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Abstract

A complete description of the serological response following exposure of humans to complex

pathogens is lacking and approaches suitable for accomplishing this are limited. Here we report,

using malaria as a model, a method which elucidates the profile of antibodies that develop after

natural or experimental infection or after vaccination with attenuated organisms, and which

identifies immunoreactive antigens of interest for vaccine development or other applications.

Expression vectors encoding 250 Plasmodium falciparum (Pf) proteins were generated by PCR/

recombination cloning; the proteins were individually expressed with >90% efficiency in E. coli

cell-free in vitro transcription and translation reactions, and printed directly without purification

onto microarray slides. The protein microarrays were probed with human sera from one of four

groups which differed in immune status: sterile immunity or no immunity against experimental

challenge following vaccination with radiation-attenuated Pf sporozoites, partial immunity

acquired by natural exposure, and no previous exposure to Pf. Overall, 72 highly reactive Pf

antigens were identified. Proteomic features associated with immunoreactivity were identified.

*Corresponding author: Philip L. Felgner, PhD. Division of Infectious Diseases, Department of Medicine, University of California,
Irvine School of Medicine, Irvine, CA 92697. Tel: (949) 824-1407. Fax: (949) 824-9437. pfelgner@uci.edu.
Current addresses: Denise L. Doolan, Queensland Institute of Medical Research, The Bancroft Centre, 300 Herston Road, P.O.
Royal Brisbane Hospital, Brisbane, QLD 4029, Australia; J. Aggrey Oloo, African Malaria Network Trust (AMANET), Dar es
Salaam, Tanzania; Peter L. Blair, Earlham College, Richmond, IN, USA.

AUTHOR CONTRIBUTIONS

DLD and PLF conceived and designed the study, assisted in data analysis and interpretation, and wrote the manuscript. PLF and DHD

contributed to the supervision and execution of the research. YM, BU, CV executed the research and assisted in data analysis and

preparation of the manuscript figures. DM and XL provided the protein microarrays. SS, SH, AR and PB were responsible for the

bioinformatic and statistical analysis. PLB and JCA assisted in the initial selected of open reading frames for analysis. DAF was

responsible for the studies with irradiated sporozoite immunized volunteers that provided key specimens for analysis. JAO was

responsible for the field studies with Kenyan volunteers that provided key specimens for analysis.

COMPETING INTERESTS

The authors declare that no competing interests exist.

NIH Public Access
Author Manuscript
Proteomics. Author manuscript; available in PMC 2011 January 16.

Published in final edited form as:

Proteomics. 2008 November ; 8(22): 4680–4694. doi:10.1002/pmic.200800194.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Importantly, antibody profiles were distinct for each donor group. Information obtained from such

analyses will facilitate identifying antigens for vaccine development, dissecting the molecular

basis of immunity, monitoring the outcome of whole-organism vaccine trials, and identifying

immune correlates of protection.
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INTRODUCTION

The Plasmodium falciparum (Pf) genome encodes an estimated 5,268 putative proteins [1].

The parasite has a complex multi-stage life cycle. After an individual is bitten by a

Plasmodium infected female Anopheles spp. mosquito, sporozoites in the peripheral

circulation invade the liver and develop into schizonts containing as many as 30,000

merozoites each. The liver schizonts then rupture, releasing the merozoites into the

bloodstream where each can subsequently invade an erythrocyte. This initiates a cycle of

intra-erythrocytic stage, development, rupture, and re-invasion, resulting in a 15–30 fold

increase in the numbers of parasites in the bloodstream every 48 hours. These asexual

erythrocytic-stage parasites are responsible for the clinical manifestations and pathology of

malaria.

Decades of research in the pre-genomic era has identified no more than a score of promising

Pf vaccine or diagnostic targets, representing less than 0.5% of the entire genome. With the

recent completion of the genomic sequence of Pf and elucidation of the Pf proteome [1–7]

we have an opportunity to implement high throughput approaches to identify novel Pf

antigens for vaccine, diagnostic or other applications and to better understand the complex

host-parasite relationship. However, there is currently no in silico algorithm that can be used

effectively to identify serodiagnostic immune profiles or antigens that confer protective

immunity from genomic sequence data alone. Various approaches have been proposed for

antigen and epitope identification, including expression cloning [8], elution and mass

spectrometry sequencing of naturally processed MHC-bound peptides [9–11], in vitro

testing of pools of overlapping peptides [12–14], and reverse immunogenetics [15,16].

Unfortunately, these methods underestimate the complexity of responses, and none can be

applied for high throughput analysis of large amounts of genomic sequence data or very

large numbers of patient or animal samples.

Herein, we use protein microarrays [17–19] for identifying immunodominant antigens and

defining immunoreactivity profiles amongst distinct donor groups of differing malaria

immune status, including individuals who are demonstrably protected from malaria. We

show that these protein microarrays identify characteristic immunoreactive antigen profiles

recognized by serum antibodies from distinct donor groups of individuals exposed to P.

falciparum, and identify immunodominant antigens which may represent promising targets

for vaccine development.

MATERIALS AND METHODS

Gene / Open Reading Frame selection

A set of open reading frames (ORFs) derived from the Pf genomic sequence database

(<http://www.plasmodb.org/plasmo/home.jsp>)[20] and representing 250 putative Pf

proteins (4.75% of the entire genome) was targeted for cloning, expression, and protein
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microarray chip printing. The genes were selected according to specific sets of criteria,

including pattern of stage-specific gene or protein expression deduced from genomic or

proteomic datasets, subcellular localization, secondary structure, and known

immunogenicity or antigenicity in human and animal models. Since the study was designed

to include evaluation of samples from volunteers experimentally immunized with radiation

attenuated Pf sporozoites, the gene panel included putative Pf proteins expressed in the

sporozoite and/or liver stage of the parasite life cycle. Each gene was classified within one

of nine categories (Supplementary Table S1).

To manage the Pf sequence information, we developed a database and a web-interface

(http://contact14.ics.uci.edu/virus/mal_index.php) for accessing the sequence of each ORF

from the Pf genome. The following information is provided in an index view: chromosome

number, gene ID, strand direction, exon number, section number, 5-prime primer, 3-prime

primer, size of segment (nucleotides, amino acids, molecular weight), and a flag for whether

or not the section contains internal stop codons.

PCR amplification of linear acceptor vector

Plasmid pXT7 (3.2 kb, KanR) was previously described [21]; genes cloned into this vector

by the methods described herein encode an N-terminal 10x histidine tag and C-terminal

hemagglutinin tag. Plasmid pXT7 (10 µg) was linearized with BamHI (0.1 µg/µlDNA/0.1

mg/ml BSA/0.2 units/µl BamHI; 37°C for 4 hr; additional BamHI was added to 0.4 units/µl

at 37°C overnight). The digest was purified using a PCR purification kit (Qiagen, Valencia,

CA), quantified by fluorometry using Picogreen (Molecular Probes, Carlsbad, CA)

according to the manufacturer's instructions, and verified by agarose gel electrophoresis (1

µg). One ng of this material was used to generate the linear acceptor vector in a 50-µl PCR

using 0.5 µM each of primers 5'-CTACCCATACGATGTTCCGGATTAC and 5'-

CTCGAGCATATGCTTGTCGTCGTCG, and 0.02 units/µl Taq DNA polymerase (Fisher

Scientific, buffer A)/0.1 mg/ml gelatin (Porcine, Bloom 300; Sigma, G-1890)/0.2mM each

dNTP with the following conditions: initial denaturation of 95°C for 5 min; 30 cycles of

95°C for 0.5 min, 50°C for 0.5 min, and 72°C for 3.5 min; and a final extension of 72°C for

10 min.

PCR amplification of ORF insert

A total of 1–10 ng of Pf genomic DNA (3D7 strain) was used as template in a 50-µl PCR.

The following primers were used (0.5 µM each): 5'-

CATATCGACGACGACGACAAGCATATGCTCGAG (20-mer ORF specific at the 5'

end) and 5'-ATCTTAAGCGTAATCCGGAACATCGTATGGGTA (20-mer ORF specific

at the 3' end). The Pf genome is the most A+T rich genome sequenced to date with an

overall (A+T) composition of 80.6%, rising to ~90% in introns and intergenic regions [1].

Consequently, PCR amplification of Pf genes using genomic DNA template was

problematic. Initially, PCR was carried out using regular Taq DNA polymerase: 0.02 units/

µl TaqDNA polymerase (buffer A, Fisher Scientific)/0.1 mg/ml gelatin (Bloom 300,

Porcine; G-1890, Sigma)/0.2 mM each dNTP. Conditions were as follows: initial

denaturation of 95°C for 5 min; 30 cycles of 20 sec at 95°C, 30 sec at 50°C, and 60 sec/kb at

72°C (1–3 min on average, based on ORF size); and a final extension of 72°C for 10 min.

PCR products that were more difficult to produce were amplified by using a 30 sec

annealing time at 45°C or 40°C, instead of 30 sec at 50°C. Also, the extension temperature

was decreased from 65–72°C to 50°C. Subsequently PCR products were obtained using a

Taq polymerase with improved proof-reading characteristics (Triplemaster from Eppendorf),

increasing the efficiency of the PCR step to 87%: 0.04 units/µl Triple Master PCR system

(high-fidelity buffer, Eppendorf)/0.4 mM each dNTP (Eppendorf). Conditions were as

follows: initial denaturation of 95°C for 3 min; 35 cycles of 15 sec at 95°C, 30 sec at 40°C,
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and 60 sec/kb at 50°C (1–3 min on average, based on ORF size); and a final extension of

50°C for 10 min. PCR products that were difficult were reamplified using 50 ng genomic

DNA. The PCR product was visualized by agarose gel electrophoresis (3 µl). For

quantification, the product was purified (PCR purification kit, Qiagen) and quantified by

fluorometry (Picogreen, Molecular Probes). Since the reliability of producing the desired

PCR product decreases as the length of the genomic DNA fragment increases, exons longer

than 3,000 bp were divided into multiple overlapping sections, with 50 nucleotide overlaps.

In vivo recombination cloning

Competent cells were prepared in our laboratory by growing DH5α cells at 18°C in 500 ml

of SOB (super optimal broth) medium (2% tryptone/0.5% yeast extract/10 mM NaCl/2.5

mM KCl/20 mM MgSO4) to an OD of 0.5–0.7. The cells were washed and suspended in 10

ml of pre-chilled PCKMS buffer (10 mM Pipes/15 mM CaCl2/250 mM KCl/55 mM

MnCl2/5% sucrose, pH 6.7) on ice, and 735 µl of DMSO was added dropwisewith constant

swirling. The competent cells were frozen on dry ice-ethanol in 100-µl aliquots and stored at

−80°C. Each transformation consisted of the following: 10 µl of competent DH5α and 10 µl

of DNA mixture (40 ng of PCR-generated linear vector/10 ng of PCR-generated ORF

fragment; molar ratio, 1:1; vector, 1-kb ORF fragment). For transformation, the purification

of PCR product was unnecessary. The mixture was incubated on ice for 45 min, heat

shocked at 42°C for 1 min, and chilled on ice for 1 min; mixed with 250 µl of SOC (super

optimal catabolizer) medium (2% tryptone/0.55% yeast extract/10 mM NaCl/10mM KCl/10

mM MgCl2/10 mM MgSO4/20 mM glucose); incubated at 37°C for 1 hr; diluted into 3 ml of

LB medium supplemented with 50 µg of kanamycin per ml (LB Kan 50); and incubated

with shaking overnight. The plasmid was isolated and purified from this culture, without

colony selection.

In vitro protein expression

Plasmid templates used for in vitro transcription/translation were prepared by using QIAprep

SpinMiniprep kits (Qiagen), including the "optional" step, which contains protein

denaturants to deplete RNase activity. In vitro transcription/translation reactions (RTS 100

Escherichia coli HY kits; Roche) were set up in 25 µl PCR 12-well strip tubes and incubated

for 5 h at 30°C, according to the manufacturer's instructions.

Immuno-dot blots

To assess relative efficiency of protein expression, 0.3 µl of whole rapid-translation system

(RTS) reactions were spotted manually onto nitrocellulose and allowed to air dry before

blocking in 5% nonfat milk powder in TBS containing 0.05% Tween 20. Blots were probed

with hyperimmune sera diluted to 1:1,000 in blocking buffer with or without 10% E. coli

lysate. Routinely, dot blots were stained with both mouse anti-poly-HIS mAb (clone, HIS-1;

H-1029, Sigma) and rat anti-hemagglutinin (HA) mAb (clone, 3F10; 1 867 423, Roche),

followed by alkaline phosphatase-conjugated goat anti-mouse IgG (H+L) (BioRad) or goat

anti-rat IgG (H+L) (Jackson ImmunoResearch) secondary Abs, respectively. Bound human

Abs were visualized with nitroblue tetrazolium (nitro-BT) developer to confirm the presence

of recombinant protein.

Microarray chip printing

For microarrays, 10 µl of 0.125% Tween 20 was mixed with 15 µl of RTS reaction (to a

final concentration of 0.05% Tween 20), and 15-µl volumes were transferred to 384-well

plates. The plates were centrifuged at 1,600 × g to pellet any precipitate, and supernatant

was printed without further purification onto nitrocellulose-coated FAST glass slides

(Schleicher & Schuell) by using an OmniGrid 100 microarray printer (Genomic Solutions,
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Ann Arbor, MI). All ORFs were spotted in duplicate to enable statistical analysis of the data.

Data values reported herein represent the average of pairs. In addition, each chip contained

an area printed with controls consisting of RTS reaction using no DNA or empty T7 vector

control.

Protein microarray screening

Microarray chips were probed with human serum that was first pre-absorbed against E. coli-

lysate to block anti-E. coli antibodies as described previously [21]. This is necessary because

high titers of anti-E. coli antibodies mask any protein-specific responses when using whole

RTS reactions on dot blots and arrays. For all staining, slides were first blocked for 30 min

in protein array-blocking buffer (Schleicher & Schuell) and then incubated in serum for 2 hr,

at room temperature. Antibodies were visualized with Cy3-conjugated secondary Abs

(biotinylated secondary followed by Streptavidin PBXL-3, for HIS-probing) (Jackson

ImmunoResearch) and scanned in a ScanArray 4000 laser confocal scanner (GSI Lumonics,

Billerica, MA). Fluorescence intensities were quantified by using QuantArray software (GSI

Lumonics). Other studies in the UCI laboratory have established that the signal intensities of

a given protein probed with different sera are proportional to relative antibody titers in the

different sera [22]. Additionally, a good correlation between independent print runs was

obtained when individual serum samples from different patients were compared [23].

ELISA

To validate the immunoreactivity detected by the protein microarrays, sera were also

analyzed by ELISA against a known and well-characterized Pf pre-erythrocytic stage

antigen (PfCSP) as previously described [24]. The mean OD readings of quadruplicate

assays were recorded, and results reported as the OD value at each serum dilution and as

endpoint dilution (defined as greater than the mean +/− 3 standard deviations of negative

control sera).

Indirect Fluorescent Antibody test (IFAT)

Antibody recognition of Pf (NF54/3D7) sporozoite or blood stage parasites was evaluated

by IFAT as described previously [25]. Reactivity was scored as positive when the

immunofluorescence pattern of the parasite was recognized and when the fluorescence was

above the background of the negative controls. IFAT results were expressed as the endpoint

serum dilution at which positive fluorescence was detected.

Malaria-exposed donor groups

Individuals were selected for study on the basis of malaria history. Studies were conducted

in compliance with all applicable regulations governing the protection of human subjects.

The irradiated sporozoite study protocol was approved by the Naval Medical Research

Center Committee for the Protection of Human Subjects, the Office of the Special Assistant

for Human Subject Protections at the Naval Bureau of Medicine and Surgery, and the

Human Subjects Research Review Board of the Army Surgeon General. The Kenyan

samples were collected under a study protocol approved by the Naval Medical Research

Institute’s Committee for the Protection of Human Subjects, the Walter Reed Army Institute

of Research Human Use Committee, and the Kenya Medical Research Institute/National

Ethical Review Committee. Written informed consent was obtained from all subjects.

Subject details are provided as Supplementary Data (Supplementary Tables S2 and S3

online).
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Sporozoite immunized volunteers (Supplementary Table S2)

Caucasian volunteers (n=10) were experimentally immunized with radiation-attenuated Pf

sporozoites as previously described [26]. Subjects were challenged by the bites of 5 Pf

infected Anopheline mosquitoes, and evaluated for the development of clinical malaria by

daily monitoring of thick blood smears beginning 7 days after challenge and continuing until

day 28, then weekly for 4 weeks if they became parasitemic or 8 weeks if they did not

become parasitemic. Protection was defined as complete absence of blood-stage parasitemia

(sterile protection). Six of the 10 immunized volunteers were protected against sporozoite

challenge and were classified as sporozoite-immune; four were not protected and were

classified as sporozoite-exposed but non-immune. Serum samples were collected from each

volunteer prior to immunization (pre-bleed), at the completion of the immunization series

and immediately prior to challenge (pre-challenge), and following challenge (post-

challenge). Pre- and post-challenge IFAT titers against Pf sporozoites were: protected 613

(mean; range 160–1280) and 560 (mean; range 160–1280); and unprotected 170 (mean;

range 40–320) and 240 (mean; range 80–640).

Individuals naturally exposed to malaria (Supplementary Table S3)

Kenyan subjects (n=12) were residents of the Asembo Bay area of Kenya. In this area, the

year round prevalence of Pf infection amongst children 6 months to 6 years of age has been

documented as 94.4–97.8% [27–29]. Enrolled subjects reported an average of 2.1 episodes

of clinical malaria within the previous year. The donor group derives from a subset of 192

volunteers previously enrolled in an immunoepidemiology study [30] and selected for the

current study covering a range of sex, age, malaria history and recognition of native Pf

sporozoites and parasitized erythrocytes by IFAT. Pf sporozoite and blood-stage IFAT titers

for the pool of hyperimmune sera from these 192 individuals were 5,120 and 81,920,

respectively.

Data and statistical analysis

A detailed description of the statistical treatment has been published elsewhere [31].

Analysis of individual array measurements

We first defined the background (true negative) signal as the average signal of the negative

control spots on the array. This enabled us to compare each protein’s signal with the

background signal to determine which antigens showed significant positive responses. Since

comparisons needed to be conducted for groups of arrays as well, we transformed the raw

signals using the vsn (asinh transformation, similar to log for higher intensities) method

[32], shown to effectively calibrate array measurements through shifting and scaling and

also to stabilize the variance in DNA microarray and 2D difference gel electrophoresis [33]

data analyses. Each protein was spotted only twice per array. Because standard deviation

estimates can be unreliable (artificially high or low) when there is low replication of

measurements, we applied the Bayes-regularization technique described in Baldi and Long

[34]. This technique derives more robust estimates of the variance of each protein as a

weighted combination of the sample variance and the pooled variance of neighboring

proteins with similar signal intensity. Given n replicates, the regularized estimate of the

variance is given by the equation:
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where υ0 is the confidence in the background variance of the neighboring genes, σ0
2 is the

background variance equal to the average variance of the neighboring genes, and s2 is the

empirical variance. The neighboring genes are defined in terms of a window size, after

ranking the protein by mean levels of expression. υ0 can also be regarded as a form of

“pseudo-counts”, as if υ0 virtual data points were added to the data, or a parameter that

controls the relative strength of the prior distribution. Using these new regularized estimates

for the standard deviation, we conducted a series of Bayes-regularized one-sided t-tests on

proteins with higher mean signal than the defined control to reliably estimate the signal

difference between each protein and control, and computed the corresponding p-values. It

should be noted that this regularization approach has been used in several studies analyzing

both DNA and protein microarray data [31,35–38] and its effectiveness has been

independently validated [39] by analyzing a DNA microarray dataset with known relative

concentrations between spike-in and controls.

Analysis of groups of array measurements

In addition to determining the positive proteins recognized by each of the individual sera, we

averaged replicated spot measurements per sera (arithmetic mean) and pooled the responses

for each group, to identify the positive proteins while taking into account the biological

variation within the sera in each group. Prior to the pooling of measurements, the signals

were transformed using the vsn method [32] described earlier. Similar to the analysis of

individual sera, we defined the true negative control using the mean control signal spotted

on the arrays and performed Bayes-regularized t-tests were performed within each group to

compare and rank the proteins with a higher mean signal than the mean group control. For

the individual and group analysis, using the average standard deviation of 30 neighboring

proteins along with a weight of υ0=5 “pseudocounts” for computing the Bayes-regularized

variance was observed to achieve a moderate regularization effect. Given the large number

of hypotheses being tested, we applied the method in Storey [40] and Allison et al. [41] to

the set of p-values to estimate the experiment-wide false discovery rates (FDR). For the

individual and group analyses of the 43 arrays, a p-value cutoff of 0.05 corresponded to an

estimated FDR level of 0.06 – 0.065. With the additional criteria applied for determining a

positive response as described below, we expect the actual FDR to be lower than this

estimate.

Criteria of positivity

As well as analyzing the intensity of response (as above), we also assessed the frequency of

response for each antigen = number of individuals within a given donor group for which that

antigen was positive on the basis of normalized signal intensity relative to control. Final

classification of antigen reactivity was made taking into account both magnitude of response

(signal intensity) and frequency of recognition. The responses by a particular donor group

were considered positive overall if all of the following (conservative) criteria were met

(where ‘control’ refers to spots on array from coupled transcription/translation reactions

lacking DNA template):

1. normalized signal intensity > 4.0 (ratio of signal intensity of test relative to control)

> 4.0 (4-fold above control signal being a conservative cut-off that is 17 times the

standard deviation of the controls),

2. response was statistically significant (p < 0.05) compared with control signal

intensity, and

3. number of positive responses within donor group ≥ 2.0 (i.e. reproducible

recognition)
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RESULTS

Gene amplification and cloning

The set of ORFs was amplified and cloned using a high throughput PCR recombination

cloning method developed in our laboratory [21]. The efficiencies of the overall process of

PCR amplification and cloning are summarized in Table 1, and the results for F. tularensis

(Ft) and M. tuberculosis (Mtb) are also tabulated for comparison. In all cases both the PCR

and cloning steps were greater than 95% efficient. A subset of the cloned genes was

sequenced to verify that the insertion matched the targeted ORF, the PCR fragment was in

the correct orientation, and there were no mutations introduced in the overlapping region

during homologous recombination. In >99% of the cases the correct insertions were verified

(Table 1).

Protein expression

As compared with other organisms, Pf proteins have been difficult to express by

conventional methodologies in bacterial, yeast or insect expression systems [42–44]. We

evaluated the efficiency of Pf protein expression in our E. coli based cell-free in vitro

transcription/translation system using 295 different cloned, HIS- or HA-tagged Pf ORFs as

templates (Figure 1). The 250 Pf proteins on the chip are represented as 295 ORFs because

some of them were cloned as multiple exons and ORFs >3000 base pairs were cloned as

overlapping segments. More than 90% of the proteins were positive for the HIS and HA

tags. Some of the plasmids encoding Pf proteins had a stop codon before the HA tag; only

7% of those vectors expressed the C-terminal HA tag. This small amount of read-through

verifies the use of the HA tag as a probe for full-length product (i.e. expression of full length

proteins from the clones of interest) (Table 2). Efficiency of expression for vectors encoding

M. tuberculosis and F. tularensis genes are shown for comparison. Uniformly high

expression efficiencies >90% were obtained in all cases except when a stop codon was

placed in front of the HA tag.

To validate the immuoreactivity of in vitro cell-free expressed Pf proteins compared with

conventional protein production methods, the panel of all test sera (pre-immunization, pre-

challenge and post-challenge sera from 10 irradiated sporozoite immunized volunteers,

cross-sectional sera from 12 naturally exposed Kenyans; pool of hyperimmune Kenyan sera)

was assayed by a conventional ELISA assay using high quality recombinant protein capture

antigen for PfCSP; the same sera were used to probe the microarray chips. The correlation

(r2) of the ELISA data with microarray chip data for Pf CSP was 0.76 (p< 4e-09). Other

studies showing good correlations between ELISA and microarray data have been published

by our group, in Lyme disease and vaccinia models [22,23].

Immune screening

Pf protein microarrays were probed with sera from 12 subjects who were naturally exposed

to malaria in a hyperendemic region of Kenya, and 10 subjects who were experimentally

immunized with radiation attenuated Pf sporozoites and either protected (n=6) or not

protected (n=4) against challenge with infectious sporozoites; pre-immunization pre-

challenge and post-challenge sera were evaluated. Subject details are provided in

Supplementary Tables S2 and S3. The corresponding region of several probed arrays

displaying a subset of the targets under study, probed with sera from three of the four donor

groups, is shown in Figure 1. The reactivity of an anti-histidine monoclonal antibody against

the N-terminal HIS tagged proteins is shown in Figure 1a. Sera from malaria-naïve subjects

showed little or no reactivity (Figure 1b), whereas sera from Pf exposed individuals (either

experimentally or naturally infected) showed pronounced reactivity against numerous

antigens (Figures 1c & 1d).

Doolan et al. Page 8

Proteomics. Author manuscript; available in PMC 2011 January 16.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Data were analyzed by the ‘group average’ method as described in the Methods section. A

detailed description of this statistical treatment has been previously published [31]. The

reactivity against those antigens most strongly recognized by donor sera from each of three

donor groups is plotted in Figure 2. For each antigen, the average signal intensity (SI) of

test/negative control for all subjects within a donor group is presented as a histogram, and

the statistical significance relative to control (negative log p-value, determined by Bayes

regularized t-test) is indicated by dot plot. For the naturally exposed donor group, there were

156 antigens with p values < 1e-3; data for 77 antigens with p values < 1e-7 are shown in

Figure 2a. For the sera from the irradiated sporozoite immunized groups collected

immediately before challenge, there were 17 antigens with p values < 1e-3 in the protected

group (Figure 2b) and 9 antigens with p values < 1e-3 in the unprotected group (Figure 2c).

Background reactivity with sera from malaria-naïve donors was very low (only 2% [5/250]

of the Pf antigens were recognized by more than one malaria-naïve serum sample and no

antigens were recognized by more than two sera) (data not presented). The low p values

indicate that the signals obtained from the chip are highly significant.

Overall, 72 highly reactive Pf antigens met the following criteria: i) normalized signal

intensity (ratio of signal intensity of test relative to control > 4, where ‘control’ refers to

spots on array from coupled transcription/translation reactions lacking DNA template), ii) p

< 0.05, and iii) number of positive responses within a particular donor group ≥ 2

(Supplementary Table S4). Sixteen of the 23 most immunoreactive proteins are well-

characterized Pf antigens, many of which are under clinical development and evaluation

(www.who.int/vaccine_research/documents/en/malaria_current_11042003.pdf). Fifty-six of

the immunoreactive Pf antigens are novel; three of these have been identified previously by

MudPIT analysis of erythrocyte ghosts (PF11_0314, PFE0060w, PFE1590w) [45], three

have been identified previously by ImmunoSense™ T cell screening (PF11_0226, high T

cell reactivity; PF10_0179, intermediate T cell reactivity; PF14_0751, no T cell reactivity)

[46], and 50 have not been previously described as immunologically reactive.

Profile of antigen recognition between donor groups

Characteristic profiles of antigen reactivity were noted for each of the distinct donor groups.

The profiles of immunoreactivity against 48 ORFs representing the 45 top ranked

(immunodominant) antigens are shown in Figures 3 and 4. Three reactive high molecular

weight antigens (PFB0915w, LSA3; PFI1475w, MSP1; PF10_0138, hypothetical) were

printed twice as overlapping segments and each segment was reactive. In Figure 3, the

signal intensities for recognition of each antigen by individual serum samples are shown

using a colorized matrix. The relative intensities of the average normalized signal intensity

for each antigen by the averaged response of each donor group are plotted in Figure 4.

Additional details for other antigens are provided as Supplementary Data (Supplementary

Table S4).

The sera from naturally exposed subjects gave a substantially different immunoreactivity

profile than the sporozoite immunized group. Naturally exposed subjects reacted more

strongly to a larger number of antigens than the sporozoite immunized subjects, and the

subset of sporozoite immunized volunteers who were protected against sporozoite challenge

reacted more strongly to a larger number of antigens than those who were not protected.

Sera from naturally exposed individuals recognized 33 antigens (16 characterized, 17 novel).

Twenty-eight proteins were specific for the naturally exposed group. Five proteins (CSP

[PFC0210c], SSP2/TRAP [PF13_0201], AMA1 [PF11_0344], MSP1 [PFI1475w], and a

previously uncharacterized Pf protein MAL7P1.32) reacted with sera from both naturally

exposed and sporozoite immunized groups. One protein (PFI0580c) was specific for the

irradiated sporozoite immunized groups. Of the known antigens, naturally exposed
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individuals preferentially recognized blood stage antigens (MSP1 [PFI1475w], MSP2

[PFB0300c], MSP4 [PFB0310c], MSP5 [PFB0305c], MSP7 [PF13_0197], Exp1

[PF11_0224], EBA175 [PF07_0128], and LSA3 [PFB0915w] (originally thought by some

researchers to be a liver-stage antigen), whereas sporozoite immunized volunteers responded

predominantly to the immunodominant sporozoite surface protein, CSP [PFC0210c] as well

as SSP2/TRAP [PF13_0201] and AMA1 [PF11_0344]. Interestingly, CSP was the only

protein recognized by all irradiated sporozoite immunized volunteers (Figure 3).

Eight antigens were reproducibly recognized prior to sporozoite challenge in irradiated

sporozoite immunized subjects who were sterilely protected against challenge (CSP, SSP2/

TRAP, AMA1, MSP1, MAL7P1.32, PFI0580c, PF10_0138, PF14_0315), whereas only

three antigens were recognized prior to challenge in the unprotected subjects (CSP, AMA1,

MAL7P1.32) (Figures 3 and 4). The three novel antigens recognized by protected but not

unprotected volunteers (PFI0580c, PF10_0138, PF14_0315) may be of interest for vaccine

development. Notably, the four most immunoreactive proteins recognized by sporozoite

immune sera were previously characterized Pf antigens known to be expressed in the

sporozoite and/or liver stage of the parasite life cycle: CSP [47], SSP2/TRAP [48], AMA1

[49] and MSP1 [49]. The sporozoite surface protein STARP [50, 51] was also recognized.

These data confirm that proteins expressed during the sporozoite and/or liver stage but not

the blood stage are recognized and that the protein microarray approach can effectively

identify antigens expressed in the pre-erythrocytic as well as erythrocytic stages of the Pf

parasite life cycle.

Importantly, the antigen repertoire in the protected sporozoite immunized group was

unchanged after challenge. In contrast, immunized volunteers who developed clinical

malaria following sporozoite challenge (experimentally infected) developed an additional

subset of antibodies after challenge; some (n=21) were similar to the naturally exposed

profile consistent with the development of patent blood-stage parasitemia, but many were

unique to the experimentally infected group (n=38, none of which have been previously

characterized). Six of the seven most immunodominant antigens recognized by the naturally

exposed group, including known blood stage antigens MSP1, MSP2, MSP4, and Exp1, were

recognized by the experimentally infected individuals. However antibodies against LSA3

(the most immunoreactive antigen recognized by the naturally exposed group) or against the

blood stage specific antigens MSP6, MSP7, EBA175 or S-antigen did not develop post-

challenge. The most dominant responses in the experimentally infected group were to

MSP2, AMA1, MAL7P1.32 (hypothetical protein), PFI0580c (hypothetical protein),

PFA0410w (hypothetical protein), and PFL0625c (translation initiation factor).

Profile of antigen recognition within a donor group

The profiles of antigen immunoreactivity were remarkably consistent among individuals

within a given donor group, although individual specificities were apparent as expected from

an outbred human population. The antigen-specific reactivity profile for each of the 12

naturally exposed subjects is presented in Figure 3. The signal intensities varied by about

10-fold between subjects. The profile of a pool of hyperimmune serum from 192 subjects

resident in the same region and assayed in parallel appeared representative of an average of

all individual responses, and a scatterplot of the pooled sera against the average of the

individual sera gave a line with an R2 value of 0.83. Antibody profiles from individuals

experimentally immunized with radiation-attenuated Pf sporozoites were also consistent

among individuals, although some inter-individual variation was apparent as expected given

the genetic heterogeneity of the human population (Figure 3). As noted above, these sera

reacted with a distinct set of antigens as compared with sera from naturally exposed

individuals.

Doolan et al. Page 10

Proteomics. Author manuscript; available in PMC 2011 January 16.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



Proteomic features of the immunodominant antigens

The data in Table 3 and Supplementary Table S5 summarize proteomic features that are

enriched in the immunodominant antigen set relative to the whole Pf proteome. The average

isoelectric point of all the proteins in the Pf proteome is 8.0, but the average isoelectric point

of the top 48 immunodominant ORFs is 6.3, reflecting a propensity for more acidic

structures or peptide fragments to be recognized by the host immune system; in the Systemic

Lupus model, isoelectric point was identified as an excellent predictor of the antigenicity of

spliceosomal autoantigens [52]. The average molecular weight of all the Pf proteins in the

proteome is 87 kDa, but the 48 immunodominant antigens average nearly two times larger,

presumably reflecting the presence of additional B cell epitopes in the larger sequences. A

predicted signal peptide sequence is present in 42% of the immunodominant hits as

compared to 15% of the whole Pf proteome, consistent with secretion of the protein product

into the cytoplasm for recognition by the host immune system. Fifty percent of the proteins

on the top 48 immunodominant hit list were detected by mass spectrometry analysis

(MudPIT) of different stages of the Plasmodium parasite life cycle as compared with 18% of

the whole Pf proteome (1000 proteins) (www.PlasmodDB.org), presumably reflecting the

relative abundance of the immunodominant proteins. Notably, PfEMP1 was absent from this

list. Combining the signal peptide and mass spectroscopy evidence produces a set of 1712

proteins predicted to contain ~70% of the top immunodominant hits (Table 3 and

Supplementary Table S5). In summary, low isoelectric point, high molecular weight, a

signal peptide, and evidence of expression by mass spectrometry are proteomic features

associated with enhanced recognition by the humoral immune system.

At least 12 of the immunodominant antigens contain primary amino acid sequence repeats;

five of these antigens are already known and well-described antigens (S-antigen, LSA1,

LSA3, CSP, STARP) (Supplementary Table S6). Of the hypothetical antigens identified as

immunoreactive here, five antigens contain arginine rich domains, and one antigen has a

high serine content (28%) but is not a member of the previously annotated SERA family

[53]. One protein (PFL0625c) has a more complex repeat domain. Overall, data are

consistent with the presence of immunodominant B cell epitopes in repeat regions.

DISCUSSION

To date, efforts to express Pf proteins on a large-scale have been largely unsuccessful [42–

44,54]. Even on a small scale, Pf proteins have proven particularly difficult to express in

bacteria, yeast or insect cells using conventional methodologies as compared with other

organisms, possibly due to their high A+T content (~82%, the highest A+T content of any

known organism [1] ) and rare codon usage [55]. Herein, we have used a high throughput

PCR recombination cloning and E. coli based cell-free in vitro transcription/translation

system to express 250 putative Pf proteins. We report ≥ 93% expression efficiency,

contrasting with rates reported in other large-scale Pf studies in E. Coli (7–16% [42]; 21%

[44]; 6% [43]) or the wheat germ cell-free system (75% [54]). The actual frequency of

expression in our E. coli-based system may be greater than 93% since in some cases the HA-

or HIS-tags used to confirm expression may be present but conformationally obscured and

not accessible to antibody on dot blots. These expression percentages agree well with other

proteomes that we have investigated including vaccinia virus [21], F. tularensis [38], and M.

tuberculosis (unpublished results). The high success rate seen with the cell-free

transcription/translation system may be attributed, at least in part, to the fact that the system

is supplemented with rare t-RNAs to help translate A+T-rich genes, that there is no cell to be

killed by a potentially lethal expressed product, and that the proteins do not have to be

purified prior to printing. It is understood that antibodies recognize their targets specifically

even in the presence of large amounts of nonspecific proteins. The high efficiency of protein

expression is maintained on the microarray by virtue of printing the expression reactions
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without further protein purification, since manipulation and handling cause significant loss.

Furthermore, the microarrays are printed within a few hours after the expression reaction is

complete reducing protein instability problems. Once the protein microarrays are printed,

they are stored dry at room temperature and are stable under these conditions for many

months (unpublished results).

The bacterial cell-free expression system has two main disadvantages. Firstly, there is no

glycosylation of proteins. In vaccinia immunized humans and animals we have observed

reactivity to vaccinia extracellular enveloped virion proteins that are known to be

glycosylated, even though the E. coli expression system does not generate glycosylated

products [56]. Presumably the polyclonal response generated during infection of eukaryotic

cells produces antibodies against the non-glycosylated regions of these proteins. However, it

is possible that some Pf glycoproteins have not been recognized in this study. Secondly,

some protein products may not be folded correctly due to the lack of a proper redox

environment in which to form disulfide bonds [56], and so immune responses against other

important conformational epitopes may also have been missed.

Data from other studies show that protein microarray chip signal intensity is proportional

both to the titer of antibody in the sample [22] and the amount of antigen spotted on the chip

(unpublished results). Since the amount of antigen per spot varies between different

antigens, and the absolute amount of antigen per spot is not accurately known, one cannot

directly compare signal intensities between different antigens. However, one can

legitimately compare signal intensities of a given antigen between different sera samples.

Moreover antibody titers against different antigens, obtained by plotting signal intensities

for a given antigen against the serial dilution of sera to produces a sigmoid ‘titration curve’,

can be compared between antigens. These considerations are similar for the development of

traditional ELISA assays.

Here, using protein microarrays, we have screened ~5% of the entire Pf genome (250

putative proteins) for its capacity to be recognized by antibodies from individuals naturally

or experimentally exposed to Pf, in order to identify immunodominant antigens and define

immunoreactivity profiles amongst distinct donor groups, including individuals who are

demonstrably protected from malaria. Within this subset was a panel of 21 known and well

characterized Pf pre-erythrocytic and erythrocytic stage antigens. Inclusion of those antigens

allowed us to verify that the protein microarray approach can effectively identify antigens

known to be recognized by immune sera, that antigens expressed in stages other than the

asexual erythrocyte stage can be recognized, and that the results of protein chip based

screening correlate with results from a conventional ELISA assay.

A total of 72 highly immunoreactive proteins were identified (Supplementary Table S4).

Almost all of the well-characterized antigens that are under clinical evaluation (with

orthologs demonstrated to be protective in animal models of malaria) were identified by this

analysis, and 16 of these ranked within the top 23 most immunoreactive antigens. In

addition, 56 previously uncharacterized antigens were identified as serodominant. Of

particular interest as high priority antigens for further evaluation are five hypothetical

proteins on the list of the top 23 most immunoreactive antigens: MAL7P1.32, PFI0580c,

PF10_0138, PFE0060w, and PFL2410w. Also of interest are two antigens previously shown

to be recognized by T cells from irradiated sporozoite immunized volunteers: PF11_0226

(high T cell reactivity) and PF10_0179 (intermediate T cell reactivity) [46]. An additional

subset of potential interest are those hypothetical proteins that did not meet our conservative

criteria of positivity [(i) normalized signal intensity > 4, (ii) p < 0.05, and (iii) number of

positive responses within a particular group ≥ 2] but that were highly significant on a

statistical basis for recognition by protected but not unprotected irradiated sporozoite
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immunized volunteers (MAL7P1.29, PFL1130c, PF14_0470, PF11_0358, PF13_0350,

PF11_0226); most of these were also recognized as significant by naturally exposed

individuals consistent with boosting of the antigen-specific immune response in the field by

sporozoite exposure. Overall, from a panel of 250 putative Pf proteins screened by protein

microarrays, we identified 14 novel antigens which warrant additional consideration as

potential target antigens for a subunit malaria vaccine.

Notably, the well characterized pre-erythrocytic stage antigens CSP, SSP2/TRAP, and

AMA1 were recognized by both the protected and unprotected subgroups of volunteers

immunized by irradiated sporozoites. The reactivity profiles did not reflect whether or not

the volunteers were protected against subsequent sporozoite challenge, suggesting that other

antigens yet to be defined may be targeted by the protective immune responses induced by

immunization with radiation-attenuated Pf sporozoites. Those novel antigens that are not

recognized in susceptible individuals but are reactive in individuals with sterile protective

immunity are potentially more promising as targets for vaccine development than antigens

currently in clinical development. CSP was the only antigen recognized by all irradiated

sporozoite immunized volunteers, regardless of protection status, consistent with this protein

being the dominant coat protein on the sporozoite.

An important finding from this research is the demonstration that protein microarrays can

identify, as antibody targets, proteins expressed only in the pre-erythrocytic stage of the

Plasmodium parasite (e.g., CSP, SSP2/TRAP), including liver-stage specific antigens such

as LSA1 which was dominant in naturally exposed subjects. T cell responses rather than

antibody responses are considered the important immune responses against antigens

expressed in these stages. This finding is supported by the identification here of two

hypothetical antigens known to be recognized by T cells from irradiated sporozoite

immunized volunteers (PF11_0226 and PF10_0179) [46]. Previously, although antigens

known to elicit T cell responses are likely to be recognized by serum antibodies, it had been

considered that a protein-antibody based approach might preferentially identify blood stage

proteins that are targets of antibody responses. It should be noted, however, that

demonstration that a given protein is recognized by antibodies does not constitute evidence

of B-cell mediated protective responses. Antibodies that recognize Pf antigens may be

elicited against proteins released from dead parasites or as a result of schizogony. There is

therefore no direct link between antibody recognition and protection in the absence of

further functional information. Confirmation that the novel antigens identified by protein

microarrays elicit protective immune responses in humans will take additional research.

It should be also noted that the protein microarray approach is particularly suited for

screening large numbers of sera. We have seen in other pathogens that antibody profiles

generated by humans are similar although the specificities vary between individuals [21,23].

We term those proteins that are most frequently recognized in a population as

"serodominant" (in contrast to "immunodominant" which usually refers to antigens

recognized in the context of a single individual). Serodominant proteins may be important

targets for development vaccines and diagnostics. In other studies, we are screening T cell

and antibody responses at the level of the whole vaccinia proteome in subjects immunized

with the licensed vaccinia-virus based smallpox vaccine, Dryvax (Wyeth). We have

observed that there is overlap in the antibody profiles revealed by protein microarray and the

immunodominant antigens recognized by proliferative (CD4+) T cells (Jing et al, in press),

as would be predicted for cognate T-B cell collaboration.

In addition to identifying serodominant antigens which may represent promising targets for

vaccine development, we show that protein microarrays identify characteristic

immunoreactive antigen profiles recognized by serum antibodies from distinct donor groups
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of differing malaria immune status. Within a donor group, there is individual-to-individual

variation in the strength and breadth of the profiled immune responses, as expected, and it is

encouraging that the method can distinguish these differences between individuals. From a

vaccine perspective, comparing the profiles between protected and unprotected subjects in

vaccine studies using whole organisms (eg, immunization with radiation attenuated Pf

sporozoites, genetically attenuated parasites [57–59] or parasitized erythrocytes [60]) may

lead to the identification of antigens associated with protection that may be useful in subunit

vaccines. The identification of unique immunoreactivity profiles among donor groups of

differing immune status, and the relationship between these antigen(s) and protective

immunity, may also be useful for dissecting the molecular basis of immunity and for

identifying immune correlates of protection. Data will also promote understanding of host-

pathogen immunity.

In summary, herein we define the antibody profiles that develop in humans after exposure to

a complex parasite that poses an enormous public health threat worldwide. We show that we

can discriminate between individuals with sterile immunity against experimental malaria

challenge following vaccination with radiation-attenuated Pf sporozoites, individuals with

partial immunity acquired by natural exposure to malaria, individuals who were not

protected against experimental malaria challenge following vaccination with radiation-

attenuated Pf sporozoites, and healthy controls with no history of malaria exposure. We have

further identified 72 highly immunoreactive Pf antigens which may represent promising

targets for vaccine development. Our results have basic science implications by contributing

to a better understanding of host-pathogen immunity, as well as practical implications for

vaccine development.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Probed Arrays

Pf protein microarrays were generated as described in Methods. Three individual arrays

displaying a subset of targets evaluated in this study were probed with sera as described

below, followed by biotinylated secondary and streptavidin PBXL-3, read in a ScanArray

4000 confocal laser scanner, and the signal intensities quantified. Arrays were probed with

(A) anti-polyhistidine mouse monoclonal antibody (B) sera from malaria-naïve individuals

(pre-immunization specimens from volunteers subsequently immunized with radiation

attenuated Pf sporozoites) (C) sera from irradiated sporozoite immunized and infected

volunteers post-challenge, or (D) sera from adults naturally exposed to malaria in Africa.

Control reactions that lacked vector template (boxes) and reactions of some well

characterized Pf antigens (circles) were also spotted.
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Figure 2. Antigen immunoreactivity profiles of donor groups of differing malaria immune
status- statistical significance

Pf protein microarrays were generated and screened as described in the legend to Figure 1.

Primers were designed to amplify each exon separately; the exons of genes containing

introns are designated with a small letter ‘e’, as e1, e2, etc. Large genes (and exons) greater

than 3,000 base pairs were amplified in segments with each segment overlapping by 150

nucleotides; the segments are designated with a small letter ‘s’ as s1, s2, etc. Pf protein

microarrays were probed with (A) sera from 12 individuals naturally exposed to

hyperendemic malaria in Kenya, or with sera from 10 individuals experimentally immunized

with radiation-attenuated Pf sporozoites and either (B) protected (n=6) or (C) not protected

(n=4) against challenge with infectious Pf sporozoites. Average signal intensities for each

donor group are shown. For each antigen, the average signal intensity (SI) of test/negative

control (relative intensity) for all subjects within a donor group is presented as a histogram,

and antigens are plotted in order of decreasing strength of recognition. The statistical

significance relative to control (negative log p-value, determined by Bayes regularized t-

test) is indicated by dot plot.
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Figure 3. Immunoreactivity profiles per subject

Pf protein microarrays were probed with sera as described in Figure 2. The colored squares

represent the signal intensity for recognition of 48 highly reactive ORFs. Antigens were

selected according to the following criteria, i) normalized signal intensity (ratio of signal

intensity of test relative to control) > 4, ii) p < 0.05, and iii) frequency ≥ 2. The p values

were determined by the Bayes-regularized t-test for ‘individual arrays’ as described in the

methods section. The scale represents the normalized SI (intensity/negative control without

template DNA) for each subject sera against each antigen.
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Figure 4. Immunoreactivity profiles per donor group

Pf protein microarrays were probed with sera as described in Figure 2 and SI's normalized

against the negative control as described in Figure 3. Histograms represent the normalized

SI's for recognition for each of the top 48 most reactive antigens divided by the averaged

response of each donor group. Antigens are the same as shown in Figure 3. In the Naturally

Exposed group, ‘Pooled Serum’ is from 192 hyperimmune donors from Kenya, and

‘Average’ is the average of the signals from 12 individual sera from the same region.
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