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ANALYSIS OF THE MALARIA VACCINE POTENTIAL OF PLASMODIUM
FALCIPARUM MEROZOITE SURFACE PROTEIN-3

STEPHEN J. JORDAN
CELL BIOLOGY
ABSTRACT
Malaria causes an estimated 1-3 million deaths each year, with the majority of
deaths being a result of infection with Plasmodium falciparum. No commercially avail-
able vaccine currently exists, but multiple subunit-based vaccines are in development in-
cluding one based on the promising vaccine candidate P. falciparum Merozoite Surface
Protein-3 (PfMSP3). PfMSP3 varies in sequence between P. falciparum isolates, but all
variation is restricted to the N-terminal domain. This observation has lead to the devel-
opment of a PIMSP3-based vaccine comprised solely of the highly conserved, yet poorly
immunogenic, C-terminal domain. The rationale for supporting the C-terminal domain
relies entirely on its conserved sequence, but so far no study has measured of the effect of
N-terminal domain diversity on antibody responses in the endemic setting. To address
this urgent question, we used both P. falciparum DNA and human sera samples from in-
dividuals infected with P. falciparum from a longitudinal cohort study near Iquitos, Peru.
We demonstrate that, in this hypoendemic transmission setting, sequence polymorphisms
in PIMSP3 were extremely limited with only 10 mutations occurring over a 4-year pe-
riod, whereas allele class frequency variation was significant, suggesting a possible im-
munologically driven selection pressure. By studying antibody responses against PfIMSP3
domains by ELISA, we determined that the N-terminal domain was significantly more
immunogenic than the C-terminal domain. Additionally, N-terminal domain antibodies

are capable of providing significant cross-reactivity across sequence variants within the
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same allele class, and some level of cross-reactivity between allele classes. N-terminal
domain antibodies also exhibited potent [gG1/IgG3 antibody responses, an IgG isotype
profile well known to correlate with protection against P. falciparum malaria, compared
to the C-terminal domain, which had higher IgM levels. These data suggests that the im-
pact of PIMSP3 genetic diversity on antibody cross-protection may be more limited than
was anticipated, and supports the development of a novel trivalent PMSP3-based vac-
cine constituent comprised of both highly immunogenic N-terminal domain alleles in ad-

dition to the conserved C-terminal domain.
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INTRODUCTION

Burden and distribution of disease

Malaria poses a severe threat to global public health, with up to 500 million con-
firmed cases worldwide and an estimated 1-3 million deaths annually (1). Approximately
90% of these deaths occur in Africa, with an overwhelming majority occurring in chil-
dren under the age of five. One recent study reported mortality rates in children as high as
26 percent in rural Western Kenya (2). The global burden of malaria extends beyond the
morbidity and mortality public health concerns and has a considerable impact on both the
economic and scholastic development of affected countries. For example, in Africa alone,
treatment and preventative measures against malaria account for approximately 40% of
the healthcare budget; a cost of US$12 billion annually (3). It has also been estimated that
malaria alone is responsible for a loss of 1% in yearly per capita economic growth in af-
fected countries (4-6). As most of these countries have economies that are considered
“developing” by GDP measures, the loss of even 1% of GDP is considerably more sti-
fling to economic growth than in more developed countries. Additionally, these countries
continue to suffer from a loss of work force due to malaria and, in children, delayed edu-
cational progress due to health-related absences from school.

Although hyperendemic environments, environments where contacting malaria is
a frequent occurrence, are largely localized to Sub-Saharan Africa and parts of Southeast
Asia and India, the global distribution of disease is enormous with nearly 2.4 billion peo-
ple living in areas of potential malaria transmission (7). In fact, recent reports demon-

strate, in the last 10 years, a net overall increase in worldwide malaria incidence, despite



numerous global eradication campaigns and billions of dollars spent annually on ant
malarials (8) (see Figure 1). This increase is largely attributed to globalization, specifi-
cally increased travel capabilities, and the increased use of technologies that facilitate a

spread of disease, such as increases in irrigation usage.

Clinical pathology and parasite life cycle

Malaria is caused by infection with an apicomplexan parasite of the Plasmodium
genus, which is spread through the bite of an infected Anopheles mosquito. Although four
different Plasmodium species routinely infect humans, Plasmodium falciparum is respon-
sible for virtually all malaria-related mortality. Classical signs and symptoms of P. falci-
parum malaria include fever and/or night sweats, respiratory distress, metabolic acidosis,
and hepatosplenomegaly (enlargement of the liver and spleen). Additionally, severe P.
falciparum malaria can also result in cerebral complications due to sequestration of para-
sites in the microvasculature, leading to ischemia of downstream tissue and, unless im-
mediate treatment is administered, coma and/or death of the host.

Treatment consists exclusively of anti-parasitic drug administration, and some of
the drugs still used for severe malaria such as quinine have been in use for more than 300
years. The emergence of drug-resistant parasites in the past decades has plagued effective
treatment strategies, making some previously first-line anti-malarials such as chloroquine
almost completely ineffective as a treatment regimen. Currently, the emergence of drug-
resistant parasites is being slowed through the use of multi-drug regimens and efforts to
increase compliance of full-course drug administration in patients with malaria. It is

clear, however, that the ongoing emergence of drug-resistant parasites is unavoidable and



that future malaria treatment will rely on continual novel drug discovery efforts. How-
ever, as novel drug discovery efforts merely delay the inevitable emergence of drug-
resistant parasites, there has been a major shift in resources toward development of effec-
tive preventative measures, which include the utilization of insecticide-treated bed nets
(ITNs), vector-control campaigns, and development of an effective malaria vaccine.

ITNs have been widely studied as they provide immediate protection against P.
falciparum infection by preventing Anopheles mosquitoes from biting the host. However,
protection is only afforded if the ITNs are frequently used. Unfortunately, as most areas
where the utilization of ITNs is encouraged are tropical climates, the resulting decreased
air circulation caused by I'TNs has made widespread adoption and frequent usage chal-
lenging problems. Vector-control programs, which are dependent on regular applications
to be effective, also face challenging obstacles in today’s environment. A leading concern
that hinders vector-control efforts in the increased use of irrigation, which increases the
number of mosquito breeding sites, making control difficult. Additionally, insecticide-
resistance in mosquitoes is a growing concern, necessitating the continued development
of novel insecticides. Consequently, there is little optimism that vector control campaigns
alone will cause a major reduction in disease burden.

By far the most theoretically effective preventative measure against P. falciparum
malaria would be the development of an effective malaria vaccine. With the recent in-
creases in global malaria incidences, more resources are being devoted to vaccine re-
search. The most well known has been the “Roll Back Malaria” partnership, largely sup-
ported through the Bill and Melinda Gates Foundation and The Global Fund, which

hopes to ablate malaria-related mortality by 2015 through the development of an effective



vaccine. Unfortunately, progress has been slow as the size of the P. falciparum genome
and the complexity of the parasite’s life cycle makes the identification of optimal vaccine

candidates difficult and sometimes controversial.
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Figure 1. Malaria endemic regions of the world over the past 100 years. Between
1900-2002, there has been a reduction in the overall distribution of malaria. However,
there has been an overall increase in the incidence of disease. Adapted from: Hay, S.I. et
al. (2004) “The global distribution and population at risk of malaria: past, present, and
future.” The Lancet Infectious Diseases; 4: 327-336.
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Figure 2. The Life cycle of Plasmodium falciparum. Image taken from
www.dpd.cdc.gov/dpdx/HTML/Malaria.htm

The Plasmodium falciparum genome is 23Mb, encoding approximately 5,200
genes that together allow for a complex life cycle involving multiple stages in both mos-
quito and human hosts. Human infection occurs initially through the inoculation of
sporozoite parasites into the host by the bite of an infected Anopheles mosquito. The
sporozoites will enter the venous system and travel to the liver where they will invade
hepatocytes, undergo extensive replication and ultimately emerge as infectious merozoi-
tes that will target and invade host erythrocytes. Importantly, until the emergence of
merozoite from the hepatocyte, the host exhibits no signs or symptoms of disease as the
parasites are effectively concealed from the host immune system within the hepatocytes.

However, the emergence of merozoites from the liver elicits a sudden onset of disease



manifestations as the immune system immediately encounters foreign antigens. Within
the invaded erythrocyte, the merozoite will metabolize host hemoglobin within an en-
closed vacuole called the parasitophorous vacuole and progress through multiple stages
of development defined as a ring stage, a trophozoite stage, and a schizont stage. As de-
velopment progresses, the parasite undergoes asexual replication and each fully mature
schizont will form 8-32 merozoite progeny that will erupt both the parasitophorous mem-
brane and erythrocyte membrane and be released into the host circulatory system to in-
vade neighboring erythrocytes. A small fraction of blood-stage parasites will differentiate
into gametocytes that will initiate the mosquito-stage infection upon ingestion by a feed-
ing Anopheles mosquito. As mentioned, the merozoite-mediated blood-stage infection is
responsible for all malaria-related pathology and establishes chronic infection in the host,
with the final outcome being either recovery, via immune- or drug-mediated control of
the infection, or death of the host. Interestingly, merozoites exploit a weakness in the host
immune response: the lack of Major Histocompatibility Class I molecules on erythrocytes
(9). This results in the infected erythrocytes being incapable of signaling to host B- and
T-cells of the presence of their intracellular infection. However, the emergence of mero-
zoites from ruptured erythrocytes, an event that occurs every 48 hours, and the expression
of parasite-derived antigens on the erythrocyte surface during development provide tar-
gets for immunological attack (10). Consequently, as these proteins will be encountered
by the host immune system, they might be able to confer host protection against P. falci-

parum if immunologically-primed by an effective vaccine.

Evidence of Plasmodium falciparum immunity and whole-parasite vaccines



The gradual development of natural immunity to P. falciparum in the hyper-
endemic setting has been widely accepted for over 50 years, and is most evident by the
fact that the overwhelming majority of malaria mortality occurs in children under the age
of five, before effective immunity has developed (11). The mechanism of that protection
is believed to be antibody-mediated as the passive transfer of purified immunoglobulin
from hyper-immune individuals to naive individuals is able to recapitulate protection
against P. falciparum challenge (12). The case for an effective vaccine was further
strengthened by pioneering experiments performed in the late 1950’s that demonstrated
that inoculation with y-irradiated attenuated P. falciparum sporozoites conferred protec-
tion against parasite challenge for up to 3 months (13), (14). This seminal study con-
vinced the scientific community that, indeed, an effective vaccine was not only attain-
able, but also likely close to being produced. However, the whole parasite vaccination
strategy faces clear challenges if it is to be widely used. The most important is that of
scalability, since to be effective, thousands of attenuated P. falciparum parasites need to
be inoculated into patients with each vaccine. Currently, the technology isn’t available to
facilitate the extraction of intact sporozoites from Anopheles mosquitoes for distribution
to hundreds of millions of patients in the developing world. Secondly, the effectiveness
of sporozoite attenuation is a clear host safely concern. As these parasites are fully infec-
tious, any decrease in y-irradiated effectiveness could render them fully viable and, thus,
capable of instigating a potentially deadly infection in vaccinated patients. The obvious
solution- to subject the parasites to higher levels of irradiation- isn’t a valid option as this
would significantly decrease infectivity and, thus, decrease vaccine efficacy. Although

the risks of such an event occurring are considerably low, widespread adoption of whole-



parasite vaccines would only magnify the number of vaccine-induced malaria infections
by incomplete parasite attenuation. Obviously, the potential of contacting malaria from a
vaccine would make it difficult to garner patient acceptance and a few isolated reports of
vaccine-instigated disease would be devastating to ongoing vaccine efforts. It has there-
fore been generally accepted that whole-parasite vaccines will not be scaleable, and their
development has advanced little over the past few decades. One potential breakthrough,
however, is the use of genetically attenuated sporozoites. By generating knock-out mu-
tants of the genes uis3 or uis4, Kuma et a/ were able to create sporozoites that demon-
strated wild type-level infectivity, yet would developmentally-arrest in the hepatocyte
(15). The obvious benefit of such an attenuation strategy is that it alleviates concerns
about contacting malaria due to ineffective parasite attenuation. Unfortunately, however,
these genetically attenuated parasites are still subject to the same problems concerning
scalability as the y-irradiated parasites, and the initial studies have all been done in the
rodent model of malaria P. berghei, and it is not yet known whether they will be transfer-
able to human malaria parasites. Given these challenges, the vast majority of vaccine ef-

forts have shifted towards subunit-based malaria vaccines.

Liver stage subunit vaccines

Subunit-based vaccines are advantageous over whole-parasite vaccines for multi-
ple reasons. Firstly, massive production of a subunit vaccine candidate is readily achiev-
able through the use of high-yield expression methods, such as E. coli- or yeast-based
systems. Such techniques are capable of producing milligram quantities of proteins very

rapidly. Secondly, subunit-based vaccines are highly stable and, thus, ideal for commer-



cial use, especially in a developing world environment where access to electricity, needed
to preserve whole-parasite vaccines at 4°C, is sparse and unpredictable. Additionally, the
high stability of subunit-based vaccines allows for the co-administration of adjuvants.
Adjuvants, which are added to enhance vaccine efficacy, are incompatible with live vac-
cines as they often contain charged particles (e.g. aluminum) or non-polar solvents (e.g.
oil-immersion solvents) that greatly decrease parasite viability. Thirdly, subunit-based
vaccines allow for the administration of multiple vaccine constituents in a single multiva-
lent vaccine. Such advantage could allow for the development of a malaria vaccine that
could induce protection against all stages through eliciting responses against multiple
stage-specific targets. The use of subunit-based vaccines, therefore, effectively resolves
the concerns that plague whole-parasite vaccine development and has consequently be-
come the vaccine method of choice for the vast majority of upcoming malaria vaccines.
As a result of the scalability and safety concerns that have plagued development
of y-irradiated sporozoite vaccines, efforts began to try and identify the key antigens that
mediated that protection in the hope that it could be recapitulated in a subunit-based vac-
cine. Within a few years, the target was identified: the Circumsporozoite protein (13)
(CSP). CSP is the dominant antigen on the sporozoite surface and the major target of an-
tibodies that mediated protection through y-irradiated sporozoite vaccination. Further
studies demonstrated that the target of those antibodies was a CSP-specific motif, the
NANP repeat, and that CSP also has several potent T-cell epitopes. It therefore became
the major constituent of the most advanced malaria vaccine, to date, the RTS,S vaccine.
RTS,S is comprised of four main constituents: the CSP Repeat NANP region, the C-

terminal portion of CSP that contains the T-cell epitopes and fused to the Surface antigen
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of Hepatitis B, and, as an adjuvant, the addition of Hepatitis B Surface antigen, alone.
Currently, RTS,S is progressing towards a Phase 3 clinical trial and is the only malaria
vaccine to reach Phase 3, despite somewhat discouraging performance in Phase 2 clinical
trials, with an efficacy rate of only 35.3% against subsequent clinical episodes of malaria
(16). This level of protection suggests that RTS,S still has immunogenicity concerns, de-
spite two decades of development. It also has the major problem that because it targets a
sporozoite protein, CSP, it attempts to provide protection through the inhibition of P. fal-
ciparum development before it reaches the hepatocyte. Importantly, as the liver stage of
the P. falciparum life cycle is merely a developmental stage leading up to the release of
thousands of merozoites into the blood stream, if even a single sporozoite is able to es-
cape the RTS,S vaccine-induced immune response, it will result in the release of thou-
sands of merozoites into the blood stream and the development of a blood stage infection.
As it is the blood-stage that is responsible for all malaria symptoms, the decrease in se-
vere malaria symptoms seen in RTS,S trials is likely the result of the ability of RTS,S to
decrease the number of merozoite released from the liver, thereby allowing the immune
system a few more days to mount an effective response before the P. falciparum parasite
burden reaches severe levels. While this approach may reduce severe symptoms, the trial
results suggest that RTS,S is only partially effective at doing so, and is therefore not
likely to be a long-term solution to the malaria vaccine problem.

The decision to target the sporozoite antigen CSP was made in part on the initial
y-irradiated sporozoite trials and in part on the belief that the optimal stage to target for
vaccination might be the stage with the fewest viable parasites (approximately §-12

sporozoites are injected per Anopheles bite compared to thousands of released merozoi-
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tes). However, this approach ignores the desired end outcome of P. falciparum vaccine
development and an understanding of P. falciparum parasite/host relationship. Firstly, it
can be strongly argued that the ultimate goal of an effective P. falciparum vaccine is not
to induce sterile immunity in vaccinated individuals (i.e. total parasite clearance) but to
control the P. falciparum parasite load, especially in children under the age of five, until
they can develop their own effective natural immunity. In fact, the strongest argument for
this assertion is the inability of hyper-immune individuals to develop sterile immunity,
despite decades of continual parasite exposure— it seem highly unlikely that a malaria
vaccine could instigate protection at a level that the human immune system is unable to
achieve, despite repeated exposure over decades. Secondly, the use of liver stage vac-
cines attempts to completely ablate the host/parasite relationship by obstructing P. falci-
parum development. This is in sharp contrast to the goal of blood-stage vaccines, which
attempt only to reduce host symptoms through a reduction in the total parasite burden.
This difference is critically important, as natural selection will ensure that P. falciparum
parasites adapt to liver stage vaccines. However, since blood-stage vaccines share the
same goal as P. falciparum parasites- protecting the host while allowing parasite devel-
opment- it can be argued that this approach will apply significantly less pressure driving
natural selection to adapt. Given these significant concerns, sporozoites and liver-stages

may not be the best choice for vaccine development.

Blood-stage subunit vaccines
The development of blood-stage P. falciparum vaccines began to emerge in the

late 1980°s with the understanding of the problems plaguing liver-stage-specific vaccines
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and the clear advantages of targeting the stage directly responsible for host morbidity and
mortality. As mentioned previously, erythrocytes do not contain the major histocompati-
bility complex I, and therefore are unable to display P. falciparum antigens to the im-
mune system. As a result, the immune response to systemic infection is limited to those
antigens either expressed on the surface of the infected erythrocyte or found on the sur-
face of merozoites after their release from the erythrocyte. Of the vaccine candidates ex-
pressed on the erythrocyte surface, P. falciparum Erythrocyte Membrane Protein-1
(PfEMP1) has been the most widely studied. Unfortunately, there are 60 homologs of
PfEMPI, encoded by var genes, in the P. falciparum genome, and the specific var gene
being expressed at any one time can switch under a poorly understood antigenic variation
system (17). As antibody responses to a single allele of PFEMP1 demonstrate limited
cross protection against other homologs (18), complications with PFEMP1 variation have
effectively ruled it out of general vaccine development. One important exception is corre-
lation of expression of a single var gene, var2csa, with pregnancy-associated malaria
(19). Thus, while there is hope that a var2csa-specific vaccine may be able to protect
against malaria-induced fetal mortality (20), little work is otherwise being done on
PfEMP1-based malaria vaccines.

There are currently at least 11 antigens that have been identified on the merozoite
surface, termed Merozoite Surface Proteins (MSPs), and all are being considered as po-
tential vaccine candidates. EM studies performed in the early 1990’s revealed that the
merozoite surface coat is highly organized and comprised of multiple proteinaceous
complexes (21). By far the most widely studied merozoite surface vaccine candidate is P.

falciparum Merozoite Surface Protein-1 (PfMSP1), which constitutes approximately 30%
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of the merozoite surface (22). PEIMSP1 undergoes proteolytic cleavage, a phenomenon
characteristic of all MSP’s (23). However, unique to PfMSP1 is a GPI-anchored C-
terminal 19kD (termed PfMSP1,9) fragment that remains attached to the merozoite after
PfMSP1 proteolysis and is retained on the parasite surface even after invasion (24). Im-
portantly, antibodies against PEMSP1,9 have been shown to inhibit P. falciparum inva-
sion both in vitro (24) and in vivo (25) and the presence of PfIMSP1,9 antibodies in Afri-
can children has been shown to correlate with protection against P. falciparum malaria
(26). Thus, PfMSP1 is considered one of the most promising vaccine candidates to date
and is currently undergoing multiple phase II trials, either as a mono- or a multi-valent
vaccine constituent. Unfortunately, however, recent data has raised concerns about
PfMSP1’s future as an effective vaccine candidate. PfMSP1,9 demonstrates little se-
quence variation, and it was thought that structural constraints were responsible for its
sequence stability. However, O’Donnell ef al showed that it was possible to replace the
C-terminal 19kD region of PEMSP1 with the homologous C-terminus of the rodent Plas-
modium species Plasmodium chabaudi, which shares only 34% homology with
PfMSP1,4, and the chimeric protein could recapitulate native PIMSP1 function (27). The
19kDa region is therefore not as sequence constrained as had been though, raising the
possibility that a vaccine against the PfIMSP 1,9 region might result in the rise of escape
mutants. Another PIMSP1 vaccine, FMP-1, has recently undergone a phase IIb clinical
trial looking at protection in 374 children in Western Kenya. The vaccine constituent
was PfMSP 14, the 42kD C-terminal portion of PEIMSP1, and includes PfMSP1,9. Unfor-
tunately, no protective efficacy was detected by PIMSP 14, compared to the control group,

leading the investigators to recommend that subsequent PEMSP 1-constituted vaccines
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focus on other formulations and antigenic constructs (28). PIMSP1 based vaccines have

therefore some way to go to fulfill their promise.

A malaria vaccine roadmap

Over 60% of current P. falciparum vaccines in development target one of only
four different proteins (29), PIMSP1 being one of the four. With a genome of over 5,200
genes, obviously the pool of candidates being studied needs to be widened. However,
with new antigens being identified yearly, the number of vaccine candidates undergoing
clinical trials will quickly outpace the available funds unless measures are taken to ensure
only the most promising candidates are being studied. Instead of applying strict criteria to
upcoming candidates early in their development that either rejects them from further
study or supports their development, no entering antigen, to date, has been ruled out of
ongoing vaccine studies at the onset. A failure to implement this critical step in the vac-
cine development pipeline has the potential to be very costly in the future, both finan-
cially and scientifically, as more extensive studies are demanded. A devastating example
is the failure of the SPf66 vaccine, a vaccine comprised of PIMSP1 and other merozoite-
associated proteins, which endured 9 clinical trials before being abandoned (30). Impor-
tantly, only a few small-scale studies were performed prior to the decision to rapidly ad-
vance SPf66 to clinical trials (31). Fortunately, the importance of immediate evaluation
of entering candidates has been recognized and a plan has been developed by a world-
wide collaboration that addresses the need to narrow down the list of candidates progress-
ing through the vaccine development pipeline (www.malariavaccineroadmap.net). Impor-

tantly, this article lists key “focus areas” that each candidate should be subjected to with
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the ultimate development infrastructure being a large number of candidates undergoing
basic research at the entry level, but only a few progressing to the expensive Phase IIb
and Phase III clinical trials. Thus, in order for such a development pipeline to occur, criti-
cal go/no go criteria must be applied to candidates early in the developmental pipeline.
The first criterion that an effective candidate must demonstrate is that it must be
relatively conserved throughout the population or else generate antibodies that demon-
strate cross-protection between variants. Vaccination with an antigen that is polymorphic
will only result in the rise of “escape mutants” rendering the vaccine ineffective, unless
effective cross-reactive antibody responses are generated. Secondly, a candidate antigen
must be able to elicit a strong and enduring immune response. With the focus of an effec-
tive malaria vaccine being sub-Saharan Africa, an area with sparse access to healthcare,
frequent vaccinations are not financially or demographically feasible. Thirdly, a vaccine
candidate must be supported by data demonstrating that it correlates with protection
against malaria. Without such data, a legitimate concern is that subsequent clinical trials
will demonstrate a candidate ineffective at conferring protection, as was the case for the
SP{66 vaccine. Thus, critical data is needed at the outset that assigns a go/no-go designa-
tion to novel vaccine candidates, either removing them from ongoing vaccine research or

supporting their continuing development through the vaccine pipeline.

Hypoendemic transmission environments: an opportunity to study vaccine candidates
If data is to be gathered at the outset, as recommended by the Malaria Vaccine
Roadmap, that allows a go/no-go designation to be assigned to novel vaccine candidates

both hyperendemic and hypoendemic environments must be utilized. Hyperendemic en-
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vironments are characterized by high P. falciparum frequency-of-infection (FOI) rates
and loosely define environments that exhibit high malaria transmission, with FOI rates as
high as multiple infectious bites/person/night. In contrast, hypoendemic environments
describe malaria transmission settings that exhibit much lower FOI rates, with individuals
receiving up to a few infectious bites per year. Obviously, the hyperendemic environment
provides the ideal setting for studying protection of novel vaccine candidates, as frequent
infections allow studies to be performed that can correlate an increase in time-to-next-
infection and/or a decrease in symptoms with antibody levels against the novel candidate.
Such settings are routinely used in phase II studies to test vaccines and prove instrumen-
tal in assessing vaccine efficacy. Importantly, however, the frequent inoculation rate
characteristic of hyperendemic environments makes them poor settings for the initial
characterization of antibody responses against novel vaccine candidates. The major rea-
son for this is that frequent inoculation usually results in simultaneous infection with
multiple P. falciparum genotypes, which makes assessing cross-reactivity between geno-
types (i.e. vaccine candidates) impossible. Consequently, the investigator is unable to dis-
tinguish whether antibodies that bind a given P. falciparum strain antigen do so as a re-
sult of infection with that strain or due to cross-reaction from infection with a heterolo-
gous strain. Additionally, hyperendemic environments are not conducive for studying an-
tigenic variation and antibody responses over time. This is due to the high level of genetic
diversity in these regions, which makes it difficult to distinguish whether variation was
spontaneous or due to inoculation with a mutant genotype. Importantly, as almost all P.
falciparum vaccine candidates demonstrate variation, either sequence polymorphisms or

the presence of multiple isoforms, it makes sense to abandon hyperendemic settings for
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environments that exhibit low within-host diversity and high population-level diversity
for these initial characterization studies. Such attributes are characteristic of hypoendemic
transmission environments.

A considerable advantage of a hypoendemic transmission setting is that genetic
analysis of individual infections is possible on both a macro scale, between villages or
transmission seasons, and a micro scale, between subsequent infections within an indi-
vidual, because such infections are likely to be spaced rather than continuous and over-
lapping, as is common in hyperendemic environments. It is with these advantages in
mind that a longitudinal cohort study, termed Molecular and Immunological Genetics In
the Amazon (MIGIA), was initiated in the Peruvian Amazon outside Iquitos in 2003. In
this region, P. falciparum was introduced only 10 years previously and has maintained a
stable hypoendemic environment with an inoculation rate of less than one infection per
person per year (32,33). To accomplish the recommendations set forth by the Malaria
Vaccine Roadmap, this thesis involves collaboration with the MIGIA cohort study and
describes the analysis of samples from individuals in this hypoendemic setting. A de-
tailed description of the MIGIA cohort study is provided in Chapter one of this thesis.

Briefly, the MIGIA cohort study has focused on a small cluster of villages within
Zungarococha, a site of residual hypoendemic malaria transmission since an epidemic in
1995 (Figure 3). The villages are located about 1km apart and the residents have ho-
mogenous income levels, housing construction, and 24-hour access to medical care by the
physicians involved in the study. In addition to passive case detection (i.e. a symptomatic
individual presenting to the clinic), the study employs comprehensive active case detec-

tion through the instigation of weekly active longitudinal sampling during the 7-month
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malaria season. In January, a community-wide survey is conducted, followed by random
weekly sampling of 300 individuals for 1 month each month during the 7-month trans-
mission season. At the completion of the season another community-wide survey is con-
ducted. Throughout the season, sick individuals are directed to the local health outpost in
Zungarococha to receive appropriate treatment. All treated individuals are followed for
compliance and control of infection. This level of centralized healthcare has been pro-
vided through collaboration with the Peru National Ministry of Health (MINSA), which
maintains the Zungarococha health outpost and has kept and made available all patient
records from 1998 to the present. It is important to note that the detection of P. falcipa-
rum infection occurs in both symptomatic individuals, by passive case detection, as well
as asymptomatic individuals, by active case detection. As classical immunity against P.
falciparum is characterized by persistent low-level infection in the absence of symptoms,
the presence of parasites in asymptomatic individuals by active case detection suggests
malaria protection exists in these individuals. In contrast, passive case detection is de-
fined by the presentation of symptomatic individuals to the health outpost and therefore
defines a malaria susceptible (non-protected) population. Making this distinction has con-
siderable implications for the evaluation of vaccine candidates as stratification of infec-
tions into these two groups allows for the study of determinants (i.e. specific characteris-
tics of antigens/antibodies, population demographics etc.) that correlate with protection
against malaria; defined by a statistically significant correlation with protected individu-
als in the absence of any correlation in the non-protected group.

Importantly, a recent study of PEMSP1 block 2 variation demonstrated that exten-

sive diversity exists within the Zungarococha community. By amplifying block 2 of
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PfMSP1 with allele-specific primers by nested PCR, Branch et al established that block 2
diversity is considerable despite the recent introduction of P. falciparum into the commu-
nity (personal communication). In fact, all 3 alleles of PIMSP1 Block 2 (K1, Mad20, and
RO33) are present in Zungarococha and define 13 different alleles. Additionally, com-
parison with Block 2 variation in the hyperendemic setting of Western Africa reveals
considerable population-level diversity in Zungarococha despite a significantly lower
frequency of infection. In fact, only 21% of Zungarococha infections had multiple
PfMSP1 Block 2 alleles compared with 89% in Africa. This stark difference can be ex-
plained by the low frequency of infection present in Zungarococha (0.04 infec-
tions/person/month versus 7.3 infections/person/month). Thus, the combination of low
within-host diversity and high population-level diversity makes the MIGIA cohort study
an ideal environment for the characterization of novel vaccine candidate evolution and

the study of vaccine-specific antibody dynamics.
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Figure 3. Schema of the Zungarococha Community. Located approximately 1Km
apart, the community is a cluster of 4 villages: Zungarococha village (ZG, n= 805),
Puerto Almendra (PA, n=272), Ninarumi (NR, n = 590), and Llanchama (LC, n = 203).
The community health post is located in Zungarococha village. Adapted from Branch,
OH et al. (2005). “Clustered local transmission and asymptomatic Plasmodium falcipa-
rum and Plasmodium vivax malaria infections in a recently emerged, hypoendemic Peru-
vian Amazon community.” Malaria Journal; 4: 27-43.
P. falciparum Merozoite Surface Protein-3: a promising vaccine candidate

The identification of P. falciparum Merozoite Surface Protein-3 (PfMSP3) is
unique in that it remains the only vaccine candidate to be identified based on its role in
conferring protection against malaria in the endemic setting (34), (35). It was identified
by two different groups simultaneously; both using pooled sera from malaria-immune
African patients. Importantly, PfMSP3 is a major target of cytophilic antibodies, IgG1

and IgG3 (34), (36); isotypes whose predominance in malaria-infected individuals

strongly correlates with protection against malaria (37),(38), (39), (40), (41).
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PfMSP3 is a 48kD secreted protein that associates with the merozoite surface
through an unknown mechanism. Although no crystal structure has yet been solved, bio-
chemical studies of PfMSP3 suggest it exists on the merozoite surface in a head-to-head
homotetramer and forms a highly elongated 500A structure postulated to bind unknown
erythrocyte surface ligands (42), (43). In support of this putative role, electromicroscopy
scanning of the merozoite surface corroborates the presence of 300A spikes extending
from the merozoite surface (21).

PfMSP3 consists of two domains, an N-terminal domain characterized by three
heptad repeat regions believed to form coil/coil structures and a C-terminal domain,
comprised of a glutamic acid-rich domain and a putative leucine zipper motif (42) (Fig-

ure 4). Interestingly, the heptad repeats of PfIMSP3 are formed by alanine residues
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Figure 4. Domains of PfMSP3. PfMSP3 contains 2 domains: a polymorphic N-terminal
domain, characterized by 3 heptad repeat regions, and a C-terminal domain comprised of
a glutamine-rich region and a putative leucine zipper motif.

in an AxxAxxx configuration (35),(44); an unusual structural occurrence only described
in 3 other organisms (45), (46), (47). Importantly, genetic variants of PIMSP3 are known
to exist, but virtually all polymorphisms are limited to the N-terminal domain (48). Two

allele classes have been identified, termed K1 and 3D7, with the 3D7 allele being slightly

smaller due to the presence of two indel mutations (48). It is important to note that al-
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though sequence variation exists within the heptad repeat regions of the N-terminal do-
main, the alanine residues and hydrophobic residues believed to stabilize alpha helical
structures are almost exclusively conserved, suggesting that structural conservation is
maintained (49). In stark contrast, the C-terminal domain is almost entirely conserved
among strains (49).

The presence of an N-terminal signal sequence targets PEMSP3 for export where,
upon secretion into the parasitophorous vacuole, the extreme N-terminus is cleaved by an
unknown protease (50) and the remaining mature processed protein associates with the
merozoite surface. As it lacks either a transmembrane domain or a GPI anchor, the most
likely mechanism for PEMSP3’s surface localization is via an undetermined protein-
protein interaction possibly with the acidic-basic rich antigen (51). It is important to note
that the mature processed form of PfMSP3 contains the intact N-terminal domain, pre-
serving the two allele classes and all sequence polymorphisms (50).

As mentioned, PIMSP3 was initially identified using pooled purified immuno-
globulin from malaria-immune individuals. Subsequent studies revealed it induces a po-
tent IgG1 and IgG3 isotype response and has significant inhibitory potential in an assay
that correlates in vivo protection, the Antibody-Dependent Cellular Inhibition (ADCI)
assay (52). The ability of PIMSP3 alone to confer protection has been demonstrated by
several animal models. Using SCID mice grafted with human erythrocytes, Druilhe et a/
demonstrated that human monocytes and anti-PfMSP3 antibodies were sufficient to pro-
tect SCID mice against P. falciparum infection (53). Additionally, vaccination of Aotus
nancymai monkeys, the closest available animal model for P. falciparum malaria, with

full length PIMSP3 exhibited 86% protection against P. falciparum challenge (54). This
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protection was greater than that induced by the leading vaccine candidate PfMSP1, the
positive control used in this study and remains the highest protection ever achieved for a
malaria vaccine in an animal model. Interestingly, after challenge with P. falciparum
parasites, sera from both PfMSP1-vaccinated and PvS25-vaccinated (negative control)
groups demonstrated the presence of anti-PfMSP3 antibodies that correlated with protec-
tion against P. falciparum, despite having no previous exposure to PMSP3 other than P.
falciparum challenge, arguing that anti-PfMSP3 antibody responses are an important
component of the natural response to P. falciparum infection.

The most compelling evidence supporting PfMSP3 as a promising vaccine candi-
date is that it is the target of antibodies that inhibit parasite growth in cooperation with
human monocytes in an in vitro assay termed the Antibody-Dependent Cellular Inhibition
(ADCI) assay (52). ADCI activity seems to strongly parallel in vivo protection against P.
falciparum, and this correlation is supported by multiple observations. Firstly, the ADCI
assay relies on the potential of antibodies to cross-link human monocytes (55); an IgG-
dependent phenomenon similarly seen in vivo, as protection against P. falciparum in the
endemic setting has been shown to be an antibody-mediated process (12). This was dem-
onstrated by early immunoglobulin transfer studies, which showed recapitulation of pro-
tection in malaria-naive individuals simply through the transfer of purified immunoglobu-
lin from malaria-immune patients (12). Secondly, inhibition by ADCI is known to occur
through the cross-linking of Fcy receptors, which is mediated by cytophilic IgG isotypes.
It is significant, therefore, that purified immunoglobulin from malaria-immune individu-
als demonstrates a strong cytophilic profile, comprised of isotypes IgG1 and IgG3, which

suggests they confer protection through cooperation with immune effector (56). Thirdly,
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the ADCI assay relies on the ability of cytophilic IgG isotypes to cross-link monocytes.

It has been demonstrated that, by testing purified immunoglobulin from malaria-immune
adults in combination with different effector cells to identify the cells responsible for
conferring protection, only monocytes are capable of inhibiting P. falciparum growth in
vitro (57), (58), (56). Thus, the reliance of ADCI on monocytes and cooperation with IgG
of mainly cytophilic classes strongly supports it as an effective assay of protection
against P. falciparum.

Mechanistically, the ADCI assay facilitates the cross-linking of monocyte recep-
tors Fey Rlla and Rllla, which release an unknown soluble factor that inhibits parasitic
growth in vitro (59). Although the factor responsible for parasite inhibition has yet to be
identified, it is known to act in cooperation with TNF-a and causes P. falciparum growth
arrest at the junction between the trophozoite/schizont stages, possibly through a cyclin-
dependent kinase mechanism (59), (60). Recently, a novel ADCI assay has been devel-
oped using the immortal cell line THP-1 in lieu of purified patient monocytes as this re-
moves any concerns about ADCI accuracy due to variant Fcy Rlla polymorphisms, which
are a common occurrence in donor monocytes(55).

Although PfMSP3 is strongly supported as an effective candidate by both in vitro
and in vivo data that demonstrates its ability to confer protection against P. falciparum,
the optimal domain for inclusion in a PfIMSP3-based vaccine has yet to be determined.
Due to the ability of the C-terminus of PfMSP3 to induce ADCI, compounded by its
highly conserved sequence, it has been chosen as the sole constituent of a monovalent
PfMSP3-based vaccine (61), which has been the subject of both Phase 1a (62), (63) and

1b (64) clinical trials. Importantly, the rationale given for excluding the N-terminal do-
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main is exclusively based on concerns regarding sequence variation, but such variation is
only a concern if it limits cross-reaction of antibodies across different alleles. To date
there has been no study to address the occurrence of cross-protective antibodies, and until
such data is gathered, the decision to rule-out the N-terminal domain from vaccine devel-
opment is premature and unfounded.

Recent data does however provide some support for the inclusion of the N-
terminal domain in a PEMSP3-based vaccine. In the PEIMSP3 Aotus monkey vaccine trial
described above, the immune response against PIMSP3, which conferred 85% protection
against P. falciparum challenge, was strongly allele specific, indicating the N-terminal
domain was the target of those protective antibodies rather than the C-terminal domain
which is conserved between alleles (54). Additionally, those antibodies were also found
to cross-react with PMSP1,9, another leading vaccine candidate and the target of inva-
sion-inhibiting antibodies. Unfortunately, the anti-PfMSP1,9 antibodies were not charac-
terized further but their presence suggests an N-terminal PfMSP3 vaccine might have col-
lateral mechanisms of mediating protection against P. falciparum. Another study looking
at the role of PfMSP3 in 319 children from The Gambia found that increasing antibody
levels against the N-terminus of PfMSP3 resulted in a greater reduced risk of clinical ma-
laria (65). Although antibodies against the C-terminus were also associated with protec-
tion, there was no change in the reduced risk of malaria by increasing levels of C-
terminal domain reactivity. Additionally, the N-terminal domains seem to be the target of
positive natural selection (66), (65). This led the authors to suggest including both N-

terminal alleles in addition to the C-terminus in a PIMSP3-based vaccine.
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With several studies demonstrating that the N-terminal domain of PEMSP3 con-
fers protection against P. falciparum infection in vivo, clearly its role as a potential vac-
cine candidate needs to be further analyzed and until such data is gathered, the decision to
proceed with a monovalent C-terminal domain-based subunit vaccine is premature and
unsupported. In this pursuit, we decided to conduct an extensive evaluation of PfMSP3
domains, both N-terminal and C-terminal domains, to identify the optimal vaccine candi-
date based on the guidelines recommended by the Malaria Vaccine Roadmap. Through
collaboration with the MIGIA cohort study, we assessed P. falciparum genetic variation
in a hypoendemic transmission setting, and tested sera from individuals who were in-
fected with P. falciparum to identify antibody characteristics indicative of effective vac-
cine-induced immune responses. In Chapter one, recently published in the American
Journal of Tropical Medicine and Hygiene, we characterized the sequence variation
within the N-terminal domain of PfIMSP3 and demonstrated that genetic diversity is rela-
tively stable in the hypoendemic setting. Although allelic variation exists, we detected a
significant shift in allele frequencies between subsequent transmission seasons, suggest-
ing a possible immunologically-mediated selection pressure. In Chapter two we con-
ducted a systematic analysis of the ability of the PIMSP3 N-terminal and C-terminal do-
mains to induce antibody responses and subsequently characterized those antibodies by
assessing their ability to cross-react between PfMSP3 alleles classes and between se-
quence variants within a given allele class. Finally, we characterized the isotype profile
of anti-PfMSP3 domain antibodies to identify the domain that induces the most potent
cytophilic isotype responses. These studies reveal that antibodies against the PIMSP3 N-

terminal domain cross-react strongly within an allele class, and also to some extent be-
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tween allele classes, reducing concerns about N-terminal domain sequence variability.
This data argues strongly for the inclusion of the N-terminal domain in any PMSP3 vac-
cine, and lays the foundation for the future development of a novel trivalent PMSP3

subunit-vaccine, discussed in the Summary Discussion below.
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ABSTRACT

The N-terminal domain of Plasmodium falciparum Merozoite Surface Pro-
tein-3 (PfMSP3) has been excluded from malaria vaccine development largely due
to genetic diversity concerns. However no study to date has followed N-terminal
diversity over time. This study describes PEIMSP3 variation in a hypoendemic lon-
gitudinal cohort in the Peruvian Amazon over the 2003-2006 transmission sea-
sons. PCR was used to amplify the N-terminal domain in 630 distinct P. falcipa-
rum infections, which were allele-typed by size and also screened for sequence
variation using a new high-throughput technique, denaturing High Performance
Liquid Chromatography (dHPLC). PIMSP3 allele frequencies fluctuated signifi-
cantly over the four-year period, but sequence variation was very limited with only
10 mutations being identified out of 630 infections screened. The sequence of the
PfMSP3 N-terminal domain is relatively stable over time in this setting, and fur-

ther studies of its status as a vaccine candidate are therefore warranted.
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INTRODUCTION

Plasmodium falciparum is responsible for between 300--500 million clinical epi-
sodes of malaria and between 1 and 3 million deaths annually, with approximately 90%
of mortalities occurring in young children.'”” With the continual threat of the emergence
of drug-resistant P. 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
MSP1,*” AMA1,%" and CSP*' have been extensively studied for many years, there are
many other promising vaccine candidates which have received much less attention. For
many of these candidates, a pool which has radically increased with the recent rapid in-
crease in genomic data,'' there is 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 charac-
terization of novel vaccine candidate potential and the adoption of high throughput tech-
niques to facilitate this type of analysis. It is with such concerns in mind that a collabora-
tive malaria vaccine roadmap was recently released, which identifies key issues that need
to be addressed in order for a vaccine candidate to effectively progress through the devel-
opment 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 po-
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tential and either lay the groundwork for subsequent studies or remove it from the pool of
viable candidates.

P. falciparum Merozoite Surface Protein--3 (PfMSP3) is a major vaccine candidate
that has not yet advanced to Phase II field trials. PEIMSP3 is a highly immunogenic non-
integral protein expressed on the surface of merozoites and has been suggested to be in-
volved in erythrocyte binding, although its function remains unknown.'*"? 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

. 15
the extreme C-terminus.'*

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.'®'® PEMSP3 exists as two allele
classes, termed K1 and 3D7 after the P. falciparum strains in which they were first identi-
fied. The majority of both intra- and inter-allele differences are localized to the heptad
repeat region, which defines the N-terminal domain. Variation in the PMSP3 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.'” Although the presence of
variation in the PfMSP3 N-terminus has been established for some time using lab-
adapted P. falciparum isolates," only one study has previously looked at natural variation
in PfMSP3 sequences, with 48 and 50 P/MSP3 genotypes sequenced from samples in Ni-
geria and Thailand respectively.”” PfMSP3 is, therefore, a strong vaccine candidate with

limited epidemiologic data; data that is needed to support its continued development

along the proposed malaria vaccine roadmap.
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This study investigates genetic variation in the PIMSP3 N-terminal domain in sam-
ples collected from the Malaria Immunology and Genetics in the Amazon (MIGIA) co-
hort study, a longitudinal study of P. falciparum transmission in Zungarococha; a cluster
of four villages located in the Peruvian Amazon. In this community, P. falciparum trans-
mission 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 ge-
netic type.”' Although transmission rates are low, there is still a significant level of over-
all genetic diversity, with at least 5 different genetic types defined for PEIMSP1 Block 2
(P. Sutton and OH Branch, manuscript in preparation).

To date, no study has yet looked at the extent of PEMSP3 variation in hypoendemic
settings such as in South America. Such data is important because the increased fre-
quency of simple infections in such a setting enables us to look at changes in allele fre-
quency over time, which might provide evidence for or against the presence of allele- and
variant-specific immune responses. In order to characterize genetic variation within
PfMSP3 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 Chroma-

2235 The exis-

tography (dHPLC) genotyping technology to screen for PIMSP3 variation.
tence of extensive clinical data generated by the MIGIA study also allowed us to test for

correlates of protection with specific PIMSP3 genotypes. This manuscript is therefore a

comprehensive analysis of PEMSP3 genotypes across multiple transmission seasons, and
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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 vil-
lages that comprise the longitudinal cohort study has been previously published.*'
Briefly, the study enrolls 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 con-
struction, income levels and access to healthcare, provided by the MIGIA cohort physi-
cians. 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 com-
munity is rare with the most frequent travel being to the city of Iquitos, where malaria
transmission is non-existent.

The Zungarococha community was chosen as the focus of the MIGIA cohort due to
the presence of continuing stable hypoendemic transmission of both P. vivax and P. fal-
ciparum, introduced during an epidemic in 1992. The annual malaria season lasts for
seven 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 1990’s.%
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Sample collection and extraction. All individuals enrolled in the MIGIA study
have access to healthcare provided at a local health post located in Zungarococha village.
Upon 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 0.5ml blood sample by finger venipuncture and underwent a comprehensive
medical evaluation. PCR verification of the microscopy result was subsequently per-
formed 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).

P. falciparum infections were considered asymptomatic if the medical history and
physical exam revealed no malaria-related signs or symptoms and the patient had not pre-
sented 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 RBC fraction by
centrifugation and each was cataloged and stored at -80°C. P. falciparum DNA was ex-
tracted using a commercially available kit (Qiagen) and stored at -80°C until needed.

Only P. falciparum infections were included in this study, which spanned 4 years,
from 2003--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 recrudes-
cence due to incomplete drug clearance.

Nested PCR and allele-typing. Nested PCR was used to amplify the N-terminal re-
gion of PMSP3 using the external PCR primers 5’--

ATAATGTTGCTAGTAAAGAAATTG--3’ and 5°--
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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. 1.5ul of P. falciparum-infected patient extracted DNA
was amplified using ChoiceTaq (Denville) and underwent 35 cycles of 95°C for 30 sec-
onds, 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 1ul
of the external PCR reaction was used as the template. Classification of the PfMSP3 al-
lele was performed by size migration using 2% agarose gel electrophoresis supplemented
with ethidium bromide.

Denaturing high performance liquid chromatography and sequencing. Denatur-
ing High Performance Liquid Chromatography (dHPLC) analysis was performed using a
WAVE column (Transgenomics) and standard protocols. Prior to screening, optimal
WAVE temperatures for each PfMSP3 allele were determined using Wavemaker soft-
ware (Transgenomics). 2ul of nested PCR mixture was diluted 1:10 in ddH,0 and submit-
ted 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 then 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 Bor-

neo were complexed with the Peruvian alleles HB3 and K1, respectively. As an addi-
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tional 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 Uni-
versity of Alabama at Birmingham, Universidad Peruana Cayetano Heredia, and the Pe-
ruvian Ministerio de Salud, Instituto Naccional de Salud. Written consent was obtained
from all participants prior to study enrollment.

Statistical analysis. Descriptive statistics, such as frequencies, percentages, means,
and standard deviations, were used to summarize all study variables of interest. Compari-
sons between proportions of alleles (K1 and 3D7) for communities, mutant, gender,
symptom status, subsequent allele, subsequent P. falciparum infections, year of infection,
age group (< 15, > 15), time group to next P. falciparum infection (0--6 months, > 6
months), and comparisons between all other proportions of interest were performed using
the two-group chi-square test or Fisher’s exact test when the assumptions on the cht
square 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 were per-
formed using a 5% significance level (i.e. alpha = 0.05). SAS software (version 9.1.3;

SAS Institute, Inc., Cary, NC) was used to perform all statistical analyses.

RESULTS

PfMSP3 allele frequency varies significantly between subsequent years and be-
tween villages. The Zungarococha community consists of 4 villages each approximately

2--3 km apart and supported by tributaries of the Amazon River: Zungarococha village
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(ZG, N = 805), Puerto Almendra (PA, N =272), Ninarumi (NR, N = 590), and
Llanchama (LL, N = 203) (Fig. 1A). P. falciparum transmission is hypoendemic at this
study site, transmitted largely by the anthropophilic vector Anopheles darlingi. P. falci-
parum transmission is seasonal, occurring largely between January and August of each
year with entomological bite rates described as high as 10--24 bites/person/hour between
April--July. This corresponds to an EIR of 0.13 infections/person/month during the 7--
month transmission season.”'

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 (Fig. 1B). Samples were
chosen to give the widest possible distribution across all 4 villages, although numbers for
each village were not equal because the villages do not carry an equal burden of infec-
tions: 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 sam-
pled 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 PEMSP3 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 electrophore-
sis. Size differences confirmed that both 3D7 and K1 allele classes of PIMSP3 are pre-
sent in the Zungarococha community (Fig. 2A) and eight samples from each allele classes
were sequenced to identify the strain. The sequence of the smaller, 3D7 allele class sam-

ples were all identical to the published P/MSP3 HB3 reference strain (GenBank Acc. No.
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AF001137), while the larger, K1 allele class samples were all identical to PfMSP3 from
the K1 reference strain (GenBank Acc. No. AF001151).

Genotyping all 630 samples based on size established that between 2003--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 3 infections were complex infections, con-
taining both allele classes, in keeping with the generally “simple” infections observed in
hypoendemic transmission areas. Interestingly, the allele frequency distribution fluctu-
ated 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
(Fig. 2B). The change in allele class frequency between 2004 and 2005 was statistically
significant by chi-square 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 sta-
tistically significant (p < 0.001).

To assess if any correlation might be identified that could explain the significant al-
lele 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 Fig. 2C, only community was significantly associated with
PfMSP3 allele class status. Interestingly, Puerto Almendra demonstrated a significant in-
crease in K1 class infections (> 3 fold, p <0.0001) compared to the other villages. Addi-
tionally, Llanchama, the smallest of the villages, was associated with a significant de-
crease (> 16 fold, p=0.002) in K1 class infections compared to the other villages, with

only a single K1 class infection being detected across all four transmission season.
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dHPLC can detect single nucleotide differences in PfMSP3 sequence. Due to the
large number of samples allele-typed in this study, we adopted a high-throughput ap-
proach to screen for SNPs and indels within each amplicon: denaturing High Perform-
ance Liquid Chromatography (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
methods section, the technique detects mutations through the formation of heteroduplex
bubbles. Briefly, a test amplicon is denatured and reannealed in the presence of arefer-
ence 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, then heteroduplexes will form. The reannealed fragments are
then 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 heterodu-
plex 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 then be sequenced to confirm the presence and
identify of the SNP(s) and/or indels. dHPLC is therefore a rapid method to screen for de-
viations 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 contain-
ing a 3°-CG clamp by mixing the HB3 allele either with itself or the same fragment am-

plified from genomic DNA from the 3D7 strain. Both HB3 and 3D7 are of the same al-
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lele 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 de-
tect single nucleotide changes in P/MSP3. Mixing K1 sequences with those from a differ-
ent K1-class allele, genomic DNA from the Borneo P. falciparum strain (a kind gift from
John Barnwell) also revealed 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 sen-
sitivity of dHPLC withstood wide changes in either reference or unknown amplicon con-
centrations (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 PMSP3, 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, since as mentioned above, initial sequencing
of eight 3D7 class alleles showed all were identical in sequence to the HB3 allele. K1 al-
lele class samples were mixed with K1 sequences as areference, 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, while 11
samples had mutations that were different to the HB3 reference sequence: 10 true muta-

tions and one mutation that had double overlapping peaks at one position on the sequenc-
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ing chromatogram and therefore presumably resulted from Taq polymerase error. 86
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 se-
quence, as predicted by dHPLC. We therefore estimate that using dHPLC to screen for
PfMSP3 variation has a sensitivity of 100% and a specificity of 96.6%. Sensitivity is cal-
culated 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 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 ten 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 Al-
mendra. 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 due to the introduction of a completely new strain into the Zungarococha
community, another polymorphic loci, P/MSP2, was amplified and sequenced from 6 of

these 10 samples. Three of the P/MSP2 genes were identical to the HB3 P/MSP2, but 3
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PfMSP?2 genes were significantly different (data not shown), suggesting that not all
PfMSP3 mutant strains shared the same origin.

Assessing for evidence of protection for PFMSP3 alleles. The longitudinal MIGIA
cohort study employs active case detection in addition to passive case detection. This al-
lows for the identification of not only symptomatic infections, but also asymptomatic in-
fections that remain undiagnosed in the absence of active detection. As 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 in-
dicate 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 P/MSP3 allele frequency in these
subsequent infections in the same individual was any different to the population level al-
lele frequency. If there is strong allele-specific immunity to the PfIMSP3 N-terminal do-
main, 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 2 P. falciparum infec-
tions in a <500 day period) in the 630 infections for which we had genotyped P/MSP3.
Comparing the genotypes for the first and second infections in these individuals, we

found no statistically significant deviation from whole population allele frequencies— that



43

is, there was no trend for an infection of one allele to be followed by an infection of an-
other 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”. As the infection rate has remained relatively
steady at 0.13 infections/person/month during the 7-month transmission season,”' any
significant decrease in infection rates in individuals infected with either allele would be
suggestive of immune-mediated protection. As shown in Table 1A, no significant delay
in time-to-next-infection was detected for either homologous or heterologous allele infec-
tions. There was, however, a non-significant trend that K1-infected individuals had a de-
creased “time to next infection” value (on average 26 days earlier, p > 0.05). However, as
we showed above that the K1 allele class frequency is significantly associated with com-
munity, any difference is most likely due to transmission differences between the vil-
lages.

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--- then immune selection might
be a significant factor in mediating this phenomenon. The rate of asymptomatic infec-

tions in subsequent heterologous infection is also immensely informative as, if rates are
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similar to homologous infections, it suggests some degree of cross-protection. Con-
versely, a significant increase in asymptomatic infections found in homologous infec-
tions, but absent in asymptomatic heterologous infections would suggest a significant
strain-specific immune response. Compared to primary infections, no statistical signifi-
cant 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 manuscript, we describe the utilization of dHPLC to screen for variation
within the malaria vaccine candidate PfMSP3 in a hypoendemic setting. As dHPLC has
been demonstrated 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 PEIMSP3 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 approximately 25% of the
cost of direct sequencing all 630 isolates. We therefore believe that dHPLC is an effec-
tive 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.
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Using nested PCR we allele typed 630 individual P. falciparum infections and found
that both 3D7 and K1 alleles classes of PEIMSP3 were present in the Zungarococha com-
munity. 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 se-
quence 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 fre-
quency are due to 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 unidenti-
fied selection pressure is responsible for driving the observed allele frequency variation.
Importantly, if this selection pressure is immunologically-mediated, the target of that re-
sponse is most likely against the N-terminal domain as the C-terminal domain is almost
entirely conserved between both alleles.

Screening for sequence variation identified only 10 mutations in P/MSP3 in 630 in-
fections. 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 out of 42 total) of 3D7 allele class variants in Nigeria and Thailand* The fre-

quency and global distribution of this SNP suggests a globally conserved function, per-
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haps in immune evasion. Although the possibility exists that the lack of PMSP3 varia-
tion that we observed in the Zungarococha community is due to an absence of genetic
diversity in this setting, work by Sutton et al. (manuscript in preparation) has demon-
strated that MSP1-block 2 variation in the Zungarococha community is significant and is
similar in spectrum, though not in scale, to diversity seen in a hyperendemic environment
(P. Sutton, OH Branch, manuscript in preparation). Additionally, microsatellite studies by
Branch et al. suggest extensive diversity within the community (OH Branch, personal
communication). This implies that the lack of variation in PMSP3 is likely due not to a
lack of genome-wide diversity in the community, but to a combination of the relative sta-
bility of the N-terminal domain antigen and the relatively recent introduction of P. falci-
parum in the Zungarococha community. Subsequent studies of PfIMSP3 mutants by se-
quencing the highly polymorphic PfMSP2 revealed that 3 of those infections contained
PfMSP2 sequences that were significantly different than HB3, suggesting the introduc-
tion 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 3 PfMSP2-variant in-
fections 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,
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detected through active case detection, allows us to assess for correlates of protection for
P. falciparum alleles.

To identify correlates of protection for PfMSP3 alleles, we combined our PfMSP3
allele data with the available epidemiologic data. Evidence of protection was assessed by
testing whether the presence of either PEMSP3 allele correlated with an increased fre-
quency 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 signifi-
cant correlations of protection for either PfMSP3 allele, this outcome does not rule out
the potential for allele-specific protection. Such correlates of protection for PEMSP3 al-
leles, although important to assess for, are indirect outcomes of host protection and infre-
quent P. falciparum infections, which define the hypoendemic environment, make the
identification of significant correlations unfavorable due to a lack of statistical power.
More direct tests, such as directly testing antibody levels, will be critical to clearly identi-
fying the role that PEMSP3 plays in mediating immunity in the hypoendemic setting.

In terms of PIMSP3 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 PIMSP3-based P. falciparum vaccine, especially since genetic variation has been the
major factor excluding N-terminal domain-based vaccine development. As a large popu-
lation of the world lives in hypoendemic environments, the observed stable nature of the
N-terminal domain of PEMSP3 in our study is significant. Previous reports have demon-
strated more extensive PIMSP3 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
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hyper-variable. In such hyperendemic environments the high inoculation rate makes the
differentiation of new polymorphisms from infections with heterologous strains difficult
to distinguish. In contrast, the hypoendemic environment removes the confounding of
heterologous/variant strain inoculation, allowing the dynamics of candidate polymor-
phisms to be easily studied.

Recent studies have suggested the N-terminal domain of PfMSP3 is significantly
more immunogenic than the C-terminal domain,* supporting our recommendation that
the N-terminal domain be reassessed for future vaccine development. Importantly, as
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 cer-
tainly shows no evidence for allele-specific responses, although this clearly needs to be
followed up with immunologic 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 PEMSP3 N-terminal domain-based subunit vaccine. Such studies are

ongoing in our lab.
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Village 2003 2004 2005 2006 Total
Zungarococha| 16 | 32 | 42 14 | 104
Puerto Almendra| 41 33 53 14 141
Ninarumi| 44 88 91 33 256
Llanchama| 0 21 64 44 129

Total: 101 174 250 105
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Figure 1. P. falciparum transmission in Zungarococha from 2003--2006. (A) Schema
of Zungarococha, a small community of 4 villages fed by the Nanay and Itaya river sys-
tems: 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 demograph-
ics from 2003--2006. 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 8 infected Peruvian
individuals demonstrates both PMSP3 K1 (upper arrow) and 3D7 (lower arrow) allele
classes are present in the Zungarococha community. (B) PfIMSP3 allele class frequency
exhibits statistically significant fluctuations, by chi-square, 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 Almendraand

Llanchama, respectively (D).



57

| ——8050H
1968H |
; —2793H

| ——3229H |

[—K1 %
|
|
j —Bomeon

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

K1Mutants| O 0 0 0 0
Identical to K1| 13 | 33 10 1 57

Figure 3. PfMSP3 sequence variation in the Zungarococha community. (A) dHPLC
elution chromatograms demonstrate 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 PMSP3. 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. (B) Comparison of PfMSP3 allele-typed infection

and subsequent infection symptom status. No significant association was found that sug-

gested any shift in the asymptomatic rate.
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ABSTRACT

Infection with Plasmodium falciparum causes 300-500 million clinical cases of ma-
laria and 1-3 million deaths each year. Although no commercially available vaccine cur-
rently exists, multiple subunit-based vaccines are in development including one based on
the promising vaccine candidate P. falciparum Merozoite Surface Protein-3 (PfMSP3).
PfMSP3 contains two domains: a N-terminal domain, which is known to contain se-
quence polymorphisms, and a more conserved C-terminal domain. Due largely to varia-
tion concerns, the N-terminal domain has been effectively ruled out of ongoing vaccine
development. However, recent data showing that antibodies against the N-terminal do-
main correlate with protection against malaria suggest that this decision should be re-
evaluated. Sequence variation is only a concern if antibodies generated by exposure to
one variant are unable to cross-react with other variants. To test whether the PfMSP3 N-
terminal domain can provide effective cross-reactivity between sequence and allele vari-
ants, we studied antibody responses against PEIMSP3 domains by ELISA from P. falcipa-
rum infected individuals in a hypoendemic transmission environment near Iquitos, Peru.
Hypoendemic settings are under-utilized for vaccine studies, but infrequent infections
with generally single strains of P. falciparum provide an ideal environment to study the
effect of genetic variation on immune responses, because the complexity of multiple
overlapping infections is removed. We established that the PIMSP3 N-terminal domain is
significantly more immunogenic than the C-terminal domain, and by comparing antibody
responses to the P/MSP3 genotype in each infection, found that N-terminal domain anti-

bodies are capable of providing significant cross-reactivity across sequence variants
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within the same allele class, and even some level of cross-reactivity between allele
classes. N-terminal domain antibodies also exhibited potent IgG1/IgG3 antibody re-
sponses, an I1gG isotype profile well known to correlate with protection against P. falci-
parum malaria, compared to the C-terminal domain, which had higher IgM levels. This
data suggests that the impact of PfMSP3 genetic diversity on antibody cross-protection
may be more limited than was anticipated, and supports the inclusion of the highly im-

munogenic N-terminal domain in any PfMSP3 based vaccine.
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INTRODUCTION

Infection with Plasmodium falciparum causes an estimated 300-500 million clini-
cal episodes of malaria and between 1 and 3 million deaths annually, with over 90% of
mortality occurring in children under the age of five [1,2]. The global distribution of ma-
laria is enormous with an estimated 2.4 billion people living in areas of potential malaria
transmission [3]. Although effective treatment regimens exist, anti-malaria drug admini-
stration alone is not likely to manage the global burden of disease and the emergence of
drug resistant parasites remain a serious concern, even with the latest generation of anti-
malarials [4]. Although the development of effective vaccines remains a top priority, no
vaccine is currently available and deployment is likely years away. Thus there is still an
urgent need to not only identify promising potential malaria vaccine targets, but also to
determine the optimal antigenic domain(s) of each target that should be tested for inclu-
sion in a subunit-based vaccine.

P. falciparum Merozoite Surface Protein-3 (PfMSP3) was originally identified as
a vaccine candidate based on its role in mediating protection in the hyperendemic setting.
In these studies, PIMSP3, a 42kD protein expressed on the merozoite surface, was the
major target of antibodies from individuals that were protected from severe P. falciparum
malaria [5,6]. Structurally, PFMSP3 contains two domains, an N-terminal domain char-
acterized by three heptad repeat regions believed to form alpha-helical coil/coil domains,
and a C-terminal domain consisting of a low complexity glutamine-rich region and a pu-
tative leucine zipper motif [7,8]. PfMSP3 is proteolytically cleaved at the start of the N-

terminal domain and has no transmembrane domain or GPI anchor and, therefore, is pre-
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sumed to associate with the merozoite surface through interaction with an unknown sur-
face protein(s). Several studies have shown that PEIMSP3 is genetically variable and exists
in two major allele classes, with almost all observed sequence variation restricted to the
N-terminal domain [9-11]. The two allele classes are distinguished by the presence or ab-
sence of large indels in the N-terminal domain, but there have also been many observed
single nucleotide polymorphisms and smaller indels within each allele class. This varia-
tion is largely, although not exclusively, localized to areas between the heptad repeat re-
gions with the residues believed to form the coil/coil tertiary structure remaining almost
entirely conserved [7,12]. Although no known function has been established for PEMSP3,
it has been postulated to be involved in erythrocyte binding [13]. In support of this puta-
tive role, biochemical studies suggest that PIMSP3 likely exists as a long filament-like
homotetramer that extends from the merozoite surface and is possibly analogous to the
500A spiked structures described by merozoite surface EM studies [8,14].

PfMSP3 is an important vaccine target and the majority of such studies have fo-
cused on studying the C-terminal domain, as concerns about N-terminal domain genetic
diversity have preemptively ruled it out of vaccine development. A long synthetic peptide
consisting of 90 amino acids of the C-terminal domain has progressed through both Phase
la and Phase 1b trials, and generated antibodies capable of killing P. falciparum parasites
in vitro and in an in vivo mouse model [15-17]. Recently, however, data from several
studies have called the decision to ignore the N-terminal domain into question. A study of
319 children from a hyperendemic environment in The Gambia detected a decreased risk
for subsequent clinical malaria with increasing levels of antibodies targeting the N-

terminal domain. Although antibodies against the C-terminal domain were also associ-
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ated with protection, no change in risk was associated with increasing antibody levels
[18]. Furthermore, a vaccine trial using full-length PIMSP3 in Aofus monkeys demon-
strated significant protection against P. falciparum challenge [19], and while no direct
comparison between PfMSP3 domains was conducted using immunized Aotus sera, the
responses were highly allele-specific suggesting the target of those antibodies was the N-
terminal domain. The primary concern with inclusion of the PfIMSP3 N-terminal domain
in a vaccine is therefore the presence of genetic diversity, rather than functional consid-
erations. However, genetic diversity is only a concern if it limits antibody cross-reactivity
between allele-classes or between variant sequences within an allele-class. If the PIMSP3
N-terminal domain is to be formally ruled in or out of the vaccine development process in
a go/no-go decision as suggested by the malaria vaccine roadmap, there needs to be a sys-
tematic analysis of the ability of naturally generated antibodies to mediate cross-
protection between PfMSP3 allele-classes and between polymorphic mutants within each
class.

Most P. falciparum antibody studies are carried out in hyperendemic transmission
environments, where individuals are repeatedly exposed to P. falciparum antigens and
the immune responses are therefore usually stronger. However, such study sites are not
suited to measure the impact of genetic diversity on immune responses, because indi-
viduals are exposed to multiple infections over the course of a year, with frequent and
often overlapping infections that can containing multiple different P. falciparum geno-
types simultaneously, making it difficult to tease apart the specific allele infection history
of a given individual. By contrast hypoendemic transmission environments, where infec-

tions are spaced by up to a year apart and frequently consist of only a single detectable P.
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falciparum genotype, are an under-utilized setting for vaccine development studies. The
simple infection profiles, especially in the context of a longitudinal cohort where infec-
tion history is followed over a number of years, allows for a direct assessment of the im-
pact of genetic diversity on immune responses by comparing genotype data with immune
response data. We have previously followed PfMSP3 genetic diversity in over 600 indi-
viduals over four years in the ongoing MIGIA (Malaria Immunity and Genetics in the
Amazon) longitudinal cohort study near Iquitos, Peru, where transmission is limited to
less than a single infection per person per year [20]. In this study, we used serum samples
from those same individuals to perform a comprehensive assessment of the impact of ge-
netic diversity on the generation of cross-reactive anti-PfMSP3 antibodies, with impor-

tant implications for PIMSP3-based vaccine development.

MATERIALS AND METHODS

Study Site, Subjects and Sample Collection

A detailed description of the four villages that comprise the MIGIA longitudinal
cohort study has been previously described [20]. Briefly, the study enrolls residents from
four villages in the Zungarococha community, which is located just south of Iquitos in
the Peruvian Amazon: Zungarococha village, Puerto Almendra, Ninarumi and
Llanchama. The residents have homogenous housing construction, income levels, and
access to healthcare, which is provided by the MIGIA cohort physicians and acknowl-

edge infrequent travel outside the community.
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The annual malaria season lasts for seven months and closely follows the rainy
season, which occurs between January and July. The major vector of malaria transmis-
sion in this region is Anopheles darlingi, an anthropophilic species that has proliferated in
the area since the early 1990°s [21]. In this environment, the frequency of infection (FOI)
is 0.4 infections/person/month during the 7-month transmission season [20].

All individuals included in this study had confirmed P. falciparum infections,
which had previously been genotyped for PEMSP3 allele and screened for sequence varia-
tion by our lab [11]. Sera samples were collected at the time of patient presentation and
were used to study antibody responses by ELISA.

Antigen Construction and Purification

All PfMSP3 constructs were amplified, by PCR, using appropriate genomic DNA
from the HB3 (for the HB3 N-terminal domain construct and the C-terminal domain con-
struct), K1 (for the K1 N-terminal domain construct), or 3D7 strain (for the 3D7 and
Nig80 N-terminal domain constructs ). The forward and reverse primers used were 5’-
CCGGCTCGAGGATTTTAGTGGTGGAGAATTTTCGTGGCC-3’ and 5°-
CGGGATCCTTATTCCCAACCTAAAATATAATC-3, 5°-
CCGGCTCGAGTCTATGGAATTCGGAGGTTTTAC-3’ and 5°-
CGGGATCCTTATTCCCAACCTAAAATATAATC-3’, and 5°-
CCGGCTCGAGGATTATATTTTAGGTTGGGAATTTGGAGG-3’ and 5°-
CGGGATCCTTAATGATTTTTAAAATATTTGGATAATTC-3’ for HB3 and 3D7 N-
terminal domains, K1 N-terminal domain, and Conserved domain, respectively. The
Nig80 N-terminal fragment was created using PCR splicing. The primers used were 5’-

ATGCGGATCCGATTTTAGTGGTGGAGAATTTTTGTGGCCTGG-3’
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and 5’- CTGCTTCTTTAGCAGCTTCTTCTGCCTCTTTAGAAGCATTTTCAG-
CATCTTCGGAAGC -3’ for the 5’ fragment, 5°-
GCTGCTAATGATGCTGAAAATGCTTCAAAAGAGGC-3’ and 5°-
AATTCTGCAGTTATTCCCAACCTAAAATATAATC-3’

for the 3’ fragment, and 5°-
ATGCGGATCCGATTTTAGTGGTGGAGAATTTTTGTGGCCTGG-3’ and 5°-
AATTCTGCAGTTATTCCCAACCTAAAATATAATC-3’

for the splicing reaction. The underlined nucleotides identify the Xhol, BamH1, and Pstl
restriction enzyme sequences. Construct inserts were ligated into the expression vector
pET15b or pRSETA, which express the construct with the addition of a N-terminally lo-
cated hexahistidine tag, and then transformed into the E. co/i BL21(DE3)pLysS “Ro-
setta” strain for expression. All constructs were verified for sequence accuracy by direct
sequencing.

One-liter cultures of the appropriate construct transformants were grown to an op-
tical density of 0.6 at 600nm and construct expression was induced by the addition of
ImM IPTG. At 60-minutes post-incubation, the cells were pelleted and resuspended in
30ml of 50mM NaPOQy, pH 8.0 supplemented with protease inhibitors and SmM f3-
mercaptoethanol. Lysis was induced by three freeze/thaw cycles, followed by DNAse
treatment (10ug/ml) for 1hr at 25°C. The supernatant fraction containing soluble PfMSP3
antigen was obtained by centrifugation at 18,500rpm for 15 minutes and transferred to a
50ml conical tube for purification.

Each construct was subjected to an initial high-temperature purification step of

65°C for 25 minutes to induce denaturation of non-PfMSP3 construct proteins, which
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were removed by centrifugation at 18,500rpm for 15 minutes. Subsequent purification
was done by loading the sample onto a Ni-NTA agarose column (Qiagen) equilibrated in
50mM NaPOQy, pH 8.0, and eluted with a 0-500mM imidazole gradient. Fractions contain-
ing the PEIMSP3 antigen were then pooled and loaded onto a Hi-Prep 16/10 Q XL anion-
exchange column (Amersham Biosciences) equilibrated in 50mM NaPQOy, pH 8.0, and
eluted with a 0-500mM NaCl gradient. Highly pure PfMSP3 construct antigen was dia-
lyzed against PBS and then stored at -80°C until needed. Antigen purity was confirmed to
be > 95% by Coomassie blue stained SDS-PAGE.

Circular Dichroism

Circular Dichroism (CD) spectra were obtained on an Aviv model 400 CD spec-
trometer equipped with a Peltier temperature controller (Lakewood, NJ). The instrument
was standardized using (1S)-(+)-10-camphor sulfonic acid. Samples were placed in 1.0
mm cells (150 pl volume) and equilibrated in the instrument for 10 minutes at 20 EC.
Data were collected from 260 nm to 185 nm in 0.5 nm increments with a 10 sec averag-
ing time per point. Spectra were baseline corrected and smoothed, and converted to mean
residue ellipticity for plotting and analysis. Secondary structural calculations were per-
formed with PROSEC.

Enzyme-Linked Immunosorbent Assays (ELISA)

Enzyme-Linked Immunosorbent Assays (ELISA) were used to measure antibody
titers against each PfMSP3 antigen. Purified PEMSP3 antigen was diluted to 1ng/ul in
borate buffer solution (BBS) and 50ul was added to 96-well Maxisorp ELISA plates
(Nunc) and incubated overnight at 4°C. The following day, the plates were washed 3x

with PBS + 0.05% Tween-20 and blocked for 2 hours with 5% milk/PBS at room tem-
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perature. The plates were subsequently washed 3x with PBS/Tween-20 to remove un-
bound blocking proteins and stored at -20°C.

Peruvian patient sera were diluted 1:100 in AB Wash solution (PBS, 0.05%
Tween-20, 0.05% BSA) + 1.5% milk and added, in duplicate, to the appropriate antigen-
coated plates. After a 90-minute incubation at room temperature, the plates were washed
4x with AB Wash solution to remove non-binding antibodies. Bound antibodies were de-
tected by the addition of HRP-conjugated anti-IgG (Chemicon) at a 1:5,000 dilution in
Ab Wash solution for 1 hour at room temperature. For the isotype studies, HRP-
conjugated IgG-isotype-specific (Southern Biotech) and IgM-specific (Fisher Scientific)
secondary antibodies were used at a dilution of 1:1000. ChromoPure human IgG (Jackson
ImmunoResearch Laboratories) was used to standardize antibody responses, following
dilutions in PBS of between 0-1.2ug/ml. All plates were read at 450nm using a Uniread
800 ELISA plate reader (GeneMate, Kaysville, UT). ). Serially-diluted positive pools
were run concurrently with each set of ELISAs to ensure all ODyso measurements re-
mained within the linear range and to facilitate ELISA normalization. All ELISA data
were normalized to a linear trend line that fit the mean serial dilution curve specific to
each antigen. That curve was generated for each antigen by averaging all positive pool
serial dilution curves that remained within the linear range.

Ethics committee approval.

This study was approved by review boards of the University of Alabama at Bir-
mingham, Universidad Peruana Cayetano Heredia, and the Peruvian Ministerio de Salud,
Instituto Naccional de Salud. Written consent was obtained from all participants prior to

study enrollment.
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Statistical Analysis

Descriptive statistics, such as frequencies, percentages, means, and standard de-
viations, were used to summarize all study variables of interest. Comparisons between
proportions of ELISA antigens and allele infections (Figure 2A) were performed using
the two-group chi-square test or Fisher’s exact test when the assumptions on the chi-
square were not tenable. Comparisons between mean IgG levels for ELISA antigens,
separately for allele infections (Figure 2B), and for specific antibody responses (Figure 5)
were performed using the Kruskal-Wallis test since IgG levels and antibody responses
were determined to deviate greatly from a normal distribution. When a statistically sig-
nificant overall result was obtained, the Dunn multiple comparisons procedure was used
to determine which specific pairs of means were significantly different. Spearman corre-
lation analyses were performed to examine the relationships between IgG levels of the
ELISA antigens, separately for allele infections (Figure 3). All statistical tests were two-
sided and were performed using a 5% significance level (i.e. alpha = 0.05). SAS soft-
ware (version 9.1.3; SAS Institute, Inc., Cary, NC) was used to perform all statistical

analyses.

RESULTS

PfMSP3 Construct Antigens
To test for domain-specific anti-P/MSP3 responses in serum samples from the
MIGIA study site near Iguitos, Peru, three constructs were generated: two N-terminal

domains, one from each allele class, and one C-Terminal domain (Figure 1A). Our previ-
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ous genotyping study established that the 3D7-like and K 1-like P/MSP3 alleles circulat-
ing at the MIGIA study site were identical in sequence to the previously published HB3
and K1 PfMSP3 sequences respectively; the N-terminal domain antigens were therefore
constructed using HB3 and K1 P. falciparum gDNA so that the sequence exactly
matched the PfMSP3 antigens to which infected individuals had been exposed (see Mate-
rials and Methods). Purification of these domains by high-temperature incubation fol-
lowed by both affinity and anion-exchange chromatography yielded milligram quantities
of highly pure protein (> 95%) as determined by Coomassie-stained SDS-PAGE (Figure
1B). The C-terminal domain appears as a homodimer even under reducing conditions,
suggesting the presence of strong intermolecular attraction. This is consistent with previ-
ous reports that suggest a dimerization function for the C-terminal domain [8] and sug-
gests correct folding for the C-terminal domain. To verify that all PEIMSP3 construct anti-
gens were folded correctly, we subjected each construct to far-UV Circular dichroism
(CD) spectroscopy. As shown in Figure 1C, CD analysis reveals the presence of peaks at
190nm and 215nm for all three antigens indicating the domains to be highly enriched in
alpha-helical domains. This is consistent with previous PEMSP3 CD results and suggests
the integrity of each antigen’s tertiary structure was not affected during expression or pu-
rification [8]. With this confirmation of both high PfMSP3 antigen purity and structural
integrity, we proceeded to use these antigens to test for anti-PfMSP3 antibody responses

in ELISA assays.
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A majority of individuals generate anti-PfMSP3 that cross-react across allele classes

Sera samples from 369 distinct P. falciparum infections, all previously genotyped
for the infecting PfMSP3 allele, were included in this study. Of these 369 infections, 335
contained the HB3 PfMSP3 allele and 34 infections contained the K1 allele, and none
were co-infected with more than one allele. This is in keeping with the established allele
distribution at this study site, where the HB3 P/MSP3 allele was present in 90.3% of in-
fections and only 3/630 infections contained more than one allele over a four year period
[11]. A time-of-infection antiserum sample from all 369 infections was tested against all
three antigens, and results normalized and converted into absolute concentration of anti-
PfMSP3 IgG (see Materials and Methods). Positive responses, as measured by ELISA,
were defined as responses greater than 3 standard deviations above the mean of our P.
falciparum negative samples and cutoff values corresponded to 0.888 ug/ml, 1.026
ug/ml, and 0.969 ug/ml for the HB3 N-term, K1 N-Term, and C-Term antigens, respec-
tively.

Overall, P. falciparum-infected patient sera demonstrated a high prevalence of
anti-PfMSP3 antibody responses against all three antigens, despite the low transmission
setting where the average infection rate is less than one infection per person per year [20].
Because all antiserum samples were collected from individuals who had had their infect-
ing PfMSP3 genotype established previously [11], we were able to compare infecting
genotype with antibody responses to determine the prevalence of domain-specific anti-
body responses. A significantly higher percentage of HB3-infected individuals had posi-
tive responses against the HB3 N-terminal domain than either the K1 N-terminal domain

or the C-terminal domain (see Fig 2A, p < 0.0001), suggesting a majority of responses
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were against the infecting N-terminal domain. However, 57% of HB3-infected individu-
als also generated positive responses against the non-infecting K1 N-terminal domain.
Although these could represent long-lasting antibody responses from a previous infection
with a K1 PfMSP3 allele type, this is unlikely due to the low frequency of K1 infections
at the study site (10% of infections over four years), and because the longitudinal epide-
miologic data collected during the MIGIA study establishes that none of these individuals
had been previously infected with a K1 PfMSP3 allele within the last 5 months. Analysis
of K1-infected individuals is more restricted because of the smaller numbers (34/369 in-
fections, reflecting the low prevalence of the K1-allele at the study site), but there was a
significant increase in anti-K1 responses in the K1-infected individuals relative to HB3-
infected individuals (p value < 0.0001), again suggesting the majority of responses were
infecting domain-specific.

To characterize the strength of the observed domain-specific responses, we ana-
lyzed the distribution of positive responses in IgG antibody levels [ug/ml] and compared
the response to the infecting allele class (Figure 2B). For HB3-infected individuals it was
clear that not only were positive responses to the infecting N-terminal domain more
prevalent than responses to the C-terminal domain, they were also much stronger (Figure
2B). More than twice as many HB3-infected individuals had anti-HB3 antibody levels
greater than 10ug/ml as had anti-C-terminal antibodies greater than 10ug/ml (p <
0.0001), and more than three times as many had anti-HB3 antibody levels above 20ug/ml
(p <0.0001). Comparison of the mean antibody responses demonstrates that HB3-
infected individuals exhibited an overall 2.2-fold increase in antibody levels against the

HB3 N-terminal domain compared to the C-terminal domain (p < 0.05) (Figure 2C). In
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K1-infected individuals, we detected no significant difference in antibody levels between
K1 N-terminal domain and C-terminal domain antibodies, but this is in part due to the
lower numbers of K1-infections. Antibody responses against the N-terminal domains
clearly do exhibit allele-specificity, as responses against the heterologous N-terminal
domain (K1 N-term antigen in HB3-infected individuals, HB3 N-term antigen in K1-
infected individuals) are 2.8-3.1-fold lower than the response against the homologous N-
terminal domain (4.6 ug/ml versus 14.1 ug/ml for HB3-infected, p < 0.05). However, the
mean antibody responses to the heterologous N-terminal domain, although statistically
significant compared to the antibody responses to the conserved C-terminal domain, still
approximated C-terminal domain antibody levels (in HB3 infected individuals, the mean
response against the K1 N-terminal domain was 4.6 ug/ml versus 6.5ug/ml against the C-
terminal domain). This suggests that inter-allele cross-reactivity with a non-infecting N-
terminal domain is nearly as strong as the response to the conserved C-terminus, despite
the fact that the C-terminal domain is part of the PIMSP3 antigen presented, immu-

nologically, in all infections.

Inter-allele and Intra-allele cross-reactive anti-PfMSP3 responses

If anti-PfMSP3 N-terminal domain antibodies are truly cross-reactive between al-
lele classes, the strength of the IgG response to one allele class should correlate with the
response to the other. To test this, we generated scatter plots looking at pair-wise anti-
body responses against both PMSP3 N-terminal domains. As evident in Figure 3A, al-
though we observed a polarization toward the homologous N-terminal allele, there was a

strong positive correlation between the strength of response against both the homologous
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and heterologous domains (Spearman’s p = 0.5645, p < 0.0001 for HB3-infected,
Spearman’s p = 0.4780, p = 0.0043 for K1-infected).

PfMSP3 is widely considered a polymorphic antigen, but there has been little
study into whether these polymorphisms affect the strength or specificity of the anti-
PfMSP3 immune responses, which is the key consideration for vaccine development.
Given that the HB3 3D7-class allele was the predominant allele at our study site, we gen-
erated N-terminal domain antigens for two other 3D7-class alleles to test for the strength
of intra-allele cross-reactive responses. One antigen was identical to the 3D7 allele,
which differs from the HB3 sequence at only a single non-synonymous single nucleotide
polymorphism (SNP). This is an important antigen to test because this SNP is the most
prevalent polymorphism in the 3D7-class alleles and has been found in P. falciparum
populations across the world [9], suggesting it may be functionally important, perhaps in
immune evasion. 3D7 alleles have also been detected at the MIGIA study site, with
10/563 previously genotyped 3D7-class alleles containing this SNP [11]. None of these
infections were included in this study, but, although unlikely, it is possible that some in-
dividuals had previously been exposed to this allele. As a more extreme difference, we
chose a previously published 3D7-class PfIMSP3 sequence from Nigeria, which pos-
sesses, in addition to the 3D7 SNP, a heptad indel mutation. No similar sequence has
been reported in South America, and given the extent of our previous genotyping study, it
is extremely unlikely that any of the individuals at the MIGIA study site have been previ-
ously exposed to this allele. For this analysis, 241 HB3-infected antiserum samples, all
ELISA positive for the HB3 N-terminal domain antigen, were tested against both the 3D7

and Nig80 antigens, results normalized as above, and the responses compared to the re-
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sponses against the infecting allele. HB3-infected individuals exhibited strong cross-
reactivity against both 3D7 and Nig80 antigens (Figure 3B), with strong positive correla-
tions between responses to the homologous and heterologous antigen (Spearman’s p =
0.8985, p < 0.0001 for 3D7, Spearman’s p = 0.8685, p < 0.0001 for Nig80). Intra-allele
sequence diversity therefore appears to have only limited impact on the strength of re-

sponses to the PIMSP3 N-terminal domain.

1IgG Isotypes profiles for anti-PfMSP3 antibody responses.

The correlation of cytophilic IgG isotype responses with protection against P. fal-
ciparum malaria has been widely described in both hypoendemic and hyperendemic envi-
ronments. We were therefore interested to establish whether the observed N-terminal
domain inter-allele cross-reactive antibodies were comprised of largely cytophilic anti-
body classes, [gG1 and IgG3. To test this, isotype-specific secondary antibodies were
used to establish isotype class distribution in all antiserum samples that scored as positive
by total IgG ELISA. As shown in Figure 5 and in keeping with previous data, PMSP3
domains elicit dominantly IgG1 and IgG3 cytophilic antibodies. The C-terminal domain
elicited a significantly higher IgM response compared to either N-terminal domain (p <
0.05). Mean IgG3 responses were slightly elevated compared to IgG1 levels when com-
paring N-terminal domain responses in HB3-infected individuals, whereas K1-infected
individuals exhibited equal cytophilic responses against the K1 N-terminal domain.
Compared to the C-terminal domain cytophilic responses, the HB3 N-terminal domain
exhibited a significantly higher IgG1 and IgG3 isotype response (p < 0.05) while the K1

N-terminal domain did not.
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DISCUSSION

In this manuscript, we conduct a systematic comparison of both N-terminal and
C-terminal PfMSP3 domains to identify the optimal constituent for vaccine inclusion. As
the N-terminal domain contains the majority of sequence variation and the indels that de-
fine the two PfMSP3 alleles, it has largely been excluded from vaccine development.
However, recent studies have concluded that the optimal PfIMSP3-based subunit vaccine
include both domains as antibodies against the N-terminal domain correlated strongly
with a reduced risk of clinical malaria. Importantly, however, no direct comparison of
domain cross-reactivity can be conducted in hyperendemic environments as the frequent
infection with multiple genotypes makes it impossible to characterize cross-protection
between intra- and inter-allelic variants and between heterologous domains. In the hy-
poendemic environment, the widely spaced infections allows for single genotype infec-
tions to generate antibody responses that can then be tested against heterologous domains
to assess cross-reactivity potential.

By comparing total IgG antibody responses against the N-terminal domains and
C-terminal domain, the N-terminal domain was significantly more immunogenic com-
pared to the C-terminal domain eliciting, in HB3 infected individuals, a 2.3-fold increase
in total IgG antibody levels and a 3.6-fold increase in individuals who exhibit IgG anti-
body levels greater than 20ug/ml. This is significant, as P. falciparum antigens are gener-
ally poor immunogens and usually require adjuvant co-administration to boost antibody
responses. Our results confirm results in The Gambia, which demonstrated significantly

higher N-terminal domain antibody responses, especially in young children [18].
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Based purely on the strength of the immune response, studies in both Africa and
South America confirm that the PfIMSP3 N-terminal domain is a powerful immunogen.
However, to be useful as a vaccine candidate, the PMSP3 N-terminal domain must gen-
erate antibody responses that cross-react either between allele classes, or between poly-
morphic variants within an allele class. We assessed the ability of N-terminal domain an-
tibodies to mediate both intra- and inter-allelic cross-reactivity by comparing the re-
sponses of HB3 infected individuals to different alleles in the same class, 3D7 and Nig80,
and also against K1, the circulating allele in the K1-allele class. In one respect, cross-
reactivity between allele classes was limited, with responses to the heterologous non-
infecting allele significantly lower in mean level than responses to the homologous, in-
fecting allele. This is similar to previous studies in Western Africa which used full-length
PfMSP3 constructs in competition ELISAs, rather than sub-domain antigens [18]. How-
ever, cross-reactivity between N-terminal domain allele classes was still substantial
enough that cross-reactive antibody levels were comparable to the responses against the
C-terminal domain — 68% of HB3 infected individuals were still able to elicit positive
responses against the K1 N-terminal domain. While such numbers from a hyperendemic
transmission setting could be attributed to antibodies generated during a recent K1-class
infection, such an explanation is extremely unlikely in this transmission environment. At
the MIGIA study site individuals are infected on average less than once per year, and
given the very low frequency of K1-like alleles at the study site (10% over 2003-2006),
the majority of HB3-infected individuals are unlikely to have experienced a K1-class in-
fection within the last 12 months. Inter-allele class immune responses, while clearly

lower than immune responses to the infecting allele, are therefore apparently just as



79

strong as the immune responses to the C-terminal domain, which contains the current
lead PIMSP3 vaccine candidate.

Much more significant cross-reactivity was detected at the intra-allele level, with
responses against 3D7 and Nig80 exhibiting significant pair-wise correlation with the
homologous HB3 N-terminal domain (p < 0.0001). This result is highly significant, as a
considerable majority of N-terminal domain sequence variation is intra-allelic, whether
due to SNPs or the presence of heptad indel mutations. To our knowledge, this is the first
study to measure intra-allele cross-reactivity, and the observed high cross-reactivity po-
tential of N-terminal domain antibodies suggests they target conserved epitopes; perhaps
the residues responsible for stabilizing coil/coil domains which are almost exclusively
conserved. If such conserved epitopes are indeed the target of N-terminal domain anti-
bodies, then concerns about intra-allelic sequence variation impacting vaccine efficacy
can largely be alleviated.

Antibodies to PEIMSP3 were predominantly cytophilic IgG1 and IgG3 isotypes,
with IgG3 responses slightly elevated above IgG1 levels against all domains. No signifi-
cant IgG2 or IgG4 responses were detected against any PfMSP3 domain, in concordance
with non-cytophilic isotypes results for other malaria antigens. Interestingly, the C-
terminal domain exhibited a significant increase in IgM antibodies compared to either N-
terminal domain, suggesting responses against the C-terminal domain might precede N-
terminal domain responses. Another possibility is that a decrease in C-terminal domain
antigen presentation might be delaying immunoglobulin class-switching. The correlation
of cytophilic responses with protection against P. falciparum has been widely confirmed

in endemic environments. It is believed that cytophilic antibodies confer protection
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through either phagocytosis or cross-linking Fcy Ila receptors on blood monocytes [22].
In support of this putative protective role for cytophilic antibodies, the presence of a loss-
of-function mutation in Fcy Ila strongly correlates with an increase risk for clinical ma-
laria [23-24].

Because the size of the P. falciparum genome presents a large number of potential
vaccine candidates, it is critical that go/no-go decisions based on solid evidence are ap-
plied to limit the number of candidates entering expensive later stage vaccine trials. The
PfMSP3 N-terminal domain had previously been eliminated from consideration based on
concerns about sequence diversity, but such concerns are only valid if that diversity pre-
vents the generation of cross-reactive antibodies that can recognize multiple alleles and
sequence variants. This study establishes that the N-terminal domain is highly immuno-
genic, generates antibodies that strongly cross-react within a given allele-class, and cross-
react between allele classes at a level comparable to the responses against the more con-
served, but less immunogenic, C-terminal domain. We therefore believe that the PIMSP3
N-terminal domain deserves renewed attention for inclusion in a blood stage P. falcipa-
rum vaccine, and trials using a mix of two antigens, one representing each allele class, is

the most logical formulation to induce strong and cross-protective immune responses.
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Figure 1. Purity and structural integrity of PFMSP3 domain antigens. (A) Three
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allele N-terminal domains and the conserved C-terminal domain. The N-terminal do-

mains began at the proteolytic cleavage site and included all 3 heptad repeats. The C-

terminal domain began just C-terminal to the last heptad repeat. (B) Coomassie-blue

stained SDS-PAGE demonstrates PfIMSP3 construct antigens are > 95% pure as meas-
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[ug/ml] distribution in quartiles for each PfMSP3 domain antigen. Whiskers represent
upper and lower quartiles, and mean values are indicated by the dashed line. n =335 for

HB3-infected, n = 34 for K1-infected.
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Figure 4. PIMSP3 isotype antibody levels against N-terminal and C-terminal do-
mains. Only homologous N-terminal domain responses were assessed. The whiskers de-
note the upper and lower quartiles. N = 304 for HB3 N-terminal domain, 22 for K1 N-
terminal domain, and 304 for C-terminal domain. The mean is denoted by the dashed

line.
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SUMMARY DISCUSSION

Plasmodium falciparum is responsible for up to 3 million deaths annually, and an
estimated 300-500 million clinical cases of disease. Unfortunately, an effective vaccine is
currently not commercially available, although its development remains a top priority. P.
falciparum Merozoite Surface Protein-3 (PfMSP3) remains one of the leading vaccine
candidates although the identification of the optimal domain for inclusion in a PfMSP3-
based malaria vaccine has yet to be elucidated. Due to concerns regarding sequence
polymorphism, the N-terminal domain has been largely excluded from ongoing vaccine
studies despite an absence of hard data supporting this position. Consequently, the current
PfMSP3 vaccine consists exclusively of the C-terminal domain in a monovalent subunit
vaccine. The work presented in this thesis identifies the optimal PEMSP3 vaccine con-
stituent and lays the groundwork for the development of a more effective PfIMSP3-based
malaria vaccine.

Genetic diversity within the N-terminal domain is of concern to vaccine develop-
ment if this domain is unable to generate cross-protective antibody responses, as such a
vaccine would only select for escape mutants. In order to characterize the level of genetic
variation within PfMSP3, we collaborated with an ongoing cohort study in the Peruvian
Amazon, where P. falciparum transmission is maintained in a hypoendemic fashion. In
this environment, individuals exhibit inoculation rates of 0.4 infections/person/month
during the 7-month transmission season (67). Thus, the majority of infections are due to
single genotype P. falciparum infections and can readily be allele-typed and screened for

sequence variation. In Chapter one, we have shown that sequence variation within the N-
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terminal domain is very limited in the hypoendemic setting with only 10 mutations being
detected in 630 infections spanning 4 transmission seasons. Consequently, this suggests
that the observed sequence diversity in hyperendemic environments is likely the result of
frequent inoculation of parasites that contain variant sequences rather than the recent de-
velopment of SNPs in P. falciparum genotypes. This has significant implications for
PfMSP3-based vaccine research as it reduces concerns about N-terminal domain se-
quence diversity if, and only if, cross-protection can be demonstrated to occur between
sequence variants. This caveat is contingent on cross-reactivity because if cross-reactivity
is limited, an N-terminal domain vaccine will exert strong selection pressure for sequence
variants that can evade the immune response, commonly referred to as escape mutants.
In addition to studying sequence variation within the N-terminal domain of
PfMSP3, we demonstrated that allelic variation was present in the hypoendemic setting,
with both PfMSP3 alleles, HB3 and K1, being detected in the population. Interestingly,
when comparing the allelic frequency of PEMSP3 between subsequent transmission sea-
sons, we detected a statistically significant shift, with the HB3 allele becoming dominant,
which suggests ongoing selection pressure. If this selection pressure is immunologically-
mediated, then it must be driven by antibody responses against the N-terminal domain as
the C-terminal domain is conserved between alleles. Although we were unable to corre-
late the presence of either allele or mutant with either an increase in asymptomatic infec-
tions or an increase in the time-to-next-infection, which would be indicative of protec-
tion, the lack of correlation by no means negates the possibility that such protection does
exist. In fact, hypoendemic settings provide sub-optimal environments to assess protec-

tion as infrequent infections make assessing correlates of protection difficult.
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As mentioned, the benefit of using hypoendemic environments is that they exhibit
combined low within-host diversity with high population-level diversity. Consequently,
not only does this allow for the analysis of genetic diversity, but it also permits the study
of immune-responses to potential vaccine candidates. This benefit results from the low
within-host diversity, which allows the immune system to respond against a single anti-
genic genotype. Thus, as the immune system is naive to all other strains except the in-
fected genotype, any ability of antibodies to bind heterologous antigens is due exclu-
sively to cross-reactivity. This opportunity is unique to hypoendemic environments and
allowed us to conduct a thorough study of both the ability of PIMSP3 domains to induce
strong antibody responses and the potential of anti-PfMSP3 antibodies to mediate cross-
protection between alleles and between sequence variants.

Through the MIGIA cohort collaboration, we tested 369 individuals against 3
domains of PfMSP3: both N-terminal domain alleles and the C-terminal domain. As P.
falciparum is endemic in this setting, infected individuals are exposed to wild type full-
length PEMSP3, both N-terminal and C-terminal domains. Thus, by detecting the level of
antibody responses against either domain, we can characterize each domain’s immuno-
genicity potential. Using ELISA to determine antibody levels against each domain, we
demonstrated that the N-terminal domain is significantly more immunogenic than the C-
terminal domain, exhibiting a 2.3-fold increase in total IgG levels compared to the C-
terminal domain and a 3.6-fold increase in individuals who had total IgG levels greater
than 20ug/ml. This parallels work by Osier ef al in which antibody responses against the
N-terminal domain were significantly more immunogenic than against the C-terminal

domain, especially in children less than 15 years old (68). Such potent immune responses
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against the N-terminal domain might offer an explanation for the presence of genetic di-
versity in hyperendemic environments.

Certainly the most critical issue regarding N-terminal domain vaccine develop-
ment is the lack of data characterizing cross-reactivity potential. Osier et al assessed
cross-reactivity in the hyperendemic environment, but used full-length PfMSP3 in their
studies. It is not possible to tease out the contribution of either C-terminal domain anti-
bodies or cross-reacting N-terminal domain antibodies using this methodology, so the
question remained largely unanswered. We were greatly interested in this issue and given
the hypoendemic study setting, were uniquely positioned to address the question. By
comparing antibody responses against the homologous (infecting) and heterologous (non-
infecting) N-terminal domains, we found that inter-allele cross-reactive antibody re-
sponses were not as potent as the response to the homologous domain, suggesting allele-
specificity does exist for anti-N-terminal domain antibodies. Surprisingly, however, we
detected that the partial inter-allele cross-reactivity that did exist in these individuals was
almost as substantial as the responses to the C-terminal domain. In HB3-infected indi-
viduals, for example, 68% of individuals had ELISA positive responses against the K1 N-
terminal domain, despite the fact they were not infected with this domain, nor, given the
low frequency of K1 alleles in the study site and the low transmission dynamics, were
they likely to have been for at least 12 months. This finding is highly significant as it
demonstrates that, with respect to cross-reactive antibodies, N-terminal domain allele-
specificity is to a large extent offset by the increased immunogenicity of N-terminal do-
mains compared to the C-terminal domain. Additionally, we determined that N-terminal

domain antibodies are capable of mediating substantial intra-allele cross-reactivity. By
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testing two 3D7-class allele sequence variants, 3D7 and Nig80, we detected significant
pair-wise correlation with the responses against the homologous HB3 N-terminal domain,
despite the fact that individuals were not currently infected with either the 3D7 or Nig80
sequences. Additionally, it is unlikely that any of these individuals were previously ex-
posed to either variants as, in the case of 3D7, only ten 3D7 PfMSP3 alleles were identi-
fied between May-June, 2003 out of 630 individual infections studied spanning four
transmission seasons and none of the infections included in this study have previous in-
fections occurring within that time period. In the case of Nig80 sequence, previous expo-
sure is also highly unlikely as this is a PfIMSP3 variant found in Africa that has not so far
been detected in South America. This indicates that the epitopes for N-terminal domain
antibodies are largely restricted to non-polymorphic regions and suggests that antibody
targets might be conserved epitopes within the heptad repeat region. Importantly, as the
residues that are responsible for stabilizing coil/coil tertiary structure are almost entirely
conserved, it is likely that conserved epitopes could be identified and become vaccine
constituents. In fact, preliminary studies into identifying N-terminal domain epitopes that
mediate cross-reactivity between alleles and the C-terminal domain are described in Ap-
pendix A. In these studies, monoclonal antibodies were raised against the HB3 N-
terminal domain, and the cross-reactive potential of 20 different murine hybridoma lines
was assessed by ELISA. Interestingly, several hybridomas exhibit monoclonal antibodies
that cross-react with both the heterologous N-terminal domain, K1, and the C-terminal

domain, suggesting that the identification of highly cross-reactive epitopes might be pos-

sible.
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Correlates of protection against P. falciparum malaria are difficult to identify, as
the mechanisms that mediate that protection are poorly understood. It is known that anti-
bodies are intimately involved in protection, as IgG alone is capable of recapitulating pro-
tection in naive individuals against a P. falciparum challenge. Currently, the strongest
immunological characteristic that correlates with effective protection is the presence of
high cytophilic IgG isotype responses (36,37,41,69). Cytophilic isotypes, either IgG1 or
Ig@G3, are capable of stimulating monocytes and macrophages through Fcy receptor sig-
naling, which elicit developmental arrest of P. falciparum within the erythrocytes
(55,70). Importantly, the potential of vaccine candidates to elicit high IgG1/IgG3 re-
sponses must be assessed in order to characterize protection potential before phase II
clinical trials are performed. In a hypoendemic setting, we determined, for PfMSP3, that
both domains elicit potent [gG1/IgG3 isotype responses. As expected, the isotype levels
were significantly higher for antibodies against the N-terminal domain as it is signifi-
cantly more immunogenic than the C-terminal domain. Importantly, this suggests that
antibodies against the N-terminal domain would better correlate with protection than C-
terminal domain antibodies, although further studies are warranted to definitively confirm
this. As described in Appendix B, preliminary ADCI studies demonstrate significant P.
falciparum growth inhibition for HB3 N-terminal domain antibodies. Such experiments
are ongoing, but will allow us to functionally characterize the potential of PMSP3 anti-
bodies to confer in vitro protection.

Taken together, we demonstrate that the PEIMSP3 N-terminal domain elicits
higher antibody responses, compared to the C-terminal domain, in P. falciparum infected

individuals. Although sequence variation exists in N-terminal domains, compounded by
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the presence of two allelic isoforms, we have demonstrated that N-terminal domain anti-
bodies are capable of significant intra-allelic cross-reactivity between sequence variants
and partial inter-allelic cross-reactivity, and that the level of inter-allelic cross-reactivity
is comparable to the level of the response to the C-terminal domain. Thus, we recom-
mend the inclusion of both N-terminal domain alleles as vaccine constituents, in addition
to the C-terminal domain. This recommendation is supported by several additional obser-
vations. Firstly, although N-terminal domain antibodies demonstrated only partial cross-
reactivity between alleles, inclusion of both alleles in a vaccine would likely elicit potent
homologous-antigen levels against both domains. A concern with development of a
monovalent N-terminal domain vaccine is that vaccination will select for the heterolo-
gous allele, due to N-terminal domains exhibiting only partial inter-allele cross-reactivity.
Thus, including both N-terminal domains ensures the highest level of protection against
both alleles. Secondly, we confirmed that the potent N-terminal domain antibody re-
sponse is largely IgG1/IgG3 dominant; an isotype profile that correlates with in vivo pro-
tection.

Importantly, however, we recommend the development of a trivalent PMSP3-
based subunit vaccine, comprised of both N-terminal domain antigens in combination
with the C-terminal domain. Although our data suggests that the N-terminal domain
cross-reactivity concerns can be largely alleviated by inclusion of both N-terminal do-
main alleles, inclusion of the C-terminal domain would provide additional protection
against escape mutants. Additionally, evidence from hyperendemic environments does
demonstrate that antibodies against the C-terminal domain correlate with protection

against P. falciparum, albeit not as strongly as N-terminal domain antibodies. This “triva-
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lent” vaccine could consist of either three individual domains (two N-terminal alleles and
the conserved C-terminal domain), or two full-length PMSP3 antigens, one from each
allele class.

In summary, we describe in this thesis the optimal constituent for a PfMSP3-
based vaccine. By including both N-terminal domains in addition to the C-terminal do-
main, this novel trivalent malaria vaccine should elicit potent antibody responses that are
dominantly IgG1/IgG3 cytophilic antibodies. Given that full-length PEMSP3 from one
allele class has already been produced at NIH and trialed in Aofus monkeys, further trials

should be possible in the near future.
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APPENDIX A

CRYPTIC N-TERMINAL DOMAIN EPITOPES ELICIT CROSS-REACTIVITY
AGAINST BOTH HETEROLOGOUS N-TERMINAL AND C-TERMINAL DOMAINS
BY MONOCLONAL ANTIBODIES



107

1.8 M HB3 N-Term
K1 N-Term
1.6 C-Term

OD 1:100 Dilution
T

0.2

0.0 L
) A Y A () (N 6 A N B DG o N L3
FFIFSFF T ITFITIFT T TF TS

Hybridoma
Figure A1l. Murine hybridoma monoclonal antibodies raised against the HB3 N-terminal
domain exhibit cross-reactivity with the K1 N-terminal domain and the C-terminal do-
main, by ELISA. Monoclonal antibodies were detected using a HRP-conjugated anti-

mouse antibody.
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APPENDIX B

CHARACTERIZATION OF IN VITRO PROTECTIVE-POTENTIAL FOR PFMSP3
DOMAIN ANTIBODIES THROUGH THE UTILIZATION OF ANTIBODY DE-
PENDENT CELLULAR INHIBITION ASSAYS



109

6% 100
90
0,
3% — = 80
] =]
& 4% |— s 70
£ 2
2 =
7 3% = 50
[
= £ 40
2% +—
& 2% % 30
1% +— A 20
l v
0% 0

Media MTIP IgG MTIP MSP3 IgG MSP3 . e
19G/Beads 1oG/Beads Specific Growth Inhibition

Monocyte-Stimulated Supernatant

Figure B1. 2-Step Antibody-Dependent Cellular Inhibition Assay using PfMSP3 HB3 N-
terminal domain antigen and anti-HB3 N-terminal domain antibodies. Anti-PfMSP3 anti-
bodies were raised in rabbits and affinity purified using HB3 antigen. In the first step,
antigen-coated beads (1um in size) were added to THP-1 monocytes in the presence of
affinity-purified antibodies (1mg/ml) to facilitate THP-1 cross-linking and incubated for
12 hours. In the second step, the supernatant was removed and added 50% (v/v) to asyn-
chronous P.falciparum cultures at 0.5% parasitemia, and cultured for 72 hours. After 72
hours, parasitemia was determined by geimsa-stained thick smears. MTIP, a P. falcipa-
rum myosin-motor protein is retained within the parasite and is used as a negative con-
trol. (A) HB3 N-terminal domain antibodies are capable of significant P. falciparum
growth via ADCI. (B) HB3 N-terminal domain antibodies confer 76% parasite inhibition
by ADCI. Specific growth inhibition normalizes ADCI against non-specific effects of
negative control antibodies.
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