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Abstract

CpG oligodeoxynucleotides are potent immunostimulants. In this study, CPG 7909 was formulated
with the recombinant Plasmodium falciparum protein AMAZ1-C1 adsorbed to Alhydrogel (aluminum
hydroxide) and used to immunize mice. Mice receiving free CPG 7909 in a separate same site
injection to the AMAL-C1/Alhydrogel had the same antibody responses as mice receiving AMA1-
C1/Alhydrogel alone. For mice immunized with CPG 7909 bound to the AMA1-C1/Alhydrogel
formulation, there was a bell shaped CPG 7909 dose response curve with the highest antibody
response co-incident with the concentration of CPG 7909 that saturated binding to the Alhydrogel.
At a higher CPG 7909 dose where 74% was unbound, there was no enhancement of response over
AMA1-C1/Alhydrogel alone. Our results suggest that the adjuvant effects of CpGs are optimal when
adsorbed to Alhydrogel and highlight the need for careful characterization of the vaccine formulation.

1. Introduction

CpGs are oligodeoxynucleotides (ODN) containing unmethylated CpG dinucleotide motifs
that possess immunostimulatory properties and are potentially useful as adjuvants [1]. In the
first study to describe their action, CpG motifs in bacterial DNA and synthetic ODN were found
to enhance B-cell activation in mice [2]. Subsequent studies showed that, in mammals, the
immune enhancement is mediated by binding of the CpG ODN to Toll-like receptor 9 (TLR9)
found on B cells and, depending on the species, a variety of antigen presenting cells. The
interaction of TLR9 with CpG motifs initiates a cascade of events resulting in the activation
of B cells and secretion of T helper (Th)1-type cytokines and chemokines [3]. In animal studies,
CpG immunostimulation was more efficient if the CpG ODN is chemically coupled to the
antigen [4] suggesting that simultaneous activation of a cell by both antigen and CpG is required
for optimal effect.

One CpG ODN, designated ODN 2006, is a 24-mer that contains three CpG motifs (5'-
GTCGTT-3’) and has been selected for human use although it stimulates immune responses
in a wide range of animals including primates [5], mice, rats and guinea pigs [6]. It is named
CPG 7909 or VaxImmune™ and is produced by Coley Pharmaceutical Group. This ODN
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contains a phosphorothioate backbone, making it resistant to nuclease attack and increasing its
in vivo half-life.

In the first Phase I/11 vaccine trial of CPG 7909, it was added to a non-adjuvanted influenza
vaccine [7]. Inthis trial CPG 7909 did not significantly enhance antibody production. However,
in a Phase | trial of CPG 7909 with an alum-based hepatitis B vaccine, Engerix-B®, in healthy
Canadian adult volunteers, the vaccine gave substantially higher antibody responses compared
with Engerix-B® alone [8]. The addition of CPG 7909 significantly increased antigen-specific
antibody titers and enhanced the avidity maturation of IgG1 to hepatitis B surface antigen
[9]. In a second Phase 1 trial with Engerix-B®, CPG 7909 was able to stimulate antibody
response in immuno-compromised HIV infected recipients [10]. CPG 7909 is currently being
tested in human Phase 1 vaccine trials with several other vaccine candidates, including the
malaria antigens Merozoite Surface Protein 1 (MSP14, [11] and Apical Membrane Antigen
1 (AMAL1) [12], both of which are adsorbed to aluminum hydroxide (Alhydrogel).

In this report, we compare the enhancement of antibody response to alum-based malaria
vaccine candidates by CPG 7909 and show that the binding of CPG 7909 to the alum is critical.

2. Materials and Methods
2.1. CPG 7909

CPG 7909 (Coley Pharmaceutical Group, Wellesley, MA) has a phosphorothioate backbone
and the sequence 5-TCGTCGTTTTGTCGTTTTGTCGTT-3'. Clinical lot 207-03-002, a gift
under Clinical Trials Agreement from Coley, was supplied as 10 mg/ml in 6 mM monobasic
sodium phosphate, 94 mM dibasic sodium phosphate, 154 mM sodium chloride.

2.2. Vaccine formulations

AMAL1-C1 is an equal mixture (by mass) of two recombinant allelic forms of P. falciparum
apical membrane antigen 1 (FVO and 3D7 clones) expressed in Pichia pastoris. Synthetic gene
design, recombinant protein expression, and purification have been described [13,14]. All
vaccines were formulated to contain 30 ng of AMA1-C1 and 80 pg of Alhydrogel (1.6 mg/ml
Al,O3) per 50 uL dose. Various amounts of CPG 7909 were added (Table 1). After mixing,
formulations were immediately placed on ice at 0°C until injected. Vaccines containing CpG
were used within 3 h of formulation. In previous studies, we showed that 30 ng AMA1-C1/
Alhydrogel in female BALB/c mice generated responses that lie on the steep part of the dose-
response curve [15].

2.3. CPG 7909 analysis by spectrophotometry

To calculate the amount of CpG not bound to Alhydrogel, the vaccine formulations were
centrifuged to pellet the Alhydrogel, and the CpG concentration in the supernatant was
quantified by measuring absorbance at 260 nm (A,gg) With an Ultrospec 3300 Pro UV/Visible
Spectrophotometer (Amersham Pharmacia Biotech, Piscataway, NJ). Samples were diluted
1:25 in saline and the readings compared with those of a 40 ug/ml reference solution of CpG.

2.4. Comparative immunogenicity of vaccines containing bound or unbound CPG 7909

All animal care and handling was performed in accordance with National Institutes of Health
guidelines and with Animal Care and Use Committee-approved protocols. On day 0, groups
of 10 female BALB/c mice (Taconic, Germantown, NY) were immunized intramuscularly in
the anterior tibialis with 0.02 ml of CPG 7909 or 1x PBS (see Table I). A second immunization
was administered 30 min later in the same site, targeting both injections to the same draining
lymph nodes. On day 29, each mouse received the same injections it had on day 0 (Table I).
Thus, some mice received CpG that was completely or partially bound to Alhydrogel, while
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others received CpG that was completely unbound (assured by a separate injection). Each of
the six formulations containing CpG (Groups 2-7, Table I) was analyzed by spectrophotometry
to assess CpG binding. Sera were collected on days 29 and 43 and analyzed for total antigen-
specific 1gG by ELISA as previously described [16]. Briefly, ELISA plates were coated with
1 pg/ml of either AMA1-FVO or AMA1-3D7 overnight at 4°C, blocked at room temperature
and the mouse sera added. Diluted sera were compared with standard curves of reference
antisera on each ELISA plate, and antibody units for each mouse were defined as the reciprocal
dilution that gave an optical density (OD) of 1.0 at 405 nm in this standardized, qualified
ELISA.

1gG subclass determination was performed by ELISA. Briefly, ELISA plates were coated with
1 pg/ml AMA1-FVO overnight at 4°C, blocked at room temperature, and the mouse sera added.
These were normalized by adding the dilution of each serum that gave an optical density of 3
in the standard, antigen-specific total IgG ELISA. The secondary goat anti-mouse 1gG-specific
subclass (IgG1, 1gG2a, 1gG2b, and 1gG3) alkaline phosphatase conjugates (Southern
Biotechnology Associates, Inc., Birmingham, AL) were normalized by adding the dilution of
each that gave an OD of 2 in a direct ELISA on specific IgG subclass-coated plates. In this
manner, the level of each IgG subclass in a serum sample was compared, and animals were
compared to each other.

Statistically significant differences between groups were determined by the Mann-Whitney U
test for two groups or by Kruskal-Wallis One-Way ANOVA for multiple groups, with p values
< 0.05 considered significant. Dose-response relationships were determined by Spearman rank
correlation, with SRC values > 0 and p values < 0.05 considered significant.

3.1. Antibody response with unbound CPG 7909

In mice receiving increasing quantities of unbound CPG 7909 followed by AMA1-C1/
Alhydrogel in separate injections in the same site, no CPG 7909 dose-response relationship
was evident (day 43 sera, SRC -0.1921, p=0.0569) (Fig. 1A). Moreover, antibody responses
in these groups were similar to the group that received AMA1-C1/Alhydrogel alone (Kruskal-
Wallis One-Way ANOVA, p=0.1581).

3.2. Antibody response with CPG 7909 bound to the AMA1-C1/Alhydrogel

By spectroscopy, there was no detectable unbound CPG 7909 in formulations containing 0.1
to 12.5 pug CpG. The formulation containing 50 pg of CpG had approximately 25% (12.5 pg)
of the CpG bound.

Unlike the mice receiving free CPG 7909, mice receiving the CPG 7909 bound to alum had a
significant CPG 7909 dose-response relationship as determined by serum antibody ELISA on
AMA1-FVO-coated plates in both day 29 sera (SRC 0.8454, p<0.0001) and day 43 sera (SRC
0.5222, p<0.0001) (Fig. 1B). In day 29 sera (post-primary immunization), the highest average
antibody response occurred in mice that received 12.5 pg of 100% bound CpG per dose
(although this was not statistically different from those receiving 3 png, Mann-Whitney U test,
p=0.5787). In day 43 sera (2 weeks post-secondary), however, the maximal average response
shifted to 3 pug of bound CpG, and the dose-response plateaued with no significant difference
between the 1, 3, and 12.5 pg bound CpG groups (Kruskal-Wallis One-Way ANOVA,
p=0.2366).

After either 1 or 2 immunizations, the highest dose of CpG (50 ng), which was partially bound
to Alhydrogel, gave rise to significantly less antibody compared with the 12.5 ug dose group
(Mann-Whitney U tests, day 29 p=0.0021; day 43 p=0.0015). After 2 doses of 50 ug of partially
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bound CpG, antibody responses were no greater than those with Alhydrogel alone (Mann-
Whitney U test, p=0.5288).

1gG isotyping was performed to determine the levels of IgG1 (indicative of a Th2-type response
and expected from aluminum hydroxide) and 1gG2a, 1gG2b, and 1gG3 (indicative of a Th1-
type response and expected from CpG ODN) in selected groups of post-secondary immune
sera. The average ODs of the IgG subclasses for each group are shown in Fig. 2. IgG1 levels
are highest in each group. In mice receiving vaccine with bound or partially bound CpG, levels
of 1IgG2a and 2b increased over those receiving no CpG. The group receiving 3 pg of bound
CpG developed the highest total antigen-specific 1gG response (Fig. 2), but surprisingly, the
12.5 pg bound CpG group produced the highest levels of 1gG2a and 2b.

Although mice that received either unbound CPG 7909 or the partially bound CPG 7909 in the
50 pg group made the same total amount of antibody as mice that received no CPG 7909, there
was still some switch towards Thl-type antibodies although the Th1 responses were generally
less than those seen with completely or partially bound CpG (Fig.2).

4. Discussion

For the AMA1-C1/Alhydrogel formulations tested by intramuscular injection in mice, no
enhancement of total antigen specific 1gG response was seen unless the CpG ODN was bound
to the alum. Four weeks after a single injection, the peak antibody response was co-incident
with the maximum dose of CpG ODN (12.5 pg) that was bound to the alum. Two weeks
following a second immunization, the peak response was much broader: CPG 7909 doses
between 3 and 12.5 pg gave similar responses. The decreased response at higher CPG 7909
doses was striking. At 50 ug, even though the vaccine contained the same 12.5 pg of bound
CpG, there was no increase in total antigen specific 1gG relative to the vaccine with no CpG.
Apparently the 37.5 ug of free CPG 7909 was deleterious.

As expected from the known Th1 bias in the response to CpG containing adjuvants, mice
receiving AMAL-C1/Alhydrogel with bound CPG 7909 not only had an increased total antigen
specific IgG response, but also a marked increase in IlgG2a and 1gG2b, indicative of a Thl-
type response compared to the animal that did not receive any CPG. In mice receiving unbound
CpG or a 50 pg dose containing both bound and unbound CpG, there was a significant increase
in 19G2 production even though there was no detectible increase in total antigen specific 1gG.
These results suggest that the free CpG had some impact on the nature of the immune response,
although it was diminished compared to the bound CpG.

These studies were designed only to look for the impact of CPG 7909 on antibody levels and
not for the ability of the antibody to kill parasites since other studies conducted with
recombinant AMAL, in both mice and humans, have shown that the ability of the resulting
anti-AMA1 antibodies to inhibit the grown of parasites in vitro depends only on the total anti-
AMAL antibody and not on the relative levels of different subclasses (Mullen et al,
unpublished). However, for other vaccines, the possibility exists that not only will binding of
CpG to alum affect total antibody, but it may additionally impact on the ability of the resulting
antibodies to kill their target.

Importantly these results highlight the need for a physical association of the CpG and antigens
for optimal effect. In humans, CPG 7909 has substantially boosted antibody response with
Hepatitis B Surface Antigen [17,18] and with AMAL (Mullen et al, unpublished) and
MSP1,4, (Martin et al, unpublished) when these antigens were formulated with alum, but not
with the un-adjuvanted influenza vaccine [19]. The mouse data presented in this paper are
consistent with these human studies, and both are consistent with studies that show a substantial
enhancement of antibody production with CpG covalently linked to the antigen [20].
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is unclear if the deleterious impact of free CpG on the immunostimulation of bound CpG

seen in this study will also be a problem in human vaccines since at the doses used, the amount

of
at

free CpG in the mice was several orders higher than could be achieved in humans when used
the recommended dose of approximately 500 ug. Nevertheless, these data show that for alum

based vaccines, since the effective CpG dose may be related to the bound concentration, it will
be important to carefully optimize and characterize the binding of CpG to the alum in order to
optimize the immunogenicity and to be able to fully interpret the resulting immune responses.
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Fig 1.

Antibody responses in mice to AMAL-C1/Alhydrogel vaccines containing 30 ng AMA1-C1
and various amounts of unbound (A) or bound (B) CPG 7909 per dose. The formulation
containing 50 pg of partially bound CpG (B) consisted of 26% and 35% bound CpG for the
day 0 and 28 immunizations, respectively (determined by spectrophotometry). Arithmetic
mean antibody in the groups of 9-10 mice were determined (bars). Individual mice are indicated
as small circles.
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Fig 2.

1gG subclass determination in sera from selected groups of mice. AMA1-C1/Alhydrogel
vaccines contained various amounts of unbound, partially bound or bound CPG 7909. Anti-
AMAL-FVO-specific 19gG1, 1gG2a, 1gG2b, and 1gG3 levels were measured by ELISA using
normalized sera and secondary antibody conjugates. Bars represent the arithmetic means of
optical density readings of day 43 sera from groups of 9-10 mice with values for individual
mice indicated with small circles.
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