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The Journal of Immunology

Adjuvant-like Effect of Vaccinia Virus 14K Protein: A Case
Study with Malaria Vaccine Based on the Circumsporozoite
Protein

Aneesh Vijayan,* Carmen E. Gómez,* Diego A. Espinosa,† Alan G. Goodman,*

Lucas Sanchez-Sampedro,* Carlos Oscar S. Sorzano,‡ Fidel Zavala,† and

Mariano Esteban*

Development of subunit vaccines for malaria that elicit a strong, long-term memory response is an intensive area of research, with

the focus on improving the immunogenicity of a circumsporozoite (CS) protein-based vaccine. In this study, we found that a chimeric

protein, formed by fusing vaccinia virus protein 14K (A27) to the CS of Plasmodium yoelii, induces strong effector memory CD8+

T cell responses in addition to high-affinity Abs when used as a priming agent in the absence of any adjuvant, followed by an

attenuated vaccinia virus boost expressing CS in murine models. Moreover, priming with the chimeric protein improved the

magnitude and polyfunctionality of cytokine-secreting CD8+ T cells. This fusion protein formed oligomers/aggregates that led to

activation of STAT-1 and IFN regulatory factor-3 in human macrophages, indicating a type I IFN response, resulting in NO, IL-12,

and IL-6 induction. Furthermore, this vaccination regimen inhibited the liver stage development of the parasite, resulting in

sterile protection. In summary, we propose a novel approach in designing CS based pre-erythrocytic vaccines against Plasmodium

using the adjuvant-like effect of the immunogenic vaccinia virus protein 14K. The Journal of Immunology, 2012, 188: 6407–6417.

M
alaria continues to present a major public health
challenge and burden on economic development in
many countries. Plasmodium falciparum, the main

causative agent of malaria in humans, is known to cause ∼225
million cases and ∼781,000 deaths annually (1). Development of
a cost-effective vaccine continues to be a daunting task because of
the confounding ability of the parasite to manipulate the host
immune system. The most advanced malaria vaccines have fo-
cused on the use of protein-in-adjuvant formulations, and a phase
III clinical trial with RTS,S/AS01E (a liposome-based adjuvant
system) is under way (2). First results of the phase II trial of RTS,
S/AS01E in Africa revealed vaccine-reduced clinical episodes of
malaria and severe malaria by about half during 12 mo after
vaccination in children 5–7 mo age (3). The rationale behind the
development of RTS,S is its ability to form virus-like particles,
which enhances the immunogenicity of monomeric circumspo-

rozoite (CS) protein. The ability of protein aggregates to stimulate
strong immune responses compared with their monomeric coun-
terparts has been studied for many decades and is supported by
a number of recent studies (4–6).
CS protein is a monomeric protein of ∼40–60 kDa covering

the surface of infective sporozoites (7). However, the native CS
from sporozoites is also known to form some aggregates that may
facilitate the binding of CS to hepatocytes (8). The CS protein
is GPI-anchored and consists of a central portion of immunodo-
minant repeat regions of B and T cell epitopes (9). Reports of
successful vaccination against malaria in humans have been at-
tributed to the development of CS-specific humoral and cell-
mediated immune responses (10). Therefore, the strong immu-
nogenic nature of the CS protein and its presence during
pre-erythrocytic and liver stages (11) make it a promising candi-
date for the development of a malaria vaccine.
Control of infection for most pathogens requires different

strategies of intervention, including humoral or cell-mediated
immune responses at different times in their life cycle. There-
fore, an effective vaccination regimen should encompass these
aspects to develop sterile immunity. Viral vaccine vectors ex-
pressing CS protein and other Plasmodium Ags as promising
vaccine candidates have been previously described (12, 13). Many
of these studies have focused on using DNA as priming agent,
which met with success rates as high as 70–100% in mouse
models, even though it was short-lived (14, 15). However, DNA-
based vaccines have recently come under renewed scrutiny for
a number safety factors such as integration of the DNA into host
gene (16) and also by their induction of tolerance against the
Ag (17). Another disadvantage is the reduced capacity of DNA
vaccines to induce a strong Ab response. The quality of immune
responses generated by DNA vaccines administered alone is
comparatively weaker to the traditional vaccines such as subunit
vaccines or attenuated organisms (18). Currently, most licensed
vaccines are based on attenuated whole pathogens or subunit
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particles. Therefore, as an alternative to DNA vectors, the use of
proteins as priming agents is gaining acceptance due to their better
efficacy and safety.
In this study, we describe the development of a novel CS-based

chimeric protein, which when combined in a heterologus prime–
boost vaccine regimen with an attenuated vaccinia virus vector-
induced enhanced immune responses. Additionally, this vaccine
regimen gave sterile protection in mice when challenged with
sporozoites. Our chimeric CS protein (CS14K) makes use of the
oligomerization domain of the A27L gene of vaccinia virus. Our
previous studies helped in the understanding of the structural or-
ganization of the 14-kDa protein encoded by the A27L gene (19).
Considering the drawbacks of using a DNA priming strategy and
CS protein encoding its C-terminal GPI sequence, we sought to
determine the possible differences in the quality and quantity of
humoral and T cell responses induced by different vaccine con-
structs and define how this might influence protection.
We also show how the differences in the induction of CD8+

T cells and Abs could influence the protective capacity of malaria
vaccines. In agreement with previous studies with fusion protein
(4, 20), we found that priming with CS14K resulted in the de-
velopment of high avidity and balanced IgG Ab production. An
important aspect of this work is the extensive analysis of quantity
and quality of CD8+ T cells during primary and memory stages.
Comparing our vaccine regimen to a protective vaccination regi-
men based on DNA priming followed by poxvirus boost, we
showed that priming with CS14K followed by a modified vaccinia
virus Ankara (MVA)-CS boost triggered strong memory poly-
functional effector T cell responses, an important component for
providing long-term protection (21).
These results demonstrate that by fusing the vaccinia virus 14K

(A27 protein) to CS we achieved a significant improvement in the
quality and quantity of the humoral and T cell responses against CS
in addition to protection of mice against liver stage development of
malaria parasites. This study demonstrates that fusing an immu-
nogenic protein from vaccinia virus improved the overall immu-
nogenicity of the Plasmodium CS Ag in the absence of adjuvants.

Materials and Methods
Cells and viruses

Construction of recombinant MVA virus expressing circumsporozoite
protein of Plasmodium yoelii 17XNL strain (MVA-CS) has been describe
previously (13). The virus was grown and titrated in primary chicken
embryo fibroblastcells and in DF-1 cells (22). Murine J774 and human
THP-1 macrophages used for the in vitro cell culture studies were main-
tained at appropriate conditions as specified by the American Type Culture
Collection.

Plasmid construction

pCI-Neo-CS The PyCSP gene was amplified MVA-CS using the primers
CS-XhoI-F (59-ACTTACTCGAGATGTGTTACAATGAAGAAAATG-39)
and CS-NotI-R (59-ATTGCGGCCGCTTTAAAATATACTTGAAC-39) to
yield a 972-bp fragment lacking the N-terminal signal sequence and C-
terminal GPI sequence. The gene was inserted into a mammalian expres-
sion vector, pCI-Neo, that had been previously digested with XhoI and
NotI followed by shrimp alkaline phosphatase treatment. The CS gene
in both the virus and plasmid were sequenced (Secugen, Madrid, Spain).
The plasmid was purified using a Qiagen Mega Prep kit according to the
manufacturer’s protocol. Expression of CS from pCI-Neo-CS was con-
firmed by transfecting DF-1 cells followed by Western blot analysis with
CS specific Abs.

pGEX-CS/pGEX-CS14K. The CS gene from pCI-Neo-CS plasmid was
amplified using the primers CS-EcoRI-F (59-ACTTAGAATTCATGTGT-
TACAATGAAGAAAATG-39), CS-NotI-R (59-ATTGCGGCCGCTTTAA-
AATATACTTGAAC-39) for pGEX-CS, and with primers CS-EcorI-F and
CS-14K-NotI-R (59-ATTGCGGCCGCTATTAAATATACTTGAAC-39) for
pGEX-CS-14K. The A27L open reading frame from vaccinia strain WR
(accession no. YP_233032; www.ncbi.nlm.nih.gov/genbank/) was ampli-

fied with the primers A27L-NotI-F (59-GCTGCTAGCGGCCGCGAGG-
CTAAACGCGAAG-39) and A27L-XhoI-R (59-CCCTCGAGTGGGTTA-
CTCATATGGACG-39) to generate a 276-bp fragment that lacks the first
28 aa from the original sequence. The chimeric gene fragment was gen-
erated by digesting with NotI followed by ligation. The fusion gene
fragment was then inserted into pGEX-6p-1 plasmid to produce pGEX-
CS14K plasmid.

Recombinant protein construct and protein isolation

The recombinant proteins were purified from Escherichia coli strain
DH5-a. The starter culture was diluted 1:100 in fresh Luria-Bertani media
and allowed to grow at 37˚C until the OD600 reached 0.7, following which
isopropyl b-D-thiogalactoside was added to a final concentration of 1 mM.
The culture was then incubated in an orbital shaker at 18˚C and 200 rpm
for 24 h. After the incubation, the cells were harvested and the pellet was
suspended in extraction buffer (50 mM Tris-HCl [pH 7.5], 250 mM NaCl,
1 mM EDTA and protease inhibitor tablets; Roche). The cells were then
lysed with lysozyme, added to a final concentration of 1 mg/ml, and in-
cubated on ice for 20 min. Following lysozyme treatment, 1% Sarkosyl
detergent and 1% Triton X-100 was added and incubated at 37˚C for 10
min. Clarified supernatant from the lysis was incubated with glutathione-
Sepharose 4B beads at 4˚C overnight. The beads were then washed using
three washes with wash buffer I (extraction buffer with 0.5% Triton X-114)
and three with wash buffer II (extraction buffer with 0.1% Triton X-114)
followed by two washes with extraction buffer. The purified protein was
then eluted with 20 mM reduced glutathione. The protein was desalted
using an Amicon centrifugal concentrator and the protein concentration
was determined using Bradford reagent. The GST tag from the protein
was cleaved using PreScission protease (GE Healthcare) according to
the manufacturer’s protocol. The proteins were tested for LPS contami-
nation using a chromogenic Limulus amebocyte lysate kit (QCL-1000;
Lonza), which was maintained at ,2 endotoxin units per microgram of
protein.

Neutralization assay

Sera from immunized rabbit were inactivated at 56˚C for 30 min, following
which 2-fold serial dilutions of the serum were made and incubated with
200 PFU MVA at 37˚C for 1 h. Afterwards, confluent DF-1 cells were
infected in triplicate and were visualized by immunostaining with anti-WR
serum after 48 h. As a control, nonimmune serum from nonimmunized
animals was used. The number of plaques obtained from each serum di-
lution was normalized to this control value.

Nitrite measurement

NO synthesis was measured by estimating the levels of nitrite present in the
supernatant. Briefly, J774 cells were stimulated with proteins. For in vivo
nitrite analysis, 106 splenocytes from vaccinated animals, sacrificed
53 d after boost, were treated with 5 mg/ml CS protein. Nitrite accumu-
lation was measured by treating 50 ml supernatant with 50 ml Griess re-
agent I (1% sulfanilamide solution in 2.4 N HCl) for 10 min in dark
followed by the addition of 50 ml Griess reagent II (0.1% naph-
thylethlyenediamine in 2.4 N HCl) for 10 min. The assay was read by a
spectrophotometer at 540 nm.

RNA extraction and RT-PCR

Total RNA was extracted from cells treated with respective proteins for
24 h, using a RNeasy Mini kit according to the manufacturer’s instruc-
tions. Analysis of RNA was carried out using RT-PCR as described in the
kit for reverse transcriptase (Invitrogen). Briefly, 1 mg RNA was reverse
transcribed into cDNA using oligo(dT) primers (Invitrogen). For relative
quantitative PCR, 2 ml cDNAwas used as a template with primers specific
for inducible NO synthase, IL-12p40, and GAPDH (23). All the experi-
ments were done in triplicates and the bands from gel electrophoresis were
quantified using Adobe Photoshop CS4.

Confocal microscopy

Immunostaining was carried out as described previously (24). Briefly, after
fixation (30 min; 4% formaldehyde in PBS; 37˚C), permeabilization in
0.1% Triton X-100 (Sigma-Aldrich), and blocking with 10% FCS in PBS,
cells were incubated with primary Ab (anti-CS Ab, 1:500; C3-anti-14K,
1:400; NF-kBp65, 1:500) along with DNA staining dye, DAPI (1:200), for
1 h at room temperature. Following extensive washing with PBS secondary
Abs (Alexa 546 goat anti-mouse and Alexa 488 goat anti-rabbit, 1:500)
were applied for 1 h at room temperature. The slides were washed three
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times with PBS and mounted in ProLong antifade medium and analyzed
with a Bio-Rad Radiance 2100 confocal laser microscope.

Animals and immunizations

All animal procedures were approved by the Ethical Committee of Animal
Experimentation of Centro Nacional de Biotecnologia (Consejo Superior de
Investigaciones Cientificas). Female BALB/C mice (H-2d), 6–8 wk old,
were obtained from Harlan U.K. A standard immunization protocol based
on a heterologus prime–boost approach designed in the laboratory was
followed (25). In short, animals were primed with DNA (100 mg; DNA-CS
or empty DNA-f) or protein (20 mg; CS or CS-14K) via intradermal route
and were boosted after 2 wk with 2 3 107 PFU respective sucrose-purified
viruses (MVA or MVA-CS) through i.p. injection. All the preparations
were made in endotoxin-free PBS.

P. yoelii sporozoite challenge study

Challenge experiments were performed as previously described (26).
Briefly, sporozoites were obtained from the salivary glands of Anopheles
stephensi mosquitoes. Two weeks after boost, mice were challenged with
2 3 104 sporozoites via i.v. route through the tail vein. After 42 h, animals
were sacrificed and levels of P. yoelii 18S rRNA levels were assessed
by quantitative RT-PCR. To determine sterile protection 2 wk after im-
munization, mice were challenged i.v. with 300 P. yoelii sporozoites.
Parasitemia was monitored by performing daily blood smears from days 3
to 21.

ELISA and Ab avidity

Abs present in the serum of immunized animals were determined using
ELISA as previously described (25). Purified CS protein was coated to
the 96-well Nunc MaxiSorp plates at a concentration of 2 mg/ml in
coating buffer (NaHCO3/Na2CO3) at 4˚C overnight. Bound Abs were
detected using 1:2000 dilution of alkaline phosphate-conjugated goat
anti-mouse Ab total IgG or IgG1 or IgG2a (SouthernBiotech, Birming-
ham, AL). Plates were developed by adding TMB substrate (Sigma-
Aldrich) and stopping the reaction with 1 M H2SO4. OD was read at
450 nm. Endpoint titer values were determined as the last positive di-
lution of serum giving an absorbance value 3-fold higher than naive
serum. For analyzing the avidity of Abs, an initial serum dilution that
gave an absorbance of 2.7 ELISA units was selected. Following incu-
bation, with serum, the Ag/Ab interaction was disrupted using a range of
dilutions from 0 to 5 M urea (Invitrogen) in Tris-HCl (pH 8.0) for 15 min
before the addition of secondary Ab. EC50 was then calculated by lin-
ear regression (R2 = 0.99) between 1 and 5 M urea concentration (log of
50% reduction, 1.699).

IFN-g ELISPOT analysis

Fresh IFN-g ELISPOT analysis was carried out as previously described
(27).

Multiparameter flow cytometry

Flow cytometry and intracellular cytokine staining analysis were performed
to detect the different phenotype of lymphocytes secreting cytokines, as
reported previously (25). Briefly, 43 106 splenocytes were stimulated with
1 mg/ml CD8+ peptide, PyCS280–288 (SYVPSAEQI), with GolgiPlug (BD
Biosciences) for 6 h in a 96-well plate. The cells were then washed and Fc
receptors were blocked using anti-CD16/CD32, following which the cells
were stained with surface-specific mouse Abs, namely CD4-Alexa 700,
CD3-FITC, and CD8-PerCP for adaptive response studies, or CD8-FITC,
CD44-PeCy5, and CD62L-PE for memory studies. Cells were per-
meabilized using the BD Cytofix/Cytoperm kit (BD Biosciences) and
were stained for intracellular cytokines IFN-g/allophycocyanin, IL-2/PE,
and TNF-a/PeCy7 for adaptive response or with IFN-g/PeCy7, IL-2/allo-
phycocyanin, and TNF-a/PE for memory response. A million cells were
then passed through an LSRII flow cytometer (BD Biosciences) and the
data were analyzed with FlowJo (Tree Star) and Spice (version 5.0). Ap-
propriate controls were used and the values from unstimulated samples
were subtracted.

Statistical Analysis

Statistical analysis was performed using Minitab for Windows. For
ELISA, to determine the differences between groups we performed
a linear regression of the logarithmic absorbance versus the logarithmic
dilution, removing those samples clearly not following a linear trend (R2

. 0.98). We then computed the logarithmic dilution at which this re-
gression line was crossing the threshold given by twice the absorbance of

the control values for that mouse. Doing this for the four mice we have
four estimates of the logarithmic dilution beyond which the absorbance is
smaller than twice the absorbance given by the control. We will refer to
this value as the critical logarithmic dilution. Finally, we compared with
a Student t test the hypothesis that the critical logarithmic dilution be-
tween the groups. For intracellular cytokine staining and ELISPOT,
statistical analysis was done based on a previously described method
(25). Briefly, we developed a novel method for analysis by correcting the
control values (RPMI 1640) for determining standard deviations and
p values for the samples.

Results
14K fusion aids CS protein aggregation

To investigate the effects of 14K conjugation with CS, we deter-
mined the structural organization of CS protein and its reactivity
against Abs generated from P. yoelii sporozoites. With the aim of
improving the immune response against CS, we removed the GPI
motif (28) and signal sequence in the CS and fused it with the 14K
protein after deleting the first 28 aa from A27, which is respon-
sible for producing neutralizing Abs against vaccinia virus (Sup-
plemental Fig. 1A). Abs generated against CS14K did not neu-
tralize the infectivity of MVA as seen by neutralization assay
(30–36 spots/well) (Supplemental Fig. 1B). Using SDS-PAGE
analysis under reducing and nonreducing conditions, we evalu-
ated the oligomerization/aggregation status of recombinant pro-
teins and their reactivity with a CS-specific mAb obtained after
immunization with sporozoites (Fig. 1A, 1B). Under reducing
conditions CS14K has a molecular mass of ∼60 kDa, compared
with ∼50 kDa for CS, whereas under nonreducing conditions
CS14K has a size apparently .250 kDa, in contrast to 50 kDa
for CS. Additional experiments by analytical ultracentrifugation
revealed that CS14K protein has a main sedimenting species with
a standard s value of 4.3 6 0.1, which is compatible with a
moderately elongated protein dimer (calculated frictional ratio
f/f0 = 1.8). The CS14K has high tendency to form oligomers/
aggregates (data not shown). To determine the kinetics of CS
expression by the vector MVA-CS, we performed time-course
analysis of cells infected with the MVA recombinant expressing
CS (Fig. 1C). We observed that after infection with MVA-CS,
CS was detectable 2 h postinfection, and these expression levels
remained elevated up to 6 h postinfection. Next, to determine
whether CS expressed by MVA undergoes posttranslational
modifications, we incubated infected cells in the presence of
tunicamycin and observed that most of the CS expressed in the
virus-infected cells was glycosylated, as indicated by the reduced
intensity of the protein bands (Fig. 1D). We also investigated
whether there was any difference in the localization of proteins in
macrophages expressed by virus or upon transient transfection. To
study the subcellular localization of full-length CS during infec-
tion with MVA-CS, J774 cells were infected at a multiplicity of
infection of 5 PFU/cell for 18 h. We observed that MVA-CS
expresses CS as punctuated spots with complete cytoplasmic
spread (Supplemental Fig. 1C). In contrast, when macrophages
were transfected with DNA encoding CS and CS14K, we observed
that CS and CS14K were strongly localized with the nuclear en-
velope of the cell.
Taken together, these data show that the 14K (A27L) protein of

vaccinia virus when fused to CS protein of Plasmodium is able to
form oligomers/aggregates displaying an apparent molecular mass
of .250 kDa compared with its monomeric CS counterpart of 50
kDa. A moderately elongated protein forming oligomers/aggre-
gates was observed when CS14K protein was run under nonre-
ducing conditions by analytical ultracentrifugation. The lower
band that we see in the immunoblot under reducing condition is
the cleaved CS14K protein. We therefore sought to investigate
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a possible biological effect on the immunogenicity of CS protein
when fused with A27.

CS14K protein modulates innate immune responses in
macrophages

Fusion of Ags to immunomodulatory fragments such as TLRs
(5) or to complement proteins (29), which is aimed at improving
immunogenicity by aggregation of proteins or by exploiting the
innate immune signaling of macrophages, is an intense area of
research. Because fusion of 14K protein to CS facilitates its ag-
gregation, we sought to investigate whether this could also mod-
ulate the innate immune responses in macrophages.
Ability of macrophages to induce NO to inhibit the growth of

parasite has been well documented (30); therefore, we sought to
evaluate the ability of the fusion protein to induce NO production.
When comparing the NO levels in supernatant of J774 cells
treated with fusion protein or normal protein, it was apparent that
only CS14K resulted in NO production (Fig. 2A). However, when
the cells were stimulated with proteins along with recombinant
IFN-g, elevated levels of NO were found in all samples, regardless
of the presence of additional proteins (data not shown). Further
analysis revealed a significant increase in NO (p = 0.044) and IL-
12p40 (p = 0.05) mRNA levels in CS14K-treated macrophages
compared with CS protein treatment (Fig. 2B). We next investi-
gated the effects of proteins on IL-6 and TNF-a secretion, given
their possible role in controlling pre-erythrocytic stages of ma-
laria. Chimeric protein was able to induce a significant increase in
IL-6 in macrophages (Fig. 2C). Although not statistically signifi-
cant, we also observed increased TNF-a production at 24 h with
CS14K treatment.
Given the significance of TLR activation and the induction of

type I IFN, experiments focused on the analysis of the downstream
molecules involved in IFN signaling such as IFN regulatory factor
(IRF)-3 and STAT-1 were performed. To determine whether there

are differences between CS and CS14K, human macrophage
THP-1 cells were stimulated and harvested at different time intervals
and probed with phospho-Abs against STAT-1 and IRF-3 (Fig. 2D).
It is notable that CS14K was particularly effective in activating
STAT-1 and IRF-3. To ensure that the activation of STAT-1 and
IRF-3 is not influenced by any dsRNA contamination, the cells
were stimulated with proteins previously digested with RNAse III
(Supplemental Fig. 2).
NF-kB, an important transcription factor responsible for acti-

vating several genes involved in innate immune signaling in
macrophages, has been shown to be blocked by CS protein (11).
Therefore, we analyzed whether CS14K could overcome this
constraint. Although both CS and CS14K proteins led to early
degradation of IkB (Fig. 2E), the movement of p65 into the nu-
cleus was inhibited (Fig. 2F).
In summary, these data establish that the fusion of A27 protein to

CS could alter the innate immune responses in macrophages by
STAT-1 and IRF-3 activation without the involvement of NF-kB,
which possibly resulted in increased levels of NO, IL-6, and IL-12
production, suggesting signaling via the TLR4 pathway. CS14K
was also able to activate higher levels of CD54, a marker for
macrophage activation (data not shown). We therefore sought to
investigate whether such a response could alter the immunoge-
nicity of the protein in vivo.

CS14K fusion protein priming arms the humoral responses
in vivo

It is well established that a strong Ab response against CS corre-
lates with higher protection in many animal and human models (31,
32). The magnitude, isotype, and systemic availability of the Ab
produced are important parameters that govern the control of
parasites and help to resolve disease (33, 34).
Two weeks after the final phase of the prime–boost vaccination

protocol described inMaterials and Methods, quantitative analysis

FIGURE 1. Biophysical and biochemical properties

of recombinant proteins: Coomassie blue-stained SDS

page and immunoblot with mAb against CS (NYS1;

1:1000 dilution) of 1 mg recombinant (A) CS protein or

(B) CS14K protein, under reduced (R) and nonreduced

(NR) conditions. Western blots of DF-1 cells infected

with MVA-CS virus at 1 MOI for (C) 2, 6, and 8 h or

for (D) 16 h in the presence and absence of 10 mg/ml

tunicamycin and probed with NYS1 Ab.
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of the Abs produced showed that priming with CS14K chime-
ric protein followed by MVA-CS induced significantly higher
titers of Abs than mice primed with DNA-CS or CS protein alone
(Fig. 3A). The Ab titers of CS14K-primed group was 2-fold
greater than the CS-primed group (p = 0.008) and 8-fold more
than in the DNA-CS–primed group (p = 0.002). Even 53 d after
boost, the Ab levels in all of the immunized groups were main-
tained at similar levels except for DNA-CS, which showed a re-
duction by 1 log (data not shown).
Further analysis of IgG isotype switching showed that fusion

protein induced a higher IgG1 response whereas the DNA-
vaccinated group showed a predominance of IgG2a response.
The levels of IgG1 (p = 0.012) and IgG2a (p = 0.030) induced
by the fusion protein-primed group were almost double those of
the CS-primed group (Fig. 3B). Finally, we sought to determine
whether the vaccination with chimeric protein affected the avidity
of the CS-specific Abs. The Abs from mice primed with CS14K
showed higher avidity (EC50 = 4.2 M urea) whereas those primed
with DNA-CS (EC50 = 2.3 M urea) or CS (EC50 = 2.5 M urea)
protein had lower affinity (Fig. 3C). Taken together, these data
indicate that priming with proteins, as compared with DNA alone,
enhances levels of Abs against CS. Additionally, priming with
CS14K not only increases the overall production of Abs but
appears to induce a more balanced production of high-affinity
IgG1 and IgG2a Abs.
Having established that CS14K can mediate the induction of

NO in cultured macrophages, we sought to assess the ability of
splenocytes from vaccinated mice to respond to purified CS protein
by evaluating NO production. Consequently, splenocytes harvested
from animals receiving a different prime–boost vaccine regimen
53 d after boost were stimulated with 5 mg/ml purified CS protein
for 48 h. Mice that were primed with DNA-CS showed no de-

tectable NO. Alternatively, mice that received proteins as priming
agents were able to induce NO production (Fig. 3D). Whereas CS
protein was able to increase NO by low levels, CS14K increased
NO production by 4-fold (p = 0.001). These data indicate a re-
duced capability of CS-based vaccination to induce NO compared
with CS14K. The unique nature of CS-based malaria vaccines to
induce NO has not been reported before. Thus, the fusion of
oligomerization domain of 14K protein to CS improves the hu-
moral arm of immune responses against the Ag along with in-
creased production of NO.

CS14K generates durable and polyfunctional CS-specific
CD8+ T cells in mice

Given the critical role of 14K fusion in aggregating CS protein and
the enhancement of innate immune responses, we examined the
influence of these factors may have on the development and
maintenance of CD8+ T cells in vivo.
After mice were immunized, they were sacrificed on day 14 to

study the adaptive immune response and on day 53 for memory
analysis. Efficacy of the vaccination regimen was analyzed using
an IFN-g–based ELISPOT assay and multiparameter flow cytome-
try. The fusion protein significantly improved the CS-specific IFN-g–
secreting cells (p, 0.05) compared with other vaccine regimes (Fig.
4A, 4B). We characterized the immune responses in terms of
polyfunctionality, CD8+ T cells specific for the peptide 280–288
of P. yoelii CS protein, secreting IFN-g, TNF-a, IL-2, or any
combination among these three cytokines. A clear dominance in
CD8+ T cell-secreting cytokines was seen in CS14K-primed group
of animals over CS protein (2.2-fold)- or DNA-CS (4.3-fold)-
primed groups (Fig. 4B) at day 14 after boost. Clearly, cells that
secreted IL-2 were associated with triple cytokine-producing cells.
Vaccine regimen involving DNA-CS priming resulted in single- or

FIGURE 2. Modulation in innate immune sensing

of CS14K by macrophages: fusion protein can acti-

vate innate sensing in macrophages. THP-1 or J774

macrophage cells were stimulated with 5 mg/ml pro-

teins or as positive control with 1 mg/ml LPS. (A)

Induction of NO by proteins in macrophages. Nitrite

accumulation in the supernatant was determined after

48 h protein treatment in J774. (B) Semiquantitative

RT-PCR analysis of NO and IL-12p40 expression.

RNAwas extracted and the corresponding cDNAwas

obtained as mentioned in Materials and Methods.

Proportionate volume of amplified DNA was run on

8% agarose gel. (C) Cytokine analysis by Luminex

assay. Supernatants were collected after 6 and 24 h

treatment. Cytokine levels in the supernatant were

measured by Luminex. (D) CS14K induces IRF-3 and

STAT-1 phosphorylation: 2 3 106 THP-1 cells were

stimulated with proteins, following which the samples

were collected at different time intervals and probed

with phospho-Abs against IRF-3 and STAT-1. Nor-

malization was carried out using total STAT-1 and

IRF-3 Abs (1:1000). (E and F) Proteins inhibit NF-kB

activation: proteins block the movement of p65

(mouse anti-p65 NF-kB Ab p65, 1:500) into the nu-

cleus in J774 macrophages inspite of IkB degradation.

Images were acquired at363 objective magnification.

Data are expressed as mean 6 s.e. of triplicate ob-

servation and are representative of two independent

experiments. *p , 0.05, **p , 0.005.
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double-positive cells and did not induce any triple-positive pop-
ulation. In contrast, animals receiving protein prime were able to
induce IFN-g+TNF-a+IL-2+–secreting cells with CS14K bringing
an ∼3.6-fold increase over CS. Additionally, CS14K significantly
increased double-positive IFN-g+TNF-a+ over both CS protein
and DNA-CS priming.
To study memory responses, the CD8+ T cells were classi-

fied into central memory (CD44highCD62Lhigh), effector cells
(CD44highCD62Llow), terminally differentiated memory effector
memory cells (CD44lowCD62Llow), and naive cells (CD44low

CD62Lhigh) (35, 36). Upon analyzing memory responses on day
53 and also on day 120 (data not shown), we observed rapid
proliferation of the peptide-specific effector CD8 T cell pop-
ulation. Interestingly, the frequency of cells secreting IFN-g was
maintained even during the memory stage by CS14K priming
compared with other groups (Fig. 4C). In terms of poly-
functionality, priming with fusion protein had a significant in-
crease in the triple-positive (IFN-g+TNF-a+IL-2+) and double-
positive (IFN-g+TNF-a+) population of cytokine-secreting cells
over both DNA as well as CS protein (Fig. 4D). Most of the
single-positive cells were dominant for TNF-a. A 3.5-fold in-
crease in IFN-g+TNF-a+IL-2+–secreting cells by the CS14K-
primed group over the CS protein-primed group and a nearly
14-fold increase over the DNA-CS–primed groups was seen. A
clear hierarchy in CS peptide-specific total CD8 cells secreting
cytokines was observed when priming was carried out with
CS14K (Fig. 5A). Mice immunized with proteins showed signif-

icant increase in magnitude of cytokines released over DNA-CS
priming. Indeed, priming with CS14K protein rather that CS pro-
tein led to a 2-fold increase in total IFN-g (p , 0.05) and TNF-a
(p , 0.0005) in addition to the 3-fold increase in IL-2–secreting
cells (p , 0.05). Interestingly, all of the positive CD8 T cells
produced by the vaccine regimen had a phenotype resembling
either T effector cells or terminally differentiated effector memory
cells. To extend the immune analysis, we evaluated the amount of
IFN-g or TNF-a secreted by the different populations based on the
mean fluorescence intensity (MFI) calculation (Fig. 5B). We ob-
served that, irrespective of priming agent, most of the IFN-g was
produced by IFN-g+TNF-a+IL-2+ or IFN-g+TNF-a+ cells with a
similar pattern for TNF-a. The lack of CM CD8 T cells could be
explained by the fact that upon exposure to peptide stimulus most
of the CM cells rapidly acquired effector memory characteristics.
These data indicate that proteins are able to prime to a higher
extent an effective long-term CD8 T cell response than does DNA.
The enhanced CD8 T cell responses in mice immunized with
CS14K rather that CS is due to the adjuvant-like effect of the
unique A27 element.

CS14K fusion protein abrogates the liver stage development of
parasites when challenged with sporozoites

Given that polyfunctional CD8+ T cell responses in addition to
high-avidity Abs are crucial in enhancing protection against par-
asite infection, and also that CS14K improved both adaptive and
memory immune responses, compared with CS or DNA-CS

FIGURE 3. Chimeric protein generates elevated

levels of high-avidity Abs in addition to NO. (A) Total

IgG serum Ab responses against CS protein as mea-

sured by ELISA. (B) IgG isotypes induced by immu-

nizations. Levels of IgG1 and IgG2a Abs generated by

the vaccine regimes are shown. Control groups rep-

resent the animals receiving empty DNA or PBS for

priming and MVA as boost. (C) Avidity indices of the

Abs against CS protein. The avidity index was arbi-

trarily considered as the molarity of urea required to

reduce the initial absorbance by 50% (i.e., log10
50% = 1.69). (D) Splenocytes from vaccinated groups

harvested after 53 d after boost were incubated with 5

mg/ml recombinant CS protein for a period of 48 h.

Amount of NO in control groups was deducted from

DNA-CS– and protein-primed groups. Data are

expressed as means 6 SEM of triplicate observation

(n = 4 mice/group) and are representative of two in-

dependent experiments. *p , 0.05, **p , 0.005,

***p , 0.0005.
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priming, we sought to investigate the efficacy of immunization
against sporozoite challenge. Protection was evaluated by mea-
suring levels of P. yoelii 18S rRNA in liver and also by deter-
mining parasitemia in sporozoite-challenged animals. To in-
vestigate the protective capacity of this subunit vaccine, groups
of mice were immunized in various prime–boost protocols (Fig.
6). We show that a heterologus protein prime/vaccinia virus boost
regimen was found to be more effective than a homologous pro-
tein prime/protein boost regimen, and a 32% reduction in the liver
stage burden of parasites was observed in mice receiving CS14K
(CS14K/CS14K) compared with CS (CS/CS) protein. Further-
more, a MVA-CS boost significantly lowered the parasite levels in
the liver. Moreover, the CS14K protein priming followed by
MVA-CS resulted in a near complete inhibition (∼99.9%; p ,
0.005) of parasite development in liver compared with CS protein
and DNA-CS (Fig. 6).
To evaluate whether protection from liver-stage parasites in-

duced by CS14K/MVA prime–boost can prevent the development
of blood stages, mice were challenged with 300 live P. yoelii
sporozoites and monitored until patency. Importantly, none of the
vaccinated animals developed blood stages from days 3 to 21 of
daily follow-up after challenge with sporozoites (Table I).
Thus, priming with CS14K protein in combination with a boost

by MVA-CS is a highly effective vaccine regimen against murine
malaria liver stage parasites. A proposed mechanism is shown in
Fig. 7.

Discussion
In this study, we report a novel approach in designing effective
protein vaccines based on the fusion of 14K (A27) protein of

vaccinia virus with a model Ag, CS of P. yoelii, for developing an
effective vaccination regimen based on protein prime/vaccinia
virus boost against murine malaria. An obvious advantage of
this vaccine strategy is the concomitant increase in both CS-
specific humoral and CD8+ T cells up to 4 mo. By comparing
CS14K protein with other priming agents such as CS- and DNA-
CS–based vaccines, we showed the correlation between the im-
mune responses generated and protective efficacy generated in
the murine malaria model.
In this study, we showed that the fusion of 14K protein with

CS results in a protein with high tendency to form oligomers/
aggregates of CS14K, which, in turn, enhanced the immune re-
sponse profile leading to protection against murine malaria. Pre-
vious studies have demonstrated the differences in CS-specific
T cell proliferation using recombinant soluble CS protein, viable
sporozoites, or heat-killed sporozoites (37). This could explain the
enhancement of polyfunctional T cells and Abs when animals are
primed with chimeric protein rather than CS, which contains
lower amounts of CS aggregates. An obvious advantage of this
chimeric protein is the incorporation of near full-length CS protein
containing both B and T cell epitopes whose presentation would
be enhanced as a result of aggregation. Additionally, the use of
viral vaccinia vectors for boosting could further enhance the de-
velopment of long-term effector CS-specific T cells. In Fig. 6, we
show how the vaccine regimen based on CS14K prime/MVA-CS
boost inhibits the liver stage development of the parasite in mice
when challenged with a high dose of sporozoites. When we cal-
culated the CT value of individual mice in each group we found
that for the CS14K/MVA-CS group the values were well .35, the
reference value in naive mice (indicated as dotted lines in Fig.

FIGURE 4. Enhanced immunogenicity of vaccine regimen based on chimeric protein. BALB/c mice were primed intradermally with DNA or proteins

and boosted with i.p administration of 23 107 PFU MVA-CS after 2 wk. Splenocytes were stimulated with CS peptide SYVPSAEQI. The primary immune

responses were analyzed on day 14 by (A) IFN-g ELISPOT assay and (B) CD8+ cells secreting IFN-g, TNF-a, and IL-2 by polychromatic flow cytometry.

Memory responses were analyzed on day 53 after boost (C) IFN-g ELISPOT assay and (D) memory CD8 analysis using CD44 and CD62L memory

markers. Pie charts represent the polyfunctionality of CD8+ T cells secreting single, double, and triple cytokines. Data are expressed as means 6 SEM of

triplicate observations (n = 4 mice/group) and are representative of two independent experiments. *p , 0.05, **p , 0.005, ***p , 0.0005.
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6). This suggests that the mice in this group did not have any
parasite in the liver. Moreover, given that sterile protection is the
target of pre-erythrocytic vaccines, we showed that CS14K/MVA-
CS prime–boost prevented the development of blood stage para-
sites (Table I). The maintenance of both cellular and humoral
responses even after 4 mo indicated the strong nature of the vac-
cine regimen used in this study.
Besides protein aggregation, another mechanism that could

explain the enhanced immunogenicity of CS14K is its ability to
activate type I IFN signaling. Given that an early activation of
innate immune responses curbs the pre-erythrocytic development
of parasites (38, 39), activation of type I IFN signaling by fusion
protein further validates its use as a priming agent. Indeed, acti-
vation of type I IFN signaling by the chimeric protein did result in
elevated levels of cytokines belonging to this family such as IL-6,
TNF-a, and IL-12. It is thought that the parasiticidal action of

TNF-a in hepatocytes is mediated through the synthesis of IL-6
(40). Furthermore, engaging TLRs is critical in developing anti-
malarial immunity, which could be explained by the poor immu-
nogenicity of RTS,S without a strong adjuvant such as AS01E,
a TLR4 agonist (41). A recent study also shows the importance
of TLR signaling for effective development of protective Abs
to Plasmodium (42). This is in agreement with our study, which
shows how enhancement in STAT-1 and IRF-3 by CS14K sug-
gested a role in TLR4 activation (Fig. 7), resulting in improved
immunogenicity and inhibiting the liver stage development of the
parasite (43, 44).
It is known how parasites such as Leishmania and Plasmodium

downregulate synthesis of NO (45). Our study shows the inherent
capacity of chimeric protein to enhance the production of NO both
in vitro and in vivo. Because neither CS nor 14K protein alone
could induce NO, it seems reasonable to conclude that the CS14K

FIGURE 5. Polyfunctionality related to increased cytokine production by CS14K induced memory CD8+ T cells: characterization of memory CD8+

T cells. (A) Representation of total CS peptide specific CD8 cells were gated on CD44 and CD62L cell surface markers represented on left-hand side of the

diagram. Total CD8 responses for each group are represented inside the box. Different populations of memory CD8 cells secreting different cytokines are

represented on the right-hand side with their respective total responses as depicted insdie the box. (B) MFI of IFN-g and TNF-a produced by different

polyfunctional population of effector memory CD8+ T cells (n = 4 mice/group).
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protein aggregation is responsible for NO induction. The persis-
tently elevated levels of NO at 53 d after vaccination with chi-
meric CS14K protein compared with priming with DNA-CS or
protein alone suggest that differences exist in the processing of
these Ags by APCs. Additionally, early production of NO has
been proposed to be required for proliferation of CD8+ T cells
against the parasite (46). In conclusion, fusion of 14K to CS leads
to a more favorable immunogenic milieu to enhance the efficacy
of the vaccine.
Protective immunity against malaria associates with circulating

IgG Abs against CS (47). Previous studies have also shown the
ability of fusion proteins to induce strong humoral responses
based on their ability to form large molecular mass aggregates
(20). Similar to the CS14K priming approach presented in this
study, the malaria vaccine in the latest stages of clinical trials,
RTS,S, is also dependent on a higher magnitude of Abs belonging
to the IgG1 subclass (48). Vaccine studies based only on DNA-CS
vaccination lacking the GPI anchor improve protection up to 95%
based only on Ab titers (49). Also, the serum Ab titers obtained by
fusion protein priming are much higher than those obtained in
presence of strong adjuvants such as Freund’s adjuvant (50).

However, unlike vaccination with DNA-CS or protein alone,
vaccination with the CS14K fusion protein results in the con-
comitant induction of high levels of both IgG1 and IgG2a Abs,
and this could be beneficial in providing protection against
malaria. The chimeric protein proved to be superior in inducing
high-avidity Abs against CS comparable to those achieved by
using nanoparticle-based CS peptide vaccination (51). High-
avidity Abs produced by the chimeric protein could be due to
the unique folding pattern attained by CS14K protein resulting in
exposure of other potent epitopes. These data have important
implications in the choice of Ags designed to induce Ab responses
against malaria.
CD8+ T cell responses against CS protein are known to be an

important factor in the development of sterile immunity using ir-
radiated sporozoites (52). A role of CD8+T cells in subunit vac-
cine-induced protection against malaria was initially established in
a heterologus prime–boost approach with flu and vaccinia virus
vectors expressing CS (53).Vaccine regimes based on DNA as well
as protein prime followed by vaccinia boost have shown to induce
CS peptide-specific CD8+ T cell responses (15, 54). The ability of
the CS14K regimen to produce significantly elevated levels of
IFN-g and TNF-a single-positive– as well as double-positive–se-
creting CD8 T cells even after 53 d makes it a suitable vaccine
candidate. We also report a shift in polyfunctionality of CD8
T cells secreting all three cytokines produced by chimeric protein,
which may be effective in controlling the growth of parasites.
Furthermore, the ability of CS14K vaccine regimen to induce
a large amount of TNF-a has an added advantage because it is
known to be an important cytokine for the maintenance of
memory CD8 T cells in malaria (55). The concomitant increase in
TNF-a by CS14K could also contribute to elevated NO and Ab
responses (56, 57). The need for IL-12 in the development of
effective adaptive responses is in agreement with our study, which
shows the ability of CS14K protein to prime an enhanced T cell
response (58). The data from MFI studies show that double- or
triple-positive populations are better in producing elevated levels

FIGURE 6. Strong inhibition of liver stage parasite development by

CS14K. Mice were immunized as described in Materials and Methods.

Two weeks after boost animals were challenged with 2 3 104 P. yoelii

sporozoites through i.v. route via tail vein. After 42 h, the amounts of

parasites in the liver were estimated by measuring the number of copies of

18S rRNA by RT-PCR. The dotted line represents the minimum detectable

levels by the highly sensitive quantitative RT-PCR (26). Data are expressed

as means 6 SEM (n = 6 mice/group). *p , 0.05, **p , 0.005.

Table I. CS14K priming induces sterile protection

Priminga Boostingb Challengec
Protected/Challenged

(% Protected)
Prepatent
Period

CS14K MVA-CS 300 sporozoites 10/10 (100) —
PBS PBS 14 d after boost 0/10 (0) 4 d

aProtein (20 mg) administered intradermally.
bVirus (23107 PFU) administered i.p.
cChallenge via i.v. route.

FIGURE 7. Proposed TLR signaling mechanism by CS14K: a hypo-

thetical model of TLR4 signaling, pathway activated by fusion protein, in

a MyD88-independent fashion. Inhibition of p65 movement to the nucleus

by CS14K prevents the action of NF-kB while activation of IRF-3 and

STAT-1 leads to elevated levels of NO, IL-6, and TNF-a, which could

inhibit the growth of parasites.
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of cytokines, both of which are elevated by CS14K priming. The
low levels of CD8 responses against DNA-CS suggest that the
protective capability of this regimen may be based on the Abs
induced. The maintenance of such durable and polyfunctional
memory responses even after 4 mo of vaccination, taken together
with sterile protection, justifies the potent nature of A27 protein
fusion and its use for developing better malaria vaccines.
In recent years, many experimental CS-based vaccines have been

developed using novel adjuvants or by modifying the structure of
CS protein (Supplemental Fig. 3). The assessment of protective
capacity of vaccine regimen gave a good platform to study the
efficacy of chimeric protein generated by 14K fusion. Chimeric
protein prime–boost alone could inhibit the liver stage develop-
ment better than those attained by DNA-CS prime and MVA-CS
boost under a high challenge dosage. This could be explained by
the potent nature of the attenuated vaccinia viral boost (59).
Developing an effective pre-erythrocytic vaccine against ma-

laria is difficult because it requires high levels of both humoral and
cell-mediated immune responses. The role of CSPAbs in providing
protection is a much debated topic. However, the latest trial of
RTS,S vaccine does show that the protection could be mediated by
CSPAbs (60, 61). In this study, we describe an optimal prime–boost
approach using modified CS protein fused to the 14K protein of
vaccinia virus as priming and MVA-CS as a boost. This unique
approach is able to improve the magnitude and polyfunctionality
of both humoral as well as cell-mediated immune responses,
resulting in complete protection of vaccinated animals compared
with other experimental CS based vaccines (62–65). Additional
studies in primates could be performed using the chimeric protein
in prime–boost protocols. These data establish a ground for the
development of vaccines based on structural modifications of Ags
using the immunogenic molecules from vaccinia virus.
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