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Recombinant Viral-Vectored Vaccines Expressing
Plasmodium chabaudi AS Apical Membrane Antigen 1:
Mechanisms of Vaccine-Induced Blood-Stage Protection
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Anthony A. Holder,† Adrian V. S. Hill,* and Simon J. Draper*

Apical membrane Ag 1 (AMA1) is one of the leading candidate Ags for inclusion in a subunit vaccine against blood-stage malaria.

However, the efficacy of Ab-inducing recombinant AMA1 protein vaccines in phase IIa/b clinical trials remains disappointing. In

this article, we describe the development of recombinant human adenovirus serotype 5 and modified vaccinia virus Ankara vectors

encoding AMA1 from the Plasmodium chabaudi chabaudi strain AS. These vectors, when used in a heterologous prime-boost

regimen in BALB/c mice, are capable of inducing strong transgene-specific humoral and cellular immune responses. We show that

this vaccination regimen is protective against a nonlethal P. chabaudi chabaudi strain AS blood-stage challenge, resulting in

reduced peak parasitemias. The role of vaccine-induced, AMA1-specific Abs and T cells in mediating the antiparasite effect

was investigated by in vivo depletion of CD4+ T cells and adoptive-transfer studies into naive and immunodeficient mice. Depletion

of CD4+ T cells led to a loss of vaccine-induced protection. Adoptive-transfer studies confirmed that efficacy is mediated by both

CD4+ T cells and Abs functioning in the context of an intact immune system. Unlike previous studies, these results confirm that

Ag-specific CD4+ T cells, induced by a clinically relevant vaccine-delivery platform, can make a significant contribution to vaccine

blood-stage efficacy in the P. chabaudimodel. Given that cell-mediated immunity may also contribute to parasite control in human

malaria, these data support the clinical development of viral-vectored vaccines that induce both T cell and Abs against Plasmo-

dium falciparum blood-stage malaria Ags like AMA1. The Journal of Immunology, 2012, 188: 5041–5053.

M
alaria remains a significant burden on global public
health, despite some recent and encouraging successes
with regard to malaria control in certain parts of Africa.

Thus, the development of a highly effective vaccine, which could
help in the control and eventual elimination of this disease, remains
an important goal (1). Vaccines against the asexual blood-stage of
malaria infection have often aimed to reproduce natural immunity
and have generally targeted Ags associated with the merozoite
surface or located in the apical organelles (2). Apical membrane
Ag 1 (AMA1) appears on the surface of merozoites after its re-
lease from the micronemes, where it is a target of growth-

inhibitory Abs in in vitro assays and in vivo malaria models. It
is also frequently associated with naturally acquired immunity
and, thus, has classically been one of the leading candidate Ags
for inclusion in a subunit vaccine against the asexual blood-stage
of the parasite (3). In an attempt to induce such protective Abs,
malaria vaccine developers have classically focused on recombi-
nant protein-in-adjuvant vaccines. Typically, these require multi-
ple immunizations in animal models to induce Ab responses of
a protective magnitude (4), and clinical trials of the efficacy of
such candidate vaccines remain disappointing (2).
An increasingly recognized alternative to protein-in-adjuvant

formulations is the use of viral-vectored vaccines (5, 6) and, in
particular, replication-defective adenoviruses of both human and
simian serotype, as well as poxviruses, such as modified vaccinia
virus Ankara (MVA). These vectors can express relatively large
Ag constructs and, when deployed in an adenovirus-MVA heter-
ologous prime-boost regimen, were shown in mice and nonhuman
primates to induce high levels of Ag-specific CD8+ and CD4+

T cell responses, as well as high titers of Ab (7–12). The chim-
panzee adenovirus ChAd63 and MVA have both displayed an
excellent safety profile for use in humans as prophylactic vaccines
(13, 14), and the recombinant adenovirus-MVA vaccine-delivery
platform has shown high-level efficacy against all three malaria
life-cycle stages in preclinical models (9, 15–17).
There have been numerous studies suggesting that the induction

of cellular immunity in conjunction with Ab responses may in-
crease the efficacy of vaccines targeting classical blood-stage Ags,
leading to recent calls for such an approach to be tested clinically
(18). Studies using both sporozoite and infected RBC inoculation
to immunize human volunteers have associated cellular immune
responses against blood-stage parasites with protective outcome
(19, 20). Similarly, three studies in the Plasmodium yoelii mouse
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model have associated CD8+ T cell responses against blood-stage
parasites or the merozoite surface protein 1 (MSP1) Ag with
protective immunity against pre-erythrocytic liver-stage infection
(7, 21, 22), and a more recent study even associated such CD8+

T cells with protective blood-stage immunity (23). Other studies
with Plasmodium yoelii have shown that the adoptive transfer of
CD4+ T cell lines against Ags, such as MSP133, into naive mice
can lead to the control of blood-stage parasitemia (24), although
not all vaccinated or T cell-transfused recipients survive, despite a
significant reduction in parasite densities. We also reported pre-
viously that a human adenovirus serotype 5 (AdHu5)-MVA vac-
cination regimen against the P. yoeliiMSP142 Ag can induce strong
Ag-specific cellular and humoral immune responses. In this case,
the CD8+ T cells against MSP133 provided partial efficacy against
developing liver-stage parasites; however, depletion of either the
CD8+ or CD4+ T cell subsets prior to blood-stage challenge of
immunized mice had no effect on protective outcome (7, 9).
The Plasmodium chabaudi chabaudi strain AS parasite has pro-

vided an alternative and highly informative model for the study of
blood-stage malaria immunity, in which both Abs and CD4+ T cells
(acting as helper cells for B cells, as well as through Ab-indepen-
dent mechanisms) are reported to be important (25). In the case of
infection with this parasite, immunologically competent mice gen-
erate a protective immune response that involves both Th1 and Th2-
type CD4+ T cells (26), with the importance of such cells dem-
onstrated in numerous depletion and adoptive-transfer studies in
immunodeficient mice (27). During the acute stage of infection, a
Th1-type Ab-independent response has been shown to control initial
peak parasitemia, with this effect mediated by the production of
proinflammatory cytokines and effector molecules, such as IFN-g
and TNF-a (27). Once parasitemia is brought under control, a Th2-
type CD4+ T cell response appears to predominate. These cells were
shown to produce IL-4, IL-5, IL-6, and IL-10, as well as to provide
essential help for Ab production by B cells (28, 29). B cell-depletion
studies showed that these cells per se are not required for early
control of parasitemia but are important for the resolution of the
chronic phase of infection and the clearance of the parasite (30).
In agreement with these data, immunization studies with re-

combinant AMA1 in the P. chabaudi adami model also showed
an important contribution of CD4+ T cells acting independently of
Abs in vaccine-induced protection (31). In this study, a significant
decrease in acute antiparasite immunity was seen if CD4+ T cells
were depleted from immunized normal or B cell knockout mice
prior to blood-stage challenge. Similarly, athymic (nu/nu) mice
transfused with a CD4+ T cell line raised against a conserved
cryptic epitope in AMA1 showed 50% survival following P. cha-
baudi adami challenge, and accelerated rates of de novo Ab pro-
duction against AMA1 in some mice (32). Comparable observa-
tions were made in a similar study following adoptive transfer of
transgenic CD4+ T cells that recognized a H-2 I-Ed epitope within
P. chabaudi MSP133 (33). A more recent study showed that low
doses of killed blood-stage P. chabaudi chabaudi strain AS para-
sites, administered in aluminum hydroxide adjuvant plus the TLR9
agonist CpG oligodeoxynucleotide, can induce high-level cross-
strain, and even some cross-species, immunity that is dependent
on CD4+ T cells, IFN-g, and NO (34). However, none of these
studies using recombinant AMA1 protein formulated in Montanide
ISA720 adjuvant, transferred CD4+ T cell lines, or transgenic
T cells, or a whole-parasite blood product administered with CpG,
represent vaccine formulations that are easily translatable with
demonstrated adequate safety profiles for human use (35, 36).
In this study, we characterize the immunogenicity and protective

efficacy of a prime-boost vaccination regimen with viral-vectored
vaccines targeting P. chabaudi chabaudi strain AS AMA1 and in-

vestigate the mechanisms of vaccine-induced protection following
challenge with P. chabaudi blood-stage parasites. These vectors
induce AMA1-specific T cell and Ab responses and provide a sys-
tem in which to dissect the protective contribution of both the
cellular and humoral arms of the immune system. Depletion and
adoptive-transfer studies demonstrate an important contribution of
both vaccine-induced CD4+ T cells and Abs to protective immunity.
These data, generated with a vaccine platform that is highly suited
for human use (13, 14), support the further clinical translation of
this approach. Given the evidence that cell-mediated immunity may
also contribute to parasite control in human malaria, the develop-
ment of viral-vectored vaccines targeting Ags, such as Plasmodium
falciparum AMA1, which induce strong cellular immune responses
in conjunction with Abs, may stand a greater chance of success in
protecting humans against blood-stage parasites in comparison with
vaccination strategies aiming to induce Abs alone.

Materials and Methods
Generation of viral vectors expressing AMA1

The forward primer (59-ATG AAA GAA ATA TAT TAT ATT GTA ATT
TTG TGC-39) and reverse primer (59-TTA ATA GTATGG TTT TTC CAT
CAA AAC TG-39) were used to amplify the Ag from genomic P. chabaudi
chabaudi strain AS DNA by PCR, prior to ligation into a plasmid and
sequencing. The genomic DNA was obtained from Dr. Jean Langhorne
(National Institute of Medical Research). DNA sequencing of these am-
plified regions was then completed to obtain the amino acid sequence for P.
chabaudi chabaudi strain AS AMA1. The sequencing was done at the
Wellcome Trust Centre for Human Genetics, Oxford University, and MWG
Biotech (Ebensburg, Germany). The sequence of P. chabaudi chabaudi
strain AS AMA1 differed from that of P. chabaudi adami (strain DS) by 34
aa (Supplemental Fig. 1). The vaccine construct encoded the ectodomain
of P. chabaudi chabaudi strain AS AMA1 (aa 25–546) and included 4 aa
substitutions to remove potential sites of N-linked glycosylation ([original
amino acid position . new amino acid] S-136 . A, T-191 . A, S-233 .
A, S-251 . A). The native parasite N-terminal signal sequence, trans-
membrane domain, and the C-terminal cytoplasmic domain were not in-
cluded. The construct was codon optimized for expression in mice and
synthesized by GeneArt (Regensburg, Germany). The tissue plasminogen
activator leader sequence replaced the native AMA1 signal sequence as
previously described (12). This construct was used to make recombinant
AdHu5 and MVA by methods that were described previously (9). The
vector control vaccines were AdHu5 with the transgene promoter and
polyA tail, but no antigenic insert, and MVA expressing GFP (37). AdHu5
was chosen as a model adenovirus without intellectual property restrictions
that is suitable for preclinical vaccine work. The immunogenicity and
efficacy of AdHu5 vaccines can be readily matched by clinically appli-
cable simian adenoviruses; we recently showed that the immunogenicity of
AdHu5 and various simian adenoviruses is comparable in animal studies
(11, 12, 15, 17) and that ChAd63 viruses are highly immunogenic and safe
in both nonhuman primate studies (8) and in human clinical trials (13, 14).

Animals and immunizations

Five- to six-week-old female BALB/c (H-2d) mice (John Radcliffe Hospital,
Oxford, U.K. or Harlan, U.K.) were used, as stated, in all experiments. RAG
1/2 knockout mice were a kind gift from Dr. Nicholas Jones (Nuffield
Department of Surgery, University of Oxford). The nude mice were obtained
from Harlan. All procedures were performed according to the terms of the
U.K. Animals (Scientific Procedures) Act Project License (PPL 30/2414)
and Personal License (PIL 30/7792) and were approved by the University of
Oxford Animal Care and Ethical Review Committee. The vaccines were
diluted in endotoxin-free Dulbecco’s PBS prior to immunization. Vaccines
were administered intradermally (i.d.) bilaterally into the ears in a total
volume of 50 ml for both recombinant adenovirus and MVA. The doses of
recombinant adenovirus vaccines used were 5 3 1010 viral particles (vp),
13 1010 vp, or 13 109 vp; the dose of recombinant MVAvaccine used was
always 1 3 107 PFU. The interval between the prime immunization with
AdHu5-P. chabaudi chabaudi strain AS AMA1 and boosting with MVA-P.
chabaudi chabaudi strain AS AMA1 was 8 wk in all experiments.

Total IgG ELISA

The Abs induced by vaccination were measured by ELISA, as previously
described (9). Briefly, recombinant P. chabaudi chabaudi strain AS protein
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was adsorbed to 96-well Nunc-Immuno Maxisorp plates at a concentration
of 5 mg/ml in PBS. P. chabaudi chabaudi strain AS protein was a kind gift
from Dr. Jean Langhorne. The P. chabaudi chabaudi strain AS parasite
lysate preparation is described below and was coated at a concentration of
2 mg/ml in PBS. After blocking, the serum was incubated for 2 h, and the
bound Abs were detected using alkaline phosphatase-conjugated goat
anti-mouse IgG (whole molecule) (Sigma-Aldrich, Dorset, U.K.) diluted
1:5000. Serum Ab end point titers were taken as the x-axis intercept of the
dilution curve at an absorbance value 3 SD greater than the OD405 for
naive mouse serum (typical cut-off OD405 for positive sera = 0.15). Serum
from naive mice was pooled and used as controls for all ELISAs.

Multiparameter flow cytometry

Cytokine secretion by PBMCs and splenocytes was assayed by intracellular
cytokine staining (ICS). PBMCs and splenocytes were prepared, and the
ICS assay was performed as previously described (7). Briefly, 100 ml cells
were added to a 96-well U-bottom plate. Fifty microliters of 1 mg/ml
brefeldin A (GolgiPlug; BD Biosciences) and 50 ml peptide diluted
in complete medium were added to the test wells. Individual or pooled
peptides (Peptide Protein Research, Hampshire, U.K.) are described in
Tables I and II and were added at a final concentration of 1 mg/ml. In the
control unstimulated wells, GolgiPlug and medium were added. Cells were
incubated at 37˚C 5% CO2 for 5 h. After incubation, the cells were left at
4˚C overnight. The next day, cells were surface stained for 30 min at 4˚C
with PerCP-Cy5.5–conjugated anti-mouse CD8a (clone 53-6.7) and Pa-
cific Blue-labeled anti-mouse CD4 (clone LT34) diluted in PBS with 0.1%
BSA at a dilution individually assessed by titration for each Ab. Cells were
then permeabilized in 100 ml 13 Cytofix/Cytoperm solution (BD Bio-
sciences) for 20 min at 4˚C and then intracellularly stained for 30 min at
4˚C with allophycocyanin-conjugated anti-mouse IFN-g (clone XMG1.2),
FITC-conjugated anti-mouse TNF-a (clone 145-2C11), and PE-conjugated
anti-mouse IL-2 (clone JES6-5H4). After staining, cells were resuspended
in 200 ml PBS containing 1% formalin. Samples were analyzed using an
LSRII Flow Cytometer (BD Biosciences) and FlowJo v8.8 (Tree Star). The
Boolean gate platform was used with individual gates to create response
combinations. Pestle v1.6 and SPICE v5.0 software (38) were used to
analyze the T cell-response profiles. Background responses in unstimulated
control cells were subtracted from the peptide-stimulated response.

Parasites and blood-stage challenge

P. chabaudi chabaudi strain AS parasites were kindly provided by Dr. Jean
Langhorne. Five days prior to challenge, a frozen aliquot of P. chabaudi
chabaudi strain AS-infected blood was thawed and injected i.p. into
a donor BALB/c mouse. On the day of challenge, the number of RBCs/ml
of blood was counted (39), and the percentage of parasitemia was mea-
sured by counting a Giemsa-stained thin-blood smear. This was used to
calculate the number of parasitized RBCs (pRBCs)/ml of blood. Blood
from the donor mouse was diluted accordingly in PBS 1 0.2% glucose
supplemented with 10% naive mouse serum (Sigma-Aldrich) to give 1 3
107 pRBCs/ml, unless otherwise stated. Mice were injected with 100 ml
this solution (1 3 106 pRBCs) i.v. via the tail vein. From day 4 post-
challenge, the parasitemia was monitored daily by Giemsa-stained thin-
blood smear, and the health status was monitored twice daily during acute
parasitemia. P. chabaudi chabaudi strain AS nonlethal infection in naive
wild-type BALB/c mice reaches a maximum parasitemia of 50–60% and is
then controlled. P. chabaudi adami strain DS and strain DK parasites were
kindly provided by Dr. Alison Creasey (Institute of Immunology and In-
fection Research, Edinburgh University, Edinburgh, U.K.). Challenges were
performed as described for P. chabaudi chabaudi strain AS.

Blood-stage P. chabaudi chabaudi strain AS parasite lysate

Mice were injected with P. chabaudi chabaudi strain AS-infected pRBCs,
and the parasitemia was monitored until it reached ∼20–30%. The mice
were then sacrificed and bled by cardiac puncture into 103 heparin (final
heparin concentration 30 U/ml blood), and the blood was pooled and
stored on ice. The blood was centrifuged at 2500 rpm for 5 min, and the
supernatant was removed carefully using a pipette. The pellet was then
resuspended in 5 ml PBS and mixed by inverting the tube five or six times.
A Plasmodipur filter (Euro-Diagnostika) was prepared with PBS, and the
sample was passed through the filter using a 20-ml syringe. The original
tube was washed with PBS and filtered twice. The cells were washed after
filtration with 10 ml PBS and resuspended in 8 ml PBS + 0.06% saponin,
mixed, and incubated at room temperature for 10 min. After the incuba-
tion, the sample was centrifuged at 2500 rpm for 5 min, and the pellet was
washed twice in 5 ml PBS and resuspended in 1 ml PBS. This was then
freeze-thawed three times to lyse the cells and centrifuged at 2500 rpm for

5 min before the supernatant was transferred to another tube. This was
centrifuged at 12,000 rpm for 30 min to remove any remaining insoluble
material. The protein concentration of the lysate was measured using
a NanoDrop.

In vivo CD4+ T cell depletion

CD4+ T cells were depleted using anti-CD4 GK1.5 (rat IgG2a) mAb, as
previously described (7). The mAb was purified using protein G affinity
chromatography from hybridoma culture supernatants. Mice were injected
i.p. with 200 mg mAb diluted in PBS on days 22, 21, and 0 (with respect
to challenge on day 0), and the control mice were given normal rat
polyclonal IgG (Sigma-Aldrich) purified in the same way. The degree of
in vivo CD4+ T cell depletion was assessed by flow cytometry in the
PBMCs of representative depleted and undepleted control mice, and it was
shown to be .98%. A different anti-CD4 mAb clone (RM4.4) was used to
stain CD4, to confirm that the CD4+ T cells were depleted (rather than the
staining mAb binding being blocked by GK1.5) (Supplemental Fig. 2).

Adoptive transfer of CD4+ T cells

Splenocytes were prepared from immunized mice (as described in the text),
and CD4+ T cells were isolated using the CD4+ T Cell Isolation Kit
(MACS; Miltenyi Biotec) by depletion of non-CD4+ T cells (negative
selection). Briefly, splenocytes were resuspended in 40 ml MACS buffer,
and the cells were counted using a CASY counter (Schärfe Systems,
Reutlingen, Germany). Cells were then centrifuged at 300 3 g for 10 min,
and 40 ml MACS buffer/1 3 107 cells was added. Ten microliters/1 3 107

cells of biotin-conjugated Ab cocktail containing biotin-conjugated mAb
against CD8a (Ly-2), CD45R (B220), DX5, CD11b (Mac-1), and Ter-119
was added to this, mixed, and incubated for 10 min at 4˚C. After the in-
cubation, 30 ml MACS buffer and 20 ml Anti-Biotin Microbeads/1 3 107

cells were added and incubated for 15 min at 4˚C. Cells were then washed
with buffer by adding 103 the labeling volume and centrifuged at 3003 g
for 10 min. The supernatant was discarded, and the cell pellet was resus-
pended in 500 ml buffer/1 3 108 total cells.

Magnetic separation of the cells was performed using a MACS separator
and LS column (MACS; Miltenyi Biotec). Columns were attached to the
magnets in the MACS separator and prepared by rinsing with 3 ml MACS
buffer. The cell suspension was added to the column in units of 10 ml and
allowed to pass through. The effluent was collected, which contained the
unlabeled cells (i.e., the CD4+ T cell-enriched fraction). The columns were
then washed four times with 3 ml MACS buffer, and the flow-through was
collected into the same tube as the effluent. The cells were then spun down
and resuspended in PBS, and the cell count was determined. After counting
the cells, they were centrifuged at 300 3 g for 5 min, and the pellet was
resuspended in a suitable volume of PBS for injection. A total of 9 3 107

CD4+ T cells was injected i.v. in a 200-ml volume/mouse 2 d before pRBC
challenge.

Statistical analysis

Data were analyzed for statistical significance using GraphPad Prism v5
(GraphPad Software, San Diego, CA). The normality of the data set was
determined using the Kolmogorov–Smirnov one-sample test. For non-
parametric data, a Mann–Whitney U test was used to compare two groups.
Parametric data were compared either using the t test (for comparing two
groups) or one-way ANOVA (for comparing more than two groups). A
post hoc Dunnett correction was used to compare test groups to one control
group, whereas a Bonferroni correction was used when all of the groups
were compared with each other. ELISA titers were logarithmically (log10)
transformed to normalize the data and enable a more stringent parametric
analysis. The area under the curve (AUC) was calculated to analyze the
challenge data, and the different groups were compared by ANOVA. A p
value # 0.05 was considered significant.

Results
P. chabaudi chabaudi AS AMA1 sequence and vaccine design

The complete coding sequence of P. chabaudi chabaudi strain AS
AMA1 was not available, so primers were designed against con-
served regions by comparing sequences from related strains (40),
and the sequence was determined (GenBank accession number
JF690775, http://www.ncbi.nlm.nih.gov/nuccore/JF690775) (Sup-
plemental Fig. 1). A vaccine construct (termed P. chabaudi cha-
baudi strain AS AMA1) was subsequently designed that contained
the ectodomain of P. chabaudi chabaudi strain AS AMA1, with
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four potential sites of N-linked glycosylation removed (described
inMaterials and Methods). The construct was codon optimized for
expression in mice, synthesized, and used to generate recombinant
AdHu5 and MVA vectors, as described in Materials and Methods.

Ab responses induced by AdHu5-MVA P. chabaudi chabaudi
strain AS AMA1 prime-boost vaccination

BALB/c mice were immunized i.d. with 5 3 1010 vp of AdHu5-P.
chabaudi chabaudi strain AS AMA1 and boosted 8 wk later i.d.
with 1 3 107 PFU of MVA-P. chabaudi chabaudi strain AS
AMA1. This 8-wk interval was shown to be important for both Ab
and T cell responses when using these two vectors in a prime-
boost vaccination regimen (9, 41). Serum was obtained 2 wk
postprime (day 14), preboost (day 55), and 2 wk postboost (day
70). The total IgG response against the ectodomain of P. chabaudi
chabaudi strain AS AMA1 was measured by ELISA. In agreement
with other murine data for the AdHu5 vector, there were detect-
able AMA1-specific IgG responses 2 wk after the AdHu5 priming
immunization, and these increased over time to become signifi-
cantly higher at day 55. MVA administration on day 56 boosted
the Ab level significantly, as measured on day 70 (Fig. 1).

T cell responses induced by AdHu5-MVA P. chabaudi chabaudi
strain AS AMA1 prime-boost vaccination

A previous study mapped both immunodominant and cryptic
epitopes within P. chabaudi adami AMA1 following immuniza-
tion of BALB/c mice with rAg (32). The T cell responses induced
against P. chabaudi chabaudi strain AS AMA1 by AdHu5-MVA
immunization were measured in this study by ICS following
restimulation of splenocytes with peptides corresponding to the
previously reported CD4+ T cell epitopes, as well as predicted
CD8+ T cell epitopes. Six peptide pools containing 15 mer pep-
tides, overlapping by 10 aa, were tested. The peptides were divided
into pools according to whether they were reported to contain
CD4+ T cell epitopes (32) or predicted CD8+ T cell epitopes, as
well as according to the position of the peptide within the Ag
(Table I). Pool 1 contained 10 peptides (P7–P16) that included the
known immunodominant CD4+ T cell epitope. Pool 2 (P25 and
P26), Pool 3 (P29 and P30), and Pool 4 (P74 and P75) each
contained two peptides and were predicted to be H-2d CD8+ T cell
epitopes from known H-2 class I-binding motifs. Pool 5 (P79 and
P80) and Pool 6 (P84 and P85) also contained two peptides each,
which were published by Good et al. (32) to be CD4+ T cell im-
munodominant epitopes. Splenocytes from BALB/c mice, har-

vested 2 wk after AdHu5-MVA P. chabaudi chabaudi strain AS
AMA1 immunization (day 70), were restimulated with the peptide
pools for 5 h, surface stained for CD4 and CD8, and then intra-
cellularly stained for IFN-g, TNF-a, and IL-2. Pools 1 and 5 were
identified as containing peptides that were recognized by CD4+

T cells, leading to the production of IFN-g (Fig. 2A). Similarly,
TNF-a+ and IL-2+ CD4+ T cell responses were also measured in
cells restimulated with Pool 1 and Pool 5 (data not shown). There
were no CD8+ IFN-g+ T cell responses detected to any of the
peptide pools tested (Fig. 2B). The individual epitopes within the
responding peptide pools were then identified in a repeat experi-
ment. This showed that the CD4+ IFN-g+ T cell responses in
BALB/c mice against the ectodomain of P. chabaudi chabaudi
strain AS AMA1 were against epitopes present within two pep-
tides: P16 (within Pool 1) and P79 (within Pool 5) (Fig. 2C–E).
These cells produced all three cytokines assayed, but the per-
centages of IFN-g– (Fig. 2C) and TNF-a–secreting cells (Fig. 2D)
tended to be slightly higher than the percentages of cells secreting
IL-2 (Fig. 2E).
Two CD4+ T cell epitopes had now been identified, and these

were in agreement with those reported to be induced following
immunization with recombinant AMA1 protein in adjuvant (32).
In this study using a viral-vectored vaccination regimen, it re-
mained possible that T cell responses to other epitopes were in-
duced in addition to those identified after protein immunization.
To confirm whether any other T cell responses were induced
against the AMA1 Ag, 15 mer peptides overlapping by 10 aa were
synthesized that covered the entire ectodomain of P. chabaudi
chabaudi strain AS AMA1 contained within the vaccine insert
(Supplemental Table I). Splenocytes, isolated as before, were sub-
sequently restimulated with seven overlapping peptide pools (10
peptides in each pool) or no peptide (Unstim) and assayed by ICS.
The CD4+ T cell epitopes P16 and P79, identified in the previous
set of experiments (Fig. 2C), were included as positive controls.
There were no further CD4+ IFN-g+ T cell responses identified in
any of the peptide pools (Fig. 3A); however, a very weak CD8+

IFN-g+ T cell response was measured in three of five mice in Pool
11 (Fig. 3B).

FIGURE 1. Ab responses induced by AdHu5-MVA P. chabaudi cha-

baudi strain AS AMA1 prime-boost vaccination. BALB/c mice (n = 5)

were primed with 5 3 1010 vp of AdHu5-P. chabaudi chabaudi strain AS

AMA1 and boosted 8 wk later with 1 3 107 PFU of MVA-P. chabaudi

chabaudi strain AS AMA1. The AMA1-specific total IgG response against

recombinant P. chabaudi chabaudi strain AS AMA1 ectodomain was

measured by ELISA in the serum at days 14 (postprime), 55 (preboost), and

70 (postboost). Each point indicates the response from an individual mouse,

and the line links the mean. **p # 0.01, ***p # 0.001, paired t test.

Table I. P. chabaudi chabaudi strain AS AMA1 peptides tested by ICS

Pool Peptide # Amino Acid Sequence
Amino Acid
Position

CD4 or
CD8

Pool 1 P7 LINPWEKFMEKYDIE 51–65 CD4
P8 EKFMEKYDIEKVHGS 56–70
P9 KYDIEKVHGSGIRVD 61–75
P10 KVHGSGIRVDLGEDA 66–80
P11 GIRVDLGEDARVENQ 71–85
P12 LGEDARVENQDYRIP 76–90
P13 RVENQDYRIPSGKCP 81–95
P14 DYRIPSGKCPVMGKG 86–100
P15 SGKCPVMGKGITIQN 91–105
P16 VMGKGITIQNSKVSF 96–110

Pool 2 P25 ANLKLMYKDHKEILA 141–155 CD8
P26 MYKDHKEILALNDMS 146–160

Pool 3 P29 LCAKHASFYVPGTNV 161–175 CD8
P30 ASFYVPGTNVNTAYR 166–180

Pool 4 P74 SFPCDIYKKKIAEEI 386–400 CD8
P75 IYKKKIAEEIKVMNV 391–405

Pool 5 P79 GNGTIQFPRIFISDD 411–425 CD4
P80 QFPRIFISDDKESLK 416–430

Pool 6 P85 SSCNFFVCNCVEKRQ 441–455 CD4
P86 FVCNCVEKRQFISEN 446–460

The table shows the six peptide pools tested by ICS, as well as the amino
acid sequence of each peptide. The far right column indicates whether the peptide
pools contained published CD4+ T cell epitopes (32) or predicted CD8+ T cell
epitopes (using the epitope prediction section of the SYFPEITH Web site; http://
www.syfpeithi.de).
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The functionality of the P16- and P79-specific splenic CD4+

T cells was also analyzed after the AdHu5-P. chabaudi chabaudi
strain AS AMA1 prime (day 14) and the MVA-P. chabaudi cha-
baudi strain AS AMA1 boost (day 70) (Fig. 4). Triple-positive
cells were defined as cells that simultaneously produce the three
cytokines assayed (IFN-g, TNF-a, and IL-2) (42), double-positive
cells simultaneously produce any two of the three cytokines, and
single-positive cells produce only one cytokine. For the P16 epi-
tope, the number of triple-positive cells producing IFN-g, TNF-a,
and IL-2 did not change significantly after the boost (Fig. 4A).
However, there was a significant increase (∼2–5-fold) in the
number of double-positive cells producing IFN-g and IL-2 or
IFN-g and TNF-a (p = 0.02 and p = 0.004, respectively, Mann–
Whitney U test). Cells producing only TNF-a were not detectable,
and there was no significant increase in the number of cells pro-
ducing only IFN-g or IL-2 after the MVA boost. For the P79
epitope, the functionality profile of the CD4+ T cells was very
similar to that of P16 (Fig. 4B). Overall, these data showed an
increased frequency of CD4+ T cells producing IFN-g and IL-2 or
IFN-g and TNF-a after the booster immunization, in conjunction

with an increase in the overall magnitude of the Ag-specific re-
sponse.

Protective efficacy of AdHu5-MVA P. chabaudi chabaudi strain
AS AMA1 vaccination against blood-stage challenge

The protective efficacy of the AdHu5-MVA P. chabaudi chabaudi
strain AS AMA1 prime-boost vaccination regimen was assessed
by blood-stage challenge with P. chabaudi chabaudi strain AS
parasites. Immunized mice were challenged 2 wk postboost (day
70) i.v. with 105 P. chabaudi chabaudi strain AS pRBCs. Naive
unimmunized control BALB/c mice were challenged at the same
time. Parasitemia was monitored from day 4 postchallenge by
Giemsa-stained thin-blood smears, and the results are expressed as
the percentage of infected RBCs (Fig. 5). Given that P. chabaudi
chabaudi strain AS infection in naive BALB/c mice is nonlethal,
protective efficacy was assessed by comparing parasitemia be-
tween the groups. Significantly lower mean parasitemia was ob-
served in the AdHu5-MVA P. chabaudi chabaudi strain AS
AMA1-vaccinated mice in comparison with the naive controls
from the time of patency (day 4) until day 7. At the time of peak

FIGURE 2. Identification of

splenic T cell responses to AMA1

following AdHu5-MVA P. chabaudi

chabaudi strain AS AMA1 immu-

nization. Mice were immunized with

the same regimen as in Fig. 1. Two

weeks postboost (day 70), spleno-

cytes were isolated and restimulated

with pools of overlapping peptides

(P1–P6, Table I) or no peptide (Un-

stim). Cells were surface stained for

CD4 and CD8, intracellularly stained

for IFN-g, and assessed by flow cy-

tometry to determine the percent-

age of responding cells per total

CD4+ (A) or CD8+ (B) T cell subset.

The bars represent the mean re-

sponse 6 SEM (n = 5). In a repeat

experiment, splenocytes were restim-

ulated with individual peptides from

Pool 1 (P7 to P16) or Pool 5 (P79

and P80) or no peptide (Unstim).

Cells were surface stained for CD4,

intracellularly stained for IFN-g (C),

TNF-a (D), and IL-2 (E), and as-

sessed by flow cytometry to de-

termine the percentage of respond-

ing cells/total CD4+ T cell subset.

The bars represent the mean re-

sponse 6 SEM (n = 5).
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parasitemia (day 7), the vaccinated mice had significantly lower
levels of infection (geomean 6 SD = 24.6 6 2.6% versus 43.4 6
5.6% in the naive controls, p = 0.002). These data confirmed that
the vaccine could lead to significant control of peak parasitemia in
these mice, although the rate of parasite clearance following this
was comparable between the vaccinees and controls. It was con-
firmed in a repeat experiment that this control of peak parasitemia
occurs following Ag-specific immunization. The same result was
observed following challenge of mice immunized with nonrecom-
binant/control AdHu5 and MVA vaccines (Supplemental Fig. 3A).

In vivo depletion of CD4+ T cells prior to challenge results in
a loss of vaccine-induced protection

Previous work analyzing protective immune mechanisms in the P.
chabaudi adami model demonstrated a role for Abs either induced
by active immunization with recombinant AMA1 or passively
transferred from the sera of immunized rabbits (40, 43), as well as
for CD4+ T cells acting independently of, or in concert with,
AMA1-specific Abs (31, 32). Thus, the contribution of CD4+

T cells in vaccine-induced protection in this P. chabaudi chabaudi
strain AS model was initially assessed by in vivo CD4+ T cell
depletion prior to blood-stage challenge. The anti-mouse CD4
GK1.5 (rat IgG2a) mAb was reported to deplete CD4+ T cells for
up to 10 d, after which they are replenished to ∼50% of the
original level by 4 wk (44). Two groups of mice were immunized
as before with the AdHu5-MVA P. chabaudi chabaudi strain AS
AMA1 vaccine regimen. CD4+ T cells were depleted in one group
of the vaccinated mice, as well as in one group of naive controls,
prior to i.v. challenge with 106 P. chabaudi chabaudi strain AS
pRBCs. The undepleted vaccinated and naive mice were admin-
istered the same amount of normal rat polyclonal IgG.
In this experiment, a similar degree of protective efficacy was

observed for the AdHu5-MVA P. chabaudi chabaudi strain AS
AMA1 vaccination regimen in undepleted mice, even though the
challenge dose was increased to 106 pRBCs (Fig. 6A) compared
with a challenge with 105 pRBCs in the previous experiment (Fig.

5). Mean peak parasitemia was again significantly reduced in the
vaccinated mice in comparison with the naive controls at days 6
and 7 postchallenge (Fig. 6A). However, CD4+ T cell depletion
resulted in the loss of vaccine efficacy in immunized mice, as
reflected by increased peak parasitemias on days 6–7 that were
comparable to those of undepleted naive controls (Fig. 6B), thus
confirming an important contributory role for vaccine-induced
CD4+ T cells to protection in this model. Interestingly, the vac-
cinated depleted mice also failed to clear the parasites as early as
did the nondepleted mice, and a second wave of parasitemia was
observed that peaked on day 13. An almost identical second wave
was also observed in the naive depleted animals; overall they fared
the worst, demonstrating a chronic patent parasitemia at 30 d post-
infection (Fig. 6C). Also, in agreement with a previous report (31),
the naive CD4+ T cell-depleted mice suffered the highest peak
parasitemias on days 6–7 (Fig. 6D).

Role of P. chabaudi chabaudi strain AS AMA1-specific and
whole-parasite Abs in clearance

Unlike the control of peak parasitemia, parasite clearance in the
P. chabaudi model is attributed to B cells and Abs (27, 45). Thus,
the faster rate of parasite clearance observed in the depleted
vaccinated mice in comparison with naive depleted controls (Fig.
6C) could be due to the presence of vaccine-induced AMA1-
specific Abs in the vaccinated mice that are able to control and
clear parasites in the later stage of infection. Therefore, serum total
IgG Ab titers against recombinant P. chabaudi chabaudi strain AS
AMA1 protein and whole-parasite lysate were measured by ELISA 1
mo postchallenge (Fig. 7A). In agreement with the previously re-
ported protein-vaccine study (31), there was no difference in
P. chabaudi chabaudi strain AS AMA1-specific Ab titers in the
vaccinated depleted versus nondepleted mice. A de novo P. cha-
baudi chabaudi strain AS AMA1-specific Ab response was detected
in the non-CD4+ T cell-depleted naive control mice, but the titers
were significantly lower than those seen in the vaccinated mice.
There was no detectable P. chabaudi chabaudi strain AS AMA1-
specific Ab response in the naive-depleted mice, suggesting that
CD4+ T cell help is necessary for de novo P. chabaudi chabaudi
strain AS AMA1 Ab production from B cells during infection.
Interestingly, the response to the whole P. chabaudi chabaudi

strain AS parasite lysate was similar in the nondepleted vaccinated
and naive groups, whereas there was a significantly lower Ab
response to the whole parasite postchallenge in the CD4+ T cell
depleted groups compared with the two nondepleted groups (Fig.
7B). Given that the naive CD4+ T cell-depleted mice were still
parasitemic 1 mo postchallenge (Fig. 7C), it is interesting to note
that these mice possessed no P. chabaudi chabaudi strain AS
AMA1-specific Abs but had similar parasite lysate-specific Ab
levels compared with the vaccinated depleted mice (who cleared
the infection faster). However, both the vaccinated and the naive
nondepleted mice cleared their parasites at the same time (Fig.
6A), although the naive mice possessed significantly lower levels
of P. chabaudi chabaudi strain AS AMA1-specific Abs (Fig. 7A).
Taken together, these data suggest that both P. chabaudi chabaudi
strain AS AMA1-specific Abs and Abs to other parasite Ags are
able to contribute to parasite clearance.

Adoptive transfer of CD4+ T cells from vaccinated mice to
naive and immunocompromised mice

To further assess the contribution of vaccine-induced CD4+ T cells
and Abs to the initial control of blood-stage parasite densities,
a number of adoptive-transfer studies was undertaken. BALB/c
mice were immunized exactly as before, and the spleen and se-
rum were harvested from each mouse 2 wk after the MVA boost.

FIGURE 3. T cell epitope mapping within the entire ectodomain of P.

chabaudi chabaudi strain AS AMA1. Mice were immunized with the same

regimen as in Fig. 1. Two weeks postboost (day 70), splenocytes were

restimulated for 5 h with seven overlapping peptide pools containing 10

peptides each (Pool 7–13, Supplemental Table I) or no peptide (Unstim).

The cells were then surface stained for CD4 or CD8 and intracellularly for

IFN-g. The figure shows the percentage of CD4+ IFN-g+ cells (A) or CD8+

IFN-g+ cells (B). Responses from individual mice are shown, and the lines

represent the median.
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Mice were either immunized with AdHu5-MVA vectors encoding
P. chabaudi chabaudi strain AS AMA1 or with an identical reg-
imen using vector controls expressing no rAg. These vector con-

trols did not express P. chabaudi chabaudi strain AS AMA1,
thus enabling an assessment of the protective role of P. chabaudi

chabaudi strain AS AMA1-specific CD4+ T cells and confirming

that any protective effect observed was not due to viral vector

immunization per se. Splenic CD4+ T cells from the vaccinated

mice were isolated by negative selection (as described in Mate-

rials and Methods), and these or pooled sera were transferred into

naive BALB/c mice (Fig. 8A–C). All mice were subsequently

challenged with 106 P. chabaudi chabaudi strain AS pRBCs.
In agreement with the previous result (Fig. 6A), there was a

significantly lower parasitemia (AUC analysis, p = 0.008) in the

AdHu5-MVA P. chabaudi chabaudi strain AS AMA1-vaccinated

control group in comparison with naive controls (Fig. 8A). This

effect was mirrored in the naive wild-type mice that received the

CD4+ T cell transfer from vaccinated mice (p = 0.008, AUC

versus naive controls). Moreover, although the mice that received

the CD4+ T cells from the Ad_M control-immunized controls

showed transiently lower parasitemias than the naive controls on

days 4 and 5, there was subsequently no significant difference in

the AUC analysis (p = 0.69), unlike that observed in the mice

receiving CD4+ T cells from P. chabaudi chabaudi strain AS

AMA1-immunized mice (Fig. 8A, 8B). These data confirm that

vaccine-induced P. chabaudi chabaudi strain AS AMA1-specific

CD4+ T cells are an important contributing factor to the control of

initial peak parasitemia in this model.

FIGURE 4. Multifunctionality of P16- and P79-specific CD4+ T cells. Mice were immunized with the same regimen as described in Fig. 1. Two

weeks postprime with AdHu5-P. chabaudi chabaudi strain AS AMA1 (day 14) and 2 wk postboost with MVA-P. chabaudi chabaudi strain AS AMA1

(day 70), splenocytes were restimulated with the P16 and P79 peptide or no peptide (Unstim) for 5 h. Cells were surface stained for CD4, intracellularly

stained for IFN-g, TNF-a, and IL-2, and assessed by flow cytometry to determine the percentage of responding cells/total CD4+ T cell subset. Total

responses of each cytokine to P16 (A) and P79 (B) are shown at each time point. The multifunctionality or “quality” of CD4+ T cells was analyzed using

SPICE software.

FIGURE 5. Efficacy of AdHu5-MVA P. chabaudi chabaudi strain AS

AMA1 immunization against blood-stage challenge. BALB/c mice (n = 6)

were vaccinated with 5 3 1010 vp of AdHu5-P. chabaudi chabaudi strain

AS AMA1 and boosted 8 wk later with 1 3 107 PFU of MVA-P. chabaudi

chabaudi strain AS AMA1. Two weeks after the MVA boost (day 70),

these mice and six naive unvaccinated controls were challenged i.v. with

105 nonlethal P. chabaudi chabaudi strain AS pRBCs. Parasitemia was

monitored daily from day 4 by Giemsa-stained thin-blood smears, and the

results are expressed as the percentage of infected RBCs. The difference in

parasitemia between the two groups was taken as the measure of vaccine

efficacy. The mean percentage parasitemia 6 SEM are shown. ***p #

0.001, Mann–Whitney U test.
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Interestingly, serum transfers into normal naive BALB/c mice
from AMA1- or control vaccinated mice showed a result similar to
that for CD4+ T cell transfer (Fig. 8C). The mice receiving serum
from mice vaccinated with P. chabaudi chabaudi strain AS AMA1
had significantly lower initial parasite densities in comparison
with naive controls (AUC, p = 0.01). The serum transfer from
vector control-immunized mice led to no difference in parasitemia
compared with the naive mice (AUC not calculated because one of
the mice died on day 9 postchallenge). Taken together, these data
suggest that both P. chabaudi chabaudi strain AS AMA1-specific
CD4+ T cells and Abs can contribute to the control of initial
parasitemia in immunocompetent recipients.
CD4+ T cell-transfer studies were also performed using athymic

nude mice (BALB/c nu/nu), which lack T cells, and RAG1/2

knockout mice (BALB/c RAG1/22/2), which lack T and B cells.
Previous studies showed that nude mice infected with P. chabaudi
chabaudi strain AS develop a chronic parasitemia and exhibit high
mortality (33, 46), with a similarly poor outcome in RAG22/2

knockout mice, many of which succumb within the first 15 d of
infection (31, 33). In comparison with previous reports for the
lethal challenge of nude mice that were not reconstituted (31, 33),
the transfer of CD4+ T cells from P. chabaudi chabaudi strain AS
AMA1-immunized mice was sufficient to control the initial peak
parasitemias, albeit at a higher level than that seen when naive
normal mice were recipients (Fig. 8D). A similar result was ob-
tained in the RAG1/2 knockout mice, and both immunocompro-
mised strains showed comparable parasite densities up to day 11,
followed by a second smaller wave of parasitemia peaking on day

FIGURE 6. Effect of in vivo CD4+ T cell depletion

on vaccine efficacy. Two groups of BALB/c mice (n =

6/group) were vaccinated with 5 3 1010 vp of

AdHu5-P. chabaudi chabaudi strain AS AMA1 and

boosted 8 wk later with 1 3 107 PFU of MVA-P.

chabaudi chabaudi strain AS AMA1. These mice and

two groups of naive controls were challenged i.v.

14 d postboost with 106 pRBCs. One group each of

vaccinated and naive mice were depleted of CD4+

T cells, as described in Materials and Methods. Par-

asitemia was monitored daily by Giemsa-stained thin-

blood smears, and the results are expressed as the

percentage of infected RBCs (mean 6 SEM). The

difference in parasitemia between the groups was

taken as the measure of vaccine efficacy. (A) Vacci-

nated nondepleted (Ad_M ND) and naive non-

depleted (Naive ND) mice. (B) Vaccinated depleted

(Ad_M D) and nondepleted (Ad_M ND) mice. (C)

Vaccinated depleted (Ad_M D) and naive depleted

(Naive D) mice. (D) Naive depleted (Naive D) and

nondepleted (Naive ND) mice. *p # 0.05, **p #

0.01, ***p # 0.001, Mann–Whitney U test.
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13, an observation previously attributed to transfer of suboptimal
CD4+ T cell numbers (46). However, only two of five RAG1/2
knockout mice ultimately survived in comparison with four of five
nude mice and, in agreement with similar studies using both naive
wild-type or transgenic CD4+ T cells specific for MSP133 (33), the
RAG knockout mice that survived did not clear the infection,
whereas the surviving nude mice cleared the parasites by day 30.
Given that nude mice possess B cells, unlike RAG knockout mice,
the trend for better survival and parasite clearance is consistent
with reports detailing the importance of B cells with regard to
these two outcomes.

T cell response to heterologous peptides from other P. chabaudi
strains

Sequence polymorphism has remained a significant obstacle to the
development of Ab-inducing AMA1 protein subunit vaccines (3,
47). Ab responses induced against AMA1 are allele specific, and
vaccination with one allele does not confer cross-strain protection:
an effect clearly shown in assays of P. falciparum in vitro growth
inhibition (48), as well as homologous versus heterologous strain
challenge studies in mice following P. chabaudi AMA1 protein
immunization (41). Having shown a protective contribution of
vaccine-induced CD4+ T cells, it was of interest to ascertain
whether the induction of cellular immunity by the AdHu5-MVA
vaccines could help to improve cross-strain protection.
Initially, the amino acid sequences of the two CD4+ T cell

epitopes, P16 and P79, were compared across various parasite
strains: P. chabaudi chabaudi AS (vaccine strain), P. chabaudi
adami 556/DK, P. chabaudi adami CB, and P. chabaudi adami
DS. As previously reported for the immunodominant epitopes
mapped in P. chabaudi adami DS following AMA1 protein im-

munization, neither the P16 nor the P79 sequences were highly
conserved between these four P. chabaudi strains. P16 was con-
served in all but P. chabaudi adami DS, whereas the sequence of
P79 was different from the vaccine P. chabaudi chabaudi AS
strain in all of the other three strains compared (Table II). The
heterologous peptides P16B and P79B, encoding the alternative
sequences, were used to restimulate splenocytes from immunized
mice, as described before; as expected, there was no detectable
response to these heterologous peptides (Fig. 9). Given that the
P16 epitope is partially conserved, we sought to ascertain whether
the response to this epitope alone (in the absence of strain-specific
Abs) could lead to initial control of parasite densities following
heterologous parasite challenge. However, there was no protection
observed in this experiment against the heterologous strain P.
chabaudi adami DK (Supplemental Fig. 3B).

Discussion
The AMA1 Ag remains a leading candidate Ag for inclusion in
a subunit vaccine against blood-stage P. falciparum malaria.
However, despite extensive efforts, candidate protein-in-adjuvant
vaccines tested for efficacy in phase IIa/b trials have shown
minimal or strain-specific efficacy (47, 49). In this study, we char-
acterized in detail the immunogenicity and protective efficacy of
a prime-boost vaccination regimen using an alternative human-
compatible vaccine-delivery platform encoding the P. chabaudi
chabaudi strain AS AMA1 Ag. The P. chabaudi rodent malaria
model remains a key example of how cellular immunity, acting
independently of Abs, can significantly contribute to immune
control of ascending early-phase blood-stage parasitemia, and
these data confirm that viral-vectored vaccines are capable of in-
ducing CD4+ T cell responses that can fulfill that role. To develop
viral vectors encoding P. chabaudi chabaudi strain AS AMA1, the
complete sequence of the Ag was obtained from sequencing a
PCR fragment amplified from parasite genomic DNA. The entire
ectodomain was subsequently included in the viral vaccine
transgene insert, given that this was previously shown in this
model to induce protective immune responses (31, 40). The
AdHu5-P. chabaudi chabaudi strain AS AMA1 vaccine primed
a detectable Ab response that increased over time and that was
significantly boosted after the administration of MVA-P. chabaudi
chabaudi strain AS AMA1. These data are in accordance with
previous findings in the P. yoelii model using viral vectors
expressing MSP142 or the circumsporozoite protein, in which an
8-wk interval between prime and boost was shown to induce high-
titer Abs, as well as strong T cell responses (9, 37). The kinetics of
the Ab response are similar to those seen following vaccination
with AdHu5 expressing other Ags, such as Ebola virus glyco-
protein (50) or OVA (51), in which the Ab response increased by
a similar order of magnitude over time and then reached a plateau
by 6 wk postvaccination.
Analysis of the T cell responses in the spleen of immunized

BALB/c mice, using overlapping peptides spanning the entire
length of the P. chabaudi chabaudi strain AS AMA1 Ag, revealed
two CD4+ T cell epitopes. These peptides (P16 and P79) corre-
sponded to those that were previously described by Amante et al.
(32) after immunization with recombinant AMA1 protein-in-
adjuvant. The investigators referred to these as immunodominant
epitopes, in contrast to cryptic epitopes, which only elicit de-
tectable responses in vitro following immunization of mice with
the relevant peptide(s). Thus, the data generated in this study,
using viral-vectored vaccines, are in agreement with their previous
observations, with the exception of a very weak CD8+ T cell re-
sponse, which was also detected in some mice, to one of the

FIGURE 7. P. chabaudi chabaudi strain AS AMA1- and parasite-spe-

cific Ab responses postchallenge. Total IgG serum Ab levels in the mice

shown in Fig. 6 were analyzed by ELISA 1 mo postchallenge (day 33).

Individual responses plus the median are shown for P. chabaudi chabaudi

strain AS AMA1 ectodomain (A) and whole P. chabaudi chabaudi strain

AS parasite lysate (B). Significant differences in Ab levels between the

different groups are indicated. (C) The corresponding individual and me-

dian percentage of parasitemia on day 33. *p # 0.05, **p # 0.01, ***p #

0.001, ANOVA.
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peptide pools tested. Interestingly, unlike the results previously
seen with P. yoelii MSP133 Ag in BALB/c mice (7, 11, 52), no
responses were measured to those peptides predicted to contain
CD8+ T cell epitopes by the H-2d class I epitope motif analysis.
Similar to other studies using the AdHu5-MVA prime-boost

regimen in mice (10, 42), vaccination induced multifunctional
T cell responses, whereby cells simultaneously produce various
combinations of cytokines (such as IFN-g, TNF-a, and IL-2)
following restimulation in vitro. It was shown that the frequency
of CD4+ T cells producing all three of these cytokines correlates
with protection against Leishmania major in mice (42), but this
has not been investigated in the context of a mouse model of

blood-stage malaria, in which CD4+ T cell responses are known to
be critical for protection. In the analysis described in this article, it
was shown that, in some cases, the multifunctional profile of the
AMA1-specific CD4+ T cells differed between those cells mea-
sured 14 d after the AdHu5 prime and those measured 14 d after
the MVA boost. Because efficacy was only assessed in this study
after AdHu5-MVA P. chabaudi chabaudi strain AS AMA1 im-
munization, and not following a single administration of AdHu5-
P. chabaudi chabaudi strain AS AMA1, it is not possible to
conclude whether these qualitative differences would translate into
altered levels of vaccine efficacy. This assessment would also be
confounded by the fact that the overall magnitudes of both the

FIGURE 8. Adoptive transfer of CD4+ T cells and

serum from vaccinated mice into normal and immu-

nocompromised mice. BALB/c mice were immunized

as before with AdHu5-MVA P. chabaudi chabaudi

strain AS AMA1. Two weeks after the MVA boost,

spleens were harvested and pooled, and the CD4+

T cells were isolated as described in Materials and

Methods. A total of 9 3 107 CD4+ T cells from vac-

cinated mice were injected i.v. into naive wild-type

mice (CD4+ T), RAG1/22/2 mice (CD4+ TRag), or

BALB/c athymic nude (nu/nu) mice (CD4+ TNude).

CD4+ T cells from vector control-immunized mice

were also isolated and transferred into naive wild-type

mice (CD4+ TVector) in the same manner. Serum was

also harvested from each vaccinated and vector control

mouse, pooled, and transferred into two groups of

naive wild-type mice (labeled as Serum and SerumV,

respectively). Five hundred microliters of serum was

injected i.p. on days 21 and 0 (total 1 ml into each

mouse), with respect to challenge on day 0. A group of

naive wild-type mice and vaccinated (Ad_M) control

mice were also included (n = 5 mice/group, except for

the serum-transfer groups, where n = 4 mice/group).

All mice were then challenged with 106 P. chabaudi

chabaudi strain AS pRBCs and monitored as previ-

ously described. In the CD4+ TRag group, three mice

died (one on each of days 8, 9, and 11; denoted by +);

in the CD4+ TNude group, one mouse died (on day 10;

denoted by ++). (A–D) Comparisons among the vari-

ous groups and the mean group percentage of para-

sitemia 6 SEM over time.
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T cell and Ab responses are lower after a single AdHu5 immu-
nization. In fact, few model systems provide the ability to assess
the protective consequences of altered T cell “quality” in the
context of constant overall quantity. This probably reflects the fact
that T cell multifunctionality measured in vitro more likely rep-
resents a snapshot of the continuum of T cell phenotypes that
occur following Ag exposure in vivo and that are also invariably
accompanied by changes in the magnitude of the T cell response.
Nevertheless, it would remain of interest in future studies to at-
tempt to assess whether the so-called “quality” of such CD4+

T cell responses affected efficacy in this blood-stage malaria
model.
The AdHu5-MVA P. chabaudi chabaudi strain AS AMA1 im-

munization regimen described in this article was able to afford
a level of protective efficacy against a P. chabaudi chabaudi strain
AS blood-stage challenge that was only slightly less than that
observed following immunization with recombinant AMA1 pro-
tein formulated in less clinically relevant adjuvants, such as
Freund’s or Montanide ISA720 (40, 43). This efficacy was mea-
sured as a significant reduction in peak parasitemia between the
AMA1-vaccinated and control groups, but a similar rate of
clearance occurred thereafter. In the literature, the early reduction
in peak parasitemia in immunocompetent mice has been attributed
to conformation-dependent anti-AMA1 Ab responses (31, 43), as
well as CD4+ T cell responses acting independently of Abs (31).
The evidence in this study that vaccine-induced AMA1-specific
CD4+ T cells are capable of contributing to efficacy comes from

the significant loss of this antiparasitic effect in immunized mice
following the depletion of CD4+ T cells prior to P. chabaudi
chabaudi strain AS pRBC challenge, whereas anti-AMA1–spe-
cific Ab titers remained unchanged postchallenge. These data
concur with the observations of Xu et al. (31) but contrast with our
previous studies in the P. yoelii MSP142 model, in which CD4+

T cells were shown to provide essential help for priming B cells at
the time of vaccination (7), but depletion of CD4+ T cells prior to
pRBC challenge failed to alter vaccine efficacy (9). The depletion
experiments also suggested that P. chabaudi chabaudi strain AS
AMA1-specific Abs, as well as those targeting other parasite Ags,
are capable of contributing to parasite clearance. Despite similar
levels of anti-parasite Abs, immunized and CD4+ T cell-depleted
mice were able to clear parasites faster than were their naive de-
pleted counterparts. This enhanced rate of clearance was associ-
ated with higher levels of P. chabaudi chabaudi strain AS AMA1-
specific Abs (induced by prior vaccination). However, in apparent
contradiction of this, both the vaccinated and the naive non-
depleted mice cleared their parasites at the same time, even though
the naive mice possessed significantly lower levels of P. chabaudi
chabaudi strain AS AMA1-specific Abs. These data suggest that
both P. chabaudi chabaudi strain AS AMA1-specific Abs and Abs
to other parasite Ags can contribute to parasite clearance, and they
agree with other studies suggesting that the rate of infection res-
olution correlates with the level of malaria-specific Abs and the
speed of their production (30). The data in this study suggest that
the vaccine-induced anti-P. chabaudi chabaudi strain AS AMA1
Abs are capable of contributing to this critical threshold of total
Ab that is necessary for parasite clearance but that Abs of other
Ag specificities are just as effective.
The fact that P. chabaudi chabaudi strain AS AMA1-specific

Abs were not detected in the naive CD4+ T cell-depleted mice also
suggests that CD4+ T cell help is essential for production of P.
chabaudi chabaudi strain AS AMA1-specific Abs. CD4+ T cell
help is also required for the production of Abs to other parasite
Ags, because both the vaccinated and naive CD4+ T cell-depleted
mice showed significantly lower Abs postchallenge to the whole-
parasite lysate in comparison with nondepleted mice. Previous
data showing that CD4+ T cells for a cryptic epitope in P. cha-
baudi chabaudi strain AS AMA1 (32), as well as an epitope in P.
chabaudi chabaudi strain AS MSP133 (33), can prime anamnestic
Ab responses to their respective Ags following challenge support
this important role for CD4+ T cell help for B cells.
Although transfer of immune sera alone into immunocompro-

mised hosts is reported to be insufficient to control initial parasite
densities (46), the studies that we performed showed that both
vaccine-induced CD4+ T cells and Abs can be adoptively trans-
ferred into naive immunocompetent mice, leading to significant

Table II. Comparison of the peptide sequences containing the CD4+ T cell epitopes identified in AMA1
across various strains of P. chabaudi

Peptide Parasite Strain Sequence Vaccine Strain Homology

P16 P. chabaudi chabaudi AS VMGKGITIQNSKVSF Yes
P16 P. chabaudi adami 556/DK VMGKGITIQNSKVSF Yes
P16 P. chabaudi adami CB VMGKGITIQNSKVSF Yes
P16B P. chabaudi adami DS VMGKGITIQKSTKSF No
P79 P. chabaudi chabaudi AS GNGTIQFPRIFISDD Yes
P79B P. chabaudi adami 556/DK GNDTIKFPRIFISDD No
P79B P. chabaudi adami CB GNDTIKFPRIFISDD No
P79B P. chabaudi adami DS GNDTIKFPRIFISDD No

Sequence comparison across various P. chabaudi strains for the two CD4+ T cell epitopes identified in P. chabaudi chabaudi
strain AS AMA1. The P16 and P79 peptides represent the amino acid sequence in the P. chabaudi chabaudi strain AS AMA1
vaccine. P16B and P79B represent peptides encoding the variant sequences identified in the heterologous strains. The amino
acids shown in bold-type differ between the homologous and heterologous strains.

FIGURE 9. T cell response to heterologous AMA1 peptide sequences

from other P. chaubaudi strains. BALB/c mice (n = 5) were primed with

1 3 1010 vp AdHu5-P. chabaudi chabaudi strain AS AMA1 and boosted

8 wk later with 13 107 PFU MVA-P. chabaudi chabaudi strain AS AMA1.

Two weeks postboost (day 70), splenocytes were isolated and restimulated

with peptides P16 and P79 (as described previously), with peptides P16B

and P79B (heterologous peptides to P16 and P79, respectively), or no

peptide (Unstim). Cells were surface stained for CD4, intracellularly

stained for IFN-g, and assessed by flow cytometry to determine the per-

centage of responding cells/total CD4+ T cell subset. The figure shows the

individual and median CD4+ IFN-g+ responses.
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control of initial peak parasitemia upon pRBC challenge. These
data emphasize the fact that both arms of the immune system can
play an important contributory role when functioning within an
intact immune system. Although control sera failed to show this
effect, there was an apparent intermediate (but not statistically
significant) effect following transfer of CD4+ T cells from vector
control-immunized mice. However, these data are in agreement
with other studies showing that transfer of naive CD4+ T cells into
immunodeficient mice can have a protective effect and that this is
both cell number dependent (46) and, in some cases, less effective
than transfer of parasite-specific CD4+ T cells (33). The ability of
transferred cells to prolong and enhance the survival of nude mice
again supports the importance of CD4+ T cells in mediating early
control of parasite density in this model. Reduced potency in nude
versus normal mice most likely reflects the overall lower absolute
numbers of CD4+ T cells in the reconstituted nude mice. These
experiments also did not dissect the contribution of naive versus P.
chabaudi chabaudi strain AS AMA1-specific CD4+ T cells in the
immunocompromised hosts, although it was shown that prior
activation of such transferred T cell subsets (e.g., by vaccination
with Ag following cell transfer but preceding pRBC challenge)
may be necessary to tease apart these differences in protective
capacity between naive and Ag-specific T cells (33).
A key rationale for developing such viral-vectored vaccines was

the possibility of inducing T cell responses to conserved epitopes,
which could aid in better induction of cross-strain immunity by
AMA1 subunit vaccines (in contrast to the well-documented strain
specificity of anti-AMA1 Ab responses) (12, 40, 47). When mice
are immunized with recombinant P. chabaudi chabaudi DS
AMA1 protein, it was shown that there is no heterologous pro-
tection against P. chabaudi adami 556KA (possessing an AMA1
sequence that differs by 36 aa) (40). Unfortunately, of the two
CD4+ T cell epitopes identified in this model, both were poly-
morphic with respect to other strains of P. chabaudi. The failure to
detect any T cell responses to the heterologous peptides (P16B and
P17B) in P. chabaudi chabaudi strain AS AMA1-immunized mice
or protection against challenge with heterologous parasite strains
(Supplemental Fig. 3B) confirms that even a slight variation (2 aa)
in the epitope sequence has a serious consequence with regard to
immune recognition. The challenge data with P. chabaudi adami
DK (in which only the P16 epitope is conserved) indicate that
responses against the P79 epitope alone or combined with those
against P16 are important for mediating efficacy (possibly in
conjunction with strain-specific Abs). It is worth noting that,
following immunization, responses were slightly stronger against
P79, and it may be that responses against P16 alone were too weak
to confer efficacy against the heterologous parasite. Nevertheless,
this work was recently extended and similar viral-vectored vac-
cines were developed that target P. falciparum AMA1 and encode
two alleles of AMA1 from the 3D7 and FVO strains. Importantly,
following immunization of mice (12), rhesus macaques (9), and
humans (14), T cell responses were measured against peptides that
were conserved between the two alleles. Thus, if cell-mediated
immunity contributes to parasite control in P. falciparum malaria
in a similar fashion to that observed for P. chabaudi, then the
induction of such responses may benefit the induction of better
cross-strain immunity by such subunit vaccination strategies.
The data presented in this article were generated with a vaccine

platform that is highly suited for human use, particularly with the
substitution of a simian adenovirus for the human adenoviral vector
(13, 14). They have important implications for the future devel-
opment of subunit blood-stage malaria vaccines. If the protective
immune mechanisms observed in the P. chabaudi model are also
reflected in human immunity to blood-stage malaria, then the

development of viral-vectored vaccines targeting Ags, such as P.
falciparum AMA1, which induce strong cellular immune respon-
ses in conjunction with Abs, may stand a greater chance of success
in protecting humans against blood-stage parasites in comparison
with vaccination strategies aiming to induce Abs alone.
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N. Depinay, M. Kayibanda, A. M. Vigário, D. Mazier, et al. 2008. Vaccination
with live Plasmodium yoelii blood stage parasites under chloroquine cover induces
cross-stage immunity against malaria liver stage. J. Immunol. 181: 8552–8558.

23. Imai, T., J. Shen, B. Chou, X. Duan, L. Tu, K. Tetsutani, C. Moriya, H. Ishida,
S. Hamano, C. Shimokawa, et al. 2010. Involvement of CD8+ T cells in pro-
tective immunity against murine blood-stage infection with Plasmodium yoelii
17XL strain. Eur. J. Immunol. 40: 1053–1061.

24. Wipasa, J., C. Hirunpetcharat, Y. Mahakunkijcharoen, H. Xu, S. Elliott, and
M. F. Good. 2002. Identification of T cell epitopes on the 33-kDa fragment of
Plasmodium yoelii merozoite surface protein 1 and their antibody-independent
protective role in immunity to blood stage malaria. J. Immunol. 169: 944–951.

25. Stevenson, M. M., and E. M. Riley. 2004. Innate immunity to malaria. Nat. Rev.
Immunol. 4: 169–180.

26. Langhorne, J. 1989. The role of CD4+ T-cells in the immune response to
Plasmodium chabaudi. Parasitol. Today (Regul. Ed.) 5: 362–364.

27. Taylor-Robinson, A. W. 2010. Regulation of immunity to Plasmodium: impli-
cations from mouse models for blood stage malaria vaccine design. Exp. Par-
asitol. 126: 406–414.

28. Mosmann, T. R., H. Cherwinski, M. W. Bond, M. A. Giedlin, and R. L. Coffman.
2005. Two types of murine helper T cell clone. I. Definition according to profiles
of lymphokine activities and secreted proteins. 1986. J. Immunol. 175: 5–14.

29. Mosmann, T. R., and R. L. Coffman. 1989. TH1 and TH2 cells: different patterns
of lymphokine secretion lead to different functional properties. Annu. Rev.
Immunol. 7: 145–173.

30. von der Weid, T., D. Kitamura, K. Rajewsky, and J. Langhorne. 1994. A dual role
for B cells in Plasmodium chabaudi chabaudi (AS) infection? Res. Immunol.
145: 412–419.

31. Xu, H., A. N. Hodder, H. Yan, P. E. Crewther, R. F. Anders, and M. F. Good.
2000. CD4+ T cells acting independently of antibody contribute to protective
immunity to Plasmodium chabaudi infection after apical membrane antigen 1
immunization. J. Immunol. 165: 389–396.

32. Amante, F. H., P. E. Crewther, R. F. Anders, and M. F. Good. 1997. A cryptic
T cell epitope on the apical membrane antigen 1 of Plasmodium chabaudi adami
can prime for an anamnestic antibody response: implications for malaria vaccine
design. J. Immunol. 159: 5535–5544.

33. Stephens, R., F. R. Albano, S. Quin, B. J. Pascal, V. Harrison, B. Stockinger,
D. Kioussis, H. U. Weltzien, and J. Langhorne. 2005. Malaria-specific transgenic
CD4(+) T cells protect immunodeficient mice from lethal infection and dem-

onstrate requirement for a protective threshold of antibody production for par-
asite clearance. Blood 106: 1676–1684.

34. Pinzon-Charry, A., V. McPhun, V. Kienzle, C. Hirunpetcharat, C. Engwerda,
J. McCarthy, and M. F. Good. 2010. Low doses of killed parasite in CpG elicit
vigorous CD4+ T cell responses against blood-stage malaria in mice. J. Clin.
Invest. 120: 2967–2978.

35. McCarthy, J. S., and M. F. Good. 2010. Whole parasite blood stage malaria
vaccines: a convergence of evidence. Hum. Vaccin. 6: 114–123.

36. Roestenberg, M., E. Remarque, E. de Jonge, R. Hermsen, H. Blythman,
O. Leroy, E. Imoukhuede, S. Jepsen, O. Ofori-Anyinam, B. Faber, et al. 2008.
Safety and immunogenicity of a recombinant Plasmodium falciparum AMA1
malaria vaccine adjuvanted with Alhydrogel, Montanide ISA 720 or AS02. PLoS
ONE 3: e3960.

37. Forbes, E. K., S. Biswas, K. A. Collins, S. C. Gilbert, A. V. Hill, and S. J. Draper.
2011. Combining liver- and blood-stage malaria viral-vectored vaccines: in-
vestigating mechanisms of CD8+ T cell interference. J. Immunol. 187: 3738–
3750.

38. Roederer, M., J. L. Nozzi, and M. C. Nason. 2011. SPICE: exploration and
analysis of post-cytometric complex multivariate datasets. Cytometry A 79: 167–
174.

39. Sinden, R. E., G. A. Butcher, and A. L. Beetsma. 2002. Maintenance of the
Plasmodium berghei life cycle. Methods Mol. Med. 72: 25–40.

40. Crewther, P. E., M. L. Matthew, R. H. Flegg, and R. F. Anders. 1996. Protective
immune responses to apical membrane antigen 1 of Plasmodium chabaudi in-
volve recognition of strain-specific epitopes. Infect. Immun. 64: 3310–3317.
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