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Abstract

Introduction: Cellular and humoral immune responses are both involved in protection against 

Plasmodium infections. The only malaria vaccine available, RTS,S, primarily induces short-lived 

antibodies and targets only a pre-erythrocytic stage antigen. Inclusion of erythrocytic stage targets 

and enhancing cellular immunogenicity are likely necessary for developing an effective second-

generation malaria vaccine. Adenovirus vectors have been used to improve the immunogenicity of 

protein-based vaccines. However, the clinical assessment of adenoviral-vectored malaria vaccines 

candidates has shown the induction of robust Plasmodium-specific CD8+ but not CD4+ T cells. 

Signal peptides (SP) have been used to enhance the immunogenicity of DNA vaccines, but have 

not been tested in viral vector vaccine platforms.

Objectives: The objective of this study was to determine if the addition of the SP derived from 

the murine IgGκ light chain within a recombinant adenovirus vector encoding a multistage P. 
vivax vaccine candidate could improve the CD4+ T cell response.

Methods: In this proof-of-concept study, we immunized CB6F1/J mice with either the 

recombinant simian adenovirus 36 vector containing the SP (SP-SAd36) upstream from a 

transgene encoding a chimeric P. vivax multistage protein or the same SAd36 vector without the 
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SP. Mice were subsequently boosted twice with the corresponding recombinant proteins 

emulsified in Montanide ISA 51 VG. Immunogenicity was assessed by measurement of antibody 

quantity and quality, and cytokine production by T cells after the final immunization.

Results: The SP-SAd36 immunization regimen induced significantly higher antibody avidity 

against the chimeric P. vivax proteins tested and higher frequencies of IFN-γ and IL-2 CD4+ and 

CD8+ secreting T cells, when compared to the unmodified SAd36 vector.

Conclusions: The addition of the murine IgGκ signal peptide significantly enhances the 

immunogenicity of a SAd36 vectored P. vivax multi-stage vaccine candidate in mice. The potential 

of this approach to improve upon existing viral vector vaccine platforms warrants further 

investigation.
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1. Introduction

The life cycle of Plasmodium parasites is known for its complexity, and as a result, 

immunity to malaria infections in vertebrates relies on both humoral and cellular immune 

responses. Early passive transfer experiments demonstrated the protective role of IgG 

antibodies derived from malaria immune adults when used as a therapeutic intervention [1]. 

Clinical trials of sporozoite inoculation have revealed that IFN-γ producing T cells are 

associated with the protection from malaria [2]. Based on this evidence, a multistage vaccine 

capable of eliciting both cytophilic antibodies and antigen-specific T cells would likely 

enhance the protective efficacy of a comprehensive vaccination strategy.

The RTS,S/AS01 vaccine represents a significant breakthrough as the first P. falciparum 
malaria vaccine that has completed Phase 3 clinical trials [3]. However, RTS,S has reported 

low efficacy due in part to protection based primarily on antibodies against the 

circumsporozoite protein (CSP) central repeat region [4] present in pre-erythrocytic stage 

forms, which wane rapidly and require boosting immunizations to maintain efficacy [5]. The 

inclusion of erythrocytic stage targets to control parasites that evade liver clearance and 

enhancing cellular immunogenicity are likely necessary for developing an effective second 

generation of malaria vaccines.

Adenoviral vectored malaria vaccines have been able to improve the immunogenicity of 

protein-based vaccines [6–9] and induce protective Plasmodium-specific CD8+ T cells in 

pre-clinical and clinical studies [10–12], but low induction of CD4+ T cell suggests further 

improvements to adenoviral vectors should be investigated [11]. Recent studies examining 

the induction of CD4+ T cells following vaccination with an Ad5 vector have shown 

significantly lower frequencies of antigen-specific CD4+ T cells are induced when compared 

to acute infection, an effect that could be attributed to lower IL-2 signaling [13]. Increasing 

secretion or altering post-translational modifications of adenoviral transgene products might 

result in improved presentation of vaccine antigens to CD4+ T cells.
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Signal peptides (SP), also referred to as signal sequences, are short peptides (~20–30 

residues) that can influence the targeting pathway of the protein and promote protein 

secretion or specific post-translational modifications such as glycosylation [14]. As a result, 

SP from highly secreted proteins have been used to improve protein secretion levels of 

recombinant proteins in cell lines [15–17], as well as for ectopic expression of endogenous 

adenoviral genes [18]. Recently, the inclusion of an SP into a DNA vaccine targeting HPV 

oncogenes was found to induce potent cellular and humoral immune responses that 

protected against tumor challenge [19]. Of the signal peptides used to improve transgene 

expression, the sequence derived from the murine immunoglobulin kappa (IgGκ) light chain 

(METDTLLLWVLLLWVPGSTG), is one of the most well characterized [15–17].

We hypothesized that the addition of the signal peptide derived from murine IgGκ light 

chain upstream of a transgene delivered via a recombinant adenovirus vector would improve 

the CD4+ T cell response to the transgene product in comparison to vaccination with the 

same recombinant vector without the signal peptide [10]. Here we demonstrate that the 

addition of the murine IgGκ SP improves the immunogenicity of an adenoviral vectored P. 
vivax multistage vaccine [20, 21] in mice by significantly increasing IFN-γ and IL-2 

secretion by CD4+ T cells, and improving antibody avidity. To our knowledge, this is the 

first report of the insertion of a signal peptide sequence as part of an adenoviral transgene 

with the goal of improving the immunogenicity of an adenoviral vectored vaccine candidate.

2. Material and Methods

2.1. Viral vectors.

The DNA sequence encoding the hybrid cPvCSP/cPvMSP1 protein containing the C-

terminal six-His tag was codon-optimized for mammalian expression and incorporated into a 

pShuttle plasmid between the CMV promoter and BGH polyadenylation signal. The 

constructed plasmid was further modified to introduce the N-terminal SP into the hybrid 

cPvCSP/cPvMSP1 protein. The oligonucleotide duplex encoding IgGκ light chain SP was 

cloned into KpnI restriction site upstream of the cPvCSP/cPvMSP1 transgene resulting in 

additional three amino acids (Tyr-Pro-Thr) introduced between the signal peptidase 

consensus cleavage site and the first Met start codon of the cPvCSP/cPvMSP1 transgene. 

Both cPvCSP/cPvMSP1 or SP-cPvCSP/cPvMSP1 expression cassettes were excised with I-

CeuI and PI-SceI restriction enzymes and ligated to plasmid carrying the SAd36 genome 

using unique I-CeuI and PI-SceI restriction sites introduced in place of E1 region, as 

previously described [10, 22].The ligated DNA was transformed into E. coli strain, XL10-

Gold (Stratagene), to select the plasmids containing viral genomes carrying the CMV-driven 

cPvCSP/cPvMSP1 and SP-cPvCSP/cPvMSP1 expression cassettes. The constructed 

genomes were released from the plasmids by digestion with PacI restriction enzyme and 

were then transfected into HEK293 cells to rescue the replication incompetent SAd36 vector 

derivatives as described elsewhere [10]. Both vectors were upscaled in HEK293 cells and 

purified using double cesium chloride gradient centrifugation as previously described [23]. 

The purified vector preparations were dialyzed against PBS containing 10% glycerol, and 

viral particle (vp) titers were determined based on absorbance at 260 nm as described by 

Maizel et al. [24].
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2.2. In vitro viral vector culture and western blot analysis.

To assess the expression levels of cPvCSP/cPvMSP1 and SP-cPvCSP/cPvMSP1 transgenes, 

monolayers of A549 cells grown in 6-well plates were incubated for 1 hour with either 

vector at the multiplicity of infection (MOI) of 2,500 vp/cell. Infection medium (DMEM/

F-12, 1:1) containing 2% FBS was replaced with fresh culture medium containing 5% FBS 

and cells were incubated at 37°C and 5% CO2 for at least 48 hours to allow transgene 

expression. The samples of cell lysates and culture medium supernatants were collected and 

analyzed by Western blot using anti-six-His tag mAb Penta-His (QIAGEN) and polyclonal 

IgG purified from sera of rabbits immunized with the cPvCSP or the cPvMSP1 chimeric 

proteins (Convance Inc.).

2.3. Chimeric protein vaccine design and peptide pools.

We have previously described the synthetic genes encoding the chimeric P. vivax CSP 

(cPvCSP) [20] and the chimeric merozoite surface protein 1(cPvMSP1) [21]. These 

chimeric proteins include several promiscuous T cell epitopes (PTE) capable of binding to 

multiple human HLA alleles and at least one B cell epitope, with each region separated by 

GPGPG spacers to enhance stability. cPvCSP contains 1) two PTE from the C-terminal 

region of P. vivax CSP; 2) the conserved region I of P. vivax CSP; 3) VK210 type 1 repeat 

sequence variants, and 4) three copies of the 9-mer peptide representing the VK247 type 2 

repeat sequence variant [20]. cPvMSP1 includes 1) five PTE from PvMSP1; 2) an extended 

PvMSP119 fragment that includes two T helper epitopes derived from PvMSP133; and 3) six 

copies of the CSP repeat region NANP derived from P. falciparum included as a purification 

tag [21]. Production of the transgenes and proteins have been described previously [20, 21].

Peptide libraries containing 15-mer synthetic peptides, overlapping by 11 residues each and 

spanning the complete sequence of both cPvCSP and cPvMSP1 were commercially 

synthesized (Sigma-Aldrich), and used to characterize T cell reactivity to specific protein 

regions as described [20, 21]. The cPvCSP peptide library was separated into 4 pools, with 

pool A representing the first PTE in cPvCSP; pool B representing the second PTE and the 

region I; pool C representing the VK210 repeat sequences; and pool D representing the 

VK247 repeat sequences [20]. The two cPvMSP1 peptide pools represented the cPvMSP1 

PTE (pool 1) and the PvMSP-133 and the PvMSP-119 protein fragments (pool 2) [21].

2.4. Mouse immunizations.

Female CB6F1/J (H-2d/b) mice, aged 6–8 weeks were obtained from the Jackson Laboratory 

(Bar Harbor, ME) and housed in micro-isolation cages. We have previously assessed the 

immune response of six inbred mouse strains with different H-2 alleles to the cPvCSP 

protein and found that the chimeric protein was able to induce robust antibody responses in 

all of the strains tested [20]. Similar immunogenicity was also observed in both BALB/c and 

C57BL/6 mice in response to the cPvMSP1 peptide in previous assessments by our group 

[21]. The CB6F1/J mice were selected as a TH1/TH2 neutral strain to characterize the 

induction of CD4 response by vaccination, as the parent strains C57BL6 and BALB/c have 

been reported to be skewed to TH1 or TH2 responses, respectively [25]. All animal 

experiments and procedures were performed in accordance with guidelines and approved by 

the Emory University Institutional Animal Care and Use Committee. Two groups of 10 mice 
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were primed intramuscularly with 108 viral particles (v.p.) of either the SAd36-cPvCSP/
cPvMSP1 or the SP-SAd36-cPvCSP/cPvMSP1 vector diluted in PBS (Table 1). Mice were 

boosted on days 20, and 40 post-priming with 10 μg of each protein emulsified in Montanide 

51 ISA VG (Seppic) adjuvant subcutaneously. A group of 10 naïve mice was used as a 

control, as we have not found significant differences between naïve and adjuvant immunized 

mice. Mice were bled 24 hours before each immunization and 20 days after the final 

immunization (day 60) for determination of antibody responses. Five days after the final 

immunization, 5 mice per group were euthanized for flow cytometric analysis of T cell 

responses.

2.5. Serological Assays.

Total IgG antibody titers and IgG1 and IgG2a subclass titers against cPvCSP and cPvMSP1 

were determined via ELISA, as described previously [21]. Antibody avidity indices were 

determined using ammonium thiocyanate elution ELISA for each group using pooled sera, 

with each sample run in quadruplicate, as described previously [21]. The avidity index was 

calculated as the ratio between the antilog of the absorbance curves obtained with (x1) and 

without (x2) NH4SCN, following procedures described previously [21, 26]. Sera obtained at 

day 60 were pooled by group to evaluate antibody reactivity against native PvCSP and 

PvMSP1 via indirect immunofluorescence assay as described previously using pooled sera 

at a 1:500 dilution in PBS with 1% BSA [21].

2.6. Ex vivo stimulation with peptide pools and analysis of cytokine production by flow 
cytometry.

CD4+ and CD8+ T cells functionality was defined as their ability to produce IFN-γ, IL-2, 

and TNF-α. Flow cytometry analysis of ex vivo stimulated T cells derived from splenocytes 

obtained five days after the final immunization was performed as described previously [27]. 

Briefly, splenocytes were stimulated for 6 hours with 1 μg/ml of a single peptide pool, with 

GolgiPlug (BD Biosciences). Cells were Fc blocked (BD Biosciences) and stained with 

Live/Dead Fixable Yellow dye (Life Technologies) and anti-CD3, CD4, CD8, IFN-γ, IL-2, 

and TNF-α antibodies (BioLegend) according to the manufacturers’ protocol. Flow 

cytometry was performed using an LSRII cytometer (BD Biosciences) and analyzed with 

FlowJo V10.1 software. Cytokine positive cells were identified based on gating of 

unstimulated cells, with the threshold set above background. Cytokine production values for 

all cells that did not meet the threshold were set to zero. The sample gating strategy is 

provided in Supplementary Figure 1. Analyses of multifunctional T cell responses were 

performed using a Boolean analysis in FlowJo and data analysis in SPICE software [57].

2.7. Germinal Center B cell responses in draining lymph nodes after priming.

Mice (n=6/group) were immunized intramuscularly bilaterally into the quadriceps femoris 

muscles with the unmodified SAd36-cPvCSP/cPvMSP1 or Signal Peptide- SAd36-cPvCSP/
cPvMSP1 vectors at 108 v.p. for the assessment of germinal center B cell responses in 

draining lymph nodes 9 days after priming. Lymph nodes were removed [28], and one 

lymph node per mouse was processed for assessment via flow cytometry as described 

previously [29]. Lymphocytes were stained for viability, Fc blocked, and surface stained 

with anti-CD95 BV605 (clone SA367H8), anti-GL7 PE (clone GL7), and anti-B220 Alexa 
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Fluor 647 (clone RA3–6B2) antibodies (Biolegend) according to manufacturer’s 

instructions. Flow cytometry was performed using an LSRII cytometer (BD Biosciences) 

and analyzed with FlowJo V10.1 software. The germinal center B cell populations were 

identified as described previously [30], with FMO samples used to set gates for positive 

populations for CD95, B220, and GL7. A sample gating strategy is shown in Supplementary 

Figure 6.

Germinal centers were also visualized via immunofluorescent assay in tissue sections 

prepared from inguinal lymph nodes obtained from the same cohort of mice. Briefly, lymph 

nodes were frozen in optimal cutting temperature compound (VWR International) as 

described previously [31]. Frozen tissues were cut into four sections of 10 μ m. Sections 

were stained with unconjugated GL7 (clone GL7, Biolegend) and B220 (clone RA3–6B2, 

Biolegend) antibodies for chromogenic staining prior to staining of replicate sections with 

anti-B220 and GL7 fluorochrome-conjugated antibodies listed previously. Slides were 

visualized as described previously using an Olympus FV1000 confocal microscope and 

Olympus Fluoview V4.2 software for image capture [21, 30].

2.8. Statistics.

GraphPad Prism Software V5.0 was used to perform statistical analysis and generate graphs. 

Mann-Whitney test was used for analysis of differences in antibody titers between the 

SAd36 and SP-SAd36 regimens. Unpaired t-tests were used for analysis of differences in 

antibody avidity. Kruskal-Wallis test with Dunn’s post-test was used to determine the 

differences in cytokine production between the two immunization groups and the naïve mice 

following stimulation with the peptide pools. Analysis of the differences in triple, double, 

and single cytokine producing CD4 and CD8 T cells between the SAd36 and SP-SAd36 

regimens was assessed using student’s t-test. Statistical analysis for germinal center B cell 

assessment was conducted using Kruskal-Wallis with Dunn’s post-test to determine 

differences between the immunization regimens.

3. Results

3.1. The impact of the murine IgGκ signal peptide on protein secretion in vitro.

The simian adenovirus 36 (SAd36) vector was selected for assessment of the effect of the 

insertion of the murine IgGκ light chain derived signal peptide on the adenoviral vector 

immunogenicity, as we have previously found SAd36 to exhibit higher immunogenicity than 

the standard Ad5 vector [10]. The SAd36 vector is replication deficient due to deletion of 

the E1 gene. A hybrid transgene encoding a chimeric P. vivax CSP (cPvCSP) linked to a 

chimeric P. vivax MSP1 (cPvMSP1) protein (cPvCSP/cPvMSP1), expressed under the 

control of the CMV promoter, was inserted in place of the deleted E1 gene. The signal 

peptide derived from the murine IgGκ light chain was inserted after the CMV promoter and 

upstream of the cPvCSP/cPvMSP1 transgene (Figure 1A).

Before determining the immunogenicity of the SAd36 vector containing the signal peptide 

(SP-SAd36), the expression of the cPvCSP/cPvMSP1 transgene was analyzed in the cell 

lysates and tissue culture medium of A549 cells collected 2 days post-infection with 2,500 
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v.p. of the recombinant SAd36 and SP-SAd36 via western blot. The hybrid cPvCSP/

cPvMSP1 protein is expressed as a single protein with a mass of 51 kDa (Figure 1B).

When the secretion of the cPvCSP/cPvMSP1 protein was assessed via western blot, we 

observed a slight reduction in the amount of soluble cPvCSP/cPvMSP1 protein released into 

the tissue culture medium from A549 cells infected with the SP-SAd36 vector as compared 

to SAd36 control, appearing as a medium intensity band at 51kDa using anti-cPvMSP1 or 

anti-cPvCSP antibodies (Figure 1B, Left). Therefore, the use of murine IgGκ light chain 

leader sequence was not able to increase either expression or secretion efficiency of our 

multistage P. vivax vaccine candidate following infection of A549 cells in vitro. However, 

this does not exclude possible alterations in post-translational processing of the peptides due 

to the SP. Assessment of protein levels within the infected A549 cell lysates revealed bands 

of similar intensity at ~50 kDa for cells infected with either SP-SAd36 or SAd36 vectors 

expressing the chimeric P. vivax transgene when an anti-Penta-His monoclonal antibody was 

used for detection (Figure 1B, Right panel), suggesting that similar levels of the protein are 

retained inside the cell independent of the SP.

3.2. SP-SAd36 induces high avidity antibodies.

We assessed the humoral immunogenicity through the analysis of antibody kinetics induced 

by priming immunization with either the recombinant SP-SAd36 or unmodified SAd36 

vector followed by two protein boost immunizations (Table 1). The dose of 108 v.p. of 

SAd36 was selected based on our previous studies with the recombinant SAd36-cPyCSP/
cPyMSP1 vector expressing orthologous P. yoelii sequences [10]. When antibody titers 

elicited by the immunization regimens was assessed, no significant differences in antibody 

titers against the cPvCSP protein were observed between the two regimens at any time point 

(Figure 2A). Assessment of the anti-cPvMSP1 antibody responses revealed similar kinetics 

and final antibody titers between regimens. However, mice immunized with SP-SAd36 

displayed significantly higher anti-PvMSP1 titers post-priming compared to unmodified 

SAd36 primed mice (Figure 2D).

The quality of the antibodies induced by immunization was assessed through the analysis of 

IgG subclasses since anti-CSP [32] and MSP1 [33] cytophilic antibodies, which correspond 

with IgG2a in mice, as they have been found to be associated with protection. Analysis of 

the IgG1 and IgG2a titers 20 days after the final immunization (day 60), revealed no 

significant differences in the subclasses elicited by either vector against the two P. vivax 
chimeric proteins (Figure 2B, E). Antibody avidity 20 days after the final immunization was 

assessed as another measure of antibody quality. We observed that mice immunized with the 

SP-SAd36 regimen produced anti-cPvCSP and anti-cPvMSP1 antibodies of significantly 

higher avidity than those induced by the unmodified SAd36 regimen (Figure 2C, F).

3.3. Antibodies induced by vaccination recognize Plasmodium native proteins.

The ability of the anti-cPvCSP and anti-cPvMSP1 antibodies to recognize the native 

structure of CSP and MSP1 was assessed by IFA. P. berghei sporozoites transgenic for the P. 
vivax CSP VK210 repeat region [34] were used for the assessment of the anti-cPvCSP 

antibodies, as the VK210 repeat region is present within the cPvCSP protein. We observed 
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that antibodies elicited by either immunization regimen recognized the P. vivax CSP VK210 

transgenic sporozoites (Figure 3A). Slides prepared with blood obtained from a P. vivax 
infected Saimiri boliviensis monkey were used for the assessment of anti-cPvMSP1 

antibodies. We observed that sera obtained from mice immunized with either regimen bound 

to P. vivax schizonts (Figure 3B). Combined, these data indicate that antibodies elicited 

against the cPvCSP protein and cPvMSP1 protein recognize the native structure of the P. 
vivax CSP and MSP1, respectively.

3.4. Immunization with the SP-SAd36 regimen induces higher IFN-γ and IL-2 production by 
CD4+ and CD8+ T cells.

The cellular response against cPvCSP and cPvMSP1 was assessed by determining the 

frequency of IFN-γ, IL-2 and TNF-α secreting T cells following ex vivo stimulation with 

peptides pools representing the complete amino acid sequence of the chimeric proteins [20, 

21]. When the frequencies of cytokine-secreting T cells obtained from mice immunized with 

the SP-SAd36 regimen were compared to those of naïve mice, we observed significantly 

higher frequencies of cytokine-secreting CD4+ and CD8+ T cells obtained from the 

SPSAd36 regimen in response to all cPvCSP and cPvMSP1 peptide pools (not shown). 

Significantly higher frequencies of cytokine-secreting T cells in mice immunized with the 

SAd36 regimen in comparison to naïve mice were only observed for IFN-γ – secreting 

CD8+ T cells in response to cPvCSP pool B and cPvMSP1 pool 2; for IL-2-secreting CD8+ 

T cells in response to cPvCSP pool A; for TNF-α secreting CD4+ T cells in response to 

cPvMSP1 pool 1; and for TNF-α secreting CD8+ T cells in response to both cPvMSP1 

pools (Supplementary Figures 2 and 3).

Analyses between the SP-SAd36 and SAd36 immunization groups revealed significantly 

higher frequencies of IFN-γ secreting CD4+ T cells from mice immunized with the SP-

SAd36 regimen following stimulation with cPvCSP pools A and B (Figure 4A). 

Significantly higher frequencies of IL-2-secreting CD4+ T cells were observed in mice 

immunized with the SP-SAd36 regimen in response to all four cPvCSP pools (Figure 4B). 

Analysis of CD8+ T cells revealed significantly higher frequencies of IFN-γ secreting cells 

in response to pool D in mice immunized with the SP-SAd36 regimen (Figure 4D). We 

observed no differences in the frequency of TNF-α secreting T cells between the 

immunization regimens (Figure 4C and F). When T cell multifunctionality was assessed, we 

observed that mice immunized with SP-SAd36 had significantly higher frequencies of IL-2 

and TNF-α co-expressing CD4+ T cells when stimulated with cPvCSP Pool B 

(Supplementary Figure 4).

When the frequencies of IFN-γ, IL-2, and TNF-α secreting CD4+ and CD8+ T cells in 

response to the cPvMSP1 peptide pools were assessed, we observed a significantly higher 

frequency of IL-2 –secreting CD4+ T cells obtained from the SP-SAd36 regimen mice when 

compared to the unmodified SAd36 regimen (Figure 5B). No other significant differences 

were observed in the production of cytokines by CD4+ or CD8+ T cells in response to the 

cPvMSP1 peptide pools (Figure 5). When T cell multifunctionality was assessed, we 

observed that mice immunized with SP-SAd36 had significantly higher frequencies of IFN-
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γ and IL-2 co-expressing cells CD8+ T cells when stimulated with cPvMSP1 Pool 2 

(Supplementary Figure 5).

3.5. Higher frequencies of germinal center B cells are observed in draining lymph nodes 
following immunization with SP-SAd36.

To further understand the mechanisms involved in the increased antibody avidity and IL-2 

production by CD4+ T cells observed following immunization with the SP-SAd36 

immunization regimen, we assessed the frequency of germinal center B cells 

(B220+CD95+GL7+) in draining lymph nodes via flow cytometry analysis. The 

experiments were conducted nine days after priming with 108 v.p. of either the SAd36-

cPvCSP/cPvMSP1 or SP-SAd36-cPvCSP/cPvMSP1 vector intramuscularly (Figure 6). We 

observed significantly higher frequencies of B220+CD95+GL7+ germinal center B cells in 

mice immunized with the SP-SAd36 vector when compared to naïve mice (Figure 6A). 

However, no significant differences were observed between naïve mice and SAd36 

immunized mice at this timepoint. Similarly, when we compared the total number of the 

B220+CD95+GL7+ triple positive population, we observed similar differences between the 

groups, with significant differences between the SP-SAd36 and naïve groups (Figure 6B). To 

confirm these differences in the GC B cell response, we conducted immunostaining using 

fluorescent microscopy of LNs obtained from the same animals at day 9 post-priming with 

either the SAd36 or SP-SAd36. The draining inguinal LN sections were stained with anti-

GL7 and anti-B220 antibodies, to identify GCs and B cell follicles respectively. Germinal 

centers were clearly stained in the dLN sections obtained from both SAd36 and SP-SAd36 

when visualized by fluorescence microscopy with a distinctly higher number of GL7+ cells 

in lymph nodes from mice immunized with SP-SAd36 and very low number of positive cells 

observed in lymph nodes from unvaccinated mice (Figure 6C).

4. Discussion

The development of an effective malaria vaccine able to induce strong and balanced CD4+ 

and CD8+ T cell responses, as well as cytophilic antibodies, remains elusive. At present, 

multiple vaccine platforms and delivery systems are being investigated to determine the 

optimal vaccination regimen to induce broad and long-lasting immunity to malaria. Clinical 

studies of the protein-based vaccine, RTS,S, have shown protective efficacy mainly mediated 

through the induction of antibodies [35]. However, suboptimal CD8+ T cell induction has 

been a concern for RTS,S [4]. Experimental and clinical evidence has demonstrated that 

adenoviral vectors induce strong CD8+ T cell responses to Plasmodium antigens while 

maintaining a good safety profile [36–40]. However, poor induction of CD4+ T cell 

responses by an adenoviral-vectored malaria vaccine in clinical trials indicates that 

improvements in CD4+ T cell induction should be investigated [11].

Here we describe a strategy to further optimize the delivery of adenoviral transgenic 

products through the insertion of a murine IgGκ derived signal peptide. Although we 

observed no differences in the secretion of the cPvCSP/cPvMSP1 transgene product into the 

A549 tissue culture medium between the SP-SAd36 and unmodified SAd36 vectors, signal 

peptides have a variety of other effects on protein synthesis which may influence the 
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selection of protein targeting pathways within the SP-SAd36 infected cells. Interactions 

between the signal peptide and the translocon at the endoplasmic reticulum (ER), as well as 

downstream events within the ER, including the potential cleavage of the IgGκ signal 

peptide, may also affect antigen presentation (reviewed in [14]). Our observations of 

increased antibody responses are consistent with those observed in recent studies on the 

effect of signal peptides on the immunogenicity of the HIV glycoprotein gp120, which 

found that the addition of a signal peptide impacted the glycan profile of gp120 increasing 

the antigenicity of the mature protein [41]. Additionally, the use of a signal peptide in an 

HPV DNA vaccine based on the protein E7 was found to significantly increase antibody 

titers to E7, a tumor-associated antigen which typically exhibits low immunogenicity, when 

compared to mice immunized with the same antigen without the signal peptide. The authors 

concluded that this was due to the conserved function of the signal peptide and its ability to 

alter the default protein trafficking pathway; this modulation in the sorting of the 

heterologous protein in mammalian cells resulted in the increased humoral immune response 

to the DNA vaccine [42]. However, the changes in immunogenicity may also vary depending 

on the adenoviral vector used, as comparative assessments of Ad5 and Ad26 vectored gp120 

vaccinations have found that the viral vector used can skew the Fc-effector profiles of 

vaccine-induced antibodies and glycosylation profiles [43–46]. The contribution of the 

murine IgGκ signal peptide on these processes as part of the SP-SAd36 vector transgene, 

therefore, requires further investigation.

Comparison of the antibody response induced by the SP-SAd36 and unmodified SAd36 

regimens revealed that the SP-SAd36 vector induced significantly higher antibody avidity in 

comparison to the unmodified vector. These findings are significant as increased avidity may 

translate to enhanced efficacy based on observations from preclinical studies of P. 
falciparum CSP vaccines which reported that avidity indices above 0.80 provided sterilizing 

protection against P. falciparum CSP transgenic P. berghei challenge [47]. P. falciparum 
vaccine clinical trials have also demonstrated antibody avidity to be associated with 

improved ability to inhibit parasite growth [48].

Assessment of differences in cellular immunogenicity revealed significantly higher 

frequencies of IFN-γ-secreting CD4+ T cells in response to the peptide pools representing 

the promiscuous T cell epitopes within cPvCSP protein chimera. This improvement is 

encouraging based on reports that high frequencies of IFN-γ-secreting CD4+ T cells provide 

protection from malaria [49, 50]. Moreover, IFN-γ producing CD4+ cells play a crucial role 

in promoting B cell class switching activity [51] and have also been associated with 

protection from P. falciparum in clinical trials [2].

Immunization with the SP-SAd36 regimen also resulted in increased frequencies of IL-2 

secreting CD4+ T cells observed in response to all peptide pools of cPvCSP and cPvMSP1. 

This feature may represent a significant improvement for adenoviral vectors based on a 

recent study by Lee et al. [13] which found that vaccination with an Ad5 recombinant vector 

induced significantly lower frequencies of antigen-specific CD4+ TH1 cells compared to 

acute infection, an effect attributed low IL-2 signaling [13]. The increased IL-2 production 

we observed also has the potential to improve the overall T cell immunogenicity, as IL-2 

promotes proliferation and differentiation of naïve CD8+ T cells and the survival of antigen-
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experienced T cells [52]. These improvements in the cellular immune responses are 

consistent with reports demonstrating enhanced immunogenicity of a DNA vaccine due to 

the inclusion of the IgGκ signal peptide when compared to an unmodified vaccine [19].

When we assessed germinal center B cell responses, we observed the highest frequency of 

germinal center B cells in mice immunized with the SP-SAd36 vector, suggesting that the 

improvements in antibody avidity observed for the SP-SAd36 regimen may be due to the 

induction of better germinal center responses. Previous studies of germinal center B cells 

and T follicular helper (TFH) responses in mouse models of Plasmodium infection have 

found that increased frequencies of these cell types are associated with increased titers of 

anti-parasite antibodies and improvements in parasite control and clearance [53, 54]. 

Moreover, in the murine P. chabaudi model the germinal centers are essential for the 

resolution of chronic infection [55, 56].

Overall, we observed that the inclusion of an IgGκ signal in the sequence of an adenoviral 

vector insert, improved the functionality of CD4+ cells, the antibody avidity and the 

frequency of germinal center B cells. Our results highlight the potential of this method to 

improve existing viral vector vaccine platforms and warrants further investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Signal Peptide Simian Adenovirus 36 schematic and protein expression. A) Schematic of the 

signal peptide simian adenovirus 36 vector (SP-SAd36-cPvCSP/cPvMSP1). The SP-SAd36 

vector is replication deficient due to deletion of the E1 gene. Inserted in the place of the 

deleted E1 gene is the immunoglobulin kappa light chain signal peptide and the cPvCSP/

cPvMSP1 transgene, which is under control of the cytomegalovirus (CMV) promoter. B) 

Analysis of cPvCSP/cPvMSP1 expression following Ad vector infection. Western blot 

analysis of A549 cells 2 days post infection with the indicated Ad vectors at the MOI of 

2,500 vp/cell. The major protein bands close to 51 kDa correspond to the expected mass for 

cPvCSP/cPvMSP1. The positions of molecular weight markers (in thousands of daltons) are 

indicated to the left of each gel. Left: The secretory proteins were detected in culture 

medium collected from cells infected with SP-SAd36-cPvCSP/cPvMSP1 (lane 1) and 

SAd36-cPvCSP/cPvMSP1 (lane 2) using antibodies raised against the cPvMSP1 protein in 

rabbits. Antibodies raised against the cPvCSP protein in rabbits were used to detect 

secretory proteins in tissue culture medium collected from cells infected with SP-SAd36-

cPvCSP/cPvMSP1 (lane 4) and SAd36-cPvCSP/cPvMSP1 (lane 5). Mock-infected A549 

cells (lane 3 and 6) are also shown as controls. Right: The hybrid cPvCSP/cPvMSP1 protein 

containing a 6x-His Tag, was detected in samples of cell lysates obtained from cells infected 

with SP-SAd36-cPvCSP/cPvMSP1 (lane 7) and SAd36-cPvCSP/cPvMSP1 (lanes 8) using a 

Penta-His mAb. The negative control sample of mock-infected A549 cells (lane 9) is also 

shown.
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Figure 2. 
Antibody response to cPvCSP and cPvMSP1 proteins following priming immunization at 

day 0 with either the unmodified SAd36-cPvCSP/cPvMSP1 recombinant vector or the 

recombinant vector including the signal peptide sequence (SP-SAd36-cPvCSP/cPvMSP1) 

and two subsequent recombinant proteins boosts at days 20 and 40. A) Kinetics of antibody 

titers to cPvCSP. B) IgG1 and IgG2a antibody titers elicited against cPvCSP, 20 days after 

the final immunization. C) Antibody avidity against cPvCSP, determined by ammonium 

thiocyanate ELISAs 20 days after the final immunization. D) Kinetics of antibody titers to 

cPvMSP1. E) IgG1 and IgG2a antibody titers elicited against cPvMSP1, 20 days after the 

final immunization. F) Antibody avidity against cPvMSP1, determined by ammonium 

thiocyanate ELISAs 20 days after the final immunization. Statistical analysis was conducted 

using Mann Whitney test for antibody titers, and unpaired t-test for avidity to determine 

differences between the immunization regimens. Statistically significant differences are 

denoted by *(p < 0.05), **(p < 0.01), and *** (p<0.001).
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Figure 3. 
Immunofluorescence assays of P. vivax sporozoites and blood stage schizonts. Reactivity of 

immunized mouse sera to sporozoites (A) and blood stage schizonts (B). Top panels show 

Alexa 488 labeled anti-mouse IgG secondary antibodies binding to sera obtained from mice 

immunized with either the regimen that included priming with the unmodified SAd36-

cPvCSP/cPvMSP1 or SP-SAd36-cPvCSP/cPvMSP1 recombinant vectors 20 days after the 

final immunization. Middle panels show the DAPI stained nuclei of sporozoites and blood 

stage schizonts. The bottom panels show the merged images.
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Figure 4. 
Cytokine-secreting T cells after ex vivo stimulation with cPvCSP peptide pools 5 days after 

the final immunization and assessed by flow cytometry. A-C) Frequency of cytokine-

secreting CD4+ T cells following stimulation with cPvCSP peptide pools A, B, C, or D. D-

F) Frequency of cytokine-secreting CD8+ T cells following stimulation with cPvCSP 

peptide pools A, B, C, or D. Interferon-γ-secreting T cells are shown in Figures A and D. 

Interleukin-2-secreting T cells are shown in B and E. Tumor necrosis factor-α-secreting T 

cells are shown in C and F. Values represent the percentage of either CD4+ or CD8+T cells 

positive for the individual cytokine. Kruskal-Wallis test with Dunn’s post-test was used to 

determine differences in the production of cytokines in response to a stimulus with an 

individual peptide pool between mice immunized with a regimen that included a priming 

with SAd36-cPvCSP/cPvMSP1 or priming with SP-SAd36-cPvCSP/cPvMSP1. Statistically 

significant differences between the SAd36 and SP-SAd36 regimens in response to individual 

pools are denoted by *(p < 0.05) and **(p < 0.01) within the SP-SAd36 bar.
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Figure 5. 
Cytokine-secreting T cells after ex vivo stimulation with cPvMSP1 peptide pools 5 days 

after the final immunization and assessed by flow cytometry. A-C) Frequency of cytokine-

secreting CD4+ T cells following stimulation with cPvMSP1 peptide pools 1 or 2. D-F) 

Frequency of cytokine-secreting CD8+ T cells following stimulation with cPvMSP1 peptide 

pools 1 or 2. Interferon-γ-secreting T cells are shown in Figures A and D. Interleukin-2-

secreting T cells are shown in B and E. Tumor necrosis factor-α-secreting T cells are shown 

in C, and F. Values presented represent the percentage of either CD4+ or CD8+ T cells 

positive for the individual cytokine. Statistical analysis was conducted using Kruskal Wallis 

with Dunn’s post-test was used to determine differences in the production of cytokines in 

response to a stimulus with an individual peptide pool between mice immunized with a 

regimen that included priming with SAd36-cPvCSP/cPvMSP1 or priming with SP-SAd36-

cPvCSP/cPvMSP1. Statistically significant differences between the SAd36 and SP-SAd36 

regimens in response to individual pools are denoted by *(p < 0.05) and **(p < 0.01) within 

the SP-SAd36 bar.
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Figure 6. 
Frequency and total number of germinal center B cells in the draining lymph nodes nine 

days post priming. Frequency (A) and total number (B) of germinal center B cells, identified 

by positive staining with anti-B220, CD95, and GL7 antibodies via flow cytometry for the 

SP-SAd36-cPvCSP/cPvMSP1 and SAd36-cPvCSP/cPvMSP1 immunizations, and naïve 

mice. Statistical analysis was conducted using Kruskal-Wallis with Dunn’s post-test to 

determine differences between the immunization regimens. Statistically significant 

differences are denoted by *(p < 0.05). C) Draining inguinal lymph node from the same 

mice were obtained 9 days after priming with either the SP-SAd36-cPvCSP/cPvMSP1 or 

SAd36-cPvCSP/cPvMSP1 vectors, and sectioned and stained with the same fluorochrome-

conjugated anti-B220 and GL7 antibodies used for flow cytometry assessment. A 

representative section from each group is shown at 20x magnification.
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Table 1.
Immunization Regimens

Regimen

Prime
Day 0

Boost
Day 20

Boost
Day 40

Ad-transgene Dose Protein Dose Protein Dose

Unmodified
SAd36

SAd36-
cPvCSP/cPvMSP1

108

v.p.
cPvCSP+cPvMSP1 10

μg/each cPvCSP+cPvMSP1 10
μg/each

Signal Peptide
SAd36

SP-SAd36-
cPvCSP/cPvMSP1

108

v.p.
cPvCSP+cPvMSP1 10

μg/each cPvCSP+cPvMSP1 10
μg/each

Naïve Control No immunization No Immunization No Immunization

Mice received an intramuscular prime at day 0 with the adenovirus in PBS at a dose of 108 v.p. Mice were boosted subcutaneously with a mixture 
of 10 μg of the individual cPvCSP and cPvMSP1 proteins emulsified in Montanide ISA 51 VG in a 1:1 volume ratio at days 20 and 40. Blood was 
drawn in the 24 hours preceding each immunization and 20 days after the final immunization for the analysis of antibody responses by ELISA and 
immunofluorescence assays (n=5). Splenocytes were obtained 5 days after the final immunization for analysis of T cell functionality in response to 
stimulation with cPvCSP or cPvMSP1 peptide pools (n=5).
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