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Background Highly pathogenic avian influenza A/H5N1 virus
remains a potential pandemic threat, and it is essential to
continue vaccine development against this subtype. A local
mucosal immune response in the upper respiratory tract may stop
influenza transmission. It is therefore important to develop
effective intranasal pandemic influenza vaccines that induce
mucosal immunity at the site of viral entry.

Objectives We evaluated the humoral and cellular immune
responses of two promising mucosal adjuvants (Chitosan and
c-di-GMP) for intranasal influenza H5N1 vaccine in a murine
model. Furthermore, we evaluated the concept of co-adjuvanting
an experimental adjuvant (c-di-GMP) with chitosan.

Methods BALB/c mice were intranasally immunised with two
doses of subunit NIBRG-14 (H5N1) vaccine (7-5, 1'5 or 03 ug
haemagglutinin (HA) adjuvanted with chitosan (CSN), c-di-GMP
or both adjuvants.

Results All adjuvant formulations improved the serum and local
antibody responses, with the highest responses observed in the
7:5 ug HA CSN and c-di-GMP-adjuvanted groups. The c-di-
GMP provided dose sparing with protective single radial
haemolysis (SRH), and haemagglutination inhibition (HI)
antibody responses found in the 0-3 ug HA group. CSN elicited a
Th2 response, whereas c-di-GMP induced higher frequencies of
virus-specific CD4" T cells producing one or more Thl cytokines
(IFN-y", IL-2", TNF-a"). A combination of the two adjuvants
demonstrated effectiveness at 7-5 ug HA and triggered a more
balanced Th cytokine profile.

Conclusion These data show that combining adjuvants can
modulate the Th response and in combination with ongoing
studies of adjuvanted intranasal vaccines will dictate the way
forward for optimal mucosal influenza vaccines.

Keywords Chitosan, c-di-GMP, H5N1, influenza, intranasal,
Th17, vaccine.
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Introduction

Highly pathogenic avian influenza (HPAI) H5NI1 virus is
now epizootic in large parts of South East Asia and
remains a threat to human health. Although HPAI H5NI
viruses have not yet gained the ability for continuous
human-to-human transmission, recent studies have found
that only a few mutations are required for the viruses to
become transmissible by the aerosol route in ferrets, which
are commonly used to model human influenza infection."”
Vaccination is the cornerstone of influenza prophylaxis.
Pandemic influenza vaccines can limit viral spread, hospi-
talisations, serious complications of disease and ultimately

death. During the influenza pandemic in 2009, the virus
spread globally within 2 months, highlighting the impor-
tance of rapid deployment of vaccine. Developing countries
had limited access to pandemic vaccines, and a needle free
mucosal influenza vaccine would have allowed vaccination
with limited numbers of public health providers.
Intranasally administered inactivated pandemic vaccines
are poorly immunogenic requiring effective immunological
adjuvants (reviewed in Ref. 3). The mucosal epithelium of
the nose and upper respiratory tract is lined by mucosal
associated lymphoid tissue (MALT) in which T cells, B cells
and antigen-presenting cells (APCs) reside. Between the
mucosal epithelial cells are microfold cells, which transport
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luminal antigens into the MALT. APCs stimulate CD4"
T cells, which further direct the B cells towards IgA pro-
duction and affinity maturation either in the organised
mucosal inductive site, for example, tonsils or the draining
lymph nodes. CD4" T cells differentiate into distinct
T helper (Th) subsets (reviewed in Ref. 4) of which Thl
cells produce IFN-y, TNF-o and IL-2 and Th2 cells produce
IL-4, TL-5, IL-10 and IL-13.>”" The Th17 subset is charac-
terised by IL-17, IL-21 and IL-22 secretion and stimulated
by different factors including TGF-8 and IL-23.%°
infection stimulates Thl and Thl7
responses.'®™"> Whereas some inactivated influenza vaccine
formulations induce a Th2 polarisation, others elicit a more
balanced response.'*”  Adjuvants influence the Th
responses, and it is well established that aluminium salts
skew the Th response towards Th2. Interestingly, mice vac-
cinated with alum adjuvanted whole virus vaccine had
more severe disease following influenza challenge than mice
receiving whole virus vaccine alone, despite having higher
haemagglutination inhibition (HI) titres.'® In mice, distinct
roles for IgGl and IgG2a, associated with a Th2 and Thl
response, respectively, have been implicated in anti-influ-
enza immunity,'® suggesting a need for influenza vaccine
formulations, which induce a balanced Th response.
Effective mucosal adjuvants reduce the amount of antigen

Influenza virus

needed to induce a protective immune response. Chitosan,
being mucoadhesive, is thought to enhance the delivery of
antigen by reducing clearance of the vaccine formulation
from the nasal cavity thereby optimising its interaction with
nasal immune tissue.”>*' In vitro studies have also shown
that chitosan may promote paracellular transport through a
transient opening of intercellular tight junctions.”” CSN is a
safe mucosal adjuvant,” which augmented the immune
response to intranasally administered influenza vaccine.”*
The bacterial second messenger (3’, 5)-cyclic dimeric
guanylic acid (c-di-GMP) has been identified in bacteria but
not in higher eukaryotes (reviewed in Ref. 25), and several
studies have emphasised its adjuvant potential.**° The
transmembrane protein stimulator of interferon genes
(STING) was recently shown to function as a direct sensor
for c-di-GMP and other cyclic dinucleotides.’®”' A pro-
posed mechanism for c-di-GMPs adjuvant properties is that
STING ligation increases the production of type I interfer-
ons,”” which in turn drives the adaptive immune response.
In this study, we have evaluated CSN, c-di-GMP and a
combination of the two adjuvants in a dose response study
of an intranasal subunit (SU) influenza H5N1 vaccine. The
humoral and cellular immune responses were evaluated
and compared between the different vaccine formulations.
Both adjuvants augmented the immune response, but the
Th profile differed with CSN eliciting a Th2-biased
¢c-di-GMP a Thil-biased response and the
adjuvant combination a more balanced Th profile. The

response,

c-di-GMP adjuvant was most effective at boosting local
and systemic humoral immune responses and allowed sig-
nificant dose sparing.

Materials and methods

Materials

Inactivated influenza subunit vaccine (NIBRG-14) and chito-
san adjuvant (CSN, ChiSys®) were supplied by Archimedes
Development Ltd., Reading, UK. The chitosan utilised in the
study was chitosan glutamate 213 (manufactured by FMC
BioPolymer AS, Drammen, Norway) which was 75-90% de-
acetylated and had a glutamate content of 35-50%. The bis-
(3’,5)-cyclic dimeric guanosine monophosphate (c-di-GMP)
adjuvant was produced at the Helmholtz Centre for Infection
Research as previously described.”® The antigen was mixed
with adjuvant immediately prior to vaccination.

Animals and vaccination

A dose-sparing study was conducted by intranasally
immunising mice (twelve groups with five mice in each
group) with two doses (21 days apart) of NIBRG-14 SU
with or without CSN or c-di-GMP or a combination of the
two adjuvants. The study was approved and conducted
according to the Norwegian Animal Welfare Act.

Six- to eight-week-old female BALB/c mice (Taconic
M&B, Denmark) were housed at the Vivarium, University
of Bergen at a temperature of 21°C with 12 hour light/dark
cycles and food and water ad libitum. The mice were ear-
marked, and each mouse was weighed before the first
immunisation, and three and two weeks after the first and
second immunisation, respectively. Prior to vaccination,
the mice were anaesthetised by SC injection of 150 ul keta-
mine hydrochloride (10 mg/ml) (Ketalar; Pfizer, Kent, UK)
and xylazine hydrochloride (1 mg/ml) (Rompun, Bayer,
Germany). The anaesthetised mice were intranasally
immunised with two doses (of a maximum of 55 ul per
nostril at 5 minute intervals) of the appropriate NIBRG-14
SU vaccine formulation (7-5 1-5 or 0-3 ug HA). For each
dose, groups of mice received the vaccine as antigen alone
or formulated with CSN glutamate (82'5 ug), c-di-GMP
(5 ug) or a combination of CSN glutamate (82'5 pg) and
c-di-GMP (5 ug). Due to formulation issues (precipita-
tion), the groups that were immunised with the adjuvant
combination vaccine first received the antigen mixed with
CSN and after 30 seconds received c-di-GMP as a pilot
study. A control group received PBS alone.

Sample collection

Blood and nasal wash samples were collected at 2 and
3 weeks after the second immunisation and stored at
—80°C. Spleens were collected at the time of sacrifice
(3 weeks post-2nd vaccination).
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Haemagglutination inhibition assay

The haemagglutination inhibition assay was performed at
the University of Siena, Italy. Sera were treated with recep-
tor-destroying enzyme (RDE) (one volume of serum to
four volumes of RDE) and tested by a haemagglutination
inhibition assay, using 0-7% turkey red blood cells (TRBC)
and 8 HA units of whole inactivated H5N1 (NIBRG-14)
virus.** The HI titre was expressed as the reciprocal of the
highest dilution at which haemagglutination was inhibited,
and titres <10 were assigned a value of 5 for calculation
purposes.

Single radial haemolysis assay

Single radial haemolysis (SRH) was performed at the Univer-
sity of Siena, Italy, based on a reference method standardised
by Schild and colleagues.**** SRH plates were prepared using
TRBC (10%), to which were added 2000 Haemagglutinin
Units/ml of inactivated whole virus (WV). All samples were
heat inactivated (56°C, 30 minutes), and 6 ul volumes of
sera were added to duplicate sets of plates. The diameters of
the haemolytic zones were measured using a Transidyne Cal-
ibrating Viewer (Transidyne General Corporation, Ann
Arbor, MI, USA). A negative control sample and a positive
control serum (sheep hyperimmune sera, National Institute
for Biological Standards and Controls, UK) were included.

Virus neutralisation assay

Sera were tested for neutralising antibodies against the
homologous NIBRG-14 strain and the heterologous clade
2:1 A/Indonesia/05/2005 (H5N1). All sera were heat inac-
tivated at 56°C for 30 minutes and then serially diluted,
using a starting dilution of 1:10. The diluted sera were
incubated with 100 tissue culture infective dose 50 of virus
for 1 hour, and the mixture was added to MDCK-SIAT1
cell layer (90% confluent). After 5 days of incubation, each
well was scored for cytopathogenic effects (CPE). The neu-
tralisation titre was defined as the serum dilution for which
the cells were 50% protected from CPE and according to

the Spearman—Kirber formula.****

Enzyme-linked immunosorbent assay

The influenza-specific serum and nasal wash immunoglob-
ulin class (IgG and IgA) and subclass (IgGl and IgG2a)
were quantified using an ELISA assay, as previously
described.***®  Enzyme-linked —immunosorbent  assay
(ELISA) plates were coated with inactivated WV influenza
(H5N1 (NIBRG-14 (Abbott, Hoofddorp, the Netherlands)
or capture goat anti-mouse IgA, IgG, IgGl or IgG2a
(Southern Biotechnology, Birmingham, AL, USA). Dilu-
tions of sera, nasal washes and antibody standards (mouse
IgA, 1gG, IgGl or IgG2a) (Sigma, St. Louis, MO, USA),
were added, and bound antibodies were detected with goat
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anti-mouse immunoglobulin class or subclass-specific bio-
tin-conjugated antibody (Southern Biotechnology). The
antibody concentrations (ng/ml) were calculated using the
IgG, IgGl, IgG2a and IgA standards and linear regression
of the log-transformed readings.

Isolation of splenocytes

Lymphocytes were isolated from the spleen as previously
described®*”” and resuspended in lymphocyte medium
(RPMI 1640 with l-glutamine, 0-1 mm non-essential amino
acids, 10 mm Hepes pH 74, 1 mm sodium pyruvate,
100 U/ml penicillin, 100 ug/ml streptomycin, 0-25 pug/ml
fungizone and 10% foetal calf serum) at a density of
1:0 x 107 cells/ml and used in the immunological assays
described later.

Spleen cell proliferation assay

Splenocytes from individual mice were seeded in duplicate
96-well plates at 2:5 x 10° cells per well with 0-125 ug/ml
HA of NIBRG-14 subunit (HA and NA) antigen and med-
ium only. Cells were cultured for 72 hours before 1 uCi
3H—thymidine (Perkin Elmer, Boston, MA, USA) was added
per well and cultured for 16 hours. Cultures were harvested
onto filter plates (Perkin Elmer) using a cell harvester
(Packard, Rockville, MD, USA). The filter plates were dried
overnight, and 10 ul scintillation fluid (Perkin Elmer) was
added. The plates were sealed, and incorporation of *H-
thymidine was determined as counts per minute (cpm)
using a f-scintillation counter (Packard). Background cpm
(medium only) was subtracted from cpm of cells cultured
with influenza antigen.

Bio-plex cytokine analysis

Splenocytes (1-0 x 10° cells) were incubated in lymphocyte
medium containing virosomal influenza H5N1 antigen
(containing HA and NA from NIBRG-14, kindly provided
by Crucell, Leiden, the Netherlands) (1 ug HA/ml), mito-
gen (Phorbol myristate acetate (10 ng/ml) and ionomycin
(250 ng/ml) (Sigma-Aldrich) (positive control) or medium
alone (negative control) at 37°C and 5% CO, for 72 hours.
The concentrations of cytokines secreted into the superna-
tants from stimulated spleen cells were evaluated using
multiplex kits (Bio-rad, Hercules, CA, USA) to detect Thl
(IL-2, TNF-« and INF-y), Th2 (IL-4, IL-5 and IL-10) and
Th17 (IL-17F, IL-21, IL-22 and IL-23) cytokines according
to the manufacturer’s instructions.

Flow cytometry for multifunctional CD4" Th1
cells

Multifunctional T cells were detected as previously
described."**® Lymphocytes were incubated (37°C, 12 hours,
5% CO,) with virosomal H5N1 influenza antigen (Crucell)
(1 pug/ml), 2 pg/ml anti-CD-28 antibody (Pharmingen,
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USA) and 10 pg/ml Brefeldin A (BD Biosciences, USA) in
lymphocyte medium before intracellular cytokine staining.
Splenocytes were also incubated in lymphocyte medium only
(no antigen), and lymphocytes from non-immunised mice
were incubated in medium with or without influenza anti-
gen and used as controls. Subsequently, cells were stained
for CD3, CD4, CD8, INF-y, IL-2 and TNF-a (BD Bioscienc-
es) using the BD Cytofix/Cytoperm kit. Cells were acquired
(=300 000 cells per sample) using a BD FACSCanto flow
cytometer. FlowJo v8.8.6 software (Tree Star, Ashland, OR,
USA), Pestle and SPICE v5.21 (Mario Roederer; Vaccine
Research Centre, NIH, Bethesda, MD, USA) were used to
analyse data.*®

Statistical analysis

The one-way anova test with Tukey’s post hoc test (GraphPad
Prism, La Jolla, CA, USA) was performed to analyse differ-
ences between groups, and a P value < 0-05 was considered to
be statistically significant. T-cell distributions were compared
using the Wilcoxon Signed Rank test integrated in SPICE.*®

Results

This study aimed to investigate the quality and magnitude
of the B- and T-cell responses in mice after intranasal vac-
cination with an H5N1 subunit vaccine (NIBRG-14 SU).
The effect of two different adjuvants (CSN and c-di-GMP)
and a combination of the two adjuvants were evaluated. To
assess the dose-sparing capabilities of the adjuvants, groups
of mice were immunised with different doses (7-5, 1'5 or
0-3 ug HA) of NIBRG-14 SU alone or with one or both of
the adjuvants.

Adjuvant augments the HI, SRH and VN antibody
response.

The serum influenza-specific humoral immune responses
are commonly measured by the HI, SRH and VN assays.
An HI titre 240 or SRH zone area of >25 mm” has been
associated with a 50% probability of being clinically pro-
tected against seasonal influenza,” and these cut-off values
are used as a surrogate correlate of protection when evalu-
ating candidate pandemic influenza vaccines. No correlate
of protection has been established for VN, although titres
of 20-80 have been suggested for H5N1 viruses. The post-
vaccination HI, SRH and VN titres were measured in car-
diac blood collected 3 weeks after the second immunisation
(Figure 1A,B,C).

No HI antibody was observed in the control group and
in the antigen alone groups, except in 2 mice in the 75 ug
HA antigen alone group (HI titres 10 and 20) (Figure 1A).
HI antibody responses were elicited in all the mice in the
7-5 ng HA-adjuvanted groups, with the highest titres
detected in the groups receiving the 7-5 ug HA with the

adjuvant combination (significantly higher (P < 0-05) than
all the other 7-5 g HA and the 15 and 0-3 pug HA combi-
nation groups). Also mice in the 1-5 and 0-3 ug HA c-di-
GMP-adjuvanted groups had detectable HI titres, with 3 of
5 mice having protective HI titres in each group. In the
7-5 ug HA CSN-adjuvanted group, all mice had detectable
titres, and in 3 of 5 mice, the titres were above 40.

SRH antibody was not detected in the control animals
or 1'5 pug and 0-3 ug HA antigen alone groups, except in 1
mouse in the control group that had very low SRH titres
(Figure 1B).

SRH titres <25 mm® were detected in the 7-5 ug HA
antigen alone mice. All the 7-5 ug HA-adjuvanted vaccine
groups had significantly higher SRH titres than the antigen
alone group. The highest titres were observed in the
75 ng HA c-di-GMP, and lower, albeit protective, titres
were observed in the two lower dose (1-5 and 0-3 ug HA)
c-di-GMP-adjuvanted groups. All mice in the 7-5 ug HA
CSN-adjuvanted group had an SRH zone area >25 mm’.
Thus, in summary, mice receiving 7-5 ug HA formulated
with ¢-di-GMP, CSN or a combination of the adjuvants
had SRH titres >25 mm?®.

To evaluate the capability of the serum antibodies to
neutralise virus, we performed a virus neutralisation assay.
Serum from the non-adjuvanted groups failed to neutral-
ise virus, although one mouse in the 7-5 ug group had a
VN titre of 15. In contrast, all mice in each of the 75 ug
HA-adjuvanted groups were seropositive in the assay
(Figure 1C). Furthermore, VN titres in all the 7-5 ug HA-
adjuvanted groups were significantly (P < 0-05) higher
than in the non-adjuvanted group. The c-di-GMP adju-
vant also provided dose sparing with all mice seropositive
in the 1-5 and 0-3 ug HA-adjuvanted groups. The adjuvant
combination was only effective at the 7-5 ug HA dose.

Cross-reactive responses

The high mutation rate of influenza H5N1 viruses necessi-
tates effective strategies to elicit cross-reactive vaccine
responses. We therefore continued to evaluate the cross-
clade neutralising antibodies against the antigenically
distinct clade 2-1 virus A/Indonesia/05/2005 (H5N1) (Fig-
ure 1D). No neutralising antibody directed against the
A/Indonesia/05/2005 (H5N1) virus was observed in the
antigen alone groups, whilst 4 of 5 mice in each of the
7-5 ug-adjuvanted groups were seropositive. In addition, 4
of 5 mice in the 15 ug c-di-GMP-adjuvanted group and 2
of 5 mice in the 0-3 ug c-di-GMP-adjuvanted group had
cross-clade neutralising antibodies.

Adjuvant augments the local IgA response

Effective mucosal adjuvants should boost the concentra-
tions of nasal influenza-specific IgA, which can neutralise
influenza at the site of viral entry. Figure 2A shows the
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Figure 1. The serological antibody response induced after vaccination. Groups of 5 mice were immunised with two doses (21 days apart) of H5N1
NIBRG-14 subunit vaccine [7-5, 1-5 or 0-3 ug haemagglutinin (HA)] alone or adjuvanted with chitosan (CSN) (82-5 ug), c-di-GMP (5 ug) or a
combination of the two adjuvants. Control mice were mock immunised with PBS. (A) serum haemagglutination inhibition (HI) titres, (B) single radial
haemolysis (SRH) zone areas (mm?) and (C) virus neutralisation titres were measured at 3 weeks after the second vaccination against the homologous
strain. (D) cross-clade neutralising antibody responses against A/Indonesia/05/2005 (H5N1). The lines represent the geometric mean titre (GMT)

+ 95% confidence interval, and each symbol represents one animal. The limit of detection of the HI and VN assays was 10 and negative titres were
assigned an arbitrary value of 5. The dotted lines represent the protective HI titre (40) and SRH (25 mm2) zone areas. *Indicates statistical significant

difference (P < 0-05) measured by the anova with Tukeys post hoc test.

local IgA concentration measured in nasal wash samples
collected 2 and 3 weeks after the second dose. The highest
response was generally observed 2 weeks after the second
dose. The 75 ug HA c-di-GMP and 75 ug HA CSN +
c-di-GMP-adjuvanted groups had significantly higher IgA
concentrations (P < 0-05) than the corresponding antigen
alone group. At 3 weeks after the second dose, the highest
responses were observed in the adjuvanted groups, with
75 ng HA ¢-di-GMP and c¢-di-GMP + CSN-adjuvanted
groups having significantly higher (P < 0-05) IgA concen-
trations than corresponding 1-5 and 0-3 ug HA groups.

Serum IgA and IgG response

The influenza-specific serum IgA and IgG antibodies were
measured in the ELISA assay 2 and 3 weeks after the 2nd
dose (Figure 2B,C). All adjuvants augmented the serum IgA
and IgG responses with only low concentrations of IgG
detected in the antigen alone groups. The 75 ug HA c-di-

GMP-adjuvanted group had the highest serum IgA
response, and this response was significantly higher than
that found in the chitosan-adjuvanted group and the anti-
gen alone group (P < 0:05). The CSN + ¢-di-GMP adjuvant
combination also boosted serum IgA in the 7-5 and 15 ug
HA groups but not at the lowest dose of 0-3 ug HA. The
7-5 ug HA CSN + c-di-GMP-adjuvanted group had the
highest IgG concentrations, which were significantly higher
(P < 0-05) than those observed in the c-di-GMP, CSN-adju-
vanted groups and antigen alone groups at 2 weeks after the
second dose. We further analysed the IgG response by inves-
tigating the IgGl and IgG2a subclasses by ELISA
(Figure 3A-D). IgGl is indicative of a Th2 and IgG2a of a
Thl response. The CSN-adjuvanted vaccine induced high
levels of IgGl, particularly at the high dose 7-5 ug HA
(2100 ug/ml), but low IgG2a concentrations (<4 pg/ml) at
all doses and time points tested, thus indicating a Th2-
biased response. The c-di-GMP-adjuvanted vaccine induced
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Figure 2. The local and systemic antibody responses elicted after
vaccination. Groups of 5 mice were immunised at 21 days interval with
two doses of H5N1 NIBRG-14 subunit vaccine [7-5, 1-5 or 0-3 ug
haemagglutinin (HA)] alone or adjuvanted with chitosan (CSN)

(825 ug), c-di-GMP (5 ug) or a combination of the adjuvants. (A) nasal
wash IgA and serum (B) IgG and (C) IgA were measured by ELISA at
two (2w2d) and three (3w2d) weeks post second vaccination. The bar
reflects the mean antibody concentration (ng/ml) + the standard error
of the mean. *Indicates statistical significant difference (P < 0-05)
measured by the anova with Tukeys post hoc test.

a higher production of IgG2a and an IgG2a/IgG1 ratio =1,
supporting a more balanced or Thl type of response. The

adjuvant combination induced high levels of both IgG1 and
IgG2a, but the concentrations of IgGl were highest, thus
indicating a more Th2-biased response.

In summary, the c-di-GMP or combination CSN +
c-di-GMP groups had the highest humoral responses fol-
lowed by the CSN group. Although the c-di-GMP adjuvant
provided significant dose sparing, lower concentrations of
influenza-specific antibodies were generally found in the
1'5 and 0-3 ug HA groups than in the 75 ug HA group.

Adjuvant increases the proliferation of spleen cells
Proliferation of splenocytes was evaluated 3 weeks after the
second immunisation. Both CSN and c-di-GMP effectively
enhanced proliferation as compared to antigen alone
(Figure 4). Significantly higher counts per minute were
observed in all c-di-GMP-adjuvanted groups than in the
corresponding CSN-adjuvanted groups. The combination of
c-di-GMP with CSN offered no further boost in responses
as compared to the groups receiving only c-di-GMP and
antigen (Figure 4). No antigen dose response in the prolif-
erative response was observed neither in the adjuvanted nor
the non-adjuvanted groups.

The adjuvant affects the T helper profile

Cytokines produced by spleen cells collected 3 weeks after
the second immunisation were measured in the Bio-plex
cytokine assay to evaluate the concentrations of cytokines
typically produced by Thl (IL-2, IFN-y and TNF-) and
Th2 (IL-4, IL-5 and IL-10) cells. Splenocytes from the
c-di-GMP-adjuvanted groups produced higher concentra-
tions of Thl cytokines than cells from the non-adjuvanted
or CSN-adjuvanted groups (Figure 5A,B,C). This difference
was statistically significant (P < 0-05) for all the measured
Th1 cytokines (IL-2, IFN-y and TNF-«) at antigen concen-
trations of both 75 and 15 ug HA. In contrast, only low
Th1 cytokine concentrations were observed in the CSN-ad-
juvanted and antigen alone groups. For the Th2 cytokines,
there was a tendency towards higher concentrations in the
CSN than the c-di-GMP-adjuvanted groups, although sig-
nificant differences were only observed for IL-5 in the
0-3 ug HA groups (Figure 5D,E,F).

The groups receiving H5N1 vaccine with the adjuvant
combination had lower IL-2 and IFN-y concentrations than
the c-di-GMP-adjuvanted groups, but similar Th2 cytokine
concentrations to those observed in the CSN-adjuvanted
groups. When analysing the dose-sparing capabilities of the
two adjuvants, we observed that in the c-di-GMP-adjuvant-
ed groups, cytokine responses of similar magnitude were
observed between the 7-5 ug and 1-5 ug HA doses, whilst
significantly lower concentrations (P < 0-05) of Thl cyto-
kines were found in the groups receiving the 0-3 ug HA
dose. For the CSN-adjuvanted and antigen alone groups,
no clear dose response was observed.
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Figure 4. The proliferative response elicited after vaccination. Groups
of 5 mice were immunised with two doses (21 days apart) of H5N1
NIBRG-14 subunit vaccine [7-5, 1-5 or 0-3 ug haemagglutinin (HA)]
alone or adjuvanted with chitosan (CSN) (825 ug), c-di-GMP (5 ug) or a
combination of the two adjuvants. Control mice were mock immunised
with PBS. The proliferative response was measured in lymphocytes
isolated from the spleen 3 weeks after the second dose by stimulation
with homologous virosomal H5N1 antigen. Each symbol represents one
animal and the bar shows the mean proliferative responses

(cpm) + standard error of the mean. *Indicates statistical significant
different (P < 0-05) measured by the anova with Tukeys post hoc test.

Th17 responses may be induced by influenza infection''
and are generally observed following intranasal administra-
tion of vaccines.*” We found that the subunit vaccine alone
elicited only low levels of the Th17 cytokines IL-17F, IL-21,
IL-22 and IL-23 (Figure 6A-D). In contrast, both the adju-
vants boosted Th17 cytokine production, with c-di-GMP

15pg 03 g

75ug 1-5ug 0-3 ng

being the most potent adjuvant. Furthermore, similar mag-
nitudes of all Th17 cytokines, except IL-23 were observed
in the adjuvant combination and c-di-GMP-adjuvanted
groups. In summary, the c-di-GMP-adjuvanted subunit
H5N1 vaccine produced a Thl/Thl7-biased response,
whilst the CSN-adjuvanted and subunit vaccine alone
groups had a cytokine profile indicating a more balanced
or Th2/Th17 skewed response. The subunit H5N1 vaccine
administered with the adjuvant combination induced sig-
nificantly lower concentrations of Thl cytokines, and a ten-
dency towards higher concentrations of Th2 cytokines,
than found in the c-di-GMP-adjuvanted group.

The adjuvants boosted the multifunctional Th1
cell frequencies

In this study, we have investigated the capability of the CSN
and c-di-GMP adjuvants to boost the frequency of influ-
enza-specific CD3" CD4" T cells producing one or more of
the Th1 cytokines IL-2, IFN-y and TNF-o. The subunit vac-
cine alone failed to induce Thl cells, except for a low cell
frequency (<0-1%) in the 1-5 ug HA group (Figure 7A).
When the vaccine was administered in combination with
one or both of the adjuvants, higher frequencies of influ-
enza-specific Thl cells were observed. The CSN-adjuvanted
vaccine groups had a mean of 0-2-0-4% cells producing one
or more of the measured cytokines, whilst significantly
higher (P < 0-05) frequencies (mean of 3-7%) were
observed in the c-di-GMP-adjuvanted groups. The response
in the c-di-GMP adjvanted groups was also significantly
higher than that found in the groups receiving the adjuvant
combination, in which a mean of 1-5-2% influenza-specific
Thl cells were detected. The frequency of influenza-specific
Th1 cells did not follow an antigen dose response.
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Figure 7. The CD4™ Th1 cytokine response induced in the spleen after
influenza H5N1 vaccination. The influenza H5N1 specific CD4* Th1
cytokine-producing response induced in the spleen after influenza
vaccination. Groups of 5 mice were immunised with two doses at

21 days interval of H5N1 vaccine subunit [7-5, 1-5 or 0-3 ug
haemagglutinin (HA)] alone or adjuvanted with chitosan (825 ug),
c-di-GMP (5 ug) or a combination of the adjuvants. Control mice were
mock immunised with PBS. Three weeks after the second vaccine dose,
splenocytes were activated in vitro with HSN1 NIBRG-14 virosomes and
intracellularly stained for the Th1 cytokines IFN-y, IL-2 and TNF-o.
Subsequently, the cells were analysed flow cytometric analysis. (A) All
CD4* T cells producing one or more of the measured cytokines were
summed to quantify the total frequency of influenza-specific Th1 cells
from each mouse with Tukeys post hoc test. *Indicates statistical
significant difference (P < 0-05) measured by the anova. (B) The data
show the mean frequencies of CD4* cells expressing each of the seven
possible combinations of IFN-y, IL-2 and TNF-« for each individual
animal in the 7:5 ug groups and lines represent the mean = standard
error of the mean. *Indicates statistical significant difference (P < 0-05)
measured by Wilcoxon signed-rank test. (C) The pie charts show the
proportion of single (light grey), double (dark grey) or triple cytokine
(black) producing CD4* Th1 cells in each of the 7-5 ug vaccine groups.

When analysing the influenza-specific CD4" Thl cell
response in more detail, we found that it consisted pre-
dominantly of cells producing one or two cytokines simul-
taneously, whilst few triple cytokine producers were
observed in all vaccine groups. The single producers were

A study of Chitosan and c-di-GMP |

primarily IL-2 or TNF-o, whilst the double cytokine pro-
ducers were either IL-2"TNF-o" or IFN-y"TNF-o*. Triple
IL-2" IFN-y"TNF-o" cytokine producing CD4" Thl cells
were mainly observed in the c¢-di-GMP and the adjuvant
combination groups, where they constituted approximately
10% and 3% of the influenza-specific CD4" T cells, respec-
tively (Figure 7B,C). In contrast, only 1% of CD4" Thl
cells in the CSN-adjuvanted group were triple producers,
and no triple cytokine producing CD4" T cells were
observed in the subunit vaccine alone group. The quality of
the Thl cell response for the groups receiving the lower
(1'5 and 0-3 ug) vaccine doses was similar to that of the
7-5 ug antigen dose (Data not shown).

Discussion

The zoonotic influenza A/H5N1 virus is a pandemic
threat, particularly in view of the recent data on the few
mutations required for this virus subtype to gain the
ability of airborne transmission between ferrets, the stan-
dard animal model for human influenza infection."**!
Clearly, this highlights a need for continued research into
the optimal pandemic vaccine formulation. Recent meta-
analyses and systemic reviews have found that intramus-
cularly administered seasonal influenza vaccines (contain-
ing non-adjuvanted subunit or split virus antigens) are
only moderately effective at preventing disease caused by
a homologous strain***’ and ineffective at preventing
disease caused by heterologous strains.** Mucosal vaccines
can protect against initial influenza infection of the
upper respiratory tract and can be administered without
the use of needles. Intranasal live-attenuated influenza
vaccines have been safely administered for decades, but
have so far proved ineffective against influenza H5NI1

44 .
Mucosal adjuvants enhance

strains in clinical trials.
immune responses to mucosally administered inactivated
vaccines, but the only licensed human-adjuvanted intra-
nasal influenza vaccine, containing the E. coli heat labile
toxin (LT), was withdrawn from the market due to a
significant association with facial paralysis (Bell’s Palsy).*
Novel safe and effective mucosal adjuvants are therefore
needed, and studies aimed at directly comparing different
adjuvants using the same antigen doses and assay param-
eters are crucial in this regard.

In the present work, we have conducted a dose-sparing
study and evaluated two promising mucosal adjuvants, CSN
and c¢-di-GMP for boosting influenza H5N1 vaccine
responses after intranasal immunisation. Furthermore, we
have conducted preliminary studies of combining the two
adjuvants. Retention of vaccine components on mucosal
surfaces by polymer systems such as CSN has been shown to
boost vaccine responses after mucosal administration.?**¢*’
The adjuvant property of CSN relies on its mucoadhesive
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properties, activation of the NLRP3 inflammasome
pathway,”® and also possibly its ability to increase the
permeability of epithelial cell tight junctions, thereby
enhancing antigen uptake.”> The grade of CSN utilised in
this study (chitosan glutamate 213) was shown in previous
studies to be an effective adjuvant for an intranasally admin-
istered dry powder diphtheria vaccine®® and a liquid influ-
enza vaccine.”’ c-di-GMP functions as a bacterial second
messenger and regulates bacterial motility and cell-to-cell
signalling.”® The adjuvant effect of c-di-GMP is based on
immune cells sensing c-di-GMP as a danger signal®® proba-
bly involving stimulator of interferon genes (STING) recep-
tor activation,’® leading to a significant enhancement of
vaccine-specific humoral and cell-mediated immune
responses.”**”>> Safety is important for vaccines intended
for intranasal administration. CSN is a promising adjuvant
due to the vast amount of animal and human safety data
supporting the use of this biopolymer.”® The toxicology of
the c-di-GMP adjuvant has not been reported so compre-
hensively, although preliminary investigations have shown
that exposure of normal rat kidney cells and human neuro-
blastoma cells to c-di-GMP at biologically relevant concen-
trations (0-100 um) does not impair cell viability.>*
Ultimately, additional toxicity data would be needed on the
c-di-GMP adjuvant (and any combination adjuvant system).
We did not directly evaluate the safety of the CSN and c-di-
GMP adjuvant in the present study. As a measure of acute
toxicity, we weighed all mice and observed a tendency
towards lower weights in mice receiving the 7-5 ug HA with
the adjuvant combination as compared to all other groups
of mice. No significant differences in weights were found
between adjuvanted, non-adjuvanted or control (PBS)
groups (Figure S1).

The limited influenza vaccine manufacturing capacity
makes dose-sparing adjuvants attractive in a pandemic
scenario. We evaluated the dose-sparing capabilities of
the CSN and c¢-di-GMP adjuvants using antigen doses of
1-5 and 0-3 ug HA and found that the c-di-GMP adju-
vant was superior to CSN. Although the c-di-GMP adju-
vant provided dose sparing, a clear reduction in humoral
responses with decreasing antigen doses was observed.
Interestingly, the same was only partially true for the T-
cellular responses, for which the all c-di-GMP-adjuvanted
groups, irrespective of antigen dose, had similar prolifera-
tive responses and frequencies of IL-2, IFN-y and TNF-«
producing CD4" T cells measured by intracellular cyto-
kine staining. However, the same cytokines, as measured
in the supernatant of influenza-stimulated cells, were sig-
nificantly lower in the 0-3 ug HA, than in the 1-5 and
7-5 ug HA, c-di-GMP-adjuvanted groups.

The safety and biodegradability of CSN makes it possi-
ble to combine CSN with other potentially more potent
adjuvants with the possibility of directing the immune

responses towards a specific Th phenotype or obtain addi-
tive effects on the magnitude of vaccine-specific immune
responses. Indeed, in combination with monophosphoryl
lipid A or cholera toxin, CSN was found to further
augment antigen-specific immune responses.”*> In the
present study, we examined the quality and magnitude of
responses following vaccination with a combination of
CSN and c-di-GMP adjuvant. The adjuvant combination
was as effective at boosting the humoral immune
responses for the 7-5 ug antigen dose as c-di-GMP, but
gave rise to lower Thl (IL-2 and IFN-y) and higher Th2
(IL-5 and IL-10) cytokine concentrations than c-di-GMP-
adjuvanted vaccine. Thus, in terms of the cytokine profiles,
the combination of the Th2-inducing CSN and the Thl-
inducing c-di-GMP provided similar humoral responses as
the ¢-di-GMP adjuvant, but a more balanced Th response.
This may be beneficial because a balanced Th1/Th2
response has been found important for protection against
influenza in mice."” It should be noted, however, that the
vaccine containing the adjuvant combination induced both
IgGl and IgG2a, but a Th2-biased response in terms of
1gG2a/1gGl ratio and was ineffective at the lower doses
tested (1-5 and 0-3 ug HA). The latter could be due to the
study design, where antigen and CSN were first adminis-
tered together, followed by the c-di-GMP adjuvant. But,
chitosan being a mucoadhesive is unlikely to undergo sig-
nificant clearance over the 30-second interval prior to the
administration of c-di-GMP. Furthermore, in vivo ‘pulse-
chase’ studies in anaesthetised rats have shown that chito-
san solution can be pre-applied to the nasal mucosa up to
30 minutes without compromising absorption enhance-
ment of a nasally applied insulin solution.”® More studies
on optimally formulated CSN and c-di-GMP, followed by
challenge studies, should be conducted before any conclu-
sions can be drawn in terms of quantitative benefits of
combining the two adjuvants. Clearly, compatibility and
stability issues would need to be fully resolved in order to
facilitate a commercial product.

Th17 cells are particularly important in terms of
mucosal immunity and can up-regulate polymeric Ig
receptor and thus transport of secretory IgA into the
lumen.”” Furthermore, the mucosal adjuvant activity of
cholera toxin requires intact Th17 responses.”® We report
here that both the CSN and c¢-di-GMP and the adjuvant
combination boost Thl7 responses as indicated by
increased production of Thl7 cytokines as compared to
antigen alone.

We have previously reported that immunisation with
influenza virosomes in combination with c-di-GMP stimu-
lates high frequencies of influenza-specific CD4" T cells
simultaneously producing IL-2 and TNF-,*° a phenotype,
which has been suggested to indicate T-cell memory
potential (reviewed in Ref. 59). Both CSN and c¢-di-GMP
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boosted the frequencies of influenza-specific CD4" T cells
more than antigen alone. However, c-di-GMP induced
significantly higher frequencies of both double (IL-2*
TNF-o") and triple (IL-2" TNF-o'IFN-y") cytokine pro-
ducing CD4" Thl cells than CSN, thus confirming the
Thl profile for the c-di-GMP adjuvant. Furthermore, the
quality of the CD4" Thl cell response was markedly dif-
ferent between mice receiving the CSN and the c-di-GMP
adjuvant. Approximately 1% of CD4" T cells were triple
cytokine producers in groups receiving the CSN-adjuvant-
ed vaccine, whilst 10% triple cytokine producing CD4" T
cells were observed in the c-di-GMP-adjuvanted groups. A
CD4" Thl cell multifunctional profile has been shown to
correlate with protection from a number of infectious dis-
eases caused by intracellular pathogens (reviewed in Ref.
59), and such cells have also been found to be functionally
superior to single cytokine producers (displaying higher
median fluorescence intensities of each of the measured
cytokines)."*® The present study illustrates how two dif-
ferent mucosal adjuvants can direct the CD4" T-cellular
response in different directions, which could be important
in the design of future vaccines. Furthermore, by combin-
ing two adjuvants, that is, CSN and c-di-GMP, the Th
bias, as observed for each of the adjuvants separately, may
be rendered more balanced. It should be noted that
although c-di-GMP boosted Thl cell responses signifi-
cantly more than CSN, there are as yet no reports suggest-
ing that c¢-di-GMP would be more protective against
influenza disease. Initial studies demonstrate that the
CSN-adjuvanted vaccine protects ferrets against intranasal
challenge with highly pathogenic influenza H5N1
(manuscript in preparation).

This study has provided a thorough evaluation of two
mucosal adjuvants for boosting immune responses to an
influenza H5N1 antigen. We found that both CSN and
c-di-GMP boosted functional antibody responses. Fur-
thermore, the c-di-GMP adjuvant provided significant
dose sparing with three of five mice having seroprotec-
tive HI antibody titres and all mice having seroprotective
SRH titres following vaccination with the lowest dose of
0-3 ug HA. Combining c-di-GMP and CSN enhanced HI
titres and IgG concentrations for the 75 ug HA dose
more than c¢-di-GMP alone. In contrast, the adjuvant
combination did not significantly enhance the magnitude
of the antigen-specific immune responses for the 1-5 and
03 ug HA doses, which may be due to formulation
compatibility issues. However, the adjuvant combination
skewed the cytokine responses towards a more balanced
Th profile than either of the adjuvants alone. This study
highlights the importance of assessing the detailed
humoral and cellular immune responses following immu-
nisation to find the optimal mucosal influenza vaccine
formulation.
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