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Volunteers immunized under chloroquine chemoprophylaxis with
Plasmodium falciparum sporozoites (CPS) develop complete, long-
lasting protection against homologous sporozoite challenge. Chlo-
roquine affects neither sporozoites nor liver-stages, but kills only
asexual forms in erythrocytes once released from the liver into the
circulation. Consequently, CPS immunization exposes the host to
antigens from both preerythrocytic and blood stages, and induced
immunity might target either of these stages. We therefore ex-
plored the life cycle stage specificity of CPS-induced protection.
Twenty-five malaria-naïve volunteers were enrolled in a clinical tri-
al, 15 of whom received CPS immunization. Five immunized sub-
jects and five controls received a sporozoite challenge by mosquito
bites, whereas nine immunized and five control subjects received
an i.v. challenge with P. falciparum-infected erythrocytes. The lat-
ter approach completely bypasses preerythrocytic stages, enabling
a direct comparison of protection against either life cycle stage.
CPS-immunized subjects (13 of 14) developed anticircumsporozoite
antibodies, whereas only one volunteer generated minimal titers
against typical blood-stage antigens. IgG from CPS-immunized vol-
unteers did not inhibit asexual blood-stage growth in vitro. All CPS-
immunized subjects (5 of 5) were protected against sporozoite chal-
lenge. In contrast, nine of nine CPS-immunized subjects developed
parasitemia after blood-stage challenge, with identical prepatent
periods and blood-stage multiplication rates compared with con-
trols. Intravenously challenged CPS-immunized subjects showed ear-
lier fever and increased plasma concentrations of inflammatory
markers D-dimer, IFN-γ, and monokine induced by IFN-γ than i.v.
challenged controls. The complete lack of protection against
blood-stage challenge indicates that CPS-induced protection is
mediated by immunity against preerythrocytic stages. However,
evidence is presented for immune recognition of P. falciparum-
infected erythrocytes, suggesting memory responses unable to
generate functional immunity.

Malaria remains one of the most common and severe in-
fectious diseases, with an estimated 216 million cases and

655,000 deaths annually (1). The malaria parasite Plasmodium
falciparum is responsible for most of these cases, particularly in
sub-Saharan Africa. P. falciparum sporozoites are transmitted to
humans by the bites of infected Anopheles mosquitoes. Sporo-
zoites migrate from the skin to the liver, where they invade
hepatocytes, develop, and multiply. Approximately 6 d after in-
vasion, hepatocytes rupture and merozoites are released into the
bloodstream, where they multiply in 48-h cycles of erythrocyte
invasion, replication, erythrocyte rupture, and release of infec-
tious merozoites. These asexual blood-stage parasites cause the
clinical symptoms of malaria. To fight malaria, an effective vac-
cine is urgently needed. Development of vaccines generally has

been stage-oriented, specifically targeting preerythrocytic or asex-
ual blood stages of the parasite (2).
In the controlled human malaria infection model, we previously

showed that immunization of healthy malaria-naïve volunteers
while they are taking chloroquine prophylaxis with P. falciparum
sporozoites via infected mosquito bites [chemoprophylaxis and
sporozoite (CPS) immunization] induces long-lasting sterile protec-
tion against a homologous challenge infection (3, 4). The unprec-
edented efficacy of the CPS immunization model is represented by
the low dose sufficient to induce protection, i.e., three times 12–15
infected mosquito bites, compared with 1,000 bites required in the
irradiated sporozoite approach (5).
Chloroquine kills only developing blood stages of P. falciparum,

without affecting sporozoites or liver stages (6). This results in
transient low-level blood-stage parasitemia during CPS immuni-
zation (3). Consequently, the host’s immune system will be ex-
posed to a relatively broad repertoire of antigens, including
sporozoite, liver-stage, and early blood-stage antigens. Humoral
and cellular immune responses are induced against both sporo-
zoites and blood stages (3, 7). In addition, many antigens are
shared between these stages (8), leaving open the possibility that
the observed protection may be mediated by immune responses
against either of these parasite life cycle stages or a combination
thereof (9). The absence of parasitemia after challenge infection
and the predominant induction of preerythrocytic antibodies sug-
gest that preerythrocytic immunity primarily is responsible for
protection, although a possible requirement for immune responses
against asexual stages cannot be ruled out (3). Indeed, previously it
was shown that exposure to very low densities of blood stages may
induce protection in the controlled humanmalaria infectionmodel
(10). In this study, protected subjects displayed strong parasite-
specific T-cell proliferation and IFN-γ production (10). Moreover,
CPS-immunized volunteers also exhibited strong IFN-γ responses
upon in vitro restimulation with infected erythrocytes (7).
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To explore the possible role of immunity against the preeryth-
rocytic and/or blood stage in protection, CPS-immunized vol-
unteers were subjected to either a P. falciparum sporozoite or
an asexual blood-stage challenge. Because the latter approach
completely bypasses the liver stages, any protection seen would
indicate that blood-stage immunity may contribute to CPS-
induced protection.

Results
Twenty-five of 42 screened subjects (median age 21 y; range 19–32
y) were included in the study (Fig. S1). Fifteen volunteers were
immunized according to the CPS protocol as described previously
(3). Briefly, while taking chloroquine prophylaxis, volunteers
(groups 1 and 2) were exposed to bites of 15 P. falciparum-
infected mosquitoes (8 mosquitoes with the NF54 strain and 7
mosquitoes with the 3D7 clone) at monthly intervals for a period
of 3 mo. Control volunteers (groups 3 and 4) received chloro-
quine prophylaxis only. One subject in group 1 withdrew consent
after the third immunization for reasons unrelated to the trial.
After the first immunization, 14 of 15 subjects (groups 1 and 2)

developed transient low blood-stage parasitemia, as retrospec-
tively detected by quantitative real time PCR (qPCR). The
geometric mean of peak parasitemia was 1,378 parasites per
milliliter [95% confidence interval (CI), 456–4,165 parasites per
milliliter; Fig. 1). Thick smears remained negative, except in two
subjects (one each in groups 1 and 2) who developed a positive
thick smear on day 7. Their peak parasitemia was 14,454 and 6,761
P. falciparum per milliliter. Both the severity and frequency of
adverse events (AEs) were similar to those in the other subjects,
and chloroquine plasma concentrations were within the pro-
phylactic range (53 and 56 μg/L). These two subjects were treated
promptly with atovaquone/proguanil and continued study par-
ticipation according to protocol. All subjects in groups 1 and 2
reported solicited AEs (mean duration, 1.0± 0.11 d) after the first
immunization. The most common AEs were headache (13/15
subjects), and fever and nausea (both in 8/15 subjects). Four sub-
jects experienced a grade 3 AE (headache n = 2, malaise n = 2;
mean duration 1.8 ± 0.6 d), which all occurred between days 7 and
10 after the first immunization and were considered probably re-
lated to the immunization.
After the second immunization, four subjects developed par-

asitemia by qPCR (geometric mean peak parasitemia, 351 par-
asites per milliliter; 95% CI, 43–2,857; Fig. 1), whereas thick
smears remained negative. Two subjects experienced mild or
moderate AEs. After the third immunization, only one subject
showed blood-stage parasitemia (178 parasites per milliliter; Fig. 1)

and three subjects experienced mild AEs. No serious AEs occurred
during the trial.
Antibody levels against the circumsporozoite protein (CSP),

apical membrane antigen 1 (AMA-1), and glutamate-rich pro-
tein (GLURP) were measured before CPS immunization and
before challenge. CPS-immunized subjects (13/14) showed in-
duction of anti-CSP antibodies (at least a twofold increase in
antibody titer), whereas only a single subject (group 1) showed
a minimal increase in AMA-1 and GLURP antibody titers (Ta-
ble 1). IgG was isolated from plasma of all immunized subjects at
baseline and before challenge infection. In vitro blood-stage
growth inhibition assay (GIA) did not show an inhibitory effect
of purified IgG on blood-stage parasite growth in any of the
subjects (Table 1).
The minimum therapeutic plasma chloroquine concentration

is 30 μg/L (11), and its reported half-life varies from 5 to 58 d (11,
12). To ensure sufficient clearance of chloroquine in view of the
very low blood-stage challenge dose, the challenge infection was
conducted 17 wk after the last chloroquine dose, corresponding
to 21 wk after the last immunization. Group 1 (n = 9) and group
3 (n = 5) received a blood-stage challenge by i.v. administration
of 3D7 asexual parasites. Group 2 (n = 5) and group 4 (n = 5)
were subjected to a sporozoite challenge using five mosquitoes
infected with 3D7 sporozoites (13). There was no difference in
parasitemia between CPS-immunized group 1 and control group
3; both groups became thick smear positive, with a median
prepatent period of 8.0 d (range 7.0–8.3 d and 8.0–8.3 d, re-
spectively; P = 0.83). Likewise, the prepatent period by qPCR
was similar in both groups (median 5.0 d; range 3.0–5.3 d and
2.0–6.3 d, respectively; P = 0.41; Table 2). Furthermore, there
was no statistically significant difference in multiplication rates of
blood-stage parasites between the CPS-immunized subjects and
naïve controls [median 8 (range 6–18) and 14 (range 7–24), re-
spectively; P = 0.19; Table 2 and Fig. 2).
In group 2, challenged with sporozoites, four of five CPS-

immunized subjects remained negative throughout the follow-up
period by both thick smear and qPCR. One CPS-immunized
subject, however, showed a positive qPCR at day 21 post chal-
lenge (457 parasites per milliliter, determined retrospectively).
Controls in group 4 all became thick smear positive, with a me-
dian prepatent period of 12.3 d (range 9.3–12.3; multiplication
rate 10, range 5–23). Parasitemia in group 4 (sporozoite-chal-
lenged controls) developed approximately 4 d later compared
with group 3 (blood stage-challenged controls; day 5 vs. 9 by
qPCR, P = 0.01, and day 8 vs. 12.3 by thick smear, P = 0.01;
Table 2). The range in prepatent periods was significantly
smaller in group 3 (8.0–8.3 d) than in group 4 (9.3–12.3 d). The
parasite multiplication rate in the blood of control subjects was
similar in those receiving either a blood-stage or sporozoite
challenge [14 (7–24) vs. 10 (5–23), respectively; P = 0.57].
All 19 unprotected volunteers reported solicited AEs consid-

ered possibly or probably related to the challenge (mean number
of AEs per subject, 6.4; mean duration, 1.4 ± 0.1 d), including
headache, fever, and nausea as the most common symptoms
(Table S1). The peak of AEs occurred later in subjects who re-
ceived a sporozoite challenge, concordant with the later onset of
parasitemia, but there was no difference in accumulative dura-
tion of AEs compared with blood stage-challenged controls (Fig.
3 A1 and A2; P = 0.24). In contrast, protected subjects showed
significantly fewer AEs: three of five experienced mild or mod-
erate AEs (mean number/subject, 1.4; mean duration, 0.3 ± 0.1 d;
P = 0.002 compared with unprotected subjects; Fig. 3A2).
Lymphocyte counts decreased after challenge in all un-

protected subjects (Fig. 4A), as did platelet counts (Fig. 4B), with
the exception of one volunteer. Platelet counts declined below
the lower limit of normal (150 × 109/L) in 9 of 19 unprotected
subjects (mean lowest value 132 ± 10 × 109/L). D-dimer concen-
trations were elevated in all thick smear-positive subjects (n = 19;

Fig. 1. Blood-stage parasitemia during CPS immunization. Blood-stage
parasitemia was measured from day 6 until day 10 after the first (I), second
(II), and third (III) immunization by qPCR. Each line represents an individual
subject (n = 15); values shown as 10 on the logarithmic scale were negative.
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mean peak concentration 3,908 ± 650 ng/mL; Fig. 4C). All ab-
normal laboratory values normalized without complications;
bleeding or thrombotic complications were not detected in any
of the subjects.
There was a remarkable difference in occurrence of fever and

AEs between blood stage-challenged groups 1 and 3, although
curves of developing parasitemia were identical (Figs. 2 and 3).
CPS-immunized subjects in group 1 developed fever at a signifi-
cantly earlier time point than controls in group 3 (mean first day
of temperature ≥37.5 °C, day 7.25 vs. day 8.5; P = 0.002; Fig.
3B1), concordant with an earlier mean decline in lymphocytes
(Fig. 4A; P < 0.01) and increase in D-dimer concentrations
(mean first day of D-dimer >1,000 ng/mL, day 8.0 vs. day 9.0; P =
0.05; Fig. 4C).
We next investigated plasma concentrations of IFN-γ, a key

mediator of cellular immunity in malaria (14), and monokine
induced by IFN-γ (MIG), a downstream mediator in the IFN-γ
pathway (15). Fig. 4D and E shows distinct increases in both IFN-γ
and MIG plasma concentrations upon blood-stage challenge at
2–3 d earlier in group 1 compared with group 3 (P < 0.001).

Discussion
This study shows that sporozoite immunization by P. falciparum-
infected mosquito bites of human subjects while taking chloro-
quine chemoprophylaxis (CPS immunization) does not protect
against an i.v. administered blood-stage challenge infection. The
presence of transient low-level parasitemia during CPS immu-
nization is sufficient to induce immune recognition of asexual
forms, as indicated by an earlier increase of IFN-γ and MIG after
blood-stage challenge. However, these responses apparently are
insufficient to confer any functional blood-stage immunity. In
contrast, complete protection is obtained against a sporozoite
challenge by mosquito bites as described before (3, 4).
The previously observed absence of detectable parasitemia

in CPS-immunized subjects after mosquito challenge suggested
predominance of preerythrocytic immunity, but asexual stage
immunity might have contributed to protection (3). In the present
study, however, the complete lack of any sign of clinical and/or
parasitological protection against even an unphysiologically low
blood-stage infection [<2,000 ring forms, i.e., 20-fold lower than

an estimated average of 40,000 merozoites released from a single
infected hepatocyte (16)], suggests the complete absence of any
functional blood-stage immunity. This is supported by the lack of
antibodies against blood-stage antigens after CPS immunization
in all but one volunteer, and the absence of in vitro growth-
inhibitory activity of IgG isolated from CPS-immunized subjects.
The single volunteer who developed detectable, although very
low, AMA-1 and GLURP antibody levels was the only subject
who experienced qPCR-detectable blood-stage parasitemia after
all three immunizations. One immunized subject developed par-
asitemia on day 21 after sporozoite challenge, as retrospectively
detected by qPCR. The blood-stage parasite multiplication rate
after controlled human malaria infection in malaria-naïve sub-
jects is 10.9 on average, but may be as low as 2 (17). With a mul-
tiplication rate of 2, a load of 457 parasites per milliliter on day
21 would be the result of an estimated 9,000 merozoites released
from the liver (i.e., one infected hepatocyte). Given the total lack
of in vivo protection from blood-stage challenge and in vitro
growth-inhibitory activity of IgG in all immunized subjects, the
delayed prepatency in this volunteer most likely was caused by
either a profound reduction in liver-stage burden or a prolonged
liver stage and therefore delayed release of merozoites into
the blood.
Although clinical immunity and control of blood-stage para-

sitemia are acquired with repeated parasite exposure in endemic
populations, the occurrence of sterile protection mediated by
sporozoite/liver stages alone has not been confirmed (18). Hence,
this study is a unique and unambiguous demonstration of in-
duction of sterile preerythrocytic immunity generated against
nonattenuated wild-type P. falciparum sporozoites. Sterile pro-
tection induced by immunization with irradiated sporozoites that
arrest early after liver cell invasion also most likely is based on
preerythrocytic immunity (5). In this situation, asexual forms
never occur, and the apparent lack of blood-stage immunity was
shown in the 1970s in a single irradiated sporozoite-immunized
volunteer challenged with blood-stage parasites (19).
Blood stage-challenged subjects in our study showed neither

a delay in the prepatent period nor a reduction in asexual mul-
tiplication rate compared with naïve controls. This is remarkable
because several studies have shown that protective immunity to

Table 1. Antibody titers and in vitro growth inhibition

Test I-7 C-1 Δ[(C-1) − (I-7)] P value

Antibody titer, AU
CSP 0.91 (0; 2.15) 24.3 (15.2; 48.5) 24.3 (10.8; 47.3) 0.006
AMA-1 0.12 (0.08; 0.17) 0.11 (0.09; 0.17) 0.00 (−0.03; 0.01) 0.35
GLURP 1.23 (1.01; 2.39) 1.06 (0.90; 3.39) −0.13 (−0.35; 0.14) 0.46

Growth inhibition, % −3.3 (−7.1; −1.1) −8.6 (−10.0; −5.46) −4.4 (−6.0; 1.8) 0.03

Antibody titers against CSP, AMA-1, and GLURP and in vitro growth inhibitory activity of isolated IgG in all
CPS-immunized subjects, before immunization (I-7) and on the day before challenge (C-1). Data are expressed as
median (25; 75 percentile). Differences between time points were tested using a paired t test. AU, arbitrary units.

Table 2. Protection against blood-stage versus sporozoite challenge by CPS immunization

Prepatent period, d,
median (range)

Challenge
Protected/total no.

of volunteers Protection, % Thick smear PCR
Blood-stage parasite multiplication

rate, median (range)

Immunized Sporozoite 5/5 100 N/A N/A* N/A
Blood stage 0/9 0 8.0 (7.0–8.3) 5.0 (3.0–5.3) 8 (6-18)

Control Sporozoite 0/5 0 12.3 (9.3–12.3) 9.0 (7.0–10.0) 10 (5-23)
Blood stage 0/5 0 8.0 (8.0–8.3) 5.0 (2.0–6.3) 14 (7-24)

*One subject became PCR positive on day 21 after challenge. N/A, not applicable.

7864 | www.pnas.org/cgi/doi/10.1073/pnas.1220360110 Bijker et al.

www.pnas.org/cgi/doi/10.1073/pnas.1220360110


P. falciparum blood stages can be induced readily after very few
infections (10, 20): (i) Adult patients treated with prolonged
P. falciparum infections for neurosyphilis in the 1920s and 1930s
showed clear evidence of clinical and parasitological immunity
during a second asexual blood-stage infection by a decrease in
frequency of fever and parasitemia (20). (ii) Repeated admin-
istration of ±30 P. falciparum-infected erythrocytes followed by
early treatment with atovaquone/proguanil induced protection
against blood-stage challenge (10) in three of four subjects, al-
though a potential effect of residual atovaquone blood levels
could not be ruled out (21). A plausible explanation for the
absence of blood-stage protection might be the short duration
and low grade of parasitemia as a result of the use of chloroquine
and hence insufficient exposure to blood-stage antigens. In-
duction of protective immunity against blood stages requires
several cycles of parasite replication and sufficient duration of

parasitemia (20, 22). Even in the trial by Pombo et al. (10),
in which subjects were immunized with unphysiologically low
numbers of blood-stage parasites, treatment was initiated only
after 8 or 14 d, allowing at least four replication cycles and
therefore sufficiently long exposure to blood-stage antigens. This
stands in contrast to the CPS immunization protocol, in which
prophylactic levels of chloroquine constantly are present, pre-
venting a full blood-stage replication cycle of parasites. Thus,
although the occurrence of low parasitemia during CPS immu-
nization might benefit the induction of preerythrocytic immunity
as a result of the expression of cross-stage antigens, it clearly is
insufficient to induce a functional protective immune response
against blood stages.
Notwithstanding the absence of protection against blood-

stage challenge, we do find evidence for immune recognition of
blood stages. Previously, we showed that P. falciparum-infected

Fig. 2. Parasitemia after challenge as assessed by qPCR. Geometric mean parasite density ±95% CI from day of inoculation until the day of treatment after
blood-stage challenge [black line, group 1, CPS-immunized (n = 9); dashed dark gray line, group 3, controls (n = 5)] or sporozoite challenge [light gray line,
group 2, CPS-immunized (n = 5); dashed light gray line, group 4, controls (n = 5)]. Values shown as 10 on the logarithmic scale were negative.

A1 A2

B1 B2

Fig. 3. AEs and temperature after challenge. AEs and body temperature were recorded daily after challenge. Blood-stage challenge (A1) and sporozoite
challenge (A2): mean number of possibly or probably related solicited AEs per subject. Blood-stage challenge (B1) and sporozoite challenge (B2): temperature
(mean +SEM). Black line, group 1 (CPS-immunized, blood-stage challenge; n = 9); dashed dark gray line, group 3 (controls, blood-stage challenge; n = 5); light
gray line, group 2 (CPS-immunized, sporozoite challenge; n = 5); dashed light gray line, group 4 (controls, sporozoite challenge; n = 5).
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erythrocytes elicit release of IFN-γ, mainly from innate cells in-
cluding natural killer and γδT cells (7, 23, 24). This innate re-
sponse may be enhanced through and supplemented by adaptive
memory T cells producing cytokines (25). In addition, effector
memory T cells produce IL-2 and IFN-γ upon in vitro restim-
ulation with P. falciparum-infected erythrocytes (7). In the present
study, CPS-immunized subjects, while unprotected against a blood-
stage challenge, showed an earlier in vivo peak of plasma IFN-γ in
the course of blood-stage infection than naïve controls, despite
identical kinetics of developing parasitemia. Early recognition of
blood stages by memory cells in these immunized subjects appar-
ently led to an accelerated and enhanced production of IFN-γ and
further downstream mediators, including the chemokine MIG
(15). MIG may have contributed to the observed earlier lympho-
cyte recruitment out of the peripheral circulation. The clinical and
laboratory signs/symptoms in the unprotected CPS-immunized and
blood stage-challenged volunteers (group 1) most likely represent
a shift of inflammatory responses common to malaria (26) to
earlier time points compared with the challenged controls.
Thus, immune recognition represented by these markers took
place at an earlier time point in CPS-immunized individuals
compared with naïve volunteers, suggesting the presence of
memory responses to asexual blood stages despite the absence
of protection.
Mechanisms and target antigens for protective immunity in-

duced by CPS immunization remain to be unraveled. Although
mainly antibodies are important in controlling blood-stage par-
asitemia (27), rodent and primate studies indicate that CD8+

T-cell responses against parasite liver stages are critically in-
volved in preerythrocytic immunity (28–30). Therefore, detailed
analysis of T-cell responses will be the subject of future studies.
Furthermore, this efficient immunization model will enable

studies of antigen specificity of cellular and humoral immune
responses for identification of potential new antigens or combi-
nations thereof for subunit vaccine candidates. Malaria vaccine

development to date has been stage oriented, aimed at targeting
either the preerythrocytic or asexual blood stage of the para-
site. Vaccines against asexual blood-stage antigens likely will
not prevent infection, but instead may reduce parasite densi-
ties and provide protection against clinical disease. Preeryth-
rocytic immunization strategies such as CPS immunization,
however, induce sterile protection, thereby preventing blood-
stage infection (31).
In conclusion, sporozoite immunization by theCPS protocolmay

induce sterile protection entirely mediated by immune responses
against the preerythrocytic stages of P. falciparum. These findings
support a continued focus on vaccine development toward pre-
erythrocytic stages, particularly whole-sporozoite approaches.

Materials and Methods
Study Design. We conducted this single-center, open-label study at the
Radboud University Nijmegen Medical Centre (Nijmegen, The Netherlands)
from April 2011 until March 2012 following approval by the Central Com-
mittee for Research Involving Human Subjects of The Netherlands (CCMO
NL34273.091.10). The study team complied with the Declaration of Helsinki
and Good Clinical Practice, including monitoring of data. The trial is regis-
tered at ClinicalTrials.gov (NCT01236612). Written informed consent of all
volunteers was obtained before screening.

Twenty-five healthy subjects (age 18–35 y) without a history of malaria or
residence in a malaria-endemic area in the 6 mo before study entry were
included (SI Materials and Methods, Screening of Study Subjects) and ran-
domly assigned to four groups (groups 1, 2, 3, and 4; Fig. S1). Fifteen subjects
received CPS immunization (groups 1 and 2) as described in detail in SI
Materials and Methods. Ten controls (groups 3 and 4) received only
chloroquine chemoprophylaxis.

Seventeen weeks after discontinuation of chloroquine prophylaxis, cor-
responding to 21 wk after the last immunization, all subjects received
a challenge infection. Group 1 (n = 9; 1 lost to follow-up) and control group 3
(n = 5) were challenged by i.v. administration of 1,962 viable 3D7 P. falcip-
arum-infected erythrocytes (blood-stage challenge), which were derived
from a stock produced at the Queensland Institute of Medical Research as
described previously (32) and used in numerous studies (10, 32–36). Group 2
(n = 5) and group 4 (n = 5) were exposed to the bites of five 3D7

A B

C D E

Fig. 4. Hematological and inflammatory markers after challenge. (A) Peripheral lymphocyte counts (×109/L). (B) Platelet counts (difference from value at
inclusion, ×109/L). (C) D-dimer (nanograms per milliliter). (D) IFN-γ (picograms per milliliter). (E) MIG (picograms per milliliter). Black line, group 1 (CPS-
immunized, blood-stage challenge; n = 9); dashed dark gray line, group 3 (controls, blood-stage challenge; n = 5); light gray line, group 2 (CPS-immunized,
sporozoite challenge; n = 5); dashed light gray line: Group 4 (controls, sporozoite challenge; n = 5). Data are shown as mean ± SEM.
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P. falciparum-infected Anopheles stephensi mosquitoes (sporozoite chal-
lenge). Subjects and investigators were aware of the study group, whereas
primary outcome assessors were kept blinded to the allocation. All volun-
teers were treated with a curative regimen of antimalarial drugs at the time
of thick smear positivity, or presumptively on day 21 after challenge if thick
smears remained negative.

Study Outcomes. The primary study outcome was time to parasitemia after
challenge, as assessed by microscopy (SI Materials andMethods). The prepatent
period was defined as the period between challenge and the first positive thick
smear. Volunteers were defined as protected from challenge if they remained
thick smear negative until day 21. Additionally, parasitemia was measured
retrospectively by real-time qPCR (37). Blood-stage parasite multiplication rate
was calculated as described previously (17). Assessment of in vitro growth
inhibition and measurements of antibodies, hematological parameters,
MIG, and IFN-γ are described in detail in SI Materials and Methods.

Statistical Methods. Statistical analysis was performed using GraphPad Prism
5. The difference in AEs among groups was calculated by unpaired Student
t test on the accumulative duration of AEs. Differences among groups on the
first day of fever (≥37.5 °C), first day of D-dimer increase above two times
the upper limit of normal (≥1,000 ng/mL), and first day of detectable IFN-γ
and MIG were tested by unpaired Student t test. Differences among groups
in prepatent periods by thick smear and qPCR and blood-stage parasite
multiplication rates were tested by the Mann–Whitney test. Differences in
antibody levels and in vitro growth inhibition between time points were
tested by paired t test.

Analysis of lymphocyte kinetics after challenge was performed
with SPSS version 18 and based on data obtained at days 5, 6, and 7

(pretreatment). Two regression-type models were fitted to the data. The
dependent variable was lymphocyte number, and independent variables
were time, treatment, the interaction between time and treatment, and the
baseline observation of the dependent variable. The longitudinal character of
the data was accommodated using general least-squares estimation; a het-
erogeneous, unstructured covariance matrix was assumed.
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