International Journal of Nanomedicine downloaded from https://www.dovepress.com/

For personal use only.

International Journal of Nanomedicine

3

Dove

ORIGINAL RESEARCH

Improved proliferation of antigen-specific cytolytic
T lymphocytes using a multimodal nanovaccine

Bo Li'?

Michael Siuta'
Vanessa Bright'?
Dmitry Koktysh?*
Brittany K Matlock®
Megan E Dumas'
Meiying Zhu'

Alex Holt!

Donald Stec?®
Shenglou Deng’
Paul B Savage’
Sebastian Joyce®?
Wellington Pham'-2610-12

'Institute of Imaging Science,
Vanderbilt University School

of Medicine, Department of
Radiology and Radiological Sciences,
*Department of Chemistry, Vanderbilt
University, “Vanderbilt Institute of
Nanoscale Science and Engineering,
*Vanderbilt Flow Cytometry Shared
Resource,Vanderbilt University,
®Vanderbilt Institute of Chemical
Biology, 'Department of Chemistry
and Biochemistry, Brigham Young
University, ®Department of Pathology,
Microbiology and Immunology,
Vanderbilt University, *Veterans
Administration Tennessee Valley
Healthcare System, '°Department of
Biomedical Engineering, ''Vanderbilt
Ingram Cancer Center, '?Vanderbilt
Brain Institute, Vanderbilt University,
Nashville, TN, USA

Correspondence: Wellington Pham
Institute of Imaging Science, Vanderbilt
University School of Medicine,

1161, 21st Avenue South, Nashville,
TN 37232-2310, USA

Tel +1 615936 7621

Email wellington.pham@vanderbilt.edu

This article was published in the following Dove Press journal:
International Journal of Nanomedicine

16 November 2016
Number of times this article has been viewed

Abstract: The present study investigated the immunoenhancing property of our newly designed
nanovaccine, that is, its ability to induce antigen-specific immunity. This study also evaluated the
synergistic effect of a novel compound PBS-44, an o-galactosylceramide analog, in boosting the
immune response induced by our nanovaccine. The nanovaccine was prepared by encapsulating
ovalbumin (ova) and an adjuvant within the poly(lactic-co-glycolic acid) nanoparticles. Quantita-
tive analysis of our study data showed that the encapsulated vaccine was physically and biologically
stable; the core content of our nanovaccine was found to be released steadily and slowly, and nearly
90% of'the core content was slowly released over the course of 25 days. The in vivo immunization
studies exhibited that the nanovaccine induced stronger and longer immune responses compared
to its soluble counterpart. Similarly, intranasal inhalation of the nanovaccine induced more robust
antigen-specific CD8* T cell response than intraperitoneal injection of nanovaccine.
Keywords: nanovaccine, dendritic cells, GalCer, inhalable vaccine

Background

The induction of robust antigen-specific cytolytic T lymphocytes is a fundamental
step in anticancer immunotherapy.!? The activation of T cells can be achieved only
when their surface receptors are exposed to antigens presented by antigen-presenting
cells (APCs) and simultaneous engagement of costimulatory molecules on T cells and
APCs. APCs include macrophage cells, B cells, and dendritic cells (DCs); however,
only DCs are capable of activating naive T cells, an action vital for the generation of
adaptive immunity.** DCs are among a few other cells that can present complex protein
fragments, carbohydrates, and lipid antigens through CDla, b, ¢, and d molecules in
humans and only CD1d in mice.>® Not only can DCs process endogenous antigens,
but they can also cross-present exogenous antigens to CD8" T cells, which leads to
the induction of the cellular immune responses responsible for tumor cell clearance.’
Therefore, DCs represent one of the most unique APCs because of their ability to
process and present both endogenous and exogenous antigens.

Previously, we demonstrated a novel antigen delivery technique that significantly
improved tumor antigen uptake by DCs in cancer therapy.® We showed that the delay
of tumor growth was achieved in the transgenic mice that received MUC1-pulsed DCs.
The result of this DC-based vaccination therapy strongly correlated with increased
apoptotic tumor cell death. However, we did not observe a robust immune response that
can completely overcome the tumor burden. Work of several research groups, including
ours,¥!? suggested that improved efficacy of DC-based therapy could be accomplished
by combining the subunits of tumor antigens and a strong adjuvant. Further, in order to
realize minimal toxicity and maximal therapeutic benefit, encapsulation of the antigens
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and adjuvant with biodegradable nanoparticles might just very
well serve the purpose, because such encapsulation ensures
a stable and sustained release of core contents from inside
the nanoparticle envelop over an extended period of time.
The encapsulated vaccines are not only safe, but also able to
induce potent and long-lasting immune responses.'* The pri-
mary advantage of this approach is that DCs are predisposed
to uptake nanoparticles, and these nanoparticle-loaded DCs
quickly mature, which leads to the T cell activation. We put
this hypothesis to test by encapsulating ovalbumin (ova) and
PBS-44 with poly(lactic-co-glycolic acid [PLGA]) nanopar-
ticles. In this proof-of-principle study, we chose ova since it
is one of the well-established stimulatory antigens to both
CD4* and CD8" T cells. The adjuvant used in this study is a
novel derivative of a-galactosylceramide (ouGalCer), PBS-44.
oGalCer is a glycolipid that is presented to the type 1 semi-
invariant natural killer T (NKT) cells by DCs through CD1d
molecules;" activated NKT cells start to release proinflam-
matory and immunomodulatory cytokines,'® which further
prompts CD40L-mediated transactivation of DCs that present
the adjuvant to NKT cells.!” Therefore, oGalCer has emerged
as an effective immunomodulator and a powerful adjuvant
for the induction of pathogen- and tumor-specific immune
responses.'®2! By integrating nanotechnology with vaccine
design, we aimed to achieve two purposes in this study.
First, we set to evaluate and compare the efficacy of our
model nanovaccine, PLGA-encapsulated ova plus PBS-44
(NanoVac), with its unencapsulated counterpart (soluble
Vac) and also with PLGA-encapsulated either ova (OvaVac)
or PBS-44 (PBS-44Vac). Second we intended to test the
impact of two vaccine administration routes, intranasal (IN)
inhalation and intraperitoneal (IP) inoculation, in terms of
the level and duration of antigen-specific cellular immune
response. The results obtained from this study suggested
that the NanoVac formulation was able to elicit stronger and
longer antigen-specific cellular immune response than all of
other formulations, especially in comparison to the soluble
counterpart. We also found that the adjuvant, PBS-44, in our
NanoVac greatly increased NanoVac’s ability in enhancing
such antigen-specific immune response, Further, we demon-
strated that vaccine administration route, indeed, had distinct
impact on the vaccine efficacy; in this study, it was evident
that IN route was much superior than IP injection route in
almost all paired groups.

Methods

Materials
Poly(D,L-lactide-co-glycolide) 50/50 was obtained from Wako
Chemical (Richmond, VA, USA). Polyvinyl alcohol (PVA)

and ovalbumin (ova) (grade V) protein were purchased from
Sigma-Aldrich Co. (St Louis, MO, USA). Ova-specific dex-
tramer, R-phycoerythrin—conjugated MHC Dextramer H-2K"/
SIINFEKL (ova dextramer), was obtained from Immundex
(Copenhagen, Denmark). Further, anti-CD4, -CD11b, -CD1 1c,
-B220, -CD8a antibodies, and enzyme-linked immunosorbent
assay (ELISA) kits for interferon-y (IFN-y), interleukin (IL)-2,
IL-4, and tumor necrosis factor-o. (TNF-o) were from BD
Biosciences (San Diego, CA, USA); anti-CD3, NK1.1, IFN-y,
IL-4, and Fixable Viability Dye were purchased from eBiosci-
ence (San Diego, CA, USA); and ACK lysis buffer was from
Thermo Fisher Scientific (Waltham, MA, USA).

Animals

The Vanderbilt University Institutional Animal Care and
Use Committee gave ethical approval for this study. Animal
experiments were carried out as per the guidelines provided
by the Vanderbilt University Institutional Animal Care and
Use Committee and the National Institute of Health Guide
for the Care and Use of Laboratory Animals.

Synthesis and characterization of PBS-44
As shown in Figure 1, olefin 2 was synthesized starting from
aldehyde 1 using a previously reported procedure.'® Asym-
metric dihydroxylation of compound 2 in the presence of
osmium trioxide and N-methylmorpholine N-oxide provided
a2:1 mixture of isomers 3 and 4. Acid-catalyzed deprotection
of the Boc group of compound 3 provided the corresponding
phytosphingosine, which was coupled with nervonic acid
using dicyclohexylcarbodiimide coupling. To facilitate the
purification of the amphiphilic molecules in organic solvents,
acylation of the hydroxyl groups was carried out using acetic
anhydride and dimethyl aminopyridine to provide 5. Selec-
tive acyl deprotection to reveal the primary alcohol 6 was
achieved using protection/deprotection approach.
Galactosyl donor 8 was prepared in a few steps starting
from commercially available anhydrogalactose 7. Coupling
of compound 8 with ceramide 6 provided predominantly the
o-anomer with a small portion of the B-anomer. Removing
the protecting group at this position enables the purification to
obtain pure oi-anomer. Finally, acetate protecting groups were
cleaved off to provide the final auGalCer product, PBS-44.

Synthesis of nanovaccine

The procedure of nanovaccine synthesis was as described
previously.” In brief, ova (100 uL, 150 mg/mL) in ddH,0
and PBS-44 (100 puL, 2 mg/mL) in methylene chloride were
added to a glass vial containing a PLGA (500 mg) solution in
methylene chloride (4 mL) with vigorous stirring. The mixture
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Figure | Design and synthesis of a novel 0iGalCer analog PBS-44.
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Notes: (a) Ph,P=CH(CH,) ,CH,, THF (60%); (b) OsO,, N-methylmorpholine N-oxide, t-BuOH,H,O (70%for 3,28%for 4); (¢) HCI, THF; MeOH; HO,C(CH,) ,CH=CH(CH,),CH,
dicyclohexylcarbodiimide, N- hydroxysuccmlmlde THF, dimethylamino pyridine (47%); (d) sodium methoxide, MeOH; tert-butyldimethylsilyl chloride, imidazole, THF (57%);
(e) AC,O, TFA; HBr, AcOH, methylene chloride (40%); (f) AgOTH, 4A mol sieves, methylene chloride, H,, Pd/C, EtOAc, EtOH, sodium methoxide, MeOH (85%).

Abbreviation: 0.GalCer, o-galactosylceramide.

was then homogenized at 10,000 rpm for 1 minute in an iced
water bath, which was followed by pouring the mixture into a
solution 0of 2% PV A (10 mL). The mixture was further stirred
for 20 seconds before it was poured into a solution of 0.5%
PVA (20 mL). The resulting mixture was continuously stirred
vigorously for 3 hours at room temperature (RT) to evaporate
the organic solvent. The final product was obtained by washing
with ddH,O (3x) and lyophilization. The encapsulation effi-
ciency was calculated as described previously?*** with minor
modification. In brief, the vaccine (10 mg) was dissolved in
dimethylsulfoxide (750 mL) for 1 hour at RT, followed by
the addition of a solution of 0.5%/0.2 N NaOH (2 mL), and
the mixture was stirred for 1 hour. The ova concentration was
determined by a BCA protein assay (Pierce Life Technolo-
gies). The encapsulation efficiencies of NanoVac and OvaVac
were 82%13% and 84%24%, respectively.

Characterization of the physical
property of the NanoVac by scanning
electron microscopy (SEM), atomic force
microscopy (AFM), and optical imaging
The silicon wafer pieces were used as sample substrates for
PLGA-based nanoparticle imaging. Before sample deposi-
tion, the wafers were subjected to extensive cleaning using
fresh “piranha” solution. Afterward, a small drop of chlo-
roform was applied on the surface of dried Si wafer. After
chloroform evaporation, the sample was used for optical and
AFM imaging. For SEM imaging, the samples were addition-
ally sputtered with an Au coating in argon atmosphere.
Optical imaging of the samples was performed using
optical 100X objective lens from the confocal DXR Raman

microscope (Thermo Fisher Scientific). For AFM, the
samples were analyzed using Dimension Icon Microscope
(Bruker Corporation, Billerica, MA, USA). Tapping mode
approach was used to acquire the images, while the SEM
images were obtained using an S4200 high-resolution micro-
scope (Hitachi Ltd., Tokyo, Japan).

Preparation of bone marrow-derived
DCs (BMDCs)

BMDCs were generated from mouse bone marrow (BM)
cells, as previous described by the authors.®>>2¢ Briefly, the
BM cells from mouse femurs and tibias were flushed out with
RPMI 1640 medium using a 27-gauge needle and collected
into a 50 mL conical tube after they are passed through a nylon
mesh cell strainer of 70 um pore size. Red blood cells were
lysed from the BM cells by incubation for 3 minutes in 0.83%
ammonium chloride at RT. The remaining BM cells were then
counted and cultured in six-well plates at a density of 1x10°
cells/mL in RPMI 1640 medium supplemented with 5%
fetal bovine serum, 55 nM of 2-mercaptoethanol, 50 pug/mL
gentamycin, and 20 ng/mL recombinant murine granulocyte
macrophage colony-stimulating factor. Fresh medium con-
taining granulocyte macrophage colony-stimulating factor
was added to each plate on day 3 of culture. On day 6, the
weakly attached cells were collected and used for experi-
ments as immature BMDCs.

Controlled release of ova antigen and
PBS-44

Duplicated NanoVac samples were stirred constantly at
RT in small glass vials, with each of them containing a
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concentration of the vaccine (10 mg/1 mL in 1Xx phosphate-
buffered saline [PBS]). Ondays 1,2, 4,7, 10, 14,21, and 25,
a small fraction of each sample (10 uL) was collected and
stored at —20°C until analysis. The release of ova was mea-
sured by BCA method using Synergy 2 Multi-Mode Reader.
The concentrations of ova in all samples were calculated from
the standard curve generated by series dilution of albumin
standard (Thermo Fisher Scientific, Cat: 23209).

The analysis of the release of PBS-44 from NanoVac
was mainly achieved qualitatively. The study employed
two batches of immature DCs (1.0x10° each) for analysis:
1) untreated, used as vehicle and 2) treated with NanoVac
(0.5 mg/mL). Four days after incubation of the nanoparticles
with DCs, the cells were washed and lysed mechanically and
the supernatant was collected and lyophilized. Then the resi-
due was taken up in deuterated chloroform for proton nuclear
magnetic resonance (NMR) analysis. For the untreated
control DCs, the cells were mechanically lysed using a
homogenizer to minimize additional unspecific signals from
the lysis buffer. The solution was centrifuged; the cytosolic
material in the supernatant was collected and processed in a
way similar to that of cells treated for NMR study.

Immunization and procedures

Eight cohorts of wild type (wt) C57BL/6 mice (n=6 each)
were treated with NanoVac, OvaVac, PBS-44Vac, or soluble
Vac. Each treatment regimen was administered either by
IP injection or IN inhalation, and each mouse received an
equivalent dose of ova (100 pug) and/or PBS-44 (2 ug). For
IN distribution, ketamine or xylazine (0.15 or 0.01 mg/g)-
administered mouse was held in an upward position to
straighten the respiratory tract before the administration
of vaccines to the lungs through spontaneous inspiration of
minute amount of the vaccine (50 puL) over the course of
2-3 minutes. The IP injection was performed in awake mice.
Two boosters of the same dose at 7-day intervals were given
after the priming dose. Six weeks postpriming, peripheral
blood was collected and spleen harvested for specific immune
cell analysis by flow cytometry. An identical experiment
was repeated once with the end point set at 10 weeks after
priming to validate the reproducibility and durability of the
treatment. Also, serum cytokine analysis was performed at
this time point by ELISA.

In vitro cytokine release assay

Single-cell suspension was obtained by gently grinding the
spleen of wt C57BL/6 mice through a 40 um cell strainer
with 3 mL of ACK lysis buffer, followed by a brief wash

with cold PBS and centrifugation (10 minutes, 1,200 rpm).
Then, 1x10° cells were distributed to round-bottom wells
of a 96-well plate and the corresponding vaccine was
added in triplicate with an equivalent amount of ova and
PBS-44 as such: NanoVac (32 pug/100 pL) or soluble
Vac (PBS-44, 2 ug/100 uL and ova, 0.32 pug/uL). The
treated splenocytes were cultured in RPMI 1460 medium
containing 10% FBS, 1% penicillin/streptomycin, sodium
pyruvate, L-glutamine, 2.5% HEPES, and 0.0018% (w/w)
2-mercaptoethanol (BME). The cell culture was incubated
at 37°C supplemented with 5% CO, for up to 7 days and the
cytokine levels were measured at 6, 24, 48, and 72 hours,
and 7 days posttreatment.

Evaluation of NKT cell proliferation and

intracellular cytokines posttreatment
Three groups of wt C57BL/6 mice (n=6 each) were treated
with dimethylsulfoxide (as control), NanoVac, and soluble
vaccine. The mice were sacrificed for determining the sple-
nocytic NKT cells and the corresponding cytokines on days 2
(n=3 each) and 7 (n=3 each) by flow cytometry. The proce-
dure was performed as described previously?”?® with minor
modification. In brief, after surface staining with anti-CD3
and NK1.1 fluorescent-labeled antibodies, the cell suspension
with 1.0x10° cells was incubated with Fixable Viability Dye
(1 mL) at 4°C for 30 minutes, followed by a brief wash with
FACS buffer. The resulting cells were suspended in fixation
buffer, centrifuged, and resuspended in permeabilization
buffer and centrifuged before exposure to anti-IFN-y and
IL-4 fluorescent-labeled antibodies for FACS analysis.

Dextramer assay to determine the

frequency of ova-specific CD8* T cells
The peripheral blood collected from each treatment group
(n=3) under noncoagulating condition was lysed with
ACK lysis buffer for 3 minutes and washed with cold
PBS twice. The remaining cells were treated with 3 uL of
ova dextramer for 10 minutes, followed by the addition of
cocktail of Dasatinib (50 nM) and fluorescently labeled
anti-CD4, -B220, -CD11b, CDl11¢, and -CD8 monoclonal
antibodies (at 1:100 dilution). The mixtures were further
incubated at RT in the dark for 1 hour, washed with FACS
buffer (1x PBS, 2% FBS, and 50 nM Dasatinib), resuspended
in PBS with propidium iodide (PI; 1:2,000), and stored at
4°C in the dark until analysis.

Preparation of splenocytes was performed as described
earlier. The red blood cells were lysed with 3 mL of cold
ACK buffer for 5 minutes. After brief centrifugation, the cell
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suspension was washed with PBS twice prior to labeling with
ova dextramer for 10 minutes, followed by the addition of
fluorescent antibodies as described earlier for 1 hour. Cells were
washed with cold PBS, resuspended in 200 pLL of PBS contain-
ing PI (1:2,000), and stored at 4°C in the dark until analysis.

Multiparametric flow cytometry was used to enumerate
ova-specific CD8* T cells. Single cells were identified by
forward-light scatter and side-light scatter pulse geometry
gating. Dead cells were excluded by selecting the cells nega-
tive for PI. Further exclusion of CD4* T cells, DCs, mono-
cytes, granulocytes, NKT cells, and B cells (FITC-conjugated
anti-CD4, anti-CD11b, anti-CD11c, and anti-B220) was
performed by selecting the FITC-negative cell population.
Ova-specific CD8* T cells were quantified by gating for the
Pacific Blue—conjugated anti-CD8 and R-phycoerythrin—
conjugated H-2K*/SIINFEKL double-positive cell popula-
tion. Flow cytometry was performed on a Special Order
Research Product LSRII (BD Biosciences, San Jose, CA,
USA), data collected using BD FACSDiva (BD Biosciences),
and emerging data analyzed using FlowJo software (FlowJo,
LLC, Ashland, OR, USA).

In vivo cytokine analysis

Briefly, a 96-well plate was coated with capture antibodies
overnight. The plate was blocked with 1% BSA for 1 hour
and serum samples were added in duplicates at a proper
concentration. After 2 hours of incubation at RT, the plate
was washed and exposed to the corresponding detection anti-
bodies for 1 hour at RT. Then, biotin-conjugated secondary
antibodies were introduced into the plate and incubated at RT
for 1 hour before adding streptavidin-conjugated horseradish
peroxidase. The plate was read on a Synergy 2 Multi-Mode
Reader at 450 nm. The quantification of the cytokines was
performed from the standard curve generated from the recom-
binant protein standard provided by the manufacturer.

Histological analysis of the migration to
the lymph nodes (LNs)

Immunohistochemistry (IHC) staining of the LN sections
was performed as previously described.” In brief, the tissue
sections were treated with 3% hydrogen peroxide to quench
the endogenous peroxidases, followed by ultra V block
(Lab Vision, Fremont, CA, USA) for 5 minutes before the
addition of primary antibody. The sections were incubated
with affinity-purified hamster anti-CD1 1 ¢ antibody (eBiosci-
ence) at 1:200 dilution for 1 hour at RT, washed in PBS X3,
incubated with biotin-conjugated secondary antibody for
1 hour, followed by treatment with the Vectastain ABC

Elite kit (Vector Laboratories, Burlingame, CA, USA) and
DAB (Dako, Carpinteria, CA, USA). The tissue slides were
counterstained with Fast Green (Dako).

Statistical analysis

The experimental data were reported as mean * standard
deviation (SD). We compared the test groups by two-
tailed Student’s #-test using GraphPad software (GraphPad
Software, Inc., La Jolla, CA, USA). The P values are one-
tailed, and differences with P-values <0.05 were considered
statistically significant.

Results

Physical property of PBS-44

PBS-44 was synthesized according to the scheme shown in
Figure 1 and as described in the “Materials and methods”
section. The purity of the compound was confirmed by
electron spray ionization mass spectrometry, 'H and *C
NMR and two-dimensional NMR were used to characterize
and confirm the structure of the compound. These methods
indicated that the PBS-44 preparation was over 97% pure
(Figures S1-S5 and Supplementary materials). Using the
current synthetic approach, PBS-44 can be obtained both in
high quality and quantity.

Physical property of the NanoVac

To determine the physical property of the NanoVac, the
size and shape of the nanovaccine were determined by opti-
cal microscopy (Figure 2A), SEM (Figure 2B), and AFM
(Figure 2C). The data suggested that the NanoVac nano-
particles were well dispersed in solution with no signs of
aggregation. The hydrodynamic diameter of the NanoVac
was determined using dynamic light scattering on a Zetasizer
Nano ZS (Malvern Instruments, Malvern, UK). The average
size of the NanoVac was approximately 429 nm (Figure 2D),
and the zeta potential of the probe was —23.9 (Figure 2E).
Similar results were observed for OvaVac (Figure S6).

Prolonged release of vaccine materials

from PLGA nanoparticles

The release of ova from NanoVac and OvaVac was analyzed
using BCA assay over the course of 25 days. After an initial
burst of ova (25%) from the PLGA nanoparticles for the first
2 days, the release seemed to be slow and steady for the rest of
the time. Approximately, 90% of ova were detected on day 25
(Figures 3A and S7), and yet, no evidence of degradation or
alteration of the antigen was observed for up to 1 month of
testing using mass spectrometry (data not shown).
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Figure 2 Physical properties of the PLGA-based NanoVac.
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Notes: (A) Optical image of the NanoVac. (B) SEM image of the NanoVac. (C) AFM image of the NanoVac. (D) DLS of the NanoVac. (E) Zeta potential of the NanoVac.
Abbreviations: AFM, atomic force microscopy; DLS, dynamic light scattering; PLGA, poly(lactic-co-glycolic acid); SEM, scanning electron microscopy.

To examine the release of PBS-44 from the NanoVac,
we took a different approach since PBS-44 is a hydrophobic
chemical that does not have a chromophore, thus greatly limit-
ing the use of conventional methods such as high-performance
liquid chromatography or ultraviolet—visible absorbance
spectrometry for characterization. Therefore, we opted to use
NMR spectroscopy to detect the release of PBS-44 in Nano-
Vac. A caveat exists for NMR analysis of PBS-44, in which
the NMR signal of its lipid moieties might be masked by
natural lipids from the cells. To ensure that NMR could detect
PBS-44 in such a scenario, we tested the release of PBS-44
from NanoVac in DCs. As shown in Figure 3B, PBS-44 was
detected in NanoVac-loaded DCs 4 days after the incubation
of DCs with NanoVac. Although the lipid peaks at 0.85 and
1.25 ppm that are representative of DCs were also observed
in PBS-44, the peaks at 2 and 4.8 ppm are characteristic of
galactose and vinyl protons of PBS-44, which were used as
markers for the confirmation of PBS-44 in 'H-NMR.

Ex vivo imaging corroborates with IHC

data

To confirm that residential DCs could take up the NanoVac and
migrate to the draining LNs, another batch of NanoVac was
synthesized where the encapsulation of Cy5.5 dye was included
along with PBS-44 and ova (Figure 3C). After the animals (n=5)
were treated with Cy5.5-conjugated NanoVac by IN inhalation
route, they were sacrificed and the LNs were dissected for optical
imaging in 18 hours. The data showed strong fluorescence sig-
nals in LNs that were removed from mediastinal and mesenteric
regions (Figure 3D). The migration of the Cy5.5-labeled Nano-
Vac-laden DCs in the LNs was confirmed by examining the LN

tissue slide either under fluorescence microscope (Figure 3E) or
by IHC staining using CD11c antibody (Figure 3F). Overall, the
data clearly suggested that lung DCs are well capable of taking
up inhaled NanoVac and migrate to the draining LNs of either
proximal or distant regions.

NavoVac induces prolonged increase of

IFN-7y secretion in vitro

Before assessing the effects of the nanovaccines in vivo, we
wanted to compare NanoVac versus its soluble counterpart
regarding their ability to sensitize splenocytes for cytokine
release. As shown in Figure S8 A, NanoVac stimulated signif-
icant production of IFN-v, starting from 6 hours posttreatment
through day 7; yet, this upward trend seemed very likely to
continue for a period of time. The IFN-y in the soluble Vac-
treated cells plateaued at 48 hours and the downward trend
seemed to be inevitable. In contrast, we observed the level of
IL-4 continued to increase over a period of 7 days in soluble
vaccine-treated cells, while a decreasing amount of IL-4 was
detected in the NanoVac-treated cells (Figure S§B).

NanoVac induces the proliferation of
NKT cells and production of IFN-y

After confirming that the NanoVac was able to induce pro-
longed increase of IFN-y from the splenocytes in vitro (Figures
S8A and B), we assessed the proliferation and response of
NKT toward NanoVac. In this in vivo cytokine study, we
used similar time frame for PBS-44 as for aGalCer.?*° Fur-
ther, considering the slow release of the NanoVac, we chose
24 hours posttreatment. As shown in Figure 4A, B, the levels
of IFN-y and IL-4 in the NanoVac-treated cohort increased
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Figure 3 The controlled release of NanoVac and characterization of PBS-44 in DCs.

Notes: (A) Controlled release of ova antigen from NanoVac in physiological pH over a 25-day period. Each value represents the mean from three experiments. Bars
represent SD. (B) NMR spectroscopic analysis of the release of aGalCer from DCs: (bottom) NMR signals of DC lysate; (middle) NMR signals of the compound PBS-44; (top)
NMR signals of DC lysate from cells incubated with PLGA-encapsulated PBS-44 NPs. (C) Cy5.5-encapsulated nanovaccine was detected by Xenogen [VIS-200 optical imaging
system. (D) Ex vivo optical imaging of the LNs (2.5-3 mm in diameter) showed strong fluorescence signal in the mediastinal (Med) LN and a weaker signal in the mesenteric
(Mes) LN, 18 hours after IP injection of the Cy5.5-encapsulated nanovaccine. (E) Consecutive slide of the mediastinal LN processed for histology with the fluorescence signal
detected by a fluorescence microscope. Exposure time was 400 ms; image was captured at magnification x400. (F) IHC staining of DC expression on mediastinal LN using
anti-CD1 I c antibodies. Image was captured at magnification x400.

Abbreviations: 0.GalCer, o-galactosylceramide; DC, dendritic cell; IHC, immunohistochemistry; IP, intraperitoneal; LN, lymph node; NMR, nuclear magnetic resonance;
NPs, nanoparticles; PLGA, poly(lactic-co-glycolic acid); SD, standard deviation.
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during the 7-day period. In contrast, cytokines in the soluble
Vac-treated group decreased significantly (Figure 4A, B). To
study the proliferation of NKT cells, we chose NK1.1 and
CD3 as cell surface markers, as described in the literature.’'-3
As shown in Figure 4C, the splenic NKT cells in the Nano-
Vac-treated group increased by 82% from days 2 to 7. On the
other hand, no proliferation of NKT levels was found in the
soluble Vac-treated group in the same period of time.

The intracellular cytokine staining of IFN-y increased
fourfold, while it decreased twofold from days 2 to 7 for the
NanoVac and soluble Vac, respectively (Figure 4D). Similar
pattern was observed for IL-4.

Administration of NanoVac by IN
inhalation induces more robust antigen-
specific CD8* T cell response than that

of IP injection

C57BL/6 mice are ideal for this study because the immu-
nodominant epitope of ova (SIINFEKL) is presented to CD8*
T cells by H-2K® MHC class I molecules on DCs.

To demonstrate the benefit of prolonged release of materi-
als from the NanoVac, we selected late time points after prim-
ing to test antigen-specific immune response (Figure 5A).
Ova-specific CD8" T cells were quantified using the gating

strategy shown in Figure 5B. As expected, we observed a sig-
nificantly increased population of ova-specific CD8* T cells
at 6 weeks postpriming in mice treated with NanoVac both
by IN and IP administration than in the group administered
its soluble counterpart or other control groups (Figure 5C,
D). The absolute ova-specific CD8" cells were significantly
higher (P<<0.05) in NanoVac-treated splenocytes than in
splenocytes treated with the soluble vaccine. It is noteworthy
that this observation was made only when the treatments were
delivered by IN route (Figure SE) and not by IP route (Fig-
ure 5F). Furthermore, in the same trend, ova-specific CD8*
proliferation was noted in the NanoVac-treated animals at
10 weeks postpriming, but with a greater dimension (Figure
6A, B). Comparing the overall effect of NanoVac to those
of OvaVac and PBS-44Vac, the synergistic effect generated
by the combination of ova and PBS-44 in NanoVac was
significant in the peripheral blood of either 6- or 10-week
group treated by IN route and in the 6-week group treated
by IP route (Figures 5C and 6A). While in splenocytes, the
synergistic effect was significant only in IN route groups,
but not in IP route groups (Figures 5D and 6B). Again, at
10 weeks postpriming, the absolute number of ova-specific
CD8" T cells are significantly higher (P<<0.01) in NanoVac-
treated group than that of soluble-treated group only found
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Figure 5 (Continued)
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Figure 5 Ova-specific CD8" T cells at 6 weeks postpriming.

Notes: (A) Timeline of in vivo treatments. (B) Gating strategy to quantify ova-specific CD8" T cells. Top row from left to right: selection of lymphocyte, selection of single
cell to exclude doublets and cell clumps; bottom row from left to right: selection of live cells, exclusion of CD4* cells, B cells, DCs, monocytes, and NK cells, selection of
double-positive cells — ova-specific CD8" cells. (C and D) Measurement of ova-specific CD8" T cells from either peripheral blood or spleen by flow cytometry at 6 weeks
after priming by IN or IP administration route. Data presented are representative of three mice. (E and F) The absolute number of ova-specific CD8* cells from spleen; each

bar represents the value of the average from a group of three mice. *P<<0.01.
Abbreviations: DC, dendritic cell; IN, intranasal; IP, intraperitoneal; NK, natural killer; wk, week.
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Figure 6 Ova-specific CD8" T cells at |10 weeks postpriming.

Notes: (A and B) Measurement of ova-specific CD8" T cells from either peripheral blood or spleen by flow cytometry at 10 weeks after priming by either IN or IP route.
The data are representative of three mice. (C and D) The absolute number of ova-specific CD8* cells from the spleens. Each bar represents the value of the average from
a group of three mice or more. (E-G) Quantitative analysis of the cytokines in mouse serum at 10 weeks after priming with either IN or IP administration, performed by
ELISA. Each bar represents the value of an average from three samples, and each sample is in triplicate. *P<<0.01.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; IFN-y, interferon-y; IL, interleukin; IN, intranasal; IP, intraperitoneal.

in IN route (Figure 6C) but not in the IP route (Figure 6D).
Taken altogether, the NanoVac was capable of inducing a
relatively high level of antigen-specific CD8" T cells over
10 weeks after priming. How far this phenomenon can last
beyond the 10-week period is yet to be determined, and such
experiments may well worth to study in the future.

Assessment of cytokine release after

nanovaccine treatment

To evaluate the cytokine release pattern upon vaccination,
ELISA was performed using sera collected from peripheral
blood at the end point of the study set at 10 weeks post-
priming. We chose to perform this assay at the late time
point based on the data of our release study. Data from Figure
6E—G show that the level of IFN-y in the NanoVac-treated
group was over tenfold higher than that of the soluble group
in both IN and IP cohorts (P<<0.01); and the level was about
twofold higher in the group treated with NanoVac by IN
inhalation than in the group treated by IP injection (P<<0.05).
We also observed a comparatively higher level of IL-4 in
the group treated with NanoVac by IN inhalation either
in comparison to the soluble group by IN route (P<<0.01)
or the NanoVac-treated group by IP route (P<<0.05). The
IL-2 level was also observed to be moderately elevated in
NanoVac-treated group; it was over twofold higher in the
group treated with NanoVac by IN than that of either the
soluble group by IN route or the NanoVac-treated group by
IP route (P<<0.05).

Discussion
The objective of this study was to integrate nanotechnology
with adjuvant therapy to develop nanovaccines that are able

to generate robust, prolonged, and antigen-specific immune
responses, which will eventually lead to safe, enduring, and
efficacious immunotherapy. Based on previous observations
regarding preferable uptake of nanoparticles by DCs,** 3¢ we
hypothesize that by encapsulating the antigenic components
within nanoparticles, a sustained release of these compo-
nents from the nanovaccines could be expected over an
extended period. The advantage of this approach is that the
encapsulation of vaccine components by nanotechnology is
able to minimize the toxicity related to overactive immune
system due to stimulation associated with vaccines delivered
by a bolus dose. Furthermore, in contrast to bioconjuga-
tion approaches, no chemical modification was required
to incorporate the adjuvant and antigen into nanoparticles.
The controlled release of encapsulated vaccine components
is particularly important for cancer immunotherapy, espe-
cially if a potent adjuvant, like PBS-44, is included. In fact,
an increasing body of evidence indicates that aGalCer,
whose analog is PBS-44, is a potent NKT cell agonist when
presented by CD1d molecules.”*"* Thus, an array of cytok-
ines, such as IFN-y, TNF-a,, IL-2, or IL-4, are released in
response to oGalCer stimulation,*** which is believed to
be responsible for their roles of action in either research or
clinical studies, including their antitumor effects.* Never-
theless, this robust immune response induced by aGalCer
is also one of its major adverse effects. A number of animal
and human studies have revealed that anticancer vaccines that
use o.GalCer as an adjuvant sometimes generate overactive
immune responses.’’

In this study, we exploited synthetic chemistry to develop
a novel derivative of ouGalCer, PBS-44. We achieved that
outcome by modifying the length of the phytosphingosine
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chain, which, as expected, would further enhance the efficacy
of the compound in respect to its ability to induce strong
immune responses. To investigate the kinetics of the effective
vaccine components released from PLGA encapsulation,
we tested the rate of ova release at multiple time points
by BCA assay. As shown in Figures 3A and S7, ova were
released steadily and gradually over a prolonged period of
time after exposure to the media at a similar physiological
pH status. This release remained quite stable throughout the
25-day period, and approximately 90% of the total release
was observed.

To further characterize the uptake and release of PBS-44
by DCs, the NanoVac was incubated with DCs for several
days to ensure not only sufficient uptake, but also suffi-
cient release of PBS-44 within DCs, which would enable a
stable assessment of PBS-44. Using NMR spectroscopy, we
detected and verified the integrity of the compound inside the
cells. Notably, significant amounts of lipids were discovered
within the DCs, such that the NMR signals of those endog-
enous lipids overlapped those from PBS-44 (Figure 3B).
In addition, the alpha protons of PBS-44 were also being
masked by those that came from the endogenous peptides
or proteins inside the DCs. In contrast, the proton signals of
PBS-44’s vinyl and galactose groups were very distinctive
compared to the endogenous signals and were more suitable
for identification.

During the investigation of whether the NanoVac could
truly induce stronger immune response by stimulating antigen-
specific cytolytic T lymphocyte proliferation compared to its
soluble counterparts, we were also interested to validate the
differences of treatment efficacy by utilizing various admin-
istration routes, such as IN inhalation and IP injection. One
of the underlying hypotheses regarding vaccine inhalation is
based on the fact that a large repertoire of DCs in the lungs
is easily accessible to the agents being inhaled.***” Therefore,
we hope that by capitalizing on the benefits of the diversity
afforded by nanotechnology, copious amounts of antigens
and adjuvants can be delivered to the lungs, where the resid-
ing DCs will be stimulated to induce an immune response.
Delivery of the inhalable agents is simple, and it merits fur-
ther examination. If the IN inhalation approach is proven to
be effective, it may enable us to overcome the barriers that
have thus far prevented cell therapy from becoming a safe,
sound, and effective approach to cancer treatment. The data
obtained from this work confirm our hypothesis that 1) PLGA
nanoparticles are capable of protecting encapsulated vaccine
payload and 2) owing to the characteristically controllable
and sustained vaccine release pattern, the NanoVac is able
to continuously provide stimuli that enables an extended,

accumulative immune response to reach its potentially
maximal level and stay at that level for a longer period of
time. Same observations were noted when we analyzed the
samples from both animal peripheral blood and spleens for
antigen-specific immune response at the end of the study. We
have clearly shown that the NanoVac was capable of induc-
ing IFN-y release in a cumulative pattern and the timing of
achieving this peak level seemed far beyond that of soluble
Vac, which peaked within 24 hours (Figure 4A). This observa-
tion is consistent with the published data regarding the release
pattern of IFN-y by aeGalCer. We have also shown that the
increased [FN-y by NanoVac was likely to be contributed by
NKT cells, which was supported by the evidence that showed
an increased population of CD3+/NK1.1 cells and the corre-
sponding intracellular cytokine levels (Figure 4C, D). Taken
together, our data showed that given by IN inhalation, the
NanoVac increased the level of antigen-specific CD8* cells
near threefold and fourfold in the peripheral blood at 6 and
10 weeks postpriming, respectively, compared to its soluble
counterpart and the increment was above twofold between
NanoVac and OvaVac groups. When given by IP injection,
NanoVac generated fivefold and twofold increase in antigen-
specific CD8" T cells in the peripheral blood at 6 and 10 weeks
postpriming, respectively, compared to the soluble vaccine,
while no significant difference was observed when compared
with OvaVac. Similar patterns of increments of antigen-
specific CD8* cells were also observed in the splenocytes of
the same corresponding study groups. Furthermore, when
we made a direct comparison in terms of the differences of
ova-specific CD8" T cells between cohorts of animals treated
with IN inhalation and IP injection, we found that IN inhala-
tion was able to generate an increment of over twofold than
IP injection in NanoVac-treated groups. This phenomenon
clearly indicated that IN inhalation is a better approach to
deliver the nanovaccine than IP injection.

In summary, we demonstrated in this study that PLGA
encapsulation is well capable of achieving a controllable and
sustained release of its core content, and also is protective
of'its core content from rapid degradation. We also showed
for the first time that the NanoVac is highly efficient in
inducing a vigorous, prolonged antigen-specific immune
response; particularly, PBS-44 further enhances the action
of NanoVac. Our study revealed the tremendous potential
that nanotechnology represents in medical research and the
promising outlook for further clinical applications.
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Supplementary materials (m, 1H), 2.2 (t, 6 Hz, 2H), 2.1 (q, J=4.5 Hz, 8H), 1.6 (m,

Characterization data for PBS-44

molecule

Proton and "*C-nuclear magnetic resonance (NMR)

of PBS-44

'H-NMR (500 MHz, CDCL,) § 7.42 (d, ]=8.5 Hz, 1H), 5.35
(t, J=4.5 Hz, 2H), 491 (d, J=3.5 Hz, 2H), 4.19 (q, J=4.5
Hz, 2H), 3.94 (d, J=3 Hz, 1H), 3.89 (d, J=3 Hz, 3H), 3.87

8H), 1.3 (m, 44H), 0.9 (t, J=6 Hz, 6H); *C-NMR (CDCL,
500 MHz) & 174.86, 130.17, 100.05, 77.69, 77.43, 74.96,
72.33, 71.14, 70.59, 70.09, 69.25, 67.70, 62.14, 50.78,
49.52,49.35,49.17,49.02, 48.85, 36.78, 32.75,32.23, 32.21,
30.05,29.80, 29.59, 27.48, 27.46, 26.20, 26.18, 22.96, 22.95,
14.23; ESI-MS caled. (M+H)* (C, H,,NO,) 828.6850, found
828.6955 and (M+Na)" 850.6756.

(t, J=4.5 Hz, 1H), 3.8-3.6 (m, 6H), 3.6-3.5 (m, 1H), 3.38

x103

2.5

1.5

0.5-

Cpd 1: C48 H93 N 09: +ESI Scan (0.103-0.272 min, 11 scans) Frag =210.0 V 110213-11598-SD-PB...
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| [
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Figure S1 ESI mass spectrometry.
Abbreviation: ES|, electrospray ionization.

Figure S2 Proton NMR.
Abbreviation: NMR, nuclear magnetic resonance.
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Figure S3 ')C NMR.
Abbreviation: NMR, nuclear magnetic resonance.
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Pulse sequence: gHMBCAD Observe H1, 499.9133738 Data processing sd-pbs-44-final

Relax delay 1.000 seconds
Acq time 0.150 seconds
Width 7,998.4 Hz

2D width 30,165.9 Hz

32 repetitions

2x96 increments

! Sq sine bell 0.075 seconds

' F1 data processing :
! Gauss apodization 0.003 seconds
. FT size 4,096x2,048 :
. Total time 118 minutes

! Solvent: cdc13

i Temp 25.0°C/298.1 K

! Operator sdeng

! File: sd-pbs-44-final_gHMBCADO1
' INOVA-500 “purcell”

Figure S4 2D-NMRs.

Abbreviations: 2D, two-dimensional; NMR, nuclear magnetic resonance.
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Pulse sequence: gCOSY
Relax delay 1.000 seconds
Acq time 0.150 seconds
Width 4,918.2 Hz

2D width 4,918.2 Hz

8 repetitions

200 increments

Figure S5 COSY NMR.
Abbreviation: NMR, nuclear magnetic resonance.
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Figure S6 (A) DLS and (B) zeta potential data of the OvaVac.
Abbreviation: DLS, dynamic light scattering.
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Figure S7 Time-course release of ova from OvaVac nanoparticles.
Note: The assay was performed in physiological pH over a 25-day period. Each value represents the mean from three experiments.
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Figure S8 In vitro assessment of IFN-y and IL-4 secreted from splenocytes after they are treated with NanoVac and soluble Vac.

Notes: One million splenocytes from wt C57BL/6 mouse were distributed in a round bottom 96-well plate in 100 uL of RPMI640 medium, the equivalent amount of vaccine
components (ova and PBS-44) of either NanoVac or soluble Vac were then added to corresponding wells, and media were collected by centrifugation for ELISA analysis at
the indicated time points. (A) IFN-y levels and (B) IL-4 levels were indicated by two different y-axes, left axis (red) is for soluble Vac and right axis (black) is for nanovac
treatment.

Abbreviations: ELISA, enzyme-linked immunosorbent assay; IFN-y, interferon-y; IL, interleukin; wt, wild type.
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