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Abstract

Pfs25 is a promising target antigen for the development of a malaria transmission-blocking vaccine
and prior research has demonstrated induction of high and functionally effective antibodies in mice
with IM injection of Pfs25 encoding DNA plasmid. Likewise, Pfs25 DNA vaccine was immunogenic
in rhesus macaques but required a protein boost to elicit significant transmission blocking antibodies.
The translation of these encouraging findings to human clinical trials has been impeded largely by
the relatively poor immunogenicity of DNA plasmids in larger animals. In vivo electroporation (EP)
has revealed significant enhancement of the potency of DNA plasmids. The results reported here
compared the immunogenicity and functional transmission-blocking effects of immunization with
DNA plasmid (25pg) by the traditional IM route compared to coupling the IM injection (0.25ug,
2.5ug and 25ug doses) with in vivo EP. Significantly, a 0.25ug dose of DNA plasmid, when
administered with EP, induced antibody titers (1:160,000) and functional transmission blocking
effects that were equivalent to those achieved by a one hundred fold higher (25 pg) dose of DNA
plasmid given without EP. At a 25.0ng DNA dose with or without EP there was sufficient antigenic
stimulation to result in effective antibody titers; however EP method yielded antibody titer of
1:1,280,000 as compared to only 1:160,000 titer without EP. This observed two log reduction in the
amount of DNA plasmid required to induce significant transmission-blocking effects makes a
compelling argument in favor of further evaluation of DNA vaccines by in vivo EP method in larger
animals. Further experiments in non-human primates and eventually in phase | human trials will
determine if the use of EP will induce effective and sustained malaria transmission blocking effects
at acceptable doses of plasmid DNA.

1. Introduction

Plasmodium falciparum infection continues to exact a tremendous toll of morbidity and
mortality in, primarily, sub-Saharan African and Asian countries, with estimates of 1-1.5

million attributable deaths and more than 350 million incidents of clinical illness per year [1].
Historical and current malaria control efforts have relied upon vector control, prompt diagnosis

and treatment of clinical disease and selective chemoprophylaxis. Malaria vaccines could
augment such control efforts however successful deployment of effective malaria vaccines
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would depend upon overcoming numerous obstacles, a key one being the optimization of the
potency of such vaccine constructs in humans.

The sexual stage of the malaria parasite is essential to the transmission of the disease between
humans via the bite of the female anopheline mosquito, and is the stage at which malaria
transmission blocking vaccines (TBVs) exert their effects [2—-4]. A small percentage of malaria
parasites in infected red blood cells differentiate from asexual forms into sexual forms termed
gametocytes [5]. Several P. falciparum proteins, such as Pfs48/45 and Pfs230, expressed in
the gametocytes and exposed on the surface of gametes, have shown promise as transmission
blocking antigens in small animal models [2]. Proteins expressed within the gametocytes while
in the human host, prior to gametogenesis which occurs in the mosquito midgut, are termed
“pre-fertilization” antigens. These proteins are targets of natural immune responses and are
likely subject to immune selective pressure. After the mosquito blood meal, gametocytes
rapidly transform into micro (male) and macro (female) gametes, fertilization occurs followed
by successive transformation of zygotes to motile ookinetes and then formation of oocysts.
Proteins (Pfs25 and Pfs28) expressed after fertilization of the gamete in the mosquito midgut
are termed “post-fertilization” antigens and are not exposed to the human immune system
during natural infection [2].

Pfs25 is a 25-kDa surface protein of the sexual stage of the malaria parasite. Although
transcripts of this gene are detectable in the human host, actual protein expression only occurs
from the onset of gametogenesis in the mosquito midgut through the zygote-ookinete
transformation stages [6]. Prior research has clearly demonstrated that antibodies to Pfs25 can
be induced by either DNA or recombinant protein immunization and that such antibodies
recognize reduction-sensitive conformational epitopes and mediate transmission blocking in
a complement-dependent manner [2,7-9].

TBVs could be a valuable tool in ameliorating the impact of malaria in endemic areas. Several
major obstacles have impeded the development of TBVs in spite of solid transmission blocking
effect exhibited by monoclonal and polyclonal antibodies against pre-fertilization and post-
fertilization antigens. Pfs25, as recombinant protein adjuvant formulations, has undergone
preclinical evaluation in small animal and non-human primates and such studies have revealed
strong transmission blocking efficacy[7]. DNA vaccines based on Pfs25 have shown highly
effective immunogenicity in mice, however a major obstacle has been the relatively poor
immunogenicity of Pfs25 DNA-based vaccines in non-human primates [8,9]. Although Pfs25
has been successfully expressed in several recombinant expression systems [10], it has proven
extremely difficult to develop an appropriate formulation for optimal immunogenicity in
humans. Numerous attempts and approaches have been employed to improve suboptimal
immunogenicity of DNA vaccines in larger animals. These include various routes of
administration of DNA plasmids with or without immunomodulatory cytokines and
chemokines [11,12], particle mediated or needle free delivery of DNA vaccines [13,14],
vaccine formulations using cationic lipids [15,16] and use of various polymers for sustained
release of DNA plasmids [17,18].

In vivo electroporation [EP] mediated DNA vaccine delivery utilizes the brief application of
electrical fields to a target region of tissue (typically muscle or skin) following the injection of
a DNA vaccine in order to enhance its potency. Transient changes in plasma membrane
permeability contribute to increased intracellular uptake and expression of injected DNA. Pro-
inflammatory cytokine induction and mobilization of monocyte/macrophages to the site of EP
are additional factors that result in improved antigen presentation [19-28].

The study described here was a dose-response evaluation (0.25ug, 2.5ug and 25ug doses) of
the effect of EP on Pfs25 DNA vaccine immunogenicity (antibody responses and functional
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transmission blocking activity in BALB/c mice) and a direct comparison with a fixed dose
(25png) of DNA plasmid without EP. Results indicate that administration of Pfs 25 DNA
vaccines along with EP lowers the DNA dose by as much as two logs. A further extrapolation
of this outcome is that the EP approach may allow delivery of 10—100 times more effective
dose in larger animals which in turn may significantly improve efficacy of DNA vaccines in
non-human primates and humans.

2. Materials and Methods
2.1. DNA plasmids

DNA vaccine vector VR1020 (Vical, Inc., San Diego, CA) with Pfs25 coding sequence
optimized for expression in mammalian cells (minus the N-terminal signal and C-terminal
anchor sequence) was prepared using an Endo Free® Plasmid Purification Giga Kit (Qiagen,
Valencia, CA). Plasmid DNA sequence was verified by PCR amplification of inserts and DNA
sequence analysis. Endotoxin level of the purified DNA plasmid was assessed by the Limulus
amoebocyte lysate assay (BioWhittaker, Inc., Walkersville, MD) and found to be lower than
0.1 ETU/ug DNA.

2.2. Immunization scheme

Four groups of six week old female BALB/c mice (six per group) were used in a dosing
schedule of one priming immunization and two booster immunizations at four week intervals.
Mice were bled prior to each dose and at four weeks after each boost. Group one mice received
adose of 0.25ug Pfs25 plasmid DNA per injection; group two mice received 2.5ug per injection
and group three mice received 25 ug per injection. In these three groups, the DNA plasmid
was administered IM with in vivo EP. Group four mice received 25 pg Pfs25 plasmid DNA
by standard IM injection without EP. All injections were done in the anterior tibialis muscle
in a volume of 25ul of endotoxin-free PBS. Electroporation was accomplished using an Ichor
pulse generator and a TriGrid Electrode Array as previously described [19]. The intraelectrode
spacing of the TriGrid electrode array used for these studies was 2.5 mm. Injection was
performed using a 0.3cc U-100 Insulin syringe (Becton-Dickinson, Franklin Lakes, NJ) with
a 29 gauge needle. Injection of DNA was followed four seconds later by electrical stimulation
at amplitude of 250 volts/centimeter of electrode spacing. The total duration of electrical
stimulation was 40 mS, applied over a 400mS interval (a 10% duty cycle).

2.3. Antibody analysis

The sera obtained were analyzed for end point titers, immunoglobulin isotype specificity and
avidity using ELISA. 96 well, Immulon-2 microtiter plates were coated with rPfs25 at a
concentration 1.0pug/ml in PBS buffer, 100ul per well, and incubated overnight at 4 C. Plates
were then blocked with 5% nonfat milk in PBS plus 0.05% Tween 20 (PBS-T). The endpoint
titer determination was accomplished by serial dilution of either individual mouse sera or
pooled group sera. Plates were incubated with various dilutions of sera (100ul/well in the
blocking buffer) for two hours at room temperature, and then washed six times in PBS-T.
Secondary antibody, goat anti-mouse 1gG, heavy plus light chains, conjugated with horseradish
peroxidase (Gibco-BRL) was then added at a concentration of 0.1 pg/ml, 100 pl per well and
incubated for 1 hour at room temperature and then washed six times in PBS-T. Plates were
then developed with ABTS single-reagent substrate 2,2’ —azinobis (3-
ethylbenzthiazolinesulfonic acid) (KPL, Gaithersburg, MD) and absorbance was read at
405nm. Pre-immunization murine sera served as negative control. For antibody isotype
analysis the secondary antibodies used were goat, anti-mouse 19G1, 19G2,, 19Gp and 19G3,
conjugated with PO (Gibco-BRL). To determine avidity of antibody various concentrations
(0,1, 2,4 and 6M) of sodium thiocyanate (NaSCN) washes were employed in the above ELISA
protocol, using a modification of the method of Pullen et.al. [29] to disrupt antigen-antibody
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binding. The total binding of antigen to antibody was represented by the absorbance without
NaSCN wash.

2.4. Standard Membrane Feeding Assay (MFA)

The MFA evaluates the functional ability of sera to affect the development of oocysts in the
mosquito mid-gut [2]. Mature gametocytes (14—18 days old) of P. falciparum strain NF54 were
produced in-vitro as described before [30]. Gametocyte cultures at 0.3 to 0.4% final
gametocytemia were mixed with various dilutions of experimental sera, human sera and
washed human RBCs to a final 50% hematocrit. The mixture was fed to starved (6 h) female
Anopheles gambiae mosquitoes for 15 minutes through a Parafilm membrane warmed to 39 C
with a glass water-jacket. After the feed the blood-fed mosquitoes were maintained at 26 C
and 70-80% relative humidity for 7-9 days and then dissected. Midguts were stained using
0.1% mercurochrome and examined for the presence of oocysts. Each diluted serum was fed
to a group of mosquitoes in duplicate cages and negative controls were either pre-immunization
murine sera or normal human sera. Transmission blocking activity was assessed by reduction
in the percent of infected mosquitoes and reduction in the number of oocysts per midgut.
Percent reduction in the number of oocysts was calculated using the following formula:
percentage oocyst reduction = 100 — [(geometric mean number of oocysts with test sera/
geometric mean number of oocsysts with pre-immune sera) X100].

2.5. Statistical analysis

Differences in the antibody responses were analyzed by ANOVA, and Levene’s test for
equality of variance, and mosquito infectivity differences were analyzed by Mann Whitney t-
test, all included in the SPSS software package.

3. Results

Pfs25 antigen induces antibodies in mice that interfere with the development of oocysts in the
mosquito midgut when tested by MFA. We have earlier shown that a DNA plasmid dose of
25-50ug, administered as prime and two subsequent boosts, is required to elicit effective
transmission-blocking antibodies in mice [8], however immunogenicity in rhesus macaques
(Macaca mulatta) was found to be rather low [9] thus stressing the need for evaluation of
various approaches to increase immunogenicity of DNA vaccines in larger animals.

3.1. DNA dose-dependent total antibody titers

We hypothesized that DNA delivery by in vivo EP would boost the potency of the Pfs25 DNA
plasmid compared to conventional IM injection by increasing the magnitude of elicited
antibody response and/or reducing the DNA dose required to consistently achieve target levels
of response. Figure 1A shows the elicited antibody titers after a prime and one boost at various
doses of plasmid DNA with EP (+ EP) and at the 25ug DNA dose without EP (No EP). EP
clearly enhanced the immunogenicity of the injected DNA with a 0.25ug dose eliciting titers
similar to those elicited by a 25ug dose without EP. Similarly, as shown in Figure IB (prime
and two boosts) antibody titer with a 25 pg dose of DNA without EP (No EP) was 1:160,000
and similar to that elicited by a 100 times lower DNA dose (0.25ug) with EP. Figure 1B also
demonstrates the total antibody responses after three immunizations to various doses of Pfs25
plasmid DNA given with EP. There is clearly a correlation between the dose of Pfs25 DNA
administered by EP and the induced antibody titers. Equally important, the antibody titers
(1:160,000 to 1:320,000) so induced with each of the three doses is within the range that has
been shown to be sufficient to mediate transmission-blocking effects in MFA. Further, titration
of sera and analysis revealed that the endpoint titer of antibody elicited by 25 ug DNA with
EP was in excess of 1:1,280,000. These results clearly demonstrate that coupling in vivo EP
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with DNA vaccine administration can significantly lower the amount of DNA required without
EP; in the present case as much as a two log reduction.

3.2. Immunogenicity differences with or without EP

To allow further comparison of the immunogenicity differences with or without EP we
analyzed the antibody responses after a prime and a single boost at a fixed DNA dose (25 pg).
Figure 2A shows the antibody reactivity at a 1:4,000 serum dilution. Mice given plasmid
without EP demonstrated low and inconsistent antibody levels with only one of the six mice
exhibiting a meaningful response following a prime and one boost immunization. In contrast,
mice receiving the same 25 pg dose with EP exhibited much higher antibody reactivity with
100% of the mice responding in a robust fashion. Data in Figure 2B shows the comparison of
antibody responses after a prime and one boost when 25 ng of plasmid DNA was administered
without EP and 0.25ug was administered with EP. The magnitude of antibody reactivity and
number of responder mice were very similar even though only one-hundredth dose of DNA
was given with EP. These results also demonstrate animal to animal variation especially when
immunologically lower effective doses are being evaluated. Comparing results in Figure 1 and
Figure 2, it is clear that when administered with in vivo EP, the Pfs25 DNA vaccine exhibits
robust immunogenicity after just two doses. In contrast, immunological responses following
two immunizations by conventional injection were low and inconsistent, even when applied
at the relatively high 25ug dose level.

3.3. IgG isotype comparison

Since comparison with or without EP revealed enhanced immunogenicity with EP, we wanted
to determine if such increased immunogenicity was skewed to a particular immunoglobulin
isotype. Figure 3A demonstrates that the distribution of isotypes was identical between the two
groups of mice immunized with 25ug of DNA with or without EP.

3.4. Antibody avidity

The strength with which antibody binds to antigen may greatly affect the function of such
antibody and therefore we wanted to determine whether EP or dose of plasmid had any
demonstrable effect on the avidity of the induced antibodies. Figure 3B shows that at doses of
25 ug and 2.5 ug plasmid, with EP, a 3M concentration of NaSCN was required for a 50%
reduction in antibody-antigen binding, whereas antibodies induced with 0.25ug DNA with EP
and with 25 ug DNA without EP had modestly reduced avidity of interaction revealed by 50%
reduction in binding with only 2M NaSCN. These studies indicate that both dose of plasmid
and presence or absence of EP can affect antibody avidity, however the biological significance
of such differences, if any, remains to be determined.

3.5. Evaluation of sera transmission blocking activity

To assess the functional transmission blocking effect of the immunization-induced antibodies,
sera were tested in MFA at various sera dilutions (1:2 to 1:16). Both pre-immunization murine
serum and normal human serum were used as negative controls. Initially we tested sera from
mice immunized with various DNA doses at a serum dilution of 1:2 in MFA. As shown in
Figure 4 there was >85% reduction in the number of oocyst in mosquitoes fed on sera from
mice immunized with 25ug DNA with or without EP. This finding is consistent with earlier
studies that evaluated Pfs-25 DNA vaccine administered in the traditional intramuscular
manner [8]. More importantly sera from mice immunized with a two log lower dose (0.25 ug)
Pfs25 DNA vaccine given with EP also yielded a comparable ~85% reduction in the number
of oocysts. This demonstrated that EP method not only enhances immune responsiveness but
also the functional activity of antibodies elicited even at the lowest dose of vaccine plasmid.
For further functional assessment of antibodies we looked at comparative effectiveness of
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antibodies at a fixed dose (25ug). In these studies various anti-sera were tested at 1:2 to 1:16
dilutions in MFA. As shown in Table I sera from mice immunized with EP effectively reduced
P. falciparum infectivity in A. gambiae at 1:2 and 1:4 dilutions. Even at 1:8 dilutions the sera
from these mice showed 76% oocyst infectivity reduction. In contrast, sera from mice
immunized with the same 25ug DNA dose but without EP blocked infectivity only at 1:2
dilutions, thus demonstrating further superiority of DNA immunization with EP.

4. Discussion

Pfs25 is a well established target for the development of a malaria transmission blocking
vaccine. Elicited antibodies must recognize reduction sensitive conformational epitopes in the
parasite and be present in relatively high titer in order to be effective [7,31]. Attempts to induce
such response using adjuvant formulated recombinant Pvs25, a P. vivax homologue of Pfs25,
have been only partially successful, especially in phase I clinical trials [32,33]. Poor
immunogenicty of such vaccines has been attributed largely to lack of appropriate
conformation as well as lack of a potent adjuvant. DNA vaccine based approach for Pfs25 was
employed to overcome some of these potential difficulties with protein based vaccines. Indeed,
DNA vaccines encoding Pfs25and Pvs25 do induce the formation of functionally effective
antibodies in mice and in non-human primates and these antibodies can recognize such
conformation-dependent epitopes in respective antigens. In mice, while DNA immunization
by conventional injection alone was sufficient to elicit transmission blocking antibodies [8,
34], our studies have revealed that in non human primates, a heterologous protein boost was
needed to enhance the immunogenicity and to elicit functional antibodies of high titer [9].

The many potential advantages of DNA-based vaccines have been extensively reviewed [35,
36] and these advantages argue in favor of further optimization of a DNA based TBVs for
malaria, especially since protein based TBVs for malaria (full length or sub-unit) have proven
to be difficult to produce in a manner that mimics native protein conformation. Moreover, when
such recombinant protein has been attainable, there is a strict requirement for specific and
effective adjuvant to augment the immunogenicity of such protein constructs. The relative ease
of production, low potential production costs compared to protein-based vaccines, relative ease
of modifying the vaccine construct to accommodate multiple epitopes of vaccine antigens, and
more importantly the stability without requirement of maintaining a “cold chain” are some of
the significant possible advantages of DNA vaccines. Previously it has been shown that vaccine
induced transmission blocking activity is dependent upon antibody titers [31]. It thus appears
that the dose of DNA plasmid employed might be one of the critical factors in inducing
sufficient antibody titers to mediate transmission blocking effects, especially for larger animals.
As discussed earlier, DNA vaccines in general have shown rather poor immunogenicity in
larger animals and humans and attempts to enhance the potency of DNA plasmids include
various approaches such as codon optimization of antigen coding gene, use of genetic and
chemical immunomodulatory adjuvants, administration of plasmids as cationic lipid
formulations and alternate methods of delivery, including in vivo EP [11-28].

Results from animal studies indicate that a vaccine delivery method employing EP can induce
prolonged antigen production in myocytes which have a slow cellular turnover rate [21].
Consequently, EP shows significant promise as an adjunct to standard IM immunization and
has demonstrated the ability to consistently enhance immunogenicity of DNA vaccine
constructs across animal species [19,20-22]. The results from our study clearly establish the
value of EP for enhancing the potency of Pfs25 DNA plasmid malaria TBV. In our previous
studies of conventional intramuscular DNA immunization in mice [8] (body weight
approximately 25g) and rhesus monkeys [9] (average body weight 4,0009), the latter received
a log lower dose of DNA based on body weight. Although the Pfs25 DNA vaccine (0.5 and 1
mg doses) were immunogenic in nonhuman primates, the inability to elicit antibody levels
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sufficient to effect transmission blocking in MFA suggests that the immunization procedure
was of suboptimal potency. The present study demonstrates that, even with a two-log reduction
of DNA dose, Pfs25 DNA immunization with EP elicited a robust antibody response and
functional transmission blocking activity. These data indicate that the EP approach can lower
the actual effective DNA dose needed for potent immunogenicity of a malaria vaccine and may
provide the means to extrapolate the promising immune responses observed in mice to larger
animals. These findings thus warrant further evaluation of the EP method for Pfs25 DNA
vaccine in non-human primates to validate the conclusions of the present study. With a number
of Phase | clinical trials for EP mediated intramuscular DNA vaccine delivery now underway
[37-39] these findings may have significant implications for the application of this
methodology to malaria vaccine trials in non human primates and, eventually, in phase I human
clinical trials.
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Figure 1A and 1B.
Antibody titers measured by EL ISA to rPfs25. Figure 1A shows the serum dilution of antibody

responses from pooled sera of immunized mice after prime and one boost. Dotted line
represents pre-bleed mean plus 3 standard deviations used as a cut off. Figure 1B shows
antibody response after prime and two boosts. The differences between 25ug plasmid dose
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with or without EP were significant at p<0.0.1 by ANOVA. Symbols: 25 pug +EP [filled square],
2.5ug +EP [filled circle], 0.25ug +EP [filled diamond], 25 pg No EP [filled triangle].
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Figure 2.

[A] Comparison of the immunogenicity of 25 ug DNA administered with EP [EP] or without
EP [No EP]. Optical density at 405nm of individual mouse sera at 1:4,000 dilution after prime
and one boost are shown. [B] shows Comparison of the immunogenicity of 25 ng DNA
administered without EP [25ug, No EP] and 0.25ug with EP [0.25ug, EP]. Optical density at
405nm of individual mouse sera at 1:4,000 dilution after prime and one boost are shown. The
antibody responses in the two groups, i.e., 25 pg without EP and 0.25 pg without EP were
similar with a significance of 91.6% as assessed by Levenne’s test for equality of variance.
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Figure 3.

Figure 3A. Comparison of IgG isotypes. Pooled sera from mice immunized with 25 ug DNA
with EP (white bars) or 25 pg NO EP (filled bars) were analyzed at 1:10,000 dilution. For
comparison between the two groups, 1gG isotypes were expressed as a proportion relative to
19G1.

Figure 3B. Antibody avidity of sera. The plot shows the molar concentration of NaSCN
required to reduce antigen-antibody binding. Zero molar NaSCN is the baseline avidity and is
represented on the plot as 100 percent total binding. Pooled mice sera from the four groups are
identified by the following symbols: 25ug EP [filled diamond], 2.5ug EP [filled square],
0.25ug EP [filled triangle], 25ug No EP [X in square].

Vaccine. Author manuscript; available in PMC 2009 January 10.

4.0



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

LeBlanc et al. Page 15

100
90
80
70
60
50
40

30

Percentage Oocyst Reduction

20

0.25ug 2.5ug 25ug | 25ug

NO EP
EP

Figure 4.

Membrane Feeding Assay comparing percentage oocyst reduction after a prime and one boost
[white bars] or a prime and two boosts [filled bars]. Pooled sera were tested at 1:2 dilution and
the percentage oocyst reduction was calculated as discussed in materials and methods section.
Three of the four groups of mice received EP [EP] and one group did not receive EP [No EP].
The doses of DNA administered to each group are indicated on the horizontal axis.
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