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subunit vaccines
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espite a myriad of advances in
the understanding and de-
velopment of vaccine for-
mulations, safe and effective
vaccines have yet to be discovered for
many pathogens. An excellent example of
such is the malarial parasite Plasmodium
vivax. Not only does this parasite transition
between both extracellular and intra-
cellular states during infection, but it can
remain dormant in the liver and have
greater transmission potential with lower
titers than its more notorious counterpart,
Plasmodium falciparum (1). As a conse-
quence, it is important for a candidate
vaccine to elicit both cellular (Th1) and
humoral (Th2) immune responses that are
potent and long-lived. Although vaccine
antigens have been identified for the ma-
larial sporozoites (2), the resulting im-
mune responses elicited are short-lived
and limited in scope, which is not un-
common for subunit vaccines that do not
contain all of the components of a live-
attenuated vaccine (3). For this reason,
the malarial subunit vaccine is a hallmark
example of a formulation that will require
an appropriate adjuvant capable of
boosting the most relevant immune re-
sponses to be effective. In PNAS, Moon
et al. (4) describe a unique, lipid-based
nanoparticle adjuvant (called an inter-
bilayer-crosslinked multilamellar vesicle,
or ICMV) that could not only be a prom-
ising candidate for prophylaxis against
P. vivax but may even provide clues to
how protective immunity to malaria is
acquired.

Nanoparticle adjuvants seem to be well
suited for making this particularly chal-
lenging vaccine formulation effective. In-
deed, nano- and microparticles are
particularly flexible adjuvants that can
serve as a point source for antigen re-
tention and release in a sustained or even
triggered fashion (5-7). Furthermore, as
shown in the study by Moon et al. (4),
synthetic particles can also be engineered
to exhibit repetitive orientation of antigen
on the surface. The multivalency of this
surface antigen presentation has the po-
tential to generate B-cell receptor cross-
linking and enhanced activation, a phe-
nomenon that has likely been acquired
through evolution to recognize the re-
petitive nature of surface antigen on live
pathogens (8). The result of this synthetic,
multivalent presentation of subunit anti-
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Multivalent display of antigen and TLR4 agonist to an antigen presenting cell (APC) such as a B

cell by a malarial sporozoite and a nanoparticle/adjuvant formulation. (A) P. vivax displays circum-
sporozoite proteins (CSP) prominently on its surface, as well as structures that likely serve as TLR4 ag-
onists (12, 13). Clustering of B-cell receptors is achieved as a result of the natural, repetitive display of the
CSP. This combination of persistent, multivalent antigen presentation in context with particular, para-
site-associated “danger signals” would be recognized by the immune system in a way that would pro-
duce immune responses that are well-suited to combat the parasite. (B) Synthetic ICMVs [as described in
PNAS (4)] can be designed to display a subunit CSP antigen (VMP001) through both sustained release and
multivalent presentation on their surface. When administered along with the TLR4 agonist MPLA, these
nanoparticles produce an immune response that is better suited to combat malaria than when antigen

and conventional adjuvant are delivered alone.

gen on a nanoparticle surface is almost

a full order of magnitude increase in an-
tibody titers compared with using ICMVs
that only encapsulate and release antigen
but do not orient the antigen on the sur-
face (4). Multivalent display also seems to
lead to a more balanced Th1/Th2 response
and may also play some role in the ex-
pansion of antigen-specific, follicular
helper T cells, which are important in de-
veloping B-cell memory. Furthermore,
achieving comparable antibody responses
(with any of the conventional adjuvants
used in this study) required 10 times the
amount of unoriented, soluble antigen
compared with particle-based orientation
of that same antigen. Even then, responses
were short-lived compared with those eli-
cited by multivalent display of the antigen
on a particle surface. It even seems that
the majority of germinal centers (where
B-cell responses are initiated) nucleate
directly adjacent (within 100 pm) to the
particle deposition centers in the draining
lymph nodes. All of these observations
seem consistent with the mechanisms of
a particle-based adjuvant that would orient
pathogen-based immunological cues
around a point source and maintain per-
sistent presentation, effectively mimicking
how a “particle” or piece of sporozoite

PNAS

would be recognized (albeit in a circum-
scribed capacity).

Another fascinating observation is that
oriented presentation of antigen on the
particle surface seems to confer some di-
versity in terms of the specificity of anti-
bodies produced (i.e., what regions of the
sporozoite should be bound by anti-
bodies). In effect, the nanoparticle adju-
vant leads to the production not only of
antibodies that bind to epitopes previously
identified to be required for malarial pro-
tection, but also antibodies for the region I
domain that effectively could deter spo-
rozoite internalization by hepatocytes. It is
unclear exactly how the nanoparticle ad-
juvant produces this effect, but it is spec-
ulated that lower-avidity B cells are
provided with an opportunity to compete
for activation when antigen is displayed
multivalently on a particle surface (4). The
ability of various adjuvants to determine
the diversity of epitope recognition has
also been seen in the past with CD4*
T-cell responses, with depot/particle-
based presentation being suggested as
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a necessary condition (9). Regardless, the
result of vaccination with the ICMVs with
surface-bound antigen is a multimodal
immune response that would block multi-
ple stages of a parasite’s attempt to infect
its host.

The choice of “conventional” adjuvant
(monophophoryl lipid A, or MPLA) used in
this study is also quite interesting. This
particular pathogen-associated molecular
pattern is a chemically modified derivative
of bacterial lipopolysaccharide (10) that
binds to the innate immune activating re-
ceptor TLR4. These types of “danger sig-
nals” can provide an additional piece of
information to effectively inform the im-
mune system “how” it should mount a de-
fense. Unlike other conventional adjuvants,
such as Montanide (incomplete Freund’s
adjuvant) and alum (aluminum hydroxide),
which have both been traditionally sug-
gested to aid in antigen depot and release
(11), the MPLA danger signal may be more
appropriate in the context of a malaria
vaccine because TLR4 is likely activated by
malarial surface moieties during sporozoite
infection (12) (Fig. 14). As further evi-
dence, a prior study suggests that TLR4
activation is a critical event in the de-
velopment of protection from malarial in-
fection, with polymorphisms in TLR4 being
responsible for significantly increased risk
of severe malaria in children (13).

Taken collectively, these observations
may have greater implications than simply
suggesting a viable vaccine formulation for
P. vivax. Specifically, the particle-based
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formulation put forth by Moon et al. in
PNAS (4) represents an interesting form
of adjuvancy whereby the individual com-
ponents are rationally “reorganized” to
mimic the natural presentation of the in-
dividual components of a target pathogen,

Synthetic particles are
particularly attractive
candidates for the next
generation of rationally
designed adjuvants.

resulting in more appropriate immune re-
sponses. In other words, synthetic particles
can serve as a template on which a patho-
gen-derived “packet of information” can
be “encoded” through some combination
of sustained presence at a point source,
oriented presentation on the surface, and/
or addition of relevant danger signals (Fig.
1B). Once encoded into the particle, this
“packet of information” would be “de-
coded” by the immune system through
recognition mechanisms that have been
naturally selected to provide life-saving
protection against natural pathogen par-
ticles. Beyond presentation of various
chemical stimuli, even the geometry and
aspect ratio of the particle itself may be
recognized as important information by
the immune system (14). Overall, synthetic
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particles are particularly attractive candi-
dates for the next generation of rationally
designed adjuvants, given their flexibility
in terms of what can be encoded by the
engineer.

Presently, combinations of synthetic
particles and well-characterized conven-
tional adjuvants (such as the combination
put forth by Moon et al.) may be a superb
way to engineer subunit vaccine formula-
tions to tackle a wide variety of other
pathogens for which safe and effective
vaccines are currently unavailable. Most
certainly, our ever-increasing under-
standing of how our own bodies recognize
pathogens will be the key to unlock even
more advanced adjuvant formulations that
can be increasingly more specific for pro-
ducing a response to a given challenge.
However, until synthetic adjuvants can be
engineered to fully encode the necessary
information to produce robust and cus-
tomized immune responses, these syn-
thetic, particle-based formulations with
intentionally selected conventional adju-
vants seem to be one step closer to tricking
the body into believing that it has been
exposed to the real thing.
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