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Abstract

Malaria transmission-blocking vaccines (TBV) targeting sexual stages of the parasite represent an
ideal intervention to reduce the burden of the disease and eventual elimination at the population
level in endemic regions. Immune responses against sexual stage antigens impair the development
of parasite inside the mosquitoes. Target antigens identified in Plasmodium falciparum include
surface proteins Pfs230 and Pfs48/45 in male and female gametocytes and Pfs25 expressed in
zygotes and ookinetes. The latter has undergone extensive evaluation in pre-clinical and phase |
clinical trials and remains one of the leading target antigens for the development of TBV. Pfs25
has a complex tertiary structure characterized by four EGF-like repeat motifs formed by 11
disulfide bonds, and it has been rather difficult to obtain Pfs25 as a homogenous product in native
conformation in any heterologous expression system. Recently, we have reported expression of
codon-harmonized recombinant Pfs25 in E. coli (CHrPfs25) and which elicited highly potent
malaria transmission-blocking antibodies in mice. In the current study, we investigated CHrPfs25
along with gold nanoparticles of different shapes, size and physicochemical properties as
adjuvants for induction of transmission blocking immunity. The results revealed that CHrPfs25
delivered with various gold nanoparticles elicited strong transmission blocking antibodies and
suggested that gold nanoparticles based formulations can be developed as nanovaccines to
enhance the immunogenicity of vaccine antigens.

1. Introduction

Malaria caused by Plasmodium spp. remains a major public health problem, responsible for
up to an estimated 283 million cases and 755,000 deaths annually (WHO, 2014).
Widespread drug resistance (1) (2), and lack of appropriate means of disease control
underscore the need for developing effective vaccines targeting different stages of the
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parasite life cycle. The only vaccine advanced to phase I11 clinical trial (RTS, S/AS01) has
shown only partial efficacy (3, 4).

Malaria transmission-blocking vaccine (TBV) targeting sexual stages of the parasite
represents an ideal intervention to reduce the burden of the disease by controlling vector
mediated transmission and eventual elimination at the population level in endemic areas (5—
10). Immune responses against sexual stage antigens impair the development of parasite
inside the mosquitoes, thus, curtailing the transmission. P. falciparum proteins Pfs230 (11—
17), Pfs48/45 (18-20) and Pfs25 (21-25) and their orthologs in P. vivax are primary target
antigens for TBVs. Of these target antigens, Pfs25 expressed on the surface of zygotes and
ookinetes, has undergone extensive evaluation in pre-clinical and phase I clinical trials and
remains one of the promising target antigens for the development of TBV. Several studies
have reported on the recombinant expression of Pfs25 in yeast (22), cell-free translation
using wheat germ(26), plants (14) and algae (27) with varying degrees of transmission-
blocking effectiveness in pre-clinical studies (28-31) and phase I clinical trials (32). Since
Pfs25 has a complex tertiary structure characterized by 22 conserved cysteine residues
critical for structural integrity of the antigen, it has been rather difficult to produce in native
conformation in any heterologous expression system (33, 34). Recently, we have reported
expression of codon-harmonized recombinant Pfs25 (CHrPfs25) in E. coli and the
successful refolding and purification in an appropriate monomeric conformation, which
elicited highly potent malaria transmission-blocking antibodies in mice (24).

To be an effective vaccine an antigen formulation has to induce strong and preferably long-
lasting antibody responses (35). Immune responses are modulated by incorporation of
effective adjuvants, optimization of delivery systems and fine-tuning of vaccine particulate
size. However, the development of vaccines in general, has been hindered by the paucity of
safe and effective vaccine adjuvants and delivery systems. Several studies have shown that
antigen delivery with nanoparticles could enhance the uptake of antigen by antigen
presenting cells and subsequently elicit improved immune response than those obtained with
soluble counterparts (36, 37). In this regard, gold nano-(GN)-particles may serve as efficient
and cost-effective approach for vaccine delivery because of their tunable particle size, shape,
biocompatibility, unique physicochemical properties, and easy surface modifications (38—
44). GN-particles are inert, non-toxic, and can be easily taken up by dendritic cells and other
antigen presenting cells facilitating overall improved delivery of vaccine antigen (40, 41, 45,
46). Despite the huge potential benefit of GN-particles in the field of biomedical imaging
and diagnostics, only a few studies have reported on delivery of vaccine antigens (47, 48).

In the current study, we have investigated GN-particles of different shapes and size, and
evaluated their potential for delivery of CHrPfs25 antigen for induction of transmission
blocking immunity. The efficacy of GN-particles for induction of transmission blocking
antibodies was also determined when co-administered with conventional adjuvant alum. The
results revealed that CHrPfs25 delivered with GN-particles elicited strong transmission
blocking antibodies, and suggested that GN-particles can be developed as promising vaccine
delivery vehicles to enhance the immunogenicity of vaccine antigens.
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2. Methods
2.1. Purification of CHrPfs25

The CHrPfs25 protein was expressed in E. coli and purified after refolding as described
(24). The quality of protein was analyzed by non-reducing and reducing denaturing SDS-
PAGE and characterized by western blot analysis using anti-(His)g and Pfs25-specific
monoclonal (ID3) antibodies (24). The concentration of protein was determined by BCA
protein assay kit (Thermo Scientific, Rockford, IL). Endotoxin levels were measured using
LAL chromogenic endotoxin quantitation kit (Thermo Scientific, Rockford, IL) and were
found to range between 0.7 and 7.2 EU/mL in three different batches of CH-rPfs25
employed for further formulation with gold nanoparticles in these studies. These levels are
significantly lower than maximum acceptable levels of endotoxin in vaccine formulation
during preclinical research(49).

2.2. Nanoparticle synthesis and bio-conjugation

GN-particles of different shapes were chemically synthesized as described (50-55). To
synthesize spherical GN-particles (GNP, Figure 1A) (53, 55), aqueous solutions of
HAuCI4.3H,0 (1.8 mL, 0.01 M) and sodium citrate (0.5 mL, 0.01M) were added to 40 mL
of deionized H,0O with continuous stirring. Next, freshly prepared NaBH,4 (0.12 mL, 0.1M)
was added and when the solution changed from colorless to light pink / orange
(approximately 30 minutes), stirring was stopped and the solution was left undisturbed for 2
h. Star shape GN-particles (GNS, Figure 1B) were synthesized using a two-step procedure
as reported (51). The first step involved synthesis of small size spherical GN-particle seed as
described above for GNP, followed by the addition of shape-templating surfactant
cetyltrimethylammonium bromide (46.88 mL, 0.59 mM) and 0.3 mL, 0.01 M AgNO3 and
incubation for 24 hours to synthesize GNS (53, 55). Cage shape GN-particles (GNC, Figure
1C) were prepared by galvanic replacement reaction (53, 55). Initially silver nanocubes were
synthesized followed by the addition of HAuCl4.3H,0 (5 mL, 0.01M) to 5 mL of
concentrated silver nanocubes (0.01mM). The mixture was dissolved in 70 ml nanopure
water and boiled for few minutes. Triangular GN-prisms (NPR, Figure 1D) were prepared
using a two-step seed mediated procedure as reported (54). In brief, HAuCl4.3H,0 (5 mL,
0.01M) solution was mixed with AgNO3 (10 mL, 0.0029M) and trisodium citrate (10 mL,
0.0025M) and cooled in an ice bath for 3—4 hours. After that an aqueous solution of NaBH,4
(0.1 M) was added drop by drop with vigorous stirring followed by addition of aqueous
poly(N-vinyl-2-pyrrolidone) (PVP) solution (10 mL, 0.002M) with vigorous stirring. The
size and shape of GN-particles were characterized using the high-resolution tunneling
electron microscope (HRTEM) (Figure 1) and dynamic light scattering (DLS) measurement
using Nano instrument from Malvern Zetasizer (Table 1).

2.3. Synthesis of antigen conjugated GN-particles

Covalent immobilization of the CHrPfs25 antigen onto the GN-particles was performed
using 4-amino-thio phenol (4-ATP) and a glutaraldehyde spacer method (51-53). In brief,
10 mM 4-ATP added to 20 mL of GN-particles and the solution was kept at 55°C for 6
hours under constant sonication and excess ATP was removed by centrifugation at 8,000
rpm for 30 minutes. In the next step 15 mL of amine-functionalized GN-particles were
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dispersed into 0.01 M PBS containing 5% glutaraldehyde and CHrPfs25 antigen for 12 h.
The CHrPfs25-modified GN-particles were washed with PBS to remove excess antigen. In
addition to covalent immobilization, we also evaluated CHrPfs25 admixed 1 hour prior to
immunization with GN particles. To avoid nonspecific interactions, we also tested GN
particles coated with thiolated polyethylene glycol (SH-PEG). For developing PEG coated
gold nanoparticles, different shape nanoparticles were treated with (1074 M) polyethylene
glycol (PEG) thiol acid (Sigma & Aldrich) for 6 hours at room temperature. We have used
Au-S chemistry to coat PEG on GN particles. DLS (Table 1) and TEM (Figure 1)
characterization confirmed no significant changes in shape and the size of GN-particles after
conjugation with PEG and antigen. To make sure nanoparticles are not aggregated with
time, we have performed DLS measurements at various time points, and we have noticed
that GN particles remain stable even after 6 months.

2.4. Animal immunizations

Four to five weeks old female BALB/c mice were immunized with 10 pug of CHrPfs25 and
various GN-particles. Four groups of mice (n=5) were immunized with Pfs25 conjugated
with GNP and GNS with or without alum adjuvant. An additional six groups of mice (n=4)
were immunized with CHrPfs25 ad-mixed with GNP, GNC, and NPR with or without
coating with SH-PEG. All the groups of mice were vaccinated through intramuscular (IM)
route (quadriceps) in a total volume of 0.1mL. Mice were boosted with the same amount of
CHrPfs25 antigen in respective GN-particles at 3 week intervals and bled on day 21, 31 and
52 to collect sera for analysis.

2.5. Antibody end-point titers and isotypes by ELISA

Antibody end-point titers and 1gG isotypes were determined by ELISA (24). 1gG isotypes

were analyzed by ELISA. After incubation with purified 1gG (100 ng/ml) from immunized
mice sera were incubated with HRP-conjugated anti-mouse 1gG1, 1gG2a, 1gG2b and 1gG3
(Life Technologies, CA) prior to color development and absorbance measurement.

2.6. Purification of total IgG

Purification of total 1gG was accomplished using Protein A-Sepharose beads as reported
(24). Briefly, pooled sera were diluted (1:1) with the binding buffer (1.5M glycine, 3M
NaCl, pH 9.0) and then incubated for 2 hours at 4°C with pre-equilibrated Protein A-
Sepharose beads on a rocker. The beads were packed in a column and washed with the
binding buffer until no protein was detected (Aogg by nanodrop) in the washes. The bound
1gG was eluted with 0.2M glycine (pH 2.5) in tubes containing 50 pl 1M Tris-HCI, pH 9.0
followed by buffer exchange using PBS (pH 7.4). BCA protein assay kit (Thermo Scientific,
Rockford, IL) was used to determine the concentration of total 1gG.

2.7. Membrane feeding assay

Four different concentrations (400, 200, 100, 50 ug/mL) of total 1gG were tested in standard
membrane feeding assay (MFA) to determine the transmission blocking efficacy of
antibodies (24). Briefly, 25-30 starved (4 hours) female An. gambiae (Keele strain)
mosquitoes (4-6 days old adult) were fed with cultured P. falciparum (NF54) gametocytes
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(0.3% final gametocytemia) diluted with normal human serum (NHS) and human
erythrocytes to ~50% final heamatocrit and purified IgG from adjuvant alone immunized
mice sera or from test sera using mini glass feeders, warmed to 37°C using a circulating
water bath. Mosquitoes were allowed to feed for 15 minutes and blood-fed mosquitoes were
maintained for 8-9 days at 26°C and 60-80% relative humidity. Evaluation of infectivity
prevalence and transmission blocking activity was determined by counting the number of
oocysts in the mosquito midguts.

2.8. Statistical analysis

3. Results

Antibody endpoint antibody titer was defined as serum dilutions giving an absorbance
higher than the mean absorbance of pre-immune serum + 3SD. GraphPad Instat3 software
package was used for statistical analysis. Percent reduction in oocyst development in the
mosquitoes was calculated using the formula [100x (mean oocyst number in negative
control — mean oocyst number in test)/mean oocyst number in negative control]. One way
analysis of variance (ANOVA) Kruskal-Wallis test was used to assess statistical
significance. P values of <0.05 were considered significant.

3.1. Qualitative and quantitative analysis of CHrPfs25 protein and stability

Pfs25 contains eleven disulfide bonds, critical for the functional immunogenicity, thus, mis-
pairing of cysteine residues leads to mis-folding/aggregation resulting in low yields of
bioactive recombinant protein (21, 22, 24). In order to establish reproducibility of CHrPfs25
purification, three independent batches of CHrPfs25 were produced at different times to
analyze the quality and quantity. The purified protein was monomeric as revealed by
denaturing non-reducing SDS-PAGE and recognized by Pfs25-specific monoclonal antibody
ID3 under non-reduced SDS-PAGE condition. The yield of protein varied between 3 and 8
mg/mL. All three batches of CHrPfs25 were stored at 4°C in PBS and assessed by SDS-
PAGE and western blotting after 4 and 18 months. No aggregation and degradation of
protein was detected suggesting long term stability of purified protein at 4°C. Moreover, the
protein stored for up to 18 months at 4°C retained the reduction-sensitive conformational
epitopes (data not shown).

3.2. Physicochemical characterization of GN-particles

GN-particles exhibit unique physicochemical properties including surface charges and
ability to bind amine and thiol groups, which allow surface modifications. The shapes of
GNP, GNS, GNC and NPR were determined by high-resolution tunneling electron
microscope (HRTEM) (Fig. 1) and the average size before conjugation with CHrPfs25
antigen was 30, 50, 60, and 30-40 nm, respectively (Table 1). After conjugation/attachment
of the antigen, the size of GNP (45+4nm), GNS (64+5nm), GNC (73+5nm) and NPR
(48+£8nm) was found to increase slightly. Surface charge measured as zeta potential also
showed increased negative values after conjugation of protein. GNS showed the highest zeta
potential (-1.12 mV), while GNP had the lowest (-6.12 mV) value. The overall protein
binding capacity on the surface of GN-particles was estimated using fluorophore attached
protein molecule (50-55). The bound protein was detached from GN-particles using KCN
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and quantified by measuring fluorescence. The average number of protein molecules bound
to different GN-particles was estimated to be 600, 750, 900 and 450 for GNP, GNS, GNC
and NPR, respectively. To improve the stability of antigen conjugated with GN-particles in
biological medium, and to prevent non-specific charge-charge interactions between the
surface of GN-particles and target antigen, GN-particles coated with SH-PEG were also
tested. TEM analysis showed no morphology changes after PEG conjugation (nhot shown).

3.3. Stability of CHrPfs25 after conjugation with gold-nanoparticles

Conformational integrity of CHrPfs25 after conjugation of Pfs25 on the surface of GN-
particles was established to assess the quality of the protein and the integrity of reduction-
sensitive epitopes. The protein molecules were detached from the surface of GN-particles by
using SDS and analyzed by non-reducing SDS-PAGE and western blot analysis using
monoclonal antibody ID3 (as in 3.1). The detached protein remained monomeric and
retained epitopes recognized by Pfs25-specific monoclonal antibody 1D3, suggesting that the
quality and conformational integrity of protein was not affected after attachment with GN-
particles (data not shown).

3.4. Analysis of antibody responses after immunization with antigen delivered with GN-

particles

GN-particles of different shapes, sizes and physicochemical properties were used to assess
impact on immunogenicity outcomes. Initially, antibody responses in mice immunized with
CHrPfs25 conjugated with GNP or GNS with or without alum adjuvant were evaluated
(Table 2A). Pfs25 antigen was strongly immunogenic in mice delivered with both GNP and
GNS and antibody titers were significantly boosted after final dose of vaccine delivered in
respective GN-particles with or without alum adjuvant. The Pfs25 conjugated with GNP and
GNS and administered with or without alum elicited comparable antibody titers approaching
1:640,000 (Table 2a). Immunization with Pfs25 in alum by IM and IP routes has previously
revealed similar antibody titers (56). Similarly, Pfs25 admixed with GNP, NPR and GNC
also induced high antibody titers of 1:1,280,000, 1:640,000 and 1: 320,000, respectively
(Table 2b). In contrast, Pfs25 administered using SH-PEG coated GNP, GNC and NPR
revealed 2 to 10-fold reduced antibody titers with average antibody titers of 1:110,000,
1:130,000 and 1:260,000, respectively (Table 2b). Mice immunized with mixture of GN-
particles alone, with or without alum adjuvant, did not show any antigen specific antibodies
and the pooled sera were used as a negative control to determine end-point antibody titers.
These studies revealed varying levels of antibody titers depending upon the shape, average
size and charge on the GN-particles, with higher titers obtained when Pfs25 either
conjugated or admixed with GN-particles. Moreover, GNC which has the highest protein
binding capacity was not as immunogenic as GNP and GNS. Likewise SH-PEG coated GN-
particles were also found to be least immunogenic of all formulations tested. Finally,
combining another adjuvant like alum, did not seem to offer any further advantage.

3.5. Measurement of transmission blocking efficacy of antibodies in the immune sera from
mice immunized with Pfs25 in various GN-particles

Next, we tested the transmission blocking activity of antibodies in immunized mice sera by
standard MFA. Purified total 1gG from immunized and control sera were used to evaluate
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the transmission blocking efficacy of antibodies. Four concentrations (400, 200, 100 and 50
ug/mL) of total 1IgG were tested in MFA using female An. gambiae (Fig. 2a & b). Normal
human serum (NHS) and purified 1gG from adjuvant alone group were used as controls. At
the highest concentration, 400 ug/mL total 1gG exhibited >99% transmission blocking
efficacy in all the immunization groups (Fig 2a). 1gG from conjugated GNP and GNS
groups with or without alum showed 98% and 82%, respectively inhibition in oocyst
development (Fig 2a, panels A and B). Even when tested at 200 ug/mL concentration, total
IgG from various immunization groups continued to show 83-97% inhibition of oocyst
development (Fig. 2a, panels A, C and D), the only exception being conjugated GNS which
revealed reduced transmission blocking activity (57 %) especially in the alum group (Fig.
2a, panel B). IgG dose dependent inhibition of oocyst development was further evident
when lower concentrations (100 and 50 ug/mL) were tested in MFA (Fig. 2b). Comparison
of oocyst reduction at 50 pg/mL 1gG among different GN-particles and formulation groups
revealed higher functional activity of IgG from NPR groups with (53% inhibition) or
without HS-PEG coating (59% inhibition) as compared to other immunization groups (Fig.
2b, panels AD). These results demonstrated potency and antibody dose-dependent
transmission blocking activity across various GN-particle types employed. It is worth noting
that the blocking activities observed with GNP and NPR were within the similar range of
IgG concentration as seen earlier with alum and other adjuvants tested (24, 56).

3.6. Evaluation of IgG isotypes

Since antibody titers and transmission blocking assays showed differences with various GN-
particles, we went on to analyze isotypes of elicited IgG to seek a correlation between
immunoglobulin isotypes and functional immunogenicity. Antibody response consisted of
IgG1, 1gG2a and 1gG2b isotypes with no detectable 1gG3 isotype with IgG1 being dominant.
1gG isotypes were expressed as a ratio of 1IgG1: (1IgG2a+IgG2b) to compare between
different groups (Table 3). GNP and GNC revealed a strong Th1 biased 1gG isotype
distribution even when GNP was tested in the presence of alum which is otherwise a known
Th2 biased adjuvant. Our own studies with Pfs25 in alum also demonstrated a strong Th2-
biased IgG isotype distribution (Table 3). Additionally, higher ratio values obtained with
GNS and NPR demonstrated a sharp contrast with GNP and GNC.

4. Discussion

The need for an effective malaria vaccine is well recognized by all stakeholders who
recognize the severe consequences of the infection especially in endemic countries.
Vaccines to interrupt the transmission cycle provide a useful approach in addition to
targeting the infection process. However, there are several hurdles in the development of
effective vaccine which needs a systematic evaluation. Constraints of making and producing
a recombinant protein closely related to native conformation seems to be a critical factor in
obtaining potent antibody responses with transmission blocking activity (21). The paucity of
safe and effective licensed vaccine delivery and adjuvant systems presents additional
challenges(35). Although many adjuvants have been evaluated in pre-clinical and
investigational clinical trials, only aluminum salts (alum) and oil-in-water emulsion (MF59)
are licensed for use in humans as vaccine adjuvants (57, 58). Moreover, alum is known to be
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a relatively weak adjuvant for recombinant vaccine antigens and exhibits a Th2 bias, in
general. Therefore, judicious combinations of recombinant protein maintaining appropriate
structural conformation and an effective vaccine delivery system/adjuvant need to be
developed and evaluated for eliciting effective immune responses.

In our ongoing efforts focusing on the development of potent TBV, we have previously
reported on the production of CHrPfs25 in E. coli, in monomeric form retaining reduction-
sensitive conformational epitopes of transmission blocking antibodies (24). Further
evaluation of immunogenicity using standard adjuvants (CFA, alum and Montanide ISA-51)
revealed strong transmission blocking responses elicited by Pfs25 administered by IP route.
Seeking to further optimize and enhance immunogenicity of Pfs25 and to identify safer and
effective vaccine carriers, GN-particles of various physico-chemical properties were
investigated as vaccine carriers to administer CHrPfs25 via IM route of immunization.
Results of immunogenicity data presented in Table 2 suggest a few interesting differences
among various GN-particles. A single dose immunization with Pfs25 in different GN-
particles appeared to prime immune responses which after the first booster immunization
revealed strong boosted responses with most GN-particle formulations except admixed
formulations with GNC and NPR (Table 2a, b). A similar comparison of antibody titers after
the second booster immunization clearly established strong immunogenicity of Pfs25
conjugated GN-particles (Table 2a) and CHrPfs25 admixed with GNP and NPR.
Surprisingly HS-PEG-coated GN-particles were found to be less effective in generating
good overall antibody titers even after a booster response and though we do not the exact
reason for this lower immune response, we speculate that the steric stabilization by PEG
prevents the adsorption of protein on the surface of GN-particles. Alternatively, it is possible
that the hydrodynamic size of PEG coated particles is not able to deliver antigen efficiently
to antigen presenting cells.

Since the structural integrity and purity of vaccine antigen plays a significant role in the
induction of functionally effective antibodies (21, 24), we monitored the reproducibility,
quality and stability of Pfs25 in several independent batches produced at different time
points and analyzed at various time points during storage and after conjugation with GN-
particles. Pfs25 contains 4 EGF-like domains formed by 11 disulfide bonds and structural
integrity of conformational epitopes is absolutely critical for the functional immunogenicity
(21). Our results firmly established the batch to batch reproducibility of purified CHrPfs25.
i.e. monomeric form in non-reducing denaturing SDS-PAGE and recognition by reduction-
sensitive conformational epitope specific monoclonal antibodies even after a prolonged (up
to 18 months) period of storage at 4°C. We also investigated whether the protein after
conjugation with GN-particles retained functional conformation. Protein molecules detached
from various GN-particles analyzed by SDS-PAGE were monomeric and Pfs25-specific
monoclonal antibodies recognized the non-reduced form of detached protein. Thus, our data
suggest that immunologically relevant epitopes of Pfs25 were retained even after
conjugation with GN-particles.

Because specificity and potency of immune response depends on the physicochemical
properties of vaccine vehicles (35, 59), various GN-particles were characterized prior to
vaccinating mice. TEM and polydispersity analysis showed that size and zeta potential of
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evaluated GN-particles increased slightly after conjugation/admixed with Pfs25 protein
without significant changes in the overall morphology. GNC (60 nm) showed highest
protein binding (approximately 900 molecules/particles) followed by GNS (50 nm), GNP
(30 nm) and NPR (30-40 nm). Thus the number of estimated protein molecules attached per
particle varies with the physicochemical properties and the size of the GN-particles. Since
different amino acids in a protein molecule display different outcome upon covalent binding
to PEG (60-62), SH-PEGylated GN-particles were used to improve the stability of particles
and specific interaction of antigen with GN particles. PEG provides stability to the
biological molecule via decreasing the zeta potential and preventing agglomeration caused
by nonspecific adsorption of proteins or salts in vivo (63). While the morphology of particles
was not changed after coating with SH-PEG, the overall immunogenicity outcomes were
greatly different whether Pfs25 was conjugated or mixed with GN-particles.

Antibody mediated transmission blocking efficacy was evaluated in mosquito (An. gambiae)
membrane feeding assays using purified total IgG from pooled immune mice sera and our
studies sought to seek correlation with 1gG isotypes. At the highest concentration (400
pg/mL) 1gG from mice immunized with different GN-particles showed highly potent
blocking regardless of IgG isotype differences. It was interesting to note that Pfs25 delivery
with GNP and GNC revealed a strong Th1 biased IgG isotype distribution. This bias
persisted even when GNP was tested in the presence of alum which is otherwise a known
Th2 biased adjuvant. Additionally, higher 1gG1/(IgG2a+lgG2b) values obtained with GNS
and NPR also demonstrated a sharp contrast with GNP and GNC thus establishing
immunogenicity differences among GN-particles of varying physico-chemical properties,
shape and size. Transmission blocking assays also revealed relatively higher blocking with
NPR when compared across other GN-particles at lower IgG concentrations (100 and 50 pg/
mL). These differences thus identify further qualitative differences that can result from using
different GN-particles which may differ in the uptake and presentation of antigen to antigen
presenting cells. It is well established that the epitopes recognized by Pfs25-specific
transmission blocking antibodies are reduction sensitive conformational in nature (21, 22).
The fact that sera from mice immunized with Pfs25 and various gold nanoparticles were
potent blockers in mosquito membrane feeding assays demonstrates that such functional
conformational epitopes were efficiently presented to the immune system. Using the
polyclonal sera, it is not possible to comment whether the repertoire of antibodies differed
among different gold nanoparticle immunization groups. Finally, even though our studies
revealed predominance of certain 1gG isotype with different gold nanoparticles, the
transmission blocking activity was not affected.

We have shown that CHrPfs25 admixed with gold nanoparticles provides an effective
approach to improve immunogenicity. It may be due to the fact that antigen and
nanoparticles are co-ingested by the immune cell. Our results also demonstrate that non-
attachment approach also has good potential through simple mixing of nanoparticle and
adjuvant, which has also been observed by other investigators (64, 65). Reported data
indicate that CHrPfs25 admixed spherical gold nanoparticles (GNP) were more effective
than other shapes. It can be due to the fact that, as shown in Table 1, spherical GNP are
more negatively charged as compared to the other shape particles. Due to the electrostatic
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interaction with cell membranes, aggregation on the cell surface will be minimum for
spherical gold nanoparticle as compared to the particles of other shapes tested. As a result
cellular uptake will be better for spherical GNPs. Reported data in Table 2B, indicate that
PEG-coated NPs were less effective than without PEG. This can be due to the fact that PEG
chain increased the particle size potentially resulting in reduced cellular uptake. Similar
finding was observed by Cruz et.al. where reported data show that PEG chains cannot be
extended without compromising the efficacy of targeted delivery (66). Although our data
and those of others indicate nanoparticle mediated vaccines have good potential as delivery
vehicles to improve vaccine immunogenicity significantly, fundamental understanding of
how the size, shape and surface charge affect immunogenicity efficiency needs to be
understood before they can move to the clinical practice. We need to understand how the
physical and chemical properties influence nanoparticle interactions with cell, tissues and to
whole body, which will be crucial to accelerate the development process of suitable
nanoparticles for pharmaceutical applications.

Development of prophylactic and therapeutic vaccines using nanotechnology,
“nanovaccinology” is an emerging and exponentially growing field. It offers an effective
way to develop and deliver immunogenic vaccines with the possibility of targeted delivery
to slow release kinetics, if desired (65). Use of gold nanoparticles offers an opportunity to
evaluate particles of different shapes and size, with or without surface modifications (67).
The current study presents the characterization and immunogenicity of Pfs25 and GN-
particles. The data suggest that the functional immunogenicity is dependent on the shape,
size and other physic-chemical properties of GN-particles tested. Therefore, GN-particles
offer the potential to develop safe, highly effective and well characterized vaccine delivery
carriers. The reproducibility of protein production, stability of protein for more than 18
months at 4°C and potent transmission blocking activity demonstrated by CHrPfs25 favors
further development of GMP compliant nanovaccines based on Pfs25 for evaluation in
phase I clinical trials in human volunteers.
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Anti-Pfs25 antibody end-point titers in sera from mice immunized with ChrPfs25

Table 2

(a) ChrPfs25 conjugated with gold nanoparticles

Antibody Titers
Groups Prime 15t Boost 2"d Boost
GNP 1200 42,000 640,000
GNS ND 103,000 640,000
GNP-Alum 1800 73,600 640,000
GNS-Alum 2300 20,200 608,000
(b) ChrPfs25 admixed with gold nanoparticles

Antibody Titers

Groups Prime 15t Boost 2nd Boost
GNP 3600 40,000 1280,000
GNC 125 1125 320,000
NPR ND 7500 640,000
GNP-PEG 125 100,000 110,000
GNC-PEG ND 96,600 130,000
NPR-PEG ND 12,600 260,000

ND-Not detectable
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Page 19

Analysis of 1gG isotypes in immune sera from mice immunized using various GN-particles and expressed as
1gG1/(1gG2a+IgG2b) ratios

GN-particles | No Alum Alum SH-PEG Coated
GNP 0.79 1.17
GNS 2.15 8.72
GNP 1.03 0.63
GNC 0.96 434
NPR 3.25 2.23
40,127

*
These ratios were obtained mice immunized with ChrPfs25 in alum alone in two different experiments.
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