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Introduction

Influenza has remained a serious widespread
threat to the human and animal population. Vac-

cination is the best prophylactic strategy for control-
ling the influenza infection. The current licensed
vaccines (i.e. synthetic virus-like particles, inactivat-
ed or live-attenuated whole virus, split and subunit
vaccines) are based on the immune response against
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Abstract:

BACKGROUND: Influenza outbreak has become a great life-
threatening disease in the world. Nasal vaccines can induce
systemic IgG and mucosal IgA antibody responses, which
establish two layers of immune defense against the infectious
pathogens like influenza. Mucosal vaccines must overcome
several limitations, including the mucociliary clearance and
inefficient uptake of soluble antigens. Therefore, nasal vaccines
require potent adjuvants and delivery systems. OBJECTIVES: In
this study we evaluated the effect of N-trimethyl chitosan (TMC)
as a potent vehicle for DNAencoding M2e/HSP70c in order for
intranasal administration in mice. METHODS: Ectodomain of the
conserved influenza matrix protein 2 (M2e), which has been
found to induce heterosubtypic immunity, was fused to
HSP70359-610 or C-terminus of Mycobacterium tuberculosis
HSP70 (HSP70c) in pcDNA3.1 vector (pcDNA/M2e-HSP70c)
and then encapsulated into a derivative of chitosan, N-trimethyl
chitosan (TMC). After encapsulation of the plasmid, physical
properties of the particles were investigated using Zetasizer®

3000 the particles were then administered through the intranasal
delivery in BALB/c mice. RESULTS: It was found that the
particles had a size ranging between 90-120nm and positive
surface charge. The intranasal immunization with M2e-
HSP70c+TMC in BALB/c mice significantly induced higher
M2e specific IgG than those induced in control groups
(pcDNA/M2e-HSP70c without TMC, pcDNA/M2e, bearing
M2e alone, and PBS).CONCLUSIONS: The present study showed
that the encapsulation of M2e/ HSP70c into N-trimethyl
chitosan (TMC) could strongly induce the humoral immune
response against the M2e-HSP70c plasmid without lowering the
adjuvant efficacy of HSP70c.
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membrane glycoproteins, HA and NA. The great
capacity of these glycoproteins for the mutation and
reassortment of virus genes within host animals
infected by multiple strains of influenza, often lead to
the emergence of new virulent strains (Hay et al., 2004). 

The extracellular domain of the M2 protein (M2e)
is considered as an attractive target for developing a
universal influenza vaccine. M2e consists of 24
amino acids which remain highly conserved across
all influenza isolates (Neirynck et al., 2007; De Filette
et al., 2005). Notably, M2e is not very immunogenic
and the use of M2e alone for developing a candidate
vaccine cannot induce a strong immune response.
Thus, different adjuvants have been utilized to
increase the immunogenicity of the M2e protein.

HSP70 belongs to the heat shock protein family.
The adjuvant effects of HSP70 have been shown for dif-
ferent microorganisms like mycobacterium tuberculosis
(Lowrie et al., 1999) and plasmodium (Qazi et al.,
2005). The HSP70 molecule consists of N-terminal
and C-terminal parts. The C-terminal domain
(HSP70359-610) is the peptide-binding part of the
HSP70 with adjuvant properties (Rafati et al., 2008).
This part of HSP70 can induce the activation of APCs
and NK cells through receptors like CD91 and LOX1.
Moreover, the interaction of HSP70 with TLR2 and
TLR4 results in the production of proinflammatory
cytokines. These properties lead to the use of HSP70
as a potent adjuvant for DNA- and protein-based
vaccines (Ebrahimi et al., 2010; Suzue et al., 1996). 

The plasmid encoding extracellular domain of the
M2 protein (M2e) and the C-terminal domain of
Mycobacterium tuberculosis HSP70 (HSP70 359-
610 or HSP70 C-terminal) could induce a strong
humoral immune response when injected sub-
cutaneously in mice (Zabeh et al., 2012).

Mucosal immunization via the nasal route is an
attractive alternative to parenteral immunization
(Suzue et al., 2005). The mucosal route is a way that
infectious agents like Influenza virus use for entering
the body, so it is the first line of defense against such
particles. Particles  taken up by nasal epithelia and
nasal-associated lymphoid tissue (NALT) can lead to
the induction of both mucosal and humoral immunity
(Almeidaet al., 1993; Alpar et al., 1994; Pawar et al.,
2010). Several methods and polymers have been used
to overcome the limitations of mucosal routs for the
antigen delivery such as using viral (like HBc) or non-

viral (like PLGA) vehicles (Turley et al., 2011; Pawar
et al., 2010). In recent years different studies have
been conducted in which the chitosan and its
derivatives were used as a delivery system for DNA
and protein antigens (Roy et al., 1999).

Chitosan is a biodegradable, biocompatible, non-
toxic, and muco-adhesive polysaccharide. It can be
produced by the deacetylation of the naturally
acquired chitin (Illum et al., 1998). Because of the
mucociliary clearance mechanism that removes
soluble antigens from the nasal cavity, any particle
that is administered through the nasal route can only
remain for only a short time (Soane et al., 1999; Soane
et al., 2001). To overcome this limitation, a water
soluble derivative of chitosan, N-trimethyl chitosan
(TMC), was used as a carrier for the M2e-HSP70c
plasmid via the nasal route. In this study we in-
vestigated the effectiveness of TMC in promoting the
efficacy of M2e-HSP70c DNA based vaccine
through intranasal administration.

Materials and Methods

Preparation of recombinant plasmids: The
confirmed recombinant pcDNA 3.1 (+) plasmid
bearing separate genes sequence of M2e-HSP70c or
M2e (signated as pcDNA/M2e-HSP70c and pcDNA/
M2e) were constructed, purified, and then confirmed
according to our previous study (Zabeh et. al., 2012).
In order to evaluate immune responses against them,
the recombinant vectors were then purified by
endotoxin free plasmid Mega Kit (Qiagen, USA)
according to the manufacture's instruction. 

Preparation of chitosan-DNAparticles:The N-
trimethyl chitosan (TMC) used in this study was
provided by Baqiyatallah Medical Sciences Uni-
versity, Iran. The TMC solution (2mg/mL in water,
pH 6) and a DNA solution (100μg/mL in 5mM of
NaAc solution) were preheated to 50-55°C separate-
ly. An equal volume of both solutions were quickly
mixed while vortexing. The chitosan-DNA particles
were incubated at room temperature for 30 min before
characterization and transfection. The particle size
and zeta-potential of the chitosan-DNAwere measur-
ed on a Zetasizer® 3000 (Malvern Instruments, UK).

Immunization:Four groups of six to eight-week-
old female BALB/c mice (twenty mice per group)
were immunized with pcDNA/M2e-HSP70c+TMC,
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pcDNA/M2e-HSP70c without TMC, pcDNA/M2e
and PBS, respectively, during light anesthesia with
Ketamin/xylasine solution on days 0 and 21. The
intranasal administered formulations were given
through instillation in a total volume of 100μg/10μL
(5μLinto each nostril) with a micropipette tip, which
is an appropriate volume to prevent variable bio-
availability due to the deposition of the formulation
in the lung and lower respiratory tract (Amidi et al.,
2007).

Serological evaluations: Serum samples were
taken prior to the first immunization, 2 weeks after the
first immunization, and 2 weeks after the second im-
munization to study M2e-specific antibody responses.
The ELISA assay was performed as described
previously (Amidi et al., 2007) with some modific-
ations. Briefly, 96 well plates (Maxisorb, Nunc,
Denmark) were coated with 100μLof synthetic M2e-
peptide solution (1μg/mL) in 50mM sodium
bicarbonate buffer, pH 9.6, and  incubated overnight
at 4 C°. The plates were washed with phosphate
buffered saline (PBS) and blocked with 3% milk in
PBS containing 0.05% Tween-20 (milk-PBST). The
testing samples were diluted in PBST and loaded on
the peptide coated plates. The plates were incubated
with different serum samples and then incubated with
1:10000 goat antimouse IgG-HRPconjugates (Sigma-
Aldrich) for 1 hr at 37°C. The color reaction was
developed with 3, 3', 5, 5'-tetramethylbenzidine
(TMB)  at OD 450 nm. In order to compare the groups,
the average of A450 values of different sera was
analyzed.

Statistical analysis: Statistically significant dif-
erences amongst M2e antibody titres of different sera
were analyzed using the SPSS 13.0 software (SPSS
Inc., Chicago, USA). Data were analyzed for their
significance (p<0.05) by the one-way analysis of
variance when the variance between the groups was
homogeneous and the distribution of the data was
normal. When the normality test or the homogeneity
of the variance test failed  the nonparametric test of
Kruskal-Wallis was used. 

Results

Characterization of the pcDNA/M2e-HSP70c-
loaded TMC particles:The pcDNA/M2e-HSP70c+
TMC particles had an average diameter of 102±27nm

with a polydispersity index of 0.05±0.02 (Figure 1).
The zeta-potential of the antigen loaded particles was
+32±1mVand the loading efficacy was 91.2%. (Data
not shown)

Systemic antibody responses in i.n. immunized
mice: To investigate the suitability of the antigen-
loaded TMC particles for i.n. vaccination, the serum
responses of mice were compared after a single i.n.
vaccination with antigen alone and antigen-loaded
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Figure 1. The particle size of chitosan-DNA is measured on a
Zetasizer® 3000 (Malvern Instruments, UK). The pcDNA/M2e-
HSP70c+TMC particles has an average diameter of 102±27nm
with a polydispersity index of 0.05±0.02.

Figure 2. M2e-specific antibodies were determined by ELISA.
Anti-sera diluted of 1/100 were collected from individual mice
immunized with pcDNA/M2e-HSP70c+TMC (    ), pcDNA/
M2e-HSP70c without TMC (       ),  and pcDNA/M2e (       ), at
3 PBS (        ),  weeks after the first immunization (1st immuniz-
ation) and 2 weeks after the second immunization (2nd

immunization), separately. Each bar represents the geometric
mean antibody responses for each group of immunized mice with
the standard error (Geometric Mean±SEM). pcDNA/M2e-
HSP70c+TMC administrated group shows higher M2e specific
IgG compared with other groups (p<0.05, one-way ANOVA).
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TMC particles. After a single i.n., immunization free
pcDNA/M2e-HSP70c and pcDNA/M2e were poorly
immunogenic, showing undetectable serum IgG
titers in some of the vaccinated animals (Figure 2). In
contrast, the pcDNA/M2e-HSP70c+TMC particles
were able to significantly generate higher (p<0.05)
IgG antibody titers in all mice (Figure 2). These
results point to a strong immunostimulating effect of
the TMC particles upon i.n. administration. Since the
i.n. vaccination usually requires booster immuniz-
ations in order to induce strong immune responses,
the effect of i.n. booster vaccinations on the systemic
antibody response was studied. As shown in Figure 2,
even after two booster immunizations, i.n. admin-
istered free antigen induced weak systemic immune
responses while the second booster in the antigen-
TMC group induced a further increase in the total IgG
immune response (Figure 2).

Discussion

The M2e domain has been found to be highly
conserved in most influenza Astrains (Ito et al., 1991,
Liu et al., 2005), making it an attractive target for a
universal vaccine.

Different studies have shown the adjuvant
properties of HSP70. Haug et al., (2005) showed that
HSP70 can enhance the proliferation of human CD4+
T cells. HSP70 induces the production of proin-
flammatory cytokines by the monocyte-macrophage
system and it, in turn, leads to the activation of innate
immunity (Tsan et al., 2007). The immuno-
modulatory function of HSP70 is based on its
interaction with the receptors present on the
professional APCs (Ebrahimi et al., 2010). 

We have previously shown that the M2e-HSP70c
plasmid (pcDNA/M2e-HSP70c) when injected
subcutaneously in mice by the In vivo electroporation
can induce the humoral immune response against the
Influenza virus (Ebrahimi et al., 2012).

Mucosal immune responses provide a first line of
defense against infectious agents that use mucosal
surfaces as a portal site of entry.

The nasal mucosa and pulmonary epithelium
provide a large surface for the absorption of re-
combinant DNAand proteins (Amidi et al., 2006).

Proper delivery systems for the nasal admin-
istration should protect antigens against degradation,

prevent their rapid elimination from the nasal cavity,
and enhance their absorption and/or uptake across
epithelial barriers.

The present study intended to obtain these pro-
perties through the encapsulation of pcDNA/ M2e-
HSP70c into N-trimethyl chitosan (TMC).

TMC is a derivative of chitosan. Chitosan and
positively charged chitosan complexes will bind
strongly to negatively charged sites in the mucin. This
leads to prolonged antigens residence in the nasal
cavity with a half-life of 45 min as compared to about
15 min for control solutions (Soane et al., 1999).

Thus, chitosan can overcome the mucociliary
function in the nasal cavity, protect an antigen from
the enzymatic degradation, and provide the efficient
delivery of antigens to mucosal-associated lymphoid
tissue (MALT) and antigen presenting cells (APC)
lined between the respiratory epithelial cells
(Bienenstock et al., 2005).

Over the past few years, various groups have
worked on the chitosan as an alternative non-viral
gene delivery system for the delivery of therapeutic
genes as well as gene vaccines (MacLaughlin et al.,
1998; Koping-Hoggard et al., 2001; Mao et al., 2001;
Ishii et al., 2001). To date, most of the studies have
been undertaken with reporter genes and through
routes other than the nasal (MacLaughlin et al., 1998;
Mao et al., 2001; Ishii et al., 2001; Borchard et al.,
2001). However, there are few studies have been also
conducted about the use of chitosan complexes to
deliver DNA vaccines especially through the nasal
route. Roy et al. (1999) evaluated a chitosan based
oral DNAvaccine system for vaccination against the
peanut allergy in a mouse model, and obtained good
protection. 

In this study, i.n. administration of the en-
capsulated pcDNA/M2e-HSP70c into the TMC
particles significantly enhanced the systemic im-
mune response, compared to free pcDNA/M2e-
HSP70c+TMC and pcDNA/M2e. In comparison to
the free antigen, the prolonged residence time of the
encapsulated antigen in the nasal cavity can provide
enough time for M cells as well as epithelial cells to
uptake the plasmid. The present study showed that the
encapsulation of M2e/HSP70c into the N-trimethyl
chitosan (TMC) could induce higher humoral im-
mune response against M2e. Thus, TMC is a promis-
ing vehicle for the nasal delivery of influenza anti-
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gens and, most likely, other antigens.
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