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The induction of potent virus-specific immune responses 
at mucosal surfaces where virus transmission occurs is a 
major challenge for vaccination strategies. In the case 
of influenza vaccination, this has been achieved only 
by intranasal delivery of live-attenuated vaccines that 
other wise pose safety problems. Here, we demonstrate 
that potent mucosal and systemic immune responses, 
both cellular and humoral, are induced by intranasal 
immunization using formulated DNA. We show that for-
mulation with the DNA carrier polyethylenimine (PEI) 
improved by a 1,000-fold the efficiency of gene transfer 
in the respiratory track following intranasal administra-
tion of luciferase-coding DNA. Using PEI formulation, 
intranasal vaccination with DNA-encoding hemaggluti-
nin (HA) from influenza A H5N1 or (H1N1)2009 viruses 
induced high levels of HA-specific immunoglobulin A 
(IgA) antibodies that were detected in bronchoalveolar 
lavages (BALs) and the serum. No mucosal responses 
could be detected after parenteral or intranasal immu-
nization with naked-DNA. Furthermore, intranasal DNA 
vaccination with HA from a given H5N1 virus elicited full 
protection against the parental strain and partial cross-
protection against a distinct highly pathogenic H5N1 
strain that could be improved by adding neuramini-
dase (NA) DNA plasmids. Our observations warrant 
further investigation of intranasal DNA as an effective 
 vaccination route.
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IntroductIon
Recent outbreaks of avian influenza A (H5N1) and the new 
influenza A (H1N1) 2009 viruses emphasize the urgent 
need for efficient and safe vaccines that can be used for mass 

vaccination within a short time. Although these pathogens are 
 transmitted through mucosal routes, including the respiratory 
route,  currently available vaccines are mostly administrated 
parenterally,  usually by intramuscular (i.m.) or subcutaneous 
(s.c.) injection. Although parenteral immunization is effective 
in inducing systemic immune responses, it is often suboptimal 
or nonefficacious for inducing local immunity at mucosal sites. 
In contrast, potent mucosal  vaccines can induce both local and 
systemic immunity.1 Thus, novel mucosal vaccines that are fully 
efficient against drifting influenza viruses could potentially play 
an important role in preventing the spread of highly pathogenic 
strains.2

Mucosal immunity is mainly mediated by secretory immuno-
globulin A (IgA) that, unlike other antibody isotypes, are resis-
tant to degradation in the protease-rich external environment of 
mucosal surfaces. Secretory IgA have multiple roles in mucosal 
defense, promoting the capture of antigens or microorganisms 
in the mucus and preventing infection by epithelial attachment 
inhibition.3 Local immunoglobulin G (IgG) synthesis is also 
observed after mucosal infection or vaccination4 and contributes 
to neutralization of pathogens, but IgG concentration is generally 
30–100-fold1 lower than that of IgA due to the susceptibility of 
IgG to degradation. Notably, cytotoxic T lymphocytes (CTLs) may 
also play a crucial role in the local clearance or containment of 
mucosal viral infections.

To initiate mucosal immune responses, antigens must first 
access the mucosal-associated lymphoid tissue. In this regard, 
the new spray formulation of cold-adapted live attenuated influ-
enza vaccines (LAIV) seems to offer a more effective way to 
induce CTLs and mucosal immunity than parenteral vaccines.5,6 
Nevertheless, LAIV is approved only for healthy people in the 
5–49 age range and thus cannot be used in high-risk groups such 
as infants and elderly individuals, highlighting the need for alter-
native vaccine strategies targeting the mucosal pathway. Indeed, 
effective mucosal vaccination by nonliving vaccines is difficult to 
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achieve due to their poor immunogenicity and usually requires 
mucosal adjuvants7,8 and/or various delivery systems including 
cationic liposomes, virosomes, immunostimulating complexes 
(ISCOMS) or nanodiscs.9–12

In the present study, we investigated the immunogenicity and 
protective capacity of intranasal (i.n.) vaccination with H5N1- or 
influenza A H1N1(2009)-specific hemagglutinin (HA) DNA vac-
cines. DNA vaccine technology provides an attractive alternative 
for the rapid manufacturing of influenza vaccines that could offer 
a faster response time in the event of a pandemic threat.13 The 
ability of plasmid DNA-encoding HA to induce immune protec-
tion after parenteral injection has been shown in influenza virus 
challenges in animals.14–16 Here, we evaluated the effectiveness of 
i.n. influenza DNA vaccine administration and its ability to pro-
vide protective and cross-protective immunity against a mouse-
adapted H5N1 influenza virus. To improve antigen expression 
after i.n. immunization, plasmid DNA was delivered after formu-
lation with polyethylenimine (PEI). The cationic polymer PEI is 
known to be an efficient carrier of DNA that promotes uptake 
by and transfection of cells.17 PEI is highly effective as a gene 
transfer agent both in vitro and in vivo, and is used in lung gene 
therapies.18 In this study, we investigated the capacity of PEI-
formulated DNA nasal vaccines to induce systemic and mucosal 
T-cell and B-cell immune responses compared with nonformu-
lated plasmid DNA administrated by i.n. or intradermal (i.d.) 
injection. Additionally, their ability to induce immune protection 
against a H5N1 virus challenge was tested and we demonstrated 
that i.n. PEI/DNA vaccines induced protective immunity and 
cross-protection that can be enhanced by adding neuraminidase 
(NA)-encoding plasmids.

results
Gene expression after intranasal dnA injection
We sought to evaluate the level and distribution of gene expression 
after i.n. DNA administration. In vivo bioimaging of luciferase was 
performed in mice 48 hours after i.n. injection of 10 µg of unfor-
mulated or PEI-formulated luciferase-expressing plasmids, and 
compared to mice injected by i.d. DNA electroporation. Luciferase 
expression in mice receiving i.n. unformulated plasmid DNA was 
below the detection level (about 102 photons/second) while mice 
receiving i.n. PEI/DNA complexes expressed significant level of 
luciferase in the thorax (2.4 ± 0.8 × 105 photons/second; Figure 1). 
Imaging of the surgically exposed thoracic cavity confirmed the 
undetectable gene expression after i.n. injection of naked plasmid 
DNA and revealed that light emission originated from the lungs 
in the PEI/DNA group. This highly specific luciferase expression 
after i.n. PEI/DNA injection reached 1.2 ± 0.2 × 106 photons/ 
second locally in the lungs. Alternative methods of plasmid DNA 
formulation (Lipofectamine-2000, DOTAP, ESCORT) were inves-
tigated but significant level of gene expression was only observed 
with PEI (data not shown). However, this level is much lower 
than the expression measured in the skin after i.d. DNA admin-
istration in combination with electroporation (8.4 ± 9.6 × 108 
photons/ second; Figure 1), a method known to induce high levels 
of antigen expression.19

systemic and mucosal humoral immune responses
We next compared mucosal versus parenteral DNA vaccination 
for their ability to induce mucosal immune responses against the 
H5N1 virus. We used a virus obtained from the Influenza A/ crested 
eagle/Belgium/01/2004 that has been adapted to mice by serial 

Figure 1 In vivo expression of plasmid dnA after intranasal or intradermal injection. BALB/c mice (n = 2) were injected with 10 µg of a plasmid 
(pLuc) encoding the luciferase reporter enzyme, either by i.n. injection or by i.d. injection followed by skin electroporation (ID). For i.n. injection, 
pLuc was injected either unformulated (IN) or PEI-formulated (PEI IN). As negative control, naive mice received 50 µl of control buffer by i.n. injection. 
Forty-eight hours after injection, luciferase activity was measured after an intraperitoneal injection of luciferin. Bioluminescence imaging was acquired 
for 120 seconds with the IVIS Spectrum imaging system on animals either alive (top panels) or euthanized and with the thoracic cavity surgically 
exposed (bottom panels). Same animals are shown in top and bottom panels.
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lung-to-lung passages (muH5N1) and is highly  pathogenic.20 
Mice were immunized twice with 10 µg of HA-encoding DNA 
either i.n. or i.d. We measured HA-specific antibodies in sera 
and bronchoalveolar lavages (BALs) of mice by indirect enzyme-
linked immunosorbent assay (ELISA) and we evaluated antibody 
titers by hemagglutination inhibition (HI) or microneutraliza-
tion assays using retrovirus-derived particles pseudotyped with 
muH5N1 glycoproteins. In agreement with the luciferase expres-
sion data (Figure 1), no antibody response could be detected after 
i.n. DNA immunization in the absence of formulation (Figure 2), 
regardless of the assay used. As shown in Figure 2, similar levels of 
HI (Figure 2a) or virus neutralization (Figure 2b) were measured 
using sera of mice immunized with i.n. PEI/DNA or i.d. DNA vac-
cines (NS, P = 0.06, Figure 2a; P = 0.4, Figure 2b; Mann–Whitney). 
In contrast, weak HI and low neutralizing antibody titers were 

detected in the BAL of i.d. immunized mice, while significantly 
higher titers were measured in BAL from mice i.n. immunized 
with HA-specific PEI/DNA vaccines (Figure 2a,b).

We next analyzed the Ig isotype of virus-specific  antibodies in 
the serum and BAL of immunized mice. High and similar  levels 
of IgG were detected in serum and BAL of mice immunized with 
i.n. PEI/DNA or i.d. DNA administration (Figure 2c). In con-
trast, high levels of H5N1-specific IgA antibodies could only be 
observed in serum and BAL of mice vaccinated i.n. with PEI/
DNA complexes. Therefore, both mucosal and systemic anti-HA 
IgA antibodies are induced only after i.n. immunization with PEI/
DNA complexes.

systemic and mucosal cellular immune responses
We next evaluated whether the i.n. route is able to efficiently 
induce T cell immune responses. We first measured the frequency 
of interferon-γ (IFNγ) secreting T cells in spleen or lungs from 
immunized or control mice by ELISPOT, 4 weeks after the last 
immunization with muH5N1 HA-encoding DNA. As shown 
in Figure 3a, both i.n. PEI/DNA and i.d. DNA immunizations 
induced high and similar numbers of HA-specific memory T cells 
in the spleen as detected by ELISPOT (P = 0.3; Mann–Whitney). 
In contrast, IFNγ secreting T cells in the lungs were only detected 
in mice i.n. immunized with PEI/DNA complexes. Detection of 
IFNγ-producing cells by flow cytometry confirmed these results 
and revealed that both memory CD8+ and CD4+ T cells were 
induced in the lungs specifically after i.n. immunization with PEI/
DNA (Figure 3b). Specific memory T cells were also detected 
in the cervical draining lymph nodes but the frequency was 
low in comparison with lungs (data not shown). Additionally, 
we  demonstrated that a high proportion of memory CD4+ and 
CD8+ T cells generated in i.n. PEI/DNA-vaccinated mice are 
 multifunctional, as defined by the simultaneous secretion of at 
least two cytokines among IFNγ, tumor necrosis factor-α, and 
interleukin-2. The  highest percentages of multifunctional T cells 
after i.n. immunization were observed in lungs corresponding 
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Figure 2 Humoral immune responses in muH5n1 HA vaccinated 
mice. BALB/c mice (n = 6 per group) were immunized twice at 4 weeks 
of interval, either by i.n. injection with 10 µg of unformulated (IN; 
 diamonds) or PEI-formulated (PEI IN; triangles) pH5mu DNA, or by i.d. 
injection followed by skin electroporation with 10 µg of unformulated 
pH5mu (ID; inverted triangles). As negative control, naive mice received 
50 µl of control buffer by i.n. injection (circles). Sera (left) and BAL (right) 
were collected, respectively, 3 and 4 weeks after the last immunization 
and tested individually for the presence of muH5N1 specific  antibodies. 
(a) Hemagglutination inhibition (HI) antibody responses. Samples 
were tested for specific antibodies by HI assay using purified muH5N1-
pseudotyped retrovirus particles. HI antibody titers are expressed as the 
reciprocal of the highest dilution of samples inhibiting agglutination. 
(b) Neutralization antibody responses. Samples were tested for specific 
antibodies by neutralization assay using purified muH5N1-pseudotyped 
retrovirus particles. Neutralizing antibody titers are expressed as the 
reciprocal of the dilution of samples allowing 50% neutralization. (a,b) 
Symbols represent individual mice and horizontal lines represent the 
geometric mean of each group. **P < 0.01; *P < 0.05; NS, P > 0.05 
(Mann–Whitney test). (c) IgG- and IgA-specific antibodies responses. 
Samples were serially diluted and muH5-specific IgG (top panels) and 
IgA (bottom panels) were detected by enzyme-linked immunosorbent 
assay (ELISA). Results are expressed as the geometric mean of optical 
densities (OD450) in each group, and error bars indicate the standard 
deviation. Results are representative of three independent experiments.
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to 57 ± 13% and 53 ± 9% of CD8+ and CD4+ memory T cells, 
respectively (Figure 3c). These percentages were comparable 
to those measured in spleen after i.d. immunization (51 ± 2 % 
and 39 ± 6% of CD8+ and CD4+ memory T cells respectively; 
data not shown). Altogether, these data show that although both 
mucosal and  parenteral DNA immunizations could induce a sys-
temic  cellular immunity, only i.n. PEI/DNA vaccines generated 
muH5N1- specific memory T cells in mucosal tissues.

Protection from a lethal H5n1 virus challenge
We compared mucosal versus parenteral DNA vaccination for 
their ability to induce immune protection against i.n. H5N1 virus 
challenge. Mice were immunized twice with 10 µg of muH5N1 
HA-encoding DNA either i.n. or i.d. and subsequently challenged 

4 weeks later with 102 LD50 of muH5N1 virus. Mice immunized 
with i.n. PEI/DNA or i.d. DNA exhibited no significant weight loss 
over time in contrast to mice i.n. immunized with unformulated 
DNA vaccines (Figure 4a). Mice in the latter group succumbed to 
the lethal muH5N1 virus infection between days 4 and 5, similarly 
to naive control mice (Figure 4b and Table 1). Mice i.n. immunized 
with PEI/DNA complexes survived at least 12 days and developed 
efficient immune responses capable of suppressing virus replica-
tion, as demonstrated by the absence of detectable virus in lungs 
or brain at day 3 after challenge (Table 1). The absence of virus 
replication and spreading in immunized mice was confirmed by 
undetectable levels of muH5N1 nucleoprotein-specific antibodies 
in sera, 12 days after challenge (Table 1). Additionally, the efficacy 
of i.n. PEI/DNA vaccination was highlighted by the complete pro-
tection of immunized mice after challenge with a higher dose of 
lethal virus (104 LD50 of muH5N1 virus; Table 1 and Figure 4). In 
this condition, all mice i.n. immunized with PEI/DNA complexes 
survived without morbidity as evidenced by a stable bodyweight 
and no difference with i.d. immunized mice was observed, high-
lighting the i.n. vaccination efficacy.

H5n1 HA-specific cross-protective immune responses
Ideally, influenza vaccines should protect not only against the virus 
strain used to generate the vaccine but also against viruses that 
have undergone antigenic drift. Thus, we investigated whether i.n. 
PEI/DNA vaccines could induce neutralizing antibodies, T-cell 
responses and protection against a heterologous virus strain. Mice 
were immunized i.n. with PEI/DNA complexes encoding HA 
from the heterologous A/HongKong/156/97 (HK-H5N1, clade 3) 
or homologous muH5N1 virus strains and immune reactivity 
against muH5N1 virus (clade 1) was evaluated. We observed that 
i.n. PEI/DNA vaccination with HK-H5N1 induced  antibodies in 
the serum that were capable of inhibiting hemagglutination and 
infectious properties of muH5N1 HA-pseudotyped retroviral 
particles (Figure 5a,b), even though the crossreactive antibody 
titers were lower than those measured in mice immunized with 
homologous vaccines. ELISA assays revealed that both IgG and 
IgA antibodies present in the BAL of HK-H5N1 i.n. immunized 
mice were crossreactive with muH5N1 (Figure 5c). Moreover, 
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Figure 3 cellular immune responses in muH5n1 HA vaccinated mice. 
BALB/c mice (n = 6 per group) were immunized as described in Figure 2. 
Mice were euthanized 4 weeks after the last injection, and spleens and 
lungs were harvested to analyze muH5N1-specific cellular responses. 
(a,b) Specific IFNγ immune responses. muH5N1-specific IFNγ-secreting 
cells were quantified in spleen (left) or lung (right) with ELISPOT assays 
(a) and intracellular staining assays (ICS; b). (a) Symbols represent indi-
vidual mice and horizontal lines represent the geometric mean of each 
group. (b) Average frequencies of IFNγ-producing CD4+ (top panels) 
and CD8+ (bottom panels) T cells were analyzed by flow cytometry, 
and results are expressed as the mean ± SD (n = 6). (a,b) **P < 0.01; 
*P < 0.05; NS, P > 0.05 (Mann–Whitney test). (c) Multifunctional specific 
cytokine-producing CD4+ and CD8+ T cells. In the PEI IN group, CD4+ 
and CD8+ T cells from spleen (left) or lung (right) were analyzed for spe-
cific production of IFNγ, tumor necrosis factor-α (TNF-α), and interleu-
kin-2 (IL-2) production by intracellular staining. The pie charts show the 
cell fraction of the total specific CD4+ (top) or CD8+ (bottom) responses, 
expressing each of the seven possible combinations of IFNγ, TNF-α, and 
IL-2.The total percentages of monofunctional and multifunctional T cells 
are done on the left and the right of each graph  respectively. Results are 
representative of three independent experiments.
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crossreactive T cell responses were efficiently induced in spleen 
and lungs of immunized mice (Figure 5d). Notably, the frequency 
of muH5N1-reactive splenic T cells was similar in HK-H5N1-
immunized mice and muH5N1-immunized controls.

Finally, we examined whether an i.n. PEI/DNA vaccine 
could induce a cross-protective immunity against heterolo-
gous virus strains. Mice i.n. immunized with HK-H5N1 or 
muH5N1 HA-specific formulated DNA were challenged i.n. with 

muH5N1 virus and survival rates were determined. As expected, 
all  unimmunized mice died within 5 days upon infection while 
100% of mice immunized with muH5NI DNA were protected 
(Figure 5e). Importantly, mice immunized with the HK-H5N1 
DNA vaccine were partially protected against muH5N1 viral infec-
tion and had a survival rate of 75% (Figure 5e). Of note, surviving 
mice of this group did not significantly lose bodyweight (data not 
shown), further indicating cross-protection upon infection.

Because HA and NA are the most highly antigenic proteins in 
influenza, and both are included in standard influenza vaccines, 
we examined whether addition of NA-encoding plasmid DNA 
into the HK-H5N1 PEI/DNA vaccine could enhance the cross-
protection from muH5N1 infection. Thus, mice were i.n. immu-
nized twice with either HK-H5N1 HA or HA+NA plasmid DNA 
and challenged i.n. with muH5N1 virus. Bodyweight loss and 
 survival rate were determined. We confirmed that mice i.n. immu-
nized with HK-H5N1 HA DNA were partially protected against 
muH5N1 virus challenge (75% survival; Figure 5f). In contrast, all 
mice immunized with HK-H5N1 HA+NA DNA survived a subse-
quent infection with muH5N1 (100% survival; Figure 5f) without 
morbidity as evidenced by a stable bodyweight (data not shown). 
We thus sought to evaluate the level of protection afforded by the 
NA DNA vaccine. Mice were i.n. immunized with HK-H5N1 or 
muH5N1 NA plasmid DNA and challenged i.n. with muH5N1 
virus. Both vaccines led to a significant prolongation of survival 
of the mice, superior with homologous vaccine, but all mice ulti-
mately succumbed (Supplementary Figure S1). These results high-
light that NA antigens are not sufficient to induce robust protective 
immunity but contribute to stimulate broader immune responses 
and cross-protection in i.n. DNA influenza vaccines.

Vaccination for influenza A (H1n1) 2009 virus
We determined whether the i.n. DNA vaccination protocol could 
induce responses against the pandemic influenza A (H1N1)2009 
virus. Mice were i.n. immunized twice, at a 4-week interval, 
with HA DNA derived from the swine-originating influenza A 
(H1N1)2009 virus strain. The results demonstrate that i.n. PEI/
DNA vaccination induced (H1N1)2009-specific functional 
antibody activity as evidenced by HI and neutralization assays 
(Figure 6a,b). Specific antibodies were detected both in serum and 
BAL and titers measured in mice immunized with (H1N1)2009-
specific PEI/DNA vaccines were similar to those observed previ-
ously using muH5N1 vaccines (Figure 2). Additionally, ELISPOT 
results showed that PEI/DNA vaccines elicited high frequencies 
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Figure 4 Protection against lethal H5n1 challenge. BALB/c mice (n = 
8 per group) were immunized as described in Figure 2. Four weeks after 
the second immunization, mice were i.n. challenged with two differ-
ent lethal doses of a mouse-adapted strain of the H5N1 virus: 102 LD50 
(closed symbols) or 104 LD50 (open symbols). Mice were then monitored 
daily to determine (a) body weight changes as an indicator of morbid-
ity and (b) survival. (a) Results are expressed as the average percentage 
of initial weight recorded on the day of challenge. (b) Kaplan–Meier 
 survival curves are shown for each group.

table 1 Protection against lethal muH5n1 virus challenge in muH5n1 HA vaccinated mice

Groupa no. of mice

Percent survivalb (Mst) Viral rnAc (log10/ml) Virus titrationd (log10 tcId50/ml)
nP Abse  

(no. of mice)102 ld50 104 ld50 lung brain lung brain

Naive 8 0% (5) 0% (4) 7,6 5,3 8,4 5,4 —

IN 8 0% (5) — — — — — —

PEI IN 8 100% (>11) 100% (>11) 1,4 ND ND ND 0/8

ID 8 100% (>11) 100% (>11) — — — — 1/8
aBALB/c mice (n = 8 per group) were immunized and challenged as described in Figure 2. bMice were monitored daily to determine the survival rate and the median 
survival time (MST) of each group. For naive and HA-PEI IN groups, three additional mice were immunized, challenged, and euthanized 3 days after challenge to 
measure viral titers in lungs and brain, by quantitative cRT-PCR or by dcell titration. Results are expressed as mean (n = 3). ND, non-detectable. eFor HA-PEI IN and HA 
ID groups, sera were collected 12 days after challenge and tested for the presence of NP-specific antibodies by enzyme-linked immunosorbent assay (ELISA). Antibody 
positive cut-off values were set according to manufacturer’s instruction.
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of memory T cells secreting IFNγ in spleen and lungs (Figure 6c). 
These data confirm in the influenza A (H1N1)2009 HA vaccina-
tion model that i.n. PEI/DNA vaccines induce potent mucosal and 
systemic immune responses.

dIscussIon
Development of i.n. delivered vaccines may offer superior protec-
tion against pathogens that infect via mucosal surfaces by stimulat-
ing the local immunity. In this regard, the new spray formulation 
of cold adapted LAIV may offer a more effective way to induce 
local immunity. However, the use of live virus inevitably raises 
safety concerns, and likewise the use of LAIV  vaccine is approved 
only for limited target populations. Intranasal administration 
of inactivated vaccines represents a potential solution to over-
come these problems. In clinical trials, conventional inactivated 
influenza virus vaccines provided protection against influenza 
when administered intranasally.21–23 Nevertheless, manufacturing 

logistics of conventional inactivated influenza virus vaccines 
place some limitations on their availability and use.24 DNA vac-
cine technology provides an attractive alternative that would allow 
a rapid manufacturing of influenza vaccines and offer a faster 
response time to a pandemic threat.13 DNA vaccines are produced 
in  bacteria and therefore bypass the need for egg or mammalian 
cell  culture  methods, allowing the manufacture of vaccines against 
a new strain to start as soon as the relevant HA gene sequence is 
available. DNA vaccines have been proposed as an attractive alter-
native to protein-based approaches because of their simplicity of 
manufacture, and ability to generate serological and cell-mediated 
immune responses. However, despite exciting results in preclini-
cal models and the approved use of DNA vaccines for veterinary 
purposes,25 an effective DNA vaccine in humans has remained 
elusive. One particular aspect of DNA vaccination that has been 
the subject of intensive study is the optimal mode of delivery. 
Here, we have explored a new strategy of nasal priming with PEI/
DNA complexes to induce mucosal immunity and determined its 
potential in the context of influenza vaccination. PEI, a readily 
available synthetic polycation, was previously shown to enhance 
the efficacy of gene delivery both in vitro and in vivo18,26 and was 
thus an ideal candidate for our study. PEI is capable of binding 
and compacting DNA and can participate in achieving efficient 
transfection. In contrast to unformulated DNA, we observed that 
i.n. administration of PEI/DNA was able to induce efficient gene 
expression locally as proven using a luciferase reporter model. 
Bioluminescence images analysis revealed that i.n. PEI/DNA com-
plexes poorly transfected the nose but efficiently the pulmonary 
tissue, resulting in high-level  transgene expression in lungs, in 
line with previous reports.26 The level of gene expression after i.n. 
PEI/DNA administration was nevertheless 2 logs lower than after 
i.d. DNA injection with electroporation, one of the most efficient 
DNA delivery  methods available to date.19,27 Remarkably, despite 
this difference in gene expression, systemic immune responses 
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Figure 5 cross-reactive immune responses and cross-protection in 
mice i.n. immunized with dnA vaccines encoding HA from hetero-
logous influenza A H5n1 virus. BALB/c mice (n = 4–8 per group) 
were immunized twice at 4 weeks interval by i.n. injection with pH5HK 
(HK-H5; squares) or pH5mu (muH5; triangles) PEI/DNA complexes 
(a–e). As negative control, naive mice received i.n. 50 µl of control buf-
fer ( circles). Sera, BAL, splenocytes and pulmonary lymphocytes were 
 collected as described in Figures 2 and 3. (a) HI antibody responses. Sera 
were tested for HI antibodies against purified muH5N1-pseudotyped 
retrovirus particles and HI antibody titers are shown. (b) Neutralization 
antibody responses. Sera were tested for neutralizing antibodies against 
purified muH5N1-pseudotyped retrovectors and titers calculated as in 
Figure 2 are shown. (a,b) Symbols represent individual mice and hori-
zontal lines represent the geometric mean of each group. (c) IgG- and 
IgA-specific antibodies responses. BAL were serially diluted and muH5 
specific IgG (left) and IgA (right) were detected by enzyme-linked immu-
nosorbent assay (ELISA). Results are expressed as the geometric mean of 
OD450 in each group (n = 4) and error bars indicate the SD (d) Specific 
IFNγ responses. Secretion of IFNγ by splenocytes (left) and pulmo-
nary lymphocytes (right) were measured by ELISPOT assay. Results are 
expressed as the mean ± SD (n = 4). (a–d) **P < 0.01; *P < 0.05; NS, 
P > 0.05 (Mann–Whitney test). (e,f) Cross-protection against muH5N1 
virus challenge. Four weeks after the last immunization, mice were i.n. 
challenged with a lethal dose (102 LD50) of the muH5N1 strain and moni-
tored daily for survival. Kaplan–Meier survival curves are shown for each 
group. (f) Mice were immunized with pH5HK (HA; squares) or pH5HK + 
pN1HK (HA+NA; diamonds) PEI/DNA complexes. Results are representa-
tive of three (e) and two (f) independent experiments.
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induced by i.n. PEI/DNA and i.d. immunization were similar, and 
i.n. PEI/DNA vaccines were even far superior to i.d. vaccines in 
their  ability to stimulate mucosal immunity. Despite the lower effi-
cacy of gene transfer per se, PEI/DNA complexes may contribute 
to the immuno genicity of this approach. Indeed, mucosal admin-
istration of PEI could function as a potent immunostimulator, as 
previously suggested by gene expression analysis28 that revealed 
the upregulation of genes indicative of a mixed Th1/Th2 responses, 
the activation of both CD8+ and CD4+ T cells and B cell differ-
entiation upon immunization with PEI formulated DNA. Taken 
together, our data  demonstrate that PEI is effective in delivering 

DNA to mucosal  surfaces and improving the  immunogenicity of 
DNA vaccines.

The ability of i.n. PEI/DNA vaccines to induce humoral and 
cellular immune responses against HA from influenza A (H5N1) 
and (H1N1)2009 viruses, both systemically and in the mucosal 
tissue, reveals that expression of plasmid DNA in the peripheral 
lung tissue can elicit strong local and systemic immune responses. 
Systemic responses were similar in mice immunized with H5N1-
specific i.n. PEI/DNA or i.d. DNA vaccines, with no detectable 
 differences in serum antibody titers and frequency of IFNγ-
secreting splenocytes (Figures 2 and 3). Conversely, intranasal 
PEI/DNA vaccines uniquely induced high-magnitude CD4+ 
and CD8+ memory T cell responses in spleen and lungs, a high 
 frequency of which further demonstrated multifunctional proper-
ties characterized by the concomitant production of IFNγ, tumor 
necrosis factor-α, and interleukin-2. It is important to note that 
the induction of multifunctional T-cell populations coexpressing 
 several cytokines has been previously associated with superior anti-
viral protection and vaccine efficacy in mouse and man.29–32 When 
mucosal immunity was investigated, virus-specific IgA antibodies 
were only found in BAL (Figure 2c) and vaginal secretions (data 
not shown) of mice immunized i.n. with PEI/DNA complexes. 
The presence of IgA in vaginal secretions after i.n. vaccination 
has been observed previously after i.n. DNA immunization in dif-
ferent models33,34 and was expected because of overlapping  tissue 
sites in the common mucosal immune system.35 Production of 
IgA in the lungs could be important to establish protective immu-
nity against influenza. Indeed, it has been shown that IgA inhibit 
initial pathogen colonization by performing immune exclusion 
both on the mucosal surface and within infected secretory epithe-
lial cells without causing tissue damage.36 The local role of IgA is 
here highlighted by the correlation between the HI/neutralizing 
activity and the presence of IgA antibodies in BAL of immunized 
mice. Nevertheless, it is difficult to determine unequivocally the 
relative importance of IgA versus serum antibodies for protection, 
because we did not observe IgA in i.d. immunized mice who sur-
vived H5N1 infection. Other experiments of IgA transfer in naive 
mice support the notion that IgA exert a decisive role in cross-
protection against influenza.37

In our study, i.n. PEI/DNA vaccines induced cellular and 
humoral immune responses capable of providing protective 
 immunity against a divergent virus of H5N1 subtype. The broad 
protection profile of this DNA vaccine strategy thus compares 
favorably with the extent of protection observed in novel con-
sensus DNA immunogen approaches.38,39 Remarkably, as shown 
previously,40,41 addition of NA antigens in vaccine formulation 
clearly enhanced the protective efficacy of i.n. PEI/DNA immuni-
zation as shown in our cross-protection model, and thus should be 
included in i.n. vaccine formulations to induce broad immunity.

Overall, our results show that the delivery vehicle and route 
of immunization are critical factors governing the efficiency 
with which plasmid DNA can elicit specific mucosal immune 
responses and immune protection in different influenza models. 
We believe that the vaccine strategy described herein warrants 
further evaluation as a potentially fast, affordable, and stable pro-
phylactic approach for combating pandemic influenza viruses, and 
should further be evaluated in settings where mucosal immunity 
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Figure 6 Immune responses in mice i.n. immunized with dnA 
 vaccines encoding HA from influenza A H1n1(2009). BALB/c mice 
(n = 4–8 per group) were immunized twice at 4 weeks interval by i.n. 
injection with 10 µg of pH12009PEI/DNA complexes (H1; diamonds). As 
negative control, naive mice received i.n. 50 µl of control buffer (circles). 
Sera, BAL, splenocytes and pulmonary lymphocytes were collected as 
described in Figures 2 and 3. (a) HI and (b) neutralization antibody 
responses. Sera (left) or BAL (right) were tested for specific  antibodies 
using purified H1N1-pseudotyped retrovirus particles. (a,b) HI and 
neutralizing antibody titers were calculated as in Figure 2. Symbols 
represent individual mice and horizontal lines represent the geometric 
mean of each group. (c) Specific IFNγ responses. Secretion of IFNγ by 
splenocytes (left) and pulmonary lymphocytes (right) were measured by 
ELISPOT assay, after a 48-h restimulation with recombinant H1N1 lenti-
viral vectors. Results are expressed as the mean ± SD (n = 4). **P < 0.01; 
*P < 0.05 (Mann–Whitney test).
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is desired such as for the development of HIV vaccines. Despite 
the extensive use of PEI as a nonviral gene delivery vector and 
the promising results obtained for the treatment of a wide range 
of pulmonary and nonpulmonary disorders, numerous practical 
issues would need to be worked out in order to apply the delivery 
of genes by inhalation methods for clinical vaccines.

MAterIAls And MetHods
Cell lines. 293T human embryo kidney cells (CRL-1573, ATCC) were 
 cultured at 37 °C in 5% CO2 in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 2 mmol/l of l-glutamin, 100 U/ml of  penicillin 
and streptomycin (all from Invitrogen, Cergy Pontoise, France) and 10% of 
heat-inactivated fetal calf serum (FCS; PAA, Les Mureaux, France).

Virus. A mouse-adapted variant strain (muH5N1) was obtained from 
an avian H5N1 virus (A/crested eagle/Belgium/1/2004) by lung-to-lung 
 passaging as described elsewhere.20 After five passages, the mouse-adapted 
virus (muH5N1) rapidly caused the death of naive mice and began to 
propagate stably in lungs.

Antigens and plasmids. The cDNA sequences encoding the HA and NA from 
the mouse-adapted muH5N1 Influenza A/crested eagle/Belgium/01/2004 
(H5N1) virus (ABA70758.1 and ABA70757.1 GenBank sequences, 
respectively), from A/Hong Kong/156/97 (H5N1) virus (AF028709, 
AF046089) and from the pandemic Influenza A/New Mexico/04/2009 
(H1N1) virus (ACR08530, ACR08568) were codon- optimized, synthe-
sized and cloned in pUC57 plasmid (GenScript, Piscataway, NJ). The fol-
lowing sequences 5′-CTCGAGAGCGCTGAATTCCGCCACCATG-3′ 
and 5′-TGAGAATTCGTTAACGGATCC-3′ were added at the 5′- and 
3′-end of the optimized sequence, respectively, introducing a start and stop 
codon (in bold) and unique restriction sites for subsequent cloning (XhoI-
BamHI) in phCMV expression plasmid. The corresponding DNA plas-
mids (pH5mu, pN1mu, pH5HK, pN1HK, pH12009, pN12009) were produced 
by amplification in Escherichia coli competent bacteria (DH5α; Invitrogen, 
Cergy Pontoise, France) and purification with endotoxin-free preparation 
kits (Nucleobond PC 2000 EF; Macherey-Nagel, Hoerd, France). All plas-
mids were verified after amplification by enzymatic digestion.

Production of retroviral particles. HIV-Gag-based pseudoparticles: To 
 generate influenza or control VSV-G pseudotyped lentiviral particles, 293T 
cells were transfected with expression vectors encoding the viral compo-
nents (i.e., HA and NA glycoproteins or VSV-G and lentiviral core proteins), 
as previously described.42 An HIV p24-specific ELISA assay (Kit RETRO-
TEK HIV-1 p24 Antigen ELISA; ZeptoMetrix, New York) was used to 
determine the p24 concentrations in the lentiviral vector samples, accord-
ing to the manufacturer’s instructions. MLV-Gag-based  pseudoparticles: 
Influenza-pseudotyped MLV-retroviral particles were produced by Epixis 
(Lyon, France) using recombinant baculovirus vectors encoding the viral 
components (HA and NA glycoproteins and Moloney MLV Gag proteins) 
in insect cells. MLV-Gag-based vectors: Infectious particles used in neu-
tralization assays were generated as previously described43 by transfection 
of HEK-293T cells (ATCC CRL-11268) with plasmids encoding MLV-
derived core and packaging (Gag-Pol) components, HA and NA proteins 
from influenza virus, and a retroviral transfer vector  harboring a marker 
gene encoding the luciferase firefly (F-Luc).

Mice. Female BALB/c mice were purchased from Elevage Janvier (Le Genest 
Saint Isle, France) and were 8 weeks old when the experiments were 
 initiated. Mice were maintained under specific pathogen-free conditions, 
and manipulations were performed according to the European Economic 
Community guidelines and approved by the local ethics committee.

Immunizations. Mice were anesthetized by intraperitoneal (i.p.) injection 
of xylazin (10 mg/kg; Rompun 2%, Bayer Pharma, France) and ketamin 

(150 mg/kg; Imalgène 1000, Merial, France) and vaccinated twice at days 
0 and 28. Intranasal immunization: 50 µl of a 5% glucose solution with 
10 µg of unformulated or PEI-formulated HA-plasmid DNA was injected 
slowly into one nostril where the fluid was inhaled. In HA and NA com-
bination vaccine, 10 µg and 2.5 µg of HA and NA-specific plasmid DNAs 
were mixed respectively before formulation. As a negative control, naive 
mice were i.n. injected with 50 µl of a 5% glucose solution without DNA 
 plasmid. PEI-DNA formulation was performed using in vivo jet-PEI 
(Ozyme, Saint-Quentin-en-Yvelines, France) according to the manufac-
turer’s recommendations with a N/P ratio of 8. Intradermic immunization: 
Mice were shaved on the lower back and injected with 40 µl of a 5% glucose 
solution containing 10 µg of HA plasmid DNA in two sites separated by a 
distance of 0.5 cm. The skin was immediately electroporated with tweezer 
type electrodes (CUY650 P3 electrodes; Sonidel Limited, Dublin, Ireland) 
using a BTX ECM830 generator (Harvard Apparatus, Les Ulis, France). 
Eight pulses of 60 V were given for 20 ms duration with a 200 ms interval.

Samples. Mice were bled for serum collection prior to the first immuniza-
tion and 3 weeks after the last immunization. Sera were heat-inactivated at 
56 °C for 30 minutes. Mice were euthanized 4 weeks after the last immuniza-
tion and the spleen was harvested. BAL were collected through the trachea 
by two series of injection-aspiration with 1 ml phosphate-buffered saline 
(PBS) + protease inhibitor (Complete Mini Protease Inhibitor Cocktail; 
Roche Diagnostics, Meylan, France). Lungs were removed after perfusion 
with 2 ml of PBS via the heart left ventricle and cell suspensions were pre-
pared by digestion with collagenase IV (4 mg/ml; Sigma-Aldrich, Saint-
Quentin Fallavier, France) and DNAse I (250 µg/ml; Roche Diagnostics, 
Meylan, France) in RPMI medium. A 40/60% Percoll  gradient (Sigma-
Aldrich) was used to isolate pulmonary lymphocytes.

Bioluminescence imaging. Anesthetized mice were i.n. or i.d. injected 
with 10 µg of a plasmid (pLuc) encoding the luciferase reporter enzyme, 
either unformulated or PEI-formulated. Forty-eight hours later, luciferase 
activity was measured by i.p. administration of d-luciferin (150 mg/kg; 
Promega, Charbonnières-les-Bains, France) and bioluminescence images 
were acquired during 120 seconds with the IVIS Spectrum imaging system 
(Caliper Life Sciences, Tremblay, France). Luciferase expression was ana-
lyzed with the Living Image 3.2 software (Caliper Life Sciences) and shown 
in photons per second (p/second).

Virus challenges. Four weeks after the last immunization, mice were anes-
thetized and i.n. challenged with 50 µl of a suspension containing 102 or 
104 50% lethal dose (LD50) of mouse-adapted variant strain muH5N1 virus. 
Mice were monitored daily for weight loss and survival during 2 weeks.

Virus titration. Lungs and brain were removed, weighed, crushed and 
homogenized in cold PBS with antibiotics to obtain an ~10% homo-
genates. Tenfold serial dilutions of tissue homogenates in L15/McCoy’s 
Medium (Sigma-Aldrich) supplemented with 4% FCS were used to infect 
chick embryo fibroblast cells (6.105 cells/ml). Seven days after infection, 
cell supernatants were tested for HA by hemagglutination assay using 
chicken erythrocytes. Infectious titers from each organ were calculated by 
the Reed and Muench method and expressed as mean log of 50% tissue 
culture infectious dose per ml (TCID50/ml).

Real-time RT-PCR assays. Viral RNA from lung and brain suspensions 
were extracted using the MagMax AI/ND 96 Viral RNA Kit (Applied 
Biosystems, Courtaboeuf, France) adapted for semiautomated extrac-
tion using a Kingfisher magnetic particle processor. RT-PCR was used for 
H5N1 HPAI detection.44 Cycle threshold (Ct) values higher than 40 were 
considered as negative. RT-PCR targeting β-actin was used as reaction 
control.45

HI assay. For determination of HI titers, sera or BAL were first incubated 
overnight at 37 °C with receptor-destroying enzyme (Cholera filtrate; 
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Sigma-Aldrich) and then incubated 30 minutes at 56 °C to inactivate the 
enzyme. Samples were serially diluted twofold starting from 1:10 or 1:2 
dilutions, respectively, in 25 µl of PBS in V-bottom 96-well plates and 
incubated 45 minutes at 37 °C with 4 HA units of muH5N1- or H1N1-
pseudotyped MLV-Gag based particles in 25 µl PBS. Finally, 50 µl of a 0.5% 
chicken erythrocyte (Charles River, L’Arbresle, France) suspension in PBS 
was added to each well. The highest sample dilution able to prevent hemag-
glutination was scored as the HI titer.

Neutralization assay. Neutralization assays were performed by Epixis by 
incubating serially diluted sera with muH5N1- or H1N1- pseudotyped 
MLV-Gag-based particles harboring the F-Lucmarker gene. Luciferase 
assay was performed using a Bright-Glo Luciferase assay system (Promega) 
and a CentroXS luminometer (Berthold Technologies, Thoiry, France). 
Data were expressed in RLU (relative luminescence units). The percentage 
of neutralization was calculated as 100 × [1 − (RLU in infected target cells 
in the presence of serum/RLU in infected control cells)].

ELISA. 96-well microtiter plates (Nunc Life Technologies, Rochester, NY) 
were precoated with Galanthus nivalis lectin (0.5 µg in 100 µl of 50 mmol/l 
carbonate buffer pH 9.6 per well; Sigma-Aldrich) at 4 °C for 24 hours, and 
then coated with H5N1mu or H1N1-pseudotyped MLV-Gag pseudo-
particles (0.5 µg in 100 µl of PBS per well) at 4 °C overnight. Wells were 
blocked with 200 µl of Superblock Blocking Buffer (Thermo Fisher 
Scientific, Brebières, France) for 1 hour at room temperature. Serial dilutions 
of sera or BAL in PBS 2% (w/v) bovine serum albumin (Sigma-Aldrich) 
0.1% Tween-20 (Bio-Rad Laboratories, Marnes-la-Coquette, France) 
were added and incubated for 2 hours at room temperature, revealed for 
1 hour at room temperature with biotin-labeled goat anti-mouse IgG or 
anti-mouse IgA (both from CliniSciences, Montrouge, France), and for 
1 hour at room temperature with an ultrasensitive streptavidin-peroxidase 
polymer (Sigma-Aldrich). Plates were thoroughly washed between each 
step by multiple washes with PBS 0.1% Tween-20. Peroxidase activity was 
measured using TMB substrate (Sigma-Aldrich) and optical densities were 
read at 450 nm (OD450) after blocking the reaction by adding HCl 1 mol/l.

NP competitive ELISA. Virus challenged mouse sera reacting with the 
nucleoprotein of avian influenza viruses were detected using the ID Screen 
Influenza A antibody Competition kit (ID.Vet, Montpellier, France), 
according to the manufacturer’s recommendations. Values >50% were 
considered as negative.

ELISPOT assay. HA-specific IFNγ production was determined by a stan-
dard ELISPOT assay (Mabtech, Sophia Antipolis, France). Splenocytes 
(5 × 105 cells/well) or pulmonary lymphocytes (2 × 105 cells/well) were 
stimulated for 48 hours at 37 °C in 5% CO2 with 20 ng of HIV-Gag-based 
particles pseudotyped with HA and NA. Medium alone or concanavalin A 
(2 µl/ml; concanavalin A; Sigma-Aldrich) were used as negative and posi-
tive controls, respectively. After revelation, spots were counted using the 
AID ELISPOT reader (ELR03, AID Autoimmun Diagnostika, Strassberg, 
Germany).

Immunostaining and flow cytometry. Spleen cells and pulmonary lym-
phocytes were incubated (2 × 106 cells/well) overnight at 37 °C in 5% 
CO2 with 100 ng of lentiviral particles pseudotyped with HA and NA in 
complete RPMI medium supplemented with Brefeldin A (10 µg/ml, BD 
Biosciences, Le Pont de Claix, France). As negative control, cells were 
incubated in complete RPMI medium without antigen. Cells were stained 
with the following  antibodies for cell surface analysis: PerCP labeled anti-
CD3, Alexa700 labeled anti-CD8, APC-Alexa750 labeled anti-CD4 (all 
from BD Biosciences). Cells were then permeabilized with the BD Cytofix/
Cytoperm kit (BD Biosciences) according to the manufacturer’s instruc-
tions and stained with  antibodies for intracellular cytokine staining: FITC 
labeled anti- interleukin-2, PE-labeled anti–tumor necrosis factor-α, APC-
labeled anti-IFNγ (all from BD Biosciences). Acquisition was done with 

a BD LSRII flow cytometer and results were analyzed with FlowJo v7.5.3 
software (TreeStar, Ashland, OR).

suPPleMentArY MAterIAl
Figure S1. Protection against lethal H5N1 challenge in mice i.n. 
 immunized with DNA vaccines encoding NA from homologous or 
 heterologous influenza A H5N1 virus.
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