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The basic premise of vaccination is the triggering of host im- -
mune responses leading to the induction of adaptive immunity
having sufficient magnitude and duration to provide long term
protection. This has been achieved by many licensed vaccines,
the majority based on attenuated or inactivated organisms, al-
though often the protective antigens and underlying molecular
mechanisms have not been identified. However, this traditional
approach has not led to the development of a licensed vaccine
for malaria or for several other devastating infectious diseases.
Recently, substantial efforts have been focused on applying ra-
tional molecular design principles toward the development of
novel vaccines for these refractory pathogens. In this review,
we discuss the molecular aspects of antigen design, adjuvant
advancement and the development of vaccine delivery systems
as they are being applied to malaria vaccines.

introduction

Molecular vaccines, as defined in this review, are vaccines thac
are rationally designed at the molecular level to induce long term
immunity, optimally comprising both antibody and T cell-medi-
ated responses specifically targering one or more protective anti-
gens. Molecular vaccines are to be contrasted with whole organism
vaccines, either attenuated or inactivated, for which underlying
molecular components have not been characterized. While attenu-
ated whole organism vaccines constitute the majority of vaccines
currently licensed for human use, they can be viewed as occupy-
ing one end of a spectrum of approaches to vaccine development,
namely the empirical selection and testing of an immunogen
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without specific knowledge regarding the important constituent
antigens or the protective immune responses the antigens induce.t

At the other end of the spectrum lie rationally designed molecu-
lar (subunit),vaccines. Ideally, these are based on (1) understand-

- ing }athc{ggxesi_s atfbc n:glccular level; (2) conceptualization of

N - . . - e By - sy
how pathogenic processes could be interrupted (e.g. blocking
binding interactions mediating host cell entry, cytoadherence,

“ nutrient, uptake, etc.), (3) identification of specific rarger mol-
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ecules baséd on this concept (e.g.-the parasite ligand binding to
the-host récep‘tor),«("’i) identificatiori of an immune response able
to target the key parasite molecules and interrupt the pathogenic
process, and (5) development of an appropriate vaccine deliv-
ery system, immunogen(s) and formulation capable of induc-
ing the required, antigen-specific, protective immune responses.
Figure 1 compares these two divergent approaches.

While we have few examples of licensed molecular vaccines, the
approach is appealing, especially for potentially lethal pathogens
such as HIV where the development of attenuated whole organism
vaccines entails daunting safety concerns, and for pathogens where
the development of attenuated vaccines is limited by the difficulty
with in vitro production such as malaria. Parasites fall primarily
into the latter category—they are difficult to culture and in addi-
tion, crude preparations of parasite antigens, such as killed para-
sites or parasite lysates have proven minimally protective, probably
because the natural infection itself often fails to induce sterilizing
immunity. This lack of naturally-induced sterile protection reflects
the many adaptations by parasites enabling them to circumvent
the host immune response, thereby permitting establishment of
the chronic infections required to achieve transmission.!

Malaria represents a poster child for the application of molec-
ular design, due to its supreme public health importance, the

t Although neutralizing antibodies are often a correlate of the protection af-
forded by whole organism vaccines, this does not mean that they constitute
the only protective response; cell-mediated immunity may contribute to
protection in many cases.
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vaccines. For example, both recombinant protein- and gene-based
vaccines are candidates for codon optimization or harmoniza-
tion*! to enable improved expression in the relevant production
cell line or in humans, and may benefit from additional cus-
tomized alterations for increasing antibody or T cell responses.
Several of the most important aspects to antigen design are dis-
cussed in this section.

Molecular modification of antigen expression, localiza-
tion, secondary processing and intrinsic antigenic proper-
ties to improve immunogenicity. The low GC content of the
P. falciparum genome (-20% relative to -40% for humans) is
associated with different patterns of codon utilization compared
to the genes of humans. These different codon usage patterns
can negatively impact transgene expression and immunogenicity
associated with DNA and viral vectors expressing P. falciparum
genes in vivo, One of the simplest, most effective ways to increase
protein expression is to synthesize a new gene encoding the same
amino acid sequence, but with codons that are preferentially used
by the species receiving the vaccine (e.g., human, mouse, mon-

“key). Codon optimization has been shown to enhance protein
expression of HIV1 and malaria genes encoded by DNA vectors
by 4-1,000 fold and to improve the immunogenicity of these
vectors in mice.>4 As a result of these findings, codon optimiza-
tion has"bcc9me a standard practice for enhancing-the expres-

sion and-i ‘munégenici of DNA and viral vaccine vectors:

N, 0 el LT T
However, recent data indicate that codon optimization may not

always provide benefit, particularly for cell-mediated immunity.
-In a study of DNA vaccines'encoding two P. yoelfi antigens and
one P. falciparum antigen, an}ibbdy responses were enhanced

based vaccines. Our results indicate that adenovector-mediated
expression of AMAI and MSP1,, (42 kilodalton fragment of
MSP1) at the cell surface is associated with improved magnitude
and functionality of antibody responses relative to intracellular
expression.® This finding is in agreement with other published
data for DNA and poxvirus vectored vaccines. In contrast, induc-
tion of AMA1 and MSP1,,—spccific T cell responses following
adenovector delivery was not affected by subcellular localization
of antigen.

Another factor that could significantly influence immunoge-
nicity is the presence or absence of glycosylation sites. P. falci-
parum parasites do not contain significant amounts of N-linked
and O-linked carbohydrates.” However, when produced in, or
delivered to eukaryotic cells with viral- or plasmid-based deliv-
ery systems, many P. falciparum proteins, such as AMAL and
MSP1, are expected to be glycosylated. Non-native glycosylation
of these antigens could obscure or alter key epitopes derived from
the tertiary structure of these blood stage antigens, and induce
antibody responses that are inferior to responses that would be
observed with non-glycosylated antigens. Consistent with this, it
has been reported that a non-glycosylated P. falciparum MSP1,,
subunit protein produced in goat milk was a more effective vac-
cine candidate than the corresponding native sequence glycosy-
lated version.® However, other-studies-with. MSP},,, AMAL1 and
erythrocyte binding antigen-175 (EBA175) subunit protein vac-
ciries and'DT\IAlAIj//\l 5%1 DNA-MSPi,, Vec‘tors‘ﬁase'i'x’)dfcatcd
that glycosylated proteins can be effective vaccines.®"' We have

” recently. shown that adenovectors that express glycosylated ver-
sions of MSP1,, and AMAL1 induced potent functional antibody

for two of the three constructs while’cell-mediated responses;as - responses by an in-vitro-growth inffibition assay (GIA), and that

measured by interferon-gamma (IFNYy) ELISpot, lymphoprolif
eration and cytotoxic T lymphyocyte assays were stronger with
native sequences. Protection against P. yoelii sporozoite challenge
was also not improved by codon optimization.’ Thus, the deci-
sion whether or not to codon optimize is best made in the con-
text of immunogenicity studies, with knowledge of the immune
response required for protection.

A second key feature for gene-based vaccines is targeting genes
for intracellular vs. cell surface expression. Secretion or cell sur-
face expression as opposed to intracellular expression of antigens
can induce a more robust antibody response in the context of
vaccine delivery, as extracellular or surface localization leads
to antigen presentation via the exogenous antigen presentation
pathway. Many P. falciparum proteins, including apical mem-
brane antigen-1 (AMAL1), merozoite surface protein-1 (MSP1)
and CSP contain functional signal sequences and it may be
critical to include these in antigens that are to be delivered by
gene-based technologies when antibody responses are the prior-
ity, whereas these sequences are often deleted in subunit, protein-

#t Optimization here refers to the construction of synthetic genes by
selecting for each amino acid the most commonly used codon (i.e., the

_ most commonly used codon by the expressing cell substrate), whereas
harmonization refers to tailored selection of codons corresponding in
frequency of use to the original codon sequence. Harmonization may be
necessary for expression in E. coli in order to slow down translation at key
points so as to permit critical folding events within the ribosomal tunnel.?
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modification of the N-linked glycosylation sites did not improve
and in somc cases significantly reduced antibody responses.
Mutation of glycosylation sites may have destroyed immunogenic
epitopes directly or may have had negative effects on protein fold-
ing and structure.

The CSP protein contains a glycosylphosphatidylinosi-
tol (GPI) anchor, which functions to attach the protein to the
plasma membrane of the sporozoite. The immunogenicity of
DNA or adenovirus vectors expressing P. berghei, P. yoelii and
P. falciparum CSP can be improved by deletion of the GPI
anchor sequence.'’® We have demonstrated that an 11 amino
acid C-terminal deletion, that removes the GPI anchor sequence,
increases PRCSP-specific antibody responses in mice and rabbits
following adenovector delivery (JTB, unpublished data).

A poorly understood feature of malaria proteins is the degree to
which they have been subject to changes in amino acid sequence
in response to immunological selection pressures. Epitopes found
within proteins that are functionally important to parasite biology
(such as ligands mediating host cell invasion) may have evolved,
via changes in amino acid sequence, to minimize the induction of
protective immunity. One way this could have happened would
have been evolution of reduced affinity for the binding grooves
of common major histocompatibility complex (MHC) class I
and class II alleles. Another would have been the development of
configurations that stimulate regulatory T cells, thereby quelling
rather than inducing immunity. Still another predicted response
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Box 1. AMA} — A Study in Polymorphism. AMAI is an 83kDa type | in-
tegral membrane protein relatively conserved among apicomplexan pro-
tozoa. In Plasmodium species, AMAI is maximally expressed during the
formation of merozoites in late schizogony, targeted to the microneme
apical organelles and secreted onto the surface of the merozoite at the
time of invasion of the host erythrocyte. AMAIl-based vaccines provide
protection against malaria challenge in animal models (reviewed by
Remarque),2* induce antibodies which inhibit the growth of P. falciparum
in culture®' and correlate with protection against clinical malaria in
endemic areas.?**% AMAI is also expressed in the sporozoite and liver
stages of the parasite,™® raising the possibility that inmune responses
to this antigen could simultaneously protect against multiple stages of -
the parasite life cycle. Although the exact role of AMAI in malaria biol-
ogy has not been elucidated, cleavage steps are integral to its release
onto the surface of the merozoite?* and to subsequent erythrocyte
Invasion. -2 Parasites lacking the AMAI gene, which occurs as a single
copy in the genome, are not viable.*®

The major portion of the molecule, the ectodomain, possesses a
remarkable crystal structure characterized by a conserved central core
and variable external loops formed by three different interlocking sub-
domains (Fig. 2).° A hydrophobic groove on the face is surrounded
by polymorphic residues,? which may signify epitopes serving to divert
the immune response from cryptic epitopes formed by the potential
binding site lying within the groove.?

AMAL illustrates the barrier facing the development of molecular
vaccines posed by antigenic polymorphism. A review of AMAI identi-
fied 64 polymorphic residues based on sequences listed in GenBank,
with only three of the 64 in the conserved C-terminal cytosolic region,
nine in the N-terminal pro-sequence and the large majority, 52, in
the ectodomain.”® This diversity likely represents only the tip of the

_iceberg, as illustrated by studies conducted over three years in Mali
revealing equivalent diversity at a single vaccine testing site, including
62 polymorphic amino acid positions (46 dimorphic, 13 trimorphic, 3
tetra-hexamorphic) most of which were clustered on the surface of the
ectodomain with the greatest concentration around the edges of the hy-
drophobic groove. The 506 single strains identified in the 748 infections
assessed at a study site in Mali demonstrated 214 unique parasite AMAI
haplotypes.?

These estimates of diversity pose an important question for the
molecular vaccine enterprise: how can this remarkable polymorphism

be reconciled with a subunit vaccine approach? .

of the vaccine or other cross-reactive haplotypes relative to those
in the control group. Demonstrating allele-specific protection
will provide a foundation for building a more broadly protective
vaccine by enumerating the number of alleles required.

Dutta et al. at the WRAIR have explored strategies to develop
a more broadly protective vaccine using an in vitro GIA and
mutant AMALI proteins. They identified specific polymorphic
residues that function as antigenic escape residues (AERSs), mean-
ing that polymorphisms at these sites escape cross-protection in
the GIA.7 The primary AERs map to a cluster of polymorphic
resides on domain-1 {Cl cluster) that induce strain-specific anti-
bodies. Narrowing down the AMA1 polymorphic sites to a small
number of critical AERs is an important step in the molecular
design of an AMAI] immunogen(s), because it will facilitate
allelic shift analyses during Phase 2b trials.

As a complementary approach, the Malaria Research and
Training Centre (MRTC) in Mali in a collaboration with the
University of Maryland, examined the probability that the sec-
ond of two sequential infections experienced by participantsina
longitudinal clinical study is symptomatic, based on the degree
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to which the AMA1 molecule sequenced from the second infec-
tion differed from that of the initial infection. This analysis has
identified a relationship between the degree of genetic distance
between the AMAL alleles from the first and second infection
and the likelihood of clinical illness, with amino acid substitu-
tions within the AERs appearing to be particularly important.?®
If sufficient data are collected from study sites across the world,
this approach should enable down-selection of naturally occur-
ring haplotypes maximizing the degree of cross-protection.
Other vaccine developers are also using GIA to help design a
broadly protective AMA1 vaccine. The LMIV at NIH in collab-
oration with MRTC in Mali has applied a clustering algorithm
to AMAL sequence data from isolates around the world and
identified six distinct populations based primarily on geographic
area that in limited testing have induced non-cross-protective
antibodies, thus constituting a minimum requirement for the
number variants needed for a vaccine.?” The Biomedical Primate
Research Center (BPRC) in The Netherlands has synthesized
three “diversity covering” versions of AMAL encompassing 97%
of the amino acid variability observed in nature and conducted
preliminary studies in rabbits showing the induction of cross-
inhibitory antibodies.?® Similar studies are underway at the La
Trobe University and at the Walter and Eliza Hall Institute of
Medical Research in Australia- . e e
" A radically diffe&nt strategy is to avoid full length vaccine

e -~ . . - D )
antigens with their variant sequences, focusing instead on the

identification of structurally constrained, conserved epitopes

* associated with key parasite functions. The conserved, hydro-

phobic tr¢11gh of AMAL may play such a critical role, bind-
ing'to other molectdles-involved irr merozoite invasion (Fig. 2).
The fact that monoclonal antibodies that inhibit invasion in
vitro appear to act by hindering this binding interaction®:
may indicate that protective immunity could be induced by a
vaccine focusing immune responses on a single or small number
of epitopes.

Several approaches can be taken to targeting individual con-
served epitopes. One is to “cloak” potentially diversionary epitopes
(such as those surrounding the hydrophobic trough of AMAL)
by coating them with non-immunogenic molecules, allowing the
immune system to focus on those conserved epitopes most likely
to be protective.® Another is to synthesize epitope strings—
linked sequences of conserved epitopes designed to bind to an
array of MHC molecules, allowing broad population coverage
for the vaccine, selecting only the epitopes of interest.>* These
epitope strings can be designed to include complementary sets of
variant epitopes from polymorphic antigens, as well as conserved
epitopes. Epitope strings, however, do not provide conforma-
tional structure, so may not be suitable for inducing antibodies to
a putative binding site. A third approach for addressing antigen
diversity is represented by “gene shuffling”, whereby a series of
variant alleles are broken into short segments and then various
hybrid alleles are randomly re-assembled. Multiple shuffled prod-
ucts are evaluated via an immunoscreening assay to down-select
those inducing the most broadly neutralizing antibodies. Gene
shuffling has been applied to malaria vaccines with promising
results in pre-clinical studies.*
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These approaches illustrate the efficiency and versatility of
molecular design for malaria vaccine development when applied to
- overcoming antigenic polymorphism. The techniques potentially
(1) focus immune responses on conserved, protective epitopes by
eliminating undesired antigens or domains, (2) provide a strategy
for inducing, from one vaccine construct, a broadly neutralizing
immune response targeting a highly polymorphic antigen, and
in the case of epitope strings (3) offer a strategy for combining
different antigens from the same or different stages of the malaria
parasite life cycle. Antigen combination is further discussed in
the next section.

Antigen combination strategies. The feasibility of a highly
effective malaria vaccine is strongly supported by the robust
(>90%) sterile immunity induced in humans by immunization
with the radiation-artenuated sporozoite (RAS) vaccine®®¥ (see
review by Stephen Hoffman). This protective immunity appears
to target multiple antigens, as evidenced by the identification of
genetically restricted responses to pre-erythrocytic (sporozoite
and liver) stage antigens other than CSP in the RAS vaccine-
immunized volunteers,?* 3 and by the fact that 100% protec-
tion can be induced by the RAS vaccine in tolerized mice unable
to mount any immune response to CSP.#!

Additional support for the concept of a multi-antigen vac-

multi-stage vaccine was confirmed in a second study where the
interval between the DNA prime and the poxvector boost was
extended to 44 weeks; in this case 3/5 monkeys were sterilely
protected and the remaining two animals show a delay to the
first day of parasitemia.” Based on these results it would be of
interest to develop and test a similar multi-antigen, multi-stage
vaccine in humans.

One of the critical factors associated with the combination
of antigens is assuring that the selected multi-antigen mixture
is internally compatible. Elegant studies immunizing mice with
plasmid “cockeails” by Sedegah et al. demonstrated that plasmid
mixtures inhibited the immunogenicity of individual plasmids,
and that particular plasmids may have been responsible for much
of this inhibition. Removing inhibitory plasmids from the cock-
tail restored the immunogenicity of the remaining plasmids,
which then induced antibody and T cell responses equivalent
or nearly equivalent to those induced when the antigens were
administered by themselves.” Transfection studies further indi-
cated that the mixtures may have reduced RNA transcripe levels
and that this may have been related to competition among the
CMV IE promoters used to drive transgene expression.*®

Another way to combine antigens while potentially avoiding
antigenic competition is epitope strings, as discussed in the pre-

cine cbmi¢s from the fact that malaria vaccine-candidates-based ceding section. Twe such-poly-epitope strings representing mul-
on single-antigens have been poorly efficacious, with the excep="" tipl/e antigens have l_)sen tested in the linic. The first, ¢onsisting
tion of the RTS,S vaccine.“Basé}'i} on the high level of protec-~ of epitopes from several different pre-erythrocyrtic stage P. falci-
tion afforded by RAS and by the closely related approach of parum proteins, was designed for co-expression with full length

gene-knockout attenuation (genetically attenuated sporozoites, * TRAP/$SP2.”The combined. antigen (multi-epitope-TRAP or

or GAS), a highly efficacious alaria vaccine will likely need
to target multiple antigens.—It/;:I well documiented that genetic
restriction of host immune responses, sequence polymorphism of
critical epitopes targeted by T cells and B cells, allelic variation
and antigenic diversity pose enormous obstacles for the develop-
ment of a malaria vaccine based on only a single antigen.*? These
challenges may be overcome by the inclusion of multiple rarget
antigens into a vaccine.

Doolan et al.** showed that inclusion of two antigens in a
P. yoelii DNA vaccine enhanced protection on multiple genetic
backgrounds relative to DNA vaccines based on each of the indi-
vidual plasmid components. This work suggests that in a het-
erogenetic human population inclusion of multiple antigens in a
malaria vaccine may circumvent the genetic restriction imposed
by the host genetic background and improve vaccine efficacy in
the population.

Data from the P. knowlesi (Pk) non-human primate challenge
model further supports the contention that candidate malaria
vaccines should include multiple antigens.**-*¢ Immunization of
rhesus monkeys with a DNA prime/poxvirus boost regimen was
partially protective only when the DNA and poxviruses expressed
four antigens [P#CSP, Pk thrombospondin-related adhesive pro-
tein/sporozoite surface protein-2 (Pt TRAP/SSP2), PkAMA1 and
PkMSP1]; substantial delays were observed to >2% parasitemia
in most animals and 2/5 animals self-cured their parasitemia. In
contrast, regimens where both vectors expressed only one anti-
gen (PkCSP) provided only minor delays to >2% parasitemia
and no self-cures.* The protection afforded by this four-antigen,

www landesbioscience.com

ME-TRAP), has been delivered via-DNA, pox and adenovectors
and’significantly reduces'liver-stage burden in humans following
P. falciparum sporozoite challenge, showing delays in the onset
of parasitemia and sometimes sterile protection when delivered
in prime-boost combination, these effects attributed primarily to
the TRAP antigen but with the epitope string possibly contrib-
uting (see review by Adrian Hill). The Oxford group has also
tested a similar polyprotein comprising longer portions of six pre-
erythrocytic stage antigens, but without linkage to TRAP/SSP2.
Although the latter vaccine was safe and moderately immuno-
genic in humans,® there was no protection against experimental
sporozoite challenge (A. Hill, personal communication). Two
other polyepitope vaccines are nearing clinical testing. The first
is a protein-based construct called FALVAC-1A, being devel-
oped by the Center for Disease Control and Prevention.®® The
second, originally developed by the US Navy and Epimmune,
Inc, is DNA-based and is now being developed by NIAID for
clinical testing, currently scheduled for 2010 (A. Mo, personal
communication).

Adjuvant Design

The spectrum of vaccine design discussed in the introduction,
with live-attenuated vaccines at one end and rationally designed
subunit vaccines at the other simultaneously defines a spectrum
in the requirement for adjuvants. Replicating vaccines generally
do not require adjuvants to stimulate potent immune responses,
while recombinant protein and pepride-based vaccines invariably
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do. DNA, viral vectors and virus-like particles possess inherent
properties for activating the immune system and traditionally
have not required adjuvants. However, it is now clear that their
potency may be improved with novel molecular designs, including
co-formulation with a variety of immunostimulatory molecules.
These and other developments are discussed in this section, begin-
ning with traditional adjuvants and progressing to novel molecular
adjuvants for protein-, peptide- and gene-based vaccines, focusing
on molecular design.

Adjuvants can be represented by several classes of compounds,
such as microbial products, mineral salts, emulsions, microparti-
cles, and liposomes, which can exert their function by various, still
poorly characterized mechanisms of action. Some of the modes of
action attributed to adjuvants in potentiating immunity, whether
innate or adaptive, include antigen uptake by antigen presenting
cells, upregulation of antigen presentation and localization to the
draining lymph node, increased cellular distress and the anti-
gen depot effect. After decades of intensive investigations, recent
advances led to better understanding of the mechanism of action
of immunomodulatory compounds as they relate to induction of

"innate immunity, opening the doorway for improving adjuvant
design at the molecular level.

Adjuvants for Proteins and Peptides. Only a handful of adju-
vant férmulations arecurrently approved for human-use. In the-

USA, alumipium<alts (aluminum hydroxide of alummum phos- -

phate, generically referred o as alum) are the only example of an
FDA approved adjuvant. Alum has been used extensively over

several decades in vaccine férmulauons for diphtheria, tetanus, *

pertussis, hepatitis A, hepatitis B and other: infectious agents.
Although able to efﬁctentlyeﬁhﬁ
alum is relatively ineffective for inducing cell-mediated immune
responses.

In the European Union (EU), MF59, a squalene-based oil-in-
water emulsion, was recently licensed for a flu vaccine formulation
(Fluad), representing a second adjuvant approved for human use.
GlaxoSmithKline Biologicals (GSK) is also testing novel adju-
vants, developing numbered “Adjuvant System” (AS) technolo-
gies that are based on combinations of classical adjuvants, such
as aluminum salts, oil-in-water (o/w) emulsions, liposomes and
immunomodulatory molecules (reviewed in Garcon et al.).”! The
objective is to induce tailored immune responses directed against
the pathogen. An example is provided by AS02, which has been
tested in several malaria subunit vaccines, including RTS,S,
FMP1, FMP2.1 and LSA-NRC.?2 AS02 is an o/w emulsion con-
taining MPL (3-0-desacyl-4-monophosphoryl lipid A), an immu-

" nostimulatory molecule derived from the detoxified cell wall of
Gram-negative Salmonella minnesota R595 absorbed to alum,
and QS21 (saponin), derived from Quil A, a fractionate from
the bark of Quéllaja saponaria, a Chilean tree. AS02 has induced
high antibody titers and strong cell-mediated (primarily CD4* T
cell-mediated) immune responses characterized by high levels of
interferon-gamma (IFNY) secretion. Generally, the immunostim-
ulant MPL has been shown to induce the synthesis and release of

" interleukin-2 (IL-2) and IFNY, promoting the generation of Thi
responses,” while QS21 (saponins) functions mainly through the
induction of other cytokines.

60 Human Vaccines

In an effort to further strengthen cellular responses, particu-
larly CD8+ T cell responses, GSK has developed a new formu-
lation, composed of liposomes, MPL and QS21, called ASOI1.
In an adjuvant comparison study in rhesus macaques, RTS,S/
ASO1 elicited higher RTS,S-specific antibody titers and higher
numbers of antigen-specific IFNy producing cells than RTS,S/
AS02.5 Following from these encouraging results, RTS,S/AS01
advanced into Phase 1/2b efficacy trials in pediatric populations
and is now transitioning into Phase 3 pre-licensure trials. Another
adjuvant formulation in the GSK repertoire, AS04, is a Toll-like
receptor (TLR) 4 agonist comprised of MPL in alum. AS04 was
recently approved for human use in the EU for hepatitis B virus
(Fendrix) and human papilloma virus (Cervarix) vaccines. More
recently, AS03, an oil-in-water emulsion, was approved as a com-
ponent of a pre-pandemic H5N1 vaccine (Prepandrix).

Montanides are biodegradable emulations containing squalene
and mannide-monooleate as emulsifier and have similar physical
characteristics as incomplete Freunds adjuvant. Some promising
results have been reported in previous malaria vaccine trials™ %
using Montanide ISA 720 (SEPPIC, Paris, France), possibly due
to the slow-release capacity of the inert water-in-oil emulsion and
immune stimulating effects of its components. Although very
potent immunologically, results from more recent malaria trials
using montanides (ISA 5tand ISA 720) haveled to-the conclusion
tha this tlass of adjuyant may have lirited potential for further

——r
~ development due to“lgcarr/eactogemcuy, including the induction
of sterile abscesses and erythema multiforme.”

_Even_as these various peptide/protein adjuvants are actively

‘ developcd understandmg of the-molecular mechanisms under-
cehumoral immune responses, -

lying their immuAopotentiating~properties remains modest.
Development is driven empirically by the safety, immunogenicity
and protection identified in pre-clinical and clinical testing, with
purposeful molecular design playing a less central role. Several
new classes of adjuvants, however, are closely linked to defined
molecular pathways. These are best exemplified by TLR agonists,
discussed in the next section.

TLR agonists. TLRs are pattern recognition receptors found
on different cell types that recognize specific molecular patterns
on pathogens like viruses, bacteria, and fungi.®>¢' TLR agonists
act as potent adjuvants by activating key antigen presenting cells
(APCs), such as dendritic cells (DCs), through their cognate
TLRs. These TLR-dependent pathways up-regulate cytokine
secretion, increase the expression of MHC class II and co-stimu-
latory molecules, and promote DC migration to the T cell area of
the lymph node.? A variety of immunostimulatory TLR agonists
targeting specific TLRs are currently being investigated for use as
adjuvants in vaccine formulations; for example heat shock pro-
teins (TLR 4), flagellin (TLR 5}, porins (TLR 2), LPS (TLR 4),
triacylated and diacylated lipopeptides (TLR 1/TLR2 and TLR
2/TLR 6, respectively) and oligodeoxynucleotides (ODNs) such
as unmethylated deoxycytosine deoxyguanosine (CpGs) (TLR 9)
(reviewed in 63).

From the molecular design perspective, TLR agonist deliv-
ery can be achieved through direct conjugation to an antigen
or through incorporation into targeting vehicles, such as viral
particles, liposomes, synthetic microparticles, particulates or
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bacterial vector platforms. For example, the 19kDa C-terminal
fragment of P. vivax MSP1 (PvMSP1) was co-administered
with the Salmonella enterica serovar typhimurium flagellin
(FliC), a TLR 5 agonist, to C57BL/6 mice by either parenteral
(s.c.) or mucosal (i.n.) routes. FliC was either mixed or geneti-
cally linked to the PvMSP1,; protein. This approach elicited
strong, long-lasting MSP1 -specific antibody responses that
were biased toward IgGl subclass. Inclusion of CpG, a TLR
9 agonist, yielded a shift toward a balanced IgG1/IgG2c ratio
and higher cellular responses as measured by IFNY secretion.
In a recent study, a synthetic, FDA approved topical treatment
for skin conditions, imiquimod, a TLR 7 agonist, was shown
“to funcrion as a potent adjuvant for eliciting T cell responses.
Topical application of imiquimod at the site of subcutaneous
injection of P. faleiparum CSP peptides elicited parasite-specific
humoral immunity that protected C57BL mice against mos-
quito-bite challenge using transgenic rodent parasites express-
ing P. falciparum CSP repeats.®
ODN CpG motifs are recognized by TLR 9 expressed on pha-
goendosomes of specialized cell subsets, such as B cells and plas-
macytoid dendritic cells. CpG ODNs have been primarily used to
induce polarized Th1 type immune responses.®’ Several studies
have shown that antigens and CpG ODN must be co-localized
to the/sariie APC to generate the, most potent and effective-thera--

peutic ar_xei/gén-sp cific _i/mmune'rfyonscs. Delivery vehicles cari

be used o ensure the co-delivery of antigens and CpG ODN ™~

to the same APCs, thus leading to significant increased uptake
by APCs. These strategies can result in antigen-specific immune
responses that are on the order pf 5 10 500-fold ‘greater than for

CpG and recombinant surface protein-25 (Pfs25) led to a 30-fold
improvement in antibody titers and avidities compared to rPfs25
plus alum alone.®® Results from clinical studies using recombi-
nant P. falciparum AMA1-C1/Alhydrogel plus CpG 7909 vac-
cine showed 14-fold-higher AMAl-specific IgG with significantly
increased in vitro growth inhibitory activity against homologous
parasites compared to AMA1/Alhydrogel alone.® Thus, TLR 9

“agonists are effective immunomodulatory molecules for use as
vaccine adjuvants.

Adjuvant properties of DNA and viral capsids. In contrast to
protein-based subunit vaccines, viral, bacterial, and DNA vectors
generally do not require formulation in adjuvant for induction
of T cell and antibody responses. However, the intrinsic “dan-
ger signals” provided by these delivery systems can be improved
further by molecular engineering, For example, the addition of

- unmethylated CpG motifs into the sequence of a DNA vector
expressing a tumor associated antigen has been shown to enhance
the immunogenicity and efficacy of the vector in a murine mela-
noma model.”® Conversely, enzymatic methylation of CpG motifs
in a DNA-P. yoelii CSP vector decreased the immunogenicity
of the vector in mice.”” CpG activation via a TLR 9-dependent
mechanism does not appear to be absolutely essential, however.
Multiple signaling pathways may be involved, including two
recently discovered pathways utilizing the DNA sensors DNA-
dependent acrivaror of interferon regulatory factors (DAI) and
absent in melanoma-2 (AIM2).”? As more is learned abour the

www.landesbioscience.com

role that these different pathways play in activating the innate
immune system, it may be possible to use this information to
develop better DNA vaccine vectors.

Adenovirus-based vectors activate the innate immune system
through TLRs and cytoplasmic DNA-sensing, inflammasome-
dependent mechanisms.”?”” This results in the induction of
cytokines and chemokines, which potentiate antigen-specific
T cell and antibody responses. Moreover, purified adenovector
serotype 2 (Ad2) hexon protein has been shown to be a potent
adjuvant for induction of antigen specific responses.” Other viral
vectors, including poxvirus’® ® and semliki forest virus,®' can
enhance antigen-specific antibody and T cell responses to co-
delivered proteins, indicating that these viral vectors also provide
adjuvant activity. These intrinsic adjuvant properties of DNA and
viral vectors facilitate the induction of robust immune responses
to vector-delivered antigens, bypassing the need for adjuvant
formulation.

Molecular adjuvants for plasmid and viral vectors. Although
plasmid and viral delivery systems do not require adjuvants, co-
formulation with an adjuvant can improve the antigen-specific
immune responses induced by these vectors. For example, formu-
lation of DNA vaccines with CpG oligonucleotides improved the
immunogenicity of DNA plasmids encoding malaria antigens in
mice and Aotus menkeys:# 2-Co-administration- of DNA vac-
cines with plasmids expressing immitfiostimulatory “fiiolecules

ety e, - . I )
has likewise improved the immunogenicity of these vaccines in
animal models. However, these initial successes have not neces-

* sarily translatéd into humans, For example, when tested in mice,
co-delivery of plasmids expressing PyCSP and granulocyte-mac-
antigen alone. For example;-in micé, the co-adnrinistration-of -

rophage: colony-stirfiulating factor (GM-CSF) resulted in more
robust antibody and T cell responses, as well as better protection
from P. yoelis sporozoite challenge relative to PyCSP expressing
plasmid alone.®-% But, when this combination was evaluated in
humans, co-delivery of human GM-CSF and P. falciparum anti-
gen expressing plasmids did not improve T cell responses relarive
to the P. falciparum antigen expressing plasmids alone, and none
of the regimens were protective.%

Intervention in costimulatory and inhibitory pathways can
modulate immune responses and represent interesting strate-
gies for increasing vaccine responses. The herpes simplex virus
glycoprotein D (gD) can enhance T cell and antibody responses
to fused antigens in the context of DNA and adenovector deliv-
ery.®” gD functions by blocking inhibitory signals between the
herpesvirus entry mediator (HVEM) and B- and T-lymphocyte
attenuator (BTLA). This pathway has also been exploited to
increase tumor-specific T cell responses. Interactions between
HVEM and LIGHT (a lymphotoxin-like inducible protein
that competes with glycoprotein D for herpesvirus entry on
T cells) provide costimulatory signals for T cell activation.
Adenovector-mediated expression of LIGHT within a tumor
can induce tumor-specific T cell responses and eradicate spon-
taneous metastases.®® In a similar way, increased understand-
ing of the signaling pathways that activate the innate immune
system has potential for enhancing the immunogenicity of
DNA and viral vector based vaccines. Recently, coexpression of
plasmids encoding the TLR-signaling molecules, TRAM and
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TAK]1, were shown to significantly enhance antigen-specific T cell
responses in mice following DNA vaccination.”’

Adjuvants can act through a variety of mechanisms. For
example, since DNA plasmids injected into the skin or muscle
are taken up by cells inefficiently, adjuvants that enhance the
uptake of the plasmid into the cell are being evaluated. Particles
that have a diameter of approximately 1 pm can be internalized

- by APCs, such as macrophages and DCs. Therefore, one way to
potentially enhance DNA vaccines is to formulate the vector onto
a particle. DNA vaccines formulated onto cationic microparticles
composed of poly lactide-co-glycolide (PLG) or nonionic polox-
amer (CRL1005) particles combined with a cationic surfactant
can be internalized by APCs and have been shown to be more
potent than unformulated DNA vaccines in pre-clinical animal
models of HIV and CMV.?-?' A DNA-CMYV vaccine formulated

_in the CRL1005 adjuvant has also been shown to be safe and
moderately immunogenic in a Phase 1 clinical trial.” Formulation
of DNA vaccines onto PLG and poloxamer particles, however,
does not always enhance potency. For example, formulation on
PLG microspheres was tested in the rhesus monkey/P. knowlesi
sporozoite challenge model, using a multistage malaria vaccine
administered as three priming doses of DNA, with or without
PLG formulation, followed by a poxvector boost. In this study,
PLG fo/n

" formulatien
falciparum antigens was assessed Tor immunogenicity in thesus
monkeys with and without the poloxamer CRL1005 and the
poloxamer did not significantly improve antibody responses or
cell-mediated immunity, lca;diy wa “no-go” decision for clinical
evaluation % ~ e

Other adjuvants for DNA vaccines are also being evaluated.

Vaxfectin® is a cationic lipid that binds to negatively charged

-DNA. A Vaxfectin®formulated DNA-PyCSP vector has been
shown to be more immunogenic and efficacious in the P. yoelsi/
mouse model than the unformulated vector.”* Similar positive
results were obtained in a non-human primate model evaluating
the immunogenicity of DNA plasmids expressing malaria anti-
gens that were formulated in Vaxfectin®”

Adenovectors have been adjuvanted by formulation with
standard adjuvants and also by modifying capsid components.
Formulation of an adenovirus serotype 35 (Ad35)-based vector
expressing PyCSP with aluminum phosphate adjuvant [AIPO(4)]
was shown to increase CSP-specific T cell and antibody responses
in mice.” Studies in mice and non-human primates indicate that
the immunogenicity of Ad35 vectors can be improved by substitu-
tion of the Ad35 fiber with the Ad5 fiber.””*® The Ad5 fiber shaft
has been implicated in DC-targeting and induction of adaptive
immunity by AdS vectors through binding a heparin-like recep-

_tor.” These studies suggest that the adjuvant quality of adenovi-
rus capsids may be affected by fiber receptor interactions.

Conjugation of molecular adjuvants to Plasmodium antigens
can also enhance immune responses and has the potential to
improve malaria vaccines. Fusion of the MSP1, to the comple-
ment inhibitor C4-binding protein (C4bp) enhanced antibody
responses and protection of mice following challenge with
P. yoelii-infected erythrocytes.'® This fusion protein also induced
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ritulation of the DNA proved less protective than PBS-
A/sim'iy mu.ltival?it DNA vagcine encoding P~

stronger T cell responses, higher titer antibody responses and
more robust protection in mice when delivered by an adenovirus
vector.'” The mechanism for the adjuvant activity of C4bp is
not known, but may involve antigen oligomerization or target-
ing of antigen to antigen presenting cells. Conjugation of malaria
antigens, Pfs25 and AMALI, to nontoxic Pseudomonas aeruginosa
ExoProtein S (rEPA) was shown to increase antibody responses
by up to 1000-fold.'? Codelivery of the toll-like receptor (TLR)
ligands'®*'* and fusion of antigens to the C3d component of
complement'®!% have shown promise as molecular adjuvants
for infectious disease and cancer and may have applications for
malaria vaccines.

Antigen Delivery

A highly effective malaria vaccine will likely induce robust pro-
tective antibody and T cell responses to multiple malaria antigens
expressed ac multiple stages in the parasite’s life cycle. As discussed
in the antigen design section, sequence polymorphism of critical
epitopes targeted by T cells and B cells poses enormous obstacles
for the development of a malaria vaccine based on only a single
anrigen.?? These challenges may be overcome by the inclusion of
multiple target antigens into a vaccine, making antigen combi-
nation a high priority for-vaccine developers. Leading-candidate

- p L . 0 . - .
platforms that are capable of inducing re3ponses to mu1‘fipleJant|-

geiis are DNA viraland bacterial vectors. Molecular désign’is an

important component for each of these delivery platforms.
-Plasmids. In the early 1990s, it was discovered that immuni-

zation with a plasmid DNA vector-expressing a flu antigen could

- - protecrmice agaim‘{ an-irfluenzachallenge.'”” Since then, DNA

vaccines have been used successfully in many pre-clinical animal
studies, including the demonstration that an unadjuvanted DNA
plasmid encoding P. yoelii CSP could sterilely protect mice against
a sporozoite challenge through a CD8* T cell-dependent mecha-
nism.'”® The early success of DNA vaccines in mice, however, has
not translated into humans. Clinical evaluation of first-generation
DNA vaccines against HIV and hepatitis B virus indicated that
DNA vaccines were safe, but not very immunogenic.'®!"° Similar
findings were observed with DNA vaccines against malaria. For
example, two Phase 1 studies with a DNA vector expressing a
non-codon optimized PACSP gene'" "'? and a Phase 1/2a study
with 5 vectors expressing PRCSP, PFTRAP/SSP2, P. falciparum
exported protein-1 (PfEXP1), P. falciparum liver stage antigen-1
(PfLSA)) or P. falciparum liver stage antigen-3 (PfLSA3), with
or without a DNA vector expressing human GM-CSE* indi-
cated that DNA vectors could induce malaria-specific CTL or
ELISport responses in about half of the human volunteers, but
could not induce detectable malaria-specific antibodies.®¢ 13- 114
Furthermore, the Phase 1/2a trial indicated that three doses of
five DNA vaccine vectors expressing different pre-erythrocytic
malaria proteins could not protect volunteers against a P. falci-
parum sporozoite challenge. The conclusion from all of these tri-
als was that DNA vaccines were safe, but not very immunogenic
or efficacious in humans, even when used in combination.

DNA vaccines have been more successful for veterinary tar-
gets. Within the last few years, four plasmid DNA products
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have been licensed in the USA, Canada or Australia. A DNA
vaccine against West Nile Virus has been developed by Fort
Dodge Laboratories for horses. A DNA vaccine against infectious
hematopoietic necrosis virus has been developed by Aqua Health,
a division of Novartis Animal Health, for salmon." A therapeu-
tic DNA vaccine against oral melanoma has been developed by
Merial Animal Health for dogs."¢ A DNA vector expressing a
growth hormone to promote growth and reduce mortality has
been developed by VGX Pharmaceuticals for pigs."” Although
the licensing of these veterinary products has bolstered the belief
that DNA vaccines may be possible for humans, the clinical expe-
rience indicates thart the potency of these vaccines will need to be
. dramatically improved before they can be viable in humans.
DNA vaccines can be delivered by several different systems,
including a needle and syringe, a needle-free jet injection device
(e.g., Biojector®), a particle mediated needle-free device {e.g.
gene gun) or an electroporator. The first DNA-malaria vaccine
to be evaluated in humans was injected IM with a needle and
syringe.!"! In subsequent trials, DNA-malaria vaccines were also
administered IM or IM/intradermally (ID) with a Biojector®,
which can deliver intramuscular, subcutaneous or intradermal
injections. A direct comparison of these delivery systems indi-
cated thar IM administration with a Biojector® elicited higher

celluldr fthmune resppnses than,a needle and.syringe or IM/ID-

adminisggién with a ?i)jector@."” NA vaccifies have also been

. . oot v e ey - — —
administered by a gene gun, which uses a needle-free device to

deliver vaccine coated onto gold beads into the skin. This immu-
nization system, which can deliver the vaccine directly into cells,
such as APCs, has been shown, to enhance the immunogenicity
- and efficacy of DNA vaccines:*? A trivalent DNA-ftt HA vaccine
formulated onto gold beads and administered with a gene gun
has also been shown to partially protect volunteers against an
influenza challenge in a recent Phase 1b clinical trial.'*

Another promising way to enhance the potency of DNA
vaccines is to deliver these vectors with an electroporator.
Electroporation involves the administration of brief electrical
pulses immediately after intramuscular injection of the vaccine.

- Electroporation can facilitate cellular uptake and has been shown
to enhance the immunogenicity and efficacy of DNA vaccines
in pre-clinical animal models.’ In fact, the DNA-growth hor-
mone vector used to promote growth and reduce mortality in
pigs (see above) is delivered by electroporation. Electroporation
has also been used to enhance the immunogenicity of a DNA
vector expressing a prostate tumor-tetanus toxin fusion protein in
a recent Phase 1 trial.'! Although the pain associated with elec-
troporation was reported to be brief and acceptable, the universal
tolerability of electroporation systems for humans has not been
determined. Although the initial promise of DNA vaccines has
not yet been fulfilled in humans, recent advances to enhance the
potency of these vectors by modifying the plasmid backbone, the
transgene, the vaccine formulation or the delivery system, and
their potential use in prime-boost regimens may eventually make
DNA vectors a viable vaccine platform.

Viral vectors. Since malaria vaccines based on viral vectors

“express high levels of antigen directly in infected cells of the
host, antigen is processed and presented to professional antigen
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presenting cells in a manner that is similar to natural infection.
This provides a key advantage over protein subunit-based vac-
cines and is one of the reasons that viral vectors induce robust T
cells responses. Also, appropriate folding of the delivered antigen
is facilitated by synthesis within the vaccinated individuals’ cells,
resulting in the induction of functional antibody responses. In
addition, as mentioned above, viral vector delivery systems pro-
vide adjuvant activities along with antigen delivery. The leading
viral vectors for malaria vaccine development are based on poxvi-
rus and adenovirus, because of their ability to induce potent anti-
gen-specific immune responses in people, as well as their capacity
to deliver multiple antigens. Other viral vectored vaccines based
on alphavirus'?? and yellow fever virus'?* 12 have induced protec-
tive responses in animal models and are also being explored.
Poxvectors. Vectors based on attenuated vaccinia virus
NYVAC and modified vaccinia Ankara (MVA), as well as fowl-
pox have been developed for malaria vaccines. In murine mod-
els, vaccination with a NYVAC vector expressing P. berghei CSP
induced CD8* T cell-mediated protection in mice.'”® These
results prompted the generation of NYVAC-Pf7, a genetically
engineered deletion mutant of the Copenhagen strain of vaccinia
virus that expresses seven P. falciparum antigens derived from
multiple stages in the parasite life cycle [CSP, SSP2, LSAL, MSP],
AMAL, serine repeat antigen (SERA), and Pfs25}1 In the first
clinical trial of a poxvirus-based malaria vaccine, NYVAC-Pf7
wias well Tolerated at doses of T x 107 and 1 x 10¥ plague form-
ing units and partially protective. One volunteer was completely

* protected and there was a significant delay in the time to parasite
 patency in/volunteers that:received-either the low or high dose of

vacéinecompared with unvaccinared controls.'?’

Prime-boost strategies have significant advantages for malaria
vaccine development.'?® Poxvirus vectors, FP9 and MVA, have
been used together and with DNA and adenovirus vectors in
prime-boost vaccination regimens. These studies demonstrated
that the prime-boost approach induced more robust immune
responses and superior protective responses in rodent models
than either regimen alone. In clinical studies, DNA prime-MVA
boost studies employing ME-TRAP antigen'”® induced higher
levels of T cells and delays to parasitemia following challenge
compared to either modality alone.!* ! Prime-boost vaccination
with FP9-MVA (also using ME-TRAP) was safe, immunogenic
and partially protective in malaria-naive volunteers receiving
experimental challenge, providing sterile protection in a few
cases. '3 The immunogenicity of the FP9-MVA (ME-TRAP)
prime-boost vaccine was reduced in adults'** and children'? in
malaria endemic regions in Kenya and provided no evidence of
efficacy. The reasons for this discrepancy are not known. (For
more details on this approach see the review in this edition by
Hill et al., p. 78).

Adenovirus vectors. Adenovirus vectors can be engineered to
induce broad and protective T cell and antibody responses in ani-
mal models, ranging from mouse to non-human primates.!*¢'46
Protection from malaria has been observed using adenovectors
that express the P. yoelii'7 14248 or P. berghei'*® CSP antigen in
murine models. An Ad5-based HIV vaccine induced antigen-spe-
cific CD4* and CD8* T cell and antibody responses in a majority
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E4-deleted vectors did not induce an expansion of adenovirus-
specific CD4* T cells,'” a characteristic that could have impor-
tant safety advantages. Recently, we have generated Ad5 vectors
that express high levels of three different pre-erythrocytic stage
antigens [CSP, LSAl and cell traversal protein of ookinetes
and sporozoites (CelTOS)] from three different expression cas-
settes located in the E1 and E4 regions of the vector genome
(see Fig. 3). In preclinical studies in mice, these vectors induced
T cell and antibody responses specific for each of these anti-
gens and the magnitude of these responses was similar to that
of control Ad5 vectors that expressed only one antigen.® We are
currently applying this multi-gene expression technology to alter-
native serotypes of adenovirus where the prevalence of neutraliz-
ing antibodies (NAb) in human populations is very low.
Adenovector neutralizing antibodies (NAb): prevalence and
impact on vaccine safety and efficacy. Adenovirus vectors derived
from Ad5 have been a leading platform for the generation of molec-
ular vaccines. However, forty to sixty percent of the United States
population possesses NAb to Ad5%'¥” and the frequency is even
higher in Africa, where malaria is endemic.'*®1%° In animal models
including mice'® and non-human primates,'®® prior exposure to
Ad5 diminished T cell responses to the vaccine antigens delivered
using Ad5 based vaccines. As expected, due to the subtype speci-
ficity ofﬁdenpvjrus Nab,' pre-existing Ad5 NAb were nop-effec-

accine responses fo other adenovirus vaccines

tive in ri‘i#ﬂn
based ol alternative human'> 164 5t simian serotypes.'s5168 ~

Reports addressing the impact of pre-existing Ad5 neutral-
izing antibody on adenovector vaccine immunogenicity in the
clinic (with HIV vaccines) indicated that volunteers possessing
high titers of Ad5 neutralizing’i’ntibo({y were capablé of mounting
significant antigen-specific humoral and cellular responses.'* 1>
170 However, the magnitude of the T cell responses in individuals
with pre-existing Ad5 NAb was approximately three-fold lower
than those of the Ad5-seronegative volunteers.

The most conservative path forward for adenovirus-based vec-
tors is to advance vaccines based on alternative serotypes of ade-
novirus where the prevalence of NAb is low. However, finding a
highly immunogenic substitute for Ad5 has not been straightfor-
ward. To date other serotypes of adenovirus (Ad35, Adl11, Ad26,
Ad48, Ad49, Ad50 and chimpanzee adenovectors) have generally
under-performed Ad5 vectors in terms of induced immunogenic-
ity to their payload antigen 147 161. 164.171. 172

Capsid-modified adenovectors. An alternative strategy for
avoiding preexisting Ad5 NAb is to modify the NAb binding
sites on the Ad5 capsid. The majority of serotype-specific neutral-
izing antibodies recognize determinants on the hexon and fiber
capsid proteins,'s" 7> 7 and hexon-specific neutralizing antibod-
ies appear to be the most prevalent and potent in vivo.'* Epitopes
targeted by these hexon-specific neutralizing antibodics have been
mapped to the hypervariable regions (HVR) of the hexon pro-
tein'™* % contained within exposed loops at the surface of the
capsid. Roberts et al;, 2006 demonstrated that it is possible to
replace each of the 9 HVR of the Ad5 hexon with those derived
from Ad48, a rare adenovirus serotype.”¢ Induction of transgene-
specific immune responses was unaffected by Ad5-specific NAb
in murine or non-human primate vaccine models.
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GenVec, Inc. has developed a hexon-modified adenovector
vaccine platform for malaria vaccine development that avoids
preexisting anti-adenovirus immunity prevalent in human
populations by replacing the Ad5 HVR sequences with those
derived from Ad43. This Ad5 hexon-modified vector is not
neutralized by hexon-specific AdS neutralizing antibodies
in vitro using sera from mice, rabbits and human volunteers.
Furthermore, the hexon-modified adenovector that expresses
PyCSP is as immunogenic in mice as an unmodified Ad5 vector
and can induce robust T cell responses in mice with high levels
of preexisting anti-Ad5 Nab. In addition, the hexon-modified
vector effectively boosted Ad5 vector primed T cell and anti-
body responses.’”’

Adenovirus capsids can also be modified to increase the
immunogenicity of the vector. We have demonstrated that the
introduction of a DC targeting ligand into the fiber improved
DC transduction and antigen-specific T cell responses.”® Also,
B cell epitopes can be inserted into the hexon, fiber and penton
base and displayed on the capsid to induce protective immune
responses in mice,'46. 178-180

Bacterial Vectors. Currently, there are three commercially
available live bacterial vaccine vectors: Salmonella enteric serovar
Typhi Ty2la, Vibrio cholera CVD 103-HgR, and Mycobacterium
bovis BCG. Live attenuated bacteria-are an-attractive vectored
p!atforfn;fgf, . (a.)(‘prgssi pn,’ 'deliYch.y ‘an’j/élicjtil}g h_gst immunicy
to foreign antigens. The bacterial vector itself mimics natural
infection in the host, exhibiting tissue tropisms that enable the

“ targeting of vaccine antigens to various cellular compartments,
St NNt ' i .
_thereby inducing mucosal, humoral and cellular immune

responses. This -apProachr has been widely used for expression
and delivery of heterologous targets derived from various bacte-
ria, fungi, viruses and parasites in clinical and veterinary appli-
cations, particularly for gastrointestinal, genital and respiratory
pathogens. The specific advantages of this approach include (1)
the relative low cost and potential for large scale manufacture
of target antigen by the “bacterial factory,” (2) the presence of
natural immunostimulatory molecules, such as LPS and flagel-
lin, thus obviating the requirement for inclusion of classical
adjuvants (see section on TLR agonists), (3) sensitivity to anti-
biotics for eradication if indicated and (4) tropism for dendritic
cells and macrophages. Concomitantly, safety considerations
for live artenuated bacterial vaccines focus on the possibility
of undesirable systemic dissemination, toxic bacterial byprod-
ucts {LPS), transmission through contact to either healthy or
immune compromised recipients, and/or the potential for envi-
ronmental contamination.

Vaccination using attenuated or killed bacterial vectors that
serve as antigen vehicles can provide a dual-pronged immuniza-
tion strategy -- to elicit protective responses against the target
antigen and the vehicle itself. These artenuared bacterial vaccine
vectors can stimulate potent immune responses by inducing the
production of cytokine cascades, including tumor necrosis fac-
tor alpha (TNFa), IFNY, IL-12 and other proinflammatory
mediators such as NO."' The type of immunity elicited by
these bacrerial vectors is strongly dependent on the bacterium
itself, the route of delivery, as well as other biological indicators
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associated with the target antigen. For example, the intracel-
lular pathogen Listeria monocytogenes induces both mucosal and
systemic immunity. In murine models, using either E. coli B-gal
expression or oral administration of L. monocytogenes expressing
HIV-1 gag, both mucosal and systemic CD8* cellular immune
responses were detected against the target antigens,'® 18

Nearly two decades ago, an attenuated Salmonella typhi was
used to elicit a human serologic or cytotoxic T lymphocyte
response to a foreign target antigen, P. falciparum CSP.'"** The
attenuated S. ryphi vaccine strain CVD 908, harboring deletion
mutations in areCand aroeD, was shown to be well-tolerated and
highly immunogenic, eliciting impressive serum antibodies,
mucosal IgA and cell-mediated immune responses. A decade
later, when P. falciparum MSP1  was genetically fused to frag-
ment C of tetanus toxin and then expressed within attenuated S.
typhi CVD 908, under nonreductive intracellular bacterial con-
ditions, chimeric C-MSP1 ; did not fold to form the properly
disulfide bridged epidermal growth factor (EGF)-like domains
of MSP1. Disulfide dependent monoclonal antibodies failed to
recognize these conformational domains in immunoblots under
non-denatured conditions on bacterial lysates. These results
demonstrate that proper targeting of the antigen to the appro-
priate cellular compartment is required.'® In a recent report,
S. entérjca serovar Typhi srrains-were used for expressipg and-
exporting-trincated
nodominant epitopes fused to S. énterica serovar Typhi cytolysin
A (ClyA), which were then used in a heterologous prime-boost
approach with a DNA-vectdred vaccine. Interestingly, mice that

. . e Neaye . .
were primed with serovar Ty/p}u ‘expressing CSP epitopes and
boosted with DNA plasmid inducéd high “antibody-titers—to
NANP, predominantly IgG2a, and high frequencies of IFNy
producing T cells, while mice receiving only DNA vectored
vaccine did not induce any antibodies." In a recent published
report, investigators showed that the genetic detoxification of
the S. enterica serovar Typhimurium to improve its safety profile
led to a serendipitous enhancement in antigen-specific immune
responses.'®” Additional modifications may lead to safer and
more effective S. typhi vaccine platform.

Other bacterial vectors have been used for targeting malarial
epitopes, including a recombinant Mycobacterium bovis bacille
Calmette-Guérin (tBCG) vector expressing epitopes from P.
falciparum EBA 175 and CSP (F2R(I)EBA and (NANP)3
- respectively) as well as two T cell epitopes of the M. rubercu-
losis ESAT-6 antigen.'®® Immunized BALB/c mice showed an
enhanced antibody response to all IgG subclasses, as well as
an enhanced splenocyte proliferative response against both
malarial epitopes. Combining immunization platforms, for
instance, a prime-boost vaccination strategy that encompasses
the benefits of BCG with that of 2 potent boosting agent like
MVA, could provide a strategy not only to broaden anti-myco-
bacterial immunity, thus reducing the burden of TB disease,
but also to target malaria, HIV or other concurrent pathogenic
infections.' Specifically for TB, when administered in healthy
adules, this vaccination strategy induced good CD4* T cell
responses with the capacity to produce effector cytokines and
to proliferate following antigen stimulation.

66

P. fglciparum CSP B-celland T-cell immu="" - Y ;
F} en ] u Vii{as—lik?npart‘lcle's-/(VL‘P/s) are non-infective, self-assembling

Previously, ompA genes of Escherichia coli and Shigella dysen-
teriae have been used to construct enterobacterial surface expres-
sion vectors for foreign genes. These fusion constructs have
been widely used as a vector system in experimental models and
have been used to transfer targer antigens, such as B-galactosi-
dase, foot-and-mouth disease virus (FMDV) and malaria anti-
gens, to the bacterial surface as insertions into OmpA. Several
strains of attenuated Shigella, such as S. flexneri 2a, have been
developed and used in various human clinical trials with good
tolerability.”® Alternatively, food-grade gram-positive bacteria
such as Lactococcus lacti have advantages over other attenuated
bacterial vaccine delivery vehicles primarily because of their
inherently greater safety profiles. P. falciparum merozoite sur-
face protein-2 (MSP2) expressed in recombinant L. lactis, either
intracellularly or covalently anchored to peptidoglycan on the
cell wall, elicited serum IgG antibodies that reacted with native
MSP2 on the surface of P. falciparum merozoites, as detected by
immunofluorescence.'!

A eukaryotic vector has also been used to deliver malaria anti-
gens. In one published study, recombinant attenuated Toxoplasma
gondii expressing the P. yoelii CSP proved highly effective in prim-
ing for CD8"* T cell-dependent protective immunity in mice.'”

— / s
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viral envelope proteins that are devoid of genetic material. They

* have fearures felevant to both antigen design and to antigen deliv-
 ery, onithe one hand providing a-macromolecular scaffolding for
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thearray of ahtiger/, and on the other triggering host immunicy
by taking advantage of natural immunostimulatory properties of
the virus particles that they mimic.

VLPs are highly repetitive and ordered structures that retain
their morphology similar to infective parricles and have been
shown to stimulate both potent humoral and cellular immune
responses, although they are most effective at stimulating
humoral immunity.””> Two examples of successful application
of this approach are the hepatitis B virus (HBV) vaccine, a for-
mulation prepared from VLPs assembled in yeast expressing the
hepatitis B surface antigen (HBsAg), and the human papilloma-
virus (HPV) vaccine, a quadrivalent formulation also prepared
from VLPs assembled in yeast expressing the L1 major capsid
protein of HPV strains 6, 11, 16 and 18. Each of the vaccines
targets the homologous infectious agent (the agent from which
the structural components of the VLP are derived). VLPs made
by the expression of recombinant capsid proteins in baculovirus-
infected insect cells are also under study as potential subunit
vaccines against norovirus, rotavirus, hepatitis C virus, hepatitis
E virus, and human immunodeficiency virus (all homologous
targets).”?41”7

Molecular design and engineering have provided the means
for converting these VLPs into platforms for presenting heter-
ologous antigens. Principally, the development of such platforms
requires having sufficient structural information to allow for the
rational design and incorporation of foreign antigens into self-
organizing capsid proteins without compromising the capacicy
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to assemble into a VLP. Two basic approaches are used. The first
is the creation of a fusion gene expressing the heterologous anti-
gen in frame at an appropriate point within the envelope protein
to result in display on the VLP surface. The resulting product
may require mixing with unmodified envelope protein to achieve
stable self-assembly, and because of structural constraints may
only be able to tolerate the introduction of short foreign peptide
sequences, such as an antigenic epitope. The second strategy is
to allow the unmodified envelope protein to assemble into VLPs
as the first step, and then heterologous antigen is coupled to the
particle as a second step. The latter technique generally does not
interfere with particle stability, allowing decoration with large
protein domains and even full-length proteins.'”® Whichever
technique is used, the density of the heterologous array on the
surface is critical to potency. It is hypothesized that array density
determines the efficiency with which the receptors of inquiring
lymphocytes are cross-linked. As a result, low density arrays, such
as the RTS,S vaccine, are not ideal for inducing immunity in the
absence of adjuvant. The size of the VLP, which varies from 22
to 150nm, is less important for achieving potency than the array
density.

The list of VLPs that have been studied is extensive, and
includes_those assembled with the capsid proteins from mam-
maliaﬁ‘-lB‘{, HPYV, parvoyirus B19), avian (Flock House-viruss
FHV), glyt' (paﬁaya ‘ ‘ ‘

Q-beta). The two VLPs studied most extensively as a platform
for malaria vaccines are baséd on_the hepatitis B core (c) and
surface (s) proteins. o ' ' !

Hepatitis B virus core proé{n (HBc) was demofistrated to-be
an effective malaria vaccine platform in preclinical models, where
high levels of anti-CS repeat antibodies protected animals from
malaria challenge.”” In a recent nonrandomized, non-blinded
Phase I safety study using ICC-1132 (Malariavax), a recombinant
VLP comprised of hepatitis B core antigen engineered to express
the central repeat regions from P. falciparum CSP protein, an
immunodominant B [(NANP)a] epitope, an HLA-restricted
CD4 (NANPNVDPNANP) ecpitope and a universal T cell
epitope (amino acids 326—345) was found to be well tolerated,
but poorly immunogenic when formulated with alhydrogel.?*°

Alternatively, the P. falciparum CSP-based vaccine, RTS,S,

_developed by GSK, is composed of a hepatitis B virus surface
antigen, which contains the CSP repeat and C terminal region
(amino acids 207—395) of the P. falciparum NF54 isolate (3D7
clone). RTS,S is the most advanced malaria vaccine, currently
in pivotal Phase 3 efficacy trials in sub-Saharan Africa. In com-
bination with GSK proprietary adjuvant systems, this vaccine
has demonstrated significant protective efficacy against malarial
disease and severe malaria.?®?°2  Adjuvanted RTS,S has been
shown to induce both a strong antibody response and stimulate
Th1 cells—a subset of helper T cells—that participate in cell-
mediated immunity.2® It is the relative success of RTS,S that has
provided impetus for researchers to consider, develop and evalu-
ate alternative particulate-based vaccine platforms.

Another particle approach, virosomes, represents a variation
on VLPs. Virosomes are made up of liposomes containing viral
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osaic \'1195, cucumber mosaic virus); ™
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and yeast (TY-T, L-A) viruses, as well as bacteriophage {MS2,

envelope proteins and have been previously developed for many
enveloped-viruses, i.e., semiliki forest, measles, rubella, herpes
simplex, rabies, sindbis, Epstein-Barr, HIV and vesicular stoma-
titis virus. All influenza virosomes are unilamellar vesicles having
a diameter of 100-200nm depending on lipid composition. The
major advantages of virosomes include their immunogenicity in
the absence of adjuvants and their relatively simple production
compared to traditional recombinant protein-based processes.
Virosomes are thought to enhance immune responses against co-
delivered rarget antigens at multiple levels. Virosomes can inter-
act with APCs and B lymphocytes to present the target antigen to
T lymphocytes to induce both antigen-specific B cell and CD4*
T cell responses. Optimally, virosomes can act as carriers of B cell
epitopes, but are also promising for the delivery of carbohydrates,
DNA, siRNA, and drugs.

Virosomes can be derived solely from virion lipids or from
virion plus supplementary lipids (e.g., Immunopotentiating
Reconstituted Influenza Virosomes, IRIV). The final com-
position of lipids forming the IRIV can impact not only the
physiochemical properties of the resultant virosome, but also
immunological properties. IRIV act as antigen carriers through
encapsulation or direct association, providing significant flex-
ibility for formulation. Pevion Biotech has developed optimized
formulations of IR]V designed-for specific applications-{reviewed
in Moser et 3.).2 AMA™49-CPE is an'IRIV that was €valuated
asthe carrier and adjuvant system for a P. falciparism vaccine that
targets both the exo-erythrocytic and erythrocytic stages based

’ on two_malaria peptide antigens (AMA1 and UK39, a circum-
 sporozoite protein) previously shown to induce parasite inhibi-

tory’ activitiics?”‘iﬂfhougk this vaccine approach was found to be
safe and highly immunogenic in a placebo-controlled, random-
ized clinical Phase la safety study conducted at the University
Hospital of Basel,*® no sterile protection was observed against a
homologous sporozoite challenge in a subsequent clinical Phase
2a trial.®” However, some evidence for the development of blood
stage immunity was reported, as shown by a reduction in para-
site growth rates and the observation of crisis forms in the blood
from some volunteers. A Phase 1b study to evaluate the safety and
immunogenicity of this vaccine in Tanzanian adults and children
has been completed and final results are awaited (a collabora-
tion between the Bagamoyo Research and Training Unit and the
Swiss Tropical Institute).

Another variation on molecularly designed particulate vac-
cines is represented by self-assembling polypeptide nanoparticle
(SAPNs) (Fig. 4 and Box 2). As with VLPs and virosomes, the
repetitive display of B cell epitopes on the nanoparticle may lead to
the induction of a strong humoral immune response. Additional
engineering to include the pan-DR T cell epitope, PADRE,
or other relevant helper sequences into the peptide design may
influence the immunogenicity of the nanoparticle constructs.
These peptide nanoparticles have a reported icosahedral symme-
try which mimics viral protein capsids, but can be specifically
designed to vary in size and the density of the surface array. Since
these peptide nanoparticles are recombinant peptide-based vac-
cines, the safety risks of live-attenuated vaccines are avoided. In
studies using an experimental murine model of malaria, SAPNs
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.Box 2, Self-assembling peptide nanoparticles: Novel vaccine platforms
based on virus-like particles are gaining increased interest in the field of
vaccine development. Peptide-based nanoparticles represent an ideal
repetitive epitope display system and a platform for the development of
highly tailored recombinant vaccines. These peptide nanoparticles have
a regular polyhedral symmetry that mimics the icosahedral architecture
of viruses. As such, epitope display approaches have been shown to
strongly increase the immunogenicity to a given epitope.

The fundamental structure of SAPNs is derived from the molecular
design of a monomeric linear polypeptide having about 100 amino acids

-(Fig. 4). Each linear polypeptide is comprised of a pentamericand a
trimeric coiled-coil oligomerization domain joined by a two-glycine
residue flexible linker. These alpha-helical coiled-coils represent a
common protein oligomerization motif stabilized through hydrophobic
interactions occurring along their coiled-coil interface. Both N- and
C-terminal ends of the polypeptides in the assembled complex are
exposed on the surface, allowing for presentation of B cell epitopesin a
repetitive antigen display. Peptide epitopes of B cell, T helper, or CTL
specificity can be molecularly incorporated into polypeptides by the
cloning of their nucleotide sequences into an expression plasmid used
to express the polypeptides. Following expression in E. coli, the protein
can be purified, refolded, and assembled into nanoparticles having a
diameter of approximately 25 nm. By taking advantage of the increasing
knowledge of this structural class of protein motifs, a growing number
of biological and therapeutic applications are being considered.”®

Mol/er.ular vaccines based on genetic approaches potentially
entailadditional- hazards beyond-those of the-injected material-
(vaccine substa
are synthesized T vivo Tollowing ifijection and host cell entry, and ™
these in turn lead to the expression of protein products, includ-
ing both transgene antigens and incidentally expressed vector
proteins. Because these product are expreséedintfracellularly: the
safety of a given genetic vaccinej canmbt be demonstfated by clini-
cal studies of the exogenous protein encoded by the transgene,
which will remain primarily in the interstitial tissues following
administration. Thus, a candidate malaria antigen that has been
studied in humans as a recombinant protein requires new toxi-
cology studies if subsequently developed as a DNA- or virally-
vectored vaccine.

Each molecular vaccine platform carries its own particular
safety risks. For example, viral proteins and nucleic acids present
in viral vectors display a variety of pathogen-associated molecular
patterns that trigger specific host pattern recognition receptors
to activate the innate immune system. Viral proteins may trigger
TLR 2 and 4 receptors, viral RNA TLR 3, 7 and 8 receptors, and
viral DNA the TLR 9 receptor. Each platform can be expected
to induce different patterns of immune activation and cytokine
release based on its effects on the innate immune system. As an
example of side effects consistent with these known pathways,
we have observed that most recipients of our Ad5-vectored
malaria vaccine, NMRC-M3V-Ad-PfCA, demonstrate transient
dose-dependent reductions in circulating neutrophils and lym-
phocytes, likely due to margination and diapedesis into the inter-

 stitial space of peripherally circulating white cells in response to
the danger signal and resulting cytokine cascade engendered by
the viral capsid or its DNA.2 This occurs during the first few
days following administration of the vaccine and parallels pub-
lished data on the side effects of CpG 7909, a TLR9 agonist,

when administered subcutaneously.?" Likely also associated with
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the intrinsic inflammatory properties of the vaccine components,
adenovirus-vectored vaccines cause fever and other systemic reac-
tions, generally with doses of 1 x 10" particle units or higher.
Additional safety concerns are discussed in Box 3.

In addition to these side effects that are consistent with our
understanding of the vaccine vector, vaccines may cause a range
of unexpected, idiosyncratic reactions based on environmen-
tally-induced or genetic differences among individual recipients
which are difficult to predict. For example, the poxvirus platform
became the subject of concern when sporadic cases of myocarditis
were linked to the administration of replicating vaccinia virus
as part of a smallpox immunization campaign (CDC 2003).
However, a subsequent study of volunteers receiving MVA and
other non-replicating poxvectors indicated that this concern did
not extend to these related poxvirus platforms. Most recently, the
Merck STEP trial suggested a link between naturally acquired
immunity to Ad5 (acquired following exposure to wild-type
virus earlier in life) and an increased risk of HIV acquisition in
uncircumcised men receiving the Ad5-vectored HIV vaccine (see
Box 3).2"' No plausible mechanism to explain this finding has
been established since the STEP trial results were announced
in November, 2007. The finding itself remains unconfirmed by
other studies, as investigators search to identify covariates affect-
ing-the results of the STEP trial thar may-have contributed to

:hi%andiﬁg. ; e — |
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artlculajrly becatse oF ¢ unpredicted side effects such as those
just described, each candidate malaria vaccine based on molec-

“ ular, approaclies needs to be examined carefully for toxicity,

although when a'platfc}»mi is shared by two vaccines (e.g., iden-
tical DNA backbofies;~adenovirus’ or poxvirus vector systems,
etc.), it is appropriate to cross-reference nonclinical and clinical
studies in support of safety. This is true, for example, of the cell
substrate used to produce a vaccine: once safety is demonstrated
and the cell line is qualified for production of vaccines for use in
healthy humans (such as for the PER.C6 or 293-ORFG6 cell lines
used to produce adenovirus vectors), retesting the cell line for
each vaccine may not be required. In addition to careful evalua-
tion in nonclinical studies, the vaccine itself should be designed
with safety considerations prominently in mind. For example,
many malaria antigens contain sequences sufficiently similar to
human sequences (e.g., thrombospondin-like domains?'®#%) that
it is appropriate to conduct BLAST searchest against the human
genome in order to avoid sequences in the vaccine that, due to
homology, might favor integration into the host genome or the
breaking of self-tolerance.

Once a new vaccine or previously-tested vaccine based on 2
new cell substrate has demonstrated safety in appropriate nonclin-
ical studies and is advanced to clinical testing, it is important to
evaluate safety in a very small number of individuals, with a delay
before commencing further immunizations. An example where
this procedure was not followed involved the administration of
TGNI1412, a humanized monoclonal antibody designed as an
agonist to the CD28 receptor on T lymphocytes. Six of the eight
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Box 3. Adenovector Safety: Each molecular platform, and potentially
“each molecular vaccine; is characterized by theoretical safety concerns
that may or may not turn out to be significant in vivo. These concerns
must be rationally addressed prior to clinical testing, potentially by
conducting nonclinical studies, and then monitored closely, to the
extent possible, in Phase | studies. Here are several concerns relating
to adenovirus vectors:

Integration potential; Although adenoviruses infect a wide range of
cell types, their genome remains episomal in the infected host cell and
they lack native integration machinery. A report from the European
Medicines Agency dassified adenovirus as a non-integrating vector.

vectors can randomly integrate into host chromosomes, at frequencies
of 10?2~ 10 per infected cell, when studied in vitro in replicating cells
where active selection was used to detect these events.”*2* This low
rate has limited the usefulness of unmodified, non-replicating adenovi-
ruses as vehicles for effecting permanent gene transfer, but represents
an advantage for their use as vaccine vectors where long-term expres-
sion is not required. The risk of insertional mutagenesis in neighboring
genes resulting from integration events would be expected to be lower
than the rate of integration, since only a small proportion of integration

"events would be expected to result in mutagenesis. : S

; Wild-type adenoviruses can remain

latent in tissues and have been detected in tumors as well as in normal
tissues, although there is no definitive evidence that vectors such as
AdS (Group C adenoviruses) play a causative role in human cancer, %
nor is there evidence of germline transduction.** %! Adenoviruses are
also reported to have transforming (immortalizing) potential in vitro,
including Group C adenoviruses.*22** One approach to addressing this
concern is to delete the regions of the virus associated with transfor-
mation, notably the EJA and EIB genes.” Most adenovectors currently
in the clinic have the EI region of the virus removed and replaced with -
the expression cassette for the transgene. The AdPf5 (Fig. 3) vaccine
also has the E4 and portions of the E3 genes removed.

Merck STEP Trial: The findings in the STEP trial (see text and Buch-
binder et al.2¥) raise central questions about the safety of adenovirus
vectors. Do they indeed increase the risk of HIV infection in those
seropositive for anti-Ad neutralizing antibodies? Since the signal was
detected only in uncircumcised men, could it relate, for example to
the presence of CD4+ T cells and virus incubating under the foreskin

following exposure through sexual contact, and thus remain restricted
"1 to this age, sex and risk group? Is the risk peculiar to Ad5 or would it -
apply to all viral vectors? Would the risk disappear with adenovectors
that express significantly lower levels of viral proteins than the Merck
vector, such as the EI/E3/E4-deleted AdPf5 vector? Until these and
additional questions are answered, it will be prudent to restrict the
testing of adenovectors to seronegative individuals or, if seropositive,
to those individuals who know and have control over their risk for HIV
exposure.

L

- healthy adult subjects receiving the injection in an initial immuni-
zation session developed multi-organ failure associated with a sys-
temic inflammatory response syndrome and nearly died, despite
reportedly unremarkable toxicity observed in rabbits and monkeys
receiving up to 500 times the human dose.” Although this was
a therapeutic monoclonal antibody, not a vaccine, the principle
applies equally to molecular vaccines.

With these considerations in mind, molecular vaccines have
generally been well-tolerated and safe in humans, both malaria-
naive research subjects tested in the US and Europe, and in
malaria-exposed residents of endemic areas. This includes vaccines
based on DNA,!" "2 poxvirus,'? 21528 and adenovirus vectors (only
results of adenovirally-vectored non-malaria vaccines are currently
published!® 7 29221} and prime-boost combinations of DNA
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and poxvirus vectors or DNA and recombinant protein’3® 222224,
Protein-based malaria vaccines employing molecular approaches
covered in this review have also generally proven safe and well-
tolerated, including virus like particles,2°"?2%%27 virosomes?®é 27
and bacterial vectors.'"® Theoretical concerns regarding the induc-
tion of autoimmunity (e.g,, anti-double stranded DNA antibod-
ies), integration into the host genome or germline, or persistence
of transgene expression with resulting untoward effects, have not
materialized. As the electroporation of DNA plasmids to increase
cellular uptake and expression undergoes clinical testing, the ques-
tion of integration into host genomic DNA must remain open,
as electroporation may increase this risk.??® Viral vectors appear
more reactogenic than naked DNA, but still carry an acceptable
tolerability profile. The most extensively studied of virally vectored
vaccine platforms, MVA, has been administered as a prevention
for smallpox (thus without transgenes) to over 120,000 previously
unvaccinated individuals, including elderly individuals, alcoholics
and others with compromised immunity. Only a small proportion
showed any systemic side effects, such as fever and there were no
indications of serious reactions associated with the vaccine.*” In
addition to these clinical studies, a substantial body of literature
has been accumulated regarding animal toxicology, biodistribution
and genomic integration (or lack thereof) of gene-based vaccines
to-support the good-safcty-profiles observed in humans.?0*%

I " Moleculady-based jadjuyants provide'a different set"of chal-
D = RO
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lenges. As with adjiivants used with protein-based vaccines, adju-
vants for gene-based vaccines require extensive safety evaluation.

* After nonclinical studies indicated that the oligonucleotide CPG

17909 significantly enhanced theé-immunogenicity of the recom-
d mdlaria vaccine, AMAL-C1,2% 2 subse-
quent clinic testing raised concerns regarding the frequency of
allergic reactions® and this in turn led to identification and test-
ing of less allergenic formulations.”®® A major step in establish-
ing safety of immunomodulatory adjuvant systems occurred with
the co-administration of plasmids encoding human GM-CSF to
healthy adults as an immunostimulant to improve the potency
of the pentavalent MuStDOS malaria vaccine (a mixture of five
plasmids encoding pre-erythrocytic stage antigens).? Although
a potentially adverse inflammarory response might have been
anticipated following the injection of this human cytokine, the
vaccine/adjuvant combination was well-tolerated, even if non-pro-
tective.?” One of the ways that the safety profile of this vaccine
was assessed pre-clinically was to immunize mice with the vaccine
in a standard toxicology study, but instead of co-administration
with a plasmid encoding human GM-CSF, the mice were given
a plasmid encoding murine GM-CSF to better reproduce a host-
appropriate inflammatory response.?' This illustrates that careful
study design based on purported mechanism may be helpful in
improving the predictive abilicy of non-clinical studies. The case
of TGN1412 monoclonal antibody cited above provides another
example where potential species-specific toxicity profiles misled
investigators, with benign results in animal models failing to pre-
dict life-threatening toxicity in humans.? This principle is an
important consideration for the immunomodulatory components
of a vaccine, since many of these compounds act via a species-
specific mechanism.
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Potential rare side effects of molecular vaccines will remain a
major concern, as their identification ultimately relies upon the
larger sample sizes associated with Phase 3 testing and licensure,
milestones not yet achieved by any gene-based vaccine. Post-
marketing surveillance, key to this process, will be hampered for
malaria vaccines, since many of the target populations reside in
resource-poor countries lacking the capacity to adequately monitor
and report serious adverse events post licensure.

Looking to the Future

Many vaccine developers are currently focusing on molecular vac-
cines. One of the most important reasons for this is their potential
for improved safety and efficacy, especially for the difficult infec-
tious disease targets, such as malaria, HIV and tuberculosis, where
traditional approaches have failed to deliver effective vaccines or
carry unacceptable safety risks. It is comforting for the customer
and satisfying for the vaccine developer to conceive and build a vac-
cine based on known biological mechanisms and precisely defined
molecular targets. This type of immunogen can be manufactured
according to tightly controlled, reproducible processes, yielding a
drug substance where nearly every attribute is defined. Ultimately,
the comprehensive understanding intrinsic to a well-conceived
molecgar vaccine shopld 1mprove/both safety and efficacy, thereby-
_meeting the maj oal;jar vaccine evelopers' !

Anotﬁer/l;nnportant enefit of molecular vaccines fs their agﬂlty
Knowing the mechanism of action allows the design of functional
assays for monitoring vacciné efﬁcacy that can prompdy detect ~
vaccine resistance by the pathogen and enable modification of the
vaccine in a timely way to toé;e te. A reiengiieered immu-
nogen can be placed into the existing expression cassette, and the
improved product manufactured by the same processes as the orig-
inal product.

Ultimately, however, molecular vaccines may be needed because
they are the only way to protect against difficult pathogens, includ-
ing chronic infections like malaria and HIV, where the pathogen
successfully manipulates the immune system to its advantage,
as well as emerging threats, such as pandemic influenza. While
attempring to design and license molecular vaccines for these
pathogens, significant obstacles have been encountered, such as
antigenic polymorphism, the existence of redundant molecular

- pathways, and host genetic restriction. These obstacles in turn
have led to major improvements in molecular technologies. We
now have multiple promising platforms to optimize, a variety of
excellent models for testing, and burgeoning knowledge of innate
and acquired immune responses to inform development efforts.

As illustrated in this review, malaria is playing a crucial role in
the development of molecular vaccines. Many novel technologies,
such as the evaluation of a plasmid encoding human GM-CSF in

_healthy adults, have first been tested against Plasmodium. Malaria
has the advantage of providing an ethical human challenge model,
presenting vaccine developers with rapid feedback regarding effi-
cacy, thereby accelerating the testing of new vaccine concepts.

Looking to the future, one of the main challenges for vaccine
developers is the complexity of malaria proteins as antigens. The
best malaria antigens may prove difficult for the immune system
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to recognize, either because of diversionary strategies or for other
reasons, such as host mimicry (hiding under the umbrella of self-
tolerance), or because evolution has favored amino acid sequences
that bind poorly to MHC molecules. For example, the parasite
exposes immunodominant domains (such as the NANP repeat
of P. falciparum CSP) that, while inducing partially protective
immune responses, also may serve as decoys diverting the immune
response away from subdominant responses that are potentially
more protective. Moreover, epitopes may have evolved to stimu-
late regulatory T cell responses, suppressing rather than enhanc-
ing immunity. The success of molecular vaccines for malaria will
likely require progress in many areas, including the identification
of new antigens, the optimization of vaccine platforms able to
deliver multiple antigens, the development of new, safer adjuvants
and immunostimulants, and the redesign of antigenic targets to
improve immunogenicity.
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