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We show that a model antigen, ovalbumin (OVA), can be chemically conjugated to the exterior of a small
heat shock protein (sHsp) cage that has structural similarities to virus-like particles (VLPs). OVA-sHsp
conjugation efficiency was dependent upon the stoichiometry and the length of the small molecule
linker utilized, and the attachment position on the sHsp cage. When conjugated OVA-sHsp was delivered
intranasally to naive mice, the resulting immune response to OVA was accelerated and intensified, and
OVA-specific IgG1 responses were apparent within 5 days after a single immunizing dose, illustrating its
utility for vaccine development. If animals were pretreated with a disparate VLP, P22 (a non-replicative
bacteriophage capsid), before OVA-sHsp conjugate immunization, OVA-specific IgG1 responses were
apparent already by 4 days after a single immunizing dose of conjugate in OVA-naive mice. Additionally,
the mice pretreated with P22 produced high titer mucosal IgA, and isotype-switched OVA-specific serum
IgG. Similarly, sHsp pretreatment enhanced the accumulation of lung germinal center B cells, T follicular
helper cells, and increased polymeric Ig receptor expression, priming the lungs for subsequent IgG and
IgA responses to influenza virus challenge. Thus, sHsp nanoparticles elicited quick and intense antibody
responses and these accelerated responses could similarly be induced to antigen chemically conjugated
to the sHsp. Pretreatment of mice with P22 further accelerated the onset of the antibody response to
OVA-sHsp, demonstrating the utility of conjugating antigens to VLPs for pre-, or possibly post-exposure
prophylaxis of lung, all without the need for adjuvant.
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1. Introduction

Respiratory infections are one of the most prominent afflic-
tions in individuals of all ages and immune statuses, signifying
a significant global health concern. Unfortunately, we are cur-
rently unable to provide vaccines against many clinically relevant
lower respiratory tract pathogens, nor are we able to fully pre-
dict the identity of future outbreaks. This global vulnerability
has been clearly illustrated by several epidemics in recent mem-
ory, including the newly emerged coronavirus, SARS-CoV outbreak
of 2002, various influenza strain reassortments (H5N1 “bird flu”
and H1N1pandemic), and bioterrorism events involving pathogen
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aerosolization. Thus, there is an urgent and crucial need for the
development of broad-spectrum, rapidly acting vaccination strate-
gies.

Unlike most other mucosal sites in the body, which are pro-
tected and immunologically shaped by their commensal microbial
communities, the lung is more or less sterile. Therefore, the lung
relies on an intricate network of sentinel dendritic cells, antimicro-
bial secretions, and resident macrophages for defense. Importantly,
immune responses in the lung must be tightly regulated to pro-
mote immunity, while avoiding tissue damage associated with
either the pathogen or the host response. As such, pulmonary
immune responses are quite unique, and as suggested by oth-
ers, the individual history of specific pathogen exposures to the
lungs may contribute to shaping the appropriate ensuing immune
responses to subsequent challenges [1-4]. Here (and elsewhere
[5]), we further demonstrate that virus-like particles (VLPs), which
are unrelated to the antigen of subsequent challenge, can similarly
impact the lung microenvironment, without the associated pathol-
ogy, thereby shaping future immune responses. Many groups have
previously suggested that the lung may provide an important route
of delivery for mucosal vaccination [6-8]. However, the potential
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for utilizing localized mucosal vaccination strategies in the lower
respiratory tract have historically been overlooked, and approaches
which elicit tissue-specific immune responses are just beginning
to be developed. An FDA-approved tribute to the realization of this
strategy is the highly effective Flumist vaccine, which is delivered
intranasally, and provides better comprehensive local immunity
than injectable versions [9-11].

Additionally, the application of nanomaterials to biomedicine is
one of the most exciting and potentially revolutionary applications
of nanotechnology. Here, we describe a mechanism by which we
can enhance primary local immune responses to antigens with-
out the necessity of specific antigen priming. We achieved this
result by intranasally delivering empty virus-like particles (VLPs),
which act to modulate the lung microenvironment, and harness
and focus immune responses. Recent exploration in the utiliza-
tion of nanoparticles [12-14], virus-like particles [15-21], and
viruses which have no mammalian cell tropism, has shown that
these platforms are naturally immunostimulatory, and likely uti-
lize evolutionarily conserved cell surface receptors, thereby safely
engaging immune signaling pathways without replicating [22-26].
Furthermore, many of these strategies are currently on the mar-
ket or undergoing clinical trials, and have already had broad global
impact in safely preventing disease [21,27-29]. Importantly, virus-
like particles can be produced in large quantities, provide a stable
product, often are amenable to lyophilization or freeze-drying, and
are fiscally economical. These features are especially important for
less industrialized nations.

In the following studies we utilize two empty, non-pathogenic
virus-like particles - a small heat shock protein cage nanoparti-
cle (sHsp) and the P22 phage-derived virus-like particle (P22) as
immunomodulatory antigens in both a non-specific pre-priming
scenario, and as a platform for the delivery of specific antigen to the
lung. The small heat shock protein 16.5 (sHsp) from Methanocal-
dococcus jannaschii (a hyperthermophilic archaeon) is comprised
of 24 repeating subunits [30,31]. These subunits self-assemble
to produce an empty cage-like structure, comparable to that of
a virus capsid by virtue of the high symmetry and quaternary
structure [5,32-34]. We have previously shown that sHsp can be
genetically engineered to incorporate cysteine residues, thereby
providing attachment sites for bioconjugation [33,35,36], which
we exploit here for the display of a foreign protein, similarly to
described strategies [37,38]. P22 is a bacteriophage capsid which
infects Salmonella typhimurium (when intact tail fibers are present)
[39,40]. The P22 used here is devoid of both genetic material and
tail fibers, and is therefore composed of only the non-infectious
empty viral capsid. We would like to note here that previously we
have referred to the sHsp nanoparticles as “protein cage nanopar-
ticles” or PCN [5]. However, we now find it to be more descriptive
to classify both the sHsp and P22 as virus-like particles, given their
structural architecture and immunological parallels to other parti-
cles described in the literature. Importantly, neither sHsp nor P22
target known mammalian pattern-recognition receptors, nor do
they infect mammalian cells. And while the immunomodulatory
potential in exploiting non-pathogenic viruses is still in its infancy,
others have begun to describe similar successful strategies [24-26].

P22 and sHsp are herein used as immunomodulatory agents
alone in a lung priming strategy to achieve heightened heterol-
ogous immunity to distinct antigens, such as OVA and influenza
virus; or, in the case of sHsp, as a vaccine delivery platform for a
model antigen, OVA, which we have conjugated (in its entirety) to
the exterior surface of the sHsp cage. This immunization strategy
is advantageous because it accelerates and intensifies the primary
immune response, after only a single dose. We further show that
conjugating a model antigen (OVA) to sHsp elicits an immune
response to OVA which mirrors the response to the sHsp itself.
sHsp conjugation also acts to adjuvant OVA, and the local delivery

of sHsp and antigen complexes induce potent local IgA secretion
in sHsp pretreated mice. Therefore, we show that VLPs (sHsp and
P22) can be used as both immunomodulatory agents by pretreating
the lung and/or as a carrier of antigens, allowing local immuniza-
tion of the lower respiratory tract against a pathogen of interest,
with a single dose. This platform could be useful for both pre- and
post-exposure prophylaxis.

2. Materials and methods

2.1. Production of small heat-shock protein cage nanoparticle
(sHsp)

The small heat-shock protein (sHsp 16.5) was initially puri-
fied as described previously [33]. In a slight modification of the
previously described protocol, the supernatants from 2L of cell
culture were combined and concentrated to 10 mL with a 100k
MWCO amicon filter (Millipore, Billerica, MA) prior to size exclu-
sion chromatography on a Superose 6 column (GE Healthcare,
Piscataway, NJ) so that purification of large amounts of sHsp
could be accomplished efficiently. In order to remove residual pro-
tein contaminants, additional steps were added to the previous
protocol. The fractions containing sHsp from size exclusion chro-
matography were re-concentrated to 10 mL and purified by anion
exchange on a Sepharose Q column (GE Healthcare) using a linear
gradient from 300 mM to 800 mM NacCl in 25 mM HEPES Buffer at
pH 7.3. Following this, the fractions containing sHsp were dialyzed
overnight into 50 mM phosphate, 100 mM NacCl, and 5 mM EDTA, at
pH 7.3, concentrated a third time to 10 mL, and re-subjected to size
exclusion chromatography using a Superose 6 column (GE Health-
care) with the same buffer. For the S121C sHsp variant protein,
tris(2-carboxyethyl)phosphine (Pierce, Rockford, IL) was added to
a final concentration of 2 mM during each amicon concentration
step prior to the FPLC runs to inhibit disulfide formation between
external thiols on sHsp. The sHsp protein concentration was deter-
mined via UV-visible spectroscopy using an extinction coefficient
of A280=0.565 (mg/mL)~! as previously documented [33].

2.2. OVA Preparation

Larger aggregates from commercially available ovalbumin
(OVA) (Sigma-Aldrich, Saint Louis, MO, A5503) were removed by
size exclusion chromatography using a Superose 6 column (GE
Healthcare). Fifty millimolar phosphate, 100 mM NaCl, and 5 mM
EDTA at pH 7.3 was used as an elution buffer. Protein concentrations
were determined by UV-visible spectroscopy using a previously
documented extinction coefficient of A280=0.789 (mg/mL)~! for
OVA [41].

2.3. P22 preparation

The P22 K118C coat and scaffold protein were expressed in
Escherichia coli, purified, and assembled in vitro as described pre-
viously [39]. The purified P22 particles were heated for 20 min at
65°C to remove the scaffold protein, purified on a sephacryl 500
column (Amersham, Piscataway, NJ), and concentrated to 2 mg/mL,
and dialyzed extensively into 50 mM phosphate, 100 mM NacCl, and
at pH 7.2. The P22 concentration was calculated using an extinction
coefficient A280=1.4 (mg/mL)~1.

2.4. Optimization of OVA-sHsp conjugation

To determine the initial conditions for conjugation, a matrix
of linking conditions were tested. All reactions were carried out
in 50mM phosphate, 100mM NaCL, 5mM EDTA, pH 7.3. OVA
(80 L, 7.72mg/mL) was labeled with a 2-fold molar excess of
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each SM(PEG), linker (SM(PEG),, SM(PEG)g, or SM(PEG),) using
a stock solution of 25mM linker in DMSO respectively. These
samples were incubated at room temperature for 50 min, and un-
conjugated linker was immediately removed using Micro Bio-Spin
Columns P30 (Biorad). The labeled OVA samples were combined
with either sHsp S121C or sHsp E102C cages using a 5:1 molar
ratio. The proteins were combined, vortexed, and reacted 1h at
room temperature and overnight at 4 °C. The final sHsp concentra-
tion was 2.34 mg/mL and the OVA concentration was 11.72 mg/mL
in a total volume of 45 pL for each reaction. These reactions were
repeated using a 20-fold excess of each SM(PEG);, linker (SM(PEG)5,
SM(PEG)g, or SM(PEG);,) from a stock solution of 250 mM to label
the OVA.

Prior to conjugation, lysines on sHsp G41C were reacted with
50-fold molar excess of SPDP (Thermo Scientific) per sHsp subunit
by the addition of 500 mM SPDP in DMSO to 2 mL of protein at
2.61 mg/mL. This reaction was stirred for 90 min at room temper-
ature, and the labeled sHsp was purified by Superose 6, and stored
at 4°C overnight. For these reactions, a seven-fold molar excess of
TCEP (Invitrogen) was added to the sHsp-SPDP (above) to reduce
the SPDP, and this reaction was left for 30 min at room tempera-
ture to reduce the disulfides on the linker. UV-visible spectroscopy
was used to monitor the completeness of the reaction as indicated
by increasing absorbance at 324 nm corresponding to the thiopyri-
done product [42]. This sulfhydryl functionalized sHsp was reacted
with OVA (80 L, 7.72 mg/mL) samples labeled with a 2-fold or 20-
fold molar excess of each SM(PEG),, linker (SM(PEG),, SM(PEG)g, or
SM(PEG);) using the protocol described above for the S121C and
E102C reactions. The linking conditions for the sHsp G41C mutant
combined with the OVA contained a final concentration of 30 mM
TCEP. The final sHsp G41C and OVA concentrations were normal-
ized to the conditions used with the other mutants: 2.34 mg/mL
and 11.72 mg/mL respectively, in a total volume of 45 p.L.

2.5. Synthesis and purification of the OVA-sHsp conjugate

A 250 mM stock solution of the commercially labeled cross-
linking reagent SM(PEG)g (Thermo Scientific, Waltham, MA) was
made in DMSO. The OVA was concentrated to 9.75 mg/mL, and
2.0 mL was reacted with a 2-fold molar excess of the linker, added
dropwise to a vigorously stirring solution. The reaction was stirred
for 40 min at room temperature, followed by immediate purifi-
cation of the maleimide functionalized OVA from un-conjugated
small molecule linker by Superose 6 size exclusion chromatography
(GE Healthcare). Immediately after elution, the maleimide func-
tionalized OVA was concentrated to approximately 13.4mg/mL
(using E=0.789 (mg/mL)~1) with a 10k MWCO Microcon filter (Mil-
lipore), and was mixed with sHsp S121C (2.62 mg/mL) for 1h at
room temperature followed by overnight at 4°C.

A molar ratio of 5:1 OVA to sHsp was used to give final
concentrations of 1.34mg/mL OVA and 2.4 mg/mL sHsp within
the linking reactions. Control reactions containing identical con-
centrations of sHsp or linker-labeled OVA alone were run in
parallel. Free sulfhydryls on the proteins were then capped by
reaction with 20-fold excess N-ethyl maleimide (Pierce) per sHsp
subunit for 2h at room temperature. The above procedure was
repeated six times to obtain sufficient yield of the conjugated con-
struct. Similar samples from these reactions were combined, spun
down (5min x 17,000 x g) to remove precipitate, and dialyzed into
25 mM triethanolamine (USB Corp, Santa Clara, CA) at pH 7.3.

The samples were purified by anion exchange chromatography
on a MonoQ column (Amersham Pharmacia) using a linear gradient
of 0M to 500 mM NaCl in 25 mM triethanolamine at pH 7.3 (Fig. S1).
Fractions corresponding to conjugated sample, sHsp and maleimide
functionalized OVA were combined based on SDS-PAGE analysis of
the fractions. The sHsp and maleimide functionalized OVA were

mixed in a 5:1 molar ratio to obtain the mixed sample used for
the in vivo experiments. All the samples were extensively dialyzed
into 50 mM phosphate, 100 mM NaCl, and at pH 7.2 prior to in vivo
experiments. The admixture of OVA and sHsp was comprised of
equal microgram amounts of both sHsp (100 .g) and OVA (57 p.g)
(Sigma-Aldrich) as the conjugated form, and was suspended in
sterile PBS.

2.6. Limulus amebocyte lysate assay

Prior to administration in vivo the endotoxin contamination for
each protein preparation was determined using a limulus amebo-
cyte lysate (LAL) assay (Associates of Cape Cod, Inc.; East Falmouth,
MA). We determined that sHsp alone contained 1.3 pg LPS per
dose, the OVA-sHsp conjugate contained 2.4 ng LPS per dose, the
admixture of sHsp and OVA contained 3.4 ng LPS per dose, the P22
preparation contained 3 ng LPS per dose, and OVA alone contained
619 ng LPS per dose. A second batch of P22 was used for only Fig. 3B,
with the following LAL results: The “LPS-high” P22 contained 8 g
LPS per dose, while the “LPS-low” P22 contained 14 ng per dose.

2.7. Confirmatory analysis

The size distribution of the VLPs was determined using dynamic
light scattering (Brookhaven 90Plus particle size analyzer). For
the Bradford assay, a series of protein standards was made using
BSA (Sigma, A7906). One hundred microliters of Bradford Reagent
(Amresco) was combined with 5 pL of each protein solution, and
samples were incubated for 20 min, and the absorbance was mea-
sured at 315 and 605 nm. Samples were also run on 1 mm SDS-PAGE
reducing gels (15% acrylamide for the running gel, 4% acrylamide
for the stacking gel). The AlphaEaseFC software (Alpha Innotech)
was used to identify bands and calculate the migration distances of
species on the gels.

2.8. Western Blots

Proteins were transferred from the SDS-PAGE gels to Hybond
C nitrocellulose membranes for 2 h at 200 mA. Membranes were
blocked overnight with 5% milk and 0.01% Tween-20 in Tris-
buffered saline, incubated with a 1:10,000 dilution of rabbit
anti-OVA polyclonal antibody or rabbit anti-sHsp antibody (Mil-
lipore) for 3 h. The anti-sHsp antibody was purified from rabbit
serum by ammonium sulfate precipitation. The membranes were
incubated with a ratio of 1:5000 anti-rabbit antibody HRPO conju-
gate to blocking solution for 30 min, and blots were detected using
an Opti-4CN kit (Biorad). Densitometry analysis was done using
AlphaEaseFC software (Alpha Innotech).

2.9. Influenza virus

The influenza virus A/PR8/8/34 was produced at the Trudeau
Institute, Saranac Lake, NY. Briefly, 10-day-old embryonated
chicken eggs were infected for 72 h, and resultant allantoic fluid
was recovered and stored at —80°C until used.

2.10. Mice, pretreatment, and challenges

BALB/c, C57BL/6 or TLR4—/— mice were bred in-house at Mon-
tana State University, Bozeman, MT. At 6-8 weeks of age, male
or female mice were enrolled in described experiments (n=5 per
group). In experiments utilizing intranasal pretreatments, 100 pg
of sHsp (sHspG41C), or P22 were delivered in 50 pL volumes while
the mice were lightly anesthetized under inhaled 5% isofluorane.
Five pretreatment doses were delivered either daily for five days,
or spaced evenly over the course of 2 weeks (both schedules
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produced equivalent results). Importantly, we have extensively
explored potential adverse side-effects on pulmonary function due
to repeated sHsp administration, and have found none [5,34].
Pretreated mice were rested for 72 h, then challenged. In some
experiments mice were challenged with the OVA-sHsp conju-
gate (sHspS121C), the OVA and sHsp (sHspS121C) admixture, OVA
alone, or sHsp alone (sHspS121C), delivered i.n. in 100 pL volumes,
again under light anesthesia. The OVA concentration (0.57 mg/mL),
as determined by UV-visible spectroscopy, was held constant
throughout groups, regardless of conjugation. For subcutaneous
(s.c.) studies, no pretreatment was utilized. Instead, one s.c. dose
of 100 L OVA-sHsp, OVA with sHsp admixture, OVA with alum
(10% AlkSO4) admixture, alum alone (10% AlkSOg4), or OVA alone
(0.57 mg/mL) were injected and antibody titers were measured
over time. For influenza challenge studies, 1500 plaque forming
units (pfu) A/PR8/8/34 influenza virus were delivered in 50 pL i.n.
In experiments to determine the impacts of residual LPS, mice were
similarly pretreated with “LPS-high” P22, “LPS-low” P22, an equal
amount of LPS as in the “LPS-high” P22, or sterile pyrogen-free PBS
in 50 pwLi.n. All mice were then rested, and subsequently challenged
with 100 pg sHspG41Cin 50 pL i.n.

Mice were bled at relevant timepoints, and serum was sep-
arated from whole blood by centrifugation in separation tubes
(Sarstedt; Germany). At indicated timepoints per experiment, mice
were euthanized by intraperitoneal injection of sodium pentobar-
bital (90 mg/kg) and exsanguinated after no pedal response could
be elicited. Mice were then lavaged with sterile PBS with 3 mM
EDTA. BALF and sera were used to determine antibody titers by
ELISA. In some experiments, lungs and tracheobronchial lymph
nodes (TBLNs) were additionally collected and either homogenized
through a wire mesh screen, or digested with agitation in 0.2% colla-
genase (Worthington Biochemical Corporation; Lakewood, NJ) with
DNase (Sigma) at 37 °C for 1 h. Red blood cells were lysed from the
lung homogenates using ACK lysis buffer, washed, resuspended in
FcR block (clone 93), and stained for flow cytometry. Total cells
from each tissue (BAL, lungs and TBLNs) were counted by hemo-
cytometer. In some cases, whole lungs were instilled with OCT
(SakuraFinetek; Torrance, CA), excised, and snap frozen in liquid
nitrogen for histology. All animal procedures were pre-approved
by Montana State University’s IACUC. Experimental results were
confirmed by at least two independent repetitions of similar
design.

2.11. Immunostaining and flow cytometry

Frozen blocks were cut into 5 M sections by cryostat (Leica
Microsystems; Buffalo Grove, IL) and resultant lung sections were
stained for expression of the polymeric Ig receptor (pIgR) with
biotinylated goat anti-mouse pIgR (R&D Systems, Minneapolis, MN)
followed by AF488-streptavidin (Invitrogen, Carlsbad, CA). Con-
trol sections were utilized to determine staining specificity. Images
were acquired on a Nikon Eclipse ES00 microscope (Nikon Instru-
ments, Melville, NY) using Nikon NIS-Elements Imaging software.

Antibodies used for FACS staining of lung and TBLN
homogenates included CD4 (GK1.5), B220 (RA3-6B2), Fas (Jo2),
CXCR5 (2G8), CD138 (281-2), and streptavidin from BD Pharmin-
gen; San Diego, CA; GL7 (GL7),and CXCR4 (2B11) from eBioscience;
San Diego, CA; and ICOS (C398.4A) from Biolegend, San Diego, CA.
FACS data was collected on a FACSCanto (BD) and FACS analysis
was completed using FlowJo Software (Treestar, Ashland, OR).
Briefly, forward and side scatter plots were gated on lymphocytes,
as determined by size and granularity. Lymphocyte populations
were then further analyzed for the expression of appropriate
combinations of surface antigens, based off negative staining
controls. Total cell numbers were then calculated based off total
hemocytometer cell counts for each tissue.

2.12. ELISA

Serum and BALF antibodies levels were determined by ELISA.
Briefly, high-binding polystyrene plates (Corning; Corning, NY)
were coated and incubated with antigen (OVA, sHsp, or influenza
virus membrane preparation) at 37 °C for 3 h, then moved to 4°C
overnight. Plates were washed with PBS with 0.05% tween, and
blocked with nonfat dry milk. Serum samples were diluted at 1:100,
and BALF samples were plated neat (from a 2 mL lavage) in dupli-
cate. For influenza-specific ELISAs, samples were diluted in 2-fold
dilutions to endpoint titer. All ELISAs were then incubated at 37 °C
for 2 h. Plates were again washed and appropriate HRP-conjugated
secondary antibodies (whole IgG, IgG1, IgG2a, IgG2b, IgG2c, IgG3,
and IgA from SouthernBiotech, Birmingham, AL) were added and
incubated for an additional 2 h at 37 °C. Finally, plates were again
washed, developed using TMB substrate (Sigma-Aldrich), stopped
with 1M H3PO4, and read on a SpectraMax Plus plate reader
(Molecular Devices; Sunnyvale, CA) at 450 nm. In some results,
OVA-specific IgG was quantified using the mouse monoclonal anti-
body to OVA (Abcam, Cambridge, MA, ab17292).

2.13. Statistics

Statistical significance was determined by one-way ANOVA with
a Bonferroni post-test of multiple comparisons, or in some cases
an unpaired t-test was used. Significance was indicated by *p <.05,
**p<.01, **p<.001, or ****p<.0001. In some graphs (*) symbols
are replaced by other symbols for clarity in comparison between
multiple groups, but the number of symbols always corresponds
to the appropriate p-value as described above for the asterisk, and
explained in individual figure legends.

3. Results
3.1. Conjugation of OVA to sHsp

We carefully optimized conditions for the conjugation of the
45 kDa model antigen, ovalbumin (OVA), to the exterior surface
of the sHsp. Our analysis revealed differences in conjugation effi-
ciency dependent on the length of the small molecule linker, the
stoichiometry of linker utilized, and the position of the reactive
groups on the sHsp architecture. We chose conditions that pro-
vided the best yield of the conjugate product, while avoiding the
formation of protein aggregates, to prepare the conjugated sample
for in vivo experiments (see supplemental materials).

For preparation of the samples for administration to the lung,
OVA was conjugated to the exterior of the sHsp S121C. A commer-
cially available hetero-bifunctional cross-linking reagent SM(PEG )g
was reacted with the lysines of OVA (Figs. 1 and S3A) to produce
maleimide-functionalized OVA (Figs. 1Aii and S3B). Immediately
following the labeling of OVA with SM(PEG)g, unreacted small
molecule linker was removed via size exclusion chromatography,
and the maleimide-functionalized OVA (Fig. 1Aii) was reacted with
sulfhydryl groups present on the sHsp S121C (Fig. 1Ai) to produce
the OVA-sHsp conjugate (Fig. 1Aiii). Subsequent to conjugation,
unreacted sulfhydryls on the sHsp S121C were capped by reac-
tion with N-ethyl maleimide to inhibit disulfide formation, and
the samples were further purified by anion exchange chromatog-
raphy, which effectively separated free OVA from the sHsp S121C
and OVA-sHsp conjugate (Fig. S1).

3.2. Characterization of the OVA-sHsp conjugate
The protein conjugates (OVA-sHsp) were detected on SDS-PAGE

gels. As a comparison to the OVA-sHsp conjugate, samples contain-
ing sHsp, maleimide functionalized OVA, and an admixture of sHsp
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Fig. 1. OVA was conjugated to the sHsp S121C platform. The cross-linking methodology utilized to create the OVA-sHsp conjugate is shown (A). Ovalbumin was initially
reacted with a commercially available crosslinking reagent, SM(PEG)s, to produce a maleimide functionalized OVA (Aii) with n number of linkers attached. The functionalized
OVA was reacted with sufhydryls on the sHsp S121C cage (Ai) to yield an OVA-sHsp conjugate (Aiii). The samples used for in vivo administration were analyzed by SDS-PAGE
(B), and Western Blots with detection for either sHsp (C) or OVA (D). The lanes for each panel correspond to: sHsp S121C (i), OVA (ii), OVA-sHsp conjugate (iii), and an

unlinked admixture (iv) of sHsp S121C (i) and OVA (ii).

and OVA were prepared. The admixture was prepared in a ratio of 5
OVA per 1 sHsp cage, and the OVA concentration within each sam-
ple was normalized to 0.57 mg/mL by UV-visible spectroscopy. The
sHsp oligomeric complex dissociates into subunits under SDS-PAGE
conditions, and a corresponding protein band (16.5 kDa) migrated
close to the bottom of the gel (Fig. 1Bi). Also OVA appeared as two
bands - whole OVA (45 kDa), and cleaved OVA (40.1 kDa) (Fig. 1Bii),
as previously described [43]. Protein bands at higher molecular
weights (>62 kDa) in Fig. 1Biii represented a polydisperse species
of conjugated OVA-sHsp, and were later combined in total for use
as the OVA-sHsp conjugate in vivo (further described below).

To determine if both OVA and sHsp were present in the upper
bands of the sample in Fig. 1Biii, we performed Western Blot anal-
ysis using anti-sHsp (Fig. 1C) and anti-OVA (Fig. 1D) antibodies.
Reactivity to both sHsp and OVA antibodies within the upper bands
of the conjugated sample alone (Fig. 1Ciii and Diii) indicated the
conjugation of OVA to sHsp. A semi-quantitative Western Blot
(Fig. S4) suggested an average ratio of 2.6 OVA per sHsp cage within
the conjugated sample. The total protein concentration of the con-
jugated (0.99 mg/mL), admixed (0.82 mg/mL), sHsp (0.61 mg/mL),
and OVA (0.66 mg/mL) samples used for in vivo experiments were
confirmed via Bradford assay.

The molecular weights of the bands corresponding to the
OVA-sHsp conjugates were determined based upon their migra-
tion distance on SDS-PAGE gels (Figs. 1B and S5), and densitometry
analysis (not shown). Protein bands corresponding to covalent
conjugation between OVA and sHsp subunits on SDS-PAGE gel
were identified by their presence within the conjugated sample
(Fig. 1Biii) and absence within the sHsp (Fig. 1Bi), maleimide func-
tionalized OVA (Fig. 1Bii), and the admixture (Fig. 1Biv) controls. We
detected bands with calculated molecular weights of 58 and 62 kDa
Fig. 1Biii and Fig. S5 that corresponded to the conjugation of a single

sHsp subunit (16.5 kDa) to one cleaved OVA (40.1 kDa) or full length
OVA (45 kDa), respectively. The upper bands detected between 67
and 84 kDa likely resulted from various forms of conjugation of
OVA to sHsp (Fig. S5), and the smear of sample corresponding to
molecular weights 85-150kDa likely represented the conjugation
of OVA to multiple sHsp subunits, as this entire smear reacted to
both anti-OVA and anti-sHsp antibodies on a Western Blot. Thus,
the resultant conjugated OVA-sHsp sample used for immunization
was the culmination of a polydisperse species of OVA-sHsp, with
varying degrees of multivalent array architecture.

We utilized size exclusion chromatography and dynamic light
scattering measurements to probe the native state and size distri-
bution of the particles within the samples used for immunization.
The OVA-sHsp conjugate contained particles that were larger in
size than those in the admixture, sHsp, or OVA. Size exclusion
chromatography indicated that a distribution of larger species was
present within the OVA-sHsp sample (Fig. S6) and by dynamic
light scattering, the OVA-sHsp conjugate showed a larger aver-
age diameter than the maleimide functionalized OVA, sHsp S121C,
or the admixture. The range of average diameters based on the
intensity measurements on the samples repeated seven times were
6.0-9.9 nm for OVA, 15.1-17.3 nm for the admixture, 15.6-18.1 nm
for sHsp S121C, and 29.9-41.0 nm for the OVA-sHsp conjugated
sample (Fig. S7).

3.3. The immune response to OVA-sHsp is quick and intense after
only a single intranasal dose

In our first in vivo studies we determined the potential of
sHsp to serve as a novel vaccine delivery platform by its ability
to facilitate the generation of antigen-specific immunity to OVA.
Simultaneously, we determined how pretreatment of the lung
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Fig. 2. The immune response to sHsp is accelerated and intensified after only a single intranasal dose. Mice were pretreated with P22 or vehicle (PBS), then challenged with
the OVA-sHsp conjugate, the OVA and sHsp admixture, OVA alone, or sHsp alone. At indicated timepoints post-challenge, serum was collected and total OVA-specific IgG
(A) or IgG1 (B) were determined by ELISA, and expressed as either O.D., or concentration (ng/mL). Results in this figure were compiled from two independent experiments
with alternate days of serum collection. Statistics: In (A) (*) corresponds to the P22/OVA-sHsp conjugate group, (#) corresponds to the PBS/OVA-sHsp conjugate group, ($)
corresponds to the P22/OVA-sHsp admixture group, and (&) corresponds to the top 4 traces as compared to the bottom four traces. In (B) the P22/OVA-sHsp conjugate group

was evaluated against each other group and significance is indicated by (*).

with a heterologous VLP, P22, affects the subsequent response
to antigen challenge. BALB/c mice were pretreated with either
P22 or vehicle (PBS) intranasally (i.n.) in five doses and then
allowed to rest for 72h. Mice were then challenged with OVA
conjugated to sHsp (OVA-sHsp), OVA and sHsp separately in
solution (OVA-sHsp admixture), OVA alone, or sHsp alone. Serum
was then collected at a range of timepoints post-antigen challenge
for kinetic analysis. We found that mice which had received the
P22 pretreatment, followed by a single dose of the OVA-sHsp
conjugate, produced high amounts of OVA-specific serum IgG
as early as 4 days post-challenge (Fig. 2A). This combination far
outperformed any of the other treatment scenarios in both rapidity
of antibody production and amount. Interestingly, the next highest
antibody producing group, at early timepoints, was those mice
that had also been challenged with the single dose OVA-sHsp
conjugate, but had been pretreated with vehicle (PBS) only. This
group also produced significantly higher antibody titers than the
remaining combinations, although the response was delayed by
about one day, as compared to those mice which had received
P22 pretreatment (P22/OVA-sHsp conjugate). The remaining
groups however, did not achieve the same peak titers until day 14
post-challenge, if at all, and equal early responses were delayed
by 3-4 days (P22/OVA-sHsp admixture) or more (PBS/OVA-sHsp
admixture), as compared to the P22/OVA-sHsp conjugate group.

This indicated that the OVA-sHsp conjugate is immunologically
recognized differently than is the admixture, and further that this
resulted in accelerated antibody production.

We also determined the absolute concentration of the OVA-
specific IgG1 response to the same pre- and post-treatment
combinations (Fig. 2B). Consistent with our other results, mice that
were pretreated with P22, then challenged with the OVA-sHsp
conjugate, produced OVA-specific serum IgG1 in significant levels
by day 5, and the quantities increased over the next nine days.
Second best at producing high quantities of antibodies were both
those mice which had received the control (PBS) pretreatment,
but had been challenged with the OVA-sHsp conjugate, and those
mice which had been pretreated with P22, then challenged with
the sHsp and OVA admixture, which were measurable by day 7
post-challenge. Again, by day 14 post-challenge, the amounts of
OVA-specific IgG1 were converging in only those groups in which
the sHsp was delivered with OVA. Importantly, two additional
conditions further heightened and accelerated the initiation of anti-
body production—heterologous VLP pretreatment with P22, and
the physical conjugation of OVA to sHsp. While we will further dis-
cuss the impacts of pretreatment on subsequent challenge, we have
demonstrated here that we can elicit an accelerated and intensified
immune response to a weak antigen, in a single dose, by covalently
conjugating it to sHsp.
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3.4. The conjugation of an antigen to sHsp results in the
generation of the same immune response to that antigen as sHsp
itself

We have previously demonstrated that the priming of the lung
with sHsp elicits an enhanced immune response to a subsequent
pathogen challenge [5]. However, we had yet to define the immune
response to sHsp itself. Therefore to determine the rate and
intensity of the sHsp-specific antibody response we again pre-
treated mice intranasally with P22, or vehicle. Mice were then
rested for 72 h, and challenged with the OVA-sHsp conjugate, the
OVA and sHsp admixture, OVA alone, or sHsp alone. We then eval-
uated the sHsp-specific serum antibody response over 14 days
post-challenge (Fig. 3A). We found that after only one challenge
dose, all mice exposed to sHsp generated strong sHsp-specific IgG1
responses, which peaked as early as day 5 post-challenge in mice
which had been pretreated with P22. Mice that did not receive
P22 pretreatment were again two days delayed in the produc-
tion of similar amounts of sHsp-specific antibody. However by day
7 post-challenge, all groups (except control OVA-only challenged
mice) had generated similar levels of systemic sHsp-specific IgG1
in response to a single intranasal dose of sHsp antigen. Thus, the
above-described OVA-specific response (Fig. 2) mirrors the accel-
erated kinetics of the sHsp-specific response, indicating that sHsp
facilitates a carrier effect that results in an immune response to OVA
that is similar to the response to the sHsp in both onset of antibody
production and quantities produced.

Because our samples were purified from an E. coli expression
system, we examined whether or not the heightened antibody
responses observed were amplified by the residual LPS contained
in our VLPs. We pretreated mice with either “LPS-low” P22, “LPS-
high” P22, an equivalent amount of LPS as contained in the
“LPS-high” P22 preparation, or sterile pyrogen-free PBS in five
daily intranasal doses, as above. Mice were then challenged with
sHsp alone, and serum was collected over 8 days to evaluate
total anti-sHsp IgG. Importantly, we found that both “LPS-low”
and “LPS-high” P22 elicited an equally enhanced early antibody
response to the heterologous VLP challenge, while mice which
were pretreated with LPS did not (Fig. 3B). In addition, we pre-
treated TRL4—/— or C57BL/6 mice with sHsp or PBS and challenged
all mice with high-dose influenza virus. Importantly, only those
mice that had been pretreated with sHsp were protected from
influenza-induced body weight loss, regardless of their ability to
respond to LPS (Fig. S2). These results indicated that the observed
heightened immunity in VLP pretreated mice was not dependent on
contaminating LPS.

3.5. sHsp can act as an adjuvant in the lungs

Next, to determine how the addition of sHsp, either delivered
as a conjugate or an admixture with OVA, could act as an adjuvant
for the immune response in the lungs, we pretreated mice with PBS
only, and subsequently challenged them with the OVA-sHsp con-
jugate, admixture, or OVA alone, as described above. At day 7 post-
challenge, we determined the level of OVA-specific serum IgG sub-
classes, and found that both the conjugated and admixture prepara-
tions of OVA elicited high-titer serum antibody O.Ds., while no such
response to OVA alone was seen (Fig. 4A). Interestingly however,
the OVA-sHsp conjugate promoted accelerated class-switching to
IgG2a, IgG2b and IgG3 while only IgG1 was significantly detected
for the admixture. To further determine the early events of isotype
switching, we pretreated mice with either sHsp or vehicle, and chal-
lenged with the OVA-sHsp conjugate, or admixture. At days 0, 4,
and 6, serum was collected and the OVA-specific IgG subclasses
were determined by ELISA. We found that OVA-specific total IgG
and IgG1 production was quicker by about two days in mice that

had been pretreated with sHsp and challenged with the conjugated
OVA-sHsp (Fig. 4B and C) as compared to the other treatments.
The early IgG1 response in this group then translated into an
enhanced production of class-switched IgG2a and IgG2b at day 6
post-challenge (Fig. 4D and E). This extent of isotype switching was
not fully realized in any other group. Interestingly however, the
enhanced class-switching capacity appeared to be more dependent
upon the structure of the challenge antigen (OVA-sHsp conjugate
vs. admixture) than the pretreatment with sHsp. Mice which had
received only PBS pretreatment and had been challenged with the
OVA-sHsp conjugate generated significantly higher IgG1, 2a, 2b,
and IgG3 titers at day 6 post-challenge than those which were chal-
lenged with the admixture of sHsp and OVA (Fig. 4C-E and G). Very
little IgG2c was produced at any timepoint (Fig. 4F). Thus, sHsp acts
as an adjuvant when mixed with OVA and acts as a carrier when
conjugated to OVA, resulting in unexpectedly potent antibody titers
as early as 4 days after a single immunization in naive mice.

Because we found that sHsp is a strong mucosal adjuvant, we
next determined if sHsp would elicit a similar response when
delivered to a non-mucosal site. We subcutaneously (s.c.) injected
naive mice with either the OVA-sHsp conjugate, the OVA and sHsp
admixture, OVA alone, or OVA with its classical adjuvant-alum. We
then determined the resultant serum antibody responses and found
that when conjugated to antigen, sHsp acts as a strong adjuvant
to OVA to produce an accelerated OVA-specific antibody response
as early as day 5 post-challenge, while OVA-alum responses are
delayed by two days comparatively (Fig. 4H). Again, the OVA and
sHsp admixture elicited high titer antibody responses, as did the
OVA and alum admixture, however, these combinations required
more time to produce similar results. Taken together, sHsp conju-
gated to antigen acts as a carrier and elicits an accelerated antibody
response to that antigen when delivered to several immunologi-
cally distinct sites.

3.6. sHsp-treatment induces local IgA responses

Growing recognition of the importance of site-specific immu-
nity at mucosal surfaces [7], as well as tailoring immune responses
per tissue [44-47] led us to determine whether pretreatment with
sHsp or the conjugation of sHsp to OVA affects local IgA produc-
tion. After pre-treatment with sHsp or PBS, and challenge with
either the OVA-sHsp conjugate or the admixture, lung lavage flu-
ids contained high levels of mucosal IgA and IgG in only those
mice pretreated with sHsp (Fig. 5A and B). Local IgG production
was further enhanced by the conjugation of sHsp to OVA (Fig. 5B).
Notably, while many of our results demonstrate that the admixed
OVA and sHsp preparation does not elicit the same enhancement
as the conjugate, here, the admixture is equally potent in initiating
mucosal IgA responses (Fig. 5A). sHsp thus serves a dual role—first
as an immunomodulatory agent during pretreatment, and second,
as an adjuvant for specific antigens. Furthermore, we found that the
pretreatment of the lung with sHsp caused an upregulation of the
polymeric Ig receptor (pIgR) on lung epithelial cell surfaces prior
to antigen challenge (Fig. 5C). Thus, the capacity for the release
of local secretory IgA into the airway lumen is enhanced by sHsp
pretreatment.

3.7. sHsp pretreatment of the lungs enhances influenza-specific
antibody responses and changes the lung environment, making it
more conducive to local antibody responses

We have previously shown that sHsp pretreatment of mice
subsequently infected with influenza, accelerates the onset and
intensity of an influenza-specific IgG response similar to how sHsp
pretreatment enhances the antibody response to OVA-sHsp [5].
We then determined whether sHsp pretreatment also affected the
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Fig. 3. The conjugation of an antigen to sHsp results in the generation of the same immune response to that antigen as sHsp itself. In (A) mice were pretreated with P22
or vehicle (PBS) i.n. All mice were then challenged with either the OVA-sHsp conjugate, OVA and sHsp admixture, sHsp alone, or OVA alone. At indicated times, serum was
collected and sHsp-specific IgG1 was measured by ELISA (A). In (B) mice were pretreated with “LPS-high” P22 (8 j.g LPS per dose), “LPS-low” P22 (14 ng LPS per dose), an
equivalent amount of LPS alone (8 ng per dose), or sterile pyrogen-free PBS in five doses i.n. All mice were then challenged with 100 pg sHsp and whole serum IgG to sHsp
was determined over 8 days (B). Statistics: In (A), at day 3, the P22/OVA-sHsp conjugate group (*) had significantly higher levels of antibody than the PBS/sHsp group only. At
day 5, the P22/OVA-sHsp conjugate group had significantly higher levels of antibody than both the PBS/OVA-sHsp conjugate (**) and PBS/OVA-sHsp admixture (*) groups.
Additionally, the P22/OVA-sHsp admixture and P22/sHsp groups had significantly higher levels of antibody than the PBS/OVA-sHsp conjugate group (## and #, respectively).
In (B) at day 4 all groups had produced significantly more antibody than the LPS pretreated group where both P22 groups (“LPS-high” and “LPS-low”) were *** p<.001, and

PBS was * p<.05 comparatively to the LPS group.

kinetics of antibody class switching after influenza infection as it
does with OVA-sHsp. In mice pretreated with sHsp or control, then
challenged with 1500 pfu mouse-adapted PR8 (H1N1) influenza
virus, we determined the corresponding endpoint-dilution titer
of influenza-specific IgG subclasses in the local BALF, and found
that, as had been expected due to the OVA results, influenza-
specific BALF IgG was enhanced both in titer and in the rate of
class-switching in mice which had been exposed to sHsp prior
to infection (Fig. 6A-F). Thus, sHsp pretreatment similarly affects
antibody responses to a model antigen and a pathogen-associated
antigen.

We next determined how sHsp pretreatment modulates the
lung environment. We pretreated mice with sHsp, then challenged
with influenza. We found that sHsp pretreatment stimulated the
formation of germinal centers (GC) in the lung and enlarged GC
B cell areas in the tracheobronchial lymph node (TBLN) (Fig. 7A

and B). In both tissues, GC B cells were more prevalent by at least
one log in sHsp-primed mice before infection, indicating that the
microenvironment within the lung and local lymph node had been
stimulated to adjust to the current antigenic exposure. We also
found that T follicular helper (Tgy) cells were more abundant in
both the lungs and TBLNs of sHsp-primed mice (Fig. 7Cand D). Thus,
germinal center reactions were more easily facilitated within the
lungs and local lymph nodes of sHsp-primed mice. Over the course
ofinfection, a clear advantage in GC organization and establishment
was observed as both GC B cells and Tgy cells retained significantly
higher numbers in sHsp-primed mice as opposed to controls. Thus,
highly active GC reactions, complete with Ty cell help, were likely
facilitating the enhanced antibody isotype switching and elevated
antibody production.

Given that GC's are enhanced, we also stained for the pres-
ence of plasma cells, as defined by their lymphocyte size and
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Fig. 4. sHsp can act as an adjuvant in the lungs. In (A), all mice were pretreated with PBS i.n., and then challenged with the OVA-sHsp conjugate, OVA and sHsp admixture,
or OVA alone. Serum IgG subclass titers were then determined by ELISA at day 7 post-challenge. In (B)-(G), mice were pretreated with either sHsp or vehicle (PBS) i.n., then
challenged with the OVA-sHsp conjugate, or the OVA and sHsp admixture. At days 0, 4, and 6 serum was collected and total OVA-specific IgG subclasses were determined by
ELISA. In (H), mice were not pretreated, but were challenged s.c. with the OVA-sHsp conjugate, OVA and sHsp admixture, OVA and alum, OVA alone, or alum alone. Serum
was then collected over 28 days, and OVA-specific serum IgG was determined by ELISA. Statistics: For (A) (*) denote the PBS/OVA-sHsp conjugate group as compared to the
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Significance was not denoted for differences against alum alone.

morphology, loss of B220 and CD19, with or without CD138 (syn-
decan) expression, and the upregulation of CXCR4 (Fig. 7E and F).
Interestingly, we found that in the lung, plasma cells at day O,
assumedly secreting antibody against sHsp, were markedly more
abundant in primed mice. However, the number of cells present
rapidly declined over the course of the influenza infection, which
may represent profound plasticity in the specificity of the inhab-
itants of GC areas of the lung (as has been described by others)
[48]. In the TBLN, plasma cells were again more numerous before
infection in the sHsp-primed mice. However, here, they remained
elevated as compared to control mice until the resolution of infec-
tion, at which point the plasma cell numbers in the TBLNs of both
groups converged. Unlike the lung however, similar trends were
followed by both groups in the TBLN. We surmise from this data that

sHsp-specific plasma cells in the lung are decreasing, while simul-
taneously, influenza-specific plasma cells are increasing. Therefore,
due to the likely variable rates of influx and efflux, we may
not have exclusively quantified the rate of increase in influenza-
specific plasma cells due to sHsp priming. What remains puzzling
however is how sHsp-specific germinal centers and plasma cells
become influenza- or OVA-specific at an accelerated rate when
compared to control mice. Given our experimental data, we sur-
mise, as have others [2], that the pulmonary microenvironment
adjusts in the context of innate, humoral, and cellular immune
responses in reaction to the menagerie of antigenic exposures
encountered, which are unique to that individual. Thus, sHsp pre-
treatment significantly enhances the efficiency of future immune
responses.
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Fig. 7. sHsp pretreatment of the lungs leads to an even faster response to subsequent antigens. Mice were pretreated with sHsp or vehicle (PBS) i.n., infected with 1500 pfu
PR8, and then sacrificed at indicated times post-infection. Lungs and tracheobronchial lymph nodes (TBLNs) were homogenized and stained for germinal center (GC) B cells
(A and B), T follicular helper cells (TFH) (C and D), or plasma cells (E and F) and total cell numbers were quantified by FACS and cell counts.

4. Discussion

We have shown previously that sHsp pretreatment induces pul-
monary changes that protect against a subsequent challenge with a
variety of pathogens, and additionally sHsp pretreatment decreases
tissue damage, while accelerating viral clearance [5]. We demon-
strate here that both sHsp pretreatment, and the conjugation of
sHsp to an antigen of interest, provided enhanced immunity, by
likely distinctimmunological mechanisms. Pretreatment with sHsp
elicited the organization of GCs in the lungs and TBLNs, which
then functioned to accelerate and intensify the onset of antibody
production. Most importantly, pre-priming of the lung with sHsp
elicited an enhanced mucosal IgA response, and the upregulation
of epithelial pIgR. This response is not dependent upon the physical
conjugation of OVA to sHsp, as the OVA and sHsp admixture elicited
IgA production equally well. For local BALF IgG production, however
while sHsp pretreatment seemed to be the factor majorly respon-
sible for the enhanced antibody titers, the conjugation of sHsp

to OVA also contributed. Finally, heterologous VLP pretreatment
was equally efficient at eliciting heightened immunity, as demon-
strated with P22 pretreatment followed by OVA-sHsp challenge,
and sHsp pretreatment followed by influenza challenge. While het-
erologous immunity has been extensively described in both the
context of cross-protective immunity, and inappropriate or harm-
ful skewing, the underlying mechanisms are still incompletely
defined [1-3,48-51]. We demonstrate here that pretreatment of
mice with non-pathogenic VLPs stimulated immunity through
some type of priming, which resulted in a subsequent enhanced
response to OVA, and furthermore, facilitated pathogen clearance
and decreased damage in response to viral challenge (Figs. 5 and 6
and Ref. [5]).

In addition to pretreatment, we also demonstrate the utility of
sHsp as a novel vaccine platform through the direct conjugation to
an antigen of interest. In contrast to the conjugation of antigenic
peptides to a multivalent scaffold, we present the conjugation of
an entire protein antigen to the protein cage surface for in vivo
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application. Through this approach, it is possible for the conju-
gated antigen to be seen by the immune system as part of the
VLP, and elicits a response similar to that the VLP elicits. As pre-
vious work has demonstrated that chemical conjugation efficiency
of large unrelated proteins to a viral capsid is inhibited as the size
of the protein is increased [38], conditions for the chemical con-
jugation of the 45kDa OVA to the sHsp cage were optimized for
these proteins. We observed that the attachment position on the
sHsp cage, the length of the chemical linker, and the stoichiometry
of linker labeling affected the conjugation efficiency.

When delivered as an OVA-sHsp conjugate, sHsp acted to
enhance OVA-specific early antibody production. Thus, sHsp acted
as a carrier, causing the OVA-specific response to mirror the sHsp-
specific response in onset of antibody production and quantity
produced. Interestingly, while we have utilized sHsp in two sce-
narios, as a pretreatment, or a vaccine delivery platform, and these
scenarios likely are working through distinct immunostimulatory
mechanisms, the activities of each are not mutually exclusive, and
can in fact, synergize—as the antibody responses to the conjugated
OVA-sHsp are enhanced by the pretreatment with either sHsp or
P22.

While we have yet to define the exact cellular receptors respon-
sible for signal transduction to initiate the immune response to
the VLPs, we hypothesize that the repeating subunits of sHsp or
P22 allow for the ability to crosslink or otherwise engage single or
multiple cellular receptor domains. And as it has been suggested
by others, cell surface integrins on antigen-presenting cells likely
play a role in recognizing viral capsids [22,23,25]. Targeting evolu-
tionarily conserved domains therefore facilitates plasticity in this
delivery system, allowing for the utilization of sHsp conjugation
with other antigens—especially those which have complicated or
precluded the design and manufacture of potent vaccines. Addi-
tionally, the complex geometry of the OVA-sHsp conjugate may be
impacting the resultant immune responses observed. It has been
well demonstrated that the specific geometric display of multiva-
lent antigens significantly heightens immune responses [20,52,53],
and especially B cell recognition [52,54-56], and further, that such
displays may even provide enough co-stimulation to break tol-
erance to self-antigens without the need for adjuvants [55,57].
Thus the arrangement of the OVA-sHsp conjugate may explain the
enhanced class-switching which we observed only in those mice
which received the conjugated form of OVA-sHsp (Fig. 4A-G). We
therefore demonstrate the utility in displaying a poorly immuno-
genic antigen as a multivalent array through the conjugation to a
VLP platform to elicit enhanced specific immunity.

Furthermore, the implications for a single-dose vaccine that
accelerates the antibody response to antigens, producing high titer
antibody within 4-7 days of primary immunization holds signifi-
cant clinical potential. In this regard, new strategies which employ
post-exposure prophylaxis represent an arguably greater demand
than pretreatment, as we continually lose antibiotic options due
to the emergence of resistant strains of bacteria, and are no bet-
ter at predicting future viral outbreaks. Thus, we may be able to
exploit sHsp, conjugated to an antigen of choice, to elicit early
IgA responses. Importantly, few adjuvants currently on the mar-
ket can be safely delivered to the lung, nor do they produce high
titer, site-specific mucosal IgA [58].

We have presented a novel vaccine platform that is amenable
to easy manipulation, facilitating flexibility and broad implications
for vaccination strategies against many types of pathogens. This
type of platform is especially noteworthy, as it may be utilized
as an immunomodulatory agent alone (as in the case of pretreat-
ments), for modifying the current state of immune homeostasis,
or as a carrier and adjuvant for a defined antigen of interest. This
phenomenon of immune homeostasis and skewing has been exten-
sively described in terms of an individual’s history of pathogen

and allergen exposure [3,51]. However, to date few attempts to
harness the potential of immune priming, with or without involv-
ing pathogen-specific epitopes or proteins, have been described
[4]. Thus, we propose that we have identified an approach which
utilizes strategies for priming against undefined broad-spectrum
antigens, and also for delivering a highly efficacious single-dose
vaccine against a defined antigen.

Importantly, we have additionally shown that the route of deliv-
ery (directly to the lung by intranasal instillation) results in the
creation of an immune response that is specifically tailored to that
tissue, and its individual requirements. While concern in purposely
eliciting an immune response in the lung is justified, we and others
[52] indicate here (and elsewhere [5]) that by doing so with VLPs,
the power of tissue-specific immunity can be harnessed to provide
asafe and appropriate response in the context of both the pathogen
(sterilizing immunity), and the protection of lung function. Further-
more, the onset of immunity when the lung is pre-exposed to sHsp
is accelerated, again indicating that the pretreatment with sHsp
impacts the future, unpredictable pathogen challenge. In addition,
we have previously shown that the deposition of VLPs in mouse
lungs has no adverse effects and even attenuates lung hypersensi-
tivity [5].

Virus-like particle and nanoparticle vaccination strategies are
gaining recognition as the next class of safe and effective platforms.
Notably, while many vaccines are expensive to produce, and require
refrigeration, many types of VLPs and nanoparticles are stable,
and easily preserved through freeze-drying, creating opportunities
for distribution that may be otherwise precluded due to cost or
logistics. Therefore, we have herein described a novel mucosal vac-
cination strategy that accounts for tissue-specificity, and exploits
natural immunity to provide accelerated and enhanced antibody
and cellular immune responses to primary antigen challenge.
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