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Abstract

A Phase 1 trial was conducted in malaria-naive adults to evaluate the recombinant protein vaccine
apical membrane antigen 1 — Combination 1 (AMAZ1-C1) formulated in Montanide® ISA 720
(SEPPIC, France), a water-in-oil adjuvant. VVaccinations were halted early due to a formulation issue
unrelated to stability or potency. Twenty-four subjects (12 in each group) were enrolled and received
5 or 20 ug protein at 0 and 3 months and 4 subjects were enrolled and received one vaccination of
80 ng protein. After first vaccination, nearly all subjects experienced mild to moderate local reactions
and 6 experienced delayed local reactions occurring at day 9 or later. After the second vaccination,
3 subjects experienced transient grade 3 (severe) local reactions; the remainder experienced grade 1
or 2 local reactions. All related systemic reactogenicity was grade 1 or 2, except 1 instance of grade
3 malaise. Anti-AMAL1-C1 antibody responses were dose dependent and seen following each
vaccination, with mean antibody levels 2-3 fold higher in the 20 pg group compared to the 5 ug group
at most time points. In vitro growth-inhibitory activity was a function of the anti-AMA1 antibody
titer. AMA1-C1 formulated in ISA 720 is immunogenic in malaria-naive Australian adults. It is
reasonably tolerated, though some transient, severe, and late local reactions are seen.

1. Introduction

Malaria remains a primary cause of morbidity and mortality in children, with an estimated
881,000 malaria deaths in 2006, most of which were in sub-Saharan Africa [1]. A vaccine that
reduces both mortality and morbidity secondary to Plasmodium falciparum infection would
be a valuable new resource in the fight against this disease. Apical membrane antigen 1
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(AMAZ1), a surface protein expressed during the asexual and sporozoite stages of P.
falciparum, is a leading blood-stage vaccine candidate [2]. AMAL is highly polymorphic, and
immunization with only one form of AMA1 may not protect against parasites expressing
different AMAL alleles [3,4]. For this reason, the AMA1-Combination 1 (AMA1-C1) vaccine
contains equal mixtures of the recombinant AMAL proteins representing the FVO and 3D7
strains of P. falciparum. Previous clinical studies of AMA1-C1 adsorbed to Alhydrogel®
showed that the vaccine is well tolerated and moderately immunogenic [5-7]. However a recent
Phase 2 field trial in 2-3 year old Malian children failed to demonstrate protection [8], perhaps
due to inadequate antibody response, failure to inhibit heterologous parasites, or both. The
addition of the adjuvant CPG 7909 to AMA1-C1/Alhydrogel® markedly enhances antibody
responses and the in vitro growth inhibition activity against homologous parasites was as high
as 96% in some malaria-naive adult volunteers [9,10]. However, CPG 7909 is a novel adjuvant
that has not been tested in infants and young children, thus the search for other effective
adjuvants and formulations is warranted.

Montanide® ISA 720 (ISA 720) is a water-in-oil adjuvant [11,12] that induces high antibody
titers in several animal species, likely due to formation of a depot at the injection site that
hypothetically releases the immunogen over time. The manufacturer, Seppic, Inc. recommends
formulations with a droplet size of approximately 1 um as optimal for stability and
immunogenicity. It has been shown that the addition of glycine or glycylglycine helps prevent
antigen modification and that a droplet size of 1 um can be reliably obtained by a
homogenization method of formulation [13]. ISA 720 is not a component of any approved
human vaccine but has been used in many previous trials of candidate malaria vaccines
[14-25]. Concerns about severe and delayed local reactions, possibly related to specific
formulations, antigen dose, and shorter dosing intervals, have slowed development. This study
is the first Phase 1 trial of AMA1-C1 formulated in Montanide® ISA 720 (AMA1-C1/ISA
720). The trial was initially planned for 12 volunteers in each of three dose groups, 5, 20 and
80 ug, to receive three vaccinations at study days 0, 84, and 168. An audit unrelated to this
study was conducted during the course of the trial and raised concerns about documentation
of procedures at the site where formulation occurred. For this reason, the trial was halted by
the sponsor after the 5 and 20 ug groups had received 2 vaccinations and only 4 subjects had
received the first vaccination with the 80 pg formulation. This documentation issue did not
affect stability or potency of the vaccines, which were shown to be stable and potent in assays
conducted every six months through the course of vaccinations.

2. Materials and Methods
2.1 Study Design

This study was conducted by Q-Pharm Pty at the Queensland Institute for Medical Research/
Royal Brisbane and Women's Hospital in Brisbane, Australia, and was an open-label Phase 1
clinical trial designed to evaluate the safety and reactogenicity of AMAL1-C1/ISA 720 in healthy
malaria-naive adults. Eligible volunteers were sequentially recruited and vaccinated in 3 dose
cohorts of 12 volunteers each, with vaccinations planned to be given at Day 0, Day 84 and Day
168. In both the 20 and 80 pg dose groups, a subgroup of 4 volunteers were planned to be
vaccinated two weeks before the remainder of the group to add an extra margin of safety. The
study was conducted under a protocol reviewed and approved by the Institutional Review
Board (IRB) of the National Institute of Allergy and Infectious Disease (NIAID), the Western
IRB, and by the Queensland Institute of Medical Research-Human Research Ethics Committee.
The study protocol was submitted to the U.S. Food and Drug Administration for review as part
of Investigational New Drug (IND) application BB-IND#13381 with Clinical Trials
Notification to the Australian Therapeutic Goods Administration, in accordance with local
regulations. The study was monitored for regulatory compliance and data quality by Clinical
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Network Services Pty Ltd, with auditing by the Regulatory Compliance and Human Subjects
Protection Branch, NIAID, as the IND sponsor. Written informed consent was obtained from
all volunteers prior to screening for eligibility for participation. (Clinicaltrials.gov Identifier
NCTO00487916)

2.2 Participants

Participants were healthy adults ages 18-45. Exclusion criteria included prior malaria infection
or prior residence in a malaria-endemic area. Subjects were required to be in good general
health, not pregnant, without known clinically significant medical conditions, and were
required to have results within normal limits for screening laboratory tests: complete blood
count, alanine aminotransferease (ALT), and creatinine, and no serologic evidence of hepatitis
B, hepatitis C, or human immunodeficiency virus infection. Urine pregnhancy testing was
performed at screening as well as prior to each vaccination for females.

2.3. Vaccines

2.4. Safety

Recombinant AMA1-FVO and AMA1-3D7 were prepared and purified as described
previously (3). AMA1-FVO and AMA1-3D7 bulk antigens (drug substances) were both
manufactured at the Walter Reed Army Institute of Research (WRAIR) Bioproduction Facility
(Silver Spring, Maryland), according to current Good Manufacturing Practices (cGMP). All
doses of AMA1-C1/ISA 720 were produced by the Pharmaceutical Development Section,
Department of Pharmacy, National Institutes of Health (NIH). AMA1-C1 refers to the 1:1
mixture of AMA1-FVO and AMAL1-3D7. Equal weights of AMA1-FVO and AMA1-3D7 were
mixed, diluted to the appropriate concentration in saline/167 mM glycine solution, and
homogenized in a 3:7 (volume/weight) ratio with Montanide® ISA 720 (Seppic, NJ, US) to
produce a stable emulsion with an average droplet size of ~1 pm [13]. Assays determining
droplet size, protein content, identity and integrity, and potency in mice at ~6, 12, and 18
months after formulation confirmed that stability and potency of the vaccines remained within
specifications throughout the period that vaccinations were given. The AMAL-C1/ISA 720
formulations consisted of a total of 5, 20 or 80 pg of AMA1-C1 per 0.5 mL dose, supplied in
single-use vials and labeled “For Investigational Use Only.” Vaccines were kept refrigerated
at 2°C to 8°C until just before use. Each 0.5 mL dose of the vaccine was delivered by IM
injection in the deltoid muscle. Successive vaccinations were given in alternating arms. For
participants who received two doses, vaccinations were given at days 0 and 84.

Volunteers were observed for 30 minutes after each vaccination to evaluate immediate adverse
events and were given thermometers and diary cards to record events occurring during the first
month after vaccination. The diary cards were used as a memory prompt and were reviewed
with volunteers at follow-up visits, when adverse events were recorded. Subjects were seen at
1, 3,7, 14, and 28 days after each vaccination, and then approximately monthly for a total of
11 months (to study Day 336). A phone call was also made 21 days after each vaccination to
inquire about adverse reactions since the last visit. Solicited adverse events included injection
site pain, erythema, and induration, fever, headache, nausea, myalgia, arthralgia, and rash. Pain
and solicited adverse events other than fever and urticaria were graded as follows: 0=absent/
none, 1=easily tolerated, 2=interferes with daily activity or treatment given, 3=prevents daily
activity. Unless otherwise specified, non-solicited adverse events were graded as 0=none, 1=no
effect on activities of daily living and no treatment given, 2=partial limitation in activities of
daily living or treatment given, 3=activities of daily living limited to <50% of baseline or
medical evaluation required. The size of injection-site reactions was measured using a
standardized clear plastic measurement device and recorded in the volunteer symptom diary.
Injection site erythema, swelling, and induration were graded based on the maximum diameter
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as follows: mild = > 0 to < 20mm, moderate = 21 - <50mm, and severe = > 50mm.
Hematological (hemoglobin, white blood cell counts, and platelets) and biochemical (ALT and
creatinine) laboratory parameters were measured at screening, on days of immunization, and
3, 14, and 56 days after each vaccination. All adverse events were graded for severity and
relationship to study product. Serious adverse events were defined as any adverse event
resulting in death, life threatening, requiring hospitalization, resulting in disability or incapacity
or congenital anomaly or birth defect, or any other event which required intervention to prevent
such outcomes. Safety data were reviewed by an external Safety Monitoring Committee prior
to second vaccinations in the 20 pg dose group and prior to first vaccinations in the 80 ug dose

group.

2.5 Immunogenicity

The standardized methods for performing the ELISA and the growth inhibition assay (GIA)
have been described previously [26,27]. AMA1-FVO and AMAL1-3D7 allele specific 1gG
antibody levels were assessed by ELISA at baseline (Day 0), then at Days 56, 84, 112, 140,
196, 252 and 336 for the 5 and 20 ug groups, and Days 0, 56, 112 and 168 for the 80 ug group.
The minimal detection level of this assay was 31 ELISA units and all data below that limit of
detection were assigned a value of one half the limit of detection (i.e., 16 units) for analysis.
The following conversion factors were used: 1 ELISA unit=0.0294 pg/mL for AMA1-FVO
and 1 ELISA unit=0.0329 ug/mL for AMA1-3D7. GIA was performed using purified 1gG from
the 5 and 20 pg groups at Days 0 and 112. In this assay, purified antibody was added to the
parasite cultures at approximately the same concentration as present in the corresponding serum
sample (10 mg/mL in GIA well).

2.6. Statistics

Adverse events were summarized by grade and relationship to vaccination; all subjects
receiving any vaccination were included in the analysis. For analysis of ELISA antibody
responses, the arithmetic average of the AMA1-FVO and AMA1-3D7 ELISA responses for
each subject was used as that subject's AMA1-C1 antibody response for that day, because the
ELISA responses for the two allelic AMAL proteins were highly correlated (data not shown),
as in previous studies [5-10]. Wilcoxon-Mann-Whitney tests and the associated Hodges-
Lehmann confidence intervals were used at each day to compare AMA1-C1 antibody responses
between the 5 pug and 20 pg dose groups. Since only the first subcohort of 4 subjects were
vaccinated in the 80 ug dose group and these subjects only received one vaccination, we only
compared the 80 ug group to the other groups at day 56.

All non-missing observations were used for each statistical test. However, for the graphical
representation of geometric mean antibody over time, subjects who were missing any antibody
values were not included. To model the relationship between anti-AMA1 antibodies (X) and
growth inhibition (), we used a Hill function where a is the Hill coefficient, and b is the
Absgy (amount of antibody needed to give 50% growth inhibition):

) 100(%)*

Y-
()

~—

We fit the model by nonlinear least squares on only the data from the 5 and 20 ug groups at
Day 112. The analyses were done using SAS version 9.1, R Version 2.8.1, and Stat Xact Procs
Version 8.0.
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3.1 Participant Flow

3.2 Safety

Vaccinations began in July, 2007 and were completed in December, 2007. Twelve subjects in
the 5 pg group received the first vaccination and 11 received the second. In the 20 ug group,
12 received the first vaccine and 9 received the second. Withdrawals were due to an
exacerbation of asthma (unlikely related to vaccination), awork commitment, elective surgery,
and a planned holiday. Four of 12 subjects in the 80 ug cohort received one dose of vaccine,
after which point vaccinations were stopped. All vaccinated subjects completed follow up for
safety except for two volunteers in the 5 pg group who were lost to follow up at weeks 20 and
28.

All subjects experienced mild to moderate local injection site reactions (pain, tenderness, or
swelling) after each injection (Table 1). Six subjects (one in the 5 pg, four in the 20 pg, and
one in the 80 ug dose groups) experienced delayed local reactions (mild to moderate pain)
beginning nine days to 16 days after first injection; there were no delayed local reactions after
the second injection. Two subjects from the 5 pug group experienced severe tenderness, pain
and swelling at the injection site 1-2 days after second vaccination which resolved within five
days, and one subject from the 20 ug group experienced grade 3 erythema 2 days after the
second vaccination. One subject in the 20 ug group developed a painless, non-erythematous
injection site nodule 7 days after second vaccination that resolved spontaneously in 6 days; the
maximum diameter was 4 mm. While no subjects were withdrawn prior to second vaccination
due to local adverse events, the two subjects in the 5 pug group who had severe pain and swelling
after second vaccination would not have received the third dose had the study continued. All
systemic reactogenicity was grade 1 or 2 with the exception of one instance of grade 3 malaise
after second vaccination in the 5 ug group (Table 2). Other systemic adverse events judged
possibly related to vaccination were mild dizziness, pharyngitis, and upper respiratory
infection. No rashes related to vaccination occurred.

Two serious adverse events occurred. One subject in the 20 pug group experienced an
exacerbation of asthma one week after first vaccination; this subject also experienced moderate
injection site pain in the two days immediately following vaccination. The asthma event was
judged unlikely to be related to vaccination but the subject was withdrawn from further
vaccinations. Another volunteer in the 20 pg group developed peritonsillar abscess requiring
hospitalization 7 weeks after first vaccination, which was judged to be unrelated; this volunteer
was not withdrawn from further vaccinations. One volunteer in the 5 pug group had a grade 1
decrease in platelets one week after first vaccination that was judged to be possibly related to
vaccination; this volunteer did not experience a delayed local reaction. No other laboratory
abnormalities judged to be related to vaccination occurred.

3.3 Immunogenicity

Anti-AMAL1-C1 antibody responses for the 3 cohorts are shown in Figure 1. Anti-AMAL
antibody responses were seen following each vaccination. A dose response was observed, with
geometric mean antibody levels 2 to 3 fold higher in the 20 pg group than the 5 pg group at
all measured times after immunization except day 196, although it was only significantly higher
at days 56 (p=0.021) and 84 (p=0.0025) (Table 3). At day 56, after one vaccination, 6.9 (95%
Cl 2.2, 17.9, p=0.002) and 2.4 (95% CI 0.75, 9.5, p=0.078) fold increases were seen in the 80
ug dose group compared to the 5 pug dose and 20 pg dose groups respectively. These differences
were seen even though only 4 subjects received the 80 pg dose. Antibody levels declined rapidly
after vaccination.
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In vitro P. falciparum growth inhibition assays (GIA) were performed using purified 19G
isolated from Days 0 and 112 sera from the 5 and 20 pg groups against 3D7 parasites (Figure
2). The growth-inhibitory activity of all subjects at baseline (Day 0) was negligible. At peak
antibody response (day 112, 4 weeks after second vaccination), the GIA activity of the 5 pg
groups ranged from -4 to 65 % (median 18%) and the 20 nug group ranged from 0 to 58 %
(median 34%). As in other studies [9,10], inhibition levels for FVO parasites were slightly less
as compared to 3D7 (data not shown).

As shown in Figure 2, the growth-inhibitory activity was a function of anti-AMA1-3D7
antibody level, regardless of dose of AMA1-C1. The 50% inhibition level (Abgg) for the 3D7
parasites was estimated as 109.9 ug/mL (95% CI 96.5, 129.1) and for FVO parasites was 211.7
ug/mL (95% C1 173.9, 283.6).

4. Discussion

AMAL1-C1 is in development as a candidate blood-stage malaria vaccine, and a Phase 2b
pediatric trial with the AMA1-C1/Alhydrogel formulation has been completed (8). In that trial
the vaccine was only moderately immunogenic and no impact on parasite density or clinical
malaria was seen. A more immunogenic formulation of the vaccine may be more likely to be
protective; thus, candidate adjuvants are under investigation. Montanide® ISA 720 is an
investigational adjuvant that has been shown to improve immune responses. Severe local
reactions have been the major drawback to use of this adjuvant, with higher doses and shorter
vaccination intervals being more reactogenic [28]. Formulation issues have also limited use of
ISA 720, with stability of pre-formulated vaccines an issue in some previous trials, including
trials with AMAL [14,20]. Point-of-injection formulations are another option, however,
determining the quality and characterization of bedside formulations, particularly when
vortexing or homogenization is required to assure droplet sizes within a narrow range, presents
additional problems [13].

In this trial the AMA1-C1/ISA 720 vaccines were pre-formulated and were well characterized,
with stability and potency demonstrated throughout the period vaccinations occurred. The
vaccines were reasonably tolerated, though some transient, severe, local reactions were seen.
Delayed local reactions were also seen, as in other trials with malaria antigens [14,20,23-25].
In a recent Phase 1 trial of AMA1 with three different adjuvants, including ISA 720, 2 of 19
volunteers developed sterile abscesses after a third vaccination with this adjuvant, and
contralateral injection site reactions were also reported [25]. In the study described here, one
volunteer had a clinically insignificant nodule and no contralateral reactions occurred. Only
one subject was removed from further vaccination: a case of asthma thought unlikely to be
related to vaccination. However, if three vaccinations had been given as planned, two additional
subjects would have been removed from further vaccinations due to the occurrence of severe
local reactions.

In two trials in populations where malaria is endemic (Papua New Guinea), malaria vaccines
(non-AMAL1) containing Montanide® ISA 720 demonstrated fewer and less severe local
reactions in the target populations than when tested in malaria naive adults in Australia [16,
17]. The reason for this is not known, but this relative lack of reactogenicity in target
populations suggests that if moderate reactogenicity in malaria-naive adults is accompanied
by sustained high-level immunogenicity, the candidate vaccine should be further evaluated in
malaria-endemic populations. RTS,S, the malaria vaccine shown to have a consistent benefit
in young children in Africa [29,30], is combined with novel emulsion adjuvants (AS02 or
ASO01) and also has demonstrated some severe local reactions, primarily injection site swelling
and erythema. These reactions were transient and generally well tolerated and have not
precluded its further development. Severe local reactions have also been seen with another
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AMA1 vaccine adjuvanted with AS02A that has gone forward to a Phase 2b field trial, although
as with RTS,S the local reactions were mostly swelling and erythema and were well tolerated
by vaccinees [31].

AMA1-C1/ISA 720 is immunogenic in malaria-naive Australian adults and demonstrates a
dose response. Responses were highly variable, with a wide range of peak antibody levels and
growth inhibition seen and with antibody levels declining rapidly after vaccination. Although
trials of other formulations of AMA1-C1 have been done at different dosing intervals in
different populations and definitive comparisons cannot be made, the antibody level seen here
after two vaccinations with 20 ng AMA1-C1/ISA720 at a 12 week vaccination interval was
higher than that seen after two vaccinations with 20 pg of AMA1-C1/Alhydrogel at a 4 week
interval and was comparable to two vaccinations with 20 ug AMA1-C1/Alhydrogel + CPG
7909 at a 4 week interval (both also in malaria naive adults) [5,9]. Given the presumed depot
mechanism of action of ISA 720, it was hoped that this adjuvant would lead to more sustained
antibody responses, however the responses observed in this study were short-lived.
Nevertheless antibody levels at 300 days remained significantly above baseline. Longer follow
up would be required to determine if the antibody levels plateau or continue to decline.

While the induced antibody demonstrated correspondingly improved in vitro growth-inhibitory
activity in this study, the range of antibody responses and corresponding growth inhibition was
wide and antibody levels declined rapidly. Unfortunately the early termination of vaccinations
precluded investigation of the highest planned dose and number of vaccinations, so the
tolerability and immune response at these higher total doses are not known.

In summary, the blood-stage vaccine AMA1-C1/ISA 720 is reasonably tolerated, though some
transient, severe, local reactions were seen. The vaccine is immunogenic in malaria-naive
Australian adults and demonstrates a dose response. The level of antibody response and
biologic activity is comparable to other formulations of adjuvanted AMA1-C1. While the
vaccines were stable and potent for the duration of this trial, longer-term data showed
degradation in droplet size and protein integrity at 18 months (Zhu et al unpublished data).
This lack of long-term stability, together with the concerns related to local reactogenicity and
the absence of a consistent or prolonged antibody response in the volunteers vaccinated, make
further development of this formulation unlikely.
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Figure 1. Antibody Responses of 5, 20, and 80 pg Dose Groups

Antibody response of volunteers vaccinated with AMA1-C1/ISA 720. Geometric means, with
95% confidence intervals, of anti-AMAZ1-C1 antibody level are shown for the 5, 20, and 80
ug dose groups (a, b, and c; n=9, 9, and 4 respectively). Arrows indicate the days of
immunization; all 3 groups were immunized on Day 0 and the 5 and 20 ug groups were also
immunized on Day 84.
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Figure 2. In Vitro Growth Inhibition

Biological activity of anti-AMA1 antibodies against P. falciparum 3D7 parasites judged by in
vitro growth inhibition assay (GIA). Days 0 and 112 total IgGs from the 5 (n=11) and 20 ug
(n=9) cohorts were tested at 10 mg/ml by GIA. The anti-AMAL1-3D7 antibody level in the GIA
well (x-axis) is plotted against % inhibition (y-axis) to P. falciparum 3D7 parasites. Line is the
Hill model fit calculated using only Day 112 data.
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Difference in anti-AMAL antibody between 5 ug and 20 ug dose groups after vaccination

Table 3

Study Day Fold difference (95% CI) P value
56 3.11(1.0-5.01) 0.021
84 3.45 (1.19 - 4.45) 0.003
112 2.26 (0.99 — 4.66) 0.056
140 1.95 (0.88 - 4.23) 0.080
196 1.36 (0.38-5.21) 0.533
252 2.67 (0.78 — 8.95) 0.931
336 2.30(0.91-5.82) 0.098
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