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Abstract
Successful efforts to control infectious diseases have often required the use of effective vaccines.
The current global strategy for control of malaria, including elimination and eradication will also
benefit from the development of an effective vaccine that interrupts malaria transmission. To this
end, a vaccine that disrupts malaria transmission within the mosquito host has been investigated
for several decades targeting a 25 kDa ookinete specific surface protein, identified as Pfs25. Phase
1 human trial results using a recombinant Pfs25H/Montanide ISA51 formulation demonstrated
that human Pfs25 specific antibodies block parasite infectivity to mosquitoes; however, the extent
of blocking was likely insufficient for an effective transmission blocking vaccine. To overcome
the poor immunogenicity, processes to produce and characterize recombinant Pfs25H conjugated
to a detoxified form of Pseudomonas aeruginosa exoprotein A (EPA) have been developed and
used to manufacture a cGMP pilot lot for use in human clinical trials. The Pfs25-EPA conjugate
appears as a nanoparticle with an average molar mass in solution of approximately 600 kDa by
static light scattering with an average diameter 20 nm (range 10 to 40 nm) by dynamic light
scattering. The molar ratio of Pfs25H to EPA is about 3 to 1 by amino acid analysis, respectively.
Outbred mice immunized with the Pfs25-EPA conjugated nanoparticle formulated on
Alhydrogel® had a 75 to 110 fold increase in Pfs25H specific antibodies when compared to an
unconjugated Pfs25H/Alhydrogel® formulation. A phase 1 human trial using the Pfs25-EPA/
Alhydrogel® formulation is ongoing in the United States.
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1. Introduction
Malaria vaccine research and development has been ongoing for several decades in pursuit
of a vaccine that will eradicate this deadly disease. Many different potential developmental
stages and antigenic targets of the malaria parasite are under investigation. The most
developed investigational vaccine targets the sporozoite which is responsible for
establishing a liver stage infection in order to prevent a subsequent blood stage infection and
clinical disease. Early Phase 3 trial results for the investigational vaccine RTS,S formulated
in AS01 reduced the incidence of clinical disease for a period of 14 months in about 50% of
vaccinated infants and children [1]. Even though this is a promising outcome, a second
generation, more effective malaria vaccine will be necessary to achieve the current goal of
elimination and eradication [2], and such a vaccine has been identified as a “vaccine to
interrupt malaria transmission” or VIMT. To this end, a vaccine component of a VIMT that
would block malaria parasite infectivity in the mosquito would provide a significant
advantage. Several sexual stage malaria proteins are being pursued for such a vaccine (see
review [3]), including the 25 kDa Plasmodium falciparum sexual stage protein, Pfs25 [4].
Pfs25 is a surface protein attached to the surface of ookinetes by a
glycosylphosphatidylinositol anchor. Based on the crystal structure of an orthologue of
Pfs25 identified in P. vivax as Pvs25, Pfs25 appears as a flattened triangular shaped protein
comprised of four epidermal growth factor-like domains [5]. A recombinant form of Pfs25
(Pfs25H) has been evaluated in two phase 1 human trials [6, 7]. In general, Pfs25H is a poor
immunogen. In one study to overcome the poor immunogenicity, the potent water-in-oil
adjuvant Montanide ISA51 was evaluated using Pvs25 or Pfs25 alone for investigational
purposes [7]. Prior to the study being halted due to severe adverse events observed for the
orthologous Pvs25 vaccine, individuals in the low dose group receiving recombinant Pfs25
produced Pfs25 specific antibodies that reduced mosquito infectivity, demonstrating that a
transmission blocking vaccine may be attainable.

Efforts to overcome the poor immunogenicity of Pfs25H have focused on the development
of a conjugate vaccine. The basis for this concept is clearly supported by commercial
carbohydrate based conjugate vaccines [8]. Preclinical studies using Pfs25H conjugated to
several different protein carriers have demonstrated a significant increase in antigen specific
antibody titers using aluminum based adjuvants in mice [9, 10] and non-human primates
[11]. Pfs25H conjugated to the outer membrane protein complex of Neisseria meningitidis
not only increased the antibody concentration, but also the duration of antibodies which
were biologically active [11]. Additional preclinical Pfs25 protein-protein conjugate
vaccines have been produced including a self-self conjugate [10] and Pfs25H conjugated to
ExoProtein A (EPA), a detoxified form of exotoxin A from Pseudomonas aeruginosa, and
were shown to improve immunogenicity in mice [9, 10].

Based on the initial preclinical results in mice using Pfs25-EPA [9] and in order to better
understand the potential for improving the immunogenicity and safety profile of Pfs25H in
humans, an investigational chemical-conjugate vaccine was developed and manufactured at
pilot-scale following current good manufacturing practices. The Pfs25-EPA conjugate was
characterized biochemically and biophysically, and released as a bulk drug substrate. The
processes developed led to the production of a soluble Pfs25-EPA conjugate that appeared to
be nanoparticles on the order of 600,000 Da with a sphere-like shape. This new Pfs25-EPA
conjugated nanoparticle vaccine significantly enhanced the Pfs25 specific antibody
responses in mice when adsorbed on Alhydrogel®.
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2. Materials and methods
2.1. Recombinant proteins

Pfs25H was produced in Pichia pastoris and ExoProtein A (EPA), a detoxified mutant form
of Pseudomonas aeruginosa exotoxin A was produced in Escherichia coli. The recombinant
proteins used here were produced in-house or at the WRAIR Biopilot Production Facility
(Silver Spring, MD)under current good manufacturing practice following procedures
reported by Tsai et al., [12] or Qian et al., [9] respectively.

2.2. Process development of Pfs25-EPA conjugates
Initial development used scaled-down procedures based on preset pilot-scale conditions to
determine the best conditions for linker modification of Pfs25H and EPA, as well as
conditions for forming the protein-protein conjugates. The thiol-modified Pfs25H (Pfs25-
SH) and maleimides-modified EPA (EPA-mal) were prepared using commercially available
reagents SATA and EMCS (Pierce Biotech, Rockford, IL), respectively. The detailed
materials and methods for pilot-scale development are reported in supplemental materials
and methods.

2.3. Analytical Characterizations
2.3.1. Determination of Pfs25H content in Pfs25-EPA—The molar ratio of Pfs25 to
EPA was determined by amino acid analysis performed by W.M. Keck Facility (Yale
University, New Haven, CT). The relative amounts of Pfs25H and EPA within a conjugate
was calculated by a modification of a method described by Shuler et al [13]. Experimentally
determined amino acid compositions were calculated for each protein component (Pfs25 and
EPA) as follows, using a selected set of amino acids (Asp, Glu, Gly, Ala, Val, Met, Ile, Leu,
Tyr, Phe, Arg). Nanomoles of each amino acid were converted to mole percent by
normalizing the total nanomoles in the set to 100 mole percent. Amino acid composition was
calculated by multiplying the mole percent obtained for each amino acid by the total number
of amino acids in the set based on the known sequence.

2.3.2. Reversed phase (RP) - HPLC—Purified Pfs25-EPA was acidified with 10% (v/
v) trifluoroacetic acid (TFA, Fisher Scientific) to a final concentration of 0.1% TFA (v/v)
and then centrifuged at 12,000 rpm for 2 minutes. The Pfs25-EPA was analyzed on a Jupiter
(Phenomenex, Torrance CA) C4 RP column (2 mm ID × 150 mm). The initial mobile phase
combined 95% mobile phase A (0.1% (w/v) TFA in water) and 5% mobile phase B (0.1%
(w/v) TFA in acetonitrile) and the Pfs25-EPA conjugate was eluted by increasing the mobile
phase B to 100% over 38 minutes at a flow rate of 0.2 mL/min.

2.3.3. SEC-MALS-QELS-HPLC—Purified Pfs25-EPA was examined by analytical SEC
using a TSK gel G4000SWxl (7.8 mm ID × 30 cm, 8μm particle size, 450 Å pore size)
analytical column and a TSK gel Guard SWxl guard column with in-line multi-angle light
scattering (MALS) and a quasi-elastic light scatter detection (QELS) both from Wyatt
Technology (Santa Barbara, CA). Samples were prepared and analyzed essentially as
described by Tsai et. al. [14]. Average molar mass was calculated using Astra software
(Wyatt Technology), with the Debye fitting method.

2.3.4. Circular Dichroism—CD spectra were recorded over the wavelength range 190 –
280 nm in a 1 mm path-length quartz cuvette using a step size of 0.2 nm, a slit bandwidth of
1.0 nm and a signal averaging time of 1.0 second. Analysis of temperature on secondary
structure was performed in 5°C temperature increments from 10°C to 80°C and then
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lowered to 20°C. Secondary structure content was calculated using the DICHROWEB web
server (http://dichroweb.cryst.bbk.ac.uk) [15, 16].

2.3.5. Atomic force microscopy—AFM samples were prepared and analyzed as
described [14, 17, 18]. More detailed information is contained in the Supplemental Materials
and Methods.

2.3.6 Endotoxin testing—The endotoxin levels were less than 5 endotoxin units per mL
or less than 5 endotoxin units per mg total protein content using the Endosafe®PTS™

(Charles River Laboratories International, Inc. Wilmington, MA).

2.4 Quantitative tryptic peptide mapping
A quantitative tryptic mapping of the Pfs25H and Pfs25-EPA was performed on a 2-
dimensional nanoACQUITY UPLC® system with an online XEVO G2 quadrupole time-of-
flight (Q-TOF) tandem mass spectrometer (Waters, Corp., Milford, MA) operated in the
data independent alternate scanning LC/MS mode (LC/MSE). Recombinant Pfs25H and
Pfs25-EPA samples of 120 μL were diluted with 50 μL 50 mM NH4HCO3 containing 0.2%
RapiGest SF (Waters, p/n 186001861). Samples were digested by sequencing-grade trypsin
and incubated at 37°C overnight. Before the digestion, 5 μL of 100 mM DTT was added to
reduce disulfide bonds at 60°C for 30 minutes and then free cysteine residues were alkylated
with 5 μL of 300 mM iodoacetamide at room temperature for 30 minutes in the dark.
Trifluoroacetic acid (0.05% v/v) was used to quench the enzymatic reaction and degrade the
RapiGest™ SF. The pH of the samples was adjusted to pH 10 by adding 5 μL of 1 N
NH4OH for effective trapping on the 1st dimension column. Samples were spiked with 25
fmol/μL alcohol dehydrogenase before loading the nanoACQUITY UPLC®. Data
acquisition was done in positive ion mode using a nanoLockSpray™ source controlled by
MassLynx™ 4.1 software. Digested samples were loaded on first dimension column (300
μm × 50 mm XBridge™ BEH130 C18 5 μm) at pH 10 and eluted to a second dimension
trap column (180 μm × 20 mm Symmetry® C18 5 μm) with 50% of acetonitrile and 50%
20 mM ammonium formate at pH 10 (mobile phases for first dimension pump) at a flow rate
of 2 μL/minute. Eluted peptides were diluted with 0.1% formic acid (FA) in water at 20 μL/
min flow on to the trap column. The peptides were eluted from the second dimension
analytical column (75 μm × 100 mm HSS T3 1.8μm) with a 60 min gradient from 97%
mobile phase A (0.1% FA in water) to 60% mobile phase B (0.1% FA in acetonitrile). An
alternating low collision energy (5V) and elevated collision energy (ramping from 15 - 35
V) acquisition was used to acquire peptide precursor (MS) and fragmentation (MSE) data.
Scan time was 1 sec. The capillary voltage was 3.6 kV, source temperature 100°C, cone
voltage 45V. Sampling of the lock spray channel was performed every 30 sec. Spectra were
recorded from m/z 50 to 1990. Samples were run in quadruplicate.

LC/MSE data were processed and searched using ProteinLynx Global SERVER™ (PLGS)
version 2.5. Peptide/protein identifications were obtained by searching against database with
Pfs25H, EPA and alcohol dehydrogenase protein sequences. The ion detection, clustering,
and normalization were processed using PLGS 2.5 as described earlier [19]. Due to the
parallel mode of data acquisition, all tryptic peptides that are of sufficient intensities will
produce associated product ion fragmentation data that can be used for structural
identification of that peptide and its corresponding protein.

2.5 Formulation and formulation stability
The antigens, Pfs25H and Pfs25-EPA, were formulated to contain 50 μg/mL Pfs25H content
adsorbed to 1.6 mg/mL of aluminum hydroxide, reported here as Al2O3 (2% Alhydrogel®,
Brenntag Biosector, Frederikssund, Denmark) in 4 mM PBS (154 mM sodium chloride, 2.97
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mM sodium phosphate, 1.04 mM potassium phosphate, pH 7.4 ± 0.2). The PBS was mixed
with Alhydrogel® by gentle vortexing (Vortex Genie 2, Scientific Industries, setting 5.5) for
1–2 minutes. Antigen was added and incubated at room temperature for 1 hour on a rotator
at 20–22 rpm. After the incubation period the formulation was stored at 2–8°C. Samples of
each formulation were processed for supernatants at 0 hours (directly after the formulation)
and 24 hours later. At each time point, 150 μL of formulation was spun at 4000 rpm in an
Eppendorf 5415D microcentrifuged for 5 minutes. Approximately 140 μL of each
supernatant was transferred to a new tube and stored at −80°C until gel analysis. SDS-PAGE
of the supernatants was performed on a 4–20% Tris-glycine or 3–8% Tris-acetate
polyacrylamide gel (Invitrogen Corp., Carlsbad, CA) using an X-cell II Mini Cell
(Invitrogen). Silver staining was used to visualize antigen in the supernatant samples.

2.6. Immunogenicity and blocking activity of Pfs25 antibodies
Mouse antisera were generated at the National Institutes of Health in compliance with
guidelines of the National Institutes of Health Institutional Animal Care and Use Committee.
In brief, groups of 10 CD1 female mice were immunized with 2.5 μg of Pfs25H or either 0.5
or 2.5 μg Pfs25-EPA formulated on 80 μg Alhydrogel® (Brenntag, Denmark) on days 0, 28
and bled on Days 42, 71, 98 and exsanguinated on day 125. The membrane feeding assay
using pooled day 42 antisera assessing the blocking of P. falciparum NF54 parasite
transmission was performed as described [20].

2.7. ELISAs
The reactivity of Pfs25H and EPA specific antibodies were measured by ELISA using
mouse antisera collected on days 42, 71, 98 and 125. ELISAs were also used to assess the
integrity of Pfs25H with monoclonal antibodies. These assays were performed essentially as
described [7, 21]. The avidity of Pfs25 specific IgG was evaluated by ELISA as described
above, except that the wash step after incubation of the antisera used wash buffers
containing the addition of 3M or 6M urea. Each urea wash was incubated for a period of 5
minutes thrice.

3. Results
3.1.Preparation of Pfs25-EPA conjugates

Recombinant Pfs25H and EPA produced earlier were used to prepare the thioether
conjugates. Each purified protein was modified according to the Materials and Methods and
extensively dialyzed to remove free linker. Based on the conditions developed, in three
independent development runs the average number of substitutions were 3.0 ± 0.3 thiol
linkers to each Pfs25H and 6.6 ± 0.7maleimide linkers to EPA (data not shown).The
modified proteins Pfs25H-SH and EPA-mal were mixed together using a ratio of equal
mass, which approximated a molar ratio of 3 to 1, respectively. Upon completion of the
incubation period, L-Cysteine Hydrochloride was added to quench the remaining unreacted
thiol groups. Following this procedural step, no free thiols were detected (data not shown)
(see Supplemental Materials and Methods for details).

The Pfs25-EPA conjugation mixture was further processed following two strategies. The
first strategy involved ultrafiltration/diafiltration (UF/DF) of the conjugate to dialyze and
concentrate the Pfs25-EPA in to the final buffered solution. The second strategy involved
size exclusion chromatography followed by UF. The unique differences observed between
these two processes were a higher recovery without the use of the SEC column. However
the predictability of producing a consistent product with an acceptable average molar mass
was difficult due to the formation of larger conjugates which would constitute up to 20% of
the mass of Pfs25-EPA (see Fig. 2C for comparison of lot A which contained approximately
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9% of larger conjugates). These larger conjugates were removed in a controllable manner
using the SEC column as determined by SEC-MALS (data not shown). Thus the latter
process was selected for pilot-production (Fig. 1). The process yields for Pfs25H ranged
between 25 – 45% (data not shown).

3.2.Biochemical and biophysical analysis
The Pfs25-EPA conjugate was analyzed biochemically and biophysically. As both proteins
used in the conjugate were well-characterized recombinant proteins (Fig. 2A) [7, 9], one of
which (Pfs25H) had been previously evaluated in a human phase 1 trial [7], the analytical
efforts focused on understanding the properties of the conjugate. Analysis by Coomassie
blue stained SDS-PAGE, performed under reducing and non-reducing conditions, showed
that the chemically conjugated Pfs25-EPA formed a smear ranging from 100 kDa to greater
than 500 kDa based on the molecular weight markers (Fig. 2A). A corresponding mobility
shift was observed in the conjugate due to the reduction of the disulfide bonds. Analysis by
RP-HPLC demonstrated the conjugate appeared as a unified chemical cross-linked protein
under denaturing conditions (Fig. 2B). Under denaturing and reducing conditions, a single
elution peak was also observed (data not shown). As indicated in Fig. 2C, SEC-MALS of
Pfs25-EPA (in-house reference) using the final production process produced a chemical
conjugate showing primarily a broad chromatographic peak with a range in molar mass from
150,000 to 1M Daltons. The average molar mass of the in-house conjugate was 550,000
Daltons which was similar to the SEC-MALS profile observed for the cGMP bulk substance
with an average molar mass of 600,000 Daltons (data not shown). Dynamic light scattering
demonstrated the weighted average hydrodynamic radius of Pfs25-EPA was 11.0 nm which
ranged in size from 5 to 25 nm (Fig. 2D). The Pfs25-EPA conjugate by particle analysis
using AFM identified particle volumes ranging from 0.4 to 3.2 (Fig. 3A & B), where a
volume of 1 represents 750 nm3. Furthermore by AFM, a protein conjugate of 550,000
Daltons at the typical density of 1.4 g/ml having a sphere-like and multi-domain shape was
observed with a radius of 5.6 nm while in solution the hydrodynamic radius was
approximately 8.2 nm (Fig. 2D). Thus, the analysis of the shape and of molar mass
distribution of the Pfs25-EPA conjugate by dynamic light scattering and AFM are consistent
with each other.

The secondary structures or ellipticity of Pfs25H, EPA and Pfs25-EPA conjugate were
assessed by CD for evaluating the proteins sensitivity to heat denaturation and comparability
of product composition (Fig. 4). The CD results demonstrate the stability of the
unconjugated Pfs25H and EPA and the conjugate to thermal denaturation using a step
gradient from 10°C through 80°C. Most importantly, the ellipticity of Pfs25H at 20°C
appears similar before and after heat denaturation at 80°C, indicating the maintenance of its
structural integrity (Fig. 4A). The ellipticity trace for EPA indicates that renaturation of EPA
after heating is limited (Fig. 4B). It is worthy to note, that for EPA the major shift in
ellipticity occurred between 50 – 60°C, indicating that the protein is thermally stable at the
20° – 25°C temperatures used throughout development. Finally, the ellipticity of Pfs25-EPA
(Fig. 4C) provides an additional orthogonal method to evaluate the comparability of the in-
house reference and the cGMP bulk substance which appeared to be similar (data not
shown).

3.3. Structural integrity of Pfs25-EPA
Since the potential existed for the SATA linkers to disrupt native disulfide bond
arrangements, an effort was made to characterize the structural integrity of native Pfs25H
disulfide bonds within the Pfs25-EPA conjugate. To this end, a quantitative label-free mass
spectrometry approach identified as LC/MSE was used [22]. We proposed that if an internal
cysteine-cysteine arrangement was disrupted by disulfide exchange with a thiol linker, a
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cysteine thiol would be liberated which could then react with a maleimide group. In that
case the detection of the associated modified peptide in the tryptic digest would not be
reported due to its change in mass. Using this strategy, a quantitated reduced tryptic peptide
map of Pfs25H and Pfs25-EPA was produced as described in the Material and Methods
section. The peptide coverage for Pfs25H, and Pfs25-EPA was 57.2%. Of particular interest,
8 out of 17 tryptic peptides containing a total of 12 out of 22 cysteine residues were
quantitated in both samples. The average sum intensity ± SD for quadruplicate runs is shown
in Table 1 for 8 tryptic peptides (A – H). In addition, the single unique non-cysteine
containing peptide (I) identified in both Pfs25 and Pfs25-EPA was assessed to be detected in
equal amounts due to the parameters established for label-free quantitation by LC/MSE

including the use of alcohol dehydrogenase as an internal spike control in order to maintain
similar protein loads of various samples [22]. The capacity to quantitate an unmodified
peptide such as peptide I enabled its use as an internal standard for calculating a ratio of
peptides A through H as compared to peptide I (Table 1). The two sets of ratios were then
used to calculate a percent of similarity between Pfs25H, and Pfs25-EPA. Overall the
percent of similarity for Pfs25-EPA as compared to Pfs25H was 75% using an average of
total of sum intensities (p = 0.29) (Table 1). Individual comparisons were, in general,
between 70% – 90% (Table 1). The lower abundance of tryptic peptide E in Pfs25-EPA was
statistically different than that for Pfs25H (p = 0.03) indicating a greater likelihood for
disulfide bond rearrangement within the second EGF like domain. Tryptic peptides A and F
which each contain 2 cysteines also showed an indication of possible disulfide bond
rearrangement. A different lot of Pfs25-EPA was also evaluated using this approach and the
overall results were similar (data not shown).

3.4. Integrity of Pfs25H epitopes
The integrity of the conformation of Pfs25H post-conjugation was assessed using Pfs25
specific mAbs that block transmission in the standard membrane feeding assay and
recognize either conformation dependent or linear epitopes. In Figure 5A & B, the titration
of three mAbs, two of which recognize conformation dependent epitopes (1G2, and 4F7)
and one which recognizes a linear epitope (4B7) is shown against a constant quantity of
Pfs25H alone or as a conjugate. The titration curves of mAbs 1G2 and 4F7 appear
unchanged, while mAb 4B7 had an observable increase in reactivity by about 2-fold (initial
OD1 ~0.02 μg/mL and post-conjugation OD1 ~0.01μg/mL), indicating a minor change in
the conformation of Pfs25H.

3.5.Immunogenicity of Pfs25-EPA and transmission blocking activity
The immunogenicity of the Pfs25-EPA was assessed in comparison to an unconjugated
Pfs25H formulated on Alhydrogel®. Analysis of the adsorption of Pfs25H and Pfs25-EPA
Alhydrogel® formulations using similar concentrations as for human dosing were assessed
immediately after mixing and 24 hours later by Silver stained SDS-PAGE gel analysis. Both
Pfs25H and Pfs25-EPA were completely bound since no detectable soluble forms were
observed as compared to a 100 – 150 ng load of each reference (Fig. 6A). The conjugated
form of Pfs25-EPA increased the immunogenicity by ~75-fold using a 5-fold lower dose of
Pfs25H and it was 110-fold more immunogenic at the same dose in a statistically significant
manner (p<0.001) (Fig. 6). The geometric mean antibody levels achieved in outbred mice
receiving 0.5 μg and 2.5 μg doses of Pfs25-EPA were 9,119 ELISA units and 13,796
ELISA units, respectively as compared to 124 ELISA units for mice receiving 2.5 μg
Pfs25H alone. No significant differences were observed for Pfs25-EPA at 0.5 or 2.5 μg
doses (Fig. 6B). The geometric mean antibody levels for the carrier protein, EPA, on day 42
in the 2.5 and 0.5 μg Pfs25-EPA groups were 44,200 and 39,400 ELISA units at an OD1; no
antibodies were detected against EPA in the Pfs25H group (data not shown). The longevity
of the Pfs25 response was assessed out to 125 days, at which time, elevated Pfs25H specific
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antibody responses were still observed (Fig. 6). The mouse antisera were pooled for the
groups immunized with 2.5 μg of Pfs25H or Pfs25-EPA and evaluated in a membrane
feeding assay to assess its capacity to block P. falciparum transmission to mosquitoes. The
reduction of oocyst density and prevalence shown in Table 2 were consistent with previous
observations [20], in that the inhibition of parasite development corresponded to the Pfs25H
ELISA Units. The avidity of the Pfs25 specific IgG generated against Pfs25H alone or the
Pfs25-EPA conjugate was assessed by ELISA on day 42 antisera. No significant difference
was observed in the avidity of the IgG between the two different immunogens (data not
shown).

4. Discussion
Pfs25 is a leading transmission blocking vaccine candidate for inclusion in a vaccine to
block malaria parasite development within the mosquito host as part of a VIMT.
Recombinant forms of Pfs25 formulated with ISA51, a water-in-oil adjuvant induced human
antibodies that blocked oocyst development within the mosquito [20]. Unfortunately, the
safety profile of an ISA51 formulation is unlikely to be suitable for large-scale
administration of a VIMT or transmission blocking vaccine alone. A method to resolve the
issue of poor immunogenicity was identified by chemically conjugating Pfs25H to a carrier
molecule such as EPA [9], OMPC [23] or even itself [7]. Each of these conjugated forms
enhanced the immunogenicity of a comparable soluble Pfs25H formulation by at least 4 fold
in mice and in the case of the Pfs25-OMPC, an enhanced duration of Pfs25H specific
antibodies was reported in rhesus monkeys [24]. Given the improved immunogenicity
profile achieved by conjugating Pfs25, a scalable process was developed for producing
Pfs25H conjugated to EPA. The pilot-scale process was robust and suitable for technology
transfer to a contract manufacturing organization. The thioether conjugation chemistry used
established methods, similar to those used in a commercial vaccine [25]. A preliminary
analysis of the concentration of free linkers present during the various process steps by RP-
ultra performance liquid chromatography indicated that due to the multiple UF/DF steps and
SEC column, residual free linker was below the level of the sensitivity of the detection
method (data not shown).

Biochemical analyses by SDS-PAGE and RP-HPLC indicate that Pfs25-EPA conjugates are
formed through the formation of thio-ether linkages between Pfs25H and EPA (Fig. 2).
Based on the biophysical analyses of the Pfs25-EPA by dynamic light scattering and AFM,
the conjugate is shown to have sphere-like shapes composed of particles ranging from 10 to
40 nm in diameter (Fig. 3). The observation that the Pfs25-EPA conjugate enhances the
immunogenicity is consistent with the general observations that nano-microparticles
including viral like particles such as used in RTS,S [26] which are about 22 nm in diameter
[27] improve the immunogenicity of poor immunogens [24]. A Pfs25-EPA/Alhydrogel®

formulation may be considered a nano-microparticle formulation since Alhydrogel® is
comprised of ~2 – 12 μm particles [23].

Analysis of the structural integrity of Pfs25H within the Pfs25-EPA conjugate using a label-
free quantitative mass spectrometry approach (LC/MSE) [19, 22] to compare a quantitative
tryptic peptide map showed that Pfs25H on the whole appears intact with 75% similarity in
peptide abundance for the peptides containing 12 of the protein’s 22 cysteine residues, even
though, the possibility that a small percentage of native disulfide bonds could have
undergone rearrangement cannot be ruled out entirely. The integrity of the conformation of
Pfs25H was further assessed using three Pfs25 specific mAbs [20]. Two mAbs (1G2 and
4F7) recognize a conformation dependent epitope while mAb 4B7 recognizes a cryptic
linear epitope within the third epidermal growth factor like domain [28, 29] and is more
reactive against denatured forms of Pfs25H as identified by immunoblot (data not shown).
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The analysis by ELISA was able to detect a minor change in the conjugated form of Pfs25H
only with mAb 4B7 indicating a relaxing of the secondary structure within the epidermal
growth factor like domain 3. However, since all three of these mAbs block oocyst
development in the standard membrane feeding assay [20] this change will unlikely alter the
potency of Pfs25H. A comparative immunogenicity study in outbred mice demonstrated that
the Pfs25-EPA conjugate adsorbed on Alhydrogel® enhanced the immunogenicity as
compared to monomeric Pfs25H using a similar formulation by ~75-fold using a 5-fold
lower dose. This result was similar to our previous findings using various conjugated forms,
including Pfs25-EPA [9]. Analysis of pooled Pfs25H and Pfs25-EPA mouse antisera
showed that the blocking activity of parasite transmission was associated with the ELISA
units tested in the standard membrane feeding assay, as previously demonstrated [20]..

In summary, a malaria transmission blocking vaccine is needed to facilitate the current
elimination and eradication strategies. The present study shows the development of scalable
processes for the successful pilot-scale manufacture and analytical characterization of a
Pfs25-EPA conjugated nanoparticle vaccine. Pfs25-EPA formulated on Alhydrogel®

enhanced the inherently poor immunogenicity of Pfs25H, while maintaining its
conformational integrity. The evaluation of the safety and immunogenicity of the Pfs25-
EPA vaccine in humans, which is underway (see ClinicalTrial.gov, ID number:
NCT01434381) will be an important next step in the development of a transmission
blocking vaccine.
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Highlights

• Pfs25 is candidate for a malaria transmission blocking vaccine

• A recombinant Pfs25 protein was chemically cross-linked to ExoProtein A
(EPA)

• The Pfs25-EPA chemical conjugate appears as a 20 nm nanoparticle

• Pfs25-EPA as a nanoparticle enhanced the immunogenicity of Pfs25 in mice

• Process tech transferred for cGMP pilot-scale manufacturing of Pfs25-EPA
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Fig. 1.
Schematic of conjugation process initiated with bulk Pfs25H and EPA protein.
Abbreviations: UF/DF, ultrafiltration/diafiltration; SATA, N-Succinimidyl S-
Acetylthioaceate; EMCS, N-(ε-maleimidocaproyloxy)-succinimide ester; NMWC, nominal
molecular weight cutoff.
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Fig. 2.
Biochemical and biophysical characterizations of in-house Pfs25-EPA. Panel A: Coomassie
blue stained SDS-PAGE gel of unconjugated non-reduced Pfs25H and EPA, and reduced
and non-reduced conjugated Pfs25-EPA using Tris-glycine or Tris-acetate gels, respectively;
Panel B: RP-HPLC analysis of Pfs25-EPA conjugate; Panel C: analysis by analytical size
exclusion-HPLC coupled with multi-angle light scattering detection (SEC-MALS) or Panel
D, Quasi-elastic light or dynamic light scattering. Panel C: plot shows UV absorbance
chromatogram at 280 nm (left Y axis) with plot of molar mass (right Y axis) vs. time (X
axis) with (in-house reference) and without an SEC column step (lot A). Panel D: plot shows
the UV absorbance chromatogram at 280 nm (left Y axis) with plot of the associated
hydrodynamic radii (right Y axis) of in-house reference only vs. time (X axis).
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Fig. 3.
AFM imaging of Pfs25-EPA conjugates. Panel A: a representative topography (with a 300
nm scale in the background) shows that the conjugates are well dispersed on the mica
substrate with variable shape presentations. Panel B: a histogram of the particle volume
together with a panel of representative Pfs25-EPA molecular images in three-dimensional
plots (60 nm separation between each row and column) is shown as the insert with a 6-nm
fire-color height scale applicable also to (A).
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Fig. 4.
Far UV analysis and thermal stability of Pfs25H (A), EPA (B) and Pfs25-EPA (C). The
ellipticity was plotted as a function of wavelength (nm). Spectra displayed were obtained
using increments of 10°C from 10°C through 80°C including re-analysis after cooling at
20°C.
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Fig 5.
Analysis of the conformational integrity of Pfs25H using a panel of three Pfs25 specific
functional mAbs as determined by ELISA. Equal concentrations of Pfs25H alone or within
the Pfs25-EPA conjugate were plated and titration curves were determined for two
conformation dependent mAbs (1G2 and 4F7) and one linear-epitope binding mAb (4B7).
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Fig. 6.
Formulation and comparative immunogenicity of unconjugated Pfs25H and conjugated
Pfs25-EPA on Alhydrogel® in CD1 outbred mice. Panel A: Silver stained Tris-glycine or
Tris-acetate gels with unformulated Pfs25H or Pfs25-EPA (identified as Ref., respectively)
and clarified supernatants of Alhydrogel® formulations immediately after mixing (0 hrs) and
24 hours later. Panel B: The ELISA titers for individual mice are plotted with error bars
representing the geometric mean and 95% confidence intervals. Asterisks denote statistically
significant differences in ELISA titers between conjugated and unconjugated forms of
Pfs25H at each time point (***p<0.001) as determined by Two-Way Repeated Measures
ANOVA of the Log10-transformed ELISA titers.
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