significant protection
in a non-human primate model.16-18 PfMSP3 exists as two allele classes, termed K1 and 3D7
after the P. falciparum strains in which they were first identified. The majority of both intra-
and interallele differences are localized to the heptad repeat region, which defines the N-
terminal domain. Variation in the PFMSP3 N-terminal domain occurs largely between the
blocks of heptad repeats and consists of both indels and SNPs. Conversely, the C-terminal
domain, comprised of the glutamine-rich region and the leucine zipper motif, is almost entirely
conserved.1® Although the presence of variation in the PFMSP3 N terminus has been
established for some time using laboratory-adapted P. falciparum isolates,1? only one study
has previously looked at natural variation in PFMSP3 sequences, with 48 and 50 PfMSP3
genotypes sequenced from samples in Nigeria and Thailand, respectively.29 PfMSP3 is
therefore a strong vaccine candidate with limited epidemiologic data; data that are needed to
support its continued development along the proposed malaria vaccine roadmap.

This study investigates genetic variation in the PFMSP3 N-terminal domain in samples
collected from the Malaria Immunology and Genetics in the Amazon (MIGIA) cohort study,
a longitudinal study of P. falciparum transmission in Zungarococha, which is a cluster of four
villages located in the Peruvian Amazon. In this community, P. falciparum transmission is
hypoendemic, with inoculation rates of < 0.04 infections per person per month during the 7-
month transmission season, with most infections consisting of a single genetic type.2! Although
transmission rates are low, there is still a significant level of overall genetic diversity, with at
least five different genetic types defined for PfMSP1 Block 2 (P Sutton and OH Branch,
unpublished data).

To date, no study has yet looked at the extent of PfMSP3 variation in hypoendemic settings
such as in South America. Such data are important because the increased frequency of simple
infections in such a setting enables us to look at changes in allele frequency over time, which
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might provide evidence for or against the presence of allele- and variant-specific immune
responses. To characterize genetic variation within PFIMSP3 in a hypoendemic setting, we
initiated a retrospective study using blood samples obtained from P. falciparum-infected
individuals enrolled in the MIGIA cohort study. To significantly increase our power and enable
us to screen hundreds of samples, we adapted the recently developed high throughput
denaturing high performance liquid chromatography (dHPLC) genotyping technology to
screen for PFMSP3 variation.22-25 The existence of extensive clinical data generated by the
MIGIA study also allowed us to test for correlates of protection with specific PFIMSP3
genotypes. This study is therefore a comprehensive analysis of PFMSP3 genotypes across
multiple transmission seasons and is an important window into the genetic diversity dynamics
of this important vaccine candidate in a hypoendemic setting.

MATERIALS AND METHODS

Study location and malaria transmission

A detailed description of the four villages that comprise the longitudinal cohort study has been
previously published.2! Briefly, the study enrolled residents from four villages of the
Zungarococha community: Zungarococha village, Puerto Almendra, Ninarumi, and
Llanchama. The community is located South of Iquitos in the Peruvian Amazon and is
supported by the Nanay River, a tributary of the Amazon River. The village of Ninarumi
contains a port that brings in boats from outside the community. The village residents have
homogenous housing construction, income levels, and access to healthcare, provided by the
MIGIA cohort physicians. The women generally work in or near their home, and the majority
of men work as either community fishermen or in local agriculture. Importantly, travel outside
the community is rare, with the most frequent travel being to the city of Iquitos, where malaria
transmission is nonexistent.

The Zungarococha community was chosen as the focus of the MIGIA cohort because of the
presence of continuing stable hypoendemic transmission of both P. vivax and P. falciparum,
introduced during an epidemic in 1992. The annual malaria season lasts 7 months and closely
follows the rainy season, which occurs between January and July. The major vector of malaria
transmission is Anopheles darlingi, an anthropophilic species that has proliferated in the area
since the early 1990s.26

Sample collection and extraction

Allindividuals enrolled in the MIGIA study have access to healthcare provided at a local health
post located in Zungarococha village. On presentation to the health post, symptomatic
individuals were tested for malaria parasites by Geimsa-stained microscopy. If positive, and
consent was given, patients submitted a 0.5-mL blood sample by finger venipuncture and
underwent a comprehensive medical evaluation. PCR verification of the microscopy result was
subsequently performed using species-specific primers. Plasmodium infection was
immediately treated with a combination of mefloquine (0.5 mg/kg for 7 days) and artesunate
(4 mg/kg daily for 3 days).

Plasmodium falciparum infections were considered asymptomatic if the medical history and
physical exam showed no malaria-related signs or symptoms, and the patient had not presented
to the clinic. Clinical presentation or symptomatic infections identified in the community were
labeled symptomatic infections.

The submitted blood sample was separated into a serum and packed red blood cell (RBC)
fraction by centrifugation, and each was cataloged and stored at -80°C. P. falciparum DNA
was extracted using a commercially available kit (Qiagen) and stored at -80°C until needed.
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Only P. falciparum infections were included in this study, which spanned 4 years, from 2003
to 2006. Samples were chosen at random, but any infection occurring within 60 days of the
initial infection date was excluded to minimize the risk of parasite recrudescence caused by
incomplete drug clearance.

Nested PCR and allele-typing

Nested PCR was used to amplify the N-terminal region of PFMSP3 using the external PCR
primers 5'-ATAATGTTGCTAGTAAAGAAATTG-3' and 5'-
AATACATCATCATTTTCCTTAG-3' and the internal primers 5'-
ATAATCTTAACTTAAGAAATGC-3' and 5'-
CGGCGGGGGCGATAAGCATTTTTTGCC-3". The bold annotation identifies the CG
clamp, which was added to the 5’ end of the internal reverse primer to facilitate the subsequent
analysis by dHPLC. P. falciparum- infected patient extracted DNA (1.5 puL) was amplified
using ChoiceTaq (Denville, South Plainfield, NJ) and underwent 35 cycles of 95°C for 30
seconds, 50°C for 30 seconds, and 65°C for 1 minute, followed by a final elongation step of 5
minutes at 65°C. The nested PCR reaction involved the same conditions except that 1 puL of
the external PCR reaction was used as the template. Classification of the PFMSP3 allele was
performed by size migration using 2% aga-rose gel electrophoresis supplemented with
ethidium bromide.

dHPLC and sequencing

dHPLC analysis was performed using a WAVE column (Transgenomics, Omaha, NE) and
standard protocols. Before screening, optimal WAVE temperatures for each PFMSP3 allele
were determined using Wavemaker software (Transgenomics). The nested PCR mixture (2
pL) was diluted 1:10 in ddH,0 and submitted for dHPLC analysis. The submitted sample was
mixed with a control sequence from the homologous allele, and heterologous strand formation
was performed by denaturation and subsequent reannealing of the mixture. The sample was
bound to the WAVE column and eluted using a linear acetonitrile gradient. The presence of a
second elution peak on the elution chromatograph was indicative of a mutation, and all detected
mutants were immediately sequenced to identify the mutation. As positive controls, 3D7 and
Borneo were complexed with the Peruvian alleles HB3 and K1, respectively. As an additional
quality control step and to define the sensitivity and specificity of the technique, 10% of all
samples that exhibited no mutations by dHPLC were randomly sequenced.

Ethics committee approval

This study was approved by review boards of the University of Alabama at Birmingham,
Universidad Peruana Cayetano Heredia, and the Peruvian Ministerio de Salud, Instituto
Naccional de Salud. Written consent was obtained from all participants before study
enrollment.

Statistical analysis

Descriptive statistics, such as frequencies, percentages, means, and SDs, were used to
summarize all study variables of interest. Comparisons between proportions of alleles (K1 and
3D7) for communities, mutant, sex, symptom status, subsequent allele, subsequent P.
falciparum infections, year of infection, age group (< 15 and > 15 years of age), time group to
next P. falciparum infection (0-6 and > 6 months), and comparisons between all other
proportions of interest were performed using the two-group cy? test or Fisher exact test when
the assumptions on the x2 were not tenable. Comparisons between means of actual age and
days to next P. falciparum infection were performed using the usual two-group t test or the
two-group t test for unequal variances when needed. All statistical tests were two-sided and
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were performed using a 5% significance level (i.e., o = 0.05). SAS software (version 9.1.3;
SAS Institute, Cary, NC) was used to perform all statistical analyses.

The Zungarococha community consists of four villages each ~2-3 km apart and supported by
tributaries of the Amazon River: Zungarococha village (ZG, N = 805), Puerto Almendra (PA,
N = 272), Ninarumi (NR, N = 590), and Llanchama (LL, N = 203) (Figure 1A). P.
falciparum transmission is hypoendemic at this study site, transmitted largely by the
anthropophilic vector An. darlingi. P. falciparum transmission is seasonal, occurring largely
between January and August of each year, with entomologic bite rates described as high as
10-24 bites/person/h between April and July. This corresponds to an entomological inoculation
rate (EIR) of 0.13 infections/person/mo during the 7-month transmission season.?!

A total of 630 P. falciparum infections were randomly chosen for inclusion in this study: 101
from 2003, 174 from 2004, 250 from 2005, and 105 from 2006 (Figure 1B). Samples were
chosen to give the widest possible distribution across all four villages, although numbers for
each village were not equal because the villages do not carry an equal burden of infections:
although Zungarococha village is the largest village in the community, it had the least number
of infections included in this study. The highest number of infections sampled was from
Ninarumi, the second largest village.

Nested PCR was used to amplify and genotype PfMSP3 from P. falciparum-infected
individuals. The primers amplified the PFIMSP3 N-terminal domain, where the majority of
genetic diversity has been shown to occur®® (nucleotides 117-507 in the 3D7 strain, excluding
primer sequence) and the allele class identified using agarose gel electrophoresis. Size
differences confirmed that both 3D7 and K1 allele classes of PFMSP3 are present in the
Zungarococha community (Figure 2A), and eight samples from each allele classes were
sequenced to identify the strain. The sequence of the smaller, 3D7 allele class samples were
all identical to the published PIMSP3 HB3 reference strain (GenBank accession no.
AF001137), whereas the larger, K1 allele class samples were all identical to PFMSP3 from the
K1 reference strain (GenBank accession no. AF001151).

Genotyping all 630 samples based on size established that, between 2003 and 2006, a
significant majority, 570 (90.3%), of infections were of the 3D7 allele class, and only 57
infections were of the K1 allele class. Only three infections were complex infections,
containing both allele classes, in keeping with the generally “simple” infections observed in
hypoendemic transmission areas. Interestingly, the allele frequency distribution fluctuated
significantly between subsequent years, with the K1 allele class frequency exhibited a
decreasing trend; K1 class frequencies ranged from 19.1% in 2004 to 1.0% in 2006 (Figure
2B). The change in allele class frequency between 2004 and 2005 was statistically significant
by %2 analysis (P < 0.001). Additionally, in comparison with the 2003 allele frequency, the
decrease in K1 class frequency in both 2005 and 2006 was also statistically significant (P <
0.001).

To assess if any correlation might be identified that could explain the significant allele class
frequency variation, we looked at the village level for any correlation that exists between
PfMSP3 allele and age, sex, community, patient symptom status, and subsequent infection. As
shown in Figure 2C, only community was significantly associated with PfMSP3 allele class
status. Interestingly, Puerto Almendra showed a significant increase in K1 class infections (>
3-fold, P < 0.0001) compared with the other villages. Additionally, Llanchama, the smallest
of the villages, was associated with a significant decrease (> 16-fold, P = 0.002) in K1 class
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infections compared with the other villages, with only a single K1 class infection being detected
across all four transmission season.

dHPLC can detect single nucleotide differences in PFIMSP3 sequence

Because of the large number of samples allele-typed in this study, we adopted a high-
throughput approach to screen for single nucleotide polymorphisms (SNPs) and indels within
each amplicon: dHPLC. To our knowledge, this is the first time that dHPLC has been used to
screen for SNPs in P. falciparum genes. As described in the Materials and Methods section,
the technique detects mutations through the formation of heteroduplex bubbles. Briefly, a test
amplicon is denatured and reannealed in the presence of a reference amplicon of known
sequence. If the test and reference sequences are identical, only homoduplexes form, but if
there are SNPs or indels in the test sequence that are not found in the reference sequence,
heteroduplexes will form. The reannealed fragments are bound to a WAVE column
(Transgenomics) and eluted with a linear acetonitrile gradient. Homoduplexes elute from the
column as a single peak. However, if a heteroduplex bubble is present, it will elute at a different
acetonitrile concentration and therefore form a second peak distinct from the homoduplex peak.
Any samples that elute as two peaks from the WAVE column would be sequenced to confirm
the presence and identify of the SNP(s) and/or indels. dHPLC is therefore a rapid method to
screen for deviations from a reference sequence, and because the cost is significantly lower
(10% or less) than sequencing, dHPLC is of particular use when the expected SNP frequency
is low—it allows the user to rapidly screen large numbers of samples and only sequence those
that are likely to contain SNPs.

We initially tested the sensitivity of dHPLC using PFMSP3-specific primers containing a 3'-
CG clamp by mixing the HB3 allele either with itself or the same fragment amplified from
genomic DNA from the 3D7 strain. Both HB3 and 3D7 are of the same allele class, but 3D7
has previously been shown to contain a single SNP relative to HB3. dHPLC analysis showed
a single peak when HB3 was reannealed only to itself but two elution peaks when 3D7 and
HB3 alleles were reannealed (Figure 3A). Sequencing the 3D7 amplicon confirmed the single
SNP, showing that dHPLC has the sensitivity to detect single nucleotide changes in PfIMSP3.
Mixing K1 sequences with those from a different K1-class allele, genomic DNA from the
Borneo P. falciparum strain (a kind gift from John Barnwell) also showed the presence of a
heteroduplex. Sequencing the Borneo fragment showed that K1 and Borneo differ by 37
nucleotides, establishing a range of detection for the PFIMSP3-specific dHPLC assay of 1-37
nucleotide differences. The sensitivity of dHPLC withstood wide changes in either reference
or unknown amplicon concentrations (data not shown) as has been previously noted, increasing
its utility with field P. falciparum samples where DNA concentrations can vary.

PfMSP3 coil/coil domain sequence variation is limited

To characterize the level of sequence variation within the N-terminal domain of PfMSP3, all
630 samples that had been allele-typed were subjected to dHPLC analysis. All 3D7 allele class
samples were mixed with HB3 sequences as a reference, because, as mentioned above, initial
sequencing of eight 3D7 class alleles showed all were identical in sequence to the HB3 allele.
K1 allele class samples were mixed with K1 sequences as a reference, again because our initial
sequencing had identified this as the predominant K1 class allele. Of the 630 samples screened,
dHPLC detected heteroduplexes in 14 samples, all in the 3D7 allele class. All 14 samples were
sequenced: 3 were false positives with no detectable mutation, whereas 11 samples had
mutations that were different to the HB3 reference sequence (10 true mutations and 1 mutation
that had double overlapping peaks at one position on the sequencing chromatogram and
therefore presumably resulted from Taqg polymerase error). Eighty-six samples that were
mutation negative by dHPLC were also submitted to direct sequencing to test for sensitivity,
and all 86 samples were found to be identical to the reference sequence, as predicted by dHPLC.
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We therefore estimate that using dHPLC to screen for PfMSP3 variation has a sensitivity of
100% and a specificity of 96.6%. Sensitivity is calculated by the equation A/(A + C), where
A is the number of true positives in the dHPLC-mutant positive group (11) and C is the number
of true positives in the dHPLC-mutant negative group (0). Specificity is calculated by the
equation D/(B + D), where D is the number of true negatives in the dHPLC-mutant negative
group (86) and B is the number of true negatives in the dHPLC-mutant positive group (3).

In 630 samples screened, we therefore found SNPs in only 10 samples (Figure 3B), all of which
were 3D7-class alleles. Direct sequencing of these 10 mutants established that all were identical
and contained the same SNP: a single C—T nucleotide substitution at position 203, which
resulted in a non-synonymous mutation L68S. Interestingly, this is the SNP that differentiates
the HB3 and 3D7 PfMSP3 sequences. All 10 samples were collected during the 2003
transmission season, but they were distributed widely across the community: 3 occurred in
Zungarococha village, 5 in Ninarumi, and 2 in Puerto Almendra. No significant correlation
was detected between these samples and age, sex, symptom status, or village (data not shown).
To rule out the possibility that the detected mutations were caused by the introduction of a
completely new strain into the Zungarococha community, another polymorphic loci,
PfMSP2, was amplified and sequenced from 6 of these 10 samples. Three of the PIMSP2 genes
were identical to the HB3 PfMSP2, but three PfMSP2 genes were significantly different (data
not shown), suggesting that not all PfIMSP3 mutant strains shared the same origin.

Assessing for evidence of protection for PFMSP3 alleles

The longitudinal MIGIA cohort study uses active case detection in addition to passive case
detection. This allows for the identification of not only symptomatic infections but also
asymptomatic infections that remain undiagnosed in the absence of active detection. Because
premunition is characterized by the absence of malaria symptoms in combination with an
inability to clear P. falciparum parasites, asymptomatic infections in Peruvian individuals
might indicate protection against P. falciparum. We therefore compared our PfMSP3 dHPLC
genotyping data, which identified all infections as either HB3, 3D7, or K1 alleles, with the
available epidemiologic data to analyze whether there was any propensity for a specific allele
type to be associated with a specific clinical outcome.

Because of the hypoendemic transmission and low rate of mixed infections at this study site,
it is possible to follow subsequent infections in single individuals that are separated by time.
We therefore assessed whether the PFMSP3 allele frequency in these subsequent infections in
the same individual was any different to the population level allele frequency. If there is strong
allele-specific immunity to the PFMSP3 N-terminal domain, one would expect that allele
frequencies would change in subsequent infections—that is, an HB3 infection would be more
likely to be followed by a K1 infection or vice versa. There were 106 successive infection pairs
(individuals with two P. falciparum infections in a < 500-day period) in the 630 infections for
which we had genotyped PfMSP3. Comparing the genotypes for the first and second infections
inthese individuals, we found no statistically significant deviation from whole population allele
frequencies— that is, there was no trend for an infection of one allele to be followed by an
infection of another allele, as would be expected if protection was largely allele specific (Table
1A; P = 0.93). Additionally, we tested for the possibility that infection with either allele class
would lead to a decrease in subsequent P. falciparum infections, but this relationship was not
significant (P =0.17).

The propensity of individuals to experience another P. falciparum infection within a 6-month
period was also used to assess for possible protection, as well as assessing for an increase in
the “time to next infection.” Because the infection rate has remained relatively steady at 0.13
infections/person/mo during the 7-month transmission season,?! any significant decrease in
infection rates in individuals infected with either allele would be suggestive of immune-
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mediated protection. As shown in Table 1A, no significant delay in time-to-next-infection was
detected for either homologous or heterologous allele infections. There was, however, a non-
significant trend that K1-infected individuals had a decreased “time to next infection” value
(on average 26 days earlier, P > 0.05). However, because we showed above that the K1 allele
class frequency is significantly associated with community, any difference is most likely
caused by transmission differences between the villages.

We also tested for any association that might exist between the presence of either PfMSP3
allele and the rate of asymptomatic infections in subsequent infections. If the asymptomatic
rate is higher in subsequent infections with the homologous antigen (i.e., subsequent HB3
infection after a primary HB3 infection), immune selection might be a significant factor in
mediating this phenomenon. The rate of asymptomatic infections in subsequent heterologous
infection is also immensely informative because, if rates are similar to homologous infections,
it suggests some degree of cross-protection. Conversely, a significant increase in asymptomatic
infections found in homologous infections but absent in asymptomatic heterologous infections
would suggest a significant strain-specific immune response. Compared with primary
infections, no statistical significant difference in HB3 or K1 asymptomatic rates was detected
for either homologous or heterologous subsequent infections (Table 1B). Even after pooling
the infections into homologous/heterologous subsequent infections, we were unable to detect
a significant increase in asymptomatic infections for either group.

DISCUSSION

In this study, we described the use of dHPLC to screen for variation within the malaria vaccine
candidate PFMSP3 in a hypoendemic setting. Because dHPLC has been shown to exhibit a
sensitivity and specificity of up to 100% in some tests, possesses a high-throughput capacity,
and is considerably more cost-efficient compared with direct sequencing, we decided to adapt
it to screen for PFIMSP3 N-terminal domain variation. Even with our resequencing of both
mutation positive and negative samples for specificity and sensitivity analysis, our overall costs
were only 25% of the cost of direct sequencing all 630 isolates. We therefore believe that
dHPLC is an effective high-throughput approach for P. falciparum genotyping, particularly in
hypoendemic transmission regions where genetic variation is suspected to be low. Although
we applied dHPLC here to study a vaccine candidate antigen, another obvious application
would be for drug resistance screening, where SNPs associated with drug resistance in PfCRT,
PfDHFR, and PfDHPS are well established.

Using nested PCR, we allele typed 630 individual P. falciparum infections and found that both
3D7 and K1 alleles classes of PFMSP3 were present in the Zungarococha community. Direct
sequencing of those samples identified 3D7 class alleles as identical to the previously published
sequences for HB3 and K1 class alleles as identical to the K1 sequence itself. Interestingly,
3D7 class alleles were dominant throughout the community and, over time, became
increasingly more dominant. Between 2003 and 2006, the allele frequency shifted significantly,
with 3D7 class percent increasing from 80.9% to 99% of all infections. Although the possibility
exists that the observed changes in allelic frequency are caused by extraneous factors such as
genetic drift, which is a major contributor to allele variation in small populations, we believe
our study population is sufficiently large that the effects of genetic drift are minimal. Such
large-scale and directional changes in allele frequencies over such a short time frame are
unlikely to be caused by genetic drift, but this remains a formal possibility. Thus, it seems most
likely that an as of yet unidentified selection pressure is responsible for driving the observed
allele frequency variation. Importantly, if this selection pressure is immunologically mediated,
the target of that response is most likely against the N-terminal domain, because the C-terminal
domain is almost entirely conserved between both alleles.
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Screening for sequence variation identified only 10 mutations in PfMSP3 in 630 infections.
All mutations occurred within the 2003 transmission season and were identical, a C T non-
synonymous substitution at position 203. It is interesting to note that this is the same SNP that
was most commonly observed in other global studies, being present in 48% (20 of 42 total) of
3D7 allele class variants in Nigeria and Thailand.2 The frequency and global distribution of
this SNP suggests a globally conserved function, perhaps in immune evasion. Although the
possibility exists that the lack of PFMSP3 variation that we observed in the Zungarococha
community is caused by an absence of genetic diversity in this setting, work by Sutton and
others (unpublished data) has shown that MSP1-block 2 variation in the Zungarococha
community is significant and is similar in spectrum, although not in scale, to diversity seen in
a hyperendemic environment (P Sutton and OH Branch, unpublished data). Additionally,
microsatellite studies by Branch and others suggested extensive diversity within the community
(OH Branch, personal communication). This implies that the lack of variation in PFMSP3 is
likely not caused by a lack of genome-wide diversity in the community but by a combination
of the relative stability of the N-terminal domain antigen and the relatively recent introduction
of P. falciparum in the Zungarococha community. Subsequent studies of PfMSP3 mutants by
sequencing the highly polymorphic PFMSP2 showed that three of those infections contained
PfMSP2 sequences that were significantly different than HB3, suggesting that the introduction
of new 3D7 class strains into the community can explain some, but perhaps not all, PfMSP3
mutations. It is likely that the introduction of new P. falciparum strains occurred through the
naval port located in Ninarumi. In support of this, all three PfMSP2-variant infections occurred
in Ninarumi (data not shown).

A significant strength of the MIGIA cohort study is the use of active case detection in addition
to passive detection of P. falciparum infections. Such infections, marked by a lack of malaria-
related symptoms in the presence of active parasitemia, mimic protection in malaria-immune
individuals, a phenomenon termed premunition, and might predict malaria-immune status in
these individuals. Thus, the use of asymptomatic individuals, detected through active case
detection, allows us to assess for correlates of protection for P. falciparum alleles.

To identify correlates of protection for PFIMSP3 alleles, we combined our PfMSP3 allele data
with the available epidemiologic data. Evidence of protection was assessed by testing whether
the presence of either PFMSP3 allele correlated with an increased frequency of subsequent
allele infections, the rate of subsequent infections, or an increase in the rate of subsequent
asymptomatic infections. Although we were unable to find significant correlations of
protection for either PFMSP3 allele, this outcome does not rule out the potential for allele-
specific protection. Such correlates of protection for PFMSP3 alleles, although important to
assess for, are indirect outcomes of host protection and infrequent P. falciparum infections,
which define the hypoendemic environment, make the identification of significant correlations
unfavorable because of a lack of statistical power. More direct tests, such as directly testing
antibody levels, will be critical to clearly identifying the role that PFIMSP3 plays in mediating
immunity in the hypoendemic setting.

In terms of PFMSP3 vaccine development, our central finding of genetic stability in the PfMSP3
N-terminal domain supports a reassessment of the inclusion of this domain in a PfMSP3-based
P. falciparum vaccine, especially because genetic variation has been the major factor excluding
N-terminal domain-based vaccine development. Because a large population of the world lives
in hypoendemic environments, the observed stable nature of the N-terminal domain of PFIMSP3
in our study is significant. Previous reports have shown more extensive PFMSP3 N-terminal
domain variation in the hyperendemic setting, but this variation may simply represent a much
larger pool of population-level genetic diversity and does not necessarily mean that the N-
terminal domain should be considered hypervariable. In such hyperendemic environments, the
high inoculation rate makes the differentiation of new polymorphisms from infections with
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heterologous strains difficult to distinguish. In contrast, the hypoendemic environment
removes the confounding of heterologous/variant strain inoculation, allowing the dynamics of
candidate polymorphisms to be easily studied.

Recent studies have suggested the N-terminal domain of PfMSP3 is significantly more
immunogenic than the C-terminal domain, 2% supporting our recommendation that the N-
terminal domain be reassessed for future vaccine development. Importantly, because PfMSP3
N-terminal domain variation occurs largely between the heptad repeat motifs, which are almost
entirely conserved, concerns about N-terminal domain variation can be largely alleviated if
antibody responses against the N-terminal domain are not allele specific but instead provide
cross-protection between variants. Our genotyping data certainly show no evidence for allele-
specific responses, although this clearly needs to be followed up with immuno-logic data. The
potential of antibodies to mediate cross-protection between N-terminal sequence variants
therefore needs to be studied to either support the current C-terminal vaccine constituent or
alternatively to provide evidence that supports a novel PFMSP3 N-terminal domain-based
subunit vaccine. Such studies are ongoing in our laboratory.
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FIGURE 1.

P. falciparum transmission in Zungarococha from 2003 to 2006. A, Schema of Zungarococha,
a small community of four villages fed by the Nanay and Itaya river systems: Zungarococha
village (ZG, N = 805), Puerto Almendra (PA, N = 272), Ninarumi (NR, N = 590), and
Llanchama (LL, N = 203). The community health post is located in Zungarococha village. B,
Zungarococha community P. falciparum infection demographics from 2003 to 2006. A total
of 630 P. falciparum infections, spanning all villages, were analyzed in this study.
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FIGURE 2.

PfMSP3 allelic diversity in the Zungarococha community. A, Agarose gel of nested PCR
amplicons from P. falciparum DNA extracted from eight infected Peruvian individuals shows
both PFMSP3 K1 (top arrow) and 3D7 (bottom arrow) allele classes are present in the
Zungarococha community. B, PFMSP3 allele class frequency exhibits statistically significant
fluctuations, by 2, between subsequent years. *P < 0.001. PFMSP3 allele classes are
significantly associated with community (C), with K1 infections being significantly elevated
and decreased in Puerto Almendra and Llanchama, respectively (D).

Am J Trop Med Hyg. Author manuscript; available in PMC 2010 March 1.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Jordan et al.

Page 15
- 1 ——HRB3
o —3D7TH
\ ——2116H
L —i
A4 ——3663H
I L8
™ T -
R
|
._-—--' L o
= \
- — 2 x— 7 ;‘* -
B0 - —Kl
. ——8050H
| 1 968H
| 2793H
0 3229H
— BomeoH
bo—
4 - 7

2003 2004 2005 2006 Total
HB3 Mutants| 10 0 0 0 10
Identical to HB3| 78 | 141 | 240 | 104 | 563

K1 Mutants| 0 0 0 0 0
Identical to K1| 13 | 33 10 1 &7

FIGURE 3.

PfMSP3 sequence variation in the Zungarococha community. A, dHPLC elution
chromatograms show that adapting dHPLC to screen for PFMSP3 variation can detect sequence
differences of between 1 and 37 nucleotide differences, as evident by the secondary elution
peak (arrows). B, Screening 630 distinct P. falciparum infections yielded only 10 mutations
in PfMSP3. A total of 86 dHPLC-negative samples were sequenced to ensure adequate
sensitivity.
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Table 1
Assessing for allele-specific protection in the Zungarococha community: (A) assessing for an association between
PfMSP3 allele and subsequent allele, the potential to experience a subsequent P. falciparum infection, and the time-
to-next-infection failed to identify a significant association; and (B) comparison of PfMSP3 allele-typed infection and
subsequent infection symptom status

A
HB3 K1 P

Subsequent allele 0.9309
HB3 86 13
K1 6 1
Subsequent Pf infection 0.1651
No 412 36
Yes 161 21
Next infection (days) 0.5179
Mean 263 237
N 73 12
B

Asym. Sym. %Asym P
Heterologous 0.4335
HB3:HB3 26 42 38.2%
K1:K1 0 1 0.0%
Homologous 0.9126
HB3:K1 1 2 33.3%
K1:K1 3 7 30.0%
Total Homologous 26 42 38.2%
Total Heterologous 4 9 30.8% 0.6095

No significant association was found that suggested any shift in the asymptomatic rate.

Am J Trop Med Hyg. Author manuscript; available in PMC 2010 March 1.



