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We have recently demonstrated the effectiveness of an influenza A virus (IAV) subunit vaccine based on
biodegradable polyanhydride nanoparticles delivery in mice. In the present study, we evaluated the effi-
cacy of �200 nm polyanhydride nanoparticles encapsulating inactivated swine influenza A virus (SwIAV)
as a vaccine to induce protective immunity against a heterologous IAV challenge in pigs. Nursery pigs
were vaccinated intranasally twice with inactivated SwIAV H1N2 (KAg) or polyanhydride nanoparticle-
encapsulated KAg (KAg nanovaccine), and efficacy was evaluated against a heterologous zoonotic virulent
SwIAV H1N1 challenge. Pigs were monitored for fever daily. Local and systemic antibody responses,
antigen-specific proliferation of peripheral blood mononuclear cells, gross and microscopic lung lesions,
and virus load in the respiratory tract were compared among the groups of animals. Our pre-challenge
results indicated that KAg nanovaccine induced virus-specific lymphocyte proliferation and increased
the frequency of CD4+CD8aa+ T helper and CD8+ cytotoxic T cells in peripheral blood mononuclear cells.
KAg nanovaccine-immunized pigs were protected from fever following SwIAV challenge. In addition, pigs
immunized with the KAg nanovaccine presented with lower viral antigens in lung sections and had 6 to
8-fold reduction in nasal shedding of SwIAV four days post-challenge compared to control animals.
Immunologically, increased IFN-c secreting T lymphocyte populations against both the vaccine and chal-
lenge viruses were detected in KAg nanovaccine-immunized pigs compared to the animals immunized
with KAg alone. However, in the KAg nanovaccine-immunized pigs, hemagglutination inhibition, IgG
and IgA antibody responses, and virus neutralization titers were comparable to that in the animals immu-
nized with KAg alone. Overall, our data indicated that intranasal delivery of polyanhydride-based SwIAV
nanovaccine augmented antigen-specific cellular immune response in pigs, with promise to induce cross-
protective immunity.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Swine influenza A virus (SwIAV) causes considerable economic
losses in the pig industry worldwide [1]. Currently, multiple anti-
genically diverse strains of three major SwIAV subtypes H1N1,
H1N2 and H3N2 are circulating in pig populations. Since pigs serve
as a mixing vessel for human and avian IAV, numerous distinct
SwIAV strains are frequently generated, and some of these have
zoonotic potential [2]. An effective vaccination strategy can pre-
vent economic losses in the pig industry and limit zoonotic trans-
mission of SwIAVs to humans. Vaccination against SwIAV is
frequently practiced on pig farms using either bivalent or multiva-
lent whole virus inactivated (WIV) vaccines which protect against
homologous virus but are ineffective against heterologous strains
[3–6]. Since SwIAV undergoes frequent mutation with antigenic
drift and shift, there is an urgent need to develop broadly cross-
protective vaccines. Moreover, WIV vaccines do not elicit high
levels of antigen-specific secretory IgA antibody response in the
respiratory tract where the disease is localized. It is also known
that strong mucosal immunity can correlate with cross-
protective efficacy against influenza [7,8]. Recently, WIV vaccine
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formulations were reported to enhance the severity of lung lesions
in pigs infected with heterologous IAV, raising concerns over judi-
cious selection and use of vaccines [3,4,6]. To overcome these lim-
itations, a novel vaccine delivery platform is needed for prevention
and control of influenza in pigs.

Biodegradable and biocompatible polyanhydrides have been
widely used for vaccine antigen delivery due to safety [9–11] and
their adjuvant properties [12]. The most well-studied polyanhy-
dride copolymers are based on sebacic acid (SA), 1,6-bis(p-
carboxyphenoxy)hexane (CPH), and 1,8-bis(p-carboxyphenoxy)-3,
6-dioxaocatane (CPTEG) monomers. Polyanhydrides are surface
eroding polymers, which minimize the exposure of encapsulated
antigen to moisture providing a better microenvironment for the
encapsulated vaccine antigen(s) [12,13]. Polyanhydride nanoparti-
cles retain the structural and biological activity of released vaccine
antigens [14–19] and also have pathogen mimicking properties to
activate dendritic cells and enhance innate immune response [19–
22]. Recent studies have shown induction of high virus neutraliz-
ing antibody titer and enhanced cell-mediated immune responses
against IAV in mice vaccinated with a hemagglutinin-based
polyanhydride nanovaccine [23,24]. In this study, we analyzed
the immunogenicity and protective efficacy of 20:80 CPTEG:CPH
nanoparticles encapsulating whole inactivated SwIAV vaccine
against a heterologous and virulent zoonotic SwIAV H1N1 chal-
lenge in pigs. Our results indicated that nanovaccine encapsulation
of SwIAV augmented the virus specific cell-mediated immune
response and reduced the virus load and fever in pigs.
2. Materials and methods

2.1. Vaccine preparation

The SwIAV isolates, SW/OH/FAH10-1/10 H1N2 a d lineage virus
bearing human like HA and NA genes, swine triple reassortant
virus internal genes PB2, PB1, PA and NS and pandemic H1N1 lin-
eage NP and M genes [25], and SW/OH/24366/2007 H1N1 a triple
reassortant c lineage virus having swine origin HA, NA, NP, M and
NS genes, human origin PB1 and avian origin PB2 and PA genes [26]
were used in vaccine preparation and challenge infection,
respectively.

For vaccine preparation, Madin-Darby canine kidney (MDCK)
cell grown H1N2 virus culture fluid was concentrated by sucrose
gradient ultra-centrifugation, and the virus was inactivated by bin-
ary ethyleneimine (BEI). Inactivated/killed SwIAV (KAg) was
encapsulated in 20:80 CPTEG:CPH polyanhydride nanoparticles
(KAg nanovaccine) as described previously [27,28]. Particle size
and morphology were examined by a FEI Quanta 250 scanning
electron microscope (SEM, Kyoto, Japan) and size distribution
was characterized by using ImageJ software with an average of
200 nanoparticles and with quasi-elastic light scattering experi-
ments (QELS) using a Zetasizer Nano (Malvern Instruments Ltd.,
Worchester, UK). The SwIAV encapsulation efficiency in the
nanoparticles was determined as described previously [14].
2.2. Experimental design and sample collection

Caesarian-delivered colostrum-deprived (CDCD) and bovine
colostrum-fed Large White-Duroc crossbred piglets (n = 30) were
raised in the BSL2 facility at OARDC as described previously [29].
Piglets were confirmed seronegative for hemagglutination inhibi-
tion (HI) antibodies against SwIAV H1N1 and H1N2, and were ran-
domly divided into 4 experimental groups (n = 7 or 8 pigs/group)
(Table 1). Maintenance of pigs and all experimental procedures
were conducted in accordance with the guidelines of the
Institutional Animal Care and Use Committee at The Ohio State
University.

Animals were vaccinated at 4–5 weeks, boosted after 3 weeks,
and challenged after 2 weeks of boost i.e., day post-vaccination
(DPV) 35. For each vaccination dose, pigs intranasally received
107 TCID50 equivalent of inactivated H1N2 virions (KAg) or KAg
entrapped within the nanoparticles (KAg nanovaccine) suspended
in 2 mL DMEM. The challenge SwIAV inoculum consisted of a vir-
ulent, zoonotic, and heterologous SwIAV H1N1 (6 � 106 TCID50 in
2 mL) of which 1 mL was administered intranasally and 1 mL intra-
tracheally [26]. Plasma samples were collected at the time of vac-
cination and necropsy. After challenge the rectal temperature was
recorded daily, and nasal swab samples were collected in 2 mL of
DMEM at four days post-challenge (DPC). Pigs were euthanized
at six DPC and lungs were examined and scored for gross lesions
[30]. Broncho-alveolar lavage (BAL) fluid was collected for virus
titration and lung lysate (prepared using 1 g of tissue from the
right apical lobe suspended in 3 mL of DMEM, which was homog-
enized and the supernatant was collected) was analyzed for anti-
body response [31]. Lung tissues were formalin fixed for
histopathological and immunohistochemical evaluations. PBMCs
were isolated by using density gradient medium Lymphoprep in
SepMate-50 tubes (Stemcell, BC, Canada) as per the manufacturer’s
instructions at DPC 0 and 6 for lymphocyte proliferation and flow
cytometry assays.

2.3. Cell proliferation and flow cytometry assays

SwIAV antigen-specific lymphocyte proliferation was assessed
using PBMCs and the cell titer 96 aqueous non-radioactive prolifer-
ation assay kit (Promega, WI) as per the manufacturer’s instruc-
tions. One million cells per well were seeded in triplicates in 96
well sterile U-bottom plate (Greiner bio-one, NC) and stimulated
with live SwIAV H1N2 at 0.1 MOI or with medium control. After
72 h of incubation at 37 �C in a 5% CO2 incubator, MTS + PMS solu-
tion was added and the OD490nm was measured after 4 h using an
ELISA plate reader (Spectramax Plus384, Molecular Devices, CA).
Stimulation index (SI) was determined by dividing OD of stimu-
lated PBMCs by OD of cell control of the same pig.

PBMCs isolated at DPC 0 were also analyzed to determine the
frequency of different T cell subsets by flow cytometry. At DPC 6,
isolated PBMCs were stimulated with live SwIAV H1N2 or H1N1
at MOI 0.1 for 72 h, and cells were immunostained and analyzed
by flow cytometry to determine the frequency of activated (IFN-
c+) T cell subsets as described previously [29]. Antibodies used in
the assay were anti-porcine CD3έ, CD4a and CD8a (Southern-
biotech, AL), CD8b, d-chain, and IFNc (BD biosciences, CA) along
with their respective isotype controls.

2.4. Virus titration

Serial tenfold dilutions of BAL fluid and nasal swabs were pre-
pared in DMEM supplemented with TPCK-trypsin (1 lg/mL) and
transferred to MDCK cells grown on 96 well cell culture plates.
After 48 h of incubation at 37 �C in a 5% CO2 incubator, cells were
immunostained using IAV nucleoprotein specific primary antibody
(#M058, CalBioreagents, CA) followed by AlexaFluor 488 conju-
gated goat anti-mouse IgG (H + L) antibody (Life technologies,
OR). Immunofluorescence was recorded using fluorescent micro-
scope (Olympus, NY) and infectious virus titer was calculated using
the Reed and Muench method [29,32].

2.5. Antibody titration

Hemagglutination inhibition (HI) titer and SwIAV-specific anti-
body responses were determined as described previously [29].



Table 1
Experimental design showing assignment of pigs in each group (n = number of pigs).

Experimental groups n Vaccine formulations

First vaccination (DPV 0/DPC -35) Second vaccination (DPV 21/DPC -14) Day of Challenge (DPV 35/DPC 0)

Mock 7 Mock inoculum Mock inoculum Mock inoculum
Mock + Ch. 8 Mock inoculum Mock inoculum SwIAV OH7 (H1N1)
KAg + Ch. 8 Inactivated SwIAV (H1N2) Inactivated SwIAV (H1N2) SwIAV OH7 (H1N1)
KAg Nanovaccine + Ch. 7 Inactivated SwIAV Nanovaccine (H1N2) Inactivated SwIAV Nanovaccine (H1N2) SwIAV OH7 (H1N1)

DPV - Day post-vaccination; DPC - Day post-challenge; Ch - SwIAV OH7 (H1N1) Challenge.
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Fig. 1. Physical characterization of polyanhydride nanoparticles. (A) Surface morphology of KAg nanovaccine nanoparticles depicted by scanning electron photomicrograph
(25Kx magnification). (B) Size distribution of KAg nanovaccine nanoparticles presented as percentage of total particles.
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Undiluted nasal swab samples and 1:200 dilutions of BAL fluid,
plasma and lung lysates were used in IgG and IgA antibody
response comparison among the pig groups. Virus neutralization
titer (VNT) in BAL fluid was also determined using procedures
described previously [29].
2.6. Histopathology and Immunohistochemistry (IHC) analyses

Five micron sections of apical, cardiac and diaphragmatic lung
lobes of pigs were stained with hematoxylin and eosin (H&E) and
examined microscopically for histopathological changes as
described previously [30]. Briefly, lesion severity was scored by
the distribution or by the extent of lesions within the sections
and PMN infiltration and graded 0 to 3. SwIAV-specific antigen in
the lungs was detected by IHC as described previously [33,34] with
a few modifications. SwIAV nucleoprotein specific antibody
(#MO58, CalBioreagents, CA) was used for immunostaining the
viral antigens followed by treatment with VECTASTAIN elite ABC
reagent (#PK-7100, Vector Labs, CA) to develop positive signal as
per manufacturer’s instructions. The reactivity of viral antigenic
mass in the airway epithelial cells was evaluated in IHC analysis.
2.7. Statistical analysis

Data are presented and compared as median and range of 7 or 8
pigs in different groups. HI and VN titers are presented as geomet-
ric mean ± 95% CI. Virus titers were log transformed and analyzed
[34]. Non-parametric Kruskal-Wallis test followed by Dunn’s post
hoc test was used to compare the data in GraphPad Prism 5
(GraphPad Software, Inc., CA) considering a P < 0.05 as statistically
significant.
3. Results

3.1. Physical characteristics of SwIAV nanovaccine

The morphology of the synthesized polyanhydride nanoparti-
cles was spherical and the size of the majority of particles was
between 100 and 200 nm as determined by scanning electron pho-
tomicrographs (Fig. 1A and B). The mean diameter of the antigen
loaded nanoparticles as determined by ImageJ software (and con-
firmed with light scattering) was 181 ± 56 nm (Fig. 1B) [27,28].
The encapsulation efficiency of SwIAV H1N2 antigens within the
nanoparticles was determined to be 60%.
3.2. Pre-challenge cellular and humoral immune responses in pigs

PBMCs isolated from vaccinated pigs at DPV 35/DPC 0 were
stimulated with the vaccine virus (SwIAV H1N2) and lymphocyte
proliferation was assessed. Our data suggested that lymphocyte
stimulation index in KAg nanovaccine vaccinated pigs was signifi-
cantly higher compared to that in the animals vaccinated with the
KAg alone (Fig. 2A). KAg nanovaccine-immunized pigs but not the
KAg alone vaccinated pigs had significantly higher frequency of T
helper/memory cells (CD3+CD4+CD8aa+) (Fig. 2B) and cytotoxic T
lymphocytes (CTLs) (CD3+CD4�CD8ab+) compared to the mock
group (Fig. 2C). The HI titer in plasma at DPC 0 was significantly
higher against the vaccine virus in both KAg nanovaccine- and
KAg-immunized pigs compared to mock controls, but no signifi-
cant differences were observed between two vaccine groups
(Fig. 2D). The IgG antibody response to the homologous vaccine
virus in plasma at DPC 0 was also similar between KAg- and KAg
nanovaccine-immunized animals (Fig. 2E) and the antibody



A B C SwIAV H1N2 stimulation

1 2 3
0

1

2

3
*

***

St
im

ul
at

io
n 

in
de

x

1 2 3
0

2

4

6

8

10 **
CD3+CD4+CD8αα+

%
 o

f C
D

3+  c
el

ls

1 2 3
0

5

10

15

20

**

                     CD3+CD4-CD8αβ+

%
 o

f C
D

3+  c
el

ls

IgG in plasma

1 2 3
0.0

0.5

1.0

1.5

2.0

2.5 **
O

D
45

0n
m

D E 

1. Mock 
2. KAg
3. KAg nanovaccine

1 2 3
0

10

20

30 **
**

H
I t

ite
r

HI titer in plasma

Fig. 2. Cellular and humoral immune responses in vaccinated pigs pre-challenge. (A) PBMCs isolated at DPV 35/DPC 0 were stimulated with vaccine virus (SwIAV H1N2) and
lymphocyte proliferation was determined. PBMCs isolated at DPV 35/DPC 0 were also immunostained for phenotyping: (B) CD3+CD4+CD8aa+ (T helper/memory) and (C)
CD3+CD4�CD8ab+ (CTLs). For humoral immune response analyses: (D) HI titer and (E) total IgG antibody responses were determined as described in Methods. Each bar is the
median and range value of 7 or 8 pigs. Panel D shows geometric mean ± 95% CI. Data were analyzed by non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test.
Asterisk refers to statistical difference between two indicated pig groups (*p < 0.05; **p < 0.01 and ***P < 0.001).

0 1 2 3 4 5 6
102

103

104

105

106

Mock
Mock+Ch
KAg+Ch
KAg Nanovaccine + Ch.

Day post-challenge

T
em

pe
ra

tu
re

 (0 F)

         Gross lung lesion scores

1 2 3 4
0

10

20

30

40

%
 L

un
g 

co
ns

ol
id

at
io

n

1 2 3 4
0

1

2

3

L
un

g 
in

fla
m

m
at

or
y 

sc
or

e

H & E score

1 2 3 4
0

1

2

3

4 **

IHC Score

Sw
IV

 a
nt

ig
en

 r
ea

ct
iv

ity

BAL fluid

1 2 3 4

0

2

4

6

8
*

T
C

ID
50

/m
l (

lo
g 1

0)

Nasal Swab
DPC 4

1 2 3 4
0

2

4

6

T
C

ID
50

/m
l (

lo
g 1

0)

D C B A 

F G 

1. Mock 
2. Mock + Ch. 
3. KAg. + Ch. 
4. KAg nanovaccine + Ch. 

E Mock Mock + Ch  

KAg + Ch KAg nanovaccine + Ch 

Fig. 3. Clinical and pathological changes and SwIAV H1N1 titration in vaccinated pigs post-challenge. (A) Graphs showing the average rectal body temperature recorded daily
post-challenge; (B) gross lung lesions in pigs recorded during necropsy at DPC 6; (C) microscopic lung lesions scores of H&E stained lung sections; (D) immunohistochemistry
analysis of lung sections for SwIAV antigens; and (E) representative pictures of lung sections of pigs analyzed for SwIAV antigens by Immunohistochemistry. Virus titers in (F)
nasal swabs at DPC 4 and in (G) BAL fluid at DPC 6 are shown. The dashed line at temperature 104 �C indicates fever in pigs. Each bar is the median and range value of 7 or 8
pigs. Data were analyzed by non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test. Asterisk refers to statistical difference between two indicated pig groups
(*p < 0.05 and **p < 0.01).

S. Dhakal et al. / Vaccine 35 (2017) 1124–1131 1127



CD3+IFNγ+

1 2 3 4 1 2 3 4
0

5

10

15

*
*

*

%
 o

f C
D

3+  c
el

ls

CD3-IFNγ+

1 2 3 4 1 2 3 4
0

1

2

3

4

*****
** ***

%
 o

f C
D

3-  C
el

ls

CD3+CD4-CD8αβ+IFNγ+

1 2 3 4 1 2 3 4
0.0

0.5

1.0

1.5

***
** ***

*

%
 o

f C
D

3+  c
el

ls

CD3-CD4-CD8α+IFNγ+

1 2 3 4 1 2 3 4
0.0

0.5

1.0

1.5
* ** ***

%
 o

f C
D

3-  C
el

ls

A B C 

CD3+CD4+IFNγ+ cells

1 2 3 4 1 2 3 4
0

2

4

6

8

* **
*** **

%
 o

f C
D

3+  c
el

ls

D E 

1. Mock
2. Mock + Ch.
3. KAg. + Ch.
4. KAg nanovaccine + Ch.

Fig. 4. Immunophenotyping of activated (IFN-c+) lymphocytes in PBMCs of vaccinated pigs restimulated with the vaccine (H1N2) or challenge (H1N1) SwIAV ex vivo.
Frequencies of (A) CD3+IFNc+ (T cells); (B) CD3�IFNc+ cells (non-T cells); (C) CD3+CD4�CD8ab+IFNc+ (CTLs); (D) CD3+CD4+IFNc+ (T-helper cells); and (E) CD3�CD4�CD8a+-
IFNc+ (NK cells) are shown. Each bar is the median and range value of 7 or 8 pigs. Data were analyzed by non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test.
Asterisk refers to statistical difference between two indicated pig groups (*p < 0.05; **p < 0.01 and ***P < 0.001).

1128 S. Dhakal et al. / Vaccine 35 (2017) 1124–1131
response against the challenge heterologous virus was weak (data
not shown).

3.3. Clinical and pathological changes and virus load post-challenge

The comparative protective efficacy of KAg nanovaccine vs. KAg
alone was assessed in heterologous virus-challenged pigs. A body
temperature of 104oF is accepted as fever in pigs [35]. Mock-
challenged and KAg-vaccinated pigs had fever at DPC 1 to 4, while
KAg nanovaccine-immunized pigs had fever only at DPC 1 (Fig. 3A).
Though not statistically significant, the gross lesions involved a
smaller area of the lungs in KAg nanovaccine-immunized animals
compared to the animals vaccinated with KAg (Fig. 3B). The H&E
scores at DPC 6 were comparable among all three groups of virus
challenged pigs (Fig. 3C). The mean IHC scores for SwIAV antigen
reactivity in the lung sections was significantly reduced in KAg
nanovaccine-immunized animals compared to the mock vacci-
nated and virus challenged pigs, but not in KAg alone vaccinated
group (Fig. 3D); representative lung pictures of bronchial epithelial
cells with virus antigens is shown (Fig. 3E).

Consistent with the lung IHC scores, the nasal virus shedding at
DPC 4 in KAg nanovaccine group was six- and eightfold lower than
KAg and mock vaccinated and SwIAV H1N1 challenged groups,
respectively (Fig. 3F). However, at DPC 6 the challenge virus titer
in BAL fluid was reduced in both KAg (40-fold) and KAg
nanovaccine-immunized (37-fold) pig groups compared to mock
vaccinated and virus challenged pigs (Fig. 3G), suggesting less repli-
cation/shedding in the airway epithelium of the vaccinated pigs.

3.4. Activated recall IFNc secreting lymphocyte response in the blood
post-challenge

To assess the recall cellular immune response post-challenge,
isolated PBMCs were stimulated with vaccine (H1N2) and chal-
lenge (H1N1) SwIAV virions to estimate the frequencies of acti-
vated (i.e., IFNc+) lymphocyte subsets. The frequency of activated
T cells (CD3+IFNc+) (Fig. 4A) and T helper cells (CD3+CD4+IFNc+)
(Fig. 4D) were significantly higher in animals vaccinated with
KAg nanovaccine stimulated with both the H1N1 and H1N2 viruses
compared to that in animals vaccinated with KAg alone. The fre-
quency of activated CTLs (CD3+CD4� CD8ab+IFNc+) were signifi-
cantly higher in both KAg nanovaccine and KAg vaccinated pig
groups stimulated with both the H1N1 and H1N2 viruses com-
pared to mock control pig group (Fig. 4C). The innate CD3�IFNc+

non-T cells (Fig. 4B) as well as CD3�CD4�CD8a+IFNc+ NK cells
(Fig. 4E) were found to be significantly higher in KAg- compared
to KAg nanovaccine-immunized animals.

3.5. Humoral immune response post-challenge

In post-challenged pigs, the specific antibody response against
the challenge virus was analyzed both locally and systemically
(Fig. 5). The virus-specific IgA antibody response in nasal swabs
(Fig. 5A), BAL fluid (Fig. 5B), and lung lysates (Fig. 5C) were signif-
icantly higher in KAg (but not KAg nanovaccine) vaccinated com-
pared to both mock control and mock challenge pig groups;
while the IgA levels between the KAg and KAg nanovaccine-
immunized pig groups was not statistically different. Specific IgG
response in plasma (Fig. 5D) and BAL fluid (Fig. 5E), HI titers in
BAL fluid (Fig. 5F) and plasma (Fig. 5G), and VN titers in BAL fluid
(Fig. 5H) were comparable in the animals immunized with KAg and
KAg nanovaccine.

4. Discussion

Induction of protective immunity against influenza is possible
under field conditions only by developing a vaccine that elicits
robust immune responses against conserved viral antigens, but



IgG in BAL

1 2 3 4
0.0

0.5

1.0

1.5

2.0 ***
*

*
IgA in BAL

1 2 3 4
0.0

0.5

1.0

1.5

2.0

2.5 ***
***

O
D

45
0n

m

IgG in plasma

1 2 3 4
0.0

0.5

1.0

1.5

2.0

O
D

45
0n

m

IgA in nasal swab

1 2 3 4
0.0

0.2

0.4

0.6

0.8 **
*

O
D

45
0n

m

              IgA in lung lysate

1 2 3 4
0.0

0.5

1.0

1.5 ***

*

*

O
D

45
0n

m

HI titer in plasma

1 2 3 4
0

50

100

150

L
og

2 S
ca

le

HI titer in BAL

1 2 3 4
0

50

100

150

L
og

2 S
ca

le

A 

B 

C 

D 

E 

F 

G 

H 

1. Mock

2. Mock + Ch.

3. KAg. + Ch.

4. KAg nanovaccine + Ch.

VNT in BAL fluid

1 2 3 4
0

20

40

60

80

100

L
og

2 S
ca

le

Fig. 5. Humoral immune response in vaccinated pigs post-challenge against the challenge virus. Antibody analysis was performed by ELISA to determine the levels of
humoral response: IgA in (A) nasal swab; (B) BAL fluid; (C) lung lysate; and IgG response in (D) plasma and (E) BAL fluid. SwIAV H1N2 specific titers of HI antibodies in (F) BAL
fluid and (G) plasma; and (H) VN titers in BAL fluid were determined. Each bar is the median and range value of 7 or 8 pigs. Panels F, G, H show geometric mean ± 95% CI. Data
were analyzed by non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test. Asterisk refers to statistical difference between two indicated pig groups (*p < 0.05;
**p < 0.01 and ***P < 0.001).

S. Dhakal et al. / Vaccine 35 (2017) 1124–1131 1129
current SwIAV vaccines have failed to do that. To achieve that goal,
we evaluated the immunogenicity and cross-protective efficacy of
a polyanhydride-based nanoparticle encapsulated killed SwIAV
vaccine administered intranasally in influenza antibody-free pigs.
The KAg nanovaccine rescued pigs from heterologous virulent
SwIAV induced clinical symptoms and fever, associated with
reduced gross lung pathology, slightly reduced nasal virus shed-
ding and antigenic load in the lungs. This is likely mediated by
the induction of robust antigen-specific cell-mediated immune
responses against the challenge virus, in spite of the lack of induc-
tion of an enhanced antibody response. The lack of an enhanced
antibody response in the KAg nanovaccine-immunized animals
may be attributed to little to no disease being observed in those
animals with only modest viral replication in the lungs. These
observations would point to an absence of an anamnestic antibody
response, which merits further investigation.

Polyanhydride micro/nanoparticles based on CPTEG, CPH and
SA have been widely studied for vaccine and drug delivery against
viral, bacterial and parasitic pathogens in rodent models [36]. In
this work, we used the 20:80 CPTEG:CPH-based nanoparticle for-
mulation because it has been shown to be a potent adjuvant based
on its ability to enhance both humoral and cellular immune
responses to vaccine antigens [12,27,28,37]. Amphiphilic polyan-
hydrides based on CPTEG and CPH facilitate slow release of anti-
gen, conserve protein structure and stability, and maintain
immunogenicity of the antigenic epitopes [17]. Polyanhydride
nanovaccines have also induced antigen-specific memory T cells
and profound recall responses in mice [38,39]. A previous study
involving 20:80 CPTEG:CPH-based nanoparticle encapsulated
recombinant H5 trimer vaccine against H5N1 influenza challenge
in mice enhanced the CD4+ T cell recall response and showed pro-
tective efficacy [23]. Consistent with these findings, the current
study in pigs with intranasal immunization with KAg nanovaccine
induced a strong cell-mediated immune response by enhancing
the antigen specific lymphocyte proliferation and increasing the
frequency of T helper/memory cells and CTLs. Furthermore, in
post-challenged pigs, the IFN-c producing T cell sub-population
was increased in ex vivo cultures of PBMCs stimulated with anti-
gens from both vaccine and challenge viruses.

In addition, it is important to use low doses of antigens in vac-
cine formulations in order to prevent unwanted side effects.
Polyanhydride nanovaccines have been reported to induce strong
antibody response along with dose-sparing capabilities. For exam-
ple, a suboptimal dose of ovalbumin (25 lg) in polyanhydride par-
ticles delivered subcutaneously in mice induced antibody response
similar to that induced by delivering 400–1600 lg of the soluble
antigen [40]. A 20:80 CPTEG:CPH particle-based formulation con-
taining 20 lg hemagglutinin protein of H5N1 virus was also shown
to induce robust VN titer in a homologous challenge trial in mice
[23]. In the current study in pigs the 20:80 CPTEG:CPH polyanhy-
dride nanoparticle-encapsulated SwIAV KAg induced similar sys-
temic and local antigen-specific VN and HI antibody titers
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compared to pigs immunized with the KAg alone. Intranasal vacci-
nation of mice has been shown to induce better mucosal IgA
responses compared to parenteral immunization. In mice, intrana-
sal delivery of 50:50 CPTEG:CPH polyanhydride based vaccine
showed protective efficacy against Yersinia pestis challenge medi-
ated mainly by a high titer antibody response [41]. In contrast to
mice, it appears that intranasal administration of the 20:80
CPTEG:CPH polyanhydride nanovaccine formulation induces more
of a cellular than a humoral immune response in pigs.

The size, charge, and other characteristics of nanoparticles play
a major role on favorable outcome of vaccination. Particle size of
less than or equal to 500 nm is considered suitable to be taken
up readily by APCs [42,43]. In mice, 360–470 nm particles were
found to be suitable for adequate pulmonary distribution [44].
Thus, our 100–300 nm polyanhydride nanoparticles were of appro-
priate size for intranasal vaccine delivery in pigs. We detected low
and comparable titers of the challenge virus in the BAL fluid of pigs
that received KAg nanovaccine and soluble vaccine antigen at DPC
6. This indicates that, despite the benefit of improved cellular
immunity, there is a need to improve the efficacy of polyanhydride
nanoparticle-based vaccine delivery platform in pigs for induction
of better cross-protection.

The controlled release of antigen, pathogen mimicking proper-
ties and in vivo immune modulation capabilities of polyanhydride
nanoparticles are dependent on polymer chemistry [17,28,37,45].
Hence, the polymer formulation and route of delivery best suited
in one animal model may or may not be suitable in other animal
model or species. Our preliminary findings suggest that there
was no adverse effect of intranasal administration of 20:80
CPTEG:CPH polyanhydride nanoparticles in pigs. Furthermore, this
vaccine delivery platform provided clinical protection against a vir-
ulent heterologous virus challenge by inducing robust antigen-
specific cell-mediated immune response, in spite of not inducing
enhanced antibody response, indicating the immunological bene-
fits of the nanovaccine in pigs. Our future studies will be focused
on optimizing the nanoparticle chemistry and vaccine formulation
so as to exploit the inherent adjuvant properties of polyanhydride
nanoparticles aimed to further enhance the cross-protective effi-
cacy of SwIAV vaccines in pigs.
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