






ratio to obtain indications of the type of T-helper responses
induced by the different prime-boost regimens (Fig. 2B). The
homologous CS protein prime-boost regimen elicited primarily
IgG1 antibody responses, indicating a more Th2-type immune
response, while replacing the protein boost with an Ad35.CS
boost resulted in a more pronounced induction of IgG2a an-
tibodies, indicating a shift toward a Th1-type response (P value
of �0.05 for comparison of IgG2a/IgG1 ratios by ANOVA).

Evaluation of the CS-specific T-cell responses by using
ELISPOT (Fig. 2C) and ICS (Fig. 2D) assays showed that the
homologous CS protein regimen evoked a poor but measur-
able CS-specific T-cell response. The inclusion of Ad35.CS as
a boost to the CS protein prime resulted in significantly in-
creased levels of CS-specific IFN-�-producing CD8� T cells (P
value of �0.05 for comparison of CS-specific CD8� T-cell
levels by ANOVA). This correlated to the more Th1-type
response for the CS protein/Ad35.CS regimens as determined
by CS-specific IgG2a/IgG1 ratio. It should be noted that the
IFN-�� CD4� response might have been underestimated us-
ing the stimulation with the 15-mer peptides, as we observed
this in another study (40). Stimulation of splenocytes with the
CS protein in the current study did show higher CD4� re-
sponses; however, the background in the assay was unaccept-
ably high (data not shown).

Immunogenicity of a three-component heterologous prime-
boost regimen. The combination of the yeast-produced CS
protein with the Ad35.CS in a heterologous prime-boost reg-
imen resulted in the induction of a high level of IFN-�� CD8�

T cells and maintained a high-level CS-specific IgG response,
and the antibody response was shifted toward the Th1 type. We
next investigated whether a prime-boost regimen comprised of

the three components, CS protein, Ad35.CS, and Ad26.CS,
might result in an even more robust and sustained Th1 immune
response. Our earlier experiments demonstrated that the
Ad35.CS/Ad26.CS combination induced significantly higher
immune responses than the Ad35.CS/Ad35.CS combination
(data not shown), and therefore, the homologous Ad35.CS/
Ad35.CS adenovirus vector combination was not included as a
booster in the current study. A group of mice received a prime
with a CS protein with adjuvant and a boost with Ad35.CS
followed by a second boost with Ad26.CS (three-component
heterologous prime-boost). A comparator group of mice re-
ceived a prime with a CS protein with adjuvant followed by an
Ad35.CS boost. At 2 weeks after the final boost immunization,
mice receiving the three-component heterologous prime-boost
regimen showed significantly higher levels of CS-specific IFN-
�-producing CD8� T cells than the mice receiving the CS
protein prime and Ad35.CS boost regimen (P value of �0.05
for comparison of CS-specific IFN-�-producing CD8� T-cell
levels by ANOVA; Fig. 3A). At 8 weeks after the final boost
immunization, the IFN-�� CD8� T-cell response induced by
the three-component prime-boost regimen was still signifi-
cantly higher than that induced by the CS protein/Ad35.CS
regimen (P value of �0.05 for comparison of CS-specific IFN-
�-producing CD8� T-cell levels by ANOVA; Fig. 3C). Impor-
tantly, at both time points, the levels of CS-specific IgG re-
sponses induced by the three-component prime-boost regimen
were comparable to those seen for the CS protein/Ad35.CS
regimen (P value of �0.05 for comparison of CS-specific IgG
levels by ANOVA; Fig. 3B and D). The IgG2a/IgG1 ratio of
CS-specific antibodies induced with the CS protein/Ad35.CS/

FIG. 2. Immunogenicity of heterologous prime-boost regimen comprised of the yeast-produced CS protein (Prot) and Ad35.CS. BALB/c mice
(8 per group) were immunized as indicated in the graphs. A negative-control group received the adjuvant and Ad35.Empty vector (sham). Two
weeks after the boost immunization, CS-specific humoral immune responses were assessed by CS-specific IgG responses by using an ELISA
(A) and IgG2a/IgG1 ratios upon measurement of CS-specific IgG2a and IgG1 responses (B). CS-specific CD8� T-cell immune responses were
assessed by an IFN-� ELISPOT assay (C) and IFN-� ICS (D). Bars represent geometric means of ELISA units (EU; A), IgG2a/IgG1 ratios (B),
spot-forming units (SFU; C), or percentages of IFN-�� CD4�- or IFN-�� CD8�-positive cells (D). The background level of cytokine staining was
typically lower than 0.01% for the CD4� T cells and lower than 0.05% for the CD8� T cells. N.S., not significant.
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Ad26.CS vaccine regimen was comparable to the ratio induced
with the CS protein/Ad35.CS immunization (data not shown).

Cytokine profiles induced by the different vaccination regi-
mens. The total number of CS-specific CD4� T cells express-
ing two or more immune markers, namely, Th1 cytokines
IFN-�, TNF-�, IL-2, and activation marker CD40L, induced
upon immunization with RTS,S, has been associated with pro-
tection to malaria infection in the human challenge model
(22). We investigated cytokine profile breadth induced in CS-
specific T cells with a three-component malaria vaccine, CS
protein/Ad35.CS/Ad26.CS, and compared it to the cytokine
profiles induced with a CS protein/CS protein or CS protein/
Ad35.CS regimen. Two weeks after the final boost immuniza-
tion, expression levels of the Th1 (IFN-�, TNF-�, and IL-2),
Th2 (IL-4, IL-6, and IL-10), and Th17 (IL-17) cytokines were
determined using the cytometric bead array (CBA) assay upon
48-h in vitro stimulation of splenocytes with the CS protein.
The CBA assay with protein stimulation provides a blueprint
of the types of T-helper cells that have been induced with the
vaccination regimen. All vaccination regimens, except for the
sham, induced the tested cytokines, with the exception of IL-4,
which was not detected (Fig. 4 and data not shown). The CS
protein/Ad35.CS/Ad26.CS regimen induced significantly
higher levels of IFN-� and TNF-� than either the CS protein
or the CS protein/Ad35.CS regimen (P value of �0.05 for
comparison of cytokine levels by ANOVA; Fig. 4). The levels
of other cytokines (IL-2, IL-6, IL-10, and IL-17) were compa-
rable for all immunization regimens (P value of �0.05 for
comparison of cytokine levels by ANOVA; Fig. 4).

In summary, these data confirm that a prime-boost regimen
comprising of the three components, CS protein, Ad35.CS, and

FIG. 3. Immunogenicity of a three-component heterologous
prime-boost regimen. BALB/c mice (8 per group) were immunized as
indicated in the graphs. A negative-control group received the adju-
vant and Ad.Empty vectors (sham). Two weeks (A) and eight weeks
(C) after the final boost immunization, CS-specific IFN-�� CD8�

T-cell responses were assessed using an ELISPOT assay. Two weeks
(B) and eight weeks (D) after the final boost immunization, CS-specific
humoral immune responses were assessed by use of an IgG ELISA.
Bars represent geometric mean numbers of spot-forming units (SFU;
A and C) or ELISA units (EU; B and D).

FIG. 4. Cytokine profiles induced by the different vaccination regimens. BALB/c mice (8 per group) were immunized as indicated in the graphs.
A negative-control group received the adjuvant and Ad.Empty vectors (sham). Two weeks after the final boost immunization, cytokine expression
was assessed by a CBA assay upon 48-h in vitro stimulation of splenocytes with the CS protein. Bars represent geometric means (pg/ml) of IFN-�,
TNF-�, IL-2, IL-6, IL-10, or IL-17 cytokine levels. Measurable levels of IL-4 were not detected in any of the immunized mice.
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Ad26.CS, results in a robust and broad Th1-type immune re-
sponse.

DISCUSSION

Immunizations with a CS protein vaccine elicit potent anti-
body responses but poor cellular responses. In this study, we
demonstrated that vaccination with the CS protein followed by
an Ad35.CS vector in a heterologous prime-boost regimen
results in enhancement of IFN-�� CD8� T-cell responses. The
boost with Ad35.CS did not hamper the level of CS-specific
humoral response induced with the protein vaccination but
shifted the Ig isotypes toward a Th1-type response. In addition,
we established that a heterologous prime-boost regimen com-
prising a CS protein prime followed by boosts with Ad35.CS
and Ad26.CS elicits strong CS-specific Th1-type responses,
with a durable enhancement of the IFN-�� CD8� T cells and
potent antibody responses.

The ongoing phase III trial of RTS,S, a CS-protein based
vaccine with an AS01 adjuvant, represents a breakthrough for
malaria vaccine development. The vaccine induces primarily
antibody responses and has been shown to partially protect
young children and infants in areas of malaria endemicity,
reducing the risk of clinical episodes of malaria by 53% over an
8-month follow-up period (5). While RTS,S gives a better
chance of surviving to the most vulnerable part of the popu-
lation, it is clear that more must be done in order to develop
vaccines that will provide greater and more sustainable levels
of protection to fully eradicate malaria.

IFN-�� CD8� T cells have been associated with protection
against liver-stage malaria parasites, as they inactivate and
eliminate intracellular parasites through IFN-�-induced pro-
duction of nitric oxide and through cell-mediated cytotoxicity
(6, 12, 44, 48). Therefore, it is widely accepted that persistent
protective immunity against malaria likely requires high levels
of Th1-type immune responses targeting the preerythrocytic
stage of the malaria parasites. Such a complex immunity is not
easily achieved by single-vaccine modalities, as demonstrated
by the low number of malaria vaccine regimens in advanced
clinical trials (39).

Adenoviral vectors are known to induce high levels of anti-
gen-specific IFN-�� CD8� T cells (53). Combining adenoviral
vectors with other vaccine types has proven highly efficient in
eliciting strong and sustainable T-cell immunity as well as hu-
moral responses (7, 14, 26, 49–51). Indeed, within this study,
we showed that priming with a yeast-produced CS protein with
adjuvant followed by the Ad35.CS boost resulted in the induc-
tion of high-level CS-specific IFN-�� CD8� T-cell responses
compared to those induced by an exclusively protein-based
vaccine regimen. Importantly, while the overall CS-specific
IgG levels were not affected relative to the responses induced
with an entirely CS protein-based vaccination regimen, the CS
protein/Ad35.CS regimen elicited a more Th1-type response.
These results corroborated our earlier findings in which prime-
boost regimens comprised of Ad35 vaccine vectors expressing
CS or LSA-1 and RTS,S or a LSA-1 protein vaccine resulted in
potent Th1-type T-cell responses and high-level humoral re-
sponses (45, 52).

Previously, we reported on the heterologous prime-boost
regimen utilizing the Ad35.CS and Ad5.CS vaccine vectors that

elicited high levels of CS-specific IFN-�-producing T cells in
both mice and nonhuman primates (46). These results dem-
onstrated the potential of adenoviral-vector-based heterolo-
gous prime-boost regimens to induce the type of immunity
required to combat malaria. Because of the high Ad5 sero-
prevalence in the human population, considerable effort has
been directed toward the development of novel low-seropreva-
lence adenoviral vaccine vectors that are able to circumvent
anti-Ad5 immunity and are highly immunogenic (1, 4, 13, 17,
25, 36, 56). The Ad26-based vaccine vector has been shown to
be a particularly interesting vector, considering its ability to
induce immune responses in mice (1), nonhuman primates (27,
28), and humans (3), and it is particularly suited as a boost to
other adenoviral-vector-based vaccines that utilize different
adenovirus serotypes. Given the wide diversity of adenoviruses
in nature, many different serotypes are potentially available. In
our study, the inclusion of the Ad26.CS boost to the CS pro-
tein/Ad35.CS prime-boost regimen elicited an overall higher
and more sustainable CS-specific IFN-�� CD8� immune re-
sponse than the homologous or the 2-component heterologous
prime-boost regimens.

The recent association of Th1 cytokine-expressing CD4� T
cells, induced with the RTS,S vaccine, with protection against
malaria infection in the human challenge model has reinforced
the view that induction of a broad immune response of the Th1
type is required for development of efficient malaria vaccines
(22). Induction of balanced proinflammatory and regulatory
immune responses is also a key factor determining the out-
come of malaria infection. Failure to develop an effective
proinflammatory response might result in unrestricted parasite
replication, whereas failure to control this response can lead to
the development of severe immunopathology (10). Boosting
of the CS protein vaccine with Ad35.CS and, in particular, with
the Ad35.CS/Ad26.CS combination strongly enhanced the lev-
els of Th1 cytokines IFN-� and TNF-�, while the levels of Th1
cytokine IL-2, Th2 cytokines IL-6 and IL-10, and Th17 cyto-
kine IL-17 were comparable to the levels induced with the CS
protein vaccine alone. This result indicated the capacity of the
three-component regimen to stimulate an overall balanced cy-
tokine response, with a strong shift toward the Th1 responses
compared to the homologous CS protein regimen, which in-
duced a primarily Th2-biased response. While the role for the
Th1-type response in protection against malaria has been well
documented (6, 12, 19, 20, 44, 48), to our knowledge, there are
no reports concerning the role of Th17 cells in malaria infec-
tion. However, there is mounting evidence that IL-17 might be
relevant for protection against parasitic infections, as has been
indicated by the induction of this cytokine in response to in-
fection with a number of parasites, such as Eimeria maxima
(18), Nippostrongylus brasiliensis (29), and Leishmania dono-
vani (37). For instance, production of IL-17 and IL-22 in hu-
mans was shown to have a strong and independent association
with protection from kala-azar disease, caused by L. donovani
(37). Other studies have also indicated a role for Th17 cells in
protection against other pathogens, such as Mycobacterium
tuberculosis (2, 23, 24), Streptococcus pneumoniae (30, 31, 59),
Helicobacter pylori (11, 55), and influenza virus (15, 58). In the
current study, although no significant difference was observed
between the mean levels of the IL-17 cytokines of different
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groups, the adenoviral-vector-containing regimens induced
more-uniform IL-17 responses than protein immunization.

The limited and short-lived protection induced with the CS
protein vaccine points in two directions of improvement using
Ad.CS-based vaccines. One direction is administration of an
Ad35.CS vaccine as a priming vaccine for the CS protein vac-
cine, to strongly increase Th1 cellular responses, as described
by Stewart et al. (52). The second direction, as demonstrated in
the current study, is administration of the Ad35.CS/Ad26.CS
combination as a booster vaccine (in the second year of life or
even at school age) following an early-in-life protein CS vac-
cine to induce long-lasting protection for which the Th1-type
response and immune memory are required.
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ERRATUM

The Th1 Immune Response to Plasmodium falciparum Circumsporozoite Protein
Is Boosted by Adenovirus Vectors 35 and 26 with a Homologous Insert

Katarina Radošević, Ariane Rodriguez, Angelique A. C. Lemckert, Marjolein van der Meer,
Gert Gillissen, Carolien Warnar, Rie von Eyben, Maria Grazia Pau, and Jaap Goudsmit

Crucell Holland B.V., Leiden, Netherlands, and Center for Poverty-Related Communicable Diseases,
Academic Medical Center, Amsterdam, Netherlands

Volume 17, no. 11, pages 1687–1694, 2010. Page 1687, Abstract, the first sentence should read: “The most advanced malaria
vaccine, RTS,S, is comprised of a portion of the Plasmodium falciparum circumsporozoite (CS) protein, fused to and admixed with
the hepatitis B virus surface antigen, and an adjuvant.”

The third sentence should read: “In the present study, we tested the hypothesis that the Th1 immune response to CS protein,
in particular the CD8� T-cell response, which is needed for strong and lasting malaria immunity, is boosted to sustainable levels
by adenovirus vectors 35 and 26 with a homologous insert (Ad35.CS/Ad26.CS).”
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