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A malaria transmission-blocking vaccine would be a critical tool in achieving malaria 
elimination and eradication. By using chimpanzee adenovirus serotype 63 and modified 
vaccinia virus Ankara viral vectored vaccines, we investigated whether incorporating 
two antigens into one vaccine would result in higher transmission-reducing activity 
than one antigen. We demonstrated that when Pfs25 was administered with other 
antigens Pfs28 or Pfs230C, either concurrently as a mixed vaccine or co-expressed as 
a dual-antigen vaccine, the antibody response in mice to each antigen was comparable 
to a monoantigen vaccine, without immunological interference. However, we found that 
the transmission-reducing activity (functional activity) of dual-antigen vaccines was not 
additive. Dual-antigen vaccines generally only elicited similar transmission-reducing 
activity to monoantigen vaccines and in one instance had lower transmission-reducing 
activity. We found that despite the lack of immunological interference of dual-antigen 
vaccines, they are still not as effective at blocking malaria transmission as Pfs25-IMX313, 
the current leading candidate for viral vectored vaccines. Pfs25-IMX313 elicited similar 
quality antibodies to dual-antigen vaccines, but higher antibody titers.
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inTrODUcTiOn

Malaria is a parasitic disease with devastating global health consequences. Malaria incidence is esti-
mated at 214 million cases per year, and mortality has been estimated at 438,000 deaths per year (1). 
There is a critical need for effective malaria vaccines, especially with new global ambitions for malaria 
elimination and eradication (2), and the decreasing efficacy of existing malaria control interventions 
due to drug and insecticide resistance (3, 4). The most clinically advanced malaria vaccine candi-
date, RTS,S, has completed a phase III clinical trial, demonstrating relatively short-lived protection 
of 46% against clinical malaria and 34% against severe malaria in children and older infants (5).  
A recent 4-year follow-up study, which included a booster dose, showed a further reduction in efficacy 
over time (6). Thus, more effective second-generation vaccines are urgently needed especially those 
which reduce transmission and incidence, rather than simply reducing morbidity and mortality (7). 
Transmission-blocking vaccines (TBVs) are widely considered an essential tool for malaria elimina-
tion, either on their own or as components of a multistage vaccine or other control interventions  
(8, 9). TBVs elicit antibodies that target sexual-stage antigens of the Plasmodium parasite or mosquito 
antigens when taken up by the mosquito, thereby blocking parasite development and preventing 
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the vector from transmitting the disease. Pfs25, the leading TBV 
candidate antigen, is a 25-kDa protein expressed on the surface 
of zygotes and ookinetes in the mosquito midgut (10). Pfs25 has 
elicited high antibody titers and transmission-blocking activity 
(TBA) in preclinical animal studies (11). In humans, exception-
ally high antibody titers against Pfs25 have been required to 
achieve effective transmission-reducing activity (TRA; reduction 
in oocyst density) (12). This has been a major hurdle to further 
clinical development of TBVs.

Various methods have been utilized to express Pfs25 in an 
immunogenic form, with variable results, including protein-
in-adjuvant formulations, protein conjugate vaccines, DNA 
vaccines, virus-like particles, and recombinant viral vectors (13). 
In a phase I clinical trial in 2008, a Pfs25 protein formulated in 
Montanide ISA51 adjuvant vaccine demonstrated significant 
TRA, but this required very high antibody titers. Unfortunately, 
the trial was halted due to safety concerns related to the specific 
antigen–adjuvant combination (14). We have recently shown 
that fusion of Pfs25 with a novel molecule IMX313, derived from 
the oligomerization domain from chicken complement inhibitor 
protein C4b-binding protein (15), expressed from either viral 
vectors or as protein–nanoparticles, had significantly higher 
immunogenicity and increased TRA compared to monomeric 
Pfs25 (16). Another potential candidate, Pfs230C has recently 
demonstrated TBA (reduction in prevalence of infected mos-
quitoes) comparable to Pfs25 (17). Pfs230C is a portion of the 
antigen Pfs230, which is expressed in the gamete and gametocyte 
stages of Plasmodium falciparum (17, 18). In previous studies, 
we have shown that Pfs25 and Pfs230C antigens induce the most 
efficacious antibodies expressed in viral vectors (16, 17).

Another promising approach to TBV development could be 
to incorporate multiple antigens into one vaccine. Antibodies 
against Pfs28 alone have shown TBA/TRA (19, 20), and previous 
studies have shown potential synergy between Pfs25 and Pfs28 
(19). Therefore, to inform antigen selection for clinical develop-
ment advancement, it is important to determine whether antigen 
combination would be able to increase and/or enhance efficacy 
as opposed to the use of a single antigen. While several studies 
with virus and bacterial vaccines have shown interference, to 
the best of our knowledge, there are limited published studies 
investigating the combination of antigens in malaria. Same stage 
antigen combinations that have been tested for blood stage, MSP1 
and AMA1, have shown evidence of immune interference by the 
most immunodominant antigen (21). In addition, Forbes et al. 
(22) have shown that mixing viral vectors expressing another 
combination of malaria antigens, CSP and MSP, had no impact 
on antibody responses to either antigen but immune interference 
was observed with cell-mediated immunity. However, a study 
mixing CSP and AMA1 in a DNA-adenovirus prime-boost 
regimen showed sterile protection mediated by cellular immunity 
with no interference reported (23). Furthermore, other studies 
in influenza have shown that co-administration of different 
antigens improves and induces a broad range of responses (24, 
25). The only published transmission-blocking antigen combina-
tion studies involving Pfs25 and Pfs28 showed no evidence of 
positive interference albeit negative interference (19, 26). Thus, 
we hypothesized that interference, positive or negative, might be 

antigen dependent and hence needed to test whether combining 
Pfs25 and Pfs230C for instance would result in immune interfer-
ence. Thus, to replicate the Ps25 and Pfs28 synergy studies (19, 
26, 27), we tested in addition to Pfs230C the possibility of dual-
antigen combinations for Pfs25.

Here, we sought to investigate whether antigen combina-
tions would result in increased efficacy. Thus, we investigated 
the immunogenicity and TRA of dual-antigen TBVs. We used 
the clinically relevant recombinant viral vectors, chimpanzee 
adenovirus 63 (ChAd63) and modified Vaccinia Ankara (MVA), 
in a heterologous prime-boost regime. In multiple preclinical 
studies, these viral vectors have consistently induced antibodies 
against TBV candidate antigens that exhibited TRA in standard 
membrane-feeding assays (SMFAs) (17, 18). Recombinant viral 
vectors induce functional antibodies in animal studies (18) and 
are safe and well tolerated in humans (28, 29). We investigated 
whether there is benefit to include multiple antigens in a TBV 
using different methods: co-administration of viral vectors 
expressing two antigens, mixing of vectors prior to administra-
tion, and co-expression of two antigens from the same recom-
binant vector. Antigens were expressed as dual-antigen viral 
vectored vaccines using either a glycine–proline (GP) linker or a 
2A sequence. With a GP linker, the two antigens are expressed as a 
single fusion protein with a flexible peptide linker between them, 
and both antigens have been shown to be immunogenic (30). A 
2A linker, a 19 αα proteinase encoded by foot and mouth virus, 
which self-cleaves at the C-terminus between glycine and proline 
residues, was used to express the polyprotein antigen so that each 
constituent antigen is generated as a separate product (31).

Here, we first report the immunogenicity in mice after either 
co-administration of two antigens or mixing of antigens before 
delivery. We also report TRA in SMFAs after mixing immunized 
serum against two different antigens. We then report immuno-
genicity and functionality of antibodies (TRA in SMFAs), induced 
by vectored vaccines designed to co-express two antigens (Pfs25 
with either Pfs28 or Pfs230C, with either a GP or 2A linker), com-
pared to monoantigen vaccines. We also report how dual-antigen 
vaccines compare to Pfs25-IMX313 vaccine, the leading antigen 
for viral vectored vaccines to date, in terms of immunogenicity 
and TRA (16).

MaTerials anD MeThODs

Design and generation of recombinant 
Viral Vectored Vaccines
Antigen sequences for Pfs25 (GenBank accession no: AAN35500, 
αα 22–192), Pfs28 (GenBank accession no: L25843.1, αα 24–196), 
and Pfs230C (GenBank accession no: PF3D7_0209000, αα 
443–1132) were obtained from the NCBI protein database. The 
predicted N-glycosylation sites were changed from Asn-Xaa-
Ser/Thr to Gln-Xaa-Ser/Thr as previously described (17, 18). 
The antigen sequences were codon optimized for expression in 
humans (GeneArt® Thermo Fisher Scientific, Germany). The 
predicted native signal peptide was replaced with human tissue 
plasminogen activator signal peptide sequence (GenBank acces-
sion no. K03021) as previously described (32).
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For the dual-antigen vaccine constructs, codon-optimized DNA 
plasmids containing the dual-antigen constructs (Pfs25-GP-Pfs28, 
Pfs25-GP-Pfs230C, and Pfs25-2A-Pfs230C) were obtained from 
ThermoFisher Scientific. The Pfs25, Pfs28, Pfs230C, Pfs25-GP-
Pfs28, Pfs25-GP-Pfs230C, Pfs25-2A-Pfs230C, and Pfs25-IMX313 
inserts were subcloned into the respective ChAd63 and MVA 
destination and shuttle vectors and recombinant viral vectored 
vaccines were generated as previously described (17, 18, 33).

animal studies and Vaccinations
All animal experiments, procedures, and handling were per-
formed according to the UK Animals (Scientific Procedures) Act 
Project License (PPL 30/2414 and 30/2889) and approved by the 
Oxford University Local Ethical Review Committee. Age-matched 
female BALB/c mice (Harlan, UK), housed in specific-pathogen 
free environments, were vaccinated via the intramuscular (i.m.) 
route using a heterologous prime-boost viral vector regime. In 
all experiments (Table S1 in Supplementary Material), mice were 
vaccinated at day 0 with a ChAd63 priming dose of 1 × 108 IFU 
and boosted at day 56 with a MVA dose of 1 × 107 PFU expressing 
the recombinant antigens.

When two different antigens were co-administered (Co-ad) in 
this study, 1 × 108 IFU of ChAd63 of each antigen was delivered 
i.m. in different limbs of the animal (and the same for the MVA 
boost). When two different antigens were mixed in this study, 
1 × 108 IFU of ChAd63 and 1 × 107 PFU of MVA of each antigen 
were premixed in a syringe and then delivered as a single vaccine.

Control immunizations were performed with ChAd63 and 
MVA expressing green fluorescent protein (GFP). Vaccines 
were prepared in sterile, endotoxin-free PBS (Invitrogen, UK). 
Antibody responses to the vaccine antigens were assessed at days 
14, 55, and 70.

Western Blot analysis
To determine the expression of the recombinant antigens 
expressed by the viral vectored vaccines in mammalian cells, 
1 × 107 cells/ml of HEK293 cells were seeded onto six-well plates 
and transfected with pENTR4-LPTOS shuttle plasmid DNA 
(expressing each of the recombinant antigens detailed above), 
using Lipofectamine™ 2000 (Invitrogen, UK). Cells were incu-
bated for 48 h at 37°C and 5% CO2. Supernatants and cell lysates 
were harvested for Western blot analysis, by standard methods 
(34). In brief, polyacrylamide gel electrophoresis was performed, 
samples were transferred to blotting membrane, blots were incu-
bated with the respective primary antibodies, and blots were then 
washed with PBS/T. After washing, the blots were incubated with 
alkaline phosphatase-conjugated donkey anti-mouse IgG sec-
ondary antibodies (Jackson Immuno Research, USA) and washed 
in PBS/T. Blots were rinsed briefly in deionized water, and then 
the protein bands were stained and detected using BICP®/NBT 
alkaline phosphatase substrate (Sigma-Aldrich, UK). Prestained 
protein ladders (NEB UK) were used to estimate the relative 
protein mobility and size.

Pfs25 and Pfs230c standardized elisa
To detect vaccine-induced antibodies against Pfs25 and Pfs230C, 
standardized whole IgG ELISAs were performed according 

to a previously described protocol (17). The Pfs25 antigen was 
provided by Dr. Yimin Wu (NIH, USA), and the Pfs230C antigen 
produced using a wheat germ cell-free system (35) was provided 
by Prof Takafumi Tsuboi (Ehime University, Japan). For Pfs25 
ELISAs, a previously reported reference serum was used (36). For 
Pfs230C ELISA, an internal reference serum was prepared using 
pooled day 70 vaccinated mouse serum with high anti-Pfs230C 
titers. A negative control (pooled serum from mice immunized 
with viral vectors expressing GFP) was included, and the optical 
density (OD) values for the negative controls (at 1:100 dilution) 
were less than 0.15 for all tested plates.

In brief, Nunc-Immuno MaxiSorp plates (Thermo Fisher 
Scientific, UK) were coated with monomeric Pfs25 or Pfs230C 
protein at 0.1 µg per well. Plates were washed and blocked. Test 
serum samples were diluted and added, then incubated for 2 h at 
room temperature (RT), and then washed again. Donkey anti-
mouse total IgG conjugated to alkaline phosphatase (Jackson 
ImmunoResearch Laboratories, USA) was added to the plate for 
1 h at RT. The plate was washed again, and a developing substrate, 
p-nitrophenylphosphate (Sigma-Aldrich, UK) diluted in diethan-
olamine buffer (Thermal Scientific, UK) was added. OD was read 
at 405 nm using an ELx800 absorbance microplate reader (Biotek, 
UK). All samples were tested against a serially diluted standard 
reference serum, and the OD was converted into antibody units 
(AUs) using a standard curve generated by the reference serum.

Pfs28 endpoint Titer elisa
Endpoint titer ELISA was used to detect anti-Pfs28 antibodies, 
as previously described (32). In brief, Nunc-Immuno maxisorp 
plates were coated with Pfs28 protein (0.1 µg per well). Serum 
samples were added (in duplicate) and diluted threefold down the 
plate, followed by the same procedure as the standardized ELISA 
above. The endpoint titer corresponds to the X-axis intercept of 
the dilution curve at an absorbance value greater than the mean 
plus 3 SDs of OD for a serum sample from a naive mouse at 
1:100 dilution. This method allows for comparison of anti-Pfs28 
antibody titers within the study, but does not allow comparison 
with other studies (37, 38).

igg Purification
To perform SMFAs, mouse sera were pooled and the IgG purified, 
as previously described (39). Mouse sera from day 70 postim-
munization were pooled within each test and control group. 
Equal volumes of serum from all mice in a group were pooled 
irrespective of individual antibody titer. Total IgG was purified 
using Protein G columns (Pierce, USA) and buffer exchanged to 
1× PBS.

standard Membrane-Feeding assays
Standard membrane-feeding assays measure the functional abil-
ity of vaccine-induced antibodies to block the development of 
P. falciparum strain NF54, according to a previously described 
standardized protocol (40, 41). Laboratory-cultured NF54  
P. falciparum was adjusted so that the proportion of mature Stage 
V gametocytes was 0.15 ± 0.05%. The purified IgG was diluted 
into non-heat-inactivated human AB sera and mixed with the 
NF54 culture and fed to 4- to 6-day-old starved female Anopheles 
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stephensi via a parafilm® membrane. Mosquitoes were maintained 
at 26°C and 80% relative humidity. After 7 days, midguts from 20 
mosquitoes per group were dissected to determine the number of 
oocysts in individual mosquitoes. Only midguts from mosquitoes 
with any eggs at the time of dissection (unfed mosquitoes cannot 
develop their eggs) were analyzed. Reduction in oocyst intensity 
was calculated in comparison to the respective control IgG tested 
in the same feed (the control was purified IgG from the group of 
mice vaccinated with viral vectors expressing GFP).

statistical analysis
Comparison of quantitative data (e.g., day 70 antibody titers, 
oocyst intensities) between two groups was performed using a 
Mann–Whitney test and between three or more groups using a 
Kruskal–Wallis test. If significant, a Dunn’s multiple comparison 
posttest was performed.

A difference in quality of antibodies (functional activity per a 
fixed amount of antigen-specific antibody) judged by SMFA was 
evaluated using a linear regression model. The log10 transformed 
ratio of the mean oocyst count in control and test samples was the 
response variable, and the square root of antibody level (measured 
by ELISA) and IgG type (e.g., anti-Pfs25 IgG, anti-Pfs25-IMX313 
IgG, anti-Pfs25-GP-Pfs230C IgG) were explanatory variables in 
the model. Since log of mean ratio became infinity when a test 
IgG had zero oocysts on average (i.e., 100% inhibition), such data 
were excluded from the analysis (ChAd63-MVA Pfs25-IMX313 
IgG tested at 750  µg/ml of total IgG, Pfs25-GP-Pfs230C IgG 
tested at 375 µg/ml). All statistical tests were performed in Prism 
6 (GraphPad Software Inc., USA) or JMP11 (SAS Institute Inc., 
USA), and p < 0.05 was considered significant.

resUlTs

generation and expression of 
Monoantigen and Dual-antigen  
Viral-Vectored Vaccines
A number of constructs expressing Pfs25, Pfs230C, or Pfs28 alone 
or in combination (shown in Figure 1A) were used to generate 
recombinant ChAd63 or MVA. For the constructs expressing two 
antigens either a G-P linker or a picornavirus 2A sequence was 
used between the antigens (30, 31). To test the in vitro expres-
sion of the antigens, pENTR4-LPTOS shuttle plasmid DNA 
expressing the different antigens was used to transfect HEK293 
cells. The supernatant was collected and analyzed by western blot 
(non-reducing conditions) using polyclonal sera against Pfs25, 
Pfs28, and Pfs230C (Figures  1B–D). Recombinant protein for 
the monoantigen constructs were detected at the expected size: 
Pfs25 at 18.8 kDa (Figure 1B), Pfs28 at 19.0 kDa (Figure 1C), and 
Pfs230C at 83.5 kDa (Figure 1D).

For the fusion constructs Pfs25-GP-Pfs28 and Pfs25-
GP-Pfs230C, a band was seen at the expected size of 38.27 
(Figures 1B,C) and 98.89 kDa (Figures 1B,D), respectively. The 
Pfs25-2A-Pfs230C construct produced two cleaved proteins, 
Pfs25 (Figure 1B) and Pfs230C (Figure 1D). Both were detected 
at slightly larger sizes than expected. The observation of the 
higher molecular weight species in Figure 1B could be explained 

by the presence of the 2A sequence at the C-terminus as previ-
ously reported for proteins upstream of the 2A sequence (31), as 
this higher molecular weight species corresponds to the predicted 
weight for Pfs25-2A. Both Pfs25 and Pfs230C were recognized at 
~100 kDa (predicted size of 105 kDa) in the Pfs25-GP-Pfs230C 
fusion construct (Figures 1B,D). We have previously published 
data on the Pfs25-IMX313 construct, which forms a heptamer of 
Pfs25 (16).

antibody response after administration  
of Monoantigen Vaccines either Mixed  
or coadministered
During this study, six independent mouse immunization experi-
ments were conducted (experiment 1–6), and the details of experi-
ments are shown in Table S1 in Supplementary Material. To test 
if there was competition between the antigens, we administered 
the monoantigen vaccines (recombinant ChAd63 and MVA) 
expressing Pfs25, Pfs230C, and Pfs28 either by mixing two vac-
cines before administration or co-administering them at different 
sites. To control for the additional dose of the vaccines adminis-
tered in the groups that received two antigens, we used vaccines 
expressing GFP as the vector control in the groups receiving vec-
tors expressing single antigens. While Pfs25 + Pfs230C (mixed) 
group showed relatively lower anti-Pfs25 AU (Figure 2A), there 
was no significant difference among the five groups (p = 0.0682 
by a Kruskal–Wallis test). Similarly, there was no difference in 
anti-Pfs230C AU (Figure 2B; p = 0.2445). For anti-Pfs28 end-
point titer, Kruskal–Wallis test showed a significant difference 
among the four groups (p = 0.0304), but ad hoc Dunn’s multiple 
comparison test could not identify any significant differences in 
any paired comparisons. Taken together, there was no obvious 
interference in antibody levels by receiving two antigens (mixed 
or co-administered) relative to groups vaccinated with vectors 
expressing single antigen.

effect of Mixing igg against individual 
antigens on Tra
To determine whether there is interference in functional activ-
ity of the antibodies induced by monoantigen vaccines (Pfs25, 
Pfs230, or Pfs28), anti-Pfs25, anti-Pfs230, or anti-Pfs28 IgGs was 
tested either alone or in combination in SMFA (Figure 3; Table 
S2 in Supplementary Material). When anti-Pfs25 IgG was mixed 
with anti-Pfs230C IgG (44  µg/ml each), the mixture showed 
significantly lower oocyst intensity than anti-Pfs230C IgG alone, 
but there was no significant difference with anti-Pfs25 IgG alone 
(Figure 3A). On the other hand, when 9 µg/ml of anti-Pfs25 IgG 
was tested with the same concentration of anti-Pfs230 IgG, the 
mixture IgG showed significantly lower oocyst intensity than anti-
Pfs25 IgG alone, but not to anti-Pfs230C IgG alone (Figure 3B). 
When a mixture of anti-Pfs25 (188  µg/ml) and anti-Pfs28 
(750  µg/ml) IgGs was tested (Figure  3C), the mixture showed 
significantly lower oocyst intensity than either of single IgGs at 
that test condition. In some conditions, the mixtures of two IgG 
showed significantly lower oocysts than the single IgG, but not 
in all conditions. However, there was no significant increase in 
oocyst intensity (i.e., interference) by mixing two different IgGs 
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FigUre 1 | Viral vector construct generation and validation. (a) Seven constructs were used to generate recombinant ChAd63 and modified Vaccinia Ankara (MVA) 
viral vectors expressing single or multiple antigens. All antigens are fused to an N-terminal secretion signal peptide tissue plasminogen activator (tPA). Dual-antigen 
constructs link antigens with glycine–proline (GP) linker or a 2A linker. Last construct fused Pfs25 to the oligomerization domain IMX313. (B–D) Expression of 
antigens in suspension HEK293 cells. The pENTR4-LPTOS entry vector expressing the following in each lane represented: Pfs25 (18.81 kDa); Pfs25-GP-Pfs28 
(38.27 kDa); Pfs25-GP-Pfs230C (98.89 kDa); Pfs25-2A-Pfs230C (19.26 kDa (Pfs25) and 83.5 kDa (Pfs230C)); Pfs28 (19.04 kDa); and Pfs230C (83.5 kDa), 
respectively, were used to transfect HEK293 cells, and the supernatant was harvested 4 days posttransfection. 15 µl of supernatant was loaded per lane, and after 
staining, the western blots were developed for 5 min. The figure shows western blots using day 70 anti-serum (pooled from five mice) collected after ChAd63-MVA 
vaccination against the respective antigens (B) Pfs25, (c) Pfs28, and (D) Pfs230C. Dotted lines indicate cut lanes from original blot (B,c) with the corresponding 
original blots shown in Figure S2 in Supplementary Material. The arrows represent the positions of the observed bands against Pfs25 (solid arrows), Pfs28 (broken 
arrows), and Pfs230C (dashed arrow).
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in any conditions tested. Therefore, we next evaluated the dual-
antigen vaccines for immunogenicity and functional activity.

immunogenicity and Functional activity of 
Monoantigen and Dual-antigen chad63 
and MVa Vaccines
As there was no competition observed between the antigens after 
mixing or co-administration in terms of immunogenicity (ELISA 
units/titers) and functional activity (i.e., when two different IgGs 
were mixed in SMFA), we generated recombinant viral vectors 
that express two antigens from the same viral vector as described 

in Figure 1A. The antibody response to the individual antigens 
was maintained in the vectors expressing two antigens compared 
to monoantigen viral vectors (Pfs25, Pfs230C, and Pfs25-GP-
Pfs230C in Figures 4A,B). There was a significant increase in the 
antibody response to Pfs25 and Pfs28 when expressed as a fusion 
protein compared to monoantigen vector (Figures 4A,C). This 
was not due to cross reactivity of antibodies in the ELISA (Figure 
S1 in Supplementary Material).

Since the dual-antigen vaccine groups did not show sig-
nificantly lower antibodies levels compared to the monoantigen 
vaccine groups judged by ELISA, functionality of antibodies was 
compared by SMFA. Total IgG was purified from pooled day 70 
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FigUre 2 | Immunogenicity of chimpanzee adenovirus 63 (ChAd63)–modified Vaccinia Ankara (MVA) vaccination with mixed or co-administered antigens in mice. 
Day 70 antigen-specific IgG responses in mice after immunization with ChAd63-MVA expressing Pfs25, Pfs230, Pfs28, and GFP [vector control (VC)] antigens. 
Constructs were administered by premixing antigens prior to vaccination (mixed) or co-administering (Co-ad) by vaccinating each antigen separately. The figure 
shows the total IgG response against Pfs25 [(a) two independent immunization experiments were conducted of experiment 1: n = 8/group (open symbols) and 
experiment 2: n = 5/group (closed symbols)], Pfs230C (B), and Pfs28 (c). Response was measured by standardized ELISA (a,B) and expressed in antibody units. 
Anti-Pfs28 antibody levels were measured by endpoint ELISA (c) and expressed as Pfs28 endpoint titer. Median and individual data points are shown. Kruskal–
Wallis tests showed p = 0.0682 (a), p = 0.2445 (B), and p = 0.0304 (c), respectively. Dunn’s multiple comparison posttests showed no significant difference.
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serum from each group and tested at three to seven different total 
IgG concentrations each in two to five independent assays (Table 
S3 in Supplementary Material). When antigen-specific antibody 
concentrations were plotted in a square root scale (x-axis) against 
log-transformed mean oocyst ratio between test and control 
(y-axis), as shown in previous studies (42, 43), the data were 
approximated by a linear relationship (Figure 4): r2 > 0.78 for a 
linear fit of each IgG for each antigen, except anti-Pfs230C IgG 
(Figure 4E; r2 = 0.55) and anti-Pfs28 IgG (Figure 4F; r2 = 0.06).

To compare functional activity after adjusting for antigen-
specific antibody levels, multiple linear regression analyses were 
performed using SMFA activity as a response variable, and the 
antibody level (anti-Pfs25AU or anti-Pfs230C AU) and IgG type 
(anti-Pfs25 IgG, anti-Pfs230C, anti-Pfs25-GP-Pfs230C IgG, or 
anti-Pfs25-GP-Pfs28 IgG) were used as explanatory variables. 
Since anti-Pfs28 IgG by itself showed no inhibition, a linear 
regression analysis was not performed for Figure 4F. The fits to the 
linear regression models were r2 = 0.80 and 0.81 for Figures 4D,E, 
respectively, and antibody levels had significant impact on SMFA 
activity for both analysis (p < 0.001 for Figures 4D,E). IgG type 
showed a significant impact in Figure  4D (p  <  0.001). When 
the three IgG types were further compared in the linear model, 
anti-Pfs25-GP-Pfs230C IgG displayed significantly lower inhibi-
tions compared to anti-Pfs25 and anti-Pfs25-GP-Pfs28 IgGs at 
the same anti-Pfs25 AU level (p < 0.001 for both). On the other 
hand, there was no significant impact of IgG type on inhibition 
in Figure 4E (p = 0.223).

comparison of Magnitude and Functional 
activity of antibodies induced by Dual-
antigen Vaccines and Pfs25-iMX313
In addition to using the GP linker to generate dual-antigen viral 
vectors, we also used the picornavirus small self-cleaving 2A 

peptide reported to have high cleavage efficiency to express Pfs25 
and Pfs230C from the same viral vectors. There was no significant 
difference in the antibody response against Pfs25 or Pfs230C 
(Figures 5A,B) when expressed using the GP linker or 2A pep-
tide. In the same study, we also compared the immunogenicity of 
the dual-antigen vectors with Pfs25-IMX313, the current leading 
construct expressed from viral vectors (16). The anti-Pfs25 anti-
body response induced by vectors expressing Pfs25-IMX313 was 
significantly higher than Pfs25 alone, and the same trends were 
seen for the dual-antigen vectors.

Total IgG was purified from pooled day 70 serum from each 
group and tested at three to five different concentrations each in 
three independent assays (Table S4 in Supplementary Material). 
Similarly to Figure  4, the data were approximated by a linear 
relationship when antigen-specific antibody concentrations were 
plotted in a square root scale against log-transformed mean 
oocyst ratio between test and control (Figure 5C): r2 > 0.85 for 
all three groups. The overall fit to the linear regression models was 
r2 = 0.84, and antibody levels had significant impact on SMFA 
activity (p < 0.001), but not for IgG type (p = 0.691). The result 
indicates that when the three IgGs were tested at the same anti-
Pfs25 AU level, all showed similar SMFA activity, suggesting that 
there is no qualitative difference in the antibodies generated by 
the different vaccines.

DiscUssiOn

Transmission-blocking vaccines that combine two different anti-
gens could have a larger impact on population transmission than 
a single-antigen TBV through two mechanisms: by increasing 
efficacy at lower antibody titers and by increasing the proportion 
of the vaccinated population that achieves transmission-blocking 
antibody levels (44). This would be further enhanced if there was 
synergy between the two antigens, as some preliminary evidence 
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FigUre 3 | Effect of mixing mouse IgG induced by vaccination against 
Pfs25, Pfs230C or Pfs28 in standard membrane-feeding assay (SMFA). Total 
IgG was purified from pooled day 70 serum from mice vaccinated with 
chimpanzee adenovirus 63 (ChAd63)–modified Vaccinia Ankara (MVA) 
expressing Pfs25, Pfs230C, or Pfs28. The purified IgG from mice vaccinated 
with Pfs25 was mixed with IgG from mice vaccinated with Pfs230 [(a,B) the 
anti-sera used to purify both anti-Pfs25 and anti-Pfs230 IgGs were from 
experiment 3]. In addition, IgG from mice vaccinated with Pfs25 was mixed 
with IgG from mice vaccinated with Pfs28 [(c) both IgGs from experiment 4] 
at different concentrations. These IgG mixtures or IgG against the single 
antigens were fed to Anopheles stephensi mosquitoes in SMFA. Data points 
represent the number of oocysts in individual mosquitoes, and the lines show 
the arithmetic mean. IgG from mice immunized with ChAd63–MVA 
expressing green fluorescent protein were used as a negative control (the first 
left column in each panel). There are significant differences in oocyst density 
among single IgGs and IgG [p < 0.0001 (a), p < 0.0001 (B), and p < 0.0001 
(c) by Kruskal–Wallis tests], and p values (Dunn’s multiple comparison 
posttests) are shown when there are significant differences between mixture 
and single IgG in each panel.

FigUre 3 | Continued
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co-administered two blood-stage malaria antigens (MSP1 and 
AMA1), there was a significant immunological interference, with 
lower antibody titers of AMA1 compared to when AMA1 was 
administered alone (21). There is a risk of immunological inter-
ference by co-administration of two antigens (44), as reported 
in the blood-stage malaria vaccine clinical trial, which found 
a reduced immune response to AMA1 when co-administered 
with MSP1 (21). We showed that if two sexual-stage antigens 
(Pfs25 with either Pfs28 or Pfs230C) were administered to mice, 
either as two different vaccines given concurrently or as two dif-
ferent vaccines mixed and administered together, there was no 
significant evidence of immunological interference. We further 
demonstrated that two antigens co-expressed in a single viral 
vectored vaccine also elicited antibody-specific titers similar to a 
single antigen. In SMFA studies, we found that the TRA of mixing 
serum from mice immunized against two antigens separately was 
comparable to serum of mice immunized against one antigen. 
We found that Pfs25-GP-Pfs28 elicited Pfs25 antibody titers and 
Pfs28 endpoint-titers significantly higher than the respective 
monoantigen vaccine. However, the TRA elicited by a dual-anti-
gen vaccine was not additive compared to one antigen, and in one 
case, the TRA of dual-antigen vaccine was lower than the single 
antigen, suggesting that dual-antigen vaccines may induce less 
functional antibodies. Finally, we found that the Pfs25-IMX313 
vaccine elicited comparable TRA per Pfs25 AU in comparison 
to the dual-antigen constructs and would likely be superior due 
to eliciting higher Pfs25 antibody levels when compared to the 
dual-antigen vectors.

Antibody titers against Pfs25 and Pfs230C in this study were 
comparable to previous studies using a prime-boost regime with 
recombinant viral vectors (17). Consistent with previous studies, 
Pfs25-IMX313 elicited antibody titers approximately 10-fold 
higher than Pfs25 vaccine alone (16). This contributes to a grow-
ing body of evidence suggesting the adenovirus prime–poxvirus 
boost regime is an effective and versatile vaccine delivery platform 
for eliciting high-titer antibodies (29, 32). Viral vectors provide 
an ideal platform for a dual-antigen TBV, as they facilitate deliv-
ery of multiple antigens with minimal additional cost (46, 47). In 
our study, when comparing vaccines combining both Pfs25 and 

suggests for Pfs25 and Pfs28 (27). However, combination vac-
cines carry the risk of immunological interference between 
antigens, which could lead to reduced immune responses to one 
or more components (44, 45). For example, in a clinical trial that 
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FigUre 4 | Immunogenicity and transmission reducing ability in standard membrane-feeding assay (SMFA) induced by vaccination with chimpanzee adenovirus 63 
(ChAd63)–modified Vaccinia Ankara (MVA) expressing single- or dual-antigen vectors in mice. Day 70 antigen-specific IgG responses in mice after immunization with 
ChAd63-MVA expressing single antigens (Pfs25, Pfs230C, and Pfs28) and dual-antigen antigens linked with glycine–proline (experiment 5, n = 6/group). The figure 
shows the total IgG response against Pfs25 (a), Pfs230C (B), and Pfs28 (c). Response was measured by standardized ELISA (a,B), expressed in antibody units 
(AUs) and endpoint ELISA (c) expressed as Pfs28 endpoint titer. Median and individual data points are shown. Either a Kruskal–Wallis test followed by Dunn’s tests 
[(a) p = 0.0023 by a Kruskal–Wallis test, p values by Dunn’s tests are shown] or Mann–Whitney tests (B,c) were performed. Total IgG was purified from the pooled 
day 70 mouse serum, and each IgG was tested at three to seven different total IgG concentrations in two to five independent SMFA assays (Table S3 in 
Supplementary Material). The square root of antigen-specific antibody concentrations [anti-Pfs25 AU (D), anti-Pfs230C AU (e), or anti-Pfs28 ET (F)] in the feeder is 
shown on the x-axis. The log-transformed mean oocyst ratio between test and control (LMR) are plotted on left side of y-axis, and the associated % inhibition in 
oocyst density (transmission-reducing activity) is shown on the right side of the y-axis.
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Pfs230C, there was no significant difference in antigen-specific 
antibody responses when they were expressed using either a GP 
or a picornavirus 2A sequence between the antigens (30, 31). This 
supports the use of both for designing future dual-antigen viral 
vectored vaccine constructs. Longevity of immune responses was 
not assessed in this study. For a practical TBV to be deployed in 
the field, it must induce antibody titers, which are sustained for 
at least one transmission season of a malaria-endemic country. 
Future studies will need to assess not just antibody titers, but 
longevity of response.

When serum from different groups of mice immunized against 
Pfs25 and Pfs230C individually were mixed and SMFA per-
formed, there was no clear interference in SMFA. In some cases, 
mixing two antigens in certain concentrations elicited higher 
TRA than either antigen alone (Figure 3). However, such clear 
additive effects were not reproducible, and the results were dif-
ficult to generalize. Since the error of assay is not small (especially 
at lower % inhibition level) (42) when the assay was performed 
as mentioned in the current study (e.g., dissect 20 mosquitoes 
per group, not 100–200 mosquitoes), it is important to interpret 
SMFA results with caution and within context. Because of the 

error, it is practically difficult to determine the best combination 
of IgG concentrations at which we can consistently show the 
additive (or synergistic) effects in SMFA. Another limitation of 
SMFA in this study was that serum samples from multiple mice 
in the same group were pooled to obtain enough purified IgG 
for the assay. Therefore, variation among animals within a group 
could not be assessed.

So far, we have demonstrated that dual-antigen vaccines elic-
ited similar antigen-specific antibody responses to monoantigen 
vaccines judged by ELISA (Figures  4 and 5) and that mixing 
antibodies against individual antigens led to at least compara-
ble or sometimes additive TRA compared to a single antibody 
(Figure 3). Therefore, it was expected that IgGs from dual-antigen 
vaccines would show higher TRA than IgGs from monoantigen 
vaccines when those IgGs were tested at the same antibody level 
to one antigen. For example, it was expected that in the SMFA, 
the Pfs25-GP-Pfs230C vaccine would elicit higher TRA than the 
Pfs25 vaccine at the same anti-Pfs25 antibody titer, due to the 
additional activity from the anti-Pfs230C antibodies present. 
However, there was no significant increase in TRA in any of the 
dual-antigen vaccines compared to monoantigen vaccines when 
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FigUre 5 | Immunogenicity and transmission reducing ability in standard membrane-feeding assay (SMFA) induced by vaccination with chimpanzee adenovirus 63 
(ChAd63)–modified Vaccinia Ankara (MVA) expressing single antigen, dual-antigen, or IMX313 vectors in mice. Day 70 antigen-specific IgG responses in mice after 
immunization with ChAd63–MVA expressing single antigens Pfs25 or Pfs230C and dual-antigen antigens linked with glycine–proline or 2A (experiment 6, n = 5/
group). Another group of mice were immunized with Pfs25-IMX313. The figure shows the total IgG response against Pfs25 (a) and Pfs230C (B). Response was 
measured by standardized ELISA and is expressed in antibody units. Kruskal–Wallis tests [p = 0.0107 (a) and p = 0.4249 (B)] followed by Dunn’s tests were 
performed; p value by Dunn’s test is shown. Pfs25-2A-Pfs230C was eliminated from these statistical tests as only three mice remained at the end of the study. Total 
IgG was purified from the pooled day 70 serum, and each IgG was tested at two to five different total IgG concentrations each in two to three independent SMFA 
assays (Table S4 in Supplementary Material). The square root of anti-Pfs25 AU (c) in the feeder is shown on the x-axis. The log-transformed mean oocyst ratio 
between test and control (LMR) are plotted on left side of y-axis, and the associated % inhibition in oocyst density (TRA) is shown on the right side of the y-axis.
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adjusted to one of the antigen-specific antibody levels (Figure 5). 
In fact, there was a significant decrease in TRA elicited by Pfs25-
GP-Pfs230C compared to Pfs25 alone at the same Pfs25 antibody 
titer. There are several possible reasons for this finding. However, 
given that there was no significant interference when two types 
of IgG were mixed in ex vivo SMFA assays (Figure 3), it is likely 
that the dual-antigen vaccines induced less functional antibodies 
than monoantigen vaccines in that particular study experiment. 
On the other hand, Pfs25-GP-Pfs230C IgG showed the same level 
of TRA as IgG of Pfs25 alone at the same Pfs25 antibody titer 
from IgG samples collected from another mouse immunization 

study (Figure  5). Further studies are required to uncover the 
mechanism of non-additive effect in the dual-antigen vaccines, 
such as comparing TRA using affinity-purified antigen-specific 
IgGs from dual-antigen and monoantigen groups. It is also 
possible that the conformation of the individual antigens in the 
monoantigen and dual-antigen were different. This could result 
in a difference in the quality of antibodies induced, thus affecting 
the efficacy results observed in SMFA. We concluded this espe-
cially for Pfs25 where we observed that despite using the same 
concentration of anti-Pfs25 IgG in SMFA, the efficacy obtained 
using the dual-antigen vaccine antibodies was not higher in 
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comparison to those of the monoantigen vaccine antibodies. 
However, further studies are required to determine whether there 
are conformational changes.

When we compared our dual-antigen vaccine with the best 
evidence of TRA (Pfs25-GP-Pfs230C) against Pfs25-IMX313, 
we found the latter induced anti-Pfs25 antibodies of the same 
quality but the titer was significantly higher and hence had bet-
ter TRA. This suggests that despite the lack of immunological 
interference demonstrated with dual-antigen vaccines, they are 
still not as effective at blocking transmission of the parasite as 
vaccines, which simply elicit very high antibody titers such as 
Pfs25-IMX313. In some previous studies, additive/synergistic 
inhibition has been demonstrated when antibodies against Pfs25 
and Pfs28 were combined in an SMFA (27) and when the two 
antigens were expressed as a fusion protein in Saccharomyces cer-
evisiae (19). In our study, we noted no strong evidence of synergy 
between Pfs25 and Pfs28 when expressed from the dual-antigen 
vaccines. This could have been as a result of the quality of anti-
bodies raised due to the different delivery systems used in either 
study (viral-vectors vs. protein-in-adjuvant). There is evidence 
of a difference in both the quality and quantity of responses 
induced depending on the delivery system, viral-vectors vs. 
protein-in-adjuvant, with the choice of adjuvant having a role 
to play (48–50).

Although dual-antigen TBVs in this study did not demonstrate 
TRA as high as the Pfs25-IMX313 viral vectored vaccine, inclu-
sion of multiple antigens within a TBV remains an important area 
of investigation. For example, future studies may consider a dual-
antigen vaccine including Pfs25-IMX313 with another antigen 
such as Pfs230C. Furthermore, previous modeling has suggested 
that dual-antigen vaccines are likely to reduce the proportion of 
vaccinees that are poor responders (44). The significant number 
of poor responders to a vaccine, who fail to achieve protection, 
is a major potential problem for a vaccine that seeks to interrupt 
transmission. For example, in the 2008 Phase I trial of a Pfs25 
protein-in-adjuvant vaccine, 4 of 10 volunteers developed no 
detectable antibodies from one dose (14). However, individuals 
who are poor responders to one antigen may respond better to the 
second antigen (provided there is no immunological interference 
between the antigens), which would increase the proportion of 
the population that achieves protection (44). Further studies are 
needed to determine whether expressing multiple antigens will be 
an effective strategy in the development of urgently needed TBVs.

Thus to address the question posed by the main the main 
hypothesis of this study – whether two antigens are better than 
one. Based on the data in this article, the answer is no. In this 
study viral vectors were used as the delivery platform instead 
of recombinant protein used in the earliest demonstration of 

synergy between two TBV candidates, and it is possible that 
repeating this study using proteins instead of viral vectors might 
produce a different conclusion. This study highlights the impor-
tance of assessing the effects of combining two or more antigens 
in a vaccine.
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