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An Intensive Longitudinal Cohort Study of
Malian Children and Adults Reveals No
Evidence of Acquired Immunity to Plasmodium
falciparum Infection
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Background. In experimental models of human and mouse malaria, sterilizing liver stage immunity that blocks
progression of Plasmodium infection to the symptomatic blood stage can be readily demonstrated. However, it
remains unclear whether individuals in malaria-endemic areas acquire such immunity.

Methods. In Mali, 251 healthy children and adults aged 4-25 years who were free of blood-stage Plasmodium
infection by polymerase chain reaction (PCR) were enrolled in a longitudinal study just prior to an intense 6-month
malaria season. Subsequent clinical malaria episodes were detected by weekly active surveillance and self-referral.
Asymptomatic P. falciparum infections were detected by blood-smear microscopy and PCR analysis of dried blood
spots that had been collected every 2 weeks for 7 months.

Results. As expected, the risk of clinical malaria decreased with increasing age (log-rank test, P =.0038).
However, analysis of PCR data showed no age-related differences in P. falciparum infection risk (log-rank test,
P=.37).

Conclusions. Despite years of exposure to intense P. falciparum transmission, there is no evidence of acquired,
sterile immunity to P. falciparum infection in this population, even as clinical immunity to blood-stage malaria is
clearly acquired. Understanding why repeated P. falciparum infections do not induce sterile protection may lead to
insights for developing vaccines that target the liver stage in malaria-endemic populations.
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Plasmodium falciparum malaria remains a major
public health threat for which there is no licensed
vaccine. In recent years, attention has shifted from the
development of vaccines that would prevent or mitigate
clinical disease caused by blood-stage infection to those
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that would induce sterile protection by targeting the
preerythrocytic stages of infection [1]. Although steril-
izing immunity to Plasmodium infection can be readily
demonstrated in experimental models of both human
and mouse malaria [2-4], evidence for naturally ac-
quired, sterilizing immunity to P. falciparum in the
endemic setting has been less clear. The high incidence
of blood-stage reinfection after drug cure in adults
would suggest that naturally exposed populations never
fully achieve sterilizing immunity even after years of re-
peated and frequent infection [5], yet acquired immune
responses specific for certain Plasmodium proteins ex-
pressed during the preerythrocytic stage of infection
have been associated with reduced risk of P. falciparum
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infection in naturally exposed individuals [6]. Furthermore, the
results of field studies directly addressing the relationship
between age and risk of P. falciparum reinfection have been in-
consistent, with several studies demonstrating reduced P. falcip-
arum infection risk in older age groups [7-10], whereas others
show no age-related differences in infection risk [11-14]. These
prior field studies employed treatment-reinfection study
designs, in which volunteers were cleared of any existing base-
line parasitemia using standard antimalarial regimens prior to
assessing reinfection risk. This approach could alter the subse-
quent risk of malaria and the acquisition of naturally acquired
immunity [15, 16] and carries the risk of misclassifying recru-
descent infections as new infections [17]. Additionally, in all
prior studies that assessed P. falciparum infection risk between
children and adults, blood-stage infection was determined by
microscopic examination of thick blood smears, a relatively in-
sensitive technique that can lead to misclassification of individ-
uals with submicroscopic blood-stage infection as “sterilely”
immune.

To our knowledge, there have been no prospective studies of
P. falciparum infection risk in children and adults who were
uninfected and non-drug treated at baseline. Here we took ad-
vantage of seasonal P. falciparum transmission in Mali to
conduct an intensive longitudinal study of time to first P. falcip-
arum infection in healthy children and adults who had not re-
cently received antimalarial medications and who were free of
Plasmodium infection by PCR prior to the 6-month malaria
season. The aim was to test the hypothesis that immunity to P.
falciparum infection is acquired through repeated infections in
malaria-endemic areas.

METHODS

Study Design and Participants

From May to December 2011, an observational cohort study
was conducted in Kalifabougou, Mali, a rural village of approxi-
mately 5000 inhabitants located 48 km northwest of Bamako in
a region of Mali that typically experiences intense, seasonal P.
falciparum transmission from July through December [18].
The study population had not participated in prior studies and
is serviced by a single clinic and pharmacy that provides the
only access to antimalarial drugs in the area. From an age-
stratified, random sample of the entire village population, 547
healthy individuals aged 4-25 years were enrolled. The dispro-
portionate sample size of each age group reflects the design of
this ongoing study of malaria immunity, which focuses on
older children as they transition from malaria susceptibility to
immunity. Enrollment exclusion criteria were hemoglobin level
<7 g/dL, axillary temperature >37.5°C, acute systemic illness,
use of antimalarial or immunosuppressive medications in the
past 30 days, and pregnancy. Clinical malaria episodes were

detected prospectively by self-referral and weekly active clinical
surveillance visits, which alternated between the study clinic
and the participants’ homes. All individuals with signs and
symptoms of malaria and any level of Plasmodium parasitemia
detected by light microscopy were treated according to the Na-
tional Malaria Control Program guidelines in Mali. The re-
search definition of malaria was an axillary temperature of
>37.5°C, >2500 asexual parasites/uL of blood, and no other
cause of fever discernible by physical exam. During the sched-
uled clinic visits, blood was collected by finger prick every 2
weeks to prepare blood smears and dried blood spots on filter
paper. Asymptomatic P. falciparum infections were detected by
microscopic examination of blood smears and PCR analysis of
blood spots at the end of the surveillance period. Individuals
found to be PCR positive for Plasmodium infection at enroll-
ment were excluded from this analysis.

Detection of P. falciparum Infection

For each participant, blood-smear microscopy and PCR were
performed on blood samples in chronological order until the
first P. falciparum infection was detected. Thick blood smears
were stained with Giemsa and counted against 300 leukocytes,
and P. falciparum densities were recorded as the number of
asexual parasites per pL of whole blood based on a mean leuko-
cyte count of 7500 cells per pL. Each smear was evaluated sepa-
rately by at least 2 expert microscopists.

For PCR analysis, we adapted a previously described nested
PCR technique to amplify parasite DNA directly from dried
blood spots preserved on 903 Protein Saver filter paper
(Whatman) using primers targeting the human Plasmodium
species 18S ribosomal RNA gene [19]. Plasmodium positive
samples were identified only as P. falciparum, P. malariae, or
both (mixed infections) given the negligible incidence of other
Plasmodium species in the study area (unpublished data). For
the initial amplification, a 1-mm circular punch of dried blood
on filter paper was added to a 20-puL reaction containing 1 pM
rPLUS5/rPLUG6 primers, 1 x Phusion Blood PCR Buffer, and 0.4
puL Phusion Blood II DNA Polymerase (Finnzymes). The
cycling protocol began with lysis of cells at 98°C for 5 minutes,
followed by 30 cycles of amplification (98°C for 1 second, 61°C
for 5 seconds, and 72°C for 30 seconds/kb) and a final exten-
sion at 72°C for 1 minute. For the second amplification, 1 pL of
the PCR product from the first amplification was added to a re-
action (25-pL final volume) containing either the 1 uM rFAL1/
rFAL2 (for P. falciparum) or 1 uM rMAL1/rMAL2 (for P. ma-
lariae) primer sets (Supplementary Table 1), 0.2 mM dNTPs,
1 x GoTaq PCR Buftfer, and 1.25 units GoTaq DNA Polymerase
(Promega). The template DNA was denatured at 95°C for 2
minutes, followed by 30 cycles of amplification (95°C for 1
minute, 58°C for 1 minute, 72°C for 1 minute) and a final
extension at 72°C for 5 minutes. Reactions were performed in
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Table 1. Baseline Characteristics of All 547 Study Participants by Age Group

Age Group

Characteristic 4-6y (n=90) 7-9y (n=299) 10-14y (n=111) 156-25y (n=47) All (N =547)
Female sex 43 (47.8) 151 (50.5) 48 (43.2) 26 (55.3) 268 (49.0)
Plasmodium falciparum

Smear positive at enrollment 18 (20.0) 105 (35.1) 29(26.1) 7 (14.9) 159 (29.1)

PCR positive 31(34.4) 168 (56.2) 66 (59.5) 25 (563.2) 290 (53.0)
Plasmodium malariae

Smear positive at enrollment 0(0.0) 11(3.7) 0(0.0) 0(0.0) 11(2.0)

PCR positive 1(1.1) 26 (8.7) 7 (6.3) 2(4.2) 36 (6.6)
Mixed infections by PCR 1(1.1) 21(7.0) 6 (5.4) 2(4.2) 30 (5.5)
PCR negative for any Plasmodium species 59 (65.5) 126 (42.1) 44 (39.6) 22 (46.8) 251 (45.9)

Abbreviation: PCR, polymerase chain reaction.

96-well PCR plates. Target band detection was performed using
a DNA 5 K LabChip on the LabChip GX HT as per the manu-
facturer’s recommended protocol (Caliper Lifesciences).

In order to quantify submicroscopic blood-stage infections
and to estimate the parasite liver-to-blood load (defined here as
the parasite burden at the point of first detectable blood-stage
infection), quantitative real-time PCR (qPCR) was performed
on blood samples determined to be positive by nested PCR.
Genomic DNA (gDNA) was extracted from a 3-mm circular
punch of dried blood on filter paper as described elsewhere
[20]. For each reaction, 2 puL of extracted template DNA was
added to an 8-pL master mix containing 200 nM rFAL1/rFAL2
primers and 1 x Power SYBR Green PCR Master Mix (Applied
Biosystems). Reactions were run in triplicate in 384-well Micro-
Amp optical PCR plates (Applied Biosystems). As a DNA ex-
traction control, another set of triplicate reactions were run in
tandem using human GAPDH primers in lieu of P. falcipa-
rum-specific primers (Supplementary Table 1) [21]. Each plate
included a no DNA template control, human gDNA control,
and purified P. falciparum gDNA control. Serial log-fold dilu-
tions of DNA extracted from dried blood spots on filter paper
of known parasite densities starting at approximately 100 000
parasites/uL were performed in triplicate to generate standard
curves in which cycle threshold (Ct) values were plotted against
log parasite density. Real-time PCRs were run on an Applied
Biosystems 7900HT system using the manufacturer’s recom-
mended parameters. Amplification curves were evaluated with
the ABI 7900 Sequence Detection System software, version 2.2
(Applied Biosystems).

Statistical Analyses

The Kaplan-Meier curve was used to estimate the probability of
remaining free of clinical malaria and Plasmodium infection in
the following age groups: 4-6 years, 7-9 years, 10-14 years, and

15-25 years. Individuals who were infected with P. malariae
were censored at the time of infection. We used group and pair-
wise log-rank analyses to test the significance of differences in
time to infection and time to first malaria episode between the
age groups. For continuous outcomes, we compared the differ-
ences between group medians with the Kruskal-Wallis test. For
binary outcomes, group comparisons were performed using
Fisher exact test. Parasite densities determined by microscopy
and calculated from Ct values were compared using Pearson
correlation. Statistical significance was defined as a 2-tailed P
value of <.05. We performed all analyses in R version 2.13.2
(http://www.R-project.org) or GraphPad Prism version 5.0d
(GraphPad software).

Ethical Approval

The Ethics Committee of the Faculty of Medicine, Pharmacy,
and Dentistry at the University of Sciences, Technique, and
Technology of Bamako, and the Institutional Review Board of
the National Institute of Allergy and Infectious Diseases, Na-
tional Institutes of Health, approved this study. Written in-
formed consent was obtained from adult participants and from
the parents or guardians of participating children. The study is
registered in the ClinicalTrials.gov database (NCT01322581).

RESULTS

From 11 May to 31 May 2011, 547 healthy individuals aged 4-
25 years were enrolled in this study. At the time of enrollment,
just prior to the malaria season, 290 individuals (53.0%) were
infected with P. falciparum and 36 were infected (6.6%) with P.
malariae, as determined by PCR; 30 individuals (5.5%) had
mixed infections with P. falciparum and P. malariae (Table 1).
All subsequent analyses pertain to the 251 individuals who
were found to be uninfected at enrollment.
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Figure 1. Kaplan-Meier plots, stratified by age, for (4) time to first clini-
cal malaria episode and time to first P. falciparum infection by (B) PCR and
by (C) microscopy. Abbreviation: PCR, polymerase chain reaction.

As expected in an area of intense P. falciparum transmission,
the risk of clinical malaria differed among age groups (a surro-
gate for cumulative P. falciparum exposure; Figure 1A; log-rank
test, P=.0038), with increased median time to first malaria
episode in older age groups (Table 2). In contrast, the risk of P.
falciparum blood-stage infection as determined by PCR did not
vary with age (Figure 1B; log-rank test, P=.37). However,
adults (aged 15-25 years) demonstrated delayed time to infec-
tion compared to young children when the less sensitive
method of blood-smear microscopy was used (Figure 1C and
Table 2, log-rank test, P =.020; Table 3, pairwise log-rank test
between adults and children aged 4-6 years, P=.020, and
adults and children aged 7-9 years, P = .010). Of note, 92% in-
dividuals remained free of parasitemia for at least 30 days after
enrollment, suggesting that subsequent blood-stage infection
resulted from renewed P. falciparum transmission rather than
recrudescence of blood-stage infections that were subpatent at
enrollment. Table 2 provides a detailed summary of clinical
malaria and P. falciparum infection risk by age group.

These data indicate that sterile immunity to P. falciparum in-
fection is not acquired despite years of repeated exposures;
however, it remains possible that partial liver-stage immunity is
acquired, which might limit the number of parasites exiting the
liver into the bloodstream. To explore this possibility further,
we performed qPCR on dried blood spots that corresponded to
the first PCR-detected infection of the study period. We corre-
lated the calculated parasite densities (cPD) derived from qPCR
Ct values with actual parasite densities from blood smears ob-
tained simultaneously from the same individual (Supplementa-
ry Figure 1; Pearson r=.79, P<.0001). We also calculated
parasite densities from relative qPCR values using the 2744
method [22] and a 5000 parasite/pL standard as the reference
sample. However, this method demonstrated a weaker correla-
tion with the microscopy data (Supplementary Figure I;
Pearson r = .33, P <.0001). Thus, we used cPD derived from ab-
solute Ct in all subsequent analyses. Although the median ¢cPD
decreased with increasing age, this trend was not statistically
significant (Table 2; Kruskal-Wallis x2 =6.48, P=.090). Para-
site densities for first malaria episodes, as determined by mi-
croscopy, were approximately an order of magnitude greater
than the cPD during the first PCR-positive infections and also
decreased with increasing age (Table 2; Kruskal-Wallis
x> =7.68, P =.053).

DISCUSSION

In this longitudinal cohort study in Mali, we show that despite
years of exposure to intense P. falciparum transmission there is
no evidence of acquired sterile immunity to P. falciparum infec-
tion, even as clinical immunity to the blood stage of infection is
clearly acquired. Although it is widely cited that sterile
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Table 2.  Plasmodium falciparum Blood-Stage Infection and Malaria Episode Parameters by Age Group

Age Group
Parameter 7-9y (n=126) 10-14y (n=44) 15-25 y (n=22) All (N =251) PValue
Median days from enrollment to first 147 (132-159) 162 (125-NA) NE ND .00387
malaria episode (95% Cl)
Median parasite density for first 34200 (15 250-53 100) 23900 (9240-54 900) 17 400 (7600-39 600) 9950 (7410-10800) 23250 (9460-49 380) .053°
malaria episodes in parasites/uL
(interquartile range)
Individuals with >1 malaria episodes 87 (69) 25 (56) 6 (27) 159 (63) .0015°
(% of age group)
Median days to first P. falciparum infection (95% ClI)
PCR 76 (74-88) 91 (80-117) 95 (82-115) ND 378
Microscopy 82 (75-89) 92 (77-140) 110 (96-NA) ND .020?
Median calculated parasite density for 7690 (43-324 00) 2350 (30-39 500) 1690 (540-37 400) 561 (41-5730) 2470 (38-48 200) .090°
first infections in parasites/uL
(interquartile range)®
Individuals with >1 P. falciparum 114 (90) 38 (86) 18(82) 219 (87) 37°

infections (% of age group)

Abbreviations: Cl, confidence interval; NA, not available; ND, not done; NE, not estimated because 74% of individuals with complete follow-up remained free of malaria during the study period; PCR, polymerase chain

reaction.

@ Group log-rank test.

b Kruskal-Wallis rank sum test.
° Fisher exact test.

9 Calculated from quantitative PCR cycle threshold values for PCR-positive first infections only; refer to Methods for derivations of calculated parasite density.



Table 3. Pairwise Log-Rank Test P Values for Time to First
Infection Between Age Groups by Parasite Detection Method

Age Group 4-6y 7-9y 10-14y 15-25y
4-6y .84 .082 .020
79y .30 .041 .010
10-14y .46 46 .39
15-25y .55 .67 .83

Matrix represents the P values of log-rank tests done between 2 age groups
(noted by the row and column labels) for both time to first infection by
polymerase chain reaction (lower left half) and time to first positive blood
smear (upper right half).

immunity to P. falciparum infection is seldom if ever acquired
in endemic areas [23], the field studies that have addressed this
question directly have generated conflicting results, with evi-
dence both for [7-10] and against [11-14] natural acquisition
of sterile protection with increasing age.

The present study was designed to address the limitations of
prior studies that may have contributed to their conflicting
results. For example, previous studies often employed a treat-
ment-reinfection design in which individuals were treated with
antimalarials at enrollment to clear blood-stage infection prior
to assessing reinfection risk. Here we enrolled healthy, unin-
fected individuals at the end of the dry season and then as-
sessed infection risk as the predictably intense malaria season
ensued. This study design precluded the need for drug treat-
ment and thus avoided the potential confounders inherent in
treatment-reinfection studies—namely, recrudescence of sub-
patent infections [17] and the immunomodulatory effects of
antimalarial drugs [15] and parasite killing in vivo. Intense P.
falciparum transmission at the study site also decreased the
probability of misclassifying unexposed individuals as sterilely
immune. In addition, nearly all prior studies used microscopic
examination of blood smears to determine blood-stage infec-
tion risk [7-13], a low-sensitivity method that could have led to
the misclassification of individuals with submicroscopic blood-
stage infections as sterilely immune. Indeed, in the present
study we observed decreased infection risk with increasing age
when microscopy was used to diagnose blood-stage infection
(Figure 1C). However, when the more sensitive PCR assay
was used, blood-stage infection risk did not vary with age
(Figure 1B), consistent with treatment-reinfection studies con-
ducted in Ghana [11, 12] and Kenya [13], which found no diffe-
rence in P. falciparum infection risk between children and
adults by microscopy. The observation that PCR-based detec-
tion negates observed delays in time to infection by microscopy
has important implications for field trials of vaccines targeting
the preerythrocytic stage of infection, which have traditionally

employed microscopic detection of first parasitemia as an end-
point for evaluating vaccine efficacy [24].

Although the present study fails to provide evidence in
support of the hypothesis that sterile immunity is acquired
through natural P. falciparum infection, we cannot rule out the
possibility of partial acquired immunity to sporozoites or the
liver stage, which could decrease the “fitness” or number of par-
asites exiting the liver into the blood. Consistent with this
notion, we observed a trend toward lower blood-stage parasite
densities by qPCR during the first PCR positive blood-stage in-
fection of the study period. However, it is equally if not more
probable that the decreased parasite density with increasing age
is due to the acquisition of blood-stage immunity (eg, antibod-
ies), which is known to rapidly suppress parasite numbers in
the blood [25]. The identification of biomarkers that reflect the
magnitude of the liver-to-blood parasite inocula would help
distinguish between these 2 possibilities. It is also possible that
the inclusion of older adults (>25 years of age) in this study
would have revealed evidence of acquired immunity to P. falcip-
arum infection that is only acquired after several decades of ex-
posure, but this seems unlikely because immune function
generally declines in late adulthood [26].

In striking contrast to the results of this study, sterile protec-
tion has been demonstrated in human experimental models in
which malaria-naive adults were exposed to bites of P. falcipa-
rum-infected mosquitoes that were either irradiated [2] or ad-
ministered during receipt of prophylactic chloroquine [3].
Likewise, the most advanced malaria vaccine candidate RTS,S,
which targets a surface protein on sporozoites termed circum-
sporozoite protein, was shown to induce sterile protection from
infection in approximately 50% of malaria-naive adults chal-
lenged with P. falciparum approximately 3 weeks after the last
immunization, although only 44% of protected subjects re-
mained protected upon rechallenge 5 months later [27]. Impor-
tantly, in African infants, RTS,S has shown only approximately
30% efficacy in reducing clinical episodes of malaria [28] and
does not provide durable protection from infection [29]. The
mechanism by which RTS,S, a vaccine that targets the sporo-
zoite and liver stages, confers partial protection against blood-
stage disease remains largely unexplained. It is possible that
RTS,S induces protection against clinical malaria by temporari-
ly reducing the number of merozoites emerging from the liver.
This may lead to prolonged exposure to subclinical levels of
blood-stage parasites, which in turn allows boosting of natural-
ly acquired blood-stage immunity [29].

Given the increased focus on the development of vaccines
that aim to induce sterile protection by targeting the sporozoite
and liver stage of infection, studies are needed to understand
why sterile immunity is not induced through natural infection
in endemic areas and the extent to which this apparent refrac-
toriness might interfere with vaccination. Possible explanations
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for the lack of naturally acquired sterile immunity in this popu-
lation include extensive genetic diversity of preerythrocytic an-
tigens in endemic areas [30], low sporozoite inoculums from
infected mosquitoes [6], or dysregulation of potential immune
effectors such as antibody or CD8 T cells [31]. MHC class I re-
striction of the most effective preerythrocytic T-cell epitopes
may severely limit the frequency of responders in populations
with diverse HLA haplotypes [32]. In addition, malnutrition
and chronic coinfections [33-35] may contribute further to the
immune dysregulation observed in malaria-endemic areas [36].

Indeed, studies that identify the mechanisms underlying re-
fractoriness to the natural acquisition of sterile immunity may
prove more important for preerythrocytic vaccine development
than studies that have attempted to link various immune re-
sponses with what is presumed to be naturally acquired sterile
protection [6]. Unless biomarkers reflective of the liver stage
parasite burden are identified that can allow us to disentangle
the relative contributions of effective liver-stage immunity from
early blood-stage immunity in controlling initial parasitemia,
studies in endemic settings may not be informative for preery-
throcytic vaccine development.

In this study, 14 individuals (5.6%) with complete follow-up
remained uninfected throughout the transmission season, and
15 individuals (6.0%) experienced a delay in time to infection
>150 days; however, there were no associations between age
and either absence or delay of infection. One possible explana-
tion is that uninfected individuals had less exposure to infective
mosquito bites, perhaps due to insecticide-treated bednet use
or other behavioral factors. Although biweekly parasitological
surveillance reduced the likelihood of missing infections,
another possibility is that “uninfected” individuals maintained
parasitemia below the detection threshold of our PCR assay.
This raises an important point regarding assay sensitivity. Al-
though more sensitive than microscopic detection, the limit of
detection for the PCR assays used in this study was approxi-
mately 1 parasite/uL of blood, which is comparable to methods
that use DNA extracted from small punches of dried blood on
filter paper [37] but less sensitive than PCR-based detection
assays that achieve sensitivities of 0.02 parasites/uL using
genetic material obtained from 50 pL of blood [38]. Had we in-
terrogated larger quantities of blood per sample, we may have
detected infections earlier and more often and may have seen a
larger difference between median time to PCR and blood smear
positivity (Table 2). It is also conceivable that there are age-
independent host genetic determinants of infection risk that
have yet to be identified. Several host genetic determinants have
been associated with protection from clinical malaria [39].
However, to our knowledge, sickle cell trait, which is present in
approximately 10% of our study participants (unpublished
data), is the only genetic factor that has been associated with
delayed or reduced risk of P. falciparum infection [7, 40], but

this may simply be a reflection of subpatent blood-stage
infection.

In summary, despite years of exposure to intense malaria
transmission, there is no evidence for the acquisition of sterile
immunity to P. falciparum infection in individuals living in
endemic areas. Understanding why repeated P. falciparum in-
fections do not induce sterile protection may lead to insights
for developing vaccines that target the liver stage in individuals
living in malaria-endemic areas.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online
(http://cid.oxfordjournals.org/). Supplementary materials consist of data
provided by the author that are published to benefit the reader. The posted
materials are not copyedited. The contents of all supplementary data are the
sole responsibility of the authors. Questions or messages regarding errors
should be addressed to the author.
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