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Introduction

Yersinia pestis, a facultative gram-negative coccobacillus, is the etiological agent of
plague that has been responsible for three pandemics and remains a current concern
as demonstrated by recent outbreaks in Madagascar. Y. pestis infection results in a
severe and rapidly progressing illness that can only be treated with antibiotics.
Unfortunately, natural acquisition of antibiotic resistance has been reported. There
are currently no FDA-approved vaccines. Previous vaccine attempts utilizing live
attenuated strains or whole-cell inactivated formulations, with varying levels of
reactogenicity, conferred short-lived protection against bubonic plague but failed to
provide protection against pneumonic exposure. Utilization of a subunit vaccine
formulation may circumvent some of these whole cell vaccine-associated shortfalls
while enhancing the efficacy and longevity of protection. Here we compare the
immune response of two different subunit vaccine platforms directed against Y.
pestis. The immunogenicity generated by the most advanced subunit vaccine
formulation (rF1V), a chimeric fusion protein of Fraction 1 (F1) capsular antigen and a
type Il secretion system-associated protein LcrV antigen (V), was compared against a
nanolipoprotein particle (NiNLP)-based vaccine, see Figure 1. The NLP vaccine, a
mimetic of naturally occurring high-density lipoproteins, is a lipid bilayer disc
stabilized by amphipathic “scaffold” apolipoproteins and has been shown to be an
effective vaccine platform for subunit antigens targeting multiple disparate
pathogens.
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Figure 1. NiNLPs are prepared by self-assembly, initiated by dialyzing a solution of
apolipoprotein and detergent solubilized lipid. NiNLPs are purified, sterilized, and
lyophilized. Vaccine formulations are prepared by adding his-tagged antigens and adjuvant
prior to vaccination.

Methods

Animal Vaccination: Female, 6- to 8-week-old, BALB/c, mice were obtained from
Charles River (Frederick, MD). The mice (16 mice per group) were vaccinated twice,
subcutaneously, four weeks apart, see Figure 2. Approximately 1 month after the last
vaccine dose, the mice were exposed to aerosolized suspensions, created by a three-
jet Collison nebulizer, of approximately 8 LD.s of Y. pestis CO92 (1 LD, = 6.8 x 10*
CFU). Blood, spleen, and lung samples were collected from each vaccine and control
group at various times before and after aerosol challenge, see Figure 2. Blood and
tissue samples were examined for the presence of colony-forming-units (CFUs),
cytokine/chemokine expression, and antibody titers. In addition, mice were observed
for 21 days post challenge and early endpoint euthanasia was performed in
accordance with approved euthanasia criteria.
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Bacteriology: The tissues collected were weighed and homogenized with disposable

PRECISION™ homogenizers (Covidien, Dublin, Republic of Ireland); the CFU of the
homogenate were determined on sheep blood agar plates. Undiluted homogenate
and 10-fold dilutions in PBS (Dulbecco's phosphate buffered saline, without Ca++ or
Mg++) were plated in duplicate to determine sterility. The limit of detection was ~10-
100 CFU/ml blood (depending upon the experiment) or 5 CFU/organ.

Antibody Titers: Immunoglobulin (IgG) antibody responses were determined by semi-

quantitative endpoint ELISA using sera from vaccinated BALB/c mice, as previously
described (1). The pure proteins (F1, V, the F1-V recombinant fusion) and y-radiation
inactivated whole cells of Y. pestis CO92 were used as capture antigens at a
concentration of 2 pg/ml and 10 pg/ml, respectively. Two-fold dilutions of the serum
were made in triplicate and the results are reported as the geometric mean
(geometric SEM) of the reciprocal of the highest dilution giving a mean OD of at least
0.1 £ 1 SD at 450nm with a reference filter (570nm). Samples with an antibody titer of
50 or less were considered negative.

Cytokine Levels: Analyte levels were assayed in restimulated splenocytes and in lung
homogenates. Supernatant or homogenates were examined for cytokine expression
by Luminex MagPix 36-plex mouse panel (Thermo Fisher Scientific, Grand Island, NY,
USA) as per manufacturer directions.

Results

Table 1. Fold change in cytokines response in splenocytes prior to challenge from
vaccinated mice relative to sham treated mice that were stimulated with F1V, F1, or V
(Day 55)
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* Inclusion of both F1 and LcrV
in the vaccine formulation
may diminish the cytokine
response to the respective
antigens in the F1:LcrV:NiNLP
+ CpG + Alu vaccinated mice.

Table 2: Total IgG response 28 days post-vaccination in BALB/c mice (Day 55)

IgG Titer ®

Vaccine Groups ° Anti-F1V Anti-F1 Anti-LcrV
PBS (Sham) 50 ( 1.00 ) 50 ( 1.00 ) 50 ( 1.00 )
F1V + CpG + Alu 508,973 ( 1.56 ) 127,243 ( 1.23 ) 320,000 ( 1.56 )
LcrV:NiNLP + CpG 8,492 ( 4.03 ) 50 ( 1.00 ) 13,481 ( 4.65 )
F1:NiNLP + CpG 30,204 ( 1.61 ) 47,946 ( 1.79 ) 50 ( 1.00 )
F1:LcrV:NiNLP + CpG 50,797 ( 1.49 ) 25,398 ( 1.53 ) 28,509 ( 1.55 )
LcrV:NiNLP + CpG + Alu 10227620 ( 1.79 ) 211 ( 3.02 ) 341,044 ( 1.91 )
F1:NiNLP + CpG + Alu 85,430 ( 1.26 ) 111,934 ( 1.37 ) 50 ( 1.00 )
F1:LcrV:NiNLP + CpG + Alu 115,489 ( 1.71 ) 113,137 ( 1.32 ) 142,544 ( 1.22 )

®Values represent geometric mean (Geo Mean) with geometric standard error (GSE).

b .
n =4 animal sera per group.

* NiNLP vaccines, when formulated with Alhydrogel, induce a robust antibody
response against F1V, F1, and LcrV antigens that is comparable to the F1V
vaccine.
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Figure 3. Survival curves of vaccinated and control BALB/c mice (n=9/group) challenged
with 7.65 LD, of Y. pestis CO92 by the aerosol route. (Day 56-77)

* The F1V and F1:LcrV:NiNLP + CpG + Alu vaccinated mice were fully protected
following challenge with CO92. The single antigen F1:NiNLP and LcrV:NiNLP +
CpG + Alu protected ~50% of the mice.

Table 3: Fold change relative to PBS in cytokine responses in lung and spleen
homogenates from mice three days post-challenge with Y. pestis CO92. (Day 59)
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* Following challenge cytokine attenuation was greatest in mice vaccinated with
F1:LcrV:NiNLP + CpG + Alu followed by mice vaccinated with F1V + CpG+ Alu.
Surprisingly, mice vaccinated with F1:NiNLP + CpG had a similar level of cytokine
modulation as the F1V + CpG + Alu vaccinated mice and yet the level of
protection was only ~22%.
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Bacterial load in the lungs is a good indicator of protection provided by the F1V +
CpG + Alu and F1:LcrV:NIiNLP + CpG + Alu vaccines. Similarly, bacterial load in the
spleen is comparable to that of the lungs but multiple logs lower. Surprisingly,
there was no recoverable bacteria in the lungs of F1:NiNLP + CpG vaccinated mice
but a significant bacterial load was present in the spleen.

Conclusions

The most protective vaccine formulations (F1V + CpG + Alu and F1:LcrV:NiNLP +
CpG + Alu) induced a strong total IgG response against F1, V, and F1V proteins.
Both vaccine formulations induced a strong cell-mediated immune response with
induction of Th1-, Th2-, and Th17-related cytokines, although the NLP-based
vaccine induced a stronger cytokine response relative to F1V vaccine.

Much like with the F1V vaccine, the inclusion of Alhydrogel in the NLP vaccine
formulations was critical for enhanced immunogenicity and protection.

Bacterial load in the lungs correlated with hypercytokinemia at 3 days post-
challenge with Y. pestis CO92. The two most protective vaccines also prevented
bacteremia and mitigated bacterial dissemination into the spleens.

Summary

The modularity and lipid bilayer structure of NLPs may offer additional advantages
relative to the chimeric protein formulation with potential for incorporation of
additional protective antigens with adjustable ratios (to manipulate the resulting
immune response) and against multiple pathogens, as well as incorporation of
transmembrane proteins.
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