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Abstract

The cytoadherence-linked asexual gene 9 (c/ag 9) of Plasmodium falciparum has been implicated
in the cytoadherence of infected erythrocytes. To determine the immunogenicity of the c/ag 9gene
product (CLAG 9 protein) in humans, we measured antibody responses to 11 synthetic CLAG 9
peptides in a group of 177 asymptomatic children and adults subject to intense malaria exposure in
Madang, Papua New Guinea. The CLAG 9 peptides were immunogenic in adults and children.
Antibody responses to peptides 4 and 10 were high across all age groups and detectable in a
majority of children less than five years of age. While CLAG 9 peptides are immunogenic in
humans, longitudinal studies will be required to determine the longevity of antibody responses to
CLAG 9 and their role in protection from disease.

INTRODUCTION

A central process in the pathophysiology of Plasmodium falciparum malaria is the
cytoadherence of infected erythrocytes to endothelial cells lining the capillaries and venules
of bodily organs, resulting in microvascular ischemia and localized immunopathology.1 The
resulting microvascular sequestration of parasites is also thought to contribute to evasion of
immune responses, enabling parasitized erythrocytes to avoid splenic clearance.
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Cytoadherence thus contributes both directly and indirectly to the pathology of severe
malaria.

Ongoing exposure to malaria infection leads to the development of natural immunity, and
consequently, older children and adults living in endemic areas are relatively protected from
the severe clinical consequences of infection with £. falciparum. The effector mechanisms
that mediate naturally acquired immunity to malaria are not completely understood, but
antibodies to the asexual blood stage parasites2-4 and to purified proteins5,6 are associated
with protection from disease and are thought to be important. Since the cytoadherence of
infected erythrocytes to post-capillary venular endothelium is thought to contribute to
virulence and immune evasion, generation of immune responses that prevent cytoadherence
is an important consideration in vaccine development.

A number of parasite adhesion molecules have been identified.7-13 One of these, ~.
falciparum erythrocyte membrane protein 1 (PfEMP1), has been the focus of intense
research. Antibodies directed against PFEMP1 are thought to be a key element in the
development of immunity to P. falciparuml4-16 and can block the adhesion of mature
parasitized erythrocytes to specific receptors.17 However, despite strong evidence
supporting a role for PFEMP1 alone in cytoadherence, we have previously shown by
targeted gene disruption and antisense RNA inhibition that the cytoadherence-linked asexual
gene 9 (clag 9) of P. falciparum plays a role, either directly or indirectly, in the
cytoadherence of P, falciparum-infected erythrocytes to CD36.18,19

CLAG 9 is a one member of a gene family of rhoptry protein(s) that may be involved in
erythrocyte invasion by merozoites.20 The sequence of c/ag 9is highly conserved, with >
98% identity between isolates.21 Transcription has been shown to occur at a late stage of
parasite development.19 and it appears that CLAG 9, like other members of this gene
family, is initially trafficked to the rhoptries of A. falciparum.22 There is evidence that some
rhoptry proteins are inserted into the red blood cell membrane immediately after the
merozoite invades a new red blood cell.23,24 The synthesis of mature stage parasite
adhesion molecules such as PFEMP1 begins very early in the ring stage of the parasite and
they are inserted into the red blood cell membrane by the time the trophozoite stage is
reached.25 Thus, it is possible that CLAG 9 is involved in trafficking of these proteins or in
the initial remodeling of the host red blood cell so that these proteins can be trafficked to the
correct location.

The mechanism by which the loss of c/ag 9leads to loss of cytoadherence is presently
unknown and it is unclear whether CLAG 9 (as a potential anti-adherence vaccine target) is
naturally immunogenic in humans. However, the high level of conservation seen in c/ag 9,
combined with its implication in cytoadherence, indicates that further investigation of this
molecule is warranted. We hypothesized that a malaria-exposed population would recognize
and produce antibodies to CLAG 9, and that antibody production would increase with age in
parallel with increasing anti-parasitic immunity/decreasing risk of severe clinical malaria.
Furthermore, we hypothesized that antibody blocking of cytoadherence would result in
enhanced splenic clearance of infected erythrocytes, and therefore that aparasitemic malaria-
exposed subjects would have higher levels of antibodies than those with P. falciparum
parasitemia. We tested these hypotheses by measuring antibodies to the two most reactive
epitopes of CLAG 9 (derived from a set of 11 synthetic peptides derived from a proposed
external domain) in heavily malaria-exposed children and adults from Madang, Papua New
Guinea. The population chosen was asymptomatic such that antibody responses would not
be influenced by acute disease.
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MATERIALS AND METHODS

The study was conducted in Madang Province of Papua New Guinea between February and
May 2000. Ethical approval was obtained from the Papua New Guinea Medical Research
Advisory Committee, the Health Research Ethics Committee of Menzies School of Heath
Research, and the Queensland Institute of Medical Research Human Ethics Committee.

Study site and population

The study site and the malaria epidemiology of the region have been previously described in
detail.26-28 Briefly, asymptomatic residents were recruited from two neighboring coastal
villages located approximately 20 km north of Madang Township in Papaua New Guinea.
The region is characterized by infection with four human malaria species, and with little
seasonal variation in parasitemia rates.27 Residents of these particular villages have been
estimated to receive on average approximately one infective bite per day,29 with
transmission highest during the wet season from October to May.

Following informed consent, non-pregnant adults and children who were > 1 year of age
were screened at a baseline survey by administration of a clinical questionnaire,
measurement of axillary temperature, and examination of a finger prick blood smear for
malaria parasites. A second peripheral blood smear was taken at the time of venous blood
collection 24 hours after initial screening to maximize detection by accounting for periodic
fluctuation of P. falciparum density.30,31 The combined readings were used to categorize
the parasite species present.

Enrollment was confined to asymptomatic subjects, with the selective aim of including
subjects who were parasite positive and parasite negative on microscopy across a variety of
age groups. Participants were excluded from enrollment if they were febrile (axillary
temperature > 37.5°C) at screening or on two subsequent occasions over the next 24 hours;
had taken antimalarials within the preceding week; or had a clinical history (fever, chills,
sweats, headache, or myalgia) suggesting recent (< 1 week) malaria infection.

Specimen collection and processing

Peptides

The sample collection and processing procedures have been previously reported.26 Briefly,
thick and thin blood smears from all screened and enrolled subjects were treated with a 4%
Giemsa stain. Smears were defined as negative if no parasites were seen in 100 high-power
(magnification x 1,000) oil-immersion fields. Positive slides with scanty parasitemias (< 5
parasites/200 leukocytes) and a random 10% of all slides from enrolled subjects were cross-
checked by a second microscopist and discrepant slides were reviewed by both
microscopists to arrive at a final result. Venous blood from each enrolled subject was
collected into sterile heparinized tubes from which a manual leukocyte count was performed
for calculation of parasite densities. Plasma was separated by centrifugation and stored at
-70°C. Plasma specimens obtained from 26 Australian adults from Brisbane with no
previous history of malaria exposure were used as a control.

Peptides were obtained from Mimotopes (Clayton, Victoria, Australia). Eleven peptides
derived from the published sequence of the c/ag 9 gene of P. falciparum strain 3D7 were
synthesized to cover a 119 amino acid region between two putative transmembrane domains
unique to c/ag 9. Peptides 1 and 2 had some overlap with other c/ag genes, but 3 to 11 were
unique to c/ag 9 (Figure 1). Peptides were 20 amino acids long (with the exception of
peptide 1, which was 15 amino acids) with a 10-amino acid overlap. Amino acid sequences
of the peptides are shown in Figure 1.
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Antibody reactivity to synthetic peptides

Peptides were screened to identify the most reactive epitopes. 1gG antibodies to CLAG 9
were measured by an enzyme-linked immunosorbent assay. All serum samples were tested
in duplicate against the 11 CLAG peptides, P. falciparum 3D7 schizont extract, and a
negative control of skim milk in a carbonate/bicarbonate buffer. Assays were repeated at
least once. Working solutions of peptides were prepared at concentrations 100 pg/mL in
phosphate-buffered saline (PBS) plus 0.1% bovine serum albumin and 0.1% sodium azide
and stored at -20°C prior to use. Schizont extract was prepared at a concentration of 108
schizonts/mL and stored at -20°C prior to use.

MaxiSorp plates (Nunc, Roskilde, Denmark) were coated with either 100 L of peptide at a
concentration of 1 wg/mL, schizont extract at a concentration of 10® schizonts/mL, or 5%
skim milk in carbonate/bicarbonate buffer (pH 9.6) for six hours at 37°C. The coating
solution was discarded and 100 pL of methanol added to all wells (to improve antigen
presentation32), and the plates incubated at room temperature for 20 minutes. The plates
were then washed five times in PBS plus 0.05% Tween 20 (PBST) and 100 p.L of PBS plus
5% skim milk plus 0.05% Tween 20 was then added to all wells. After overnight incubation
at 4°C, the plates were washed five times in PBST, and 100 pL of serum diluted 1/500 in
PBST plus 0.5% skim milk was then added. The plates were incubated for one hour at 37°C,
washed five times in PBST, and 100 p.L of goat anti-human 1gG (heavy plus light chains
conjugated to horseradish peroxidase; Bio-Rad Laboratories, Hercules, CA) diluted to
1/5,000 in PBST plus 0.5% skim milk was then added to all wells. Following a one-hour
incubation at 37°C, the plates were again washed five times in PBST. Optical densities
(ODs) were read at a wavelength of 450 nm after 30 minutes of incubation with 100 L of
o-phenylenediamine dihydrochloride substrate (Sigma, St. Louis, MO).

Data analysis

For each serum sample, the background OD from uncoated wells was subtracted from the
peptide reading on each plate. The resulting density difference was averaged from the
duplicates; this is the value used to represent the OD of the samples. Positive sera were
defined as those that had an OD greater than the mean + 2 SD of OD values obtained from
the control sera. The non-parametric Mann-Whitney test was used to compare the
distributions of OD responses between samples from asymptomatic individuals and control
sera for each of the 11 peptides. Due to the overlapping nature of the peptides, and the
correspondingly high correlation between peptide responses, only responses to the two most
frequently recognized non-overlapping peptides (numbers 4 and 10) were subjected to
statistical analysis. Since the OD values for peptides 4 and 10 were highly skewed and not
readily transformable to normality using standard transformations, a Box-Cox
transformation33 was applied with A = -9.4 and -12.2, respectively. In both instances, a
value of 1.5 was added to the raw OD values prior to transformation to ensure that all values
were positive. Multivariate analysis using Pillai’s Trace criterion was conducted to test for
differences in the mean OD responses of each peptide from samples obtained from
individuals in different age groups (1-4, 5-9, 10-14, 15-19, and = 20 years) and also those
samples with and without a current P. falcjparum infection on microscopy. The effect of age
on peptide response was assessed using regression analysis, while Spearman’s rank
correlation was used to investigate the relationship between OD response and P. falciparum
parasite density for infected individuals. Statistical analysis was performed using SPSS for
Windows version 9.0.1 (SPSS Inc., Chicago, IL).
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RESULTS

Baseline characteristics

The baseline and parasitologic characteristics of the 177 individuals seen at the baseline
survey in whom 1gG antibody responses to CLAG 9 peptides were measured are provided in
Table 1. The characteristics of the study group have been previously described in detail.26
Volunteers ranged from 1 to 70 years of age (mean = 17 years and 5 months, sex = 46%
male). Overall, 69% of the subjects were parasitemic for one or more parasites species by
microscopy, and 54% of the subjects were positive for P, falciparum.

Antibody reactivity to all 11 CLAG 9 peptides, as determined by OD value, was
significantly higher among the Papua New Guinean subjects than the Brisbane controls (P <
0.001). Since these results were highly significant, statistical correction for multiple
comparisons was deemed unnecessary. The percentage of individual serum samples that had
a positive response (i.e., greater than the control mean + 2 SD) was greatest for peptides 4
and 10 (89% and 75% positive, respectively) and lowest for peptide 3 (22% positive) across
all age groups (Figure 2). Antibody reactivity to peptides 4 and 10 was therefore subjected
to statistical analysis. Subject age group and current P. falciparum status on microscopy
were assessed for their effect on peptide OD. For each peptide, neither current P. falciparum
status nor the interaction term of age and current P. falciparum status significantly affected
peptide response (P> 0.2). However, a significant difference was detected between the
peptide response for different age groups for peptide 4 (£=0.001), while peptide 10 showed
a similar but non-significant relationship (£ = 0.056; Figure 3). There was no correlation
between the OD response for either peptide 4 or 10 and the density of P. falciparum
parasites in infected individuals (P> 0.4).

To further investigate the effect of age on peptide response, a number of regression models
were fitted using transformed peptide responses as the dependent variable and subject age in
years (rather than grouped as above) as the independent variable. For peptide 4, both linear
and logarithmic regression models fitted the data equally well, producing significant models
in both instances (P < 0.001). For peptide 10, the logarithmic model fitted the data best (P =
0.064) with a rapid increase in peptide response up to five years of age, and a slower
continual increase thereafter.

A post hoc analysis of peptide 4 responses showed that individuals with only 2. vivax
infections (i.e., microscopically negative for all other species) had significantly lower OD
values than individuals who had only P. falciparum infections (i.e., microscopically negative
for all other species) after controlling for the effect of age (P=0.019).

DISCUSSION

We have demonstrated that CLAG 9 is immunogenic in humans by showing that antibody
reactivity to CLAG 9 peptides (determined by OD value) was significantly higher amongst
the malaria-exposed Papua New Guinea study group than the Brisbane controls. Antibody
responses to the peptides as determined by OD value were relatively low compared with
those of schizont antigens (Figure 4), but this was not surprising since the CLAG responses
were to individual peptides only 20 amino acids in length.

Peptides 4 and 10 were the most immunogenic of 11 CLAG 9 peptides, with antibody levels
to most of the peptides increasing with age. This is likely to reflect age-related maturation of
the immune response, given the intensity of malaria exposure in this population. It is well
documented that responses to numerous malaria antigens, including vaccine candidate
molecules such as erythrocyte binding antigen 175, glycosylphosphatidylinositols, and
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merozoite surface protein26,34,35 are frequently lower in children than in adults. It is
therefore noteworthy that antibody responses to peptides 4 and 10 are high across all age
groups and detectable in a majority of children less than five years of age. Of the 11 peptides
tested, only peptides 1 and 2 showed any homology to other c/ag genes, so the high level of
reactivity to peptides 4 and 10 is not likely to represent cross-reactivity to other members of
the c/ag gene family. Given that severe malarial disease and mortality is largely restricted to
early childhood in highly endemic areas,27 these observations raise the possibility that
inclusion of CLAG 9 epitopes in a vaccine for use in this target group may be particularly
advantageous should antibodies to CLAG 9 subsequently be shown to protect against
disease. Longitudinal studies will be useful in defining what role, if any, CLAG 9 epitopes
may play in this regard.

Studies of thick blood film-negative residents in the same population clearly show that
parasites can be detected by a polymerase chain reaction in a high proportion of both adults
and children in the Madang region.36 It is therefore conceivable that our inability to discern
a difference in anti-CLAG 9 antibody levels in microscopically positive P. falciparum
subjects in our study was confounded by submicroscopic levels of parasitemia in the thick
blood film-negative group. If our initial hypothesis was correct (i.e., that antibody blocking
of cytoadherence would result in enhanced splenic clearance of infected erythrocytes and
reduced risk of parasitemia), then antibody levels in the microscopically parasite-negative
group may have been biased upward by submicroscopic P. falciparum parasitemia.

Our post-hoc finding that subjects with only P. vivaxinfections appeared to have
significantly lower levels of antibodies to CLAG 9 than subjects with only P. falciparum
infections is a potentially informative one. Since P. vivaxis thought to have only one clag
gene, and its degree of homology with c/ag 9is not high,37 it is unlikely that antibody
reactivity in the P. vivax only group was influenced by cross-reactive antibodies. It is more
likely that the P. vivax only response represents decaying antibody reactivity to recent ~.
falciparum infection, and that subjects infected with P. vivaxare less likely to have
submicroscopic P. falciparum infection than microscopically negative subjects. Although
speculative, this is consistent with previous data from the Madang region showing that
species-transcending, density-dependent regulation acts within hosts to produce sequential,
rather than concurrent, P. vivax /P. falciparum infections.38 Longitudinal studies may better
define the longevity of antibody responses to CLAG 9 and whether higher antibody levels
lead to faster clearance of P. falciparum parasitemia.

Immunity to malaria is unlikely to be mediated by responses to any single protein, but is
likely to be due to antibodies to multiple parasite proteins, one of which may be CLAG 9.
This study has demonstrated that sera collected from individuals resident in an area with
intense year round transmission of malaria recognize CLAG 9-specific peptides.
Longitudinal studies will be required to determine if such antibodies mediate protection
from clinical disease. However, if antibodies to CLAG 9 do subsequently prove to be
protective, then the immunogenicity of peptides 4 and 10 that we have demonstrated in
children less than five years of age suggests that these peptides may be suitable candidates
for multivalent vaccines targeting this high-risk age group.
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clag3.1l. KNLSLLCEYQ AVASANFYSA KKVGQFLGRK FLPITTYFLV MRISWEHAFT TGQHLISAFG
clag3.2 KNLSLLCEYQ AVASANFYSA KKVGQFLGRK FLPITTYFLV MRISWIHAFT TGQHLICAFD
clag2. KNLSLLCEYQ AVASANYYSA KKLGQFVGRK ¥EPLTTYYLS LRIRASYGWV HGI--E--——-
clag7. KNLSLLCEYQ AVMSANYYSS KKVDQFLGRK FEPLTTEFLE KRISESIDHI SG——-—————
clag9. NNLELLCEYQ ALIGSANFHSY¥ KKMSQFIDKK FIPLVEYILK ARTEGIIGKE WYK---——--—-— 1098

2 4 +«— 6
1 « 5
clag3.1. SPSSTANGKS NASGYKSPBES FFETHGLAAE ASKYLFFYFF TNLYLDAYKS FPGGFGPAIK
clag3.2 BKECEEEKN BiS-YKSHES FREEEEE B F TNLYLDAYKS FPGGFGPAIK
clag2. TKICNSEGYVS CSRKGPIPGK FFF——NWKSD APIYLYFYFF SNLYLDSAKY FPGGFSTSLK
clag7. XKW FGEE (R K e —PAYLYFHFF LNLYEDSCKY FPGGFSTSLR
clag9. BRI R DCKS A I e B YEGYYMG CENMLYRNILY FPNHLPEELR 1141
—5— 5 7 o Bl
clag3.1 EQTOHVQOEQT ¥ERKPSVHSE NRNF
clag3.2 EQTQHVQEQT ¥ERKPSVHSE NRNE
clag2. EQTEHVSOKG FKEKPMVHEL TKNL
clag7. EQTEHVKKKG FPKKPSVHEGEF TOMV
clag9. KOQTKGVELQQ PEYEPSVHSI DWOV 1165
10— >
9> 1
Peptide Position Amino Acid Sequence
Peptide 1 1046-1060 NNLGLLCEYQAIGSA
Peptide 2 1056-1075 AIGSANFHSYKKMSQFIDKK
Peptide 3 1066-1085 KKMSQFIDKKFIPLVFYTLK
Peptide 4 1076-1095 FIPLVFYTLKARTEGIIGKE
Peptide 5 1086-1105 ARTEGIIGKEWYKMVENDFD
Peptide 6 1069-1115 WYKMVFNDFDGKSMANTWPY
Peptide 7 1106-1125 GKSMANTWPYFGYYMGGNML
Peptide 8 1116-1135 FGYYMGGNMLYRNILYFPNH
Peptide 9 1126-1145 YRNILYFPNHLPEELRKQTK
Peptide 10 1136-1155 LPEELRKQTKGVELQQPEYE
Peptide 11 1146-1165 GVELQQPEYEPSVHSIDWQV
FIGURE 1.

Top, Alignment of peptides used in this study demonstrating lack of overlap with other
cytoadherence-linked asexual genes. The numbers 1-11 indicate the position of each peptide.
The highlighted regions represent non-conserved amino acid changes. Bottom, Amino acid
sequence of peptides used in this study.
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Percent of samples with a positive optical density (OD) value for each of the 11 peptides
tested. 1gG antibodies to cytoadherence-linked asexual gene 9 peptides were measured by an
enzyme-linked immunosorbent assay in 177 asymptomatic children and adults subjected to
intense malaria exposure in Madang, Papua New Guinea. Positive sera were defined as those
with an OD greater than the mean + 2 SD of OD values obtained from non-malaria-exposed
control sera. Error bars show the mean + SEM.
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FIGURE 3.

Age-related changes in antibody reactivity to cytoadherence-linked asexual gene (CLAG)
peptides 4 and 10 (mean optical density [OD] £ SEM) as measured by an enzyme-linked
immunosorbent assay. Of the 11 CLAG 9 peptides tested, peptides 4 and 10 were the two
most frequently recognized non-overlapping peptides.
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FIGURE 4.

Age-related changes in antibody reactivity to schizont antigen (mean optical density [OD] +
SEM). Antibodies to whole schizont antigen were measured by an enzyme-linked
immunosorbent assay.

Am J Trop Med Hyg. Author manuscript; available in PMC 2008 September 08.



Page 14

TRENHOLME et al.

'SIaWS Poojq AJ1ep SAINIBSUOD OM] WOJY PaINSeaW (PaLWNS) sa193ds PauIquIod Jo sanisuap 1saybiy sy J0 UeaW d1119LW09D)

§

'SIBaWS POO|q AJ1ep SAINIBSUOD OM] WIOJ) painseaw elwalsesed wniediofe) o Aisuap-1saybiy sy} Jo uesl 9111BW08S

't

‘sayisesed JaUlo Yl UoIRUIqUIOD Ul 1o ayiseted Burosyul 810s sy se Jaye elwaiseled winiediofe) ‘o ynm s198lgns Jo abejusossd pue Jsquinn

v

‘|eAJBIUI 80UBPILIUOD = [ ‘sayisesed 1oy aAleBau

= BN 91210 ‘o = 0d ‘8118w d = Wd XENA 'd = Ad Wniediofe) d = Jd "Sieaws poojq A|1ep sAINISUOD OM) JO UoITeUILEXS UO a)isesed Jo (sa10ads paulquiod 10) sa1oads Yyoea yym s10algns Jo JaquinN
¥

(91€-881) e (6v7€-88T) 95¢ (s5) 86 62)1s 1T ¥ € 0z 4 g 8 2 29 Ly LT [eoL
(0eT-29) €6 (591-59) €01 (9¢) vz w6z 1T T 14 6 0 T 0 € (14 0S 99 0z<
(Lze-1TT) T6T (562-06) €91 (02) 9t (08) L 0 0 0 0 T T 1 14 118 6¢ €C 61-GT
(eLe-5vT) €€ (e6v-0971) 182 (65) 22 6Dz o0 ¢ T 4 1 T 4 9 01 S L€ v1-0T
(L18-95¢) LS (268-602) 1€V (v1) sz (sT) g 0 0 0 14 0 4 € L €1 €S ve 6-G
(592'2-259) se2'T (PLL'2-€08) 116 (59) 1T (sT) € 0 0 0 € 0 0 0 € 8 ve LT il
(10 %ge) gseisered (10 %56) 1 Tid (%) OU |Jd  (9)BoN  Od Wd  Wd/Add Ad  Od/Adfid  Wd/Ad/d  Wdld Adild  3d 8N % U (s5eah) dnosfaby

® Europe PMC Funders Author Manuscripts

T374avl

,.dnoub Apms ayy ur papnjoul s108lgns Jo sonsiisoRIRYD BUIjasey

® Europe PMC Funders Author Manuscripts

Am J Trop Med Hyg. Author manuscript; available in PMC 2008 September 08.



