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ABSTRACT The development of effective malaria vaccines is hampered by incom-
plete understanding of the immunological correlates of protective immunity. Re-
cently, the moderate clinical efficacy of the Plasmodium falciparum circumsporozoite
protein (CSP)-based RTS,S/AS01E vaccine in phase 3 studies highlighted the urgency
to design and test more efficacious next-generation malaria vaccines. In this study,
we report that immunization with recombinant CSP from Plasmodium yoelii (rPyCSP),
when delivered in Montanide ISA 51, induced sterilizing immunity against sporozoite
challenge in C57BL/6 and BALB/c strains of mice. This immunity was antibody de-
pendent, as evidenced by the complete loss of immunity in B-cell-knockout (KO)
mice and by the ability of immune sera to neutralize sporozoite infectivity in mice.
Th2-type isotype IgG1 antibody levels were associated with protective immunity. The
fact that immunized gamma interferon (IFN-�)-KO mice and wild-type (WT) mice
have similar levels of protective immunity and the absence of IFN-�-producing CD4�

and CD8� T cells in protected mice, as shown by flow cytometry, indicate that the
immunity is IFN-� independent. Protection against sporozoite challenge correlated
with higher frequencies of CD4� T cells that express interleukin-2 (IL-2), IL-4, and tu-
mor necrosis factor alpha (TNF-�). In the RTS,S study, clinical immunity was associ-
ated with higher IgG levels and frequencies of IL-2- and TNF-�-producing CD4� T
cells. The other hallmarks of immunity in our study included an increased number of
follicular B cells but a loss in follicular T helper cells. These results provide an excel-
lent model system to evaluate the efficacy of novel adjuvants and vaccine dosage
and determine the correlates of immunity in the search for superior malaria vaccine
candidates.
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In the past 8 years, there has been about a 9% decline in malaria cases globally.
Although there were an estimated 20 million fewer malaria cases in 2017 than in

2010, data for the period from 2015 to 2017 highlight that no significant progress in
reducing global malaria cases was made in this time frame (1). The factors that led to
the decline in malaria include insecticide-treated bed nets, vector control, and a policy
to diagnose malaria cases and treat then with artemisinin combination therapies;
however, the present tools alone are unlikely to eliminate or even control malaria in
countries where malaria continues to increase. Therefore, sustainable malaria control
and eventual eradication efforts depend on the availability of new tools, including
malaria vaccine(s) that would reduce malaria mortality and morbidity and curtail
transmission.
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Circumsporozoite protein (CSP), a major protein on the sporozoite surface, is also
expressed in the early liver stages of the parasite cycle and remains a major malaria
vaccine candidate (2, 3). In the past decades, hundreds of millions of dollars have been
invested in the development and clinical testing of recombinant vaccines based on
Plasmodium falciparum circumsporozoite protein (PfCSP). The most advanced recom-
binant malaria vaccine, RTS,S/AS01E, consists of a truncated version of PfCSP with 19
NANP repeats and amino acids 207 to 395 from the carboxyl-terminal region of PfCSP
of the 3D7 strain of Plasmodium falciparum fused to hepatitis B surface antigen
expressed in yeast (4). When delivered in either AS01 or AS02 adjuvant, RTS,S induced
partial protection for a short duration in a controlled human malaria infection model (5)
and in field efficacy studies (6–8). Recently, the efficacy of RTS,S has been determined
in a phase 3 trial in young children and infants in Africa, who are a major target of
malaria vaccines. The vaccine’s efficacy over a 1-year follow-up was 56% in children
aged 5 to 17 months and 31% in infants aged 6 to 12 weeks at first vaccination (7–9).
The immunity waned over time. In a 7-year follow-up substudy, vaccine efficacy
dropped from 35.9% in the first year to 3.6% in the seventh year (10). A vaccine of
superior efficacy and durability would have a further impact on childhood morbidity
and mortality and curtail malaria transmission.

The knowledge of immune mechanisms that confer protection against pre-
erythrocytic (sporozoite and liver form)-stage malaria remains incompletely under-
stood. Antibodies are known to render sporozoites noninfectious and prevent their
invasion into liver cells in vitro (11) and in experimental challenge studies (12). On the
other hand, T cells (CD8� and CD4� T cells) and NK T cells have been shown to destroy
infected liver cells through cytokine-dependent cellular mechanisms (13, 14). The
mechanism by which RTS,S confers protection against clinical malaria has been exten-
sively studied, and yet, a definitive immunological surrogate has yet to be found.
Nonetheless, higher antibody levels and polyfunctional CD4� T cells have been asso-
ciated with protection in RTS,S-vaccinated individuals (15, 16), and protection from
infection and clinical disease is associated with CSP-specific antibodies and CSP-specific
CD4� T cells in naive adult challenge studies (5). Furthermore, White et al. demon-
strated that the RTS,S vaccine acts through the induction of high levels of both anti-CSP
antibodies and CSP-specific CD4� T cells, with the antibody response having a greater
role (17). An anti-CSP antibody titer of 121 endotoxin units/ml was estimated to prevent
about 50% of infections; however, antibody levels wane rapidly, as does the duration
of immunity in individuals of all age groups (9).

Depending upon the immunogen and delivery platform, both antibodies and T cells
have been shown to mediate immunity against pre-erythrocytic-stage malaria parasites
in murine models. Anti-CSP antibodies have been shown to inhibit parasite invasion
and are also associated with a reduced risk of clinical malaria (15, 16). It has also been
shown that protection from infection and clinical disease is associated with CSP-specific
antibodies and CSP-specific CD4� T cells in naive-adult challenge studies (5). Nonethe-
less, in spite of decades of efforts, the precise mechanism of CSP-induced immunity
against sporozoite challenge remains incompletely defined.

Given the modest efficacy and durability of the RTS,S vaccine, it is imperative that
the next-generation malaria vaccines be designed to induce long-lasting immunity in
all age groups and undergo clinical testing in areas of endemicity. Designing a superior
vaccine would benefit from a better understanding of the mediators of protective
immune responses and more potent immunogen-adjuvant formulations that induce
higher and more durable protective immune responses.

Here, we report on a recombinant Plasmodium yoelii CSP (rPyCSP)/mouse sporozoite
challenge model to define the nature of protective immune responses induced in mice
following immunizations with rPyCSP expressed in Saccharomyces cerevisiae and deliv-
ered in CpG oligodeoxynucleotide (ODN) plus Montanide ISA 51. We found that the
rPyCSP-CpG ODN-ISA51 formulation induced sterilizing immunity in BALB/c and
C57BL/6 mice. The results from antibody transfer studies and immunization/challenge
in C57BL/6 mice with genetic deletions in B cells, CD4� T cells, CD8� T cells, or gamma
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interferon (IFN-�) markers indicate that protective immunity is primarily antibody
dependent and IFN-� independent. The rPyCSP-sporozoite challenge model offers a
facile approach to finely dissect antigen-to-adjuvant dose relationships and immune
correlates of immunity against pre-erythrocytic-stage malaria vaccines.

RESULTS
Recombinant expression of rPyCSP. Recombinant P. yoelii CSP (rPyCSP) compris-

ing 350 amino acids (P20 to S369) of the full-length molecule was expressed as a
secreted His6-tagged protein in S. cerevisiae. The structural integrity of rPyCSP was
confirmed by mass spectroscopy and the amino-terminal sequence determination by
Edman degradation (data not shown). Antigenic characterization of rPyCSP was deter-
mined by migration of the protein band on 4 to 12% PAGE and in enhanced chemi-
luminescence (ECL)-Western blotting based on its reactivity with the anti-CSP mono-
clonal antibody (MAb) NYS1. Based on the recombinant PyCSP domain used in the
construct, the recombinant plasmid should encode a protein of �38.5 kDa. However,
the results showed a dominant band at �65 kDa, suggesting a discrepancy in the
predicted and observed molecular masses of rPyCSP (Fig. 1). Historically, CSP is known
to migrate at a higher Mr on SDS-PAGE, and thus, the discrepancy observed here was
not surprising (18, 19).

rPyCSP-induced protective immunity in mice is independent of the host ge-
netic background. We determined the protective efficacy of rPyCSP and CpG oligode-
oxynucleotide 1826 (ODN 1826) (rPyCSP vaccine) emulsified in Montanide ISA in
genetically disparate C57BL/6 (H-2b) mice and BALB/c (H-2d) mice following three
immunizations delivered by the subcutaneous route. Control mice were given either
CpG ODN 1826 emulsified in Montanide ISA (control vaccine) or no immunization.
Intravenous injection of naive C57BL/6 mice with 100 P. yoelii sporozoites resulted in
infection in 10 of 10 mice by day 6 postchallenge (Table 1). Similarly, 10 of 10 C57BL/6
mice that had received control vaccine developed malaria parasite infection by day 6
following sporozoite challenge. In comparison, 9 of 10 (90%; P � 0.0001, chi square)
C57BL/6 mice that received rPyCSP vaccine developed sterilizing immunity against
sporozoite challenge and remained free from malaria parasites during the 14-day
observation period. The efficacy of rPyCSP vaccine in BALB/c mice was evaluated in five
independent experiments. The cumulative data from these experiments showed that

FIG 1 SDS-PAGE and Western blot analysis of purified recombinant circumsporozoite protein (CSP) from
Plasmodium yoelii (rPyCSP). Lane 1, molecular weight marker; lane 2, purified rPyCSP; lane 3, ECL-Western
blot of rPyCSP using anti-PyCSP MAb NYS1 followed by goat anti-mouse alkaline phosphatase (AP)-
conjugated antibody as described in Materials and Methods. rPyCSP was run in duplicate on the same
gel and sliced into two portions for use in Coomassie blue staining or Western blot analysis.
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42 of 49 (85.7%; P � 0.0001, chi square) immunized mice developed sterilizing immu-
nity against sporozoite challenge while no protection was observed in naive mice or in
BALB/c mice immunized with the control vaccine, as summarized in Table 1. Thus,
rPyCSP vaccine was able to induce a high degree of sterilizing immunity against malaria
sporozoites in both C57BL/6 and BALB/c strains of mice. These results strongly suggest
that a full-length CSP vaccine construct representing the major immunogenic NANP
domains and delivered in a strong adjuvant formulation might be able to induce a high
degree of protective immunity in genetically disparate HLA populations.

rPyCSP-induced protection in C57BL/6 mice is IFN-� independent and antibody
dependent. We next wanted to determine the mechanism of immunity induced by
rPyCSP. To accomplish this, we immunized CD4, CD8, and IFN-� knockout (KO) mice
from the C57BL/6 genetic background with rPyCSP vaccine and then challenged them
with 100 P. yoelii sporozoites. As noted above, 10 of 10 wild-type (WT) C57BL/6 mice
developed blood stage parasite infections, but only 3 of 10 (30%) CD4-KO mice and 4
of 9 (44.4%) CD8-KO mice developed immunity (Table 2). The results suggest that while
both CD4� and CD8� T cells play a prominent role in immunity induced by an
rPyCSP-adjuvanted vaccine, protection against pre-erythrocytic-stage malaria can be
achieved in the absence of these T cell populations, albeit at a reduced level. In murine
malaria parasite models where immunization with radiation-attenuated Plasmodium
sporozoites or with CSP delivered as a DNA plasmid was tested, both CD8� T cells and
IFN-� were found to be necessary to maintain immunity (20–24). To study the role of
IFN-� in rPyCSP vaccine-induced immunity, we immunized IFN-�-KO mice with rPyCSP
and then challenged them with P. yoelii sporozoites. IFN-�-KO mice have an IFN-�tm1Ts-
targeted mutation, and thus, they fail to generate IFN-� responses (25). We found that
100% of IFN-�-KO mice (P � 0.0001, chi square) that received rPyCSP vaccine developed
sterile immunity, as demonstrated by the absence of asexual blood stage parasites
14 days postchallenge (Table 2), leading to the conclusion that protection induced by
rPyCSP in the murine model is IFN-� independent.

Furthermore, to establish a direct role of antibodies in imparting protection induced
by rPyCSP, we performed immunization/challenge studies in B-cell-KO mice with an
Igh-6tm1Cgn-targeted mutation, which results in a lack of mature B cells (26). We found
that rPyCSP failed to induce any protective immunity in B-cell-KO mice and 100% of the

TABLE 1 Recombinant-PyCSP-induced sterilizing immunity in BALB/c and C57BL/6 micea

Mouse strain Vaccine
% protection (no. of mice
protected/no. challenged)

BALB/c rPyCSP � ISA51 � mouse CpG ODN 1826 85.7 (42/49)
ISA51 � mouse CpG ODN 1826 0 (0/10)
No vaccine 0 (0/10)

C57BL/6 rPyCSP � ISA51 � mouse CpG ODN 1826 90 (9/10)
ISA51 � mouse CpG ODN 1826 0 (0/10)
No vaccine 0 (0/10)

aMice were immunized by three subcutaneous injections given at 3-week intervals. Two weeks after the last
dose, mice were challenged intravenously with 100 P. yoelii 17XNL sporozoites.

TABLE 2 Recombinant-PyCSP-induced sterilizing immunity in C57BL/6 mice is antibody dependent and IFN-� independenta

Mouse strain (description) Vaccine
% protection (no. of mice
protected/no. challenged) 95% confidence interval

C57BL/6J (wild type) rPyCSP � ISA51 � mouse CpG ODN 1826 90 (9/10) 55.5–99.7
C57BL/6J (wild type) ISA51 � mouse CpG ODN 1826 0 (0/10) 0.0–30.8
B6.129S2-Cd4tm1Mak (CD4 KO) rPyCSP � ISA51 � mouse CpG ODN 1826 30 (3/10) 6.7–65.2
B6.129P2-�2mtm1Unc (CD8 KO) rPyCSP � ISA51 � mouse CpG ODN 1826 44.4 (4/9) 13.7–78.8
B6.129S7-Ifn�tm1Ts (IFN-� KO) rPyCSP � ISA51 � mouse CpG ODN 1826 100 (10/10) 69.2–100
B6.129S2-Igh-6tm1Cgn (B cell KO) rPyCSP � ISA51 � mouse CpG ODN 1826 0 (0/10) 0.0–30.8
aMice were immunized by three subcutaneous injections given at 3-week intervals. Two weeks after the last dose, mice were challenged intravenously with 100

P. yoelii 17XNL sporozoites.
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immunized mice developed blood stage parasite infections after the sporozoite chal-
lenge, demonstrating that B cells are essential for protection induced by rPyCSP vaccine
(Table 2).

Furthermore, since immunity was lost in the majority of CD4- and CD8-KO mice, B
cells work in concert with CD4� and CD8� T cells in the induction of immunity. These
results further corroborate earlier studies in mice that show the role of antibodies,
along with help from CD4� and CD8� T cells, in sporozoite-induced protection against
malaria (27). Similar results have been obtained with the RTS,S vaccine, where anti-CSP
antibodies play a greater role than CD4� T cells (17).

Interestingly, we found that the rPyCSP vaccine-induced protection is IFN-� inde-
pendent. IFN-�-KO mice had sterilizing immunity against sporozoite challenge. While
irradiation-attenuated-sporozoite-induced immunity is IFN-� dependent, earlier studies
have demonstrated that IFN-� secretion by CSP-specific CD8� T cells is not essential to
protect mice against live-sporozoite challenge (28).

Relationship between IgG and IgG isotypes and protective immunity. Having
established that antibodies are essential for protective immunity, we next wanted to
determine if there was any association between anti-CSP-specific IgG, IgG1, IgG2a,
IgG2b, and IgG3 levels and protection against malaria sporozoites. The rPyCSP vaccine
induced remarkably high IgG titers in the C57BL/6 background, as shown in enzyme-
linked immunosorbent assays (ELISAs). The geometric mean (GM) of IgG titers was
highest in the IFN-�-KO mice (GM titer of 4.8 � 107), followed by the GM titer of
3.1 � 106 in the WT mice (Fig. 2A). In comparison to IFN-�-KO mice, CD4-KO and
CD8-KO groups had significantly lower GM titers of 5.1 � 104 and 9.9 � 104 (P � 0.01),
respectively. As predicted, the B-cell-KO group had negligible IgG titers. The ELISA
titration values shown are calculated values determined as interpolated titers at an
optical density at 405 nm of 0.5 (Fig. 2A). We further analyzed the data within the WT,
CD4-KO, and CD8-KO immunization groups to determine if the IgG levels differed
between the protected and nonprotected mice. In the WT group, the protected mice
had a GM titer of 4.5 � 107, whereas the single nonprotected mouse had a titer of
1.2 � 105. However, the sample size of the WT nonprotected group is too small (n � 1)
for any statistical analysis. Similarly, nonprotected CD4-KO mice had a GM IgG titer of
7.9 � 104, which was lower than that of the CD4-KO-protected mice, whose GM titer
was 7.2 � 105. No significant difference was found in the GM titers of protected versus
nonprotected mice in the CD8-KO mouse group (Fig. 2B). The lowest IgG titer in the
IFN-�-KO group, where 10 of 10 mice were protected, was 1.1 � 106. Thus, from these
data, we can conclude that while a high IgG titer is associated with protection,
especially in mice that have functional CD4 and CD8 T cells, a threshold titer to achieve
sterilizing immunity is difficult to define.

We also determined the IgG isotypes in sera of these mice to delineate any Th1
versus Th2 bias in antibody responses and a possible association with protective
immunity. The IgG1 titers followed a trend that was similar to that of total IgG
responses; the highest titers were obtained in IFN-�-KO mice, with a GM titer of
1.1 � 109, followed by the WT mice, which had a GM titer of 2.7 � 108. Compared to the
IgG1 titers in IFN-�-KO mice, relatively lower IgG1 titers were observed in the CD4-KO
mice (GM titer of 5.3 � 105; P � 0.0001) and CD8-KO mice (GM titer of 8.1 � 105; P �

0.0001). The levels of IgG2a, IgG2b, and IgG3 responses in all immunization groups were
significantly lower than the total IgG and IgG1 responses (P � 0.0005). The data were
plotted after log transformation of the titers obtained (Fig. 2C). We further analyzed
whether the IgG isotype titers were associated with protection in WT, CD4-KO, and
CD8-KO immunization groups. In the CD4-KO immunization group, the protected mice
had higher IgG1 titers (GM titer of 1.9 � 106) than the nonprotected mice (GM titer of
3.1 � 105). Similarly, the protected mice in the CD8-KO mouse group had high IgG1
titers (GM titer of 2.6 � 106) compared to those of the nonprotected mice (GM titer of
4.1 � 105). There was no significant difference in the IgG2a, IgG2b, and IgG3 titers in
both CD4-KO and CD8-KO immunization groups. The data were plotted after log

Protective Immune Mechanisms Induced by Malaria CSP Vaccine Infection and Immunity

October 2019 Volume 87 Issue 10 e00236-19 iai.asm.org 5

https://iai.asm.org


transformation of the titers obtained (Fig. 2D). These data lead us to believe that the
loss of IFN-� and not CD4 and CD8 molecules led to a switch toward an extremely high
level of Th2-type antibody response that had a protective effect. Overall, a Th2-
associated IgG1 antibody response is associated with PyCSP-induced protective immu-
nity. Scheiblhofer et al. (29) have also shown that a high IgG1/IgG2a ratio translates to
protection in mice immunized with a CSP DNA plasmid.

Antibodies generated following immunization with rPyCSP are protective. To
confirm that the PyCSP-induced protection against the sporozoite challenge is indeed
antibody mediated, we incubated P. yoelii sporozoites with the sera acquired from
protected mice (immunized wild-type C57BL/6 and IFN-�-KO mice) and nonprotected
mice (immunized B-cell-KO mice or WT mice immunized with control vaccine) for 45
min. The antibody-treated sporozoites were intravenously injected into WT C57BL/6
mice, and the mice were monitored for asexual blood stage parasitemia for 14 days
postinfection by counting infected red blood cells on Giemsa-stained blood films (Table
3). The sporozoites treated with sera from protected mice failed to cause any blood
stage infection in 100% of the recipient mice, while mice that received sporozoites
treated with sera from nonprotected mice developed a blood stage parasite infection
(Table 3). These results clearly showed that immunization with rPyCSP vaccine was able
to induce neutralizing antibodies that could render infectious sporozoites into nonin-

FIG 2 IgG responses in C57BL/6 and genetic knockout (KO) mice immunized with rPyCSP in CpG ODN 1826 and Montanide ISA 51 as determined by ELISA. (A)
Total IgG responses in wild-type (WT), unimmunized WT (WT control), CD4-KO, CD8-KO, IFN-�-KO, and B-cell-KO mice (n � 10). The data were statistically tested
by one-way analysis of variance (ANOVA) followed by Tukey’s multiple-comparison test (P � 0.01). (B) IgG responses categorized as values for protected mice
versus nonprotected mice in WT, CD4-KO, and CD8-KO groups (n � 10) as determined by ELISA. (C) IgG isotype responses in WT, unimmunized WT (WT control),
CD4-KO, CD8-KO, IFN-�-KO, and B-cell-KO mice (n � 10) as determined by ELISA. The titers were log transformed and plotted as geometric means of
log-transformed titers. The data were statistically tested by one-way ANOVA followed by Tukey’s multiple-comparison test. (D) IgG isotypes characterized as
protected versus nonprotected mice in WT, CD4-KO and CD8-KO mouse groups as determined by ELISA. The titers were log transformed and plotted as
geometric means of log-transformed titers. The ELISA values shown are calculated values determined as interpolated titers at an optical density at 405 nm of
0.5. All error bars show standard errors of the geometric mean values. Dots show the values for individual mice. *, P � 0.01; **, P � 0.001; ***, P � 0.0001; ****,
0.00001; ns, not significant.
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fectious sporozoites that were unable to cause blood stage parasite infection in
malaria-naive mice.

Sporozoites neutralized by sera from protected mice fail to invade liver. We
further investigated if the effector function of the anti-CSP antibodies is mediated by
rendering sporozoites unable to invade liver cells or by inhibiting the growth of liver
form malaria parasites postinvasion. We assessed the sporozoite infectivity in the liver
by measuring P. yoelii 18S rRNA copy numbers by reverse transcription-quantitative
PCR. The mean rRNA copy number for livers from the nonprotected group of mice was
10,135 (sporozoites incubated with normal sera). The mean rRNA copy number for livers
from protected group of mice was 2.93 (sporozoites incubated with sera from immu-
nized wild-type mice). The mean RNA copy number from livers of naive noninfected
mice was 0.06 (Table 4). The extremely low RNA copy number from protected mice
indicates that the serum from protected mice was able to neutralize the sporozoites
and, therefore, the sporozoites failed to invade the liver.

CD4� and CD8� T-cell populations in PyCSP-induced immunity. It has previously
been shown that RTS,S induces CSP-specific antibodies and CD4� T cells in African
children (5, 17). To determine the contribution of T cells in protective immunity, we
quantitated CD4� and CD8� T cells in the spleens of immunized mice (rPyCSP in
adjuvant) prior to P. yoelii strain 17XNL (Py17XNL) sporozoite challenge (prechallenge
immunized mice) and in immunized mice that did not develop blood stage infection
post-sporozoite challenge (protected), as well as in mice injected with adjuvant alone
and naive mice, by flow cytometric analysis. We found that although the percentage of
CD4� T cells did not increase significantly in the immunized protected mice (data not
shown), the total splenic CD4� T cell population increased significantly compared to
those of the prechallenge immunized (P � 0.005), naive (P � 0.0001), and adjuvant-
alone (P � 0.005) mouse groups (Fig. 3A). We obtained similar results upon comparison
of CD8� T cells among the four groups. Total splenic CD8� T cells increased signifi-
cantly in the protected mice compared to the populations in the unchallenged immu-
nized mice (P � 0.01), naive mice (P � 0.0001), and adjuvant-alone mice (P � 0.001)
(Fig. 3B).

TABLE 3 Passive transfer of antibodies generated following immunization with rPyCSP confers protection against sporozoite challenge in
C57BL/6 micea

Mouse strain (description) Vaccine
% protection (no. of mice
protected/no. challenged) 95% confidence interval

C57BL/6J (wild type) rPyCSP � ISA51 � mouse CpG ODN 1826 100 (10/10) 69.2–100
C57BL/6J (wild type) ISA51 � mouse CpG ODN 1826 0 (0/10) 0.0–30.8
C57BL/6J (wild type) No vaccine 0 (0/10) 0.0–30.8
B6.129S7-Ifn�tm1Ts (IFN-� KO) rPyCSP � ISA51 � mouse CpG ODN 1826 100 (10/10) 69.2–100
B6.129S2-Igh-6tm1Cgn (B-cell KO) rPyCSP � ISA51 � mouse CpG ODN 1826 0 (0/10) 0.0–30.8
aFive hundred P. yoelii 17XNL sporozoites were incubated with the pooled sera from protected (PyCSP-immunized wild-type [WT] and IFN-� knockout [KO] mice on
the C57BL/6 background) and nonprotected (PyCSP-immunized B-cell-KO mice and control vaccine-immunized WT mice) groups of mice for 45 min at room
temperature. Naive C57BL/6 mice were challenged intravenously with sporozoites that were preincubated with antibody.

TABLE 4 Anti-PyCSP antibody-treated sporozoites fail to invade livera

Mouse group used
as serum source

Type of serum used to
treat sporozoites

No. of P. yoelii 18S rRNA
copies in livers of challenged
mice (geometric mean � SEM)

Protected Wild-type immunized
mouse sera

2.935 � 0.66

Nonprotected Normal sera 10,135 � 389
Uninfected 0.0665 � 0.05
aNaive BALB/c mice were injected with P. yoelii 17XNL sporozoites treated for 45 min with sera from rPyCSP-
immunized mice that had sterilizing immunity following sporozoite challenge. Livers were harvested 40 h
postchallenge for detection and quantification of the P. yoelii 18S rRNA to measure the developing liver
stage parasite burden. RNA was isolated, and reverse transcription-quantitative PCR amplification for 18S
RNA was performed.
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rPyCSP-mediated protection is characterized by increased Il-2, Il-4, and TNF-�
and absence of IFN-� in C57BL/6 mice. We next measured the cytokines produced by
CD4� and CD8� T cells by flow cytometry. We observed a significant increase in
interleukin-2 (IL-2) (�60-fold) produced by CD4� T cells in immunized protected mice
compared to the level in the prechallenge mice, as well in the naive mice (P � 0.0001)
(Fig. 3A). We also observed a significant increase in CD4� T cells producing IL-4 in the
protected mice compared to the levels in the prechallenge immunized and adjuvant-
alone mice (Fig. 3A). We also quantitated CD4� T cells producing tumor necrosis factor
alpha (TNF-�) and found a significant increase in the protected mice compared to the
levels in the adjuvant-alone and naive mouse groups (P � 0.01) (Fig. 3A).

FIG 3 Analysis of CD4� and CD8� T cells and their secreted cytokines in C57BL/6 mouse groups by flow cytometry. Groups (n � 6) comprised rPyCSP � adjuvant
(prechallenge), naive (unimmunized), adjuvant alone, and protected mice. Protected mice were immunized with rPyCSP and challenged with Py17XNL
sporozoites and did not develop blood stage infection. Splenocytes were isolated 14 days after sporozoite challenge, and the expression of IL-2, IFN-�, IL-4, and
TNF-� was measured in CD4� TCR��� cells (A) and CD8� TCR��� cells (B). Representative dot plots are shown. All error bars show standard deviations of the
mean values. *, P � 0.01; **, P � 0.001; ***, P � 0.0001; ns, not significant by Student’s t test.
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We also quantitated IFN-�-producing CD4� T cells and found no significant change
in the protected mice compared to the levels in the prechallenge and naive mouse
groups, and in fact, IFN-� production was decreased in the protected mice compared
to the level in the adjuvant-alone group (P � 0.001) (Fig. 3A). These results further
illustrate the IFN-�-independent nature of rPyCSP-induced immunity in mice. Our
results are also in line with the studies showing that RTS,S vaccine induces CD4� T cells
producing a mixture of cytokines, such as, IL-2, TNF-�, and IFN-�, in young children in
sub-Saharan Africa (30).

We did not find any differences in the total numbers or percentages of IL-2-secreting
CD8� T cells between the prechallenge immunized (rPyCSP plus adjuvant group) and
protected mice. However, there was a significant increase in the percentage of CD8� T
cells secreting IL-2 in protected mice compared to the percentages in the adjuvant-

FIG 3 (Continued)
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alone and naive groups (P � 0.01) (Fig. 3B). Interestingly, we observed a remarkable
decrease in CD8� T cells secreting IFN-� in the protected mice, as well as in the
immunized unchallenged mice, compared to the levels in the adjuvant-alone (P � 0.01)
and naive mice (P � 0.001) (Fig. 3B). There was no significance difference in the
percentage of CD8� T cells secreting IL-4 in protected mice compared to the percent-
ages in the adjuvant-alone and naive mice (P � 0.05). TNF-�-producing CD8� T cells
were found to be dramatically decreased in the mice immunized with rPyCSP (pre- and
post-sporozoite challenge) compared to the level in the naive mice (P � 0.01) (Fig. 3B).
Some of the earlier studies have also shown that effector CD8� T cells do not require
IFN-� for antiparasitic activity against malaria liver stages (28). Our data suggest that
rPyCSP-induced immunity in mice may not rely on CD8� T cells and is IFN-� indepen-
dent in the present vaccine model system.

B-cell repertoire and follicular T cells. To further investigate the role of B cells
in PyCSP-induced immunity, we quantified the B-cell repertoire in the spleens of the
mice in the four groups (PyCSP in adjuvant pre- and post-sporozoite challenge,
adjuvant alone, and no immunization) by flow cytometric analysis. We did not find
any significant difference in the B-cell population percentages among the four
groups (data not shown). However, we found a significant increase in total splenic
B cells in the protected mouse group compared to the amount in the naive mice
(P � 0.01) (Fig. 4A, top). We further analyzed the B-cell subpopulations of follicular,
marginal zone B cells, and plasma cells. We did not find any differences in these cell
populations (data not shown). Interestingly, we found that the protected mice had
significantly higher numbers of follicular B cells than the prechallenge immunized,
adjuvant-alone immunized, and naive mice (P � 0.0001) (Fig. 4A, bottom). Follicular
B cells promote effective primary immune responses and establish isotype switch-
ing and B-cell memory with the help of follicular T helper (Tfh) cells. We further
investigated the levels of Tfh cells. CD4� Tfh cells have been shown to be critical
for the generation of B-cell responses. We found a significant decrease in Tfh cells
in the protected mice compared to the levels in the naive (P � 0.0001), adjuvant-
alone (P � 0.0001), and prechallenge immunized mice (P � 0.001) (Fig. 4B). The
decrease may be a result of consumption of Tfh cells to activate B cells, to ultimately
provide protection against the sporozoite challenge.

DISCUSSION

The most advanced subunit malaria vaccine, RTS,S, induced modest, short-lived
immunity in clinical studies in children and adults living in Africa. Moreover, the
mechanism of RTS,S-induced immunity remains incompletely defined, which can be
attributed at least in part to limitations in the types of immunological studies that can
be performed in humans. The main object of this study was to use the P. yoelii
sporozoite challenge model to better understand the correlates of sterilizing immunity
induced by a CSP subunit-based vaccine in mice.

We found that immunization with rPyCSP in Montanide ISA 51 induced sterilizing
immunity against sporozoite challenge infection in mice with two different genetic
backgrounds, C57BL/6 and BALB/c (Table 1). On the other hand, 100% of mice that
received Montanide ISA 51 alone or no immunization displayed no immunity and
developed blood stage parasite infection. This immunity is primarily antibody medi-
ated, since in contrast to wild-type mice, 100% of B-cell-KO mice immunized with
rPyCSP had no protective immunity against P. yoelii sporozoite challenge (Table 2). We
further provide evidence that the antibodies generated upon rPyCSP immunization are
protective in in vitro and passive-transfer studies. The sera obtained from protected
mice were able to neutralize sporozoites in vitro and render them noninfectious, unable
to cause blood stage parasite infections, in WT and IFN-�-KO mice (Table 3). Addition-
ally, the neutralized sporozoites failed to invade the livers of mice; the copy numbers
of P. yoelii 18S rRNA were significantly lower in the livers of mice that received the
immune antibody-treated sporozoites than in mice that received the sporozoites
treated with antibody from nonimmunized mice (Table 4). These observations firmly
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established that the rPyCSP-based vaccine is capable of inducing protective levels of
neutralizing antibodies that prevent sporozoites from entering liver cells or establishing
a subsequent blood stage parasite infection.

rPyCSP was highly immunogenic and induced very high levels of CSP-specific IgG
antibodies in WT C57BL/6 mice (mean titer of 3.1 � 106) as determined by ELISA, and
IgG1 was the most prominent isotype in vaccinated mice. IFN-�-KO mice displayed the
highest levels of IgG1 isotype response, which suggested a lack of proinflammatory
response that promoted the induction of superior antigen-specific Th2-type antibodies.
The lack of CSP-specific antibodies in B-cell-KO mice further confirms the antibody-
dependent nature of immunity in the P. yoelii murine model. Most surprisingly, a

FIG 4 Comparison of B cells and follicular B and follicular T-helper cells in C57BL/6 mouse groups by flow cytometry. Groups (n � 6) comprised rPyCSP �
adjuvant (prechallenge), naive (unimmunized), adjuvant-alone, and protected mice. Protected mice were immunized with rPyCSP and challenged with Py17XNL
sporozoites and did not develop blood stage infection. Splenocytes were isolated 14 days after sporozoite challenge. (A) Top, B cells were quantitated in live
single splenocytes by gating on the CD19� cell marker. Bottom, CD19� B cells were gated on IgD and IgM to get IgMlo IgDhi, IgMhi IgDhi, and IgMhi IgDlo

subpopulations. The IgMlo IgDhi population was further gated on CD38 and CD23 to quantitate follicular B cells in mice. (B) CD4� T cells were gated on CXCR5
and PD-1 to quantitate follicular T-helper cells in mice. Representative dot plots are shown. All error bars show standard deviations of the mean values. *,
P � 0.01; **, P � 0.001; ***, P � 0.0001 by Student’s t test.
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reasonably high level of CSP-specific IgG (5.1 � 104) and higher IgG1 isotype levels
were also induced in the CD4�-KO mice, which is consistent with the sterilizing
immunity observed in 30% of vaccinated mice. The CSP-specific antibodies, albeit at
lower levels, in the absence of CD4� T cell help are a matter for further investigation.
CD8-KO mice also generated lower levels of IgG and isotype antibodies and showed
protective immunity in only 44% of immunized mice, suggesting a role for CD8 cells in
protection induced by a recombinant-CSP-based malaria vaccine. The association
between anti-CSP antibody titers and protection from infection (Fig. 2) is consistent
with data from other vaccine studies (31, 32), as well as data from mouse models where
RTS,S-induced anti-CSP antibodies have been shown to inhibit sporozoite invasion (12).
Furthermore, high antibody titers are needed for protection (Fig. 2A). rPyCSP immuni-
zation favors the production of IgG1 antibody responses that are protective in nature
and thus polarizes induction of strong humoral responses of the Th2 type (Fig. 2C). We
have previously shown in an experimental cerebral malaria (ECM) model that, in
infection with virulent malaria parasites, immune modulation resulted in a shift toward
a Th2-type response that may help to ameliorate the most severe consequences of
malaria immunopathogenesis (33).

Immunity induced in mice by irradiated malaria sporozoite vaccines is shown to be
CD8� T cell and IFN-� dependent (34). Interestingly, the protection induced by rPyCSP
immunization is IFN-� independent, as C57BL/6 IFN-�-KO mice also developed a level
of sterilizing immunity similar to that in the WT mice (Table 2). Another striking
observation is that rPyCSP-immunized C57BL/6 CD4- and CD8-KO mice also developed
a partial protection against sporozoite infection (Table 2). How CD4-KO mice were also
able a mount a moderate level of antibody response and protective immunity in some
mice is not clear. These results point toward the existence of PyCSP-induced protective
immune mechanism(s) that are independent of CD4�/CD8� T cells and are being
further investigated in our laboratory. In the RTS,S vaccination studies, the combination
of a strong CD4� T cell response with the high levels of anti-CSP antibody titers is
important to protect against malaria illness (17). By flow cytometric analysis, we found
a significant increase of total CD4� and CD8� T cells in the spleens of protected mice
(Fig. 3). In the RTS,S study, the magnitudes of the RTS,S-induced antibody and cell-
mediated responses were correlated (5), and the most prominent CSP-specific CD4�

T-cell phenotype induced was IL-2 (6, 30, 35) at 1 month postvaccination with RTS,S/
AS01 or RTS,S/AS02. Consistent with these findings, we observed significantly elevated
levels of CD4� T cells producing IL-2 (Fig. 3A) in protected mice. Such IL-2� CD4� T
cells could provide help to antibody-producing B cells. We also observed significant
increases in CD4� T cells producing IL-4 and TNF-� (Fig. 3A). CSP-specific TNF-�� CD4�

T cells have been associated with protection in RTS,S clinical trials (6). Combined
IL-2/IL-4 responses have been observed in P. falciparum-specific cellular immune re-
sponses after immunization with the RTS,S/AS02D candidate malaria vaccine in infants
(36). In this regard, our mouse model is reminiscent of the immunological findings of
RTS,S clinical trials.

In the RTS,S studies, protective immunity was linked to PfCSP-specific CD4� and the
possible involvement of CD8� T cells producing IFN-� (37). Our results differ from the
RTS,S findings. WT mice showed no significant change in levels of CD4� T cells
secreting IFN-� (Fig. 3A) and decreased CD8� IFN-� levels (Fig. 3B). In a previous study
in a mouse model, T lymphocytes were shown to not require IFN-� production for
antiparasitic activity after CSP epitope immunization (28). This is to note that in
different mouse models, delivery platforms evaluated in mice with different back-
grounds most often induce protection by different mechanisms (21).

Another significant finding in our study was that the protected mice had
significantly higher levels of follicular B cells (Fig. 4A, bottom). Follicular B cells
promote effective primary immune responses and establish isotype switching and
B-cell memory with the help of follicular Th cells (38, 39). We found a decrease in
CD4� PD1� CXCR5� follicular helper T (Tfh) cells in the protected mice compared
to the levels in the naive and unchallenged immunized mice (Fig. 4B). This may be
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a result of the usage of Tfh cells to activate B cells, which may be responsible for
providing protection against the sporozoite challenge. Recently, it has been shown
that malaria parasite infection leads to a Th1-type cytokine response that causes a
decrease in circulating PD1� CXCR5� Tfh cells (40). Although the protected mice
are not infected, exposure to sporozoites in immunized mice may be responsible for
the observed decrease in the Tfh cell population. Whether exposure to sporozoites
attenuated by gamma irradiation, genetic modification, or heat would also lead to
a decrease in the Tfh cell population remains to be seen.

These results offer several important lessons for the design of next-generation
recombinant-CSP-based malaria vaccines. An important factor behind the sterilizing
immunity induced by the rPyCSP vaccine could be that it contains the entire CSP
sequence (without the signal and cytoplasmic domains). On the other hand, the RTS,S
vaccine lacks the biologically relevant amino acid region upstream from the NANP
repeats (41) and a part of the COOH terminus sequence which contains a well-
characterized helper T cell epitope (42). Furthermore, an adjuvant formulation that
leads to a shift in the Th2-type antibodies may induce a more effective sterilizing
immunity. Finally, this experimental PyCSP-sporozoite challenge model allows evalua-
tion of immunogen-adjuvant dosing and novel adjuvants, longevity of immunity, allelic
polymorphism, and the effect of prior malaria parasite exposure in the search for more
effective pre-erythrocytic-stage malaria vaccines.

MATERIALS AND METHODS
Construction of rPyCSP expression plasmid. The PyCSP gene encoding amino acids P20 to S369

was PCR amplified using genomic DNA prepared from blood stage P. yoelii strain 17XNL parasites. The
following primer pair was used for PCR amplification: sense, 5=-GAAGCTAGCCCAGGATATGGACAAAATA
AAAGT-3=, and antisense, 5=-ATGAGGGCCCTGAACATTTATCCATTTTACAAAT-3=. The resultant 1,050-
nucleotide PCR product was digested with NheI and ApaI restriction enzymes and cloned at compatible
sites in a yeast expression plasmid, pREU-3. The nucleotide sequence of the CSP gene insert in the
recombinant plasmid was confirmed by automated DNA sequencing.

Recombinant expression and purification of PyCSP. PyCSP was recombinantly expressed in
Saccharomyces cerevisiae and purified using a procedure described previously (43, 44). Briefly, the
recombinant PyCSP-pREU-3 plasmid was electroporated into S. cerevisiae strain 2905/6 and the Trp�

recombinant yeast was grown at 30°C with Trp-selective protein expression medium. The recom-
binant cells were induced for 18 to 24 h with ethanol, and secreted rPyCSP was microfiltered,
ultrafiltered, and then diafiltered with a 10-kDa spiral fiber filter. The His6 PyCSP was then purified
by batch binding to Ni-nitrilotriacetic acid (NTA) agarose (Qiagen, Chatsworth, CA) at 4°C for 12 to
18 h, washing the Ni-NTA resin with 2� phosphate-buffered saline (PBS), and recovering the rPyCSP
from the resin with 0.25 M sodium acetate, pH 4.5 (43). After elution from the Ni-NTA column, the
rPyCSP was applied to a size exclusion column (S-75) and buffer exchanged into 1� PBS, pH 7.4. The
protein concentration of rPyCSP was determined using the bicinchoninic acid (BCA) protein assay
reagent (Pierce, Rockford, IL). rPyCSP was analyzed by running 0.1 �g of protein on 4 to 12%
morpholineethanesulfonic acid (MES) NuPAGE Bis-Tris gel (Life Technologies), followed by staining
with Coomassie blue. Enhanced chemiluminescence (ECL)-Western blot analysis was performed to
characterize the immunoreactivity of rPyCSP. Briefly, the rPyCSP profile from the gel was electro-
phoretically transferred to a polyvinylidene difluoride (PVDF) membrane and probed with the
anti-PyCSP monoclonal antibody (MAb) NYS1, followed by goat anti-mouse alkaline phosphatase
(AP)-conjugated antibody. Finally, the membrane was reacted with the ECL substrate solution
(Western Star immunodetection system; Life Technologies), and data were digitally captured on the
C-Digit blot scanner (Li-Cor).

Mice. Six- to 8-week-old female C57BL/6, BALB/c, CD4-knockout (KO) (B6.129S2-Cd4tm1Mak), CD8-KO
(B6.129P2-�2mtm1Unc), IFN-�-KO (B6.129S7-Ifn�tm1Ts), and B-cell-KO (B6.129S2-Igh-6tm1Cgn) female mice
(C57BL/6 background) were purchased from the Jackson Laboratories (Bar Harbor, ME). All experimental
animals were housed, fed, and used in accordance with guidelines set forth in the National Institutes of
Health manual Guide for the Care and Use of Laboratory Animals (45). The Center for Biologics Evaluation
and Research Animal Care and Use Committee approved the animal study protocol. The study was
performed under CBER animal study protocol number 2002-21.

Immunizations. Mice were immunized with an emulsion of 20 �g of rPyCSP and 25 �g of CpG
oligodeoxynucleotide (ODN) 1826 (Coley Pharmaceuticals) in 100 �l of PBS and 100 �l of Montanide
ISA51 (Seppic, Inc., Fairfield, NJ) as an adjuvant. Control mice received 25 �g of CpG ODN 1826 in 100 �l
of PBS and 100 �l of Montanide ISA51 without rPyCSP. Each mouse received three immunizations with
200 �l of vaccine, with each dose delivered by the subcutaneous route at 3-week intervals. Serum
samples were taken from each mouse at the time of each immunization and 2 days prior to sporozoite
challenge.

For flow cytometry experiments, 6- to 8-week old female C57BL/6 mice were purchased from Jackson
Laboratories. Mice were immunized with an emulsion of 20 �g of rPyCSP in 100 �l of PBS and 100 �l of
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Freund’s adjuvant. Each mouse received three immunizations with 200 �l of vaccine, with each dose
delivered by the subcutaneous route at 3-week intervals. The immunized mice were divided into two
groups, and half were challenged with 100 P. yoelii 17XNL sporozoites through the intravenous route.
Naive mice that did not receive any immunization served as unimmunized control mice.

Sporozoite challenge and determination of protection against malaria. Mice were injected
intravenously with 100 P. yoelii 17XNL (clone 1.1) sporozoites on day 14 after the third immunization.
Beginning on day 4 post-sporozoite challenge, thin blood films were made every day for the next 10 days
by pricking at tail bases. Blood smears were Giemsa stained, and the presence or absence of blood form
parasites was determined with a light microscope. Mice were considered to have developed sterilizing
immunity if asexual blood stage parasites were not detected by day 14 postchallenge.

IgG isotype ELISA. Titers of rPyCSP-specific total IgG or IgG isotypes IgG1, IgG2a, IgG2b, and IgG3
in the sera of vaccinated mice were assessed by enzyme-linked immunosorbent assay (ELISA). Briefly,
50 �l of a 1-�g/ml solution of rPyCSP in PBS, pH 7.4, was used to coat the wells of flat-bottom Immulon
II ELISA plates (Dynatech Laboratories, Chantilly, VA) overnight at 4°C. The wells were blocked by
incubation with 5% bovine serum albumin (BSA) in PBST (1� PBS containing 0.05% Tween 20) at 37°C.
Amounts of 50 �l of 2-fold serial dilutions of the test sera or a control serum in 1% BSA–PBST were added
to the wells and incubated for 60 min at 37°C. Following three washes, amounts of 100 �l of an
appropriate dilution of anti-mouse IgG-, IgG1-, IgG2a-, IgG2b-, or IG3-specific antibody conjugated to
alkaline phosphatase (Promega, Inc., Madison, WI) were added. After incubation for 1 h at 37°C, the plates
were washed three times and then phosphatase substrate tablets (Sigma-Aldrich, Saint Louis, MO) were
diluted in diethanolamine (Pierce Scientific, Rockford, IL) and 100 �l was added to each well; the reaction
was allowed to proceed at room temperature. The optical density values for plates were read at 405 nm
with an ELISA reader. The ELISA values shown are calculated values determined as interpolated titers at
an optical density of 0.5.

Assays of protective immunity. (i) In vitro sporozoite neutralization assay. Five hundred P. yoelii
17XNL (clone 1.1) sporozoites were incubated with pooled sera from protected and nonprotected groups
of mice for 45 min at room temperature. Naive mice were challenged intravenously with sporozoites that
were preincubated with antibody. Blood samples from tail-pricked mice were smeared from day 4 to day
14 postchallenge. Mice were considered protected from malaria if the Giemsa-stained blood films were
negative for blood stage parasites until day 14 postchallenge.

(ii) Parasite load in liver. To determine whether sporozoites were able to invade liver cells following
antibody treatment in vitro, naive BALB/c mice were challenged with neutralized sporozoites. Livers were
harvested 40 h postchallenge for detection and quantification of the P. yoelii 18S rRNA to assess the
sporozoite loads in the livers. Briefly, harvested livers were wrapped in aluminum foil and dipped in liquid
nitrogen for 45 s. The frozen livers were crushed between two sheets of aluminum foil, and the
pulverized tissue was suspended in 5 ml of TRIzol reagent (Invitrogen, Carlsbad, CA). RNA was extracted
using the high pure RNA isolation kit (Roche Diagnostic Corporation, Indianapolis, IN). Amounts of 2 �g
of RNA were used for 25 �l of cDNA preparation using the SuperScript II cDNA synthesis kit (Invitrogen,
Carlsbad, CA). Amounts of 2 �l of the cDNA were used for real-time PCR amplification of P. yoelii 18S rRNA
using the primers described previously (46). Real-time incorporation of SYBR green 1 (iQ Supermix;
Bio-Rad, Hercules, CA) was performed using the MyiQ single-color real-time PCR detection system
(Bio-Rad, Hercules, CA). The threshold cycle (CT) values were extrapolated from a standard curve
generated with known amounts of P. yoelii 18S rRNA plasmid to determine the corresponding P. yoelii
18S rRNA copy numbers. The 18S rRNA copy numbers obtained from different samples were normalized
using the mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeeping gene (47).

(iii) Flow cytometry. In-depth analysis of immune cell subsets was performed by flow cytometry.
Briefly, single-cell suspensions of splenocytes were first subjected to ammonium-chloride-potassium
(ACK) lysis of erythrocytes, washed, and seeded at 1 � 106 cells per sample. Samples were then
labeled with eFluor 506 viability dye (eBioscience, San Diego, CA, USA), incubated with anti-mouse
CD16/32 antibody (Biolegend, San Diego, CA, USA), and stained with antibodies specific for
fluorescein isothiocyanate (FITC)–anti-T-cell receptor alpha/beta (TCR��), peridinin chlorophyll pro-
tein (PerCP)–anti-CD4, allophycocyanin (APC)-Cy7–anti-CD8, phycoerythrin (PE)–anti-IL-2, FITC–
TNF-�, APC–anti-IFN-�, FITC–anti-CD19, Pacific Blue (PB)–anti-IgD, APC–anti-IgM, PE–anti-CD 23,
PerCP-Cy5.5–anti-CD38, APC-Cy7, and anti-CD21 antibodies in Hanks balanced salt solution (HBSS)
containing 1% BSA for 30 min at 4°C, washed three times in HBSS containing 0.1% BSA, fixed, and
then acquired on an LSR II flow cytometer using FACSDiva (BD Biosciences, San Jose, CA, USA) and
analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
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