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Abstract

Purpose—To evaluate functional immunogenicity of CHrPfs25. a malaria transmission blocking
vaccine antigen, using nanoemulsion and porous polymeric PLGA nanoparticles.

Methods—CHrPfs25 was formulated with nanoemulsions (NE) and poly(D,L-lactide-co-
glycolide) nanoparticles (PLGA-NP) and evaluated via IM route in mice. Transmission blocking
efficacy of antibodies was evaluated by standard mosquito membrane feeding assay using purified
IgG from immune sera. Physicochemical properties and stability of various formulations were
evaluated by measuring poly-dispersity index, particle size and zeta potential.

Results—Mice immunized with CHrPfs25 using alum via IP and IM routes induced comparable
immune responses. The highest antibody response was obtained with CHrPfs25 formulated in 4%
NE as compared to 8% NE and PLGA-NP. No further increases were observed by combining NE
with MPL-A and chitosan. 100% transmission blocking activity was demonstrated at 400 ug/ml of
IgG for alum groups (both routes IP and IM), 4% NE and NE-MPL-A. Purified 1gG from various
adjuvant groups at lower doses (100 pg/mL) still exhibited >90% transmission blocking activity,
while 52-81% blocking was seen at 50 pg/mL.

Conclusion—Results suggest that CHrPfs25 delivered in various adjuvants / nanoparticles
elicited strong functional immunogenicity in pre-clinical studies in mice. We are now continuing
these studies to develop effective vaccine formulations for further evaluation of immune correlates
of relative immunogenicity of CHrPfs25 in various adjuvants and clinical trials.
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Introduction

Malaria caused by Plasmodium spp. is a mosquito-borne, life-threatening public health
problem worldwide with an estimated 198 million cases and approximately 584,000 deaths
annually (WHO, 2014). The infection begins with the inoculation of sporozoites by an
anopheline mosquito during blood feeding process. Sporozoites quickly invade hepatocytes
and develop over the next 7-10 days into hepatic schizonts. Merozoites released from
hepatic schizonts invade red blood cells and begin erythrocytic schizogony (asexual
development). During blood stage parasite development, some differentiate into
intraerythrocytic sexual forms known as male and female gametocytes. While erythrocytic
asexual stages are responsible for all the clinical symptoms, including death, the sexual
forms are absolutely critical for continued malaria transmission. Gametocytes ingested by
the mosquito during blood feeding, begin sexual life cycle of the malaria parasite consisting
of formation of extracellular male and female gametes, fertilization and development of
fertilized zygotes into ookinetes. Motile ookinetes traverse the midgut wall and develop into
oocysts. Sporozoites produced in the oocysts travel to the salivary gland and remain there to
be inoculated into the host during blood feeding process. Widespread resistance of parasites
to anti-malaria drugs and of mosquitoes to insecticides continue to hamper current malaria
control efforts (1). Efforts are underway to develop malaria vaccines targeting various stages
of the complex life cycle of malaria parasites; however, none has been shown to be
completely effective. Currently, RTS,S/ASOL1 has advanced to phase Il clinical trial but has
shown only partial protective efficacy (2).

Malaria transmission blocking vaccines (TBV) targeting sexual stages of the parasite have
been identified as a crucial tool for eventual elimination and eradication of the disease at the
population level in endemic areas. Antibodies induced by TBV antigens, when ingested at
the time of the blood meal, prevent sexual development of the parasite inside the mosquito
vector and effectively interfere with malaria transmission (3-7). Pfs25, expressed on the
surface of P. falciparum gametes, zygotes and ookinetes (8), as well as Pfs230 (9, 10) and
Pfs48/45 (11-13), expressed on the surface of gametocytes and gametes, have been
identified as primary TBV target antigens.

Pfs25, a 25 KDa antigen, consists of four tandem epidermal growth factor (EGF)-like repeat
motifs requiring correct conformational folding by pairing of 22 cysteine residues (8, 14,
15). The TBV potential of Pfs25 has been previously reported by several studies including
recombinant Pfs25 expressed in yeast (16, 17), cell-free translation using wheat germ (18),
plants (19) and algal system (20). A Phase I clinical trial with Pfs25 expressed in P. pastoris
and Montanide ISA51 demonstrated moderate transmission blocking immunity (21). Since
Pfs25 was shown to exhibit poor functional immunogenicity, further attempts have been
made to enhance the immunogenicity by chemical conjugation to the outer membrane
protein or exoprotein of Neisseria mengiditis or Pseudomonas aeruginosa or by developing
vaccine-like particles (22-25). In our previous approach, we demonstrated highly potent
malaria transmission blocking efficacy of codon-harmonized recombinant Pfs25 (CHrPfs25)
expressed in E. coli after successful refolding in an appropriate monomeric conformation
(26).
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Success of an effective TBV will depend upon the availability of well-characterized
recombinant antigen in stable functional conformation and adjuvants capable of eliciting a
long-lasting antibody response. Although highly purified recombinant antigens have many
desirable qualities and reduce the risk of toxicity associated with live or attenuated vaccines,
their ability to induce potent immune responses is weaker; therefore, overcoming these
hurdles requires formulation development with safe and effective adjuvants, optimization of
delivery systems and fine-tuning of vaccine particulate size (27). Our previous studies (26)
employed evaluation of immunogenicity of CHrPfs25 in three different adjuvants, including
complete Freund's adjuvant, Alum and Montanide ISA-51. One of the goals of vaccine
research is to identify and evaluate novel adjuvants and vaccine delivery systems that are
safe and immunologically more potent. Although the preferred adjuvants for most
adjuvanted vaccines are aluminum salts (alum), they are not appropriate for all antigens and
do not always induce a strong cell-mediated immune response. Several nanoparticulate
carriers have been investigated in the last two decades as vaccine adjuvants (28). Most
promising of these potential adjuvants are nanoemulsions and biodegradable nanoparticles
of poly(lactide-co-glycolide) (PLGA). Nanoemulsions have a proven history to be safe for
human use both for cosmetic and medicinal applications (29). Besides safety, nanoemulsions
can be stable for a long storage life, and their creation is scalable to large scale
manufacturing (29). Similarly, biodegradable nanoparticles of PLGA also have a long
history of investigation as vaccine adjuvants (30-32). These nanoparticles are effective
adjuvants due to their ability to efficiently target antigen presenting cells, and PLGA has
already been approved by the U.S. FDA for human use as controlled release matrix. In view
of these facts, we sought to evaluate transmission blocking potency of CHrPfs25 antigen
delivered using nanoemulsion (NE) and poly(D,L-lactide-co-glycolide) nanoparticles
(PLGA-NP) via IM route of vaccination. The study revealed that CHrPfs25 emulsified with
squalane-containing NE elicited strong transmission blocking antibodies and can be further
developed as an alternative to alum as a Pfs25 vaccine adjuvant.

Materials and Methods

Materials

Squalane, Span-80, Tween-80, dichloromethane, chitosan and polyvinyl alcohol
(30,000-70,000 MW) were obtained from Sigma Aldrich (St. Louis, MO). Poly(D,L-lactide-
co-glycolide) (50:50, ester terminated, MW 7,000) was obtained from Boehringer Ingelheim
(Ingelheim am Rhein, Germany). L-a-phosphatidyl choline was obtained from Avanti Polar
Lipids, Inc. (Alabaster, AL). Monophosphoryl lipid-A from S minnesota R595 was obtained
from InvivoGen (San Diego, CA).

Purification and characterization of CHrPfs25

Purification of CHrPfs25 protein expressed in E. coli was as described (26). The qualitative
analysis of the purified protein was performed by SDS-PAGE and characterized by western
blotting using anti-(His)g and Pfs25 specific monoclonal (ID3) antibodies (26). BCA protein
assay kit was used for quantitative analysis of protein (Thermo Scientific, Rockford, IL).
Endotoxin levels were determined by using LAL chromogenic endotoxin quantitation kit
(Thermo Scientific, Rockford, IL) and were found to be <7.2 EU/m.
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Preparation of Nanoemulsion (NE) and PLGA nanoparticles (PLGA-NP) Formulations and
Characterization

Two different formulations were prepared as vaccine adjuvants, a NE formulation and
porous PLGA-NP formulation. The NE was composed of 30.6% (w/v) squalane, 10.3%
(w/v) surfactant/co-surfactant (1:1 ratio of Span-80 and Tween-80) in phosphate buffered
saline (PBS, pH 7.4). The NE was formed by high pressure homogenization at 20,000 psi for
5 passes on an EmulsiFlex-C3 high pressure homogenizer (Avestin Inc., Ottawa, Ontario,
Canada). The NE was diluted with PBS to obtain a stock of 16% (w/v, combined
concentration of squalane and surfactant/co-surfactant) and passed through a 0.2 um syringe
filter. Four different NE formulations were prepared for testing: 4% NE, 8% NE, 4% NE
with monophosphoryl lipid-A (MPL-A) and 4% NE with chitosan. MPL-A was dissolved in
DMSO and added to 16% NE at a concentration of 800 ng/mL. The chitosan stock solution
was prepared in 0.1 N HCI and added to the 16% NE at a concentration of 100 pg/mL. The
NE+MPL-A and NE+chitosan formulations were stored at 4 °C for 12 weeks to assess the
effect of MPL-A and chitosan on the particle size and zeta potential of the NE.

PLGA-NP were prepared using a variation of the double emulsion solvent evaporation
technique (33). Briefly, 40 mg sodium bicarbonate was dissolved in 400 pL of deionized
water and emulsified into an organic solution containing 200 mg of PLGA dissolved in 3
mL of dichloromethane. 0.5 mg L-a-phosphatidyl choline was added using an ultrasonic
probe for 30 seconds at 40 W forming a water-in-oil emulsion. 1% polyvinyl alcohol (PVVA)
in water (1 mL) was added to the emulsion, and the sample was sonicated for an additional
30 seconds. This inverted oil-in-water emulsion was poured into 100 mL of a 0.5% PVA
solution containing 1% acetic acid. The solution was sonicated for 15 minutes and allowed
to stir overnight to allow complete evaporation of dichloromethane and hardening of the
particles. After the particles were formed, the sample was centrifuged at 35,000 rpm for 15
minutes. The supernatant was removed and discarded, and the precipitate was re-dispersed
in deionized water. The centrifugation cycle was repeated four additional times to allow
complete removal of the PVA and acetic acid. After the final rinse cycle, the sample was
dispersed in a minimal amount of deionized water, frozen, and lyophilized at -25°C for 48
hours. Prior to use, the powder was resuspended in PBS, pH 7.4, at 80 mg/mL PLGA-NP
concentration. The final nanoparticle porosity is achieved when the bicarbonate core,
emulsified in an acidic evaporation solution, converts to carbon dioxide creating pores in the
particles.

The particle size and zeta potential were measured in triplicate, before and after the addition
of CHrPfs25, using a DelsaNano C particle analyzer (Beckman Coulter, Inc., Fullerton,
CA). All samples were diluted with deionized water immediately prior to particle size
measurements with the Size Cell for an optimal intensity of 10,000 cps. The zeta potential
measurements were performed in 1 mM KCI solution. Scanning electron microscopy (SEM)
(S-4800, Hitachi High Technologies America Inc., Gaithersburg, MD) was used to confirm
the morphology and size distribution of the NE droplets and NP. The PLGA-NP were
mounted on SEM stubs with carbon tape and sputter-coated with gold at 2 mA for one
minute (K550X Sputter Coater, Quorum Technologies Ltd, West Sussex, UK). Micrographs
were taken at an accelerating voltage of 5.0 kV and a working distance of approximately 6.5
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mm. The NE droplets were negatively-stained with phosphotungstic acid for three minutes
at room temperature, placed on a Formvar®-coated copper grid on a dark field stage and
imaged in STEM mode at 30 kV. Micrographs were taken before and after the addition of
the CHrPfs25 antigen.

Animal immunizations

Female BALB/c mice (4-5 weeks old, n=5 per group) were immunized with 10 ug of
CHrPfs25 in a total volume of 100 pL. For immunization with alum, ChrPfs25 was adsorbed
to Alhydrogel (Brenntag Biosector, DN) at a 1:3.2 ratio by rocking for 2-3 hours at room
temperature and delivered via IP and IM routes (50 pL each quadricep). For formulation in
NE, the protein was incubated with NE on a rocker at room temperature for 2 hours and
delivered via IM route (50 uL per quadricep). For preparation of formulation with PLGA-
NP, the protein was mixed with PLGA-NP (10 and 20 mg/mL) by gentle vortexing for 10
minutes and incubation for 3 hours with intermittent gentle vortexing, and the PLGA-NP
with antigen was delivered via IM route (50 pL per quadricep). Mice were boosted with the
same quantity of Pfs25 antigen in respective adjuvant and formulations at 3 week intervals
and bled on days 21, 31 and 52 to collect sera for further analysis. The research on animals
adhered to the Principles of Laboratory Animal Care” (NIH publication #85-23, revised in
1985) and approved by institutional IACUC.

Evaluation of antibody response in mice by ELISA

The antibody end-point titers were determined by ELISA as described previously (26). Sera
from test animals were tested individually (at each time point) at 2-fold serial dilutions.
Standard ELISA was used to determine the 1gG isotypes. After incubation with purified 1gG
(100 ng/ml) or pooled mice sera, wells were incubated with HRP-conjugated anti-mouse
IgG1 or 1gG2a (Invitrogen, Carlsbad, CA) followed by color development and absorbance
measurement.

Standard Membrane Feeding Assay (SMFA)

Total 1gG was purified from pooled mice sera using Protein A-Sepharose beads as reported
(26). Transmission blocking efficacy of purified IgG was determined by SMFA at four
different concentrations (400, 200, 100 and 50 ug/mL). Briefly, female An. gambiae
mosquitoes (4-6 days old adult), starved for four hours, were fed for 15 minutes on a
mixture of cultured P. falciparum (NF54) gametocytes (0.3% final gametocytemia), normal
human serum (NHS) and human erythrocytes (~50% heamatocrit). NHS, control I1gG
(purified from mice immunized with PBS-alum adjuvant alone), or test IgG were mixed
with the diluted parasites for feeding to mosquitoes through parafilm membrane wrapped
around jacketed glass mini feeders, maintained at 37°C using a circulating water bath.
Blood-fed mosquitoes were maintained for 8-9 days at 26°C and 60-80% relative humidity.
Midguts of individual mosquitoes were dissected and stained with 0.1% mercurochrome to
determine the number of oocysts in individual midguts by microscopy (10x). Typically
20-30 mosquitoes were analyzed for each test antibody or control samples. Malaria
transmission blocking activity of immune sera or purified 1gG was expressed either as
infectivity prevalence (number of mosquitoes with any oocysts in the test group versus
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number of mosquitoes with any oocyst in the control groups) or percent reduction in the
median number of oocysts in the test group as compared to controls. The controls
mosquitoes were fed in parallel with parasites and purified 1gG from sera of mice
immunized with adjuvant alone (without ChrPfs25 antigen).

Statistical analysis

Results

GraphPad Instat3 software package (GraphPab Software, Inc., La Jolla, CA) was used for
statistical analysis. Antibody endpoint titers were defined as serum dilutions giving an
absorbance higher than the mean absorbance of pre-immune serum plus three standard
deviations. Percent reduction in oocyst development was determined by the formula: 100 x
(mean oocyst number in control IgG - mean oocyst number in test 1IgG) / mean oocyst
number in control IgG. One way analysis of variance (ANOVA) Kruskal-Wallis test was
applied to determine the statistical significance of differences between experimental groups.
P values of <0.05 were considered significant.

Physicochemical properties and stability of NE and PLGA-NP formulations

Since the conformational integrity of the CHrPfs25 antigen and the physicochemical
properties of the formulations are critical for stability of the protein and for functional
immunogenicity, particle size distributions of NE and PLGA-NP formulations were
analyzed before and after addition of the protein antigen. The nano-sized emulsion droplets
of NE are clearly visible before and after the addition of antigen (Fig 1 A, B). The particle
size of the NE was centered around 80-90 nm; while after the addition of the vaccine
antigen, the polydispersity index and zeta potential of the NE formulation increased without
significant change in the median particle size of the formulation (Table I, Fig. 1 E,F,H). The
larger particles in the NE micrographs are probably due to limited coalescence of NE
droplets during the drying process before imaging. These larger droplets, if present in the
liquid state, would be well within the measurement range of the particle analyzer, but no
larger particles were detected. The coalescence of the nanoemulsion droplets during imaging
may be reduced by freeze drying the sample on the grid prior to imaging, by additional
dilution of the nanoemulsion prior to staining and evaporation, and/or by utilizing alternative
imaging techniques such as transmission electron microscopy. Similar observations were
obtained on the particle size distributions of NE-MPL-A and NE-chitosan formulations
(Table I, Fig. 1 F, H). Furthermore, the stability of NE was assessed over 12 weeks to
determine the effect of MPL-A or chitosan on the particle size over time at 4°C. No changes
in polydispersity index, particle size or zeta potential were observed during three months
storage at 4°C (Fig. 2).

The PLGA-NPs were smooth and spherical before the addition of the antigen. However,
after addition of the antigen, the particles increased in size and revealed irregularly-shaped
agglomerations (Fig. 1 C, D). The median particle size of the PLGA-NP prior to the addition
of antigen was around 150 nm and had a monodispersed distribution (Fig.1 G). With the
incorporation of the antigen, the particle size increased significantly — changing from a
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monodispersed, nanosized distribution to a multimodal distribution of particles as large as 3
um (Fig. 1 G).

Evaluation of antibody response in mice sera after intramuscular immunization

In previous study, we had shown that CHrPfs25 adsorbed to alum was strongly
immunogenic via IP route of vaccination(26). We next compared immunogenicity outcome
for CHrPfs25 adsorbed to alum adjuvant administered via IP and IM routes. Immunization
by both routes revealed comparable antibody titers (1:320,000 after the second vaccination)
and titers increasing further (1:640,000) after the final vaccination (Table 11a).

Since the protein adsorbed to alum was equally immunogenic via IP and IM routes, we
evaluated various NE and PLGA-NP formulations by IM route. Mice were immunized with
CHrPfs25 formulated with NE (4% and 8% NE) and PLGA-NP (10 and 20 mg/mL). After
final vaccination, CHrPfs25 formulated in 4% NE elicited the highest antibody response
(antibody titer 1:1,280,000) as compared to 1:320,000 in 8% NE. We also evaluated
CHrPfs25 with 4% NE formulations combined with MPL-A and chitosan, and the antibody
titers with both (1:640,000) were not different from NE alone (Table 11 b). In contrast, the
antibody titers with CHrPfs25 formulated with PLGA-NP (10 and 20 mg/mL) were only
1:160,000 and 320,000, respectively. These results established that the CHrPfs25 is strongly
immunogenic by both the routes of administration and alum as well as 4% NE can be
developed as effective ways to formulate and administer Pfs25 antigen.

Isotypes of antibodies in the immune sera or in the total 1gG preparations after protein-A
Sepharose purification were characterized to seek a correlation with differences in
immunogenicity and transmission-blocking activity with various formulations. The ratio of
1gG1/1gG2a in the purified total 1gG preparation was 11.9, 16, 2.3, 7.5, 3.1 and 3 for 4%
NE, 8%NE, NEM, NEC, 10mg/mL PLGA-NP and 20 mg/mL PLGA-NP, respectively. In
order to rule out any purification bias, we also analyzed isotypes in the pooled immune sera
and the ratios were 13.6, 57.5, 2.4, 9.2, 9.4 and 2.6, respectively.

Transmission blocking activity (TBA) of anti-Pfs25 antibodies in mice sera

TBA of induced antibodies in immunized mice was assessed by standard membrane feeding
assay (MFA). Total 1IgG was evaluated at four concentrations (400, 200, 100 and 50 pg/mL)
using female An. gambiae mosquitoes (Fig. 3-5). Normal human serum (NHS) and purified
IgG from adjuvant alone immunized mice were used as controls. Total 1gG from mice
immunized with CHrPfs25 in alum adjuvant via IP and IM routes exhibited potent TBA
with 100% blocking at a concentration of 400 pg/mL of 1gG and 96-98% blocking at 200
ug/mL via both IP and IM routes (Fig. 3A). Dose dependent inhibition is also evident from
data in Fig. 3, and even a lower concentration of 1gG (50 pg/mL) continued to block parasite
development in MFA by 74 to 82% (Fig. 3B).

Purified 19gG from mice immunized with NE formulations were likewise tested in MFA. 1gG
from mice immunized with CHrPfs25 in 4% and 8% NE (Fig. 4 A, B) revealed potent
(100%) blocking at 400 pug/mL. IgG from the 4% NE group at 200 pg/mL continued to
exhibit strong blocking compared to slightly less potent blocking by the 8% NE group.
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Evaluation of lower IgG concentrations suggested relatively stronger blocking activity of
IgG from the 4% NE group as compared to the 8% NE group. Addition of MPL-A (NEM
groups in Fig. 4 A, B) or chitosan (NEC group in Fig. 4 C, D) to 4% NE did not reveal any
significant benefit as the transmission blocking was generally comparable among NE, NEM
and NEC at all IgG concentrations; the only exception was NEM which revealed higher
percent blocking at 50 pg/mL 1gG concentrations (Fig. 4 D).

The TBA of CHrPfs25 in PLGA-NP (20 and 10 mg/mL) particles was 98 and 85%,
respectively, at the higher concentration of 400 pg/mL total 1gG (Fig. 5). The TBA was
reduced when lower concentrations of 1gG were tested with no blocking at 50 ug/mL.
Comparing TBA between 10 and 20 mg/mL PLGA-NP formulations, the 20 mg/mL group
revealed higher blocking activity as compared to the 10 mg/mL concentration of PLGA-NP.
In general, TBA with PLGA were found to be less effective than that with alum alone or the
4% NE groups.

Discussion

Current global malaria burden and recent emergence of resistance to the anti-malarial drug
used as first line treatment underscore the urgent need for the development of an effective
malaria vaccine. The complex life cycle of malaria in the vertebrate host and mosquito
vector presents several stages of the parasite for vaccine development. Vaccines targeting
sexual stages of the parasite in the mosquito vector, in particular, are considered as critical
tools for reducing transmission and eventual elimination of malaria. Pfs25 protein expressed
in the mosquito midgut stages of the parasite is one of the most promising and a leading
candidate for the development of a malaria TBV. Reproducible expression of recombinant
Pfs25, present in an appropriate conformation with correct pairing of 22 cysteine residues
forming eleven disulfide bonds, and safer adjuvants, suitable for clinical trials, are needed to
develop an effective TBV.

Our recent success in expressing recombinant Pfs25 in E. coli, as a monomeric purified
product after simple glutathione-mediated refolding steps retaining functional
conformational epitopes and effective immunogenicity using CFA, Montanide ISA51 or
alum as adjuvants, has provided a promising way to move forward with further vaccine
development efforts (26). Acknowledging that CFA is unsuitable for use in humans, and that
Montanide ISA51 has revealed strong reactogenicity in previous vaccine trials, we wished to
evaluate additional ways to formulate and deliver Pfs25 for effective immunogenicity
outcomes. One of the challenges in the development of vaccines is the selection of an
adjuvant formulation that can induce robust functional immunogenicity. Currently,
aluminum salts (alum), a relatively weak adjuvant for recombinant vaccine antigens, and oil-
in-water emulsion MF59 are licensed for use in humans as vaccine adjuvants (34, 35). In the
current study, NE (a squalane-based formulation) and PLGA-NP were evaluated as adjuvant
formulations via IM route of immunization. The IM route was evaluated because it is the
route commonly used for administering numerous vaccines in humans. To compare IP
versus IM routes, Pfs25 in alum was first evaluated and showed highly comparable
functional immunogenicity irrespective of the routes of immunization used.
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In order to optimize formulation of CHrPfs25 with NE and PLGA-NP, two different
concentrations of adjuvants were employed for evaluation in mice. CHrPfs25 formulated
with 4% NE elicited higher antibody titers in comparison with 8% NE. Superiority of 4%
NE alone was further evident from the fact that no significant improvement was seen after
combining 4% NE with MPL-A or chitosan. Similar immunogenicity studies with PLGA-
NP also revealed that PLGA-NP at 20 mg/mL were more effective than 10 mg/mL;
however, the maximum antibody titers obtained were lower than that elicited by 4% NE.
The reduced immunogenicity of the PLGA-NP could be due to inefficient uptake and
presentation of antigen resulting in part from observed agglomerations of PLGA-NP after
addition of antigen. It is well established that the optimum size of particles for antigen
presentation is <100 nm (36, 37), while the size of PLGA-NP after formulation with antigen
was as high as 3 pm.

Physicochemical properties of vaccine formulations are known to play an important role in
the stability of immunogens and induction of a high quality immune response (27, 36). In
addition to evaluation of immunogenicity parameters, we also conducted detailed
characterization of the physicochemical parameters of the NE and PLGA-NP formulations
before and after addition of the antigen. The particle size and distribution can have profound
effects on vaccine efficacy because changes in particle size or distribution are indicative of
instability of the formulation as well as greatly influence the uptake of vaccine antigens by
antigen presenting cells (36). In our study, the particle size of NE was found to be uniform,
and no significant changes were noticed before and after addition of the antigen. The
polydispersity index of NE was found to increase slightly after addition of the antigen as
evidenced by an additional peak (<20 nm) and a broader distribution. While this may be a
sign of instability of the formulation, no large particles were detected, and the 90™ percentile
values were still around 150 nm. The small particles detected in the NE formulations with
antigen may be attributed to aggregates of free antigen and/or aggregation of surfactant
micelles. The polydispersity index, a measure of the size distribution, is typically defined as
the standard deviation divided by the mean and is utilized as a measure of homogeneity. A
polydispersity index of < 0.2 is generally regarded as a monodispersed distribution [24]. In
the present study while the polydispersity index was slightly higher, further optimization of
the homogenization process during preparation may further improve the polydispersity of
the NE formulation.

Another important characteristic of NE is the zeta potential, a measure of the electrical
potential between the internal phase and the interfacial layer of external phase associated
around the droplet. Zeta potential is a measure of stability because a high repulsive force
among emulsion droplets reduces the occurrence of Ostwald ripening and coalescence, and a
reduction in these forces can contribute to instability and phase separation of droplets in the
emulsion. The zeta potential of the NE alone (~ -35 mV) without the antigen indicates that
the NE droplets are stable in dispersion; however, the addition of the antigen caused a
reduction of the zeta potential (~ -20 mV) probably due to the positive surface charge of the
antigen. A reduction in charge, while expected due to the positive charge of the antigen, can
also destabilize the NE. Even with the change in zeta potential, no evidence of phase
separation or coalescence was observed over the time course of the study, even in the
presence of MLP-A or chitosan, suggesting that the stability of NE formulations was not
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affected significantly. The zeta potential measurements did fluctuate over time, specifically
becoming more negative at week 4, but remained more negative than -29 mV at all time
points, except for NE+chitosan at week 12. Slight variations in pH and/or concentration can
cause variability in zeta potential measurements. Further investigation is required to ensure
that the zeta potential variability is not due to inhomogeneity within the formulations.
However, the stability of the particle size and polydispersity index measurements indicates
that the variation in the zeta potential measurement is more likely attributable to procedural
variability than formulation inhomogeneity or instability.

PLGA, a biodegradable polymer, is approved for human use by the FDA and European
Medicine Agency in various drug delivery systems (38-41). The particle size and surface
charges of PLGA nanoparticles can have important implications in their interaction with
cells and on their uptake (37, 41). The particle size of the PLGA-NP employed in this study
was homogenous and monodispersed before addition of the antigen. However, after adding
the antigen, the particles size increased substantially and revealed a polydispersed
distribution of particles. These changes in the particle properties could be attributed to
interaction between the nanoparticles and the antigen or an artifact of the time delay
between mixing the antigen and particle size measurements. Further investigation must be
done to determine if and how the increased polydispersity of the particles affects antigen
delivery and/or effectiveness. If the polydispersity is due to aggregation of the nanoparticles,
inclusion of a dispersant could improve the formulation.

CHrPfs25 produced in E. coli has been previously shown to induce transmission blocking
antibodies when formulated with CFA, Montanide ISA-51 or alum (26). Current studies
were conducted to evaluate additional adjuvant formulations to develop an effective
CHrPfs25-based vaccine. CHrPfs25 formulations prepared with squalane-based NE and
PLGA-NP delivered via IM route clearly demonstrated functional activity of antibodies
elicited. Initially MFAs using 400 pg/mL 1gG demonstrated 100% transmission blocking
efficacy of NE (4% and 8%) formulated vaccines administered by IM route, results similar
to those obtained with alum (used as a control for comparison). PLGA-NP at 10 mg/mL,
which had revealed lower antibody titers, showed reduced TBA (only 84%) as expected. In
order to compare superiority of functional potency of different NE and NP formulations,
TBA was evaluated at varying concentrations (400, 200, 100 and 50 ug/mL) of purified 1gG.
Even though antibody titers among 4% NE alone, NE-MPL-A and NE-chitosan groups were
comparable, higher blocking by the MPL-A group, especially comparing results at 50
pg/mL, seemed to suggest a slight advantage of including MPL-A to an already effective NE
formulation. Additional studies are needed to identify if higher blocking activity of NE-
MPL-A is due to differences in the epitope specificity and/or in the binding affinity/avidity
of antibodies. We tried to seek a correlation between IgG isotypes and the blocking activity
(SMFA) of IgG from immunized mice. In mice IgG1 and 1gG2 isotypes reprersent either
Th2 or Thl biased IgG isotypes, respectively and a ratio of 1gG1/1gG2 is often used to
evaluate the relative immune bias. Although our analysis revealed differences in the relative
IgG bias among various immunization groups, this immune bias alone is not sufficient to
explain the differences in functional blocking activity of 1gG among the various groups.
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A malaria TBV targeting sexual development in the mosquito can provide an effective tool
to eliminate malaria transmission in various endemic areas. Moreover, such vaccines
targeting not only P. falciparum but also P. vivax can lead to gradual elimination of low
intensity malaria transmission at the population level from regions where the two species are
co-endemic. In this study, we evaluated vaccine adjuvant potential of squalane-based NE
and PLGA-NP via IM route of administration. Antibodies elicited by 4% NE, in particular,
were strongly immunogenic, and purified 1gG from immune sera exhibited extremely potent
TBA. The comparable potency of TBA of antibodies elicited by CHrPfs25 formulated in
alum and NE provide a compelling rationale for developing these formulations as effective
vaccine adjuvants for further preclinical evaluation in non-human primates leading to future
human clinical trials.
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Physicochemical characterization of NE (A, B) and PLGA-NP (C, D) by scanning electron
microscopy (SEM). (A) and (C) are representative images before the addition of the antigen,
and (B) and (D) are after addition of the antigen. (E, F) show the particle size distributions
of NE formulations, (G) shows the particle size distribution of PLGA-NP formulation and
(H) shows the zeta potential measurements of NE formulations.
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addition of neither MPL-A nor chitosan had substantive effects on the particle size, size

distribution, and zeta potential of the NE formulation over time.
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Fig. 3.

Tr%nsmission blocking activity (TBA) with total 1gG in An. gambiae mosquitoes by standard
membrane feeding assay (MFA). Mature gametocytes of P. falciparum (NF54) were mixed
with control or purified total IgG from adjuvant alone or anti-Pfs25 serum from CHrPfs25 in
alum immunized sera via IP and IM routes. TBA with total 1gG concentration of (A) 400
and 200 pg/mL and (B) 100 and 50 pg/mL are presented. All data points represent the
number of oocyst per individual mosquito and the horizontal line shows the median number
of oocysts. Statistically significant differences in transmission blocking activity (TBA)
based on mean values between groups were analyzed with one way analysis of variance
(ANOVA) Kruskal-Wallis test. Statistical significance was P<0.0001.
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Fig. 4.

Comparative analysis of TBA at four concentrations (400 to 50 pug/mL) of total 1gG from
mice sera immunized with CHrPfs25 in [A] 8% NE, [B] 4% NE, [C] NE-MPL-A or [D] NE-
Chitosan. Mature gametocytes of P. falciparum (NF54) were mixed with control or purified
total IgG from adjuvant alone or anti-Pfs25 serum. Statistical analysis as described in Fig. 3.
Please note that both 8% NE and 4% NE SMFAs [A and B] were done at the same time and
the controls (NHS or Alum adjuvant group) are common to data shown in {a] and [B].
Similarly, SMFAs with NE and NEM panel [C] were done along with the SMFAs of alum
(IM) group shown in Fig. 3 [A], and SMFAs in [D] were done along with SMFAs shown in
Fig. 3 [B], resulting in common control groups for these respective SMFAs.
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Fig. 5.

E\?aluation of TBA at four concentrations (400 to 50 pug/mL) of total IgG from mice sera
immunized with CHrPfs25 in PLGA-NP. Mature gametocytes of P. falciparum (NF54) were
mixed with control or purified total 1gG from adjuvant alone or anti-Pfs25 serum (A) PLGA
(20 mg/mL) and (B) PLGA (10 mg/mL). Statistical analysis as described in Fig. 3.
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Evaluation of anti-Pfs25 antibody titers in mice immunized with CHrPfs25

Table Il

(a) CHrPfs25 adsorbed to alum and vaccinated via IP and IM routes

Antibody titers

Groups Prime (Day 21) | 1% Boost (Day 31) | 2" Boost (Day 52)
IP 0 320,000 640,000
IM 800 320,000 640,000

(b) CHrPfs25 admixed with NE and PGA-N

Ps administered via IM route

Antibody titers

Groups Prime (Day 21) | 1%t Boost (Day 31) | 2" Boost (Day 52)
8% NE 400 160,000 320,000
4% NE 800 320,000 640,000
4% NE+MPL-A 400 80,000 640,000
4% NE+Chitosan 0 20,000 640,000
PLGA-NP (20 mg/mL) | 800 80,000 320,000
PLGA-NP (10 mg/mL) | 800 20,000 160,000
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