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Abstract

Subunit antigens are attractive candidates for vaccine development as they are safe, cost-effective,
and rapidly produced. Nevertheless, subunit antigens often need to be adjuvanted and/or
formulated to produce products with acceptable potency and efficacy. Here we describe a simple
method for improving the potency and efficacy of a recombinant subunit antigen by its
immobilization on nickel-chelating nanolipoprotein particles (NiNLPs). NiNLPs are membrane
mimetic nanoparticles that provide a delivery and presentation platform amenable to binding any
recombinant subunit immunogens featuring a poly-histidine tag. A His-tagged, soluble truncated
form of the West Nile virus (WNV) envelope protein (trE-His) was immobilized on NiNLPs.
Single inoculations of the NiNLP-trE-His produced superior anti-WNV immune responses and
provided significantly improved protection against a live WNV challenge compared to mice
inoculated with trE-His alone. These results have broad implications in vaccine development and
optimization, as NiNLP technology is well suited to many types of vaccines, providing a universal
platform for enhancing the potency and efficacy of recombinant subunit immunogens.

Rational design of vaccines, made possible by an enhanced understanding of the
mechanisms that trigger an effective immune response, includes the optimization of
immunogen generation, addition of adjuvants, and improvement of delivery. Numerous
vaccine formulations have been very successful, but no single technology covers the key
requirements of the ideal vaccine, namely impeccable safety, low cost, rapid preparation,
and high potency (1). The three former characteristics are found with subunit antigens (i.e.
purified protein components from pathogen candidates) (2), though these immunogens
suffer from poor potency and thus often are formulated with adjuvants to improved their
immunogenicity (3,4). However, adjuvants themselves can have unwanted side-effects, and
few are approved for use in humans (4). The development of an adjuvant-free technology to
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improve potency through antigen presentation or delivery would accelerate the development
of new subunit vaccines.

Multivalency and shape are likely important determinants of vaccine potency and efficacy
since valency may increase affinity and/or aggregate receptors, leading to activation (5), and
the immune system has likely evolved to react more strongly to particles of the size of
invading microorganisms. Based on these concepts multiple investigators have developed
multimeric, particulate antigens as vaccine candidates against hepatitis B virus and the
human papilloma virus, respectively produced in yeast and mammalian cells to form 10-20
nm diameter particles (6,7). While these approaches have been highly effective and widely
utilized, their multimeric nature is dictated by the properties of the virus-encoded antigens,
and is not readily manipulated to produce vaccines for other agents. Other approaches
utilizing particulate platforms (8,9) to achieve multivalent presentation of antigens have
shown promise, including liposomes (10), nano-scale microemulsions (11), and
nanoparticles (12).

Here we describe a simple method to improve the potency and efficacy of His-tagged
recombinant subunit vaccines using nickel-functionalized nanolipoprotein particles
(NiNLPs) as a versatile antigen presentation and delivery platform to improve immune
response to subunit antigens without requiring adjuvants (Figure 1). To harness multivalent
and particulate characteristics for a universal vaccine platform, NiNLPs represent a
promising technology. NLPs, also referred to as reconstituted high or low density
lipoproteins (rHDLs and rLDLs, respectively), are self-assembled, nanometer-sized
discoidal particles comprised of lipoproteins and phospholipids (13-15). The lipoproteins
are amphipathic, a-helical bundles. Upon lipid binding, the hydrophobic faces of the helices
bind the exposed hydrophaobic core of the phospholipid bilayer, effectively protecting the
lipid patches, producing discrete, soluble particles. The versatility of these biological
nanoparticles is underscored by the ability to form NLPs with different apolipoproteins
(13,16,17) and lipids (13,18,19), including functionalized lipids (20-22). Traditionally,
NLPs have been used as model membrane mimetics for stabilizing and studying membrane
proteins (23-27), although diagnostic (21,22,28) and drug delivery (29-34) applications
have also been explored.

We recently reported the facile functionalization of NLPs by incorporating lipids featuring
nickel-chelating headgroups during the assembly process (20). The resulting particles
present a lipid bilayer surface decorated with chelated nickel ions capable of binding
recombinant proteins incorporating a poly-His peptide (Figure 1). NiNLPs were prepared by
incubating a human apolipoprotein (apoE422K) with a cholate-solubilized mixture of 1,2-
dimyristoyl-sn-glycero-3-phosphocholine (DMPC) and the nickel-chelating lipid 1,2-
dioleoyl-sn-glycero-3-{[N(5-amino-1-carboxypentyl) iminodiacetic acid]succinyl} (nickel
salt) (DOGS-NTA-Ni). A 9:1 molar ratio of DMPC to DOGS-NTA-Ni was used to ensure
that 10% of the NiNLP bilayer lipids feature chelated nickel (20). After dialysis to remove
excess cholate, the assembled NiNLPs were purified by size exclusion chromatography
(SEC) (Figure 2a). SEC fractions were subsequently analyzed by nondenaturing gradient gel
electrophoresis (NDGGE) to identify fractions containing homogeneous populations of
NiNLPs, which were then pooled. This approach yields NiNLPs of high purity and
homogeneity, as assessed by native gel electrophoresis (Figure 2a, inset). Atomic force
microscopy (AFM) confirmed the discoidal nature of the NiNLPs, and indicated an average
diameter of 23.2 + 2.3 nm (see Supporting Information). Based on previous modeling
simulations of apoE422K-based NLPs, the molecular weight of 23.5 nm NLPs is estimated
at 860 kDa (35), whereas the approximate molecular weight extrapolated from native gel
mobility was ~500 kDa (Figure 2a, inset). This discrepancy is due in part to the effects of
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lipid composition on NLP native gel migration (unpublished observations) as well as the
comparison of discoidal NLPs to globular molecular weight markers (35).

To determine the ability of NiNLP technology to enhance the antigenicity of recombinant
protein immunogens, the envelope protein (E) of West Nile virus (WNV) was identified as a
candidate immunogen. Flaviviruses are responsible for serious diseases, including
encephalitis (caused by WNV and Japanese encephalitis virus) as well as hemorrhagic
fevers (caused by yellow fever virus and dengue viruses) (36). Two types of vaccines are
currently available against flaviviruses: live-attenuated vaccines (LAVs) and formalin
inactivated vaccines (INVs). While effective, LAVs are not recommended for all individuals
and has been associated with adverse side effects (37). INVs are considered to be a safer
type of vaccine, although multiple doses are required to induce high and long-lasting
immunity (38). Therefore, safer and more potent vaccines need to be developed.

Vaccine-induced immunity to flavivirus infection has been linked to the E protein (36). In
particular, vaccines based on subviral particles, characterized as 25 nm-diameter cell-
derived lipid bilayers coated with E, have been effective against live viral challenges (39—
44). These studies have confirmed the potential of subviral particles as vaccine candidates,
but they are currently limited to vaccine formulations against viral targets. Recombinantly-
expressed E protein has been shown to elicit immunity, however only in the presence of
various adjuvants (45-48). A broadly adaptable platform for the presentation of antigens
from a wide range of pathogens (e.g. viruses, bacteria, and parasites) in the absence of
adjuvants would therefore present an important complementary approach to vaccine
delivery. To adapt the E protein as a model antigen for use with the NiNLP platforms, a
truncated variant of E, in which the native C-terminal membrane-binding domains were
substituted with a poly-histidine tag (trE-His), was used in this study (49).

We have previously shown that His-tagged proteins are readily immobilized on NiNLPs
(20). To verify that WNV trE-His was successfully bound to the NiNLPs after 45 minute
incubation at room temperature, samples were isolated post-conjugation by centrifugal
separation using a 100 kDa molecular weight cut-off filter. By this approach, all NiNLP
constituents, including apoE422K and any immobilized proteins, are retained by the
membrane whereas unconjugated proteins are removed. Analyses of total (T) and retentate
(R) samples by SDS polyacrylamide electrophoresis are shown in Figure 2b, documenting
that 1) the NiNLP was retained by the filter, 2) trE-His alone freely passed through the filter,
3) trE-His incubated with NiNLP was retained by the filter, and 4) the presence of EDTA in
the mixture disrupted the association of the NiNLP with trE-His, permitting the trE-His to
pass through the filter. AFM was used to independently verify immobilization of trE-His on
the NiNLPs. An increase in NiNLP height was measured only in the presence of trE-His. No
height increase was observed between trE-His and NiNLPs in the presence of EDTA (see
Supporting Information).

To determine whether NiNLP conjugation enhanced the immunogenicity of the trE-His to
elicit WNV-specific immune responses, a pilot study was performed in 6-week-old mice.
The groups of 5 mice were vaccinated once (i.e. no boost) with formulations containing 2.5
g total trE-His protein, either as free protein (trE-His alone) or conjugated to the NiNLPs
(NINLP-trE-His). In addition, groups of animals were vaccinated with diluent or NiNLP
alone. Figure 3a shows the results of the serological trE-His responses detected in the
animals in these groups 3 weeks post-vaccination. At this dose, only the sera from mice
vaccinated with NiNLP-trE-His produced readily detectable 1gG responses to trE (Figure
3a). The large standard deviations in the 1gG responses are indicative of variable responses
by individual mice, rather than experimental error of the ELISAs (see Supporting
Information). No response against apoE422K was detected by ELISA assays (data not
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shown), suggesting that apoE422K is either not immunogenic in mice or that too little
protein is used in NLP formation so an immune response is not observed. To test the ability
of NiNLP conjugation to increase the efficacy of trE-His, the animals in this pilot study
were challenged with 1,000 ffu of live WNV NY99 (corresponding to 10 LDsg in 8-week-
old mice) two weeks after the collection of sera (5 weeks post vaccination, 11 weeks old),
and observed daily for three weeks. The Kaplan-Meier survival curve shown in Figure 3c
shows that all mice inoculated with the NiNLP-trE-His preparation survived to 21 days post
challenge when the experiment was terminated (at which time none of these animals
displayed any morbidity — including weight loss, Figure 3e). All of the animals in the other
groups succumbed to infection with the exception of two animals that received trE-His, and
one animal in each of the NiNLP or diluent groups.

To further assess the efficacy of NiNLP-trE-His, a larger trial using 5-week-old mice in
groups of 10 animals was conducted. As with the pilot study, 2.5 g total trE-His protein,
either as free protein or as NiNLP-trE-His, were administered in a single dose. Serological
responses were determined 4 weeks after vaccination, and the results mirrored those of the
pilot experiment; only those animals receiving the NiNLP-trE-His constructs produced
detectable 1gG responses to trE (Figure 3b). In contrast to the pilot study, animals were
challenged 4 weeks after vaccination. However, the exact same challenge dose used in the
pilot study (1,000 ffu of live WNV) was administered. The animals were monitored for 21
days for signs of morbidity and mortality. Importantly, 90% of animals (9/10) receiving the
NiNLP-trE-His inoculum survived (Figure 3d) with no indications of morbidity (weight loss
of more than 5%, paralysis, ruffled fur, or inactivity) (Figure 3f). Among the animals
receiving the unconjugated trE-His subunit in the second experiment, 70% (7/10) survived,
however two animals displayed signs of morbidity (Figure 3f). Of the animals receiving
only diluent controls (n=9), only three animals survived.

Taking the health of surviving individuals into account, the two experiments demonstrated a
similar outcome. In the first experiment, 100% of NLP-trE-His treated mice survived and
were healthy (5/5), whereas only 40% of those receiving trE-His alone (2/5) remained
healthy. In the second experiment, 90% of mice receiving the NLP construct (9/10) were
healthy following challenge, whereas only 50% of the trE-His vaccinated mice (5/10)
remained healthy. Application of Fisher’s exact test to the combined 21-day survival data
from the two experiments showed a significant difference between the NiNLP-trE-His
groups and diluent and a significant difference between the NiNLP-trE-His and trE-His
alone (in both cases, p < 0.01).

In order for NLPs to gain general use in the preparation of vaccines, a number of items
require further investigation, including stability, biodistribution, and elimination.
Preliminary stability assessments have demonstrated the ability to lyophilize and rehydrate
NiNLPs with no loss in the ability to conjugate His-tagged proteins (data not shown). In vivo
applications of rHDLs suggest significant stability over the length of the experiments (21).
The in vivo fate of NiNLPs will be an important factor in determining the potential of this
delivery vehicle. NLPs are most likely eliminated through the same pathway as native
HDLs, i.e. processing through the liver. However, toxicology and biodistribution studies are
currently underway to address this issue, as are additional stability and storage analyses.
Since this vaccine preparation does not require infectious agents, inactivation procedures as
well as controlled containment system for infectious agents are avoided, reducing potential
costs significantly. Furthermore, we estimate that the process of NLP formation is scalable
and the eventual cost of NiNLP-based vaccine platforms will reflect benefits of
manufacturing.
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We have demonstrated that the immunogenicity of the trE-His antigen is markedly increased
when conjugated to NiNLPs. This approach is representative of a more general strategy
wherein any protein with a His-tag can be used to generate a NLP-based construct in a
matter of a few hours and can be administered to afford protective immunity. Furthermore,
NiNLPs offer the potential to co-deliver immune stimulators similarly derivatized with a
His-tag, providing for enhanced, specific, rapid immune stimulation at the site of delivery
and uptake of the NiNLPantigen construct.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of NiNLP assembly and His-tagged antigen (trE-His) conjugation.
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Figure 2.

NiNLP characterization and trE-His immobilization. (a) NiNLPs were purified by SEC
(shaded region) and analyzed for purity by native gel electrophoresis (inset). (b) Conjugation
of WNV trE-His antigen to NiNLPs was verified by centrifugal filtration using a 100 kDa
molecular weight cut-off membrane. Total sample (T) and retentate after filtration (R) were
resolved by SDS-PAGE and developed using SyproRuby.
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Figure 3.

NiNLP conjugation increases the potency of WNV trE vaccines. (a), (c) and (e) first
experiment, n=5, (b), (d) and (f) second experiment, n=10. (a) and (b) WNV trE-His ELISA
reactivity of sera from mice collected 21 or 28 days post vaccination (first and second
experiment, respectively) with various formulations, containing either 2.5 pg of trE-His or
no trE-His antigen. Bars represent average OD values obtained from 1:100 dilutions of sera
assayed for reactivity to trE-His using standard methods (37). Error bars represent s.d.
determined from OD values for all animals in each group. (c) and (d) Kaplan-Meier survival
curves demonstrating that NiNLP conjugation improved trE-His efficacy. Animals were
challenged with 1,000 ffu of WNV with various formulations containing 2.5 pg of trE-His
and observed daily for 21 days. Animals that needed to be euthanized due to disease signs
predictive of death within 24 hours were scored as dead the following day (37). (e) and (f)
Morbidity curves reflecting the health of the challenged mice. Individuals were scored as
unhealthy if indications of morbidity were observed (weight loss of more than 5 %,
paralysis, ruffled fur, or inactivity).
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