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We have evaluated the ability of two carbohydrate biopolymers, chitosan and gellan, to enhance antibody
responses to subunit influenza virus vaccines delivered to the respiratory tracts of mice. Groups of mice were
vaccinated three times intranasally (i.n.) with 10 pg of purified influenza B/Panama virus surface antigens
(PSAs), which consist of hemagglutinin (HA) and neuraminidase (NA), either alone or admixed with chitosan
or gellan solutions. Separate groups were vaccinated subcutaneously (s.c.) with PSAs adsorbed to Alhydrogel
or chitosan or gellan alone i.n. Serum antibody responses were determined by enzyme-linked immunosorbent
assay (ELISA) for influenza virus-specific immunoglobulin G (IgG) and by HA inhibition (HAI) and NA
inhibition (NAI) assays. The local respiratory immune response was measured by assaying for influenza
virus-specific IgA antibody in nasal secretions and by enumerating nasal and pulmonary lymphocytes secreting
IgA, IgG, and IgM anti-influenza virus-specific antibodies by enzyme-linked immunospotting (ELISPOT).
When administered alone i.n., B/Panama PSA was poorly immunogenic. Parenteral immunization with B/Pan-
ama PSA with Alhydrogel elicited high titers of anti-B/Panama antibodies in serum but a very poor respiratory
anti-B/Panama IgA response. In contrast, i.n. immunization with PSA plus chitosan stimulated very strong
local and systemic anti-B/Panama responses. Gellan also enhanced the local and serum antibody responses to
i.n. PSA but not to the same extent as chitosan. The ability of chitosan to augment the immunogenicity of
influenza vaccines given i.n. was confirmed using PSA prepared from an influenza A virus (A/Texas HIN1).

Outbreaks of influenza are responsible for devastating
global morbidity and high mortality in high-risk groups, such as
the elderly and those with underlying pulmonary or cardiac
disease. Although influenza is usually fatal only in certain pop-
ulations, it also accounts for significant absenteeism in the
work force. The influenza viruses of humans and other mam-
mals are largely spread by aerosols, and the virus is distributed
throughout the respiratory tract (1). Infection with influenza
virus results in both a serum and a local secretory antibody
response in the respiratory tract. The protective antibody re-
sponse to influenza virus is directed at the surface glycopro-
teins hemagglutinin (HA) and neuraminidase (NA) (1).

Although the correlation between serum HA inhibition
(HALI) titers and protection from influenza is well established
in humans, protection has also been correlated with anti-HA
antibody in nasal washings (13, 15). Secretory immunoglobulin
A (IgA) forms the major part of this mucosal antibody re-
sponse to influenza virus infection, and several groups have
demonstrated that HA-specific IgA confers protection against
influenza virus in mice (1, 33, 42, 43, 52).

Secretory IgA neutralizes virus infectivity efficiently, and
polymeric IgA is superior to IgG at neutralizing influenza virus
in vitro (2, 40). Mazanec et al. (35) proposed a three-tiered
view of the role of IgA in mucosal defense. As well as inhibiting
viral attachment and penetration, IgA may have a role in
mediating recovery from infection by neutralizing intracellular
virus directly within epithelial cells and by binding virus in the
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mucosal lamina propria and excreting it through the adjacent
epithelium (35).

Natural infection induces better cross-reactive protection
against subtype variants than conventional parenteral vaccines.
This has been attributed to the induction of cross-protecting
IgA antibodies in the respiratory tract (33, 52). Parenteral
immunization with current influenza vaccines is generally effi-
cient at eliciting serum antibody but not secretory IgA re-
sponses (14, 36, 56). An ideal influenza vaccine would induce
both local respiratory and systemic immune responses. Gener-
ally, vaccines need to be applied topically to mucosal surfaces
to elicit a good mucosal immune response. However, conven-
tional inactivated or subunit vaccines are often poorly immu-
nogenic when given mucosally (17, 23).

A number of approaches have been investigated in order to
improve antibody responses to antigens delivered mucosally.
These include encapsulation of the antigens or their coadmin-
istration with mucosal adjuvants, such as cholera toxin, Esch-
erichia coli heat-labile toxin, or derivatives thereof (7, 8, 12, 18,
29, 49, 51, 53, 54).

In this study, we have investigated the ability of two nontoxic
carbohydrate biopolymers, gellan and chitosan, to increase the
immunogenicity of intranasally (i.n.) administered influenza
virus vaccines. Both substances can improve the delivery of
drugs across mucous membranes (5, 12, 25, 30, 47). Gellan is
an extracellular, anionic polysaccharide produced by Pseudo-
monas elodea. Its monosaccharide units are B-p glucose, B-D
glucuronic acid, and a-L-rhamnose. Chitosan is a cationic poly-
saccharide (consisting of repeating units of N-acetyl-p-glu-
cosamine and D-glucosamine), derived by the partial deacety-
lation of chitin (obtained from the shells of crustaceans).
Chitosan has a number of uses, including sustained or targeted
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drug delivery (12, 20, 22, 25). Chitosan is susceptible to ly-
sozyme digestion, making it relatively biodegradable, and it has
low toxicity compared with other natural polysaccharides (20,
22, 55).

MATERIALS AND METHODS

Preparation of influenza virus vaccines. Influenza virus antigen preparations
were supplied by Evans Medical (Liverpool, United Kingdom). Surface glyco-
proteins HA and NA were prepared from B/Panama/45/90 and A/Texas HIN1
influenza viruses as described previously (9). This preparation, called purified
surface antigens (PSAs), adopts a characteristic rosette structure as a result of
the removal of the majority of viral lipid during the preparation (44). The vast
majority of protein in PSA preparations is HA. PSA was dialyzed against phos-
phate-buffered saline (PBS, pH 7.2), to remove preservative and was concen-
trated or diluted to vaccine strength prior to use. The protein concentrations
were determined by the Markwell adaptation of the Lowry procedure (34), using
bovine serum albumin (BSA) as a standard.

Vaccine formulations for i.n. delivery were prepared by mixing antigen 1:1
(vol/vol) with either 1% [wt/vol] chitosan solution (chitosan glutamate [Protasan
UP G210; Pronova, Oslo, Norway] in saline at pH 6) or 0.4% [wt/vol] gellan
solution (gellan [Kelco Division, Merck & Co., Inc., Rahway, N.J.] in water).
Both gellan and chitosan were supplied as endotoxin free. For subcutaneous
(s.c.) vaccination, PSA was adsorbed to Alhydrogel (0.5%) overnight.

Immunization and sampling of mice. Adult female (6- to 8-week-old) BALB/c
mice (Harlan Olac, Bicester United Kingdom) were used (12 per group). For i.n.
immunizations, mice were lightly anesthetized with halothane, and 20 pl of
sample (10 pl per nostril) was applied to the external nares with a micropipette
(Gilson). Mice were immunized s.c. by injection of 200 wl of sample into the skin
folds in the back of the neck. For all routes, mice received 10 pg of PSA per dose.
Control mice receiving chitosan or gellan alone i.n. were included. In the case of
B/Panama PSA, 12 mice per group were vaccinated on day 1 and boosted on days
30 and 57. Serum and nasal-wash samples were obtained 21 days after the first
dose, 14 days after the second dose, and 14 to 16 days after the third dose (four
mice were sacrificed after each dose). Lymphocytes were isolated from the lung
and nasal mucosa of sacrificed animals after the third dose for analysis by
enzyme-linked immunospotting (ELISPOT) assay. For A/Texas PSA, five mice/
group were immunized i.n. with 10 pg of PSA alone or in combination with
chitosan. Mice were vaccinated on day 1 and boosted on days 28 and 57. Serum
and nasal-wash samples were obtained at 15 days post-final dose, and lympho-
cytes were isolated from the lung and nasal mucosa of sacrificed animals for
analysis by ELISPOT assay.

Measurement of the serum response. (i) Serum anti-influenza virus IgG
ELISA. Individual animal samples were analyzed for anti-influenza virus anti-
bodies by enzyme-linked immunosorbent assay (ELISA). Ninety-six-well micro-
titer plates (Costar, High Wycombe, United Kingdom) were coated at 4°C
overnight with 50 pl of B/Panama or A/Texas whole inactivated virus (WIV), per
well, at 20 wg/ml in PBS. Plates were washed three times with PBS-Tween (0.05%
[vol/vol]) and then blocked with PBS containing 1% BSA for 1 h at 37°C. After
washing, serially diluted samples in PBS-Tween containing 0.1% BSA were
added to the wells, and the plates were incubated for 2 h at 37°C. Following
incubation and a washing stage, antibody binding was revealed by the sequential
addition of anti-mouse IgG biotin conjugate (Sigma) and streptavidin-horserad-
ish peroxidase conjugate (DAKO) and finally o-phenylenediamine substrate.
Optical density was read on a Ceres 900 ELISA reader (BioTek) at 490 nm.
Optical density dilution curves were plotted (post-background correction), and
titer values were determined. Endpoint titers were defined as the highest dilu-
tions giving optical densities of 0.3 (after correction for background).

(ii) HAL Nonspecific inhibitors of hemagglutination were removed from the
sera using kaolin (ICN-FLOW). Treated sera were tested by the standard pro-
cedure (21) using chick erythrocytes. Endpoint was determined as the dilution of
sera at which 100% settling of chick erythrocytes occurred and was estimated by
interpolation when the endpoint occurred between two dilutions in adjacent
wells. Titers were given as the reciprocal of serum dilutions giving 100% inhibi-
tion of HA.

(iii) Neuraminidase antigen inhibition (NAI). Sera were assayed according to
an adaptation of the procedure of Lambré et al. (31). Briefly, the method
involves coating the wells of a 96-well microtiter plate (ICN-FLOW) with fetuin
(100 pl per well of a 1.05-mg/ml fetuin in 0.1 M bicarbonate buffer [pH 9.6]), a
natural substrate of the NA enzyme. Following a blocking stage, a 1 in 75 dilution
of test or control (normal mouse serum) serum was added to the well in com-
bination with a defined amount of purified challenge virus and incubated for 5 or
17 h at 25°C. Active NA catalyzes the removal of terminal a-ketosidically linked
sialic acid from fetuin resulting in the unmasking of a-D-galactose-N-acetyl-
galactosamine (a-D-gal-NAc-gal). This exposure of a-p-gal-NAc-gal was re-
vealed by the addition of peanut agglutinin horseradish-peroxidase conjugate
(100 wl per well of a 3.3-pg/ml conjugate in 0.01 M PBS [pH 7.2]), followed by
o-phenylenediamine substrate and measurement of color development spectro-
photometrically. The intensity of chromophore development is proportional to
the level of NA activity. As a consequence, the lower the intensity of chro-
mophore, the higher the anti-NA antibody component. Absolute NA activity was
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quantified relative to a standard curve, and thereby the percentage inhibition
titer compared to that for the challenge virus control was determined. Of the NA
activity of the challenge virus, 10% was inhibited nonspecifically by the normal
mouse serum. Therefore, only samples having NAI activity of 20% and greater
were recorded as positive.

Measurement of local anti-influenza virus antibody response in mice. Local
responses were determined by ELISA assaying influenza virus-specific IgA re-
sponse in nasal-lavage samples and by measuring influenza virus-specific anti-
body-secreting cells (ASCs) to B/Panama or A/Texas influenza virus with an
ELISPOT assay.

(i) Nasal-wash anti-influenza virus IgA ELISA. Nasal washes were obtained
from sacrificed animals as described previously (46). Neat and serial diluted
samples of nasal-wash fluid were assayed for IgA using the ELISA method as
described above with an anti-mouse IgA biotin conjugate (Sigma) instead of an
anti-mouse IgG biotin conjugate. The endpoint titer was determined as the
highest dilution of nasal-wash sample that gave an optical density of 0.1 (after
background correction). To correct for variations in nasal-lavage efficiency, the
total IgA in each sample was determined by ELISA, as previously described (16).
Finally, the nasal anti-influenza virus IgA responses were expressed as a ratio of
specific response (endpoint titer) in the lavage divided by the total amount of IgA
(in micrograms) measured in the same sample.

(ii) Anti-influenza virus ELISPOT assay. Lymphocytes from the nasal mucosa
and pulmonary tissue were assayed for anti-influenza virus specificity by
ELISPOT. Pulmonary lymphocytes were isolated as previously described (45).
Nasal lymphocytes were isolated as follows: after sacrifice of animals, the nasal
mucosa and turbinate bones were dissected from the nasal cavity using a dis-
secting microscope. Isolated tissues were placed in cold sterile PBS and then
macerated between the frosted ends of two sterile glass microscope slides. Large
fragments were removed by brief centrifugation (up to 460 X g, then immediately
brake). The supernatant was retained and centrifuged at 460 X g for 7 min to
pellet cells. To remove erythrocytes, the pellet was suspended in lysing buffer
(0.15 M NH,CI-0.01 M KHCO3-0.1 mM Na,EDTA) and incubated for 10 min
at room temperature. Cells were then pelleted (200 X g for 10 min at 4°C) and
washed twice in PBS. Cells were resuspended in RPMI 1640 complete medium
(10% fetal calf serum-2 mM glutamine-100 U of penicillin per ml-100 pg of
streptomycin per ml) plus 5 X 107> M B-mercaptoethanol. Cells were counted
by trypan blue exclusion before being plated into an ELISPOT assay. The
ELISPOT assay was performed in 24-well plates (Costar) as described previously
(45) using B/Panama or A/Texas WIV as antigen (0.5 ml of 40-ug/ml WIV per
well); responses were recorded as ASCs per 10° mononuclear cells.

Statistical analysis. Where indicated, the data were analyzed for statistical
significance by single-factor analysis of variance or ¢ test as appropriate.

RESULTS

Serum antibody responses. The serum antibody responses
to the B/Panama PSA influenza virus vaccines in mice are
shown in Fig. 1. Serum antibody responses were measured by
ELISA for total anti-influenza virus IgG and by HAI and NAI
assays. The anti-influenza virus serum antibody response in
mice given PSA alone i.n. was very weak in all of the assays,
even in serum samples taken after the third dose of vaccine.
None of the mice in this group generated a detectable serum
HALI response. In contrast, chitosan and gellan both enhanced
the serum antibody response to the i.n. administered PSA, with
chitosan (at the concentrations used) having the greatest effect.
At all time points the mean serum IgG titers and the HAI titers
of the PSA-plus-chitosan-immunized mice were significantly
greater (P < 0.05) than those of the PSA i.n. immunized mice.
This was the case for the PSA-plus-gellan group only for the
post-second-dose 1gG titers. Also the serum IgG (post-second
and -third doses) and HALI titers for the PSA-plus-chitosan-
immunized mice were significantly greater (P < 0.05) than
those of the PSA-plus-gellan-immunized mice. Anti-influenza
virus antibody responses were not measurable in any of the
samples taken from the control mice administered chitosan or
gellan alone i.n.

For the serum anti-B/Panama virus IgG, the kinetics and
magnitude of the response of mice in the chitosan-PSA group
and the PSA-plus-Aldhydrogel s.c. group were very similar and
were not significantly different (Fig. 1a). The mean HAI titer
was higher in the sera from mice immunized s.c. with PSA than
in the sera from the PSA-plus-chitosan i.n. mice (Fig. 1b).
However, the difference was not statistically significant, and
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FIG. 1. Serum antibody response to B/Panama PSA. Mice were immunized
three times with B/Panama, and serum samples were obtained after each immu-
nization as detailed in the text. (a) Anti-B/Panama IgG ELISA. The columns
represent the GMT, and the error bars represent the standard errors of the mean
(SEM). (b) Anti-B/Panama HAI. Columns represent the mean log,, HAI, and
the error bars show the SEM; numbers above error bars show the number of sera
giving a positive response per number of sera tested. (c) NAL NAI was assayed
on pooled post-third-dose sera diluted 1/75. The means of the different groups at
the equivalent time points were compared to determine if they were significantly
different (P < 0.05). #, mean significantly greater than that of the PSA i.n. group;
*, mean significantly greater than that of the PSA + gellan group. Abbreviations:
I/N, intranasally administered; S/C, subcutaneously administered.
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the variation in the HAI response was also greater in the
former group. The post-third-dose serum from one of the mice
in the PSA-plus-Aldhydrogel s.c. group had very high IgG and
HALI titers, and if this was omitted, the HAI geometric mean
titer (GMT) is higher in the group receiving chitosan-PSA than
in the s.c. immunized group, although not significantly so.

The results of the NAI assay indicate that pooled post-third-
dose sera from mice in the gellan-plus-PSA and chitosan-plus-
PSA groups were equally effective in inhibiting NA (Fig. 1c). In
this assay a single dilution of sera was assayed. To investigate
why the activities of sera from mice in the PSA-plus-chitosan
and PSA-plus-gellan groups were so similar, sera were tested
individually for NAI activity. All of the sera from the PSA-
plus-chitosan mice inhibited 98% of the NA activity, whereas
the sera from the PSA-plus-gellan mice inhibited 37%, 56%,
69%, and 98% of the NAI activity (data not shown).

Local respiratory antibody responses to B/Panama. Nasal
secretory IgA responses to B/Panama PSA are shown in Fig.
2a. All mice in the i.n. immunized groups, but not the s.c.
immunized group, had detectable anti-influenza virus IgA an-
tibodies in their nasal lavage fluid. However, PSA alone i.n.
was a poor mucosal immunogen compared to PSA admixed
with gellan or, in particular, chitosan. After 2 doses of vaccine,
all mice in the chitosan-PSA group had detectable anti-B/
Panama IgA in their nasal secretions, whereas in none of the
other groups did all mice in the group show evidence of an IgA
response even after three immunizations. The post-second and
-third-dose-specific IgA titers in the PSA-plus-chitosan group
were significantly higher (P < 0.05) than those of all other
groups. Gellan also boosted the nasal secretory IgA response
to influenza virus antigens but to a lesser extent than chitosan.
An improvement in response, over PSA alone i.n., was evident
after two doses, but there was no significant difference between
the two groups after three doses. This was due, in part, to large
differences in responses to PSA plus gellan between individual
mice. Administration of PSA s.c. with Alhydrogel proved to be
a poor stimulant of secretory IgA, even after three doses.

To obtain information on if and how the quality and quantity
of the local antibody response differed in the upper and lower
respiratory tract in response to vaccination with the different
B/Panama PSA formulations, an ELISPOT assay was used
(Fig. 1b). Lymphocytes were isolated from the nasal mucosa
and lung parenchyma after mice had received three doses of
vaccine and were assayed for cells secreting IgA, IgG, and IgM
antibody specific for B/Panama WIV.

In all groups except the s.c. immunized mice, B cells secret-
ing IgA specific for B/Panama influenza virus predominated in
the nasal cavity, and B cells secreting virus-specific IgG or IgM
predominated in the lung (Fig. 1b). The ELISPOT results
confirmed those obtained by the IgA ELISA on the nasal
lavage fluid. There were a far greater number of influenza
virus-specific IgG, IgA, and IgM ASCs in the nasal and lung
tissues of mice in the PSA-plus-chitosan group than in any of
the other groups. In fact, the PSA-plus-chitosan formulation
generated approximately 50-fold more specific ASCs in the
nose and 1,000-fold more specific ASCs in the lungs than PSA
alone i.n. Gellan slightly enhanced the nasal IgA and lung IgG
response to B/Panama influenza virus compared to the re-
sponse seen in mice receiving PSA alone i.n.

Responses to A/Texas PSA vaccines. The above results in-
dicated that chitosan was able to greatly improve the immu-
nogenicity of PSA prepared from a B influenza virus. To en-
sure that the results we obtained were not specific for antigens
prepared from B viruses, we performed a study using PSA
prepared from A/Texas virus. Mice were immunized three
times i.n. with A/Texas PSA alone or admixed with chitosan,
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FIG. 2. Local respiratory antibody response to B/Panama PSA. (a) Nasal-
wash anti-B/Panama IgA ELISA. The columns represent the specific anti-B/
Panama IgA GMTs corrected for total nasal-wash IgA, and the error bars show
the SEMs. The means of the different groups at the equivalent time points were
compared to determine if they were significantly different (P < 0.05). #, mean
significantly greater than that of the PSA i.n. (“I/N”) group; *, mean significantly
greater than that of the PSA + gellan group; ~, mean significantly greater than
that of the PSA s.c. (“S/C”) group. (b) Respiratory anti-B/Panama ASC response
assayed by ELISPOT. Anti-B/Panama ASC responses on lymphocytes isolated
from the nasal mucosa and lungs were assayed by ELISPOT on tissues recovered
from mice after the third dose of vaccine. Columns represent the response of
lymphocytes pooled from four mice per group.
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FIG. 3. Serum antibody response to A/Texas PSA. Mice were immunized,
and serum samples were obtained after each immunization as detailed above. (a)
Anti-A/Texas 1gG ELISA. The columns represent the mean GMTs, and the
error bars represent the SEMs. (b) Anti-A/Texas HAI. Columns represent the
mean log;, HAIs, and the numbers above the columns show the number of sera
giving a positive response per number tested. The means of the different groups
were compared to determine if they were significantly different (P < 0.05). #,
mean significantly greater than that of the PSA i.n. (I/N) group.

and the local and systemic anti-A/Texas antibody responses
were determined (Fig. 3 and 4).

Serum antibody responses to A/Texas PSA. The serum IgG
and HAI anti-A/Texas antibody responses are shown in Fig. 3.
The serum response to PSA alone i.n. was poor, with all mice
failing to generate a detectable serum HAI response even after
the third dose. In contrast all mice immunized with A/Texas
PSA plus chitosan gave an HAI response. The enhanced serum
response in mice immunized with A/Texas along with chitosan
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FIG. 4. Local respiratory antibody response to A/Texas PSA. (a) Nasal-wash anti-anti-A/Texas IgA ELISA. The columns represent the anti-A/Texas IgA GMTs
corrected for total nasal-wash IgA, and the error bars represent the SEMs. The means of the different groups were compared to determine if they were significantly
different (P < 0.05). #, mean significantly greater than that of the PSA i.n. (“I/N”) group. (b) Respiratory anti-A/Texas ASC response. Anti-A/Texas ASC responses
on lymphocytes isolated from the nasal mucosa and lungs were assayed after the third dose by ELISPOT. Columns represent the response of lymphocytes pooled from

five mice per group.

was also reflected in the results from the anti-A/Texas IgG
ELISA. The IgG anti-A/Texas GMT of the PSA-plus-chitosan
mice following the primary immunization was higher than that
of mice that had been immunized three times i.n. with PSA
alone.

Local respiratory tract antibody responses to A/Texas PSA.
Nasal-wash IgA and nasal and respiratory ELISPOT responses
to A/Texas PSA are shown in Fig. 4. Chitosan significantly
(P < 0.05) enhanced the nasal-secretory-IgA response to
A/Texas PSA administered i.n. There were far greater num-
bers of lymphocytes secreting specific antibody to A/Texas in
the lung and nasal mucosa of mice immunized with A/Texas
PSA plus chitosan than in mice immunized with A/Texas PSA
alone. In fact, the A/Texas PSA-plus-chitosan formulation gen-
erated approximately 25-fold more specific ASCs in the nose
and 400-fold more specific ASCs in the lungs than A/Texas
PSA alone.

These results demonstrate that chitosan is capable of aug-

menting the local and systemic antibody responses to immu-
nogens prepared from both A-type and B-type influenza vi-
ruses administered to the respiratory tract of mice.

DISCUSSION

B/Panama PSA was highly immunogenic when given paren-
terally with Alhydrogel, as evidenced by the high titers of
serum anti-B/Panama antibodies produced by immunized
mice. However, parenteral immunization stimulated only a
very weak secretory antibody response. B/Panama PSA also
proved to be a poor mucosal immunogen when administered
alone i.n. Both chitosan and gellan enhanced both the local
and systemic antibody responses to B/Panama PSA adminis-
tered i.n., but, at the concentrations of carbohydrates used,
chitosan was much more effective in this regard than gellan, in
terms of the increases in influenza virus-specific serum IgG,
HALI and NALI, nasal secretory IgA, and respiratory tract anti-
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influenza virus ASCs. Also in terms of the number of animals
that responded and the consistency of the responses in indi-
vidual mice, chitosan was superior to gellan. The serum anti-
body responses induced by i.n. immunization with PSA plus
chitosan were similar to those induced by s.c. immunization of
PSA with Alhydrogel adjuvant. However, the local antibody
responses to B/Panama in the mice immunized i.n. with PSA
plus chitosan were far superior to those in the s.c. immunized
mice. The enhancement of the immunogenicity of i.n. admin-
istered influenza virus PSA by chitosan was not restricted to
vaccine prepared from B viruses; the immunogenicity of
A/Texas PSA administered i.n. was also significantly enhanced
by chitosan.

The HALI assay is less sensitive than the anti-influenza virus
IgG ELISA. However, the HAI assay measures functional ac-
tivity of the antibody and is a recognized reliable measure of
protective antibody against influenza virus. The HAI and anti-
influenza virus IgG responses in this study showed good cor-
relation. Also, mice that demonstrated good HAI responses
generally gave good NAI responses, showing that both anti-
gens were presented to the immune system and providing a
degree of validation for the NAI test method used. Anti-NA
antibodies can contribution to protection against influenza vi-
rus by inhibiting the release of virus from infected cells, pos-
sibly by cross-linking budding virus particles (1, 48).

The numbers of influenza virus-specific ASCs in both the
upper and lower respiratory tracts of mice were greater in
animals immunized i.n. with chitosan plus PSA than in mice in
the other groups. Except for the parenterally immunized mice,
IgA ASCs predominated in the nasal mucosa, and, in general,
IgG ASCs were the predominant isotype in the lungs. As men-
tioned, the serum IgG anti-B/Panama response was similar in
mice immunized s.c. with B/Panama PSA plus Alhydrogel and
mice immunized with PSA plus chitosan i.n. However, there
were many more IgG anti-influenza virus ASCs in the respira-
tory tracts (in particular the lower respiratory tracts) of the
PSA-plus-chitosan mice than in the respiratory tracts of PSA-
plus-Alhydrogel mice. This indicates that the majority of the
IgG ASCs in the respiratory tracts of i.n. immunized mice are
probably of local origin and are not the result of seeding from
systemic lymphoid organs.

The mode of action of chitosan in enhancing serum and
secretory antibody responses to i.n. applied influenza vaccine
will require further investigation. It may be that chitosan fa-
cilitates greater uptake of antigens across the nasal mucosa by
slowing down mucociliary clearance, thus maintaining the con-
tact of antigen with the mucosa for a greater length of time (4,
6, 32). Gellan forms gels in the presence of mono- or divalent
cations and so should also hinder mucociliary clearance by
forming a gel on contact with the nasal mucosa. However,
gellan solution was not as successful as chitosan solution at
enhancing antibody responses to influenza virus antigens. It
has also been suggested that chitosan can transiently affect the
permeability of epithelia by modulating the gating properties
of tight junctions (3, 19, 25). Chitosan transiently enhanced the
nasal absorption of insulin in rats (25). However, the size of the
immunogen used in this study is much greater than that of
insulin, HA trimers have a molecular mass of greater than 200
kDa, and in PSA preparations they form rosettes in the ab-
sence of lipid, due to their amphipathic nature (44). It may be,
therefore, that chitosan augments the immunogenicity of chi-
tosan by a means other than merely increasing uptake across
mucosal epithelia. Recently, chitosan was shown to enhance
the local and systemic immune responses to several i.n. admin-
istered Bordetella pertussis proteins (26). However, in contrast
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to the present study, the B. pertussis antigens used are good
mucosal immunogens in their own right (26, 45, 46, 49).

Some studies have shown that chitosan can activate compo-
nents of the nonspecific immune system such as macrophages
and can induce nonspecific immunity to bacteria, fungi, and
tumors (38, 41, 50). Chitin and chitosan are both components
of fungal cell walls (10, 11). Therefore, chitosan may provide a
“danger signal” and be acting as an adjuvant, as do other
conserved cellular components of microorganisms (27, 28). In
contrast, extracellular polysaccharides, such as gellan, can vary
greatly from one bacteria to another (even within the same
bacterial species), are often poorly immunogenic, and are not
known to act as adjuvants.

During natural infection, influenza virus is deposited
throughout the respiratory tract (1). Secretory anti-influenza
virus IgA response in the upper and lower respiratory tract
combined with a local pulmonary and systemic anti-influenza
virus IgG response should provide high-level protection
against influenza virus infection. An i.n. administered influenza
virus vaccine would have a number of advantages over conven-
tional parenteral vaccines, including the acceptability of the
vaccine among “needlephobics” as well as the induction of
protective antibody in the respiratory tract (37).

Although Oh et al. (39) demonstrated that i.n. immunization
of humans with high-concentration influenza vaccine (three
times the current parenteral dose) elicited local and serum
antibody responses, it is generally considered that such a high-
dose vaccine would not be commercially viable. A high con-
centration of influenza antigens may have been required be-
cause of the difficulty of transporting large molecules across
epithelial membranes and/or enzyme degradation and removal
of the vaccine from the mucosal surface by the mucociliary
clearance mechanism (24).

Several methods have previously been described for enhanc-
ing the immune response to influenza vaccines administered to
the respiratory tract. These include the use of wild-type and
nontoxic derivatives of cholera toxin and E. coli heat-labile
toxin (7, 8, 18, 29, 51, 53, 54). The safety of these adjuvants in
humans has not yet been demonstrated. In contrast, chitosans
have been administered to humans by a variety of routes with-
out toxic effects (20, 22, 25). Also, after cellulose, chitin (from
which chitosan is derived) is the most plentiful biopolymer in
the world. Influenza virus PSA plus chitosan is therefore an
excellent candidate for an inactivated mucosal influenza vac-
cine.
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