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Abstract

Pfs48/45 and Pfs25 are leading candidates for the development of Plasmodium falciparum 
transmission blocking vaccines (TBV). Expression of Pfs48/45 in the erythrocytic sexual stages 

and presentation to the immune system during infection in the human host also makes it ideal for 

natural boosting. However, it has been challenging to produce a fully folded, functionally active 

Pfs48/45, using various protein expression platforms. In this study, we demonstrate that full-length 

Pfs48/45 encoded by DNA plasmids is able to induce significant transmission reducing immune 

responses. DNA plasmids encoding Pfs48/45 based on native (WT), codon optimized (SYN), or 

codon optimized and mutated (MUT1 and MUT2), to prevent any asparagine (N)-linked 

glycosylation were compared with or without intramuscular electroporation (EP). EP significantly 

enhanced antibody titers and transmission blocking activity elicited by immunization with SYN 

Pfs48/45 DNA vaccine. Mosquito membrane feeding assays also revealed improved functional 

immunogenicity of SYN Pfs48/45 (N-glycosylation sites intact) as compared to MUT1 or MUT2 

Pfs48/45 DNA plasmids (all N-glycosylation sites mutated). Boosting with recombinant Pfs48/45 

protein after immunization with each of the different DNA vaccines resulted in significant 

boosting of antibody response and improved transmission reducing capabilities of all four DNA 

vaccines. Finally, immunization with a combination of DNA plasmids (SYN Pfs48/45 and SYN 

Pfs25) also provides support for the possibility of combining antigens targeting different life cycle 

stages in the parasite during transmission through mosquitoes.
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1. Introduction

The death toll due to malaria was estimated at 438,000 in 2015, 90% of which occurred in 

African children under the age of 5 years (WHO World Malaria Report 2015). While global 

mortality rates are on a steady decline, it is imperative that additional intervention tools be 

developed and deployed to maintain the current progress and momentum. An important 

intervention that is widely acknowledged to play a critical role in reducing transmission i.e. 

malaria TBVs, has yet to become available for human use [1]. The only malaria vaccine, 

RTS, S based on the Plasmodium falciparum circumsporozoite protein advanced to phase III 

clinical trials [2], has revealed only 30–50% efficacy and it is unlikely to be effective in 

interrupting malaria transmission.

A central goal of vaccines aimed at reducing transmission is to target parasite stages in the 

mosquito vector in order to prevent transmission of sporozoites to human hosts during a 

mosquito blood meal [3]. Key TBV candidates in P. falciparum include gametocyte and 

gamete surface antigens such as Pfs48/45 and Pfs230 as well as zygote/ookinete surface 

antigens Pfs25 and Pfs28 [4]. Pfs48/45 belongs to a family of proteins characterized by six 

conserved cysteines (6-Cys family proteins) [5–7] and studies have firmly established it to 

be a target of transmission blocking antibodies [5, 8, 9]. Pfs48/45 plays an essential role in 

male gamete fertility [10, 11] and it is postulated to function alongside Pfs47 (a female-

specific paralog of Pfs48/45) and Pfs230 in contributing to recognition and fertilization of 

male and female gametes [12], Pfs48/45 specific antibodies have been shown to reduce 

transmission by inhibiting gamete fertilization [13, 14]. Because of their biosynthetic origin 

in the circulating intraerythrocytic gametocytes [15, 16], Pfs48/45 and Pfs230 are able to 

induce antibody responses in naturally exposed individuals [17] allowing for the possibility 

of natural boosting of immunity [18].

TBV development based on Pfs48/45 has met with limited success due to its large size and 

difficulties in expressing properly folded protein retaining functional epitopes formed from 

correct pairing of 16 cysteine residues. Consequently, early attempts at protein expression in 

bacteria, vaccinia virus and yeast [19–21] met with limited success due to improper protein 

folding. In the last 5 years some progress has been made using E. coli expression of partial 

protein (containing 10 of the 16 C-terminal cysteine residues) that is able to induce blocking 

antibodies [22]. Likewise, full length Pfs48/45 expressed in E. coli after codon harmonized 

was found to be effective in inducing transmission-blocking antibodies in mice and olive 

baboons [23]. Despite these initial successes, reproducibility, stability and conformational 

integrity of Pfs48/45 continue to thwart vaccine development based on recombinant protein/

adjuvant formulations.

The ability of DNA vaccines to induce a broad range of immune responses along with ease 

of manufacturing, stability, storage and transport make them ideal for diseases such as 

malaria [24]. With respect to malaria TBV, considerable progress has been made with Pfs25 

based DNA vaccines, evaluated in mice and nonhuman primates [25–30]. While the initial 

studies reported suboptimal immunogenicity of Pfs25 DNA vaccine in various animals [26], 

significant advances were made with the use of in vivo electroporation (EP) delivery [28, 
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29]. EP delivery involves applying brief electrical pulses at the site of injection (typically 

muscle or skin) [31]. Heterologous prime-boost strategy, i.e. priming with DNA vaccine 

followed by boosting using either recombinant protein or a different expression vector [32], 

have also been shown to improve immunogenic outcomes of DNA vaccines. Additional 

efforts to optimize immunogenicity has focused on codon optimization of the coding 

sequence to improve expression in mammalian cells after immunization [33], and assessing 

the impact of protein glycosylation [34]. The latter has the potential to be critical especially 

since Plasmodium proteins do not undergo modification by N-linked glycosylation [35–37], 

and proteins encoded by DNA plasmids are expected to undergo glycosylation when 

expressed in mammalian cells. A few studies have examined the impact of N-linked 

glycosylation on the immunogenicity of P. falciparum asexual stage antigens MSP-1 and 

AMA-1 [38–40]. A recent study has also looked at the role of N-linked glycosylation in 

Pfs48/45 expressed in plants [41], suggesting a preference for the absence of N-

glycosylation for vaccine development.

The goal of the present study was to systematically examine Pfs48/45 using a DNA vaccine 

platform for the first time. In order to develop a viable vaccine candidate and advance it for 

future pre-clinical studies in nonhuman primates and eventual clinical trials, we also 

assessed the impact of codon optimization, EP, mutations affecting N-linked glycosylation, 

and a heterologous prime-boost delivery on various immunogenicity parameters. In addition 

to evaluation of DNA vaccines encoding Pfs48/45, we also evaluated a combination DNA 

vaccines based on codon optimized Pfs25 and Pfs48/45 with the intention of eliciting 

antibodies targeting different stages of development of parasites in the mosquitoes.

2. Material and Methods

2.1. DNA plasmids

DNA vector VR1020 (Vical Inc. San Diego, CA) was used to prepare four different plasmid 

constructs, each encoding Pfs48/45 (minus N-terminal signal and C-terminal anchor 

sequences). The first DNA plasmid contained the native coding sequence of Pfs48/45 (WT), 

the second contained a codon optimized version of Pfs48/45 for enhanced expression in 

mammalian cells (SYN Pfs48/45), and the third and fourth plasmids contained SYN 

sequences in which all 7 codons for putative glycosylation sites were altered to prevent N-

linked glycosylation. The third and fourth plasmids differed in the mutational approaches 

utilized to alter the putative glycosylation sties. In the case of third plasmid construct 

(MUT1 Pfs48/45), sequence modifications included N50→D, N131→D, T192→A, N204→T, 

N254→K, S301→A, N303→D in all NXS/T sites. The fourth plasmid was constructed by 

changing all S/T of the NXS/T site to A (MUT2 Pfs48/45). Plasmid DNA (<30 EU/mg) was 

produced and supplied at 2.5 mg/mL (Aldevron, Fargo, ND). For combination 

immunization, VR1020 encoding SYN Pfs25 (minus N-terminal signal and C-terminal 

anchor sequences and codon optimized for optimal expression in mammalian cells) was 

employed [30]. Combination immunization were conducted by mixing SYN Pfs48/45 and 

SYN Pfs25 DNA together as described below.
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2.2. Mammalian cell transfection

DNA plasmids (WT, SYN, MUT1 and MUT2 Pfs48/45) were used to transfect mammalian 

HEK293T cells using Megatran 1.0 (OriGene Technologies, Rockville MD) transfection 

reagent as per the product protocol. Cultured cells (24 well) were transfected with 2.5 ug 

DNA and the culture medium was changed three hours post transfection. Cells were 

maintained without or with tunicamycin (2.5 ug/mL) (Sigma-Aldrich, St. Louis, MO), an N-

glycosylation blocker [42]. After 48 hours of treatment, supernatant (culture media) was 

harvested and cells were lysed with SDS-PAGE sample buffer for evaluation of protein 

expression by Western blotting under non-reducing and reducing SDS-PAGE conditions.

2.3. Immunization dose and schedule

Five to seven week old female Balb/c mice (NCI, Bethesda) were used for immunization 

studies. Each plasmid DNA, administered in 20 ul PBS was tested in individual groups of 

mice (n=5 per group). Group 1 received 50 ug DNA/mouse without electroporation (no EP), 

group 2 received 50 ug/mouse with EP, group 3 received 25 ug/mouse with EP and group 4 

received 5 ug/mouse with EP. Two additional groups were included in the studies, one 

received SYN Pfs25 DNA at 50 ug/mouse with EP and the other one received a mixture of 

SYN Pfs48/45 and SYN Pfs25, 50 ug of each plasmid DNA / mouse. For combination 

immunization, 50ug of SYN Pfs48/45 and 50 ug SYN Pfs25 were resuspended in a total 

volume of 20ul PBS for each mouse. All groups received 3 intramuscular DNA doses given 

at 4-week intervals with bleeds collected prior to and one month after each dose. Mice 

immunized with 25 ug and 5 ug of the 4 Pfs48/45 DNA constructs also received a final boost 

using 10 ug E. coli produced recombinant Pfs48/45 protein adsorbed with alum [23]. EP was 

performed using ICHOR pulse generator and TriGrid Electrode Array (Ichor Medical 

Systems Inc. San Diego, CA). DNA was injected using 0.3 ml U-100 Insulin syringes (BD 

Biosciences, NJ) and followed approximately 10 seconds later by an electrical pulse at an 

amplitude of 250 V/cm of electrode spacing (2.5 mm spacing used). Mice were 

anaesthetized for immunization using Isoflurane and received the immunizations and 

electroporation in the anterior-tibialis muscle of the right leg.

2.4. Antibody analysis

Sera obtained after three DNA immunization and a final protein boost were analyzed by 

ELISA to determine (i) percentage of responder mice after primary immunization, (ii) end 

point titers, (iii) avidity of binding and (iv) isotypes. ELISAs were conducted using 96-well 

Immulon 4HBX plates coated with rPfs48/45 [23] or rPfs25 [43] expressed in E. coli (100 

ul/well of 1.5 ug/mL in carbonate buffer, pH 9.6). In the case of combined immunization 

with SYN Pfs48/45 and SYN Pfs25, antibody responses to each antigen (rPfs48/45 and 

rPfs25) were determined individually. To determine avidity of antibodies, plates were 

incubated for 15 mins with NaSCN (0, 1, 2, 4, 8 M) after primary antibody incubation and 

washed prior to incubation with secondary antibody and remaining ELISA steps. Binding of 

antibody to antigen after NaSCN treatment was expressed as a percent of total binding in the 

absence of NaSCN. For antibody isotype analysis, mouse sera were tested at 1:250 (no EP 

group) and 1:4000 (EP groups) dilutions using peroxidase-conjugated goat anti-mouse IgM, 

IgG1, IgG2a, IgG2b and IgG3 (Invitrogen, Carlsbad, CA) as secondary antibodies.
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2.5. Membrane feeding assays (MFAs)

Total IgG was purified using protein A-Sepharose beads from pooled sera at terminal bleeds 

after 3 DNA immunization (50 ug DNA; WT, SYN and MUT1 and MUT2 DNA groups) as 

described and stored as sterile solutions in PBS [30]. IgG from no-EP immunization groups 

(WT, SYN, MUT1 and MUT2) were tested at 1 mg/mL and 0.5 mg/mL and from EP 

immunized groups at 1 mg/mL, 0.5 mg/mL and 0.25 mg/mL. For MFA, mature stage V 

gametocytes of P. falciparum (NF54) produced in vitro were mixed with IgG (0.25 to 1.0 

mg/mL) and human RBCs to a final 50% hematocrit (using aliquots of normal human sera 

that have not undergone heat inactivation and stored at −20°C) and 0.3% gametocytemia and 

fed to female An. gambiae (Keele strain) mosquitoes (4–5 day old) using water jacketed 

glass feeders maintained at 37°C. All MFAs included negative controls of IgG from pre-

immune normal mice sera (NMS) and normal human sera (NHS). Percent transmission 

reduction activity is defined as percent reduction in the number of oocysts and was 

calculated using the following formula: percentage oocyst reduction = 100 – [(geometric 

mean number of oocysts with test sera / geometric mean number of oocysts with NMS) × 

100].

2.6. Statistical analysis

Antibody end point titer was defined as reciprocal serum dilution with absorbance higher 

than the average absorbance of pre-immune sera+3 standard deviations (SD). The percent 

inhibition of oocyst development and mosquito infectivity differences were analyzed as 

described [30]. Statistical analysis was performed using the GraphPad Prism software 

package.

3. Results

3.1. Evidence for N-linked glycosylation of Pfs48/45 in mammalian cells

To evaluate protein expression and N-linked glycosylation, mammalian (HEK293T) cells 

were transfected with WT, SYN, MUT1 and MUT2 Pfs48/45 DNA and cultured in the 

presence or absence of tunicamycin for 48 hrs. Cell lysates and culture supernatants were 

analyzed by western blotting using pooled, polyclonal sera from mice immunized with SYN 

Pfs48/45 DNA vaccines as primary antibody. Pfs48/45 was detected only in the cell lysate, 

suggesting lack of secretion of the expressed protein (Fig. 1). Moreover, a protein band 

could only be detected under reducing SDS-PAGE conditions, suggesting that the protein 

produced in mammalian cells was highly aggregated. In multiple repeat transfection 

experiments, WT and SYN Pfs48/45 DNA showed higher protein expression on a per cell 

basis in comparison to MUT1 and MUT2. Transfection experiments were also repeated with 

different cell lines (HEK293T, CHO, COS and 3T3) in order to circumvent the heavy 

aggregation seen with HEK293T cells but the yield was much lower. Eventually, reduction 

with β-mercaptoethanol resulted in clean sharp bands that revealed differences due to 

glycosylation as seen in Fig. 1. The Western blot images were analyzed using ImageJ 

software (http://rsbweb.nih.gov/ij/) and the relative proportions of band intensities were 1: 

1.17: 0.85: 0.59 for WT, SYN, MUT1 and MUT 2, respectively. Additionally, the size of 

Pfs48/45 protein expressed by MUT1 and MUT2 DNA (~56kDa) was smaller (by ~20 to 

25% as compared to ~72 kDa apparent size) expressed using WT and SYN DNA. We 
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attribute this to the presence of N-linked glycosylation in the latter two groups. Further 

evidence for N-linked glycosylation was provided by the analysis of cells treated with 

tunicamycin (TN) revealing a shift in the size of expressed protein from WT and SYN 

plasmids comparable to that from MUT1 and MUT2 plasmids. As expected, TN treatment 

had no effect on the observed molecular size of expressed protein from MUT1 and MUT2 

plasmids (Fig. 1).

3.2. Antibody responses in WT, SYN, MUT1 and MUT2 Pfs48/45 DNA-immunized groups

Immune sera were examined after the first DNA immunization to determine primary 

antibody responses as well as to assess any difference in sero-conversion between EP and 

no-EP modes of immunization (Fig. 2). When tested at 50 ug and 25 ug dose by EP, all four 

vaccine constructs revealed 100% of the mice responding by sero-conversion after a single 

vaccine dose. Even at 5ug with EP, 60–100% mice were responsive, whereas in comparison, 

immunization with 50 ug in the no-EP group demonstrated only 20–60% sero positivity. 

Additionally, immune reactivity (as determined by OD reading over negative control + 3SD) 

was much lower for the no-EP groups and showed a dose-dependent trend for EP groups 

(Fig. 2).

Antibody end-point titers against rPfs48/45, after third DNA immunizations are shown in 

Fig. 3a. For each of the four Pfs48/45 DNA vaccines (WT, SYN, MUT1 and MUT2) titers 

for EP groups at 50 ug and 25 ug doses were higher than no-EP at 50 ug dose. Data analysis 

also revealed that the titers in the 5 ug EP groups, a 10-fold lower DNA dose were either 

comparable to or higher than 50 ug no-EP for all DNA vaccine groups. Comparing titers 

between different constructs revealed that SYN DNA at 50 ug, with EP and no-EP, had 

significantly higher titers than WT DNA. Titers for both MUT1 and MUT2 were lower but 

not significantly different compared to SYN DNA and matched the levels of WT group. 

Mice immunized with 25ug and 5ug DNA doses with EP also received a heterologous 

protein boost with rPfs48/45 in alum [23]. The end point titers after a protein boost 

increased ~10-fold, however no differences were observed in the titers among the four DNA 

constructs (Fig. 3b).

3.3. Antibody responses in the Pfs48/45 and Pfs25 co-immunization groups

Fig. 4 shows comparison of antigen-specific antibody end point titers in mice immunized 

with SYN Pfs48/45 and SYN Pfs25, either alone or with a combination of the two. The 

Pfs48/45 antibody titers in mice immunized with SYN Pfs48/45 were not significantly 

different when compared with antibody titers in mice immunized with a combination of 

SYN Pfs48/45 and SYN Pfs25. Similarly no significant differences in Pfs25-specific 

antibody end point titers were detected when comparing mice immunized either with SYN 

Pfs25 or a combination of SYN Pfs25 and SYN Pfs48/45 (Fig. 4).

3.4. Antibody avidity

We compared the avidity of antibodies elicited by all four Pfs48/45 DNA vaccine constructs 

(50 ug by EP) after 3 DNA immunizations using NaSCN dissociation procedure. NaSCN 

molar concentration inducing 50% dissociation of bound antibody (a measure of antibody 

avidity) for SYN DNA (1.87 M) was found to be marginally higher than for antibodies 
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elicited in mice immunized with WT, MUT1 and MUT2 (0.87, 1.1, 1.59 M, respectively). 

Additionally, sera from 5 ug EP groups after the protein boost were also compared, and a 

similar trend persisted: 2.1 M for SYN DNA as compared to 1.37 M (WT DNA), 1.9 M 

(MUT1 DNA) and 1.33 M (MUT 2 DNA). However, these differences among all 

immunization groups, before and after the protein boost, were not statistically significant.

3.5. Antibody isotypes

Immunoglobulin isotypes were determined for antibodies elicited by glycosylated Pfs48/45 

(encoded by WT and SYN plasmids) and unglycosylated Pfs48/45 (encoded by either N-

glycosylation site mutants, MUT1 and MUT2). It was hypothesized that the presence of N-

glycan sidechains might result in conformational changes, which in turn might lead to 

alterations in epitope processing and presentation. Results in Fig. 5 indicate a balanced 

IgG2a/IgG1 response for WT and SYN DNA groups but a skewing towards elevated IgG2a 

was observed for both mutant groups. This isotype distribution was consistent for no-EP and 

EP groups and persisted even after the protein boost.

3.6. Membrane Feeding Assays (MFAs)

MFAs were conducted to determine the transmission reducing activity of purified antibodies 

in the immune sera from mice immunized with WT, SYN, MUT1 and MUT2 DNA plasmids 

(50 ug given three times with EP or no-EP) and 5 ug DNA groups after the protein boost 

(Fig. 6). All MFAs were conducted in the presence of normal human serum without any heat 

inactivation. Immunization with various plasmids without electroporation resulted in only 

partially effective antibodies (20 to 61% transmission reduction, Fig. 6a) and IgG (1 mg/mL) 

from SYN Pfs48/45 group exhibiting 60% transmission reduction as compared to 54%, 54% 

and 38% with MUT1, MUT2 and WT Pfs48/45 groups, respectively. On the other hand, IgG 

from mice immunized with SYN Pfs48/45 plasmid DNA by EP exhibited much higher 

transmission reducing activity (88%, 74% and 40% at 1.0, 0.5 and 0.25 mg/mL IgG 

concentrations, respectively) as compared to mice immunized with WT, MUT1 and MUT2 

Pfs48/45 plasmids (Fig. 6b). Importantly, a protein boost in mice previously immunized with 

10-fold lower dose (5 ug by EP) with all four vaccine constructs exhibited >90% 

transmission reduction suggesting a potentiating role for heterologous prime-boost in 

effective immunogenicity of Pfs48/45 DNA vaccine (Fig. 6c). Assuming average IgG 

concentration of 5–10 mg/mL in mice, these results demonstrate potent transmission 

reducing activity at 1:5 to 1:10 dilution equivalent of various immune sera.

Results of MFA using purified IgG from mice immunized (3 DNA immunizing doses) with 

a combination of SYN Pfs25 and SYN Pfs48/45 at 1, 0.5 and 0.25 mg/mL IgG 

concentrations are shown in Fig. 7. IgG from mice immunized with 50 ug SYN Pfs25 

showed 96–99% transmission reduction and a similar level of reduction was revealed by IgG 

from the SYN Pfs25 and SYN Pfs48/45 combination group.

4. Discussion

Pfs48/45, previously identified using specific monoclonal antibodies with transmission 

blocking activity [5, 44] is an important target of malaria transmission - blocking immunity. 
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Pfs48/45 belongs to 6-Cys family of proteins and target epitopes of blocking antibodies are 

reduction-sensitive, conformational in nature [9, 44]. Various technical limitations have 

restricted progress towards the development of TBV vaccine based on Pfs48/45. It has been 

difficult to express Pfs48/45 in appropriate conformation in recombinant expression systems 

and reduced and alkylated form of Pfs48/45 has been shown to be poorly immunogenic [45]. 

While epitope analysis of Pfs48/45 has revealed surface targets of transmission blocking 

monoclonal antibodies [46], lack of any structural information and knowledge of 

conformational target epitopes has resulted in limited success in the development of 

recombinant TBV based on Pfs48/45. Computational modeling [6] and experimental 

structure determination [47, 48] approaches have been used to predict structure of Pfs48/45. 

However, reproducible production of correctly folded recombinant protein remains a 

challenge and the immunization studies thus far have revealed efficacies not ideal for 

vaccine development. DNA vaccines provide a platform that allows in vivo expression of 

encoded antigen employing host’s transcription and translation machinery after introduction 

of plasmid DNA [24, 49]. While this platform has been extensively explored for Pfs25 [25–

30] this is the first time Pfs48/45 DNA vaccines have been examined in pre-clinical studies. 

In a recent study, immunization with DNA plasmid encoding Pvs48/45 formulated with 

Vaxfectin in mice elicited antibodies with transmission reducing activity in the presence of 

complement, however no reduction was seen in heat-inactivated serum (complement 

negative) [50]. The goal of studies presented here was to investigate the vaccine potential of 

Pfs48/45 using a DNA vaccination approach. In particular we wished to evaluate the 

contributions of codon optimization [51, 52], EP [31, 53], heterologous prime-boost regimen 

[32], and the role of N-linked glycosylation [35] on the immunogenicity of Pfs48/45 DNA 

vaccines in pre-clinical studies in mice. Considering the need for developing multivalent 

TBVs targeting different lifecycle stages, we also endeavored to determine the outcome of 

co-immunization with Pfs25 and Pfs48/45 DNA vaccines.

Our findings from in vitro cell transfection studies demonstrated that Pfs48/45 encoded by 

DNA plasmid undergoes N-linked glycosylation in mammalian cells using host translational 

machinery. Such a post-translational modification of Pfs48/45 encoded by WT and SYN 

DNA was confirmed by two approaches. First, mutating all seven putative N-glycosylation 

sites in Pfs48/45 (Pfs48/45 MUT1 and MUT2) prevented the addition of N-glycan side 

chains as demonstrated by a smaller size protein band (20–25%) by Western blotting as 

compared to protein product produced by WT and SYN plasmid DNA. Second, tunicamycin 

treatment of cells transfected with WT or SYN plasmid resulted in a protein product 

comparable in size to MUT1 and MUT2 protein product suggesting modification of 

polypeptide by N-linked glycosylation of Pfs48/45.

Further, we demonstrate here the value of two different approaches to generate N-

glycosylation mutants. Our rationale was to create N-glycosylation mutants which would 

have least impact on the structural and functional integrity of encoded protein while 

allowing immunogenicity comparison between glycosylated and unglycosylated forms of 

the immunogen. Gene sequence of Pfs48/45 has 7 putative N-glycosylation sites 

(N50,131,190,204,254,299,303 XS/T) and particular mutational substitutions were chosen based 

on the natural polymorphism at these sites as revealed by comparison of P48/45 sequences 

in other Plasmodium spp. (alignments from OrthoMCL 5 [54] via PlasmoDB [55]). Because 
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N190 and N299 residues were found to be conserved in various sequences analyzed, 

N50,131,303 residues were altered to D, N204 to T, N254 to K and switching S/T residues at the 

third position of N190 and N299 sites to A. In MUT2, the S/T residues at the third position of 

all the seven consensus NXS/T motif were altered to A. A similar design strategy was 

recently used, for example, to study N-glycan dependent epitopes of HIV gp120 [56].

Results of our antibody end point titer and avidity analyses revealed no significant 

differences between glycosylated and unglycosylated forms of the antigens encoded by 

DNA vaccines. However mice immunized with WT and SYN Pfs48/45 DNA presenting 

glycosylated Pfs48/45 had a balanced IgG1/IgG2a response whereas mice immunized with 

MUT1 and MUT2 DNA presenting unglycosylated Pfs48/45 showed skewing towards 

elevated IgG2a isotypes. Further studies are needed to understand the mechanisms for the 

observed isotype skewing. MFA data revealed slightly improved transmission reducing 

potency of SYN Pfs48/45 DNA compared with MUT1 or MUT2 Pfs48/45 DNA, even when 

the antibody titers were not significantly different among them. It is possible that this 

difference in functional responses may be attributed to the difference in IgG isotypes. 

Similar studies examining the role of N-linked glycosylation in Pfs25 DNA vaccines did not 

show a significant difference in functional immune responses between SYN and MUT DNA 

[30]. It is interesting to note that in the studies with Pfs25, the antibody isotypes were 

comparable between SYN and MUT DNA groups [30]. These differences highlight the 

importance of examining vaccine optimization approaches on an individual antigen basis. 

Studies reported also reinforce the value of codon optimization as the SYN DNA elicited 

higher antibody titers and transmission reducing antibodies as compared to WT DNA.

Consistent with the previous findings and observations [31, 57–59], in vivo EP significantly 

enhanced antibody end point titers as well as transmission reducing activity for WT, SYN, 

MUT1 and MUT2 Pfs48/45 evaluated in this study. Currently, numerous DNA vaccine based 

clinical trials are underway worldwide [51, 60–62] and EP remains the most promising 

method of DNA vaccine delivery until an alternative DNA delivery method capable of 

matching immunogenicity enhancements is developed. Significant boosting of antibody 

titers as well as functional responses in all DNA immunization groups by E. coli produced 

recombinant Pfs48/45 [23] also support a heterologous prime-boost regimen for Pfs48/45 
DNA vaccine delivery.

The studies reported here demonstrate that a codon optimized Pfs48/45 DNA vaccine has the 

potential to be developed as an alternative vaccine delivery platform. Our findings also 

suggest that contrary to previous studies [41], leaving N-linked glycosylation sites intact in 

the case of Pfs48/45 based DNA vaccine may not have a detrimental impact on functional 

transmission reducing immune responses. In view of the complex life cycle of Plasmodium 
parasites, it is generally accepted that it may be advantageous to combine multiple antigens 

from different lifecycle stages of the parasite. Potent immunogenicity of codon optimized 

Pfs25 DNA vaccine administered by in vivo EP [29, 30] and Pfs48/45 (current study) 

prompted us to evaluate a combination of SYN Pfs25 and SYN Pfs48/45 by EP. Our studies 

indicate that co-immunization with SYN Pfs25 and SYN Pfs48/45 induced comparable 

antigen-specific antibody titers against each individual antigen and transmission reduction in 

the combined group was not compromised. Our analysis does not allow us to suggest 
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whether high blocking in the combination was due to antibodies against Pfs25 or Pfs48/45 

or both. Additional studies are warranted to dissect any additive impact of combining 

multiple vaccines, it is reasonable to assume that targeting multiple parasite stages will 

ensure effective inhibition by catching any escaping parasites. The results also support the 

feasibility of a combination transmission blocking DNA vaccine targeting two different 

stages in the parasite life cycle.
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Fig. 1. Evidence for Pfs48/45 N-linked glycosylation
Mammalian (HEK293T) cells were transfected with Pfs48/45 DNA plasmids and cultured in 

the presence or absence of tunicamycin for 48 hours. Cell lysates were analyzed by SDS-

PAGE under reducing conditions. Lane 1 shows molecular weight standards, lane 2 shows 

results with un-transfected cells (no DNA). Results with cells transfected with WT (lanes 3, 

4), SYN (lanes 5, 6), MUT1 DNA (lanes 7, 8) and MUT2 DNA (lanes 9, 10) are shown in 

cells cultured in the absence (-) and presence of tunicamycin (+). Equal number of cells 

lysed in SDS-PAGE sample buffer were loaded in each lane.
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Fig. 2. Percent mice responding after primary immunization
Immune sera obtained after primary immunization with indicated Pfs48/45 DNA vaccine 

plasmids doses (mg) were analyzed by ELISA for anti-rPfs48/45 antibodies at 1:100 

dilution. Empty bars indicate no-EP groups; filled bars are EP groups at indicated doses of 

various Pfs48/45 DNA vaccines. Percent responding mice (indicated as percentages above 

each bar) were determined based on positive ELISA absorbance reading over pre-immune 

negative control absorbance + 3SD (indicated by the horizontal line).
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Fig. 3. Analysis of anti-Pfs48/45 titers by ELISA in mice (n=5) immunized with different Pfs48/45 
DNA vaccines
(a) shows average end-point titers after 3 DNA immunizations and (b) shows average end-

point titers after a r-Pfs48/45 protein boost in the groups that received 25 and 5 ug plasmid 

DNA doses. End-point titers were defined as reciprocal of serum dilutions giving an 

absorbance (405nm) higher than that with pre-immune sera + 3SD. Statistically significant 

differences between groups were determined by student t-test; p < 0.001 – 0.05, indicated by 

(*). The error bars indicate SD.
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Fig. 4. Comparison of antibody titers by ELISA in mice (n=5) immunized individually or a 
combination of SYN Pfs48/45 and SYN Pfs25 DNA vaccines
White bars show antibody titers against rPfs25 and grey shaded bars show antibody titers 

against rPfs48/45. The immunization groups are indicated along the X-axis. The end-point 

titers were defined as reciprocal serum dilutions giving an absorbance (405nm) higher than 

that with pre-immune sera + 3SD. The error bars indicate SD.
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Fig. 5. Evaluation of IgG isotypes after Pfs48/45 DNA immunization
Sera from mice immunized three times with WT, SYN, MUT1 and MUT2 Pfs48/45 DNA 

vaccines were analyzed for IgM, IgG1, IgG2a, IgG2b and IgG3 isotypes of Pfs48/45 reactive 

antibodies. Results are expressed as a ratio of IgG2a/IgG1 and IgG2b/IgG1. (a), and (b) 

show results for mice immunized with 50ug DNA without and with EP, respectively. (c) 

shows antibody isotypes in mice immunized with 5ug DNA (with EP) and boosted with 

rPfs48/45. The error bars indicate SD.
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Fig 6 (a–c). Membrane Feeding Assays
Transmission blocking activity of purified IgG from pooled immune sera obtained after 

immunization with WT, SYN, MUT1 and MUT2 Pfs48/45 DNA vaccines was determined 

by membrane feeding assays. (Fig. 6a) shows results for no-EP immunization groups tested 

at 1 and 0.5 mg/mL IgG, (Fig. 6b) shows results for EP immunization groups tested at 1, 0.5 

and 0.25 mg/mL IgG, and (Fig. 6c) shows results for 5 ug DNA immunization (with EP) and 

rPfs48/45 protein boost groups tested at 1, 0.5 and 0.25 mg/mL IgG. Results of NHS 

(normal human serum) or NMS (IgG purified from normal mouse sera) controls are also 

shown. Scatter plots represent the number of oocysts counted in the midgut of individual 

mosquitoes and the median oocyst counts by the horizontal bars. Geometric mean oocyst 

counts were used to calculate percent transmission reducing activity shown by numbers 

within a box above each scatter plot. Numbers within the rectangular box below show the 

total number of mosquitoes infected / total number of mosquitoes dissected for each group. 

Statistical differences were analyzed by Mann Whitney U test and are indicated by an 

asterisk (*).
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Fig. 7. Membrane Feeding Assays
Transmission blocking activity of purified IgG from pooled immune sera from mice 

immunized with SYN Pfs25 and SYN Pfs48/45 DNA vaccines, individually or with a 

combination (with EP) was determined using MFA. Scatter plots represent the number of 

oocysts counted in individual mosquitoes and the median oocyst counts by the horizontal 

bars. Geometric mean oocyst counts were used to calculate percent transmission reducing 

activity shown by numbers within a box above each scatter plot. Numbers within the 

rectangular box below show the total number of mosquitoes infected / total number of 

mosquitoes dissected for each group. These MFAs were done at the same time as those in 

Fig. 6b and SYN Pfs48/45 data is included here for comparison. Statistical significance was 

analyzed by Mann Whitney U test and are indicated by an asterisk (*).
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