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Introduction

Abstract:

BACKGROUND: Influenza outbreak has become agreat life-
threatening disease in the world. Nasal vaccines can induce
systemic 1gG 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 solubleantigens. Therefore, nasal vaccines
reguire potent adjuvantsand delivery systems. OBJECTIVES: In
thisstudy weeval uated theeffect of N-trimethyl chitosan (TMC)
asapotent vehiclefor DNA encoding M2e/HSP70c in order for
intranasal administrationinmice. METHODS: Ectodomainof 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 pcDNA 3.1 vector (pcDNA/M 2e-HSP70c)
and then encapsul ated into aderivative of chitosan, N-trimethyl
chitosan (TMC). After encapsulation of the plasmid, physical
properties of the particles were investigated using Zetas zer®
3000 the parti cleswerethen administered through theintranasal
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 1gG than those induced in control groups
(pcDNA/M2e-HSP70c without TMC, pcDNA/M2e, bearing
M2ea one,andPBS). CONCL USIONS: Thepresent study showed
that the encapsulation of M2e/ HSP70c into N-trimethyl
chitosan (TMC) could strongly induce the humoral immune
responseagainst theM 2e-HSP70c plasmid without lowering the
adjuvant efficacy of HSP70c.

cination isthe best prophylactic strategy for control-
ling the influenza infection. The current licensed

Influenza has remained a serious widespread vaccines(i.e. syntheticvirus-likeparticles, inactivat-
threat to the human and animal population. Vac- ed or live-attenuated whole virus, split and subunit
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vaccines) are based on theimmune response against
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membrane glycoproteins, HA and NA. The great
capacity of these glycoproteinsfor the mutation and
reassortment of virus genes within host animals
infected by multiplestrainsof influenza, oftenleadto
theemergenceof new virulentstrains(Hay etal ., 2004).

Theextracellular domainof theM 2 protein (M 2e)
isconsidered as an attractive target for developing a
universal influenza vaccine. M2e consists of 24
amino acids which remain highly conserved across
alinfluenzaisolates(Neirynck etal.,2007; DeFilette
et al., 2005). Notably, M2eisnot very immunogenic
and the use of M2e alonefor devel oping a candidate
vaccine cannot induce a strong immune response.
Thus, different adjuvants have been utilized to
increase theimmunogenicity of the M 2e protein.

HSP70 belongs to the heat shock protein family.
Theadjuvant effectsof HSP70 havebeen shownfor dif-
ferent microorgani smslikemycobacteriumtuberculosis
(Lowrie et a., 1999) and plasmodium (Qazi et al.,
2005). The HSP70 molecule consists of N-terminal
and C-termina parts. The C-termina domain
(HSP70359-610) is the peptide-binding part of the
HSP70with adjuvant properties (Rafati et al., 2008).
Thispart of HSP70 caninducetheactivation of APCs
andNK cellsthroughreceptorslikeCD91and LOX1.
Moreover, the interaction of HSP70 with TLR2 and
TLRA4 results in the production of proinflammatory
cytokines. These properties|ead to the use of HSP70
as a potent adjuvant for DNA- and protein-based
vaccines (Ebrahimi et a., 2010; Suzueet a., 1996).

Theplasmid 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 inmice(Zabeh et a., 2012).

Mucosal immunization via the nasal route is an
attractive alternative to parenteral immunization
(Suzueet al., 2005). The mucosal routeisaway that
infectiousagentslikelnfluenzavirususefor entering
thebody, soitisthefirst line of defense against such
particles. Particles taken up by nasal epithelia and
nasal -associated lymphoidtissue (NALT) canleadto
theinduction of both mucosal and humoral immunity
(Almeidaet al., 1993; Alpar et a., 1994; Pawar et al .,
2010). Severa methodsand polymershavebeenused
to overcome the limitations of mucosal routsfor the
antigendelivery suchasusingvira (likeHBc) or non-
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viral (likePLGA) vehicles(Turley etal., 2011; Pawar
et a., 2010). In recent years different studies have
been conducted in which the chitosan and its
derivativeswere used asadelivery system for DNA
and protein antigens (Roy et al., 1999).

Chitosan isabiodegradabl e, 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
remainfor only ashorttime(Soaneetal ., 1999; Soane
et a., 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 theeffectivenessof TM Cinpromotingthe
efficacy of M2e-HSP70c DNA based vaccine
through intranasal administration.

M aterialsand M ethods

Preparation of recombinant plasmids. The
confirmed recombinant pcDNA 3.1 (+) plasmid
bearing separate genes sequence of M2e-HSP70c or
M2e(signatedaspcDNA/M2e-HSP70cand pcDNA/
M 2e) were constructed, purified, and then confirmed
accordingtoour previousstudy (Zabehet. al., 2012).
In order to eval uateimmune responses against them,
the recombinant vectors were then purified by
endotoxin free plasmid Mega Kit (Qiagen, USA)
according to themanufacture'sinstruction.

Prepar ation of chitosan-DNA particles: TheN-
trimethyl chitosan (TMC) used in this study was
provided by Bagiyatallah Medical Sciences Uni-
versity, Iran. The TMC solution (2mg/mL in water,
pH 6) and a DNA solution (100ug/mL in 5mM of
NaA c solution) were preheated to 50-55°C separate-
ly. An equal volume of both solutions were quickly
mixed while vortexing. The chitosan-DNA particles
wereincubated at roomtemperaturefor 30minbefore
characterization and transfection. The particle size
and zeta-potential of thechitosan-DNA weremeasur-
ed on aZetasizer™ 3000 (MalvernInstruments, UK).

I mmunization: Four groupsof six toe ght-week-
old female BALB/c mice (twenty mice per group)
wereimmunized 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 O and 21. The
intranasal administered formulations were given
through ingtillation in atotal volume of 100ug/10uL
(5uL into each nostril) with amicropipettetip, 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
takenprior tothefirstimmunization, 2weeksafter the
first immunization, and 2 weeks after the second im-
muni zationto study M 2e-specificantibody responses.
The ELISA assay was performed as described
previously (Amidi et a., 2007) with some modific-
ations. Briefly, 96 well plates (Maxisorb, Nunc,
Denmark) werecoated with 100uL of syntheticM 2e-
peptide solution (1ug/mL) in 50mM sodium
bicarbonate buffer, pH 9.6, and incubated overnight
a 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 sampleswere diluted in PBST and loaded on
the peptide coated plates. The plates were incubated
withdifferent serum samplesandthenincubated with
1:10000goat antimousel gG-HRPconjugates(Sigma-
Aldrich) for 1 hr at 37°C. The color reaction was
developed with 3, 3, 5, 5'-tetramethylbenzidine
(TMB) at OD 450nm. Inorder tocomparethegroups,
the average of A450 values of different sera was
analyzed.

Satistical analysis: Statistically significant dif-
erencesamongst M 2eantibody titresof 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 variancetest failed the nonparametric test of
Kruskal-Walliswas used.

Results
Characterization of thepcDNA/M 2e-H SP70c-

loaded TM C particles: ThepcDNA/M2e-HSP70c+
TMCparticleshad anaveragediameter of 102+27nm
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Figure 1. The particle size of chitosan-DNA is measured on a
Zetasizer® 3000 (Malvern Instruments, UK). ThepcDNA/M 2e-
HSP70c+TMC particles has an average diameter of 102+27nm
with apolydispersity index of 0.05+0.02.
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Figure 2. M 2e-specific antibodies were determined by ELISA.
Anti-seradiluted of /100 were collected from individual mice
immunized with pcDNA/M2e-HSP70c+TMC (mm), pcDNA/
M2e-HSP70c without TMC (Il ), and pcDNA/M2e (), at
3PBS(3), weeksafter thefirstimmunization (1St immuniz-
ation) and 2 weeks after the second immunization (2”d
immunization), separately. Each bar represents the geometric
mean antibody responsesfor each group of immunized micewith
the standard error (Geometric MeantSEM). pcDNA/M2e-
HSP70c+TMC administrated group shows higher M 2e specific
1gG compared with other groups (p<0.05, one-way ANOVA).

with apolydispersity index of 0.05+0.02 (Figure 1).
Thezeta-potential of theantigenloaded particleswas
+32+1mV andthel oading efficacy was91.2%. (Data
not shown)

Systemicantibody responsesini.n.immunized
mice: To investigate the suitability of the antigen-
loaded TMC particlesfor i.n. vaccination, the serum
responses of mice were compared after asinglei.n.
vaccination with antigen alone and antigen-loaded
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TMC particles. After asinglei.n., immunizationfree
pcDNA/M 2e-HSP70cand pcDNA/M 2ewerepoorly
immunogenic, showing undetectable serum 1gG
titersin someof thevaccinated animals(Figure2).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 astrong immunostimulating effect of
theTMC particlesuponi.n. administration. Sincethe
i.n. vaccination usualy requires booster immuniz-
ations in order to induce strong immune responses,
the effect of i.n. booster vaccinationson the systemic
antibody responsewasstudied. AsshowninFigure?2,
even after two booster immunizations, i.n. admin-
istered free antigen induced weak systemic immune
responses while the second booster in the antigen-
TMCgroupinducedafurtherincreaseinthetotal 1gG
immuneresponse (Figure2).

Discussion

The M2e domain has been found to be highly
conservedinmostinfluenzaA strains(ltoetal., 1991,
Liu et al., 2005), making it an attractive target for a
universal vaccine.

Different studies have shown the adjuvant
propertiesof HSP70. Haug et al ., (2005) showed that
HSP70canenhancetheproliferation of human CD4+
T cells. HSP70 induces the production of proin-
flammatory cytokinesby the monocyte-macrophage
systemandit, inturn, leadsto the activation of innate
immunity (Tsan et a., 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 M 2e-HSP70c
plasmid (pcDNA/M2e-HSP70c) when injected
subcutaneously inmiceby thelnvivoel ectroporation
caninducethe humoral immuneresponse against the
Influenzavirus (Ebrahimi et al., 2012).

Mucosal immuneresponses provideafirst line of
defense against infectious agents that use mucosal
surfacesasaportal siteof entry.

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

Proper delivery systems for the nasal admin-
istration shoul d protect antigensagai nst degradation,
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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 tonegatively charged sitesinthemucin. This
leads to prolonged antigens residence in the nasa
cavity withahalf-lifeof 45 minascompared to about
15minfor control solutions(Soaneet a., 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 antigensto 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-vira
gene delivery system for the delivery of therapeutic
genes aswell as gene vaccines (MacLaughlinet .,
1998; Koping-Hoggardet al., 2001; Maoet al., 2001,
Ishii et a., 2001). To date, most of the studies have
been undertaken with reporter genes and through
routesother thanthenasal (MacLaughlinetal., 1998;
Mao et a., 2001; Ishii et al., 2001; Borchard et al.,
2001). However, therearefew studieshavebeen also
conducted about the use of chitosan complexes to
deliver DNA vaccines especialy through the nasal
route. Roy et al. (1999) evaluated a chitosan based
oral DNA vaccine systemfor vaccination against the
peanut allergy in amouse 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 timefor M cellsaswell as epithelial cellsto
uptaketheplasmid. Thepresent study showedthat the
encapsulation of M2e/HSP70c into the N-trimethyl
chitosan (TMC) could induce higher humoral im-
muneresponse against M2e. Thus, TMCisapromis-
ing vehicle for the nasal delivery of influenza anti-
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gensand, most likely, other antigens.
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