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Immunization with irradiated sporozoites can protect against malaria infection and intensive ef

forts are aimed at reproducing this effect with subunit vaccines. A particular sequence of subunit 

immunization with pre-erythrocytic antigens of Plasmodium berghei, consisting of single dose 

priming with plasmid DNA followed by a single boost with a recombinant modified vaccinia virus 

Ankara (MVA) expressing the same antigen, induced unprecedented complete protection 

against P. berghei sporozoite challenge in two strains of mice. Protection was associated with 

very high levels of splenic peptide-specific interferon-y-secreting CDS+ T cells and was abrogated 

when the order of Immunization was reversed. DNA priming followed by MVA boosting may 

provide a general immunization regime for induction of high levels of CDS+ T cells. 

The observation that mice and humans can be protected from 
malaria by immunization with irradiated sporozoites' has led to 
attempts to develop protective subunit vaccines against the pre-ery
throcytic antigens of Plasmodia. Indirect evidence from genetic and 
immunological studies in humans2•3 and more direct studies in 
murine malaria models•-• have implicated MHC class I restricted 
CD8+ T cells as major effectors mediating a protective immune 
response. For the most widely used models of rodent malaria, P. 

berghei and P. yoelii in BALB/c mice, many antigen delivery systems 
designed to induce a protective CD8+ T cell response against liver 
stages of malaria have been evaluated with variable success. 

Intramuscular injection (i.m.) of plasmid DNA has provided 
encouraging results. Repeated i.m. injection of plasmid DNA encod
ing pre-erythrocytic antigens conferred medium to high levels of 
protection in some mouse strains against P. yoelii sporozoite chal
lenge1-9. However, complete protection was not observed and in some 
strains protection was poor, particularly in C57BL/6 mice in which 
no protection has been reported against P. berghei or P. yoelii using 
plasmid DNA or live vector immunization. 

Recombinant vaccinia viruses expressing antigens derived from 
pathogens have often been used to induce cellular immune responses 
that may be protective10-13_ However in both P. berghei and P. yoelii 
models, immunization with recombinant vaccinia virus of the vir
ulent laboratory Western Reserve (WR) strain failed to induce a 
protective immune response14' 15• The modified virus Ankara (MVA) 
strain of vaccinia was attenuated by multiple serial passages, and has 
lost 31 kb of DNA including host range genes and genes encoding 
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cytokine receptors'&-2 1• MVA is replication-restricted and appears 
to be particularly safe based on studies in some 120,000 humans dur
ing smallpox immunization program 17• 

As part of a larger study of the immunogenicity and protective effi
cacy of numerous antigen delivery systems, we have investigated 
prime-boost immunization strategies with combinations of vari
ous recombinant vaccinia virus strains and plasmid DNA. Using plas
mid DNA priming and recombinant MV A boosting, complete pro
tection against sporozoite challenge was observed in both BALB/c 
and CS?BL/6 mice. This specific order of immunization was essen
tial for protection. Protection was observed with both the P. berghei 
antigens thrombospondin-related adhesive protein (PbTRAP) and 
the circumsporozoite protein 22•23 (PbCS) as well as with recombinants 
sharing only a single nonamer CTL epitope. 

Protection after DNA priming and MVA boosting 
In an initial screening experiment, all combinations of DNA and 
MV A vectors expressing PbCSP and PbTRAP were tested for their pro
tective capacity. Groups of mice were immunized with plasmid DNAs 
(i.m.) or recombinant MV A (i.v.) expressing the two pre-erythrocytic 
antigens PbCSP and PbTRAP. Eighteen days later the mice were 
boosted and four weeks after the boost the animals were challenged 
with 2000 P. berghei sporozoites. The homologous combination of 
DNA followed by DNA did not protect. In the group of mice immu
nized with MV A followed by MV A four out of five mice developed 
blood stage parasitemia. None of the mice that received MVA fol
lowed by DNA were protected, but the combination of DNA followed 
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by MV A protected all animals from challenge with P. berghei sporo
zoites (P= 0.008) (Table la). All mice immunized with DNA and MV A 
expressing the control protein f3-galactosidase in an identical 
sequence developed blood stage parasitemia after nine days. 

To identify which of the pre-erythrocytic antigens confer pro

tection, mice were again immunized with DNA followed by a boost 

with MVA, both encoding the same single antigen. All ten mice 

immunized with a mixture of plasmid DNAs expressing PbCSP and 
PbTRAP, and boosted with recombinant MVA expressing PbCSP and 
PbTRAP, were completely protected (Table lb) as before. Similarly 

the group that received the combination of DNA followed by MV A 
expressing PbCSP was completely protected. In mice immunized 
with PbTRAP, 14 out of 16 mice were protected (Table lb) indicat

ing that this antigen, recently identified in P. berghei23, is of protec

tive relevance. 

A single CDS+ T cell epitope confers protection 

The mice immunized with DNA and MV A expressing complete P. 

berghei antigens developed antibodies against P.berghei sporozoites 

(data not shown) as well as T cell responses. To determine whether 
the protection from sporozoite challenge could be mediated entirely 

by MHC class I-restricted T cells, a group of mice was immunized 

with plasmid DNA and recombinant MV A that expressed a single H-
2Kd-restricted P. berghei epitope SYIPSAEKI as part of a string of dif

ferent human and murine CTL epitopes deriving from P. falciparum 
and HIV /SIV (see Methods). All 11 mice in this group were protected 

from sporozoite challenge (Table lb), demonstrating that an immune 

response to this CTL epitope alone is sufficient for complete pro
tection. Mice immunized with plasmid DNA and recombinant MV A 

expressing E. coli f3-galactosidase were not protected. 

Protection depends upon the vaccinia virus strain 

To determine whether the strain of vaccinia employed was of rele
vance in inducing protection, mice were immunized with plasmid 

DNA expressing PbCSP followed by a boost with the different PbCSP 

expressing recombinant vaccinia strains, MV A, the virulent WR strain 

and the attenuated NYV AC strain. In a preliminary experiment no 

significant protection was observed on i.v. boosting with 104 pfu of 
the replication-competent WR strain of vaccinia (1/10 mice protected) 
whereas significant protection was observed on boosting with either 
recombinant MV A (106 pfu, i.v.) or NYV AC (106 pfu, i.v.) (80% and 
6()0,,n respectively), both replication-defective strains. Because NYV AC 

and MV A are v~ccine candidates for humans, the latter two groups 

were then compared in a larger study. Significantly better protec

tion (P= 0.01) was observed by boosting with recombinant MV A than 

with the NYV AC recombinant (Table 2). 

The protection is maintained on re-challenge 

Groups of mice immunized with DNA followed by MVA that sur

vived sporozoite challenge were re-challenged after 28-35 days to 
determine whether protection was maintained. The great majority 

of the animals were protected from sporozoite re-challenge (Table 
3). Protection was again observed in mice immunized by both anti
gen-based constructs and constructs that express, from P. berghei, 

only the CDS+ T cell epitope SYIPSAEKI (Table 3b). 

The route of MVA boosting influences protection 

To assess whether protection could be induced by recombinant MV A 
delivered by other routes, BALB/c mice were primed with plasmid 

DNA encoding a single antigen, PbCSP and boosted either i.v., intra

dermally (i.d.) or i.m. with MV A-PbCSP, and then challenged with 
infectious sporozoites. Mice boosted with recombinant MV A-PbCSP 
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Tablel Protection of BALB/c mice after immunization with 

plasmid DNA followed by recombinant MVA 

Immunization 1 Immunization 2 No. animals inf./ % 
no. challenged protection 

a 
Antigens used: PbCSP + Pb TRAP 

DNA DNA 5/5 0 
MVA MVA 4/5 20 
DNA MVA 0/5 100 
MVA DNA 5/5 0 

Control mice immunized with /3-galactosidase 
DNA DNA 5/5 0 
MVA MVA 5/5 0 
DNA MVA 5/5 0 
MVA DNA 5/5 0 

b DNA MVA 
CSP+ TRAP CSP+ TRAP 0/10 100 

CSP CSP 0/10 100 
TRAP TRAP 2/16 88 

epitope epitope 0/11 100 
j3-galactosidase 13-galactosidase 6/7 14 

none none 9/10 10 

Results of two challenge experiments (o and b) using different immunization regimes of 

plasmid DNA and MVA as indicated. BALB/c mice were used in all cases. The immu

nization doses were 50 µg of plasmid DNA and 1 O' pfu (o) or 1 O' pfu (b) of recombi

nant MVA expressing the antigens indicated. The interval between immunizations 1 

and 2 was 21 days (o) or 14 days (b). Challenges were performed at 29 (o) or 18 (b) 

days after the last immunization by i.v. injection of 2000 P.berghei sporozoites and 

blood films assessed at five, eight and ten days post challenge. CSP and TRAP indicate 

the entire P. berghei antigens and "epitope" indicates the polyepitope constructs con

taining the P.berghei CTL epitope described in methods. 

i.v. were completely protected as before. 800/4 of the mice boosted 
i.d. and 500/4 of the mice boosted i.m. were protected using this low 

dose (106 pfu) boost (Table 4). Mice immunized with DNA followed 

by MV A expressing the influenza nucleoprotein and ~-galactosidase 

were not protected. 

Highly susceptible C57BL/6 mice are protected 

C57BL/6 mice are very susceptible to P. berghei sporozoite challenge24• 

C57BL/6 mice were immunized using the DNA-MVA prime boost 
regime with both pre-erythrocytic antigens PbCSP and Pb TRAP, and 

challenged with either 200 or 1000 infectious sporozoites per mouse. 

(Two hundred sporozoites corresponds to more than twice the dose 
required to induce infection in these mice24) . All ten mice challenged 

with 200 sporozoites showed sterile immunity. Even in the group 

challenged with 1000 sporozoites, 60% of the mice were protected 
(Table 5). All the naive C57BL/6 mice were infected after challenge. 

Table 2 Influence of different recombinant vaccinia strains 

on protection. 

Immunization 1 Immunization 2 No. animals inf./ % 

DNA no. challenged protection 

CSP MVA(CSP) '5/40 88 
CSP NYVAC (CSP) *15/40 63 

13-galactosidase MVA(NP) 8/8 0 

'Cumulative data from two independent experiments 
Challenge of DNA-primed BALB/c mice boosted with two different replication-defec

tive vaccinia virus strains expressing PbCSP. The immunization doses were 50 µg of 

plasmid DNA and 1 O' pfu of NYVAC and MVA. The interval between immunizations 1 

and 2 was 23 days. Challenges were performed at 28 days after the last immunization 

by i.v. injection of 2000 P. berghei sporozoites and blood films assessed at 7, 9 and 11 

days post challenge. CSP indicates the entire P. berghei antigen and NP the nucleopro
tein of influenza virus. 
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Fig. 1 Monitoring of peptide specific CD8+ T cell responses in 
BALB/c mice after DNA priming (open bars) and boosting with 
recombinant MVA (shaded bars). Animals were immunized with 
constructs expressing the antigen(s) indicated on the X-axis. 
Epitope, polyepitope string including the CTL epitope from P. 

berghei CSP. a, CD8+ T cell responses were measured using the 
INF-y ELISPOT assay on fresh splenocytes incubated for 22 hr 
with the K•-restricted peptide SYIPSAEKI from P. berghei CSP 
(groups PbCSP + PbTRAP, PbCSP and epitope) and the L• re
stricted peptide TPHPAPRIGL from E. coli ~-galactosidase (group 
~-gal). Results are expressed as number of spot forming cells 
(SFC) and represent data derived from three mice assayed indi
vidually. b, Splenocytes from the same mice were also assayed in 
conventional "Cr-release assays at an effector to target ratio of 
100:1 after six days of in vitro restimulation with the same pep
tides (1 µg/ml). The mice monitored for CD8+ T cell responses 
derived from the same groups that were challenged at the same 
day as shown in Table 1 b. 
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CDS+ T cell responses induced by the various immunization regimes 

were monitored using ELISPOT and s'Cr-release assays. The ELISPOT 

assay was used to detect peptide-specific, interferon y- (INF-y) secret

ing T cells without in vitro restimulation. The protective relevance of 

this highly sensitive assay is supported by the observation that INF

'Y can inhibit parasite development in vivo25, and the recent finding 

that in gene knock-out studies, elimination of P. berghei liver stages 

was independent of Fas-mediated or perforin-mediated cytotoxic

ity26. However, antigen specific CDS+ cytotoxic T lymphocytes (CTL) 

have been reported to recognise and lyse infected murine hepato

cytes in vitro27 • So, splenocytes were also restimulated for seven days 

with peptide SYIPSAEKI in vitro and their cytolytic activity was 

assayed in 51Cr-release assays. Three mice from each of the groups 

in the challenge experiment of Table lb were studied both after DNA 

priming (Fig. 1 a and b, white bars) and following the MV A boost 

(Fig. 1 a and b, black bars). No PbTRAP-derived CDS+ T cell epitope 

has been defined to date but CDS+ T cells specific for the PbCSP 

and p-galactosidase epitopes could be clearly detected in ELISPOT 

assays. Their frequency was below 100 spot forming cells (SFC) per 

106 splenocytes (Fig. la). Splenocytes from the same mice were also 

restimulated with peptide in vitro. As expected from the relatively 

low precursor frequency detected with the ELISPOT assay, not all the 

splenocyte cultures showed significant cytotoxicity in conventional 
51Cr-release assays (Fig. lb). However, the CDS+ T cell levels 18 days 

after the MV A boost were remarkably high. The frequencies of SYIP

SAEKI-specific CDS+ T cells ranged between 300-1000 SPC/106 

splenocytes (Fig. la) . These frequencies resulted in high level of spe

cific lysis in s'Cr-release assays (Fig. lb). A similar, but less pronounced 

effect was observed for the P-galactosidase epitope. 
To determine the influence of the immunization regime on the 

CDS+ T cell frequency, mice were immunized with plasmid DNA 

and recombinant MVA in different combinations. The highest level 

of peptide specific CDS+ T cells 885 +/- 85 (mean +/· SEM) was 

induced by priming with plasmid DNA and boosting with the recom

binant MV A. This was markedly more immunogenic than the reverse 

order of immunization (MVA/DNA: 100 +/- 23; P = 8.6 x 10·10) or 

boosting with the homologous antigen delivery system (MV A/MV A: 

237 +/· 50; DNA/DNA: 30+/· 9; P= l .4 x 10--a and 2.96 x 10-10 respec

tively). It was also more immunogenic than the DNA and MVA 

immunizations given simultaneously (Fig. 2) . In a second experi

ment using ten mice per group the enhanced immunogenicity of 

the DNA/MVA sequence was confirmed: DNA/MVA 856 +/- 201; 
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MV A/DNA 168 +/- 72; MV A/MVA 345 +/- 90; DNA/DNA 92 +/- 46. 

To assess the influence of the route of MVA administration on 

CDS+ T cell immunogenicity, mice were primed i.m. with DNA as 

before and boosted by five different routes with recombinant MV A. 

Significantly higher immunogenicity was observed for the intra

venous and intradermal routes than for intramuscular, intraperi

toneal or subcutaneous routes (Fig. 3). 

Discussion 
In addition to their role in antiviral immunity there is increasing evi

dence that CDS+ T cells play an important part in the immune 

response to many intracellular bacterial and protozoan pathogens 

and to some tumors. Traditionally, vaccine formulations were 

designed to primarily induce antibodies but recently efforts have 

been aimed at inducing strong cellular immune responses. This has 

proved particularly difficult for CDS+ T cell responses. 
Live replicating viral vectors have been used to induce CDS+ T cell 

responses but most of these recombinants, such as influenza and 

unattenuated vaccinia, are unlikely to have a safety profile adequate 

for widespread use as prophylactic vaccines in humans. The discovery 

of the immunogenicity of plasmid DNA for CDS+ T cell induction 

offers a promising new approach. However, immunogenicity in 

rodent models of malaria has been relatively limited; several immu

nizations have usually been required and complete protection has 

not been observed in any mouse strain' . More limited data from DNA 

vaccine studies in primates suggest that immunogenicity for CDS 

T cell responses is weaker in macaques and chimpanzees than in mice 

Table 3 Re-challenge of mice that survived first challenge 

Immunization 1 Immunization 2 No. animals inf./ % 

DNA MVA no. challenged protection 
a 

CSP+ TRAP CSP+ TRAP 0/5 100 
none none 4/5 20 

b 
CSP+ TRAP CSP+ TRAP 1/8 87 

CSP CSP 0/10 100 
epitope epitope 2/11 82 

none none 4/5 20 

Surviving BALB/c mice were re-challenged 35 days (o) or 28 days (b) after the first chal
lenge with 2000 P. berghei sporozoites. Blood films were assessed at 7, 9 and 11 days 
post challenge. Mice in a and b were surviving mice from Table 1 a and 1 b respectively. 
The group that received PbTRAP was not re-challenged. For immunization regimens 
and intervals see Table 1. 
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Fig. 2 Frequencies of peptide-specific CDS+ T cells following different im
munization regimes. Results are shown as the number of spot forming cells 
(SFC) per one million splenocytes. Mice were immunized with either plas
mid DNA expressing PbCSP or PbCSP expressing MVA or combinations of 
the two as shown on the X axis, at two week intervals and the number of 
splenocytes specific for the SYIPSAEKI peptide determined in INF-y ELISPOT 
assays two weeks after the last immunization. Each bar represents the mean 
number of SPCs from three mice assayed individually. 

Q.S. & T.H., unpublished data). 
We report here that much higher levels of CDS+ Tcells are induced 

by boosting a DNA-primed immune response with MVA than with 
the same plasmid DNA and that this enhanced immunogenicity is 
associated with a striking difference in protective efficacy against 
malaria sporozoite challenge. The complete protection observed in 
the highly susceptible C57BL/6 mice is particularly encouraging as 
no vaccination protocol designed to induce strong cellular immune 
responses has previously protected this strain of mice against either 
P. berghei or P. yoelii. Two immunizations with MVA were not sig
nificantly more immunogenic than a single immunization, but were 
better than two DNA immunizations. The lack of boosting after 
repeated DNA immunizations has been reported previously8 and is 
not understood. The lack of boosting with repeated MV A immu
nizations may relate to antibodies induced against the virus. 

The mechanism of the enhanced protective efficacy of DNA prim
ing and MV A boosting compared to the reverse sequence is unclear. 
It has been reported that recombinant influenza priming and boost
ing with a recombinant wild type vaccinia induced partial protec
tion against P. yoelli infection, but the reverse order of immuniza
tion did not26• Li et al. speculated that the effect might relate to 
increased homing of CDS+ T cells to the liver following the vaccinia 
than after the influenza immunization. We observe a marked dif
ference in specific CD8+ T cells in the spleens according to the immu
nization sequence and it appears unnecessary to invoke homing 
effects to account for the differential protection. We speculate that 
the mechanism may be related to the phenomenon of immun
odominance as follows: The MVA vector appears more immuno
genic than DNA for CDS+ T cell induction (Fig. 2); however, because 
of the large number of viral genes that are co-expressed, the immune 
response to the malaria antigen or epitope may not be immuno
dominant, but priming with iust the malaria antigen using plas
mid DNA may produce sufficient primed CDS+ T cells to the malaria 
epitope to allow the recombinant MV A-induced response to focus 
on this rather than viral epitopes. In keeping with this speculation 
we find that priming of an immune response with a recombinant 
Ty virus-like particle and boosting with recombinant MVA is also 
more immunogenic and protective than the reverse order of immu-
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nization (Plebanski et al. unpublished data). 
Comparing the protective efficacy of boosting a DNA-primed 

CDS+ T cell response with different strains of recombinant vaccinia 
viruses expressing the same antigen, revealed a significant difference 
in protective efficacy between the vaccinia virus strains. Previous 
studies of recombinants encoding SIV and influenza antigens sug
gest that MVA may be somewhat more immunogenic and protec
tive than WR-strain vaccinia11.19,29• Here, recombinant MVA, and to 
a significantly lesser extent, recombinant NYVAC' 0, were able to 
boost a DNA-primed CD8+ T cell response to reach protective levels. 
Intraperitoneal immunization with the NYV AC recombinant alone 
has been shown to be significantly protective.i0 • The attenuation of 
NYV AC and MVA is a result of large deletions in the viral genome 
induced by molecular techniques or through serial passage, respec
tively. MVA does not express an INF-yreceptor(Blanchard et al., man
uscript submitted) but this is unlikely to contribute to the enhanced 
immunogenicity observed here because the INF-y receptor expressed 
by strain WR inhibits human but not murine INF-y" . However, MV A 
also does not express receptors for INF-cxip and TNF and these may 
influence the development of a cellular immune response within the 
micro-environment where a CD8+ T cell response is initiated. By 
secreting cytokine receptors at the site of vaccinia infection, cytokines 
essential to drive a Th 1 response may be locally depleted. MV A also 
encodes a functional IL-1 Preceptor and this may interfere with prim
ing of an immune response". MV A elicits local production of type 
1 interferon in primary fibroblasts (T.].B., A. Alcami, P. Andrea, and 
G.L.S. unpublished data) and this would be expected to expand CDS+ 
T cell clones in vivo and might contribute to the potent boosting 
but poorer priming seen with recombinant MVA". As both plas
mid DNA and NYV AC virus encoding P, falciparum pre-erythro
cytic antigens are now at the stage of early clinical trials, our data 
suggest that prime-boost regimens with these constructs, or prefer
ably with MV A, merit clinical evaluation. 

The protective effect of the newly-described PbTRAP antigen fur
ther supports the potential of its P. falciparum homologue, PtTRAP, 
as a malaria vaccine candidate. The P. yoelii homologue of PbTRAP, 
PySSP2, was protective (57%) in BALB/c mice when administered 
in transfected tumor cells34 but did not protect BALB/c mice from 
P. yoe/ii sporozoite challenge when given as plasmid DNA9• The com
plete protective efficacy of a single CTL epitope in protecting against 
sporozoite challenge also supports current attempts to develop poly
epitope-based vaccines against malaria. The protective immunity 
induced here may be long-lived; the great majority of mice that were 
protected in the first challenge were also protected in a second chal
lenge 28-35 days later. However, further data on the duration of pro
tection and the role of sporozoite exposure will be important. 

The marked boosting effect of a single immunization with recom
binant MV A may be of particular relevance to immunization against 

Table 4 Influence of the route of MVA administration 
on protective efficacy 

Immunization 1 Immunization 2 No. animals inf./ % 
DNA MVA no. challenged protection 

CSP CSP i.v. '0/ 20 100 
CSP CSP i.d 2/10 80 
CSP CSPi.m. 5/10 50 

epitope epitope i.v. 1 / 10 90 
NP NP i.v. 10/10 0 

'Cumulative data from two independent experiments. 
All the immunizations were done in BALB/c mice as described previously except for the 
route of boosting w ith MVA.PbCSP as indicated. 
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Fig. 3 Frequencies of peptide-specific CDS+ T cells following different 
routes of MVA boosting. Results are shown as the number of spot-forming 
cells (SFC) per one million splenocytes. Mice were primed with plasmid 
DNA (pTH.PbCSP, 50 µg/mouse i.m.) and two weeks later boosted with 1 O' 
pfu MVA.PbCSP via the indicated routes. The number of splenocytes spe
cific for the SYIPSAEKI peptide was determined in INF-y ELI SPOT assays two 
weeks after the last immunization. Each bar represents the mean number of 
SPCs from three mice assayed individually. 

malaria in endemic areas. Humans exposed to P. falciparum in areas 

of high transmission develop low to moderate levels of CTL through 
natural priming from infective mosquito bites2•3• The measured pre

cursor frequencies are of the order of 10-100 peptide-specific cells 
per 106 PBMC3s. Thus it might be possible to boost these levels sub

stantially by using an MY A recombinant without any priming immu

nization in such populations. 

We have very recently extended this work to show that in mice 

the DNA-MVA prime boost regime is effective at inducing high lev
els of CDS+ T cells to three further CTL epitopes from other antigens 
and pathogens (unpublished data). Furthermore, in chimpanzee 

studies, priming with DNA and boosting with MV A has yielded very 
high levels of CDS+ T cells to a P. falciparum epitope: by ELISPOT 

analysis more than 3000 IFN-y releasing cells per million periph

eral blood lymphocyte were measured to a PITRAP peptide 0- S., 
A. Thomas et al., manuscript in preparation). Plasmid DNA is now 
being used in human vaccine trials and MV A appears to be an excep
tionally safe live virus vector. Therefore this highly immunogenic 

prime-boost regime holds promise for the prophylactic or therapeutic 

immunization of humans against diseases in which CDS+ T cells 

play a protective role. 

Methods 
Plasmid DNA constructs. The DNA vaccine vector pTH, used throughout the 
study, was derived from pRc/CMV (lnvitrogen) by removing the BamHI frag
ment that contains the SV40 origin of replication and neomycin resistance marker 

Table .5 Protection of C57BL/ 6 mice from sporozoite challenge 

No. animals inf./ % 
no.challenged protection 

1000 sporozoites 
DNA followed by MVA 4/10 60 
naive 5/5 0 

200 sporozoites 
DNA followed by MVA 0/10 100 
naive 5/5 0 

Mice were immunized with DNA followed by recombinant MVA expressing PbCSP and 
PbTRAP as described previously. Fourteen days later the mice were challenged with 
1 000 or 200 P. berghei sporozoites as indicated. 
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and replacing the CMV promoter with a longer version of the same promoter 
containing intron A. The resulting plasmid thus contains the CMV promoter with 
intron A for expression in eukaryotic cells, followed by a multiple cloning site 
and the bovine growth hormone poly A sequence. The plasmid is incapable 
of replication in mammalian cells. The genes encoding the complete sequence 
of P. berghei CSP" and TRAP23 were introduced into the multiple cloning site 
using standard methods to make pTH.PbCSP and pTH.PbTRAP. Plasmids pTH.M 
and pTH.HM contain synthetic polyepitope strings consisting of a series of 
minimal T cell epitopes from P. falciparum (M), or P. falciparum epitopes fused 
to a string of HIV/SIV epitopes (HM). The M epitope string also contains the 
H-2K•-restricted epitope SYIPSAEKI from P. bergheiCSP. Each polyepitope string 
has a PK-Tag (Serotech) antibody epitope fused in frame at the C terminus to 
allow detection of expression of the string in mammalian cells36• The expres
sion of pTH.PbCSP and pTH.PbTRAP upon transfection into COS-1 cells was 
detected by immunofluorescence using antigen-specific polyclonal murine anti
serum for PbTRAP or PbCSP followed by FITC-labelled secondary antibodies 
(data not shown). Control plasmids were pcDNA3/His/l.acZ (lnvitrogen) encod
ing E. co!ip-galactosidase and pTH.UbNPPk expressing the influenza virus nucle
oprotein (T.H,, unpublished) . Plasmid DNA for injections was purified using 
anion-exchange chromatography (Qiagen, Hilden, Germany) and diluted in 
endotoxin-free phosphate buffered saline (PBS) (Sigma). 

Generation of recombinant vaccinia viruses. MVA was kindly provided by A. 
Mayr (Veterinary Faculty, University of Munich, Germany). Recombinant and 
non-recombinant viruses were routinely propagated and titered in chicken 
embryo fibroblasts (CEF) grown in minimal essential medium supplemented 
with 10% fetal calf serum (FCS). Recombinant MVA were made as described18 

by cloning DNA sequences encoding PbCSP, PbTRAP, influenza NP and the 
HM polyepitope string into the vaccinia virus shuttle vectors pSC11 and 
pMCO3. CEF infected with MVA at a multiplicity of0.05 pfu per cell were trans
fected with lipofectin (Gibco) and plasmid as described37•38• Expression of 
Pb TRAP, influenza nucleoprotein and the HM polyepitope is driven by the vac
cinia P7 .5 promoter. Expression of PbCSP is driven by the synthetic strong pro
moter (SSP)38• Recombinants were repeatedly plaque purified and expression 
of the recombinant gene was confirmed using immunofluorescence. The 
recombinant NYVAC (vP936) and the recombinant Western Reserve vaccinia 
expressing PbCSP were described previously"·'°. 

Cells and culture medium. P815 cells were cultured in RPMI 1640 (Sigma, St 
Louis, MO) supplemented with 10% heat inactivated FCS. Splenocytes were 
restimulated as described below in a MEM medium with 10% FCS, 2 mM glu
tamine, 50 U/ml penicillin, 50 mg/ml streptomycin, 50 µM 2-mercaptoethanol 
and 10 mM Hepes pH 7.2 (all from Gibco, Grand Island, NY). 

Peptides. The H-2K' -restricted epitope from the CS protein of P. berghei (aa 
372-380) SYIPSAEKI', the H-2Kd-restricted epitope (aa 147-155) TYQRTRALV 
from the nucleoprotein of the influenza A virus" and the H-2L•-restricted epi
tope (aa 876--884) TPHPARIGL from E. coli P-galactosidase40 were made using 
a standard Fmoc/ t-butyl solid-phase technique on an automated Zinsser Ana
lytical synthesizer (Zinser Analytic, Maidenhead, UK) or purchased from Research 
Genetics (Huntsville, AL, USA). 

Animals and immunizations. Female BALB/c and C57 /BL6 mice 4- 6 weeks old 
were obtained from Harlan Orlac (Shaws Farm, Blackthorn, UK). Plasmid DNA 
(25- 50 µg/muscle) dissolved in endotoxin-free PBS (Sigma) was injected into 
each musculus tibial is under anaesthesia. In early experiments 50 µI of 10 mM 
cardiotoxin (Latoxan, France) was injected into the muscle 5-9 days prior to 
immunization41 but this was found not to influence either immunogenicity or 
protective efficacy and was thereafter omitted. Recombinant vaccinia virus 
was diluted in endotoxin-free PBS/2% BSA and the amounts indicated were 
injected i.v. into the lateral tail vein, intramuscularly, intradermally, subcuta
neously or intraperitoneally. 

ELI SPOT assays. The number of INF-y-secreting, peptide-specific T cells in fresh 
splenocyte preparations was determined by the ELISPOT method42. Briefly, 
96-well nitrocellulose plates (Milliscreen MAHA, Millipore, Bedford, MA) were 
coated with 15 µg /ml of the anti-mouse INF-y mAb R4-6A2 (hybridoma pur
chased from the European Collection of Animal Cell Cultures), in 50 µI of phos
phate-buffered saline (PBS). After overnight incubation at 4 °C, the wells were 
washed with PBS and blocked for 1 hr at room temperature with 100 µI 
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RPMl/10% FCS. Splenocytes from immunized mice were resuspended to 1-2 

x 1 0' cells/ml and placed in duplicates into the antibody-coated wells and 

serially diluted. Peptide (final concentration of 1 µg/ml) was added to each 

test well. Control wells contained an irrelevant peptide. After overnight incu

bation the plates were washed six times with PBS and once with water, incu

bated for 3 hr with a solution of 1 µg/ml of biotinylated anti-mouse INF-y mAB 

XMGl .2 (Pharmingen, CA), washed, and incubated for 2 hr with 50 µI of a 1 
mg/ml solution of Streptavidin-Alkaline-Phosphatase polymer (Sigma) both 

at R.T. Spots were developed by adding 50 µI of an alkaline phosphatase con

jugate substrate solution (Biorad, Hercules, CA), and reactions were stopped by 

washing with water. Spots were counted using a stereomicroscope. 

CTL assays. Splenocytes (5 x 1 o• cells/ml) from immunized mice were incu

bated in six-well tissue culture plates with 1 µg/ml of the respective pep

tide. At day 3 of culture 1 OU/ml of human IL-2 (Lymphocult-T, Biotest, Dreie

ich, Germany) was added. At days 5-7 the restimulated splenocytes were used 

in standard 51Cr-release assays" using syngenic peptide loaded P815 cells as 

target cells. 

P. berghei challenge. Sporozoites of P. berghei (ANKA strain clone 1) were 

obtained from laboratory reared female Anopheles stephensi mosquitoes main

tained at 18 °c for 20-25 days after feeding on infected mice. Salivary glands 

from the mosquitoes were collected by hand dissection and placed into a tis

sue homogeniser to release the sporozoites. Sporozoites were released into RPMI 

and counted using a hematocytometer. Mice were challenged by injection of 

sporozoites into the lateral tail vein 2-3 weeks after the last immunization. Infec

tion was determined by observing the appearance of ring forms in Giemsa 

stained blood smears taken at the days indicated post-challenge. If blood stage 

parasitemia was observed at two time points the mice were killed. Protected 

mice were observed at later time points for signs of illness and if protection 

persisted they were re-challenged. 

Statistical analysis. In protection studies, the number of mice protected in each 

group was compared using ax' test in the Statcalc program in the Epilnfo Ver

sion 5 package. In irnmunogenicity studies the ELISPOT responses were com

pared between groups using Student's t test with the Microsoft Exel Version 

5.0a package. 
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