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     INTRODUCTION 

  Plasmodium vivax , the second most important human 
malaria species, generates an estimated 60–70 million clini-
cal cases worldwide every year, representing ~20% of global 
malaria cases and 56% of cases outside Africa. 1  Because clini-
cal manifestations develop during asexual parasitic blood-
stage multiplication, which occurs after the parasite has 
successfully completed its development in the liver, blocking 
parasite invasion or its further development in hepatocytes 
could thereby prevent subsequent clinical manifestations and 
further transmission to mosquitoes. Moreover, in the case of  
P. vivax,  a pre-erythrocytic vaccine could prevent the develop-
ment of hypnozoites and occurrence of clinical relapses, and 
thus would be an ideal vaccine for human use. Indeed, vaccina-
tion of humans using irradiated sporozoites has been shown to 
induce significant protection from experimental malaria para-
site challenge, 2–  4  indicating that immunological responses can 
arrest parasite development before it appears in blood and 
clinical symptoms are produced. Because sera from humans 
and animals protected by this means recognize, among other 
molecules, the circumsporozoite (CS) protein that is abun-
dantly expressed on the sporozoite surface and is involved in 
the process of hepatocyte invasion, 5  this protein has been one 
of the most extensively studied malaria antigens. 6,  7  

 Several studies have shown that at the pre-erythrocytic 
stages, protection is mediated by both innate and acquired 
immune responses. 8,  9  Currently, it is thought that antibodies 
block sporozoite invasion of the liver and cytokines inhibit 
the intracellular parasite development contributing synergisti-
cally to protection. 10  Production of interferon-gamma (IFN-γ) 
by either CD4+ or CD8+ T cells is considered the most impor-
tant mechanism involved in protective pre-erythrocytic stage 
immunity. 9,  11,  12  

 The CS proteins of various  Plasmodium  species have shown 
great promise in inducing protective immunity in animal 
models and humans. 8,  13–  15  Recently, encouraging results were 
obtained in clinical trials conducted with a recombinant vac-
cine based on a fragment of the  Plasmodium falciparum  CS 
protein fused to hepatitis B surface antigen (RTS,S vaccine). 
This vaccine was shown to protect individuals from experi-
mental infection with  P. falciparum  sporozoites, 16  and it also 
protected semi-immune adults 17  and children from natural 
infection in endemic areas. 18–  20  In these previous studies, RTS, 
S induced specific antibodies to the recombinant protein 19,  21–  23  
and elevated IFN-γ production in the protected subjects; both 
CD4+ and CD8+ T cells secreted IFN-γ specifically in response 
to CS protein peptides. 24  

 During the last few years, we have devoted considerable 
effort to characterizing the  P. vivax  CS protein and to testing 
the protective potential of a peptide-based CS vaccine in pre-
clinical and clinical studies. 6  A phase I vaccine clinical trial con-
ducted using long synthetic peptides (LSP) derived from the  
P. vivax  CS protein formulated in Montanide ISA 720 indi-
cated that the vaccine when tested in 69 volunteers was safe, 
well tolerated, and immunogenic. Most individuals produced 
immunoglobulin G (IgG) antibodies and significant levels of 
IFN-γ upon stimulation of peripheral blood monouclear cells  
(PBMC   ) with peptides derived from the CS protein. 25  More 
recently, a chimeric  P. vivax  recombinant CS protein expressed 
in  Escherichia coli  was reported. Sera from individuals naturally 
exposed to malaria in endemic areas and from immunized mice 
displayed high antibody titers to the recombinant protein. This 
construct is also being considered as a vaccine candidate. 26  

 Herein, we describe a detailed analysis of the immune 
responses induced in a subgroup of malaria-naive volunteers 
vaccinated with  P. vivax  CS derived LSP. 

   MATERIALS AND METHODS 

  Blood samples.   Blood samples from a total of 21 (of 69) 
volunteers that participated in a previous randomized, dose-
escalating, phase I clinical trial were analyzed. 25  Volunteers 
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were selected for this study because they had been immunized 
with the highest vaccine dose that resulted in the best immune 
response. Volunteers were healthy men and women, 18–33 years 
of age, with no history of malaria and who had been vaccinated at 
Months 0, 2, and 6 by intramuscular injection of 100 μg of either 
N, R, or C peptides corresponding to the  P. vivax  CS protein 
(VK210 variant) 27  formulated in Montanide ISA 720 (Seppic, 
Paris, France). The original study protocol was approved by 
the corresponding Institutional Review Boards, and complied 
with the Declaration of Helsinki principles, Good Clinical 
Practices guidelines, and all pertinent Colombian regulations. 
Samples for immunological tests were analyzed before the first 
immunization (Day 0) and at three set points during and after 
the immunization phase (Months 3, 7, and 9). 25  

   Peptides.   The LSP corresponding to the amino-terminal 
(N = 77 aa residues); the repeat (R = 48 aa residues); and 
the carboxyl-terminal (C = 70 aa residues) regions of the 
 P. vivax  CS protein were used for vaccination. In addition, 
20-mer peptides covering the full sequence of the flanking 
regions 28,  29  and seven other peptides containing CTL motifs 
restricted by HLA-A*0201, 30  HLA-B35, or HLA-B53 alleles 
were synthesized. Peptides were synthesized according to 
the solid-phase fluorenylmethoxycarbonyl (F-moc) method 31  
using an Applied Biosystem (Foster City, CA) synthesizer. 32     
Molecular mass and purity of peptides were assessed by 
MALDI-TOF mass spectrometry using a Voyager-DETM, 
RP Biospectrometry, (PerSpective Biosystems, Framingham, 
MA), and RP-HPLC (Waters, Milford, MA). 

   Total IgG to long, overlapping, and short peptides within 
N and C regions.   Antibody reactivity to synthetic peptides was 
assessed by enzyme-linked immunosorbent assay (ELISA) 
using long  Pv CS synthetic peptides (N, R-common, and C). To 
determine the fine specificity and to confirm recognition of 
previously identified B-cell epitopes, sera collected at Month 3 
were tested against both 21 overlapping peptides covering the 
N- and C-terminal regions of the proteins and p8, p24, and p25 
short peptides known to contain B-cell epitopes. 28  Microplates 
were coated at a peptide concentration of 1 μg/mL and assays 
performed as described previously, 28  using a microplate reader 
(MRX; Dynex Technologies, Inc., Chantilly, VA). Cut-off points 
were calculated as three standard deviations above the mean 
absorbance value at 405 nm (OD 405 ) of negative control sera 
from healthy volunteers described previously. Pooled sera 
from semi-immune donors from malaria-endemic areas of 
Colombia were used as a positive control. 

   IgG isotypes.   Sera from immunized volunteers were 
tested for specific IgG isotype reactivity to the three LSP 
using a modified ELISA protocol previously described by 
Bouharoun-Tayoun and others. 33  Briefly, 1 μg/mL peptide was 
used to coat the microplates and then blocked with phosphate-
buffered saline (PBS) and Tween 20 fat-free milk. Plates were 
incubated with serum samples diluted 1:200 in PBS for 1 h, 
and then washed with PBS-Tween 20 and incubated with 
mouse monoclonal antibodies (MAbs) to human IgG1, clone 
NL 16; IgG3, clone ZG4; IgG4, clone GB78 from Skybio 
(Bedfordshire, England), and IgG2, clone HP-600, Sigma 
(St. Louis, MO) isotypes. 

 Finally, a peroxidase-conjugated goat anti-human IgG anti-
body (Kirkegaard and Perry Laboratories, Gaithersburg, MD) 
was added and after four washes, the substrate solution, con-
taining 1 mg p-nitrophenyl phosphate (disodium; Sigma) per 
mL 0.1 M diethanolamine with 100 mM MgCl2, pH 9.8 was 

added. The reaction was stopped 1 h after with H 2 SO 4  and 
absorbance was read at 405 nm. Results were expressed as a 
ratio of the OD mean of samples divided by the OD mean 
obtained from a pool of sera from healthy Colombian volun-
teers who had never been exposed to malaria. 28  The MAbs 
used here were selected for their ability to recognize equally 
well the corresponding isotypes in sera from Caucasians, 
Black, or Asians, as described earlier in several studies with 
other malaria antigens. 34–  36  

   Immunofluorescent antibody test (IFAT).   Parasite recog-
nition by anti-peptide antibodies was determined by IFAT 
using sera collected on Day 0 and after the third immuniza-
tion. The IFAT antigen consisted of slides containing VK210 
 P. vivax  sporozoites produced before by experimental infec-
tion of  Anopheles albimanus  mosquitoes and maintained 
cryopreserved. 37,  38  Briefly, sporozoites were fixed to multi-
spot microscope slides with PBS containing 2% bovine serum 
albumin (BSA). Parasite spots were incubated with serial 
2-fold dilutions of sera starting at 1:10. This reaction was 
developed with fluorescein-conjugated goat anti-human IgG 
(H+L) (Jackson Immunoresearch Laboratories, Inc., West 
Grove, PA) diluted at 1:100. Slides were examined under an 
epifluorescence microscope (Laborlux 2; Leitz GmbH & Co. 
KG, Wezlar, Germany   ), and antibody titers were determined 
as the reciprocal endpoint dilution that showed positive 
fluorescence. 

   Inhibition of sporozoite invasion (ISI) assay.   Human 
antibodies against N and C peptides were tested for the capacity 
to inhibit VK247  P. vivax  sporozoite invasion of HepG2-A16 
hepatoma cells  in vitro . Inhibition induced by anti-R peptide 
antibodies could not be assessed because of the high 
prevalence of the VK247 variant parasites and the scarcity of 
VK210 in local endemic regions, that prevents the production 
of fresh, live sporozoites for  in vitro  cultures on due times. The 
HepG2-A16 cells were collected, washed, and resuspended 
in RPMI medium 1640 (Gibco, Grand Island, NY) and then 
plated on Labtek chamber slide system (NUNC, Rochester, 
NY)    at a density of 8 × 10 4  cells/0.3 mL of William’s medium 
supplemented with L-glutamine, Penicillin/Streptomycin 
(Gibco BRL, France), fetal bovine serum (FBS). Cultures were 
incubated overnight at 37°C in a 5% CO 2  incubator. Before 
infection, the cells were irradiated at 3,000 rad, and the culture 
medium removed before addition of 5 × 10 4   P. vivax  sporozoites 
diluted in 0.1 mL medium. Next, a 1/100 dilution of sera from 
volunteers immunized with N or C peptides was added to each 
well (in duplicate). Sporozoites were allowed to invade liver 
cells for 5 days, and were then washed with PBS pH 7.4 and 
fixed with cold methanol. Immuno-staining was performed 
using antibodies directed against parasite-specific HSP70, and 
secondary fluorescent Alexa 488-labeled anti-mouse antibodies 
(Molecular Probes, Invitrogen, Carlsbad, CA   ), diluted 1/200 
and 1/600, respectively, to assess the presence and degree of 
liver-stage parasite maturation. Fluorescence was read using 
an epifluorescence microscope (Eclipse 50i; Nikon, Avon, 
MA   ). Percentage of invasion inhibition was calculated by the 
formula ([mean schizont number of negative control – mean 
schizont number of sample/mean schizont number of negative 
control] × 100). 39  

   Enzyme-linked immunosorbent spot (ELIspot) assay 
for enumeration of peptide-specific IFN-γ-secreting cells.  
 The PBMC collected at Months 3, 7, and 9 were separated 
from whole blood using Ficoll Histopaque (Sigma-Aldrich, 
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St. Louis, MO) density gradients, resuspended in RPMI 
1640 medium, and used for enumerating IFN-γ-producing 
cells by the ELIspot assay   . Cells were stimulated with the 
N- and C-LSP and with short peptides known to contain 
CD8+ epitopes with different binding motifs restricted by 
HLA class I alleles. 25  Briefly, microtiter plates (Multiscreen 
MAHAS 4510, Millipore, Bedford, MA) were coated with 
anti-human IFN-γ MAb (1-D1K; Mabtech AB, Stockholm, 
Sweden) and incubated at 4°C overnight, and then blocked 
for 2 hrs at room temperature with RPMI medium containing 
10% human AB serum. A suspension of 4 × 10 5  PBMC/well 
was mixed with 10 μg/mL of each synthetic peptide and 
incubated for 40 hrs at 37°C and 5% CO 2 . After plates were 
washed with PBS/0.05% Tween-20, 1 μg/mL biotinylated anti-
IFN-γ MAb (7-B6-1; Mabtech AB) was added, and incubated 
for 3 hrs at room temperature. Next, streptavidine alkaline 
phosphatase (Boehringer Mannheim, Mannheim, Germany) 
diluted to 1:1,000 was added, followed by addition of 5-bromo-
2-chloro-3-indolyl phosphatase/nitroblue tetrazolium (Sigma) 
as enzyme substrate. The number of dark blue spots appearing 
was determined by an automatic spot-counting system 
(Scanalytic, Fairfax, VA). The magnitude of the responses was 
expressed as the mean number of spot-forming cells per 10 6  
PBMC collected on Months 3, 7, and 9. 

   HLA determination.   Class I HLA haplotypes were 
determined by polymerase chain reaction-sequence-specific 
primers (PCR-SSP) analysis using a commercial kit (Biotest 
SSP typing kit, Dreieich, Germany) on whole blood collected 
in EDTA vacutainer tubes. The DNA was extracted by a short 
salting-out method 40  and quantification was performed by 
measuring the absorbance at 260 nm and purity at 280 nm. The 
DNA oligotyping was carried out by SSP and the thermal cycler 
(Applied Biosystems, Carlsbad, CA   ) programmed following 
insert instructions. Amplified products were identified after 
electrophoresis on a 2% agarose gel; results were analyzed by 
a software system (Biotest). 

    RESULTS 

  Antibody-mediated immune responses.   Although almost 
all (95%) of the volunteers vaccinated with individual LSP 
generated anti-peptide IgG antibodies against the N, R, and C 
regions of the  P. vivax  CS protein, different response profiles 
were observed. Total IgG antibody profiles to the non-repetitive 
N and C regions of the  Pv CS protein are presented in  Figure 1 . 
All volunteers (7/7) immunized with the N peptide elicited 
specific IgG antibody responses with mean titers ranging from 
1,200 to 9,800; in contrast to volunteers immunized with the C 
peptide who developed significantly lower antibody titers with 
means ranging from 200 to 3,200 as determined by ELISA. 
The serum IgG isotype profiles of volunteers immunized with 
the N peptide indicated a predominant induction of IgG1 and 
IgG3, suggesting that this peptide contains epitopes, which 
are main targets of Th1 responses, whereas IgG1 presented 
higher titers (ratios > 10) in all volunteers (7/7) as compared 
with IgG3, which presented similar ratios in only a portion 
(3/7) of volunteers. Because of the low antibody titers to the 
C peptide, we could differentiate a similar isotype shift in only 
one volunteer. 

  Specific anti-peptide antibodies were tested by IFAT to 
assess the recognition of the parasite protein. Independent of 
antibody titers, almost all sera recognized the native protein 

with mean IFAT values ranging from 50 to 300. Serum from 
only one individual vaccinated with the C peptide failed to 
recognize sporozoites. 

  Figure 2  depicts the kinetics of IgG antibody responses in 
sera from Months 3, 7, and 9 of volunteers vaccinated with 
the R peptide. Antibody titers ranged from 400 to 12,800 by 
ELISA and from 50 to 800 by IFAT. Two individuals devel-
oped high anti-sporozoite antibody levels that correlated with 
anti-peptide IgG1 and IgG3 responses. 

    Sporozoite invasion inhibit (ISI).   Functional activity of 
antibodies in sera of volunteers after the third immunization 
with N and C peptides were tested by ISI assays to determine 
the capacity of anti-N and anti-C antibodies to inhibit  P. vivax  
sporozoite invasion of human hepatoma cells (HepG2À-16) 
 in vitro . All sera resulted in strong inhibition of  P. vivax  
sporozoite invasion as compared with pre-immune sera 
( Figure 1 ). Percentage of inhibition ranged between 36% 
and 57% (median = 46%) for volunteers immunized with the 
N peptide and between 32% and 52% (median = 38%) in 
volunteers immunized with the C peptide. 

   Fine specificity of antibodies responses.   Total IgG 
responses to N- or C-LSP and to 21 overlapping peptides 
derived from the  Pv CS protein are presented in  Figure 3 . 
Most of the individuals (4/7) developed antibodies directed 
to the N-terminal region with high antibody titers (> 6,000), 
specifically against peptides p8, p9, and p10 with titers ranging 
from 1,600 to 12,800. Two of seven individuals vaccinated 
with the C-LSP presented antibody titers ranging between 
200 and 3,200; 6/7 individuals recognized peptide p21 with 
low antibody titers (400–800). None of the remaining short 
overlapping peptides from both N and C induced significant 
antibody titers (200–400). 

    Cell-mediated immune responses.    Table 1  shows mean 
values of IFN-γ of three analyses and the peak value found at 
any time point in the study. Cells from 94% of the volunteers 
showed IFN-γ responses, regardless of the peptide. Six of 
seven volunteers in the N-peptide group and 5/7 of the group 
immunized with C peptide were able to produce an IFN-γ 
response. A greater and more uniform response was observed 
with the N-peptide group as compared with those vaccinated 
with peptide C. 

      The PBMC of immunized volunteers were also stimulated 
 in vitro  with short peptides restricted by different HLA class 
I molecules. Pv6 and Pv8 contained sequences located within 
the N-terminal region, whereas Pv1, Pv3, Pv5, Pv7, and Pv9 
were all located in the C-terminal region. All short peptides 
from the N-terminal region were recognized by all volunteers 
independent of HLA haplotype. 

 Peptide Pv8, restricted to HLA-B35, stimulated IFN-γ pro-
duction in three volunteers typed as HLA-B35; one presented 
with the highest response, whereas the other two individuals 
produced lower responses. 

 Pv1, Pv3, Pv5, Pv6, and Pv7 are all HLA-A*0201-restricted 
epitopes; two volunteers carried this HLA allele. These two 
individuals recognized some of these peptides (Pv6 and Pv5), 
but not the others. It is striking that Pv5 was recognized by 
all volunteers independent of their haplotypes. Pv9 contained 
an epitope predicted to be restricted by HLA-B53, although 
none of the volunteers displayed this HLA allele. Pv9 stim-
ulated IFN-γ production in four other volunteers carrying 
different HLA-B alleles among which one volunteer (V-14) 
produced the greatest response. In general, more individuals 
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reacted to peptides than originally predicted according to 
their haplotypes. 

    DISCUSSION 

 Vaccination of malaria-naive volunteers with LSP derived 
from the  P. vivax  CS protein formulated in Montanide ISA 
720 has previously been shown to be safe, well tolerated, and 
highly immunogenic. 25  Vaccination induced rapid antibody 

responses after the first immunization, which was frequently 
boosted by a second immunizing dose, with antibody levels 
remaining stable for about 1 year. This trend had been pre-
viously observed in multiple preclinical trials conducted by 
our group using different vaccines formulated in Montanide 
ISA 720. 6,  41  Antibody responses were consistently more vig-
orous in volunteers immunized with peptide N than in volun-
teers immunized with peptides R or C. The bias of antibody 
responses toward the N-terminal region of the  P. vivax  CS 

  Figure  1.    Antibody response profiles in human volunteers immunized with N and C peptides.    
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protein has also been observed in primates vaccinated with 
the same peptides 29  and during natural  P. vivax  and  P. falci-
parum  infections. 28,  42  However, on the basis of preclinical stud-
ies, the C-terminal region of the  P. falciparum  CS was selected 
to be included in the  Pf -RTS,S vaccine candidate. Results of 
this study favor the selection of the N- terminal region of the 
 P. vivax  protein as a subunit vaccine candidate. 

 Recognition of the native sporozoite protein by sera from 
most volunteers (20/21) as determined by IFAT is encourag-
ing and indirectly confirms the proper conformation of the 
peptides. The fact that sera of one of the immunized volun-
teers did not recognize the native protein is striking. Although 
it may indicate recognition of linear sequences of the LSP that 
are not surface-exposed, i.e., sequestered, in the native pro-
tein, it is surprising that the same serum was able to inhibit 
parasite invasion of hepatoma cells  in vitro . 

 It is remarkable that sera from all volunteers immunized 
with the N peptide primarily recognized peptides p8, p9, and 
p10 with high antibody titer ranging from 2,000 to 12,800. These 
three peptides span a 40 aa sequence in the N-terminal region 
(aa position 71–111) that contains a dominant B-cell epitope 
p8 (aa 71–90) and the highly conserved RI region (KLKQP), 
which is known to be involved in parasite binding to hepato-
cytes. 43  This fragment, which is preferentially recognized by sera 
of individuals naturally exposed to malaria in endemic areas 
of Colombia, 28  contains a protein cleavage site that has been 
shown to be critical for  P. falciparum  sporozoites invasion. 44,  45  

 Therefore, antibodies may play an important role in block-
ing the required protein cleavage site. The partial invasion 
inhibition produced by antibodies in response to the various 
protein fragments could be mediated by different mechanisms, 
and thus exert an additive effect that could generate a more 
robust blockade of the parasite  in vivo . 

 All sera were capable of at least partial inhibition of inva-
sion, suggesting that both regions RI and RII-plus located in 
peptides N and C, respectively, participate independently in 
sporozoite invasion, 43  and that antibodies directed to these 
regions may interfere with ligand-receptor interactions lead-
ing to inhibition of hepatocyte invasion. Inhibition of sporozo-
ite invasion by sera with low ELISA or IFAT antibody titers 
may indicate other functional factors such as IgG isotype or 
fine specificity of antibodies are important. Alternatively, 
sporozoite inhibition may have also been affected in part by 
cytokines or other factor(s) present in sera as described previ-
ously in studies on  P. falciparum . 5,  46  

 Moreover, it is interesting that all three peptides induced 
stronger IgG1 and IgG3 antibody responses, suggesting that 
the antibody response is Th1-dependent, and may play an 
important protective role in immune phagocytosis of sporo-
zoites by monocytes and macrophages. 47  Both IgG1 and IgG3 
have high affinities for Fc receptors, fix complement, and are 
preferentially induced during Th1-type responses. In addition, 
antibody-dependent cell inhibition of parasite growth, known 
to be associated with IgG1 and IgG3 in inhibiting asexual 
blood-stage development, has not been sufficiently emphasized 
as a possible protective mechanism against pre-erythrocytic 
stages. 48  Indeed, the pattern of antibody responses to each of 
the three peptides in this study was consistent with responses 
induced in studies with mice immunized with repeat and non-
repeat regions of the  P. vivax  CS protein formulated in dif-
ferent adjuvants, in which the predominant IgG2a/IgG2b and 
IgG1 murine isotypes are known to be cytophilic. 49  Although 
different MAbs may bind to the respective human IgG sub-
class with different affinity and specificity, we standardized the 
ELISA for each IgG subclass to ascertain approximately the 
same sensitivity for each subclass, as described for previous 
studies with other malaria antigens. 34–  36  

 The PBMC from most volunteers were able to secrete 
IFN-γ from T cells upon  in vitro  stimulation with peptides 

  Figure  2.    Antibody response profiles to the central repeat region.    

  Figure  3.    Comparison of immunoglobulin G (IgG) antibody titers to 
defined B-cell epitopes located in ( A ) N- and ( B ) C-terminal regions.    
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restricted to different HLA class I molecules; no association 
could be found with specific HLA-restricting alleles. Although 
we had several peptides containing HLA-A*0201-restricted 
epitopes (Pv1, Pv3, Pv5, Pv6, and Pv7) and two volunteers car-
rying HLA-A*0201 allelic haplotypes, IFN-γ levels were low 
in these volunteers but variable responses in individuals with 
unrelated HLA haplotypes. It is likely caused by cross-reactiv-
ity between these peptides with HLA-A24, which was found 
to be the most frequent allele found in the study ( N  = 13/14). 
None of the peptides included in this study had been predicted 
to be recognized in the context of HLA-A24, however pre-
vious studies showed that not only a broad cross-reactivity 
within the A2 subgroup, but also cross-reactivity with A24, 
A26, A28, and A29. 50,  51  Most peptides in our study contained 
amino acid sequences closely related to those known to be rec-
ognized by HLA-A24. 51  This may explain why most volunteers 
of our study produced IFN-γ with or without known peptide-
HLA matching. Our results appear to be in contrast to those 
of a recent study, where only one of nine HLA-A24 volun-
teers, previously exposed to  P. falciparum  malaria responded 
to five of 14 pre-erythrocytic stage epitopes predicted to be 
recognized in the context of that allele. 52  In general, it would 
be important that a  P. vivax  pre-erythrocytic malaria vaccine 
stimulate CD4+ and CD8+ IFN-γ-secreting-cells that could 
play a significant protective role. Identification of other poten-
tial CD8+ epitopes restricted to different HLA molecules and 
further characterization of the cellular mechanisms involved 
in protective immunity are required. 

 In conclusion, these vaccine formulations induced highly spe-
cific antibodies reactive with the parasite and that functionally 
blocked parasite invasion  in vitro . Together with specific induc-
tion of IFN-γ production, these immune mechanisms may play 
a synergistic role in the protection of the volunteers from sporo-
zoite challenge. On the basis of their safety, high tolerability, and 
immunogenicity, these vaccine candidates are being proposed 
for a phase II clinical trial to determine protective efficacy. 

 Received August 31, 2009. Accepted for publication February 27, 2010. 
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