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Immunization with Biodegradable Nanoparticles Efficiently
Induces Cellular Immunity and Protects against Influenza

Virus Infection

Torben Knuschke,* Viktoriya Sokolova,T Olga Rotan,* Munisch Wadwa,*
Matthias Tenbusch,” Wiebke Hansen,* Peter Staeheli,§ Matthias Epple,* Jan Buer,*! and

Astrid M. Westendorf*!

The ability of vaccines to induce T cell responses is crucial for preventing diseases caused by viruses or bacteria. Nanoparticles
(NPs) are considered an efficient tool for inducing potent immune responses. In this study, we describe a novel vaccination
approach with biodegradable calcium phosphate (CaP) NPs that serve as carrier of immunoactive TLR9 ligand (CpG) combined
with a viral Ag from the influenza A virus hemagglutinin. Functionalized CaP NPs were efficiently taken up by dendritic cells
in vivo and elicited a potent T cell-mediated immune response in immunized mice with high numbers of IFN-y-producing CD4*
and CDS8" effector T cells. Most importantly, both i.p. and intranasal immunization with these NPs offered protection in a mouse
model of influenza virus infection. This study demonstrates the great potential of CaP NPs as a novel vaccination tool that offers
substantial flexibility for several infection models. The Journal of Immunology, 2013, 190: 6221-6229.

raditional vaccination strategies with live attenuated vi-

ruses or inactivated pathogens have been widely used to

treat and prevent diseases (1). Importantly, most of these
strategies result in a humoral immune response but do not stim-
ulate cellular immunity, which is required for a long-lasting and
efficient response against infection with intracellular pathogens
(2). Furthermore, an inactivated vaccine is insufficient protection
against antigenic drift variants and does not provide protection
against viruses from different subtypes. To this end, engineered
live vaccine vectors, such as nonreplicating recombinant viruses
expressing viral Ags, have been developed; these vectors induce
the expansion of virus-specific T cells in murine models (3-5).
Although these approaches have generated successful results,
antivector immunity and safety concerns associated with live
vectors complicate the development of live-vector vaccines (3). In
contrast, nonliving synthetic vaccines delivering defined Ags can
be designed to avoid antivector immunity (6). An ideal protein- or
peptide-based vaccine should target professional APCs in vivo,
protect the antigenic protein from degradation until it reaches the
target cells, and, finally, induce APC maturation by interacting
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with elements of the innate immune system, such as TLRs, to
induce a protective T cell-mediated immune response.

The main entry site for many human pathogens is a mucosal
surface such as the respiratory tract. Induction of mucosal immune
responses for the local fight against the invading pathogen requires
novel vaccine strategies (7, 8). Therefore, determining the optimal
route of immunization is an important factor in the success of
a vaccine. Systemic delivery of vaccines induces a high titer of
neutralizing Abs that prevent the disease but are not sufficient to
prevent the infection at the mucosal entry site. Delivery strategies
that mimic the natural process of infection by stimulating the
innate and adaptive immune system with TLRs and viral Ags are
currently under investigation (9-11).

Nanoparticles (NPs) offer a new method for the design of vaccine
systems. They are considered to be efficient Ag carriers and are
being widely investigated for their biological potential (12-14).
Recently, we generated biodegradable calcium phosphate (CaP)
NPs that coencapsulate the TLR9 ligand CpG and a MHC class II-
restricted influenza virus hemagglutinin (HA) peptide. We re-
ported that treating dendritic cells (DCs) with these functionalized
CaP NPs in vitro induces the activation and maturation of DCs
with a strong Ag-specific CD4" T cell response (15, 16).

In this study, we examined the in vivo efficiency of function-
alized CaP NPs in activating APCs and inducing virus-specific
CD4" and CDS8* T cell responses. Functionalized CaP NPs were
efficiently taken up by DCs in vivo; this uptake resulted in the
upregulation of costimulatory molecules and elicited a potent
T cell-mediated immune response in immunized mice with high
numbers of IFN-y—producing CD4* and CD8" effector T cells.
Most importantly, i.p., intranasal and i.m. immunization with these
NPs all offered strong protection in a mouse model of influenza
virus infection.

Materials and Methods
Mice

The BALB/c mice used in all experiments were obtained from Harlan
Laboratories (Harlan Winkelmann GmbH, Borchen, Germany). TCR-HA
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transgenic mice expressing an o/B-TCR recognizing the MHC class II
(H-2E“:HA110-120)—restricted epitope of the HA protein have been described
previously (17). Clone 4-TCR transgenic mice express an o/B3-TCR that
recognizes an epitope of the HA protein presented by the MHC class I (H-
2K%HA512-520) complex (18). All mice used in the experiments were 8—
10 wk old.

Preparation of functionalized NPs

The NPs were prepared by fast mixing of an aqueous solution of calcium
nitrate (6.25 mM) with an aqueous solution of diammonium hydrogen
phosphate (3.74 mM). The pH value of both solutions was adjusted be-
forehand to 9 with NaOH (0.1 M). Mixing was achieved by rapidly pumping
both solutions into a glass vessel. Inmediately after mixing, 1 ml of the CaP
dispersion was mixed with 0.2 ml of an aqueous solution of CpG (63 pM =
400 pg/ml) in an Eppendorf tube.

For preparation of triple-shell NPs, 50 l of the HA protein (1 mg/ml),
followed by 0.5 ml calcium nitrate solution (6.25 mM) and then 0.5 ml
diammonium hydrogen phosphate solution (3.74 mM) were added to the
dispersion of single-shell NPs. The final colloidal stabilization was then
accomplished by adding 0.2 ml CpG solution (63 wM). This leads to the
final concentrations of 10.3 uM CpG and 20.4 p.g/ml HA for triple-shell
NPs (CaP/CpG/HA/CaP/CpG) (15, 16).

For uptake studies, green fluorescing CpG**® (labeled with Alexa488)
was used for the preparation of triple-shell NPs (CaP/CpG**%/CaP/CpG*®®)
as described earlier without the addition of HA peptide.

For intranasal immunization, triple-shell CaP NPs (CaP/CpG/HA/CaP/
CpG) were synthesized as described earlier. After the final step, the
triple-shell NPs were removed from the supernatant by ultracentrifugation
for 30 min at 66,000 X g. Afterward, the centrifuged NPs were redispersed
in water (in one quarter of the initial volume) with an ultrasonic processor
(cycle 0.8, amplitude 60%; UP50H, Hielscher; Ultrasound Technology) for
10 s. The final concentrations of CpG and HA peptide were 20.6 uM and
40.8 pg/ml, respectively.

All inorganic salts were of pro analysi quality. Ultrapure water (Purelab
ultra instrument from ELGA) was used for all preparations. All for-
mulations were prepared and analyzed at room temperature. The particles
were characterized by scanning electron microscopy (ESEM Quanta 400)
with palladium-sputtered samples. Dynamic light scattering was per-
formed with a Zetasizer nanoseries instrument (Malvern Nano-ZS, \ =
532 nm). The particle size data refer to scattering intensity distributions
(z-average).

Peptides and TLR ligand

Conserved influenza A/PR/8/34 (HIN1) HA peptide sequences containing
MHC class II and MHC class I epitopes were synthesized (Intavis AG, Co-
logne, Germany) with the following sequences: HA|_120, SVSSFERFER-
FEIFPKESS; HAs15 500, YQILAIYSTVASSLVLL. The phosphorothioate-
modified B-type CpG 1826 was purchased from Eurofins MWG Operon
(Ebersberg, Germany).

Single-cell suspension

Splenocytes. Spleens were rinsed with an erythrocyte lysis buffer and
washed with PBS containing 2% FCS and 2 mM EDTA.

Dendritic cells. DCs were isolated by cutting spleen tissue into small pieces
and treating it with 1 mg/ml collagenase type D (Roche Diagnostics GmbH,
Mannheim, Germany) and 10 pg/ml DNase I type II (Sigma-Aldrich
Chemie GmbH, St. Louis, MO) diluted in PBS with 2% FCS and 2 mM
EDTA. CD11c" cells were then positively selected on MACS columns
according to the manufacturer’s instructions (Miltenyi Biotec, Bergisch-
Gladbach, Germany).

T cells. CD4* and CD8" T cells were isolated from the spleens of TCR-HA
or clone 4-TCR transgenic mice by using the MACS CD4 or CD8 T cell
isolation kit according to the manufacturer’s instructions (Miltenyi Biotec).
For proliferation assays, T cells were labeled with eFluor670 (eBioscience,
Frankfurt, Germany).

Abs and flow cytometry

The mAbs anti-CD4 (RM4-5), anti-CD8 (53-6.7), anti-CD1 1c¢ (HL3), anti-
CD80 (16-10A1), and anti-CD86 (GL1) were obtained from BD Bio-
sciences Pharmingen (Heidelberg, Germany). An allophycocyanin-conju-
gated recombinant MHC class I pentamer (Proimmune, Oxford, U.K.) was
used to stain influenza virus—specific CD8" T cells. The H-2K® pentamer
contains the I[YSTVASSL sequence of HA A/PR8/34 from influenza virus
A. Flow cytometry was performed with an LSR II instrument using DIVA
software (BD Biosciences).

NANOPARTICLE AS VACCINATION VEHICLE

Uptake of functionalized CaP NPs in vitro

Splenocytes (1 X 10% were incubated for 24 h in Iscove’s modified
Dulbecco’s medium—complemented medium containing 10% FCS, 25
pmol 2-ME, and 100 pg/ml penicillin/streptomycin with NPs function-
alized with Alexa488-modified CpG (CaP/CpG**®/CaP/CpG*®®). In total,
40 pl of the particle dispersion was added to 0.4 ml cell medium with
splenocytes. After 24 h, the cells were washed with PBS to remove all
dispersed CaP NPs, stained for CD11c, and analyzed by flow cytometry.

For the specific in vitro stimulation of DCs, 5 X 10° DCs/well were
incubated with soluble CpG and the respective HA peptide, with triple-
shell CaP NPs containing CpG and the indicated HA peptide (CaP/CpG/
HA/CaP/CpG) or with triple-shell CaP NPs containing nonimmunogenic
oligonucleotide sequences and the HA ;120 peptide in 400 wl medium in
a 48-well dish at 37°C. After 24 h, cells were washed for the removal of
any CaP NPs that were not taken up from the supernatant. Finally, acti-
vated DCs were used for T cell proliferation assays.

T cell proliferation

DCs were isolated and stimulated with functionalized CaP NPs (CaP/CpG/
HA/CaP/CpG) for 24 h as described earlier. DCs were harvested, washed,
and cocultured for 48-72 h with eFluor670-labeled HA-specific CD4" or
CD8" T cells at a 1:10 ratio. Cells were stained for the expression of CD4
or CD8. Flow cytometry with gating on CD4* or CD8" T cells was used to
measure proliferation by the loss of eFluor670 dye.

Immunization of mice

Mice were immunized i.p. with 300 wl PBS, soluble CpG/HA | 1_120:512-520
and CaP NPs functionalized with CpG/HA ;o 120:512-500 (10.3 pM
CpG and 20.4 pwg/ml HA peptide; CaP/CpG/HA/CaP/CpG) on days 0, 14,
and 28. For nasal application, mice were anesthetized with ketamine/
xylazine and immunized with 50 pl PBS, soluble CpG/HA | 0-120:512-520,
and CaP NPs functionalized with CpG/HA | ¢_120:512-520 (20.6 pM CpG
and 40.8 pg/ml HA peptide; CaP/CpG/HA/CaP/CpG) on days 0, 14, and
28. For i.m. immunization, mice were injected with 50 wl PBS, soluble
CpG/HA, and CaP NPs functionalized with CpG/HA | 0_120:512-520 (20.6
M CpG and 40.8 pg/ml HA peptide; CaP/CpG/HA/CaP/CpG) on days 0,
14, and 28 in the right caudal thigh muscle.

Influenza virus challenge

On day 42 after initial immunization, mice were anesthetized by ketamine/
xylazine and challenged with 1000 PFUs influenza virus A/PR/8/34 (50 wl);
where indicated, conscious mice were infected with 80,000 PFUs influenza
virus A/PR/8/34. Seven days later, lung viral titers or viral copy numbers
were determined.

Determination of lung viral titers by plaque assay

Lungs were collected on day 7 after virus challenge; they were homoge-
nized in PBS containing 0.3% BSA and centrifuged for 8 min. Supernatants
were serially diluted in OptiMem Medium containing 0.3% BSA in 24-well
plates. Samples were then transferred to 12-well plates containing a Madin-
Darby canine kidney (MDCK) cell monolayer. Lung supernatants and
MDCK cells were incubated for 1 h at room temperature. After incubation,
the medium containing diluted lung supernatants was removed, and 2 ml
DMEM containing trypsin (0.2 pg/ml) and Avicel (3%) was added to
MDCK cells. On day 4, cells were fixed with 4% paraformaldehyde, and
plaques in the MDCK cell layer were stained with crystal violet (Roth,
Karlsruhe, Germany).

Determination of lung viral copy numbers by quantitative PCR

Lungs were collected on day 7 after virus challenge; they were homoge-
nized in PBS containing 0.3% BSA and centrifuged for 8 min. Viral RNA
was isolated from 140 wl lung homogenates using the QIAamp Viral RNA
Mini Kit (Qiagen) according to the manufacturer’s instructions. The
quantity of viral RNA was determined by real-time RT-PCR (RT-
quantitative PCR) using the QuantiTect Probe RT-PCR Kit (Qiagen)
with SYBR-Green. A conserved sequence in the matrix gene of influenza
A virus was detected using the specific primers described elsewhere (5'-
CTTCTAACCGAGGTCGAAACG-3' + 5'-AGGGCATTTTGGACAAAG/
TCGTCTA-3") (19).

IFN-vy ELISPOT assay

IFN-y—producing cells were evaluated by ELISPOT with a mouse ELI-
SPOT"™® kit (Mabtech AB, Nacka Strand, Sweden). Cells collected from
the spleen or the lung lymph nodes of immunized mice were restimulated
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with HA|g_120 or HAs;5 550 peptide in a 96-well ELISPOT plate for 24 h.
IFN-y—producing cells were stained according to the manufacturer’s
instructions. After the plate was dried, the number of spots was counted by
an AID ELISPOT reader using ELISPOT 6.0 software (Mabtech).

Cytokine profile of ex vivo restimulated splenocytes

Spleens of intranasally immunized mice were washed as described earlier and
5 X 10° splenocytes/well were restimulated with 10 wg/ml HA|10_;2 or
HA515_500 peptide for 48 h. Supernatants were taken and the quantification
of cytokines was performed with a Procarta Cytokine assay kit (Panomics,
Fremont, CA) according to the manufacturer’s recommendations. The assay
was run with a Luminex 200 instrument using the Luminex IS software
(Luminex Corporation, Austin, TX).

Determination of total IgG levels in serum

Blood samples were taken before or 7 d after challenge infection. Sera were
prepared and stored at —20°C until usage. IgG levels were determined by
using the ELISA for mouse IgG kit (MABTECH AB, Nacka Strand,
Sweden) according to the manufacturer’s instructions. Serum samples were
serially diluted and IgG concentrations were calculated from OD values at
405 nm.

Statistics

One-way ANOVA followed by Bonferroni’s multiple-comparisons test or
Student 7 test was used to compare groups; p values <0.05 were considered
significant.

Results

CaP NPs designed as a potential immunization vehicle

Recently, we introduced CaP NPs as nontoxic carriers of immu-
noactive TLR ligands and a virus-derived peptide with the ability to
mature DCs and induce Ag-specific CD4™ T cell responses in vitro
(15, 16). In this study, we characterized these CaP NPs with regard
to their potential use as versatile vaccination vehicle. Therefore,
we prepared multishell CaP NPs by using a multistep process of
subsequent precipitation and functionalization. The CaP cores
contained immunogenic peptides of the influenza virus A/PR/8/34
HA: HAs15_500 (MHC class I) or HA;19_120 (MHC class II). These
peptides were protected from degradation by an additional CaP
shell. Finally, the NPs were colloidally stabilized by the addition
of the TLRY ligand CpG (Fig. 1). On average, the diameter of
these triple-shell NPs was ~250 nm.

Uptake of CaP NPs by DCs

DCs are the most effective APCs and play an important role in
initiating T cell-mediated immune responses (20). DCs can control
a substantial part of the adaptive immune response by internalizing
and processing Ags through the MHC class I and II pathways and,
finally, by presenting antigenic peptides to CD4* and CD8" T cells
(21, 22). Therefore, targeting DCs with a maturation trigger
combined with Ag delivery is one of the important goals in the
development of new vaccines. To determine whether DCs take up
functionalized CaP NPs in vitro, we stimulated whole splenocytes
with Alexa488-labeled CpG-functionalized CaP NPs. After 24 h,
splenocytes were harvested, and CD11¢* DCs were analyzed for
the uptake of Alexa488-labeled NPs. Importantly, CD11c* DCs
showed a high uptake efficiency; ~37% of all DCs was positive for
Alexa488 (Fig. 2A). In addition, unlike untreated splenic DCs,
Alexa488-labeled DCs exhibited a specific upregulation of the
costimulatory molecules CD80 and CD86 (Fig. 2B). To analyze
whether CaP NPs alone possess an adjuvant activity, we compared
CpG-functionalized CaP NPs and CaP NPs functionalized with
nonimmunogenic control oligonucleotides for DC activation. Im-
portantly, only CpG-functionalized CaP NPs induced the activation
of CD11c¢*" DCs with specific upregulation of the costimulatory
molecules CD80, CD86, and CD40, and elevated secretion of IL-2,
IL-12, and TNF-a (p < 0.01, p < 0.001; Fig. 2C).
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FIGURE 1. Schematic illustration of functionalized CaP NPs. (A) CaP
NPs are prepared in multiple steps to a final composition of three layers of
CaP and TLR ligand CpG (CaP/CpG/CaP/CpG). The core contains the HA
peptide HA|9_120 or HAs;5_s50. The triple-shell NPs were characterized
by scanning electron microscopy. (B) Results of dynamic light scattering
of triple-shell CaP NPs, functionalized with CpG and HA peptides. The
average particle diameter is illustrated.

In previous studies, we demonstrated that CaP NPs loaded with
an MHC class IlI-restricted HA peptide of the influenza virus
strongly induced an influenza-specific CD4* T cell response
in vitro (16). For a potent vaccine candidate, the induction of both
virus-specific CD4" and CD8" T cell immunity is essential.
Therefore, we determined whether DCs present encapsulated HA
Ag on MHC class II molecules and cross-present this Ag on MHC
class I molecules. CD11¢* DCs were isolated from the spleen and
stimulated with functionalized CaP NPs or with soluble CpG and
HAs12_500 or HA 19120 peptides. Next, stimulated DCs were
cocultured with HA-specific CD4" or CD8" T cells, and the
proliferation of T cells was measured. As depicted in Fig. 2D,
functionalized CaP NPs did not negatively influence the presen-
tation of HA peptides and induced strong HA-specific CD4" and
CDS8" T cell responses in vitro (p < 0.001), a finding suggesting
the great potential of functionalized CaP NPs for Ag delivery
in vivo.

Functionalized CaP NPs induce potent CD4" and CD8*
effector T cells

We tested the in vivo efficiency of CpG/HA515_s00 or CpG/HA 1 19_
120 functionalized CaP NPs as a vaccination tool (Fig. 3A). Naive
BALB/c mice were immunized i.p. three times at intervals of
14 d with PBS, soluble CpG, and either HA5127520/HA110,120
peptides or CpG/HAs515_s500/HA 10-120 functionalized CaP NPs.
Two weeks after the last immunization, splenocytes were ana-
lyzed for the presence of HA-specific CD8" T cells and for IFN-y
production. The percentage of HA-specific CD8" T cells detected
in mice immunized with functionalized CaP NPs was signifi-
cantly higher than that detected in mice immunized with PBS and,
more important, was also significantly higher than that detected in
mice immunized with soluble CpG and HA peptides (p < 0.05;
Fig. 3B).
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FIGURE 2. Uptake of CaP NPs and presentation of virus-specific Ags in vitro. (A) Spleen cells were incubated in vitro with Alexa488-labeled CaP NPs.
After 24 h, cells were stained for CD11c¢ and analyzed for CD11c*Alexa488" cells. (B) Alexa488"CD11c* DCs were analyzed for the expression of CD80
and CD86. Results are demonstrated in histograms. (C) CD11c¢" splenic cells were incubated with CpG functionalized CaP NPs or CaP NPs functionalized
with nonimmunogenic oligonucleotides. Expression of CD80, CD86, and CD40 and cytokine levels of IL-2, IL-12, and TNF-« in cell culture supernatants
were analyzed 24 h later. (D) CD11c* splenic cells were incubated with functionalized CaP NPs or with soluble CpG and HAs5_s59 or HA | o_120 peptides.
After 24 h, DCs were washed and cocultured with eFluor670-labeled HA-specific CD4" or CD8" T cells for 4872 h. Proliferation was measured by loss of
eFluor670 dye and is indicated as a percentage of proliferating cells. The figure comprises the results of three independent experiments. Bars represent

mean = SEM. **p < 0.01, ***p < 0.001. ns, Not significant.

Splenocytes from mice immunized with CaP NPs were restimulated
with HAs15 500 or HA 1o 120 peptide; this restimulation demon-
strated the induction of IFN-y—producing CD4* and CD8" T cells
(Fig. 3C). In contrast, restimulation of splenocytes from mice
immunized with soluble CpG and HA peptides induced a signifi-
cantly lower IFN-y response (p < 0.05 and p < 0.001). Of in-
terest, no humoral IgG Ab response against HA peptides was
detected in any of the immunized mice (data not shown). These
results indicate that i.p. immunization with functionalized CaP
NPs primes cellular immunity much more efficiently than im-
munization with soluble factors.

Functionalized CaP NPs accelerate clearance of influenza
virus from the lung

To determine whether HA-specific CD4* and CD8" T cells in-
duced by i.p. immunization with CaP NPs exhibited protective

activity, we challenged immunized mice intranasally with a high
dose of influenza virus A/PR/8/34 2 wk after the last of three
immunizations. Lung viral titers were determined 7 d after chal-
lenge. Importantly, all mice immunized with CaP NPs exhibited
significantly lower viral titers in the lung than the PBS group
(~10*° versus ~10*7 PEUs; p < 0.001). More interestingly, 35%
of the mice had completely cleared the virus by this time point. In
contrast, immunization with soluble CpG and HA peptides did not
clear the virus; it merely resulted in slightly lower viral titers
compared with the PBS control group (Fig. 4A). This accelerated
clearance of virus from the lungs of mice immunized with CaP
NPs was strongly accompanied by a specific increase in the
number of HA-specific CD8" T cells in the spleens of challenged
mice (p < 0.001; Fig. 4B). However, total IgG serum concen-
trations showed no significant differences between the different
groups, neither before nor on day 7 postinfection, indicating
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FIGURE 3. Immunization protocol A
and induction of influenza-specific T cell
responses. (A) BALB/c mice were im-
munized three times i.p. with 300 wl
functionalized CaP NPs containing CpG <
and HA5127520 or HA]](F]ZO peptides
(10.3 uM CpG and 20.4 pg/ml HA ; l
peptide), soluble CpG plus the HA
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a minor effect of virus-specific T cells on IgG induction in this
setting (Fig. 4C).

Intranasal immunization with functionalized CaP NPs induces
effective antiviral mucosal immunity

The lung is the local microenvironment in which primary immune
protection against respiratory pathogens such as influenza virus
takes place. Therefore, it is believed that efficient protection against
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influenza virus requires the induction or recruitment of virus-
specific T cells into the lung. For this reason, we determined
whether intranasal administration of functionalized CaP NPs was
sufficient to induce mucosal immunity and protection against in-
fluenza virus infection. First, we measured the specific uptake of
NPs by lung lymph node DCs. Alexa488-labeled CaP NPs were
administered intranasally to BALB/c mice. After 4 h, lung lymph
node cells were stained with anti-CD11c and examined for an
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figure illustrates the results of two
independent experiments (four mice
per group). *p < 0.05, **p < 0.01,
*#%p < 0.001. ns, Not significant.

£T0Z ‘€ AINC Uo ewoY-eliues ap aJouadns 1su| Te /6.0 jounuuil | :Mmm//:dny Wwouy papeo lumod


http://www.jimmunol.org/

6226

Alexa488" population. Approximately 29% of the CD11¢™ DCs
were Alexa488" (Fig. 5A). In the next step, naive BALB/c mice
were immunized intranasally according to the same immunization
protocol as that used before for PBS, soluble CpG, and HA | ¢_;2¢/
HA5127520 peptides or CpG/HASIZ—SZO/HAll(LIZO functionalized
CaP NPs. Two weeks after the last of three immunizations,
splenocytes were isolated, restimulated with the corresponding
HA peptides, and analyzed for IFN-y, TNF-«, and IL-2 produc-
tion. As demonstrated in Fig. 5B and 5C, a higher number of IFN-
vy—, IL-2—, and TNF-a—producing CD4* and CD8" T cells were
detected in mice immunized with CaP NPs than in other mice
(p < 0.05, p < 0.01, and p < 0.001). Furthermore, 7 d after in-
fluenza virus challenge, viral replication in the lungs of mice
immunized with CaP NPs was significantly lower (~10%? PFUs)
than in mice treated with PBS (~10*? PFUs; p < 0.01; Fig. 6A),
and this decrease was accompanied by a higher percentage of HA-
specific CD8" T cells in the lung lymph nodes and the spleen (p <
0.05 and p < 0.001; Fig. 6B).

Although mice represent a good animal model for influenza
infection, they show some differences in viral manifestation in
comparison with humans. Viral replication in mice, for example, is
mainly confined to the lower respiratory tract (23, 24). Human
influenza infection is mainly limited to the upper respiratory tract.
As a consequence, influenza infection in mice is more severe than
in humans. To simulate the situation of upper respiratory tract
infection, conscious rather than narcotized mice were challenged

NANOPARTICLE AS VACCINATION VEHICLE

with influenza virus. In general, mice infected without anesthesia
showed reduced morbidity 7 d after influenza virus infection, but
CpG/HA512500/HA 10120 functionalized CaP NP-immunized
mice exhibited the highest reduction of the viral load in lungs
(p < 0.05 and p < 0.001; Fig. 6C). Furthermore, elevated num-
bers of HA-specific CD8" T cells indicate an activation of pre-
existing virus-specific T cells after intranasal immunization with
functionalized CaP NPs (Fig. 6D).

Intramuscular immunization with functionalized CaP NPs
enhances viral clearance

Although intranasal immunization represents an effective appli-
cation route for inducing potent mucosal immune responses, i.m.
injection is the predominant route for many viral vaccines including
influenza. To test the efficiency of functionalized CaP NPs for i.m.
immunization, we immunized mice according to the standard
immunization protocol, but by i.m. injection. Two weeks after the
last immunization, conscious mice were challenged with influenza
virus. Importantly, only in CaP/CpG/HA NP-immunized mice,
viral RNA in lungs was below detection limit at day 7 postin-
fection. This accelerated clearance of virus from the lungs of mice
immunized with CaP NPs was strongly accompanied by a specific
increase in the number of HA-specific CD8" T cells in the lung
lymph node of challenged mice (Fig. 7B). In contrast, i.m. im-
munization with soluble HA/CpG did not affect viral clearance in
this experimental setting (Fig. 7A, 7B).
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(B) BALB/c mice were immunized intranasally with 50 pl CpG/HA | _120:512_s20 functionalized CaP NPs (20.6 uM CpG and 40.8 pg/ml HA peptide),
soluble CpG plus HAo_120:512-520 (20.6 uM CpG and 40.8 wg/ml HA peptide) on days 1, 14, and 28. Two weeks after the last of three immunizations,
BALB/c mice were either sacrificed for cellular analysis or challenged intranasally with 1000 PFUs influenza virus strain A/PR/8/34. Splenocytes from CaP
NP immunized mice were restimulated in vitro with 10 wg/ml of the HAs;5 520 or HA |10 120 peptide. After 24 h, the numbers of IFN-y—producing CD4*
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significant.
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FIGURE 6. Intranasal immunization suppresses virus replication. (A) Fourteen days after the last of three immunizations, mice were challenged in-
tranasally with 1000 PFUs influenza virus A/PR/8/34. After 7 d, mice were sacrificed, and lung virus titers were measured by plaque assay. y-axis starts at
the influenza virus detection limit. The figure illustrates the results from three independent experiments. (B) Lung lymph node cells and total spleen cells
from influenza-challenged mice (7 d after challenge) were stained for the presence of HA-specific CD8*H-2K%“TYSTVASSL* T cells. The figure illustrates
the results from three independent experiments. (C) Fourteen days after the last of three immunizations, conscious mice were challenged intranasally with
a 80,000 PFUs influenza virus A/PR/8/34. Viral RNA was isolated on day 7 postinfection from homogenized lungs. Viral copy numbers were determined by
qPCR (five mice per group). The figure comprises the results of two independent experiments. Bars represent mean = SEM. (D) Lung lymph node cells
from influenza-challenged mice (7 d after challenge) were stained for the presence of HA-specific CD8* H-2K“IYSTVASSL* T cells. Each data point
represents one animal. *p < 0.05, **p < 0.01, ***p < 0.001. ns, Not significant.

In summary, these findings suggest that functionalized CaP NPs
are sufficient to induce protective antiviral immunity when ad-
ministered by various immunization routes.

Discussion

In this study, we found that CaP NPs can deliver Ag to DCs and can
drive sufficient maturation and signal transduction in DCs to facilitate
Ag processing and presentation, including cross-presentation. i.p.
and, even more important, intranasal and i.m. administration of MHC
class I/II-restricted HA peptides and TLR ligand 9 CpG, coencap-

sulated in CaP NPs, were effective in inducing protective cellular
immunity against influenza virus in mice.

Synthetic or natural biomaterials have been used as drug-delivery
carriers and as vaccine adjuvant agents (25-27). However, the ad-
vanced formulation of these materials for specific targeting and
administration through various biological routes is still under in-
vestigation. In the case of infection with respiratory viruses such as
influenza, particular attention should be paid to the lung as a target
for mucosal immunization because the lung is an entrance point for
respiratory viruses (28). Virus-specific CD4* and CD8* T cells in
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FIGURE 7. Intramuscular immunization with functionalized CaP NPs prevents influenza virus replication. (A) Fourteen days after the last of three i.m.
immunizations, conscious mice were challenged intranasally with 80,000 PFUs influenza virus A/PR/8/34. Viral RNA was isolated on day 7 postinfection
from homogenized lungs. Viral copy numbers were determined by qPCR (five mice per group). The figure comprises the results of two independent
experiments. Bars represent mean = SEM. (B) Lung lymph node cells from influenza-challenged mice (7 d after challenge) were stained for the presence of
HA-specific CD8*H-2K%“TYSTVASSL* T cells. Each data point represents one animal.
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the lung are considered to confer protection against respiratory
viruses (28). However, the requirements for efficient induction of
potent virus-specific T cells in the lung are still unclear. In general,
Ags introduced via the mucosal route are often only poorly immu-
nogenic because of the immunosuppressive environment, and they
induce a state of tolerance (29). Therefore, it seems important for
mucosal vaccination with peptides to use effective delivery systems
that provide both carrier and adjuvant functions. In this study, in-
tranasal immunization was found to be quite effective for the
clearance of influenza virus. The CaP-based nanoparticulate carrier
used in this study can be easily prepared and functionalized as
a multishell system. After being taken up by the cells, the calcium
ions are rapidly pumped out of the cell; therefore, the intracellular
calcium level does not exceed a harmless level (30). In addition,
adjuvants can be controlled, added, and released while nano-
particulated CaP alone is not sufficient to act as an adjuvant on DCs.

Unmethylated CpG was used as an adjuvant in our study. It binds
to TLRY and is a well-established, safe molecule with clinical
translational potential, as demonstrated by the findings of three
completed clinical trials of CpG as a vaccine adjuvant (31). CpG can
evoke a range of immunostimulatory effects; it can enhance the
activity of lymphocytes and APCs, trigger DC maturation, and
drive the immune system toward the Th1 immune response against
specific Ags (32). This finding is in accordance with our results: we
demonstrated the maturation of DCs and the induction of IFN-y—
producing CD4" and CD8" effector cells after mice were immu-
nized with CaP NPs functionalized with CpG/HA peptide. Al-
though the control of influenza virus infection is generally assumed
to be primarily mediated by neutralizing Abs after immunization
with inactivated influenza virus, cellular immunity may play a role
as well, because CD8" and CD4™ T cells participate in the immune
response against influenza infection (33). Notably, in this study, we
demonstrate that, after immunization with functionalized CaP NPs,
Thl-based T cells alone are sufficient to provide protective im-
munity and prevent replication of influenza virus in mice. In future
experiments, it would be of interest to incorporate a panel of dif-
ferent epitopes and to combine humoral and cellular immune
responses for protective immunity, to induce a broader immune
response against different influenza virus strains.

The route of vaccination is important in influencing immune
responses at the initial site of pathogen invasion. Systemic immu-
nization is adequate for successful vaccines against some mucosal
pathogens, where high titers of neutralizing Abs are capable of
clearing the virus and preventing disease (34). However, some
mucosal pathogens may require strategies that activate multiple
arms of the innate and adaptive immune system for a strong and
long-lasting response (35). CaP NPs seem to represent an excellent
delivery system for mucosal vaccines as the intranasal immuniza-
tion with HA/CpG-functionalized CaP NPs was more efficient in
inducing protection at mucosal sites than i.p. immunization.

Biomimicry by NPs is a powerful method for modulating the
immune response for active immunization. Biodegradable CaP NPs
loaded with influenza Ag and with a surface modified by bacterial
component CpG can prime a vigorous immune response against the
encapsulated Ag and can provide protective immunity. Our findings
demonstrate the high potential of CaP NPs as a novel vaccination
tool that allows the flexible dosing of Ags and adjuvant, and there-
fore provides control over many of the variables that are important
in optimizing an effective vaccine delivery system.
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