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The intracellular parasite Plasmodium is the causative agent
of malaria, one of the most prevalent human infectious diseases in the world, with high mortality rates during childhood
and complications in infected adults. After injection by mosquito of Plasmodium sporozoites into the vertebrate host, the
sporozoites must infect hepatocytes before developing into the
pathogenic erythrocytic stages. Thus, protection induced
against malaria liver stages diminishes or abrogates further
development of the disease (15). In areas where malaria is
endemic, individuals generate partial protective immunity
against malaria only after several years of frequent exposure to
the parasite. However, complete protection against malaria
can be induced by a few inoculations of irradiated Plasmodium
sporozoites (3, 16). Due to the lack of an in vitro system to
generate large amounts of sporozoites, broad use of an irradiated sporozoite-based vaccine against malaria is not feasible.
Therefore, an understanding of the mechanisms that mediate
induction of protective immune responses against preerythrocytic forms of the parasite is important for the development of
alternative immunization approaches.
Activation of T cells by antigen-presenting cells (APCs) is
required to initiate specific immune responses. Dendritic cells
(DCs) are a unique type of APC because of their ability to
induce primary immune responses by efficient activation of
naı̈ve T cells (11). DCs reside in tissues as immature cells with
high phagocytic capacity. Following activation and antigen capture, they migrate to the lymphoid organs, where they prime
antigen-specific CD4⫹ and CD8⫹ T cells (1). Since the APCs
that mediate protective immune responses to malaria have not
yet been identified, we investigated the capacity of DCs to
present Plasmodium sporozoite antigens to T cells and induce
inhibition of liver-stage development of the parasite.
The ability of DCs to initiate protective antimalaria immune
responses was examined by adoptive transfer to naı̈ve mice of
DCs presenting sporozoite-derived antigens. The activation of
specific CD4⫹ and CD8⫹ T cells and the degree of protection
against sporozoite infection were measured in these mice. Pri-

mary cultures of immature DCs from BALB/c mice (haplotype
H-2Kd) were obtained by in vitro differentiation of bone marrow-derived precursors during 10 days (29), using the supernatant of the myeloma cell line Ag8653 expressing mouse re-

FIG. 1. Characterization of DC cultures by fluorescence-activated cell
sorting analysis. Control or LPS-activated bone marrow-derived cell cultures were incubated with antibodies against different DC markers. Thin
lines, nonactivated DCs; thick lines, LPS-activated DCs; shading, irrelevant IgG control staining. FITC, fluorescein isothiocyanate.

* Corresponding author. Mailing address: Department of Medical
and Molecular Parasitology, New York University School of Medicine,
341 E. 25th St., New York, NY 10010. USA Phone: (212) 263-6589.
Fax: (212) 263-8116. E-mail: rodria02@popmail.med.nyu.edu.
5173

Downloaded from http://iai.asm.org/ on April 11, 2021 by guest

An understanding of the antigen presentation mechanisms that mediate induction of protective immune
responses against malaria is essential for the development of successful immunization approaches. Here we
show that dendritic cells presenting Plasmodium yoelii sporozoite antigens are able to activate specific CD4ⴙ
and CD8ⴙ T cells and initiate protective immune responses against malaria in mice.
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combinant granulocyte-macrophage colony-stimulating factor
as a source of this cytokine (24). Analysis of the bone marrowderived cell population was performed using fluorescence-activated cell sorting, which showed that these cells expressed the
distinctive DC surface marker CD11c, as well as major histocompatibility complex (MHC) class I and II molecules. Activation of these cells by the addition of lipopolysaccharide
(LPS) (1 g/ml) for 24 h induced the characteristic DC increase of the costimulatory molecules CD40, CD80, and CD86
and of MHC class I and II molecules on the plasma membrane
(29) (Fig. 1).
Peptides containing the identified H-2Kd-specific CD4⫹
(YNRNIVNRLLGDALNGKPEEK) (8) and CD8⫹ (SYVPSA
EQI) (20) epitopes from the circumsporozoite protein (CS) of
the rodent malaria species P. yoelii were incubated for 1 h at a
concentration of 30 g/ml with the mature DCs. The peptides
comprising both epitopes are identical in P. yoelii nonlethal
(17X) and lethal (YM) strains. Peptides were allowed to bind
to the MHC molecules of DCs that were activated by incubation with LPS (1 g/ml) for 24 h. DCs were washed and

transferred to naı̈ve BALB/c mice (7.5 ⫻ 105 DCs/mouse) by
intravenous injection. Twelve days after transfer of DCs, activation of specific anti-CS CD4⫹ and CD8⫹ T cells was detected using an ELISPOT assay for the production of gamma
interferon (IFN-␥) (13, 19). For the ELISPOT assay, T cells
were enriched from spleen suspensions by the elimination of
plastic adherent and immunoglobin G (IgG)- and IgM-reactive
cells. The numbers of antigen-specific T cells are calculated by
subtracting the mean spot numbers in control wells without
peptide (mean value of 273 spots per 106 cells) from the mean
spot numbers in parallel cultures where APCs (A20.2J cells)
were preincubated with the corresponding peptides. High
numbers of specific CD4⫹ and CD8⫹ T cells were found in
mice injected with DCs pulsed with the corresponding CS
epitopes (Fig. 2A). Transfer of the same number of control
DCs did not induce a specific T-cell response. These results
indicate that DCs presenting sporozoite epitopes are able to
initiate specific antimalaria immune responses in naı̈ve mice.
The degree of protection conferred by DCs presenting CS
epitopes was measured 2 weeks after adoptive transfer. Mice
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FIG. 2. DCs presenting CS-derived CD4 and CD8 epitopes initiate specific antimalaria immune responses. (A) Results of ELISPOT showing
the numbers of IFN-␥-secreting CD4⫹ (white bars) and CD8⫹ (black bars) T cells detected in the spleens of two mice immunized by intravenous
inoculation of DCs preincubated with the specific CD4 or CD8 peptides. T cells from nonimmunized mice did not induce any spots in the cultures.
The results are expressed as averages ⫾ standard deviations for duplicate cultures. (B) Inhibition of parasite development in the livers of groups
of three mice nonimmunized or immunized with DCs incubated with corresponding peptides or untreated, as detected by competitive RT-PCR.
Results are expressed as averages ⫾ standard deviations for three mice analyzed individually. Statistically significant differences between groups
were determined by analysis of variance (ANOVA). (C) Inhibition of parasite development in the livers of groups of four BALB/c or IFN-␥
knockout BALB/c mice immunized with DCs alone or DCs preincubated with the specific CD8 peptide, as detected by competitive RT-PCR.
Results are expressed as averages ⫾ standard deviations for four mice analyzed individually. Statistically significant differences among groups were
determined by ANOVA.
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FIG. 3. DCs process CS protein and present CD4 and CD8
epitopes to T cells. (A) Results of ELISPOT showing the numbers of
IFN-␥-secreting CD4⫹ (white bars) and CD8⫹ (black bars) T cells
detected in the spleens of two mice immunized by intravenous inoculation of DCs infected with AdPyCS derived from BALB/c or C57BL/6
mice. The numbers of antigen-specific T cells were calculated as described in the text. The results are expressed as averages ⫾ standard
deviations for duplicate cultures. (B) Inhibition of parasite development in the livers of groups of three mice nonimmunized or immunized with DCs derived from BALB/c or C57BL/6 mice and infected
with AdPyCS, as detected by competitive RT-PCR. Results are expressed as averages ⫾ standard deviations for three mice analyzed
individually. Statistically significant differences between groups were
determined by analysis of variance.

replicating vaccines, such as inactivated pathogens, can elicit
effective antibody responses; however, the induction of effector
CD8⫹ T-cell responses has been difficult to achieve. Recombinant vaccines, including genetically modified viral vectors
and DNA vaccines, can overcome this problem, as they can
induce both effective antibody and CD8⫹-mediated responses
in vivo (17, 25, 26). These responses can be enhanced by
targeting expression of recombinant antigens to APCs, and in
particular to DCs (2, 4, 5, 7, 9), or by coexpression of granulocyte-macrophage colony-stimulating factor (27, 30), a cytokine that enhances the maturation of DC precursors. These
observations reveal the importance of DCs as mediators of
protective immune responses that are triggered by these vaccines. Our results show that DCs can initiate CD8⫹-mediated
immune responses against malaria liver stages and should be
targeted to obtain effective antimalaria vaccines.
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were challenged with 105 P. yoelii sporozoites (nonlethal parasite line 17X) obtained by dissection of infected Anopheles
stephensi mosquito salivary glands. The degree of liver infection was determined by competitive reverse transcription
(RT)-PCR of parasite 18S rRNA in mouse livers 42 h after
sporozoite inoculation (20). Mice immunized by adoptive
transfer of DCs loaded with the CS-derived CD8⫹ epitope
displayed a much lower level of parasite RNA in the liver than
mice transferred with DCs alone or DCs loaded with the CD4⫹
epitope (Fig. 2B). Although similar numbers of IFN-␥-producing CD4⫹ and CD8⫹ T cells were induced in the mice by DCs
loaded with the corresponding peptides (Fig. 2A), only activation of CD8⫹ T cells inhibited development of parasites in the
liver (Fig. 2B).
In mouse models, protection induced by irradiated sporozoites is mediated by CD8⫹ T cells to liver-stage parasites and is
dependent on IFN-␥ (21, 22, 28). To study whether DC-induced protection is mediated by a similar mechanism, control
DCs or DCs loaded with the CS-derived CD8⫹ epitope were
transferred to groups of four IFN-␥ knockout mice
[C129S7(B6)-IFNg; Jackson] and the corresponding background control mouse strain. Ten days later, protection against
challenge with live sporozoites was evaluated as described
above. In contrast to normal mice, transfer of DCs loaded with
the CS-derived CD8⫹ epitope to IFN-␥ knockout mice did not
inhibit the development of P. yoelii parasites in the liver (Fig.
2C). These results indicate that, as previously shown for immunization with irradiated sporozoites, the protection induced
by transfer of DCs is also mediated by IFN-␥. Increased replication of P. yoelii in the liver of IFN-␥ knockout mice was
observed (Fig. 2C), confirming the inhibitory effect of IFN-␥
on Plasmodium development in the liver (12).
During the course of natural infections, correct processing of
antigens and loading of resulting peptides onto MHC molecules of APCs is required to obtain T-cell activation. To test
the ability of DCs to process and present sporozoite CS protein
epitopes, we infected DCs with recombinant adenovirus expressing the CS protein of P. yoelii (AdPyCS) (18). DCs derived from BALB/c mice were infected with AdPyCS (multiplicity of infection, 200) for 24 h before being transferred to
naı̈ve BALB/c mice (5 ⫻ 105 DCs/mouse). Transfer of infected
DCs resulted in the activation of specific anti-CS CD4⫹ and
CD8⫹ T cells (Fig. 3A) and in the inhibition of development of
parasites in the liver (Fig. 3B), as determined 2 weeks later.
Transfer of the same number of AdPyCS-infected DCs derived from C57BL/6 mice (haplotype H-2Kb) into BALB/c
mice (haplotype H-2Kd) did not result in activation of T cells
(Fig. 3A) or protection against sporozoite challenge (Fig. 3B).
Taken together these results indicate that the immune response generated in syngeneic mice is induced after specific
processing and presentation of CS protein by DCs. The lack of
activation of an immune response by allogenic DCs indicates
that this response cannot be attributed to mouse infection with
residual adenovirus particles or to uptake of CS antigens from
the infected DCs by APCs of the recipient mice.
Protection against liver-stage malaria is mainly dependent
on the induction of effective T-cell immune responses that
eliminate infected hepatocytes (10, 21, 22). Therefore, the development of antimalaria vaccines against this stage is based on
the activation of cytotoxic T-cell responses (6, 14, 23). Non-
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