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Highly pathogenic avian influenza virus (H5N1) is
anemergingpathogenwith thepotential to cause
greatharmtohumans, and there is concernabout
the potential for a new influenza pandemic. This
virus is resistant to the antiviral effects of
interferons and tumor necrosis factor-a. How-
ever, the mechanism of interferon-independent
protective innate immunity is not well under-
stood. The prophylactic effects of chitin micro-
particles as a stimulator of innate mucosal
immunity against a recently obtained strain of
H5N1 influenza virus infection were examined in
mice. Clinical parameters and the survival rate of
mice treated by intranasal application of chitin
microparticles were significantly improved com-
pared to non-treated mice after a lethal influenza
virus challenge. Flow cytometric analysis
revealed that the number of natural killer cells
that expressed tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) and that had
migrated into the cervical lymph node was
markedly increased (26-fold) after intranasal
treatment with chitin microparticles. In addition,
the level of IL-6 and interferon-gamma-inducible
protein-10 (IP-10) in the nasal mucosa after H5N1
influenza virus challenge was decreased by
prophylactic treatmentwith chitinmicroparticles.
These results suggest that prophylactic intra-
nasal administration of chitin microparticles
enhanced the local accumulation of natural killer
cells and suppressed hyper-induction of cyto-
kines, resulting in an innate immune response to
prevent pathogenesis of H5N1 influenza virus.
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INTRODUCTION

Avian influenza A subtype H5N1 outbreaks involving
fatal human respiratory disease were reported in Hong
Kong in 1997 (H5N1/97) [Claas et al., 1998; Subbarao
et al., 1998]. The subsequent re-emergence of human
H5N1 disease with high fatality rates has been reported
in southern China [Peiris et al., 2004], Vietnam [Tran
et al., 2004], Thailand [Grose and Chokephaibulkit,
2004], Cambodia, Indonesia, Turkey, and Iraq. At least
278 laboratory-confirmed cases of human infection with
a fatality rate of greater than 50% were reported to the
WorldHealthOrganization [2007] fromJanuary 2003 to
March 2007. It has been reported that an oseltamivir-
resistant H5N1 influenza virus (A/Hanoi/30408/2005)
was isolated fromaVietnamese girl [Le et al., 2005], and
H5N1 influenza viruses isolated from Hong Kong
(A/Hong Kong/156/97, A/Hong Kong/483/97, and A/
Hong Kong/486/97) were resistant to the antiviral
effects of interferons and tumor necrosis factor-a [Seo
et al., 2002].

Natural killer cells eliminate tumor cells and cells
infected by viruses, including influenza virus, via
their cytotoxic activity and production of cytokines
[Biron and Brossay, 2001; Cooper et al., 2001; Gazit
et al., 2006]. Natural killer cells are rapidly recruited
to sites of infection, and can inhibit viral replication
and dissemination through the respiratory tract
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[Stein-Streilein et al., 1983; Stein-Streilein and Guffee,
1986, andunpublished data byP. Strong]. Thus, natural
killer cells play a role in the early stage of host defense
against viral infection, and also bridge the subsequent
adaptive anti-viral immune responses [Kos and Engle-
man, 1996; Biron, 1997; Biron et al., 1999; Andoniou
et al., 2005; O’Leary et al., 2006]. Although the precise
mechanism of the innate immune response to highly
pathogenic H5N1 influenza virus is still unknown, the
role of natural killer cells in innate immunity against
viral infection seems to be important.
Chitin (a natural polysaccharide of N-acetyl-D-gluco-

samine), one of the most abundant polysaccharides in
nature, is anessential component of fungalwalls and the
exoskeletons of crabs, shrimp, and insects.Chitin is non-
allergenic, non-toxic, bio-degradable and biocompatible.
Chitin-derived products are now widely used in the
medical, veterinary, cosmetic, health supplement, and
environmental industries [Okamoto et al., 1993]. Chit-
osan, a highly deacetylated form of chitin, has been used
as a vaccine adjuvant due to its muco-adhesive proper-
ties, and has been shown to enhance antibody responses
to mucosally delivered vaccine antigens [Bacon et al.,
2000]. Chitin microparticles (1–20 mm in diameter), in
contrast to chitosan, have strong immunomodulatory
properties. Previous studies showed that chitin micro-
particles had effective adjuvant activity with an inacti-
vated influenza vaccine [Hasegawa et al., 2005] or with
an HIV-DNA vaccine [Hamajima et al., 2003]. Chitin
microparticles, when administered intranasally, have
also been found to reduce symptoms of respiratory
allergyandallergic asthma [Stronget al., 2002;Ozdemir
et al., 2006]. Other studies using chitin microparticles
have demonstrated their Th1-inducing properties and
shown that phagocytosis of chitin microparticles by
macrophages through involves the mannose receptor
and results in the production of IL-12, IL-18, and tumor
necrosis factor-a, which in turn stimulated natural
killer cells to produce IFN-g [Shibata et al., 1997a,b,
1998].
In the present study, prophylactic use of intranasally

applied chitin microparticles to stimulate innate muco-
sal immunity to lethalH5N1 influenzavirus challenge is
investigated. It is shown that intranasal pretreatment
with chitin microparticles induces expression of tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) in a large proportion of natural killer cells in
the cervical lymph node, and suppresses viral load and
hyper-induction of cytokines that may play a role in the
pathogenesis of H5N1 [Chan et al., 2005; de Jong et al.,
2006].

MATERIALS AND METHODS

Mice

Six- to 8-week-old female BALB/c mice were pur-
chased from Japan SLC. Mice were kept under specific-
pathogen-free conditions approved by the Institution
AnimalCare andUseCommittee ofNational Institute of
Infectious Diseases.

Viruses

The mouse-adapted strains of A/Puerto Rico/8/34 (A/
PR8, H1N1) and wild-type A/Vietnam/1194/04
(VN1194, H5N1) viruses were used in this study. The
A/PR8 virus was passaged 148 times in the ferret, 596
times in the mouse, and 73 times in 10-day fertile
chicken eggs. The VN1194 virus isolated from patients
with H5N1 disease in Vietnam in 2004 was prepared in
Mardin-Darby canine kidney (MDCK) cells without any
additional special steps for mouse adaptation. These
viruses were stored at �808C and viral titers were
quantified by plaque assay.

Preparation of Chitin Microparticles,
Poly(I:C) and LPS

Chitin microparticles prepared from shrimp derived
chitin was kindly provided by P. Strong (CMP Ther-
apeuticsLtd.,Oxford,UK). Particle sizewasdetermined
by Christison Particle Technologies (Gateshead, UK)
using a Model 780 Accusizer and the average particle
size was 10 mm. The sterility of the chitin microparticles
was confirmed by plating on agar plates. The concentra-
tion of endotoxin in the chitin microparticles prepara-
tions was examined by Limulus Amebocyte Lysate
Assay (BioWhittaker, Wokingham, UK) and shown to
be less than 1 EU/ml. Synthetic dsRNA [poly(I:C)] was
kindly provided by Toray Industries, Inc. (Kamakura,
Kanagawa, Japan). Lipopolysaccharide (LPS) was pur-
chased from Sigma (St. Louis, MO).

Pretreatment with Chitin Microparticles,
Poly(I:C) and LPS and Virus Infection in Mice

To assess the efficacy of intranasal pretreatment with
innate immune stimulators as prophylactic agents
against influenza (A/PR8, H1N1) and highly pathogenic
avian influenza (VN1194, H5N1) strains, chitin micro-
particles (100 mg), poly(I:C) (10 mg), LPS (1 mg) or PBS
were administered intranasally to mice. CMP treat-
ments were performed once a day for 2 or 3 days and
other treatmentswere performed once (6 hr) before viral
challenge. Previous experiments established the opti-
mum dosing schedule for CMP, poly(I:C), and LPS.
These amounts of each of the innate stimulators were
sufficient to generate adjuvant activity against influ-
enza virus infection when they were administered
intranasally with vaccine [Ichinohe et al., 2005, 2006].
Five mice for each experimental group were anesthe-
tized with diethyl ether and received an intranasal
application of 10 ml of PBS containing chitin micro-
particles, poly(I:C) or LPS (5 ml/each nostril) prior to
influenza virus infection. Mice were anesthetized 6 hr
after final administration, and 2 ml of a suspension of
influenza virus (A/PR8 or VN1194) was dropped into
eachnostril (4ml permouse).Virus titers of nasalwashes
were measured 3 days after inoculation of the influenza
virus. H5N1 virus infection experiments were carried
out in biosafety level 3 containment facilities approved
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by theGuides for Animal Experiments Performed at the
National Institute of Infectious Diseases.

Titration of Virus

Mice were given 100 mg of chitin microparticles or
PBS twice intranasally at 30 and 6 hr before infection,
then infected with 1,000 PFU of H5N1 influenza virus.
Mice (n¼3 mice per time point) were sacrificed and
tissues were collected 3, 5, 8, or 10 days post-infection.
Viral titration in the frontal lobe, trigeminal nerve
ganglia, brain stem, cervical lymph node, spleen, liver,
kidney, large intestine, muscle, serum, nasal wash,
and lung wash of infected mice was determined by
plaque assay using MDCK cells (Fig. 4). Lung washes
and nasal washes were prepared in PBS containing
0.1% bovine serum albumin, as described previously
[Asahi et al., 2002] and used for viral titration after
removing cellular debris by centrifugation. Tissue
homogenates (1–10%, w/v) were prepared in PBS
containing 0.1% bovine serum albumin, centrifuged
at 9,170g for 10 min, and supernatants were inocu-
lated into cells in the presence of 10 mg/ml acetylated
trypsin (Sigma).

Flow Cytometry

Mice were given 100 mg of chitin microparticles
intranasally once a day for 3 days, and sacrificed 6 hr
after the final administration to collect the cervical
lymph node. The number of natural killer cells in the
local lymphoid tissue was analyzed by three-color flow
cytometry. Single cell suspensions were prepared from
the cervical lymph node and red blood cells were
depleted by incubation in 0.83% NH4Cl. Cells were
incubated with 5 mg/ml of anti-mouse CD16/32 antibody
(eBioscience, San Diego, CA) to block nonspecific
binding, then incubated with FITC-labeled anti-mouse
pan-natural killer cell antibody (Dx5, eBioscience) and
phycoerythrin (PE)-labeled anti-mouse tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL) anti-
body (N2B2, eBioscience). To quantitate the total
number of live cells an aliquot of cells were incubated
with propidium iodide (PI, final concentration; 5 mg/ml).
Samples were analyzed with a flow cytometer (FACS-
Calibur, BD Biosciences, San Jose, CA), and the data
were analyzed with CELLQuest software.

Multiplex Cytokine Assays

Mice were given 100 mg of chitin microparticles or
PBS intranasally once a day for 2 days, then infected
with 1,000 PFU of H5N1 influenza virus. After the
challenge, mice were sacrificed to collect nasal washes
at 3, 5, 8, or 10 days post-infection. Samples of nasal
washes were analyzed for 20 cytokines (FGF basic,
GM-CSF, IFN-g, IL-1a, IL-1b, IL-2, IL-4, IL-5, IL-6,
IL-10, IL-12, IL-13, IL-17, IP-10, KC, MCP-1, MIG,
MIP-1a, TNF-a, and VEGF) by Luminex 200TM

(Luminex Co., Austin, TX) using mouse cytokine
twenty-plex antibody bead kit (BioSource Interna-

tional, Inc. Camarillo, CA), according to the manufac-
turer’s instructions. Briefly, Multiplex beads were
vortexed and sonicated for 30 s and 25 ml of beads
suspension was added to each well of a 96 well filter
plate and washed twice with wash buffer. The nasal
wash were diluted 1:1 in assay diluent and loaded onto
a Millipore Multiscreen BV 96-well filter plate to
which 50 ml of incubation buffer had been added to
each well. Serial dilutions of cytokines standards were
prepared in parallel and added to the plate. Samples
were incubated on a plate shaker in the dark at room
temperature for 2 hr. The plate was applied to a
Millipore Multiscreen Vacuum Manifold, washed twice
with 200 ml wash buffer, and 100 ml of biotinylated
Anti-Mouse Multi-Cytokine Detector Antibody was
added to each well. The plate was shaken again as
above for 1 hr applied to a Millipore Multiscreen
Vacuum Manifold, and washed twice with 200 ml wash
buffer. One hundred microliters of Streptavidin R-
phycoerythrin was added directly to each well, plate
was shaken again as above for 30 min, applied to the
vacuum manifold, and washed twice. One hundred
microliters of wash buffer was added to each well and
the plate was shaken for 3 min. The assay plate was
analyzed using the Bio-Plex Luminex 100 XYP instru-
ment. Cytokine concentrations were calculated using
Bio-Plex Manager 3.0 software with a five parameter
curve-fitting algorithm applied for standard curve
calculation.

Statistics

Comparisons between experimental groups were
made using the Student’s t-test for paired observations;
P< 0.05 was considered statistically significant.

RESULTS

Protective Effect of Chitin Microparticles
on A/PR8 (H1N1) or A/Vietnam (H5N1)

Influenza virus Infection

To assess the efficacy of intranasal pretreatment with
chitin microparticles as a prophylactic treatment
against avirulent (A/PuertoRico/8/34/, H1N1) or highly
pathogenic avian influenza virus infection (A/Vietnam/
1194/2004, H5N1), a chitin microparticle suspension
was given intranasally to mice. After H1N1 viral
challenge, mice pretreated intranasally with either
poly(I:C) or LPS given 6 hr prior to infection showed a
marked reduction in virus titer in their nasal wash
(Fig. 1A). Mice treated with three daily doses of CMP
showed a partial but significant reduction of nasal-wash
virus titers (Fig. 1A). The protective effect of chitin
microparticles against H5N1 influenza virus infection
was also examined.Mice treated intranasallywith three
daily doses of chitin microparticles showed a marked
reduction in virus titer in their nasal washes, although
mice pretreated with either poly(I:C) or LPS showed
only a partial reduction in virus titers in their nasal

J. Med. Virol. DOI 10.1002/jmv

Prophylactic Effects of Chitin Microparticles Against H5N1 813



washes (Fig. 1B). These results suggest that chitin
microparticles can stimulate an immunological reaction
that leads to reduction of viral replication in vivo.

Pretreatment With Chitin Microparticles
Protects Mice From Lethal Infection of

H1N1 and H5N1

The mortality of mice after inoculation with a lethal
dose of H1N1 or H5N1 influenza virus was monitored.
Chitin microparticles (100 mg) was given intranasally
once a day for 3 days before infection with 100 PFU
(4LD50) ofH1N1virus in a 20 ml suspension (Fig. 2A,B).
All the control mice pre-treated with PBS were dead
9 days after infection, withmarked clinical symptoms of
disease and marked reduction of body weight. Mice
pretreated with chitin microparticles also lost weight
and developed clinical symptoms, but 15 days after
infection, 60% of mice recovered their body weight, and
survived for the duration of the experiment (at least
40 days after infection).
The prophylactic effect of chitin microparticles

against lethal H5N1 influenza virus infection was also
examined. Mice were given 100 mg of chitin micropar-
ticles intranasally once a day for 2 days, or PBS 6 hr

before intranasal infection with 1,000 PFU of H5N1
influenza viruses. Interestingly, intranasal administra-
tion of chitinmicroparticles led to a significant improve-
ment in survival and fewer clinical symptoms compared
with PBS-treated control mice (Fig. 2C). These results
suggested that intranasal pretreatment with chitin
microparticles protects mice against both H1N1 and
H5N1 lethal infections.

J. Med. Virol. DOI 10.1002/jmv

Fig. 1. Protective effect of innate immune stimulators againstH1N1
andH5N1 influenza virus infection inBALB/cmice.A:Mice (n¼ 5mice
per group) received 100 mg of chitinmicroparticles (CMP) once a day for
3 days, or 10 mg of poly(I:C), 1 mg of LPS, or PBS once 6 hr before viral
challenge, then were infected intranasally with 100 PFU of A/PR8
(H1N1) influenzaviruses in 2ml suspension for eachnostril. Virus titers
in nasal washes 3 days post-inoculation are shown. B: Mice were
pretreated as above and infected intranasally with 1,000 PFU of
VN1194 (H5N1) influenza viruses in 2 ml suspension for each nostril.
Virus titers in nasal washes 3 days post-inoculation are shown. Data
represents the means� standard error (SE). Open circles indicate
values for individual mice. Asterisks indicate significant differences
compared with infected controls: *P< 0.05; **P< 0.01.

Fig. 2. Prophylactic effect of chitin microparticles (CMP) against
H1N1-induced pneumonia or H5N1 influenza virus infection. Mice
(n¼ 4–5 mice per group) were administered 100 mg of chitin
microparticles to the lung intranasally in a volume of 20 ml PBS once
a day for 3 days (closed circles) or PBS (open circles), then challenged
with a lethal dose (4 LD50) of A/PR8/H1N1 influenza virus in 20 ml PBS
to the lung. Survival curves (A) and bodyweight changes over time (B)
after virus challenge are shown. Body weights are plotted as a
percentage of the average initial weight. The open cross indicates the
time-point at which all mice in a group succumbed to disease. Infected
mice were monitored for 40 days. C: Mice (n¼ 5 mice per group)
received 100 mg of chitin microparticles once a day for 2 days (closed
circles), or PBS (open circles), then infected intranasally with 1,000
PFU of VN1194 (H5N1) influenza virus in 2 ml suspension for each
nostril. Survival curves after virus challenge are shown. The survival
rates were monitored for 18 days.

814 Ichinohe et al.



Reduction of H5N1 Influenza Virus Titer in
Multiple Organs by Pretreatment with

Chitin Microparticles

Toexamine theefficiency of viral spreadofA/Vietnam/
1194/04 (H5N1) after nasal infection inmice, viral titers
in multiple tissues frommice intranasally infected with
1,000 PFU of H5N1 were measured 3, 5, 8, and 10 days
after infection with or without chitin microparticles
pretreatment (n¼3 mice per time point). Mice were
given100mg of chitinmicroparticles orPBS intranasally
twice at 30 and 6 hr before infection, then infected with
1,000 PFU of H5N1 influenza viruses. When the mice
were infected with a small volume (2 ml in each nostil) of
virus suspensionwithout chitinmicroparticles pretreat-
ment, virus titers were detected in nasal washes and in
the trigerminal nerve ganglia of all mice 3 days post-
inoculation, and were highest at 5 days post-inoculation
(open circles in Fig. 3). Thereafter, virus was detected in
the lung and brain stem 8 days post-inoculation (open
circles in Fig. 3). Interestingly, live virus was not
detected in the frontal lobe of the cerebrum, which is
directly connected to the nasal cavity via the olfactory
nerve. No live virus was detected in the spleen, liver,
kidney, large intestine, muscle, or serum of mice (data
not shown).

In the nasal wash and brain stem of chitin micro-
particles-treated mice, the virus titer was significantly
reduced compared to PBS-treatedmice (closed circles in
Fig. 3). In addition, virus titers tended to be much lower

in lungwashes, cervical lymphnode, and terminal nerve
ganglia in the chitin microparticles-treated group
compared to the control group (closed circles in Fig. 3).
Live virus titers were not detected in the frontal lobe of
the cerebrum.

Migration of Natural Killer Cells Expressing
Tumor Necrosis Factor-Related Apoptosis-
Inducing Ligand (TRAIL) in the Cervical

Lymph Node After Intranasal Administration
of Chitin Microparticles

Previous work suggested that chitin microparticles
given intranasally induced an accumulation of natural
killer cells in local lymphoid tissue (unpublished data).
To define themechanism of the protective effect of chitin
microparticles against highly pathogenic H5N1 influ-
enza virus infection, themigration of natural killer cells
into the cervical lymph node was examined. The
proportion of natural killer cells in the cervical lymph
node increased 6-fold in chitin microparticles-treated
mice compared with PBS-treated mice 6 hr after chitin
microparticles administration (Fig. 4A). As tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) plays an important role in the immune
response of natural killer cells to influenza virus
infection [Ishikawa et al., 2005], the number of natural
killer cells expressing tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL) on their cell surface
was counted. The number of tumor necrosis factor-

J. Med. Virol. DOI 10.1002/jmv

Fig. 3. Virus titers in various organs after challenge with 1,000 PFU of VN1194 (H5N1). Mice were
administered 100 mg of chitinmicroparticles (CMP) intranasally once a day for 2 days (closed circle) or PBS
(open circle), and infectedwith 1,000 PFU of VN1194 influenza virus.Mice were sacrificed to collect organs
3, 5, 8, or 10days post-inoculation.Virus titers in the indicated organs after viral challenge are shown.Data
represents themeans�SE, and represents the numbers ofmice that failed to clear viruses/total number of
mice (n¼ 3). Asterisks indicate significant differences compared to the PBS control group; P<0.05.
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related apoptosis-inducing ligand (TRAIL)-expressing
natural killer cells increased 26-fold in the cervical
lymph node of chitin microparticles treated mice
compared with PBS-treated mice (Fig. 4B). These
results suggest that migration of natural killer cells
expressing tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) into local lymph nodes might
play a role in the reduction of virus titer and improve-
ment of clinical symptoms in virus infected mice.

Reduction of IL-6 and Interferon-Gamma-
Inducible Protein-10 (IP-10) Secretion From
Nasal Mucosa by Pretreatment with Chitin

Microparticles in H5N1 Influenza Virus Infection

Chitin microparticles might also play a role in the
reduction of inflammatory cytokines and chemokines
that accompany H5N1 influenza virus infection. To
examine this possibility, the level of secreted cytokines
described in theMaterials andMethods in nasalmucosa
was examined in mice infected with H5N1 virus with or

without chitin microparticles pretreatment. Among
them the secretion of IL-6 in nasal mucosa was up-
regulated by H5N1 influenza virus infection 10 days
post-inoculation, while in the chitin microparticles-
treated group, there was a marked reduction of IL-6
secretion (Fig. 5A). Likewise, the secretion of interferon-
gamma-inducible protein-10 (IP-10) was inhibited in
mice pretreated with chitin microparticles compared to
the PBS-treated group 8 days post-inoculation (Fig. 5B).
On the other hand tumor necrosis factor-a was not
detected in nasal mucosa of mice after H5N1 influenza
virus infection (data not shown). These results sug-
gested that chitin microparticles pretreatment may
inhibit the hyper-induction induction of cytokines and
chemokines that are relevant to the pathogenesis of
H5N1 influenza virus in infected mice.

DISCUSSION

The present study demonstrated that intranasal
administration of a suspension of chitin microparticles

J. Med. Virol. DOI 10.1002/jmv

Fig. 4. Increased natural killer (NK) cell migration into the cervical
lymph node after intranasal chitin microparticles (CMP) treatment.
Mice were administered 100 mg of chitin microparticles intranasally
once a day for 3 days or PBS, and sacrificed to collect the cervical lymph
node 6 hr after the final administration. cervical lymph node cells of 5
micewere pooled and stainedwithPI and anti-mouse CD49bFITC and/
or anti-mouse tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) PE antibodies. Viable cells (PI�) were selected with forward

and side scatter gated for lymphocytes. The expression of CD49b and
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) was
analyzed in this population. A: Numbers in each histogram above the
marker indicate the percentage of ‘live’-gated cells deemed
panCD49bþ. B: CD49b and tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) profile of cells recovered from the cervical
lymph node of mice pretreated with chitin microparticles or PBS.
Figure is representative of three experiments.
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has protective effects against lethal H5N1 influenza
virus infection of the upper respiratory tract in mice.
These findings were consistentwith results showing the
protective effects against avirulent influenza virus (A/
PR8, H1N1) infection in mice by intranasal administra-
tion of chitin microparticles into the lung (unpublished
data by P. Strong). It is previously reported that chitin
microparticles had a mucosal adjuvant effect when co-
administered with an influenza hemagglutinin vaccine
and increased both the mucosal and systemic humoral
responses that provided complete protection against
challenge with the homologous influenza virus H1N1 or
H5N1 inmice [Hasegawa et al., 2005; Asahi-Ozaki et al.,
2006; Ichinohe et al., 2006]. The current study demon-
strates hitherto unrecognized effects of chitin micro-
particles in enhancing innate protection against
infection with a highly pathogenic avian influenza virus
strain.

It has been reported that the highly pathogenic H5N1
influenza virus induces high levels of pro-inflammatory
cytokines and chemokines that may play a role in the

pathogenesis of [Chan et al., 2005; de Jong et al., 2006].
It is demonstrated that intranasal administration of
chitin microparticles induced the accumulation of
natural killer cells expressing tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL) in the cervi-
cal lymph node and suppressed viral load and hyper-
induction of cytokines. These results suggested that
recruitment of natural killer cells expressing tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) into local sites of infection (Fig. 4) and
suppression of pro-inflammatory cytokines and chemo-
kines (e.g. IL-6 and interferon-gamma-inducible pro-
tein-10 inFig. 5)may contribute to a reduction of clinical
symptoms and enhance protection against lethal H5N1
influenza virus infection.

The importance of natural killer cells in viral defense
has been demonstrated most convincingly in a patient
who lacked natural killer cells and was therefore
susceptible to virus infections [Biron et al., 1989]. Mice
in which natural killer cells have been depleted demon-
strated increased mortality after infection with influ-
enza viruses [Stein-Streilein and Guffee, 1986].
Therefore, it might be expected that the enhancement
of natural killer cells activity by chitin microparticles
and the accumulation of natural killer cells locally into
the site of infection and an enhancement of tumor
necrosis factor-related apoptosis-inducing ligand
(TRAIL) expression on their surface (Fig. 4) might
increase resistance to viral infection. In natural killer
cells or T-cells, tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) plays an important role in the
immune response to influenza virus infection [Ishikawa
et al., 2005]. Presumably due to this recruitment of
tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL)-expressing natural killer cells, H5N1 virus
titers were suppressed in nasal washes, lung washes,
cervical lymphnode, trigeminal nerveganglia and in the
brain stem ofmice pretreatedwith chitinmicroparticles
compared to mice in the control group (Fig. 3). Con-
sistent with these findings, pretreatment of mice with
chitinmicroparticles led to a significant improvement in
survival rate and reduction in clinical symptoms
following H5N1 virus infection (Fig. 2A,B) and H1N1
virus infection (Fig. 2C).

Finally, the present studies suggest that intranasal
administration of chitin microparticles boosts innate
immunity and protectsmice from infection by the highly
pathogenic H5N1 influenza virus infection in the upper
respiratory tracts. It is proposed that if mice are given
chitin microparticles as a daily prophylactic they would
have enhanced protection against infection with H5N1.
This prophylactic effect is elicited by activation of
natural killer cells and regulation of inflammatory
cytokines such as IL-6 and interferon-gamma-inducible
protein-10 (IP-10). The adjuvant effects of chitin micro-
particles are also expected [Hasegawa et al., 2005;
Asahi-Ozaki et al., 2006; Ichinohe et al., 2006] in
inducing adaptive immunity following infection. Identi-
fication of therapeutic innate immunity enhancing
agents such as chitin microparticles may lead to

J. Med. Virol. DOI 10.1002/jmv

Fig. 5. Kinetics of IL-6 (A) and interferon-gamma-inducible protein-
10 (IP-10) (B) secretion in the nasalmucosa after H5N1 influenza virus
infection. Mice (n¼ 3) were administered 100 mg of chitin microparti-
cles (CMP) intranasally once a day for 2 days (closed circles) or PBS
(open circles), then infected with 1,000 PFU of VN1194 (H5N1)
influenza virus. After viral challenge, mice were sacrificed to collect
nasal washes 3, 5, 8, or 10 days post-inoculation. The levels of each
cytokine in nasal washes after the viral challenge are shown. Data
represents the means�SE.
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antiviral strategies against the highly pathogenicH5N1
influenza virus andmay have relevance as part of a first
line defense against H5N1 outbreaks.
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